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PREPARATION OF TITANIA NANOSTRUCTURES 

Hynek MORAVEC, Kateřina CHOTOVÁ, Vladimír FILIP, Luděk JOSKA 

Institute of Chemical Technology Prague, Prague, Czech Republic, EU, moravech@vscht.cz 

Abstract 

Titanium and its alloys are commonly used as biomedical and dental materials. However, they sometimes 
need a long time to bond directly to living bone. To avoid this phenomenon, various surface modifications are 
needed. Recently, a possible way to modify the surface of the titanium substrate is the formation of TiO2 
nanotube layers by electrochemical oxidation under specific conditions. Nevertheless, the properties of the 
tubes can be further modified to enhance bioactivity. The work is devoted to the study of hydrothermal or 
heat processes leading to the improvement of the bioactivity of titanium nanostructures. 

Titanium nanotubes were prepared on c.p. titanium (grade 1) in a mixture of glycerine, demineralised water 
and ammonium fluoride. The influence of heat treatment (500 – 800 °C) on stability and phase composition 
of nanostructures was tested. The chemical treatment was performed in alkali solutions, namely sodium and 
calcium hydroxide. Finally, a combination of both methods was used. The phase composition was studied 
using Raman spectroscopy. Chemical modifications were evaluated by XPS analysis. To determine the 
bioactivity of treated nanostructures, interactions with simulated body fluids (SBF) were performed. 

The result of the heat treatment corresponded with the transformation of amorphous nanotubes to anatase at 
the temperature 500 °C. This heat treatment fulfilled the bioactivation criterion which was the interaction of 
modified surfaces with SBF. Treatment at higher temperatures led to mechanical disorder of nanostructures. 
The adsorption of selected elements on nanotubes was successful in most of the cases.  

Keywords: nanotubes, bioactivity, treatment, anatase, adsorption 

1. INTRODUCTION 

Electrochemical oxidation of Ti in appropriate electrolytes provides a relatively simple and effective way of 
synthesizing nanotubular surface structures. Nanotubes are mostly highly ordered, well–defined with high 
aspect ratios (proportional relationship between width and height of nanotubes), and are vertically oriented to 
the substrate. The most important thing is, that the dimensions of nanotubes could be controlled and 
modified easily by choosing suitable electrochemical conditions [1–4]. Titanium nanotube arrays formation is 
a result of two processes. The first process involves the active dissolution of the Ti metal to form a passive 
TiO2 layer. The second one is related to the chemical dissolution of the newly formed oxide at the 
oxide/electrolyte interface [5]. 

The properties of titanium nanotubes are commonly modified using chemical treatment. These modifications 
are favourable due to relatively simple implementation and easy treatment of the whole implant surface, 
even in case of complicated shapes, such as dental screws etc. For the surface treatment of titanium 
implants acid, alkali or oxidizing agents are used [6]. An increase in bioactivity is frequently achieved by 
alkali treatment. It enables an easier precipitation of hydroxyapatite from body fluids [7–9]. 

The as–prepared nanotubes are amorphous in nature, but can be converted to anatase or rutile by heat 
treatment. A crystalline form of tubes could be changed by suitable heat treatment, i.e. amorphous titanium 
dioxide is converted to anatase or rutile. Anatase is detected at temperature of 300 °C. With increasing 
temperature, its volume in the structure is higher. Simultaneously, disappearing of fluoride ions in 
nanostructures is observed. At a temperature of about 600 °C, a mixture of anatase (about 72 % wt.) and 
rutile (about 28 % wt.) appears. Nanostructures heat treated at temperature of 800 °C are destroyed; a layer 
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of rough rutile film is present on surface. The presence of titanium dioxide in the crystalline form leads to the 
stimulation of hydroxyapatite growth. Anatase enhances nucleation of hydroxyapatite more than rutile [9]. 
Other studies prefer a mixture of anatase and rutile [10, 11]. The nucleation of hydroxyapatite is caused by 
favourable orientation of some hydroxyl groups on the surface of the tubes [12]. 

2. EXPERIMENT 

All experiments were carried out on commercially pure titanium samples with diameter 16 mm. The chemical 
composition is shown Table 1 . All specimens were mechanically ground (final grinding on the paper P 1200) 
and electrochemically polished in a mixture of sulphuric, nitric and hydrofluoric acids. Samples were rinsed in 
demineralised water and subsequently ultrasonically cleaned in ethyl alcohol and dried with acetone. 
Exposed sample’s area to electrolyte was 100 mm2. All measurements were realized in a mixture of 
glycerine, water and ammonium fluoride. Electrochemical measurements were carried out with potentiostat–
galvanostat Jaissle Potentiostat IMP 88 PC–200V with control unit PGU–AUTO Extern. The electrochemical 
procedure consisted of potential sweep 10 mV/s from the open–circuit potential to potential 15 V, followed by 
delay at the this potential for an hour. Electrochemical measurements were carried out with a three–
electrode system with an Ag/AgCl (3 mol/l KCl) as reference electrode and platinum as counter electrodes. 
Samples were rinsed with deionized water and dried in air stream after exposure. All measurements were 
carried out in a Faraday‘s cage at room temperature and without stirring. 

The heat treatment was done at four different temperatures – 500, 600, 700 and 800 °C. The increase of 
temperature was 10 °C/min and the samples were treated for three hours and then cooled in air. Chemical 
surface modifications were done by using 0.5 mol/dm3 sodium and 0.02 mol/dm3 calcium hydroxide. 

Samples were immersed in these solutions for 2 minutes at 50 °C in both types of treatments. The effect of 
treatments on formation of hydroxyapatite was examined in simulated body fluid (SBF) prepared according 
to Kokubo [14]. The samples were exposed to the solutions under static conditions in thermostat at 37 °C for 
7, 14 and 21 days, respectively. The SBF was renewed every 3 days. After exposure, samples were washed 
in distilled water. 

To control the surface state after each experimental step, the scanning electron microscope (TESCAN VEGA 
3 LMU, W cathode) with the Oxford Instruments energy dispersive spectrometer (EDS) was employed. 
Photos taken before treatment were analysed in Image J to quantify the diameter of the tubes. The crystal 
structure after heat treatment was evaluated by Raman spectroscopy (DXR Smart Raman with UPS, Laser 
532 nm, 10 mW, 40 x 2 s). Chemical compositions of nanostructures were analysed by photoelectron 
spectroscopy spectrometer ESCA Probe P Omicron (Al Kα, E = 1486.6 eV). 

3. RESULT AND DISSCUSION  

3.1. Non – treated nanostructures 

By carefully choosing of electrochemical conditions samples with an ordered layer of tubes were produced. 
The surface of nanostructure without any treatment is shown in Fig. 1a . An assessment of tubes diameter 
led to most frequently value found to be between 70 – 80 nm (done from 750 values).  

Table 1 Chemical composition of titanium grade 1 (wt. %), [ASTM B265] [13] 

Elements  O Fe C N H 
Titanium 0.18 0.2 0.1 0.03 0.015 
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a b c d 
Fig. 1 State surface of non–treated nanostructures: a) before exposure in SBF, b) after 7 days in SBF, c) 

after 14 days in SBF, d) after 21 days in SBF 

The in vitro formation of apatite during exposure to simulated body fluid is generally accepted as an indicator 
for the in vivo bioactivity of a materials surface. Concentrations of ions in SBF are nearly equal to those of 
human blood plasma. 

Sample surface of non–treated nanostructures was exposed to SBF solution at first. This set of experiments 
was also used as a reference in the comparison of how the treatments influence interactions of modified 
nanostructure with SBF. Calcium and phosphorus compounds were detected by EDS in case of the shortest 
exposure time. Nevertheless, character of the surface without any significant changes after 14 and 21 days 
in SBF solution was observed. Almost same amount of elements was adsorbed on nanostructure (Table 2 ). 

3.2. Nanostructures treated by calcium and sodium h ydroxide 

Table 2  Results of EDS analyses of non – treated samples before and after exposure in SBF (concentration 
in % at.) 

 Length of exposure in days  
Element 7  14 21 

Ti 65.6 63.1 58.1 

O 33.8 31.1 35.9 

Ca 0.3 0.2 0.3 

P 0.3 0.2 0.4 

 
   

a b c d 

Fig. 2  State condition of nanostructures treated by calcium hydroxide : a) before exposure in SBF, b) after 7 
days in SBF, c) after 14 days in SBF, d) after 21 days in SBF 
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The aim of using the alkali treatment was to prepare surface which would contain sodium and calcium as 
precursors for better adsorption of calcium or phosphorus on nanotubes from SBF. Another reason was to 
change a pH value of surface and facilitate precipitation of hydroxyapatite. Prior to exposures in SBF, treated 
samples were analysed by XPS, in order to determine whether the modification was successful. Calcium on 
tubes walls at the level of 3 % at. was achieved. Surface concentration of sodium was not determined. 
Simultaneously, the surface state of modified samples appeared the same as the surface of non – treated 
nanotubes. 

Results of EDS analysis after seven – day exposure showed less amount of Ca and P in comparison with 
non – treated nanostructure. Alkali treatments by sodium hydroxide became slightly positive after 14 and 21 
days of exposure. In case of calcium hydroxide treatment, higher concentrations of elements Ca and P were 
detected. The amount of Ca and P on walls of tubes from SBF increased with the length of exposure. An 
atomic ratio Ca/P 1.43 was observed in case of the shortest exposure. This result corresponds to the ratio of 
monitored elements in bone apatite, which has been widely used in medicine [15, 16]. The total results of 
detected elements on treated surface are summarized in Table 3 . The pictures taken after exposure in SBF 
confirmed that tops of some tubes treated by calcium hydroxide were covered with insoluble compound rich 
in Ca and P (Fig. 2 ). State surface of the samples modified by sodium hydroxide were of similar appearance 
as the surface modified by calcium hydroxide. 

3.3. Heat treated nanostructure 

Samples treated at 500 °C showed no visible changes. The amorphous character of tubes was transformed 
into a mixture of anatase (98 wt. %) and rutile (2 wt. %). Nanostructure annealed at temperatures higher than 
500 °C was broken. Cracks in the otherwise compact nanostructures could be caused by using of higher 
temperatures, but also due to mechanical stresses developed during air cooling. Complete transformation 
from pure amorphous phase to rutile crystals after annealing at 800 °C was observed. Considering any 
potential practical applications, only samples treated at 500 °C were used in further experiments. A 
significant reduction of fluoride concentration (residual component from electrochemical oxidation) is 
connected with the phase transformation. 

Table 4  Results of EDS analyses of heat treated samples before and after exposure in SBF (concentration in 
at.%) 

Element  Length of exposure in days  

 7  14 21 

Ti 37.3 0.7 37.4 

O 62.4 67.1 61.7 

Ca 0.2 18.4 0.1 

P 0.2 14.3 0.2 

Table 3  Results of EDS analyses of treated samples before and after exposure in SBF (concentration in 
% at., length of exposure in days) 

Element  Treatment by NaOH  Treatment by Ca(OH) 2 

 7  14 21 7  14 21 

Ti 38.0 42.3 34.5 36.7 36.6 34.3 

O 55.8 50.7 58.0 55.1 55.6 58.5 

Ca 0.2 0.3 0.4 0.4 0.4 0.4 

P 0.1 0.3 0.5 0.3 0.5 0.6 
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The amount of adsorbed calcium and phosphorus from SBF was very low in the first week of exposure. The 
growth of apatite layers was observed after next seven days (Fig. 3c ). The atomic ratio of calcium to 
phosphorus was about 1.3, which is similar to bone hydroxyapatite. Precipitated layer appeared so thick that 
it already cracked into pieces whose size was tens of micrometres. Signal of titanium was almost overlapped 
by signals of calcium and phosphorus. This fact was confirmed by EDS analysis. However, after 21 days, 
precipitation of apatite did not occur. The developed layer might have been so thick that it lost mechanical 
adherence with substrate. 

 
   

a b c d 

Fig. 3  State condition of heat treated nanostructures: a) before exposure in SBF, b) after 7 days in SBF, c) 
after 14 days in SBF, d) after 21 days in SBF 

CONCLUSION 

Based on the obtained results, it could be stated that combination of the glycerol based mixture and specific 
electrochemical conditions, is possible to prepare tubes in relatively narrow interval of diameters. The 
enrichment of nanostructures of Ca and P using hydrothermal treatment was successful in all cases. 
Exposure in SBF revealed higher concentration of Ca and P absorbed on chemically treated than on non–
treated nanostructures. The appropriate heat treatment was only at temperature 500 °C. The amorphous 
titanium dioxide was transformed into almost pure anatase. Crystalline structure had a positive influence on 
precipitation of insoluble salts containing phosphorus and calcium in a ratio similar to bone apatite. 
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Abstract 

The application of radiation synthesis in the manufacturing nanopowders of binary and ternary oxide 
nanophosphors is reviewed. Technological routes are described: irradiation of specific solutions containing 
soluble metal salts and OH radical scavenger by UV or ionizing radiation results in the formation of finely 
dispersed solid phase which is separated from the solution and subsequently converted by further thermal 
treatment into crystalline nanopowders with typical dimension of grains of several tens of nanometers. 
Doped ZnO, Y2O3, Y3Al5O12, Lu3Al5O12 and Gd3(Ga,Al)5O12 nanophosphors were prepared and their 
luminescence and scintillation characteristics were measured. In the photoluminescence decay of doped 
garnets the distinct effect of nanosized grains was found consisting in the slowing–down of the decay due to 
the change of effective refractive index. 

Keywords: scintillator, phosphor, radiation method, nanocrystals, garnet, ZnO, Y2O3, rare earth dopants 

1. INTRODUCTION 

Nanophosphors (grain size below 100 nm) became a hot topic in material science dealing with luminescence 
and scintillation materials. Such materials can be used for solid state lighting [1], various bio–imaging 
techniques [2–5], bio markers [6, 7] or photodynamical therapies in cancer treatment [8, 9]. Nanophosphors 
can be further used for the preparation of homogeneous bulk optical ceramics which have already overcome 
single crystal scintillators in specific applications [10]. To achieve best quality materials, optimum preparation 
methods must be utilized [11]. 

The synthesis of inorganic nano–oxides using both ionizing radiation (IR) or UV light represents very 
promising technological field. When compared to classical chemical methods such as, hydrothermal 
processes or sol–gel methods, radiation–induced synthesis has some distinct features: it is mostly 
independent of temperature and produced oxides are of high purity, with narrow size distribution of 
nanoparticles. It allows for preparation of various compounds, from simple oxides to rather complex synthetic 
garnets or perovskites. This rather simple method is based on irradiation of aqueous solutions containing 
soluble metal salts and formate anion with ionizing or UV radiation. Finely dispersed solid phase formed 
during irradiation is subsequently separated from solution, dried and either used as is, or further processed 
by calcination at high temperatures under various atmospheres. The preparation enables fast production of 
sufficient amounts of powder materials, usually with narrow particle size distribution and high chemical and 
phase purity. Moreover, no strict control of experimental conditions is required [12]. 

Materials consisting of nanometer–sized particles have drawn substantial attention in wide range of research 
fields, mostly for their various unique properties originating from their small size or related high specific 
surface area. For this reason, the nanoscale materials are considered for many applications, manufacture of 
nanophosphors being a prominent one. Critical issue in the phosphor preparation is the structural 
perfectness of the pre–surface layer: in the case of worse structural quality there are number of point defects 
and associated traps which deteriorate luminescence and scintillation performance [13]. Such unwanted 
phenomena were studied also in fast scintillation optical ceramics [14]. 

In this paper we review our so far achieved results regarding preparation of luminescent and scintillation 
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nanophosphors by radiation method, discuss physical phenomena influenced or induced by the grain size 
restrictions, and mention coming applications in the field. 

 

     Fig. 1  Workflow of the radiation technique    Fig. 2  25W low pressure mercury UV lamps  
         for radiation synthesis 

2. MATERIALS AND METHODS 

All used chemicals were at least of analytical grade. Solutions for irradiation were prepared in deionized 
water (conductance ≤ 1μS) and used without further adjustments. The workflow of radiation synthesis is 
shown in Fig. 1 . 

UV irradiation was performed using medium or low pressure mercury lamps with variable power input 
(Fig. 2 ). During irradiation, the solutions were continually stirred and the reactor was cooled with water, so 
that the temperature of irradiated solution did not exceed 45 °C. 

Accelerated electron irradiation was performed using pulse linear electron accelerator LINAC 4–1200 (Tesla 
v.t. Mikroel), with electron energy 4.5 MeV, pulse width 3 μs and repeating frequency 500 Hz. In each 
experiment, 2 dm3 of solution were irradiated in a thin layer (1 cm) on glass Petri dishes. 

Gamma irradiation was performed using 60Co radionuclide source Gammacell 220 with dose rate 70 Gy h–1. 
Solutions were irradiated in 50 cm3 polypropylene tubes (Roth). 

The solid products were characterized via X–ray powder diffraction (XRPD), using modified HZG–3 
diffractometer with scintillation detector and Cu–Kα1,2 radiation (λav = 0.15418 nm). Scanning electron 
microscopy (SEM, Philips XL30CP), high resolution transmission electron microscopy (HRTEM, JEOL 3010) 
and selected area electron diffraction (SAED) were used as additional methods for solid phase 
characterization. Radioluminescence (RL) spectra were measured at room temperature under the excitation 
by X–ray tube (Seifert, 40 kV, 15 mA) using custom made 5000M fluorometer (Horiba Jobin Yvon). 
Photoluminescence (PL) decays were measured at 5000M under nanosecond hydrogen–filled flashlamp 
excitation by time–correlated single photon counting technique (submicrosecond time range) or using 
microsecond xenon flashlamp and multichannel scaling method. 

Typically, prepared solutions were placed under the source of the ionizing radiation, or the UV lamps were 
submerged to the solutions in photoreactor. In the course of radiation, finely dispersed solid precursor was 
formed. It was then filtered, thoroughly washed in ethanol and water, dried and calcinated under various 
atmospheres to obtain crystalline materials with required luminescent properties. 

3. RESULTS AND DISCUSSION 

In the aqueous solutions of metal salts used for the preparation of oxides, metal ions are present mostly in 
the form of hydrated ions [M(H2O)r(OH)s]n+ or complexes with other compounds occurring in the solution. 
Using radiation, in the process of their conversion to oxides two basic simultaneous reactions are employed 
– change of the metal oxidation state (most often radiation reduction) and/or precipitation of insoluble 
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compounds due to the formation of precipitant. Both reactions are initiated and controlled by the radiation 
absorbed in the aqueous solution; as a result of the process, solid phase is formed in the solution. According 
to the solid phase composition, the preparations may be classified into two main categories – direct and 
indirect formation of oxides. Direct oxide formation means that after drying, the solid phase consists of 
(nano)crystalline oxide phase, whereas indirect formation encompasses the formation of precursors to 
oxide(s). These precursors include amorphous or crystalline hydroxides, oxide hydroxides, carbonates or 
basic carbonates. Oxides are obtained by calcination of the precursors in the oven, similarly to other oxide 
preparation techniques [12 and references therein]. 

4. HIGHLY LUMINESCENT METAL OXIDES 

4.1. Zinc oxide 

Crystalline ZnO nanoparticles of up to 250 nm in size were successfully prepared by radiation method using 
ionizing or UV radiation from various precursors [15,16]. Solution containing zinc nitrate and propan–2–ol or 
zinc formate yield crystalline ZnO directly after irradiation, though thermal treatment at 200 °C or higher is 
necessary to obtain nanocrystalline material with well–developed crystals. In addition, radiation and photo–
induced doping of zinc oxide with lanthanum and/or gallium 
was performed by adding small amounts of lanthanum 
acetate or gallium nitrate to irradiated solutions. 

Using radiation technique, gallium or lanthanum doped zinc 
oxide nanopowder with high exciton luminescence was 
consequently embedded in transparent polymer matrix 
synthesized from urethane dimethacrylate monomer via 
fast photopolymerization technique. This nanocomposite 
shows qualitatively similar luminescence to nanopowder, 
albeit of much lower intensity [17]. 

RL spectra of undoped ZnO show weak excitonic emission 
peak around 390 nm and broad defect–related emission in 
visible spectra region, Fig. 3 . After doping with Ga or La 
and annealing in a reducing atmosphere around 800 0C 
[18], the excitonic emission is strongly enhanced and visible 
one is considerably suppressed, Fig. 3 . 

4.2. Yttrium oxide 

Radiation technique was utilized for yttrium oxide Y2O3 preparation via irradiation of solutions containing 
yttrium nitrate and ammonium formate with UV light or accelerated electrons [19]. Solid phase formed under 
irradiation was consequently calcined at 500 °C or higher to obtain nanocrystalline cubic Y2O3 (Fig. 4 ). 
Addition of small amount of cerium(III) or europium(III) nitrates to irradiated solutions resulted in doping of 
yttrium oxide with Ce3+ or Eu3+ ions and their characteristic emission spectra are in Fig. 5 , the former is of 
considerably low intensity due to positioning the 5d1 Ce3+ excited state around the bottom edge of the 
conduction band of Y2O3 host [20]. Under both types of irradiation, the method yields material with high 
specific surface area, consisting of spherical nanoparticles 25 to 100 nm in diameter depending on 
preparative conditions and post–radiation treatment, with narrow size distribution and high specific surface 
area. With increasing concentration of Ce3+, low angle shift of diffraction lines was observed; increasing 
temperature of calcination resulted in monotonous increase in particle size of both pure and doped materials. 
Photochemical variant of preparation is simpler, as the irradiation equipment is easily accessible; however, 
accelerated electrons offer two important advantages – quantitative yield of solid phase and superiority with 
respect to the doping with foreign ions. 
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Fig. 3  Radioluminescence spectra of the 
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Fig. 5  RL spectra of Ce and Eu–doped Y2O3 

5. HIGHLY LUMINESCENT SYNTHETIC GARNETS 

5.1. Yttrium aluminium garnet (YAG) 

Aside from simple metal oxides, more complex 
oxide compounds may also be prepared by 
radiation method, as was illustrated by powder 
yttrium aluminium garnet (Y3Al5O12) synthesis 
[21,22]. YAG:Ce powders were prepared from 
aqueous solutions containing potassium formate, 
yttrium and cerium nitrates and aluminium 
chloride or nitrate via irradiation by accelerated 
electrons or UV light and consequent calcination 
of formed amorphous solid phase. Reaction 
mechanism probably encompasses formation of 
CO2 and precipitation of yttrium carbonates. 
Formation of YAG phase was observed after 
calcination at 900 °C for 1 h in material formed 
under UV irradiation of solution containing yttrium 
nitrate, aluminium chloride and potassium 
formate; calcination of the same material for 1 h 
at 1000 °C yields pure powder YAG with well–
developed crystals (Figs. 6 and 7 ). Using 
electron–beam irradiation, YAG phase was still 
the major component of prepared material after calcination, but some amount of cubic yttrium oxide or 
rhombohedral α–Al2O3 were also detected after 1 h calcination at 1000 or 1300 °C. 

RL spectra are dominated by well–known broad emission band peaking around 530 nm which is due to 5d1–
4f transition of Ce3+ center. In these samples the emission in near UV regions appeared frequently and was 
intepreted as localized exciton around La or Gd impurity which were present in concentration of few tens of 
ppm in the starting materials [21]. 

 
Fig. 4  HRTEM of Y2O3:Ce 

nanocrystal, material calcined at 900 
°C [19] 

Fig. 6  XRPD analysis of YAG solid phase formed 
under UV irradiation and calcined at 900 or 1000 °C 

[21] 
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5.2. Lutetium aluminium garnet (LuAG) 

Using similar procedure, pure or Ce– Eu– and Pr– doped LuAG was 
recently prepared using 3 10–3 mol dm–3 lutetium nitrate, 5 10–3 mol 
dm–3 aluminium nitrate and 0.1 mol dm–3 ammonium formate. 
Analogously to the preparation of YAG, solid phase formed under 
UV irradiation (180 min) and calcined at ≥ 850 °C yields pure LuAG, 
while solid phase formed under accelerated electrons (40 kGy) 
yields LuAG with admixture of lutetium oxide and lutetium aluminium 
perovskite LuAlO3 [23]. 

RL spectra of all three dopants mentioned above are shown in 
Fig. 8 : (i) Pr3+ doped sample one is dominated by broad band due to 
5d1–4f transition of Pr3+ within 300 – 420 nm and narrow peaks due 
to 4f–4f transitions from 3P1 and 1D2 levels peaking at about 488 nm 
and 611 nm, respectively; (ii) Ce3+ sample one is dominated by 5d1–4f transition of Ce3+ peaking around 520 
nm and (iii) Eu3+ center shows narrow line transitions from 5D0 level to the ground state multiplet 7Fx (x= 1–6) 
within 585 – 715 nm. An interesting phenomenon was noticed in the PL decays of Ce3+ [23], namely that the 
decay time value of 5d–4f emission is clearly higher (several tens of percent) in the range of approx. 80–117 
ns compared to single crystal (58 ns) keeping strictly the single exponentical character, Fig. 9 . It was 
explained by the fact that the dimensions of the nanophosphor grains is in the range of several tens of nm so 
that the effective refractive index of the material is affected by the surrounding medium (air) and 
consequently also the transition dipole moment becomes affected, see [23] for the details. Pr3+ 5d1–4f decay 
has shown a similar tendency, though the magnitude of rthe effect was smaller. 

0

0,2

0,4

0,6

0,8

1

1,2

300 400 500 600 700

Eu1%
Ce1%

Pr1%

no
rm

. i
nt

en
si

ty

wavelength (nm)  

 

5.3. Multic
omponent garnet Gd 3(Ga,Al)5O12 (GGAG) 

 Radiation method was successfully used for even more complex garnet compositions where Al3+ cation is 
partially substituted by the Ga3+. Preparation procedure was analogous to that of YAG and LuAG described 
above. These materials have been recently discovered as a new class of excellent single crystal scintillators 
with light yield exceeding 50 000 phot/MeV [24–26]. RL spectra of the sample with chemical formula 
Gd3Ga1Al4O12 doped simultaneously with Ce and Eu emission centers is in Fig. 10 . Broad band peaking at 
about 555 nm and line spectrum within 585 – 720 nm belong to the Ce3+ and Eu3+ centers, respectively, 
described above. Low energy shift of Ce3+ spectrum is due to stronger crystal field induced by the 
substitution of smaller Lu3+ cation by larger Gd3+ one [24]. Low intensity UV emission band is most probably 

 

Fig. 7  TEM images of YAG prepared 
under UV radiation and calcined at 

1000 °C [21] 
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due to localization of exciton around accidental impurities or 
point defects of the host structure which is well–known 
emission mechanism in garnets [27]. 

CONCLUSIONS 

Radiation method based on the radiation induced 
precipitation of finely dispersed solid phase from aqueous 
solutions appeared particularly suitable for the preparation of 
binary or more complex oxide compounds. Materials 
synthesized via radiation method show rather narrow size 
distribution within few–to–several tens of nanometers. 
Various types of applied radiation (both ionizing and non–
ionizing) often yield similar results with regards to 
composition and morphology of prepared materials, 
especially in those cases where thermal treatment is the last step of their preparation. High scintillation 
efficiency and single exponential decays of luminescent centers point to high structural perfectness including 
the pre–surface payer of the grains. Convenient properties of prepared oxide compounds make them 
prospective materials for consideration in various applications, including the bio–physics and medical fields. 
Therefore, rapid future development of radiation methods for materials synthesis may be expected. 
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Abstract 

The present investigation is to develop a facial preparative strategy for the synthesis of fluorescent carbon 
dots (F–CDs). These F–CDs have promising candidates for numerous exciting applications, such as novel 
fluorescent probes for bio–imaging, medical diagnosis and smart sensing and have advantage over 
semiconductor quantum dots, in their low–cytotoxicity, low blinking and good biocompatibility. A Facile 
preparative strategy has been developed for the synthesis of water–soluble blue fluorescent carbon dots (F–
CDs) by hydrothermal treatment of ascorbic acid in the presence of urea. The effects of surface passivation 
on the photoluminescence (PL) properties was investigated through H2O2 treatment of F–CDs. Compared to 
pristine Carbon dots, the surface passivated F–CDs showed significantly enhanced luminescence properties. 
These F–CDs exhibit excitation–independent emission behavior.  These F–CDs were characterized using X–
ray photoelectron spectroscopy and fluorescence measurement techniques. Compared with the previous 
work, our preparative method is shorter in duration and does not need expensive reagents, strong acid, 
base, organic solvent and further surface passivation. 

Keywords: carbon dots, hydrothermal method, surface passivation, fluorescent spectrum, X–ray  
                    photoelectron spectroscopy 

1. INTRODUCTION 

Fluorescent semiconducting quantum dots (QDs) have received much attention because of their promising 
applications in many fields such as biomarkers, biosensing, and bioimaging [1–3]. However, their known 
cytotoxicity (especially for derived from heavy metal precursors), potential environmental hazards, and strict 
synthesis conditions have restricted their further development [4]. Therefore, a lot of efforts have been 
devoted to the synthesis of QDs based on alternative materials with lower toxicity while retaining 
advantageous optical properties [5]. In recent years, quantum–sized fluorescent carbon dots (F–CDs) has 
attracted broad attention due to its superior properties like low cytotoxicity, high chemical stability, low 
environmental hazard, low blinking, and excellent biocompatibility [6–8]. To date, F–CDs have been obtained 
through laser–ablation [9], electrochemical synthesis [10], microwave synthesis [11], hydrothermal synthesis 
[12] and combustion/thermal routes [13].Surface passivation or surface functionalization is assumed to play 
a very important role on the fluorescent properties of F–CDs. The surface passivation or surface 
functionalization in F–CDs can be intrinsic or can be incorporated with different agents. Surface passivation 
or functionalization brings different surface defects/traps to F–CDs, which are considered to be responsible 
for their fluorescent properties [14.]. Different surface defects could introduce different emission sites onto F–
CDs, resulting in variation in the intensities and positions of the emission spectra [15]. In some reports the 
external surface passivation or functionalization is essential for the origin of fluorescence in non–fluorescent 
F–CDs [6]. In case of F–CDs with poor fluorescent intensity, the proper surface passivation is required to 
enhance their fluorescent intensity. Zheng et al. reported a reduction pathway that enhances the 
luminescence of F–CDs [16]. Ran Shen et al extend the reduction approach to treat F–CDs obtained from 
different sources and with different pretreatments, and investigate the structure of the F–CDs and achieved 
highest QYs of 40.5 % [17]. From the Raman study of reduced and unreduced samples, it is found that F–
CDs become more defected after reduction reaction. These defective sites may have trapped the excited–
state energy and thus enhances the fluorescence. Here we investigated the effect of H2O2 as an oxidizing 
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agent on the luminescent properties of F–CDs prepared through facial hydrothermal route. It was found that 
this simple approach to enhance the luminescence of F–CDs. 

2. EXPERIMENTAL 

2.1 Chemicals 

All chemicals: Ascorbic acid. ASA (97 %, p.a.), urea (84 %, p.a.), and Hydrogen peroxide (35 %, p.) were 
purchased from Penta (Czech Republic). Deionized (DI) water underwent demineralization by reverse 
osmosis using the instrument Aqua Osmotic 02 (Aqua Osmotic, Tisnov, Czech Republic) and subsequently 
purification using Millipore RG system (Millipore Corp., USA, 18.2 MΏ) – MiliQ water. 

2.2 Sample preparation  

CDs were synthesized from ascorbic acid through a simple, convenient and one–step hydrothermal method. 
Briefly, ascorbic acid (1 gram (g)), urea (1 g) were added in 40 mL DI water under stirring. The resultant 
transparent solution was put into a Teflon equipped stainless steel autoclave for hydrothermal treatment at 

various temperatures 160 °C for 1 h. After the reaction, the autoclave was naturally cooled to room 
temperature. During this transparent colorless solution changed to a light brown to dark–brown solution, 
indicating the formation of F–CDs. The F–CDs were collected by removing the large dots through 
centrifugation at 6000 rpm for 15 min. Homogeneous brown supernatant contained the F–CDs was further 
purified via dialysis.  

2.3 Characterization  

Horiba Jobin Yvon Spectrofluorometer was used to characterize fluorescence properties of F–CDs. The X–
ray photoelectron spectroscopy (XPS) measurements were performed on an ESCALAB photoelectron 
spectrometer with AlKα X–ray radiation as the X–ray source for excitation. The proper surface charge 
compensation was done by fitting C–C, C–H component of C 1s peak to reference binding energy 284.5 eV. 
The atomic concentration of compounds was evaluated CasaXPS software. 

3.  RESULTS AND DISCUSSION  

The absorption spectra of the as prepared F–CDs before and after H2O2 treatment is shown in Fig. 1(a) . The 
F–CDs have almost featureless absorption spectra, which is consistent with indirect bandgap semiconductor 
nanoparticles, thus the F–CDs belong to indirect bandgap semiconductor materials in some extent. The 

(a) 

Fig. 1 (a) UV–Vis absorbance spectra of F–CDS before and after H2O2 treatment; inset shows the F–CDs 
dispersion under 365 nm excitation; (b) photoluminescence spectra of F–CDs prepared from ASA only 

and from ASA + urea before and after H2O2 treatment 

(b) 
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absorbance spectra of the F–CDs exhibit blue shift with the H2O2 treatment. This may be due to size 
reduction of F–CDs with H2O2 treatment. The digital image of F–CDs aqueous solution is shown in the inset 
of Fig. 1(a)  show blue emission under 365 nm excitations. Fig. 1(b)  illustrates the fluorescence spectra of 
pristine F–CDs synthesized from ASA, ASA + urea and from ASA + urea after H2O2 treatment upon 
excitation at 365 nm. According to Fig. 1(b) , F–CDs synthesized from just heat ASA show a 
photoluminescence band without any maxima. When ASA and urea are used a reactants, the resultant F–
CDs show a photoluminescence band at 445 nm. After the treatment with H2O2 the F–CDs prepared from 
ASA and ASA + urea also show fluorescence band at 445 nm. The photoluminescence intensity of the F–
CDs after H2O2 treatment is increased significantly as compared to those without H2O2 treatment. The 
photoluminescence maximum did not show any blue/red. When the F–CDs are excited at various 
wavelengths from 330 to 400 nm, the photoluminescence peak shifts from 420 to 460 nm and the 
photoluminescence intensity decreased (Fig. 2(b) ). This excitation dependent photoluminescence behavior 
was extensively reported in F–CDs [18. 19]. The normalized photoluminescence emission spectra of H2O2 
treated F–CDs dispersed in DI water is presented in Fig. 2(b) .  

The shift in photoluminescence emission peaks varies almost linearly with the excitation wavelength (Fig. 3 ). 
The full width at half maxima (FWHM) of the 
photoluminescence peaks first decreases and after 
showing a minima increases with excitation 
wavelength. This minima and optimum excitation 
wavelengths depicted in the excitation spectra (Fig. 
2(a)) occur at similar wavelengths. Further analysis 
of this behavior can throw light on the mechanism of 
photoluminescence in CDs. 

The surface composition and element analysis for 
the overall composition of the H2O2 treated F–CDs 
are characterized by X–ray photoelectron 
spectroscopy (XPS). The XPS spectrum of these 
CDs (Fig. 4 ) shows four peaks at 284.0, 400.0, and 
532.0 eV, which is attributed to C1s, N1s, and O1s, 

respectively. The XPS results indicate that these CNPs are mainly composed of C, N, and O. The CDs 
contained carbon, oxygen and nitrogen in a ratio of 55.61 : 29.96 : 14.43 in the sample respectively. The C1s 

Fig. 3  The variation of fluorescence emission 
peaks and their corresponding full width at half 

maxima (FWHM) with excitation wavelength 

(b) 

Fig. 2 (a) The photoluminescence excitation and emission spectra of H2O2 treated F–CDs 
dispersed in DI water with progressively longer excitation wavelengths from 330 to 400 nm in 10 nm 

increment; (b) the normalized photoluminescence emission spectra of H2O2 treated F–CDs 
dispersed in DI water 

(a) 
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spectrum (Figure B) shows four peaks at 284.56, 286.14, 287.56, and 288.67 eV, which are attributed to C–
C (27.72), C–O–C/C–OH (41.36 %), C=O (5.58 %), and C= N/O–C=O (25.05 %), respectively. The O1s 
spectrum (Figure C) exhibits two peaks at 531.17 and 532.23 eV, which are attributed to the C=O (88.89 %) 
and C–OH/C–O–C (11.11 %) groups, respectively. The N1s spectrum (Fig. D ) shows two peaks at 399.50 

and 400.83 eV, which are attributed to the C–N–C 
(78.38 %) and C–N (21.62 %) bands. 

The dependence of the photoluminescence 
intensity of the prepared F–CDs on the pH value 
was also investigated. The photoluminescence 
spectra of F–CDS at different pH values are 
shown in Fig. 5 . The photoluminescence intensity 
of F–CDs first increases with pH value and then 
reaches to the maximum value and then the 
deceases with the increase in pH value. We 
assumed that the different surface groups cause 
different responses to the pH values. The 
biocompatibility of these F–CDs was tested by 
sprouting the seeds of green gram in F–CDs 
dispersed in DI water. The seeds easily sprout 
and grow in the F–CDs dispersion as shown in 
inset of Fig. 5 . This shows that the prepared F–
CDs are biocompatible. 

(a) 

(b) 

(d) 
(c) 

Fig. 4 XPS wide scan (a), C1s (b), O1s (c), and N1s (d) of high resolution spectra of H2O2 
treated F–CDs 

Fig. 5 The photoluminescence emission spectra of 
F–CDs at various pH values; inset green gram plant 

grown in F–CDs dispersion 
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4.  CONCLUSION 

A facile preparative strategy has been developed for the synthesis of water–soluble blue fluorescent carbon 
dots (F–CDs) by hydrothermal treatment of ascorbic acid in the presence of urea. The H2O2 treatment of F–
CDs resulted in significantly enhanced luminescence properties as compared to untreated F–CDs. These F–
CDs also exhibit excitation–independent emission behavior. The surface structure and composition of the 
H2O2 treated F–CDs was characterized using X–ray photoelectron spectroscopy. The fluorescence intensity 
is pH dependent and can be used as pH sensor. Moreover these F–CDs are biocompatible. Compared with 
the previous work, our preparative method is shorter in duration and does not need expensive reagents, 
strong acid, base, organic solvent and further surface passivation. 
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Abstract  

Nanosphere lithography is a simple and time–efficient technique which is often recognized as an alternative 
to conventional top–down approaches standardly used in nanofabrication. In this study we present a 
successful manipulation of microspheres by reactive ion etching (RIE). A self–assembled monolayer close–
packed array of monodisperse polystyrene microspheres (PM) with diameter of 471 nm was used as the 
primary template. The PM templates were processed in two different RIE systems: (i) capacitively coupled 
radiofrequency plasma (CCP) and (ii) dual plasma system which combines CCP and pulsed linear–antenna 
microwave plasma (PLAMWP). The influence of process conditions on the PM geometry was systematically 
studied by scanning electron microscopy (SEM). The process conditions were controlled by varying 
radiofrequency (RF) power, gas mixture (O2:CF4 ratio) and process duration. A clear correlation between RIE 
conditions and the final PM geometry is found. In comparison to CCP–RIE, the PLAMWP system is less 
aggressive due to different plasma character and it allows smoother etching steps, thanks to which some 
conditions led to formation of long necks toward adjacent spheres. It was found out that choosing optimal 
parameters results in a tunable diameter of PM with various shapes (from spheres to pyramid–like 
structures) while keeping their periodic hexagonal ordering.  

Keywords:  nanosphere lithography, reactive ion etching, pulsed linear–antenna microwave plasma,  
                   polystyrene microspheres, Langmuir–Blodgett monolayers 

1. INTRODUCTION 

Nanofabrication means designing and production of nanoscale devices either by top–down or bottom–up 
strategy. The top–down strategy involves creating nanoscale structures with desired geometries starting from 
larger dimensions and scaling them down to the required values. Technologies include lithographic and 
etching methods (wet, plasma, focused ion beam etching, etc.). In conventional lithography, the required 
material is usually protected by a mask and the exposed material is etched away. Many techniques have 
been developed by using a variety of exposure radiation sources (photons, X–rays, electrons, ions, and 
neutral atoms). Present photolithography systems allow mass replication of nanostructures with sizes under 
50 nm. X–ray lithography utilizes shorter wavelengths (0.04 to 0.5 nm), therefore a higher lateral resolution. 
However, X–rays cannot be focused through a lens, it requires special masks and resists which makes it 
very expensive compared to photolithography. Electron beam lithography (EBL) is a computer–controlled 
scanning electron microscopy (SEM), operating directly without a physical mask, it uses the electron beam 
as a “pencil” to “write” the pattern on the sample. Therefore, it is very time consuming method, nevertheless 
its best achievable resolution is ~ 20 nm in polymer resist. Focused ion beam lithography is similar to EBL, 
with higher writing speed, it capitalizes on the reduced lateral scattering of ions (such as H+, He++, Li+, 
Be++), compared to electrons. A quite different alternative route to overcome the lateral resolution limitations 
imposed by diffraction is to use no radiation at all, such as nanoimprint lithography and nanostamping. 
Compared with conventional lithography, they are far simpler, faster and less costly techniques. [1, 2] 
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As we described, all of these techniques suffer from certain limitations. Such techniques tend to be 
cumbersome and slow, requiring prohibitively expensive equipment to produce small scale and often only 
two–dimensional structures, and almost all require a clean room environment.  

The bottom–up methods have been developed to produce structures of even smaller scale and more 
complex architecture that are difficult to achieve by the usual top–down processes. These structures can be 
achieved by the use of powerful microscopes, which allow nanomanipulation, or by techniques of molecular 
synthesis, colloid chemistry and polymer science. 

Both approaches have their own disadvantages, therefore a method which serves as a bridge between the 
two would be the ideal solution. Nanosphere lithography seems to be a promising technique in this regard, 
because it takes advantage of the combination of bottom–up growth with top–down patterning. It is 
inexpensive, it allows high spatial resolution, large patterned area wafer–scaling with relatively low density of 
defects (can generate structures with true three–dimensional order) and high throughput. It also does not 
require expensive equipment like EBL. The NSL technique is composed of two stages, the first of which is 
mask preparation. In this stage the substrate is coated with monodisperse spherical particles and a colloidal 
crystal mask is formed (monolayer or bilayer). Several techniques have been successfully developed for the 
homogenous spreading of spheres over substrate, such as drop–coating, dip–coating, spin–coating and 
self–assembly at the gas–liquid interface. Self–assembly is a “fabrication tool” of nature, i.e. the molecular or 
atomic components spontaneously built up into stable well defined structures through non covalent 
interaction. Spherical particles are commercially available in suspension in a variety of sizes (from ~30 nm to 
20 µm) and produced from various materials, e.g. silica, polystyrene (PS) or polymethyl methacrylate 
(PMMA) [3]. The second stage of the NSL uses well–known nanomachining techniques – etching and metal 
deposition – to create desired geometrical patterns suitable for optical devices such as metamaterials, 
photonic crystals or SERS–active substrates. Different types of structures can be formed: arrays of pillars, 
holes, rings, crescents, etc. [4]. 

In this article the dry plasma etching of the polystyrene microsphere monolayer mask was studied by two 
different etching systems: (i) capacitively coupled radiofrequency plasma (CCP) and (ii) dual plasma system 
which combines CCP and pulsed linear–antenna microwave plasma (PLAMWP) [5]. Both etching systems 
have their advantages and disadvantages which are discussed regarding to experimental results.  

2. EXPERIMENTAL PART 

Silicon (100) wafers in size of 1x1 cm2 were used as substrates for nanosphere lithography. First, Si 
substrates were ultrasonically cleaned with isopropyl alcohol for 10 min and by deionized water for 5 min and 
dried in nitrogen stream. Periodic arrays of PS microspheres 471 nm in diameter (purchased from 
microParticles GmbH, Berlin, Germany) on Si substrates were achieved from their aqueous dispersion (10 
weight %). The colloidal suspension mixed with ethanol (1:1 v/v) was spread onto a water surface, then the 
microspheres self–assembled on the air–water interface into a hexagonal–close–packed monolayer. Finally, 
the resultant floating arrays were transferred onto the Si surface and left to dry [6]. Such prepared samples 
were plasma treated by two different RIE systems: (i) capacitively coupled radiofrequency plasma (CCP–
RIE, (CCP–RIE; Phantom III, Trion Technology)) and (ii) dual plasma system which combines CCP and 
pulsed linear–antenna microwave plasma (PLAMWP; modified AK 400, Roth and Rau, AG). In the first set of 
experiments CCP–RIE was applied with varied RF power (60 W or 100 W) and changed gas mixture (pure 
O2, 20 % and 50 % of CF4 in O2) while the other parameters were kept to constant: total pressure 12 Pa and 
process duration 30 s. In the second set of experiments the etching duration was varied from 30 s to 7 min. 
The third set of experiments was carried out in PLAMWP system a) only with RF power (357 W), b) 
combination of RF and MW (600 W and 1200 W, respectively) for 1 min and 3 min in O2 atmosphere at 
10 Pa of process pressure. 

CCP–RIE (Phantom III, Trion Technology) system operates at frequency of 13.56 MHz and is characterized 
by a two parallel plate electrode configuration [7]. The bias voltage is determined by process parameters, i.e. 
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total pressure, gas mixture and RF power; therefore, the ion density is directly coupled to the ion energy (RF 
bias). This means relatively high RF power must be employed to obtain high ion densities. In comparison to 
CCP–RIE, the PLAMWP system (modified AK 400, Roth and Rau, AG) is so–called dual plasma system, 
which combines both RF and MW plasma, and the bias voltage can be controlled independently on other 
parameters [8]. Combined RF and MW plasma means also independent control of ion density. Moreover, it is 
characterized by cold plasma due to large distance of microwave antennas (i. e. high–density plasma region) 
from substrate holder. Thus, overheating of the substrate from plasma is minimized [9]. 

The surface morphology of samples after plasma treatment was characterized by scanning electron 
microscopy (SEM, eLine writer, Raith and JEOL JSM–7500F) and atomic force microscopy.  

3. RESULTS AND DISCUSSION 

Fig. 1  shows the effect of pressure and CF4:O2 ratio on the structuring of the PS microsphere array in CCP–
RIE plasma. It is obvious, that during the plasma treatment the close–packed arrays (shown in Fig. 3a ) are 
converted into a non–close–packed template with preserved period of the initial microsphere array (i.e. the 
center–to–center distance is the same). The plasma treatment led to homogeneous etching over the whole 
sample area and reduced the diameter of the spheres. Increased RF power from 60 to 100°W enhanced the 
etching rates (Fig. 1g ) for each ratio of CF4:O2. This means more extensive ion bombardment of the samples 
which was also confirmed by increased bias voltage from ~ 18 V to ~ 57 V. For example, plasma treatment in 
pure oxygen plasma at 100 W reduced the PS diameter to 340 nm (in comparison to plasma treatment at 
60 W, which was 364 nm). Of course, the evaluated etching rates of samples etched at different RF power 
are relative values, since at higher RF power not only the diameter decreased, but also the surface 
morphology of PS microspheres became roughened (as it can be seen on SEM images, Fig. 1 ).  
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Fig. 1.  a) – f) Top view SEM images of plasma treated polystyrene microparticle array by CCP–RIE at 
different pressures and CF4:O2 ratio (upper row represents samples treated at RF power of 60 W, bottom 

row at 100 W, respectively). g) Diameter of microspheres (red solid lines) and attributed etching rates (blue 
dotted lines) as a function of CF4:O2 ratio (triangles represents samples treated at RF power of 60 W, 

squares at 100 W, respectively) 

In earlier studies of the plasma treatment of PS microsphere arrays primarily pure O2 atmosphere was used, 
because O2 does not etch the Si or SiO2 substrates, while CF4 reacts with them and makes some polymers; 
moreover it changes the surface potential of the PS microspheres, which is undesired for several 
applications. However, addition of CF4 into the O2 atmosphere makes the surface of the PS microspheres 
much smoother. 

Interesting result was found out, when we increased the etching time from 30 s to 7 min. Fig. 2  shows the 
effect of time in the case of pure O2 and 100 W of RF power. We found out that the plasma treatment has not 
linear behaviors, it can be divided into two regions, where the breakpoint is between 45 s and 1 min (see 
Fig. 2e ). For etching times up to 30 s, the shape of the PS spheres is similar to initial sphere–like shape, 
while for longer etching times (> 1 min) the sphere patterns collapsed, they lost their spherical shape and 

g) 
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inhomogeneous PS residue are observed. These structures regarding to AFM images (Fig. 2f ) will be 
referred as pyramid–like structures. While the etching rate seems to be linear until 1 min of etching time, for 
longer etching times nearly no change is observed (only slight decrease). 
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Fig. 2.  Top view SEM images of plasma treated polystyrene nanoparticle array on Si substrates a) as 

prepared (before etching) and after CCP–RIE treatment for b) 30 s, c) 3 min and d) 7 min in O2 plasma at 
100 W and 90 mTorr. e) Sphere diameter as a function of the etching time, and f) typical AFM image of 

pyramid–like structures for longer etching times (>1 min) 

Aforementioned experiments showed that the process parameters need to be chosen carefully, especially in 
term of short process durations, because of the soft material and thin monolayer. Moreover, as it was 
mentioned, the bias voltage in the case of CCP–RIE plasma cannot be controlled independently, therefore 
we studied the PS microsphere plasma treatment in PLAMWP system, which combine both RF and MW 
plasma, and allow independent control of the bias voltage, which is corresponding to surface bombardment. 
Several experiments were carried out, in Fig. 3  are shown only few of them only with RF plasma (Fig. 3a ) 
and with the combination of RF and MW plasma for 1 min (Fig. 3b ) and 3 min (Fig. 3c ), respectively. 

 
Fig. 3.  Top view SEM images of plasma treated polystyrene microparticle array on the Si substrates by 

PLAMWP system a) only with RF power (357 W, 7 V) and combination of RF and MW power of 600 W and 
2×1200 W, respectively for 1 min (b) and 3 min (c) at 10 Pa in pure O2 atmosphere 

First of all, after 1 min or even after 3 min the PS microsphere array is not damaged and has sphere–like 
structures. The microspheres were shrunk from their initial diameter of 471 nm to 433 nm after etching for 
1 min; and with further etching (3 min) the diameter was reduced to 403 nm. Moreover, this array of sphere–
like structures is each other connected with thin necks creating a net even after 3 min of plasma treatment. 
This net–like structure is not observed for etching times longer than >3.5 min (not shown here). 

Formation of net–like structure is probably due to the cold plasma character and lower plasma densities (Ne) 
near to the sample surface in PLAMWP system comparison to CCP–RIE, as it was shown in Ref. [10]. It was 
observed that even at 10 Pa of total pressure the effective electron temperature (Teff) is strongly dependent 
on the distance from the microwave antennas, and this influence further increases with increasing pressure 

e) 

f) 
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(i.e. for the substrates localized at z = 70 mm it means a drop of Ne by three orders of magnitude in the 
range of 10 to 150 Pa) [10]. In the close vicinity to the antenna (16 mm) the Teff reaches the value of 4.5 eV 
and for higher distance it drops by 2 eV for the same pressure value of 10 Pa. This dependence of the 
electron temperature and electron density on distance in similar surface–wave plasma systems was 
observed also by Tsugawa et al. [11]. Secondly, formation of net–like structure in PLAMWP system can be 
caused also by lower bias voltages. In PLAMWP system two independent MW and RF power supplies are 
applied. MW plasma is responsible to enhance the ion density, while RF plasma accelerates the ions (and 
electrons) toward to sample. In the case of PLAMWP, the bias does not exceed 15 V even at 600 W of RF 
power, while in the case of CCP–RIE it is 18 V and 57 V for 60 W and 100 W of RF power, respectively. 

CONCLUSIONS 

We studied the plasma treatment of self–assembled monolayer polystyrene (PS) microspheres using two 
different RIE systems. It was shown that in comparison to capacitively coupled radiofrequency plasma 
(CCP–RIE) the dual plasma system (PLAMWP), which combines CCP and pulsed linear–antenna 
microwave plasma, is less aggressive, it allows smoother etching steps with longer process time, thanks to 
which a formation of a net–like structure (long necks towards adjacent spheres) is possible. It is supposed 
that this feature of the PLAMWP system is based on the different plasma character (cold plasma), lower ion 
and electron temperature, and lower bias voltages (in comparison to CCP–RIE), which can be controlled 
independently from ion densities. We found out that in the CCP–RIE system only short–time processes are 
allowed since after > 1 min of process time only PS residues remain, and pyramid–like structures are 
formed. Choosing optimal parameters results in a tunable diameter of PM with various shapes (from spheres 
to pyramid–like structures) while keeping their periodic hexagonal ordering. 
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Abstract  

This article is focused on the determination of temperature dependencies of three basic thermophysical 
parameters: specific heat capacity, thermal conductivity and thermal diffusivity. The hardened polyurethane 
is our investigated material, which is filled by single walled carbon nanotubes in three different amounts. This 
material is developed in order to replace very expensive titanium alloys, which are currently used in the 
manufacturing of support aids that are used to stabilize limbs at complicated fractures. The thermophysical 
parameters were measured by pulse transient method in the temperature range from –25 °C to 75 °C. Our 
results show, that higher amounts of carbon nanotubes increase the thermophysical parameters nonlinearly 
in the whole temperature range. We have also detected the secondary relaxation transition in the pure 
polyurethane by the analysis of the temperature dependency of the specific heat capacity. Nonlinearity of 
thermophysical parameters at different amounts of carbon nanotubes may be caused by the non–uniform 
blending, which was performed by the ultrasound. 

Keywords: hardened polyurethane, carbon nanotubes, thermophysical parameters, pulse transient method 

1. INTRODUCTION 

Polyurethanes are plastic materials, which we use in one form or another every day. We can meet with 
polyurethanes at home, in our offices and cars, at sport and other leisure activities. They consist from two 
chemically different compounds. Thus giving us many possibilities, how to mix polyurethane. Then we can 
get polyurethanes with a wide range of desired properties. Polyurethanes are synthesized from 
diisocyanates and polyalcohols and belong to the chemical group polyester–amides. Commonly used 
methods of production of solid polyurethane are the low–pressure injection, high–pressure injection and 
gravity casting. Polyurethane foams are mostly produced in continuously working foaming machines. These 
polymers are perfect materials to use as strength and elastic matrix in nanocomposites [1, 2].  

Nanocomposites are composites which consist from two or more different components, but at least one 
component of the material must be in the form of little particles, which size is from 1 to 100 nanometers. This 
component is uniformly dispersed in an inert matrix. In most cases these are nanoparticles of an active 
substance, which has interesting magnetic, electric or other properties. The matrix has the function of a 
binder and it must prevent the direct contact of nanoparticles. The reasons to use the active substances in 
the form of nanoparticles are their qualitatively different physical properties compared to the matrix. This is 
caused by the monodomain structure of nanoparticles, high ratio of surface and inert atoms, impossibility of 
particle interactions and more other effects, which are not yet examined. Properties of nanocomposites are 
on one side dependent from composition, but on the other side from the size of particles, their morphology 
and configuration. Carbon nanotubes have unique physical and chemical properties. One of these physical 
properties of carbon nanotubes is the possibility to make them only one atom layer thick. So this is the 
reason, why carbon nanotubes can be almost 50 000–times thinner than human hair. Carbon nanotubes 
have the shape of a rolled wire mesh, because they have got the bond characteristic of carbon atoms [3].  

Nowadays scientists try to produce carbon nanotubes in large quantities with a high degree of purity (little or 
no material defects), so that all of the produced carbon nanotubes have the same physical structure. 
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Behavior of the nanotubes can be better understood, because they have similar physical and chemical 
properties. This leads to more possibilities of their usage [4]. 

2. MATERIAL 

In this investigation work we study the hardened polyurethane filled by single walled carbon nanotubes. This 
material was prepared in Trnava. Polyurethane was synthesized from PX 522/HT POLYOL and PX 521–522 
HT ISO ISOCYANATE. Our investigated polyurethane carbon nanocomposites were prepared in two stages. 
The single walled carbon nanotubes with purity 90 percent were stirred in the reaction component PX 
522/HT POLYOL for approximately two minutes by the ultrasound mixer WELDER. These nanotubes are 
produced by the company NanocylTM. The mixing was implemented in a vacuum chamber to degas the 
polymerization mixture in the next ten minutes. After adding the isocyanate with trade name PX 521–522 HT 
ISO ISOCYNATE the mixture was stirred by ultrasound for another two minutes. A subsequent curing 
process was carried out for 4 hours at 80 °C and 16 hours at 100 °C. Three sample sets for testing were 
made from this material with different content of the carbon nanotubes and of pure hardened polyurethane. 
Each sample was pressed by the displacement speed of 2 mm/min to a force value of 100 kN. The pressure 
modulus and the coefficient of compressibility were in the range of tension of 20 – 60 MPa. 

3. PULSE TRANSIENT METHOD 

The pulse transient method can determine the three basic thermophysical parameters – thermal conductivity, 
thermal diffusivity and specific heat capacity from only one measurement. This method is included in the 
dynamic group, i.e. transition methods that are used to measure solids [5]. The basic principle of this method 
is to supply the heat pulse through the planar heat source into the sample, which had its temperature 
stabilized before the measurement. Using a thermocouple, that is located on the side of the sample opposite 
to the heat source, we record the dynamic thermal response. We can then calculate three thermophysical 
parameters by using the schemes and the curve of the recorded temperature response. In Fig. 1  is shown 
the principle of the pulse transient method [6].  

 

Fig. 1  The principle scheme of the pulse transient method [6] 

The model is characterized by a temperature function 

 (1) 

where Q=R·I2·t0 is the amount of heat generated by a heat pulse through the unit area, R is the electrical 
resistance of the heat source, I is the current supplied at time t0, ρ is the density and cp and α are the 
unknown thermophysical parameters (specific heat capacity and thermal conductivity). The temperature 
function (1) is a solution of the heat equation with respect to the appropriate boundary and initial conditions. 
We use the maximum temperature response as an input to determine the thermophysical properties. 
Equations used to calculate the thermophysical parameters are: 
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Specific heat capacity cp 

 (2) 

Thermal diffusivity α 

 (3) 

Tm is the maximum temperature response at the time tm and e is Euler's number. The third thermophysical 
parameter, thermal conductivity λ is defined by well–known relationship [7] 

 (4) 

4. EXPERIMENTAL PROCEDURE 

We used the professional Thermophysical Transient Tester 1.02 developed at the Physics Institute of Slovak 
Academy of science for the study of thermophysical parameters of polyurethane nanocomposites. This tester 
consists of a vacuum chamber, vacuum pump, isothermal chamber, programmable thermostat, personal 
computer with specialized software and an electronic unit. In the vacuum chamber is placed the specimen 
holder and the specimen set including measuring probes. Any temperature gradient along the specimen set 
is suppressed by an isothermal shield. The temperature of the specimen holder is controlled by a smart 
thermostat. Low heating rates are used to keep quasi–isotherm measurement conditions and to reduce the 
radiative heat losses. We can measure in vacuum up to 0.1 Pa by using a vacuum cover. Fig. 2  presents a 
fully automated measurement workstation. 

 

Fig. 2  The experimental workstation with isothermal chamber, vacuum chamber, specimen holder with 
a specimen set 

Our specimen set was composed of three pieces of cylindrical shape, because we needed to simulate a 
geometrically unbounded specimen set. The specimen set was then placed in the isothermal vacuum 
chamber. The nickel folium 20 μm thick heat source with the radius of 0.015 m had the same radius as the 
specimen and was placed between the first and the second part of the specimen set. The first connection of 
a 30 nm thick differentially connected Chromel–Alumel thermocouple was placed between the second and 
the third part of the specimen set. The second connection of the thermocouple was placed on the heat 
exchanger. There the constant temperature was kept by the thermostat. All specimen sets were measured 
six–times and all of the presented results have the relative deviation less than 1 %. 

The sample heat up was provided by a current pulse during 13 s at the driving voltage of 1.4 V and a supply 
current of 1 A for all specimens. The temperature response of the specimen was measured during 420 s. 
The time of temperature stabilization of the specimen at each temperature was 2 hours. 
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5. RESULTS AND DISCUSSION 

In Fig. 3  we can see the temperature dependency of specific heat capacity at a wide temperature range from 
–25 °C to 75 °C. Higher content of carbon nanotubes increases the specific heat capacity, but this increase 
is very unequal. From the first view we can see that the specific heat capacity has a significantly increasing 
character in the dependency from temperature. This dependency seems as a two linear dependency. From 
this dependency we detected that the basic material (pure polyurethane) has the secondary relaxation 
transition β transition approximately at the temperature 15 °C. This relaxation was confirmed by the dynamic 
mechanical analysis. From this temperature the increase of the specific heat has a steeper character, which 
can be seen in Fig. 4 . We made the linear regression for two parts of this dependency. From these two 
equations, which describe the linear dependencies we obtained very important coefficients 3.0136 and 
5.1112. These coefficients represent the level of increase of the determined analytical curves. 

 

Fig. 3  Temperature dependency of specific heat capacity for PUR and three nanocomposites with different 
content of carbon nanotubes (0.5 wt %, 1 wt %, 1.5 wt %) 

 

Fig. 4  Temperature dependency of specific heat capacity for PUR and analytical solution for two parts of its 
dependency 
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Fig. 5  Temperature dependency of thermal diffusivity for PUR and three nanocomposites with different 
content of carbon nanotubes (0.5 wt %, 1 wt %, 1.5 wt %) 

Temperature dependency of thermal diffusivity is shown in Fig. 5 . This temperature dependency has a 
significantly decreasing character. Thermal diffusivity increases with higher content of carbon nanotubes. 
The dependency of thermal diffusivity from the content of carbon nanotubes is very unequal. This effect may 
be caused by two different things. On one side it may be caused by the measurement uncertainty, or on the 
other side it may be caused by the non–uniform blending.  

 

Fig. 6  Temperature dependency of thermal conductivity for PUR and three nanocomposites with different 
content of carbon nanotubes (0.5 wt %, 1 wt %, 1.5 wt %) 

In Fig. 6  is shown the temperature dependency of thermal conductivity for pure hardened polyurethane and 
for three nanocomposites with different content of single walled carbon nanotubes. This thermophysical 
parameter is more complicated, because it is calculated from equation (4). This is the reason, why it has a 
polynomial character. From this figure we can see that thermal conductivity increases with higher amounts of 
carbon nanotubes. This increase does not have a linear character, but its character looks more exponential. 
Subsequently a simple fit of experimental data of thermal conductivity at 25 °C was made. This exponential 
equation is shown in Fig. 7 . In this equation the first constant value 0.3206 W·m–1·K–1 is very interesting. It 
indicates the maximal thermal conductivity, which can be obtained by the increase of the content of carbon 
nanotubes. The statistic parameter R–square has the value of 0.9892. It gives us good credibility of the used 
fitting equation.  
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Fig. 7  Dependency of thermal conductivity from content of carbon nanotubes at temperature 25 °C 

6. CONCLUSION  

Three thermophysical parameters were measured by the pulse transient method in a wide temperature 
range from –25 °C to 75 °C using the professional Thermophysical Transient Tester 1.02. In the dependency 
from the higher content of single walled carbon nanotubes has been detected, that the values of the three 
measured parameters have an increasing character in the whole temperature range. Specific heat capacity 
has an increasing character from the increase of temperature. From this dependency was detected that the 
pure polyurethane has the secondary relaxation transition β transition approximately at temperature 15 °C. 

Temperature dependency of thermal diffusivity has a decreasing character. Dependency of thermal 
diffusivity from higher content of carbon nanotubes is very unequal. In the dependency of thermal 
conductivity an exponential equation was detected. In this equation the first constant value 0.3206 W·m–1·K–1  
is the maximal thermal conductivity. This value can be obtained by using higher contents of carbon 
nanotubes. Nonlinearity of thermophysical parameters at different contents of carbon nanotubes may be 
caused by the non–uniform blending, which was performed by the ultrasound, or by the measurement 
uncertainty. 
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Abstract  

We report an experimental investigation regarding the entrapping of O2 molecules inside various silica nano–
structured systems having specific surfaces from 50 to 1000 m2/g. By recording Raman spectra and Near 
Infrared O2 emission we studied the O2 content per mass unit. Our data show that the internal voids of these 
nanostructured systems can trap O2 molecules diffusing from the surrounding air or from a pure O2 
atmosphere, whereas the concentration of O2 that can be trapped in the silica near–surface layer is at least 
one order of magnitude lower. This low ability is consistently observed in non–porous and porous silica 
nanoparticles and in mesoporous silica systems. Furthermore, we observed that the O2 emission appears in 
the measurements recorded for mesoporous systems as the MCM41 after thermal treatment at 1000 °C 
when the mesoporous structure collapses, as proved by the variations of the Raman spectra. Considering 
the high variability in structure and morphology of the ensemble of investigated samples we suggest that the 
fact that the thin near–surface layer of silica has a low ability in trapping O2 molecules is a general property 
of the silica high specific surface systems.  

Keywords: oxygen, photoluminescence, nanosilica, Raman spectroscopy 

1. INTRODUCTION  

The use of amorphous SiO2 (a–SiO2 or silica) based materials has been recently extended to nano–
structured systems [1–4]. Such materials have various modern applications [4–6] because of the chemical 
and physical properties of silica [7] and also for their high values of specific surface [3, 4, 7]. Recent 
investigations illustrated the possibility to obtain Near Infrared (NIR) luminescent SiO2 based materials by the 
entrapping of O2 molecules [8–10]. In details, using laser excitation at about 1064 nm the O2 molecules 
trapped inside silica matrix exhibit a luminescence peak at about 1272 nm [8–10], this emission being 
associated to the transition occurring from the first excited singlet state to the ground triplet state [11]. At 
variance to common bulk systems, this luminescence could be present before any treatment and can be 
easily increased in silica nanoparticles by keeping the samples for few hours in pure O2 atmosphere at 
temperatures in the range 100–200 °C, since the diffusion time is reduced by the nanosize of the materials 
[10]. Regarding the silica nanoparticles, it was proposed that they can be described as a shell system [9, 12, 
13]. In this model the interior part, named core, has structural properties similar to the bulk systems [12,13]; 
whereas the exterior part, named surface shell, has a thickness of about 1 nm regardless of the particles 
dimensions and it has structural properties different from the bulk [12,13]. Recently, it was shown that the 
ratio between the amplitude of the emission band of the O2 molecules trapped inside the nanoparticles, and 
the 800 cm–1 Raman band, associated to intrinsic silica vibrational modes [13], decreases with increasing of 
the specific surface [9]. This finding was interpreted using the shell model, but it was not possible to clarify if 
O2 is present in the surface shell and its emission is quenched or if the O2 is absent in the surface shell. A 
successive investigation based on the Raman signal of the O2 showed that the differences in the emission 
amplitudes are real differences in O2 concentrations [14]. These two studies [9, 14] highlighted that in 
comparison with the core the surface shell has a low ability to trap O2 molecules. In the present manuscript 
we investigate the ability of thin layers of silica to trap O2 extending the previous studies to the porous and 
the mesoporous materials. 
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2. EXPERIMENTAL 

We studied different commercial materials. The fumed silica nanoparticles were produced by Evonik 
Industries [15, 16]. These materials were synthesized by SiCl4 oxidation in an O2/H2 flame at 1100–1400 °C. 
The starting powders of nanoparticles were pressed in an uniaxial mechanical press at about 0.3 GPa to 
obtain tablets. The specific surface (S) and the particles average diameter (AD) were estimated by BET 
method and transmission electron microscopy measurements respectively [15, 16]. It is important to note 
that the Raman spectra recorded for the tablets coincide with those recorded on the same sample in the 
form of powders. The only difference is an enhancement of the signal. In the following of the manuscript the 
fumed silica nanoparticles are named AEOX50 (S=(50±15) m2/g; AD= 40 nm), AE90 (S=(90±15) m2/g; 
AD=20 nm), AE150 (S=(150±15) m2/g; AD=14 nm), AE200 (S=(200±25) m2/g; AD=12 nm), AE300 
(S=(300±30) m2/g; AD=7 nm) and AE380 (S=(380±30) m2/g; AD=7 nm) [15,16]. In addition, we studied one 
type of porous nanoparticles and four types of mesoporous materials acquired from the Sigma Aldrich [17]. 
The porous nanoparticles named SiP640 have specific surface in the range 590–690 m2/g and diameter in 
the range 5–15 nm [17]. The starting powders were pressed in an uniaxial mechanical press at about 0.3 
GPa to obtain tablets. After such operation the Raman spectra do not change significantly. The investigated 
mesoporous materials are MCM41, HMS, MSU–H and MSU–F samples. The MCM41 has a unit cell of 4.5–
4.8 nm, pore size of 2.1–2.7 nm and specific surface of about 1000 m2/g [17]. The HMS has particles size of 
~3 μm, pore diameter of ~3.9 nm and specific surface of ~910 m2/g [17]. The MSU–H has unit cell of ~11.6 
nm, pore size of ~ 7.1 nm and specific surface ~750 m2/g [17]. The MSU–F has unit cell of ~22 nm, cell 
window of ~15 nm and specific surface ~562 m2/g [17]. For the four mesoporous materials we investigated 
the starting powders since in agreement with previous reported data [18, 19] the production of tablet with 
high pressure values induces structural modifications.  

Raman spectra were recorded at room temperature by using a Bruker RAMII Fourier Transform Raman 
spectrometer equipped with a 500 mW Nd:YAG laser at 1064 nm. The applied experimental conditions lead 
to a spectral resolution of 5 cm–1 or of 15 cm–1. The samples were kept in pure O2 atmosphere (60–70 bar) at 
temperature in the range 100–130 °C, this procedure being named loading in the following.  

3.  RESULTS 

All the Raman spectra reported in the following have been normalized to the signal recorded at 800 cm–1. 
This normalization procedure was applied since this band is the one that changes the least in shape in the 
spectra of the different materials, since it is almost independent from the density of silica [20] and because it 
is representative of the amount of the Si–O–Si linkages being related to the symmetric stretching of the Si–O 
bond [20]. The Raman spectra of the non porous nanoparticles are reported in Fig. 1  (panels a–f), in addition 
to the 800 cm–1 band in these spectra we observe all the bands associated to silica. In detail, we observe the 
R band (peaked at 440 cm–1 in the bulk), mainly associated to the oxygen bending vibration in the Si–O–Si 
linkages [20], the D1 (peaked at 495 cm–1) and D2 (peaked at 605 cm–1) bands related to the four and three 
member rings respectively and the 1065 and 1200 cm–1 bands related to TO and LO modes of the Si–O–Si 
linkages [20]. As highlighted in a previous investigation [13] the shape of the Raman spectra of these 
materials depends on the nanoparticles. Furthermore, we detected the presence of other two bands: the first 
is peaked at about 980 cm–1 and is related to the OH vibration in the SiOH groups [21, 22], whereas the 
second is peaked at about 1538 cm–1 and it is related to the emission of O2 molecules present in the 
interstices of the silica matrix [8–10]. In panel g of Fig. 1  we report the Raman spectrum of the porous 
nanoparticles named SiP640. In this spectrum we note an intense band at 980 cm–1 and the presence of a 
band peaked at 488 cm–1 comparable to the so called D0 [23]. It is important to note that such spectroscopic 
features have been observed in other porous silica materials [23]. Furthermore, we note the absence of the 
O2 emission band and of the D2 band and the presence of a Raman band at about 1630 cm–1 that can be 
attributed to the water molecules physisorbed on the silica surfaces [24, 25].  
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Fig. 1 Raman spectra of the unloaded AEOX50 (panel a), AE90 (panel b), AE150 (panel c), AE200 (panel 
d), AE300 (panel e), AE380 (panel f), SiP640 (panel g) and zoom of the spectral range 1250–1750 cm–1 

(panel h) where the O2 emission is detected, the grey line represents the spectrum of the SiP640 

In Fig. 2 , we report the Raman spectra recorded for the mesoporous systems. Even if the specific features of 
the spectra depend on the material, in the spectra of the MCM41, the HMS and the MSU–H samples (panels 
b,c,d) we observe all the bands typically found in silica, whereas in the spectrum of the MSU–F (panel a) the 
D2 band is absent. In all the spectra of Fig. 2  we note also the presence of a narrow peak at ~1556 cm–1. 
This feature is attributable to the Raman Q band of the O2 present in air [26], furthermore we remark that the 
Raman band related to the stretching vibration is observed at ~1549 cm–1 for the interstitial oxygen 
molecules in a–SiO2 [26]. By contrast, the emission of interstitial O2 is absent in the spectra of the MCM41, 
HMS and MSU–H materials and if present is near to the detection limit in the MSU–F. Finally, we note that in 
all the spectra the Raman signal at about 1100 cm–1 is higher than the one normally observed in 
nanoparticles (see Fig. 1 ) or bulk silica [13, 20]. We performed the loading of all samples to study the O2 
molecules trapping inside the silica interstices. As previously reported [9, 10] it is possible to enhance the O2 
content of non porous nanoparticles. In these samples, fixing the temperature and the pressure for each 
sample the O2 emission reaches a maximum value as a function of the time [9, 10]. By studying the as–
received nanoparticles and the loaded ones (pressure ~75 bar and temperature in the range 100–130 °C) it 
is found that the ratio between the O2 emissions of different samples and the one of the AEOX50 is constant 
before and after the loading [9]. As concerns the other samples the loading increased the O2 emission just in 
the MSU–F sample. Fig. 3a  illustrates the spectra of the AEOX50, of the AE380 and of the MSU–F after 
loading at ~70 bar and 100 °C. We note that the O2 emission measured in the AE380 is about one order of 
magnitude lower than the one measured in the AEOX50, this finding being comparable with the results 
obtained for the non–loaded samples [9]. Furthermore, we note that in the MSU–F the O2 emission is slightly 
lower than the one observed in the AE380. We remark that after about one week from the loading the O2 
emission detected in the MSU–F is about one half with respect to the initial one. Finally, considering the 
spectra reported in the inset of Fig. 3a  we can suggest that the loading procedure did not change the Raman 
spectrum of the MSU–F material. In Fig. 3b  we report the spectra recorded for the MCM41 and the HMS 
samples after a thermal treatment at 1000 ° C in air for 5 h. We note that the treatment induced relevant 
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modifications in both materials, in fact, in their spectra the silica bands changed, the SiOH band disappeared 
and at 1538 cm–1 we detected the emission of O2 molecules trapped within silica matrix.  
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Fig. 2 Raman spectra of the unloaded MSU–F (panel a), MSU–H (panel b), HMS (panel c) and MCM41 

(panel d) samples 
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Fig. 3 Panel a, Raman spectra of the MSU–F, AE380 and AEOX50 after loading at about 70 bar at 100 °C; 
inset, zoom of the spectral range 250–1350 cm–1 where the silica intrinsic Raman bands are detected. Panel 

b, Raman spectra of the HMS and MCM41 samples after thermal treatment at 1000 °C in air for 5 h 

4.  DISCUSSION 

The Raman and O2 emission measurements have illustrated that in comparison with the other investigated 
system the non porous nanoparticles contain a relevant quantity of interstitial O2. The normalization for the 
800 cm−1 Raman band enables the comparison among the O2 signals of different materials and, since the 
800 cm–1 amplitude depends on the silica mass, such comparison is essentially in mass units. First of all, it is 
important to note that the O2 emission recorded in the non–loaded nanoparticles is stable on a time scale of 
years; furthermore, in a totally outgassed AEOX50 sample the O2 emission comes back to the value reported 
in Fig. 1a  after two years, so that one can consider the ratios O2 emission/800 cm–1 reported in Fig. 1  as the 
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equilibrium ones. In this case one should expect similar contents of O2 for mass units. Furthermore, the ratio 
between the O2 emission of the different nanoparticles is almost unchanged by the loading procedure. 

By using a shell model [9, 12, 13] we can explain the data recorded for the non–loaded and the loaded non–
porous nanoparticles with the following scheme: the emission signal is essentially due to the O2 molecules 
inside the core of the nanoparticles, whereas the contribution from the surface shell, having a thickness of 
about 1 nm, is at least one order of magnitude lower [9, 14]. This variability in emission amplitude is due to a 
real difference in concentrations of entrapped O2 molecules since a similar trend was observed studying the 
Raman signal of the O2 inside the silica interstices [14]. It is also found that increasing the specific surface, in 
the porous and in the mesoporous materials, one observes that the O2 is absent or near to the detection limit 
in the not loaded MSU–F and that the O2 loading procedure is ineffective or poorly efficient in these 
materials. These findings support the suggestion that a near surface thin layer of silica has a low ability to 
trap O2 molecules. In this context, considering the SiP640 we note that for reaching a specific surface of 640 
m2/g with a single pore concentric with a particle with diameter of 10 nm, the radius of such pore has to be 
3.5 nm. In this schematic case we have a hollow sphere having a wall of thickness of 1.5 nm so that even at 
the center of the wall the distance from the surface is 0.75 nm which is lower than 1 nm. Even if these 
nanoparticles contain many pores with smaller radii the above considerations can give an idea on the empty 
and the filled volumes in the SiP640 materials The presence of the O2 emission in the Raman spectra of the 
thermally treated MCM41 and HMS and the deep modifications induced by the thermal treatment on the 
spectral features of the Raman activities of these two materials can be interpreted as follows: the absence of 
the SiOH Raman band can be considered the result of the thermally induced reaction SiOH+HOSi → Si–O–
Si [25]. Considering that in these two materials such groups are on the surfaces, because of their high 
specific surface [25], the collapse of the pore can be suggested and as a consequence of this latter and 
because of the high temperature the O2 present in the ambient atmosphere can diffuse inside the matrix 
where it remains trapped at room temperature. Finally, we note that the low ability to trap O2 of a thin near 
surface layer of silica is observed in samples with different morphologies, structures and in samples as the 
MSU–F with undetectable SiOH content. Basing on this observation we can reasonably suggest that such 
low ability, in comparison with the core of the nanoparticles, is a general feature of this type of systems.  

5.  CONCLUSION 

We investigated different types of silica nanostructured systems having specific surface ranging from 50 to 
1000 m2/g, the materials differing for structure and morphology; in fact, the ensemble of the samples 
contains nanoparticles, porous nanoparticles and four mesoporous materials. All the recorded data suggest 
that a near surface thin layer of silica has a low ability, per mass units, of trapping O2 molecules. 
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Abstract 

In this study tensile–mechanical properties of graphene containing polyamide 6 nanocomposites were 
deeply analyzed via cyclic measurements. Injection moulded specimens with different nanofiller contents 
(0…1 wt%) were used for the investigations. At the cyclic tests the loading force was increased with 100 N 
increments in each cycle and the relaxation time was set to be 30 s. After the relaxation time the residual 
strain was determined in each cycle (plastic deformation). The results showed that the presence of graphene 
reduced the plastic deformations (i.e. elastic recovery was enhanced compared to the matrix). It results in 
that the creeping behavior of nanocomposites becomes considerable just at higher loads. Based on the 
results it can be stated that the pure linear elastic region of the tensile curves became wider by the 
incorporation of graphene nanoparticles into polyamide 6 matrix, meaning that the utilization range is also 
wider regarding the mechanical stresses. 

Keywords: nanocomposite, graphene, mechanical properties, elastic recovery 

1. INTRODUCTION 

Nowadays there are several types of nanocomposites developed for engineering applications with high 
mechanical performance. Nevertheless there are few manifested engineering products in our daily life. The 
reason for that is that nanocomposites are still relatively new types of materials, thus the structural changes 
caused by mechanical stresses in the nanocomposites are not revealed properly. Without this information it 
is hard to design a new engineering product. This is particularly true for recently developed nanocomposites, 
like graphene reinforced thermoplastics [1–5]. 

Graphene is one of the most recently discovered nanostructures. Graphene is a single layer of carbon atoms 
packed densely in a honeycomb crystal lattice. There are numerous processes developed for its production 
like chemical vapor deposition, chemical conversion or mechanical exfoliation of graphite, etc. Graphene has 
outstanding properties, such as high thermal and electrical conductivity and superior mechanical 
performance. Even though physical properties of graphene–like structures are explored deeply, their 
application as reinforcement in polymer composites is still under intensive research [6–7]. 

Zhang et al. [8] produced graphene–oxide (GO) reinforced polyamide 6 (PA 6) nanocomposites by in situ 
anionic ring–opening polymerization. They achieved remarkable increase in the tensile strength and Young’s 
modulus at relatively low (0.01–1.00 wt %) GO contents. They exhibited the typical tensile curves of the 
composites, which suggest that not just the tensile moduli increased but the initial near linear range of the 
curves also broadened. 

Similar tensile characteristics are observable for other nanocomposites, independently from the matrix or 
reinforcing materials [9–12]. This wider near linear characteristic means that for the designers the utilization 
range of the material is also wider, however it is hard to characterize the end–point of the near linear 
segment. This can be explained by the viscoelastic behavior of the thermoplastics; fundamentally they have 
three different types of deformation: instantaneous elastic (energy–elastic), time–dependent viscoelastic 
(entropy–elastic) and time–dependent viscous (relaxation) deformation. The first two components together 
are elastic deformations. The composites can be used as structural material until these elastic deformations 
are overwhelmingly dominant compared to the viscous one. The characterization of the deformation 
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components is quite difficult as they depend on several parameters like the applied load or the loading time. 
Therefore the researchers introduced the rate of the elastic recovery [13]. This can be calculated from a 
cyclic measurement where the tensile load is increased by the cycles but between each cycle a certain time 
is applied for the recovery of the time–dependent viscoelastic deformation. The elastic recovery can be 
calculated by the ratio of the elastic deformation and the total deformation. As it is shown in Fig. 1  the plastic 
deformation is a cumulative parameter since in this case the reference point is always the zero–point 
independently from the value where the current cycle begins. The end of the elastic region can be indicated 
by a significant change in this parameter during the cyclic test. Another possibility is to give the designers a 
maximum viscous deformation as a set–point for sizing. 

 

Fig. 1 Strain–stress curves for cyclic loading, at increasing load levels  
(the blue colored curve sign a complete cycle) 

The aim of this study is to produce graphene filled PA 6 matrix nanocomposites by melt compounding with 
different graphene content and the characterization of their tensile–mechanical properties via normal quasi–
static and cyclic tensile tests. 

2. MATERIALS AND METHODS 

Schulamid 6 MV 13 type polyamide 6 (PA 6) from A. Schulman GmbH (Germany) was used as matrix 
material. Graphene xGnP® graphene nanoplatelets – Grade H (GnP) supplied by XG Sciences, Inc. (USA) 
were used as nano–sized reinforcement. A Labtech Scientific LTE–26–44 twin screw extruder (L/D=44; 
D=26 mm) was used for continuous melt mixing. The screw speed was set to be 12 1/min and the extrusion 
temperature was 240 °C. For the composite preparation 0.25; 0.50; 0.75 and 1.00 wt% graphene was used. 
The dried PA 6 granulates (80 °C; 4 h) were mechanically mixed with the reinforcing materials then extruded 
and granulated (particle size: 4.5 mm). Dumbbell type specimens (4 x 10 mm of cross section) were injection 
moulded on an Aurburg Allrounder Advance 370S 700–290 injection moulding machine. 

Before the mechanical tests, the specimens were conditioned under 50 % relative humidity and 20 °C for 
48 h. Tensile tests were performed on a Zwick Z020 universal testing machine according to EN ISO 527. The 
tensile moduli were determined in the strain range of 0.1…0.5 %. The cyclic tensile tests were performed 
also on this machine. The relaxation time was set to be 30 s and the load was increased by 100 N in each 
cycle. The machine was used in force–controlled mode, the up and the down load speed was set to 100 N/s. 
Because of the adjustment of the machine, close to the actual target force within a cycle an approaching 
procedure begins of which original purpose is to avoid the overshot of the force. This means that in case of 
thermoplastic polymers at relative high loads the role of the viscous deformation becomes more observable. 
From a tensile tester point of view it means that it takes more time to achieve the target force. Based on 
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these considerations the measuring procedure was set to end when at least 1 % additional elongation was 
detected close to the maximum force, and the force still could not achieve the maximum value. The latter 
phenomenon meant that the creeping behavior began to be dominant, that is far away from the elastic 
deformations. 

3. RESULTS AND DISCUSSION 

3.1  Tensile characteristic 

Fig. 2a  shows the typical tensile curves of the produced materials. It is well visible that the addition of a small 
amount of graphene (0.25 wt %) enhanced the strength properties of the PA 6, but further addition led to 
decrease. The 1.00 wt % GnP containing composite has lower tensile strength than the neat PA 6, which 
refers to not proper dispersion of nanoparticles. It is important to note that, between 0 and 0.75 wt % GnP 
content, similar phenomenon was observed as it was detailed in the introduction part: it seems that the near 
linear range of the curves broadened. 

  
 a) b) 

Fig. 2 Tensile curves a) and the results of cyclic measurements b) 

The exact tensile strengths, tensile moduli and elongation at break values are tabulated in Table 1 . The 
addition of graphene induced some enhancement in the tensile moduli but the effect was less dominant for 
higher filling rates. The elongation at break decreased when graphene was incorporated. At 0.25 GnP 
content the decrease was less compared to the other nanocomposites. 

Table 1  Tensile properties of graphene containing PA 6 nanocomposites 

Materials Tensile strength 
[MPa] 

Young's modulus [MPa] Elongation at break [%] 

PA 6 56.9 ± 0.7 2054 ± 17 53.5 ± 14.1 
PA 6/0.25GnP 59.9 ± 0.7 2244 ± 37 18.5 ± 3.1 
PA 6/0.50GnP 57.5 ± 0.9 2259 ± 30 10.9 ± 2.5 
PA 6/0.75GnP 56.0 ± 0.9 2220 ± 28 9.9 ± 2.0 
PA 6/1.00GnP 53.0 ± 0.1 2123 ± 28 11.0 ± 3.4 

Cyclic measurements were carried out in order to evaluate the range of the elastic–dominant behavior of the 
materials. The measured curves for PA 6 and PA 6/0.25GnP nanocomposite are shown in Fig. 2b . It is 
easily observable that the modulus is higher for the nanocomposite compared to the reference. Another 
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important result is that the measurement ended at higher number of cycles for the nanocomposite; that 
means that creeping behavior appeared at higher cycle number. 

Fig. 3a  shows the viscous deformations of the samples after 30 s relaxation time (e.g. the remained 
deformation before a cycle in proportion to the initial length). PA 6 showed higher viscous deformations 
compared to the nanocomposites. In addition the measurement ended after 4 cycles, while the 
nanocomposites achieved seven. This rather elastic–dominant behavior appeared also in the elastic 
recovery values (Fig. 3b ). As it was expected, the elastic recovery as a function of cycle numbers decreased 
faster for the PA 6 than for nanocomposites. For the nanocomposites it can also be concluded that while at 
the quasi–static measurements the particle content affected the mechanical properties, there were not 
remarkable differences in case of the cyclic results. It can be explained by that for the cyclic measurements 
the loads were on a lower level; therefore the presence of the aggregated nanoparticles had less negative 
influence. This also correlates with the tensile moduli results, where moderate increments were observed 
compared to the matrix, but there were not significant differences as a function of nanoparticle content. 

  
a) b) 

Fig. 3 The viscous deformation a) and the elastic recovery b) as a function of cycle numbers 

4. CONCLUSIONS  

PA 6 matrix graphene reinforced nanocomposites were successfully produced. Moderate increase of the 
tensile properties was observed. At the cyclic measurements it turned out that the presence of graphene in 
PA 6 matrix could effectively enhance the elastic deformation components. This resulted in higher elastic 
recovery compared to the pure matrix. Overall it can be stated that the presence of nanoparticles could 
broaden the utilization range of the PA 6 at relatively low filling rates. 
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Abstract  

In the present study we investigate post synthesis thermal treatments up to 400 °C of graphene oxide (GrO) 
prepared from commercial graphite and of GrO–silica nanocomposites prepared by a solution of commercial 
Fumed silica nanoparticles (average diameter 7 nm or 40 nm) and the GrO. The thermal treatments were 
carried out in air, vacuum or He atmosphere to highlight tunable changes. Two GrO batches with small 
differences in the D (~1350 cm–1) and G (~1580 cm–1) Raman bands have been employed to evaluate 
effects depending on preparation. Thermal effects have been monitored through the Raman spectroscopy 
focusing on D, G and 2D (2500–3500 cm–1) bands spectral ranges.  

The experiments evidenced that the I(D)/I(G) amplitude ratio and the 2D region profile change during thermal 
treatments in the range below 180 °C with maximum rate at ~120 °C. At higher temperature, with maximum 
efficiency at about 200 °C, only the D and G bands show modifications with a tendency to decrease I(D)/I(G) 
and reduce the G band width. The comparison among GrO batches and nanocomposite evidences that the 
thermal history during preparation and defective structures of GrO are key factors for the final material.  

Keywords: graphene oxide, nanosilica, nanocomposites, thermal treatments, Raman spectroscopy 

1. INTRODUCTION  

The increasing interest in carbon based nanostructured materials like graphene, graphene oxide and carbon 
nanotubes is related to their potential applications in many fields of materials science, medicine and 
environment to cite some [1,2]. Among the above materials, graphene oxide (GrO) is of particular concern 
also because it is a starting product to prepare graphene, through for example chemical or thermal reduction, 
and shows interesting functionalization and tunable physical and chemical properties [3, 4]. Aside GrO, 
particular consideration has recently been demonstrated for GrO–silica composites because of the 
potentialities for electrical applications, their chemical inertia and stability toward ions exposure [5–7]. 

The main physical features of all of the above reported materials are typically investigated through different 
experimental techniques among which the Raman spectroscopy is particularly useful. In details, some of the 
properties of GrO and its by–products can be characterized through the presence of specific Raman bands, 
that is related to given features in the material structure [8–11]. The principal ones are usually named D, G, 
D’, 2D (also historically known as G’) [8–11]. The D, G and 2D bands are typically the most intense and are 
peaked at ~1350 cm–1, ~1580 cm–1 and ~2680 cm–1, respectively [10–11]. The D’ band is less intense and 
can be observed at about 1620 cm–1 [10]. Finally, a combination mode D+D’ at ~2940 cm–1 has been 
observed together with other low intensity combination modes in the same spectral region of 2D [10,11]. A 
not univocal attribution to specific vibrational modes of these bands is present in literature, mainly due to the 
study of materials with not homogeneous preparation, since this latter is still research topic. Notwithstanding, 
the G band is almost universally attributed to vibration of sp2 hybridized C rings, whereas the various D 
bands are typically associated to defective structures of graphene arising from C sp3 hybridization of plane or 
edges [10]. 
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The relevance of Raman spectroscopy is particularly clear in concomitance with material changes induced 
during its thermal or chemical reduction. Indeed, the above reported bands show spectral changes as well as 
amplitude ratio change. This feature is significant due to the interest in graphene oxide modification for the 
tunability of electrical, optical and chemical properties by its reduction [11, 12]. In details, a change of the 
I(D)/I(G) amplitude ratio has been observed during the GrO reduction [11–14]. Furthermore, the 2D region is 
composed of sub–band more sensitive to oxidation changes; this region features also relevant modifications 
associated to morphological properties of the graphene as surface roughness and number of layers [8, 10, 
12, 13]. 

Due to the interest in GrO nanocomposite, the reduction properties of composite GrO–silica materials has 
also been recently considered in view of the potentialities of these systems [7, 15]. However, the overall 
reduction has been considered only for as synthesized materials, without post preparation processing, or for 
treatments at temperature typically above 400 °C. In this context, in the here reported study we compare, 
mainly by Raman spectroscopy, the thermal treatment effects on GrO and composite GrO–silica 
nanoparticles in the low temperature range below 400 °C showing that very similar effects are induced that 
are attributed to the properties of the employed GrO and preparation route. 

2. EXPERIMENTAL 

The GrO was prepared by oxidizing natural graphite flakes (Gr) in presence of H2SO4/H3PO4 (9:1 volume) 
and KMnO4 [16] and then purified and exfoliated. Two different batches of GrO (named GrO1 and GrO2, 
which differ each other for the surface content of alcoholic and carboxylic moieties) were prepared. The 
GrO1 was further reacted with two samples of nanosilica to obtain GrO–silica nanoparticles composite. In 
details, commercial fumed silica Aerosil grades with specific surface 300 m2/g (named AE300, average 
particles diameter 7 nm) and 50 m2/g (named AEOX50, average particles diameter 40 nm), characterized by 
purity higher than 99.8 % by weight, were used [17, 18]. 

The GrO1 was used to obtain nanocomposites with the AE300 and AEOX50. All the reactions were carried 
out in distilled water. The protocol involves three steps: (i) sonication, (ii) vigorous magnetic stirring at 120 °C 
(heating plate temperature), (iii) hydrothermal method: the remaining solution was kept in magnetic stirring 
for 2 hours at 140 °C (heating plate temperature) in order to promote the rapid evaporation of water. 
Furthermore, during these treatments a partial reduction of GrO to rGrO occurred as observed by color 
change. This procedure gives rise to hybrids that were not water–soluble and water resistant, named 
GrO1/AEOX50 and GrO1/AE300. XPS, FTIR, XRD, SEM, AFM analyses confirmed the oxidation/exfoliation 
of Gr into GrO [19]. 

Successive thermal treatments in air, in controlled atmosphere of He or in vacuum (~10–7 bar) have been 
done in the temperature range up to 400 °C, by inserting the given sample in a muffle furnace previously 
heated at the treatment temperature. Only for the treatment in He a Parr reactor has been used, and the 
temperature ramp was opportunely arranged to keep the sample at the maximum temperature for 
7h.Thermally induced changes have been monitored by Micro–Raman spectroscopy. A Bruker SENTERRA 
instrument with diode laser excitation at 532 nm and spectral resolution 9–15 cm–1, has been used. The laser 
power was fixed at 0.2 mW to avoid sample modifications; furthermore, measurements in three different 
sample positions have been repeated for each treatment to check the homogeneity. Analysis of the spectra 
has been done after subtraction of a linear baseline in the range 1200–1800 cm–1, for the D and G bands, 
and another linear baseline in the range 2500–3500 cm–1, for the 2D region. The spectra have been 
successively normalized to the G band and to the central feature of the 2D region at ~2960 cm–1, 
respectively. 
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3.  RESULTS 

The Raman spectra of the GrO1 sample are reported in Fig. 1 . It is observed that the D and G bands, 
peaked at ~1360 cm–1 and ~1605 cm–1, can be detected (panel (a)), furthermore a composite 2D region is 
recorded. In details, this latter comprise a peak at ~ 2960 cm–1, with a broad shoulder on the low energy 
side, and another peak at ~3150 cm–1 (panel (b)). These features are compatible with those typically 
observed in GrO and the broad bands detected are remnant of the presence of defects [10,11]. The Raman 
signal from GrO2 could be recorded only after a thermal treatment in air at 80 °C for 24 h, before this a 
strong luminescence signal buried the Raman bands. The spectrum reported in Fig. 1 , shows that the GrO2 
has the same main features as the GrO1 but with different amplitude ratios. Furthermore, the low energy 
shoulder in the 2D region is now more evident. 

 
Fig. 1 Raman spectra of the GrO1, untreated, and GrO2, treated 24 h at 80 °C. Panel (a), the D, G bands; 

panel (b), the 2D region 

 
Fig. 2 Raman spectra of the GrO1 sample and of the composites with silica nanoparticles: GrO1/AEOX50 

and GrO1/AE300. Panel (a), the D, G bands; panel (b), the 2D region 

The Raman spectra of the GrO1–silica nanocomposites are reported in Fig. 2 . These spectra show some 
modifications with respect to the pristine GrO1. In particular, the I(D)/I(G) increases for both nanoparticles 
composites, whereas the G band full width at half maximum (FWHM) decreases for the GrO1/AE300. As 
regards the 2D region, an overall change of the relative amplitude of the bands composing this spectral 
region is found. The nanocomposite preparation induces the increase of the low energy shoulder and a 
decrease of the high energy band at ~3150 cm–1, with differences depending on the nanoparticles used. 

To clarify the observed differences, a GrO1 sample was repeatedly treated in air at temperatures between 
80 °C and 400 °C for increasing time at each T until no changes in the Raman spectra were detected (data 
not reported). It was found that modifications in the Raman bands are induced for T<300 °C and not for 
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higher T. To further characterize the thermal effects, isochronal treatments have been carried out for 30 
minutes at temperatures in the range 80 °C–300 °C. As shown in Fig. 3 , the changes occur gradually below 
200 °C for the 2D region, whereas the D and G bands feature a large change of the D band and minor 
changes in the G. Treatments at higher T do not change the 2D band, whereas the D band recovers its initial 
amplitude but broadens somehow, and the G band shrinks. A treatment directly at 200 °C but in He or in 
vacuum induces the same changes in the 2D region, and effects dependent on the atmosphere (He, vacuum 
or air) for the D, G bands with an I(D)/I(G) ratio 0.79 and 0.74, respectively.  

 
Fig. 3 Raman spectra of the GrO1 sample thermally treated for 30 minutes at each of the temperatures 
reported in the legend. The arrows mark the spectra evolution as a function of the temperature increase. 

Panel (a) the D, G bands; panel (b), the 2D region 
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Fig. 4 Raman spectral features of all the samples as a function of the isochronal thermal treatment 
temperature. (a) D band amplitude relative to the G band; (b) G band full width at half maximum; (c) 

amplitude of the signal at ~2700 cm–1 and (d) at ~3150 cm–1 relative to the signal at ~2950 cm–1 
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Similar treatments have been carried out in GrO2 and in the nanocomposites GrO1/AE300, GrO1/AEOX50. 
Band modifications similar to those reported for the GrO1 have been found, but with peculiarities depending 
on the sample. To summarize these results, the spectroscopic features found as a function of the used T are 
reported in Fig. 4 . It is observed that GrO2 can be analyzed only after 100 °C due to photoluminescence. 
The D band changed in GrO1 and GrO2 already below 180 °C whereas, in the same T range, it is almost 
stable in GrO1 nanocomposites; above this T an amplitude decrease is always found. A FWHM reduction of 
the G band is found in all the samples above 180 °C. The 2D region bands feature very similar changes at all 
T in GrO1 and GrO2 with levelling effect at T>180 °C; lower variations are present in nanocomposites. 

4.  DISCUSSION 

The GrO and GrO–silica nanocomposites have been investigated by Raman spectroscopy after their 
preparation. The obtained materials have the typical spectral features of GrO derived materials, with Raman 
band amplitudes and profiles depending on the preparation. This aspect is evidence of the presence of an 
oxidation level and of defect content somehow dependent on the employed route. In details, small 
differences between GrO1 and GrO2 are found, but the nanocomposites spectra are more modified. Since 
the preparation of the composites requires some thermal steps, the observed changes could arise during 
these ones. 

The detailed study of GrO1 spectral changes during thermal treatments at 200 °C in controlled atmosphere 
of He, air or vacuum have shown that the I(D)/I(G) ratio depends on the peculiarities of the treatment as the 
time or the atmosphere. The series of isochronal thermal treatments in all the used samples have shown that 
the I(D)/I(G) ratio changes in GrO1 and GrO2 first increasing up to 180 °C, and the decreasing up to levelling 
at ~260 °C (see Fig. 4a ). The nanocomposites show only the decrease at temperature larger than ~180 °C, 
suggesting that their preparation route is equivalent to a thermal treatment series at lower temperature. This 
aspect is supported by the changes of the FWHM of the G band (see Fig. 4b ) essentially occurring at t>160 
°C for all the samples. 

This kind of effect of the nanocomposites is present also in the modifications of the 2D region bands. In fact, 
the GrO1/AE300 sample has always the amplitude ratio 0.65 for the spectral band at ~2700 cm–1, and 0.4 for 
that at ~3150 cm–1. These values coincide with the levelling ones observed in all the other samples after all 
the thermal treatments, and for this reason no changes could be explained for all the treatments in the 
GrO1/AE300. At variance, the GrO1/AEOX50 starts from the amplitude ratio 0.5, for the band at ~2700 cm–1, 
and 0.6, for the ~3150 cm–1, these out of level values imply that thermal changes could occur. Furthermore, 
the GrO1/AEOX50 modifications of the 2D region start almost at those temperatures where the amplitude 
ratio 0.5, for the band at ~2700 cm–1, and 0.6, for the ~3150 cm–1, are attained in the GrO1 and GrO2, 
suggesting that the same modifications are occurring in all the materials. These aspects suggest that some 
of the processes induced by the thermal treatments in GrO occur during the nanocomposite preparation. 
Since the 2D band spectral region is linked to the presence of defective structures these results somehow 
demonstrate also the relevance of these latter in the production of nanocomposites. 

5.  CONCLUSION 

We have investigated different types of GrO and GrO–nanosilica composites by Raman spectroscopy and 
post preparation thermal treatments. Two temperature ranges have been found, one below 180 °C where 
changes in the 2D spectral region are found in all the materials, and one at higher temperature range where 
only the I(D)/I(G) ratio changes. By the features of the temperature induced spectral changes of GrO 
different batches and of GrO–nanosilica it is concluded that the composites preparation involves structural 
defects of the GrO starting material. 
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Abstract  

This research is focused on investigation of effects of needleless electrospinning and blowing method. These 
methods are used for electrospinning and particle incorporation to make the final product. Particles are 
incorporated during electrospinning by special sputtering equipment to the blowing air. Diffuser for blowing 
air is placed between the electrospinning collector and sputtering equipment. This arrangement will help to 
create compound consisted of particles and nanofibers. These techniques are used for preparation of new 
composite materials which are voluminous and fluffy nanofibrous layer.  

Keywords: needleless electrospinning, incorporation of particles, blowing method  

1. INTRODUCTION 

Nanofibrous materials are used for specific surface area and pore size. They are famous for specific 
diameter which is mainly in ratio 100 – 700 nm and are known as submicron fibers. In this time there are 
used at least 5 techniques which lead to production of nanofibrous material or layers. One of them is  
needle–less electrospinning called Nanospider. There are many commercial machines for production 
nanofibrous layers in this time. The nanofibrous materials are used as composites materials. The composites 
and synergic effect shows new properties [1]. Composite materials are also known as heterogeneous 
systems, which are consisting of at least two phases. Each phase has different properties and thanks to 
these properties and synergic effect can be created new material [2].  

This article focuses on composite material which is a polymer matrix (nanofibrous material) and the particles 
of active carbon which are displaced. This composite material is called “nanofibrous with carbon” [3]. The 
active carbon particles are used for a specific surface area. The sorption mechanism of carbon particles is 
the most effective mechanism. They are known as particles where the active carbon is used as a filter or as 
a sorption agent. Because of the combination of nanofibers and carbon we chose this composite as a filter in 
filtration masks [4]. 

2. RESULTS  

For the experiment was used polymer polyvinyl butyral (PVB). This polymer was made by the Kurakay 
company. It was delivered as pellets with optical clarity and prepared from polyvinylalkohol by reaction with 
buraldahyde. Thanks to strong binding properties it is used as adhesion to many surfaces. Polyvinyl butyral 
(PVB) polymer was used in molecule weight 75.000, and it was dissolved to final concentration 7wt % 
percent. As a solvent was used ethanol. Electrospinning equipment is depicted in Fig. 1A .  

The arrangement was settled inside a digester depicted in Fig. 1B . Air convection was homogenous thank to 
conditions inside a digested and air multiplier. Air was accelerated through a 1.3 mm aperture. This creates 
an annular jet of air that passes over an airfoil – shaped ramp. Surrounding air inside the digester was drawn 
into the airflow. This technology gives a stream of smooth air which is depicted in Fig. 1  by position 9. The 
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focused smooth air flow was set in the middle between the nanospider and collector. Nanofibers were 
created on roller surface and they were attracted to the collector. The focused air blows the fibers and active 
carbon particles to the surface of collector. Nanofibers were mixed with carbon particles inside the air. As 
mentioned above in background PVB is very adhesive polymer and therefore the particles were fixed very 
firmly with nanofibers. 

 A  B 
Fig. 1A  Schematic view of electrospinning equipment and air blowing equipment. 1–wooden frame in holder 

and deposited nanofibrous layer, 2–active carbon particles, 3–nanofibres, 4–box with active carbon and 
dosing apparatus, 5–engine connected with roller, 6–high voltage supply source, 7–grounded needle 

collector, 8–nanospider, 9–focused smooth air, 10–blade less air multiplier. Fig. 1B : Experimental setup 
placed in the digester 

 

Fig. 2  Surface and dimension of composite nanofibrous material 50x100 mm (Diameter of Czech crown is 
20 mm) 

Thanks to the combination of nanospider electrospinning and air blowing technologies it was reached the 
fluffy and voluminous material which is depicted in Fig. 2, 3 . Active carbon particles are fixed on the surface 
of nanofibers so that they can be used for filtration. The surface of active carbon particles can react with 
various chemical substances and absorb them. Final nanofibrous layer is depicted in Fig. 2 . The point of 
view is from the top (as focused air). The surface has a white color and the reason is that the PVB polymer 
was used without carbon particle as a cover. This can protect the composite material inside and hold carbon 
particles on position. The reason is that the carbon particles have to be held in the composite material 
without releasing off. Temperature was 24 °C and humidity around RH = 45 %.  
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Fig. 3  Cross section of voluminous nanofibers composite material, the thickness 10 mm (Diameter of Czech 
crown is 20 mm) 

3. DISCUSSION  

A B  

C D 

Fig. 4  A–SEM fluffy voluminous structure of PVB, B–SEM surface structure, C–SEM detail view to PVB 
nanofibers and particles, D–SEM detail view to nanofibers with incorporated active carbon particles 
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Prepared nanofibrous layers were observed under electron microscope brand name Tescan. It is possible 
identify the fluffy structure in Fig. 4A  and the fringe of nanofibrous material. Fig. 4B  shows surface of 
composite material consist of PVB and active carbon particles. Next SEM picture Fig. 4C  shows a detail view 
to created nanofibers. Fig. 4D  shows active carbon particles which are firmly fixed. It was measured mass 
per unit area for blind pattern 33g/m2 and for composite material 89g/m2.  

4. CONCLUSION 

This article refers about the preparation of the composite material consisting of nanofibers and active carbon. 
The polyvinylbutyral PVB as a matrix. The final nanofibrous layer is consisting of fibers which diameter is 
near micron. As showed in the SEM pictures the active carbon is deposited between nanofibers. These 
micro particles have a free surface which can lead to better absorption. The final composite product can be 
used as a filter in filtration masks. Thanks to the active carbon they can protect against phenols. Prepared 
material will be tested as a filter. Results will be known in the following day.  
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Abstract 

Present work deals with the study of pellets pressed from polyaniline/montmorillonite (PANI/MMT) 
nanocomposite. PANI/MMT nanocomposite has been prepared using anilinium sulfate as a precursor and 
ammonium peroxydisulfate as an oxidizing agent. Prepared powder samples were pressed into pellets at 
room temperature, without any lubrication and binder. Molding pressures from 50 up to 400 MPa were 
applied.  

Electrical conductivities of PANI/MMT pellets in the directions perpendicular (denoted as σ⊥) and parallel 

(denoted as σ=) to the applied pressure were studied in dependence on presence/absence of hydrochloric 
acid and applied pressure. Since the main goal of our study is to prepare a functional unit with high electrical 

anisotropy, the special attention has been paid to the anisotropy factor (i.e. the σ= / σ⊥ratio). 

Rinsing by hydrochloric acid affects positively the conductivity of prepared samples which is of two orders of 
magnitude higher than for water–rinsed samples. Maximum anisotropy in conductivity of PANI/MMT samples 
rinsed with water and hydrochloric acid has been reached using 100 MPa and 200 MPa, respectively. 

Keywords: polyaniline, Montmorillonite, anisotropy, conductivity 

1. INTRODUCTION 

Hybrid nanocomposite materials based on conducting organic polymers are of interest in a wide range of 
applications in many fields, such as electrochromism, electroluminescence, sensors, energy storage 
systems, etc. [1].  

Recently, polyaniline (PANI) attracted much scientific and technological interest because of the simple 
synthesis, environmental stability, high conductivity and unusual optical behavior [2,3]. All these properties 
predispose PANI to many practical applications, such as microelectronic devices, corrosion inhibitors, 
antistatic coatings, membranes and wide scale of various sensors [4]. Intercalation of PANI into inorganic 
layered materials is expected to lead to composites with high degree of chains ordering and with enhanced 
mechanical and thermal stability and gas barrier properties compared to pristine PANI [5,6].  

Thanks to unique properties, phyllosilicates have been widely employed as matrix for organo–inorganic 
composite materials [7,8]. Layered structure of phyllosilicates offers a chance to intercalate the organic guest 
species including polymer chains into the interlayer space and to create high degree of structure ordering. In 
addition, the interaction of guest species with negatively charged layers of phyllosilicates can lead to new 
properties of these hybrid structures [9,10]. In present work, montmorillonite (MMT) from smectite group of 
phyllosilicates has been chosen as a matrix for intercalation of conducting PANI. MMT exhibits relatively 
small layer charge, easy expansion of interlayer space and consequently easy intercalation of large guest 
molecules.  
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Dependence of conductivity on pressure for PANI and its derivatives has been investigated by several 
authors [11, 12]. Results obtained in these studies showed that the dependence of conductivity on pressure 
can be strongly affected by different factors, like for example acid doping of PANI/MMT. In spite of many 
studies of conductivity for PANI/phyllosilicate nanocoposites [13–15], the pressure dependence of 
conductivity for these composites has not been studied. In present work we investigate the effect of high 
pressure (50 – 400 MPa) conductivity and anisotropy in conductivity of PANI/MMT nanocomposite having 
regard to the preparation of two–dimensional (2–D) conductivity. 

2. MATHERIALS AND METHODS 

2.1  Materials 

Na–MMT Portaclay (The mineral company Ankerpoort NV, Netherland) with basal spacing 1.24 nm, 
structural formula (Si8) (Al2.85 Mg0.71 Ti0.02 Fe3+

0.42) O20 (OH)4 with layer charge ~ 0.7 el. per unit cell was used 
in this study. Aniline, sulfuric acid and ammonium peroxydisulfate were purchased from Lach–Ner, Czech 
Republic, and used as received.  

2.2  Sample preparation 

PANI/MMT powder has been prepared using simple one–step process by the oxidative polymerization of 
anilinium sulfate with ammonium peroxydisulfate in aqueous suspension of MMT at room temperature. The 

MMT (size fraction < 40 µm) was suspended in freshly prepared aqueous reaction mixture containing aniline 
solution in sulfuric acid and solution of ammonium peroxydisulfate. The polymerization of aniline was 
completed within 40 minutes and the suspension was stirred still for 6 hours. The green solids were collected 
on a filter by rinsing with distilled water (the resulting samples are denoted as PANI/MMT/w) or 0.2 M 
hydrochloric acid (the resulting samples are denoted as PANI/MMT/HCl) and subsequently dried at 40 °C in 
a kiln. Prepared PANI/MMT samples contained ~ 56 wt. % of PANI. During this one–step process the 
cationic PANI chains were intercalated into the MMT interlayer space and at least partially replaced the Na+ 
cations as proved by X–ray diffraction analysis.  

Prepared composites were pressed into square pellets using ZWICK 1494 press (applied pressures were 50, 
100, 200, 300, and 400 MPa) at room temperature, without any lubrication and binder. Controlled pressing 
(i.e controlled speed of compaction, time, increase and decrease of pressure) was used. Size of each pellet 
was 28×28 mm. In dependence on applied pressures 50, 100, 200, 300, and 400 MPa the thicknesses of 
PANI/MMT/w and PANI/MMT/HCl pellets were in the range of 2.806 – 2.039 mm.  

3. CHARACTERIZATION OF SAMPLES 

For measurement of DC conductivity we constructed special measuring cell (see Fig. 1 ) equipped with 
following instruments: DC POWER SUPPLY HY 3003 D–2, Programmable DC POWER SUPPLY BK 
PRECISION 9120, multimeter AGILENT 34401A, V–meter UNI–T UT802, pA–meter KEITHLEY 6487. 
Attached DC voltage source was stabilized with a tolerance of 10–3 and annexed with the endurance of 
several tens of seconds to minutes. Great attention was paid to fix the contact points with of the sample with 
the measuring Cu electrodes. The electrodes were polished before each measurement using a special 
abrasive paste. DC conductivity has been measured in two perpendicular directions: in the pellet plane and 
in orthogonal direction to pellet plane (see Fig. 2 ).  



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

68 

 

Fig. 1  Experimental apparatus for measuring the DC conductivity. a) sample; b) Cu–electrodes; c) flexible 
insulator; d) weight to ensure a constant load; e) soft underlay; f) measuring card; g) PC + software. Red 

arrow shows the direction of the conductivity measurement (σ= in this case) 

X–ray diffraction (XRD) analysis was performed using the Bruker D8 Advance diffractometer (Bruker AXS) 
equipped with a VÅNTEC 1 detector. The XRD patterns were recorded under CoKα irradiation (λ = 1.789 Å). 
Transmission electron microscope (TEM) JEM–2010 (Jeol Ltd.) was used for a visual observation of the 
samples (LaB6 crystal as a source of electrons and accelerating voltage 160 kV were used). 

4. RESULTS AND DISCUSSION 

XRD analysis showed that basal spacing for both PANI/MMT/w and PANI/MMT/HCl powder samples 
increased from 1.240 nm (pure MMT; see section 2.1 Materials) to 1.280 nm. This suggests that PANI chains 
were successfully intercalated into the MMT interlayer space. Measuring the basal distances d001 for pressed 
pellets it was found that slight increase occurs (see Table 1 ) but without any significant changes for higher 
pressures. Results of conductivity measurements are summarized also in the Table 1 , where we compare 
the conductivity of PANI/MMT/w and PANI/MMT/HCl pellets in two directions: σ= is the in–plane conductivity 

in direction parallel with pellets main surface and σ⊥ is the conductivity in orthogonal direction, i.e. in direction 

of pressure (see Fig. 2 ). Anisotropy factor α, defined as the ratio σ=/σ⊥, describes the degree of anisotropy in 
conductivity and, therefore, the tendency to 2–D conductivity. Comparing values for PANI/MMT/w and 
PANI/MMT/HCl we can see a different course of conductivity with increasing pressure. In case of 
PANI/MMT/w, the in–plane conductivity σ= exhibits maximum for pellets pressed at 100 MPa, while for 
PANI/MMT/HCl the in–plane conductivity decreased with increasing pressure.  

 

Fig. 2 Two directions of conductivity measurements. Pellets were pressed in the direction parallel to σ⊥ 
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Table 1 Conductivities and anisotropy factors in dependence on pressure used during the preparation 

   of PANI/MMT/w and PANI/MMT/HCl pellets. Anisotropy factor α is defined as the ratio σ=/σ⊥ 

conductivity [S/m]  
sample  PANI/MMT/w pellets  PANI/MMT/HCl pellets  

pressure  
[MPa] 

σ= 

[S/m]  
σ⊥ 

[S/m] α 
d001 
[nm] 

σ= 

[S/m] 
σ⊥ 

[S/m]  α 
d001 
[nm] 

50 0.073 0.00234 31.20 1.298 5.73 0.039 146.92 1.299 
100 0.095 0.00061 155.74 1.296 5.21 0.035 148.86 1.298 
200 0.043 0.00056 76.79 1.291 4.25 0.017 250.00 1.293 
300 0.045 0.00074 60.81 1.293 3.44 0.016 215.00 1.294 
400 0.03 0.00071 42.25 1.293 2.96 0.013 227.69 1.293 

TEM analysis was used to visualize the morphology of prepared samples and the images of PANI/MMT/HCl 
powder sample can be seen in Fig. 3 . Fig. 3a  shows that MMT particles (dark elongated bodies) are fully 
covered by PANI which also forms a links between MMT particles. Fig. 3b  provides a closer side view on the 
single. One can see that silicate layers (dark vertical lines) are not stacked uniformly due to the intercalation 
of PANI. On the underside of MMT particle one can clearly see the PANI entering the MMT interlayer space 
while in the upper left corner of the Fig. 3b  is a cluster of pure PANI. Fig. 3c  allowed us to measure the MMT 
interlayer distance d001 in PANI/MMT/HCl powder sample directly from the TEM image. Since the seven 
layers correspond to a distance 10 nm, the d001 can be determined as ~1.43 nm. The difference between d001 
values obtained by for PANI/MMT/HCl powder sample by XRD (1.28 nm) and this direct measurement is 
0.15 nm and can be attributed to the difference between accuracies of measurements. 

 

Fig. 3 TEM images of PANI/MMT/HCl powder sample 

5.  CONCLUSION 

PANI/MMT composite is an interesting conductive material which can be prepared from widely used and 
cheap precursors. Composite pellets pressed from the PANI/MMT powder composite rinsed by 0.2 M 
hydrochloric acid exhibit higher conductivity than pellets pressed from the same composite rinsed by water 
within the range 50–400 MPa. This is caused by the higher protonation of the PANI. Maximum anisotropy of 
PANI/MMT samples rinsed with water and hydrochloric acid has been reached using 100 MPa (α = 156) and 
200 MPa (α = 250), respectively. Higher anisotropy of PANI/MMT/HCl pellets offers a chance to design 2–D 
conductors without use of extremely high pressure. This low–cost hybrid material may be useful in various 
practical applications where the electrical anisotropy is needed. 
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Abstract 

Nanosized titanium dioxide (TiO2) in its anatase form is the most frequently studied and as well as used 
photocatalyst. There are several syntheses procedures which enable to achieve photocatalytic TiO2. The 
sol–gel method utilizing titanium alkoxides is used most often. Alternative precursors such as titanium 
tetrachloride and titanyl sulphate are also frequently employed. Nowadays the environmental aspects 
connected to application of nanoparticles are widely discussed. As a possible solution how to avoid potential 
negative impact of nanoparticles is their fixation on the surface of suitable substrate. In this work we focused 
on the preparation of graphite/TiO2 composite (with 10 and 50 wt% of TiO2, respectively) using non–alkoxide 
precursor. The phase composition of prepared samples was studied using X–ray diffraction method; specific 
surface area of the samples was evaluated using BET method. Photocatalytic activity of prepared 
composites was determined by the means of UV induced discoloration of aqueous suspension of the 
composite and acid orange 7. 

Keywords: TiO2, graphite, composite, photocatalytic activity 

1. INTRODUCTION 

The catalysts are widely used in modern industry and to their development are directed great resources and 
effort. Photocatalysts are special class of catalysts that exhibits catalytic properties upon irradiation with light. 

Titanium dioxide (TiO2) is being used in photocatalysis for its high photocatalytic efficiency and chemical 
stability. TiO2 in anatase form has band gap Eg=3.2 eV and after absorbing photon with energy higher than 
band gap energy (the wavelengths shorter than 390 nm) the valence electrons are excited to the conductive 
band and electron–hole pair is generated. Electron–hole pair can either recombine with generation of heat or 
can take part in reactions with adsorbed oxygen molecule whereas superoxide radical is formed. In the 
presence of water the interaction of the generated hole with the water molecule leads to formation of 
hydroxide radical. Formed superoxide radical has reduction potential, whereas hydroxide radical is a 
powerful oxidizing agent able to decompose most organic contaminants [1–4]. 

Nowadays the environmental aspects connected to application of nanoparticles in common life are widely 
discussed. As a possible solution to avoid potential negative impact of nanoparticles is their fixation on the 
surface of suitable substrate e.g. graphite, activated carbon [5], graphene sheet [6], carbon nanotube [7] etc. 
The substrate can have beside the support role a positive effect on the overall phocatalytic activity of 
composite. There has been reported a synergistic effect between carbon support and titanium dioxide layer 
[7, 8]. 

The aim of this work is to verify the suitability of graphite as a substrate for growing of photocatalytical TiO2. 
In this work we present simple deposition method of TiO2 on the surface of graphite. The phase composition 
of the composite was studied using X–ray diffraction method, scanning electron microscope was used for the 
characterization of composite particles surface morphology. The photodegradation activity of the prepared 
composites was studied using method based on UV induced discoloration of aqueous suspension containing 
azo dye acid orange 7. 
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2. EXPERIMENTAL 

2.1 Materials 

Non–alkoxide TiO2 precursor was obtained from industrial partner. Raw graphite particles (assigned as 
GRAF) (Graphite Týn, spol. s r. o., Czech Republic) served as a substrate for TiO2 deposition. The declared 
carbon content was 99.5 %, specific surface area was 3 m2/g. Deionized water was used for hydrolysis 

(18.8 MΩ). 

2.2 Synthesis 

The synthesis of the graphite/TiO2 composite utilizes thermal hydrolysis of non–alkoxide precursor in the 
presence of graphite particles. The dried samples were calcined at temperatures 400, 500 and 600 °C for 
1 hour. Two sets of samples were prepared based on different titanium dioxide content (10 and 50 wt.%, 
respectively). Each sample was assigned as GRAFTIXY where X stands for heat treatment temperature and 
Y stands for titanium dioxide content for example sample with 50 wt% of titanium dioxide and calcined at 
600 °C is named GRAFTI65. 

2.3 Characterization 

X–ray powder diffraction 

The XRD patterns were recorded under CoKα irradiation (λ = 1.789Å) using Bruker D8 Advance 
diffractometer (Bruker AXS, Germany) equipped with fast position sensitive detector VÅNTEC 1. 
Measurements were carried out in reflection mode, powder samples were pressed in rotational holder. 
Phase composition was evaluated using database PDF 2 Release 2004 (International Centre for Diffraction 
Data). Average size of crystallite of anatase was calculated using equation (1) proposed by Scherrer [9]. 

Scanning electron microscopy 

Morphological investigations were carried out with SEM Quanta FEG 450 (FEI) with EDS analysis APOLLO 
X (EDAX). Samples were coated with Au/Pd film and the SEM images were obtained using a secondary 
electron detector. 

Specific surface area 

The physisorption of the samples was determined using the nitrogen adsorption–desorption measurements 
at – 198 °C. The measurement was performed using the Sorptomatic 1990 instrument (Thermo Fisher 
Scientific Inc.). Prior to the nitrogen physisorption measurements, the samples were degassed at 
temperature 110 °C for 12 h under vacuum lower than 1 Pa. The specific surface area was calculated 
according to the classical Brunauer–Emmett–Teller (BET) theory for the p/p0 range 0.05–0.25 and is marked 
as SBET (m2/g) [10, 11]. 

Photocatalytic activity measurement 

Acid orange 7 (AO7) (Synthesia, a.s.) was selected as the model compound for the photocatalytic activity 
measurement. The photocatalytic experiments were carried out using a 70 ml solution containing 5 ml AO7 
(c=6.10–4 mol/l) and 65 ml of deionized water at ambient conditions. The suspension of AO7 solution and 
sample (0.05 g) was stirred in a beaker for 1 hour in dark then approx. 2 ml of the suspension was taken out 
of the beaker, filtered using syringe filter and the liquid portion was stored in dark for absorbance 
measurement. The suspension was subsequently irradiated by a Pen Ray 356 nm (UVP) for 1 hour then the 
suspension was filtered using syringe filter and liquid portion was stored in dark for absorbance 
measurement. The absorbance of AO7 solutions was measured in a glass cuvette by a USB4000 
(OceanOptics) UV–VIS fiber–optic spectrophotometer. 
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3. RESULTS AND DISCUSSION 

3.1 Phase composition 

Phase composition of samples is well illustrated with X–ray diffraction (XRD) patterns registered for set of 
samples GRAFTIX5 and pictured in Fig. 1 . The comparison of XRD patterns did not reveal significant 
difference in phase composition up to the calcination temperature of 500 °C implying TiO2 is present in 
poorly crystalline form up to this temperature. The titanium dioxide in its anatase form is more pronounced 
after calcination at 500 °C. 
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Fig. 1  XRD patterns of composite samples (GRAFTIX5) and raw graphite (GRAF). A … anatase, C … 
graphite 

The crystallite size for sample GRAFTI65 was calculated using formula (1) and reached value 36 nm. 

cosθβ
λ

×
×= K

d            1 

Where d is the crystallite size, λ is the X–ray wavelength, β is the width of the peak (full width at half 
maximum (FWHM) corrected for peak broadening caused by instrument alignment), θ is Bragg angle, K is 
the Scherrer constant. 

3.2 Morphology of the prepared samples 

The lamellar morphology of the raw graphite is shown in Fig. 2a–b) . In the GRAFTI composites the TiO2 is 
present in a form of layer covering the whole graphite particle and cumulating in small patches as shown in 
Fig. 3a–b) and Fig. 4a–b) . The detail in Fig. 4b)  shows the cracking of the TiO2 layer after heat treatment. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

74 

 

Fig. 2  SEM images of raw graphite particles 

 

Fig. 3  SEM images of GRAFTI15 particles 

 

Fig. 4  SEM images of GRAFTI65 particles 

a) b) 

a) b) 
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3.4 Specific surface area 

The changes in specific surface area (SSA) are illustrated in Table 1  on sample set GRAFTIX5 and 
compared to raw graphite. The deposition of TiO2 layer is manifested by increase in SSA (GRAFTI15) 
followed by decrease of SSA (GRAFTI65) attributed to anatase crystallite growth caused by calcination at 
600 °C. 

Table 1  Specific surface area 

Sample SSA (m 2/g) 

GRAF 3.00 

GRAFTI15 16.00 

GRAFTI65 8.24 

3.5 Photocatalytic activity 

The photocatalytic activity of both sets of samples was measured and compared. The results are shown in 
Fig. 5 . The photocatalytic activity after deposition of the TiO2 layer slightly decreases compared to the raw 
graphite. The initial drop can be explained by forming of the TiO2 layer around the graphite particles and 
blocking its active surface. The photocatalytic activity in both sets was improved after the calcination above 
500 °C in the case of composite GRAFTI11 and above 400 °C in the case of composite GRAFTI15. The 
observed improvement in photocatalytic activity is probably caused by creation of photoactive anatase 
phase. Samples from the GRAFTIX5 set proved to be more photoactive than GRAFTIX1 set and the raw 
graphite. 

 

Fig. 5  Comparison of the photocatalytic activity of raw GRAF with photoactivity of composites GRAFTIX1 
and GRAFTIX5 

4. CONCLUSION 

The thermal hydrolysis of selected non–alkoxide precursor proved to be successful method of TiO2 
deposition on graphite substrate. The deposition of TiO2 layer led to increase in specific surface area. The 
formation of anatase form of TiO2 is associated with calcination temperature. The composites GRAFTI 
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calcined above 500 °C show improvement in photocatalytic activity of the composites. Overall 
photodegradation activity of the prepared composites GRAFTI is not sufficient and next research focused on 
its enhancement is needed.  
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Abstract   

Nowadays the use of cellulose and cellulose fibres in development of polymer composites creates a very 
interesting research area aiming to achieve multiple outputs to different applications. Cellulose is a 
hydrophilic, biodegradable and environmental friendly material that has very good mechanical and thermal 
properties. This study is a part of research project focused on incorporation of natural fillers, especially 
cellulose, into polymeric matrix and deals with the influence of additives differential types that ensure 
sufficient wettability and compatibility at the interface between the hydrophobic polymer matrix and highly 
pure cellulose on the final properties of polymer nanocomposites.  

Keywords: polymer nanocomposites, cellulose, additive, injection moulding 

1. INTRODUCTION 

During the last years the polymer materials producers interest is focused on using natural materials which 
are thus from environmental and economic point of view major object of their interest. Nowadays it is 
possible to use natural material not only as composite matrixes (biopolymers) but also as fibres 
reinforcements thus substituting synthetic fibres. Increasing interest about natural fibres is given mainly by 
their good mechanical properties, low density, and biodegradability in the end of their life cycle and low 
production costs. These costs result mainly from the high rate of profit of the fibre plants and relatively low 
work. These factors cause that the final price for natural fibres is three–time lower than for glass fibres, four–
times lower than for aramid fibres and five–times lower than price for carbon fibres. With low price and easy 
accessibility of the natural fibres, they can serve as a cheap and ecological addition to the classically used 
reinforcing fibres [1].  

Products based on the utilization of natural fibres have already started to become more and more important. 
Using of natural fibres e.g. in the technical applications reveals wide spread of possibilities for technical 
innovation and sustainable growth. With regard to these aspects, plant natural fibres are already optimized 
structure which was tested for a long time by evolution. In comparison with processing glass or carbon fibres, 
the natural fibres are of course much more environmentally friendly and have higher safety by using products 
with natural fibres. Their disadvantages are flammability, variety of products quality and in some cases also 
bad or problematic compatibility with matrix in composites. These factors are nowadays intensively solving 
because elimination of these problems can lead to technically more sophisticated products thus also 
increasing demand for natural fibres. 

2. EXPERIMENTAL 

Fibres of plant origin are cell–walls structures occurring in footstalks and leaves of plants. Fibre is elemental 
linear unit which has characteristic longitudinal and cross–section and it is created by primary chemical 
elements [2]. In the plant structure is fibre the smallest identifiable unit of cell–wall [3]. Fibres are created by 
cellulose, hemicellulose, lignin, aromates, waxes and other lipids, ashes and by water–soluble compounds. 
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Cellulose, hemicellulose and lignin have the greatest volume [4]. There were used natural materials with high 
portion of pure cellulose for the experimental measurement.        

2.1  Cellulose 

Existence of the cellulose as structural member of plant cell–walls was firstly detected by Ansalm Payen in 
the 1838. Cell–wall represents the functional structure for every kind of plants [1]. Each microfibril is a string 
of cellulose crystallites, linked along the chain axis by amorphous domains [5]. Cellulose is a polysaccharide 
with unique but simple structure. It is a linear macromolecule consisting of D–anhydroglucose (C6H11O5) 
repeating units joined by β–1,4–glycosidic linkages (Fig. 1 ). Degree of polymerization is around 10 000. 
Each repeating unit contains three hydroxyl groups. Ability of these hydroxyl groups to create hydrogen 
bond, play a major role in directing the crystalline packing and govern the physical properties of cellulose 
materials [4]. 

 

Fig. 1  Chemical structure of cellulose [4] 

For experimental measurement was used material Arbocel UFC 100 
from company J. Rettenmaier & Söhne GmbH + Co.KG. That is 
cellulose fibres with cellulose volume 99,5 %. Microscopic image of 
fibres is in the Fig. 2 . Volume of cellulose fibres in composite was 
taken in three percentage volumes 2, 4 and 6 %. 

2.2 Matrix 

As a composite matrix there was used semi–crystalline 
thermoplastic, polypropylene Thermofil PP E020M from company 
Sumika. It has excellent flow properties and low melting point which 
is 166 oC. These properties are particularly suitable for used 
cellulose fibres, which reduce flowability of the melted polymer. 

 

Fig. 2  Microscopic image of cellulose fibres (SEM) 

2.3 Additives 

The quality of adhesion among natural fibres and synthetic matrix has a great influence on the final 
properties of composites with natural fibres. That is true mainly about mechanical properties but adhesion 
can influence also many other factors. One of them is proper dispersion of natural fibres in polyolefin matrix 
[6] that is difficult due to the strong intermolecular hydrogen bonds. Non–homogeneous distribution of fillers 
and clusters creation lead to badly predictable behaviour of composite materials. Chemical method 
represents one of the most used ways to ensure compatibility and connection on the interphase among 
fibres and matrix. Effectiveness of fibres surface modification by means of chemical compatibility additives is 
influenced by chemical composition of polymer and type of fibre. High portion of hydroxyl group in cellulose 
results in hygrophilous behaviour of these natural fibres. If natural fibres are used to reinforce hydrophobic 
polymer matrix, as a result there is very bad interphase and low resistance against moisture absorption. 
Chemical modification of fibres activates hydroxyl groups and ensures creation new functional groups which 
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can effectively react with polymer [7]. For preparation of composites there were used two compatibilities 
agents. As first additives there was Fusabond from company DuPont, the second additives was Priex 20097 
from company Addcomp. Both additives are based on the maleic anhydride (MAgPP) and decrease in 
viscosity due to chain scission. Both additives were into composite added under the same percentage 
volume.             

2.4 Preparation and production of composite materia ls 

Natural fibres can be processed in composites with polymer matrix by many different processing 
technologies. Composites based on the thermoplastic matrix are commonly produced by extrusion followed 
by injection moulding or moulding. For fabrication composite pellets was used twin–screw extruder (Fig. 3 ) 
flowed by water bath and pelletizer. Parameters of compounding process are shown in Table 1 . By using 
more mixing zones there is gradually decreasing fibres length however homogeneity of fibres length is higher 
[8]. Coupling agents and MFC was dosed directly into the melting chamber of extruder in the recommended 
position by external device. The reason for dosing fibres in the front parts of the extruder (near granulation 
head) is to prevent excessive shear stress of fibres during compounding melt composite and thus their 
damage or thermal degradation. 

 
 
 

 

 

 

 

 

Fig. 3  Schematic of compounding procedure 

Table 1  Compounding process parameters 

  Barrel Temperature [°C]   Rotation Speed 

Zone 5 Zone 4 Zone 3 Zone 2 Zone 1 [min–1] 

185 180 180 175 175 280 

The extrusion process was followed by injection moulding of such produced composites. For injection was 
used standard column–mounted injection machine ARBURG 270S 400–100. Injection moulding 
technological parameters had to ensure partly samples production and also there was necessary to avoid 
MFC structure degradation. Mainly with regard to thermal and shear loading was crucial to set proper 
plasticization and injection moulding parameters (Table 2 ).  

Table 2  Injection moulding parameters 

  Barrel Temperature [°C]   Injection Speed 

Zone 5 Zone 4 Zone 3 Zone 2 Zone 1 [cm3/s] 

190 185 180 175 170 30 

Injection mould with central ejector and exchangeable plates was used for production testing samples from 
composites with cellulose fibres. The plates meet the requirements of individual ISO standards. Thus it was 
by very easy manner possible to exchange plates for testing samples production according to testing 
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methods. The mould has cooling channels both on the part of die and part of punch and it was tempered on 
the temperature 60 °C for both sides of injection mould by means of aggregate TA3. 

3. RESULTS AND DISCUSSION 

The final properties of composites are not influenced only by technological conditions of their preparation 
and production but there is also strong influence on the final properties by adhesion MFC fibres into PP 
matrix or influence by microfibril angle. Research of influence different additives types was the aim of this 
paper. The analysed properties were melt flow index, tensile modulus of elasticity, temperatures and melt 
and crystallization enthalpy. All tests were performed under the same technological conditions (Table 1  and 
Table 2 ) and by using the identical devices. Composites with 
cellulose fibres (Fig. 2 ) were after drying (in form of pellets) 
processed by injection moulding technology on the testing 
samples that were subsequently used for normalized tests and 
examinations. The composite viscosity is different than viscosity 
of pure PP. That is why technological parameters for injection of 
testing samples were chosen from several variants to avoid the 
degradation of MFC additive regarding to temperature and 
compression (shear) loading of composite melt (Fig. 4 ). Before 
the test performing were materials microscopically evaluated 
both from the uniform distribution and dispersion of cellulose 
fibres point of view and also with regard to check sufficient 
cellulose fibres wettability by polymer matrix. 

On the injected samples were carried out complex tests of 
rheological, physical, mechanical and temperature properties 
according to standards for evaluation plastics and composites. 
In the following images there are shown chosen properties of 
composites with cellulose fibres modified by different additives, 
namely by Fusabond and Priex. Modulus of elasticity can be seen in the Fig. 5  (ISO 527), Charpy impact 
strength in the Fig. 6  (ISO 179) and temperature characteristics of composite material by method DSC in the 
Fig. 7  (ISO 11357).   

 
Fig. 5  Tensile modulus of elasticity (ISO 527/1a/1) for composites with different type of additive 

Fig. 4  Microscopic image of composite 
PP fracture area with 6 % of cellulose 

fibers and Priex additive (SEM) 
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There were carried out following tests and their results can be evaluated both from the properties of 
composites and also from the additive type point of view. As far as type and sort of additive is concerned, it 
is possible to state that tensile modulus of elasticity is higher at using compatibilities additives Priex 
compared to additive Fusabond (Fig. 5 ). At comparison of measured values between polypropylene and 
polypropylene with MFC additive there is evident increase of tensile modulus of elasticity with increasing 
cellulose fibres volume. On the other hand the Charpy impact strength is lower for additive Priex (Fig. 6 ) than 
for the additive Fusabond. There was a presumption of such lower values of impact strength for composites 
due to the measured mechanical properties. We have to point out at this place that there are not so big 
differences between the measured values which means, that the type of compatibilizing agent is not so 
important factor for influencing final properties of composite with MFC filler in this case. The similar 
conclusions can be done also in light of percentage cellulose fibres volume in composite. 

 
Fig. 6  Charpy impact strength (ISO 179–1/1eA) at 23 oC for composites with different type of additive 

Samples of composites with different additive type were also tested by thermal analysis by means of DSC 
method and they do not reveal differences in the measured values of temperatures, melt enthalpy and 
enthalpy of primary crystallization (Fig. 7 ). So it is possible to state that although there were used different 
types of compatibilities additives, there are not observed significant changes in volume crystalline portion in 
composite.    

4. CONCLUSION 

Research of composites with thermoplastic matrix and natural fibres is continuous and constantly developing 
process which in the near future will result into production of composite materials those properties will be 
influenced not only by natural additive type, percentage volume of additive, shape and size of additive but 
also by type of compatibilities additive. With increasing concentration of cellulose fibres the toughness is 
reduced and Young's modulus is increased. That is a result of both decreasing of PP matrix volume and 
using additives based on maleic anhydride and also degradation and shortening of PP chains. There is no 
doubt that key to development and application using of composites with natural additives will rest in different 
additives which are added into polymer matrix during compound process to increase natural fibres wettability 
on the interphase with the synthetic polymer matrix.   
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Fig. 7  DSC graph comparing inverse curves for composites with different additive type and content 4 % 
of MFC additive  
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Abstract 

Surface of clay minerals montmorillonite (Mt) and vermiculite (Ver) was used as matrix for in situ preparation  
of hydroxyapatite (HAp). The hydroxyapatite was prepared by two processes: wet precipitation using mixing 
and ultrasound treatment. Prepared HAp/Mt and HAp/Ver nanocomposites were studied using XRF 
elemental analysis, X–ray diffraction phase analysis and scanning electron microscopy. The HAp particles of 
different size and morphology were formed depending on the clay mineral Mt and Ver matrix. 

Keywords: hydroxyapatite, clay mineral matrix, nanocomposite, sonication 

1. INTRODUCTION 

Hydroxyapatite (HAp), the chemical formula Ca10(PO4)6(OH)2, is naturally mineral in human body. The 
synthetic HAp is suitable material for medical application because of the similarity with HAp occurring in bone 
and teeth [1]. HAp nanoparticles significantly improve biocompatibility and bioactivity of biomaterials [2]. 
There are several processes for preparation of HAp nanoparticles. Wet precipitation is the most widespread 
method because prepared nanoparticles have regular morphology [2] and are very often used for preparation 
of HAp composites [3]. Sonication is another method that allows the preparation of uniform size of spherical 
shape wherein particles are smaller than those prepared by precipitation [4]. 

Utilization of clays is very in demand, mainly in nanocomposites. Natural clay particles have hydrophilic 
property [5], high adsorption capacity, specific surface area, swelling capacity, solubility and nontoxicity for 
human [6]. Metal nanoparticles prepared on the clay mineral surface are strongly bonded to the silicate layer 
and do not aggregate [7,8]. The literature data concerning the HAp particles prepared on clay mineral matrix 
are spare [3,9]. Ambre et al. [3] created in situ mineralized hydroxyapatite on organically modified clay 
mineral matrix as nanocomposite bone biomaterials for their potential medical applications. The precursor of 
clay mineral and sodium phosphate was modified by addition of calcium chloride. The structure of in situ 
mineralized hydroxyapatite was different in comparison to the structure of ex situ hydroxyapatite. Authors [3] 
also studied interactions between clay mineral and apatite ions. 
The hydroxyapatite was prepared by wet precipitation by mixing with chitosan and montmorillonite solutions 
to the nanocomposite of polymer/clay mineral/hydroxyapatite for drug delivery applications [9]. 

This study aimed with the characterization of hydroxyapatite particles prepared on the natural clay minerals, 
montmorillonite (Mt) and vermiculite (Ver), by wet precipitation by using mixing and ultrasound. The influence 
of those methods on the prepared samples was characterized using XRF elemental analysis, X–ray 
diffraction phase analysis and scanning electron microscopy. 

2. MATERIALS AND METHODS 

2.1 Materials 

Montmorillonite (Mt) from Ivančice deposit (Czech Republic) and Vermiculite (Ver) from Santa Luzia (Brasil) 
were obtained from Grena, a.s., Czech Republic. Both of the samples were milled in vibratory mill and sieved 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

84 

to obtain the fraction smaller than 40 µm for experiment. Sodium phosphate dibasic dodecahydrate 
(Na2HPO4∙12 H2O) and calcium chloride dihydrate (CaCl2∙2 H2O) purchased from Vitrum VWR, Co. (Czech 
Republic) were used as HAp precursors. 

2.2 Sample preparation 

2.2.1 Mixing procedure 

100 ml of CaCl2 solution (12 mmol∙dm–3 in deionized water) was slowly added to the continuously mixed 
solution of Na2HPO4 (7.2 mmol∙dm–3 in deionized water) which contained 0.1 g of Mt or Ver. pH of resulting 
solution was adjusted to 7.45 by 1 mol∙dm–3 HCl. The precipitate was allowed to sedimentation for 24 h. After 
this period the supernatant was decanted and the precipitate was dried at 70 °C. The samples were marked 
as HAp–Mt–1 and HAp–Ver–1. The pure Hap–1 was prepared by the same procedure [9]. 

2.2.2 Sonication procedure 

The solution of Na2HPO4 (500 ml, 7.2 mmol∙dm–3 in deionized water) and 0.1 g of Mt or Ver was sonicated 
(Ultrasound processor UP 100H, 20 % amplitude) while adding 100 ml of CaCl2 solution (12 mmol∙dm–3 in 
deionized water). pH of resulting solution was adjusted using 1 mol∙dm–3 HCl to 7.45. The precipitate was 
allowed to sedimentation for 24 h and the supernatant was decanted and the precipitate was dried at 70 °C. 
The samples were marked as HAp–Mt–2 and HAp–Ver–2. The pure HAp–2 was prepared by same 
procedure. 

2.3 Methods 

The X–ray powder diffraction (XRD) patterns were measured on X–ray diffractometer Rigaku Ultima IV 
(reflection mode, Brag–Brentano arrangement, CuKα1 radiation) in ambient atmosphere under constant 
conditions (40 kV, 40 mA). The images of samples were performed by Scanning electron microscopy (SEM) 
on PHILIPS XL–30 equipped with energy dispersive spectrometer EDS. The samples were coating by 
gold/palladium. The quantity of selected elements Ca and P was measured in cells using energy dispersive 
X–ray fluorescence spectroscopy (XRF) (SPECTRO XEPOS). 

3. RESULTS AND DISCUSSION 

3.1 Characterization of HAp prepared using mixing a nd sonication 

SEM micrographs in Fig. 1  show morphology of HAp–1 (Fig. 1a ) and HAp–2 (Fig. 1b ). Both samples include 
particles of different size. The XRD patterns and numbered reflections of HAp–1 and HAp–2 are in Fig. 2 . 
The d–values of numbered reflections are in good agreement with those of HAp on the PDF card no. 01–
075–9526 (Table 1 ), while their intensity distribution are slightly different. 

Reflection with the value 
d = 0.380 nm on the 
pattern of the HAp–1 (Fig. 
2a) was ascribed to the 
crystalline H3PO3 phase 
(PDF card no. 01–072–
0518) formed during 
mixing. This reflection is 
not present in XRD pattern 
of HAp–2. Reflections with 
d = 0.32 nm in HAp–1 and 
HAp–2 belongs to formed 
NaCl phase identified 
according to the PDF card no. 01–070–2509. 

Fig. 1 SEM micrographs of the HAp samples: a) HAp–1 and b) HAp–2 
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Fig. 2 XRD patterns of HAp samples prepared by mixing and sonication: a) HAp–1 and b) HAp–2 

Table 1 The numbered reflections, d–values and intensities of HAp (PDF card no. 01–075–9526)  
   and measured values on the XRD patterns of the samples HAp–1 and HAp–2 

HAp (ICSD PDF card) HAp–1 HAp–2 

Reflection 

position 

d 

(nm)  

Intensity 

(relative,%)  
d (nm)  

Intensity 

(relative,%)  
d (nm)  

Intensity 

(relative,%)  

1 0.815 11 0.824 9 0.828 11 
2 0.388 13 0.391 10 0.388 8 
3 0.343 38 0.343 20 0.345 21 
4 0.316 9 0.316 8 0.316 10 
5 0.308 21 0.307 9 0.309 12 
6 0.281 100 0.282 100 0.282 100 
7 0.272 71 0.271 24 0.274 27 
8 0.262 22 0.262 11 0.264 14 
9 0.226 16 0.226 8 0.226 11 

10 0.215 6 0.215 5 – – 
11 0.199 2 0.199 34 0.199 24 
12 0.194 22 0.195 10 0.195 11 
13 0.189 11 0.189 8 0.189 8 
14 0.184 34 0.184 11 0.184 13 

3.2 Characterization of HAp–Mt and HAp–Ver prepared  using mixing and sonication 

The chemical elemental analysis of samples that were prepared by the two methods confirmed the 
comparable content of Ca and P (Table 2 ).  

Table 2 XRF analysis of Ca and P in HAp–clay mineral samples prepared usong two methods 

Oxides Mt (%) Ver (%) 
HAp–Mt–1 

(%) 

HAp–Mt–2 

(%) 

HAp–Ver–

1 (%) 

HAp–Ver–

2 (%) 

CaO 6.2 1.17 30.47 30.36 29.22 29.48 

P2O5 0.6 0.01 28.0 28.18 29.1 26.01 
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Fig. 3 and 4 show XRD patterns of prepared 

HAp–Mt and HAp–Ver nanocomposites in 

comparison with pure HAp. The main intensive 

reflections (No. 6) of HAp on the XRD patterns 

are in HAp–Mt (Fig. 3c,e ) and HAp–Ver (Fig. 

4c,e) composites more broadened and less 

intensive in comparison with those of pure HAp 

(Fig. 3b,d  and Fig. 4b,d ) which may be due to 

decrease of crystallinity. It could be caused by 

many factors like different chemical environment 

for HAp nucleation in presence of Mt or Ver [3]. 

Basal reflection d(001) = 1.543 nm of Mt (Fig. 

3a) was shifted to lower value d = 1.263 nm in 

HAp–Mt–1 (Fig. 3c ) and d = 1.246 nm in HAp–

Mt–2 (Fig. 3e ). The XRD pattern of Ver (Fig. 4a ) 

shows basal reflections characteristic for mixed 

layered structure composed of one–two 

hydrated interlayer material with values d(001) = 

2.34 nm, d(002) = 1.43 nm and 1.25 nm [10]. 

The HAp–Ver composites show in XRD patterns 

the absence of Ver reflection with d = 2.34 nm 

and shifting of the reflection with d = 1.434 nm to 

d = 1.483 nm in HAp–Ver–1 (Fig. 4c ) and to d = 

1.477 nm in HAp–Ver–2 (Fig. 4e ). These 

differences indicate the changes in structure of 

Mt and Ver modified with HAp. 

Morphology of particles of Mt and Ver and 

nanocomposite of HAp/clay minerals are in the 

SEM micrographs in Fig. 5 and Fig. 6 . The flaky 

particles of Mt (Fig. 5a ) are covered in 

composites HAp–Mt–1 and HAp–Mt–2 by 

platelet shape of HAp particles of different size 

(Fig. 5b  and Fig. 5c ). HAp particles are visibly 

attached on the MT surface. The HAp of the 

sample HAp–MT–1 (Fig. 5b ) is platelet shape. 

As we can see, densely covered Mt particle 

surface with HAp was prepared using sonication 

(the sample HAp–Mt–2 in Fig. 5c ) than using 

mixing (the sample HAp–Mt–1 in Fig. 5b ). 

Fig. 3 XRD patterns of a) Mt, b) HAp–1, c) HAp–Mt–1, 

d) HAp–2, e) HAp–Mt–2 

Fig. 4 XRD patterns of a) Ver, b) HAp–1, c) HAp–

Ver–1 d) HAp–2, e) HAp–Ver–2 
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Fig. 5 SEM images of a) Mt, b) HAp–Mt–1 and c) HAp–Mt–2. Arrows indicate HAp particles on the Mt 
surface 

Pure vermiculite exhibits typical flaky plate morphology of particles (Fig. 6a ). The particles of HAp prepared 
using mixing procedure are slightly coarser (the sample HAp–Ver–1 in Fig. 6b ) than using sonication (the 
sample HAp–Ver–2 in Fig. 6c ). The HAp particles of different size and morphology were formed depending 
on the Mt and Ver matrix, as we can see from Fig. 5 and Fig. 6 . 

Fig. 6  SEM images of a) Ver, b) HAp–Ver–1 and c) HAp–Ver–2. Arrows indicate HAp particles on the Ver 
surface 

4. CONCLUSIONS 

The HAp/clay mineral nanocomposites were prepared by two methods and final samples were characterized 
and compared. The formulation of hydroxyapatite on clay mineral surface was confirmed by XRD patterns as 
well as the changes in the structure of Mt and Ver modified with HAp. The crystal structure of pure 
hydroxyapatite prepared by mixing and sonication are similar and in agreement with the published data. 
From the results of elemental analysis was investigated the enhancement of Ca and P amount in samples of 
nanocomposite of HAp and clay mineral. The SEM micrographs show surface of clay mineral covered by the 
HAp particles of different size and morphology on the Mt and Ver matrix. 
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Abstract  

This article deals with the stability of kaolinite /TiO2 photoactive composite. Titanium dioxide is widely used 
as non–toxic material in our daily life. TiO2 stands out for its excellent photoactive properties, mainly in the 
form of nanoparticles (NPs). On the other hand NPs could have negative influence on the environment 
therefore the NPs of TiO2 were bound on clay mineral kaolinite to composite form. It allows the better 
manipulation and the potential risk of NPs on the environment is decreased. There are not only important the 
positive properties of photoactive composite but its stability also. Photoactive composite with content of TiO2 
was dried at 105 °C (KATI16) or calcined at 600 °C (KATI66). Prepared sample was analyzed by using of X–
ray fluorescence spectroscopy or atomic emission spectroscopy with inductively coupled plasma (OES–ICP). 
The stability of photoactive composite kaolinite/TiO2 was studied by leaching test. Material was leached in 
deionized water and in extraction agents modified by NaOH in suspension (solid:liquid = 1:10) for 24 hours. 
Liquid phase was obtained by filtration after centrifugation the mixture. Conductivity and pH were determined 
in all filtrates immediately after filtration. Studied dissolved elements were determined by OES–ICP in 
leachate. The stability of kaolinite/TiO2 photoactive composite and influence of the pH change of extraction 
agent on composite were concluded from the concentration of dissolved elements in leachate. 

Keywords: kaolinite/TiO2, photoactive composite, leaching, stability  

1. INTRODUCTION 

Titanium dioxide is non–toxic material widely used in a variety of applications and products. TiO2 stands out 
for its excellent photocatalytic properties using in degradation of organic contaminants, cleansing water, 
photovoltaic solar cells or photocatalysis [1]. There are some articles comparing nano and bulk form of TiO2 
on toxicity. Although some authors introduce that the TiO2 size not influence their toxicity [2–4], there are 
some controversial information regarding influence of particle size on hazardous properties [5 – 7]. Potential 
negative influence of NPs can be decreased by bond NPs on suitable carrier to composite form. Bond TiO2 
NPs on the surface of a suitable substrate prevents the release of nanoparticles to the environment, the 
manipulation with material is easier and the photocatalytic properties are improve [8].  

Clay minerals montmorillonite, kaolinite, hectorite, vermiculite, atc. are suitable substrates for fixing TiO2 NPs 
[9–11]. 

TiO2 NPs were bound on clay mineral kaolinite Al2Si2O5(OH)4 to kaolinite/TiO2 photoactive composite. Not 
only positive properties of prepared composite are important but its stability as well. Method for stability test 
is the water batch extraction as described in EN 12457–2 (ČSN EN 12457–5 in Czech) leaching test using 
an ratio s:l = 1:10. This standard still remains the basic for establishment of a testing strategy. 
Concentrations of toxic metals in leachates are often observed by leaching over a wide range of pH [12, 13]. 

The stability study have been done on kaolinite/TiO2 photoactive composite dried at 105 °C (KATI16) or 
calcined at 600 °C (KATI66) in deionized water and pH range 8–12. The acidic or the basic elements can 
dissolve to extraction solution and change the pH that can significantly influence chemical or biochemical 
processes in water and in plants. Therefore, the pH, conductivity and concentration of Al, Si, K, Mg and Ti 
were determined in leachates. 
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2. EXPERIMENTAL 

Thermal hydrolysis of kaolinite (KA) SAK47 (LB MINERALS s.r.o.) and TiOSO4 suspension was used for 
prepare photoactive composite kaolinite/TiO2 containing TiO2 NPs. The material was dried at 105 °C 
(KATI16) or calcined at 600 °C (KATI66). The chemical composition of KA, KATI16 and KATI66 is show in 
Table 1 . Preparation of kaolinite/TiO2 photoactive composite is detail described in article [14]. 

Table 1  Chemical composition of kaolinite (KA) and photoactive composite kaolinite/TiO2 KATI16  
    and KATI66 

 KA 
(wt. %) 

KATI16  
(wt. %) 

KATI66  
(wt. %) 

Al 2O3 35.2 11.8 13.5 
SiO2 50.3 18.5 22.1 
K2O 1.12 0.38 0.45 
CaO 0.12 0.08 0.04 
MgO 0.06 0.07 0.05 
Na2O 0.10 0.46 0.38 
TiO2 0.81 51.0 58.3 

Fe2O3 0.57 0.21 0.24 
LOI 10.9 16.0 4.60 

Kaolinite/TiO2 composite calcined at 600 °C shows excellent photoactive properties than dried composite or 
composite calcined at lower temperatures [14]. Therefore, dried and calcined kaolinite/TiO2 composites were 
selected for comparison their stability. Deionized water and extraction agent with different value of pH 
modified by NaOH (analytical pure, 99.5 % lach: ner, s.r.o) were used for testing of prepared kaolinite/TiO2 
composites. 

2.1 Characterization methods 

The chemical composition of prepared photoactive composite kaolinite/TiO2 was investigated by energy 
dispersive fluorescence spectrometer (XRFS) SPECTRO XEPOS (SPECTRO Analytical instruments GmbH) 
equipped with 50 W Pd X–ray tube, by X–ray power diffraction using the Bruker D8 Advance diffractometer 
(Bruker AXS). 

The extracts were prepared according to European technical standard EN 12457–2; the method is also 
described in waste legislation of the Czech Republic ČSN EN 12457–4 [15]. It is discontinuous method of 
leaching solid materials in extraction solution. The suspension of testing material and extraction agent was 
prepared in ratio solid:liquid = 1:10 in discontinual batch reactor at laboratory temperature for 24 hours. 
Material was leached in deionized water and in extraction agents modified by NaOH in ranging pH 8–12. 
Mixture was centrifuged in 3000 rpm for 30 minutes, then by being filtered through the filter paper with 
density of 84 g/m2 the solid phase was separated. Conductivity and pH in the final extracts were determined 
immediately after filtration. 

The pH was measured by inoLab SenTix 41 with combined electrode (the specific electrode – glass 
electrode, reference electrode – calomel electrode) with integrated temperature sensor. Conductivity was 
measured using inoLab Cond 730. 

The concentrations of Al, Si, K, Mg and Ti were determined in all extracts by atomic emission spectrometer 
with inductively coupled plasma (AES–ICP) SPECTRO CIROS VISION. 

3. RESULTS AND DISCUSSION 

Fig. 1  shows pH of extraction agent and pH of leachates. The pH value of extraction agent was changed by 
NaOH in range 8–12. Fig. 1  shows distinctly decreased pH in all leachates. The pH decreased more in 
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leachates obtained from calcined KATI66 than dried KATI16 composite in all cases. This can mean that the 
acid elements are released to leachate from both composites.  

 

Fig. 1  pH of extracts after leaching KATI16 and KATI66 composites in deionized water (DM) and in solution 
modified by NaOH with different value of pH. EA – initial extraction agent 

The stability of photoactive composite can be deduced to a certain extent from measured conductivity of 
leachate. The values of conductivity show that the extracts after leaching composite in extraction agents 
including water depend on the way of composite treatment. The higher values of conductivity were 
determined in leachate obtained from calcined KATI66 composite. It is presumably that KATI66 composite 
released more elements to leachate than KATI16. 

 

Fig. 2  Specific conductivity of prepared leachate obtained from composite material KATI16 and KATI66 in 
deionized water (DM) and extraction agent modified by NaOH with different value of pH 

The amount of leached Ti from composite to extraction agent shows Fig. 3 . The release of Ti from composite 
did not depend on change the pH of extraction agent. The greatest amount was released from both 
composites to demineralized water. But the amount of leached Ti was very low. Small differences of leached 
Ti from composite were caused by uncertainty of measurement. This means that the TiO2 NPs are bound 
very strongly in clay mineral kaolinite. 
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Fig. 3  The amounts (in %) of leached titan from KATI16 and KATI66 composite after interaction with 
deionized water (DM, pH = 5.9) and extraction agent modified by NaOH 

The dissolution of kaolinite in alkaline solution can be expressed as [16]:  

Si2Al2O5(OH)4 + 2 OH– + 5H2O = 2[Al(OH)4]– + 2H4SiO4 

Aluminium was released from KATI66 composite in higher amount than from KATI16 in all extraction agents 
(see Fig. 4 ) which confirm determined value of conductivity (Fig. 2 ). 208 mg/l Al was determined in extract 
obtained leaching calcined KATI66 composite in deionized water. This concentration is too high and can 
mean certain risk for environment. Modification of extraction agent did not influence released aluminium from 
photoactive composite significantly besides extraction agent with pH 12 where the determined amounts of 
aluminium decreased slightly and was lesser than 0.02 %. The calcination of kaolinite causes cracks in 
composite structure.  

 

Fig. 4  Relative portion of aluminium (in %) leached from KATI16 and KATI66 composite after interaction with 
deionized water (DM, pH = 5.9) and extraction agent modified by NaOH 

The amount of leached Si shows Fig. 5 . The treatment of kaolinite did not disrupt the bond of silicon in 
composite material because the quantity of released silicon do not exceeded 0.1 %. Silicon was dissolved 
more from dried KATI16 than KATI66 composite almost in all cases. Exception is leachate obtained from 
KATI66 in extraction agent with pH 12 where determined percent of Si decreased clearly. The chemical 
reaction between silica and NaOH is described as the following [17]: 

SiO2 + 2 NaOH = Na2SiO3 + H2O  
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Therefore, silicon is soluble in sodium hydroxide. Calcination of composite did not influence dissolution of Si 
from composite.  

 

Fig. 5  Relative portion of silicon (in %) leached from KATI16 and KATI66 composite after interaction with 
deionized water (DM) and extraction agent modified by NaOH 

In the composite, potassium and magnesium are impurities which were released after the interaction of the 
material with extraction agents. Potassium released between 10 – 15 % from KATI16 and 20 – 30 % from 
KATI66 composite. About 2.5 % of magnesium was dissolved from KATI16 in all leachates besides extract 
obtained from solution with pH 12 where released amount was less than 0.5 %. From KATI66 composite, the 
amount of leached Mg was about 1.4 % in all extraction agents. K and Mg involved in exchangeable cations 
sorption. 

4.  CONCLUSION 

In this article, the stability of kaolinite/TiO2 photoactive composite was study by leaching test in deionized 
water and extraction agent modified by NaOH in pH range 8–12. The value of pH and conductivity shown 
that calcined kaolinite KATI66 released more acidic elements than KATI16 to leachate. Determined 
concentration of Ti was very low in leachates – this means that TiO2 NPs are bound very strongly on clay 
mineral kaolinite. The kaolinite treatment did not influence the Si bond in composite. Calcination of the 
composite led to dissolution of higher quantity of aluminium than in the case of dried TiO2/kaolinite 
composite; moreover, dissolution takes place even in water which is very weak extraction agent. Decrease of 
calcination temperature of kaolinite/TiO2 photoactive composite could decrease the extent of aluminium 
dissolution in the extract solution. 
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Abstract   

The finding that an addition of small amount of vermiculite (VMT) into polyethylene (PE) matrix (without any 
additives) leads to the material exhibiting antibacterial properties was the motivation for the preparation of 
VMT/PE nanocomposite. X–ray diffraction analysis together with molecular modeling using Universal force 
field as implemented in Materials Studio modeling environment allows us to study the nanocomposite 
structure, even in the interlayer space of VMT. Three sets of models containing PE chains of various lengths 
on VMT(001) and VMT(100) surfaces and in the VMT interlayer space have been prepared and optimized. 
For the characterization of optimized models, an attention has been paid to the three following structural and 
energy parameters: (1) position of PE chains against the VMT layers, (2) change of VMT basal spacing, and 
(3) total potential energy of the VMT/PE model.  

Keywords: polyethylene, permiculite, molecular modeling, structural parameters 

1. INTRODUCTION 

Clay/polymer nanocomposites, prepared by an addition of a clay mineral filler (having at least one 
nanodimension, i.e. the thickness of clay layers) to a polymer matrix, belong to the large group termed 
“hybrid organic–inorganic composite nanomaterials” [1, 2]. These nanocomposites exhibit new and/or 
improved mechanical properties, thermal stability and suppression of flammability, that are not observed in 
pure compounds [3, 4, 5]. The high aspect ratio of clay nanoparticles is very suitable for the modification of 
polymer properties but the hydrophilicity of clays does not allow the homogeneous dispersion in the polymer 
matrix. Therefore, many authors described the usage of compatibilizer ensuring good incorporation of 
polymeric chains between the clay particles. For the clay mineral vermiculite (VMT) the maleic anhydride is 
often used in order to incorporate the VMT into polypropylene [6], polyamide [7], or polyethylene [8]. It was 
also found that in case of polyethylene the polar additives may induce the dipole moments in the polymeric 
chains [9, 10, 11]. In 2006 Shao et al. [12] showed how to add the VMT into polypropylene matrix without 
any compatibilizer using solid–state shear compounding. 

Present work is a part of large study focused on VMT/polyethylene (VMT/PE) nanocomposite, its preparation 
without compatibilizer, characterization and utilization as an antibacterial nanomaterial. Here we present the 
results of characterization using the computer molecular modeling, energy dispersive X–ray fluorescence 
spectroscopy, and X–ray diffraction analysis. 

2. EXPERIMENT AND STRATEGY OF MOLECULAR MODELING 

2.1  Preparation and characterization of real sampl es 

The additive free industrial Low–Density PE Bralen VA 20–60 was obtained from Slovnaft (Slovak Republic). 
Brazilian VMT was obtained from Grena a.s., Czech Republic, and the ball–milled fraction was used as clay 
filler to the polymer matrix. VMT/PE nanocomposite was prepared from the mixture (93.0 wt.% of PE and 7.0 
wt.% of VMT filler) blended in the Brabender kneading chamber (Brabender GmbH & Co. KG, 815607) at 
160 °C for 10 min in two velocity intervals (10 rpm for 2 min and subsequently 50 rpm for 8 min). 
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The energy dispersive X–ray fluorescence spectroscopy (XRF) (SPECTRO XEPOS) was used in order to 
determine the elemental composition of VMT. The X–ray diffraction (XRD) patterns were measured using the 
powder X–ray diffractometer INEL equipped with a curved position–sensitive detector CPSD 120 (Ge–
monochromator, CuKα1 radiation). Microstructure of the samples was observed using atomic force 
microscope SOLVER NEXT (NT–MDT Co., Russia) equipped with contact probes CSG10 (NT–MDT Co.). 
Nanostructural arrangement of the PE chains near the VER was investigated by molecular modeling using 
an empirical force field in Accelrys Materials Studio modeling environment (Accelrys, Inc., USA). 

2.2  Preparation of initial models 

Model of VMT unit cell was prepared using the data published by Shirozu and Bailey [13], i.e. a=0.5349 nm, 
b=0.9255 nm, and c=1.4445 nm, and the structural formula calculated from the elemental analysis: 
(Na0.16K0.36Ca0.13) (Si6.16Al1.84) (Al0.08Fe3+

0.74Fe2+
0.04Mg5.02Ti0.12) O20 (OH)4. This allowed us to build the crystal 

supercell 10a×3b×1c with the crystallochemical formula (Si185Al55) (Al2Fe3+
22Fe2+

1Mg151Ti4) O600 (OH)120. The 
corresponding layer charge −23 el. was compensated by 5Na+, 10K+ and 4Ca2+ interlayer cations. Three 
following VMT initial models were built: (1) VMT interlayer (denoted as VMT–i), (2) VMT surface (denoted as 
VMT–s) and (3) VMT edge (denoted as VMT–e). Models of PE chains were prepared according to the data 
published by Keller [14].  

The models of VMT/PE were denoted as VMT–i/XPEY, VMT–s/ XPEY and VMT–e/XPEY, where X and Y 
represent the number of PE chains and the number of carbon atoms in the chain, respectively. In addition, 
these models contained water molecules (see Table 1 ). The VMT and PE charges were calculated using the 
QEq (charge equilibration) [15] and Gasteiger [16] methods, respectively. Both the geometry optimization 
and the energy calculation were carried out in Accelrys Materials Studio modeling environment (Forcite 
module). The Smart algorithm was used for the geometry optimization with 300 000 iterations. Values of 
convergence criteria were: 1·10−4 kcal for the energy and 5·10−6 nm for the displacement. All atoms were 
parameterized using Universal force field (UFF) [17]. 

Table 1  Interlayer distances and total potential energies (Etot) per one atom for VMT–i models 

models of VMT–i  
number of H 2O molecules  

0 20 43 86 100 200 
interlaye r distance (nm)  
(Etot  per one atom (kJ)) 

VMT–i / 1PE60 
1.213  

(–28.66) 
1.201 

(–27.47) 
1.206  

(–26.51) 
1.215 

(–24.84) 
1.227  

(–24.12) 
1.435  

(–
20.54) 

VMT–i / 2PE30 
1.210  

(–28.66) 
1.203 

(–27.47) 
1.205  

(–26.51) 
1.221 

(–24.60) 
1.235  

(–24.12) 
1.428  

(–
20.54) 

3.  RESULTS AND DISCUSSION  

Fig. 1a  showing XRD patterns of VMT and VMT/PE revealed the interstratified layered structure with various 
content of water in the interlayer space. Three main interlayer distances can be easily distinguished by the 
basal reflections with the values d002 = 1.24 nm, d002 = 1.43 nm, and d001 = 2.30 nm. In case of VMT/PE the 
formation of one layer of water molecules in the interlayer space of VMT can be seen (new reflection 
corresponding to interlayer distance 1.04 nm) [18]. In the small angles area of VMT/PE XRD pattern one can 
find several new reflections (corresponding to interlayer distances ~ 5.1 nm) demonstrating formation of 
mixed–layered structures in which the PE chains can be present in the VMT interlayer space. The area of PE 
containing both crystalline and amorphous regions can be found above angle 2θ = 16°. Two significant 
reflections (d110 = 0.42 nm and d200 = 0.38 nm) correspond to PE orthorhombic crystal structure [19]. 
Simulated XRD pattern of the PE orthorhombic crystal structure (a= 0.739 nm, b = 4.929 nm, c = 2.539 nm, 
Schoenflies space group D2H–16) also proved this fact (Fig. 1b ). 
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Fig. 1  (a) XRD patterns of VMT and VMT/PE real samples; (b) simulated XRD pattern of pure PE 

Interlayer distances and the values of total potential energy (Etot) per one atom (because each model 
contains different number of atoms) in dependence on various numbers of water molecules and PE chains 
are listed in Table 1 . It can be seen that the Etot of models increases with increasing number of water 
molecules. Therefore, the joint presence of PE and water is not energetically favorable and not probable in 
the real samples. Nevertheless, VMT–e/PE models revealed that PE chains have a tendency to partially 
enter the interlayer space as suggested by a significant decrease in Etot (Table 2 ). It can be also seen that 
PE chains partially entering the interlayer space produced the disorder of VMT layers (see interlayer 
distances in Table 2  and Figs. 2a, d ) while free PE chains outside the VMT structure are close together. PE 
chains on VMT surface (Fig. 2c ) exhibit similar behavior, i.e. free ends of the long PE chains vertically 
oriented to the VMT surface lie parallel next to each other and form thicker bundles. This arrangement is a 
contribution to the formation of crystalline domains of PE as observed from XRD pattern (Fig. 1a ). 

Table 2  Interlayer distances and total potential energies (Etot) per one atom for VMT–i models  

composition of models  Etot  per 
1 atom (kcal) 

interlayer  
distance (nm) 

orientation of PE  
against VMT–e 

VMT–e/6PE30 –21.3 1.44–1.96 partially entered 
VMT–e/6PE60 –18.6 1.31–1.74 partially entered 

VMT–e/10PE30 –16.2 1.58 horizontally 
VMT–e/10PE30 –16.2 1.59 vertically 
VMT–e/6PE60 –15.7 1.58 horizontally 
VMT–e/6PE60 –15.7 1.58 vertically 

composition of models  Etot  per 
1 atom (kcal) 

interlayer  
distance (nm) 

orientation of PE  
against VMT–s 

VMT–s/10PE60 –14.3 – horizontally 
VMT–s/10PE60 –14.3 – vertically 
VMT–s/10PE60 –14.3 – randomly 

Visual observation of the optimized models revealed that hydrogen atoms in the last sub–unit of PE chain 
(i.e. C=CH2, see Fig. 2c ) tend to get close to OH groups in the VMT octahedral sheet. The average distance 
d(C=CH2…HO) was found to be about 0.357 nm, the shortest observed distance (model VMTe/6PE60) was 
0.350 nm (Fig. 2c ). These mutual PE–VMT interactions, similar to a weak carbon–donor hydrogen bond 
[20], can influence the properties of composite.   
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Fig. 2  Optimized VMT/PE models. (a) VMT–e/6PE60 (partially entered); (b) VMT–s/10PE60 (vertically); (c) 
end of PE chain close to OH group of VMT layer; (d) VMT–e/6PE30 (partially entered) 

4.  CONCLUSIONS  

Real sample of VMT/PE nanocomposite was characterized by a combination of computer molecular 
modeling with XRF and XRD analyses. XRD analysis revealed increased crystallinity of PE in the VMT/PE 
nanocomposite and changes in the stratification of VMT layers. Molecular modeling showed that PE chains 
at the VMT edges enter partially into the interlayer space due to the attractive interaction between the chain 
ends (C=CH2) and OH groups of VMT octahedra. Results of molecular modeling proved the entering of PE 
chains into the interlayer space of VMT. XRD analysis revealed an increased crystallinity of PE after melt 
mixing with VMT. These two findings may be a confirmation of the previously published hypothesis that the 
charge carrier VMT introduces dipole moments in the PE chains [10, 11]. The combination of molecular 
modeling with XRD analysis is not used very often but present results show that this approach can be an 
efficient tool for the characterization of the clay/polymer nanocomposites.   
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Abstract 

The article presents results of investigation of structure and properties of low–carbon steel after application 
of Equal Channel Angular Pressing (ECAP) at the temperature of approx. 290 °C. The ECAP method leads 
to significant improvement of strength of investigated steel.  Investigation of structure was made by 
combination of TEM and FEG SEM together with EBSD. It was proven that the ECAP method enables 
obtaining of ultra fine–grained ferritic structure formed by re–crystallized grains with very low dislocation 
density and a small fraction of spheroidised carbides, which occurred usually at the ferritic grain boundaries.  
It was established with use of the EBSD technique that after 8 passes through the ECAP die the sub–grains 
with misorientation angles smaller than 10 ° formed less than 20 % of the final structure. Average size of 
ferrite grains with high–angle boundaries after 8 passes was approx. 320 nm. 

Keywords: low carbon steel, ECAP, structure, properties 

1. INTRODUCTION 

Enhancement of strength properties of polycrystalline metallic materials with preservation of sufficient 

toughness can be achieved by refining of grains [1, 2]. Dependence between the grain size and the level of 
yield strength is described by the Petch–Hall relation: 

2
1

0

−+= kdy σσ                                     (1) 

where σy is yield stress, σ0 and k are constants, d is grain size. 

 

This relation can be used in extensive interval of grain sizes, up to several dozens of nanometres. Search of 
possibilities of efficient refining of structure of technical materials lead to important modification of technology 
of thermo–mechanical treatment, which enable obtaining grain size at the level of several micrometres. The 
most efficient processes are the following: deformation induced ferritic transformation, dynamic re–

crystallisation of austenite during hot deformation with subsequent γ → α transformation, hot rolling at inter–

critical interval of temperatures and dynamic re–crystallisation of ferrite after large hot deformation [3].    

Further refining of grain size requires, however, application of extreme value of plastic deformation of 
material. During last two decennia many methods were developed that enable achievement of severe plastic 

deformation. Important place among them holds the equal channel angular pressing (ECAP) [4–6]. Principle 
of this method consists in severe deformation of massive samples realised by shear without change of cross 
section. The sample is pressed through a die, in which two channels intersect, forming an angle usually of 

90°. Pressing is made either at room or at increased temperature. Equivalent deformation can achieve the 
value of 10 or even higher. The most critical for development of microstructure and resulting properties of 
samples is above all number of passes and selection of deformation route (manner of turning of the sample 
after each pass). It was established from the analysis of shear characteristics at various deformation routes 

that turning of the sample by 90° was optimal. Many works, dealing with optimisation of the laboratory ECAP 
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equipment, were published. Promising modifications for production of ultra fine–grained massive semi–
products in industrial practice have appeared [7].  

The ECAP method makes it possible to obtain the grain size of several hundreds of nanometres [8,9]. 
Materials with sub–micron size of sub–grains/grains (d=0.1–1 µm) are usually classified as ultra fine–grained 
materials. The ECAP method was so far unsuccessful at attempts of obtaining nanometric materials, i.e. 

materials with grain size under 0.1µm. Characterisation of the fraction of sub–grains formed by recovery and 

grains separated by high–angle boundaries, which are formed by re–crystallisation [10], is very important for 
understanding the mechanisms of materials structure evolution at application of methods of extreme plastic 
deformation. Definition of difference between sub–grains and grains is not rigid. The values of 10–15° are 
usually given as a critical misorientation angle. It is known that grains separated by high–angle boundaries 
have generally much more important influence on the level of mechanical properties than sub–grains divided 

by low–angle boundaries. In the area of grain size under approx. 0.3µm the classical mechanism of plastic 
deformation by dislocation sliding is replaced by other mechanisms. The most important causes of this 
phenomenon comprise increasing surface of grain boundaries per unit of volume of material, decrease of 

dislocation density inside the grains with grain size under 0.1µm, and localisation of deformation into shear 
bands. Important problems connected with development of ultra fine–grained materials include in the first 
place lower level of plasticity, non–homogeneity of structure across cross section of the pressed blanks and 
thermal stability of ultra fine–grained structure at higher temperatures. 

Majority of the works published until now dealt with application of the ECAP method on pure metals, while 

much less attention was given to investigation of commercial steels [11]. Our article summarises the results 
obtained at investigation of severe plastic deformation by the ECAP method on strength characteristics and 
structure of a low–carbon steel. Detailed investigation of structure evolution was made not only with use of 
Transmission Electron Microscopy (TEM), but also by Scanning Electron Microscopy (SEM) in combination 

with Electron Backscattered  Diffraction (EBSD) [12], which enables characterisation of misorientation angles 
of individual crystallites on the surface of metallographic sections. If the Field Emission Gun (FEG) is used, it 

is possible to obtain at present the spatial resolution of approx. 0.1µm. 

2. EXPERIMENTAL MATERIAL AND TECHNIQUE 

Investigation was made with use of a commercial low–carbon steel. Table 1  gives its chemical composition. 

Table 1  Chemical composition of the steel, weight % 

C Mn Si Cr Mo Ti B 
0.034 0.67 0.23 0.10 0.017 0.001 0.002 

The supplied material was in the state after free cooling from the rolling temperature. Cylindrical samples of 

dimensions φ12x60mm were manufactured [13].  For severe plastic deformation die with channel 12 mm in 
diameter and angle 105 ° was used. Virgin state as well as, 2, 4, 6 and 8 passes through were applied and 
investigated. 

This design made it possible to reduce deformation resistance and it ensured good filling of the die edges. 

The samples were before the pressing pre–heated in the furnace to the temperature of approx. 320°C, 

temperature of the ECAP die was approx. 290°C. Deformation route Bc was applied (turning of the sample 

after each pass by 90° in the same direction), moreover the front end of the sample was replaced by the rear 
end of the sample. This deformation route is considered generally as the quickest manner of achievement of 
homogenous structure formed by equiaxed grains. The maximum number of realised passes through the 
ECAP die was 16. 

Samples for tensile test were prepared from individual deformed samples. This test was made at room 
temperature. For the purposes of structural analysis sections were made perpendicularly to the longitudinal 
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axis of the samples after 4 (equivalent deformation ε = 3.5) and 8 (ε = 7.1) passes through the ECAP die. 
Final polishing of the samples for the SEM analysis was made with use of colloidal solution of SiO2 with 

granularity 0.05µm. Crystal orientation maps (COM), study on misorientation angles of individual sub–
grains/grains and statistic evaluation of grain size was made by the apparatus Sirion 200 FEG SEM 
equipped with the HKL Technology Channel 5 EBSD system. Thin foils for the TEM were prepared 
perpendicularly to the longitudinal axis of the samples from the approximately ¼ of the diameter of initial 
samples. The foils were prepared by electrolytic polishing in the solution containing 5 % of HClO4 and 95 % 
of CH3COOH at the room temperature and voltage of 60V. The TEM investigation was performed on the 
microscope JEOL JEM 2100 equipped with the PGT EDX analyser.  

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1 Microstructure and mechanical properties of ste el in the initial state  

Results of the tensile test of the supplied material at the room temperature are given in the Table 2 .  

Table 2  Results of tensile test of the steel 

Rp0,2 
[MPa] 

Rm 

[MPa] 

A 
[%] 

Z 
[%] 

281 355 31.5 72.5 

Microstructure of steel was formed by equiaxed grains of 
ferrite, which were discontinuously decorated by carbidic 
particles, see the Fig. 1 . Small islands of decomposed 
ferritic–carbidic component were present in a very small 
quantity at the boundaries of ferritic grains. Small 
precipitates were observed also inside ferritic grains. 

Average size of ferritic grains was approx. 35µm. 

3.2  Microstructure and mechanical properties of 
steel after application of ECAP 

Severe plastic deformation of the investigated steel in 

the ECAP die lead to significant enhancement of 
strength properties. Obtained results are shown in 
the Fig. 2 . The biggest increase in strength 
properties was found after the first two passes. Next 
passes resulted only in very gradual enhancement of 
strength parameters. After 16 passes even slight 
decrease of strength properties was already observed. 

Microstructure of steel after 4 ECAP passes was non–
homogeneous, original ferritic grains were largely 
deformed. Deformed ferritic grains forming elongated 
bands are clearly visible in the Fig. 3 . Substructure was 
present inside ferritic grains, distribution of carbidic 
particles remained unchanged. Slip lines were 
observed in some ferritic grains, see the arrow in the 
Fig. 4 .    

Fig. 1  Microstructure of steel in the virgin state  

Fig. 2  Results of tensile tests of material 
deformed in the ECAP die 
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The TEM analysis proved that original equiaxed 
ferritic grains were replaced by stretched sub–
grains/grains of variable size. Sub–grains/grains 
formed usually elongated parallel bands, see the 
Fig. 5 . Pronounced local differences of diffraction 
contrast indicated that misorientation angles 
between individual sub–grains/grains were highly 
variable. Density of dislocations inside individual 
stretched ferritic sub–grains/grains was usually 
comparatively high, or arrangement of dislocations 
into dislocation walls was observed. Small grains 
with well defined boundaries and low density of 
dislocations were observed locally. It can be 
therefore assumed that formation of fine–grained 

structure was influenced not only by mechanisms 
of fragmentation of deformed grains, but also by 
re–crystallisation processes.    
It was established at the TEM analysis of the 
sample after 8 ECAP passes that increase of number of passes resulted in improvement of uniformity and 
fineness of grains of resulting structure. This is result of synergic effect of the applied temperature of 
pressing, total real deformation and latent heat generated by the severe plastic deformation. Diffraction 
contrast of some adjacent sub–grains/grains was very similar, while in other cases it was very different. This 
indicates that structure is formed by a mixture of sub–grains with very low misorientation angles and also 
grains separated by high–angle boundaries. Density of dislocations inside sub–grains/grains was mostly very 
low, boundaries of sub–grains/grains were well defined. Majority of sub–grains/grains was equiaxed, 
however, in some areas significantly stretched sub–grains/grains were observed. Results of the TEM 
analysis confirm that re–crystallisation processes influenced significantly formation of the ultra fine–grained 

ferritic structure. Size of some sub–grains/grains was smaller than 0.1µm, size of other ones was bigger than 

0.5µm. Globular particles of carbides were present at boundaries of some ferritic grains. It can be assumed 
that these carbidic particles have a positive effect on stabilisation of ultra fine–grained ferritic structure 
against coarsening. Typical examples of sub–structure of the sample after 8 ECAP passes are shown in the 
Figs. 6 – 8 . 

Fig. 3  Microstructure of the sample after 4 ECAP 
passes 

Fig. 4  Microstructure of the sample after 4 ECAP 
passes 

Fig. 5  Substructure of the sample after 4 ECAP 
passes 
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Fig. 7  Substructure of the sample after 8 ECAP 
passes 

Understanding of mechanism of formation of 
ferritic grains in deformed samples, as well as 
objective assessment of the size of grains with 
high–angle boundaries, requires information 
about misorientation angles of individual sub–
grains/grains. Ideal experimental technique for 
obtaining these data is at present the FEG SEM 
in combination with the EBSD. This technique 
enables determination of crystallographic 
orientation (Miller indices of the direction 
perpendicular to the sample surface) at any 
place on the sample surface on the basis of the 
Kikuchi lines, formed by diffraction of originally 
non–coherently scattered electrons right below 
the surface of heavily inclined sample. Mapping 
of crystallographic orientation of the sample 
surface can be done with a minimum step of 

0.1µm. EBSD results obtained on the sample 
after 8 ECAP passes were processed in the form of crystal orientation maps (COM), where the areas of 
various orientation on the sample surface are discriminated by different colouring. The obtained results were 
further processed by computer as follows: 

• in the areas, where the misorientation angle of adjacent pixels was greater than 2°, the boundaries 
were plotted. In this manner boundaries of sub–grains were visualised, as well as boundaries of grains 
separated by high–angle boundaries. 

• in order to differentiate between the sub–grains and grains the boundaries of grains were plotted only 

in the areas, where misorientation of adjacent pixels exceeded 10°.   
• grain boundaries were plotted in the areas, where misorientation of adjacent pixels exceeded 20°. 

Map of crystal orientations (COM), shown in the Fig. 9 , documents a large quantity of differently oriented 
sub–grains/grains in the investigated area. The Fig. 10  shows the boundaries generated in the areas, where 
the misorientation angle between the adjacent pixels was at least 2°. If we define sub–grains as areas with 
the maximum misorientation angle of 10°, it is possible to discern the sub–grains from the grains with high–
angle boundaries by comparing the Figs. 10 and 11 . It was found that in some cases the misorientation 
angle of part of perimeter of one grain corresponded to a sub–grain, and the rest of the perimeter was a 

Fig. 6  Substructure of the sample after 8 ECAP 
passes 

Fig. 8  Substructure of the sample after 8 ECAP 
passes 
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boundary with high–angle misorientation. The Fig. 12  documents a distribution of grains in the investigated 
area with the misorientation angles exceeding 20°. 

 

Fig. 10  Boundaries of sub–grains/grains with 
misorientation angles greater than 2º, sample after 8 

ECAP passes 

 

Fig. 12  Boundaries of grains with misorientation 
angles greater than 20º, sample after 8 ECAP passes 

 

Results of statistic processing of misorientation angles 
of sub–grains and grains in the sample after 8 ECAP 
passes are shown in the Fig. 13.  It is obvious that 
sub–grains with the misorientation angle under 10° 
formed only approx. 15 % of all ferritic grains. This 
confirms the fact that majority of ferritic grains was 
formed by the mechanism of re–crystallisation. No 
preferential occurrence of special boundaries was 
observed in the area of high–angle boundaries, such 
as e.g. twin boundaries. The biggest share of sub–
grains corresponded to the misorientation angles up 
to 4°.  
In conformity with data from literature it can be 
presumed that influence of sub–grains on the level 
of mechanical properties of investigated steel is 

Fig. 9  Crystal orientation map, sample after 8 
ECAP passes 

Fig. 11  Boundaries of grains with misorientation 
angles greater than 10º, sample after 8 ECAP 

passes 

Fig. 13  Distribution of misorientation angles of 
sub–grain and grain boundaries, sample after 8 

ECAP passes 
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lower than in case of the grains separated by high–angle boundaries. Important in this connection is the fact 
that majority of ultra fine–grained ferritic grains in the structure, was separated by high–angle boundaries.  

Histogram of size distribution (equivalent diameter) of the grains with high–angle boundaries is shown in the 

Fig. 14 . After 8 ECAP passes approximately 25 % of all grains was in the lowest size class (0.1 – 0.15µm). 

On the other hand size of some ferritic grains was bigger than 1µm. It is obvious from results of the TEM 

analysis, that many grains were smaller than the smallest usable step at the EBSD analysis (0.1µm). 

Average equivalent diameter of grains with the misorientation angle greater than 10° was 0.32±0.20µm. This 

is only a roughly result, since grains with the size smaller than 0.1 µm could not be included into this 
analysis.  

 

Fig. 14  Size distribution of grains with high–angle boundaries, sample after 8 ECAP passes 

4. CONCLUSIONS 

The results obtained at the analysis of influence of severe plastic deformation by the ECAP method on 
structure and properties of the low–carbon steel can be summarised as follows: 

• Deformation of investigated steel by the ECAP method at the temperature of approx. 290 °C led to 
important improvement of strength properties. The biggest increase in strength was found after the 
first two passes through the ECAP die. 

• Deformation occurred during 8 ECAP passes led to formation of ultra fine–grained ferritic structure 
with  a small fraction of globular carbidic particles, which were usually present at the boundaries of 
ferritic grains. Density of dislocations inside ferritic grains was very low. Majority of ferritic grains was 
formed by the mechanism of re–crystallisation of deformed metallic matrix. 

• Sub–grains with an angle of misorientation under 10° formed after 8 ECAP passes only approximately 
15 % of all ferritic grains. 

• Average size of ferritic grains with high–angle boundaries after 8 ECAP passes was 0.32±0.20µm. 

However, the analysis could not include the grains, the size of which was smaller than 0.1µm. In 
comparison with the as received state  the grain size was refined by two orders.  
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Abstract  

Carbon materials are good candidates as electron emitters. In this article will be described emission 
properties of carbon nanotubes prepared by chemical vapour deposition (CVD). The measurement of 
emission current density flowing through the electrodes was carried out in a vacuum chamber pumped by 
a turbomolecular pump. The vacuum chamber was equipped with a linear nano–motion drive SmarAct that 
enables precise changes of the distance between two electrodes inside the vacuum chamber (step width 
from 50 nm to 1000 nm, sub–nanometer resolution). The measured results were compared with Fowler–
Nordheim theory. One of the proposed solutions for usage CNTs as emitters is in a pressure sensor. 
A method for packaging emission pressure sensor was also invented so the emission could exist outside the 
laboratory vacuum chamber. The electrodes of the sensor could be bonded using glass frit bonding or 
anodic bonding technology. 

Keywords: carbon nanotubes; emission properties; thermal chemical vapour deposition; anodic bonding 

1. INTRODUCTION 

Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical nanostructure. Nanotubes are members 
of the fullerene structural family. Their name is derived from their long, hollow structure with the walls formed 
by one–atom–thick sheets of carbon, called graphene. These sheets are rolled at specific and discrete 
("chiral") angles, and the combination of the rolling angle and radius decides the nanotube properties; for 
example, whether the individual nanotube shell is a metal or semiconductor. Nanotubes are categorized as 
single–walled nanotubes (SWNTs) and multi–walled nanotubes (MWNTs). Individual nanotubes naturally 
align themselves into "ropes" held together by van der Waals forces, more specifically, pi–stacking [1]. 

Nanotubes have been constructed with length–to–diameter ratio significantly larger than for any other 
material. These cylindrical carbon molecules have unusual properties, which are valuable for 
nanotechnology, electronics, optics and other fields of materials science and technology. In particular, owing 
to their extraordinary thermal conductivity and mechanical and electrical properties, carbon nanotubes find 
applications as additives to various structural materials [2].  

Applied quantum chemistry, specifically, orbital hybridization best describes chemical bonding in nanotubes. 
The chemical bonding of nanotubes is composed entirely of sp2 bonds, similar to those of graphite. These 
bonds, which are stronger than the sp3 bonds found in alkanes and diamond, provide nanotubes with their 
unique strength.  

For these reasons, they have attracted huge academic and industrial interest, with thousands of papers on 
nanotubes being published every year.  
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2. EMISSION MECHANISM 

Field emission involves the extraction of electrons from a solid by tunnelling through the surface potential 
barrier. The emitted current depends directly on the local electric field at the emitting surface E, and on its 
work function, ɸ. Fowler–Nordheim model [3] shows that the dependence of the emitted current on the local 
electric field E and the work function ɸ, is exponential like. As a consequence, a small variation of the slope 
or surrounding of the emitter and/or the chemical state of the surface has a strong impact on the emitted 
current. The small diameter of carbon nanotubes is very favourable for field emission. The device emits 
electrons when an electric field or voltage is applied [4, 5]. 

The emission mechanism is possible to describe in simply form using current density equation: 

[ ] [ ]12/32/132 95,003,1exp −− −⋅⋅⋅⋅= EBeBeE
A

J φφ
φ                        1) 

where E is local electric field at the emitting surface, ɸ is work function of electron from the emission surface, 
the constants A and B reflects the influence of the electron charge e, the electron mass m and Planck's 
constant h. 

Theory of emission mechanism is shown in Fig. 1 . Field emission involves the extraction of electrons from 
a solid by tunnelling through the surface potential barrier. The emitted current (IE) depends directly on the 
local electric field at the emitting surface E, and on its work function, ɸ. If the applied voltage is fixed, the 
emitted current depends directly on emitter distance x. The variable EF represents Fermi level. 

 

Fig. 1  Theory of emission mechanism (Fowler–Nordheim law) [3] 

Also, for nanotubes, electrons are not emitted from a metallic continuum as in usual metallic emitters, but 
rather from well–defined energy levels of ~0.3 eV half width corresponding to localized states at the tip. The 
energy spread of nanotubes is typically half of the metallic emitters (~0.2). The shape of the energy 
distribution suggests that the electrons are emitted from narrow energy levels. The greatest part of the 
emitted current comes from occupied states with a large density of states near the Fermi level, but the other 
deeper levels also contribute to the field emission. 

EF 

E = 0 

E 

E1  > E2 

ɸ 

x 
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3.  EXPERIMENTAL 

For this experiment, carbon nanotubes were deposited using a thermal chemical vapour deposition [6 – 8]. 
Typical deposition process was as follows. The substrate was placed in quartz boat and put in the centre of 
horizontal furnace equipped with quartz glass tube (1000 mm long) terminated with flanges as it is 
schematically shown in the Fig. 2 (left) . 

 

Fig. 2  Scheme of thermal CVD furnace (left) and SEM analysis of CNTs (right) 

Gas flow rates were controlled by electronic flow controllers. The inner diameter of quartz glass tube is 
45 mm and hot zone length is 150 mm. The furnace deposition temperature was measured by K type 
thermocouple. The substrate was heated under mixture of Ar, flow rate 2800 sccm, and H2, flow rate 
500 sccm, to 800 °C with ramp rate of 25 °C.min–1. The CNTs were grown at 800 °C under mixture of Ar 
(1400 sccm) and C2H2 (30 sccm). Deposition time was 20 minutes. After the deposition the substrate cooled 
down under Ar flow (1400 sccm). A detailed study of the deposition of CNTs and their characterization were 
published in [9, 10]. 

The measurement of emission current density flowing through the electrodes was carried out in a chamber 
pumped by a turbomolecular pump and equipped with feedthroughs for voltage application and current 
measurement. The vacuum chamber was equipped with a new vacuum compatible linear nano–motion drive 
SmarAct that enables precise changes of the distance between two electrodes inside the vacuum chamber 
(step width from 50 nm to 1000 nm, sub–nanometer resolution). 

          

Fig. 3  Vacuum chamber for emission measurement (left) and nano–motion drive SmarAct (right) 

electrode (Si substrate) 

800 °C 

gas outlet gas inlet 
Ar, H2, C2H2
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4.  RESULTS AND DISCUSSION 

Measurements were performed at pressure of 10–4 Pa for ten electrode distances – from 84 µm to 100 µm. 
For these ten distances, the same results were obtained for multiple times. In the set of experiments on the 
array with CNTs with dimension of 4x4 mm, the field emission results (Fig. 4 left ) show that in the small 
electrode distance, there is the low turn–on field (smaller than 1 V/µm) and there is achieved a high current 
density at 1,8 V/µm. 

The measured results follow the Fowler–Nordheim law as expected. For smaller electrode distances, it is 
expected a higher current density for same applied voltages or vice versa, the same current density at lower 
applied voltages. The curves in Fig. 4  (right)  show, that the emission current depends on electrode distance 
when the applied voltage is fixed. This could be a confirmation of the proposed solution and CNTs could be 
used as emitters in a pressure sensor. 

    

Fig. 4  Results of current density in dependence on intensity for ten electrode distances (left) and results of 
emission current in dependence on the electrode distance for applied voltage from 80 to 150 V (right) 

If one of the electrodes will be flexible (membrane), this system could be used for pressure sensing. Two 
conductive silicon electrodes are bonded together. The cathode is with carbon nanotubes, the anode is 
flexible. The pressure from external inlet causes the bend of anode, i.e., the emission current (electrode 
distance) is changing when the applied voltage is fixed.  

A method for packaging emission pressure sensor was also invented so the emission could exist outside the 
laboratory vacuum chamber. The entire sensor could be encapsulated using glass frit bonding. This 
technology is widely used in industrial microsystems applications where fully processed silicon wafers have 
to be bonded. The first successfully attempts are shown in Fig. 5 . 

        
Fig. 5  Cross section of glass frit bonding 
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Silicon  
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Silicon  
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This end–of–process–line bonding must fulfill some very specific requirements, such as: process 
temperature limited to 450 °C to prevent any temperature–related damage to wafers, no aggressive cleaning 
to avoid metal corrosion, high process yield since wafer processing to this stage is expensive, bonding of 
wafers with certain surface roughness or even surface steps resulting from metal lines electrically running at 
the bonding interface to enable electrical connections into the cavity sealed by the bonding, as well as a 
mechanically strong, hermetically sealed, reliable bond. All of these requirements are fulfilled by the glass frit 
bonding process, which additionally can be very universally applied since it can be used to bond almost all 
surfaces common in microelectronics and microsystem technologies. 

5.  CONCLUSION 

In conclusion, we successfully fabricated vertically aligned carbon nanotubes using CVD method. The tips of 
nanotubes serve the electrons. The emission current is dependent on electrode distance. The measured 
dependencies show that the CNTs are stable and low noise. If one of the electrodes will be flexible 
(membrane), this system could be used for pressure sensing. We also introduced the method for packaging 
emission pressure sensor for application outside the laboratory vacuum chamber. 
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Abstract 
The passivated zigzag graphene nanoribbons composed of 2 or 4 atoms wide basis (2–ZGNR or 4–ZGNR) 
produce strong spin–dependent behavior resulting in a large spin polarization effect. It is shown by analyzing 
the GNR transmissions calculated by Extended Hückel self–consistent field model (EH–SCF). Our results 
endorse that for the generation of spin–polarized currents, formation of spin–ordered edge–localized states 
along the zigzag edges is the key mechanism. We analyzed the influence of various point and planar defects 
as well as the influence of width and structural composition of GNRs and presented transmission, 
eigenstates, difference electron densities and electrostatic difference potentials of all respective structures. 
Since GNRs have long spin–correlation lengths and good ballistic transport characteristics they can be 
considered as a promising active material of spintronic devices without the need of ferromagnetic electrodes 
or other magnetic entities. The spin filtering structures could be prepared by the nanolithography of GNR or 
by the bottom–up approach in future. 

Keywords: graphene nanoribbon, spin filter, transmission 

1. INTRODUCTION 

As a promising material for the molecular electronic devices, graphene has attracted a big attention in recent 
years. Graphene is a polycyclic aromatic hydrocarbon forming a single atomic layer of carbon in infinite 
planar hexagonally orientated lattice. It has extraordinary electrical properties such as the room–temperature 
superconductivity or very high spin transport coherence length [1]. Small stripe of graphene, known as 
graphene nanoribbon (GNR), which can be separated top–down from larger structure by nanolithography or 
even grown from chemical precursors by bottom–up approach, is considered as 1D nanowire (quantum wire) 
when it is less than 50 nm thick [2]. As mentioned, these very thin quantum wires can be created by 
chemical synthesis from simpler hydrocarbons and thus they are very promising for construction of molecular 
electronic or spintronic systems. In last few years, thinking 
about graphene as a perspective material for spintronics 
is giving its results. Firstly, the spin splitting due the 
external field applied to GNR has been discovered [3, 4]. 
Then it has been found, that same effect can be 
accomplished by the certain crystallographic defects, 
placed on the zigzag edged GNR (ZGNR) [5]. In this 
article we are investigating certain types of those defects 
using the Extended Hückel self–consistent field (EH–SCF) 
method [6]. Because of the endeavor of gaining the 
reference base of results, we analyzed many kinds of 
seemingly unrelated planar crystallographic defects which 
are presumably interesting because of their spin splitting 
behavior. All those defects were applied to 2–ZGNR or 4–
ZGNR (2 or 4 atoms wide basis, shown red on the Fig. 1 ) 
structures 12 atoms long, as shown on the Fig. 1 . Our 
goal was to predict spin transport properties of two–

Fig. 1  General view of the simulated ZGNRs 
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electrode structure made of nanoribbon, which is passivated by the hydrogen atoms and with a defect 
located in the central region. 

2. MODEL AND METHOD 

We used Atomistix ToolKit simulation software with Virtual NanoLab environment from QuantumWise  
[7, 8, 9]. We selected the proper structure, placed the carbon atoms in to original positions and passivated all 
the free bonds by hydrogen atoms. In order to reach the thermodynamical equilibrium of the system the 
optimized atom positions are computed by molecular dynamics technique. We used embedded Brenner`s 
quick optimizer to optimize geometry of the chemical bonds so as the maximal component of the interatomic 
force was less than 10–9 eV/Å after the optimization. For calculation of the electrical properties, we used 
semi–empirical EH–SCF method for nanoscale devices, with spin polarization considered [6]. As shown on 
the Fig. 2 , the simulated system is divided in two electrodes (source and drain) and the central region. Due 
to the used method, we need to extend the electrodes into the structure. In order to consider the electrodes 
as a bulk region, there is need to have enough space in the central region for both electrode extensions. 
Depending on the structure, this length for extension should be about 5 to 10 Å. It is 7.38 Å in case of our 
simulations. Atom in the electrode extension is identical to the one in the electrode (shown on the Fig. 2  as 
the red dots). Further details about the EH–SCF method can be obtained in [6]. In order to simulate the 
situation where electrodes are made of GNRs, we need to leave the atoms involved in the electrodes without 
change. Thus the first three atoms from both sides of the structure are left without defects and they are only 
affected by dynamics of the whole system which mostly means small linear stretching over the z–axis. 

 

Fig. 2  General situation scheme of the simulated system. 

3. NUMERICAL RESULTS 

At first, we analyzed the 2–ZGNR structure shown on the Fig. 3a . From the Fig. 3b  we can clearly see, that 
while spin up electron eigenstates are strictly placed on the edge of the ribbon, the spin DOWN electron 
eigenstates are placed inside the ribbon on the contrary. We obtained transmission spectrum (Fig. 3c ) with 
visible strong spin splitting. There are free energy levels only able to transport electrons with spin DOWN in 
the vicinity of the Fermi level. For the energies greater than zero, another mode seems to emerge, making 
possible greater transmission for spin UP (DOWN) electrons at positive (negative) energy levels. 
Transmission of spin DOWN electrons is always approximately 1 or greater for the surveyed small energy 
levels. 

The second analyzed structure is the 4–ZGNR shown on the Fig. 4a . The Fig. 4b  shows similar character of 
the eigenstate locations for spin UP (or DOWN) electrons as visible on Fig. 3b . Once again, we can see 
significant spin splitting of the free energy levels in the transmission spectrum (Fig. 4c ). This time, on the 
contrary to 2–ZGNR, spin DOWN electrons transmission seems to be almost fully restrained for some small 
negative energy levels and the transmission spectrum itself is more symmetrical than the one of the 2–
ZGNR. 
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 a)     b)    c) 

Fig. 3  a) The simulated system. b) Eigenstates for the quantum number 0, for the spin UP electrons at the 
top and for the spin DOWN at the bottom. The color range covers the eigenstate values from their minimum 

(blue) to maximum (red). c) Transmission spectrum for the spin UP (black) and DOWN (red) 

            

 a)     b)    c) 

Fig. 4  a) The simulated system. b) Eigenstates for the quantum number 0, for the spin UP electrons at the 
top and for the spin DOWN at the bottom. The color range covers the eigenstate values from their minimum 

(blue) to maximum (red). c) Transmission spectrum for the spin UP (black) and DOWN (red) 

The third analyzed structure is the 4–ZGNR with an edge defect in the central region of the system (Fig. 5a ). 
The defect is symmetrical to the z–axis and it is causing the narrowing of the ribbon to the 2–ZGNR, creating 
very short segment of the 2–ZGNR connected to the 4–ZGNR electrodes. The eigenstates on the Fig. 5b  
shows clearly the effect of the necking in the central region. By comparison of Fig. 4b  and 5b , we can 
conclude that the area of both spin electron eigenstates on Fig. 5b  is smaller and it is arranged close to the 
defect. The transmission spectrum on the Fig. 5c  shows the energy levels spin splitting and also the overall 
inhibition of transmission at the surveyed small energy levels. 

            

 a)     b)    c) 

Fig. 5  a) The simulated system. b) Eigenstates for the quantum number 0, for the spin UP electrons at the 
top and for the spin DOWN at the bottom. The color range covers the eigenstate values from their minimum 

(blue) to maximum (red). c) Transmission spectrum for the spin UP (black) and DOWN (red) 
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The last analyzed structure is the 4–ZGNR with the linear defect causing the separation of the ribbon in two 
segments and disconnecting carbon–carbon bonds completely (Fig. 6a ). The defect is placed shapely that 
the separation is anti–symmetrical to the z–axis and y–axis. All the aromatic rings on adjacent sides of the 
separation are preserved and distance between the two separated sides of the ribbon is slightly enhanced 
due to the repulsive forces of the bonded hydrogen. On the Fig. 6b  we can see the arrangement of the 
eigenstates. The UP spin electron eigenstates are dislocated at the center while the DOWN spin electron 
eigenstates are dislocated only on the one side of the separated ribbon. On the transmission spectrum 
(Fig. 6c ) we can see the result of this phenomenon. The DOWN spin free energy states seems to be 
diminished almost completely but the UP spin energy states are available for energies allowing transport of 
the UP spin electron from one side of the separated ribbon to another. On the Fig. 7a and 7b  we can see, 
that only the hydrogen atoms can facilitate the UP spin electron transport. These Figures show how the 
current is flowing in the ribbon at the energy ε = +1.9 eV. We can clearly see that current created by DOWN 
spin electrons (Fig. 7a ) on this energy level cannot overcome the defect because in this case it is 
transported only through the carbon–carbon bonds. On the contrary, the current created by the UP spin 
electrons (Fig. 7b ) can overcome the barrier of the linear defect because of the closely located hydrogen 
atoms. 

             

 a)     b)    c) 

Fig. 6  a) The simulated system. b) Eigenstates for the quantum number 0, for the spin UP electrons at the 
top and for the spin DOWN at the bottom. The color range covers the eigenstate values from their minimum 

(blue) to maximum (red). c) Transmission spectrum for the spin UP (black) and DOWN (red) 

     

 a)       b) 

Fig. 7  The current transmission pathways at the energy 1.9 eV. The line thickness is proportional to the 
strength of the current. a) For the spin DOWN electrons. b) For the spin UP electrons 

4. CONCLUSIONS 

We have shown that passivated 2–ZGNR or 4–ZGNR structures have strong spin filtering ability. Our results 
endorse that for the generation of spin–polarized currents the formation of spin–ordered edge–localized 
states along the zigzag edges is the key mechanism. Since GNRs have long spin–correlation lengths and 
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good ballistic transport characteristics they can be considered as a promising active material of spintronic 
devices without the need of ferromagnetic electrodes or other magnetic entities. The spin filtering structure 
could be prepared by the nanolithography of GNR. V–shaped constrictions could be realized by means of 
local anodic oxidation using scanning probe microscopy. All GNR structures can be prepared chemically 
from precursors as well. 
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Abstract 

The paper is devoted to study of flame retardant polypropylene (PP) based nanocomposites with addition of 
carbon nanotubes (CNT). Research was made by semiempirical quantum chemistry simulation. A model of 
interaction between fragments of polymer chains (oligomers) with CNT surface has been proposed. The 
effect of additive on PP molecular structure was studied. Different types of functional groups (COOH, OH, F) 
were considered. Molecular level mechanism of CNT influence on the PP combustion parameters is 
discussed.  

Keywords: carbon nanostructures, combustion of polymers, flame retardancy, polypropylene 

1. INTRODUCTION  

Attention to development of flame retardant polymeric nanocomposites increases rapidly. Nanoparticles of 
layered silicates, carbon nanofibres and CNT, or combination of particles are commonly used for the polymer 
modification. The effect of the nanoadditives on the polymer’s thermal destruction is significant [1–3].  

PP and CNT based flame retardant nanocomposites described in the literature in detail. In the paper [1] CNT 
functionalized by gas–phase ozonation were used. PP and PP nanocomposite were investigated by 
thermogravimetric analysis (TGA) in air and argon atmosphere. Model–free estimation of activation energy 
using Friedman approach was taken to get preliminary model analysis for thermo–oxidative decomposition. 
Experiments, which were performed in the air, revealed a general trend toward stabilization of the 
nanocomposite. Three–stage thermo–oxidative decomposition of nanocomposite in dynamic heating 
conditions was confirmed by obtaining data. A significant effect was achieved by adding at least 0.5 wt. % 
CNTs. Due to carbonization stage activation barrier about 230 kJ/mol appeared in decomposition reaction. It 
is higher than in the case of montmorilonite, thus CNT were recognized more effective. The results, which 
were obtained in inert atmosphere, showed a slight effect on thermal stability of the nanocomposite. 
Activation energies for decomposition in argon atmosphere were not obtained. 

Presumably, CNT act as radical adsorbents. Such property promotes formation of a protective carbonized 
layer in condensed phase of polymer. It prevents transport of heat and combustible gases between the flame 
and PP.  

In this paper interaction between PP and CNT was investigated. Research was carried out by semiempirical 
quantum chemistry simulation with PM3 method. Different electron accepting functional groups (COOH, OH 
and F) were placed in the CNT surface. Technologies of CNTs surface functionalization are commonly 
applied for nanocomposites obtaining. Functionalization improves interaction between matrix and particles. 
Influence of the functional groups on carbonization process was expected.  

Owing to CNTs chemical inactivity, binding energy between the functional groups and CNT surface may be 
lower than C–C binding energy in PP. Especially it may be possible for soft functionalization and high 
graphitization degree of CNTs surface. In this case combustion temperature for PP becomes enough high for 
functional groups unlinking from CNT surface. Reaction between PP and negatively charged ions of 
functional groups is expected. Dehydration of PP molecules should promote carbonization process by 
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covalent binding between CNT and PP fragments. This mechanism should strongly effect on PP thermal 
destruction.   

2. CALCULATION DETAILS 

Fragments of not chiral (0, 6) CNT with length about 1 nm (5 hexagonal cells) and diameter about 0.6 nm 
were considered. Length of PP oligomers was set equal to 3 monomers. All free valence bonds in the 
system were saturated with hydrogens. To reduce role of border atoms in interaction process we located 
oligomer chains perpendicularly to CNT’s axis. Reducing of molecules lability was achieved with freezing 
coordinates of the molecules border atoms. 

The above model fragments are presented in Fig. 1 .  

 
 а b c 

Fig. 1  Observed model systems 
a – the surface of CNT is modified by atom of F, b – OH – group, with – COOH–group 

All calculations were carried out by semi–empirical PM3 method [4]. Parameterization of this method was 
optimized according to thermo chemical researches of a wide class of organic compounds. Thus the method 
is very suitable to calculation of organic molecules properties. All calculations were executed using PC 
GAMESS (firefly) quantum chemical program [5]. 

Interaction between oligomers and CNT surfaces was observed. Possibility of negatively charged functional 
groups formation and dehydration of oligomer was taken into account. Investigation of dehydrated radicals 
sorption on CNTs surfaces was carried out for example of (•CH3) radical. Possibility of CNT’s ionization and 
radical dehydration with (•CH2)– producing is considered.  

Role of oxygen containing atmosphere was not considered and it should be accounted in following 
challenges.  

3. RESULTS AND DISCUSSION 

There is intermolecular electrostatic interaction between CNT and PP in the model system. Interaction 
accompanied with reorganization of oligomer’s structure to provide maximal interaction between hydrogen 
and negatively charged functional group. According to results of population analysis, there is no charge 
transfer between the CNT and PP. Such interaction should be dominating for low temperatures. Effect of 
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polar intermolecular binding on strength of covalent bonds in PP is negligible. This result is the same for all 
considered types of functionalization. 

Achieved results are in good agreement with experimental [6], where IR spectra of pure and composite PP 
samples were compared. According to experiment, main frequencies of spectra are almost changeless for 
both samples. 

Calculated binding energies between functional groups and CNT surface are lower than C–C and C–H 
binding energies in oligomer. According to calculations results, energy of fluorine desorption equals 65 
kcal/mol, for OH it is 44 kcal/mol, and for COOH it is 38 kcal/mol. In real systems, when functional groups 
bind to defects of CNT’s surface, binding energy should be higher, but consideration of such interactions is 
outside the framework of this paper.  

In course of PP thermal destruction desorption of functional groups from CNT surface become feasible. Due 
to bond’s polarity functional group can be negatively charged. Interaction between negatively charged ions of 
functional groups and positively charged hydrogens of PP leads to dehydration of PP. Activation barrier of 
dehydration reaction is low for fluorine and OH–group, and higher for COOH. For the estimation of the 
barrier’s energy the potential energy surfaces scanning by following schemes were carried out: 

 PP–COOH– → PP– + HCOOH 
 PP–OH– → PP– + H2O 
 PP–F– → PP– + HF 

Distances between the molecules R–H (R is ion of the functional group) and PP were enhanced step by 
step, and for each step potential energy was calculated.  

Computations show, that in the case of F– and OH– functional groups binding energy E is over 20–30 
kcal/mol. For COOH– group binding energy is much higher, and E = 130 kcal/mol. As energy of the C–O 
bond in carboxylic group is lower (70 kcal/mol), break of C–O bond with forming CO molecule and OH anion 
is more likely. Energy of oligomer chain dehydration, calculated in the frames of described model, equals 
187 kcal/mol.  

Separation of functional groups from CNT’s surface leads to CNT electronic structure corruption. 
Consequently CNT atoms get a positive charge and become chemically active. After the PP dehydration 
oligomer becomes negatively charged and is prone to chemical interaction with CNT. Low flexibility of the 
fragments boundaries limits probability of their chemical bonding. Heating of the oligomer leads to formation 
of the light and mobile active hydrocarbons, and some of them should be dehydrated. Probability of 
recombination of charged radicals should be low due to their coulomb repulsion. Sorption of such radicals on 
the positively charged CNT surface is much 
more likely.  

The interaction between CNT and hydrocarbon 
fragment was investigated on the simplest 
possible example (•CH2)–. Optimization of the 
CNT–radical system shows that interaction 
leads to formation of the structures as 
presented on the Fig. 2 . Calculated interaction 
energy is 136 kcal/mol.  

To understand better the role of functional 
groups in interaction process, we performed 
comparison between pure and functionalized 
CNT. Energetic diagram of the methyl radical 
separation from PP and further sorption to pure 
CNT is presented on the Fig. 3 a, b .  

Fig. 2  Model of the structure which appears due to 
sorption of the ion (•CH2)–  to the CNT surface 
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 a b 

Fig. 3  Influence of pure CNT on the thermal destruction of PP  
a – destruction of pure PP with •CH3 forming;  

b – destruction of PP with •CH3 adsorption on CNT surface 

Results, shown on the Fig. 3 , indicate that even pure CNT have radical accepting properties. Thus they may 
act as carbonization centers. Calculated energy of the C–C bond in PP equals 90 kcal/mol. It is found to be 
in good agreement with experimental value of C–C binding energy, but much higher than activation barriers 
of thermooxidative destruction reported in [1]. Discrepancy may be explained by the role of oxygen in 
destruction process.  

Modeling of the thermal destruction reactions in presence of functionalized CNT was carried out according to 
assumption that heating leads to desorption of functional groups from CNT surface and negatively charged 
ions formation. Dehydration of the PP by ions with formation of hydrofluoric acid, water, or water with carbon 
monoxide (depending on type of functional group) was observed. Due to reaction PP and CNT get negative 
and positive charge respectively. Than separation of dehydrated methyl radical from the PP chain with 
further adsorption to CNT atoms were observed.  

Binding energy C–C between dehydrated methyl ion and PP equals 84 kcal/mol. It is slightly lower then C–C 
energy before dehydration. Thus it was recognized that separation of dehydrated radical is more likely, and 
separation of methyl was not considered. After the separation, adsorption energy of ion (•CH2)– on charged 
CNT surface was calculated. Results show, that interaction energy between (•CH2)– and CNT+ is equal to 
136 kcal/mol. It is higher, than energy of CH3 separation from PP chain. 

Energetic diagrams for thermal destruction of PP interacting with functionalized CNT’s are presented on the 
Fig. 4. a, b, c .  

 
a 

 
b 
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c 

Fig. 4  Energetic diagrams for reactions with different type functional groups on CNTs surfaces 
a – CNT modified with fluorine atom; b – with OH group; c – with COOH group 

Activation energy and reaction heat of described model reactions are presented in the Table 1 . It is seen that 
functionalization of CNT with OH–group or fluorine atom, reaction is exothermic, while reaction with 
carboxylic group or without functional groups is endothermic. In combustion process heat absorption is 
impossible because of oxidative processes of destruction products.  

Table 1  Activation barriers Eact and reaction heat ∆Н for model reactions 

Reaction Eact, kcal/mol ∆Н, kcal/mol 

PP → PP• + •CH3↑ 90 90 

CNT + PP → PP• + •CNT–CH3 90 24 

Reaction Eact, kcal/mol ∆Н, kcal/mol 

CNT–F + PP → PP• + HF + •CNT–CH2 128 –8 

CNT–OH + PP → PP• + H2O + •CNT–CH2 134 –2 

CNT–COOH + PP → PP• + H2O + •CNT–CH2 + CO↑ 177 41 

Due to reactions with the participation of functional groups, total activation barriers become higher than C–C 
binding energy. Nevertheless, due to probabilistic nature of different reaction ways, different models should 
be considered and compared by energies.  

4. CONCLUSIONS 

Model of CNT and PP interaction in thermal destruction process is discussed. The structure of CNT is 
simulated by molecular fragment. To reduce role of border atoms in interaction process all free valence 
bonds were saturated with hydrogens and oligomer chains were located perpendicularly to CNT axis. 
Reducing of molecules lability was achieved with freezing coordinates of border atoms. It is shown that role 
of CNT surface modification on carbonization process is significant. According to proposed model, soft mode 
of functionalization by electron accepting groups is preferable. 

Due to activation of CNT surface by de–electronation its adsorption ability increases. Dehydration of PP by 
negatively charged ions of functional groups is probable. Negatively charged dehydrated polymeric 
molecules are chemically active, but probability of their binding to CNT is restricted by their low mobility.  

In the course of PP thermal destruction light and mobile hydrocarbon fragments are forming. Probability of 
their adsorption on the CNT surface is much higher. Adsorption of the radicals on the CNT inhibits their 
oxidation and leads to the forming of non flammable protective carbonic layer, which reduce heat and mass 
transfer through the sample surface. 
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Due to simplifications in the model, calculated activation energies are not directly backed up with the 
practical experiments [1, 6]. For example, calculated diffusion barrier, which appears due to carbonization, is 
equal 130 kcal/mol, and it more than twice higher than experimental 55 kcal/mol [1]. The source of 
discrepancy is probably in neglecting of oxidative processes, which appears in experiments due to 
interaction with air. Nevertheless, model is suitable for qualitative description of the CNT functionalization 
role in flame retardant nanocomposite production. Namely, it shows that functionalization not only provides 
adhesion of filler to matrix, but also affects on CNT radical accepting properties. 
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Fig. 1 Schematic diagrams of single–
wall carbon nanotube (SWCNT) and 

multi–wall carbon nanotube (MWCNT) 

EVALUATION OF ELECTRICAL PROPERTIES OF INJECTION MO LDED POLYPROPYLENE 
MATRIX WITH CARBON NANOTUBES 

Jan VÁCHA, Petr LENFELD 

Technical university of Liberec, Liberec, Czech Republic, EU, Jan.vacha@tul.cz 

Abstract  

This work examines the electrical properties of composites with thermoplastic polymer matrix and carbon 
nanotubes. As a basic matrix was used polypropylene, to which were added nanoparticles in the weight 
percentage in the form of nanotubes. The composite was made by the injection molding machine Arburg. For 
evaluation of electrical properties was measured resistivity of the final polymer composite material with 
added nanofiller and without it. In this paper are also described injection parameters. 

Keywords : carbon nanotubes, nanocomposite, surface resistivity, mechanical properties, injection molding 

1. INTRODUCTION 

Nanotechnology is nowadays one of the most developing technology. Now it consists of four main areas – 
nanomaterials, nanoelectronics, molecular nanotechnology and microscopes working in the scale of 
nanometers. Using structure and nanoparticles properties is epochal and hi–tech technology, that is possible 
to use in wide range of different areas and branches of human activity, and which exceeds delimitation of 
individual branches of science and technical research. The same use is also in the high tech of 
nanocomposite materials, which today has properties that we previously could not imagine [1]. Carbon 
nanotubes (CNT) are elongated systems whose wall are created by carbon atoms (similar to spherical 
fullerenes) with the diameter from 1 up to 100 nanometers and length up to 100 μm. They can be found as 
single–wall (SWCNT) or multi–wall (MWCNT) see Fig. 1 . Nanotubes were produced at ratio length: diameter 
– 132000000:1 that is much higher than any other material. These cylindrical carbon molecules have special 
properties which are highly valuable for nanotechnologies (electrical, optical,...). Mainly due to their thermal 
conductivity, mechanical and electrical properties have found these material uses as fillers for different 
structural materials [2]. Electrical conductivity of CNT–polymer nanocomposites using very low CNT weight 
loadings typically reaches the level of semiconductors (~0.001–0.1 S/m). The conductivity of these 
composites can reach up to several hundreds of S/m when CNTs are aligned or decorated. The critical CNT 
content required to form a percolation network depends mainly on the CNT type (single–wall carbon 

nanotube, SWCNT, or multi–wall carbon nanotube, MWCNT), 
intrinsic CNT quality (amorphous carbon content and ratio 
metallic/semi–conductive tubes), aspect ratio (L/d), 
morphology, polymer matrix and dispersion state, and hence 
the range of reported percolation thresholds for CNT–polymer 
systems is vast. For the same polymer and CNT intrinsic 
quality, dispersion state and CNT aspect ratio have been 
recognized as the critical factors governing composite 
conductivity [3]. In this work are MWCNT used as a filler in 
polypropylene polymer matrix and examined the effect on the 
nanocomposite using tensile test, electron microscopy and 
measurement of surface resistivity. Within the tensile test is 
specimen stressed in the direction of the axis with increasing 
force until it breaks. During the test is recorded strength and 
elongation of ensemble.  
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2. MATERIAL AND EXPERIMENTAL 

2.1 Material  

In this paper was as a parent composite matrix used polymer polypropylene (PP) from the company Nanocyl 
(Sambreville, Belgium) with trade name Plasticyl PP2001. Thermoplastic polymer composite Plasticyl 
PP 2001 is for application requiring superior electrical conductivity and electric discharge properties.  Into PP 
composite was added 20 % weight percentage of nanoparticles in the shape of multi–wall carbon nanotubes 
(MWCNT) also from the company Nanocyl. There was chosen 20 % weight ratio of carbon nanotubes 
because of need of verifying the properties of the composite with a high content of nanotubes. The 
composite has density 0.872 g/cm3. Melting temperature varies about 170 °C. The result of surface 
resistivity of polypropylene without MWCNTs is 1.10 x 1013 ohm, melt flow index is 12 g/10min. 

2.2 Machine and moulds 

For injection was used standard column–mounted injection machine ARBURG 270S 400–100. Injection 
moulding technological parameters had to ensure partly samples production and there was necessary to 
avoid nanotubes structure degradation, too. Mainly with regard to thermal and shear loading was crucial to 
set proper plastication and injection moulding parameters (see Table 1 ). For injection mould tempering was 
used aggregate TA3. Temperature of melt was 190 °C. Injection rate was 30 cm3/s and size of holding 
pressure 1.200 bar. For production testing samples for tensile test from composites with carbon nanotubes 
was used injection mould with central ejector which had exchangeable plates according to requirements and 
individual ISO standards. Holding pressure time was 35s. A sample for the measurement of resistivity was 
used injection mould of plates with dimensions 120x120x2 mm with conical inlet in the middle. Holding 
pressure time was 20s. Both forms have cooling circuits both on the part of die and part of punch. Mould was 
cooled to a temperature of 60 ° C for both the two halves of injection mould. Rate of cooling down was 
100 °C.  

Table 1  Injection moulding parameters 

Barrel Temperature [°C] Injection Speed 

Zone 5 Zone 4 Zone 3 Zone 2 Zone 1 [cm3/s] 

280 270 265 255 240 30 

2.3 Surface resistivity 

 
Fig. 2 Circular electrodes: Surface resistivity    Fig. 3  High Resistance Meter 4339B Hewlett 

                               Packard 
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Resistivity measurement was carried out according to ČSN EN 61340–5. On test samples was measured 
surface resistivity of the device consisting by two circular electrodes which comply with the standards, see 
Fig. 2 , and measuring instrument High Resistance Meter 4339B Hewlett Packard, see Fig. 3 . To measure 
the surface resistivity is necessary to know the value of secondary circuit electrodes and distance of 
electrodes. Measurements were carried out at a voltage of U = 100 mV, the electric current was I = 10 mA. 
The temperature was 23 °C and relative humidity in the room was 51 %. Measurement was performed on 15 
specimens PP with MWCNTs and without fillers.  

3. RESULT AND DISCUSSION 

Test specimens were injection molded from granulate 
Plastycyl PP2001. Testing samples were evaluated on 
surface resistivity. At composite processing there was 
presumption that foliation of the carbon nanotubes is 
homogenous as it is written in [5– 9]. On Fig. 4  we can 
see break of test specimen of polypropylene matrix with 
MWCNT after tensile test. 

With regard to fact that composite viscosity was greatly 
higher then PP viscosity without carbon nanotubes, 
were pressure parameters during filling phase and 
pressure phase for commonly adjusted temperature 
conditions at injection quite too high: pressure at 
switch–over was 1500 bars, holding pressure was 
1200 bars [4]. Adjusted technological parameters for 
production of testing samples were chosen from several 
testing variants of the technological parameters. Due to 
the higher viscosity of composite was necessary to increase the melt temperature of 170 °C to 190 °C. At 
this temperature the structure is not degraded. 

Antistatic grade of test samples of composite Plasticyl PP2001 was measured by the surface resistivity. 
Measuring of surface resistance is commonly used to evaluate the measuring of antistatic grade, however 
volume resistivity is used only in cases of dispute. How good antistatic grade is, we can see in Table 2  [10]. 
Measurement of surface resistivity was performed on 15 specimens PP with MWCNTs and without fillers. 
The resulting values of resistivity we can see in Table 3 . 

Table 2  Ratings antistatic properties [10] Table 3  Measurement of surface resistivity 

PA6 with MWCNT 
Surface 

resistivity ρs 
[Ω] 

Average 7.51 x 107 

Standard deviation 1.2 x 107 

 

 

The resulting samples PP with MWCNTs indicates that this 
composite has very good antistatic grade and is capable of excellently drain off static charge to the area. 
These results indicate that there was a homogeneous dispersion of MWCNTs and the injection molding had 
not a great influence on the conductivity of the composite. Results PP without added nanofillers are not 

Antistatic grade Surface resistivity 
[Ω] 

excellent 106  ÷ 107 

very good 107  ÷ 108 

good 108  ÷ 109 

average 109  ÷ 1010 

barely satisfactory  1010  ÷ 1011 

unsatisfactory 1011  ÷ 1013 

Fig. 4  Image of break of test specimen after 
tensile test 
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recorded, because the device is not able to measure. This is because the basic polymer matrix has a higher 
resistance than the device can detect. It cannot be used as a conductor of static charge. 

The tensile strength of PP without carbon nanotubes as fillers is 24.3 MPa, with carbon nanotubes is 
40.52 MPa. The loading speed was 50 mm/min. The measurement procedure was in accordance with 
standard ČSN EN ISO 527–1, 2. Elongation of test specimens decreased from 75 % to 3.75 %. From results, 
we see an increase in tensile strength, but we can also see a reduction in ductility, resulting in increased 
hardness and brittleness of the final composite. Higher material costs do not compensate for the increase in 
mechanical properties. 

4. CONCLUSION 

The development of composites with thermoplastic matrix and carbon nanotubes is a constantly evolving 
process that will be influenced by expanding number of application possibilities, using not only excellent 
electrical properties of such composites. These properties and application potentials will be influenced not 
only by the type and form of nanotubes, their percentage by volume, but also the type and kind of the 
polymer matrix. The test results show increase in the mechanical properties. Because of the higher price of 
the composite is not expected wider use in this area. Rating resistivity is a good pointer to determine how 
well the composite drains static charge. The results show that the composite PP2001 has excellent drain off 
static charge. These properties enable wide use of this composite, such as applications in explosive 
environments. It also shows the possibility of using this composite as a conductor of electric charge, which 
will be the subject of further research. Influence of change of percentage amount nanotubes with regard to 
resistivity and conductivity will be examined in the near future. 
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Abstract 

In the last couple of years a broad range of atmospheric pressure plasma sources was developed, following 
by intensified attempts to create functional surface coatings at ambient conditions. The so called 
atmospheric pressure plasma enhanced chemical vapor deposition (APCVD) is a useful way to apply such 
coatings on several substrate materials (even plastics) due to their low gas temperatures. We will report 
about our investigations on silicon oxide thin films deposited with a jet plasma arrangement. By choosing 
appropriate deposition parameters it is possible to vary the overall surface properties in a broad range. 
Typical applications can be found in the field of controlling the wetting ability, transmission improvements of 
float glass or transparent plastics, for photovoltaic applications or corrosion protection of light metals like 
magnesium.  

A next step is the creation of functional composite layers by implementation of additional components into 
the growing silicon oxide matrix structures. One part of our contribution emphasis the possibility to create 
wear resistant, antimicrobial thin layers by using silver containing solutions as additional precursor 
substance. In this way it is possible to apply such coatings successfully on textile wound dressings as well as 
bone substitute materials like titanium alloys for medical applications. Furthermore, a therapeutic range with 
good bactericidal but non–cytotoxic properties could be determined. In a second example it will be shown 
that fluorescent thin films can be deposited using temperature sensitive organic and non–organic fluorescent 
dyes as precursor substances. These layers can be used for product identification processes, for instance. 

Keywords: cold plasma jet, APCVD, antibacterial coating, fluorescent coating, corrosion protection 

1. INTRODUCTION 

Within the process of constant development and improvement of cold plasma sources operating under 
atmospheric pressure conditions, more and more fields in industrial applications can be covered by this new 
technology. First developments in this area were deployed to enhance lamination, varnishing or gluing of 
polymer surfaces, where the plasma–surface interaction can induce functional groups at the surface, leading 
to strong chemical bonds. These effects are known also from low pressure plasma processes.[1] Alongside 
with surface modifications by plasma interactions the deposition of thin films have become of strong interest 
in research and development but also industrially in the last couple of years.  

Compared to low pressure plasma processes the main advantages of atmospheric pressure plasma 
processes can be found on decreased investment and operating costs by saving cost–intensive vacuum 
equipment, with the associated pumping times or the expense of large amounts of energy to produce and 
maintain the vacuum conditions. Furthermore, the corresponding systems are generally characterized by 
their compactness which results in reduced place requirements but also a greater ease to integrate this 
systems into existing industrial production lines.[2] In the case of atmospheric pressure plasma enhanced 
chemical vapor deposition (APCVD) high precursor and process gas flow rates can be initiated due to much 
smaller mean free paths resulting in high layer growth rates. The disadvantages or limiting factors of the 
ambient atmosphere can be seen in the achievable layer qualities and the purity compared to typical vacuum 
deposition processes like the physical vapor deposition (vaporization or sputtering) as well as thermally 
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activated or plasma enhanced chemical vapor deposition. Also the number of producible layer types which 
can be deposited in an economic way are restricted by the atmosphere. Thus, the focus lies mainly on thin 
oxide layers like silicon oxide, titania or zinc oxide for potential use in transmission improvements on float 
glass or transparent plastics, setting the wetting ability, photocatalytic properties and easy–to–clean 
surfaces, or for transparent conductive oxide thin films (TCO).[2–4] But additionally, due to the possibility to 
drive the plasma sources with arbitrary process gases like air, nitrogen, noble gases or different gas mixtures 
also silicon nitride, diamond like carbon (DLC), fluorocarbon thin films and others are now possible under 
atmospheric pressure conditions although currently only for research purposes.[5–8] A whole new field is 
currently accessed by implementation of nanoparticles into the growing matrix layer structures to change the 
overall surface properties. These so–called composite structures will be described more in detail in the 
following chapters for the special cases of antibacterial and fluorescent features. Additionally, the 
applications of pure silicon oxide layers for corrosion inhibition on light metal materials will be shown. 

2. EXPERIMENTAL PART 

2.1  APCVD of SiO x thin films and composite layer structures 

The presented investigations were carried out with the open plasma jet system “plasma BLASTER MEF”.[9] 
These jet–plasma–systems are specified by a cylindrical electrode arrangement, whereby in this case a 
direct current pulsed plasma is ignited between an inner stick electrode and the gas driven grounded metallic 
plasma nozzle. In this way the produced potential–free plasma is directed towards the substrates which are 
placed at a movable substrate holder. The electrical power can be tuned within the limits of 60 W and 500 W, 
which is quite low comparing with other plasma jet systems using an arc discharge. In order to deposit 
homogenous thin films the substrate holder consisting the fixed substrates was moved computer–controlled 
in a meandering pattern (array of parallel lines) relatively to the fixed plasma jet system. The experiments 
were carried out with a single jet system, but also systems with several tens of plasma jet sources are 
commercially available with a width up to 40 cm and electrically supplied by only one power source. With 
such systems higher areas of flat surfaces can be treated more effectively.[9] 

Hexamethyldisiloxane (HMDSO) was used as a silicon containing precursor substance. The HMDSO was 
evaporated, mixed with the pressurized gas stream leading to the plasma jet device and converted inside the 
DC pulsed plasma. Thus, at the substrate surface thin silicon oxide layers can be grown up to thicknesses of 
about few hundred nanometers. Due to the low thermal impact of the plasma to the substrate practically any 
desired surface can be coated, even temperature sensitive plastics. By choosing appropriate deposition 
parameters the layer properties can be influenced in a certain range. So it is known, that the electrical power, 
precursor dose and the process gas can directly influence the chemical structure of the silicon oxide 
layers.[3, 4] For example, the wetting behavior of the layer surface can be determined by organic residues 
from the initial precursor. In tendency, high precursor doses and low electrical power values are leading to a 
more hydrophobic surface behavior, caused by an incomplete chemical conversation process of the HMDSO 
resulting in a higher Si–CH3 content of the produced layers.[4] Depending on the organic content such films 
can either be used for adhesive improvements but also as separating layers.[10, 11] 

To deposit composite thin films by APCVD a secondary precursor can be fed into the active plasma zone, 
additionally to the gaseous HMDSO. Using a specially developed nebulizer system it is possible to inject 
liquid or dispersed precursor substances into the downward plasma torch. This nebulizer system contains of 
a dosage nozzle, peristaltic pump and several channels of pressurized carrier gases to limit the maximum 
particle and droplet sizes. In this way, it is possible to generate an aerosol mist which is injected into the 
plasma. By converting the solvent and the precursor small nanoparticles are generated in the vapor phase, 
which are incorporated into the growing SiOx matrix structures. In the case of antibacterial active properties 
metal salt solutions like silver nitrate or silver nanoparticle containing dispersions were used as antibacterial 
agents for these investigations. Other precursor materials based on copper and zinc can also be used. A 
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basic sketch of the experimental setup for the deposition of antibacterial active silicon oxide thin layers can 
be found in Fig. 1 . 

 

Fig. 1 Schematic layout of the APCVD plasma jet coating system for bactericidal thin silicon oxide layers [12] 

For highly fluorescent silicone oxide thin films as secondary precursor material either organic or inorganic 
fluorescent dyes are possible for the deposition process. These dyes are present both in soluble or highly 
dispersed form. Otherwise, the experimental setup is the same compared to the antibacterial coatings. 

3. RESULTS AND DISCUSSION 

3.1  SiOx thin films for corrosion inhibition 

One main field of application of these silicon oxide layers are explored for the corrosion protection and 
adhesive improvements of light metals by additional thin silicon oxide layers deposited by APCVD. Several 
other authors have reported of corrosion improvements on aluminium surfaces but also higher adhesion of 
paint systems after deposition of thin silicon oxide layers. [13, 14] In our experiments AZ31 magnesium alloy 
flat substrates were investigated. Compressed air and nitrogen served as process gases during the 
deposition step but the corrosion inhibition obtained with nitrogen was significantly better. Due to the 
reducing atmosphere of nitrogen oxidation processes at the magnesium surface can be reduced or inhibited, 
effectively. Combining a suitable phosphoric acid pretreatment of the AZ31 surface with the application of the 
SiOx adhesion layer and a matched primer – paint system, corrosion resistance in neutral salt spray tests as 
well as paint adhesion values could be strongly increased. As can be seen from Fig.  2 the APCVD coated 
left–hand side of the phosphoric acid pickled specimen shows much better corrosion inhibition after 2600 h 
salt spray test in accordance to DIN EN ISO 7253 NSS comparing to the uncoated side. These good results 
are in the same range with those of chromated and painted magnesium surfaces. Regarding the adhesion of 
the applied powder paint an even further increase could be determined by the tear–off test (DIN EN 24624) 
for the coated magnesium substrates over conventional chromating methods. [15] 
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Fig. 2 Layer composition for corrosion protection of AZ31 magnesium substrates (left) and results for salt 
spray tests after 2600h (right); phosphoric acid pickled specimen coated on the left–hand side [15] 

3.2  Bactericidal composite layers 

For bactericidal silicon oxide layers nanoparticle sources based on silver, copper or zinc salt solutions can 
be applied. Fig. 3  shows a cross–sectional view of a silver doped SiOx thin layer on silicon wafer substrate 
using dissolved silver nitrate as precursor as the antimicrobial component. As can be seen from the SEM 
picture a homogenous incorporation of the in–situ created silver nanoparticles into the growing silicon oxide 
structures can be achieved. Overall a smooth appearance without holes of the layer can be stated. 

 

Fig. 3 SEM cross–sectional view of silver containing SiOx thin films, overall film thickness about 200 nm [12] 

The bactericidal properties were investigated by different test methods on Escherichia coli HB101 bacteria 
strains. As a method the BacTiter–GloTM microbial cell viability assay (BTG assay) was used to detect 
bacterial injury on the basis of intracellular ATP content of the cells. The antimicrobial activity is detected 
during the BTG assay by measuring the intensity of the luminescence signal, which is proportional to the 
ATP concentration of the cells. A decrease of the ATP content in comparison to the unaffected E. coli 
suspension indicates an inhibition of the energy metabolism within the cells and with it cellular damage. 
Thus, for high antimicrobial activities of the layers low luminescence intensities are obtained.  

Furthermore, by estimation of the colony forming units (CFU assay) the number of bacteria capable to form 
colonies on agar plates was detected. To obtain information about the resistance of the coatings against 
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applied abrasive stress and the corresponding residual bacterial activities a washability test according to 
ASTM D2486 was used. The bactericidal results of coated glass cover slips showed a strong activity of the 
coatings in both microbial assays against E. coli. These good bactericidal properties could be even 
maintained after 10000 washing cycles as can be seen in the BTG results shown in Fig. 4 , which indicates 
that mechanical stable and wear resistant thin films can be deposited by APCVD. Thereby, the best results 
were obtained for layers with minimum film thicknesses of about 150–200 nm. [12, 16] 

 

Fig. 4 Results of the BacTiter–GloTM assay of bactericidal coated and mechanically stressed glass surfaces 
[17] 

In further studies these results were transferred to medical substrate types like textile wound dressings or 
bone substitutes. In both cases different drug doses were applied to determine a therapeutic range of strong 
bactericidal activity against specific pathogenic strains of Staphylococcus aureus and Klebsiella pneumoniae 
and negligible cytotoxic properties. The results showed for both substrate types such a therapeutic window 
but with different threshold values for the dose, depending on the different surface–to–volume ratios of the 
substrates. Further information for the wound dressing materials are published elsewhere. [18] 

3.3  Fluorescent dye composite layers 

As a second example of composite matrix layers the growing SiOx–structures can be enriched with 
fluorescent dyes. Due to the small thermal impact during the deposition step either temperature sensitive 
organic but also inorganic fluorescent dye solutions or nanoparticulate dispersions can be used. In such a 
way thin transparent fluorescent layers can be applied on nearly any desired surface. Under visible light 
conditions the fluorescence dye layers are not appreciable whereas during UV irradiation – depending on the 
used dye – a weak light response can be observed or detected. The specific emission wavelength of the dye 
can be used as one property to identify products. Applying an additional second step, e.g. using a laser 
labelling technology it is possible to destroy the fluorescence dyes locally due to the in–coupled laser energy. 
It has to be mentioned that the laser energy density can be tuned so that only the dye will be destroyed but 
not the SiOx film itself. Directing the laser beam in a defined way over the coated surface small codes or 
labels can be written on the substrate as can been seen in Fig. 5 . 
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Fig. 5 Fluorescent dye containing SiOx thin film on glass including labelled information [19] 

With these presented deposition and labelling methods a multiple labelling procedure was developed, which 
can be implemented into existing production lines for local treatment of surfaces. Applications can be found 
especially in the field of production control and product labelling. 

4. CONCLUSION 

It could be shown that by APCVD methods it is possible to create thin functional films and composite layers. 
By applying pure silicon oxide layers on defined pre–treated AZ31 magnesium alloy surfaces an significant 
increase in corrosion protection of light metals can be realized. Furthermore, the deposition of thin composite 
layers with enhanced functionalities was presented by feeding silicon–organic and additional secondary 
precursors into the plasma process. In this way antibacterial surfaces without cytotoxic behavior can be 
prepared on wound dressings and implant materials, for instance. Additionally, fluorescent dye containing 
thin films were prepared and a technology for laser labelling was applied.  
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Abstract  

Polyaniline (PANI) is one of the most studied and applied conducting polymers because of the unique 
conduction mechanism and high environmental stability. PANI could be synthetized by chemical or 
electrochemical methods. For this study PANI thin films deposited on glass substrate were prepared by 
chemical bath deposition from anilinium sulfate (precursor) using ammonium peroxodisulfate as strong 
oxidizing agent. Prepared samples were dried in high voltage static electric field (0.6 – 2.7 kV/cm). The most 
important effect was the increase of PANI thin film conductivity. Results showed changes in the 
microstructure, morphology, and conductivity of PANI thin films in dependence on high voltage electrical 
field. Optical transmittance was studied by UV–VIS spectroscopy and Raman microspectroscopy was used 
to study structural changes in PANI chains. Variances in the range 1480–1650 cm–1 was revealed in Raman 
spectra. The dependence of conductivity on electric field intensity showed the maximum for samples dried in 
field of intensity 1.0 kV/cm. This conductivity was 374 S/m. Presented results show the possibility to change 
the structure properties of PANI thin films using high voltage static electrical field. 

Keywords: polyaniline, conducting polymer, thin film, high voltage, Raman spectroscopy  

1. INTRODUCTION 

Conducting polymer with unusual electrical and optical properties is polyaniline (PANI). PANI also has very 
good environmental stability and good redox reversibility [1, 2]. Low cost and wide availability of aniline and 
its derivatives marked PANI as an ideal candidate in various applications such as electrochimic devices  
[3, 4], light–emitting diodes [5], gas and pH sensing [6–9], and many others. Thin films from PANI polymer 
are frequently studied form of PANI on different substrates and with different techniques of preparations [10]. 
Many studies used glass slides, because they are transparent and chemically stable, e.g. Stejskal et al. used 
glass slide as a substrate for PANI thin films [11].  

Our study shows the modification of the conductivity of PANI thin films by the postsynthetic high–voltage 
(HV) electrical field treatment in the range 0.6 – 2.7 kV/cm. Prepared samples were compared with the 
untreated sample (reference sample). Influence on PANI structure, optical and electrical properties was 
estimated by Raman spectroscopy, UV–VIS spectroscopy and conductivity measurements, respectively.  

2. EXPERIMENTAL 

2.1 PANI films preparation  

PANI thin films were coated on the glass slides (76 mm x 26 mm x 1 mm) which were washed in a soap 
solution, rinsed with distilled water, then with ethanol and dried. PANI thin film was coated on the only one 
side of the slide, because one side was covered by a scotch tape. PANI thin films were prepared by mixing 
two following solutions: 0.2 M aniline prepared in 0.5 M sulfuric acid, and 0.1 M ammonium peroxodisulfate 
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dissolved in distilled water. The sulfuric acid has been used because it leads to much higher conductivity 
than aniline hydrochloride as we proved [12]. 

Before the polymerization and formation of PANI thin film the glass slide was attached by clips and was 
hanged on strings into the beaker. Polymerization process takes 20 minutes and then the glass slide with 
PANI thin film was removed from the beaker and rinsed with 0.2 M hydrochloric acid. All samples were dried 
in the DC HV field (MBS 601 – Tesla Brno). The intensities of the HV field were chosen 0.6, 1.0, 1.5, 2.0 and 
2.7 kV/cm and prepared samples were denoted as P_0.6, P_1.0, P_1.5, P_2.0 and P_2.7 respectively. 
Reference sample (P_0) has been prepared at same conditions and let dried out of the field. 

2.2 PANI films characterization 

Conductivity of the PANI thin films was measured by static applied voltage in DC regime using electrodes 
made of conductive rubber. These instruments were used: DC POWER SUPPLY HY 3003 D–2, V–meter 
UNIT_T UT802, pA–meter KEITHLEY 6487. To better understanding of this special apparatus see our work 
[13]. During and after repeated measurements, there was no visible damage of the PANI thin films caused 
by the electric current flowing the samples. 

Raman spectra were acquired with 532 nm excitation laser source, with 100x objective and using 1200 
gr./mm grating in the Smart Raman Microscopy System XploRATM (Horriba Jobin Yvon, France). CINTRA 
303 (GBC Scientific Equipment) was used to measure UV–VIS spectra. The optical transmittance was 
measured at normal incidence at room temperature in the spectral range of 800–350 nm. Speed was 1000 
nm/min with step size 0.427 nm, slit width was 2.0 nm. 

3. RESULTS AND DISCCUSSION  

Optical transmittance in dependence on wavelength for all prepared samples is shown in Fig.  1. All prepared 
PANI thin films had the green color, what correspond to the conducting form of PANI (emeraldine salt) with 
chains lengths longer than 10–mer units [14]. During the HV treatment no color change was observed. From 
the spectra could by clearly observed, that the optical transmittances can be considered nearly the same. 
Maxima of the transmittance values with corresponding wavelengths are listed in Table 1 . 

Table 1 Main characteristics of all samples are listed in the following order: applied HV field, conductivity  
  and transmittance with corresponding wavelength 

Sample HV [kV/cm] σ [S/m] Tmax [%] (λ [nm]) 
P_0 0.0 88 0.82 (532) 

P_0.6 0.6 329 0.79 (515) 
P_1.0 1.0 374 0.82 (522) 
P_1.5 1.5 328 0.83 (520) 
P_2.0 2.0 214 0.82 (513) 
P_2.7 2.7 541 0.80 (519) 

Table 1  also summarizes the conductivity results in dependence on HV field intensity. Drying in the HV 
electric field leads to significant changes in the conductivity of the samples. Usage of the HV electric field up 
to 1 kV/cm leads to increase the conductivity, contrary to further increase of HV electric field to decrease the 
conductivity. Special case occurred for electric field of the intensity above 2 kV/cm, because the corona 
discharge has been observed. Corona discharge has significant influence on the conductivity of PANI thin 
film. The sample denoted as P_2.7 exhibits the highest conductivity (541 S/m). Unfortunately this increase of 
the conductivity was accompanied by the degradation of PANI chains [15]. If this special case with corona 
discharge left aside, the highest conductivity was observed for sample dented as P_1.0.  
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Fig. 1 UV–VIS spectra for all prepared samples 

These findings corresponded to Raman spectra. Raman spectroscopy was used for characterization of all 
PANI thin films, because it is very valuable technique to characterize the protonation state of PANI and to 
determine the structural changes in PANI chains. In the further text the attention is paid to the comparison of 
the three interesting samples: reference sample P_0, and two samples P_1.0 and P_2.7. Their 
corresponding Raman spectra are shown in the Fig. 2 . 

  
Fig. 2 Raman spectra of samples P_0, P_1.0 and P_2.7¨ 

All characteristic bands for PANI is clearly visible in reference sample (P_0) spectra, stretching mode in the 
phenyl rings (1626 cm–1), C=C stretching vibration in quinone (1595 cm–1), stretching vibrations of C=N and 
C=C in quinone (1515 cm–1), protonation band corresponding to stretching vibration of C–N+· (1318 cm–1), C–
N stretching vibration of benzene, quinone (1260 cm–1), C–H bending vibration of semiquinone rings (1175 
cm–1) and in the region 850–400 cm–1 are visible out–of–plane deformation vibrations of aromatic rings [16–
22]. In this region any significant changes are not clearly visible. But sample P_2.7 exhibits significant 
changes in the spectra in the range 1400–1630 cm–1. These changes corresponding to partially decomposed 
PANI chains [15,23]. This is understandable, because this sample was exposed to the corona plasma 
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treatment. The P_1.0 is the sample treated with HV electric field with maximum conductivity and its Raman 
spectrum exhibited the narrower bands than reference sample (P_0). Also the wavenumbers of Raman 
bands are shifted to the higher wavenumbers in the spectrum of the sample P_1.0. These changes indicate 
higher degree of order in chain structure, so the corresponding increases of the conductivity.  

4. CONCLUSIONS 

Present study shows that the treatment with HV electrical field has the influence on conductivity of PANI thin 
films as well as its structure. Significant differences are observed for the conductivity of PANI samples 
treated with HV electric field contrary to reference sample. The highest conductivity of PANI thin film samples 
treated with HV electric field has P_1.0 sample (374 S/m). HV electric field above 2.0 kV/cm caused corona 
discharge what leads also to the very high conductivity of the sample P_2.7 (541 S/m).  

Raman spectroscopy is valuable technique to determine the structural changes of PANI thin films. Raman 
spectrum of P_2.7 sample shows changes, corresponding to partially decomposed PANI chains caused by 
the corona discharge. And also the P_1.0 exhibited some changes, the narrower bands and shifted 
wavenumbers of Raman bands to the higher values. Less valuable information was obtained by the UV–VIS 
spectroscopy, because the differences in the optical transmittance are not significant and values remain 
nearly the same, which corresponds to the observation, that no changes in PANI thin films colors was 
occurred. 
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Abstract  

In this study, multi–chamber gas–dynamic accelerator (MCDS) was applied for deposition of AMPERIT 
740.0 Al2O3 powder on flat specimens of hot–rolled carbon steel (ASTM A570–36). The powder consisted of 

crushed particles with the main fraction being 5.6–22.5 µm. The Al2O3 coatings microstructures and phase 
compositions were characterized using SEM, TEM, OM, SPM and XRD techniques. Measurement of the 
microhardness of samples was done using a Vickers’s indenter with load on of 0.30 N. It was established 
that MCDS has provided the conditions for formation of a dense ceramic layer with hardness of 

1320 ±25 HV0.3 and porosity below of 1 %. α–Al2O3 is predominant phase in coatings. The coatings is 
characterized by the regular change of packaged "flakes" – deformed discrete particles of oxide and had the 
classical lamellar structure of thermally sprayed coatings with good lamellar bonding. The size of the 
deformed particles was ~ 50 – 3000 nm. The area of the coating that adjoins to the substrate contains a 
transition layer of intermetallic compounds such as FeAl3, Fe2Al5. 

Keywords: gas–dynamic accelerator, Al2O3 coatings, microstructure, hardness, porosity 

1. INTRODUCTION 

The coatings of Al2O3 powder have drawn great attention for their high strength, hardness, the corrosion 
resistance and high wear–resistant and have been regarded as potential materials to increase reliability and 
component products operating at high temperatures, speeds and in harsh environments [1]. Because of 
excellent properties of alumina ceramics, they are widely used in many refectory materials, grinding media, 
cutting tools, high temperature bearings, a wide variety of mechanical parts, and critical components in 
chemical process environments, where materials are subject to aggressive chemical attack, increasingly 
higher temperature and pressures [2]. Ceramic coatings usually are characterized by a relatively high open 
porosity which is deleterious when the coatings have to perform in an aggressive environment [3]. There are 
also adhesion problems between the oxide coating and metallic substrate. A viable solution is to insert a 
metallic "bond coat" between the substrate and the coating [2]. In this study, the coatings of Al2O3 were 
deposited on STE255 steel substrate by using cumulative–detonation equipment. The microstructure, 
composition, porosity, hardness and wear resistance of Al2O3 coatings were investigated. 

2. EXPERIMENTAL 

2.1 Materials 

Powder AMPERIT 740.0 Al2O3 was used to form a dense ceramic layer on the steel STE255. The powder 

consisted of crushed particles with a maximal size of up to 50 µm (5 – 10 %), the main fraction being 5.6 –

 22.5 µm, the phase composition is mainly represented by γ–Al2O3 (92.34 %), α–Al2O3 (3.83 %), SiO2 (3.83 %) 
(Table 1 ). Flat specimens of hot–rolled carbon steel (Fe–0.25C–0.90Mn–0.04P–0.05S–0.20Cu, all in wt pct) 
were used as substrates and they were sandblasted using alumina grits 25А F360 prior to spraying. The 
dimensions of the samples were of 30 x 30 x 5 mm. The sample was prepared by grinding with abrasive 
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SiC paper (gradation 200, 500, 800, 1000), followed by polishing with 1 μm diamond slurry according to 
the procedure recommended by Struers company for ceramic coatings. 

2.2 Apparatus and Procedures 

In this work for spraying of powder coating of aluminum oxide a multi–chamber gas–dynamic accelerator 
was used (Fig. 1 ) [4]. The Al2O3 coatings were carried out using the parameters summarized in Table 1 . 
Nozzle of a throat diameter of 16 mm was adopted. 

 

Fig. 1  Equipment for deposition of coatings using MCDS 

Table 1  Spraying parameters 

Flow rate of fuel mixture components, m3/h 
Nozzle 
length, 

mm 

Frequenc
y, Hz 

Distance 
from the 

sample, mm 

Powder 
feeding, 

g/h 

Speed of 
powder, 

m/s, ± 200 Oxygen 
Propane + 

butane 
Air 

*4.16 / **3.55 *0.8 / **0.54 *0.25 / **0 500 20 60 720 1300 

*Cylindrical combustion chamber. **Disk combustion chamber 

The microstructure and elemental composition of Al2O3 coatings are characterized by scanning electron 
microscopy (SEM) equipped with an X–ray detector of the PEGASUS 2000 system, scanning probe 
microscope Integra Aura (SPM) and optical microscopy. Porosity was determined by the metallographic 
method with elements of the qualitative and quantitative analysis of the geometry of the pores by using 
optical inverted microscope Olympus GX51. The hardness tests were carried out with automatic micro–
hardness analysis system DM–8 by Vickers’s test applying load 300 g. X–ray diffraction studies of coatings 
were performed on a diffractometer ARL X'TRA. Local structural and phase studies were conducted by using 
a transmission electron microscope JEOL JEM 2100. 

3. RESULTS AND DISCUSSION 

Electron microscopy studies of transverse sections of the «coating – substrate» (Fig. 2 ) showed that the 

coating of Al2O3 powder (thickness ~ 200 µm) is characterized by the regular change of packaged "flakes" – 
deformed discrete particles of oxide. The ceramic layer are observed undeformed fractured powder particles 
and flaking of large particles during grinding of the samples due to the presence of the starting powder 
particles sized up to 30 microns (Fig. 2 ). The porosity of the Al2O3 coating was less than 1–2 %. Coating is 
formed through successive laying a set of deformed particles that have different temperature, speed and 
mass (Fig. 3 ). The size of the deformed particles was ~ 50–3000 nm (Fig. 3, 4 ). 
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Fig. 2  SEM images of cross section of the Al2O3 powder coating: x 500 (а), 5000 (b) 

 

Fig. 3  SEM images of cross section of the Al2O3 powder coating: x 10000 (а), 20000 (b), 40000 (c) 

   

Fig. 4  SPM micrograph of the Al2O3 coating 

High speed of dispersed materials provides their deformation, mechanochemical reaction and the formation 

of a sufficiently thick (5 µm) of the transition layer. Area of the coating that adjoins to the substrate contains 
a transition layer of intermetallic type of intermetallic compounds such as FeAl3, Fe2Al5 (Fig. 5 ). 
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(a)        (b) 
Fig. 5  Microstructure and elemental composition of transverse sections of the sample (SEM) (a) and TEM 

image and diffraction TEM photographs of a transition layer "coating/substrate" 

It was established that the coating consisted mainly of θ and α Al2O3 an insignificant amount γ–Al2O3 and 
elements of the amorphous phase (Table 1 and Fig. 6 ). 

Table 2  The phase composition (%) of the Al2O3 powder and coating 

 

Fig. 6  Results of X–ray analysis of Al2O3 coating 

4. CONCLUSION 

Examinations of the coating structure showed that was formed of a dense ceramic layer with hardness of 
1460±25 HV0.3 and porosity below 1 % These characteristics are comparable with properties of the coatings 
produced with the agglomerated nano–sized powders by using the HVOF units operating with hydrogen 
[5]. The absence of any substantial scatter in micro–hardness values from point to point is not worthy. The 
measured values of micro–hardness are stable throughout the layer (variations are no more than 5 %), 
which is indicative of the uniformity of the layer of the adhering deformed particles, as well as of the phase 
and structural uniformity of the coating material. In the transition layer "coating/substrate" were formed the 
intermetallics of systems type FeAl, which indicates the high as the compound the substrate with coating. We 
consider that the coatings of Al2O3 powder can be used as material with excellent durability and operating 
characteristics. 

Material 
Phase composition, % 

α–Al2O3 γ–Al2O3 θ–Al2O3  SiO2, Fe amorphous 

Powder Al2O3 3.83 92.34 – 3.83 – 

Coating Al2O3 13.35 9.5 75.35 0.3 1.55 
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Abstract 

Our interest is focused on potential applications of Mg2Si for effective solar energy conversion in solar cells 
based on hydrogenated silicon thin films (Si:H). Si:H large scale diode structures are successfully deposited 
by Plasma Enhanced CVD technique (PECVD) but the reached efficiency of energy conversion for serious 
production is too low up to now. It is very well known that in the case of amorphous structure the absorption 
coefficient α is high but transport of charge in this structure is not adequate for higher efficiency. From 
opposite side the microcrystalline structure is more convenient for transport of charge but α is lower and that 
is why the solar cells have been thicker for sufficient absorption of light. That is why we study possibilities 
how to increase α by usage of magnesium silicide nanoparticles (Mg2Si–NPs) in structure of Si:H. In this 
paper we introduce two technics – combination of PECVD and Vacuum Evaporation (VE) and Reactive 
Laser Ablation (RLA) – for preparation of cubic structure of Mg2Si–NPs in amorphous (a–Si) or amorphous 
hydrogenated (a–Si:H) silicon matrix. Formation of Mg2Si–NPs was proved by Raman spectroscopy. 
Likewise we introduce optical changes measured at absorption edge and the first results on realized NIP 
structures. 

Keywords: Mg2Si nanoparticles, a–Si/a–Si:H matrix, RDA, PECVD, RLA  

1. INTRODUCTION   

The Plasma Enhanced Chemical Vapour Deposition (PECVD) technique is widely used for deposition of 
large scale thin films on convenient surfaces and the technique is used for preparation of different structures. 
Final quality of the structures prepared is given by elements which are used and by compounds which we 
are able to create in plasma processes and finally by properties of final thin film structures or multi–
structures. One of many examples of PECVD utilization is deposition of hydrogenated silicon (Si:H) thin films 
(usually in form of amorphous (a–Si:H) and microcrystalline (µc–Si:H) layers) for large scale solar cells [1]. 
But the PECVD technique is limited for preparation of thin layers from volatile precursors.  

Another method, the Reactive Deposition Epitaxy (RDE) is known as a technique for formation of silicides of 
different elements. The deposition technique is conducted under Ultra High Vacuum (UHV) conditions and 
the technique is used mainly in fundamental research for preparation of new materials. The technique allows 
to form silicide nanoparticles of different metals (Fe, Cr, Ca, Mg) possesing semiconducting properties and 
convenient band gap for advanced applications. For example magnesium silicide (Mg2Si) and magnesium 
silicide nanoparticles (/Mg2Si–NPs) possess a narrow band gap of 0.6 – 0.77 eV [2,3] and high absorption 
coefficient in the photon energy in range of 0.8–2.0 eV. But the research of this material is focused mainly on 
thermoelectric applications up to now. Due to optical properties of silicides, they are studied as dopants in 
the hydrogenated silicon thin film for effective solar energy conversion in solar cells. 

In this paper we demonstrate a deposition of Si:H diode structures by PECVD technique using silane (SiH4) 
as silicon precursor. But at room temperatures there is no volatile and convenient precursor for transport of 
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magnesium into radiofrequency discharge. That is reason why we combined the PECVD and Vacuum 
Evaporation (VE) techniques for deposition of magnesium silicides. Reactive Laser Ablation (RLA) was 
applied as an alternative technique of the RDE in this study.  It allows preparation of Mg2Si–NPs in 
hydrogenated amorphous silicon matrix in one step. The technique is based on laser ablation of elemental 
magnesium and interaction of excited magnesium atoms with silane in the gas phase. We introduce here a 
new diode structure (NIP) with Mg2Si–NPs embedded in a–Si matrix as well. The multistructures were 
deposited ex–situ by RDE technique. Prepared magnesium silicides were analysed by SEM microscopy and 
Raman spectroscopy techniques. Optical changes at absorption edge and preliminary results of I–V 
characteristics on realized NIP structures are presented. 

2.  EXPERIMENTAL 

A standard radio frequency PECVD with 13.56 MHz for excitation of glow discharge at two electrodes 
configuration was used for decomposition of SiH4 (Fig. 1 ). Samples with Mg2Si nanoparticles on substrates 
(a–Si:H) were grown by combined PECVD/VE techniques (ex–situ) followed by vacuum annealing or plasma 
treatment. All processes were performed after standard 12 hour heating, pumping and degassing of a 
chamber and samples down to pressure about 10–5 Pa. For the deposition of N–type Si:H thin films a mixture 
of silane with 1 % of phosphane (PH3) was used. Undoped (intrinsic) I–type layers were deposited using high 
resistivity silane (5.0 purity) and for P–type layers a mixture of silane with 1 % of diborane (B2H6) was used. 
All the gas precursors where diluted by hydrogen in the volume ratio 4.3 : 50. The pressure in chamber was 
kept at 70 Pa and density of RF power was about 0.01 W/cm2. Magnesium evaporation was conducted ex 
situ in a four boat vacuum apparatus (SENVAC GmbH) with INFICON XTC/2 Deposition Controller. The 
stimulation of surface reaction was tested by annealing in vacuum up to 400 °C and by plasma treatment in 
a hydrogen or helium glow discharge.  

 
Fig. 1  The vacuum chamber and scheme of apparatus for deposition of hydrogenated silicon thin films by 

PECVD technique 

In the RLA technique, a magnesium target was irradiated by a focused beam of the ArF excimer laser 
(193 nm, 50 mJ/pulse, repetition frequency 10Hz, irradiation time 10 minutes) in a glass cell filled by 0,5 – 10 
Pa of silane (SiH4). Magnesium/silicon layers were deposited on various substrates (glass, quartz, tantalum) 
and analysed by microscopy, spectroscopy and diffraction techniques. 

The RDE growth of Mg2Si multilayers on two different glass substrates were carried out in an UHV chamber 
(OMICRON, base pressure of 2.10–10 Torr) equipped with LEED and AES–EELS spectrometers, Si and Mg 
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sublimation sources and a film thickness quartz sensor. Glass, ITO/glass and Si:H/ITO/glass wafers were 
used as the substrates for growth experiments. The glass substrates were cleaned in ethanol and then 
loaded in UHV device. In the first step a thin amorphous Si layer (30 or 60 nm thickness) was deposited on 
the glass substrates with ITO and Si:H layers at 70 – 80 oC. Then magnesium (1 nm) and amorphous silicon 
(5 nm) thin layers were deposited. The depositions of Mg/a–Si were repeated 15 or 30 times and then top 
amorphous Si layer with thickness from 30 to 60 nm was deposited. Samples at growth temperatures 92 oC 
were prepared and analyzed. The temperature was optimized in previous study [4]. Deposition rates (1 
nm/min for Si and 0.25–0.30 nm/min for Mg) were measured by quartz sensor before the deposition. The 
morphology of the grown samples with embedded Mg2Si nanolayers was investigated ex–situ by atomic 
force microscopy (AFM) in tapping mode. The optical reflectance spectra of the grown samples were 
registered using spectrophotometer Hitachi U–3010. The vacuum FT–IR spectrometer VERTEX 80v (Bruker) 
in the energy range of 0.5– 6.2 eV (with integrating sphere at 1.5 – 6.2 eV) was used for collecting the 
reflectance spectra. An optical absorbance of samples was measured by the Photothermal Deflection 
Spectroscopy (PDS). 

Raman spectra of the grown samples were measured using Nicolet Almega XR dispersive spectrometer with 
excitation 473 nm, equipped with Olympus BX 51 microscope. Scanning electron microscopy (SEM) was 
performed on a Tescan FR–TI2/736 and Tescan Indusem microscope equipped with EDX detector Bruker 
Quantax 125eV. 

3.  RESULTS AND DISCUSSION 

It is already known that a sticking factor of magnesium on the silicon surface is low.  Thus a control of the 
very thin (few nanometers thick) magnesium film deposition brings problems. It is reason why both 
reproducibility of the evaporation and stimulation of magnesium surface for reaction with silicon are difficult. 
On the other hand deposition of magnesium films of 100 nm thickness is very simple. Thus we prepared 
thick magnesium film by evaporation and subsequent etching process was applied to reduce the film 
thickness and stimulate reaction between Si and Mg. For this purpose helium and hydrogen plasma at 
pressures about 50 Pa with high power density of 1.5 W/cm2 was used. Magnesium silicide was formed on 
the surface in the form of nanosized (50–100 nm) islands (nanoclusters) with density 109 cm–2. It is well 
known that in the case of amorphous and microcrystalline silicon the role of hydrogen is important for 
dangling bonds saturation. We suppose that the role of hydrogen is important on the boundary formation 
between crystalline form of Mg2Si NPs and the silicon matrix. 

In the RLA technique a magnesium target was irradiated by a focused beam of the excimer ArF laser. 
Ablation was accompanied with bright green emission due to highly excited magnesium atoms and clusters, 
interacting with SiH4 molecules in a gas phase. Because of excess energy of magnesium species, silane 
decomposed and a dark brown material was deposited on the substrates. Ablation of magnesium was 
studied in a broad pressure range 0.5 – 10 Pa of silane and elemental composition of the deposit was 
investigated by an EDX technique. At 1 Pa we revealed the composition 2:1 (Mg:Si) and further deposition 
was carried out at this silane pressure. The deposited thin layer was revealed to be amorphous (by electron 
diffraction techique) after deposition at room temperature, while deposition carried out with the substrates 
heated to 200 oC afforded nanocrystalline deposits, as revealed by both electron diffraction and Raman 
spectroscopy.   

Crystalline structure of all grown samples was measured by the Raman spectroscopy. In the PECVD/VE and 
RLA samples the Raman spectroscopy revealed two peaks 259–261 cm–1 and 336 cm–1 (Fig. 2a ), belonging 
to the Mg2Si cubic structure [5,6]. Raman spectra confirm formation of semiconducting Mg2Si nanoclusters 
on the /a–Si:H/ layers in samples prepared by PECVD/VE and deposits prepared by RLA on the glass 
substrate. Ratios between intensity of crystalline Si (517 cm–1) and Mg2Si bands (centered at 262 and 340 
cm–1) depend on conditions of technological process. Both Mg2Si bands are very broad, which is an 
evidence for presence of small nanocrystallites. Moreover, in the case of PECVD/VE process the strong 
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peak of crystalline silicon appears (Fig. 2a , red and green line). It corresponds to conversion of the 
hydrogenated amorphous silicon into nanocrystalline form, since the intensity of Raman peak strongly 
increases and peak position shifts. Fig 2a  (blue line) represents well crystallized magnesium silicide 
prepared by PECVD/VE technique. Thus the results presented are a challenge for further plasma 
parameters optimization in the PECVD/VE process and in subsequent plasma treatment.  

A typical SEM image of Mg2Si–NPs on the surface of Si:H thin film is presented on the Fig. 2b . It 
demonstrates the morphology of the surface formed by nanoparticles with diameter up to 200 nm. 
Corresponding Raman spectrum of this surface is represented by the green line in the Fig. 2a . It means that 
both magnesium silicide and silicon crystallites are present in the sample. 

 

Fig. 2a  Raman spectra of Mg2Si–NPs samples, prepared by the PECVD/VE technique followed by vacuum 
annealing and plasma treatment (red, blue and green lines) and prepared by RLA (black line) 

Fig. 2b Typical SEM image of Mg2Si–NPs/Si on the surface of Si:H thin film 

According to AFM, the surface of multilayer samples with embedded Mg2Si layers prepared by RDE at 92 oC 
consisted of small (100–150 nm) granules without faceting (Fig. 3a ), square roughness is 3.03 nm. Mg/Si 
multilayers were capped by Si layer in the most samples. Therefore, after reloading the samples from growth 
chamber an oxidation of amorphous Si surface occurs, as observed by Raman spectroscopy bands centred 
at 480 cm–1. 

        
Fig. 3a  AFM images of samples grown by RDE at 92 °C deposited on the a–Si:H/ITO/corning glass 

substrate 
Fig. 3b  Dependence of absorption coeficient α of a–Si multistructure with embedded Mg2Si–NPs on photon 

energy 

a) b) 
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Thickness of the RDE grown samples with alternating Mg/Si multilayers is 135 – 210 nm, as measured by 
AFM technique. Calculations in the frame of two–layer model of the absorption coefficient shows (Fig. 3b ) 
that a main contribution in the energy range of 0.5 – 1.0 eV is caused by Mg2Si possessing a direct band gap 
about 0.40 eV but the main contribution in the spectra is given by both the second direct transition with band 
gap 0.72 eV and high density of states. We can propose that in the case of amorphous Mg2Si some changes 
in its electronic structure occur. So, the main contribution to the absorption spectra of samples with the Mg2Si 
nanoparticles is caused by two strong direct interband transitions. 

An optical absorbance of samples was measured 
by the Photothermal Deflection Spectroscopy 
(PDS). The Mg2Si nanoparticles have been 
embedded in the about 440 nm thick a–Si:H layer 
deposited on the Corning glass substrate. Fig. 4  
compares the optical absorbance spectra of a–
Si:H (blue line) with that of 13 layered Mg2Si 
nanoparticles embedded in a–Si:H (black line). 
The a–Si:H thickness 440 nm has been 
estimated from the interference fringes. Fig. 4  
shows that the embedded Mg2Si nanoparticles 
significantly increase the optical absorption in a–
Si:H in the red region. Therefore, the growth of 
Mg2Si multilayers (about 1 nm of Mg in each 
layer) together with Si interlayers is perspective 
for an increase of the absorption coefficient in 
the photon energy range of 1.5 – 2.5 eV as 
required for fabrication of solar cells based on 
hydrogenated silicon. SEM image (Fig 4, inset) 
shows morphology of the sample surface. 
Nanoparticles show a broad size distribution 
from 50 to 200 nm.  

               
Fig. 5  I–V characteristics for first realised diode structures on the base of a–Si:H thin films deposited by 

standard PECVD technique. Scheme of the realized diode structures A and B 

Fig. 4  Optical absorbance spectra of the intrinsic a–
Si:H layer (blue line) and 13 layered of Mg2Si 

nanoparticles in a–Si (black line). Inset: Morphology of 
13 layered Mg2Si in a–Si by SEM 
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The deposition of diodes on the base of Si:H thin films was performed by a standard deposition technique. 
First, a transparent and conductive thin film of indium tin oxide (ITO) was deposited by magnetron sputtering 
on the Corning glass. The NIP diode structure was deposited subsequently by PECVD technique through 
decomposition of SiH4 with PH3, SiH4 and SiH4 with B2H6. The I–V characteristics for the first realised diode 
structures are shown in Fig. 5. The curves difference is caused by presence of magnesium silicide 
nanoparticles and by oxidation process on the diode surface. But the I–V characteristic was held with a 
rectification factor about 104 – 105. This rectification factor of the standard diode structures is 107 for an 
applied voltage +/– 2–3V. For a direct measurement of quantum efficiency the NIP structures prepared by 
the in–situ grown are needed and this work is in progress. 

4. CONCLUSIONS  

Two new technological processes (PECVD/Vacuum Evaporation combined with annealing and plasma 
treatment and RLA) have been successfully used for the deposition of magnesium silicide (Mg2Si) layers and 
magnesium silicide nanoparticles (Mg2Si–NPs). Morphology of the deposited Mg2Si–NPs was observed by 
SEM and the cubic structure of prepared magnesium silicide has been confirmed by the Raman 
spectroscopy. The 15–30 layers Mg2Si/α–Si heterostructures on Si:H/ITO/Corning glass substrates were 
prepared by RDE method and substrate deposition temperature was optimized (90 – 92 oC). Increased 
infrared absorption of the hydrogenated /Si:H/ layers with embedded Mg2Si in the photon energy range of 
0.5–2.0 eV has been firstly demonstrated due to the formation of strong direct transitions in the Mg2Si 
nanoparticles inside amorphous silicon. The multistructure was successfully integrated into NIP a–Si:H diode 
structure and their I–V characteristics of the a–Si:H and Mg2Si /a–Si:H were presented .  
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Abstract   

Electrical conductivity is the well known property of polyaniline (PANI) for which this material is used in wide 
range of applications. According to the way of its use various forms of PANI, from powder to thin films 
deposited on different substrates, are prepared. Glass represents one of the often used substrates, mainly 
due to its chemical stability and optical transparency. Therefore, PANI thin films deposited on glass allows us 
to utilize both electrical and optical properties. This work deals with the preparation and characterization of 
conductive and optically transparent PANI thin films followed by addition of montmorillonite (MMT) particles 
enhancing the conductivity along with maintaining the optical transparency, although in the narrower range of 
wavelengths.  

Keywords: polyaniline, thin film, Montmorillonite, conductivity 

1. INTRODUCTION 

Polyaniline (PANI), the conducting polymer with interesting electrical and optical properties [1], is intensively 
studied and used in many practical applications. Sensors (gas sensing [2], protein sensing [3], pH sensing 
[4]), supercapacitors [5], solar cells [6], and corrosion protection [7] are only few of them. Very frequently 
studied form of PANI is a thin film. Many researchers used the deposition on glass slides which are 
transparent and chemically stable [8, 9]. The very important fact is that in conducting polymer systems, 
chains alignment plays a key role [10, 11] and inclusion of platy clay particles into polymer is one of the ways 
how to achieve the alignment [12–14]. All hitherto published studies of PANI/clay nanocomposites (NCs) 
have dealt with either powder form or pressed tablets with few exceptions, where small amount of PANI/clay 
NC was dispersed in essential component of the thin film [15, 16]. For example, Špírková and her co–
workers [16] used 4 wt.% of PANI/montmorillonite (PANI/MMT) NC in thin film prepared from organosilicon 
precursors and either α,ω–oligo(propylene oxide)triamine or α,ω–oligo(propylene oxide)diamine. We present 
the PANI/MMT NC thin films with no other components. Although there are some works dealing with 
PANI/filler thin films (PANI/CdS [17], PANI/carbon nanotubes [18]), the MMT clay has not been used yet. The 
PANI/MMT thin films exhibit unique electrical and optical properties in comparison with pure PANI thin films. 

2. EXPERIMENTAL PART 

2.1  Preparation of samples 

Aniline, sulfuric acid, aniline hydrochloride and ammonium peroxydisulfate (Lach–Ner, Czech Republic) were 
used as received. Microscope glass slides (76 mm × 26 mm × 1 mm), cleaned using soap solution, were 
rinsed with distilled water, then with ethanol and dried. One side was covered by a scotch tape in order to 
prevent the two–sided coating with PANI/MMT film. Two different precursors – anilinium sulfate (AnS; 0.2 M 
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aniline in 0.5 M sulfuric acid) and aniline hydrochloride (AnHCl) – were used and the PANI/MMT films were 
prepared as follows. Precursor and 0.1 M ammonium peroxydisulfate dissolved in water were mixed together 
with 0.1 g of MMT Portaclay® with size fraction < 5 μm. Glass slides were introduced into the beaker, then 
the polymerization and formation of thin film started and after several hours, glass slides with PANI/MMT film 
were removed from the beaker, rinsed with HCl, then with ethanol and dried. Samples prepared from AnS 
and AnHCl were denoted as PANI_AnS/MMT and PANI_AnHCl/MMT, respectively. Comparative samples of 
PANI_AnS and PANI_AnHCl thin films without MMT were also prepared. 

2.1  Characterization of samples 

Special measuring apparatus equipped with linear Cu electrodes has been developed in order to eliminate 
the effect of structural inhomogeneity on the conductivity of PANI/MMT films (see [19]). The DC voltage used 
was 9.5 V and the value of electrical conductivity (σ) was determined as an average of 300 values measured 
during 30 sec interval. The morphology of samples was studied using SolverNEXT (NT–MDT) atomic force 
microscope (AFM) equipped with contact probe PPP–CONTR (Nanosensors). Images from scanning 
electron microscope (SEM) Philips XL30 (PHILIPS) were obtained using a secondary electron detector. Film 
thickness was determined by AFM. A streak perpendicular to the surface has been made by razor blade and 
the height of the “step” above the glass surface was measured. Transmittance mapping have been carried 
out using Spectrometer Optic Ocean USB2000+VIS–NIR equipped with light collecting multi–mode optical 
fibers excited by halogen light source (λ = 420 nm). Both excitation and collecting fibers were fixed and the 
position of the sample was changed by micro sliding. Transmittance was measured simultaneously in three 
lines along the longitudinal axis of glass. One line was situated directly on the longitudinal axis and the other 
two lines were on both sides of the first one. Distance of these lines was 5 mm. Measurements of 
transmittance were carried out in 50 points for each line. A step between points was 2.5 mm. Therefore, 
each PANI film was characterized by one 150 values of transmittance. Transmittance scanning with the 
same step along three parallel lines has been repeated thirteen times with starting points shifted at about 0.2 
mm in order to cover completely the sample’s surface. The transmittance spectra of PANI/MMT films (300–
800 nm) were registered using spectrophotometer CINTRA 303 (GBC Scientific Equipment) and measured 
at normal incidence at room temperature under the following conditions: speed was 1000 nm·min–1 with step 
size 0.427 nm, and slit width was 2.0 nm. 

3.  RESULTS AND DISCUSSION  

Conductivities (σ) of samples are summarized in the Table 1 . As one can see, the addition of MMT 
significantly increased the σ values of samples prepared from AnS precursor while the σ values of 
PANI_AnHCl and PANI_AnHCl/MMT samples remained of the same order. The highest σ = 205 S/m has 
been observed for the PANI_AnS/MMT sample. As expected, addition of MMT leads to an increase of film 
thickness.  

Table 1  MMT content in 100 ml of polymerization mixture (MMT cont.), conductivity and thickness of 
PANI/MMT NC thin film are provided for each prepared sample 

sample  MMT 
content 

[g/100ml] 

conductivity 
[S/m] 

film thickness 
[nm] 

pure PANI_AnS 0.0 59 150 
PANI_AnS/MMT 0.1 205 600 
pure PANI_AnHCl 0.0 40 80 
PANI_AnHCl/MMT 0.1 93 320 

The difference between surface morphology of pure PANI_AnS and PANI_AnS/MMT can be seen in Fig. 1 . 
One can see a certain degree of microstructure ordering for PANI_AnS/MMT sample (Fig. 1b ) in contrast 
with surface morphology of pure PANI_AnS film (Fig. 1a ) where the PANI chains form the nanorods 
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perpendicular to the PANI layer plane. The “steps” made by razor blade and used for the measurement of 
the film thickness are clearly visible in both AFM images.  

 

Fig. 1  Surface morphology pure PANI_AnS/MMT film (a) in comparison with pure PANI_AnS film (b) 

For the characterization of optical properties of all samples the transmittance maps (recently used for the 
monitoring optical homogeneity during the growth of PANI thin films [19]) were prepared (Fig. 2 ).  

 

Fig. 2  Transmittance maps of (a) PANI_Ans, (b) PANI_AnS/MMT, (c) PANI_AnHCl, and (d) 
PANI_AnHCl/MMT samples (λ = 420 nm). The color bar shows the transmittance in [%] 

The wavelength λ = 420 nm was used and strong decrease of transmittance after addition of MMT is evident 
for both PANI_AnS/MMT and PANI_AnHCl/MMT samples whose transmittance maps seem to be very 
similar. However, there is a significant difference in homogeneity as revealed by a frequency analysis of 
transmittance values (Fig. 3 ). Higher optical homogeneity and slightly lower average transmittance was 
found for PANI_AnS/MMT sample.  

 

Fig. 3  Optical homogeneity of PANI_AnS/MMT film (a) in comparison with pure PANI_AnS film (b) 

In addition, UV–VIS spectra of PANI_AnS/MMT and pure PANI_AnS films were measured in the wavelength 
range λ = 300–800 nm (see Fig. 4 ). These measurements revealed that PANI_AnS/MMT exhibits a 
transmittance only in the limited wavelength range λ = 450–650 nm. This range agrees with the maximum 
transmittance of the pure PANI_AnS film which is, however, transparent in the whole measured wavelength 
range.  
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Fig. 4  Surface morphology pure PANI_AnS/MMT film (a) in comparison with pure PANI_AnS film (b) 

SEM images in Fig. 5  reveal the difference in surface morphology between the PANI_AnS (Figs. 5a, 5b, 5c ) 
and PANI_AnS/MMT (Figs. 5d, 5e, 5f ) samples. It is evident, that MMT particles are quite homogeneously 
dispersed (Fig. 5d ) and fully covered by PANI (Fig. 5f ). The surface of pure PANI_AnS film is much more 
grainier than surface of the PANI_AnS/MMT (compare Figs. 5c and 5f ).  

 

Fig. 5.  SEM images of PANI_AnS (a,b,c) and PANI_AnS/MMT (d,e,f) samples 

4.  CONCLUSIONS   

Novel PANI/MMT nanocomposite thin films have been prepared from two different precursors – anilinium 
sulfate (AnS) and aniline hydrochloride (AnHCl) – but only the first one was found to be suitable, i.e. only the 
PANI_AnS/MMT exhibits significant increase of conductivity in comparison with pure PANI_AnS sample. 
Conductivities of PANI_AnHCl and PANI_AnHCl/MMT samples are of the same order. In comparison with so 
far published data for PANI/CdS nanocomposite thin films (σ = 3.14·10–2 S/m [17]), the conductivity of 
PANI_AnS/MMT (σ = 205 S/m) is very high. This is the first important result of present work. 

AFM measurements confirmed the assumption that the MMT nanoparticles are able to organize PANI chains 
and, therefore, to cause an increase in conductivity, although the precursor of PANI also plays significant 
role. SEM images proved that MMT particles are quite homogeneously dispersed and fully covered by PANI.  
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The second important result of present work is the fact that PANI/MMT films exhibit lower optical 
transparency than pure PANI films, but selective in the range 450 – 650 nm. This property can be used for 
practical applications where the selective transparency is needed.  
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Abstract 

The paper describes preparation of nano fiber composites made of  polyvinyl butyrate (PVB) and wood 
dusts. The used wood dusts of nano– and micro–dimensions were obtained by grinding of exotic woods – 
garapa and teak.  

Electrostatic spinning technology Nanospider was used to prepare nanoparticles from the following mixtures: 

• Polymer PVB (10 wt%) + ethanol 

• Polymer PVB (10 wt%) + ethanol + 20 wt. % dust from teak 

• Polymer PVB (10 wt%) + ethanol + 20 wt. % dust from garapa 

• Polymer PVB (10 wt%) + ethanol + 20 wt. % mixture dust from garapa and teak in the ratio 2:1.  

The prepared composites PVB – garapa, PVB – teak, PVB – garapa + teak were examined by means of 
FTIR analysis and their thermal stability and morphology of fibers were determined by TGA, DSC and SEM 
resp. 

The composites belong to the category of "green composites" in which reinforcement occurs by biological 
decomposition of the components.  

The results have shown an increase of thermal resistance of composites prepared from different kinds of 
woods in the course of their pyrolysis.  

Another variant of the composite was prepared by application of wood dust from teak and garapa between 
layers of nano fibers – the sandwich structure.  A layer of wood dust was sputtered on a nano fiber layer of 
polycaprolactone and it was homogenized by ultrasound. Subsequently, the material was covered with 
another layer of nano fibers to enclose the powder material in the composite. 

In this case very good sorption properties were demonstrated in respect to oil products on water surface. 

Keywords: nanofiber, composite, wood dust, garapa, teak 

1. INTRODUCTION 

Composites (composite materials) are generally defined as heterogeneous systems made up of at least two 
phases with different properties. The new substance (material) created by their combination usually features 
additional new properties – as a result of synergy. 

We have focused our attention on composite materials with a polymer matrix where the particles 
(reinforcement) in the composite are made of a natural, easily biodegradable material. The composites have 
been called “green composites“ [1]. They contain cellulose–lignin materials, i.e. wood dust, wood sawdust, 
cellulose, nano cellulose, bamboo fibers, coconut fibers, leather etc. [2] Materials used as polymer matrix are 
usually epoxides [3], polypropylene (also modified) [4–9] polyethylene (also modified) [5, 10, 6], polyvinyl 
alcohol [1], polyvinyl butyral [2], polycaprolactone [11, 14], polymethyl metacrylate [12], polypropylene – ethyl 
vinyl acetate copolymer [13]. 
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Most of the quoted works indicate changes in mechanical properties of the prepared composites, such as 
hardness, tensile strength, bending strength, tensile modulus of elasticity etc., in relation to the employed 
polymer or its modification [4, 3, 10].  

For our experiments we prepared composites from nanofibers formed by electrostatic spinning of polyvinyl 
butyral (PVB) matrix and wood dust from teak and garapa wood and their mixtures.  

The prepared composites were analyzed by FTIR and we determined their thermal stability (TGA, DSC) and 
morphology of the fibers (SEM). Also a sandwich composite was prepared (polymer–dust–polymer) from 
polycaprolaktone (PCL) and garapa wood dust and its sorption capacity was tested.  

2. COMPOSITE NANO FIBERS PVB – WOOD DUST 

2.1 Preparation of composite nano fibers and measur ing technology  

Exotic woods – teak (Tescona Graundis) and garapa (Apuleia Leiocarpa) – were ground on a grinding 
machine with an abrasive–band, type Houdek PBH 300B Basset, grinding belt speed 17m/s, the abrasive 
grain was 100. The grinding was originally performed in order to measure the quantity and distribution of 
nano– and micro– aerosol particles. The composite was prepared from the dust that sedimented on the 
surface at the grinder.  

From macroscopic viewpoint the sedimented dust of the teak wood had a coarse structure, minimum 
dustiness and it was cohesive with aggregation tendency. The garapa dust consisted mostly of smaller 
particles with medium dustiness and good powderiness. Examples of microscopic structure of the employed 
teak and garapa dusts are shown in Figs. 1 and 2 .  

              

Fig. 1  Sedimented particles of teak   Fig. 2  Sedimented particles of garapa 
wood dust (line 50 µm )     wood dust (line 50 µm ) 

Polyvinyl butyral (PVB) polymer made by Kurakay, molecule weight 60 thousand, was used as 10 % percent 
solution in ethanol. Electrostatic spinning technology Nanospider was used to prepare nano fibers from the 
following mixtures: 

• PVB polymer (10 wt.%) + ethanol  

• Polymer PVB (10 wt.%) + ethanol + 20 wt.% teak dust 

• Polymer PVB (10 wt.%) + ethanol + 20 wt.% garapa dust 
• Polymer PVB (10 wt.%) + ethanol + 20 wt.% mixture of garapa and teak dust, 2:1 

The preparation was performed at various winding speeds 60, 50, 40, 30 mm/min. The underlying textile was 
Spunbond. The photos were made in TWIST Flexible Digital Microscope, by Learning Resources, Inc., USA.  
ATR analysis (FTIR spectrometry) used the Brucker Alpha/FT–IR, ATR crystal (identified platinum Diamond 
1 Refl), software OPUS 6.5, source IR SiC Globar. Measuring parameters: number of spectrum scans 24, 
resolution 4 cm–1, spectrum range 375 – 4000 cm. The measurement was performed on solid samples and 
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ATR crystal was covered with an thin optical layer. The thin layer formation on the crystal was ensured by 
pressing the tip with force set up by the manufacturer. 

The thermal analyses TGA and DSC of the prepared nano fibers were also performed on STA 1500 
Instrument Specialists Incorporated–THASS, analytical scale SUMMIT, SI 234–4, air flow: 20 ml/min., 
heating speed: 10oC/min., ceramic crucible, diameter: 5 mm, height: 8 mm, degradation medium: air.  

Mechanical properties of the composites were tested on a single column INSTRON mod. 5544. The 
scanning electron microscope (SEM) was Hitachi FE SEM S–4800. 

2.2 Thermal stability of the prepared PVB – wood du st composites 

We tested thermal stability of the prepared composites and of the initial polymer, depending on the type of 
wood and partly also on the winding speed during the preparation.  

TGA curves of samples No. 1 through 5 (see Figs. 3 – 7 ) can be divided into several sections with different 
slopes, i.e. weight loss rates. The thermal effect (ΔH) of the process was determined as the area of the peak 
of the respective thermal process, i.e. the area outlined with the DSC curve and the line between the 
beginning and the end of the thermal process. The area of the peak is directly proportional to the heat 
released or consumed by the reaction and the height of the peak (Hf1) is directly proportional to the reaction 
rate. 

When heating samples No. 1 through 5, the DSC the curves (see Figs. 3 – 7 ) demonstrated three to five 
thermal processes. At temperatures from 25 °C to ca, 100 °C samples No. 1 through 4 demonstrated 
endothermic processes, with the exception of the composite PVB–garapa + teak. At temperatures 414.8 °C 
to 480.8 °C all samples underwent significant exothermic processes with the peak area on the DSC curve 
corresponding to ca. 1000 kJ/kg for the samples No. 1 and 4, over 1800 kJ/kg for the samples No. 2 and 5 
and over 2000 kJ/kg for the sample No. 3. 

The biggest overall thermal effect during decomposition of the tested composites was found for PVB – 
garapa, prepared at the winding speed 40 mm/min (2545 kJ/kg). The value was ca. one half of the thermal 
effect of the garapa dust alone (5535 KJ/kg) and essentially the double of that of PVB alone (1321 kJ/kg). 
Also TGA and DSC curves of garapa wood dust were different from those of the composites (compare 
Figs. 3 – 7  and Fig. 8 ). The decomposition of garapa occured with two separate exothermic effects with the 
same maximum height on the DSC curve. 

 
   Fig. 3  STA of the sample No. 1 – PVB, winding         Fig. 4  STA sample No. 2 – PVB – garapa, 
    speed 30 mm/min. (weighted sample 9.1 mg)  winding speed 30 mm/min (weighted sample 9.2 mg) 
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Fig. 5 STA sample No. 3 – PVB–garapa, winding Fig. 6  STA sample č. 4 – PVB – teak, speed 40 

mm/min (weighted sample 8.4 mg)  winding speed 40 mm/min (weighted sample 8.4 mg) 

 
Fig. 7  STA sample No. 5 – PVB – garapa–teak 2:1,        Fig. 8  TGA and DSC curves for initial 

winding speed 60mm/min (weighted sample           dust of garapa wood (weighted sample 8.7 mg) 
8.1 mg) 

The first pronounced exothermic effect started as early as at 233 °C, which is a much lower temperature 
than temperatures for composites containing garapa. A similar decomposition curve has been described for 
teak wood dust [15] and also in this case the beginning of the first exothermic effect occurred at a much 
lower temperature than for the composite PVB – teak. 

2.3 Infrared spectrums of the prepared composites P VB – wood dust 

Examples of IR spectrums of PVB alone and the composite PVB–garapa+teak (2:1) are provided in Figs. 9 
and 10. The spectrums show differences in ratios of the strongest absorbance values in the range 1200–900 
cm–1 as indicated in the framed parts of the spectrums.  
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Fig. 9  IR–spectrum of PVB Fig. 10 IR–spectrum of PVB+ garapa  
         + teak (2:1) composite 

This spectrum shows the strongest absorbance on the bond C–O–C in the wood (garapa 1030.1 cm–1 and 
teak 1027.68cm–1). The absorbance values in the IR spectrum are also influenced by the speed of the 
winding band during electrostatic spinning, i.e. stratification of nano fibers and thus their different crystallinity. 
Even here, however, we have demonstrated the role of the wood type from which the composite was made.  

2.4 Determination of strength characteristics of th e prepared PVB – wood dust composites 

The prepared material (layers of nano fibers) can be essentially described as a non–woven textile or a foil 
containing wooden composite. Therefore the laboratory of the Institute of Food Conservation and Meat 
Technology tested strength characteristics using the same procedures as for packaging foils. The tested 
samples of the foil were 100 mm long and 15 mm wide.  

Foil thickness: 

PVB:   14.3 µm  PVB – garapa:  36.2 µm 

PVB–teak:  10 µm   PVB – garapa + teak: 21 µm 

The measured strength characteristics, such as maximum tear strength, tensile strength, tensile modulus of 
elasticity and rigidity, i.e. energy necessary to tear the samples, are shown in Figure No. 11. 

The diagram indicates that the tensile strength is lower for the composite – see Fig. 11c)  – it is more than 
half of that of the foil prepared only from PVB and it is comparable for the individual composites – see 
Fig. 11c) . Differences between individual types of composites are in tensile modulus of elasticity which 
characterizes resistance of material against deformation – see Fig. 11a)  and material rigidity – see Fig. 11b) . 
The differences were found between composites containing garapa and teak, while for composites 
containing a mixture of garapa and teak the values were between the values of the individual woods – for 
comparison see Figs. 11a) and 11b) . This fact has confirmed the assumption that mechanical properties are 
affected by the wood type, or rather by the chemical and physicochemical properties of its micro– and nano 
sawdust.  
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a) Resistance of composite foils against 

deformation (y: tensile module of elasticity)  

 
b) Rigidity – energy needed to tear the composite 

foils (y: energy) 

c) 
Tensile strength of composite foils (y: tensile 

strength)  

d) 
Maximum tear strength of the composite foils 

Fig. 11  Measured strength characteristics of PVB alone and PVB composites with the indicated wood dust 
(x: slepy = blank) 

2.5 Morphology of the prepared PVB composites 

Morphological differences between PVB alone and the prepared composites are illustrated with electron 
microscope images (SEM) in Fig. 12 . The images show characteristic “bulges“, while no such formations 
were observed in PVB alone. The number of “bulges“ was affected by the winding speed during the 
preparation. The nano fibers used in the composite with teak were thinner than in the composite with garapa 
and the large–volume formations were not found so often in them, as they were probably caused by bigger 
dust particles. 

    
a) SEM: PVB b) Composite PVB – garapa (40mm/min) 

    
c) Composite PVB – teak(40mm/min) d) Composite PVB – garapa/teak (2:1); (40mm/min) 

Fig. 12  Comparison of SEM images : PVB and composites containing PVB. The left pictures are 50 µm,    
the right pictures are 5 µm 
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3. PREPARATION OF SANDWICH MATERIAL PCL – GARAPA DU ST – PCL AND ITS 
IDENTIFICATION 

The employed polymer was polycaprolactone (PCL) made by Sigma Aldrich with the molecule weight 
45 000. The polymer was dissolved in a solution of chloroform/ethanol (8:2) to the resulting concentration of 
19 wt. %. Spinning of polymer solution was performed with a rotary spinning electrode of an elongated shape 
under the patent WO 2008028428. Voltage of +15kV was applied to the electrode rotating at 25 rev/min. 
Voltage of –38kV was applied to a moving band (collector) made of Spunbond material. A layer of nano 
fibers was created on the moving band and garapa dust was subsequently applied on the nano fibers by 
sputtering. A special sputtering device was used to apply the dust and the layer was homogenized with 
ultrasound. Subsequently, another layer of nano fibers was applied to enclose the powder inside the 
composite. 

It should be noted that when we applied the garapa dust on the first layer of nano fibers we were not able to 
achieve its full homogeneity. This shortcoming can be eliminated by improvement of the technology, 
however we used the inhomogeneous layer of dust to evaluate the effect of concentration of wood dust 
between the PCL layers on physicochemical properties of the sandwich material. We split the sandwich 
material into two sections, one with the minimum content of garapa wood dust and one with a high content of 
dust. Then we examined the sections with a microscope, TGA and DSC analyses, FTIR and SEM analyses. 
The basic comparison of the results is shown in Fig. 13  (a – d versus a* – d*). 

    

a b c d 

    
a* b* c* d* 

Fig. 13 Basic comparison of results of analyses of the sandwich material PCL–garapa dust–PCL 
a – d – minimum content of garapa dust, a* – d* – high content of garapa dust, a, a* – microscopic images    

(white line 1mm), b – b* – thermal analysis, c – c* – FTIR, d – d* – SEM (50 µm) 

The difference in the content of wood dust in the material is obvious from the comparison of microscope 
images (magnification 150x in Fig. 13 a – a* ). Thermograms in Fig. 13 b – b*  indicate the difference of up to 
163 ˚C in the  temperature at which  decomposition  starts with an exothermic effect. The garapa wood alone 
decomposes with an exothermic effect 30 – 40 ˚C later than the sandwich material with a high content of 
wood.[15] The overall thermal effect of the decomposition is also different: it is 1 871 kJ.kg–1 for the material 
with the minimum dust content and 6 063 kJ.kg–1 for the material with a high dust content. 

The IR spectrum of PCL–garapa dust–PCL with a high dust content demonstrated one half of the 
absorbance value, with new vibrations of O–H group at 3 265 cm–1, shift of C–H vibrations by 10 cm–1 and 
penetration of deformation vibrations of ether and glycoside bonds C–O–C with the strongest vibration at 
1 045 cm–1 and multivibrations in the range 702 – 412 cm–1 characteristic for the wood spectrum  
(Fig. 13 c – c* ). 
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SEM images (Fig. 13 d – d* ) indicate two types of fibers in both the samples, regardless of the content of 
wood dust: thinner fibers up to 500 nm thick and thicker fibers over 500 nm thick. The representation of 
thicker fibers and uneven distribution of both the types of fibers is higher in the material with high content of 
wood dust. 

3.1 Sorption capacity (absorbability) of sandwich m aterial PCL–garapa dust–PCL 

The sandwich material was prepared mainly in order to have a material which has suitable sorption 
properties and is biologically degradable. The test of sorption capacity was based on gravimetric 
measurement of the ability to absorb water, oil and water + oil during surface contact. The average 
absorbability (increase of weight) of the material for water was 299 – 336 %, for oil 397 – 419 % and for 
water + oil 456 – 505 %. A positive dependence of absorbability on the quantity of wood dust has not been 
demonstrated.  

4. CONCLUSION  

Results of the experiments have shown effects of wood material used as composite reinforcement and of 
method of composite preparation on the physicochemical and mechanical properties of the composites. At 
the same time, the experiments have raised a number of questions about factors that influence properties of 
nanocomposites. Preparation of nanocomposites offers numerous variants of different combinations of 
polymer type, wood type and size of wood dust particles, methods of preparation etc. A combination of such 
variants might enable to prepare composites with desired properties.  
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Abstract  

Polyimide nanofibers are utilized especially in the applications demanding high temperature and chemical 
stability. The application of polyimide nanofibers as the catalyst carriers for the exhaust gases purification 
has been studied extensively at the Technical university of Liberec. The exhaust gases cleaning process 
usually operates at the temperatures above 200 °C and the composition of the combustion gases can be 
considerably chemically aggressive depending on the  burned matter. In the tested application extremely low 
pH combustion gases are prevalent. 

The polyimide nanofibers were prepared by the electrostatic spinning of the precursor solution in the organic 
solvent on the industrial scale spinning line NS4S1600U. The nanofiber layers were imidized by the thermal 
sequence treatment and the morphology was evaluated by the scanning electron microscopy. The 
composite structures were prepared by mechanical bonding of the polyimide nanofiber layer into the 
polyterafluorethylene felt to ensure the required mechanical properties. 

The thermal and chemical stabilities were evaluated by the series of the laboratory and the in situ testing 
methods. The combination of the testing methods provides the comprehensive information about the 
behavior of the prepared materials in the thermal and thermal/chemical combined straining.   

Keywords: polyimide, nanofibers, stability, composite materials 

1. INTRODUCTION 

Polyimides are the group of specialty polymers significant because of their high heat–resistant properties. 
The basic properties, synthesis mechanisms and use was outlined by Hergenrother in [1]. Polyimides are 
widely used in adhesives, dielectrics, photoresists, membrane materials for separation, and others. 
Polyimides are used in a diverse range of applications, including the aerospace, defense, and opto–
electronics, they are also used in liquid crystal alignments, composites, electroluminescent devices, polymer 
electrolyte fuel cells, polymer memories, fiber optics, etc. [2]. Polymer nanofiber preparation for the various 
applications is described in several publications. Usually the laboratory needle system is used. In [3] a 
method of nano–paper production from a commercial P84 NT polyimide using an electrospinning and fiber 
heat fusing approach is described. Arai et al. in [4] describe the study focused on the preparation of non–
beaded ultrafine uniform nanofibers with a narrow fiber diameter distribution from fluorinated polyimide by 
electrospinning. The paper shows the possibility of the non–beaded ultrafine uniform nanofibers within a 
narrow nano–range (27±5 nm) preparation, which is amongst the smallest nanofiber diameters prepared by 
the electrostatic spinning technique. Chemically modified polyimide nanofibers preparation was published by 
Tamura et al. [5] Their paper discusses the nanofibers electrospun from the five–membered ring sulfonated 
polyimide containing the fluorinated group. The material showed an ultrafine and uniform non–beaded 
structure with diameters ranging from 80 to 160 nm. Industrial scale preparation method of the polyimide 
nanofibers by the NanospiderTM method was published by Jirsák et al. in [6]. This method allows the multiple 
polymer jet formation, thus the productivity increase, but requires the more precise spinning parameters 
definition. In the work of Jirsák et al., the three types of the polyimides were synthetized and their nanofiber 
forming ability via needle–less electrospinning method was experimentally evaluated. It was found that the 
PAAs based on ODPA and ODA having the solution concentration in the range 21.5 to 26 wt% were 
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successfully electrospun using a needless electrospinning method. The average fiber diameter increased 
with the PAA solution concentration from 140 to 470 nm. The important part of the polyimide nanofiber 
preparation is the imidization process usually utilizing the thermal [7] or chemical initialization. 

The presented paper describes the research activities performed in order to evaluate the stability of the 
polyimide nanofibrous material, prepared by means postulated in [6], for the application in the hot exhaust 
gases environment.  

2. MATERIAL PREPARATION 

Polyimide polymer was synthesized from 4,4–Oxydiphthalic anhydride (ODPA) and 4,4–Oxydianiline (ODA) 
in an aprotic polar solvent N,N–dimethylformamide. Details of the synthesis process can be found in [6]. The 
solution of PAA in the DMF was electrospun using an industrial scale spinning line NS4S1600U. The 
production of the nanofiber flat sheet layer is illustrated in the Fig. 1 left . The morphology of the PAA 
nanofibers was evaluated using the Nova NanoSEM electron microscope. The typical morphology is shown 
in the Fig. 1  (right) . 

      

Fig. 1 Production of the PAA nanofiber sheet (left) The SEM of the PAA nanofibrous layer (right) 

The nanofibrous layer was thermally imidized at 60 °C 
for 1h, 100 °C /1 h, 150 °C /1 h, 200 °C /2 h, and 
250 °C /1 h and the material was inspected by the SEM 
again to detect possible morphology changes.  

Because the PI nanofibers do not exhibit the sufficient 
mechanical stability, it is necessary to incorporate the 
nanofibrous layer into the carrier substrate. During the 
preparation of the composite filtration material PI 
nanofiber layers were enclosed into the 
polytetrafluorethylene (PTFE) needle punched felt 
forming the sandwich composite structure. The surface 
of this composite material was laminated with the 
ePTFE membrane to prevent the penetration of the 
dust into the body of the filtration material. The 
significant difference between the diameters of the 
PTFE felt and PI nanofibers can be noticed on the Fig. 2 showing the SEM of the composite material cross–
section. 

Fig. 2 SEM picture of the composite 
nanofibrous structure assembly 
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3. MATERIAL TESTING 

The applicability of the filtration material in the real application involves the assessment of the operating life. 
Multiple stage testing was proceeded in order to gather important information about the effect of various 
wearing factors. 

3.1 Laboratory testing of the thermal stability 

The initial testing comprised the Dynamic thermogravimetric measurements (TGA) in nitrogen using a TG–
750 Stanton–Redcroft (heating rate 10 °Cmin−1) [6].This test showed the 5 % loss of the nanofiber layer 
weight at 408 °C. Because the thermogravimetric analysis doesn´t evidence the morphology changes, which 
have significant effect on the material functionality, the thermal straining of the nanofibrous material at the 
constant temperatures for the constant time was performed. The testing proceeded in the standard 
laboratory resistant heating furnace LMH11/12 from the LAC Ltd Company. Samples were heated in the air 
environment. After each testing the possible change of the nanofiber morphology was observed using the 
SEM microscopy. Comparison of two tests is shown in the Fig. 3 . The testing results confirmed the stability 
of the material without structural changes up to 265 °C. In the designed application the operation 
temperatures given by the technology should not exceed the 250 °C (in the peak) and prevalently the 
working temperature is approximately 230 °C. Therefore the material has the potential to survive the thermal 
load in the application.  

     

Fig. 3 SEM pictures of the PI nanofibrous layer after the thermal treatment. 
Thermal load 265 °C 32h (left), b) 300 °C 32h (right) 

3.2 Laboratory testing of the mechanical stability 

In the real application the material is subjected to the mechanical wearing. The mechanical straining comes 
mainly from the pulse–jet cleaning of the filter media, where the material undergoes the reverse pressure 
pulse 0.2 – 1 MPa for the several milliseconds whenever the pressure drop reaches defined value. The 
testing machine shown on the Fig. 4 allows evaluation of the material mechanical stability. During the test 
the air with defined temperature, flow velocity and concentration of dust particles flows through the filter 
material. When the defined value of the pressure drop increase is reached, the material is cleaned by the 
reverse pressure pulse. Cycles repeat until the desired number of cycles is reached, or the material is 
damaged. The test can simulate years of the material lifetime in several hour testing procedure.    
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Fig. 4 Apparatus for the testing of the combined thermal–mechanical loading of the filtration material 

Applied testing parameters are shown in the Table 1 and the test results are recorded in the Table 2 . The 
analysis of the results proves that the material survived 10 060 cleaning cycles without damage and that the 
lifetime filtration efficiency doesn’t decline under 99.996 %. 

Table 1 Parameters of the mechanical stability testing 

Parameter Value Unit 
Standard VDI/DIN 3926, ASTM D6830–02, ISO11057  

Temperature 20–250 °C 
Flow velocity 1 m3/hod 

Reverse pulse pressure 0.6 MPa 
Sample size 100 cm2 

Table 2 The test results 

Number of the cycles  0 30 

Aging:    
10000 

cleaning 
pulses 

  

0 30 

Pressure drop on the beginning of the cycle Δpres  (Pa) 344.64 409.79 411.43 431.28 

Amount of the residual particles after cleaning  Δmres (g/m2) 0 9.76 12.36 16.92 

Cycle time tcycle  (sec) – 368.2 – 395.5 

Test process Initial test Final test 

Amount of the elusive particles: mabs (mg) 0 0.2 

Test time ttest  (min) 178.89 196.2 

Dust concentration behind sample: c2 (mg/m3) 0.00 0.04 

Filtration efficiency: Ef (%) 100 99.996 

3.3 In situ testing of the combined thermo–chemical  stability 

The chemical straining is caused especially by the low pH of the exhaust gasses caused by the presence of 
HCl/HF and SO2 content. Condensate from the exhaust gases can reach (depending on the burned matter) 
the value of pH = 0.7. Prepared materials were fixed in the sample holder and placed into the raw hot 
exhaust gasses duct in the incineration plant Termizo Inc. in Liberec, see Fig. 5 .The temperature of the 
exhaust gasses in the testing location ranges 220–250 °C and gasses still contain solid particulate and the 
acidic compounds.  
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Fig. 5 Detail of the sample holder with inserted material before (left) and after (right) the testing 

After the defined testing period the small part of the sample vas cut from the material, disassembled and 
analyzed by the SEM. The analysis was complicated by the presence of the dust particulate captured in the 
composite material. In the normal operational state the dust cannot penetrate the material because of the 
membrane on the material surface. In this testing setup the raw exhaust gases were surrounding the 
material even from the unprotected side. Nevertheless the main purpose was to evaluate the stability of the 
composite and especially the nanofiber component. The macroscopic analysis did not register any change in 
the mechanical properties of the composite. Presence of the nanofiber component was proven in all the 
tested samples by the SEM. The Fig. 6 shows the evidence of the nanofibrous structures in the tested 
samples after the one year testing period. 

      

Fig. 6 SEM pictures after the 12 month exposure of the material to the raw exhaust gas stream 

4. CONCLUSIONS 

The article describes the preparation of the polyimide nanofiber layers, assembling of the composite filtration 
material and the methods of the material stability evaluation. 

PI nanofibers morphology was tested to be stable up to 265 °C in the laboratory experimental evaluation. 
Samples of the composite filtration materials with the PI nanofibrous component exhibited long–term thermal 
and chemical stability, when they were exposed to the stream of the raw exhaust gases for period of 12 
month without substantial observable degradation. Samples consisting of the PI nanofibers, PTFE carrier 
nonwoven felt and PTFE membrane meet also the thermal–mechanical requirements put on the filtration 
material used for the flue gas decontamination by the VDI 3926 international standard.  
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The developed composite materials are superior to the most of the standart comercial products with the 
respect to the thermal and chemical stability, pressure drop and the regeneration ability of the filtration 
material. 
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Abstract 

The needleless electrospinning is a variant of electrospinning from a free liquid surface of a polymeric layer.  
The layer is destabilized in a high external electric field. The instability categorized as the Larmor–Tonks–
Frenkel one, has its nature in the self–organization by the mechanism of the “fastest forming instability” i.e., 
of the fastest growing capillary wave. Electrospinning starts by achieving of certain critical value of the 
electric field strength. In the article, the value of the critical voltage of electrospinning outset was examined, 
and the dependency of the electrospinning process on the length of the needleless electrode was 
investigated. The optimal length of the needleless electrode was found. 

Keywords: needleless electrospinning, free liquid, electric field strength, critical voltage 

1. INTRODUCTION  

Electrospinning is a process of nanofibers production by high electrical field known since the beginning of the 
former century [1, 2]. It is a popular technology for creating unique materials with a broad range of 
applications, like filtration, scaffolds for tissue engineering, drug delivery, wound dressing, protective 
clothing, fiber reinforced composite materials, sensors and electrodes for use in electronics and optics or 
sound insulators [3, 4, 5, 6]. 

For the production of nanofibers by electrospinning, 
a less productive needle or capillary technology is 
most commonly used [1, 7, 8]. As described [9] 
needle can produce only one polymer jet and the 
productivity of nanofibers is lower than 300 mg/h per 
needle. Higher productivity can be reached by 

increasing the number of needles [10]. However, this 
so–called multiple–jet setup has problem with non–
uniform electric field, a large operating space is 
necessary and the cleaning of spinneret is more 
demanding. Yarin and Zussman brought 
a revolutionary idea [11] of needleless 
electrospinning allowing increase in nanofibers 
productivity. Technology of mass production of 
nanofibers and commercialization of the needleless 
electrospinning was developed and patented under 
the brand name NanospiderTM in 2004 [12]. The principle is electrospinning from a free liquid surface of a 
polymeric layer, which is destabilized by a high external electric field. The instability of surface waves 
categorized as the Larmor–Tonks–Frenkel one, has its nature in the self–organization by the mechanism of 
the “fastest forming instability.” This mechanism plays a key role in selection of the fastest growing capillary 

Fig. 1  Corona discharges (a) and the negative 
spark discharge (b) 

a 

b 
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wave with a characteristic wavelength λ. The electrospinning process starts by achieving of certain critical 
value of the electric field strength Ec [13].  

Corona discharges appear nearby Taylor cone during the electrospinninng process. The corona that 
develops in inhomogeneous electric fields is a stable type of discharge and may precede spark. Spark 
discharge comes to pass if electrical intensity reaches the critical value of electrical breakdown (106 Vm–1). 
As a consequence the spark discharge takes energy and the attenuation of electrospinning comes. The 
corona discharges during electrospinning and the negative spark discharge are shown in Fig. 1 . 

2. EXPERIMENTAL 

In our work, four types of slit needleless electrodes were tested. We tested the optimal length of the slit 
electrode for needleless electrospinning process, the optimal distance between the slit electrode and the 
collector and we were looking for the critical value of the electric field strength.  

2.1  Materials 

Water–soluble Polyvinyl alcohol (PVA, Sloviol R16) was used (from Chemicke zavody Novaky, SK). For our 
experiment, a solution of 12 Wt. % PVA in distilled water was prepared. The well–electrospinning PVA 
solution was prepared at a room temperature by 4 h magnetic stirring.  

2.2  Equipments 

For the experiment the metal slit electrodes were used (Fig 2 ). These electrodes were prepared in four 
length versions. The range of lengths of the slip electrodes goes from the dimension 100 mm through 150 
mm, 200 mm to size 300 mm (“A” in Fig 3 ). The width of slit electrodes was 4 mm. There were placed plastic 
balls at both ends of slip electrodes. Plastic balls prevented the slit electrode from electrical discharges and 
all of the energy is focused on the polymer layer. The electrical intensity is highest at the ends of slip 
electrodes, because there are sharp edges. We need the highest electrical intensity focused on the electro–
spun polymeric layer, which we can achieve thanks to the plastic balls. 

 

Fig. 2  Slit needleless electrode with plastic balls at both ends of the electrode 

2.3  Approach 

Slit needleless electrodes were located into a chamber with laboratory air conditions (the temperature was 
21 ± 1 °C and the relative humidity was 50 ± 5 %) and connected to a high voltage source (Spellman Sl100). 
Slit electrodes were positively charged and located 150 mm (“B” in the Fig 3 ) under oppositely charged 
collector, vide (Fig. 3 ). The collector was made from a stainless steel sheet with thickness 2 mm. The size of 
the collector is 160 mm x 355 mm (width x depth). Two independent sources of high voltage were used in 
the experiment. The high voltage sources can operate in a range of 0 – 50 kV and 0 – 2.4 mA. A nonwoven 
Spunbond (Pegas, CZ) for collecting of nanofibers was located under the collector. The width of Spunbond 
was 300 mm. The Corocam 1 (Uvirco, SA) was used for the assessment of the quality of the electrospining 
process. The Corocam enabled us detecting corona discharges during electrospinning process. 
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Fig. 3  Schema of the electrospinning setup: the slit needleless electrode (1), the collector (2), the collecting 
Spunbond nonwoven (3), the positive high voltage source (4), the negative high voltage source (5) 

The polymer solution (PVA) was supplied manually by means of a syringe at the beginning of each spinning 
process. Taylor cones [14] were created on the top of polymer layer thanks to the mechanism of the fastest 
forming instability after switching on the high voltage sources. They were created during our experiment by 
increase in voltage U and electric field strength E. We observed emerging Taylor cones and voltage was 
increased to start the electrospinning. The process was recorded by Corocam 1 and the characteristic 
wavelength λ was examined, vide (Fig. 4 ), which is a distance between polymeric jets during needleless 
electrospinning. During our experiment, the value of voltage was increased to find the optimal 
electrospinning process. Values of voltage when first Taylor cone was discovered, electrospinning started 

(The critical voltage Ucr ) and the optimal electrospinning was achieved (The optimal voltage ) are 

shown in the Table 1 . 

 

Fig 4  The Characteristic wavelength λ of needleless electrospinning of PVA 
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3. RESULTS  

The critical wavelength  was measured from records of the Corocam 1. The values of the critical 

wavelength for all lengths of slit needleless electrodes are given in Table 1 . The critical wavelength from our 
experiment corresponds with theoretical prediction [13]: 

            (1)  

where  is the critical wavelength and   is the capillary length. The values of 12 Wt. % PVA 

surface tension , density  and gravity acceleration  for our calculation are , 

, . The capillary length  then equals  and . 

The critical wavelength  measured in our experiment ranged from 10.38 to 12.55 , vide (Table 1 ). 

Table 1  Parameters of the needleless electrospinning  

Parameter A 
(mm) 

Critical 
wavelength  

 (mm) 

St. deviation          
σ (mm) 

Utc (kV) Ucr (kV) Uopt (kV) 
Production 

rate 
(g/min) 

100 10.38 1.39 38 60 66 0.042970 

150 12.55 2.68 37 52 64 0.049082 

200 10.76 2.10 43 50 66 0.062356 

300 11.36 3.43 40 60 70 0.079100 

Production rate of slit needleless electrodes with different lengths was investigated in our experiment. Values 
are shown in Table 1 . Values of the production rate in dependence on electrode length were plotted in the 

chart, vide (Fig. 5 ), as well as the values of the optimal voltage . The production rate was increased with 

electrode length. We predicted the value of the critical voltage and optimal voltage will be higher in 
dependence on the electrode length. There is shown that values of voltage when first Taylor cone was 
discovered is slightly higher for longer slit needleless electrodes, but there is no increasing dependency in 
the critical voltage and optimal voltage as can be seen in the Table 1  and in the Chart. We can see that the 
values of the critical voltage are similar for all types of electrode length. The value of the optimal voltage is 
slightly higher for the longest slit needleless electrode.  

 

Fig 5  Chart of the dependency of the voltage and production rate on the electrode length 
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The morphology of nanofibrous layers was observed using scanning electron microscopy (SEM) (Tescan, 
CZ), vide Fig. 6 . The diameters of nanofibers were measured with the image analysis software NIS elements 
3.0. The average diameter values of nanofibers are shown in Table 2 .  

Table 2  The average diameter values of nanofibers 

Parameter A (mm) Diameter (nm) St. deviation σ (nm) 

100 190  89 
150  280 110 
200  270 120 
300 250 84 

The morphology of nanofibrous layers and the diameter of nanofibers are not dependent on the length of the 
slit needleless electrodes as shows Table 2 and Fig 6 . Very fine nanofibers were produced by needleless 
electrospinning.  

 

Fig. 6  SEM images of nanofibrous layers from slit needleless electrodes 

4. CONCLUSION 

Slit needleless electrodes with different lengths were tested in our work. The main attention was paid to the 

finding of the critical wavelength  and the value of the critical voltage necessary for launching the 

needleless electrospinning. The critical wavelength was measured and compared with the theoretical value 

of this parameter prediction. The critical wavelength  corresponded with the theoretical value. The value of 

the critical voltage and the optimal voltage for needleless electrospinning were found. Production rate in 
dependence on the length of electrode and the optimal voltage was evaluated and dependences have been 
found. Values of the critical voltage are similar for all lengths of electrodes. The production rate for each of 
electrode was determined. In comparison with the 100 mm electrode, the production rate of the 300 mm 
electrode was almost twice higher, but the value of optimal voltage for electrospinning has increased only 
about 6 %. 

ACKNOWLEDGEMENTS 

The paper has been elaborated with financial suppor t of TUL in the framework of specific university 
research competition. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

177 

LITERATURE 

[1] ZELENY, J. The electrical discharge from liquid points, and a hydrostatic method of measuring the electric 
intensity at their surfaces. Physical Review, 3, 69, 1914. 

[2] FORMHALS, A. Process and apparatus for preparing artificial threads. Patent U.S. Patent No. 1,975,504. 14. 
January 1934.  

[3] LI, D., XIA, Y. Electrospinning of nanofibers: reinventing the wheel? Adv.Mater., 16, 2004: 1151–1170. 

[4] MA, Z., KOTAKI, M., RAMAKRISHNA, S. Electrospun cellulose nanofiber as affinity membrane. Journal of 
membrane science, 265, 115, 2005. 115–123. 

[5] HUANG, Z–M., ZHANG, Y–Z., KOTAKI, M., RAMAKRISHNA, S. A review on polymer nanofibers by 
electrospinning and their application in nanocomposites. Composites science and technology, 2003. 2223–2253. 

[6] MOGHE, A.K., GUPTA, B.S. Co–axial Electrospinning for Nanofiber Structures: Preparation and Applications. 
Polymer Reviews, 48, 2008. 353–377. 

[7] TAYLOR, G. Electrically Driven Jets. Proceedings of the Royal Society of London, Series A, Mathematical and 
Physical Sciences, Vol. 313, No. 1515, 1969. 453–475. 

[8] BAUMGARTEN, P.K. Electrostatic spinning of acrylic microfibers. Journal of Colloid and Interface Science, Vol. 
36, 1971. 71–79. 

[9] HAITAO, N., L. TONG, a W. XUNGAI. Needleless Electrospinning. I.A. Comparison of Cylinder and Disk Nozzles. 
Journal of Applied PolymerScience (Journal of Applied PolymerScience), Vol. 114, 2009. 3524–3530. 

[10] DING, B., KIMURA, E., SATO, T., FUJITA, S., SHIRATORI, S. Fabrication of blend biodegradable nanofibrous 
nonwoven mats via multi–jet electrospinning. Polymer, Vol. 45, 2004. 1895–1902. 

[11] YARIN, A.L., ZUSSMAN, E. Upward needleless electrospinning of multiple nanofibers. Polymer, Vol. 45, 2004. 
2977–2980. 

[12] JIRSAK, O., SANETRNIK, F., LUKAS, D., KOTEK, V., MARTINOVA, L., CHALOUPEK, J. A method of 
Nanofibres production from a polymer solution using electrostatic spinning and a device for carrying out the 
method. Patent, WO2005024101. 2005. 

[13] LUKAS, D., SARKAR, A., POKORNY, P. Self–organization of jets in electrospinning from free liquid surface: A 
generalized approach. Journal of Applied Physics, Vol. 103, No. 8, 2008. 0843091–7. 

[14] TAYLOR, G. Disintegration of Water Drops in an Electric Field. Proceeding of the Royal Society of London A., 
Mathematical, Physical & Engineering Sciences, 280, 28. July 1964. 383–397. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

178 

SELF–ORDERED GOLD QUANTUM DOTS ARRAY FOR IN VITRO B IOSENSING  

Jana DRBOHLAVOVÁa, Alexander MOZALEVa, Vojtěch SVATOŠa, Radim HRDÝa, 
Lukáš KALINAb, Jaromír HUBÁLEKa 

aBrno University of Technology, Central European Institute of Technology and FEEC Department of 
Microelectronics, Brno, Czech Republic, EU, drbohla@feec.vutbr.cz  

bBrno University of Technology, Brno, Czech Republic, EU 

Abstract  

To the best of our knowledge, self–ordered gold quantum dots (Au QDs) array was never fabricated using 
the approach of gold pulse galvanic deposition into the nanosized dimples, which were created on the 
special conductive alloy using the nanoporous alumina template. This unique patterning method enables the 
creation of precisely ordered gold nanostructures with tunable size up to several nanometers. Such 
nanosized gold array with attractive electrical and optical properties has immense potential in various 
biomedical application, namely as a diagnostic tool for rapid optical and electrochemical detection of 
biogenous analytes. 

The fabrication process consisted in the anodic oxidation of aluminium layer in the first step, resulting in the 
alumina template creation, and in the continuous anodization of Ti/W alloy deposited below Al layer on Si 
wafer in the second step. Subsequently, the anodized tungsten oxide nanostructures were selectively etched 
off, and gold deposition occurred into the nanodimples via Al2O3 template using Au–containing hot 
electrolyte. In the final step, the alumina template was carefully removed using selective etchant solution. 

The stationary polarized fluorescence was used for the study of Au QDs array optical properties, while SEM 
provided characterization of morphology and topography of fabricated samples. The chemical composition of 
samples was analysed using EDX and XPS. The preliminary study of Au QDs optical properties change after 
the interaction of system with tripeptide gluthation (GSH) was also performed. 

Keywords: gold nanostructures, biosensing, fluorescence, anodic oxidation, nanoporous template 

1. INTRODUCTION  

Gold surely belongs to the most attractive materials in the field of sensing and biosensing [1]. Broad scale of 
biologial species can be detected using gold–based biosensors, mostly via electrochemical [2], piezoelectric 
or optical approach [3]. While majority of biosensor surface modification aproaches lie either in the 
attachment of synthesized colloidal gold nanoparticles [4] or in the creation of gold nanostructures via 
lithographic techniques, such as electron–beam lithography [5], here we report on direct bottom–up non–
lithographic fabrication of biosensing surface modified with strongly fixed gold nanostructures. Our advanced 
method used to create such nanostructured surface employs the anodic alumina oxide (AAO) nanoporous 
template and have the advantage of rapidity, reproducibility, low cost and nanostructure size tunability [6, 7]. 
Precise control of the size and interspacing of gold nanostructures leads to metal nanoarrays with distinct 
electrochemical and optical properties. The method enables the fabrication of various shaped gold 
nanostructures, such as nanodots, nanotubes, nanorods, and nanoshells.  

Depending on the demanded application, these gold nanomaterials can be functionalized with a range of 
surface modifers which for example permit further imaging enhancements [8]. Beside the optical detection, 
the Au nanostructured surface can find a potential as a platform for electrochemical detection of prokaryotic 
(bacterial) [9] and eukaryotic cells [10], e.g. identification/quantification and monitoring of proliferation and 
adherence of tumor cells on the electrode surface [11].   
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The aim of this research is to fabricate gold nanostructured conductive surface and to study the fluorescence 
properties of this system functionalized with GSH for potential application in optical biosensing. Such surface 
can eventually serve can be also used for electrode modification and further in electrochemical biosensing. 

2. EXPERIMENTAL 

2.1  Gold quantum dots array preparation 

The metal layers for nanoporous anodized alumina (AAO) template creation and subsequently WO3 
nanostructures formation were prepared as follows: Al layer with thickness of 185 nm was thermal–
evaporated on sputter–deposited W/Ti alloy layer (42 nm) on Si wafer. Anodic oxidation of Al layer into 
alumina nanoporous template took place in the potentiodynamic regime in aqueous solution of sulphuric acid 
(Penta, CZ). As soon as the oxide barrier layer of AAO was opened when touching the surface of W layer, 
WO3 nanodots started to grow (see Fig. 1 C ). In the following step, WO3 nanostructures were selectively 
etched off, which resulted in the creation of nanodimpled surface used subsequently for gold pulse galvanic 
deposition. The deposition of Au QDs was realized in the aqueous electrolyte composed of potassium 
dicyanoaurate (Safina, CZ) and boric acid (Penta, CZ). Various deposition conditions including the number of 
pulses, deposition time and relaxation time between each pulse were tested. The final selective etching of 
AAO template was performed in hot solution of chromium(IV) trioxide and phosphoric acid, both purchased 
from Penta, CZ. 

A B C D E F
 

Fig. 1 Schematic illustration of Au QDs array fabrication: A – Al(blue)/W(black) bilayer; B – formation of 
nanoporous AAO template; C – W oxidation inside of pores into WO3 nanodots; D – nanodimpled surface 

after WO3 selective etching; E – Au QDs in nanoporous template; F – Au QDs after AAO template removing 

2.2  Gold quantum dots array characterization 

The quality of original metal layers determines the final QDs ordering and size distribution. Therefore, the 
surface roughness of pure metal layers, especially Al, was investigated using profilometry (Taylor Hobson) 
before the anodization process. The chemical composition of these layers was characterized by XPS (AXIS 
Ultra DLD, Kratos) combined with depth–profiling ion beam for sputtering of surface impurities.  

The size and homogeneity distribution of fabricated AAO template and nanostructures (WO3 nanodots, W 
nanodimples, and Au QDs) were estimated using SEM (Mira II MLU, Tescan). EDX was employed for 
chemical composition analysis of fabricated Au QDs array.  

The stationary polarized fluorescence spectroscopy (Fluorolog 3, Horiba Jobin–Yvon) was used for the study 
of Au QDs array optical properties before and after biofunctionalization. The functionalization was performed 
with aqueous solution of reduced GSH (Merck, GE), which was immobilized on Au QDs surface by means of 
physical adsorption via thiol group. The chosen concentration of GSH solution for preliminary study was 10 

µg⋅L–1 and the volume deposited onto sample surface corresponded to 18 µL. 
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3. RESULTS AND DISCUSSION 

3.1  Profilometry characterization 

The results from profilometry measurement (see Fig. 2 ) indicated that Al layer is suitable surface for 
preparation of AAO template, because the surface roughness average was found to be only 0.4 nm. The 
size of Al grains was about 100–150 nm and no homogeneities or cracks appeared in the layer. The layer of 
tungsten was also flat enough and possessed very low surface roughness with regular grain size.  

 

Fig. 2 Topography o Al layer from profilometric measurement 

3.2  QDs size and distribution characterization 

According to SEM analysis, the size of created nanodimples in W after WO3 nanodots removing varied from 
30 nm to 40 nm when lower concentrated electrolyte was used (see Fig. 3 right ) and from 20 nm to 25 nm 
using electrolyte with higher concentration.  

  

Fig. 3 SEM image of WO3 nanodots (left) and tungsten nanodimpled surface after WO3 nanodots removing 
with remaining AAO template in the upper image part 
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The estimated size of Au QDs according to SEM varied from 10 to 30 nm (see Fig. 4 ). The higher number of 
deposition pulses strongly increased the density of W nanodimples coverage with Au QDs. In addition, the 
duration of deposition slightly influenced the homogeneity of Au coverage as well. Namely, the higher 
deposition time improved the homogeneity. On contrary, the relaxation time between each pulse did not play 
a significant role in Au QDs distribution. 

Pulse galvanic Au deposition procedure was found to be very delicate process, because the presence of air 
bubbles in the electrolyte negatively affected its reproducibility. Therefore, the attention has to be paid to the 
construction of deposition device, mainly to the electrode shape and its placement above the sample, so the 
bubbles evolution can be eliminated. This was successfully accomplished by usage of Teflon cylindrical 
cover containing gold cylindrical electrode with conic bottom.  

  

Fig. 4 SEM image of Au QDs deposited at 15 pulses with deposition time of 100 ms (right) and 200 ms (left) 
after AAO template removing 

3.3  Characterization of chemical composition 

EDX analysis of samples with Au QDs confirmed the presence of Au, W, Si, Sb (as Si doping material), Ti, Al 
(trace amount originating from AAO template) and impurities such as C and O. Therefore, further qualitative 
analysis of metal layer composition was performed using XPS in order to find, if the carbon is presented as 
surface impurity or in the form of carbide inside the layers. This analysis confirmed only C in the form of 
surface impurity, because after sputtering of 10 nm from Al layer, the content of C decreased to 0 % from 
original 24 % and moreover, the content of oxygen decreased to 13 % from 40 %.  

All metal layers deposited on the sample, as well as Si wafer alone, presented strong reflective signal, which 
influenced the fluorescence spectra of pure Au QDs samples. This fact is due to much smaller material 
quantity of Au QDs compared to bulk metal layers. Regarding this disturbing phenomena, the most suitable 
wavelength for excitation of samples with Au QDs was 300 nm, which was estimated from excitation 3D 
scan.  

3.4  Characterization of QDs fluorescence propertie s 

The fluorescence analysis of pure Au QDs sample prepared at 7 pulses (current of 1 mA, deposition time of 

100 ms and relaxation time of 5s) showed that the maximal emission intensity was about 1.4⋅105 cps with the 
peak maximum at 370 nm (see Fig. 5 ). However, after Au QDs surface modification with GSH solution, the 

intensity was about 15 times higher (2⋅105 cps) and the maximum position was slightly shifted to 358 nm. 
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This phenomena can be explained by passivation of defects on QDs surface or the energy transfer from 
GSH moieties to QDs, which is analogous to classical Förster energy transfer [12]. 

The full width at half maximum (FWHM) parameters of unmodified samples regarding various preparation 
conditions are listed in Table 1 .  

Table 1 FWHM parameters of samples with unmodified Au QDs 

Number  of pulses  Duration of pulse (ms)  Pore size in AAO template (nm)  FWHM (nm)  
5 250  20–25  66  
15 100 20–25  65  
15 200  20–25  67  
7 100  10  63  

This parameter did not change significantly with variation of gold deposition conditions. The average value 
corresponded to 65 nm. The similar FWHM value was observed for GSH modified Au QDs, namely 58 nm. 
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Fig. 5 Fluorescence spectra of Au QDs deposited at 7 pulses (red) and the same Au QDs after modification 
with GSH solution (blue) 

4. CONCLUSION 

Array of self–ordered Au QDs with tunable size (in the range of 10–30 nm) were successfully achieved via 
template based method. These QDs were composed of expected chemical elements with commonly 
occurring surface impurities such as carbon and oxygen. The fluorescence properties of Au QDs were found 
in the visible range of spectra with maximum position at about 370 nm and FWHM parameter of about 
65 nm. The intensity of fluorescence significantly increased after adsorption of GSH molecules on Au QDs 
surface. This functionalization procedure enables further Au QDs array usage in biosensing, because GSH 
can serve as binding partner for detected analyte in the solution. 
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Abstract  

Electronic excitation energy transfer is studied theoretically within a prototype system of quantum dots using 
the excitonic representation of the electronic states of two quasi–zero dimensional subsystems, between 
which the excitation energy is transferred in a process treated as an irreversible kinetic phenomenon. The 
electron–phonon interaction is used to circumvent the energy conservation problem, especially when 
considering the uphill and downhill excitation transfer processes. The theory is studied upon utilizing a 
simplified model of two interacting quantum dots, both coupled to their environment. The theoretical 
approach is documented by numerical calculations. The results could be relevant to various cases of the 
electronic excitation energy transfer between quasi zero dimensional nanostructures.  

Keywords: quantum dots; energy transfer; electron–phonon interaction 

1. INTRODUCTION  

The semiconductor quantum dots, reminding sometimes artificial atoms, are promissing nanostructures for 
various applications like quantum information processing or the light emission nanostructures. In the latter 
case often the hybrid nanostructures combine nanostructures with suitable light absorption properties and 
nanostructures having useful light emission property. In such zero–dimensional nanostructures the light is 
supposed to be absorbed say in one part (A) of the hybrid nanostructure. The electronic excitation energy is 
then transferred to the other part (B) of the nanostructure, and then the light can be emited from the 
component B. As an example, A part can be a quantum dot, or another quantum nanoparticle, while B can 
be an organic molecule. The transfer of the electronic excitation energy from A to B is a kinetic process of 
the transfer of electronic energy and/or electronic charge and as such it remains to be an interesting 
irreversible transfer problem, until the present days. It is the purpose of the present work to consider some of 
the basic questions of the energy/charge transfer inside the hybrid quantum dot nanostructure. 

2. ENERGY TRANSFER PROBLEM 

We  shall confine our attention to the simple case when the light energy is absorbed in the part A, and then 
the excitation energy is transferred to the part B of the nanostructure, from where it is emitted as a light. The 
light emitted from the nanostructure is the photoluminescence response of the original light absorption. We 
shall deal with the particular case when the energy transfer between A and B is performed with help of the 
electrostatic coulombic interaction, like the dipole–dipole interaction, of the molecules A and B, as it is the 
case in the Fӧrster’s mechanism of the energy exchange [1].  

The energy transfer under study is a nonequilibrium process. Probably in practically all the available 
literature it is treated in the frame of the perturbation calculation with taking the electronic excitation transfer 
dipole–dipole interaction as a small perturbation [2]. Such formulas can thus be questioned from the point of 
view of the energy conservation in the course of the electronic excitation energy transfer [3]. We are going to 
demonstrate a derivation of the energy transfer rate formula based on using the exciton–phonon interaction 
in the parts A and B as a perturbation, with including the latter interaction nonperturbatively. Because of the 
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limited space in this publication we shall confine ourselves to a brief outline of the theory and to a brief 
display of numerical results. We will show that the presently used nonadiabatic approximation to the 
inclusion of the electron–phonon coupling into excitonic self–energy can give us an explanation of the 
experimentally well known energy transfer processes in which the energy is transferred to the part B with the 
electron excitation energy larger/smaller than is the excitation energy in the part A (the so called uphill or 
downhill relaxation) [4]. 

3. ENERGY TRANSFER 

We use the excitonic representation of the electronic system eigenstates of the parts A and B of the hybrid 
particle. We assume the existence of two exciton states only, one is the exciton localized at the part A, the 
other exciton is localized at the part B of the hybrid nanostructure. We assume that the purely electronic part 

of the Hamiltonian of the system consists of the Hamiltonian of free excitons excH0
 at A and B, and of the 

dipole–dipole interaction FV  which operator is approximated by the exciton transfer hermitian operator 

quadratic in the exciton particle operators. We include also the exciton–phonon interaction operator phexcV −  

which provides the scattering of the exciton on phonons without exciton transfer between A and B. 

It is interesting to consider a simple case, in which the values of the exciton energies are different, so that 

the difference between the exciton energies at the parts A and B, which are respectively AE  and BE , is 

much larger than the exciton transfer operator FV , namely, tEE BA >>− , where  t   is parameter giving the 

strength of the exciton transfer interaction.  

We perform the exact diagonalization of the pure excitonic part of the Hamiltonian, to obtain a new 
representation of the exciton states in the hybrid parts A and B. In the new representation the exciton–

phonon interaction phexcV −   now gains a longitudinal part, namely such terms, which transfer the exciton 

between A and B while simultaneously emitting or absorbing a phonon.  

 
 

Performing the above indicated canonical transformation, then under the condition of tEE BA >>−  the 

system becomes to be formally identical with the earlier studied system of the charge transfer between two 
molecules [5, 6]. The reader is referred to the works [5,6] and to our later publications for a more detailed 
account of the technical development of the problem of the transfer.  

We deal with the energy transfer between the parts A and B of the hybrid particle, under the perturbation, 
which is proportional to a product of the transfer interaction operator t  and the original transverse exciton–

phonon interaction operator. Using the new representation of the exciton–phonon operator we develop the 
quantum kinetic equation which gives the rate of the energy transfer between the parts A and B of the hybrid 
nanostructure. The new exciton–phonon interaction is included into the exciton self energy in the self–
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consistent Born approximation (SCB). In the restricted dimensionality of the system of the presently 
considered inclusion of the exciton–phonon interaction in the SCB approximation can be interpreted as 
nonadiabatic inclusion of the exciton–phonon coupling [5, 6].  

4. NUMERICAL RESULTS AND CONCLUSIONS 

In the Fig. 1  the energy transfer rate is calculated for the case of the exciton transfer from part A to part B, or 

from B to A, when BA EE < . We see that the present (off–shell) theory allows for the energy transfer without 

any exciton energy restrictions. The explanation of this feature is in that the exciton transfer is made possible 
by considering the nonadiabatic influence of the electron–phonon interaction in the present quasi– zero 
dimensional system. The present calculation of the energy transfer is analogical to our earlier demonstration 
of the electron charge transfer demonstrated theoretically on the example of the electron transfer between 
two neighboring molecular bases in the DNA molecule [7]. 

We simulate the energy transfer between A and B by a model, in which A and B are quantum dots with 
material parameters of GaAs crystal [8]. Within the present model the exciton interacts with optical vibrations 
of GaAs, with phonon energy 36.2 meV. This interaction leads to certain resonances observed in the 
dependence of the excitation transfer rates demonstrated in Fig. 1 , These resonances occur at the integer 
multiples of the optical phonon energy. 

The exciton transfer rate from A to B, in the case when the exciton energy on the B part is larger than in the 
A part, represents a supporting argument in favor of our view that the uphill and downhill energy transfers 
observed often experimentally [4] can be interpretted as being due to the inclusion of the Förster’s energy 
transfer mechanism together with the exciton–phonon coupling included nonperturbatively as shown in this 
work. 

In the conclusion, we can say that in the present work we have demonstrated that the inclusion of the exciton 
interaction with the vibrations of the atomic lattice, in the approximation going beyond the limits of a 
perturbation calculation of finite degree, makes it possible to explain the experimentally observed uphill and 
downhill processes of the electronic excitation transfer [4]. In this way we may suggest how to circumvent 
effectively the question of an energy conservation problem sometimes discussed in similar irreversible 
transfer processes theories [3]. Let us remark that a more detailed account of the presently shown 
theoretical argumentation will be presented elsewhere. 
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Abstract   

A microwave irradiation reduction way in an aqueous solution has been used for the synthesis of CdTe 
quantum dots using Na2TeO3 as the Te source and sodium borohydride as reduction agent. Quantum dots 
have been stabilized by mercaptosuccinic acid (MSA), where different amounts of added stabilizer have 
been studied. The synthesis parameters as power, reaction time, temperature and pH of the reaction 
solution have been optimized. According to reaction conditions size of prepared quantum dots can be tuned. 
Very short reaction time (10 – 15 min) and temperature from 50 to 130 ºC suffice to prepare highly 
luminescence dots. Absorption spectra and photoluminescence spectra were measured to characterize 
prepared dots in water solution. The peak positions in the absorption spectra ranged from 470 nm to 652 nm 
and the photoluminescence emission peaks ranged from 500 nm to near infrared region (NIR) 720 nm.   

Keywords: quantum dots, CdTe, microwave synthesis, mercaptosuccinic acid 

1. INTRODUCTION 

Quantum dots (QDs) are nanoparticles emitting light due to their variety of size and shape. For example, 
CdSe/ZnS QDs of approximately 2 nm in diameter produce a blue emission, whereas QDs approximately 
7 nm in diameter emit red light [5, 12]. Due to the convincing optical properties, QDs are new material with 
better phosphostability, narrow emission and continuous absorption spectra than organic dyes for biological 
labeling. The emission wavelength can be moreover extended into the near infrared region NIR (650 nm to 
950 nm), to take advantage of the improved tissue penetration depth and reduced background fluorescence 
at these wavelengths. For example, Zimmer et al. have employed NIR emitting QDs due to their ability to act 
as a reporter at a wavelength minimally absorbed by biological species [14]. They prepared a series of 
InAs/ZnSe core/shell QDs. The small core size, along with variation to the shell thickness and composition 
offered a range of size tuneable emission wavelengths, between 750–920 nm. An alternative to two–photon 
fluorescence imaging, which requires high excitation powers and a pulsed laser source, deep tissue imaging 
could rely on NIR fluorescence using nanocrystals that emit at 650–900 nm, a region of the optical spectrum 
that overlaps with tissue transparency window. NIR fluorescence could allow deep tissue imaging in animals 
with increased depth and with reduced background [10, 11]. Krishnan et al. reported in vivo NIR imaging 
using epidermal growth factor (EGF) conjugated NIR emitting QDs to image the over–expression of 
epidermal growth factor receptor (EGFR) in tumours compared to normal expression levels in the 
surrounding normal tissues [3]. Growing interest in study on QDs can be further demonstrated by preparation 
and application of different composition of QDs such as CdTe [4], CdSe [6] and Ag2S [8, 13]. Uses for QDs 
are widespread such as for early detection of cancer, for drug delivery, in vivo imaging and targeting  
[1, 2, 7, 9]. 

We have focused on preparing CdTe QDs modified by mercaptosuccinic acid (MSA) by microwave 
irradiation with the aim to extend photoluminescence emission to near infrared region (NIR). Colour, 
absorption and emission spectra depend on used temperature and power of microwave irradiation, higher 
temperature giving bigger particles and red colour. It was found that greater temperature than 130 °C and 20 
minutes of irradiation causes shrinkage of CdTe. Photon penetration into living tissue is highly dependent on 
the absorption and scattering properties of tissue component. The near–infrared region of the spectrum 
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offers certain advantages for photon penetration, and prepared CdTe QDs have enormous contrast for in 
vivo applications.  

2. MATERIALS AND METHODS 

2.1 Preparation of QDs  

Cadmium acetate Cd(OAc)2, MSA, NH3, Na2TeO3, NaBH4 of ACS purity were purchased from Sigma Aldrich 
(USA). Deionized water underwent demineralization by reverse osmosis using the instrument Aqua Osmotic 
02 (Aqua Osmotic, Tisnov, Czech Republic) followed by further purification using Millipore RG (Millipore 
Corp., USA).  

General method for preparation of CdTe QDs was as follows. 5 ml of Cd(OAc)2·2H2O (0.266 g/50 ml) was 
diluted with water (20 ml) and MSA (30 mg in 1 ml of water) was added with stirring. pH of solution was 
adjusted to 8.13 by addition of 1 M NH3, (0.9 ml). Afterwards, Na2TeO3 (0.0066 g) in water (23 ml) was 
added, stirred for 30 min and solid NaBH4 (20 mg) was added. Evolution of hydrogen was observed and 
color slowly turned to light yellow. After 1 h of stirring, 2 ml of solution was pipetted into reaction vessel and 
heated in Multiwave 3000 Microwave Reaction System (Anton Paar, Graz, Austria) using rotor 64MG5. The 
reaction conditions were as follows: temperature 50 – 130 °C, power 300 W and time of heating 10–18 
minutes. Prepared CdTe QDs were stored in dark at 4 ºC. 

2.2  Fluorescence measurement 

Fluorescence spectra were acquired by multifunctional microplate reader Tecan Infinite 200PRO (Tecan 
Group Ltd. Männedorf, Switzerland). The absorbance scan was measured within range from 230 to 800 nm 
per 5 nm. For emission wavelength was chosen excitation wavelength 400 nm. The detector gain was set to 
80. The sample (100 µl) was placed in transparent 96 well microplate with flat bottom by Nunc. 

2.3  X–ray fluorescence analysis (XRF) 

CdTe QDs was measured on Spectro Xepos (Spectro Analytical Instruments, Kleve, Germany). The sample 
was measured on a Pd anode X–ray tube working at a voltage of 47.63 kV and a current of 0.5 mA and 
detected with Barkla scatter aluminium oxide. Measurement time was 300 s. For excitation a Mo secondary 
target was used. The excitation geometry was 90º. The QDs was measured through the PE bottle side wall 
20 mm above the bottom. The Spectro Xepos software and TurboQuant method were applied to data 
analysis. 

3.  RESULTS AND DISCUSSION 

 

Fig. 1  Typical XRF spectrum of CdTe QDs with fluorescence lines measured through a PE bottle wall, Pd 
anode X–ray tube working at a voltage of 47.63 kV and a current of 0.5 mA. The peaks belong to S Kα, Cd Kα 

and Te Kα lines. Right: scheme of CdTe QDs covered with MSA 
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CdTe QDs covered by mercaptosuccinic acid have been prepared by microwave irradiation and 
characterized by XRF and spectral methods. On the base of XRF measurement (see Fig. 1 ) composition of 
prepared QDs was proved. In the spectra peaks that belong to S Kα1, Cd Kα1 and Te Kα1 lines were found. 

The whole reaction can be described as reduction of Na2TeO3 with NaBH4 to H2Te, which reacts with 
cadmium ions in the presence of MSA. The influence of various synthesis parameters, including the reaction 
temperature and time, the pH value of the solution, and the molar ratio of Cd2+, MSA and Na2TeO3 on the 
stability, quality and photoluminescence (PL) of CdTe QDs were investigated. The spare solutions were 
colourless or light yellow and no luminescence was observed. But it was found that after 24 h the solution 
emits blue light but intensity is very low. It can be concluded that very small nanoparticles grow in solution at 
ambient temperature and can serve as centres for crystallization. Thus fresh solutions are recommended for 
synthesis. Under microwave irradiation, CdTe QDs with tuneable emission wavelength from blue to dark red 
were produced by varying the reaction temperature and time. It is obvious that higher temperature leads to 
increasing growth of QDs and larger QDs are obtained. In our experiments we have used the same power of 
microwave oven (300 W) and temperature in the range 50 to 130 ºC. Higher temperature led to precipitation 
of product showing of course no luminescence. The same was observed in case when temperature above 
100 ºC was used and time of reaction was more than 16 min. The pH value of solution plays also important 
role in stability of QDs. In our solutions pH was adjusted by NH3 from 7.0 to 11, but optimal pH is in the range 
8.0 to 8.5. Amounts of reagents were also adjusted as they have great influence on stability and 
fluorescence intensity. We have used fixed amount of cadmium acetate and 30 – 60 mg of MSA was added. 
Also amounts of Na2TeO3 varied from 3.3 to 11 mg per 50 ml of spare solution. From the experiments 
optimal conditions were obtained.  

The CdTe QDs prepared under optimal conditions, given in preparation part, are hereinafter characterized by 
spectral methods. The absorbance and the photoluminescence (PL) spectra of five samples prepared at 300 
W, 10 min of heating and different temperatures (1 (80 ºC), 2 (100 ºC), 3 (110 ºC), 4 (120 ºC), 5 (130 ºC) are 
given in Fig. 2A  and B . In the bottom part of figure are snaps of the samples in ambient light (Fig. 2C ) and in 
the transilluminator (Fig. 2D ) at excitation wavelength 312 nm (Transilluminator Multiband TFX–35.MC, 
Torcy, France). Under microwave irradiation (300 W), various sizes of high quality CdTe QDs with tunable 
emission spectra were prepared by controlling the reaction temperature (50 – 130 °C) and reaction time (10 
– 18 min).  

Five samples presented here (1 – 5) were prepared under different temperature. The CdTe QDs solutions 
have different particle sizes as can be seen on snaps (Fig. 2C and 2D ). The growth of CdTe QDs is obvious 
as the reaction proceeded from low to higher temperature. Both absorption and emission spectra shifted to 
longer wavelengths with increasing the reaction temperature or prolonging the reaction time, as expected on 
the basis of quantum–confined size effects. The excitonic peak positions in the absorption spectra ranged 
from 470 nm (1) to 652 nm (5) and the PL emission peaks of CdTe QDs with excitation wavelength at 400 
nm from 500 nm (1) to 720 nm (5). The most intense peaks show green (2) and red (4) QDs with nearly the 
same intensity (23000 a.u.). The lowest intensity was observed for blue (1) emitting QDs (4260 a.u.), 
whereas middle intensity show yellow (3) and dark red (5) QDs (16000 a.u.). It is also well seen that band of 
dark red (5) QDs, with maximum at 720 nm, extends to 825 nm and intensities are 11000 a.u. at 750 nm and 
2270 a.u. at 800 nm. The observed fluorescence of (5) in NIR region seems to be promising for imaging in 
biological samples.   
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Fig. 2  Optical properties of CdTe QDs: A) Absorbance spectra of synthesized quantum dots (400 – 800 nm). 
Temperature of preparation is given in parenthesis: 1 (80 ºC), 2 (100 ºC), 3 (110 ºC), 4 (120 ºC), 5 (130 ºC). 

B) Fluorescence spectra of synthesised quantum dots (400 – 900 nm); number of flashes: 5; emission 
wavelength step size: 5 nm; gain: 80. C) Image of QDs irradiated with ambient light. D) Image of QDs taken 

at 312 nm in the same order (total concentrations of components in the mixture: Na2TeO3 – 1.4 mg/ml, 
Cd(OAc)2 – 2.66 mg/ml and MSA – 0.6 mg/ml) 

4.  CONCLUSION 

In the study was shown that quantum dots with required fluorescence properties can be prepared under 
relatively mild conditions. Conditions of preparation were optimized which results in reproducible synthesis of 
stable and water soluble CdTe QDs. Nearly neutral pH is also very important for biological applications of 
these QDs and fluorescence in NIR region is necessary for better and deeper imaging of tissue. A study on 
application of these QDs for imaging purposes is presented in the conference proceeding paper by Blazkova 
et al. 
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Abstract  

The titania quantum dots (QDs) are fabricated using template based non–lithographic technique. This 
technique is comparing to the other known methods (such as e–beam or droplet epitaxy, and lithography), 
cheaper, faster, and well reproducible. Nanoporous template employed in this method is created from 
aluminum layer. The material in the following step for creating QDs is titanium film located under the 
aluminum film. These films are prepared using physical vapor deposition (PVD) processes. Electrochemical 
properties and behavioral of these layers are key parameters for fabrication of QDs. During PVD deposition, 
it is very important to optimize every parameter of deposition process due to following creation of QDs. In the 
presented paper the comparison of two deposition methods is proposed and the deposition parameters 
influence on the nanofabrication of QDs is shown. In the beginning, there is the optimization of the thermal 
evaporation. The PVD thermal evaporation process is used due the ability of stress reducing, purity of 
materials, and grain structure growing. Using the thermal evaporation the much better results of 
nanostructuring were achieved. The evaporated layer has minimum stress, and precise bi–layer interface, 
which is necessary for fabrication of Ti quantum dots.   

Keywords: titania quantum dots, anodization, magnetron sputtering, thermal evaporation 

1. INTRODUCTION  

The titania QDs have increasingly attacking attention as possible optical detectors of biomolecules, such as 
proteins, DNA, etc. [1]. Also the nanostructured surface may be a possibility as platform for electrochemical 
detection e.g. monitoring of adhesion, proliferation and apoptosis of mammalian cells on the electrode 
surface. Considering previously mentioned potential used there is the wide concern to focus on the QDs 
fabrication. The fabrication of QDs has been in detail described in previously published papers, e.g. [2]. 
Employing the non–lithographic technique, the first and fundamental fabrication step is the deposition of 
metal layers. This paper presents two fundamental physical vapor deposition(PVD) methods, magnetron 
sputtering and thermal evaporation, as the first step for nanofabrication of titania QDs. In this work there is 
comparison of these two deposition technique, and the presenting of the optimizing of thermal evaporation to 
gain the optimal film properties for creating QDs. Deposition of thin films by PVD techniques has found 
widespread use in many industrial sectors. The PVD has been known and performed for very long time. 
There have been numerous publishing activities about these techniques since discovering of this methods 
[3]. Even though there is still need of researching in this field due to different application, different intended 
film properties, different behavior during the exact fabrication processes [4]. The magnetron sputtering is, 
without any questions, the most used deposition technique [5]. From different point of view there are still 
some field thin layers where the only option for creating of optimal film is performing the thermal evaporation.    

Evaporated atoms have Maxwell energy distribution which is lower than energy of the particles deposited 
during sputtering process.  

The physical vapor deposition of metal films is used for preparation of nanostructures. It is important to 
prepare the thin layers with absolutely known properties. In this paper it is studied and compared the 
magnetron sputtering and thermal evaporation. The deposited films have to have certain properties for 
particularly application in this case nanofabrication of titanium quantum dots.  
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The process starts with silicon substrate on the silicon substrate there is deposited the titanium layer with 
thickness 50 nm and then aluminum layer with thickness 100 nm. They are many parameters which need to 
be considered. The adhesion of layers, grain size, micro–structure of film, and the interface between titanium 
and aluminum, should be controlled and deposited with absolutely correct setup of each deposition.  

2. EXPERIMENTAL  

The fabrication and experimental process was as follows. Both experiments started with a silicon wafer (100) 
500µm thickness. Silicon dioxide was created on wafer by thermal oxidation with thickness 1 µm. The 
substrate was cleaned in isopropanol, rinsed out with deionized water. The following step was the deposition 
of titanium (50 nm), and deposition of aluminum layer (100 nm). The first deposition was performed using the 
magnetron sputtering and the second deposition by the thermal evaporation. The anodization process was 
then performed on each sample to compare these two depositions.  

2.1 Magnetron sputtering 

The magnetron sputtering deposition was performed with the parameters listed in the Table 1 . The 
parameters for the deposition were chosen by generally used setup for the titanium and aluminum 
deposition.  

Table 1 Operation condition of magnetron sputtering deposition 

Parameter  Titanium layer  Aluminium layer  

Pressure [Pa]  0.55 1.2  

Ambient Flow [sccm]  20 50  

Power[kW,  #15]  0.5 DC  1 DC  

Deposition Rate [nm*s –1] 0.08–0.10  10  

Thickness[nm] 50 100 

2.2 Thermal evaporation 

For the evaporation of aluminum wire is used the tungsten spiral with bounded condition 160 W and the 
current 40 A. The evaporation has a few steps. First, the aluminum wire is given into the center of the spiral. 
As the current is slowly increasing the aluminum wire starts to melt and the molten ball is appeared in the 
center of spiral. With other increasing of current the molten aluminum covers the whole spiral then the 
evaporation could be started with very slow rate which is needed. Therefore, it is not possible to heat the 
substrate and improve adhesion in this way. Tungsten boat is used for evaporation of titanium and this 
deposition must be done very carefully because of impurities, with boundary conditions the power 590 W and 
70 A. The titanium has the melting point 1668 °C. The temperature of evaporation is a little lower but with the 
amount of titanium, the deposited film could have some contaminations. Considering the electro–chemical 
properties, the analysis is processing to be sure about the film purity. The rate of deposition is very important 
for microstructure and the grain size of titanium layer. The process conditions are listed in the Table 2 .  

Table 2 Operation conditions of thermal evaporation deposition 

Parameter  Titanium layer  Aluminium layer  

Pressure [Pa]  3.2⋅10–3 2.8⋅10–3 

Current [A]  54 38 

Deposition Rate [nm*s –1] 0.08–0.10  3–6 

Thickness [nm] 50 100 
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2.3 Anodization process 

Experimental prove the thermal evaporation could be used very efficiently for nanostructuring is performed 
by manufacturing of titanium QDs, anodization of aluminum and titanium layers using the utility model 
equipment for the electrochemical post processing deposition fabricated in our laboratory (detailed 
description of the tool is reported by Hubalek [6]). Due to the different anodizing behavior of these layers, 
there is option for optimizing deposition techniques to be more suitable for nanotechnologies. Detailed report 
about anodization process for Ti QDs is detailed reported by Drbohlavova in [7].  

3. RESULTS AND DISSCUSSION 

The thermal evaporation has some advantages to sputtering, there is a less stress of coated films and 
sputter–ejected species have kinetic energies considerably greater than thermal evaporation [8]. Due to 
previously mentioned fact the interface and the microstructure of layers are not completely suite for 
manufacturing of QDs. The topography analysis of evaporated film is shown in Fig. 1a ), and the sputtered 
layer is shown in Fig 1b ). The grain size is more homogeneous and partials are smaller. This is necessary 
for creating the titania QD array.  

 

Fig. 1 The SEM images of A–evaporated Al film, B–sputter–deposited Al film 

The thermal evaporation sample was use for anodization in the next step. The anodization curve is in shown 
in the Fig. 2 . The curve is flat with minimum of oscillation due to homogenous layer. The nanofabrication of 
titania QDs was achieved with sufficient results. The experiments with these layers has been reproducing 
very well, and it has been proved for many times in this case. 

The sample (shown at the Fig. 3 ) is the thin layer deposited by magnetron sputtering. Previously, it has been 
shown (see Fig. 1 ) that the microstructure is not optimal and the grain structure is not suitable for the next 
fabrication steps.  
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At the Fig. 3  it is shown the process is irregular and there is no setup to create QDs with these sputtered 
layers. The current was oscillating due to inhomogeneity mainly in the aluminum layer. There is no possible 
reproducing of such experiments.  

The Fig. 4 shows the XPS analysis of thermal evaporation deposited Al layer. During thermal deposition is 
more likely to detect some impurities. Therefore it is important for nanofabrication to perform the material 
analysis. The aluminum layer was without impurities of tungsten, even the titanium layer was with such 
tungsten particles. Only other materials were oxygen and carbon, but when the layer was sputtered due to 
remove the surface contamination. 

 

Fig. 4 XPS analysis of Al layer chemical composition combined with sputtering of surface impurities 

4. CONCLUSION 

This paper presents comparing of two fundamental PVD deposition methods with respect to nanofabrication 
of titania QDs. The anodization process serves as kind of research of deposited layer. The optimized thermal 
evaporation was considered as better type of deposition for this kind of deposition. Magnetron sputtering 

Fig. 2 The anodization curve corresponding to Al 
evaporated layer 

Fig. 3 The anodization curve corresponding 
to Al sputter–deposited layer 
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deposition is the most used kind of deposition, but for several type of nanotechnology is necessary to use 
different way. There is overview of experiments, deposition parameters, and the anodization processes. This 
paper can contribute to solve today and future issues with nanofabrication and nanotechnology. 
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Abstract  

The aim of this study was to propose an appropriate procedure of dyeing of textile materials using a 
tetrachlorine–gold acid (HAuCl4). In the study are described already used procedures and methods of dyeing 
by gold. In the first place it was examined whether the gold thus more tetrachlor–gold acid can be use for 
dyeing of textile materials. To determine the best procedure of dyeing by HAuCl4 was tested six different 
dyeing processes, of which the best one was selected. Textile materials chosen for this study were cotton, 
polyester, viscose, wool and polyamide.  

After dyeing processes of all mentioned textile meterials it was decided that further tests will be carried out 
only on cotton textiles due to the best coloration. 

The thus prepared fabric was further investigated for intensity of coloration, electric conductivity and 
electromagnetic shielding effectiveness. The above mentioned process achieved the creation of gold 
nanoparticles in the fabric, which was examined by SEM and EDS analysis. 

Keywords: gold, nanoparticles, dyeing, color, textile, cotton, properties 

1. INTRODUCTION 

At present, the procedures for the preparation of nanoparticles are used and developed. These procedures 
can summarize knowledge from the fields of chemistry, physics or biology. It is possible to determine the 
shape and size of the prepared nanoparticles and also to achieve better properties. The most commonly 
used types of nanoparticles are nanoparticles of metals (gold, silver), nitrogen (silicon), sulfides, selenides 
and polymeric nanoparticles (copolymers, dendrimers). [1] The HAuCl4 is one of the most common gold 
compounds, known and sold under the trade name chloride gild. [2] Gold nanoparticles adopt and diffuse 
light with great flexibility. [3], [4] There are a variety of articles about using gold for dyeing, but other material 
than textiles. Earlier, gold was used for coloring of glass, porcelain and ceramics. There are different 
methods and procedures to achieve different colors and shades of orange, amber, pink, ruby red, violet 
purple, etc. 

2. EXPERIMENTAL 

2.1 Used materials and chemicals 

Table 1 Characteristic of used textile material 

Material 
composition 

Weave 
Number of 
standards 

Area density 
Sett warp 
(on 10cm) 

Sett of weft 
threads 

(on 10 cm) 
100 % CO Plain ČSN 800101 138 g/m2 260 210 
100 % WO Plain  ČSN 800120 163 g/m2 230 210 
100 % VI Plain  ČSN 800100 127 g/m2 270 230 
100 % PA Plain  ČSN 800117 80 g/m2 250 230 
100 % PL Plain  ČSN 800108 127 g/m2 220 200 
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Chemicals used for experiments:  HNO3 – 80 %, HCl, SnCl2, HCO2H – 85 – 87 %, NaHCO3, HAuCl4, 
H2SO4, CH3COOH and NaCl 

2.2 Used methods of dyeing 

2.2.1 Method of dyeing No. 1: [5] 

Basic solution of tetrachlor–gold acid was prepared by dissolving of 0.054 g of gold in hot aqua regia. Aqua 
regia consists of one part nitric acid and 2 parts of hydrochloric acid. Standard solution of stannous chloride 
was prepared by dissolving of 0.0648 g of stannous chloride in 8.64 ml of distilled water. Next step was to 

measure 20 ml of HAuCl4 and dilute it with 100 ml of distilled water. In to this solution is slowly pour a 
solution of stannous chloride. Then it was added a 200 ml of hot water. After a few minutes arise a violet 
color which is precipitated at the bottom of the container. The solution was stirred for one hour. Subsequently 
was decanted water and rinsed in distilled water for four times. 

2.2.2 Method of dyeing No. 2: [6] 

Before the experiment, it was necessary to damage the tested samples with a concentrated sulfuric acid. 

After the reaction with sulfuric acid were samples taken out, rinsed with water and dried. Furthermore was 
prepared the solution of stannous chloride (10 g/l of SnCl2 and 1 g/l of acetic acid) and the solution of gold 
chloride (HAuCl4 2 drops per liter). Samples were immersed in the solution of stannous chloride for 1 hour 
while stirring. After the elapsed time, the samples were rinsed with flowing water and then placed in the 
solution of gold chloride for four and half days. 

2.2.3 Method of dyeing No. 3: – instead of water wa s added to the crystallized gold same amount of 
technical alcohol [5] 

The HAuCl4 was prepared by dissolving of 0.032 g of gold in 1 ml of aqua regia, it was left to evaporate to 
red and then precipitate the yellow crystals, which were diluted with 12.8 ml of technical alcohol. 
Furthermore, was prepared the solution of stannous chloride (40 ml of water and 2 ml of stannous chloride). 
Samples were immersed in this solutions for 10 minutes, after that they were dried and immersed in a gold 
chloride (2 ml of water and 2 ml of HAuCl4 diluted with alcohol). 

2.2.4 Method of dyeing No. 4: – Aqua regia ratio is  3:1 [5] 

The aqua regia was prepared in a ratio of 3:1 (3 parts of concentrated hydrochloric acid and 1 part of 
concentrated nitric acid). Gold weighing of 0.238 g was dissolved in 4 ml of aqua regia, then it was left to 
evaporate and cool down to an ambient temperature. Thus formed yellow crystals were mixed with 95.2 ml of 
water. Samples were immersed in the solution of stannous chloride (40 ml of distilled water and 5 ml of 
stannous chloride) for 5 minutes and then dried. After that samples were put into the solution of gold chloride 
for 22 hours. The solution of gold chloride was composed of 2 ml of H2O and 3 ml of HAuCl4. 

2.2.5 Method of dyeing No. 5: – Dyeing of other mat erials – using methods No. 3 and No. 4 [5] 

It was examined dyeing of polyamide, polyester, viscose and wool fabrics. The samples were soaked in the 
same solutions as follows: stannous chloride solution (40 ml of distilled H2O, 3 ml of stannous chloride) for 
30 minutes and the solution of gold chloride (2 ml of distilled H2O, 1 ml of HAuCl4 with alcohol) also for 30 
minutes. From results of dyeing these material was clear that the worst coloration after dyeing had wool 
however, the best coloration reached polyester and viscose fabrics. 

2.2.6 Method of dyeing No. 6: – Aqua regia ratio is  3:1 [7] 

All samples were immersed in the same concentrated solution of stannous chloride and equally concentrated 
solution of gold chloride. For each sample was measured dyeing bath separately. Stannous chloride was 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

199 

prepared from 40 ml of distilled water, 3 ml of stannous chloride and the exposure time was 10 minutes. The 
samples were then rinsed and dried. Then the samples were immersed in a solution of gold chloride (20 ml 
of distilled water, 10 ml of HAuCl4 (the aqua regia in a ratio of 3:1), 2 g of baking soda and 4 drops of formic 
acid). Samples were then taking out of the dye bath rinsed and dried. 

2.3 Selected dyeing method intended for further exa mination  

According to the evaluation of dyed samples was chosen method No. 6 This procedure was accomplished 
the darkest and the best color. Furthermore, the concentration and size of samples was determined. There 
were prepared 8 cotton samples with size of 15 x 21 cm. For each sample was prepared the solution of 
stannous chloride (1050 ml of distilled H2O, 78.75 ml of SnCl2 (10g/l)). The samples remained in the bath for 
10 minutes. After this time the samples were rinsed under the flowing water. With foulard were samples 
stripped of excess water and then dried on the paper in the heated box. The tetrachlorine–gold acid was 
prepared by dissolving a gold in the aqua regia. The Aqua regia was prepared in a ratio of 3:1, namely: three 
parts of hydrochloric acid and 1 part of nitric acid (16.61 ml of hydrochloric acid, 5.54 ml of nitric acid, 1.19 g 
of gold). The aqua regia together with gold were heated up and evaporated. During the cooling there were 
occured a yellow, needle –shaped crystals. To the precipitated solution was added 476 ml of distilled water. 

Table 2 Concentration of HAuCl4 solutions for individual samples 

Sample 
Amount of HAuCl 4 
samples 3x4 cm 

Amount  of HAuCl 4 
samples 15x21 cm 

% solution of HAuCl 4 

1 3 ml 78.75 ml 60 % 
2 2 ml 52.5 ml 40 % 
3 1 ml 26.26 ml 20 % 
4 0.5 ml 13.13 ml 10 % 
5 0.2 ml 5.25 ml 4 % 
6 0.1 ml 2.63 ml 2 % 
7 0.05 ml 1.31 ml 1 % 
8 0 ml 0 ml 0 % 

 

The basic solution was made up from 105 ml of distilled water, 2.63 g of baking soda and 0.1 ml of formic 
acid. The difference was only in amount of tetrachlorine–gold acid. 

3. RESULTS 

3.1 Coloration 

On Fig. 1a – h are shown samples in the final form after the dyeing process. From the images, it is evident 
that that the reduction of HAuCl4 concentration means reduction of coloration of the individual samples. 

   
(a) (b) (c) 

   
(d) (e) (f) 

  

 

(g) (h)  

Fig. 1  Dyed samples depending on the amount of HAuCl4 (a) 60 %, (b) 40 %, (c) 20 %, (d) 10 %, (e) 4 %, 
(f) 2 %, (g) 1 %, (h) a blank sample 
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3.2 Colour measurement 

Color was measured in two different ways. It was measured by using a digital colormeter and by using a 
spectrophotometer. 

Digital color meter 

On each sample was identified 10 circular places where they were deducted values L, a, b.Value of L 
determines the brightness. The values of a, b determines the position of the chromatic area. From these 
obtained values is possible to calculate the total color difference. Average values of color differences 
between individual samples are shown in Table 3 . 

Table 3 Average values of color differences between individual samples 

Sample  1 2 3 4 5 6 7 8 
Avarage ΔE  36.73 35.79 41.49 48.47 65.40 87.41 92.30 94.60 

 

Spectrophotometer Datacolor 

  

Fig. 2  Values of intensity Fig. 3  Reflectance for all samples 

On Fig. 2  can be seen that the higher the concentration of gold means the higher value of the intensity. 
Decreased reflectance results in a darker sample. Reflectance is dependent of Ks values on the wavelength 
which is shown on Fig. 3 .  

3.3 Electric conductivity and electromagnetic shiel ding 

Surface resistivity (ρS) and volume resistivity (ρV) were measured according to the standard ČSN 34 1382, at 
the temperature T = 22.3 °C and relative humidity RH = 40.7 %. Surface resistivity is measured by applying 
a voltage potential between two electrodes of specified configuration that are in contact with the same side of 
a material under test. Volume resistivity is measured by applying a voltage potential across opposite sides of 
the sample and measuring the resultant current through sample. Mean values of surface and volume 
resistivity of samples are given in Table 4 . 

Table 4 Mean values of volume and surface resistivity. 

Sample  1 2 3 4 5 6 7 
Au content [%] 14.95 10.62 3.98 1.04 0.61 0.59 0 
ρS [Ω] 2.63E+07 1.29E+08 2.97E+09 7.69E+09 2.97E+10 2.06E+10 6.90E+10 
ρV [Ω.cm] 1.25E+09 1.62E+10 1.58E+11 2.36E+11 4.55E+11 3.02E+11 2.33E+12 

 

In Fig. 4 , there is shown a dependence of surface and volume resistivity on Au content. It is clear, that those 
resistivities are decreasing while Au content is increasing. For example sample 1 has about three orders 
lower surface resistivity when compared with blank sample no. 7. In other words electrical conductivity of 
sample increases with increasing content of Au content in sample. 
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Fig. 4  Dependence of surface and volume resistivity on Au content 

Electromagnetic shielding was characterized by the attenuation of electromagnetic field power density by 
using of simple device. Basic parts of device are two waveguides. One waveguide is connected with 
receiving wire (antenna). Textile sample is placed on the entrance of second waveguide. The end of this 
waveguide is filled by foam saturated by carbon absorbing the electromagnetic field passed through sample. 
Sample is oriented perpendicularly the electromagnetic waves. Transmitting antenna is placed in front of first 
waveguide input. As source of electromagnetic field the ZigBee module working at frequency 2.4 GHz was 
used. It was found that no one of treated samples has shielding efficiency. In other words treated samples 
are not able to stop electromagnetic waves passing through the sample.  

3.4 SEM and EDS analysis 

By SEM and EDS analysis were further examined all the samples except sample containing 60 % solution of 
HAuCl4. By the scanning electron microscop was taken picture of each sample at a magnification of 1000 
(see Fig. 5 ). This measurement demonstrated that the samples actually contain gold nanoparticles. It can be 
seen at picture witht a magnification of 50 000x. 

    
40 % solution of  HAuCl4 20 % solution of  HAuCl4 10 % solution of  HAuCl4 4 % solution of  HAuCl4 

    
2 % solution of  HAuCl4 1 % solution of  HAuCl4 Blanc sample Mag. 50 000x 

Fig. 5 Images of samples taken by SEM 

The EDS analysis was performed to determine the elemental composition of samples. The Table 5  shows 
the amount of containing elements for each sample (same see on Fig. 6 ). 
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Table 5  Elemental composition of samples 

Sample  Content of the element [weight%]  
 C O Na Sn Au  

blank 52.88 45.62 0.90 0.70 0.00 
0.05 44.39 45.82 8.00 1.20 0.59 
0.1 52.55 43.22 3.12 0.50 0.61 
0.2 53.09 43.33 1.85 0.69 1.04 
0.5 51.05 42.86 0.89 1.22 3.98 
1 57.42 30.71 0.66 0.60 10.62 
2 48.64 35.51 0,.17 0.73 14.95 

  
 Fig. 6 Summary of elements in samples 

4. CONCLUSION 

The dyeing methods used in this work shows that it is really possible to use a gold for dyeing textile 
materials. Some procedures reported a very bad coloration, and so forth with them was not working. Worst 
dyeing method was No. 2–Haller's reaction to oxycellulose. The samples did not achieve almost any 
coloration. They were used different ratios of aqua regia, it was also tried to use the technical alcohol instead 
of water. All the above mentioned methods achieved a slightly mauve tone. Change came when it was used 
a baking soda and a formic acid. Samples had a darker purple tone. The hue was also dependent on the 
concentration of tetrachlor–gold acid. With decreasing concentrations were reduced a coloration of each 
samples. The best procedure for dyeing was method No. 6. From the performed analytical methods it was 
found that samples show no electromagnetic shielding effect. Electric conductivity of treated samples was 
tested. We detected that electric conductivity is increasing with increasing the gold portion in sample. It is 
clear, that increased electric conductivity of treated samples is not sufficiently high for shielding 
electromagnetic waves. It came out best for samples with low concentrations of tetrachlor–gold acid. Pictures 
from a scanning electron microscope showed the presence of gold nanoparticles on the surface of samples.  
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Abstract 

Silver nanoparticles for spectroscopic applications, namely for surface–enhanced (resonance) Raman 
scattering (SE(R)RS), are usually prepared by a chemical reduction in aqueous solutions. The as–prepared 
nanoparticles mostly reveal negative zeta potential values among other important characteristic features. 
Therefore, it is really questionable if anionic organic species and/or pollutants dissolved in aqueous solutions 
can be directly and immediately detected by SE(R)RS using the as–prepared silver nanoparticles. In this 
contribution, we are going to show our results concerning SERRS detection of two anionic (4,4',4'',4'''–
(21H,23H–porphine–5,10,15,20–tetrayl)tetrakis(benzenesulfonic acid, TSPP), 4,4′,4′′,4′′′–(21H,23H–
porphine–5,10,15,20–tetrayl)tetrakis(benzoic acid), TCPP) and, for a direct comparison, of cationic 
(5,10,15,20–tetrakis(4–trimethyl–ammoniophenyl)porphyrin tetra(p–toluenesulfonate), TTMAPP) porphyrins 
serving as model compounds. Several different types of silver nanoparticles prepared by diverse chemical 
reduction processes are tested in this study. Based on our data, SERRS spectral detection of selected 
water–soluble porphyrins strongly depends on their charge in aqueous solutions and on the type of silver 
nanoparticles being exploited for SERRS measurements. Furthermore, it can be claimed that the cationic 
porphyrin enables its immediate detection at low concentrations, while the anionic ones need an additional 
time in order to be detected.        

Keywords: Ag nanoparticles, Ag colloid, porphyrins, surface–enhanced resonance Raman spectroscopy 

1. INTRODUCTION 

Exploitation of silver nanoparticles and/or electrodes for enhancement of Raman scattering of molecules 
being in a close vicinity of silver surface is known for many decades [1–3]. Silver nanoparticles can be 
prepared by several different ways: two most extensively used procedures include chemical reduction and/or 
laser ablation. Chemical reduction in aqueous solution of silver salt can be driven by e.g. sodium 
borohydride, sodium citrate, glucose (in alkaline pH values) etc. [2, 4, 5, 6]. The as–prepared nanoparticles 
differ in surface chemistry as it has been demonstrated in [7, 8] already. Generally, the as–prepared 
nanoparticles possess negative zeta potential values [7]. It can be thus presumed that the detection of 
anionic and cationic compounds will significantly differ. 

Porphyrins serving in our study as model adsorbates are widely used in several different areas of research: 
for instance, in dye sensitized solar cells [9–11], for the detection of singlet oxygen [12], in conjunction with 
quantum dots as sensors of metal ions [13], as stabilizers of generated noble metal nanoparticles [14], for 
clinical diagnostics of early stages of cancer [15] etc.    

Here, we focus our attention on the detection of two anionic  (4,4',4'',4'''–(21H,23H–porphine–5,10,15,20–
tetrayl)tetrakis(benzenesulfonic acid, TSPP), 4,4′,4′′,4′′′–(21H,23H–porphine–5,10,15,20–
tetrayl)tetrakis(benzoic acid), TCPP) and one cationic (5,10,15,20–tetrakis(4–trimethyl–
ammoniophenyl)porphyrin tetra(p–toluenesulfonate), TTMAPP) porphyrins at the final concentrations of 
1x10–6 M by means of SERRS (surface–enhanced resonance Raman scattering) spectroscopy. The final 
concentration has been chosen on the basis of previous studies made by us as well as by other research 
groups [2, 16].        

 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

204 

2. EXPERIMENTAL  

2.1 Materials 

Analytical grade chemicals and distilled deonized water were used for all samples preparations. AgNO3, 
NaBH4, sodium citrate, aqueous solution of NH3, NaOH, D–glucose, 4,4',4'',4'''–(21H,23H–porphine–
5,10,15,20–tetrayl)tetrakis(benzenesulfonic acid, TSPP), 4,4′,4′′,4′′′–(21H,23H–porphine–5,10,15,20–
tetrayl)tetrakis(benzoic acid), TCPP), and (5,10,15,20–tetrakis(4–trimethyl–ammoniophenyl)porphyrin 
tetra(p–toluenesulfonate), TTMAPP) were used as received without any further purification. The glassware 
was cleaned by diluted nitric acid (1:1), extensively rinsed with distilled water and subsequently with 
deionized water. Alternatively, the mixture of sulphuric acid and hydrogen peroxide (1:1) was used, 
particularly when the glassware was polluted with porphyrin molecules.   

2.2 Preparation of colloids 

Ag colloids were prepared by different methods. Agbh were prepared by reduction of AgNO3 by NaBH4 [2]: 
3.5 mg of NaBH4 in 75 mL of distilled deonized water was cooled to 4 °C. To this solution, 7.5 mL of 2.2 x 
10–3 M aqueous solution of AgNO3 (precooled) was added dropwise with constant stirring (100 rpm). Stirring 
was continued without interruption for 45 min. The resulting silver colloid was bright yellow with maximum 
wavelenght of surface plasmon absorption at 395 nm. This colloid has average zeta potential –41 ± 9 mV 
and size of nanopartcles by DLS was 13 ± 2 nm.  

Second colloid (AgCit) was prepared by dissolving 45 mg AgNO3 in 250 mL distilled deonized water and 
brought to boiling. A solution of 1 % sodium citrate (10 mL) was added. The solution was kept on boiling for 
ca. 1 h [4]. The resulting colloid was still centrifuged at 4000 rpm. AgCit has maximum wavelenght of surface 
plasmon absorption at 410 nm. This average zeta potential was –37 ± 15 mV and size of nanopartcles by 
DLS was 52 ± 10 nm.  

Next silver colloid AgG was prepared by the modified Tollens method [5]: 20 mL of 5 x 10–3 M aqueous 
solution of AgNO3, 20 mL of 0.025 M aqueous solution of NH3, 4 mL of 0.24 M aqueous solution of NaOH 
and 36 mL water was mixed. Under stirring was added 20 mL of 0.05 M aqueous solution of glucose. After 
10 minutes stirring the gray colloid done. AgG has maximum wavelenght of surface plasmon absorption at 
415 nm. This average zeta potential was –32 ± 19 mV and size of nanopartcles by DLS was 75 ± 15 nm. 

2.3  Preparation of SERRS–active systems 

Were prepared stock solutions of the porphyrin concentration of 10–4 M that were used to prepare the 
SERRS active systems. To 1.5 mL Ag colloid was added 15 μL porphyrin. For TCPP were prepared systems 
with Agbh, AgCit and AgG. The same systems were prepared for TSPP and TTMAPP. 

2.4 Instrumentation 

DXR Raman microscope (Thermo Scientific, Nicolet CZ) equipped with a macro–sampling holder and  
thermoelectrically cooled CCD detector (–50 °C) was used for all SERRS spectra acquisition. The excitation 
wavelength of 532 nm of a diode–pumped solid state laser was used and set to the power of 10 mW at the 
sample. The samples were placed in a 1 cm quartz cuvette. Raman scattered light was collected in a 180° 
geometry, with the exposition time of 5 s, repeated 16 times.     

UV–visible spectra were measured using Specord S600 (Analytic Jena). DLS and zeta potential were 
recorded on Zetasizer Nano Series (Malvern Instruments).  

3. RESULTS AND DISCUSSION 

According to the literature [1, 2], two SERRS spectral forms of TCPP can be detected on silver surfaces: 
metallated (i.e. Ag atom incorporated in the center of porphine macrocycle) and/or non–metallated (free 
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base). The former can be clearly distinguished in SERRS spectrum by the appearance of characteristic 
bands (so called metallation markers) located at ~380 (390), 1340, and 1540 cm–1. Our SERRS spectra of 
TCPP introduced into the Ag colloids, prepared by three different procedures, and recorded in given time 
intervals are shown in Figs 1A–C . While in the case of borohydride–reduced (Agbh) colloid (Fig. 1A ), the 
metallation markers tend to appear in the 19th minute; there are no such bands detected in the cases of 
citrate–reduced (AgCit) and glucose–reduced (AgG) colloids in the same time interval elapsed from the 
SERRS–active systems preparation, Figs 1B and 1C , respectively. Moreover, no SERRS signal is seen on 
AgCit colloid in the 19th minute (Fig. 1B ) and only Raman signal of free base TCPP is distinguished on AgG 
colloid in the 19th minute (Fig. 1C ). It can be thus concluded that surfaces of Ag nanoparticles differ in their 
abilities to detect TCPP in one of its SERRS spectral forms. This behavior can stem form the fact that Agbh 
is stabilized by an electrostatic bilayer created by inorganic ions (borrates), whereas the two others are 
surrounded by organic molecules (carboxylic and polycarboxylic anions).     

Furthermore, the SERRS–active systems containing TCPP were measured in one week elapsed from their 
preparation and revealed all three metallation markers in Agbh (Fig. 1A ) and AgG (Fig. 1C) colloids. On the 
contrary, only the 378 cm–1 band was detected in AgCit (Fig. 1B ). This trend is maintained even after several 
weeks (Figs. 1A–C ). It could be explained by a slightly different orientation of TCPP on AgCit which is most 
probably induced by the organic anions (citrates) being present on AgCit nanoparticles. Citrates can serve 
as an orientation matrix for TCPP molecules similarly as it has been observed for porphyrins tested on 
nanoparticles prepared by laser ablation in the presence of citrate and citric acid in ref. [17].     

 

Fig. 1  SERRS spectra of TCPP (532 nm excitation) in (A) Agbh, (B) AgCit, (C) AgG colloids. Spectra of AgG 
and AgCit after 1 and 2 weeks were divided by 5 for the sake of clarity 

In a very similar way, we investigated the possibilities of TSPP detection on the three types of Ag 
nanoparticles used in our study. This porphyrin can be again detected in two SERRS spectral forms as 
known from the literature [1]: metallated (manifesting itself by 355, 422, 1341 and 1541 cm–1) and free base. 
Agbh (Fig. 2A ) and AgCit (Fig. 2B ) colloids revealed no signal of TSPP in the spectra recorded 19 minutes 
from the systems preparation. Just a few SERRS spectral peaks of TSPP were observed due to 

A B 

C 
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nanoparticles of AgG colloid (Fig. 2C ). The situation dramatically changed after one week: TSPP on Agbh 
nanoparticles was fully metallated and several bands of free base TSPP form appeared on AgCit and AgG 
nanoparticles. However, the observation of all metallation markers of TSPP was never achieved in AgCit 
and/or AgG colloids measured during several weeks (Figs. 2B, C ). This is most probably caused by the 
presence of organic anions serving as an orientation matrix as it has been mentioned above already.     

 
Fig. 2  SERRS spectra of TSPP (532 nm excitation) in (A) Agbh, (B) AgCit, (C) AgG colloids. Spectra of AgG 

and AgCit after 1 and 2 weeks were divided by 5 for the sake of clarity 

Last, but not least, SERRS spectra of TTMAPP on nanoparticles of Agbh, AgCit and AgG colloids were 
recorded (Figs. 3A–C ). Since in this case a cationic porphyrin is measured, it is not surprising that SERRS 
spectra are observed from the first minute after the systems preparation. Indeed, metallation markers of 
TTMAPP (382, 1343, 1540 cm–1) were obvious in the SERRS spectrum of Agbh–TTMAPP system from the 
very beginning (Fig. 3A ). The ratio of metallation vs. free base form in Agbh–TTMAPP increased during the 
time as it can be seen from the relative intensities of the bands located for instance at ~380 and 320 cm–1, 
respectively (Fig. 3A ). In the two other colloids (AgCit and AgG), no metallation markers appeared during the 
whole 43 min period elapsed from the SERRS–active systems preparation (Figs. 3B, C ). It should be noted 
that due to a rather fast aggregation of the systems containing TTMAPP, they could not be measured after 
one and/or several weeks.  

Taking into account the data from the literature [8, 16] concerning the extent and kinetics of metallation of 
another cationic porphyrin, TMPyP (5,10,15,20–tetrakis(1–methyl–4–pyridyl)21H,23H–porphine), it can be 
generalized that Ag nanoparticles being surrounded by a shell of loosely bounded anions (e.g. borrates) are 
easily accessible to cationic porphyrins which are immediately metallated. On the other hand, Ag 
nanoparticles with organic molecules on their surfaces hinder the immediate metallation of cationic 
porphyrins and thus only free base forms are detected in short times after the SERRS–active systems 
preparation. The metallation can be enabled in longer times elapsed from the systems preparation [8] if 
lower concentrations of porphyrins used (otherwise the system collapses). 

A B 

C 
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Fig. 3  SERRS spectra of TTMAPP (532 nm excitation) in (A) Agbh, (B) AgCit, (C) AgG colloids 

4. CONCLUSIONS 

Two anionic and one cationic porphyrins were tested on silver nanoparticles prepared by chemical reduction 
driven by sodium borohydride, sodium citrate and glucose (in alkaline medium). Based on our data, SERRS 
spectral detection of the selected water–soluble porphyrins strongly depends on their charge in aqueous 
solutions and on the type of silver nanoparticles being exploited for SERRS measurements. While the 
SERRS signal of the cationic porphyrin can be immediately observed at low concentrations, the two anionic 
porphyrins in our study need an additional time in order to be detected. Moreover, their SERRS spectral 
forms differ on Ag nanoparticles prepared by the three employed procedures due to the presence of 
significantly different ions which stabilize these Ag nanoparticles in  aqueous solutions.       
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Abstract 

We present a study of optothermal properties of colloidal gold nanorods (AuNRs). AuNRs exhibit resonantly 
enhanced absorption and scattering properties of electromagnetic radiation, a phenomenon called the 
localized surface plasmon resonance (LSPR). The resonant frequency of LSPR, which is primarily 
determined by the chemical composition and morphology of nanoparticles, can be shifted from visible light 
(VIS) to near infrared (NIR) in the case of AuNRs. This fact designates AuNRs as very promising agents for 
a variety of biological and biomedical applications, such as cancer imaging and photothermal therapy. These 
applications became the main motivation for the detailed investigation of the interaction of laser radiation 
with AuNRs. Colloidal solutions of AuNRs were exposed to nanoseconds pulses at 1064 nm and pulses with 
a duration of hundreds of microseconds at 808 nm with respect to the considered biomedical applications. 
The influence of the solvation layer of AuNRs on optothermal properties was studied in a series of 
experiments. The investigation was carried out for the original solvation layer composed of 
cetyltrimethylammonium bromide (CTAB), and for its covalently bonded analogue (16–
mercaptohexadecyl)trimethylammonium bromide (MTAB). The major methods employed to characterize gold 
nanoparticles were absorption spectrophotometry and scanning electron microscopy (SEM). 

Keywords: gold nanorods, solvation layer, localized surface plasmon resonance, optothermal properties,  
                    laser  

1. INTRODUCTION 

Optical properties of noble metal nanoparticles (NPs) are attracting the attention of scientist for decades. 
Resonantly enhanced light scattering and light absorption of such NPs, called the localized surface plasmon 
resonance (LSPR), is predominantly dependent on their morphology [1–3] and also on the dielectric 
properties of their immediate surrounding and solvation/passivating layer. Advances in the synthesis of noble 
metal NPs allow to prepare diverse nanostructures and thus tailor the optical properties of metal NPs to the 
desired application [4, 5].  

This article is based on two very recent scientific findings. First, the light absorbed by the nanoparticle is 
predominantly transformed into heat [6]. This optothermal conversion was initially considered just as a side 
effect of optical properties [7]. However, incorporating lasers for the excitation of plasmonic NPs can lead to 
e.g. a considerable temperature increase even in the surroundings of the NP, melting the NP, or to the 
Coulomb explosion of the NP [7, 8]. Therefore, plasmonic NPs excited by light may act as extremely 
localized sources of heat. Second, the heat transfer from the NP to the surroundings is determined by the 
chemical composition of the solvation layer of the NP. It has been simulated that the solvation layer can 
impose a thermal resistivity, which influences the heat release process [9, 10]. 

The great majority of experiments dealing with the optothermal properties of gold nanorods (AuNRs) have 
been carried out for the original solvation layer composed of cetyltrimethylammonium bromide (CTAB) 
[11, 12]. Since the free molecules of CTAB are considered as highly cytotoxic [13], GNRs stabilized by a 
covalently bonded analogue (16–mercaptohexadecyl)trimethylammonium bromide (MTAB) were recently 
showed to have excellent properties for application in biological system [14]. Therefore we utilize the MTAB 
molecule as a model system presented in the experiments below. The solvation layer composed of MTAB 
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and the possibility to shift the LSPR of AuNRs from visible light (VIS) to near infrared (NIR) makes AuNRs 
suitable for a large variety of biomedical applications, namely for imaging, sensing and photothermal therapy 
[14, 15]. 

The optimalization of optothermal properties of AuNRs can be viewed as a three step process. It consists of 
the synthesis of AuNRs with desired characteristics, modification of the solvation layer, and selecting 
appropriate laser parameters. All the three aspects determine the behavior of the system and thereby were 
examined in the experiments described below. 

2. EXPERIMENTAL PROCEDURES 

Gold(III) chloride trihydrate and silver nitrate were purchased from Sigma–Aldrich, CTAB was purchased 
from Fluka, ascorbic acid from Penta and hydrochloric acid from lach:ner. Commercially unavailable MTAB 
was prepared by Kamil Musílek and Kamil Kuča. All chemicals were used without further purification in the 
experiments. 18.2 MΩ Milli–Q purified water was used in all experiments. 

SEM images of gold nanoparticles were taken using JEOL JSM–7500F field–emmision scanning electron 
microscope. Absorption spectra of the AuNR colloidal solutions were acquired by Shimadzu UV–1601, 
Shimadzu UV–3600 and Ocean Optics HR2000CG–UV–NIR spectrophotometers. Gold nanorods laser 
irradiation was conducted by two laboratory laser systems with distinct laser parameters (both lasers have 
parameters within the range of commercially available medical lasers). The first laser system (LD808, a 
semiconductor laser diode from DILAS) produced pulses with a duration of hundreds of microseconds at 
808 nm and a variable fluence (F) ranging from 0.04 to 0.61 J/cm2. The second laser system was a diode 
pumped Nd:YAG laser with a Gaussian beam at the output. This laser was operated also in a pulse mode 
with a pulse duration of 9 ns at 1064 nm and maximal fluence of 35 mJ/ cm2.  

2.1  Synthesis of gold nanorods 

Gold nanorods were prepared by a modified seeded growth method developed by groups of Murphy and El–
Sayed [16, 17]. Modifications consist entirely in changing reactants–concentrations while adhering to the 
published protocol [16–18], leading to the preparation of colloidal solutions with the longitudinal plasmon 
mode round to 808 nm and even to 1064 nm. These solutions contained AuNRs of an average aspect ratio 
(AR) of 3.9 and 6.4 with average lengths of (57.0 ± 11.6) nm and (55.5 ± 11.5) nm, respectively.  

2.2  Solvation layer exchange of gold nanorods 

Original solvation layer of AuNRs composed of CTAB molecules was replaced by MTAB in certain cases. 
MTAB contains sulfhydryl functional group –SH, which covalently bonds to the surface of AuNRs. This fact 
allowed to use competitive exchange method to obtain AuNRs stabilized by MTAB as described in [14]. 
Shortly, gold nanorods were injected into an aqueous solution containing MTAB and left overnight. The 
process was repeated twice to ensure a complete replacement of the solvation layer. The AuNRs were 
cleaned of the excess MTAB and reactants by centrifugation (13 000 RPM for 10 minutes). Finally, 
centrifuged AuNRs coated by MTAB were redispersed in Milli–Q water. 

2.3  Experimental setup of laser irradiation 

Two approaches of sample irradiation were employed depending on the laser system used. In the case of 
808 nm laser, 1100 µl of the sample was placed in a PMMA cuvette with an optical path (l) of 1 cm. This 
setup enabled to measure also a time evolution of absorption spectra and a temperature among other things. 
For the 1064 nm laser, 1 µl droplet of the sample was deposited onto a transmission electron microscopy 
grid and then exposed to the laser light. Subsequently, the grid was imaged in SEM after complete drying of 
the sample droplet. 
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3. RESULTS AND DISCUSSION 

Whereas the preliminary results on LD808 showed no significant particle shape transformation, the Nd:YAG 
laser caused a notable change in the morphology of AuNRs. 

Nd:YAG laser produced approximately 9 ns pulses. In such a short period, the AUNR is barely provided with 
the time needed to transfer all the absorbed energy to its surroundings [7]. Therefore, a shape 
transformation of AuNRs to more energetically favored spherical and phi particles was observed for the 
fluence several magnitude lower compared to the experiment with LD808. 

Gold nanorods (AR = 6.4) coated by CTAB and MTAB were exposed to 1–2000 laser pulses and then 
characterized by SEM. The fluence was set equal to 9.0 and 34.9 mJ/cm2 and the repetition frequency was 
increased from the value of 1 to 10 for a higher amount of laser pulses. Absorption spectra of samples are 
shown in Fig. 1 . 

 

Fig. 1  Absorption spectra of the CTAB and MTAB capped AuNRs before the laser irradiation. The 
wavelength of the Nd:YAG laser coincides with the longitudinal plasmon mode to maximize the optothermal 

conversion 

  

Fig. 2  Relative frequency of nanoparticle shapes dependent on the number of laser pulses for (a) CTAB  
and (b) MTAB capped AuNRs. White and grey background denotes fluence of 34.9 mJ/cm2 and 9.0 mJ/cm2, 

respectively. Reduced shape stability of the MTAB capped AuNRs can be evidenced by e.g.: (1) Higher 
increase of spherical particles for the MTAB capped AuNPs. (2) Higher relative occurrence of phi particles 
 (a product of an incomplete transformation of AuNRs to spherical particles) for the CTAB capped AuNPs 

b

b
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A thorough analysis of SEM images revealed that MTAB capped AuNRs were more likely to be transformed 
to spherical or phi nanoparticles. This finding is best illustrated by graphs in Fig. 2 . The decreased stability of 
nanorods stabilized by MTAB can be contributed to the covalently bonded MTAB molecules, which can 
effectively reduce the heat transfer from nanoparticle to its surroundings. Representative SEM images of 
CTAB and MTAB coated AuNRs exposed to the laser light are showed in Figs. 3 and 4 , respectively.  

 

Fig. 1  Representative SEM images of CTAB capped AuNRs before and after the interaction with different 
number of laser pulses. Images (b – e) correspond to the fluence of 34.9 mJ/cm2 and image (f) to the fluence 

of 9.0 mJ/cm2 
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Fig . 4 Representative SEM images of MTAB capped AuNRs before and after the interaction with different 
number of laser pulses. Images (b – e) correspond to the fluence of 34.9 mJ/cm2 and image (f) to the fluence 

of 9.0 mJ/cm2. It is clearly visible that the nanorods undergo a transformation to spherical and phi particles 
even easier than in the case of CTAB 

4. CONCLUSIONS 

Obtained results show that the optimalization of optothermal properties of AuNRs is a complex procedure 
and all aspects of the system have to be taken into the account.  

First, the maximization of the optothermal conversion was achieved by preparing AuNRs of such an aspect 
ratio, which ensured the coincidence of the longitudinal plasmon mode with the wavelength of the laser. 
Second, the original CTAB solvation layer was exchanged for a covalently bonded analogue – MTAB, which 
is more convenient for biomedical applications. In the experiment with the Nd:YAG laser, it has been 
demonstrated that AuNRs coated by MTAB were more likely to be transformed to spherical or phi particles 
compared to the AuNRs coated by CTAB (see Fig. 2 ).  
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Some biomedical applications may take an advantage from the decreased stability of AuNRs capped by 
MTAB. Such as currently studied applications, which rely on the mechanical damaging of tumor cells and 
incorporate among others the laser induced shape transformation of gold nanoparticles [8].      
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Abstract 

Doxorubicin is a planar aromatic molecule and it is commonly used in cancer chemotherapy. In this study, 
we compared nanostructured electrodes with gold nanocolumns and flat gold electrodes by measurements 
with doxorubicin. Nanostructured electrodes were fabricated by electrochemical anodic oxidation when the 
aluminium layer was transformed to the porous alumina layer. Then gold material was deposited into the 
pores. After removal of aluminium template the nanostructured surface made of ordered gold nanocolumns 
on metal underlay was obtained. Flat gold electrodes were fabricated by physical evaporation of gold layer to 
the silicon substrate. After that, all electrodes were characterized by electrochemical impedance 
spectroscopy and then the electrochemical detection of doxorubicin was studied by differential pulse 
voltammetry. According to the impedance spectroscopy measurements a bigger electroactive area for 
nanostructured electrodes was proved. The gold nanocolumns have been found as a significant factor in 
increasing of electrodes active area. This fact is very important for sensors sensitivity. Fabricated electrodes 
were successfully used for determination of doxorubicin. Doxorubicin oxidation peak was observed at a 
potential – 0.6 V. 

Keywords: gold nanocolumns, differential pulse voltammetry, electrochemical impedance spectroscopy,  
                    doxorubicin, gold electrode 

1. INTRODUCTION 

Doxorubicin is anthracycline antibiotic that is commonly used in cancer chemotherapy. Doxorubicin is a 
planar aromatic molecule belonging to anthracycline. The drug can interact with double stranded DNA by 
intercalation and electrostatically with single stranded DNA [1, 2]. Many publications on this topic have been 
written. Interactions of DNA and doxorubicin have been investigated on hanging mercury drop electrodes, 
carbon paste electrodes, glassy carbon electrode, etc. [3–5]. 

Nanostructures are often used in sensor devices due to enlarging the active surface of geometrically small 
working electrodes. Indented surface means significant increase in sensor sensitivity and signal response. 
Template–based electrodeposition method is very simple and low–cost way for a production of enlarged 
surface area by ordered nanostructures. Nanotechnologies in conjunction with electrochemical methods are 
very useful tool for detection of various low–concentrated substances. Differential pulse voltammetry is high 
sensitive method for study of redox properties in trace amounts of chemicals in the sample. Therefore, this 
method is suitable for our purpose. Further electrochemical impedance spectroscopy is useful method for 
characterization of surface treated electrodes. According to the value of real part impedance and 
concentration of solution, the electroactive area of the electrode can be compared [6]. 

2. MATERIALS AND METHODS 

2.1 Chemicals 

Titanium (99.99 %, Goodfellow, UK), aluminium (99.999 %, Goodfellow, UK), gold (99.999 %, Safina, CZ), 
tungsten (99.999 %, Goodfellow, UK), sulphuric acid (H2SO4, 99.5 %, p., Penta, CZ), oxalic acid ((COOH)2, 
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Penta, CZ), potassium dicyanoaurate (K[Au(CN)2], 68 %, Safina, CZ), boric acid (H3BO3, p., Penta, CZ), 
chromium trioxide (CrO3, Penta, CZ), phosphoric acid (H3PO4, 98 %, p.a., Penta, CZ), potassium sulphate 
(K2SO4, p., Lachema Neratovice, CZ), dihydrate sodium dihydrogen phosphate (NaH2PO4.2H2O, 99 %, 
Penta, CZ), dihydrate sodium hydrogen phosphate (Na2HPO4.2H2O, 98 %, Fluka, CZ) and doxorubicin 
hydrochloride (C27H29NO11,Sigma Aldrich) were used as purchased without any purification. Deionised water 

(18.2 MΩ) was obtained from Millipore RG system MiliQ (Millipore Corp., USA). 

2.2 Electrodes 

Nanostructured electrodes were fabricated using electrochemical anodic oxidation when the aluminium layer 
was transformed to the porous alumina layer. At first, 120 nm thick titanium layer and 160 nm thick 
aluminium layer were physically evaporated to the silicon substrate. In the second step, aluminium layer has 
been transformed by anodization to hexagonally ordered porous alumina template (Al2O3) [7]. The thin 
porous anodic alumina template has been obtained by anodization process under constant voltage (5 V) in 
3M sulphuric acid at 10 C. In the alumina template, the titanium layer is transformed by oxidation to titanium 
dioxide [8, 9]. Then gold material was deposited into the pores by electrochemical reduction of gold ions from 
potassium dicyanoaurate solution. The time of deposition was 4 seconds at a constant current of 20 mA. 
Finally, aluminium template was dissolved in 100 ml of mixture solution contain 3 g of chromium trioxide and 
5 ml of phosphorous acid. Surface modified by gold nanocolumns on the titanium dioxide nanodots has been 
obtained and then characterised on the SEM (Tescan Mira II, Tescan, CZ). Fabricated nanocolumns were 
approximately 70 nm high and 10 nm wide. 

The second type of nanostructured electrodes was obtained similarly. The tungsten material was used 
instead of the titanium. On the silicon substrate, 200 nm thick tungsten layer was sputtered and then the 
150 nm thick aluminium layer was physically evaporated. Ordered template was fabricated by anodic 
oxidation and tungsten layer under aluminium layer was oxidized to tungsten trioxide nanodots. The oxide 
was removed using selective etching. The gold material was deposited into the porous template and 
obtained dimples. Anodization process was carried out in 0.3 M oxalic acid at an anodization potential of 
40 V. Gold material was deposited into the pores by pulse deposition method. 23 pulses were applied. 
Current of pulses was 1 mA and length of pulses 400 ms. Obtained nanocolumns are approximately 100 nm 
high and 50 nm wide. 

Flat gold electrodes were fabricated by subsequently physical evaporation of 180 nm thick titanium and 
150 nm thick gold layers to the silicon substrate. All electrodes were fabricated to have the same geometric 
area (3 mm in diameter). 

2.3 Electrochemical methods 

All measurements were carried out using µAUTOLAB III/FRA2 in connection with NOVA 1.7 software 
(Metrohm Autolab, NL). Three–electrode cell with Pt auxiliary electrode and Ag/AgCl/3M KCl reference 
electrode (both Metrohm AG, CH) were used for all experiments. The impedance spectroscopy was 
measured at zero potential in a frequency range from 500 kHz to 0.1 Hz and amplitude of 20 mV. 
Electrochemical characterization of electrodes was done in potassium sulphate (K2SO4) of various 
concentrations from 0.01 µM to 10 mM. Calibration curves for doxorubicin were measured by differential 
pulse voltammetry in 0.1 M phosphate buffer solution (pH 7), potential step 5 mV, amplitude of modulation 
25 mV, scan rate 10 mV·s–1 and potential range from –0.75 V to –0.4 V. 

3. RESULTS AND DISCUSSION 

The titanium and tungsten electrodes modified by gold nanocolumns and flat gold electrodes were 
successfully fabricated and characterized optically and electrochemically. In the Fig. 1 , there are SEM 
pictures of fabricated nanostructures of the titanium layer which were created by electrochemical growth of 
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gold through highly ordered nanoporous template. It could be observed that nanostructures lose their 
stability and create clusters after removing the alumina template. Despite this, the overall homogeneity of 
distribution is excellent. In the Fig. 2 , there are SEM pictures of gold nanocolumns on tungsten layer which 
look very stable. 

    

Fig. 2  SEM microimages of fabricated gold nanocolumns on titanium layer: magnification 150 kx (1a) resp. 
10 kx (1b) 

    

Fig. 3  SEM microimages of fabricated gold nanocolumns on tungsten layer: magnification 110 kx (2a) resp. 
150 kx (2b) 

The electrochemical impedance spectroscopy (EIS) characterization in a wide range of electrolyte 
concentrations was carried out. In that aspect, EIS is a powerful tool for nanostructured electrode surface 
characterization and for understanding of the electrochemical processes acting on it. In Fig. 3a , there are 
shown impedance spectra for both fabricated types of electrodes measured using the same solution 
concentrations. In Fig. 3b , there are two dependencies of impedance minima of spectra on the 
concentrations of potassium sulphate. 

From EIS results, the different behaviour of nanostructured and flat gold electrode can be seen. From 
impedance spectra (Fig. 3a ) is clear that the nanostructured electrodes show lower values of the real part of 

a b 

a b 
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impedance in the low concentrated electrolyte. According to the EIS results (Fig. 3 ) a bigger electroactive 
area for nanostructured electrodes was achieved. This fact is important for the sensitivity of the electrodes.  

 

Fig. 4 Impedance spectra for titanium nanostructured electrode and flat gold electrode (a), dependencies of 
spectra impedance minima on the potassium sulphate concentration (b) 

  

Fig. 5 Differential pulse voltammogram for various concentrations of doxorubicin measured on tungsten 
electrode with gold nanocolumns (a), and calibration curves for increasing concentration of doxorubicin 

measured on flat gold electrode and nanostructured tungsten electrode after 10 minutes of drug 
accumulation (b) 

Fabricated electrodes were also used for determination of doxorubicin. Differential pulse voltammetry 
described in detail in subsection 2.3 was used for a detection of various concentrations of doxorubicin in 
range from 390 nM·ml–1 to 100 µI·ml–1. In Fig. 4 , there is shown obtained voltammogram (Fig. 4a ) and 
corresponding calibration curves for increasing concentration of doxorubicin (Fig. 4b ) measured on flat gold 
electrode and tungsten nanostructured gold electrode after 10 minutes of drug accumulation [10]. An 

a b 

b a 
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increasing anodic peak of doxorubicin can be seen at potential –0.6 V. Detection limit for tungsten 
nanostructured gold electrodes and flat gold electrodes was 790 nM·ml–1. Dependency of anodic peak height 
and doxorubicin concentration is linear for nanostructured electrode and logarithmic for flat gold electrode. It 
could be caused by different electroactive area of electrodes. It was expected that in case of flat gold 
electrodes the whole electroactive area is covered by molecules at high concentrations. Therefore, the peak 
of doxorubicin did not increase. The titanium electrodes provided any doxorubicin peak. We assume that 
interface between gold nanocolumns and titanium dioxide blocked all signals. 

4. CONCLUSION 

Flat gold electrode and two types of electrodes modified by gold nanocolumns were fabricated and 
compared by electrochemical impedance spectroscopy and differential pulse voltammetry. The gold 
nanocolumns have been found as a significant factor in increasing of electrode active area. This fact is very 
important for sensors sensitivity. Finally fabricated tungsten and flat gold electrodes were successfully used 
for determination of doxorubicin. The detection limit of 790 nM·ml–1 was achieved on flat gold and tungsten 
nanostructured electrodes. 
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Abstract 

We present gold nanorods (AuNRs) self–assembly at liquid/gas interface. Gold nanoparticles of various 
shapes (spheres, rods, cubes) forms 2D packed arrays at water/air interface during controlled drying from 
aqueous colloidal solution. The formed AuNR arrays are deposited on optically transparent substrate and 
identified by white–light transmission optical microscopy and scanning electron microscopy.  The two 
methods are used to correlate the differing rod orientation/assembly to the far–field optical response of 
formed 2D arrays. AuNRs are synthesized by modification of seeded growth method and used in the form of 
colloidal solution with cetyltrimethylammonium bromide (CTAB) as stabilizing surfactant. We utilize self–
assembly of AuNRs in aqueous environment using simple system of AuNR/CTAB/water. 

Keywords: gold nanorods, colloids, self–assembly, localized surface plasmon resonance, plasmon–coupling 

1. INTRODUCTION 

Self–assembly of nanoparticles is contemporary topic both in fundamental science and technological 
applications [1, 2]. A great potential of the self–assembly approaches favors a traditional sol–gel methods. 
This techniques offer sufficient flexibility, and they are also a cost–effective [3]. Especially the self–assembly 
of noble metal nanoparticles attracts interest because of the coupling effects of the localized surface 
plasmon resonance (LSPR) at close interparticle spacing [4]. Gold nanorods (AuNRs) presents excellent 
model system for their great tunability and polarization dependent effect deriving from their spatial 
anisometry [5]. The technological applications of the self–assembly of such anisometric particles still holds 
many obstacles [2]. However, the potential advantages of such composite materials are many [5] and 
several groups already proposed approaches for preparation of self–assembled AuNR superstructures [6–8]. 
Recently Xei et. al. demonstrated their method for preparation of vertically stacked monolayers of 
cetyltrimethylammonium bromide (CTAB) capped AuNRs [9] on various substrates.  

In present work we demonstrate AuNR self–assembly into vertically stacked arrays using similar setup of 
rapidly drying colloidal droplet. We concentrate on the use of strong convective flows towards the water/air 
boundary to create homogeneously distributed packs of vertically stacked AuNR arrays on transparent 
substrates. The area size of the individual AuNR assembly is viable for examination by transmission optical 
microscope. By correlating the optical microscope and scanning electron microscope micrographs we show 
strong dependence of color behavior of the vertically stacked AuNR arrays on offset of the AuNRs from the 
vertical axis. 

2. METHODS & MATERIALS 

Gold(III) chloride trihydrate and silver nitrate were purchased from Sigma–Aldrich, CTAB was purchased 
from Fluka, ascorbic acid from Penta and hydrochloric acid from lach:ner. 18.2 MΩ Milli–Q purified water was 
used throughout the experiments. 

2.1  Instrumentation 

Wide–field white–light transmission optical microscope images were acquired with Nikon Eclipse LV–100 
microscope using 60X 0.7NA plan–fluor objective and Nikon D300s DSLR camera. Scanning electron 
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microscope (SEM) images were acquired by JEOL JSM–7500f FE–SEM utilizing upper secondary electron 
detector with 2 kV probe energy and lower in–chamber back–scattered electron detector with 10 kV probe 
energy. Absorbance spectra of colloidal solutions of AuNRs were measured by Shimadzu UV–1601 
spectrophotometer. 

2.2  Gold nanorod synthesis & Characterization 

Nanorods samples were synthesized by seeded–growth method in the presence of silver nitrate [10]. By 
varying the amount of silver(I), one can fine tune the aspect ratio of the grown rods. The usual synthesis 
process involves preparation of monocrystalline gold seeds (2–4 nm) by fast reduction of gold(III) salt in the 
presence of CTAB and adding them into the growth solution of gold(I) complexed to CTAB in the presence of 
silver(I) in aqueous solution (pH 2–3). This starts the growth process where the amount of seeds added and 
the starting concentration of silver(I) influences the size and aspect ratio of rods produced. 

Fig. 1 Characterization of the prepared AuNR colloidal solution. (a) Absorbance spectrum of the AuNR 
colloid. (b) Photography of AuNR colloid contained in glass vial. (c) SEM image of the AuNRs precipitated 

from the colloidal solution (scale bar = 100 nm) 

One day after the synthesis AuNRs were washed of the excess reactants and concentrated by two 
subsequent centrifugation runs (8000 RPM for 10 minutes) to the equivalent of 10mM [Au] concentration in 
approx. 1mM CTAB/water solution (20–fold increase the concentration of gold in the solution, 100–fold 
decrease of CTAB concentration). The concentration was further changed to [Au] = 5 mM and [CTAB] = 
0.5mM by diluting in Milli–Q water. The AuNR solution was characterized by absorption spectroscopy and 
SEM imaging (Fig. 1 a, c ). Dimensions of nanorods used in this work were estimated as 59 nm ± 5 nm in 
length and 24 ± 3 nm in width. The corresponding aspect ratio is 2.5 ± 0.3 which agrees well with the 
longitudinal LSPR position at 640 nm. 

2.3  Gold nanorod self–assembly by rapid droplet ev aporation 

Our AuNR deposition setup consist of continuously pumped desiccator vessel filled with distilled water and 
equilibrated at 30 °C. The continuous evacuation creates high–humidity environment close to the point of 
saturated vapors and low pressure approximately 4000 Pa. Typical deposition experiment consists of placing 
droplet of AuNR solution on desired substrate and letting it equilibrate for 2 minutes inside the vented 
desiccator vessel above the water level. Subsequently the vessel is pumped down to 4000 Pa which starts 
the rapid evaporation of the colloidal droplet.  
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3.  RESULTS & DISCUSSION  

We obtained self–assembled domains of vertically stacked AuNRs. The domains were acquired by rapid 
colloidal droplet evaporation and subsequently allowing the formed small (< 1 um) (Fig. 2 ) domains to grow 
by migration in hydrated film in high humidity environment. The initial forming of small ensembles of vertically 
oriented AuNR was checked by drying the sample immediately after the droplet collapse and imaging in 
SEM. Fig. 2 (b, c)  depicts an area within the initial footprint of the drop with clearly formed homogeneous 
distribution of vertically stacked AuNR islands. 

 

Fig. 6.  Preparation of vertically stacked AuNR domains by rapid colloidal droplet evaporation. (a) The 
schematic drawing illustrates the basics of the self–assembly process – the colloidal droplet undergo rapid 
evaporation in high–humidity environment, the convective flow drive the nanoparticle to the surface. The 
formation of vertically stacked AuNR arrays is governed by the dynamic processes between the AuNR, 
CTAB surfactant, and solvent. The described presumption was checked by the SEM imaging: (b) SEM 

micrograph of the area within the dried droplet footprint showing continuous coverage of vertically stacked 
AuNR arrays. (c) The detailed view also reveals assemblies with second AuNR layer stacked on top 

After the aging of the initial viscous AuNR/CTAB/water film for approximately 5 hours we acquired vertically 
stacked AuNR domains with area over tens of micrometer squared which can be easily identified in wide 
field transmission optical microscope (Fig. 3 a, e ). The vertically stacked domains exhibited deep violet color 
in transmission mode when observed with 60X 0.7NA objective, an effect which is not trivial to discuss as it 
was shown the LSPR of individual AuNRs form collective resonant fields at such close spacing [11]. The 
apparent color of the individual AuNR islands is dependent on the rod orientation, number of stacked layers 
and also on interparticle distances. Recently Xie et. al. [9] shown under similar condition to ours the finally 
drying of the format AuNR/CTAB/water film produces cracks in the formed AuNR assemblies. Here we want 
to demonstrate also collective angling of the individual AuNR within the formed array in intricate pattern 
which greatly influence the apparent color under the transmission optical microscope. The optical information 
can be coupled with SEM observation to connect the change in optical behavior to the deviation of AuNRs 
from vertical axis (Fig. 3 ). The vertically stacked AuNR arrays has recently induced interest as spectroscopy 
enhancers [12] and has been shown to by prospective candidates as a vectorial material [7, 13]. 
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Fig. 3  Correlated optical microscope/scanning electron microscope study of the self–assembled vertically 
stacked AuNRs. (a – d) The apparent violet color of the AuNR assembly and its SEM micrograph showing 

the rods are mainly in upright position. (e – f) Similar imaging on other AuNR domains which exhibits 
greenish appearance under optical microscope. The rods conformation in this case is changed significantly 

as the rods are angling from the vertical axis with different directions. Interesting circular patterns can by 
identified in the collective AuNR orientation 

4.  CONCLUSION  

We used the convective flows within rapidly drying colloidal droplet to drive the AuNR to the liquid air 
boundary and allow them to self–assemble into vertically stacked domains. We show our method produce 
AuNR arrays big enough to allow examination of their optical behavior under transmission optical 
microscope. We demonstrated the strong and interesting color behavior dependence on the AuNR alignment 
inside the stacked AuNR array. 
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Abstract 

This work is aimed at preparation of small silver nanoparticles (Ag NPs) with various sizes using two–step 
preparation method. The silver bromide nanoparticles were prepared in the first step and they were reduced 
to metal silver nanoparticles in the second step. Size of prepared silver nanoparticles was controlled by 
using of several modifiers. Two surfactants (SDS and Tween 80) and two natural polymers (casein and 
gelatin) were used. Sodium borohydride was used as a reducing agent due to its high reducing power 
allowing preparation of small AgNPs. The prepared Ag NPs were used as heterogeneous catalysts in 
a model reaction based on reduction of 4–Nitrophenol using sodium borohydride under alkaline conditions. 
The realized experiments showed that the used modifiers significantly influence the catalytic effect of the 
prepared Ag NPs. 

Keywords:  silver, nanoparticle, catalysis, reduction, nitrophenol 

1. INTRODUCTION 

Metal nanoparticles belong among the most studied systems in the modern nanoscience. They are 
predetermined for utilization in many different branches of science and technology because of their unique 
properties in comparison to bulk material [1], [2]. They are unique especially due to their optical, electronic 
and biological properties [3–6]. Moreover these systems have due to their nanoscale size high surface–to–
volume ratio, which can be utilized in heterogeneous catalysis [7, 8]. Dominant position among noble metal 
nanoparticles is occupied by silver nanoparticles (Ag NPs). They are widely used in medical, cosmetic and 
industrial applications [9–15] and also in the field of analytics [16]. Silver nanoparticles are also very 
frequently used as a heterogeneous catalyst in redox reactions [17–19].  

The applicability of Ag NPs as catalysts depends in general on their size and stability. Smaller nanoparticles 
exhibit larger surface area for the same volume of material. That means larger active area of the catalyst. 
Therefore there were developed various methods enabling managed producing of Ag NPs with sizes from 
units up to hundred nanometers [20–22]. Unfortunately, silver nanoparticles are not very stable which is 
reflected by their agglomeration. This leads to the decreasing of mentioned active area. Thererefore, 
stabilization of Ag NPs is needed to maintaining their high catalytic activity. The Ag NPs can be stabilized by 
steric or electrostatic effects using surfactants or organic polymers. Such as sodium dodecyl sulphate, Triton 
X–100, Tween 80, polyacrylamide, citrate, polyvinylpyrrolidone or polyethylene glycol [23–26]. However, 
these stabilizers significantly influence the catalytic activity of the Ag NPs. Catalytic activity of Ag NPs is 
mainly studied on two model reactions. One of them is based on the reduction of rhodamine 6G [27, 28]. The 
second one, more frequently used, is based on the reduction of 4–nitrophenol. There is only one product of 
the reaction and the amount of reactant and product can be monitored by UV–Vis spectroscopy [29]. 
Moreover, 4–nitrophenol has been classified as a priority pollutant by US Environmental Protection Agency 
[30]. Therefore, it seems to be more appropriate to study catalytic activity on this reaction. 

This paper describes the preparation of small and stable silver nanoparticles with different sizes. The silver 
nanoparticles were synthesized by two–step synthesis method consisting of silver bromide preparation and 
the consecutive reduction of the prepared AgBr nanoparticles to metallic silver nanoparticles. The AgBr 
nanoparticles were prepared in the presence of various surfactants and polymers because of stabilization 
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and size modification. Prepared silver nanoparticles were examined as heterogeneous catalysts with very 
outstanding results. 

2. EXPERIMENTAL SECTION 

2.1. Materials 

Silver nitrate (Sigma–Aldrich, p.a.), potassium bromide (Lachema, p.a.), sodium dodecyl sulfate (Lachema, 
p.a.), Tween 80 (Lachema, p.a.), gelatin (penta, p.a.), casein (Lachema, p.a.), 4–nitrophenol (Lachema, p.a.) 
and sodium borohydride (Sigma–Aldrich, p.a.) were used without additional purification. Water used for 
preparation of all solutions was deionized by reverse osmosis instrument AQUAL 29 (Merci, Czech 
Republic). 

2.2. Methods 

Silver nanoparticles with various sizes were synthesized using two–step preparation method. This method is 
based on preparation of silver bromide nanoparticles in the first step, which were reduced to metal silver 
nanoparticles in the second step. Size of prepared silver nanoparticles was controlled by addition of various 
modifiers during formation of silver bromide nanoparticles. Silver bromide nanoparticles were prepared by 
rapid injection of solution of potassium bromide and modifier to the silver nitrate solution under vigorous 
stirring. Final concentrations of reaction compounds were 1 mmol·L–1 for silver nitrate, 2 mmol·L–1 for 
potassium bromide, 0.5 mmol·L–1 for surfactants (SDS, Tween 80) and 0.1 % for natural polymers (gelatin, 
casein). After 5 minutes of stirring, solution of sodium borohydride was injected into reaction mixture, which 
resulted in formation of silver nanoparticles. 

Catalytic activity of silver nanoparticles was studied by using of model reaction, based on reduction of 4–
nitrophenol to 4–aminophenol by sodium borohydride in aqueous solution under alkaline conditions. This 
reaction can be easily monitored by UV–Vis spectrometry, because 4–nitrophenol has absorption peak at 
400 nm and product of the reduction, 4–aminophenol, has absorption peak at 300 nm. UV–Vis spectra was 
recorded in the range of 250–550 nm every 30 s. Typically, 2 ml of 1.5 mM 4–nitrophenol was mixed in 
quartz cuvette with 0.47 ml distilled water and 0.5 ml of 10 mM sodium borohydride. That means, that 
sodium borohydride was added in a 100 times higher excess. Solution was shaken and then 0.03 ml of silver 
colloid was rapidly injected, shaken again, placed to the UV–Vis spectrometer and kinetic measurement was 
started. All experiments were performed at laboratory temperature. Synthesis of silver nanoparticles and 
catalytic experiments were repeated three times with the same results. 

Size of silver nanoparticles was characterized by dynamic light scattering (Zetasizer Nano ZS, Malvern 
Instruments) and transmission electron microscopy (JEM 2010, Jeol Ltd., Japan). UV–Vis spectra of silver 
colloids and catalytic experiment were recorded by using of spectrophotometer S600 (Analytic Jena AG, 
Germany). 

3. RESULTS AND DISCUSSION 

3.1. Preparation of silver nanoparticles 

Silver nanoparticles were prepared by the procedure described in the method section. First, the silver 
bromide nanoparticles were prepared by mixing of solution of silver nitrate with solution of potassium 
bromide and modifier. In the next step silver bromide nanoparticles were reduced to the silver nanoparticles. 
We chose two surfactants (SDS and Tween 80) and two natural polymers (gelatin and casein). These 
compounds were added to the reaction mixture for two purposes. For the stabilization of silver bromide and 
silver nanoparticles against agglomeration and for the size modification of silver bromide and the resulting 
silver nanoparticles. UV–Vis spectra of prepared silver colloids in Fig. 1 show that mentioned modifiers really 
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have different influence on silver nanoparticles. Position 
of surface plasmon indicate, that the smallest particles 
can be prepared in the presence of SDS and Tween 
80, bigger in the presence of gelatin and the biggest 
particles from four used modifiers can be prepared in 
the presence of casein. This assumption was confirmed 
by measuring of particle size using dynamic light 
scattering technique (Fig. 1 , inset). 

Results containing particle sizes of silver nanoparticles 
prepared in the presence of mentioned modifiers were 
verified by transmission electron microscopy (Fig. 2 ). 
TEM images show the real size of silver nanoparticles 
and confirm results obtained from DLS and UV–Vis 
measurements. There are nearly same–sized 
nanoparticles in the presence of SDS and Tween 80. 
The only difference is the value of polydispersity, where 
colloid prepared in the presence of SDS is more 
polydisperse than colloid prepared in the presence of Tween 80. TEM image of Ag nanoparticles modified by 
gelatin confirmed existence of particles with diameter up to 20 nm and in the presence of casein, more 
polydisperse colloid system with particles from 20 up to 40 nm was observed. The polydispersity of casein 
stabilized silver colloid corresponds with wider UV–Vis absorption peak on Fig. 1 . 

  

  

Fig. 2 TEM images of silver nanoparticles prepared in the presence of a) SDS, b) Tween 80, c) gelatin, 
d) casein 

Stabilizing effect of mentioned modifiers was verified by collecting of UV–Vis spectra during 5 days (Fig. 3 ). 
UV–Vis spectra show, that reduction of silver bromide colloid using sodium borohydride is not immediate 

a b

c d

Fig. 1 UV–Vis spectra of prepared silver 
nanoparticles in the presence of various 
modifiers. Inset: size of prepared silver 

nanoparticles measured by DLS 
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process and formation of silver nanoparticles take approximately 24 h. After 24 hours, there were formed 
stable silver nanoparticles and there were not observed any changes during next 72 hours. 

  

  

Fig. 3 Time dependence of UV–Vis spectra of silver nanoparticles prepared in the presence of a) SDS, 
b) Tween 80, c) gelatin, d) casein 

1.1. Kinetic experiment 

  

Fig. 4 UV–Vis spectra of reaction systems recorded every 30 seconds a) with catalyst (Ag NPs in the 
presence of SDS), b) without catalyst 

Prepared silver nanoparticles were used as heterogeneous catalysts for reduction of 4–nitrophenol by 
sodium borohydride. Catalytic activity of the prepared silver nanoparticles was monitored by measuring of 
UV–Vis spectra in the range of 250–550 nm. Spectra of all catalytic experiments with four samples of Ag 
NPs catalysts had similar characteristics and differ only in the speed of descent of the absorption peak. 
Therefore, only spectrum of reaction system with SDS modified Ag NPs catalyst and without catalyst is 
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showed in Fig. 4  Reduction of 4–nitrophenol was observed by decreasing of absorption peak at 400 nm and 
by formation and increasing of peak at 300 nm, that represents product of reaction, 4–aminophenol. 
Reduction of 4–nitrophenol does not start immediately after addition of sodium borohydride. Induction period 
that took approximately 360 seconds was observed. This period is usually ascribed to the diffusion time 
needed for adsorption of 4–nitrophenol onto the silver surface [31]. Start of 4–nitrophenol reduction was 
indicated by the first decreasing of absorption peak (t0). All spectra recorded before t0 were removed for 
clarity.  

Experimental data showed, that reaction rate decreased with decreasing concentration of 4–nitrophenol. 
This observation, together with excess of reducing agent (concentration of sodium borohydride can be 
considered as constant), corresponds to the first order reaction kinetics equation. 

            (1) 

where A0 is an initial absorbance of the reaction system, A is absorbance in time t and k is rate constant. 
Fig. 5 shows kinetic curves expressed as decreasing absorbance at the wavelength of 400 nm, that 
represents reduction of 4–nitrophenol. From these kinetic curves, rate constants (k, s–1) were calculated for 
each reaction system. Results showed that the rate constant of the 4–nitrophenol reduction decreases with 
increasing size of silver nanoparticles. Rate constants of measured samples increased from 0.0004 s–1 for 
nanoparticles prepared in the presence of casein, over 0.0011 s–1 for gelatin modified nanoparticles, up to 
0.0023 s–1 and 0.003 s–1 for Tween 80 and SDS modifiers respectively. This observation corresponds with 
Langmuir–Hinshelwood model of the heterogeneous catalyzed reduction. According to this model 
borohydride ions are adsorbed on the surface of the nanoparticles and give them the electrons. At the same 
time molecules of 4–nitrophenol adsorbed on silver surface are reduced by these electrons. After reduction, 
reaction product 4–aminophenol is desorbed from the silver surface. The reaction rate therefore depends on 
the size of the surface, which means that the smallest particles should have the highest catalytic activity, 
which was confirmed by performed experiments. 

 

Fig. 5  Kinetic curves of 4–nitrophenol reduction catalyzed by various silver nanoparticles and without silver 
nanoparticles 

2. CONCLUSION 

In this study the novel method of silver nanoparticles preparation was described. Silver nanoparticles were 
synthesized using two–step preparation method consisting of silver bromide nanoparticles formation and 
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their consecutive reduction to metallic silver nanoparticles. Moreover, two surfactants and two natural 
polymers were used not only as stabilizers but also as size modifiers of the synthesized nanoparticles. 

The catalytic activity of prepared silver nanoparticles was tested on the reduction of 4–nitrophenol leading to 
the formation of 4–aminophenol. The highest catalytic activity was observed for nanoparticles prepared in 
the presence of SDS and Tween 80, because the smallest nanoparticles with the largest surface area were 
prepared using these surfactants. 
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Abstract  

A different method of synthesis of zero–valent ruthenium nanoparticles is informed throughout the present 
investigation: a mechanochemical approach. This technique allowed the production of high amount of zero–
valent ruthenium in less time, without the employ of large quantities of solvent, and it made possible to obtain 
the mentioned nanoparticles free of by–products. To optimize the proposed technique, the effect of amount 
of reducing salt on a determined quantity of precursor over the average particles size was investigated. The 
freshly synthesized nanoparticles were characterized via UV–visible, absorption electron spectroscopy, 
powder X–ray diffraction (powder XRD), high–resolution transmission electron spectroscopy (HR–TEM) and 
X–ray photoelectron spectroscopy (XPS). 

Keywords: ruthenium nanoparticles, mechanochemistry, ruthenium reduction 

1. INTRODUCTION 

Metallic Pt, Pd, Au, Ag, Rh, and Ru nanoparticles attract great interest in catalysis [1]. Among them, 
ruthenium is one of the most versatile catalysts, as double bond catalytic hydrogenation [2], arene [3] and 
carbonyl [4] hydrogenation, methane oxidation [5], ammonia synthesis [6] and decomposition [7], cross 
couplings [8], carbenoid transfer reactions [9], etc. have been reported in the last years. However, the most 
of these nanoparticles have been synthesized via chemical colloidal approach. 

Even if the colloidal synthesis is a very powerful technique that allows the attainment of very small and 
regular nanoparticles [10], it has disadvantages like the excessive use of reducing agents and solvents; high 
size dependence on the precursor salt concentration; long times and high temperatures of reaction [11]; and 
the existence of cation–solvent molecular species more stable than the zero–valent species [12].  

Therefore, the present project proposes a synthetic technique that leaves aside solvents and shortens 
reaction times to obtain nanoparticles [13]. This process is known as mechanosynthesis or 
mechanochemical synthesis, and it is a method where the physical and chemical transformations occur 
though mechanical forces and away from equilibrium, which allows the synthesis of products and phases 
that could be unstable with the use of different techniques [14]. 

2. EXPERIMENTAL 

2.1  Materials  

The following compounds were purchased from commercial brands and were used without further 
purification: sodium borohydride (99 %) and ethylene glycol (99.8 %), from Sigma–Aldrich; anhydrous ethyl 
alcohol (≥99.9 %), from J.T. Baker; acetones (≥99.5 %), from Reactivos Química Meyer (México); and 
commercial ruthenium chloride [RuCl3·nH2O] (98 %), from Pressure Chemicals Co. 
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2.2  Instruments 

Powder X–ray diffraction (powder XRD) patterns were measured on a Siemens D5000 diffractometer, using 
CuKα radiation (λ=1.5406 Å) in the 2θ range 10–70. The average crystallite sizes resulting from X–ray 
diffraction broadening were determined using the Scherrer’s formula [15]. High–resolution transmission 
electron microscopy (HR–TEM) micrographs were obtained on a JEOL 2000F instrument; operating at 
200kV, by deposition of a drop of the appropriate colloidal dispersion onto a 200 mesh Cu or Au grids coated 
with carbon/collodion layer. The heating tests (from 100 degrees to 700 degrees), were carried out in a 
Carbolite Furnaces tubular oven with controlled atmosphere (dry purified nitrogen). Finally, the X–ray 
photoelectron spectroscopy (XPS) analysis were recorded in a ThermoFisher–VG instrument equipped with 
a monochromatic Al Kα1 (1486.7 eV) X–ray source (model XR5) and a hemispherical electron analyzer with 
seven channeltrons (model XPS110). To optimize resolution, the pass energy employed was 10 eV. To 
avoid electron diffraction effects, a wide acceptance angle spectrometer mode (MONOXPS) was employed. 
The fitting of the XPS data was done with a computer program developed by Alberto Herrera–Gómez group 
[16]. 

2.3  Synthesis 

Typical solventless Ru(0) nanoparticle synthesis. 100 mg (0.38 mmol) of commercial ruthenium chloride 
(RuCl3·nH2O) and the appropriate amount of sodium borohydride (from 0.29 mmol, 11 mg, to 3.729 mmol, 
141 mg), according to the Table 1 , were milled during five minutes in an agate mortar; after this time, a dark 
gray powder was obtained. This one is washed once with 10 mL of acetone or ethanol; then it is centrifuged 
for 15 minutes at 3500 rpm; the supernatant is separated and the process is repeated once with tridistilled 
water, and finally with more acetone or ethanol. 

To analyze the samples by high–resolution transmission electron microscopy, 3 mg of the sample are re–
suspended in 10 mL of ethylene glycol and sent to microscopy. The rest of the sample is sent to powder X–
ray diffraction and X–ray photoelectron spectroscopy. Whether possible, all manipulation of the powder was 
made under nitrogen atmosphere, as one sample reacted violently when manipulated under air. 

Table 1  Amounts of sodium borohydride used to synthesize ruthenium(0) nanoparticles under solventless  
  conditions 

1:x NaBH4 (y mg, y mmol) 1: x NaBH4 (y mg, y mmol)  

0.75 11, 0.28 5.75 83, 2.19 
1.75 25, 0.66 6.75 98, 2.58 
2.75 40, 1.05 7.75 112, 2.96 
3.75 54, 1.43 8.75 127, 3.34 
4.75 69, 1.81 9.75 141, 3.72 

To confirm the presence of Ru(0) and other by–products, which could not be crystalline under the proposed 
conditions, and once the best stoichiometric ratio has been chosen (1:7.75, RuCl3·nH2O–NaBH4); a different 
number of heating tests, from 100 to 700 degrees, were performed over the same number or ruthenium 
samples. The procedure is as follows: After the synthesis process, the samples were placed in a crucible and 
heated in a tubular over at the chosen temperature, under controlled atmosphere (dry pure nitrogen), for 2.5 
hours. Once the heating time was over, the samples were left under nitrogen until the system reached room 
temperature. 

3. RESULTS 

The method of synthesis chosen to obtain proved to be very effective and fast, after just a couple of minutes 
of milling, the nanoparticles are already present in the mixture, observed due to powder change from brown 
to dark gray. It is also evident from the evolution of gases, as they stop evolving after these two minutes. 
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Neverthless, the milling was continued for 3 more minutes to ensure the completion of the reaction. The 
synthesis was repeated three times for each ratio amount indicated in Table 1 . 

The results were determined by powder X–ray diffraction (shown in Fig. 1 ). All the samples obtained gave 
undefined diffractograms, since they were obtained broad bands instead of sharp peaks, however these 
results are consistent with the synthesis of nanostructures materials previously reported [17]. Nevertheless, it 
is possible to determine the main structure of the product obtained: The samples appear to be clean of by–
products as well as ruthenium oxide(IV), only zero–valent ruthenium nano–crystallites (JCPDS 06–0663), 
with hexagonal close packing structure, are detected with this technique.  

During the synthesis, it was evident that the amount of sodium borohydride (NaBH4) used to synthesize the 
nanoparticles is important, as it was possible to detect changes in the products obtained when the reducing 
agent used was modified. Thus, accordingly to X–ray results, it was concluded that the minimum amount of 
sodium borohydride needed to obtain ruthenium(0) nanoparticles corresponded to the ratio 1:2.75. Under 
this ratio; mixtures of products were detected which could not be characterized. 
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Fig. 1  Size dependence of Ru(0) nanoparticles on the variation of sodium borohydride amount. The first line 
indicates the RuCl3·.nH2O/NaBH4 ratio mixed in each sample; and, the second line specifies the average 

diameter of Ru(0) NPs obtained 

Even more important, with the help of the broad peaks, it was possible to determine that there is a 
dependence on the ratio: ruthenium salt/reducing agent, as the mean size obtained (determined with 
Scherrer´s formula [15, 17]) decreased when the borohydride quantity was increased, until a minimum mean 
obtained size at around 9 nm (with the 1:7.75, RuCl3·nH2O/NaBH4, ratio) when the ratio was increased, the 
mean particle size was increased again. This became evident, since the diffraction peaks of the samples 
become broader as the amount of reducing agent increases. It is noteworthy that the samples with the 
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minimum average sizes tend to react violently with the air, once they were dried if they are not manipulated 
under dried purified nitrogen atmosphere.  

From the above results, on successive studies, the Ru(III)/BH4
– ratio used to synthesize the 

mechanochemical nanoparticles was established as 1:7.75 (100 mg, 0.38 mmol, of commercial ruthenium 
chloride for 112 mg, 2.96 mmol, of sodium borohydride). 

Once the best stoichiometric ratio was determined, a sample of these nanoparticles was re–suspended in 
ethylene glycol and sent to HR–TEM. The obtained results are shown in Fig. 2a . In all the micrographs 
acquired, agglomerations of more than 100 nm in size were detected; thus, it was not possible to determine 
the mean particle size. However, some of the particles observed and measured were around 5 nanometers. 

 

 

 

 

 

Fig. 2  HR–TEM of the Ru(0) synthesized nanoparticles. (a) Large NPs agglomerations observed. (b) and (c) 
some crystallites with their corresponding FT to obtain the electronic diffraction spots that indicate the 

presence of zero–valent ruthenium 

Nevertheless, when high–
resolution transmission 
electron microscopy was 
performed, it was possible to 
detect some nanocrystallites, 
which can be used to execute 
an algorithm over the 
micrographs that allowed us to 
obtain the electron diffraction 
points, determining that these 
nanocrystallites are zero–
valent ruthenium with an 
hexagonal close packing 
structure (JCPDS 06–0663), as 
dectected by powder X–ray 
diffraction. The micrographs 
obtained, as well as the 
resulting convolution image, 
are shown in Fig. 2 . 

In Addition, heating tests were 
performed in order to demonstrate that the nanoparticles achieved are in fact zero–valent and that there is 
not a significant amount of by–products as ruthenium oxide (IV). By heating, it is possible to grow the 
nanocrystallites so they can be easily detected. Besides, it is possible to crystallize other by–products, so 
they can be detected by powder X–ray diffraction. The initial temperature chosen to perform the heating 
studies was 100 degrees, and the last temperature was 700 degrees; the last one was chosen was 800 
degrees, since it is well known that at this temperature, it is possible to form ruthenium oxide (IV) in the 
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presence of molecular oxygen [18]. 
For the same reason, all the heating 
procedure, as well as the cooling of 
the samples, was performed under 
nitrogen. The results obtained are 
presented in Fig. 3 . Once the 
mechanochemical synthesized Ru 
NPs are heated at different 
temperatures, the broad bands 
become sharper and it is possible to 
detect undoubtedly the main state of 
the nanoparticles obtained.  

To complete the Ru(0) NPs 
characterization; a series of X–ray 
photoelectron spectra were 
performed. When the survey 
analysis was performed, only 
ruthenium, carbon and oxygen were detected in the sample (spectra not shown). These results indicate that 
the sample is clean enough of by–products as borates or sodium chloride. Thus, proposing that the method 
is powerful enough to obtain nanoparticles free of by products, like sodium chloride or borates. 

Then, the high–resolution XPS spectrum was obtained for the sample [19]. The main lines obtained for the 
Ru spectrum are 3d 5/2 and 3/2; however, as the C 1s line appears under the same region [20], this area 
was not used to determine the oxidation state of the sample. Instead, the Ru 3p ½ and 3/2 lines were used, 
and O 1s line was employed as reference. The deconvolution of both peaks are shown in Fig. 4 , where two 
signals are observed: the first one at 462.1 eV, corresponds to zero–valent ruthenium [21], previously 
detected by the other technique used to characterize the product; and a second line at 462.7 eV, that can be 
assigned to the presence of amorphous ruthenium oxide (IV) [22] in the surface of the nanoparticles. 

3.  CONCLUSION 

Ruthenium(0) nanoparticles were effectively synthesized and characterized using a mechanochemical 
approach. It was also determined that the amount of reducing agent is important for the resulting 
nanoparticle average size. The presence of ruthenium oxide(IV) was detected through XPS studies, however 
it still remain pendant the determination of the percentage of this compound vs. zero–valent ruthenium. 
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Abstract   

Nanostructured zinc oxide is intensively studied semiconductor showing photocatalytical activity. There are 
several precursors which can be used for the preparation of nanostructured zinc oxide like zinc acetate, zinc 
sulphate and many others. Zinc chloride is another compound which can serve as a zinc source for zinc 
oxide preparation. Nowadays the environmental aspects connected to applications of nanoparticles are 
widely discussed. As a possible solution how to avoid possible negative impacts of nanoparticles is their 
fixation on the surface of suitable substrate. In this work we focused on the preparation of kaolinite/ZnO 
composite with the amount 5 and 25 wt. % of ZnO. The chemical composition of prepared samples was 
investigated by using X–ray fluorescence method, the phase composition was studied by using X–ray 
diffraction method and photocatalytic activity of prepared composites was determined by means of UV 
induced discoloration of aqueous suspension prepared by the mixing of the composite with aqueous solution 
of acid orange 7. The obtained results indicate the kaolinite/ZnO composites as the efficient photocatalysts. 

Keywords: kaolinite, zinc oxide, nanocomposites, photocatalysis 

1. INTRODUCTION 

The photocatalysis is a well–known technique used for cleaning of water and air [1, 2]. Although a number of 
the photocatalysts have been already studied, nanosized titanium dioxide (TiO2) in its anatase modification is 
still the most studied one [3]. The photocatalytic properties of TiO2 are connected to the nanodimesion of the 
particles which on the other hand evokes a big question about their eco–friendly character [4]. Thus, several 
efforts have been already done on the fixing of nanoparticles on the surface of bigger particles of suitable 
carriers, e.g. phyllosilicates [5], silicon oxide [6] and zeolites [7] what leads to formation of new composite–
like materials. The particles of the matrix can serve either as rigid carriers, or can bring complementary 
functionality to the newly formed composite [8]. 

Zinc oxide (ZnO) is next photocatalytic material with the band gap energy 3.37 eV [9], which is slightly higher 
in comparison to TiO2 in anatase form, of which the band gap is often reported to be 3.20 eV [3]. There are 
numbers of the reports regarding to different procedures for ZnO preparation which vary mainly in the ZnO 
precursor as well as in the process of the synthesis. Moezzi et al. [10] summarized the main synthesis 
procedures used for industrial production of ZnO as well as for its laboratory preparation. Regarding to the 
price, the ZnO is suggested as cheaper in comparison to TiO2, on the other hand is often reported as less 
stable with enhanced tendency to photocorrosion, while potentially soluble and harmful zinc containing 
species can also originate. Similarly to TiO2, the efforts for capturing of ZnO on the surface of suitable 
carriers have been already reported. Fatimah et al. [11] studied the utilization of montmorillonite as a 
substrate for growing of ZnO and proved enhanced photodegradation activity of resulting composite against 
methylene blue, while Li et al. [12] used oxidized graphite for growing of ZnO and also observed enhanced 
photodegradation activity of the prepared composites using the discoloration of methylene blue. 

The aim of this contribution is preparation of the kaolinite/ZnO composite with 5 and 25 wt. % of ZnO, using 
the method based on the decomposition of previously synthesized precursor kaolinite/Na2Zn3(CO3)4·(H2O)3. 
The amount of ZnO in prepared composites was determined by using X–ray fluorescence spectroscopy. The 
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synthesis procedure was monitored by using X–ray diffraction method and the photodegradation activity of 
calcined composites was evaluated using UV induced discoloration of acid orange 7. 

2. MATERIALS AND METHODS 

2.1  Materials 

Kaolinite KKAF (LB Minerals s.r.o.) was used without any additional treatment, ZnCl2 p.a. and Na2CO3 were 
purchased from Lachema and the model azo–dye acid orange 7 (AO7) was obtained from Synthesia a.s.. 
For all of the experiments distilled water was used. 

2.2 Synthesis of kaolinite/ZnO composites 

The whole process of the kaolinite/ZnO composite preparation was based on two main steps. In the first 
step, the kaolinite/Na2Zn3(CO3)4·(H2O)3 composite was prepared using the reaction of aq. solution of ZnCl2 
with aq. solution of Na2CO3 in the presence of kaolinite. The resulting precursor is then dried at 100 °C. 
During the second step, the resulting kaolinite/Na2Zn3(CO3)4·(H2O)3 precursor is transformed into the 
kaolinite/ZnO composite by its 1 h long calcination at 600 °C. The samples were assigned as ZinkaXT, 
where X denotes the amount of ZnO in prepared composites (05 ≈ 5 wt. %, 25 ≈ 25 wt. %), while T denotes 
the temperature of heat treatment (1 ≈ drying at 100 °C, 6 ≈ calcination at 600 °C). 

2.3  Characterization methods 

X–ray fluorescence 

The chemical composition of the prepared samples was determined by using the energy dispersive 
fluorescence spectrometer (XRFS) SPECTRO XEPOS (SPECTRO Analytical Instruments GmbH) equipped 
with the 50 W Pd X–ray tube. The samples analyzed were prepared in the form of pressed tablets (wax was 
used as binder) for this measurement. 

SEM – EDX 

The morphology of composite particles was observed by SEM Philips XL 30 microscope (PHILIPS). The 
samples were coated with an Au/Pd film and the SEM images were obtained by using a secondary electron 
detector. The elemental composition of samples was determined by using the energy dispersive X–ray 
analysis (EDS). 

X–ray diffraction 

The XRPD patterns were recorded under CoKα irradiation (λ = 1.789 Å), using the Bruker D8 Advance 
diffractometer (Bruker AXS) equipped with a fast position sensitive detector VÅNTEC 1. Measurements were 
carried out in the reflection mode, powder samples were pressed in a rotational holder. The phase 
composition was evaluated using the database PDF 2 Release 2004 (International Centre for Diffraction 
Data). 

Photodegradation test 

The photodegradation activity of the prepared composites was evaluated in a liquid phase, using 
discoloration of AO7. In order to achieve the adsorption equilibrium in the first part of the experiment, the 
suspension containing 0.05 g of the photocatalyst, 150 ml of distilled water and 11.25 ml of the AO7 aqueous 
solution (c0 = 5·10–3 mol·dm–3) was stirred in the dark for 24 h. After 24 h of the adsorption period the 
suspension was exposed to UV irradiation (fluorescent BLB tube, OSRAM) for 1 and 3 h. The extent of AO7 
photodegradation was evaluated by the change in the intensity of absorption maximum of AO7 (at 480 nm), 
using the fiber optic spectrometer USB4000 (OceanOptics). 
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3. RESULTS AND DISCUSSION 

The chemical composition of the original kaolinite KKAF and prepared ZinkaX1 composites obtained by 
using XRFS method is shown in Table 1 . 

Table 1  Chemical composition (wt. %) of original kaolinite KKAF and Zinka051 and Zinka251 composites 

Oxides (wt. %) Na 2O MgO Al 2O3 SiO2 K2O TiO2 Fe2O3 ZnO LOI 

KKAF 0.071 0.140 34.8 49.7 1.19 0.847 0.559 – 11.5 

Zinka051 <0.020 0.224 33 43.2 1.17 0.821 0.536 6.44 13.5 

Zinka251 7.54 0.177 16.5 21.5 0.538 0.389 0.239 25.8 26.2 

LOI … loss on ignition 

The chemical composition of the Zinka051 and Zinka251 composites revealed that the kaolinite was 
successfully enriched by zinc in both composites. Original KKAF does not contain any zinc and prepared 
composites consist of presumed amount of Zn, while other elements are proportionally decreased (see 
Table 1 ). In the case of KKAF the LOI value represents the amount of interlayer water in original kaolinite, in 
the case of Zinka composites the enhanced LOI values are attributed to the decomposition of thermally non–
stable Na2Zn3(CO3)4·(H2O)3, which heating is followed by releasing of CO2 and H2O. 

The phase composition of prepared composites was studied using X–ray diffraction method and the XRD 
patterns of the Zinka251 and Zinka256 composites are shown in Fig. 1 . 
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Fig. 1  XRD patterns of the kaolinite/ZnO composite with 5 wt. % of ZnO after drying at 100 °C (Zinka251) 
(pattern assigned as 100) and calcined at 600 °C (Zinka256) (pattern assigned as 600). 1–kaolinite, 2–

quartz, 3 – mica, 4 – Na2Zn3(CO3)4·(H2O)3, 5 – zinc oxide 

Freshly synthesized composite dried at 100 °C consisted of kaolinite as a main phase of raw kaoline, quartz 
and mica as kaoline admixtures and Na2Zn3(CO3)4·(H2O)3 as a product of ZnCl2 reaction with Na2CO3. After 
the calcination of the dried composites at 600 °C the kaolinite dehydroxylation occured. While this process 
was clearly evidenced by disappearing of the kaolinite diffraction lines, the next clearly evident change was 
connected to formation of ZnO which originated during the thermal decomposition of Na2Zn3(CO3)4·(H2O)3. 
The kaoline admixtures, quartz and mica, remained unchanged. 

The morphology of the particles of raw kaolinite and the Zinka256 composite was studied by using SEM 
technique and obtained micrographs are shown in Fig. 2 and Fig. 3  respectively. 
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Fig. 2  SEM micrograph of the particles of original 
KKAF (SE mode, 25kV, magnification 5000). 

 

Fig. 3  SEM micrograph of the particles of the 
Zinka256 composite (SE mode, 25kV, 
magnification 5000). 

SEM images of both original KKAF (Fig. 2 ) and the Zinka256 
composite (Fig. 3 ) obtained using the same magnification 
showed the agglomeration tendency of the particles of the 
Zinka256 composite. The surface morphology of the 
particles of both samples revealed the surface of the 
Zinka256 particles rougher and thus it implies that the ZnO 
particles grow at the surface of kaolinite particles. 

The results of UV induced photodegradation activity of the 
composites with 5 and 25 wt. % of ZnO after 1 h and 3 h 
long UV irradiation are summarized in Fig. 4 . 

Due to the big difference in AO7 sorption in the dark the 
photodegradation activity in Fig. 4  is expressed by means of 
the amount of degraded AO7 in moles. It is evident that the 
composite with 25 wt. % of ZnO calcined at 600 °C shows 
photodegradation activity in comparison to the composite 
with 5 wt. % of ZnO, which does not show photodegradation 
activity. While for the Zinka056 composite the 
photodegradation activity did not change with a time of 
irradiation, in the case of the Zinka256 composite the 
prolonged UV irradiation resulted in approx. 3 times higher 
photodegradation of AO7. 

4. CONCLUSIONS 

Composites based on the ZnO particles fixed on the surface of kaolinite were successfully prepared using 
the thermal decomposition of the kaolinite/Na2Zn3(CO3)4·(H2O)3 precursor formerly prepared by the reaction 
of ZnCl2 and Na2CO3. Formation of the kaolinite/ZnO composite did not influence the kaolinite to 
metakaolinite transformation as revealed by X–ray diffraction method. The composite with 5 wt. % of ZnO did 
not show significant photodegradation activity, while the composite with 25 wt. % of ZnO calcined at 600 °C 
shows high photodegradation activity and thus represents promising material for photocatalysis. In next 
research the stability of the composites against the photocorrosion should be carefully studied mainly with 
respect to possible negative impact of soluble Zn species on living environment. 

Fig. 4  Photodegradation activity of the 
Zinka256 composite after 1 h and 3 h long 

irradiation 
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Abstract 

CdS, ZnS, ZnxCd1–xS and CdS/ZnS nanoparticles were synthesized by precipitation of zinc and cadmium 
cations with sulphide anions in aqueous dispersions of cetyltrimethylammonium bromide (CTAB). UV–VIS 
absorption spectra of these dispersions were recorded and used for evaluation of the nanoparticles gap 
energies (Eg). In case of ZnS and CdS nanoparticles the gap energies were used for calculations of their size 
according to the Brus equation [1]. Size of ZnS and CdS nanoparticles was tuned by the concentration of 
CTAB.  

The gap energies of ZnxCd1–xS were found to be linearly dependent on the composition x (varying from 0 to 
1) in agreement with to the Vegard law: Eg = 2.57 + 1.40 x. The gap energies of CdS/ZnS systems revealed 
tunnelling of electrons and holes from the CdS core through the ZnS shell and also indicated relaxation of 
a strain in the shell with increasing thickness. 

Keywords: CdS, ZnS, CdxZn1–xS, core/shell, nanoparticles 

1. INTRODUCTION 

Semiconductor nanoparticles such as metal oxides or metal sulphides are well known for their outstanding 
physical and chemical properties, which are used in photooptics, optoelectronics, photocatalysis etc. [2]. One 
of the most important factors related to nanoparticles is dependence of their properties on size. The 
decrease of a semiconductor particle size leads to the increase of its specific surface area and gap energy, 
which is known as the quantum size effect or quantum confinement [1]. The large surface of nanoparticles 
results in their high adsorption capacity and catalytic activity. Oxidation and/or reduction reactions on 
semiconductor nanoparticles are based on photogeneration of electrons and holes, which further react with 
various organic and inorganic compounds. 

The aims of this work were to precipitate ZnS and CdS, ZnSxCdS1–xS and core/shell CdS/ZnS nanoparticles 
in the presence of the stabilizing cationic surfactant CTAB and investigate their optical absorption properties. 
For this purpose, UV–VIS absorption spectra of the nanoparticles dispersions were recorded and their gap 
energies were evaluated. The gap energies were further used for calculation of the nanoparticles size and 
for characterization of the ZnSxCdS1–xS and CdS/ZnS nanoparticles composition. 

2. EXPERIMENTAL 

2.1. Material and chemicals 

The used chemicals were of analytical reagent grade: zinc acetate, cadmium acetate, sodium sulphide, (all 
from Lachema, Czech Republic), cetyltrimethylammonium bromide (Sigma chemical Co., USA). Water 
deionized by reverse osmosis (Aqua Osmotic, Czech Republic) was used for the preparation of all solutions. 

2.2. UV–VIS spectra measurements 

UV–VIS absorption spectra of the colloidal dispersions were measured by a double–beam spectrometer 
Lambda 25 (Perkin Elmer, USA). All spectra were recorded using 1 cm quartz cuvettes within the wavelength 
range of 200–800 nm. 
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2.3. Zeta potential measurements 

Zeta potential measurements were performed using a Zetasizer Nano ZS instrument (Malvern Instruments, 
UK). A sample of the dispersions was filtered through a membrane filter with a pores size < 100 nm and 
injected into the disposable capillary cell (DTS1061). The measurements were performed up to 6 min after 
the precipitation using the SOP Player programme. 

2.4. Preparation of nanoparticles 

25 ml of the aqueous solution of Na2S (18 mmol l–1) and CTAB was mixed with 125 ml of the aqueous 
solution of zinc acetate and/or or cadmium acetate (both 2,4 mmol l–1) under stirring. The precursors were 
mixed in a molar ratio S2–/Zn2+(Cd2+) = 1/1.5. In case of ZnS and CdS nanoparticles the CTAB concentration 
was changed in a range of 0–5.0 mmol l–1.  

CdS/ZnS nanoparticles were precipitated in the presence of CTAB in two steps: i) precipitation of cadmium 
acetate with sodium sulphide to form CdS nanoparticles and ii) consequent precipitation Zn2+ ions with 
sodium sulphide. Amounts of CdS and ZnS molecules (Table 1 ) were estimated from CdS/ZnS models built 
in the Material studio software [3]. 

Table 1  Number of molecules used for synthesis of CdS/ZnS nanoparticles 

Type of core/shell layers  Number of CdS molecules  Number of ZnS molecules  
CdS/1ZnS 2076 1074 
CdS/2ZnS 2076 2344 
CdS/3ZnS 2076 3918 

Note: #ZnS is a number of ZnS monolayers deposited on the CdS core 

3. RESULTS AND DISCUSSION 

3.1. Preparation of nanoparticles 

All types of tested nanoparticles were prepared by precipitation reactions of zinc and/or cadmium ions with 
sulphide ions in the presence of stabilizing CTAB. In case of CdS and ZnS nanoparticles the CTAB 
concentration changed (0–5 mmol l–1) and for precipitation of ZnxCd1–xS and CdS/ZnS nanoparticles the 
CTAB concentration was kept at about 3 mmol l–1 to form micelles [4, 5]. Stability of the prepared colloid 
dispersions was verified by measurements of zeta–potentials which were about 35 mV in all cases. UV–VIS 
absorption spectra of the resulting dispersions were recorded as soon as possible after the precipitation. 

3.2. Optical absorption properties of nanoparticles  

3.2.1. CdS and ZnS nanoparticles 

Aqueous colloid dispersions of prepared nanoparticles were studied by means of their UV–VIS absorption 
spectra. Typical spectra of CdS and ZnS nanoparticles are shown in Fig. 1 . From these spectra gap 
energies were evaluated using the Tauc equation [6] 

εhν = C(hν – Eg)r           (1) 

where ε is the absorption coefficient, hν is the energy of incident photons and r is the power, which 
characterizes the electronic gap during absorption processes. The parameter C depends on the gap 
probability that can be considered as a constant within the optical frequency range. For direct 

semiconductors like ZnS, r is 1/2. A usual method for the estimation of Eg involves plotting (εhv)1/r against 
(hv) e.g. [5]. 
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The gap energies were used for calculation 
of radii of prepared ZnS and CdS 
nanoparticles using the Brus equation [1] 

where Eg(nano) and Ebg(bulk) are the gap 
of nanoparticles and band gap energies of 
bulk particles, respectively, h is the Planck 
constant, r is the radius of a nanoparticle, 
me and mh are the effective masses of 
electron and hole respectively and εr is the 
relative permittivity dielectric constant of the 
material, εo is the permittivity of vacuum. 
The parameters me = 0.42m0, mh = 0.61m0, 
εr = 8.76 [7,8] for ZnS and me = 0.18m0, 
mh = 0.8m0, εr = 5.5 for CdS [9,10], where 
m0 is the free electron mass.  
 
 

   
   
   

2 2

g bg 2
e h r 0

h 1 1 1.8e
E (nano) = E (bulk)+ + -

m m 4πε ε r8r
       (2) 

The dependences of ZnS and CdS radii on 
the CTAB concentration are shown in 
Fig. 2 . The nanoparticles radii decreased 
with the increasing concentration of CTAB 
but in case of ZnS the radii decrease was 
steeper. Also, the final ZnS radii were 
smaller than those of CdS. These effects 
were likely connected with adsorption of 
CTAB on surfaces of the nanoparticles. We 
can deduce that CTAB was easily 
adsorbed on ZnS nanoparticles forming 
denser covers that slowed down growth of 
the nanoparticles due to reduction of the 
ZnS molecules diffusion to the 
nanoparticles surface. These results also 
show that size of ZnS and CdS 
nanoparticles can be tuned by the CTAB 
concentration. 

3.2.2. ZnxCd1–xS nanoparticles 

ZnxCd1–xS nanoparticles were synthesized by co–precipitation in mixtures of Zn2+ and Cd2+ ions of the 
different composition x with sodium sulphide. The absorption spectra of resulting colloid dispersions are 
shown in Fig. 1 . Only one absorption edge corresponding to one gap energy can be found in these spectra. 

The gap energies were plotted against the composition x (Fig. 3 ). In the case of ZnxCd1–xS nanoparticles the 
experimental data could be fitted a quadratic equation [11] as 

Eg = x Eg(ZnS) + (1–x) Eg(CdS) – (1–x)b        
 (3) 

Fig. 1  Absorption spectra of ZnS, CdS and ZnxCd1–xS 
colloid dispersions 

Fig. 2 Radii of ZnS and CdS nanoparticles depending on 
the CTAB concentration immediately after precipitation 
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where Eg(x), Eg(ZnS) and Eg(CdS) are the 
gaps of ZnxCd1–xS, ZnS and CdS, respectively; 
b is the optical bowing constant. The quadratic 
dependence Eq. (3) for ZnxCd1–xS 
nanostructures was also refereed in other 
papers e.g. [12, 13]. However, the data shown 
in Fig. 3  were better fitted by a linear 
relationship because the quadratic regression 
parameter was statistically equalled to zero 

(0.10 ± 0.31), which agrees with the Vegard 
law. It follows from these results that optical 
absorption properties of ZnxCd1–xS 
nanoparticles can be simply tuned by their 
composition x. 

3.2.3. CdS/ZnS nanoparticles 

CdS/ZnS nanoparticles were synthesized by 
precipitation of CdS cores serving as seeds for 
following heterogeneous nucleation of ZnS 
shells. The absorption spectra of their colloid 
dispersions are shown in Fig. 4 . Two 
absorption edges correspond to two gap 
energies summarized in Table 2 . With an 
increasing number (1–3) of ZnS shell 
monolayers the Eg values increased for ZnS 
and decreased for CdS. 

Red shifts of the CdS gap energy of CdS/ZnS 
nanoparticles were also observed by other 
authors e.g. [14, 15]. The CdS/ZnS 
nanoparticle volume, in which excitons 

occurred, was larger than in the bare CdS 
nanoparticles which indicates tunnelling of 
electrons and holes photogenerated in CdS 
core into the ZnS shell. Decrease of the ZnS 
gap energy for thin shells can be explained by a strain in the ZnS shell structure. The first ZnS layer 
accommodated to the CdS crystal structure with a much bigger lattice constant. Relaxation of next ZnS 
layers occurred when the thicker ZnS shell was formed on the CdS core. In this way the gap energy 
increased to the ZnS bulk value.  

Table 2  Gap energies of CdS and CdS/ZnS nanoparticles with different ZnS shell thickness 

Type of nanoparticles  CdS Eg (eV) ZnS Eg (eV) 
CdS 2.580 ––– 
CdS/1ZnS 2.571 3.680 
CdS/2ZnS 2.565 3.708 
CdS/3ZnS 2.549 3.762 

4. CONCLUSION 

CdS, ZnS, ZnxCd1–xS and CdS/ZnS nanoparticles were synthesized by precipitation of zinc and cadmium 
ions in aqueous dispersions of CTAB. The UV–VIS absorption spectra of these dispersions were recorded 

Fig. 3  Variation of the gap energy for ZnxCd1–xS 
nanoparticles with composition x 

Fig. 4  Absorption spectra of ZnS, CdS and CdS/ZnS 
colloid dispersions 
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and used for evaluation of the gap energies. In case of ZnS and CdS nanoparticles, the gap energies were 
used for calculation of their size. The obtained results showed that size of ZnS and CdS nanoparticles can 
be significantly influenced by the concentration of CTAB.  

The gap energy of ZnxCd1–xS was found to be linearly dependent on the compositing x according to the 
Vegard law. No bowing effect was observed. This finding could be used for tuning of ZnxCd1–xS optical 
properties for various applications. The gap energies of CdS/ZnS systems revealed tunnelling of electrons 
and holes from CdS cores into ZnS shells and the strain relaxation in ZnS monolayers gradually formed on 
CdS cores. 
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Abstract 

This research paper presents the results of a study of the mechanical properties and microstructure of the 
ceramics based on silicon nitride. In view of its high properties, such as high hardness and strength, low 
coefficient of thermal expansion, resistance to abrasive wear etc. ceramics based on silicon nitride is one of 
the leading candidate materials for a lot of applications. Some of these applications are mechanical 
engineering, aerospace industry, engine–building, metallurgy, welding industry.  As additives, activating 
sintering material was used yttrium oxide (Y2O3) with aluminium oxide (Al2O3). It was used cold isostatic 
pressing as a method of compacting. Sintering the compacts was carried out in a nitrogen atmosphere at a 
temperature of 1600 C.  Thus, ceramics based on Si3N4 with high dense and strength can be produced by 
cold isostatic pressing and free sintering. The main results can be summarized as follows: 

1. Obtained the ceramic materials of high dense and increased mechanical properties. Compressive 
strength is 1500 MPa. Microhardness is 1300 HV. 

2. Density of the obtained product made 90 % from theoretical density. 

3. Obtained ceramics has an equated fine–grain structure with a grain size of about 200 nm. 

Combination of properties of obtained ceramics is attractive for a wide range of practical problems. Our 
paper seems perspective from the point of view of further effective application in many areas of science and 
equipment. 

Keywords: ceramics, silicon nitride, free sintering 

1. INTRODUCTION 

Due to the excellent combination of properties silicon nitride based ceramics has attracted the attention for 
the last four decades. This type of ceramics used in many areas of industry and technology. Some of them 
are gas turbine engines, motor engines, cutting tools etc. [1]. In particular, silicon nitride is used to produce 
spin roller, foils and sheets, vibrational shaker head for calibration shaker, attrition mill agitator and 
immersion heater for aluminium foundries, spring rings and ball–and–socket joint, nuts and bolts with thread, 
tubes and profiles, etc.[2]. Silicon nitride based ceramics has high mechanical electrical and chemical 
characteristics. In particular, it can be noted that ceramics based on silicon nitride has high fracture 
toughness and hardness, high resistivity, high resistance to corrosion and acids. There are a some 
disadvantages in sintering processes of silicon nitride based ceramics which connected with badly pressed 
of the pure silicon nitride ceramic. So oxide additives used to form a glass phases, such as sialon and YAG. 
Properties and characteristics of Si3N4 based ceramics strongly depend on the oxide additives used for the 
densification. The ideal additives for silicon nitride based ceramics are rare earth metal oxides. In this paper, 
we use as an additives yttrium and aluminium oxides, which have a high melting temperature and control the 
α→β phase transformation rates of the Si3N4, the fraction of the β–Si3N4 and the grain growth anisotropy 
[3]. The aim of this work is to develop technology for fine–grained solid composite ceramics based on silicon 
nitride by cold isostatic pressing. 
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2. EXPERIMENTAL PROCEDURE 

The starting materials used in experiments were as follows: 85 % wt% Si3N4 (Stark, Grade M11) and 15 % 
wt%. The ratio of additives is. 9 wt% Al2O3 (A16 SG) and 6 wt% Y2O3 (Stark, Grade B). The composition of 
the powder mixture is 85 % wt% Al2O3 wt%.6 wt% Y2O3. The standard ceramic technology [4] was used for 
the obtaining the silicon nitride ceramics, implying the preparation of the mixture, pressing, sintering and final 
machining. The powder mixtures were milled in a circular vibratory type mill RS200 (Retsch GMBH). The 
compaction of powders was produced by cold isostatic pressing at the room temperature and pressure of 
200 MPa. For this purpose using cold isostatic press EPSI CIP 400 – 200*1000 Y. Sintering was carried out 
in the nitrogen atmosphere in the high–temperature vacuum furnaces at 1650ºС VHT 8/22–GR. The density 
of the samples was measured by the helium pycnometry using helium pycnometer Micromeritics AccuPyc 
1340. Microstructure of composite ceramics based on silicon nitride samples was studied on polished cross–
sections using scanning electron microscopes Quanta 200–3D and Quanta FEG (SEM) and transmission 
electron field emission microscope JEOL JEM 2100 (TEM). Vickers microhardness, HV, was measured on 
polished cross–section surfaces using a 136◦ Vickers diamond pyramid under a 1 kg load applied for 15 s. 
Mechanical tests (σB, σf, KCU) were carried out in air using an Instron 300LX testing machine and Instron 
impact testing machine SI–1M at the room. Investigation of the dependence of Young's modulus of the 
temperature was carried out using a Dynamic mechanical analysis method (DMA) using NETZSCH DMA 
242. 

3. RESULTS AND DISCUSSION 

Fine–grained submicron microstructure of 
the silicon nitride based ceramics is shown in 
Fig. 1 . According to the SEM image the 
microstructure consists of an equiaxial 
crystallites 300–800 nm in size. TEM images 
of the microstructure of the silicon nitride 
based ceramics are shown in Fig. 2 . The 
grain size is in the range from 50 nm to nm 
300 nm. The results of mechanical testing of 
ceramics based on silicon nitride are shown 
in Table 1  and in Figs. 4–5 . Changing of 
Young's modulus of the temperature for the 
obtained ceramic material is shown in Fig. 3 . 
Shown in Fig. 3  dependence of Young's 
modulus of the temperature shows that in the 
temperature range 250–300 ºС Young's 
modulus is not changed. However, at 
temperatures above 300 ºС Young's 
modulus stabilized, this fact shows the 
hardening of our ceramic material. 

Table 1  The mechanical properties of the 
silicon nitride ceramics 

Microhardnes
s (HV1) σc (MPa)  

KCU 
(kJ/m 2) σf (MPa) 

1365 2025 3.2 280 

Fig. 1  SEM image of fracture surfaces of the Si3N4 
ceramics 
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Fig. 2  TEM image of the Si3N4 ceramics 

 

Fig. 3  DMA image of the Si3N4 ceramics 

 
  Fig. 4  Typical stress–strain curves of the Si3N4 

ceramics 
Fig. 5  Temperature dependence compressive and 

cross–breaking strength of the Si3N4 ceramics 
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Analyzing the results of the mechanical tests can be noted that the obtained ceramic composite material 
based on silicon nitride is characterized by high strength characteristics, namely, high compressive strength 
(σc more than 2000 MPa, flexural strength more than 280 MPa; KCU – 3.2 kJ/m2 (Table 1 ). The obtained 
ceramic is characterized by a high density (3.0 g/сm3), which is about 90 % of theoretical density. Also 
obtained ceramic material has a high KCU (3.24 kJ/m2). Due to the high mechanical properties, high density 
and fine grain equiaxial structure obtained ceramic material based on silicon nitride can be used in the future 
in many areas of industry and engineering. 

5. CONCLUSION 

We have fabricated ceramic composite material based on silicon nitride with additives of yttrium oxide and 
aluminium oxide by the standard ceramic technology. The composite sintered at 1650 oC showed high 
mechanical properties such as compressive strength ~2100 MPa, microhardness ~1300 HV and KCU ~3.24 
kJ/m2. Relative density of fabricated ceramic composite material was ~90 %.  
1. Phase transition of cristobalite in received ceramic composite was found by analysis of the 

temperature dependence of the modulus of elasticity. Formation of cristobalite occurs in the 
temperature range 1400–1600 °C during sintering of the material. Transition α → β of cristobalite in 
received ceramics gave rise to hardening effect and accompanied by an increase of 3.7 % in the 
inversion point, and this increase is about 5.8 % from room temperature to the phase transformation. 
Observed effects of self–strengthening and increase in the inversion point 
require additional investigations. 

2. Thus, dense ceramic material with high strength can be fabricated by cold isostatic pressing and the 
method of the free sintering from of the silicon nitride powder with the additives of the yttrium and 
aluminium oxides. 

3. The obtained results about ceramics based on silicon nitride can be used for further investigation of 
effective applications of this material. 
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Abstract  

Zirconia–based composites incorporate high strength, fracture toughness, corrosion resistance, low thermal 
conductivity, refractoriness, ionic conduction and bioinertness. In present time there is a need for 
nanocrystalline powders with complex chemical composition, narrow particle size distribution, high purity and 
homogeneity, and sintering activity to produce such ZrO2–based ceramics. The most widespread method for 
producing ceramic nanopowders – method of coprecipitation has several disadvantages: a high degree of 
coalescence during the deposition of nanoparticles of colloidal solutions, aggregation and agglomeration of 
nanopowders in the drying process and sintering of the agglomerates at high temperature decomposition 
hydroxides. The purpose of this study is to create a method for producing a low–agglomerated nano–sized 
stabilized zirconia powder, and a significant reduce the cost and simplification of a technological process 
through the use of the method of hydrothermal decomposition hydroxides. It is exemplified by a synthesized 
powder (Zr0.94Y0.06)O1.88. The method of supercritical hydrothermal decomposition hydroxides allows 
obtaining low–agglomerated nano–sized stabilized zirconia powder of high purity with a tetragonal 
modification and crystallite size not more than 3–15 nm, the amount of loosely bound agglomerates is 100 – 
500 nm, and the end product yield is no less than 85 rel. %. Characterization of nano–sized stabilized 
zirconia powder produced with this process suggests that it is suitable for further processing. Materials 
based on nanosized zirconia powder that are the most appropriate for producing of bioimplants, engineering 
ceramics with high performance characteristics and solid electrolytes for low–temperature fuel cells. 

Keywords: hydrothermal synthesis, stabilized zirconium dioxide, nanopowders 

1. INTRODUCTION  

Found that most of the properties of solids are becoming size–addicted with decreasing particle size up to a 
few of interatomic distances in one, two or three dimensions. Obtaining of nanostructural durable ZrO2 
based ceramics with a significant increase in mechanical properties can be realized by towards the creation 
of the material with fine homogeneous structure Zirconia–based composites incorporate high strength, 
fracture toughness, corrosion resistance, low thermal conductivity, refractoriness, ionic conduction and 
bioinertness [1]. In present time there is a need for nanocrystalline powders with complex chemical 
composition, narrow particle size distribution, high purity and homogeneity, and sintering activity to produce 
such ZrO2–based ceramics. For their production wet chemical methods are primarily used: coprecipitation, 
cryochemical, sol–gel methods, hydrolysis of metal alcoholates and hydrothermal synthesis [2]. We believe 
that the most appropriate method for producing qualitative and effective ZrO2–based nanopowders is a 
chemical method based on the precipitation of zirconium hydroxide by neutralizing the zirconium salts the 
alkaline agents [3]. Common disadvantage of this method is the high degree of coalescence of nanoparticles 
in the process of deposition from colloidal solutions, aggregation and agglomeration of nanopowders 
produced in the drying process as well as sintering is of the agglomerates at high temperature 
decomposition of hydroxides [4]. The purpose of this study is to create a method for producing a low–
agglomerated nano–sized stabilized zirconia powder, and a significant reduce the cost and simplification of a 
technological process through the use of the method of hydrothermal decomposition hydroxides. 
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2. EXPERIMENTAL 

2.1 Materials 

The starting materials for zirconia powders were a nitrate zirconium (ZrО(NО3)2×1Н2О), yttrium acetate 
(Y(CH3COO)3×1H2O), ammonia and surfactants of oxyethylated nonyl phenol, NH4OH as the precipitant. 

2.2 Apparatus and Procedures 

Hydroxides of zirconium and yttrium were synthesized from reagent–grade chemicals: zirconyl nitrate, 
yttrium acetate, distilled water with the content 0.01 wt.% of surfactant. Hydroxides were obtained through 
homogeneous coprecipitation from an appropriate mixture of aqueous solutions of the starting salts, using 
aqueous (mol 1 %) NH4OH as the precipitant. The resulting precipitate was washed from the formed nitrates. 
The precipitate after washing was centrifuged to increase the percentage of bulk matter. As a result, we 
obtained dull, gel–like substances, consisting of zirconium and yttrium hydroxides. The hydrothermal 
decomposition of the obtained hydroxide mixtures were carried out in a supercritical reactor R–401–5L 
(South Korea) (volume of 5 l). Control of the internal pressure of the reactor carried out by change 
temperature of the heater and the water–cooled reactor chamber. The reaction time was 45 min. The 
resulting powder was dried in an oven at 80 °C for 2 h, and then was heat treated at 300 °C in air for 1 h to 
remove residual water. The phase composition of the synthesized zirconia powder stabilized with yttrium 
before and after heat treated was determined by X–ray diffraction Rigaku Ultima (XRD) (СuKα radiation, Ni 
filter). Examinations of the elemental composition were carried out by using electron ion microscope Quanta 
200 3D (SEM). Study of size of the powder was carried out using transmission electron field emission 
microscope JEOL JEM–2100 (TEM). 

3. RESULTS AND DISCUSSION 

It was found that the hydrothermal 
decomposition of zirconium hydroxide is 
carried out in a wide range of 
temperatures and pressures from the 
subcritical state of water vapor 180 °C – 
50 atm., to supercritical state when the 
temperature and pressure in the reactor 
reaches a value of 400 °C – 250 atm. 
According to the catalogues ICDD 
obtained material was a single–phase 
solid solution (Zr0.94Y0.06)O1.88 and had a 
tetragonal crystal lattice with space 
group P42/nmc (Fig. 1 ). Also it was 
found that the composition of the 
synthesized material corresponds to the 
required composition (Zr0.94Y0.06)O1.88 
(Fig. 2 ). From the analysis of 
diffractograms have been calculated 
lattice parameters a = 3.6 Å, a = 5.18 Å, 
and determined the level of tetragonality c / a = 1.3. Particle size plays an important role in determining 
sinterability as well as ultimate grain size and mechanical properties [5]. 

Fig. 1  The XRD pattern of powder (Zr0.94Y0.06)O1.88  after 
hydrothermal decomposition of zirconium and yttrium 

hydroxides 
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Fig. 2  The EDAX analysis of powder (Zr0.94Y0.06)O1.88  after hydrothermal decomposition of zirconium 

and yttrium hydroxides 

The analysis of topographical and structural characteristics of the powder (Zr0.94Y0.06)O1.88 was used. By 
transmission microscopy revealed that the powder (Zr0.94Y0.06)O1.88 consists of spherical shape particles with 
an average size of ~ 3–15 nm, forming a weakly bound agglomerates with an average size of ~ 100–500 nm 
(Fig. 3 ). The average particle size is determined by the parameters of the hydrothermal treatment, the 
pressure and temperature of the reaction. Analysis of the particle size distribution the synthesized powders 
showed that the average particle size increases with the reaction temperature and is independent of 
pressure. 

 

 
  a)  b) 

Fig. 3  TEM image of (Zr0.94Y0.06)O1.88 nano–particles synthesized at:  
a) 350 °C, 250 bar; b) 215 °C, 100 bar 

4. CONCLUSION 

The method of supercritical hydrothermal decomposition hydroxides allows to obtain low–agglomerated 
nano–sized stabilized zirconia powder (Zr0.94Y0.06)O1.88 of high purity with a tetragonal modification and 
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crystallite size not more than 3–15 nm, the amount of loosely bound agglomerates is 100 – 500 nm, the end 
product yield is no less than 85 rel. %. Characterization of nano–sized stabilized zirconia powder produced 
with this process suggests that it is suitable for further processing. Materials based on nanosized zirconia 
powder that are the most appropriate for producing of bioimplants, engineering ceramics with high 
performance characteristics and solid electrolytes for low–temperature fuel cells. 
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Abstract   

Deformation twinning represents a typical deformation mode in nanoacrystaline materials where the 
formation of nanoscale twins has its specific features. One of important factors that favour enhanced 
deformation twinning in nanoacrystaline materials represents operation of very high stresses in such 
materials during plastic deformation. In this context, it is interesting to understand and describe formation of 
nanoscale deformation twins in areas near crack tips, where high local stresses operate in nanoacrystaline 
materials. Within our model, the mode I crack concentrates the external stress near its tip, and the resulting 
local stress induces generation of a deformation twin through the events of ideal nanoscale shear 
consequently occurring on parallel glide planes. The nanoscale twin formation releases in part local stresses 
near crack tips and thus hampers crack growth in pre–cracked nanoacrystaline solids. In doing so, as it has 
been demonstrated within our theoretical model, the nanotwinning–induced fracture toughness of a 
nanoacrystaline solid increases when its grain size decreases and/or the nanotwin length increases. Thus, 
the deformation nanotwinning through ideal nanoshear events near crack tips serves as an effective 
toughening micromechanism in nanoacrystaline materials. 

Keywords:  twins, deformation, ideal nanoshear events, fracture toughness, nanomaterials 

1.  INTRODUCTION 

Nanoacrystaline structures in solids are responsible for their specific mechanical, physical and chemical 
properties [1, 2]. In general, plastic deformation processes in nanoacrystaline metals and ceramics are 
different from those in their conventional coarse–grained counterparts [1, 2]. Deformation twinning 
represents a typical deformation mode in nanoacrystaline materials where the formation of nanoscale twins 
has its specific features; for a review, see [3]. In doing so, formation of deformation twins is typically 
enhanced in nanoacrystaline materials (compared to coarse–grained polycrystals), and such twins are often 
generated at GBs [3]. One of important factors that favour enhanced deformation twinning in nanoacrystaline 
materials represents operation of very high stresses in such materials during plastic deformation. In this 
context, it is interesting to understand and describe formation of nanoscale deformation twins in areas near 
crack tips, where high local stresses operate in nanoacrystaline materials. Recently, formation of nanoscale 
twins in crack–free solids at high stresses has been described as a process being realized through either 
consequent or simultaneously occurring ideal nanoshear events [4] and serving as an effective alternative to 
conventional twin formation mechanism [3,5] in nanoacrystaline materials, the namely twin formation related 
to emission of partial dislocations from GBs. Within our model, the mode I crack of length l concentrates the 
external stress near its tip, and the resulting local stress induces generation of a deformation twin ABCD 
(Fig. 1a, b ). Following the approach [4], the deformation twin near the crack tip is generated and evolves 
through the events of ideal nanoscale shear consequently occurring on parallel glide planes, as it is 
schematically shown in Fig. 1 . In terms of dislocations, the twin formation process (Fig. 1 ) is represented as 
consequent generation of n dislocation dipoles on parallel glide planes. In doing so, generation of each 
dislocation dipole is realized through both growth of the magnitude of the Burgers vectors of its dislocations 
from 0 to b (with b being the magnitude of the Shockley partial) and corresponding evolution of generalized 
stacking faults located between immobile dislocations composing the dipole. According to the theory of 
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disclinations [6] the twin ABCD (Fig. 1a ) as a stress source can be effectively represented as a quadruple of 

wedge disclinations characterized by strengths ±Ω. Thus, the main aims of this paper are to suggest a 
theoretical model describing formation of deformation twins through ideal nanoshear events near crack tips 
in nanoacrystaline materials and to estimate its effect on fracture toughness of such materials. 

 

Fig. 1  Nanotwin growth in a deformed nanoacrystaline specimen containing a pre–existent crack (a two–
dimensional model). (a) General view. A deformed nanocrystalline specimen contains both a crack and a 

rectangular nanotwin ABCD. The nanotwin as a stress source represents a quadruple of wedge disclinations 
located at its vortices. (b) The atomic structure of the grain contains the nanotwin ABCD (schematically) 

2.  EFFECT OF DEFORMATION NANOTWINNING ON FRACTURE TOUGHNESS OF 
NANOCRYSTALLINE SOLIDS 

Let us examine the effect of nanotwinning on fracture toughness characteristics of nanocrystalline solids. To 
do so, consider an individual nanotwin ABCD (see Fig. 1 ) formed near the tip of a flat mode I crack in a 
nanocrystalline solid. The formation of the nanotwin is accompanied by the formation of the quadruple of 

±Ω–disclinations whose stress field influences crack growth. The local plastic deformation related to the 
formation of the nanotwin influences crack advance. This influence can be accounted for through the 
introduction of the critical stress intensity factor KIC. In this case, the crack is considered as that propagating 
under the action of the tensile load perpendicular to the crack growth direction, while the presence of the 
disclination quadruple simply changes the value of KIC compared to the case of brittle crack propagation. As 
a result, the critical condition for the crack growth can be represented as [7]:  

ICI KK =σ ,                                                                                                                                             (1) 

where 
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Kσ
IC is the fracture toughness in the case of brittle fracture, that is, in the situation where the disclination 

quadrupole is absent. The relation KIC>Kσ
IC implies that the nanotwin formation leads to an increase in the 

fracture toughness of the nanocrystalline solid. If KIC<Kσ
IC, the fracture toughness of the nanocrystalline solid 

decreases due to the nanotwin formation. The contour map of KIC/Kσ
IC  in the coordinate space (h, d) is 

presented in Fig. 2  in the case of nanocrystalline Ni. The dashed arrow in Fig. 2  corresponds to the 
nanotwin dimensions at which the nanotwin maximizes the critical stress intensity factor KIC  ,and thereby 
locally maximizes the fracture toughness of the nanocrystalline solid. 
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3.  CONCLUSIONS 

Thus, formation and evolution of nanoscale deformation twins near 
crack tips in deformed nanocrystalline materials can effectively occur 
through ideal nanoshear events (Fig. 1 ). The nanoscale twin formation 
(Fig. 1 ) releases in part local stresses near crack tips and thus 
hampers crack growth in pre–cracked nanocrystalline solids. In doing 
so, as it has been demonstrated within our theoretical model, the 
nanotwinning–induced fracture toughness of a nanocrystalline solid 
increases when its grain size d decreases and/or the nanotwin length h 
increases (Fig. 2 ). Thus, the deformation nanotwinning through ideal 
nanoshear events near crack tips serves as an effective toughening 
micromechanism in nanocrystalline materials. At the same time, its 
operation in conventional coarse–grained polycrystals is hardly 
effective, because the conventional toughening micromechanism 
effectively comes into play at comparatively low level of local shear 
stresses near crack tips and thereby dominates over the nanotwinning. 
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Abstract 

The effect of different mechanical treatments in combination with inorganic/organic acid treatments on the 
structure of natural talc was purpose of this work. The mechanically and chemically treated samples were 
investigated by measurement of specific surface area, X–ray diffraction and Infrared spectroscopy. 
Mechanical procedures and inorganic/organic acid treatment led to reduction of particle size and to increase 
of the specific surface area. The value of SSA increased three–times (31.83 m2/g) for sample TvsH in 
comparison to initial talc (T) sample (10.10 m2/g). The sample TvsH was prepared from talc (T) by 
combination grinding (v) and sonication (s) and subsequent acid activation with strong hydrochloric acid (H). 
The sample TvsH showed the smallest particle size 0.067 μm among all prepared samples which reduced 
from initial particle size 0.212 μm of T. 

Keywords: talc, mechanical and acid treatment, inorganic/organic acids 

1. INTRODUCTION 

Layered silicates (phyllosilicates) represent an important group of natural materials, including clay minerals, 
which can be used in various technological applications. Talc belongs to the 2:1 phyllosilicates widely used 
for a large number of applications such as in paper, ceramics, polymers, paints, cosmetics and 
pharmaceuticals. The ideal structural formulae of talc is Mg6Si8O20(OH)4 with a interlayer space d = 0.91 – 
0.94 nm. Talc 2:1 structure contains one central octahedral (O) sheet between two parallel tetrahedral (T) 
sheets connected via T silica oxygen apices to octahedral OH hydroxyl planes [1]. The layer structure is 
electrically neutral and therefore no charge–balancing cation is present in the interlayer space. Contiguous 
layers are held together by van der Waals interactions [2]. 

Talc exhibits a small surface area thanks the difficulty of its delamination a therefore particle size reduction 
methods have to be used to increase the surface area for eventual applications [3]. The reduction of the 
particle size of phyllosilicates require particular importance in material science because affect properties of 
the end products. For example, nano–sized talc attracts attention especially as a filler application in order to 
reinforce materials in nanocomposites [4].   

Mechanical treatments of clay minerals create important changes and influence their behavior in further 
processing step. Grinding and sonication represent common techniques for particle size reduction of clay 
minerals by the mechanical way. Besides particle size reduction, the milling causes the increase of reactivity 
the particles. The influence of grinding [5, 6, 7, 8, 9] and sonication [10, 11, 12, 13] treatments on the talc 
structure has been extensively studied.  

Chemical modifications performed by inorganic/organic acids, bases or organic molecules involve alteration 
of structure, surface functional groups and surface area [14]. Acid activation of clay minerals belongs to one 
of the most common chemical modification. By the acid activation is possible to prepare in part dissolved 
material with increased specific surface area, porosity and surface acidity [15]. The extent of dissolution of 
structure depends on clay mineral type and used reaction conditions [16]. The various types of acids can be 
used for acid treatments including inorganic acids (hydrochloric, sulfuric and nitric) and organic acids (acetic, 
citric, oxalic). However, hydrochloric and sulfuric acids are probably the most widely used due to their 
preferable results in specific surface area, porosity and adsorption capacity [14]. 
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Talc is very resistant to acids. Distortion of the talc structure caused by mechanical activation promotes its 
leaching behavior [12, 17]. Moreover, the combination of mechanical milling and subsequent acid treatment 
lead to preparation of porous silica from talc. Yang et al. (2006) successfully prepared porous silica via ball 
milling and subsequent hydrochloric acid. Temuujin et al. (2002) prepared also porous material from talc by 
milling and then leaching with sulfuric acid. Castillo et al. studied talc samples of different origins and 
composition in order to assess the effects of inorganic/organic acid treatments. Authors used hydrochloric 
acid, acetic and formic acid. Talc after hydrochloric acid treatment was purified with silanol groups onto its 
surface. Organic acids caused the grafting carboxylic groups onto the surface of talc.  

The purpose of this work was to assess the effect of different inorganic/organic acid treatments on the 
structure of natural talc. Talc was treated with different inorganic or organic acid such as hydrochloric acid 
(HCl) and oxalic acid ((COOH)2) at 80 °C for 4 h. The characterization of changes in the structure of talc 
before and after acid treatments was performed using the methods of X–ray diffraction (XRD) and Infrared 
spectroscopy (IR) and specific surface measurement (SSA). 

2. EXPERIMENTAL 

2.1. Starting materials 

The starting material used for the mechanical and chemical treatments was natural raw talc from Egypt. 
Table 1  shows the chemical compositions of raw talc which was determined from XRF analysis.  

Table 1  The chemical compositions of original talc 

Compositions  SiO2 MgO CaO Al2O3 Fe2O3 L.o.I.  
Mass % 57.5 28.7 2.9 0.6 0.3 9.3 

L.o.I. Loss on ignition 

For acid activation were used chemicals: aqueous solutions of 35 % hydrochloric acid (HCl), supplied from 
Lach–Ner, Czech Republic, and oxalic acid dihydrate (C2H2O4

.2H2O), supplied from Mach–chemicals, Czech 
Republic.  

2.2. Characterization techniques 

The chemical elemental composition of origin talc was determined by the energy dispersive X–ray 
fluorescence spectrometer (XRF) SPECTRO X–LAB. The sample was mixed with wax and pressed into the 
form of the pellet. 

The X–ray powder diffraction (XRD) patterns were taken on the diffractometer Ultima IV Rigaku (CuKα 
radiation, scintillation counter, reflection mode, Bragg–Brentano configuration) under working conditions 40 
kV and 40 mA. The XRD patterns were recorded in the rage of 2 – 60° with a scanning rate of 2.1 °/min.  

The specific surface area (SSA) of powder samples was measured with a Sorptomatic 1990 (Thermo 
Electron Corporation, USA) at liquid nitrogen temperature. Nitrogen gas was used as adsorbate. The SSA 
was calculated by the software according to the BET isotherm. The spherical diameter (SD) was calculated 
from the following expression (1): 

S
D

.

6

ρ
= ,                    (1) 

where ρ is the density of talc (2.8 g.cm–3) and S is measured value of the specific surface area (m2.g–1). 

The Fourier–transform infrared (FTIR) spectra were measured with spectrometer Nicolet 6700 FT–IR 
(Thermo Nicolet, USA) by ATR technique with diamond crystal. FTIR spectra were recorded in the range 
from 400 to 4000 cm–1. 
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2.3. Sample preparation 

Mechanical treatments 

Talc was treated as follows: raw talc (T) was milled for 3 min in a laboratory vibration mill (VM4) and sieved 
though a 0.040 mm sieve. The obtained fraction was named Tv. Ultrasonic modification was performed with 
an ultrasonic processor UP100H (Hielscher–Ultrasound Technology) (100 W, 30 kHz) with sonotrode (MS3). 
Samples T and Tv (1.5 g) were mixed with 50 ml of demineralized water to form the slurry, then subjected to 
ultrasounds for 30 min and dried at 80 °C overnight. The prepared samples were designated as Ts and Tvs, 
respectively.  

Chemical treatments 

The chemical activation was carried out by adding 10 g of samples Tv, Ts and Tvs to 200 ml of solution of 6 
mol.l–1 hydrochloric acid (H) and/or 0.5 mol.l–1 oxalic acid (O). Action of acids on the samples was carried out 
in suspensions at 80 °C for 4 h. Then, the samples were centrifuged and several times washed with 
demineralized water and dried at 80 °C overnight. The prepared samples were designated as TvH, TsH, 
TvsH; TvO, TsO, TvsO. 

3. RESULTS AND DISCUSION 

3.1. Specific surface area measurement 

The values of specific surface area (SSA) and the spherical diameter (SD) of mechanically and chemically 
treated samples are in Table 2 . The SSA of raw talc increased from the 10.86 m2/g to the 13.21 m2/g after 
sonication and to the 17.19 m2/g after vibrating milling. The highest value of SSA (20.33 m2/g), obtained by 
mechanical way, was achieved for sample Tvs when the combination of milling and sonication was used. 
The increase in SSA was observed also for all samples after inorganic/organic acid action. The maximum 
value of SSA (31.83 m2/g) was achieved by combination milling and sonication and following hydrochloric 
action.   

The value of SD decreases from 0.212 μm for original talc to 0.162 μm for Ts, 0.124 μm for samples Tv and 
0.105 μm for Tvs. The SD decreases also after acidification. The smallest value of SD (0.067 μm) was 
determined for sample TvsH. These results confirm earlier findings from the literature [12, 13] that 
mechanical and chemical processes produce significantly particle size reduction. The relation between the 
SSA and SD presented in Fig. 2  shows the particle size reduction after mechanical and chemical action.  

Table 2  Specific surface area (SSA) and spherical diameter (SD) of treated talc samples.  

Samples 
SSA 
[m 2/g] 

SD 
[μm] 

Samples 
SSA 
[m 2/g] 

SD 
[μm] 

Samples 
SSA 
[m 2/g] 

SD 
[μm] 

T 10.10 0.212 T 10.10 0.212 T 10.10 0.212 
Ts 13.21 0.162 TsH 18.73 0.114 TsO 13.73 0.156 
Tv 17.19 0.124 TvH 24.10 0.089 TvO 24.54 0.087 
Tvs 20.33 0.105 TvsH 31.83 0.067 TvsO 28.37 0.075 

3.2. X–ray diffraction analysis 

The XRD patterns presented in Fig. 1  shows a mild decrease of intensity of basal diffractions (002), (004), 
(006) for samples TvsH and TvsO in comparison with the untreated sample (T) but their positions were not 
affected. Therefore, based on the XRD patterns, their significant structural change can not be considered. 
XRD pattern of raw talc revealed the presence of admixtures of kaolinite (K) and dolomite (D). Dissolution of 
dolomite after exposure with strong HCl and also with organic oxalic acid at all prepared samples caused 
that resulted XRD patterns correspond to the pure talc.  
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            Fig. 1 The XRD patterns of original talc (T)          Fig. 2  The specific surface area (SSA) vs.  
              and modified samples TvsH and TvsO          Spherical diameter (SD) of all prepared samples 

3.3. Infrared spectroscopy 

The FTIR spectra can be divided into two characteristics part. The bands in the range 3750 – 3400 cm–1 

could be assigned to the surface structural hydroxyl groups as well as adsorbed water. A series of bands 
located at 1400 – 400 cm–1 could be assigned to lattice vibration of the clay minerals. The FTIR spectra of 
raw talc (T) and talc after exposure with oxalic acid are shown in Fig. 3 . 

 

Fig. 3  The FTIR spectra of raw talc (T) and after exposure with oxalic acid (TsO, TvO, TvsO)E 
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The spectrum of raw talc (T) is characterized by bands at 3674 cm–1 (Mg–OH stretching vibration), 981 cm–1 
(stretching vibration of Si–O–Si bonds), 666 cm–1 (Si–O–Mg bonds), 507 cm–1 (Al–OH bonds) and 460 cm–1 
(Mg–O bonds) [17]. The band at 1459 cm–1 was assigned to dolomite (CaMg(CO3)2) that it was also 
identified by XRD analysis. The FTIR spectra of talc after milling and sonication treatments did not change.   

The significant changes in the FTIR spectra are evident for samples after oxalic acid activation. The  FTIR 
spectra of TsO, TvO and TvsO present a new bands in comparison with the initial talc sample (T). The broad 
band around 1635 cm–1 belongs to the stretching vibration of C=O. This band is composed of two 
contributions at 1621 cm–1 and 1657 cm–1. Moreover, the new sharp bands are observed at 1319 cm–1 and 
780 cm–1. The first band is attributed to combined stretching vibration of C–C and C–O in COO and the 
second band belongs to bending vibration of O–C=O [22, 23]. 

4. CONLUSIONS 

The study of different mechanical treatments in combination with hydrochloric/oxalic treatment on natural talc 
brought the following observations: 

• In comparison to initial talc, the combination of mechanical procedures (grinding and sonication) and 
acid treatment with hydrochloric or oxalic acids caused at prepared samples about three–fold increase 
of SSA. 

• Particle size reduction after grinding was more intensive than after sonication. 

• Particle size reduction after grinding and sonication and further action of acids was slightly greater 
after hydrochloric than oxalic acid. 
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Abstract 

Simonkolleite of formula Zn5(OH)8Cl2.H2O belongs to the layered hydroxide salts (LHS) family. This paper 
presents a simple precipitation method to produce nanoparticles of simonkolleite. The particles were 
synthesized by basic precipitation of zinc chloride by sodium hydroxide in aqueous media. The particles 
were analyzed by atomic force microscopy (AFM), thermogravimetry (TGA), powder X–ray diffraction (XRD), 
and chemical quantitative analysis. AFM analysis showed the plate–like shape of the particles, with a 
thickness of 5–10nm, and a diameter of 70–80nm. Chemical analysis, XRD, and TGA confirmed the 
simonkolleite nature of the product. The presented synthesis method is simple and easily reproducible, and 
allows the use of additives and modifiers to produce a wide range of modified simonkolleite nanoparticles. 

Keywords: simonkolleite, nanoplatelets, layered zinc hydroxide, basic zinc oxide, basic precipitation 

1. INTRODUCTION 

Simonkolleite of formula Zn5(OH)8Cl2.H2O [1], belongs to the family of layered hydroxide salts (LHS) of 
general formula : M(OH)2−x(Am−)x/m·nH2O. The similar family of layered double hydroxides (LDH) of formula 
M2+

1–xM3+
x(OH)2(Am–)x/m.H2O, as well as LDH, have been studied due to their layered structure, and the 

possibility to intercalate selectively or not different organic molecules in their interlayer space, by anionic 
exchange [2] . LDH and LHS can be used for many applications : catalysts [3], water pollutant removal, 
separation of isomers [4] , drug carriers [5], nanofillers, UV protection [6] , mixed metal oxides precursors [7], 
flame retardants [8] ... Among LHS, simonkolleite and other layered zinc hydroxide salts have been studied 
because of their interesting catalyst support [9], drug carrier [10], UV and visible light absorption [11], and 
corrosion inhibition [12] properties. 

2. SYNTHESIS 

ZnCl2 was first dried at 105 °C, and NaOH was used without further preparation. 50ml of a solution of NaOH 
into distilled water at 0,5 mol/L was prepared, and heated to 45 °C at least 30min. Then 30 ml of a solution of 
ZnCl2 into distilled water at 0,6 mol/L was injected at once in the reactor containing NaOH solution. The 
reaction was carried out at 45 °C for 42 hours under mechanical stirring and the reactor was sealed to avoid 
water evaporation. 

The formed precipitate was then filtered and washed with a mix of ethanol and distilled water at 1:1 vol, 
using a microsized paper filter. Cl– was considered the major impurity, and its presence in the filtrate was 
tested by AgNO3. Once clean, the precipitate was dried at ambient air during 3 days. 

3. COMPOSITION AND PURITY 

Four samples were prepared and tested, to ensure the reproducibility of the experiment. Quantitative 
chemical analysis revealed the global atomic composition of the samples in weight percentage, which are 
compared to the theoretical simonkolleite composition (Table1 ). The samples contain traces of Na, a slight 
excess of Cl and OH, and a lack of Zn. This might be due to traces of ZnCl2 and Zn(OH)2 in the samples. 
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Table 1 Elementary composition of synthesized samples 

Sample  % Zn %OH %Cl %H2O %Na %Total  
1 58.8 25.7 13.8 1.5 0.12 99.9 
2 58.3 25.4 13.5 0.9 0.11 98.2 
3 57.8 24.6 13.4 2.9 0.11 98.7 
4 56.5 24.6 14.0 3.3 0.12 98.5 

Zn5(OH)8Cl2.H2O 59.3 24.6 12.9 3.2 0.00 100.0 

 

 

 
Fig. 2 Thermogravimetric analysis of sample 3 

XRD analysis showed a major crystalline part of simonkolleite, which supports the results obtained by 
chemical analysis. No traces of other phases were detected by XRD (Fig. 1 ). 

Thermogravimetric analysis also supported the chemical analysis, by reproducing the thermal behaviour of 
standard simonkolleite under the same experimental parameters. (Fig. 2 ) The thermogravimetric analysis 

Fig. 1 powder XRD pattern of sample 2 
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was performed at a heating rate of 10 °C/min, from 25 to 1000 °C under a N2 flow. As reported in literature 
[13], three decompositions theoretically occur: 

Zn5(OH)8Cl2.H2O → 3ZnO + 2β–Zn(OH)Cl + 4H2O at 170 °C, 13 %weight loss 

2β–Zn(OH)Cl → ZnO + ZnCl2.0,25H2O + 0,75H2O at 220 °C, 2,5 % weight loss 

ZnCl2.0,25H2O → 0,25 ZnO + 0,5HCl + 0,75 ZnCl2 above 230 °C, 21,8 % weight loss 

However, only two weight losses are detected with our samples, and the limit between the two weight losses 
is not clearly determined, since no horizontal plateau is observed. 

4. SHAPE AND SIZE 

The shape a size of synthesized particles was measured by AFM. All particles presented a platelet shape 
with a thickness of 2–5nm, and a diameter of 70–80nm(Fig. 3 ). Some agglomerates were observed, showing 
an improvable dispersion of the particles in the media(Fig. 4 ). 

5. CONCLUSION 

Nanoplatelets of simonkolleite were synthesized using a simple precipitation method. Analyses tested their 
composition and size, and proved the good quality of the particles, as well as the reproducibility of the 
synthesis. The synthesized nanoplatelets can be modified for different applications by graphting catalysts or 
stabilizers on its surface, but also intercalating different molecules between its layers. The synthesized 
sample can also be used as a nanostructured precursor for ZnO synthesis via thermal or hydrothermal 
phase transformation. [13] The presented method is easy to reproduce, do not require any additives or 
aggressive conditions. It therefore allows the use of many additives and modifiers, and can be used as a 
starting point for the synthesis of a wide range of modified simonkolleite or zinc oxide nanoparticles. 

Fig. 3 Sample 1, scan 3um, particles 70–100nm*2nm, 
adhesion map 

Fig. 2 Sample 1, scan 3um, particles 70–
100nm*2nm, adhesion map 
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Abstract 

Aqueous microemulsions of hydrophobic organic liquids are used to be applied in some cases for separation 
of soft microparticles from aqueous dispersions in a regime of “oil flotation”. A mechanism of this separation 
is based on different wetting of particles by water and organic liquids. A reverse way of this process can be 
applied on a molecular level when different wetting is replaced by different solubility of some molecules in 
both phases of a microemulsion. Elemental nanoparticles – C60 macromolecules are well soluble in toluene 
(3.2 mg/l) in contrast to water. By a method of emulsion crystallization globular nanoparticles of required 
size, stability in aqueous dispersion can be prepared. 

The 50 % solution of C60 in toluene after mixing with water by intensive turbulence in an ultrasound bath was 
transferred into a microemulsion with a maximal portion of droplets with the radius of 381.6 nm. During 
continual bubbling under lower pressure this emulsion was permanently kept at the temperature of 20 oC till 
toluene was totally evaporated. A resulting aqueous dispersion contained mostly globular nanoaggregates 
nC60 with the radius of 26.1 nm. Their size predicted by a nucleation model matched the content of C60 
molecules in an emulsion microdroplet and depended on the concentration of C60 in toluene and quality of 
the initial microemulsion. 

Keywords: nanoparticles, globular nanoaggregates, microemulsion, crystallization 

1. INTRODUCTION 

Microemulsion methods are often used for synthesis of nanoparticles by precipitation reactions [1–4]. 
Preparation of emulsions is based on dispersion of a solution, containing material necessary for formation of 
nanoparticles, into a non–miscible liquid. The dispersion is achieved by extreme interface deformation 
caused by conversion of mechanic energy at turbulent mixing [5,6], which is, in some cases, completed by 
cavitation in ultrasound field [7,8]. A dispersed part is often stabilized by surfactants [9–12] and an emulsion 
is formed spontaneously in some cases. Two basic types of microemulsions are water/oil and oil/water 
differing in a domination volume of one of miscible phases. 

Nanoparticles can be prepared by precipitation reactions using several types of microemulsion method. One 
of the methods is mixing two microemulsions containing reactants of precipitation reactions. Each emulsion 
droplet presents a potential space for nucleation and growth of a new nanoparticle. Coalescence of reactant 
droplets in a volume of new droplets leads to creation of a microreactor naturally limiting a reaction range 
and also a volume of solid reaction products. 

The second basic possibility is a method of single emulsion. In this process, one reactant of a precipitation 
reaction is dissolved in emulsion droplets and the second reactant exists in a liquid phase of dispersion 
environment. A precipitation reaction carries out on an interface of both liquids and size of creating particles 
is limited by amount of reactants inside emulsion droplets. 

Whereas in both mentioned cases nanoparticles are formed by precipitation reactions in this study a kinetic 
analysis of the fullerene C60 nanoparticles formation by a method of emulsion crystallization without chemical 
reactions was performed. 
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2. METHODS 

The method of emulsion crystallization of nC60 nanoparticles is based on nucleation and growth of fullerene 
C60 nanoaggregates in their solutions. From a list of some solvents given in Table 1 toluene was selected 
because of good accessibility, security and a relatively high saturated concentration Csat(C60) = 3.2 [mg/ml]. 
The toluene solution of with the concentration of fullerene C(C60) was prepared using chemicals from Sigma 
Aldrich. Unlike classical microemulsion methods the fullerene solution was dispersed in demineralized water 
without using surfactants only by an vigorous turbulent mixing in ultrasound field. After this dispersion the 
resulting emulsion was gradually evaporated under a lowered pressure. 

Table 1 Saturated concentration of fullerene C60 in selected solvents [13] 

SOLVENT Csat(C60) [mg/ml] 

octane8 0.025 

dodecane 0.091 

tetradecane 0.126 

chloroform 0.17 

benzene 1.5 

toluene 3.2 

1,2–dimethylbenzene 8.7 

1–ethylnaphthalene 33 

1–chloronaphthalene 51 

water 1.3·10–11 

Fig. 1 shows a process of solvent amount lowering in a microemulsion droplet. The initial period phase of 
this process is demonstrated by a droplet with the radius R0 and a final phase is demonstrated by a solid 
globular nanoparticle nC60 with the radius R, which is an aggregate of n C60 molecules with the radius RC60. 
During evaporation of the toluene suppersaturation was gradually increased and the radius of nC60 nuclei 
increased to its critical value Rcrit and further to the final value R. A number of aggregated molecules n in the 
solid fullerite structure is given by a mass balance 

 

where ρsol = 1750 kg/m3 is the fullerite density, MC60 is the molar mass of fullerene C60 and NA is Avocado’s 
number. 

 
 
 
 
 

Fig. 1 Scheme of development of an 
emulsion droplet with the initial 

radius R0 to the nC60 nanoparticle 
nuclei with the final radius R 
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Fig. 2   Dependence of a number aggregated molecules C60 on the final radius R of nC60 nanoparticles 

calculated for density of crystallite fullerite ρsol = 1750 kg/m3 

The cubic dependence of a number of fullerene molecules n on the radius of final fullerite nanoparticles is 
shown in Fig. 2 . Taking in account a basic assumption of formation of a single nucleus the final nanoparticle 
radius can be expressed using mass balance of dissolved C60 in toluene as 

 

While the density ρsol corresponds to a solid nanoparticle phase and was approximated by the density of 
crystallite fullerite, ρsat is the density of saturated solution of fullerene v microemulsion droplets and CC60 [%] 
is the percentage content of C60 the in the real solution. On the basis of analysis of mechanical energy 
transport into the solution of emulsion droplets and a similarity criterion, a steady state of every emulsion at 
the same energy densities in both phases was assumed. At a minimal size of the volume fraction Cdp [%] of 
dispersion of the C60 solution and at the constant intensity of dispensing the minimal radius of emulsion 

droplet is Roo. Then, an equilibrium radius is dpo ooR R Ca= +  and the final nanoparticle radius R is a 

function of two variables according Eq.  

 

The linear dependence in Eq. corresponds to the first approximation of hydrodynamic equilibrium of non–
miscible phases with the content of dispersed phase Cdp of 1–7 vol. %. At the lower concentration, this 
condition of structures similarity is unrealistic and preliminary measurements gave highly spread results. 

3. EXPERIMENTAL RESULTS 

For the experimental study of preparation of nC60 nanoparticles by the microemulsion crystallization the 
aqueous microemulsions of C60 in toluene in 15 various combinations (CC60 , Cdp) were prepared according to 
Table 2 .  
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Table 2 Diameters of nC60 nanoparticles measured by dynamic light scattering (DLS) method 

d[nm]  
  CC60 [%]   

100 75 50 25 15 

C
dp

 [%
] 1 68.4 57.0 51.6 40.7 33.0 

5 87.9 73.8 61.9 51.4 43.6 
7,5 98.4 84.6 69.5 61.7 49.7 

The microemulsions were prepared by highly turbulent mixing in ultrasound field without surfactants. 
These microemulsions were immediately after dispersion bubbled by air at lowered pressure during 90 
min to remove toluene from emulsion droplets. After total evaporation of toluene relatively stable 
aqueous dispersions of nC60 nanoparticles remained. Their size shown in Table 2  was measured was 
measured by DLS using a Malvern Zetasizer Nano ZS device. 

On the basis of the above given analysis (Table 2 ) an optimal two–parameter non–linear regression was 
performed as demonstrated in Fig. 3 . The regression parameters A = 13.0662 a B = 0.9628 were 
determined with the correlation coefficient R = 0.9864. 

 
Fig. 3  Non–linear regression of theoretical dependence d(C dp , C C60) = 2R(C dp , C C60) according to Eq 

The prepared nanoparticles were of a globular shape as obvious form Fig. 4  and polydisperse as confirmed 
by DLS. A number of aggregated molecules C60 changed from 40000 to 760000 according to Fig. 2 .  

Based on preliminary measurements of FTIR spectra a combination of the fullerite crystallic and amorphous 
structures forming shells were found. This nanoparticles structure can be explained by a time course of its 
diffusion growth. While nanoparticles after their nucleation grew slowly during the initial period, a rate of 
volume decrease during the final period of evaporation was very high and this fast process of the C60 
molecules deposition on solid nanoparticles did not facilitate sufficient configuration relaxation to the 
energetically favourable ordered structure of fullerite. 
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Fig. 4  TEM micrograph of globular nanoaggregates obtained by JEOL 200 CX (+ EDX EDAX 9900) 

CONCLUSIONS 

The method emulsion crystallization was used to prepare globular nC60 nanoparticles in the stable aqueous 
dispersion whose size can be controlled by the concentration of fullerene in the toluene phase and by a 
selection of the content of dispersion phase in aqueous environment. The solutions of C60 in toluene after 
intensive mixing with water in ultrasound field were transferred into microemulsions. The emulsions were 
kept under a continual evaporation of toluene at lowered pressure and at the temperature of 20 oC to the 
total toluene evaporation. The resulting stable water dispersion contained a maximal portion of nC60 
nanoaggregates consisting of globular nanoparticles with size from 33 nm to 100 nm. Their size predicted by 
the nucleation model corresponded to a number of C60 molecules changing from 40000 to 760000. These 
globular nanoparticles showed characteristics of a core–shell structure with the fullerite core and the 
amorphous shell. 
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Abstract   

The aim of this contribution is to give closer information about structure of chitosan/polyethylene oxide 
polymer blends in preparatory solution for electrospinning. Special attention has been paid to the interaction 
between both polymers. Molecular modelling using ab–initio force field in Accelrys Materials Studio modeling 
environment was performed in this study. Compositions of model systems were derived from the 
compositions of real preparatory solutions which are used as input for electrospinning process. Molecular 
modeling on the basis of energy minimization and molecular dynamics revealed that deacetylation as well as 
deprotonation of chitosan amino groups play a key role for stability of resulted polymer blend. Three 
following parameters were used to characterize the optimized models: interaction energies between 
investigated polymers, structure characteristics and miscibility factor as described by Flory–Huggins theory. 

Keywords:  molecular modeling, chitosan, polyethylene oxide, electrospinning 

1. INTRODUCTION 

Electrospinning, or “electrostatic spinning”, is an interesting method allowing the production of fine polymer 
fibers using electric charge (DC voltage in the order of thousands volts is needed). Electrostatic forces 
generated during the process of electrospinning are stronger than forces of surface tension in polymer melts 
or solutions, polymeric chains are pulled out from the liquid and resulting fibers having a diameter in the 
range of 1 – 1000 nm create nonwoven fabric with very high surface area. This material can be widely used 
as a membranes, filters, or protective clothing, in tissue engineering applications, as biosensors, etc. For 
more information about this technique the reader is referred to [1]. Various natural or synthetic polymers are 
used in electrospinning in order to form nanofibers and chitosan (CH), biocompatible and biodegradable 
cationic polysaccharide, is one of them [2, 3]. Since 2004, direct electrospinning of CH from acetic acid 
solution was performed [4] and combinations of CH with other polymers (polyvinyl alcohol [5] or 
polyethylenedioxythiophene [6]) were reported. Many works are focused on improving the electrospinnability 
of CH via blending with polyethylene oxide (PEO). PEO is considered to be an efficient “carrier” holding 
strongly the CH chains by intermolecular non–bond interactions and, therefore, suppressing an 
entanglements of CH chains [7, 8, 9, 10]. 

The main aim of present molecular modeling study is to determine whether the computer molecular modeling 
using ab–initio force field can be a suitable tool for testing various initial compositions of solutions used in 
electrospinning process. Non–bond interaction energies, structure characteristics (i.e. recording the 
presence of selected CH parts in the close area around oxygen atoms of PEO) and miscibility factor as 
described by Flory–Huggins theory are used to characterize the CH/PEO optimized models and compared 
with available experimental data. 

2. MODELING PROTOCOL 

2.1 Preparation of initial models  

Initial models of CH and PEO were prepared using Accelrys Materials Studio (MS) modules Visualizer and 
Polymer Builder with varying lengths and compositions. Three variants of PEO with three lengths of chains 
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were prepared: 4 (PEO4m), 5 (PEO5m), and 15 mers (PEO15m). Two types of CH were studied for 
investigation the influence of deacetylation – 80 % (Ch80) and 100 % deacetylated CH (Ch100), both with 
the same length of 10 mers. Amino groups were protonated for simulation of acidic environment. 
Compositions of models used for energy minimization procedure are summarized in Table 1 . All these 
models were built with 3D periodic boundary conditions with unit cell a = b = c = 5nm. For Flory–Huggins 
calculations polymers were represented with their basic repeat units (Fig. 1 ). 
 

 

Fig. 1  Inputs for Flory–Huggins calculations: a) chitin (CHIT), b) CH, c) PEO, d) ethanol, e) water, f) acetic 
acid 

Table 1  Composition and energies of modelled systems. N is the number of atoms in model, Etot  
               is the total potential energy, Eint is the interaction energy between polymers, EvdW is the van 
               der Waals term of Eint, EC is the electrostatic term of Eint. All energies are expressed in units  
               kcal/mol 

 
 Model      CH         PEO H2O C2H4O2 (C2H3O2)         Etot/N         Eint          EvdW         EC 
 

   M1 1 Ch100     1 PEO4m 623        122 (1)                –5.50      –8.94        –7.72      –1.22 
 

   M2 1 Ch80       1 PEO5m 623        124 (1)                   –5.48      –7.63        –7.35      –0.28 
 

   M3 1 Ch100     1 PEO15m 623        122 (1)                   –5.39      –9.87        –8.72      –1.14 
 

   M4 1 Ch80       1 PEO15m 623        124 (1)                   –5.38      –0.97        –6.67      –5.70 
 

   M5 1 Ch100     1 PEO4m   0            0             –2.95    –70.88      –33.45    –37.43 
 

   M6 1 Ch80       1 PEO5m   0            0             –2.51    –70.61      –50.12    –20.49 
 

   M7 1 Ch100     1 PEO15m   0            0             –2.23   –150.81    –98.22     –52.59 
 

   M8 1 Ch80       1 PEO15m   0            0             –2.26   –162.42    –139.15   –23.27 
_____________________________________________________________________________________________________ 

2.2 Energy minimization  

Three step procedure was used for energy minimization of studied initial models: 

1) coarse geometry optimization (convergence criterion ΔE = 0.002 kcal/mol; pressure p = 1 atm) 

2) molecular dynamics run (NPT ensemble, length of trajectory = 100ps; time step = 1 fs; temperature = 
298 K; Q ratio in Nosé–Hoover thermostat  = 1.0 [11]; decay constant in Berendsen barostat = 0.1 ps 
[12]) 

3) final geometry optimization (convergence criteria: ΔE = 10–4 kcal/mol, ΔF = 5 · 10–4 kcal/mol/nm, Δl = 5 
10–6 nm; pressure p = 1 atm) 
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For energy expression and charges assignment pcff force field was used [13]. After final geometry 
optimization total potential energy of system divided by number of atoms (Etot/N) and interaction energy 
between CH and PEO (Eint) were calculated. Results are summarized in Table 1 . Eint was calculated 
according to eq. (1) where Ecomplex corresponds to potential energy of CH + PEO complex, ECH and EPEO are 
potential energies of CH and PEO chains, respectively. 
Eint = Ecomplex – ECH – EPEO            (1) 

2.3  Flory–Huggins calculations of mixing  

Calculations of Flory–Huggins parameter of mixing (χ) were performed using MS module Blends. For each 
combination of base and screen listed in Table 2 , million mutual space orientations were generated. 
Reference temperature was set to 298 K, energy and charges were computed using pcff force field. 

Table 2 Calculated values of χ parameter for selected combinations of base and screen 
___________________________________________________________________________________________ 

  H2O  C2H4O2      CHIT          CH  PEO 
___________________________________________________________________________________________ 
 

    H2O     0     4.76         8.48         –0.90  –1.32 
 

  C2H4O2  4.76       0        9.87          2.14   5.34 
 

   CHIT   8.48     9.87           0           –2.96 11.02 
 

    CH  –0.90     2.14       –2.96 0   2.29 
 

   PEO  –1.32     5.34       11.02         2.29     0 
___________________________________________________________________________________________ 

Table 3 Close contacts of C and O atoms from PEO with specific functional groups of CH and solvent  
              molecules 
_______________________________________________________________________________________________________________________________ 

   Model        –CH3O        –H        –C2H3O        –NH3        –OH H2O C2H4O2  ∑ 
_______________________________________________________________________________________________________________________________ 

 

     M1  1   1      0           0  0   4     1   7 
     M2  2   0      0           0  0   6     3  11 
     M3  0   2      0           0  0  21    22  45 
     M4  0   0      2           0  0  28    16  46 
     M5  4   2      0           8  2   0     0  16 
     M6  1   9      1           1  2   0     0  14 
     M7  6  20      0          13 5   0     0  44 
     M8            14   19      2          10 8   0     0  53 
_______________________________________________________________________________________________________________________________ 

3.  RESULTS AND DISCUSSION  

Before further analysis of results from molecular modeling, an important step is to look at Etot values 
(Table 1 ). It can be seen that all models have negative Etot and so are physically relevant. At a glance two 
different groups of models are distinguishable. First group (M1–M4) which represents situation in solution 
has quite different energetic characteristics in contrast to second group (M5–M8) which gives insights into 
situation in vacuo. While Etot is more negative in the first group, interaction between PEO and CH is more 
intensive in the latter case. More negative Etot values reflect presence of small solvent molecules which have 
consequently higher degrees of freedom for taking conformation with lower potential energy. It also causes 
less negative Eint for the first group in contrast to the situation in vacuo because of PEO and CH separation 
by solvent molecules. 

From Table 1  can be seen another important thing, i.e., that degree of deacetylation causes different 
interaction between PEO and CH. While in the case of short PEO chains (M1, M2, M5, M6) the differences in 
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Eint are not so significant, they become more pronounced in the case of prolonged PEO chains. One can 
distinguish the stronger Eint for Ch100 in solution (M3, M4) while in vacuo the stronger Eint is exhibited by 
Ch80 (M7, M8). 

The reason for this distinct behaviour can be found in results from Flory–Huggins calculations (Table 2 ) and 
from analysis of PEO close contacts (Table 3 ). From calculated values of χ parameter can be seen that PEO 
is highly soluble in water what is in good accordance with experimental data [14]. CH is less but still soluble 
in water while CHIT is insoluble. Also these calculations are in accordance with experimental observations 
[15]. When inspect solubility of previously mentioned species in acetic acid (AA), one can observe high 
solubility of CH (relative to other species), followed by PEO which shows comparable miscibility with AA as 
water, while CHIT is the worst–soluble in this type of solvent. Based upon these observations one can 
deduce why in the case of Ch100 the Eint is stronger in solution. Due to presence of CHIT species in the 
Ch80 chain the hydrated PEO (compare number of close contacts with water and AA in model M4, Table 3 ) 
is more distant from CH because of previously discussed unfavourable interactions. Greater distance 
between CH and PEO in the case of Ch80 in solution is indicated by PEO close contacts which were 
observed only with the outermost functional group of CH, i.e. –C2H3O (M4, Table 3 ). On the contrary, when 
solvent molecules are removed (M5–M8) contact of CHIT with periodic images of CH may compensate the 
unfavourable interactions with PEO (Table 2 ) and, therefore, Ch80 in vacuo exhibits stronger Eint than 
Ch100, although the difference is not so significant like in the solution. Similar like in the first case the 
stronger Eint is accompanied with more PEO close contacts with –H functional group of CH (Table 3 ). 
In summary, the above mentioned observations suggest unambiguous preference of Ch100 by PEO in 
solution which is expressed by Eint. Because the interaction between PEO and Ch100 is stronger than 
between PEO and Ch80 one can expect thicker nanofibers produced by the same experimental conditions 
for more deacetylated CH chains. 

4.  CONCLUSIONS  

The aim of this study was to investigate structure of CH/PEO polymer blends in preparatory solution for 
electrospinning with special attention to their interaction. For this purpose generally two types of PEO were 
studied and it was found that shorter PEO chains show qualitatively the same energetic characteristics like 
prolonged PEO chains which indicate usability of smaller models for faster computing while keeping the 
predictive value of model. From results of Eint is suggested stronger interaction between CH and PEO in the 
case of more deacetylated CH. The reason for this finding seems to be poor miscibility of CHIT species with 
water and AA. This assumption is based on results of Flory–Huggins calculations which were in good 
accordance with available experimental data. Combination of energy minimization with Flory–Huggins 
calculations seems to be suitable tool for analysis of interactions between polymers in preparatory solutions 
for electrospinning. 
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Abstract  

We report on core–shell iron and iron oxide nanoparticle prepared by plasma synthesis controlled by process 
gas mixture. The synthesis was carried out using an atmospheric pressure microwave electrodeless plasma 
jet. We focused on phase composition control and better passivation. We studied the influence of O2, H2 and 
N2 admixtures to the Ar process gas on the properties of the prepared nanomaterial. Similarly to thermal 
process, the oxygen admixture preferentially produced Fe2O3 nanoparticles whereas hydrogen admixture 
resulted in particles with higher metallic content. However, in contrast to thermal process, the addition of 
nitrogen did not produce iron nitride, but iron/iron–oxide core–shell nanoparticles with enhanced chemical 
stability. 

Keywords: core–shell, iron/iron oxide, nanoparticles, electrode–less 

1. INTRODUCTION 

In recent years, the interest in iron and iron oxide based nanomaterials (e.g. nanoparticles, nanopowders, 
nanolayers, etc.) is growing due to their unique properties. The research and development is truly 
interdisciplinary: magnetism, catalysis, optics, sorption, biocompatibility, chemical stability, etc. [1, 2, 3]. 

Nowadays, the iron based nanomaterials are produced commercially using well–established chemical 
methods, for example co–precipitation, micelles, microemulsion or hydrothermal syntheses. However, these 
methods often use solvents or surfactants and involve complicated or multistep procedures. As a result, 
there is a modern trend to replace the wet chemical steps by plasma based technology that could provide an 
environmentally attractive alternative [4, 5]. 

A wide range of methods involving plasmas is now available for the preparation of iron–based nanoparticles, 
e.g. arc discharge, flame synthesis, laser pyrolysis, microwave plasma synthesis and many others. We 
recently investigated the synthesis of iron oxide nanoparticles in microwave torch discharge [6, 7, 8]. 

In this paper, we have decided to carry out a similar study using a different, electrodeless design. Moreover, 
we focused more on influence of working gas composition on the properties of the prepared nanopowders. 

2. EXPERIMENTAL 

The synthesis of iron based nanoparticles was carried out in atmospheric pressure microwave electrodeless 
jet – surfatron [9] – from iron pentacarbonyl (Fe(CO)5) mixed with argon. Fig. 1  shows the experimental 
setup. We operated the microwave generator (2.45 GHz) in amplitude modulation mode using a function 
generator (sinus waveform, 260 Hz frequency) in order to stabilise the plasma discharge. The microwaves 
were fed to the wave launcher (surfatron) via waveguide, ferrite circulator and coaxial cable. The mean 
microwave power was maintained at 250 W, whereas the reflected power was below 10 W. The surfatron 
device itself (commercial SAIREM Surfatron 80 with integrated matching) exploited a surface wave 
propagating along plasma boundary to sustain relatively long plasma column. It consisted of coaxial 
resonant cavity through which a fused silica discharge tube (80 mm in length, 6 mm and 8 mm inner and 
outer diameter, respectively) passed. 
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Fig. 1  Schematic drawing of the experimental setup 

Thermal management was carried out by water cooling of the generator, circulator and surfatron itself. 
Additionally, the discharge tube was cooled by compressed air.  

The flow of working gas, argon, was maintained at 508 sccm by a flow controller. The admixture like O2 or H2 
(7.3 sccm) could be added into the main inlet upstream from the discharge. 

The iron pentacarbonyl Fe(CO)5 liquid precursor (Alfa Aesar, 99.5 % purity) was kept in an evaporator and 
its vapours (0.05 sccm) were transported into the discharge by 100 sccm argon or nitrogen flowing above its 
surface. The elongated form of surface wave plasma allowed us to add Fe(CO)5 downstream from the 
excitation zone, where the active species concentration was still high enough but no conductive deposit was 
endangering the coupling slit of the surfatron. The nanoparticulate product was collected on the wall of the 
discharge tube downstream from the mixing tee and on the additional lter. X–ray powder diffraction (XRD) 

was carried out with PANalytical X'Pert Pro MPD device using Co Kα radiation. Raman micro–spectroscopy 
measurements were performed using Jobin Yvon Labram HR–800 microscope and Renishaw inVia Raman 
microscope. The spectra were excited with Ar laser (514 nm). The laser power was limited to 1 mW in order 
to avoid thermally induced phase transformations during the collection of the Raman spectrum. To observe 
the morphology we used the field emission scanning electron microscope TESCAN Mira 3 in bright field 
transmitted electron mode. 

3.  RESULTS AND DISCUSSION 

In the following, we discuss the influence of working gas composition on the properties of the prepared 
nanopowders using three selected experimental conditions. In all cases the main plasma gas was argon at 
flow–rate 508 sccm and the precursor vapours were introduced at flow rate of 0.05 sccm. Sample S1 was 
prepared using 7.3 sccm of oxygen admixture to the main gas and 100 sccm of Ar carrying the precursor 
vapours. Sample S2 was prepared using 7.3 sccm of hydrogen admixture to the main gas and 100 sccm of 
Ar carrying the precursor vapours. And the sample S3 used 100 sccm of nitrogen to carry the precursor 
vapours.  
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Table 1  Composition of the samples as obtained from X–ray diffraction 

Sample Composition ICSD d XRD wt. 
    No. [nm] [%] 

S1 α–Fe2O3 82137 59 58 
  γ–Fe2O3 87119 27 42 

S2 α–Fe 53451 39 39 

  Fe3O4 (+ γ–
Fe2O3) 

75627 18 61 

S3 α–Fe 53451 33 74 
  Fe3O4 75627 13 26 

After each synthesis run, the prepared nanopowder was brushed off the discharge tube walls, stored in 
Eppendorf test tubes and analysed without any further purification or treatment. 

 

Fig. 2  XRD patterns of the synthesised samples for three different gas mixtures. Dominant orientations for 
relevant iron and iron oxide allomorphs are shown, too 

The XRD diffractograms of all three samples are shown in Fig. 2 . The Rietveld refinement was carried out 
using software [10] and database [11], giving us the mean coherence length dXRD (crystallite size). The 

results are summarised in Table 1 . The samples consisted of rhombohedral hematite (α–Fe2O3), tetragonal 

maghemite (γ–Fe2O3), cubic iron (α–Fe) and cubic magnetite (Fe3O4). The mean crystallite size in all 
samples was in the order of tens of nanometres. It should be noted that XRD of nanopowders has often 
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some difficulties in distinguishing between magnetite and maghemite. As was suggested in [12], i.e. using 
the integral (area) of tetragonal maghemite peaks (103), (113), (203), (116) and integral of (111) magnetite 
peak, we estimate the magnetite to maghemite ratio in sample S2 to be approximately 10:1. In sample S3 no 
additional maghemite XRD peaks were observed.  

The synthesised samples were also analysed by the Raman spectroscopy. Iron oxides, including hematite, 
maghemite and magnetite, exhibit distinct Raman active phonon modes which can be observed in the 
measured spectra, see Fig. 3 . 

 

Fig. 3  Raman spectra of the synthesised samples for three different gas mixtures 

For sample S1 we found strong peaks at 220 and 491 cm–1 and lower intensity peaks at 239, 284, 401, 601 
and broad peak at 1300 cm–1. These peaks could be attributed to hematite structure, phonon modes 229 
(A1g), 249 (Eg), 295 (Eg), 302 (Eg), 414 (Eg), 500 (A1g), 615 (Eg), 660 (longitudinal optical Eu) cm–1 [13]. Slight 
downshift of the mode frequencies could be attributed to influence of the laser power as observed by [14]. 

Spectra of sample S2 have shown a mixture of hematite, magnetite and maghemite features. Besides the 
above mentioned strong hematite peaks, we could observe peak at 664 cm–1 belonging to magnetite A1g 
phonon mode and shoulder peak at 713 (A1g) cm–1 and above 1400 cm–1, which we assigned to maghemite. 
The presence of hematite in Raman spectra is in contradiction to XRD analysis and is probably caused by 
the laser induced change in the sample composition despite a careful procedure and low power setting 
(1 mW) used in the Raman analysis.  

Sample S3 spectra showed intensive peak at 674 cm–1 which we assigned to magnetite. Also some broad 
features in the range of 300 to 600 cm–1 could be observed and assigned to magnetite [13]. This result is 
consistent with our XRD analysis.  

The morphology of the synthesized nanopowder was studied using scanning transmission electron 
microscopy (STEM) mode of scanning electron microscope (SEM). We found roughly spherical nanoparticles 
of different sizes in the micrograph of the sample S3 (see Fig. 4 ). Both the chains of very small particles (10–
15 nm in diameter) and the large particles (more than 20–40 nm in diameter) were found at higher 

magnifications. Individual α–Fe particles larger than 50 nm as well as the aggregated particles exhibited 

core–shell morphology. The shell of α–Fe particles is assumed [15] to be formed of Fe3O4. The abundance 
of both materials corresponds to the results from XRD.  
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When the results from all analytic techniques are 
combined, we can draw following conclusions: (i) As 
expected, the admixture of O2 leads to the 
preferential formation of fully oxidised iron oxide 

phases: α–Fe2O3 and γ–Fe2O3. (ii) Hydrogen 
admixture, on the other hand, produces more 
material in a metallic state. However, the 
nanoproduct was well passivated and therefore, 
despite its immense specific surface area, not 
pyrophoric. (iii) Adding nitrogen, well passivated 

product with even more metal (α–Fe percentage 
twice as much as with hydrogen admixture) was 
obtained. No iron nitride was detected. 

The formation of core shell nanoparticles is probably 
a two–step process. In the first one, the reducing 
atmosphere in the active discharge preferentially 
produces metallic nanoparticles. Then, as the 
nanoparticles are carried to the open end of the 
discharge tube, they gradually cool down and in the 
same time they experience the influence of the 
oxygen back diffusing from the outer atmosphere. 
The lowered temperature and gradual introduction of 
oxygen prevents deep penetrating oxidation and only 
a thin protective layer of oxide forms. More quantitative explanation is not possible without detailed model 
including aerosol flow, diffusion, strong temperature gradients and homogeneous and heterogeneous 
chemistry. The hypothesis of two–step process is supported by the fact, that we were not able [16] to 
passivate the nanoparticles using different experimental device which does not have the oxygen 
concentration gradient. 

3.  CONCLUSIONS 

Iron based nanoparticles were synthesised in atmospheric pressure electrode–less microwave plasma jet –
surfatron. Using several common admixtures to a main argon gas, we controlled the chemical and phase 
composition of produced nanoparticles. 

In oxygen containing plasma, the product was preferentially formed of fully oxidised Fe2O3 allomorphs. In 
hydrogen containing atmosphere a greater abundance of metallic iron was observed. This iron nanopowder 
was found to be passivated by oxide shell, formed during later stages in the plasma afterglow. These results 
are consistent with common thermal process.  

However, the addition of nitrogen did not produce iron nitride in contrast to thermal process, but iron/iron 
oxide core–shell nanoparticles with enhanced chemical stability. 
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Fig. 4  Scanning transmission electron 
micrograph of sample S3 
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Abstract  

This paper deals with lift–off technique performed by the way of electron beam lithography. Lift–off is 
a technique mainly used for preparation of metallic patterns and unlike etching it is an additive technique 
using a sacrificial material – e.g. e–beam resist PMMA. In this paper we discussed technique of preparation 
of lift–off mask on two different e–beam writing systems. The first system was BS600 – e–beam writer with 
rectangular variable shaped beam working with 15keV. The second system was Vistec EBPG5000+ HR – e–
beam writer with Gaussian shape beam working with 50 keV and 100 keV. The PMMA resist single layer and 
bi–layer was used for the lift–off mask preparation. As a material for creation of metallic pattern, magnetron 
sputtered chromium was used. Atomic force microscope, scanning electron microscope and contact 
profilometer were used to measure and evaluate the results of this process.  

Keywords: Lift–Off, electron beam lithography, e–beam writers with shaped and Gaussian beam 

1. INTRODUCTION  

The lift–off process is one of the methods for creating metal patterns on a substrate. The nanometer scale 
metal patterns are produced mostly by electron beam lithography using positive resist, usually in 
multilayers [1]. By electron beam lithography, we are capable to create patterns up to 100 nm size but the 
clear undercut profile is needed. The achievable resolution of created structures is affected by many 
conditions during process – e.g. temperature of developer but mainly thickness of the resist. Better resolution 
can be obtained with the thicker resists [2, 3]. In this study lift–off single resist layer and bilayer process on 
two e–beam writers is compared. 

2. LIFT–OFF TECHNIQUE 

Lift–off is a method for metal patterning and unlike etching it is an additive technique using a sacrificial 
material – in this case, positive resist PMMA (polymethyl methacrylate). Lift–off can be carried out by using 
of single resist layer (Fig. 1 ) or by using of double resist layer (Fig. 2 ). A bilayer process requires two resist 
layers with different molecular weight or special resist which is not affected by exposing of electrons. The 
bottom layer is developed faster and it results in the formation of undercut structure [4].  

 

Fig. 1 Lift–off process with single resist layer: a) deposition of resist; b) exposure and developing; 
c) sputtering of metal; d) lift–off process; e) mechanical cleaning 

 

Fig. 2  Lift–off process with two resist layers: a) deposition of two resist layers; b) exposure; c) developing; 
d) sputtering of metal; e) lift–off process 
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3.  SAMPLE PREPARATION 

Samples were prepared under the same conditions for both e–beam writers. Layers were spin–coated on 
silicon wafers for both processes (single and bilayer). Chromium was used for creation of metallic patterns. 

3.1. Single resist layer process 

Positive resist PMMA was used as the sacrificial layer for the single layer resist process. Prepared layers 
had molecular weight of 350k and it was 9 % wt solution in anisole [5]. Silicon wafers with the resist were 
baked on hot plate for 9 minutes at 150 °C. The thickness of the resist layer for Vistec e–beam writer was 
460 nm. After the baking process the exposition was done with the dose of 400 µC·cm–2. Isopropyl alcohol 
based developer was used for chemical developing. Developing time was approximately 8 minutes. The 

thickness of the resist layer for BS600 e–beam writer was 475 nm. After the baking process the exposition 
was done with the doses of 20, 40 and 80 µC·cm–2. As a developer, n–amyl acetate was used (time – 
4 minutes). Resist residues on developed areas were removed in oxygen plasma [6]. Then approximately 
50 nm of chromium was sputtered on the silicon wafers. Afterwards the lift–off process was carried out by 
using of dichlormethane which dissolves the sacrificial layer of PMMA in a few seconds. Finally, the samples 
were cleaned in ultrasonic cleaner, where the undesirable metal around the patterns was removed. During 
the dissolution, it is important that the sample remains wet until it is fully cleaned. The residues of the 
chromium can therefore stick to the silicon wafers or even somewhere else in the pattern which can cause 
problems with evaluation. You can see these chromium residues on Fig. 3 . 

 

a)        b) 
Fig. 3 Chromium residues in the pattern – a) macro view; b) detail of the pattern 

3.2. Bilayer process 

Positive resist PMMA was used for both layers in the bilayer process. The bottom layer had molecular weight 
of 350k and it was 9 % wt solution in anisole, the top layer had molecular weight of 950k and it was 6 % wt 
solution in anisole [5]. At first the bottom layer was baked on the hot plate for 9 minutes at 150 °C, then at 
100, 125, 150 °C for 10 minutes each step. Afterwards the top layer of the resist was deposited and baked 
on the hot plate at 100, 125, 150, 160 °C for 10 minutes each step [7]. The bottom layer was 450 nm thick 
and both layers together were 866 nm thick for exposition on Vistec. The bottom layer’s thickness was 484 
nm and both layers were 821 nm thick for exposition on BS600. The exposition on both e–beam writers was 
done the same as described above. In both cases (single layer, bilayer process) the same developer was 
used. The exposition from Vistec e–beam writer took 15 minutes to develop and the exposition from BS600 
took 11 minutes. After the plasma etching, approximately 100 nm of chromium was sputtered on the wafers. 
Then the lift–off process and the final cleaning were done. 
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4.  RESULTS 

All the expositions consisted of 5x5 mm cross grating with the period 50 µm, lines from 0.1 – 2 µm with step 
100 nm and gratings with period 200, 400, 600, 800, 1000, 1600, 2000, 3000, 4000 nm. The exact 
dimensions of structures were measured by scanning electron microscope after the lift–off process.  

4.1. Vistec EBPG5000+ HR – e–beam writer 

In the bilayer resist process, too much of sputtered chromium was used. Due to this during lift–off process 
the residues of the metal sticked to the pattern and contaminated lines and gratings. Gratings with periods 
smaller than 600 nm were ruined. The difference between the 200 nm and 600 nm gratings is visible on the 
Fig. 4.  

a)       b) 
Fig. 4 a) ruined grating with 200 nm period; b) grating with 600 nm period 

With the single resist process we achieved better results with the gratings – starting with 400 nm period 
grating. Smaller periods than 400 nm were ruined or covered by chromium residues (similar to Fig. 4 a)). 
The first visible line in this process was 100 nm wide in design and the actual dimension measured by SEM 
was 164.5 nm. 

4.2. BS600 – e–beam writer 

On the e–beam writer BS600 three doses were tested. In the single layer resist process the only dose that 
remained on the silicon wafer after the lift–off was the 80 µC·cm–2. The rest of exposed area was washed 
away during the cleaning process in ultrasonic cleaner. We had to deal with a similar problem in the bilayer 
resist process, when the lower doses were ruined. These problems are probably caused by short developing 
time of the exposition. Gratings with smaller period than 1000 nm were ruined in the single layer resist 
process. The same problems occurred in the bilayer resist process for grating with period smaller than 1600 
nm. We also measured the dimensions of single lines on both expositions. The first line that is visible in the 
single layer process is 300 nm wide and in the bilayer process it is the narrowest – 100 nm wide. Measured 
dimensions are in both cases larger than design although greater difference occurs in the bilayer process. 
The difference is visible on Fig. 5 . 
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a)         b) 

Fig. 5 a) 100 nm wide line performed by the bilayer process; b) 300 nm line performed by the single resist 
layer process 

4.3. Comparison 

Achievable resolution of both e–beam writers was compared on single lines and gratings in previous results. 
The exposed 100 nm wide line from rectangular variable shaped beam on 15 keV has width of 240.4 nm and 
from Gaussian shaped beam on 100 keV has width of 164.5 nm. The first grating that was not ruined on 
Vistec exposition was with 400 nm period and on BS600 exposition it was grating with 1000 nm period. Also 
the curvature of the corners was measured as shown on Fig. 6 by inscribing a circle into the corner of the 
cross grating. A lot smaller magnification was used for measuring the curvature from BS600 e–beam writer 
than for Vistec e–beam writer.  

a)        b) 
Fig. 6  a) curvature of the cross grating performed on BS600; b) curvature of the cross grating performed on 

Vistec 
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5. CONCLUSION 

We performed the lift–off process on two different e–beam writers – one with Gaussian shaped beam and 
the second one with rectangular variable shaped beam. The best results are achievable on Vistec e–beam 
writer with Gaussian shaped beam on 100 keV. We tested the same structures in the single layer resist 
process and in the bilayer resist process. Actual structure dimensions were measured by scanning electron 
microscope and it was compared with the design. 
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Abstract  

Three dimensional (3D) complex photonic structures (such as synthetic opals) enable a variety of promising 
arrangements and physical effects, applicable for, e.g. controlling the light propagation and tuning their band 
structures. In our department, we have mastered the techniques for the preparation of both direct, infiltrated 
and inverse opals, based on the self–assembly methods prepared in view of many potential applications, 
ranging from sensors, filters, solar cells, special reflectors, etc. Hence, they represent a promising large–
scale and cost–effective production alternative to standard fabrication techniques. Clearly, the theoretical 
and modelling studies form an important and integral part of the actual design and fabrication research 
activities. In this contribution, we present our recent studies on modelling opaline PhC. The simulations are 
based on the frequency–domain numerical plane wave modal expansion technique, represented in our case 
with a numerical package MIT–MPB. We report on a study of direct and inverse opal FCC PhC. We 
concentrate on novel aspects of a comparison of close–packed and non–close–packed arrangements. In 
fact, the non–close–packed structures appear to be realizable with the help of the sintering technique which 
can be used for additional control of PhC properties. Hence, realistic non–close–packed structures with neck 
interconnections are modelled as a combination of two structures: a FCC structure of non–touching spheres 
and a structure of interconnecting cylinders. Specifically, the effects of structural parameters on gap 
properties are revealed via our simulations. These numerical studies will be beneficial, in the next stage, with 
the experimental preparation strategies, based on the self–assembly techniques.  

Keywords: opal photonic crystal, close–packed structure, non–close–packed structure, plane wave  
                    expansion method, MIT MPB 

1. INTRODUCTION  

In the last twenty five years, there appeared a growing interest in studies of the propagation of 
electromagnetic wave in periodic structures, such as photonic crystals (PhC) or photonic band gap 
structures, with the aim of controlling the light propagation within them and hence their various optical 
properties. Such structures exhibit very specific properties and characteristics which can give rise to the 
effects such as photonic bang gap (PBG) [1, 2], slow light, and negative refraction, clearly with many 
potential applications. The attention in this paper is devoted to the three dimensional (3D) structures, namely 
to opal based PhC.  

Among 3D PhC, one of the most promising candidates for the optical range have appeared to be a synthetic 
opal photonic crystal, which is inspired with colloidal structure of precious natural opals [3], consisting of 
close packed submicron silica spheres in a matrix of silica–water. In fact, such structures, also called 
colloidal PhC in general, could be used for controlling the light propagation and tuning their band structures. 
It has turned out that such spheres, or monodisperse spherical colloids, will tend to self–crystallize in a face 
centred cubic (FCC) close–packed structure because of this is energetically the most favourable. Periodic 
structures prepared this way are called direct synthetic opals, in contrast to natural opals. Unfortunately, 
these direct FCC structures, in contrary to e.g. diamond–lattice structures, do not exhibit a complete PBG but 
only a pseudo PBG. This is due to the vector nature of the electromagnetic field interacting with a sphere–
composed structure, putting quite restrictive conditions on the structure properties to enable the formation of 
a full PBG. Hence, the most efficient procedure for obtaining PhC with full PBG is the preparation of inverse 
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opals, through the procedure of infiltration of direct opals. Inverse opals can be envisaged as the negative 
replica of a direct opal with periodically distributed lower–index spheres (air) in a sufficiently high refractive 
medium background. Indeed, the infiltration and inversion of synthetic–opal templates has been established 
as a promising method for obtaining the required properties and refractive–index contrasts in PhC.  

For such fully 3D PhC, applicable for near–infrared and visible light, the self–assembled colloidal technique 
represents a large–scale and cost–effective production alternative to advanced lithographic techniques. 
Within the sedimentation process of submicron–sized spheres from a colloidal solution on a flat surface, this 
self–organized sedimentation process leads to the growth of close–packed layers of spheres on top of each 
other, corresponding to the FCC structure pattern. Recently, this self–assembly technique has been 
mastered in our laboratory, too.  

To improve the PBG properties, one could either adopt the non–spherical particles as the building blocks or 
employ crystalline lattices other than FCC, to form 3D arrays by self–assembly method. However, these 
special techniques still remain rather challenging. As it turned out, using other simpler techniques, such as 
sintering and etching, within the fabrication recipe, provide additional flexibility of PBG engineering, via 
“squeezing” or even creating non–close–packed opal structures. These allow, via topological tuning by 
shifting the distribution and filling fraction of a high–dielectric material, increased tunability, functionality, and 
bandgap engineering. 

Concerning the theoretical description of both direct and inverse dispersionless infinite opals, a direct 
frequency–domain modal approach, such as the 3D plane–wave expansion technique, appears to be the 
best choice. For the purposes of this paper, we have opted for the well–known plane–wave expansion 
(PWE) based MPB, a freely available package from MIT [4, 5], a fully–vectorial, three–dimensional algorithm 
for computing the frequency eigenstates of Maxwell's equations in arbitrary periodic dielectric structures. 
This method is based on the expansion of electromagnetic fields as well as material parameters of a PhC 
structure into plane (Fourier) waves. Afterwards, the corresponding Maxwell equations (in the frequency 
domain) are solved numerically by transferring them, after some manipulations, to the corresponding 
eigenvalue problem (eigenfrequencies forming the band structure) and eigenvectors (calculated components 
of the magnetic field). The method provides an efficient and attractive way to perform eigenanalyses of 
varieties of periodic electromagnetic structures, such as the opal PhC.  

In this paper, based on the results of our numerical simulations, we demonstrate the difference between the 
close–packed and non–close–packed structural arrangements of opal photonic crystals. These two 
configurations are compared, revealing their properties and differences. By exploring the parameter 
dependences within these non–close–packed opal structures, we have obtained appropriate band structures 
and further thus analysed their optical properties. Based on our results on the fabrication of periodic arrays of 
opal PhC, we have reported recently [6], further progress in the fabrication of non–close–packed structures 
is expected.  

2. CLOSE–PACKED AND NON–CLOSE–PACKED OPAL STRUCTURE S  

The synthetic close–packed direct opal (see Fig. 1a ) and its inverted form can be characterized by a band 
structure, which basically shows the existing frequencies within the photonic crystal for wave vectors inside 
the irreducible Brillouin zone (Fig. 1b ). For each configuration (direct opal – Fig. 1c  and inverse opal – 
Fig. 1d ), one can find stopbands along relevant directions, these stopbands represent peaks in reflection 
spectra along these directions.  



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

293 

 

 
a) 

 

 
b) c) d) 

Fig. 1 Basic characteristics of synthetic opal stru ctures: a) the structural elements of an opal form the 
face centred cubic (FCC) lattice; b) the Brillouin zone and the irreducible Brillouin zone of the FCC lattice in 
the reciprocal space; c) the band structure of a close–packed opal with the relative dielectric permittivity ε = 
3.5; d) the band structure of an inverted opal structure with air spheres and with ε = 13 material background 

As pointed out above, with the aim to control the bandgap properties by tuning the structural features of an 
opal PhC, there are several possibilities to proceed after a close–packed direct opal is made (Fig. 1a, 2a ). 
First, it is possible to straightforwardly invert the structure by making an inverse opal. There were, in fact, 
several attempts to make an inverse opal with a full photonic bandgap by simply inverting a close–packed 
opal, with extremely high dielectric permittivity of the infiltrating material [7]. Second it is possible to 
“squeeze” an opal structure, via the sintering process, followed with the inversion procedure. That way it is 
indeed possible to achieve a full PBG. In this case, the individual spheres in a closed packed structure will 
envelop each other around the primary touching points (see Fig 2b ) [8].  

Third, it is possible to create a non–close–packed (NCP) opal FCC structure by sintering and etching a 
close–packed one. Here, a non–close–packed arrangement means that the resulting spheres are not 
connected directly to each other (as they were in a close–packed configuration). It is reasonable to model 
the resulting sphere conformation via the separated spheres connected with neck–like skeleton cylinders 
(see Fig. 2c ). The FCC structure of the close–packed opal is still maintained but the filling factor is changed 
depending on how much the structure was sintered and /or etched [9, 10]. The model for non–close–packed 
structure, as shown in Fig. 2c,  was used for numerical calculations via the MPB software. 

 

a)  b)  c) 

Fig. 2 Examined structure modifications: a) the original close–packed opal structure; b) “squeezed” opal 
structure; c) assembly of the non–close–packed structure (original close–packed spheres were etched out to 

smaller radii) with neck skeleton bonding the etched spheres 

3.  COMPARISON BETWEEN CLOSE–PACKED AND NON–CLOSE–P ACKED OPAL STRUCTURES  

In this section, we present the numerical modelling results, obtained with the MPB package, of the two 
suggested non–close–packed opal structure modifications, as presented in section 2. To characterize the 
band structure, we have given the attention to the stopbands alongside the incident plane {111}. For the 
qualitative description of a partial bandgap (resp. a full photonic bandgap in some cases), we will describe 
the shift of the midgap frequency and also the changes in the midgap ratio. The midgap ratio is defined as 

follows:   
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where Δω is the frequency range for the stopband and ω0 is the mid frequency of the stopband. As 
calculated with the MPB, for each of non–close–packed models, a corresponding band structure, together 
with the midgap ratio dependence on the structural parameters, will be shown.  

3.1  Non–close–packed “squeezed” inverse opals  

First, we will consider an inverse close–packed opal structure. Clearly, the basic parameter of this structure 
is the diameter of the air holes (which naturally corresponds with the size of the initial colloids); this diameter 
also automatically defines the size of the elementary cell. Furthermore, the dielectric permittivity of the 
infiltrating material also affects whether the structure inhibits a bandgap or not. Applying this definition, it is 
apparent, if the opal is squeezed, the filling factor of the air holes increases, too. Hence, one needs to 
decrease the size of the elementary cell, as considered in the MPB–MIT numerical package.    

The results of our simulations are shown in Fig. 3 . Fig. 3a  shows the photonic band structure of “squeezed” 
inverted opal, with a full photonic bandgap appearing close the normalized frequency 1.2 (purple) and with a 
partial stopband in the direction LΓ, close to the normalized frequency 0.8 (blue). Next, Fig. 3b  depicts the 
dependence of the midgap ratio on the change of the elementary cell (“squeezed” cell) – the largest value on 
x axis refers to the close–packed configuration. Similarly, Fig. 3c  plots the corresponding frequency shift, 
under the same conditions as in the case 3b. 

The results indicate that for a given parameter specifying the elementary cell (i.e. the square of the cell); one 
can find an optimal situation where the midgap ratio is maximal, both for the full bandgap, as well as the LΓ 
stopband. Moreover, it is possible to tune the midgap frequency of the full photonic bandgap in a certain 
region (see Fig. 3c ). Likewise, the stopband along the direction LΓ, is tunable within the elementary cell 
sizes where the stopband exists. 

a) b) c) 

Fig. 3 Inverse “squeezed” structures: a) “squeezed” inverted structure with a full photonic bandgap 
(purple) and with a marked stopband in direction LΓ (blue); b) dependence of the midgap ratio on the change 

of the elementary cell “squeezed” cell) – the biggest value on x axis is referring to the close–packed 
configuration; c) frequency shift for the same situation as in b) 

3.2  Non–close–packed opals with “necks”  

In this section the attention will be given to non–close–packed opal structures with interconnecting necks. 
Based on the model, revealing the resulting sphere conformation with separated spheres attached to each 
other with neck–like skeleton cylinders, we will concentrate on specifying the simulated band structures 
using this model (see Figs. 4a – c ), i.e. a neck cylinder skeleton composition (Fig. 4a ), the band structures 
for a non–close–packed FCC opal of colloids without necks (Fig. 4b ), and the resulting merged structure with 
necks (Fig. 4c ). It is apparent from Fig. 2c  that there are two important parameters affecting the bandgap 
structure of non–close–packed opals with necks: the diameter of the spheres and the diameter of the 
cylinders. Given that the size of the elementary cell is given by the size of the initial structure of close–
packed opals, the numerical models for non–close–packed opal structures differ just with these two 
parameters (see parametric graphs of the midgap ratio in Figs. 4d – i ). Specifically, Figs. 4d – i ) show the 
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graphs in terms of the midgap ratia: the midgap ratio dependence increasing neck radius of the skeleton 
structure (on the Fig. 4d ), the midgap ratio (the stopband between the 2nd and 3rd bands – Fig. 4e , and the 
5th and 6th bands – Fig. 4f ) dependence on the increasing sphere radius for NCP opal, for different neck 
sizes. Similarly, in Figs. 4g – i ), the corresponding behaviour of the midgap frequencies is shown. As can be 
seen, by decreasing both sphere as well as neck radii, the midfrequencies are increasing, as expected.   

We have thus clearly demonstrated that the process of sintering and etching within the procedure of self–
assembled colloidal technique, causes appropriate frequency shifts, thus enabling the response of opal PhC 
tunable and controlled. In fact, in parallel to improving experimental preparation techniques, making such 
structures realizable with a reasonable effort, these non–close–packed structures with necks can overcome 
inherently limited (filling–fraction) tunability of close–packed inverse opals.  

a)  b)  c) 

d)  e) f)  

g)  h)  i)  

Fig. 4 Non–close–packed opal and its building eleme nts: The first line – a) to c) – shows band 
structures: a) band structure for neck skeleton structure with necks of the radius 0.05, b) for a non–close–
packed opal with the sphere radius 0.2, and c) the band structure for the merged structures of a) and b) 

cases – non–close–packed opal with necks. The second line – d) to f) – shows parametrical graphs: d) the 
relationship between the midgap ratio and the increasing neck radius for the skeleton structure; e) 

characterization of the stopband between the 2nd and 3rd band: the relationship between the midgap ratio and 
the increasing sphere radius for NCP opal with necks for different neck sizes; f) same relationship as in case 
e) for the stopband between the 5th and 6th band. The third line – g) to i) – shows the frequency shifts for the 

same cases, as in the previous line (d to f) 

4.  CONCLUSION  

In summary, we have presented our new results on theoretical simulations of opal based PhC, in special 
non–close–packed configurations, in terms of their photonic band structures and effects of structural 
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parameters (midgap ratio, midgap frequency). Our simulations were done with the frequency–domain 
numerical technique based on the plane wave modal expansion technique, represented with MPB, a freely 
available numerical package from MIT. In particular, we have concentrated on a comparison of close–
packed and non–close–packed arrangements of these crystals. In fact, such novel non–close–packed 
configurations have become perspective due to their fabrication feasibility with the help of the sintering and 
etching techniques. We have built a model of these non–close–packed structures, based on neck 
interconnections: in fact, realistic structures are thus modelled as a combination of FCC structures of non–
touching spheres and scaffolding structures of interconnecting cylinders. Based on the numerical 
simulations, we have demonstrated that the process of sintering and etching within the process of self–
assembled colloidal method, causes appropriate frequency shifts, and enables the response of opal PhC to 
be tunable and controlled. In this way, this technique can be used for the additional control of PhC 
properties. We have thus revealed, via the simulations, the effects of structural parameters on gap 
properties. These numerical studies will be beneficial, in the next stage, with the experimental preparation 
strategies, based on the self–assembly techniques. By such rigorous numerical modelling and presenting 
various band structure results, we have partially contributed to better understanding of rich undergoing light 
propagation processes in such perspective opal PhC structures for their future potential applications, in 
general. 
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Abstract  

In–vivo impedance measurements of cells are the objective of current scientific research in area of biological 
sciences. A problem that needs to be solved is how to measure extracellular potential without causing 
trauma or damage in living cells. One possible solution is based on nanoelectrodes that are fabricated due to 
current high technology level. The main goal of this work is to design and create nanoelectrode with pair of 
gold nanowires using standard thin–film techniques (micro– and nanotechniques) and special ion– and 
electron beam methods. 

New dual electrode system is designed for long term potential measurements in water based culture medium 
for single cell. The novel nanoelectrode pair is realized on a silicon wafer. In order to avoid oxidation of 
nanoelectrodes for material is chosen gold. Main part of novel system is fabricated with lithography technics 
and FIB etching. The pair of gold nanowires is growed with pulsed electrochemical methods. The size of 
nanowires is ideal for measurements without interactions between electrodes and a single cell. 

Keywords: lithography, nano electrodes, focused ion beam, electrochemistry  

1. INTRODUCTION  

Nowadays the measurement of electrical potential in living cells is a very trendy analysis in the sphere of 
biotechnology. The cells communicate with each other with the help of electric signals. Additionally based on 
certain changes in the electrical potential it is possible to observe the reactions of living cells in their life 
cycles or reactions due to various external influences [1, 2].  

The system of measurement must be capable to observe extracellular potential continuously without causing 
trauma or damage in living cells. Extracellular potentials can be fully explained with well–established 
biophysical principles of neural excitability (Nuñez, 1981 [3] and Holt and Koch, 1999 [4]). Main problem of 
measurement of cellular potential is sensitivity of cells on working electrodes. Cell–friendly gold electrodes 
for stimulating and measuring are recommended [5, 6]. To kept cells alive for a long term analysis a water 
based medium is needed. Range of cellular potential is dependent on the cell type, but usually is between 
10 μV to 200 μV [5]. 

Fabrication of vertical gold nanoelectrodes is difficult. Therefore the usage of accurate electrochemical 
processes is needed. The voltage controlled pulsed electrochemical process is one of the best choices to 
fulfill nano deposition process [7]. 

2. EXPERIMENTAL 

2.1. Design and simulation 

The novel two nanoelectrode system was designed and simulated in software Coventor Ware. Due to the 
sensitivity of living cells to temperature changes and low dimensions of nanoelectrodes the joule heating that 
increases the temperature of the sample or device as accompanying effect of large current densities should 
be considered. To decrease the undesirable thermal shock the electrodes were designed to be thermal 
stable against the current flow. The thermal simulation for nanowires was provided by software Coventor 
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Ware. Amount of Joule heating was confirmed by calculations. A numerical multiphysics simulation approach 
allows determining the temperature distribution T (r, t) for all times t and positions r. For a given geometry 
and an applied voltage the resulted current density, the associated heat generation and the temperature 
distribution were computed. Although a numerical approach provided less insight than an analytical 
approximation, it allowed determining the accurate temperature distribution for nanowires of finite length and 
nanowires width constrictions [8, 9]. 

The temperature change T (r, t) of gold nanowires as a function of position r and time t is dependent on 
current density j (r, t) according to the function 

,        (1) 

where k is the thermal conductivity (W∙K–1∙m–1), ρ the density (kg∙m–3), C the specific heat capacity (J∙kg–1K–

1),  the Laplace operator, T the temperature (K), and Q a heating term (W∙m–3). 

The Joule heating of a current density j in an electrical field E is given by equation 

,           (2) 

where σ is the electrical conductivity (S/m = 1/Ω∙m). Current density  was used in our calculations [8]. 

The calculations of current density were provided on a single nanowire with height of 320 nm and with 
diameter of 100 nm. The material constants of electrodeposited gold from a Materials Property Database of 
MIT (Massachusetts Institute of Technology) were used for calculations [10]. A calculation with oversized 

voltage 1 mV gives current density  [8, 9]. Considering a uniform current density j, 

uniform conductivity σ and initially uniform temperature distribution, then the T equation (1) simples to 

.            (3) 

Using material constants from MIT Materials Property database and with calculated current density from 
equation (3) the change of temperature in time was obtained: 

.           (4) 

The calculated temperature change in time 
was controlled by Coventor Ware 
simulation (Fig. 1, 2 ). From the Fig. 2  is 
clear that the temperature change has no 
effect on the electrode structure. 

 

Fig. 1 Meshed nanowires, horizontal 
submicron electrodes and part of contact 

electrodes 
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Fig. 2 Temperature change simulation of vertical nanoelectrode 

2.2. Nanoelectrode pair fabrication 

Designed two–electrode electrochemical system operates on the basis of impedance sensors. Low 
dimensions of electrodes require a combination of micro and nanotechnology techniques for fabrication. For 
the base of chip a silicon wafer coated with thermal silicon oxide with a thickness 500 nm was used. The first 
part of realization was the preparation of electrodes for measurement device and the mark for lithography. 
The electrodes and the mark were made of chromium nickel adhesion layer and PVD (Physical Vapor 
Deposition) gold layer. The motive was realized with standard UV lithography processes with AZ 5214E 
resist, and etched with gold etchant standard (Sigma Aldrich) and with NiCr etchant on base of Ammonium 
Cerium (IV) Nitrate ((NH4)2Ce(NO3)6). After the wet chemical metal etching, the rest of the photoresist mask 
was stripped away with acetone and isopropanol.  

The second part of fabrication was the preparation of vertical nanoelectrodes. The contact between 
electrodes for measurement device and vertical nanoelectrodes is ensured by two horizontal submicron 
electrodes with the width of 150 nm. To achieve this line resolution at gold structures it is necessary to use 
accurate etching technique. The most appropriate alternative in this case was etching with focused ion beam 
(FIB) [11]. The submicron electrodes and the mark for electron beam lithography (EBL) were etched into 
gold and NiCr layer with FIB. After etching processes the sample was prepared for fabrication of vertical 
nanoelectrodes in two steps. The first step was PMMA resist coating on the sample surface. The second 
step was creating of two nano holes into the polymer layer with EBL. The holes must be located over the 
edge of the horizontal submicron electrodes. The ideal size of the holes is 300 nm for depth and 100 nm for 
diameter. These sizes are based on requirements of measurement method. The measured cell must be 
electrically isolated from conductive gold layer, and must be in contact with gold nanoelectrodes. The 
appropriate thickness of the PMMA resist for these applications is 300 nm or more [12]. 

The last part of fabrication was filling the nanoholes with gold. The most accurate method for filling 
nanoholes is voltage–controlled pulsed electrochemical deposition of gold. Electrolyte on base of gold 
potassium cyanide was used for deposition. After the deposition process it was necessary to clean the 
sample with water and isopropanol. The PMMA layer must not be removed, because it serves as an isolator 
layer. The final structure of fabricated system is visible on SEM images (Figs. 3, 4 ).  
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Fig. 3  SEM image of electrode system (left) and SEM macroimage of horizontal submicron 

electrodes (right) 
 

 
Fig. 4  Details of submicron electrodes and the place, where vertical nanoelectrodes are deposited (left) 

and vertical nanoelectrode on the edge of the horizontal submicron electrode (right) 
 

3. RESULTS AND CONCLUSION 

Novel vertical nanoelectrode system for extracellular potential measurement of living cells was designed and 
fabricated. In the first part of this work electrode system was designed and the thermal influence on 
nanowires was simulated. The thermal influence was specified by material constants and calculated from 

current density. We obtained current density , what was calculated with oversized 

voltage 1 mV. The change of temperature in time was calculated as . The simulation results 

also confirmed that the heating of nanowires is negligible. Therefore it could be expected that it would not 
have no effect on the nanowire structure and its life time. 

Electrodes for the measurement device 

Mark for the lithography 
processes  Mark for EBL 

Horizontal  

submicron electrodes  
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The second part of this work was the fabrication of the electrode system. Combination of micro and 
nanotechnology techniques was used for fabrication. The vertical nanoelectrode system was realized by 
electrochemical deposition of gold. Fabricated electrodes shape is similar to a cone. It was caused by EBL 
process, when the nanoholes were little bit affected by proximity effect of electron beam. It could be 
expected that this alteration of nanoelectrode shape would have no effect on a function of electrodes. 
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Abstract  

Alternating current electrospinning method for preparation of nanofibrous materials On the basis of the 
article: L. Vysloužilova, P. Pokorny, P. Mikes, M. Bilek, R. Deliu, E. Amler, M. Buzgo, K. G. Kornev, D. Lukas: 
Characteristic hydrodynamic time of electrospinning (to be published) we can successfully use the 
alternating current for electrospinning. Nanofibers are not electrically charged and structure of the 
nanomaterial is different than using a direct current. 

Keywords: electrospinning, alternating current, linear nanofibrous material 

1. INTRODUCTION  

Electrospinning is a method of producing sub–micron fibers. High voltage (HV) direct current (DC) is 
frequently used for electrospinning. Possible usage of alternating current (AC) high voltage for 
electrospinning is discussed in this report. Remarks of potential use of this method can be found in US 
patents [1], [2], [3] and also in the article [4]. We applied for a Czech patent covering invention of technology 
and production of linear nanofibrous material by the use of AC electrospinning [5]. 

2. EXPERIMENTAL 

 

Fig. 1 AC electrospinning of PVB solution (i –SPEED 3 camera OLYMPUS) 

Using AC electrospinning bring interesting results. It is not necessary to use a collector for nanofibrous 
deposition – the process is powered by electric gradient instead. Nanofibers are electrically neutral. Fibres 
join to form a linear structure by attraction of electric charges. Nanofiber layer structure is different from the 
one generated by using DC electrospinning method. Mass production of needleless AC electrospinning is 
ten times more effective than the mass production of DC electrospinning. We have carried out the 
experiments with 10 % wt PVB in ethanol. Spinning of other polymers is also possible, but it is necessary to 
adjust solution recipes for AC spinning. We used AC HV of 18 – 36 kV eff. 50 Hz. Rod and needle spinning 
electrodes have been used in the process. We used HV transformer as a high voltage source. 
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3. RESULTS 

SEM analysis of gathered material has been performed. Material structure is significantly different from the 
structure of material produced by using DC electrospinning and the structure is similar to an extracellular 
matrix. 

 
Fig. 2 PVB nanofibers by AC electrospinning 

 

Fig. 3 Typical nanofibers structure by DC electrospinning 

4. CONCLUSION 

AC electrospinning technology has a big potential of further development. Produced materials will be applied 
in tissue engineering. Our department is currently working on nanofiber yarn production. 
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Abstract   

Bed porosity plays an important role by the determination of the minimum fluidization velocity of the fluidized 
material. With decreasing porosity of the bed is to increase the air flow velocity in the fluidized bed/layer. The 
paper deals with the bed porosity which composites of spherical particles of different diameters (2,4,6,8,10 
mm). These particles have different values of porosity in different types of multi–walled fluidized beds and 
thus lead to different values fluidized velocity. Porosity was determined by experimental means and 
subsequently evaluated using Rocky software (DEM). The experiment was performed on cells with a regular 
3, 4, 5, 6 and 7 multi– walled cross section and the cell of circular cross–section. All cells are characterized 
by the same cross–sectional size, i.e. the size of the cross section of S = 1256 mm2. Experiments for 3, 4, 5, 
6 and 7multi–walled cross cell of fluidizing bed were carried out for a batch of 2 kg of spherical particles. 

Keywords : porosity; fluidization; Rocky software (DEM) 

1. INTRODUCTION 

Porosity as a bulk material property is characteristic especially for fine particles, powders and nanoparticles 
since disproportionately increases contact interparticle surface and thus influences interparticle forces 
strongly. Porosity is defined as the ratio of pore volume to its total volume. 

Another feature worth mentioning in many references is modelling the flow of variously porosity 
characterized granulates in a rotational fluid bed using the DEM [1] method or simulation of porosity of the 
fluid bed using a CFD model [3; 2; 7; 8; 9; 11; 15; 16; 18; 19; 20; 21; 22; 23; 24] applicable for example in 
pharmaceutical drying [9] and situations where the Euler–Lagrange computation model is applicable  
[15; 17; 24]. 

All of the mentioned references to the literature study cylindrical vertical fluid beds without considering 
various types of geometry of the vertical bed. Of course there are experimental studies, e.g. for cells of 
various geometries [27; 28] such as conical or rectangular, but they still do not concern research into the 
fluid bed for further types of geometries, which are discussed in this study.  

Next, there are approaches focusing on prediction of pressure drop in the bed of spherical particles [3; 4] 
and particles of bed shapes different from spherical [3], pressure drop in the bed of a conical [23] or 
prismatic cell [20], but also various shapes of distributors in flat and triangular arrangement [24]. The 
research, however, constantly focuses on cells with a cylindrical or conical shape, which are not tackled in 
this essay. The studies further consider pressure drop in the bed in relation to the wall [5; 6; 8; 9; 10; 12; 18; 
21]. And also various books dealing with Ergun equation [25] and its modification by Wen and Yu equations 
[13] as well as modification of Ergun equation [25] for fluid bed composed of non–spherical particles [14]. 
Great interest is paid to the formation of bubbles and their numerical simulation [16]. Formation of bubbles is 
discussed in reference [19], which performs a numerical simulation of bubble formation for variously 
arranged grooves of the distributor. A lot of literature [21; 22; 24] deals with research into air distribution and 
a filter, which is a component of the fluidizing and transport equipment [26].  
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2. EXPERIMENTAL  

By measurement of pressure drop in the bed of the experimental device (Fig. 1 ), a pressure peak usually 
occurs when the air through the distributor is inlet to bed with glass particles because of the resistance of the 
material layer to a sudden pressurization of air in the bed. This pressure peak is caused by airflow acting on 
the layer bed of particles. Airflow is not strong enough to goes through the pores among particles and tries to 
lift the entire bed volume.    

The air flows between the particles as long as either the bindings among particles are not broken out. In the 
case, it is possible to achieve the superficial velocity of the fluid when the resistance force is in balance with 
the weight of the particles reduced by buoyancy, or air flows among the particles so long until it passes all 
the interparticle space and bed layers. In other words, this is the case the threshold of fluidization. 

Once crossing the mentioned threshold, an irregular layer of fluidization carried out.  The irregular fluid layer 
is characterized by varying the concentration of particles or voids in the layer. This irregular fluid layer shows 
a pressure drop, which is further processed statistically. 

By the measurement procedure, firstly, a steady pressure for a bed batch of 100 g of TiO2 (Table 2 ) is 
determined. For every bed batch inserted into each of the fluidizing cells characterized by different cross–
section airflow of speed of 0.093 m/s has acted. 

 

Fig. 1. Vertical Different–Shaped Fluidized Beds by bed porosity research of fluidization of C group material 

3. DISTRIBUTOR 

The air distributor is a fabric made of fine polyester fibres dt=40µm in diameter and mesh size w=36µm 
(Fig. 2, Table 1 ). The theoretical volume of the air passing through the netting Vth (1) is given by the 
thickness of the fabric dtk measured by a testing method DIN 53 855 and by the openness degree of the 
netting a0 (2). 

100
0 tk

th

da
V

⋅=
            (1) 

The openness degree of the netting is a proportional amount of all eyes related to the total area of the fabric. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

307 

( )2

2

0

100

tdw

w
a

+
⋅=

           (2) 

 

Fig. 2 A photo taken by SEM, illustrating the fabric representing an air distributor 

4. PRESSURE DROPS OF THE BED 

The pressure drop of the fluidized bed is usually expressed by the known relation: 

( ) ( ) gHP vs ⋅−⋅−⋅=∆ ερρ 1
          (3) 

Where H represents the height of the bed on the threshold of fluidization, ρs is the density of the fluidizing 
material, ρg is the gas density and ε is the voids content. The mentioned relation is used for a bed the cross–
section of which is circular, thus it concerns an equation related to a cylindrical bed. As illustrated below, the 
drop of pressure for identical thickness of the bed differs in the various shapes of the bed cross–section even 
if the size of the cross–section is maintained. 
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The Ergun equation [25] for the pressure drop looks as follows: 
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where U represents the extra–layer airflow speed, dp is the medium size of grain, ε is the voids content, ρg 
the gas density and η is viscosity of the bearing medium, in this case the air. 

5. EVALUATION OF PRESSURE DROPS 

The measured pressure drops were statistically evaluated and cells that showed the lowest and the highest 
pressure drops were determined (Fig. 3 ). As already mentioned, average values of pressure drops were 
detected and pressure drops for the 100–500 g thickness were calculated into these average values. The 
100g bed shows no pressure fluctuations; the pressure drops have a stable value and the variation range 
reaches the maximum value of 0.005 Pa. The most stable pressure drops for a 100g dose are detected in a 
pentagonal and hexagonal cross–section of the fluidization cell. The relative frequency of the registered 
pressure drops for all 100g dose cells and the airflow speed of 0.093 m/s moves within 0.45 and 0.82. It 
shows that the detected average values, or the most frequent values (modus) move within 45 – 90 % of the 
measured values. The relative frequency of the values drops with the rising speed of the fluid air. The 
reduced frequency of the values is caused by pressure fluctuations of the bed layer, because with the rising 
airflow speed, the height of the bed also increases; the increased height of the bed results in dropping 
(falling) of the particles from a greater height, thus a having higher kinetic energy and causing larger 
fluctuation of the measured pressure drop. Consequently, the higher the thickness of the bed, the higher the 
pressure fluctuations and the greater range of values occurs, which can already be observed in a 200g dose. 
Here, the variation range is perceptible even at the lowest airflows, because at the airflow speed of 0.093 
m/s, a variation range can be observed for example in a pentagonal cross–section of the fluidization cell 
where it reaches up to 0.012 Pa; the relative frequency for the airflow speed of 0.093 m/s does not exceed 
0.7. The highest variation range is 0.015 Pa for the highest airflow speed of 0.372 m/s, observed in a square 
cross–section of the fluidization cell. The rise of pressure drop for a 300g dose is specific; the minimum and 
maximum fluctuation moves within a variation range of 0.031 Pa at the airflow speed of 0.372 m/s; for a 400g 
dose, this range is 0.034 Pa at the highest airflow speed, while for a 500g dose it reaches 0.055 Pa. It 
means that with the rising airflow speed and the increased doses of the bed, the pressure fluctuations 
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increase, causing a so–called piston fluidization. In other words, a plug of material develops in the cell, rises 
up until the bonds between the particles of the material and the wall of the cell become mutually disrupted. 

 

Fig. 3  Average values of pressure drop for the plenum and the bed 

6. CONCLUSION 

When fluidized particulate material of powder matter in nature (i.e. below 100 microns) of cohesive character 
– TiO2, it is possible to observe the behaviour of different materials at different fluidized in different sections 
fluidizing bed. In the case of TiO2 is solely to four types of behaviour (bed–bubbling, tunnelling, piston flow, 
belching). Making tunnelling occurs when the air flow creates a tunnel between the forming of clusters of 
particles; this phenomenon occurs particularly in the lower parts of the bed, since the upper portion of the 
bed the pressure on the bottom of clusters of particles. This phenomenon can be observed at higher 
altitudes of the fluidized bed and at lower speeds the air flow.  

Fig. 3  illustrates that greatest tendency to tunnelling effect with a fluidized cell of a triangular cross–section 
(Fig. 1 ); an air flows in the inside corners of the fluidized cell, whereas the visible tunnels are formed at the 
edges. Another observable phenomenon of the same type, i.e. creation of tunnels is observed to the 
fluidized cell of a regular hexagon, which is characterized by high concentrations of making tunnels in the 
fluidization regime. The formation of tunnels in fluidization regime affects the natural rate of consolidation 
(compaction). 
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Abstract   

Properties of group C  materials by fluidization in different types of multi–walled cross of fluidized beds from 
the point of the most frequently used fluidized bed furnished with cylindrical cross–section of the cell have 
been investigated in the paper. In the investigation, titanium dioxide characterized by dp=50μm (D [4,3]) 
mean diameter has been used. The investigation was performed on cells with regular 3,4,5,6 and 7–walled 
cross section and also for the cell of circular cross–section. All cells are characterized by the same cross–
sectional size, ie the size of the cross section S = 1256 mm2. Experiments for 3, 4, 5, 6 and 7–walled cross 
of a cell of fluidizing bed were carried out for the dose of100, 200, 300, 400 and 500 grams of TiO2 material, 
which is representative for the fluidization of Group C, and is a material difficult to fluidization. In the paper, a 
pressure drop for all of the types of the multi–walled cross fluidized beds has been described, and was found 
that the hydraulic radius, i.e. change of section of fluidizing bed, is essential to reduce the minimum 
fluidization velocity of cohesive fine particle of group C. 

Keywords: fluidization; pressure drop; hydraulic radius; Janssen force 

1. INTRODUCTION 

The origins of fluidization research reach back to the early 1950s. The principle of fluidization is used in 
many industrial, agricultural, petrochemical and pharmaceutical branches. Granulation, surface modification 
of solid particles, drying, sorting, pneumatic transport and classificatory crystallization are just a few of the 
many applications. The most frequent applications of fluidization include burning of coal in power industry 
and cracking in catalytic reactors. Most of the research, calculations and applications concentrate on 
fluidization in reactors with cylindrical shape. Hydrodynamic behaviour of the bed is modelled for example by 
means of numerical discreet modelling of DEM [6; 7; 10; 15] particles with focus on vibrations into the 
fluidization bed to improve the fluidization, i.e. movement of the mutual particles, their separation and 
minimum mutual iteration [1; 11; 12; 13; 14; 15; 16]. Monitoring of the electrostatic potential of the bed, 
which, for example, is lower in the middle of the bed than near the walls of the fluidization cells (because of a 
more intensive movement of the bubbles), thus achieving a lower concentration of the particles [2] and 
determination of the voids content by means of magnetic resonance and comparison with values calculated 
according to Erun [19] and Beestr et al. [16]. Or effects of a magnetic field on cohesive metal powders and 
determination of internal cohesive energies and induced cohesive energies, thus determining the various 
stirring profiles and creation of granulates [19]. Literature, which studies segregation of particles with various 
grain size and shape [3] of segregation of fine and gross particles in relation to the minimum fluidization 
speed and discovery that in the course of time, fine particles are segregated as a result of a drawing force of 
the air towards the top part of the bed. Larger particles stay in another layer under a finer layer, just like the 
grossest layer stays in the bottommost part of the bed [4]. The literature [11] further studies segregation and 
migration of particles in a vertical vibration bed/conveyor [21] or research into an effect of particles of various 
diameters and material properties on the intensity of stirring [10; 12; 15; 16]. It also mentions effective 
hydraulic diameters of particles that affect the overall stirring of the bed [5] as well as the effect of particles' 
shape factors [6; 5; 7; 17; 18].   
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2. EXPERIMENTAL EQUIPMENT 

A unique measuring stand (Fig. 1 ) has been built for monitoring of behavior and impacts of TiO2 in variously 
shaped sections of the fluidization cell. The central element of the stand is a fluidization cell (11) shaped into 
a triangle, quadrangle, pentagon, hexagon, heptagon and a circle. These transparent fluidization cells are 
characterized by the height of 150 mm and the cross–section area of 1256 mm2, equal to all cells. The 
fluidization cell (11) is fitted with a filter (12) at the top that prevents escape of fine particles into the 
surrounding area. The bottom part of the cell has a distributor (9), on which the TiO2 material (10) fluidizes by 
means of airflow in an air intake (7) through a plenum (8) for even distribution of the air. The distributor is a 
fabric made of strong polyester fibres with mesh size 36µm. From a compressor (1) with a large–volume 
receiver, the fluidization air is driven through a filter (2) to the distributor without pressure fluctuation under 
normal conditions, i.e. 20 °C. To visualize the pressure (pressure drops in the fluidization cell), pressure 
sensors (6) with the range of 0–10bar are used. These pressure sensors with an output voltage signal are 
connected to an A/D convertor (13), which is connected by a USB cable (14) to a recorder, i.e. a PC (15), 
where the output pressure is stored in a data file. The airflow is controlled by a throttle valve (4) fitted with an 
angular scale for accurate adjustment.  The airflow is opened and closed by a hand–operated control valve 
(3). The volumetric airflow is measured by a flowmeter (5).  

When the air is driven into the bed of TiO2 particles through the distributor, the air pressure in the bed 
abruptly rises because of a resistance of the material, resulting in a so–called pressure peak, which is 
illustrated in Fig. 2  below. This pressure peak is thus generated by the airflow affecting a layer of the particle 
bed, but failing to pass through the pores of the particles or trying to lift the entire volume of the bed within a 
short period. The air thus passes between the particles until it breaks all the bonds between these particles, 
reaching an extra–layer speed of the liquid, where the force of the resistance is in balance with the weight of 
the particles lessened by the upward lift, or the air flows between the particles until it passes through all the 
gaps and layers of the bed, in other words, reaches the threshold of fluidization. Once the fluidization 
threshold is passed, a non–uniform fluid layer develops, characterized by a change of concentration of the 
particles or voids in the layer. 

 

Fig. 1  Block diagram of the measuring stand with the shape of the fluidization cell (A–A cross–section, on 
the right); 1–compressor, 2–filter, 3– hand–operated control valve, 4–throttle valve, 5–flowmeter, 6–pressure 

sensors, 7–air intake, 8–plenum (windbox), 9–distributor (screen, fabric), 10–fluidized material, 11–
fluidization cell, 12–filter, 13–A/D convertor, 14–USB cable, 15– PC 
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This non–uniform fluidized bed shows a certain drop of pressure, which is further processed statistically. First 
of all, the stabilized pressure for a 100 g bed was determined; this dose, inserted in each fluidization cell of 
various cross–sections (article 4) was first subjected to an airflow of 0.093 m/s. In other words, one of the six 
tested fluidizing cells was first used; it was filled with a dose of 100 g TiO2 and an airflow of 0.093 m/s was 
driven through a distributor (corresponding to one fourth–turn of the valve); once the pressure in the bed 
became stabilized, the air inlet was turned off, the throttle valve was adjusted so that the next airflow speed 
was 0.133 m/s (corresponding to one half–turn of the valve); then the air was again driven into the bed and, 
after stabilization of the air pressure in the bed, the air inlet was turned off again; in this way, the 
measurement was repeated for airflow speeds up to 0.37 m/s (corresponding to 1.75 turn of the valve). 
Then, the corresponding fluidization cell was filled with 200 g of TiO2 and measurement identical with the 
100g dose was repeated. In this way, the fluidization cell was filled again with 300g, 400g and 500g of TiO2 

and the measurement of all airflows was repeated. This measurement of stabilized drop of pressure for the 
100 to 500 g bed and for all airflow speeds from 0.093 to 0.37 m/s was performed for all fluidization cells with 
various cross–sections, see Fig. 1 . 

All of the stabilized pressure drop values were statistically evaluated and the mean value of the stabilized 
drop was determined; the most frequent value (modus) from the stabilized values for each airflow and an 
example of processing statistical values from the charts is given in Fig. 2 . 

4. SHAPES AND CHARACTERISTIC PROPERTIES OF THE FLUI DIZATION CELL 

Cells for the fluidizing of the bed are of a transparent material (Plexiglas) in six different shapes (see Fig. 1 , 
cross–section A–A on the right). All types of distributors located in the bottom section of the cells have an 
identical size of the cross–section, but a different diameter of the area defined by means of a hydraulic 
diameter R (1) – a parameter used for designing flow of material in a pipe and determination of the Reynolds 
number (2). 

O

S
R =

                   (1) 

µ
Dv ⋅=Re             (2) 

The hydraulic diameter is also used in calculations of pressure or stress by Janssen [20] and for 
determination of stress of the out coming material, e.g. from mouths of hoppers, etc. Considering an identical 
composition of distributors with various shapes of cells (Fig. 1 , cross–section A–A in the right), but a different 
diameter, a sphericity parameter SPHT (3) 

                   (3) 

 

The sphericity parameter SPHT (3) is predominantly used for determination of sphericity of particles. In our 
case, this parameter is related to and defined for the shape of the cell.  

5. DEFINITION OF THE MATERIAL  

A cohesive, hard to aerate material in the C group according to Geldart [5] was selected. It is titanium dioxide 
– a chemical substance based on titanium white with anatase or rutile structure. The material is a fine white 
powder without a smell, non–flammable, non–explosive, without toxic or oxidizing properties. In addition, it is 
insoluble in water. The main mechanical–physical properties of TiO2 have been measured in a laboratory of 
powdery materials at VSB–TU Ostrava and are shown in Table 1 . 
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Fig. 2  Pressure drops measured in a triangular cross–section of a fluidization cell filled with 300 g of TiO2 
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According to Geldart's specification, the material falls in the C group with medium particle size dp – see 
Table 2 . The real medium size of the particle was detected by Camsizer and Fritsch instruments in the VSB–
TU Ostrava laboratory of powdery materials and the medium size of the grain of the particle was determined 
by SEM analysis (Table 2 ). 

 

3. CONCLUSION 

Results shows that the average pressure drops for all present speeds of the airflow and all the bed doses 
are the lowest in a triangular cross–section of the fluidization cell and, conversely, the highest for the 
tetragonal polyhedron. It also shows statistical values such as the average pressure drop and the modus, 
which is the most frequently appearing value of the measured pressure drops; these values do not differ very 
much, but they are illustrated here because, as you can see in a cell with a pentagonal cross–section, the 
pressure drop in the plenum fluctuates between values of cells with heptagonal and circular cross–sections, 
but the pressure drops of the bed of particles are almost identical with a cell of hexagonal cross–section. 
This change can have an important effect on designing of the plenum and the shape of the cell, which 
incorporates the bed of particles. This conclusion suggests that a cell with a triangular cross–section can be 
used in applications where we need to stir material in such a narrow cell. Cells with a tetragonal cross–
section show the highest pressure drops, so they could be used for a pneumatic transport for example. 
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Abstract 

Aerogels are nonporous substances having unique properties which make them very good choice for 
thermal insulation. In the field of apparels, polymers are widely used because of their versatility and 
distinctive properties. The objective of this study is to understand the penetration behaviour of selected 
polymers in aerogel. Experiments were conducted and observations were made to understand this 
behaviour of polymers into aerogel granular particles. Two organic polymers namely, Polyurethane and 
Shellac were chosen for this study. These two polymers were selected since they have considerably low 
thermal conductivity. To enable detailed study under the optical microscope, the polymers were mixed with 
disperse dye without a dispersing agent. Thereafter, the samples were studied under optical microscope. 
Under the microscope, it was seen that polymers did not penetrate in aerogel granular particles. The mean 
pore diameter and surface area of aerogel before and after penetration of polymer was compared. The mean 
pore diameter and internal surface area was determined by nitrogen adsorption/desorption test. The study 
was conducted under standard atmospheric conditions. 

Keywords:  aerogel, nanoporous, Polymers 

1. INTRODUCTION 

Nano–porous silica aerogels are unique materials often having a high specific surface area, a high porosity 
(75 – 99 %), a low thermal conductivity (0.01–0.03W/mK), and a low index of refraction. Because of their 
unique properties, aerogels have been extensively studied, not only for use as transparent thermal insulators 
but also as inter–metal dielectric materials, optical and acoustic applications, and in the space industry [1, 2–
4]. An aerogel is made up of microscopic beads or strand chains connected to form a continuous network, it 
is considered a solid. The fact that typical aerogels have more than 90 % porosity gives them unusual 
characteristics [5, 6]. Their structure is composed of a 3–D connected network of channels made of thin 
ligaments. The thickness of ligaments determines the final density and porosity of the aerogel [7, 8].  Since 
Kistler demonstrated the pore continuity of aerogels, sol–gel process has attracted much attention for the 
fabrication of porous materials [13]. Aerogels refer to dried gels with a very high relative pore volume [14]. 
Porous solids with the pore width in nanometer regime are high–performance materials [9, 17]. In 
nanoporous solids, the proportion of surface atoms is great and the surface atoms exhibit different properties 
compared to the atoms in the bulk. Hence, it is expected that nanoporous solids give rise to unique chemical 
effects that form the basis for their applications. In recent years, the synthesis of nanoporous solids has 
received much attention, and the important methods to fabricate their pore structures have been proposed 
recently, such as colloidal silica imprinting, micro bead patterning, and presynthesized mesoporous silica 
scaffolding [18–22]. A method of synthesizing polyurethane–based organic aerogel was proposed from 
polymeric Diphenylmethane–4, 4–Diisocyanate (MDI) [15]. 

In the present work amorphous silica aerogel in granular form with and without the mixture of polymers 
namely, Polyurethane and Shellac was prepared. The organic part in the hybrid aerogel facilitates the control 
of the micro pore structures and develops hydrophobic behaviour. At the same time, the inorganic part in the 
hybrid aerogel enhances thermal and dimensional stability [16]. The images were taken under optical 
microscope to ensure the penetration of polymers in aerogel particles, the surface characterization of these 
aerogels by means of the nitrogen adsorption–desorption technique. This study allows a comparison of the 
surface area, pore volume, and pore size distribution of identically surface–modified silica aerogels, in 
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addition to finding a correlation between the synthesis procedure and the surface properties of the obtained 
aerogel. 

2. METHODOLOGY 

2.1  Materials 

For the study of penetration of the polymers in aerogel, two types of polymers were used namely, Larithane 
(Polyurethane solution) and Shellac (bio adhesive polymer; chemically a synthetic polymer). Commercially 
available amorphous silica aerogel in granular form is used. Two samples were prepared for this study. For 
the first sample, Di–methyl form amide (DMF) was used to dissolve the Polyurethane solution. 10 ml of DMF, 
3 grams of polyurethane solution and 0.3 gram of aerogel in granular form were taken. Before addition of PU 
solution in DMF, 0.1 gram of disperse dye (pure pigment) without dispersing agent was added to the solution 
just for coloration. The polyurethane was dissolved in the DMF and aerogel in granular form was mixed and 
dried in the oven at 100 oC. For second sample preparation, ethanol was used as a solvent to dissolve 
shellac. 10 ml of ethanol, 0.2 gram of shellac in flakes form and 0.3 gram of aerogel in granular form was 
used. Disperse dye without the dispersing agent is used for coloration. The shellac was dissolved in ethanol 
solution and aerogel in granular form was mixed and dried in the oven at 100oC. The samples with the 
polymers were first prepared for the cross section with the wax and were cut in micron level with use of 
microtome blade to view under the optical microscope. Before nitrogen adsorption/desorption method, 
polymers were degassed to remove the impurities. 

Silica aerogel (Sample 1) in granular form was without any addition of polymer in it. The sample was used 
without modification. After insertion into the cell, it was degassed in the degassing station apparatus in 
vacuum by the program: 20 – 170° C, heating rate 1° C/min and peak temperature 170 °C was maintained 
for 12 hours. Silica aerogel (Sample 2) in granular form was with shellac and the sample could not be 
degassed (see summary of results). Silica aerogel (Sample 3) in granular form was with Polyurethane and 
the sample was used without modification. After insertion into the cell, it was degassed in the degassing 
station apparatus in vacuum by the program: 20 – 120 °C, heating rate 1 °C/min and at peak temperature 
120 °C, holding time was 12 hours. 

2.2  Methods 

Optical microscope was used for taking the microscopic images. Autosorb IQ MP Quantachrome Instrument, 
USA was used to evaluate the method of adsorption of nitrogen at liquid nitrogen temperature and the 
evaluation was performed by the software provided by AsiQwin Quantachrome Instruments using gas 
adsorption/desorption method. 

According to the firmware, a standard procedure was used for determining the specific surface area by 
adsorption of nitrogen using multipoint BET method and the analysis of nitrogen adsorption/desorption curve 
at liquid nitrogen temperature. The specific surface area was evaluated based on the BET theory of five 
points (multi–point BET p/po = 0.1 to 0.3), the guaranteed accuracy of the method is 0, X m2/g (for surfaces 
above 100 m2/g X m2/g). The volume of micropores (d <2 nm) were determined by t–plot by de Boer. The 
volume and size distribution of mesopores (d = 2–50 nm) was determined using the BJH desorption of the 
curve. The total volume of pores with a diameter below 40 nm was determined from the desorption curves for 
the partial pressure of p/po = 0.95. Specific surface areas and volumes are relative to the weight of the 
sample after degassing (without adsorbed moisture and other volatile impurities). 

3. RESULTS AND DISCUSSIONS 

The penetration of polymer in aerogel has been studied with the help of optical microscope and the 
isotherms were studied by nitrogen adsorption/desorption measurements. These tests were carried out to 
know the penetration of polymer in aerogel particles and how it has changed the surface area and porosity of 
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the polymer treated aerogel. Commercially available amorphous silica aerogel in granular form was chosen 
to study the penetration of the polymers.  Chemically comparable solid networks with some differences due 
to the nature of the silicon precursors were revealed. The nitrogen adsorption–desorption experiments 
conducted at 77K have  resulted into sorption profiles and pore size distributions, in addition to valuable 
information such as specific surface area, total pore volume, volume of mesoporosity and microporosity, and 
average pore radius. The obtained adsorption–desorption isotherms and pore size distributions are included 
in this section; they are color–coded into those prepared without any polymer (solely silica aerogel in 
granular form) and with polyurethane. 

From the Fig 1 , it is proved that the polymers (polyurethane and shellac) did not penetrate in the aerogel 
particles. The polymers covered the surface of each particle instead of penetrating inside the particles. 
Because monolithic aerogel parts are difficult to make and are difficult to use, this study focuses on the use 
of nanoporous particles in granular form instead of powder form. In this study, uncoated silica aerogel 
particles were used together with an aqueous PU binder.  The particles are sufficiently hydrophobic to 
prevent water ingress in the pores. The PU binder is based on aliphatic isocyanate and contains 
dimethylolpropionic acid to make it water–dispersible. The resulting material contains about 95 % aerogel 
particles and has a density of about 100 kg/m3. 

 

 (a) 

 

 (b) 

Fig. 7  Optical microscope images of aerogel granular particles in (a) Polyurethane polymer (b) Shellac 

The pore structure of silica aerogels is difficult to describe by geometry. The International Union of Pure and 
Applied Chemistry has recommended a classification for porous materials where pores of less than 2 nm in 
diameter are termed "micropores", those with diameters between 2 and 50 nm are termed "mesopores", and 
those greater than 50 nm in diameter are termed "macropores". Silica aerogels possess pores of all three 
sizes. However, the majority of the pores fall in the mesopore regime, with relatively few micropores [10–12]. 
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It is very important when interpreting porosity data to indicate the method used to determine the data. 
Nitrogen adsorption/desorption method was used for determining aerogel porosity. In this technique a gas, 
usually nitrogen, at its boiling point, is adsorbed on the solid sample. The amount of gas adsorbed depends 
on the size of the pores within the sample and on the partial pressure of the gas relative to its saturation 
pressure. By measuring the volume of gas adsorbed at a particular partial pressure, the Brunauer, Emmit 
and Teller (BET) equation gives the specific surface area of the material. At high partial pressures, where 
there is hysteresis in the adsorption/desorption curves (called "isotherms"), the Kelvin equation gives the 
pore size distribution of the sample. The pore size distribution shown in Fig. 2 and Fig. 3  was determined 
using a 40–point nitrogen adsorption/desorption analysis. Gas adsorption methods are generally applicable 
to pore in the mesopore range. However, microporosity information is inferred through mathematical 
analyses such as t–plots method. Gas adsorption cannot effectively determine macropores.  

The nitrogen sorption experiments performed for the methyl functionalized silica aerogels with and without 
the mixture of polyurethane and shellac polymers resulted into different specific surface areas. The aerogel 
treated with shellac polymer was unable to be measured by nitrogen adsorption/desorption method due to 
continuously liberated volatile components during the degassing which condense on the wall of the 
measuring cell. Amorphous silica aerogel (Sample 1) in granular form without the polymer was measured for 
the surface area and porosity. The measured total specific surface (BET) area A was 783 m2 / g (correlation 
coefficient of 0.9999) and total pore volume (d <40 nm) V = 2,686 cm3/g. The micropores diameter was d <2 
nm which was measured by t–plot method according to de Boer. The specific surface area ‘A’ micro was 0 
m2/g and the pore volume V micro was 0 cm3/g. The mesopores measured by BJH method from the 
desorption branch of the isotherm is shown in Fig. 1 , the assumption is cylindrical pores. 

 

Fig. 8  Distribution curve of pore diameter and cumulative pore volume curve for sample Aerogel 1 (assuming 
cylindrical pores) from the desorption branch of the isotherm; x–axis is pore diameter in nm 

The silica aerogel (Sample 2) with shellac polymer was unable to degas and measure due to continuously 
liberated volatile components during the degassing which condense on the wall of the measuring cell. The 
silica aerogel (Sample 3) with the polyurethane showed the total specific surface (BET) area, A = 34.9 m2/g 
with the correlation coefficient of 0.9999. The pore volume of the overall sample measured was  
V = 0.037 cm3/g with the pore diameter‘d’ less than 40 nm (d <40 nm). According to de Boer t–plot method, 
the micropores pore diameter‘d’ was less than 2 nm (d <2 nm). The specific surface area ‘A’ micro was 
0 m2/g and the pore volume V micro was 0 cm3/g. Mesopores measured by BJH method from the desorption 
branch of the isotherm are shown in Fig. 2 , with the assumption of cylindrical pores. 
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Fig. 9  Distribution curve of pore diameter and cumulative pore volume curve in the sample Aerogel 3 
(assuming cylindrical pores) from the desorption branch of the isotherm, x–axis shows pore diameter in nm 

The surface area for the aerogel without the polymer was about 783 m2/g and with polyurethane was 
34.9 m2/g. The comparison of these values to those obtained without the polymer shows the methyl–
functionalized silica aerogels exhibiting constantly greater surface areas than aerogels treated with 
polyurethane regardless of the precursors’ nature. The isotherms shown in Fig. 2 and Fig. 3  reveal a 
mesoporous nature for the two aerogels. It can be clearly noticed that the capacity of sample 1 (without any 
addition of polymer) is to adsorb a larger volume of nitrogen than the aerogel treated with polymer, which 
reflects larger pore volumes and hence increased mesoporosity. Among these aerogels, the largest pore 
volume is that of the sample with the largest surface area which is due to the contribution of 82 % 
mesoporosity. The microporosity is due to the existence of some organic groups (methyl groups) on the 
surface of the pores reducing the cavity accessible by the nitrogen molecules. It was clearly noticed that the 
decrease of the specific surface area is coupled with a decrease in the pore volume and the percentage of 
volume due to the mesoporosity. The pore size distribution derived from the BJH model reveals comparable 
profiles with the mesoporosity being expressed clearly for the samples.  

4. CONCLUSION 

Amorphous silica aerogels with and without the mixture of polymers were successfully obtained. Images from 
the optical microscope prove that the polymers could not penetrate into the granular aerogel. There are 
considerably higher surface areas and higher total pore volumes, in granular form without the mixture of 
polymers. The majority of these are mesoporous for amorphous silica aerogel. Therefore, conducting the 
nitrogen adsorption/desorption method for the amorphous silica aerogel in granular form have resulted into 
material of high surface area and enough pore volume to act as promising substrates for the immobilization 
of several molecules, biomolecules and clusters, especially those having a certain catalytic activity, with a 
target to increase their catalytic activity by increasing their exposure to the reactants. While comparing the 
surface properties of the silica aerogels in granular form with and without polymer mixture, it was found that 
silica aerogel particles in granular form with polyurethane mixture is having larger side–chains and 
experienced less specific surface areas and pore volumes. By treating the aerogel with polymers, it resulted 
in a significant decrease in the total pore volume (from 2.686 to 0.037 cm3/g). Average residual pores are 
also decreased (from 6.56 to 3.82 nm). Accordingly, there was also a significant decrease in the specific 
surface area (from 783 to 34.9 m2/g). Important information retrieved from this study approves that the 
followed amorphous silica aerogel in granular form coupled with the polyurethane and shellac allows the 
formation of materials where micropores and mesopores coexist in different ratios, with the percentage of 
mesopores being directly proportional to the total pore volume. Correspondingly, increasing the pore volume 
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leads immediately to an increase in the mesopores/micropores ratio. The silica aerogel with shellac polymer 
was unable to degas and measure due to continuously liberated volatile components during the degassing 
which condense on the wall of the measuring cell.  
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SPINNABILITY OF PEO SOLUTIONS WITH RESPECT TO THEIR  AGING 
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Abstract 

Non–negligible portion of polymer commodity suffers from ageing that participates in sometimes significant 
changes of products attributes. Rheology represents a useful tool for a description of this process. The aim 
of this contribution is to evaluate possible ageing of PEO solution (polyethylene oxide (Mw=300,000 g/mol) 
dissolved in water at 10 wt.% concentration) based both on rheological characterization and on quality of 
electrospun fibres. Rheological measurements in steady shear and oscillatory modes were carried out using 
a rotational rheometer MCR 501 (Anton Paar, Austria) equipped with the concentric cylinders geometry. The 
electrospinning measurements were executed with the help of a proposed laboratory device. The tip–to–
collector distance attained 20 cm, applied voltage ranged from 20 to 30 kV. The obtained electrospun fibres 
were analysed using a scanning electron microscope (VEGA 3, Tescan, Czech Republic). Both types of 
measurements were carried out in the period of several months during which the solution studied was placed 
in a dark and tempered box (25 °C). The measurements indicate no ageing impact on rheological 
characteristics or quality of electrospun fibres. This guarantees more or less the identical quality of non–
woven textiles prepared from PEO solutions regardless of time period during which the solutions are 
deposited. 

Keywords:  polyethylene oxide (PEO), ageing, electrospinning, rheological properties  

1. INTRODUCTION 

During electrospinning process the high voltage is applied to the drop of polymer solution, a charged jet from 
the tip is stretched and at the same time a solvent is evaporated. Polymer fibres are randomly deposited as 
the web on the grounded collector [1–3]. Parameters which has effect on the electrospinning process and 
fibre´s morphology are for example concentration, molecular weight of polymer, viscosity, conductivity, 
applied voltage, surface tension, temperature, humidity, solvent volatility, electric field, distance between 
electrode and grounded collector [2]. 

The properties of nanofibres created from various polymers have been investigated. Polyethylene oxide 
(PEO) is one of the widely studied polymers used in electrospinning [3–5]. PEO is a semicrystalline linear 
polymer soluble in water and also in some organic solvents [6]. Furthermore, as PEO is biocompatible, its 
electrospun product (often in combination with other biocompatible materials in blend) is widely used in 
medicine or the environment, also in chemistry or industry as filter membranes or sensors [1]. 

Generally during the ageing of polymers the properties change over a time period and there may be changed 
for instance strength, toughness, density or viscosity. Semicrystalline polymers as PEO are composed from 
both crystalline and amorphous parts. The crystalline part is not susceptible for ageing, but has impact on 
relaxation processes in amorphous phases secondary crystallization and molecular rearrangements [2, 7–9]. 

Degradation of PEO is generally associated with chain bond scission. Due of the presence C–O bonds, PEO 
has a tendency to oxidative degradation. The degradation is manifested by viscosity decreasing in time [8, 
10] and PEO has also a tendency to degrade under mechanical stress [11]. Bossard et al. [5] reported that 1 
month is an upper limit for expiration of PEO solution. After one month the natural degradation of PEO 
solution may arise. Kulicke et al. [11] observed no degradation using rheology of PEO solution and gel 
permeation chromatography. Pang and Englezos [12] prepared fresh PEO solution every 5 days and no 
degradation occurred during this period.  
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In this work we investigated spin ability of PEO solution in water with respect their possible ageing. Potential 
changes of the properties were measured rheologically in the steady shear and oscillation mode and the 
morphology of fibres was determined by scanning electron microscope.  

2. EXPERIMENTAL 

Polyethylene oxide (Mw=300,000 g/mol, Sigma Aldrich, USA) was dissolved in distilled water into 10 wt.% 
solution and was stirred at a frequency of 350 rpm at 25 °C over four days. The beakers with prepared 
solutions were placed into the tempered box (25 °C) from which were consecutively taken before the 
individual measurements.  

The nanofibrous webs were created, using a proposed laboratory device, from the solution at a voltage of 30 
kV with a tip–to–collector distance fixed at 20 cm. The quality of fibres was evaluated using SEM analysis 
(Vega 3, Tescan). The rheological measurements were carried out using a rotational rheometer (Physica 
MCR 501, Anton Paar, Austria) equipped with concentric cylinders arrangement in both steady shear and 
oscillatory mode. 

3. RESULTS 
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Fig. 1  The time dependence of shear viscosity 
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Fig. 2  Time dependence of viscolelastic moduli 

Influence of time factor on shear viscosity of PEO solution is depicted in Fig. 1 . Both curves (fresh and 2 
months old) are very close to each other exhibiting shear thinning behaviour when shear rate of 1 s–1 is 
exceeded. Both curves for storage as well as loss moduli are in principle identical, see Fig. 2 . For lucidity, 
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Figs. 1 and 2  document only two limiting cases with respect to time (fresh and 2 months old PEO solutions) 
as the remaining measurements covering a time period of two months copy the presented ones. 

Quality of electrospun fibres are presented in Fig. 3 . Almost no changes are apparent in morphology of 
nanofibrous web. Only slight decrease in diameters of fibres was found with increasing time, see Fig. 4 . 

            

             Fresh solution                             1 month old solution                     2 months old solution     

Fig. 3  SEM micrographs of PEO nanofibrous web 
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Fig. 4  Fibre diameter in the dependence on ageing of polymer solution 

4. CONCLUSION 

The influence of time, with respect to which 10 wt.% PEO solutions are deposited, on quality of electrospun 
webs is analysed. The results obtained confirm stability of PEO aqueous solutions with respect to their 
processability under the condition that they are carefully stored. 
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Abstract  

The aim of this study was to examine the use of polyamide 6 nanofibers as an adsorbent material for 
removal of dye on textile wastewater. Simulated wastewater of acid dye (namely Color Index Acid blue 41) 
was used for experiment test with concentration of 0.01, 0.02 and 0.03g/L. Two kinds of electrospun 
polyamide 6 nanofibrous membranes with weight per unit area respectively 1.0 and 2.9g/m2 were used as 
the adsorbent material and the dead–end filtration process was performed continuously by self–assembled 
apparatus with starting flux around 2500L/(m2·h). The experiments were realized in room temperature. The 
result of Fourier transform infrared spectroscopy (FTIR) indicated that these two kinds of nanofibrous 
membranes are the same without any other surface modification, while the scanning electron microscope 
(SEM) images showed the diameter of nanofibers are respectively around 126 and 178nm. The adsorption 
results showed the adsorbed amount of adsorbate is related to the specific surface area of the adsorbent as 
the amount was higher with the larger specific surface area. The concentration of adsorbate has a little effect 
on the adsorption result due to the fouling of the adsorbent and the interaction between adsorbate 
themselves.  The fouling of the adsorbent was becoming much severer as the concentration of adsorbate 
increasing, and this trend was more obvious on the adsorbent with larger specific surface area.  

Keywords: dead–end filtration; polyamide nanofibers; wastewater; dye removal; fouling 

1. INTRODUCTION 

The dyestuff released from textile industry in water streams results in a serious environmental impact, many 
of the dyes cause health problems such as allergic dermatitis, cancer, skin irritation and also mutation in 
humans. In addition, dyes absorb sunlight within water media resulting in the prevention of photosynthesis of 
aquatic plants [1–4]. Elimination of very small dust particles, bacteria and viruses from the ambient air and 
drinking water is becoming increasingly relevant in the present world and is connected with a growing 
number of respiratory tract diseases in industrial agglomerations and with a threat of various pandemics [5]. 
Besides, many dyestuffs are difficult to be decolorized and decomposed biologically due to complex 
structure and synthetic origin of dyestuff, which are acidic, basic, disperse, azo, diazo, anthroquinone based, 
and metal complex dyes [6]. On the other hand, wastewater reuse has become increasingly important in 
water resource management for both environmental and economic reasons. Nowadays variety of methods is 
invested into wastewater processing such as application of membrane technologies, ozonization, 
chlorination, and UV light [7].  

Fibrous materials are important for filtration due to which fibrous materials possess good flexibility, 
compressibility and permeability. Low throughputs from the membrane based filtration processes drive 
material scientists to explore highly porous media with finer fibers [8]. Polyamide 6 nanofibrous membrane 
can be used to absorb small particles containing in the wastewater since it has comparatively high specific 
surface area with normal scale fibrous membranes. This, together with its low density and interconnected 
open pore structure, make it appropriate for the filtration applications.  

In this work, dead–end filtration method was applied to study the filtration efficiency which reflects the 
sorption property of the polyamide 6 nanofibrous membrane as well. Assembled continual filtration 
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equipment was used for the filtration process. The concentration of every 10ml filtrated wastewater was 
detected, and the flux change was recorded.  

2. MATERIALS AND METHOD 

2.1  Nanofibrous membrane 

Two kinds of electrospun polyamide 6 nanofibrous membranes with weight per unit area respectively 1.0 and 
2.9g/m2 were purchased and used as the adsorbent material. FTIR result below indicated these two kinds of 
nanofibrous membranes are original polyamide 6 without any other surface modification.  
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Fig. 1 Adsorbent we have used in our experiments: a) Molecular formula of Polyamide 6 and b) 
FTIR results of two different membranes 

2.2  Dyestuff 

Simulated wastewater of acid dye (namely Color Index Acid blue 41) showed in Fig. 2  was used for 
experiment test with concentration of 0.01, 0.02 and 0.03g/L. The molecular Formula is C23H18N3NaO6S and 
the molecular Weight is 487.46. [9]  

 

Fig. 2  Molecular structure of Acid blue 41[9] 

2.3 Dead–end filtration apparatus 

The assembled apparatus for dead–end filtration shown in Fig. 3  was used in this study. This apparatus 
mainly included a pump whose flow rate can be adjusted from 0 to 60ml/min under the standard 
configuration, and a connection device which used for fixing filter between pipes without air leaking. The filter 
was used to support filter membrane. 
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Fig. 3 Continual filtration apparatus used in this study 

2.4  UV spectrophotometer 

Thermo Scientific Helios Epsilon UV–Visible Spectrophotometer and 1cm·1cm curvettes were used to test 
the concentration of the acid dye solution during all the experiments. The absorbances of three 
concentrations (0.01, 0.02, 0.03g/L) were plotted in below figure with 0.9998 R2 linear fitting.  
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Fig. 4  Linear fitting of absorbanes versus three concentrations of solution Acid Blue 41 

2.5  Method 

SEM images of two nanofibrous membranes were taken for checking the diameter of fibers and calculating 
the specific surface area of the membranes. The continual filtration was performed with the apparatus 
showed in Fig. 3  with starting flux around 2500L/(m2·h). The concectration after filtration were examed every 
10ml, and the time taken by every 10ml filtration was recorded meanwhile. The accumulated mass of dyes 
absorbed by the membrane and the flux during the filtration were calculated in this study. 

3. EXPERIMENT AND RESULTS 

3.1 Specific surface area calculation 

From the surface images we can obtain the diameter of the fibers in each membrane. 5 times each were 
measured and the average value was calculated as 126 and 178nm respectively. The specific surface area 
of these two nanofibers membranes were calculated using following equation under the assumption that the 
membrane is only a single fiber whose length is L. 

2

2 2 2r L r L
S

m r L r

π π
ρ π ρ

⋅ ⋅= = =
⋅

 (1) 

As the r=63 and 89nm respectively, the density of PA6 is around 1.14g/cm3, the specific surface area (S) are 
20m2/g for 2.9g/m2 weight per unit area and 28m2/g for 1.0g/m2. 
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A B 

Fig. 5  Images of nanofibrous membranes surface: a) membrane surface image with weight 
per unit area 1.9g/m2; b) membrane surface image with weight per unit area 1.0g/m2 

3.2 Effect of specific surface area of the membrane  
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Fig. 6  Accumulated mass per mass of fibrous membrane and flux changing during the filtration with 

wastewater concentration 0.02g/L: a) adsorption capacity of membranes versus filtrated volume; b) flux 
versus filtrated volume 

Fig. 6  shows the effect of specific surface area on the filtration property and the fouling phenomenon. With 
the 0.02g/L concentration, the filtration was performed on two membranes with different specific surface 
area. The accumulated mass of dye absorbed by membranes according to the filtration volume has been 
plotted as shown in the Fig. 6(a)  which shows a dramatic difference between two filtration processes. Both 
mass of dye per mass of fiber was increasing along with the filtration process, and got the equilibrium after 
around 200ml simulated wastewater filtrated. 280 and 126mg/g are the maximum mass of dye absorbed by 
the membrane with specific surface area of 28 and 20m2/g. The flux reduced along with the filtration process 
until nearly 1000L/(m2·h) and the values of flux for the higher specific surface area membrane was always 
lower than the other which is shown in Fig. 6(b) . 

Higher specific surface area creates more surface area of fibers for absorbing dyestuff which caused much 
higher adsorbed mass of dye. Due to the quick increasing of the dye absorption, the flux reduced more at the 
beginning of the filtration process. 

3.3 Effect of concentration of the wastewater 

According to the filtration result showed by Fig. 7 , the accumulated masses absorbed by the membrane 
were around 0.06mg after 300ml filtration with lower concentration and nearly 0.08mg with 0.03g/L 
concentration. 94 % reduction of flux with wastewater concentration 0.03g/L was detected while 47 % and 14 
% reduction were found with 0.02 and 0.01g/L concentration. 

The accumulated mass absorbed by the fibrous membrane increased slightly with the concentration 
increasing while a dramatic flux reduction showed especially for the highest concentration of the simulated 
wastewater. 

A B 
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Fig. 7  Accumulated mass and flux changing during the filtration by membrane with 1.0g/m2 weight per unit 

area: a) accumulated mass versus filtrated volume; b) flux versus filtrated volume 

4. CONCLUSIONS 

The nanofibrous membranes were characterized by FTIR and SEM images. FTIR result showed the 
materials are polyamide 6 and SEM images showed the diameter of the nanofibers. The specific surface 
area was calculated by through the diameter and the density of the material under an assumption. Filtration 
process was performed with two nanofibrous membranes with different specific surface area and three 
different concentration simulated wastewater of Acid Blue 41. The filtration result showed membrane with 
higher specific surface area can absorb over two times dyestuff amount under the same condition. The 
higher concentration of simulated wastewater caused much severer fouling problem during the filtration 
process. 

ACKNOWLEDGEMENTS   

The authors acknowledge the kindly help from Prof. Jiri Militky and the financial support of 
Department of Material Engineering, Technical Unive rsity of Liberec. 

LITERATURE 

[1] Akbari, A., J.C. Remigy, and P. Aptel, Treatment of textile dye effluent using a polyamide–based nanofiltration 
membrane. Chemical Engineering and Processing, 2002. 41(7): p. 601–609. 

[2] Ferrero, F. and M. Periolatto, Functionalized fibrous materials for the removal of dyes. Clean Technologies and 
Environmental Policy, 2012. 14(3): p. 487–494. 

[3] Vergili, I., et al., Techno–economic analysis of textile dye bath wastewater treatment by integrated membrane 
processes under the zero liquid discharge approach. Resources Conservation and Recycling, 2012. 58: p. 25–35. 

[4] Basiri, F., et al., Recycling of Direct Dyes Wastewater by Nylon–6 Nanofibrous Membrane. Current Nanoscience, 
2011. 7(4): p. 633–639. 

[5] D. Kimmer, I.V., D. Petras, J. Fenyk, M. Zatloukal, W. Sambaer, P. Slobodian, H.Salmela, M. Lehtimaki, V. 
Zdimal, APPLICATION OF NANOFIBRES IN FILTRATION PROCESSES, in NANOCON 2010. 2010: Olomouc, 
Czech Republic, EU. 

[6] Robinson, T., et al., Remediation of dyes in textile effluent: a critical review on current treatment technologies with 
a proposed alternative. Bioresource Technology, 2001. 77(3): p. 247–255. 

[7] Jaroslav Lev, M.H., Libor KALHOTKA, Monika SZOSTKOVÁ, Dušan KIMMER, APPLICATION OF THE 
ELECTROSPUN NANOFIBERS IN WASTEWATER TREATMENT, in NANOCON 2011. 2011: Brno, Czech 
Republic, EU. 

[8] Barhate, R.S., et al., Fine chemical processing: The potential of nanofibres in filtration. Filtration & Separation, 
2008. 45(4): p. 32–35. 

[9] variety, d.W.d. Acid Blue 41. Acid Dyes  2012; Available from: http://www.worlddyevariety.com/acid–dyes/acid–
blue–41.html 

A B 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

334 

VENTURE CAPITAL IN NANOTECHNOLOGY. CENTRAL AND EAST ERN EUROPEAN 
PERSPECTIVE 

Przemyslaw POMYKALSKI 

Lodz University of Technology, Lodz, Poland, EU, ppomykalski@gmail.com   

Abstract  

Venture capital financing is considered to be of primary importance in fostering national innovation and 
economic growth. In this article, I analyse recent changes in venture capital firms operating in Central and 
Eastern Europe. Although at present venture capital funds shouldn’t be perceived, as a primary source of 
financing for nanotechnology companies in the long–term their managers should understand the specifics of 
this source of financing. An overview of venture capital cycles may be of key importance to successful 
commercialization and may enable exceptional returns to entrepreneurs.  

Keywords: venture capital, nanotechnology, Europe 

1. INTRODUCTION  

The link between investments, financing and nanotechnology received some attention at the turn of the 
millennium [1]. Although research into nanotechnology is already some decades old, research into 
nanotechnology investments and commercialization is relatively new and encounters significant obstacles 
resulting from a variety of approaches to nanotechnology and resulting statistical data. Research focusing on 
nanotechnology investments in Central and Eastern Europe is even more limited [2, 3, 4, 5].  

Nanotechnology can be perceived as both an enabling technology and a technology in its own right. 
Nanomaterials and nanotechnology principles can be found in many commercial products from almost every 
economic sector from chemistry to textiles.  

European Patent Office (EPO) defines nanotechnology as entities with a controlled geometrical size of at 
least one functional component below 100 nanometres in one or more dimensions susceptible of making 
physical, chemical or biological effects and has created a separate class (symbol B82Y) with eight 
subclasses: 

• Nanobiotechnology or nano–medicine; 

• Nanotechnology for information processing, storage and transmission; 

• Nanotechnology for interacting, sensing and actuating; 
• Nanotechnology for optics; 

• Nanomagnetism; 

• Nanotechnology for materials and surface science; 

• Methods or apparatus for measurement or analysis of nanostructures; 
• Manufacture or treatment of nanostructures. 

U.S. Patent and Trademark Office’s (USPTO) has created a separate class (Class 977, Nanotechnology) 
and over 250 cross–reference art collection subclasses to identify and store relevant data.   

This class provides for disclosures: 

• related to research and technology development at the atomic, molecular or macromolecular levels, in 
the length of scale approximately 1–100 nanometer range in at least one dimension,  

• that provide a fundamental understanding of phenomena and materials at the nano–scale and to 
create and use structures, devices and systems that have novel properties and functions because of 
their size. 
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Although nanotechnology is clearly defined and treated by patent offices as a technology in its own right, 
venture capital associations treat it as enabling technology in their statistics. This is not surprising taking into 
consideration that venture capital funds are focused on marketability, cash flow and valuation. 

2. VENTURE CAPITAL AND NANOTECHNOLOGY 

The European Venture Capital Association (EVCA) defines venture capital as “professional equity co–
invested with the entrepreneur to fund an early–stage (seed and start–up) or expansion venture. Investors 
expect higher than average return on the investment offsetting the high risk. Venture capital is a subset of 
private equity”. Private equity is defined as “providing equity capital to enterprises not quoted on a stock 
market”. In the United States (National Venture Capital Association, NVCA) venture capital is currently also 
regarded as a subset of private equity asset class (statistics however are prepared for each class 
independently).  

Prior research indicates that venture capital is: 

• Return on investment oriented. Achieving high return on investment is by definition the only goal of 
venture capital funds seeking to justify high risk associated with their investments. This unfortunately 
is still often misunderstood by entrepreneurs who seem not to understand that venture capital is a 
relatively high cost source of financing compared to traditional sources. Although venture capital is 
regarded as medium and long term financing source funds will strive create value as soon as possible. 

• Cyclical. For venture capital as a hole peaks of investment activity were observed in 2000 and 2007 
(and previously in 1983 and 1987). 

• Industry cyclical. Venture capital funds focus on selected industries. This focus changes on a cyclical 
basis. The effect of those cycles may be stronger than venture capital market cycles as a whole. 
Entrepreneurs should observe those cycles and benefit from periods of growth [6].  

• Geographically concentrated. Although most venture capital funds declare a country, or even a group 
of countries as the area of their operations, research results indicate that current investments are 
positively associated with historical investments in terms of regions of countries [7]. This is particularly 
visible in biotechnology venture capital investments [8]. 

3. VENTURE CAPITAL PERSPECTIVE IN THE EU AND THE US   

Venture capital is an 
interesting area of study 
surrounded by powerful 
myths [9], related to early 
success stories of 
companies such as Intel, 
Apple, Google of 
Facebook. Venture 
capital is cyclical [10] 
and its current state 
reflects the recent 
economic crisis.  

More recent changes 
indicate that venture 
capital investments 
(measured in USD) have 
fallen in the US (Fig. 1 ) 
and EU (Fig. 2 ).  
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Fig. 1 US venture capital investments 1995–2012, Source: Own, Data: 
National Venture Capital Association 
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In the EU total investments fell from almost 6 billion euros in 2007 to 3,2 billion in just two years. The extent 
of this drop can be compared to the effects of the “internet bubble” in the United States (years 2000–2002).  
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Fig. 2  EU private investments 2007–2012. Source: Own, Data: Eurostat, EVCA 

The decrease in total amount invested is substantial yet uneven and requires further inquiry. The number of 
companies that received financing actually grew in 2008 and the drop is definitely not as sharp as in 
amounts invested. This indicates lower valuations rather then decreasing number of investments (on 
average financed companies received less money from the funds).  

A further look into investments by stage indicates that the number of early stage investments (seed and 
start–up) actually grew (Fig. 3 ). Amounts invested in later stage ventures dropped significantly yet the impact 
of lower valuations was extremely visible. For nanotechnology companies these changes indicate that 
financing from venture capital funds is available but lower valuations makes this source of financing even 
more expensive then usual. In other words venture capital funds will ask for a bigger share of the company’s 
equity in exchange for their financing.  

 

Fig. 3  EU venture capital investments by stage 2007–2012. Source: Own, data: Eurostat, EVCA 
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Venture capital funds are also changing the sectors in focus. Some sectors (e.g. energy and environment, 
life sciences and computer and consumer electronics) are receiving an increasing share of investments while 
others (e.g. business and industrial products, communications and construction) are decreasing faster  
(Fig. 4 ). 

 

Fig. 4  Changes in EU venture capital investments 2007–2012. Selected sectors. (amount invested in 
2007=100). Source: Own, data: Eurostat, EVCA 

For nanotechnology companies these changes indicate: 

• Decreased investments and valuations; 

• Life sciences, chemicals and materials, energy and environment are increasing their share in total 
venture capital investments. 

4. VENTURE CAPITAL CEE PERSPECTIVE 

While the focus of private equity 
has long been on larger emerging 
market countries (especially 
China and India), smaller 
emerging market countries – such 
as Poland – have built flourishing 
private equity industries [11]. 
Unfortunately these markets are 
still unpredictable. In 2009 
investments dropped to 5,6 million 
euros. (Fig. 5 ) The upturn of early 
stage investments in Hungary was 
primarily due to the eight new 
Jeremie initiative funds set up in 
early 2010 as a combination of 
community funds and equity from 
private sector investors. These 
venture capital funds selected 

Fig 5.  Changes in CEE venture capital investments 2007–2012. 
Based on Eurostat, EVCA data 
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their portfolio companies across a wide spectrum and financed a wide range of Hungarian start–ups and 
early stage companies having promising growth potential [12]. 

Geographic location is important in venture capital. Funds tend to focus on countries or regions. For high 
technology companies however geography may be a secondary factor to fund’s management know–how. 
Corporate venture capital (CVC) funds may be an interesting source of funding for nanotechnology 
companies but they differ in characteristics. 

For nanotechnology companies these changes indicate: 

• Unpredictable venture capital market; 

• Increasing investments fuelled by EU funding. 

5. CONCLUSIONS 

Venture capital is not the main source of funding for nanotechnology companies and it’s not likely to be in the 
foreseeable future as funds are oriented at maximizing their returns. Currently financing sources for 
nanotechnology are to a large extent dominated by EU funding for R&D, start–ups and indirectly through 
venture capital managed funds (e.g. Jeremie initiative in Hungary) but sectors related to nanotechnology (life 
sciences, chemicals and materials, energy and environment) are attracting increasing attention of venture 
capital funds. Understanding the venture capital investment process and valuation principles can be very 
helpful once entrepreneurs attempt to market their innovations. 
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Abstract 

Changes in the techno–economic point of view are associated to revolutionary technological opportunities 
that take time to diffuse through the economy. During the advent and diffusion of a new techno–economic 
paradigm, both private and especially public policies are essential to internalise the benefits of its new and 
optimized costs. There has been a significant change about innovation theory and practice in the last two 
decades. It’s possible to observe huge interest in innovation implementation. Innovation has been perceived 
as an activity involving almost entirely individual actors, including inventors and enterprises. This article 
presents the financial aspects of innovation strategy implementation in nanotechnology enterprises. The data 
research was conducted for years 2009–2012. 

Keywords: nanotechnolgy, innovation, finance, strategy 

1. INTRODUCTION 

Nanotechnology is recognized as a revolutionary new field of science and technology, comparable to the 
introduction of electricity, biotechnology, and digital information. Research into nanotechnology is a broad–
based, multidisciplinary field with discoveries that are leading to new products and applications projected to 
reach mass use by 2020, significantly changing and improving many aspects of human life. 

Nanotechnology has been regarded as an emerging general–purpose technology with multiple possible 
applications and thus affecting several technological domains such as advanced materials, biotechnology 
and pharmacy, electronics, scientific tools and industrial manufacturing processes. Over the past decades, 
developments in nanotechnology have drawn the attention of governments, industry, academia and the 
public as to the potential industrial benefits. Because nanotechnology is still an emerging technology, it is 
required a wider understanding of its new scientific and technological phenomena in order to better exploit its 
possibilities. The perception that a technology promises important changes, advocating for its early 
exploitation, holds a rare opportunity, despite the risks and uncertainties involved in the process. In this 
context, understanding the innovation process in nanotechnology represents a key factor in order to design 
and implement relevant innovation policy.  

The aim of this paper is to propose that indicators that focus not only on the innovative behaviour of the 
companies, but also on the technological innovation itself, on the number and characteristics of individual 
innovations, might be more adequate in order to shed some light on the nanotechnology innovation 
processes. [1] 

2. FINANCIAL ASPECTS IN MANAGING COMPANIES 

An enterprise is a business entity that’s main target is to create a profit. Mainly it means to gain money, but 
social entities would for sure define their profit as e.g. the activation of unemployed, gaining funds for a 
surgery, etc. However most of enterprises are not of a social type, but they are focused on winning new 
customers and by satisfying their needs – gaining funds for a further development. 

The enterprise’s most common aims are to [2]: maximise a profit and sales; reach assumed market share, 
maintain or increase a level of an employment, and stabilise an income. 
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Nowadays, due to the altering internal and external circumstances, a business entity may keep its position 
and grow only if the board of managers is able to adjust its volatility to the market volatility. Table 1  shows 
comparison of traditional and new paradigms description.  

Table 1  Difference between historical and present paradigms in an enterprise 

Traditional paradigm  New paradigm  
Direct product cost reduction as a main objective 
of an enterprise 

Indirect cost reduction, meanwhile improvement of 
competitiveness 

Operations characterised and analysed as stable Flexibility of operations, constantly improved 

Production line based on one, main technology; 
long product life cycle 

Production line based on multiple technology, 
short product life cycle 

Manager is a decider, employee only executes 
the orders 

Manager is a coach who facilitates work, 
employees are well trained 

Global market is divided to national markets, 
domestic entities dominate on the national 
markets 

Market is global – attention is focused on 
international political and economic structures 

Source: own based on A. Mazurkiewicz, Paradygmaty zarządzania we współczesnym przedsiębiorstwie (wybrane 
aspekty), http://www.univ.rzeszow.pl/pliki/Zeszyt19/33.pdf 

Every enterprise needs money to function – at the beginning the condition sine qua non is to acquire 
necessary equipment (e.g. an office, machines, raw materials, etc.) and during its further existence a 
managing board is obliged to constantly count and compare the profits and the expenditures. 

There are three types of decisions that have to be made in a financial management process: investment, 
financial and dividend. The first one includes investment in fixed and current assets (capital and working 
capital decisions) that are necessary to provide a business. The financial decisions relate to gaining funds to 
finance abovementioned assets, they depend on source’s type, a period of financing, and its costs and on 
the return thereby. The finance manager has to make a decision how to distribute the net profit, which is 
divided into: a dividend for the shareholders, with its rate to be defined, and refinance the rest. All of 
aforesaid processes are of the same importance, but there exist a defined time sequence. The first that 
occur is an investment decision that is further verified by financial possibilities, a dividend process occurs 
only if a net profit occurs. 

3. MANAGING INNOVATIONS IN NANOTECHNOLOGY COMPANIES  

Innovation has been considered an essential force propelling economic growth and development, innovation 
process is normally misunderstood. It is claimed in this paper that traditional innovation indicators are not 
suitable to comprehend innovation process in nanotechnology for two main reasons: a) innovation process is 
usually regarded as a linear process; and b) innovation surveys are normally carried based on the “subject 
approach” in which the innovation process is analysed from the firm’s innovative behaviour as a whole, not 
its innovative behaviour concerning the specific technology. Considering that innovation policy is based on 
the system of innovation approach, where policy making attempt to understand the interactions amongst 
economic, social, political and organizational spheres that influence pattern of innovation and use them to 
inform effective policy making. [1] 

There has been a significant change about innovation theory in the last two decades. Innovation had been 
perceived as an activity involving almost entirely individual actors, including inventors and firms. It was 
viewed linearly, starting with fundamental research and proceeding successively to applied research, 
development, prototyping, pilot production, market entry, and continuing through the diffusion of new 
products and production processes. More recently, there has been significant progress in delineating the 
multiplicity of resources required for innovation, involving a non–linear process of implementing. 
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This process generally occurs within a dynamic institutional context which includes policy institutions and 
actions. Thereby, the understanding of the innovation process is closely connected to the effects within the 
policy systems. The process of policy cannot be separated from the development of the field of innovation 
itself, so that theory and policy are best seen as co–evolving [3]. 

In this context, the new understanding of the innovation process, especially with the advent of the innovation 
system’s perspective, ushers in the widening of innovation policy [4], moving beyond (but also 
encompassing) science, research, technology and development policy, as well as expanding the role of 
governments. Such perspective is broader than before, not only because of the institutional and evolutionary 
perspective but also to the wider view of innovation as a social and economic phenomenon. 

Therefore, in this perspective, innovation is regarded as the main element of the dynamic of capitalism, seen 
as a process rather than an act. And this dynamic justifies the participation of the State as an active policy–
maker to foster innovation [5], where its role goes far beyond designing science, technology and industrial 
policies but also, and most importantly, encompass development strategies. Hence, policies once directed to 
innovation are now seen directed to systems of innovation. A system of innovation refers to the elements 
and relationships which interact in the production, diffusion and use of new, and economically useful, 
knowledge [6], encompassing a set of organisations and institutions that contribute to the development of 
innovation and learning capacity. In other words, it constitutes a series of elements that relate production, 
assimilation, use and diffusion of knowledge. [7] 

System of innovation approaches to policy making attempt to understand the interaction between the 
economic, social, political, and organisational ‘rules of the game’ that influence patterns of innovation, and 
use them to inform effective policy making. The core idea within systems of innovation approach is that by 
understanding how institutions influence technical change it should be possible for policy makers to more 
effectively intervene to influence the direction of innovation towards the goals socially desired. [6, 8] 

By referring innovation policy to the concept of system of innovation, a fundamental aspect of innovation 
policy becomes to review and redesign the linkages between parts of the system as well as to put stronger 
emphasis on ‘institutions’ and ‘organisations’ than do science and technology policy. It includes elements of 
research and development (R&D) policy, technology policy, infrastructure policy, regional policy and 
educational policy, going beyond science and technology (S&T) policy [9, 10]. Hence, innovation policy is 
public action that influences technical change and other kinds of innovation, paying special attention to the 
institutional and organisational dimensions of innovation systems. 

The system of innovation approach, therefore, provides the context in which development economics should 
be based on, with a strong possibility of a convergence between science, technology and innovation (STI) 
policy. [11] 

It is with this perspective of innovation process and innovation policy in mind that this paper attempts to show 
that such characteristics and differences within the policy sphere are strongly related to the nanotechnology 
policy in Brazil. It is argued that nanotechnology innovation policy in Brazil is still based on a linear rather 
than a systemic approach of the innovation process, where the direct relation between science and 
technology plays an important role in the design of these policies. In other words, the policies designed to 
nanotechnology are strongly based on the relation (nano)science→(nano)technology, not taking into 
consideration that to go effectively from science to technology and innovation is necessary many other 
different activities that are related to and influence one another. 

Poland’s market–based economy is one of the fastest growing within the EU. It was the only country in the 
EU to avoid the 2009 global recession. The GDP of Poland was $771 billion in 2011. Its economy has been 
helped by the government’s move to privatize many small and medium state–owned companies. The laws 
relating to establishing new firms have been relaxed, thereby allowing the development of a strong private 
sector. [12] 
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Poland has a couple of organizations and networks committed to promoting and exploring nanoscience. 
Nanotechnology, being a versatile field, finds applications in a myriad of industries. There is a vast scope for 
companies in Poland to use nanotechnology and make an impact in the country. Some of the nano–based 
companies in Poland are: Aerogels Poland; Nanotechnologia; Amepox Company Ltd.; Dental 
Nanotechnology (DNT); Ertec; Ammono Ltd.; OPTICON Nanotechnology Ltd.; LaboSoft; and Nanotech 
Group. Poland is home to several universities offering research and educational opportunities in 
nanotechnology. [13, 14, 15] 

In October 2011, Daunpol of Warsaw was the first company to start applying metallic nanoparticles in its 
chemicals– NanoClean chemical products. Experts believe that this move is likely to gain global recognition 
for Poland and further the development of nanotechnology. 

In August 2012, a team of Polish researchers from the Institute of Physical Chemistry synthesized high purity 
aligned nitrogen doped multi walled carbon nanotubes using the catalytic chemical vapour deposition 
method involving pyridine and Fe/Co (2:1 volume ratio) as the single C/N precursor and catalyst material. 
The average diameter of the synthesized tubes was in the range of 29–57 nm and the nitrogen content of the 
tubes reached a maximum of 9.2 % nitrogen. Their study will aid in providing further insight into nitrogen 
doping effects and the relation between type of nitrogen inclusion and nitrogen doping levels. 

While he Polish economy weathered the global financial crisis well, the business sector innovates very little 
and the academic system is weak. Furthermore, links between industry and academia are poor meaning that 
only a small proportion of public research is funded privately. In 2010 GERD (government expenditure on 
research and development) equated to 0.74 % of GDP having grown a respectable 10.3 % a year between 
2005 and 2010. Their aim is to reach a GERD of 1.7 % by 2020 and they also have long term plans to help a 
move towards a knowledge–based economy based on current strengths, emerging technologies and smart 
specialisation. [16, 17] 

If Poland executes this long–term plan well, sectors such as nanotechnology could come to the fore. 
However, to be really successful, stronger ties need to be forged between industry and academia to help 
drive applied research aimed at commercial outcomes. 

4. CONCLUSIONS AND RECOMMENDATIONS 

The development of concepts of entrepreneurship management is constantly changing. The old–fashioned 
paradigms and methods have to be developed in order to adept them to the new style of life, which is based 
on progress and constant development of employees [18]. The aim of this elaboration was basically to 
systematise approaches of handling the new types of problems in an entrepreneurship – focused on financial 
aspects – as well as large business entities’ financial situation analysis.  

Special attention should be paid on trying to identify enterprises somehow related to development or usage 
of nanotechnology, as well as what their activities are, the nature of the technology developed/used, and the 
efforts made in order to being able to carry on their nanotechnology activities [19]. The study case carried by 
OECD showed that important issues related to nanotechnology innovation process and, consequently, to 
innovation policy should be examined more carefully by policy makers: the difference between nanoscience 
and nanotechnology; top–down and bottom–up approaches; supply and demand sides; incremental and 
disruptive innovations; size of the enterprises; and their age, if they are start–ups or established companies. 
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Abstract  

The present work is focused on the development of deposition of transparent conductive polymer films and 
improving their conductivity. The films were produced using a commercially available PEDOT: PSS (Clevios 
PH1000) aqueous dispersion. To deposit the PEDOT: PSS an automated programmable spray system was 
used. This enabled to spray the PEDOT: PSS onto reasonably large heated substrates creating a smooth 
homogeneous film. The dimensions and thickness of the film can be controlled and size of area of the film is 
only limited by spraying system dimensions providing a readily up scalable film deposition technique. The 
sprayed films were produced on a range of polymer (e.g. PET, polycarbonate and dielectric elastomer 3M 
VHB) or glass substrates. Varying PEDOT:PSS film thicknesses (corresponding to films of various %T 
values of <95 % to >75 %) were deposited and characterised primarily by UV–vis spectrometry and 4–point 
resistance measurements. The untreated films showed as expected a relatively poor sheet resistance in 
comparison to the treated films. However treatment of these films using methanol and formic acid resulted in 
a huge improvement in sheet resistance values in the range of 3–4 orders of magnitude from the untreated 
films. This improvement in conductive properties of PEDOT:PSS films and their easily up scalable fabrication 
by automated spraying  enables us to bring them into the realm of an industrial applicable material 
comparing favourably with other transparent conductors in the market.  

Keywords:  PEDOT:PSS, transparent flexible conductive electrode, spray deposition 

1. INTRODUCTION 

In recent years the demand for transparent flexible and conductive electrodes has risen sharply, in particular 
the need to find a replacement for indium tin oxide (ITO) based electrodes[1]. Many alternatives to ITO 
including various transparent conducting oxides (e.g. ATO, FTO, AZO) [2, 3], metal nanowires (e.g. Ag 
nanowires) [4] and carbon nanomaterial based electrodes [5–7] have been explored. However, due to 
various drawbacks and limitations of new alternative materials, ITO is still used as the primary material for 
transparent electronics.  

Conducting polymers, specifically poly(3,4–ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), 
have attracted a great deal of attention for applications requiring flexible and transparent conductors. PEDOT 
is a conducting polymer which has a relatively high optical transparency and good ductility. One problem is 
that it has quite low solubility in most common solvents [8]. This problem is circumvented by an addition of 
PSS which stabilises the PEDOT to form a coil structure enabling to produce stable aqueous solutions. 
PEDOT:PSS based electrodes have shown to be durable with a reasonable transparency and good 
mechanical properties under stress [9, 10]. One of its original drawbacks was its relatively low conductivity 
compared to metal oxide films. However with improved commercial formulations available along with a 
number of recent reports on treatments improving its conductivity, PEDOT:PSS has re–staked a claim as a 
viable alternative to traditional technologies in the world of transparent conductors. PEDOT:PSS is now 
heavily used in emerging photovoltaic applications and devices [11–13] along with other applications such as 
OLEDs [14].  
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In this work we present an efficient and readily up scalable method for producing PEDOT:PSS films on 
polymer substrates combined with a new post treatment method to obtain highly transparent and conducting 
flexible electrodes.  

There are several recent papers on treatments for PEDOT:PSS (specifically Clevious PH1000 formulation) 
films in order to improve conductivity. It is reasonably well known about the improvement in conductive 
properties of PEDOT:PSS by the addition of high boiling point solvents such as sorbitol [15] and ethylene 
glycol (even reported on manufacturers sites) to the formulation with sheet resistance values reported of 65–
176 Ω/□ and 80–88 % transparency respectively [16]. Xia et al. [17, 18] reported on a solvent treatment for 
PEDOT:PSS films spun coated onto glass substrates. Various solvents were tested with the most successful 
candidate being H2SO4 treated films with a thermal treatment of 160 °C with top results reported of 67 Ω/□ 
and 39 Ω/□ sheet resistances with 87 % and 80 % transparency (quoted at 550nm) respectively. Bao et al. 
[9, 10] reported using mixtures of DMSO and a Zonyl fluorosurfacant as additives to the PEDOT:PSS 
formulation and spin coating onto glass and PDMS substrates with thermal treatment at 120 °C. They 
achieved results of 46 – 240 Ω/□ resistances at 82–97 % transmittance respectively.  

The best results in PEDOT:PSS treatments so far has been reported by Alemu et al. [19] which used a 
simple methanol treatment of spin coated glass samples. This enabled to achieve ~25 Ω/□ – 147 Ω/□ sheet 
resistances at ~78–90 % transmittance (apparently including the glass substrate). However one of the limits 
in these reports is the spin coating method employed to produce the samples with maximum size of about 
1.5 cm x 1.5 cm with the vast majority being produced on glass substrates. Spin coating is a fast and 
efficient method of producing films however it is not a readily viable technology for scaling up to larger 
samples and continuous production. Very recently reported work by Tait et al. [20] describe a spray method 
to produce PEDOT:PSS films on glass, silicon and plastic substrates. Using an EG post treatment they 
achieved surprisingly good results (in comparison to other investigated EG treatments) with sheet resistance 
and %T (@550 nm) values of 24 – 259 Ω/□ and 71–95 % respectively.  

In this paper we report a method for readily producing PEDOT:PSS thin films of varying thickness using an 
automated spraying system. These films have been produced to a size of 20 cm x 24 cm using this system 
which can easily produce larger samples with a vision for production on a larger scale easily incorporated. In 
addition to this we will present an alternative post solvent treatment method which results in highly 
conductive and transparent flexible electrodes. 

2. EXPERIMENTAL 

2.1 Materials 

All chemicals unless otherwise stated were obtained from Sigma–Aldrich. Poly (3,4–ethylenedioxythiophene) 
poly (styrenesulfonate) as an aqueous dispersion was purchased from Heraeus (Clevious PH1000). Quick 
drying silver paint was purchased from Agar scientific. Polycarbonate (PC) substrate was provided by Centro 
Ricerche Fiat (CRF). VHB 4910F (Clear) tapeTM was purchased from 3M UK. 

2.2 Spray Deposition 

PET substrates were cut to size and thoroughly washed using soapy water followed by through rinsing with 
acetone and iso–propanol (IPA) and left to dry. Pure PEDOT:PSS solutions were prepared in water to the 
desired dilution factor. This solution is then loaded into a graduated reservoir attached to a Harden and 
Steinback Evolution airbrush. This is then attached to a Janome JR 2300N automatic robot along with a 
pressurised N2 hose (see Fig 1 ). The cleaned PET substrate was placed flat on the hotplate set at @  
110 °C. The robotic arm and moveable tray is then set to spray the desired film area on the PET by 
activating the airbrush trigger releasing a fine controllable jet of solution (at 40 psi air pressure) onto the 
substrate. This forms a PEDOT:PSS composite film. These films can be produced at varying thicknesses by 
altering the number of layers sprayed i.e. the amount of solution deposited. 
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2.3 Treatment method 

The prepared films were cut to desired test size and treated simply by dipping the film into a methanol 
(MeOH) or formic acid (FA) solution as desired. The films were then dried and ready for testing.  
 

         

Fig 1  A) Spray set up of the Janome JR 2300N showing; 1: airbrush with compressed air feed attached 2: 
mechanical robot with pneumatic arm 3: hot plate where substrate is placed and 4: programmable controller. 

B) Photo of sprayed large scale films on PET (shown in flex) 

2.4 Characterisation 

The optical transmission of the films was tested using a Cary Varian 6000i UV–vis spectrometer. Sheet 
resistance measurements were carried out using the four terminal method. The samples were cut into strips 
of length ~5 cm and with ~0.5 cm. Contacts were placed onto the films by delicately painting thin lines using 
quick drying silver paint and attaching thin silver wire to each. IV curves were obtained using a Keithley 2400 
source meter.  

3. RESULTS AND DISCUSSION 

3.1 Spray system 

Fig 1 A  shows the basic setup of the spray system which consists of an automated mechanical horizontal 
system and adjustable vertical position with a pneumatic arm that activates and engages the spray gun. The 
system (X–Y coordinates, speed of movement and arm activation) were all controlled using the 
programmable controller. The spray system such as the height of the spray gun above the substrate, nozzle 
aperture and air pressure were set up accordingly to optimally produce a uniform thin film over the sprayed 
area. The steady fine spray jet deposits the PEDOT:PSS solution onto the heated substrate whereupon the 
fine droplets spread and rapidly evaporate when in contact with the substrate. The most concentrated part of 
the spray cone is optimised to the spray pattern programmed into the system so that the trace pattern forms 
an even coat over the sprayed area. Diluting the stock PEDOT:PSS solution allows for an even coating to be 
built up over a number of passes on the spray area and also for a greater degree of control over the film 
thickness deposited as desired. The system can be used with a variety of substrates; in this work PET is 
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examined however polycarbonate (PC), glass and a stretchable polymer, 3M VHB tapeTM have been 
successfully tested. 

3.2 Characterisation of polymer films 

The sprayed films were cut into testing strips, treated and the transmission and sheet resistance obtained for 
each. Fig 2  shows a plot of %T versus sheet resistance (Rs) for films of varying thickness on PET treated 
with formic acid and methanol. The trend of the plot is consistent with other thin film electrodes. The dramatic 
and large improvement in conductivity of treated films in comparison to untreated films has been 
documented previously as outlined above [9, 15, 17–19], the authors are not going to go back over 
previously discussed margins as it is not merited in this work. The comparison of the effect of MeOH and FA 
treatment on the sheet resistance is clear, with FA treated films showing an average of 60 % improvement in 
sheet resistance. The FA treated films display sheet resistances as low as 35 Ω/□ while still maintaining 
nearly  
80 % transmittance at 550 nm. At the other end of the scale, transmittance values of 95–97 % at 550nm 
show sheet resistances of 130–160 Ω/□ respectively. These values are well within the range of performance 
to be relevant for certain industrial applications.  

Fig 3  shows an example of some typical transmission spectra of PEDOT:PSS films of carrying thickness. As 
is commonly observed for PEDOT films the transmission is at a maximum in the blue end of the spectrum 
and decreases when moving into the red. This is more dramatically observed for the thicker films where the 
blue PEDOT colour is quite visible and the transmission changes by ~20 % over the range of the visible 
spectrum (~85–65 %). However for thin films (with a %T value of ≥90 % at 550 nm) the change in 
transparency is much less affected over the range in the region of 5–10 %. The solvent dipping treatment of 
the films with FA and MeOH does not show a significant change to the transmission of the films. The 
reasoning behind this is the post solvent treatment removes the transparent polymer PSS stabiliser from the 
film, thus having a negligible effect on the film transparency. This finding is consistent with previous reports 
of effects on transparency with post treatment of films with solvents.  
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Fig  2 Plot of % transmission quoted at 550 nm versus sheet resistance for PEDOT:PSS films on PET treated 
with formic acid and methanol 

A figure of merit (FOM) of  describing the ratio of the bulk DC conductivity (σdc) and the optical conductivity  
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(σop) is commonly used to classify transparent conductors [18, 21]. This ratio is obtained by substituting the 
transmission (at 550 nm) and sheet resistance (Rs) into the following equation;  

           (1) 

where Z0 is the impedance of free space (377 Ω). A FOM value of 35 representing %T and Rs values of  
90 % and 100 Ω/□ respectively is considered to be the minimum standard for transparent conductors to be 
relevant for industrial applications. The FOM values obtained for the FA treated films in this work had an 
average value of 50 with a maximum recorded value of 79 for the highest transparency film and no film 
showing a FOM lower than 43.5. The difference in the highest value from the average would seem dramatic 
however at the higher end of the results small differences of 1–2 % in transparency for example results in 
large changes in the FOM.  
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Fig  3 Typical transmission spectra of PEDOT:PSS films of varying thickness 

3.3 Discussion of reasons for conductivity increase   

The exact theory behind the cause of the conductivity increase in treated PEDOT:PSS films is still the 
subject some debate however generally accepted is that the solvent treatment results in the removal of the 
stabilising PSS polymer which can act as an insulating barrier to conduction between the PEDOT thus 
reducing the interchain charge hopping barrier coupled with a conformational change of the PEDOT:PSS 
[22, 23] chains resulting in a higher degree of connectivity between the chains (as figuratively displayed in 
Fig 4 ). Polar high dielectric constant solvents which are weakly protic causes the removal of the negatively 
charged PSS chains by effectively screening them from the positively charged hydrophobic PEDOT chains. 
This causes a phase separation between the chains and removal of PSS from the film [16, 19]. Also 
postulated additionally for an acidic post treatment is the replacement of the negatively charged PSS– with 
the acids conjugate base as the counter ion to the PEDOT chains and forming the neutral PSSH which is 
phase separated from the PEDOT chains and removed into solution. This removal of the PSS also causes a 
conformational change in the PEDOT which are curled up in a coil structure in the pure PEDOT:PSS film 
[18]. The higher dielectric constant of FA coupled with the added effect of its greater acidity than MeOH is 
believed to be the reason for the improved conductive properties of the PEDOT:PSS films treated with FA 
compared to the pure and MeOH treated films.  
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Fig  4 Left; atomic structure of PEDOT:PSS Right; sketch illustrating the change in PEDOT:PSS film after 
solvent treatment 

CONCLUSIONS 

We have presented in this work a fast and efficient method for producing high quality and relatively large 
area PEDOT:PSS films on various substrates. We have also demonstrated that a formic acid treatment 
method for the PEDOT:PSS films results in a vast improvement in the conductive properties of PEDOT:PSS 
films and a significant improvement when compared to a methanol treatment performed on the films. The 
figure of merit results achieved for the films is one of the best reported for flexible and transparent 
PEDOT:PSS films. This increase in conductive properties of the films is attributed to the removal of the PSS 
chains and a conformational change in the PEDOT chains brought about through a Coulombic screening 
effect of the formic acid upon treatment due to its acidity and high dielectric constant. The combined readily 
scalable process employed in producing the films and improvement in film properties opens up a range of 
potential applications varying from flexible display devices to photovoltaic cell technologies.  
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Abstract 

Long–term stable self–cleaning system for textile fabrics was developed and tested. The system consists of 
photoactive TiO2 nanoparticles and a carrier polymeric system, which is resistant against activity of free 
radicals coming from interactions of TiO2 nanoparticles and UV radiation. This newly developed system was 
tested separately or in combination with formulations determined for multifunctional effects (hydrophobic, 
self–cleaning, non–flammable). The system has a high self–cleaning efficiency under sun as well as artificial 
light. 

Keywords: nanoparticles, titanium dioxide, self–cleaning fabrics, photo–stable, multifunctional effects 

1. INTRODUCTION  

Application of TiO2 in form of nanoparticles or by sol–gel method for photoactive layers with self–cleaning 
properties is well known. TiO2 is one of the most known photosensitisers, which react with the UVA radiation. 
Efficiency of it is very high, TiO2 is able to destroy nearly every organic material, which is in contact with it, 
but this activity brings also several drawbacks. Applications of TiO2 in common varnishes based on organic 
polymers or its simple applications on textile materials cannot be recommended to be used for long–term 
self–cleaning processes, because radicals coming from photosensitising processes are able to destroy the 
polymeric structure of these materials during relatively short time and the protecting film or textile materials 
will lose the mechanical stability.  

Self–cleaning system must show high stability in washing too. Standard application of self–cleaning TiO2 
nanoparticles resulted not only in losing of mechanical stability of textile fabrics, but also in nanoparticles 
washing of out of the system. Good stability against free radicals is observed at inorganic carrier systems, 
but they have not good film forming behaviour and self –cleaning film is mostly mechanically wiped away. 
Good perspective has been brought by hybrid polymeric system based on siloxanol and polyurethane 
formulations [1] followed by preparation of polymer silylate systems, where Si–O–Si bridges are prepared 
from appropriate aminosilanes [2–4]. But this system is not stable in water due to hydrolysis of alcoxy–
silanes groups. Similar system is used for synthesis of hybrid acrylic polymer with using of starting silylated 
monomers [5]. Combined polymeric composition of akrylurethane and siloxane system is described in US 
patent protecting carrier encapsulating system for ink–jet inks [6]. 

In this work a new approach brought to the solved topic is presented. Authors prepared a hybrid 
thermoreactive silicon–acryl–urethane polymeric dispersion, which is used as carrier system for 
nanodispersed particles of photoactive TiO2 (100–150 nm). This system was applied on textile fabrics and 
after thermofixation resulted in a highly stable self–cleaning system. This result is protected by Czech patent 
applications [7, 8]. 
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2. EXPERIMENTAL  

2.1 Materials 

2.1.1 Photoactive TiO 2 

Nanodispersion of photoactive TiO2 was prepared from commercially available product Pretiox PK20 from 
Precheza a.s. It is a powder product containing agglomerate of TiO2 with primary diameter 20 nm. This 
powder was dispersed by pearl milling in water using commercially available dispersant Dynamom SX14. 
Resulting dispersion has 35 % of total solids with particle diameter 100–120 nm (measured by laser 
scattering particle size distribution analyzer). Dispersion is stable for several years. 

2.1.2 Hybrid silicon–acryl–urethane polymeric dispe rsion 

Hybrid polymeric system was prepared by four–steps polymerisation procedure:  

• Synthesis of linear polysiliconurethane (“SIPUR”) pre–polymer  

• First silicon–polyurethane pre–polymer was synthesized by polyaddition reaction of linear aliphatic 
polyols (polyesterdiols, polyetherdiols), polydimethylsiloxanediols and aliphatic or cycloaliphatic 
diisocyanates (hexamethylene diisocyanate, isophorone diisocyanate or 
dicyclohexylmethanediisocyanate) and dimethylolpropionic acid. Methacrylate monomers (ethyl, butyl, 
isooctyl) as a solvent were used. 

• Termination of PUR 

• Part of SIPUR prepared was terminated using hydroxyfunctional methacrylate monomer 
(hydroxyethylmethacrylate, hydroxypropylmethacrylate). 

• Chain extension and dispersion 

• Molecular weight of SIPUR was set up by addition reaction of ethylenediamine. Fundamental polymer 
was then neutralized by N,N–dimethylethanolamine and dispersed into the distilled water. 

• Cross–linking process 

• At the end of dispersion process the SIPUR was cross–linked by red/ox system consists from 
ammonium predisulphate and sodium disulphite. 

2.2 Application of self–cleaning system on textile fabrics 

Hybrid silicon–acryl–urethane polymeric dispersion together with photoactive dispersion of TiO2 was diluted 
by water to obtain a mixture containing 0,2 % of TiO2 and 0,7 % of hybrid polymer. This mixture was applied 
by impregnation procedure on textile fabric, which was then dried at 120 °C for 20 minutes. Stable self–
cleaning modification of these procedures was obtained by this way. 

2.3 Measuring of self–cleaning effect 

Photoactive efficiency of modified fabrics was measured in model systems, which was used for 
demonstration of ability of decomposition of organic materials and model dirty on textile fabrics. 

Decomposition of organic materials was demonstrated on organic dye C.I. Acid Orange I. Modified fabric 
was put into water solution containing 15 mg.l–1 of this dye. Solution was put into closed vessel mixed by 
magnetic stirrer and this vessel was irradiated by defined source of light, which simulated sun radiation 
(Osram Vitalux Ultra 300 W). Effective UVA radiation was 65 W.m–2. The concentration of the dye was 
measured in defined intervals by UV/VIS spectrometry. Course of decomposition was compared with non–
modified fabric and with modified fabric without irradiation. Typical course of decomposition is demonstrated 
in Fig. 1 .  
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Fig. 1 Course of C.I. Acid Orange I decomposition by photoactive effect of modified textile fabric  

a) dye without fabric; b) non modified fabric; c) modified fabric; d) TiO2 alone 

Self–cleaning efficiency was measured by photo–degradation efficiency against paraffin, which is used as 
“artificial dirty”. Mixture for impregnation of textile fabric was enriched by paraffin emulsion (Hydrophobol 
APK) in amount 100 g.l–1. This mixture was applied on textile fabric by standard way. This fabric was 
irradiated by daylight and simultaneously by artificial light simulated sun radiation. The course of degradation 
of paraffin was measured by IR spectrometry. Typical course of decomposition is demonstrated in Fig. 2 . 
There is possible to see noticeable difference between the ways of irradiation, more quick decomposition is 
caused by artificial source of irradiation due its higher energy. 
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Fig. 2  Course of paraffin decomposition by photoactive effect of modified textile fabric  

a) daylight radiation; b) artificial radiation 
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2.4 Measuring of self–cleaning effect stability 

Stability of self–cleaning modification of studied textile fabrics was measured by several methods, which was 
used for determination of stability of photoacitivity, amount of Ti on the textile structure and mainly 
mechanical stability of textile fabrics. All stabilities were determined after repeated fabrics washing at 40 °C 
and after UV irradiation by daily light source as well as artificial source.  

The highly important application parameter is stability of the applied dispersion. This parameter was 
measured as a level of applied dispersion homogeneity. The concentration of Ti was determined in a defined 
depth under the dispersion surface after 2 hours standing. Technical application requirement is min 85 % of 
Ti compared with the initial state. This requirement was achieved at final dispersion formulation; it means 
that the prepared nanodispersion are sufficiently stable 

3. RESULTS AND DISCUSSION 

Research activities was targeted on optimisation of relation between starting monomers in the composition of 
silicon–acryl–urethane polymeric dispersion and next their subsequent influence on photoactivity and long 
term stability after application together with photoactive TiO2 nanodispersion on textile fabrics. Studies were 
done using two types of fabrics, which are widely used, cotton and polyester (PES).  

Photoactivity demonstrated by Fig. 1 and 2 is long term stable at both type of fabrics and this activity is the 
same after washing as well as after UV irradiation. 

A more important factor is stability of mechanical properties of studied fabrics, because common system 
using photoactive TiO2 has usually a highly negative influence on these parameters. Fig. 3  demonstrates 
results of this mixture influence on tensile strength of fabrics. There is possible to see, that TiO2 alone has 
negative influence on mechanical properties, but the composition with silicon–acryl–urethane polymeric 
dispersion has neutral influence for PES fabric and positive influence on cotton fabric parameters. These 
results show that silicon–acryl–urethane polymeric dispersion has protective influence for fabrics against 
photoactivity of TiO2 and it could be an effective UV absorber in the case of the cotton because the stability 
in this case is higher. 
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Fig. 3 Fastness stability of textile fabrics after 4 months on daily light during summer days  

a) fabric without modification; b) fabric modified by TiO2 alone; c) fabric modified by mixture of TiO2 and 
silicon–acryl–urethane polymeric dispersion; d) fabric modified by silicon–acryl–urethane polymeric 

dispersion 
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Resistance of TiO2 in the composition against washing is demonstrated on Fig. 4 . Fabrics were washed five 
times at 40 °C and the concentration of Ti was measured before and after the test. Results show a significant 
increase of resistance of TiO2 against the leak out from the composition in the case of presence of silicon–
acryl–urethane polymeric dispersion. The stability of TiO2 in this composition is sufficient from the point of 
view of photoactivity and self–cleaning efficiency of modified materials. 
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Fig. 4 Stability of TiO2 amount on textile fabrics after washing at 40 °C  

a) fabric modified by TiO2 alone; b) fabric modified by mixture of TiO2 and silicon–acryl–urethane polymeric 
dispersion 

Self–cleaning efficiency was measured together with multifunctional fabric treatment. PES fabrics were 
treated by combined modification – self–cleaning/hydrophobic, self–cleaning/non–flammable, self–
cleaning/hydrophobic/non–flammable. Results are demonstrated in Table 1 .  

Table 1  Parameters of multifunctional fabric – 100 % polyester, twill 2/1, 100 g/m2 

 
Self–cleaning 
/Hydrophobic 

Self–cleaning 
/Non–flammable 

Self–cleaning 
/Hydrophobic 

/Non–flammable 

Square weight /g/m2/  
EN 12127 

118,99 123,67 134,78 

Tensile strength /N/  
EN 12127 (STRIP) 

644/1096 679/1113 681/1183 

Elongation /%/  
EN 12127 (STRIP) 

39,6/23,9 47,8/22,6 47,9/25,5 

Water–tightness (hydrostatic 
head) /cm/ EN 20811  

29,9 – 22,6 

Flammability DIN 4102 B2 
(building materials)  /s/ 

– 0 s 0 s 

4.  CONCLUSION 

Suggested silicon–acryl–urethane polymeric dispersion is an effective carrier system for surface fabrics 
modified by photoactive TiO2. This system has a high capability for design of self–cleaning textile fabrics 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

356 

prepared from synthetic (PES) as well as nature materials (cotton). System has a high self–cleaning 
efficiency and long–term stability in dependence on irradiation as well as high stability in washing. What 
more, it has no negative influence on the mechanical stability of the modified fabrics. System is possible to 
be used as a part of multifunctional fabric modifications: self–cleaning/hydrophobic, self–cleaning/non–
flammable and self–cleaning/hydrophobic/non–flammable. 

Results of collaborative R&D have a big commercial potential and some industrial realisation during next 
months will be prepared. 
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Abstract   

Nanoparticles, nanomaterials, nanotechnologies – terms causing a stir in the world. Today, 
nanotechnologies, invisible with naked eye, are able to change structure, surface and properties of materials, 
determine the direction and create a basis of research not only in the field of micro–electronics, opto–
electronics, healthcare and medicine but they have a significant position also in the field of textile materials 
and textile chemistry. The Research Institute for Textile Chemistry (VÚTCH) – CHEMITEX, spol. s r.o., Žilina 
has experience in nanotechnologies as well. The institute focuses, among others, on research and 
development of progressive types of nanofinishes for nanostructural modification of textile materials. Results 
of laboratory research focusing on preparation of hydrophobic and antimicrobial nanosols using sol–gel 
method, belonging among highly sophisticated methods for preparation of advanced inorganic materials, will 
be presented in the paper. Efficiency of the developed nanosols was evaluated on textile substrates made 
from 100 % cotton, 100 % polyester, cotton/polyester blend as well as on our multifunctional fabric with 
reduced flammability, printed with camouflage pattern, which is specific one regarding its material 
composition based on a blend of four different fibrous materials. Goal of the research was improvement of 
functional properties of the standard fabrics and achievement of maximum synergy of properties and 
parameters of the multifunctional fabric. 

Keywords: nanotechnologies, hydrophobic finish, self–cleaning effect, antimicrobial nanofinish,  
                       multifunctional fabrics 

1. INTRODUCTION  

Objective of our research in the field of multifunctional textiles was to match construction of a woven fabric 
incorporating special blended yarns with reduced flammability with application of hydrophobic finish based 
on nanosols prepared using sol–gel technology. Besides, it was necessary to preserve the original standard 
performance characteristics and functional properties of the fabric, high strength and specific colouristic 
properties required from a viewpoint of printing digitalized camouflage pattern. The research works focused 
on development of a multifunctional textile material designed for a new field uniform for military purposes. 

2. EXPERIMENTAL 

The research focuses on two fields: 

1.field: Preparation of multifunctional textile materials designed for field uniforms. 
2.field: Research and application of nanotechnologies for the developed assortment of multifunctional textile 
materials. 

2.1  Preparation of multifunctional textile materia ls designed for field uniforms 

Preparation of a new construction of the future multifunctional fabric was based on selection of suitable 
special fibre types and/or blended yarns. We have decided on the base of performed laboratory tests to use 
blended yarn containing aramid and viscose fibre with reduced flammability (FR) in 50:50 ratio (hereinafter 
referred to as “yarn with reduced flammability”).  
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We have applied also antoher blended yarn composed of polyester/cotton (50:50) (hereinafter referred to as 
„standard yarn“) in order to ensure wearing comfort and performance characteristics of the fabric and create 
favourable conditions for printing and stability of the camouflage pattern. Selected variants of the woven 
fabrics with different constructions are given in Table 1 . 

Table 1  Basic physico–mechanical parameters of laboratory samples of the multifunctional woven fabrics 

Parameter  Unit  
Multifunc tional fabrics  

24/MULTI/2011 25/MULTI/2011 27/MULTI/2011 

Material composition [%] 
100 % yarn with           

reduced 
flammability 

70 % yarn with 
reduced 

flammability / 
30 % standard 

yarn 

50 % yarn with 
reduced 

flammability / 
50 % standard yarn 

Weight per unit area [g⋅m–2] 229 223 231 
Permeability to air [mm⋅s–1] 195,72 125,46 100,50 
Strength     – warp–wise 

             – weft–wise 
[N] 
[N] 

914 
1 015 

1 012 
1 075 

1 199 
1 030 

Elongation  – warp–wise 
                  – weft–wise 

[%] 
[%] 

24,43 
18,15 

26,36 
17,27 

29,99 
16,16 

Ignitability  – warp–wise 
                 – weft–wise 

[s] 
[s] 

>20 
>20 

>20 
>20 

5 
5 

Limited flame propagation 
(warp / weft): 

 burning  
 burning time  
 glowing time  
 dropping fragments  
 ignited filtration paper  

 
 

[yes/no] 
[s] 
[s] 

[yes/no] 
[yes/no] 

 
 

no / no 
– / – 
– / – 

no / no 
no / no 

 
 

no / no 
– / – 
– / – 

no / no 
no / no 

 
 

yes / yes 
98,4 / 108,1 

0 / 0 
no / no 
no / no 

Woven fabric designated 25/MULTI/2011 was selected as the most suitable one from a viewpoint of optimum 
construction and flammability on the base of results of the laboratory tests. 

2.2  Research and application of nanotechnologies f or the developed assortment of multifunctional 
textile materials 

2.2.1 Preparation of nanosol–based hydrophobic fini sh 

An important part of the research was optimization of the hydrophobic finish based on nanosol prepared 
using sol–gel method from a mixture of organosilanes. Hybrids prepared on the basis of sol–gel technology 
are increasingly used in various fields of material research as well as in industrial applications.  

A progressive approach to preparation of various organic–inorganic structures is a method based on sol–gel 
processes of alkyloxides and selected transition metals. These processes enable to prepare substantially 
unlimited number of various hybrid structures even at laboratory temperature using environmentally friendly 
solvents such as water and/or low–molecular alcohols [1].  

Chemistry of sol–gel processes (Fig 1 ) in based on hydrolysis and polycondensation of molecular precursors 
e.g. various alkyloxides (silanes, zirconates etc.)  [2]. These reactions lead up to formation of inorganic 
and/or inorganic/organic three–dimensional networks which can be applied in a form of compact blocks, 
paints and thin films. Application of non–corrosive solvents and low temperatures allows also introduction of 
organic molecules. Various inorganic and organic components can be combined and structured in 
nanoscale. The formed organic–inorganic hybrides show a wide variety of different physical properties and 
performance characteristics [3–10].  
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Research part of our work focused 
mainly on achievement of controlled 
synthesis of organofunctional sols 
aimed at formation of structures 
showing, after controlled application, 
high surface hydrophobicity of 
textiles made from 100 % PES, 100 
% cotton and cotton/PES blends. 
The objective of our research works 
was preparation of nanosols based 
on organosilane precursors and 
evaluation of conditions of their 
application aimed at achievement of 
a level of hydrophobic or even 
superhydrophobic finish with self–
cleaning effect on the surface of 
selected types of textile materials. 
Optimum portion of 
tetraethoxysilanes (TEOS) versus precursors with one non–hydrolyzable group was investigated on mixing 
organosilanes as well as their influence on change of hydrophobicity of the textiles, studied by means of 
rolling angle (RA) of water drop on the textile surface and static contact angle (SCA).   

At the same time it is necessary to call attention also to environmental benefit of application of nanosols 
based on organosilanes. 

Hydrophobic up to superhydrophobic finishes of textile surfaces use commonly fluorocarbon compounds 
(e.g. so–called teflon finish based on PTFE). Due to legislative pressure oriented to prohibition of usage of 
halogen compounds for contact with human skin it is environmentally more suitable to use inorganic basis of 
the compounds,  e.g. inorganic/organic siliceous composites which are more acceptable also for the textile 
materials from the environmental viewpoint. 

We have prepared succesively 11 formulations of nanosol mixtures (using organosilanes) in the frame of our 
experimental works. The formulations were evaluated and optimized in laboratory conditions and 4 the most 
suitable ones were selected from them for further experimental works. The selected formulations are shown 
in Table 2 . 

Table 2  Basic composition of selected nanosol types for hydrophobic finish of the textile materials 

Nanosol type  Material composition  Solvent  Catalyst  
K 13 TEOS + MTMS + VTES + OCTEO Isopropanol 0,01N HCL 
K 15 TEOS + MTMS + GLYEO + OCTEO Isopropanol 0,01N HCL 
K 16 TEOS + MTMS + GLYEO + HDTMS Isopropanol 0,01N HCL 
K 17 TEOS + MTMS + GLYEO + HDTMS Isopropanol 0,01N HCL 

Key:  
TEOS – tetraethoxysilane OCTEO – octyltriethoxysilane  
MTMS – methyltrimethoxysilane GLYEO –  glycyltriethoxysilane 
VTES – vinyltriethoxysilane  HDTMS – hexadecyltrimethoxysilane 

Notice:  
Qualitative difference between nanosol type K 16 and K 17 consits in different ratio of individual components.  

Nanosol type K13 was selected for application on the textiles on the base of a set of laboratory tests and 
evaluation of quality of the nanosols.  

Fig.1  Scheme for sol–gel technology 
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Assumptions concerning generation of more efficient active centres on application of the hydrophobic finish 
were confirmed on textile materials with minimum 50 wt. % content of cotton fibres (Figs. 2, 3 ) and/or on 
100 % cotton. Nanosol type K 13 with TEOS + MTMS precursor, vinyltriethoxysilane (VTES) and 
octyltriethoxysilane (OCTEO) exhibited better formation of polysiloxane structure on natural fibres with its 
permanent efficiency than on 100 % synthetic fibres. The fact confirms also achieved level of SCA = (140–
145)º in comparison with SCA = (120–125)º on  textile materials made from 100 % PES.  

 

 

 

 

 
Fig.  2 Static contact angle (SCA) – fabric made 
of 100 % PES, finished with nanosol type K 13 – 

measured value SCA = 130,3° 

Fig. 3  Static contact angle (SCA) – fabric made 
of 100 % cotton, finished with nanosol type K 13 

– measured value SCA = 143,1° 

The evaluated sol–gel processes with application of precursors based on organosilanes confirmed 
presumptions of formation nanosols with hydrophobic effects. On the base of laboratory experiments we 
managed to optimize mixture of silanes in such ratios which under determined conditions (temperature, time 
etc.) form polysiloxane structure enhancing hydrophobic character of the textile materials made from blends 
of cotton and synthetic fibres and/or from 100 % cotton fibres. 

Although permanent superhydrophobic finish with self–cleaning effect has not been achieved yet, nanosols 
prepared on the base of organosilanes are from economic viewpoint a more acceptable alternative than 
silicone emulsions which increase disproportionately price of final treatment of textile products.   

Result of laboratory tests carried out in the frame of optimization of quality of the new nanosol, to be applied 
on a selected multifunctional textile material, was K13 product whose efficiency was evaluated also by a 
simple spray test. 

Efficiency of the hydrophobic finish nanosol K 13 on a newly constructed multifunctional textile material 
made from a blend aramid/VS FR/PES/cotton (70/30 – 1st yarn/2nd yarn) was documented also by images 
taken using a scanning electron microscope (Figs. 4, 5, 6 ) and besides quality of the hydrophobic finish at 
nanoscale level was confirmed.  

Fig. 4  SEM Image Analysis of 
a non–finished multifunctional 
textile material 25/MULTI/2011 

 Fig. 5  SEM Image Analysis of 
multifunctional textile material 

25/MULTI/2011 with hydrophobic 
finish 

 Fig. 6  SEM Image Analysis of 
a detail of a crystal on the fibre 

surface with determined 
nanodimensions 
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2.2.2 Preparation of nanosol–based antimicrobial fi nish 

Antimicrobial nanosols are prepared on the basis of precursors, organosilanes using active substances e.g. 
citrate, Ag, and/or Cu using suitable catalysts. Antimicrobial nanosols are designed for application on 
multifunctional textiles. Antimicrobial activity evaluation according to the standard AATCC 100–2004 on 
a fabric finished with the antimicrobial nanosol (Figs. 7, 8 ).  

 

 

 

 

 

Fig. 7  Unfinished fabric 24 hour after inoculation 
with bacteria Staphilococcus aureus 

Fig. 8  Finished fabric 24 hour after inoculation with 
bacteria Staphilococcus aureus 

In Fig. 8  it can be seen significant antibacterial effect of the applied antimicrobial nanosol causing reduction 
of bacterial number on the antimicrobially finished multifunctional fabric after 24 hour from inoculation of the 
bacteria Staphylococcus aureus. 

3. CONCLUSION 

Investigation of suitable material composition, research evaluation of appropriate types of nanosols based on 
organosilanes with respect to printing camouflage patters enabled to develop construction of a new 
multifunctional textile material and 
a) To achieve synergic effect  of significant reduction of flammability of the textile material, partial 

reduction of weight per unit area, considerable improvement of strength of the textile material, 
improvement of its permeability to air as well as to water vapour, 

b) To prepare and apply environmentally friendly hydrophobic finish using a mixture of organosilanes on 
the blended multifunctional textile material,  

c) To preserve high resistance to surface wetting and colour fastness of the textile material on a standard 
level. 

Table 3  Comparison of achieved qualitative and functional parameters of the printed multifuctional textile 
material 25/MULTI/2011 with hydrophobic finish and a standard printed textile material with 
hydrophobic finish 

Parameters: Standard fabric for field uniform is 
characterized by: 

Multifunctional fabric is 
characterized by: 

Strength : 600–1000 [N] 970–1220 [N]  

Permeability to air: 130 [mm·s–1] 185 [mm·s–1] 

Hydrophobicity: 5 [wetting rate] 

without self–cleaning effect 

5 [wetting rate]  

with self–cleaning effect  Flammability – ignitability: 4 [rating] 6 [rating] 

Digital print: pattern wood, desert pattern wood, desert 

Colour fastness: 2–3 or 4 [rating] 4–3 or 3 [rating] 

Antimicrobial finish without antimicrobial finish with antimicrobial finish 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

362 

After confirmation of all above–mentioned parameters of the multifunctional textile material on the required 
level also from a viewpoint of their permanency on care (at least 5 washing cycles) an advanced 
multifuctional textile material on a top technical level for field uniforms will be available. 
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Abstract   

Filtration materials are included in recent technologies for water treatment. Huge variety of filters is recently 
produced. However, a significant technical improvement was achieved in electrospinning of polymeric 
nanofibers and methods of their parameters definition in the last decade. According to many previous studies 
and publications, the nanofibrous structures show almost three–times smaller pressure losses than current 
filtration materials together with excellent filtration. Results of both experimental and pilot–scale application 
of nanofibrous filtration materials for microfiltration of artificially polluted water are presented and discussed. 
Nanofibrous filtration materials made of polyurethane (PU) with average diameter of pore size 0.25 µm was 
used. Filtration efficiency of microbiological pollution removal for both model and real wastewater was 
evaluated. Our results were compared to values of commonly used filtration material Pragopor 6 in obtained 
under the same conditions.  

Keywords: electrospun nanofibers, wastewater, filtration, bacteria   

1. INTRODUCTION  

Microfiltration technologies are an important separation process in a growing interest in the recycling of 
municipal wastewater using membrane processes for water treatment [1]. Different materials with pore sizes 
usually in the range 0.1–1 mm are used to separate particles in the range 0.02–10 mm. High permeability, 
filtration efficiency and price of materials are key factors for the full–scaleapplication. Design of new 
improved materials is still being processed and developed. The polymeric nanofiber structures produced by 
electrospinning method have good opportunity for design of improved types of microfiltration materials [2, 3].  

Electrospinning technology enables to produce polymer fibres in a range of 50 to 500 nm [4]. Fibres are 
randomly placed on support material to form a filter layer. This structure has high porosity and small pore 
size – based prepositions for good filtration media. However, it is not simple to control the electrospinning 
process since over 20 variables (e.g. electric voltage, temperature, humidity, pressure, speed application 
and others) should be monitored to obtain optimal and homogenous structure of the filtration layer. All of 
those variables influence the nanofibre diameter, structure and porosity of the filtration layer, thus affect the 
filtration parameters of prepared nanofibres. Another of the material advantages is that many additives can 
be used for filter functionalization [5,6]. Functionalized materials showed two–time higher bacteria removal 
with functionalized membranes than with the non–functionalized.  

In this study we focused our effort on research of a nanofibrous material for bacteria removal from 
wastewater. Our hypothesis presumes similar or higher filtration efficiency of nanofibrous material than 
commercial Pragopor 6 filter that is commonly used for sterilization of fluids in the laboratory. The results 
from laboratory scale and semi–pilot scale experiments are presented and potential of innovation 
microfiltration material with nanofibers has been validated. 
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2. EXPERIMENTAL 

2.1  Materials 

A modified polyurethane solution in dimethylformamide (DMFA) for electrostatic spinning was prepared from 
diisocyanate, polyesterdiol, 1,4–butanediol and phthalocyanine containing amino or hydroxyl group at the 
temperature of 90 °C for a time period of 6 hours. Per partes method of synthesis was used. The solution 
was diluted with DMFA to a viscosity of 1.3 Pa.s and conductivity was increased to 150 µS/cm. 

2.2  Filter sample preparation and characterization  

Nanofiber layers were prepared from the polymeric solutions via commercially available SpinLine 120 
equipment (SPUR a.s., Zlín, Czech Republic) using nanofibres forming jets. The experimental conditions 
were as follows: 28 % relative humidity, 23 °C temperature, 75 kV voltage applied to the PU solution, 210 
mm distance between electrodes and speed of supporting textile collecting nanofibres 0.3 m/min. The 
nanofibers were collected on surface treated polyester fabric with weight 50 g/m2.   

Nanofibre–based filter prepared by the electrospinning process was characterized by a scanning electron 
microscope (SEM, Vega 3, Tescan, Czech Republic). Pore size distribution, average pore size value and 
maximum pore size measurements were analysed in accordance with ASTM F316 – 03 [7]. Parameters of 
used electrospun material (markings SPURTEX M247) and commercial material Pragopor 6 are summarized 
in Table 1 .  

Table 1  Parameters of used material 

Name of material SPURTEX M247 (nanofibrous) Pragopo r 6 

Membrane material PU1) Nitrocellulose 

Support material PET1) – 

Nominal pore size [μm] 0.25 ± 0.10 0.4 ± 0.06 

Water flux [L/(m²h)] > 500 2) – 

Thickness [μm] 250 – 300 – 

Area weight of nanofibers layer [g/m2] 2.82 – 

1) PU – polyurethane, PET – Polyethylene terephthalate 
2) Test conditions: after 1 hour of distilled water filtration at 7.5 kPa, 23 °C 

A circular filter with a diameter of 48 mm (functional diameter 38 mm) 
was cut from both materials for short term laboratory scale 
experiments. Flat–sheet two–sided membrane of size 100x200 mm 
was prepared from nanofibrous material M247 for semi–pilot 
experiments. The filters were sterilized for 4 hours by UV radiation prior 
to the experiment. 

2.3  Laboratory tests with artificial wastewater 

A sterile bouillon was inoculated with E. coli CCM 7929. After 24 hours 
of cultivation at 37 °C, 100 mL of culture was inoculated into 900 mL of 
sterile physiological saline to obtain synthetic wastewater containing 
around 5×106 cells per mL. Sample was then poured into the sterilized 
filtration device. A nanofiber filter with support media was fixed into the 
device holder and air pressure was set to 100 kPa. The physiological 
sample with bacteria (100 mL) was then transferred to the filter via a 

Fig. 1  Structure of nanofibrous 
material (magnification: 20 000 

times) 
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drain valve. Filtered samples were collected and diluted as needed for further analyses.  

Samples of filtered and non–filtered medium were analyzed through standard methodology (EN ISO 
6222:1999 and EN ISO 9308–1:2000) [8] using inoculation E. coli. Decimal dilutions of model wastewater 
(non–filtered as control; plus samples filtered through each type of filter) were prepared. Volume of 1 mL for 
each dilution was inoculated onto a sterile Petri dish filled with VRBL Agar (Biokar Diagnostics, France) 
nutrient medium. The samples were incubated for 24 h at 37 °C. E. coli colonies were counted and number 
of bacteria was calculated and expressed as colony–forming units per mL (CFU/mL). All measurements were 
performed with 3 replications. 

2.4  Semi–pilot tests with active sludge from WWTP  

120 L of wastewater with active 
sludge was stored in a tank with 
nanofibrous flat–sheet membrane. 
Semi–pilot test device was created 
from storage tank, suction tube, 
barometer, peristaltic pump and 
delivery tube. Semi–pilot test 
device is depicted at Fig. 2 .  

The apparatus was sterilized by 
NaClO solution before the 
experiment. Potable water flush 
was used for detection of pipeline 
sterility. Wastewater was filtrated 
by peristaltic pump through 
a membrane by constant flow 
9 L/h.  Pressure change on the 
suction pipe was monitored. Samples of 50 mL filtrate after 6, 25, 35, 50, 70 and 90 min were taken and 
analyzed. A similar procedure was used for wastewater sampling. 

The culturable microorganisms at 22 ˚C and 36 ˚C were enumerated by inoculation in a PCA (Biokar 
diagnostics, France) for 48 and 72 hours (EN ISO 6222:1999). Escherichia coli were detected and 
enumerated in a VRBL Agar (Biokar Diagnostics, France) at 37 °C for 24 hours. Every sample was 
triplicated. The culturable microorganisms were enumerated by inoculation in nutrient agar culture medium.  

3.  RESULTS AND DISCUSSION 

Development of new filtration material needs many tests and experiments. We focused on the right 
technique of manufacture and optimal compositions of the filter. Those materials were tested under different 
conditions in our previous studies [9, 10, 11]. Results from our further research with improved nanofibrous 
filter are presented in this study. 

3.1  Laboratory scale tests with artificial wastewa ter 

The results of E. coli are represented at Fig. 3 , where enumeration values are represented as log10 values. 
Analyses indicated similar microbial contamination in samples after filtration by nanofibrous material (0.78 
log10 CFU/mL) in comparison with commercial microfiltration material Pragopor 6 (1.08 log10 CFU/mL). This 
result confirms our expectations that we are able to produce nanofiber material with similar or better filtration 
properties than recently commercially available materials. 

Fig. 2 Semi–pilot test apparatus 
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Fig. 3  Enumeration of bacteria in samples with artificial wastewater 

Removal efficiency shows higher values than similar studies with non–functionalised nanofibrous 
membranes. Daels et al. (2011) removed by non–functionalized nanofibrous membrane of pore size 0.4 μm 
2.20 log10 reductions and observed 5.60 log10 reductions in nanofibers functionalized by 5 omf % commercial 
biocides WSCP. Decostere et al. (2009) used nanofiber membrane functionalized by silver particles (pore 
size 0.4 μm) and achieved log10 reduction of bacteria in range 3.90 – 4.01. 

Our nanofibrous material showed better removal efficiency without functionalization than above cited studies. 
We presume our production technology could fabricate materials with smaller pores simultaneously, with 
high homogeneity of structure (multi–nozzle technology). We expect that once our filtration material is 
functionalized, bacteria removal efficiency could be higher. This hypothesis will be validated in further work. 
Short–term laboratory test showed satisfactorily removal efficiency thus we scaled up to semi–pilot scale with 
nanofibrous material M247 and real wastewater. 

3.2  Semi–pilot tests with active sludge from WWTP  

 

Fig. 4  Enumeration of bacteria in samples from semi–pilot test 
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We analyzed referential value of microbial contamination of our measuring apparatus by microbiological 
tests after drinking water flush as can be seen at Fig. 4 . Filtrate contamination from flat–sheet nanofibrous 
membrane was slightly higher than contamination of apparatus. The comparison between filtrate and non–
filtered wastewater shows removal value 3.33 log10 CFU/mL for E. coli, 3.74 log10 CFU/mL for culturable 
microorganisms at 22 ˚C and 3.26 log10 CFU/mL for culturable microorganisms at 36 ˚C, respectively.  

Pilot–plant bacteria log10 removal values are significantly lower than those during laboratory tests. Low 
contamination of filtrate responds to study Sadr Ghayeni [12]. Sadr Ghayeni states that bacteria could 
passage through microfiltration membranes because larger pores in membranes could be found and the 
presence of ultramicrobacteria in the water and the deformability of some bacteria are suggested to be 
possible mechanisms of bacterial passage through microfiltration material. 

Decostere et al. [6] filtered collected rain water by nanofibrous material silver (initial value contamination 
5.48–6.98 log10 CFU/mL) and achieved removal value 3.16 log10  CFU/mL E.coli, 2.16 log10  CFU/ml 
culturable microorganisms at 22 ˚C and 2.23 log10  CFU/mL culturable microorganisms at 36 ˚C. This is 
similar to our results although our initial value was lower. Decostere et al. [6] do not specify whether sterility 
of environment filter apparatus before the experiment was observed. We expect that the pilot tests should be 
verified on the background contamination of the test apparatus, since scale up to the pilot plant can not 
completely guarantee the sterility of the apparatus. 

Our laboratory results confirm excellent removal efficiency by non–functionalized nanofibrous material. The 
development of nanofibrous based material is expected thanks to progress in electrospinning technology 
process. There is application potential of membranes for pretreatment of wastewater or separation 
technology in food or pharmaceutical industry [14]. The use of nanofibre structures with a high–flow capacity 
either for treatment or pre–treatment of water can bring considerable energy savings. Our further research 
will be focused towards long–term tests in real conditions and improvement of antibiofouling of nanofibres. 

4.  CONCLUSIONS 

The electrospun nanofibrous material M247 can be used as antimicrobial filter. Laboratory tests show high 
removal value (up to 6 log10 CFU/mL) and similar filtration efficiency compared filter Pragopor 6, presently 
used for sterilization of liquids in laboratories. Semi–pilot test confirmed good mechanical endurance and 
high removal efficiency. Our study showed high removal value with non–functionalized nanofibrous material 
despite of other cited studies. These results confirm our expectations, that nanofibrous material can replace 
the current filtration materials for laboratory use. Use of nanofibrous material in long term applications is 
possible. However, long–term tests are necessary.     
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Abstract 

Industrial production of polymeric nanofibers leads to new applications of well–known and broadly used 
polymeric materials. Added value is created by formation of these materials into fibrous nanostructures. 
Subsequent added value is achieved by functionalization. Generally, functionalization can be achieved by 
adding functional components into the spinning solution or by post–treatment of the spun nanofibrous 
material. Company Pardam primarily focusing on industrial nanofiber production has successfully tested 
processes of functionalization of its nanofibrous products. As an example of adding functional components 
into the spinning solution the incorporation of Ag nanoparticles with antibacterial effect into the polymeric 
nanofibrous membranes for water filtration is presented. Antibacterial effect was experimentally confirmed in 
cooperation with company NanoTrade that prepared suitable Ag nanoparticles solution. As an example of 
functionalization by post–treatment the increasing of nanofibrous membrane conductivity by impregnation 
with a conductive polymer (PEDOT:PSS) dispersion is presented. The electric resistance was decreased by 
at least three orders of magnitude to values of hundreds of Ω. There is a wide range of ways to functionalize 
nanofibrous materials and these examples are not meant to be an exhaustive list of successful modifications 
that Pardam can achieve. 

Keywords: nanofibers, nanoparticles, functionalization, antibacterial treatment, nanosilver, conductive  
                    treatment, PEDOT 

1. INTRODUCTION 

Production of nanofibers on industrial scale is a core business of Pardam, Ltd. The Forcespinning 
technology when fibers are created in a top–to–down way from a polymeric solution was adopted for 
economically feasible production. The production processes involving polymers and solvents with suitable 
physicochemical properties were developed and optimized. Because of practical reasons the main focus is 
on limited number of well known materials available on the market for reasonable price with properties 
suitable for fiber production. The product portfolio is somehow limited to those materials. The way to broaden 
such limited portfolio is a functionalization that is in general an introduction of functional chemical groups 
giving new properties to the material. Generally, functionalization can be achieved by adding functional 
components into the spinning solution or by post–treatment of the spun nanofibrous material. The examples 
of both approaches are presented and effects of functionalization are confirmed by measurements reported 
in this paper. 

2. FUNCTIONALIZATION OF SPINNING SOLUTION 

Addition of functional material into the spinning solution has certain limitations because the negative impact 
of a presence of the functional additive on spinning process must be avoided. There are some requirements 
on physicochemical properties and concentration of functional additives such as physical and chemical 
compatibility with solution components (miscibility, inertness), long–term stability and low impact on 
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polymeric solution rheological properties affecting the spinning process. From this point of view the solid 
nanoparticles of chemically stable materials are suitable candidates as functional additive of spinning 
solution. In case of Forcespinning technique involving thin nozzles the mandatory requirement is the 
relatively small size of such introduced solid particles in orders of tens of nanometers and their stability in 
terms of particle agglomeration. Functional components are distributed through whole volume of the fibers, 
but only those exposed on the surface could be active. It must be experimentally tested that there is 
sufficient amount of exposed particles on the surface to reach desired functional activity. 

Pardam, Ltd. produces nanofibrous membranes under the brand NnF MBRANE® of various polymeric 
materials (PA6 [1], PUR [2], etc.) using centrifugal spinning technology Forcespinning. These membranes 
are deposited onto the various substrate layers, e.g. nonwoven textile, woven mesh etc. Nanofibrous 
membranes consist of randomly oriented continuous nanofibers and certain small amount of defects like 
micro–droplets or thicker insufficiently drawn fibers. Such membranes have open porous structure and large 
free volume. These properties are advantageous for liquid or gas filtration applications. 

The dispersion of Ag nanoparticles nanosilver® is produced by NanoTrade, Ltd. with proved antibacterial 
activity. [3]. Antibacterial activity of Ag nanoparticles in polymer composites was also examined elsewhere, 
e.g. [4]. Nanofiber mesh with antibacterial activity was prepared by adding the nanosilver® dispersion into the 
polymeric solution for NnF MBRANE® production. 

2.1 Sample preparation and experimental methods 

Polymer solutions for production of the NnF MBRANE® – PA6 and NnF MBRANE® – PUR were prepared 
according standardized procedure. Dispersion of Ag nanoparticles nanosilver® supplied by manufacturer 
NanoTrade, Ltd. was used as is. Polymer solution and Ag dispersion were mixed in desired ratio and 
thoroughly homogenized. Nanofibrous polymeric membranes were manufactured according standardized 
procedures using Ag doped spinning solutions. 

Microscopic images of functionalized nanofibers with Ag nanoparticles were captured using scanning 
electron microscope. Due to low conductivity of uncoated polymeric fiber samples the low vacuum electron 
microscopy in water vapor and back–scattered electron detector were used. 

Membrane samples containing the 0.04 g and 0.03 g of Ag doped PA6 and PUR nanofibers respectively 
were submerged into nutrient solution with microorganisms of 103 CFU/ml and cultivated under physiological 
conditions together with control sample without nanofibers. Tests were conducted with two types of 
microorganisms: Staphylococcus aureus (CCM 4516) and Escherichia coli (CCM 3954). At moment of 
sample submersion and after 1, 7 and 24 hours the total viable count was assessed. Sample incubation was 
48 hours at 35 °C. All samples were doubled and results are reported as mean values. 

2.2 Results and discussion 

Polymer spinning solutions containing dispersed Ag nanoparticles were spun without any major 
complications comparing to spinning of standard solutions. Doped Ag nanoparticles colored white fiber layer 
into yellowish shade. There are visible Ag particle agglomerates protruding fiber surface on the SEM images 
at ~8000x magnification (Fig. 1A ). Elementary composition of such a agglomerate was assessed using EDS 
detector of electron microscope (Fig. 2 ). At sufficiently high magnification (~80000x) SEM images there are 
visible Ag nanoparticles with approximate size of 30 nm (Fig. 1B ). Particle distribution on the fiber surface 
appears random and uniform. 
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A)

   

B)

 

Fig. 1  SEM images of NnF MBRANE® – PUR + nanosilver® nanofibers at A) 7 575x magnification  
and B) 87 018x magnification 

  

Fig. 2  SEM image of NnF MBRANE® – PUR + nanosilver® nanofibers with marked spot of EDS analysis and 
result graph confirming a presence of Ag 

 
Fig. 3  Total viable counts through the time of exposition of bacteria to nanofibrous samples containing 

Ag nanoparticles 

Results of antibacterial activity tests are reported in Table 1 . There is a considerable antibacterial effect of 
the nanofibers containing Ag nanoparticles in comparison with control samples. Antibacterial activity is in 
case of both polymers similar, which corresponds with the same addition of nanosilver® dispersion into the 
spinning solution. It must be noted, that nutrient solution with bacteria was not mixed during exposition to 
nanofibrous samples, which could delay a contact of bacteria with Ag nanoparticles and thus decrease the 
antibacterial activity. When using such Ag doped nanofibrous filtration membranes in a practice, the filtrated 
media flows through the pores promoting the contact of bacteria with doped nanofibers. Entrapped bacteria 
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in the filtration membrane are killed due to contact with present Ag nanoparticles preventing growing of 
bacteria biofilm clogging the filter membrane. 

3. FUNCTIONALIZATION BY POST–TREATMENT 

Means of post–treatment involves wide range of processes including introducing of functional material on the 
nanofiber surface (e.g. dip coating, lamination, sol–gel reaction, plasma treatment of coated functional 
precursors) or modification of the nanofiber surface by chemical or plasma treatment (usually oxidation of the 
polymer). Such a treatment is usually made in a way preserving an open porous structure. Usually good 
adhesion to fiber surface and physicochemical stability of introduced material and long–term stability of 
surface modifications are desired. Post–treatment as next processing step represents extra costs of 
production process increasing resulting material price. 

Functionalization of polymeric membranes NnF MBRANE® – PA6 by conductive polymer coating was tested. 
The water–based dispersion of conductive polymer PEDOT:PSS was obtained from manufacturer COC Ltd. 
as a sample. The main goals of this trial were to evaluate formation of polymeric film on the nanofiber 
surface, preservation of open porous structure and increase of membrane conductivity. 

3.1 Sample preparation and experimental methods 

NnF MBRANE® – PA6 nanofiber membrane samples of size 20 x 20 cm were peeled of the substrate. 
Certain amount of PEDOT:PSS dispersion was spread on the center part of the membrane samples with 
micro spatula ensuring the wetting of membrane volume. Samples were dried in stretched shape. Three 
samples of different optical density of impregnated nanofibers were prepared (A, B, C at Fig. 4 ). 

SEM images of impregnated and non–impregnated membrane samples were captured using scanning 
electron microscope Phenom G2 pure without metal coating. Electrical properties were characterized by 
resistance measurement using the multimeter RIGOL DM–3068 with two–point round pin probe with 
electrode distance 9 mm. The impregnated samples were mounted onto an insulating pad. Electric 
resistance was measured on five randomly picked spots of the impregnated area of the samples. 

  

A 

  

B 

  

C 

 

Fig. 4  Appearance of nanofiber NnF MBRANE® – PA6 samples impregnated with PEDOT:PSS 

3.2 Results and discussion 

Comparing SEM images of non–impregnated and impregnated samples (Fig. 5 ) one can see somewhat less 
open fibrous structure as result of impregnation. Images of higher magnification (Fig. 5 ) show that shapes of 
fibers and their intersections were not qualitatively changed by presence of dried PEDOT:PSS film. The 
interfiber distance and free volume of the nanofibrous layer were decreased considerably. Macroscopically, 
flexible and soft to touch nanofibrous membrane turned to paper like, more brittle and less flexible layer. Still 
fibrous open structure of the impregnated membranes was remained. White particles on the SEM images are 
dust particles introduced during sample manipulation. 
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A) 

 

B) 

 

Fig. 5  SEM images of NnF MBRANE® – PA6 A) non–impregnated at 2000x and 7900x magnification resp. 
and B) impregnated with PEDOT:PSS dispersion at 2000x and 8000x resp 

Results of electric resistance measurements are reported in the Table 1  as mean values. Sample electric 
resistance inversely corresponds with the amount of impregnated polymer corresponding with the layer 
optical density. 

Table 1  Results of electric resistance measurement of NnF MBRANE® – PA6 samples non–impregnated and 
impregnated with PEDOT:PSS 

Sample Electric resistance  
[kΩ] 

Relative error  
[%] 

Non–
impregnated > 100 MΩ – 

A 200 7 

B 500 10 

C 350 8 

It is known that resulting conductivity of PEDOT:PSS thin films is strongly dependent on a process of 
orientation of the polymer chains occurring during polymer dispersion drying. Formation of continuous 
polymer film depends on substrate surface wetting. These processes can be regulated e.g. by the presence 
of secondary dopants affecting speed of drying and chain orientation and surfactants or substrate plasma 
treatment affecting the film formation. [5] 
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4. CONCLUSIONS 

Antibacterial filtration membrane was prepared by adding the Ag dispersion nanonilver® to the spinning 
solution of NnF MBRANE® – PA6 and NnF MBRANE® – PUR followed by standard production process. 
Production process of nanofibers was not affected by the presence of Ag nanoparticles dramatically. At least 
part of the Ag nanoparticles added into the spinning solution remained protruding the surface of nanofibers 
with preserved antibacterial activity. Impregnation of NnF MBRANE® – PA6 nanofibers by the conductive 
polymer PEDOT:PSS dispersion led to the decrease of electric resistance by at least three orders of 
magnitude. Open structure of nanofibrous layer was preserved after impregnation. Functionalization of 
polymeric nanofibers either by doping of spinning solution or by post–treatment of the spun nanofibers was 
successfully accomplished in Pardam, Ltd. 
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Abstract  

The subject of this paper is information on method of production and technical parameters of barrier fabrics 
containing nanofibers developed and commercialized by Nanovia Ltd. Barrier fabric providing protection 
against the penetration of microorganisms, dust and pollen particles can be used in the manufacture of face 
masks. Barrier fabric to prevent the penetration of allergens are applicable in various products of the 
category of home furnishings. 

Keywords: nanofibers, nanofiber membranes, nanofiber laminates, barrier fabrics 

1. INTRODUCTION 

Laminated textile fabrics featuring a nanofiber layer bring new functional qualities which conventional textiles 
(both woven and nonwoven) cannot offer. In those laminates, we use the physical qualities of the nanofiber 
structure (filtration capability, high porousness, air and steam permeability). By combining the nanofiber 
structure with woven or nonwoven materials, we achieve the desired parameters, such as strength, wear 
resistance, feel, look, processability into final products.  

In this article we can demonstrate the suitability of lamination technologies to produce materials fit for various 
applications. The examples also demonstrate the option of designing the structure of laminates according to 
the way of their intended use and, also, they show new ways of applications of nanofiber laminates. 

Examples of nanofiber structure laminate uses: 

• Materials for respiration face masks or disposable filters of PM1.0 and PM2.5 categories (Nanovia 
AntiVirus, Nanovia Dust Protection), 

• A barrier preventing the penetration of allergenes and free flying dust during window ventilation 
(Nanovia Clean Air), 

• Barriers preventing the penetration of allergenes (Nanovia AntiAllergy), intended for the manufacture 
of protective covers and bed linen. 

2. LAMINATES FOR FACE MASKS AND DISPOSABLE FILTERS  

An example of such material is Nanovia AntiVirus SMNF 57  laminated textile fabric intended for the 
manufacture of filters for face masks. The laminate allows catching viruses, bacteria and fine dust impurities 
on mechanical principles with more than 99.9 per cent effectiveness. At the same time, the laminate allows 
processing using cutting and folding technologies. The laminate features a textile base layer (SB/MB 
composite supplied by Ecotextil s.r.o.), a PVFD polymer nanofiber layer (supplied by Solvay SA), and an 
upper fabric layer (SB, supplied by PEGAS NONWOVENS a.s.). Using this material and laminating it to the 
nanofiber layer provides wear or damage protection of the nanofiber both during both the manufacture and 
use of the filter. The cohesion of all layers is ensured by powder adhesive lamination.  

The composition of the laminate was designed regarding the requirements of related to the use of the 
material – the manufacture of folded filters; PM 1.0 category face masks; IIR type surgery masks with 
enhanced anti–microbial protection, etc.  
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Fig. 1  Structure of Nanovia AntiVirus laminat         Fig. 2  Structure of nanofibrous layer 

Table 1  Resulting parameters of laminate Nanovia AntiVirus [1] 

Nanovia AntiVirus SMNF 57 
Physical properties  Reading  Unit  Testing Method  

Area weight 57  g/m2  
Strenght 98 N ČSN EN ISO 13934–1 

Bacterial filtration Efficiency > 99.9 % ASTM F2100 
Viral filtration Efficiency > 99.9 % ASTM F2100 

EN 14683 
Filtration Efficiency for particles 1.0 µm > 99.9 %  

Breathability 44 ∆P (Pa/cm2) ASTM F2100 
EN 14683 

Skin irritability 0 – EN ISO 10993–1 

Powder adhesive lamination was selected concerning the use of the final 
material – disposable products. The adhesive used for the lamination was 
an EVA based one (supplied by Dakota company).  

Another example of a laminate intended for face mask or disposable filters 
for masks is Nanovia Dust Protection . The laminate is designed as 
a material for manufacturing filters or PM 2.5 category face masks 
intended to filter free flying dust.  

The laminate features a textile base layer (SB, supplied by PEGAS 
NONWOVENS a.s.), PA6 polymer nanofiber layer (supplied by BASF AG), 
and an upper fabric layer (SB, supplied by PEGAS NONWOVENS a.s.). 
Again, the three–layer structure provides for protecting the nanofiber layer 
against wear or destruction  both during the manufacture and use of the 
filter. Once again, an EVA based powder adhesive (supplied by Dakota 
company) was used to maintain the layer cohesion.   

Table 2  Resulting parameters of laminate Nanovia Dust Protection [2] 

Nanovia Dust protection NW 70 

Physical properties Reading Unit Testing Method  

Area weight 75 g/m2  

Strength in longitudinal direction 200 N EN ISO 13934–1 

Nanofibers diameter  70 –100 nm SEM analysis 

Filtration efficiency for particle size 2,5 µm  > 99,99 % EN ISO 22612 

Skin irritability 0 – EN ISO 10993–1 

Fig. 3  Structure of Nanovia 
Dust Protection laminate 
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Fig. 4 Comparison of filtration efficiency of both presented materials Nanovia AntiVirus a Nanovia Dust 
Protection 

3. LAMINATE FOR WINDOW VENTILATION 

The Nanovia Clean Air material  was designed for 
window ventilation application. It is used the same way 
as insect screens. The nanofiber structure within the 
laminate allows filtering dust and pollen particles or mold 
spores. During the design of the material, we considered 
the fact that the material was going to be exposed to UV 
radiation, weather, and mechanical stress by wind blows 
for extensive periods of time. The filtration effectiveness 
was designed to catch 99.9 percent of 1.0 µm size 
particles and thus provide reliable filtering of all   
allergenes from the ambient environment. 

The laminate, again, features a textile base layer (UV 
stabilized SB, supplied by PEGAS NONWOVENS a.s.), 
PA6 polymer nanofiber layer (supplied by BASF AG), 
and an upper fabric layer (UV stabilized SB, supplied by 
PEGAS NONWOVENS a.s.). Again, the three–layer 
structure provides for protecting the nanofiber layer 
against wear or destruction both during the manufacture 
and installation into the window frame. Once again, 
lamination using an EVA based powder adhesive 
(supplied by Dakota company) was used to maintain the 
layer cohesion. 
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Table 3  Resulting parameters of Nanovia Clean Air laminate [3] 

Nanovia Clean Air NW 60 

Physical properties Reading Unit Testing Method  

Area weight 65 g/m2  

Strength in longitudinal direction 160 N EN ISO 13934–1 

Nanofibers diameter  70 – 100 nm SEM analysis 

Filtration efficiency for particle size 2.5 µm  100 % EN ISO 22612 

Filtration efficiency for particle size 1.0 µm 99,9 % EN ISO 22612 

Air Permeability 330 l/m2/s (200 Pa) EN 9 237 

Flammability Non ignition – EN 597–1 

EN 597 

4. LAMINATES DESIGNED AS A BED LINEN MATERIAL FOR P ATIENTS SUFFERING FROM 
ALLERGIES 

The Nanovia AntiAllergy materials are designed to catch allergenes produced by, dust mites in bed linen. 
The requirements of the customers (look, feel, wear resistance, washability) brought us to two primary 
variants of laminates: Nanovia AntiAllergy NW (a combination of nonwoven fabrics), and Nanovia AntiAllergy 
W (a combination of a non–woven fabric and a woven one).  

The Nanovia AntiAllergy NW variant is a non–woven fabric laminate – it features base fabric (SB, supplied 
by PEGAS NONWOVENS a.s.), PA6 polymer nanofiber layer (supplied by BASF), and an upper fabric layer 
(SB, supplied by PEGAS NONWOVENS a.s.). 

The Nanovia AntiAllergy NW variant is a laminate consisting of a nonwoven fabric (reverse side) and a 
woven one (front). The laminate featureseatures base fabric (SB, supplied by PEGAS NONWOVENS a.s.), 
PA6 polymer nanofiber layer (supplied by BASF), and an upper woven fabric layer (PES fabric, supplied by 
COMATEX). 

Considering the requirement of washability, we selected a different lamination technique in this case – the 
hotmelt technology. The technology allows bonding any combination of materials; we can therefore combine 
a non–woven fabric base layer coated with a nanofiber layer with a woven textile fabric of any material 
composition and weave structure. 

         Fig. 6  Structure of Nanovia AntiAllergy NW    Fig. 7  Structure of Nanovia AntiAllergy W 
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Table 4  Resulting parameters of Nanovia AntiAllergy NW 40 [4] 

Nanovia AntiAllergy NW 40 

Physical properties  Reading  Unit  Testing Method  
Area weight 40 g/m2  

Strength in longitudinal direction 100 N ČSN EN ISO 13934–1 
Fibers diameter 70 – 100 nm SEM analysis 

Filtration efficiency for particle size ≥ 750 nm  99.97 % ČSN EN ISO 22612 
Skin irritability 0 – ČSN EN ISO 10993–1 
Flammability Non ignition – EN 597–1 

EN 597–2 

CONCLUSION 

The use of laminating technologies significantly extends the application scope of nanofiber materials in both 
traditional industries (filtration) and new industrial segments (interior textiles) of high market potential.  

By combining suitable materials and using the appropriate lamination technology we can create materials of 
unique qualities and a high added value for the customer. 
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Abstract  

Photonic crystals (PhCs) have attracted a lot of research interest owing to their intrinsic properties control 
and manipulate light, generally possessing photonic band gap ranges of frequency in which light cannot 
propagate through the structure. Silicon based photonic crystals have attracted enormous interest for use in 
telecommunications such as waveguide and filter. We have performed a plane wave expansion method 
(PWE) implanted in the MPB code (MIT Photonic–Bands) to study and understand the behaviour of a two–
dimensional photonic crystal by analysing the photonic band diagrams versus various parameters. The 
crystal forms a triangular lattice and consists of silicone infinitely long cylindrical rods. The effect of radius 
and size of structure on photonic band gaps (PBGs) of 2D–photonic crystals are investigated. We have 
shown an evolution of PBGs versus radius and size for both polarizations TE (transverse electric) and TM 
(transverse magnetic), which are corresponds to the optical communications systems. The calculated results 
are found to be in good agreement with other theoretical data.        

Keywords: silicon, 2D photonic crystals, PWE method, MPB code, photonic band gap (PBG) 

1. INTRODUCTION 

A photonic crystal is an artificial material where the refractive index is a periodic function in space, leads to 
the formation of band gaps. Photonic crystals characterized by the possibilities of tailoring light (from infrared 
to ultraviolet), It can also serve as the main material for future devices. The concept of photonic crystal was 
first proposed in 1987 by Eli Yablonovitch [1] and S. John [2]. Photonic crystals are of continuing great 
interest owing to their vast technical applications namely optics and photonics as well as in 
telecommunication; waveguides [4], microcavities [5] (Fig. 1 ) filters [6] and nanolasers [7]. 

a) b)    

Fig. 1 Examples of photonic crystals. a) waveguides, b) micro cavities 

The majority of photonic crystals devices are also made from silica and silicone. Many studies have so far 
focused for study and characterization of photonic crystals properties [8]–[9]–[10].  

In this paper, we use the Plane Wave Expansion method (PWE) [11] to study the influence of radius of 
dielectric rods and size of structure on photonic band gap of 2D–photonic crystals triangular lattice based 
Si/air, and to compute the transmitted and distribution of electromagnetic field versus frequency in the IR–
visible domain using by the Finite–Element Method (FEM) [12]. 
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2. COMPUTATIONAL METHODS 

The plane wave expansion method (PWE) [11] implanted in MPB code [MIT Photonic–Bands] [13] are 
performed to calculate the photonic band structures and photonic band gap of 2D– photonic crystals 
triangular lattice of  high dielectric rods based Si/air. This method is used for study the influence of radius 
and size on photonic band gap PBG. We note that, this method is very effective and good accuracy in 
particular for à periodic dielectric constant structures. The Finite element method (FEM) by COMSOL 
Multiphysics [12] was employed to simulate the transmitted and the distribution of electromagnetic field in 
photonic crystals structures and versus wavelength. In the literature, the majority of 2D– structures are 
fabricated from dielectric rods or air holes. However, it is a difficult to fabricate 2D– photonic crystals based 
air holes then 2D– photonic crystals based dielectric rods. 

3. RESULTAS AND DISCUSSION 

3.1  Influence of radius 

A photonic crystal characterize by the photonic band diagram, which describes the dispersion relation 
between the normalized frequency and the wavevector k. In this work, we have interesting to calculate the 
photonic band diagrams and photonic band gaps PBGs of the 2D–photonic crystals triangular lattice rods 
based Si/air for various values of radius rods. The physical parameters of the photonic crystal are so chosen 

that the permittivity of silicon ε(Si)= 12, ε(air)= 1. For optical telecommunications, the lattice constant is given 
as: a= 0.606 μm [14], the size of structure: 1×1 μm2 in the plane (xy) and infinity height (z). In order to study 
its influence on the PBG, we have chosen the radius rang; 0.01a, 0.05a, 0.15a, 0.2a, 0.25a and 0.4a. This 
study is able to give information about the influence of radius rods on the PBGs. We show in Fig. 2–(a) , the 
2D– photonic crystal which we have considered for study.  

 (a)     (b)  

Fig. 2  (a) 2D–photonic crystals triangular lattice of high dielectric rods based Si/air, (b) The Brillouin zone, 
with the irreducible Brillouin zone (shaded triangle, left center) and the high symmetry points ГKM 

The Band diagrams and photonic band gaps for triangular lattices of are plotted in Fig. 3 , for various values 
of radius of dielectric rods. The Band diagrams are calculated for both polarization TM (transverse magnetic), 
in which the magnetic field is in the (xy) plane and the electric field is perpendicular (z) (parallel to the rods), 
and TE (transverse electric), in which the electric field is in the plane and the magnetic field is perpendicular. 
The normalized frequency is plotted along the high symmetry points ГKM of irreducible Brillouin zone. 

Our calculations show the PBG increases with radius values. The rods have a gap the TM/TE bands. For 
TM, more radius increases in the range from 0.15a to 0.4a the width of the BIP decreases and more bands 

appear. In TE mode, the BIP appears for r> 0.2a. The larger BIP is in TM mode for r= 0.2a. it extends from a 
reduced frequency of 0.27 (a/λ) up to 0.44 (a/λ), (where λ is the wavelength of light in vacuum). This 
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frequency domain corresponds to the range wavelengths [1.36–2.22] μm for the two directions ГM and ГK, 
and located at the telecommunications domain including1.55 μm. 

 

   

 

Fig. 3 PWE simulation of band diagrams and PBG of 2D– photonic crystal triangular lattice of dielectric rods 
Si (ε= 12) in air, for various values of radius; 0.01a, 0.05a, 0.15a, 0.2a, 0.25a and 0.4a, respectively. The 

normalized frequency is plotted along the irreducible Brillouin zone (according to the directions of high 
symmetry ГKM) ,for TM polarization (solid blue lines) and TE (dashed red lines) 

The second band (in TM mode) is appears between 1.03 μm and 1.07 μm for two directions considers. The 
TE BIP extends between [0.70, 0.72] μm, for 0.2a. This BIP is located in the visible domain. We note that, 
these PBGs require a minimum filling fraction of f≥ 0.01. The filling fraction f is the ratio between the surface 
area of the cylinder and the surface area of the unit cell, which given by the following relation:  

Our theoretical calculations also show that the PBG are larger and more numerous in TM then TE 
polarization. This is due to the influence of the structure of triangular rods. The PBGs are located in 
telecommunication domain. We suggest applying this material in optical systems. Our results are in good 
agreement with other theoretical works [14]–[15]. 
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3.2  Influence of size 

In this section, we will study the behavior of 2D–photonic crystals triangular lattice of dielectric rods (Si/air) 
under size effect. To do this, we vary the size of the structure as follows: 1x1, 2x2, 3x3, 4x4 and 5x5 μm², 
infinite height (z). It consists of dielectric rods of radius 0.2 μm, lattice constant is 0.606 μm and permittivity 
ε(Si)= 12, ε(Air)= 1. Fig. 4  shows the photonic band diagrams and PBGs in TM/TE polarizations along the 
high symmetry directions ГKM, for the size: 1x1, 2x2, 3x3, 4x4 and 5x5 μm², respectively. 

 

 

 
Fig. 4 PWE simulation of band diagrams and PBG of 2D– photonic crystal triangular lattice of dielectric rods 

Si (ε= 12)/air, for various values of size; 1x1, 2x2, 3x3, 4x4 and 5x5 μm², respectively. The normalized 
frequency is plotted along the three high symmetry directions ГKM of the first Brillouin zone, with solid– blue 

/dashed– red lines denoting TM/TE polarization 

The calculated band diagrams show the PBGs width decreases and becomes narrower when the size of the 
structure increases, for both TM/TE polarizations. A wide PBG appears in TM polarization size 1×1 μm². We 
also observe the PBG displaced to the lower frequencies with increasing the size. 

3.3  Finite Element Method (FEM) simulations   

This section is devoted to calculate the transmission spectra and distribution of magnetic field of 2D–
photonic crystals triangular lattice of dielectric rods Si (ε= 12)/air. The calculations are performed using 
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commercially available FEM software COMSOL Multiphysics [12]. The photonic crystal parameters are 
chosen as follows: refraction index nSi= 3.49, nair= 1, size; 1×1μm², radius 0.2 μm and lattice constant; 0.6 
μm. Typically, these parameters are chosen to found the PBGs at the telecommunication windows (this was 
shown in the first section). COMSOL 
Multiphysics [12] considers the plane (xz) 
as the plane of propagation of the 
electromagnetic wave. The TE mode 
(where H located in the planes (xz)) or TM 
mode is in the plane (xy). The 
transmission spectrum of magnetic field is 
shown in Fig. 5  for wavelength range from 
0.5 μm to 2.5 μm. This frequency range is 
associated with the PBGs (calculated by 
the PWE method in the first section). We 
see from Fig. 5  that the spectrum can be 
divided into three main groups, signify the 
forbidden bands. The first band gap 
appears in the lowest frequency between 
[0.54–0.64] μm. The second forbidden 
band is extends between [0.71–1] μm. The 
third is located at the frequency domain [1.2–1.8] μm.  

The strong attenuation of the transmitted is found at these high frequencies. These results of photonic 
forbidden bands obtained by FEM method using COMSOL are similar to those found by the PWE method 
through the MPB code. 

 

 
Fig. 6 Instantaneous magnetic field distribution from the FEM simulation in the 2D– photonic crystals 

triangular lattice of dielectric rods Si (ε= 12)/air for wavelengths 0.52, 0.71, 1.04 and 1.18 μm, respectively 
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Fig. 5  FEM simulation of transmission spectra of magnetic 
field as a function of the wavelength polarization range 

between [0.5–2.5] μm. The transmitted is given in arbitrary 
units 
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The spectrum shows four intense peaks corresponding to the wavelengths 0.52, 0.71, 1.04 and 1.18 μm. 
Fig. 6  shows the instantaneous magnetic field calculated using by the FEM method, for wavelengths of 0.52, 
0.71, 1.04 and 1.18 μm. The plot appears a forte distribution of magnetic field in the 2D–photonic crystal. 
The incident guided mode is launched from the left entrance of the photonic crystal.  

4. CONCLUSION 

In this paper, we have understood the behaviour of a 2D–photonic crystal by studying the band diagrams 
and photonic band gap PBG in function of radius and size for optical devices. Our calculations show that the 
PBG are strongly related to the parameters of the photonic crystal such as radius and size. The PBG of 
material changes by changing the radius or size. The 2D–photonic crystals have a strong TM band gap then 
TE. The frequency domain of PBG extends in telecommunications window. We suggest using it in optical 
devices. The Instantaneous magnetic field distribution is computed. Forte transmitted are shows for 
wavelengths of 0.52, 0.71, 1.04 and 1.18 μm. Our results of photonic forbidden bands obtained by FEM 
method using COMSOL are similar to those found using by the PWE method through the MPB code. 
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Abstract  

Achieving a negative dielectric constant at a single optical frequency ω, where the loss goes to zero, i.e., with 

Re (ε) < 0 and Im (ε) = 0, is of fundamental importance in nanophotonics. We address the dielectric function 
of exciton polaritons in a mixture of spherical II–VI semiconductor core–shell nanocrystals of type I (excitons 
are confined in the core), and then present the influence of gain on the homogenized dielectric constant in 
order to describe the required core–shell density and pumping to achieve the lossless condition. We analyse 
optimal conditions that must be satisfied to achieve gain mechanisms. For the investigated systems, specific 
volume fractions and core–shells sizes values have been found to determine the lossless condition. 

Keywords : II–VI semiconductors, core–shell nanocrystal mixtures, Maxwell–Garnett theory, lossless  
                   materials, optical properties 

1. INTRODCUTION 

Advances in the synthesis of highly monodisperse II–VI nanocrystals (NCs) have paved the way for 
numerous spectroscopic studies and these systems are widely investigated for their potential use in optical 
devices, biological labels, and sensors and in bio imaging applications [1–3]. Core–shell type composite 
quantum dots (QDs) exhibit novel properties making them very attractive from both experimental and 
practical point of view. On the other hand, it is possible to achieve core–shell systems with a negative 

dielectric constant at a single optical frequency ω, where the loss goes to zero. The above condition is of 
fundamental importance for nanophotonic devices. Resonant states in semiconductors provide a source for 
negative dielectric constant provided that the dipole strength and oscillator density are adequate to offset the 
background. Furthermore, semiconductors offer the prospect of pumping, either optically or electrically, to 
achieve a gain mechanism that can offset the loss. 

On the other hand, the Maxwell–Garnett (MG) effective medium theory has proved to be a good model for 
the optics of semiconductor inclusions in glasses [4] and many other homogeneous media. Also, when a 
good description of dielectric functions of small sized particles is known, the MG  making the generalization 
of the mixing rules, can be extended to investigate the optical properties of mixing distributions of nanoshells.  

This theory is also appropriate when the inclusions are two–component spheres such as the core–shell NCs 
[5]. A natural extension of this generalization can be made to investigate the optical properties of a medium 
consisting in a mixing distribution of nanoshells.  

Previously, Webb et al. [6] and Fu et al. [7] have investigated semiconductor QD mixture as a lossless 
negative dielectric constant optical material, where they derived  the exciton energy within the Effective Mass 
Approximation (EMA) framework with infinite barrier potential and without taking into account the phonons 
contribution, neither the shell effect in the homogenized CdSe/ZnS QD dielectric function. 

2. EXTENDED MAXWELL–GARNETT THEORY APPLIED TO CORE– SHELLS DISTRIBUTIONS 

The systems under investigation are made of heterogeneous ensemble of polydispersed II–VI 

semiconductor core–shell spheres embedded in a homogenous medium with dielectric function εe. Each 
nanoshell is characterized by its core and shell sizes Rc and Rs, with Rs > Rc. The respective frequency–
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dependent dielectric functions for cores and shells are εc and εs. In type I core–shell NCs, the band gap of 
the shell material is larger than that of the core. Therefore, both electrons and holes are confined in the core, 
giving rise to the exciton localization in the core region. To calculate the effective dielectric function of an 
ensemble of core–shells distributions, we proceed first by defining the QD dielectric function given by two 
terms, the first is related to excitons– and the second is attributed to phonons– contributions; i.e., 
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In the above equation, typical parameters as ωTO,c, ωLO,c, γph, ε∞,c, e, Vc, ε0 and the core exciton reduced mass 

(mex,c) are previously defined in the literature [8]. In this work, the linewidth (γ) is considered to be around 7 

meV, value limited by the variation in dimension of the core–shell nanocrystals. Notice that ρ > 0.5 indicates 

an optical loss and ρ < 0.5 represents optical gain for an applied electric field.  

In fact, ωex,c is straightly related to the core exciton energy (Eex = ħ ωex,c). The exciton energy includes the 
carrier confinement energies (electron and hole) and the Coulomb energy. Indeed, electron and hole 
energies are obtained by application of a finite barrier potential in the EMA framework, while the Coulomb 
interaction is treated using the perturbative approach, provided that confinement energies are greater than 
Coulomb interactions.  For more details, see ref. [8]. For the shells, we consider bulk–like semiconductor 
dielectric function with plasmons and phonons contributions [9]. With the above QD–dielectric function, we 

proceed to analyse the core–shell material embedded in an insulating medium (εe). In small particle limit, that 

is, Rs << λ, the effective dielectric function of a concentric two–layer spheres can be described within the 
framework of the electrostatic dipole approximation by the relation [5] 
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Once the effective dielectric of the core–shell "`new–particle'" is known, such nanoshell can be treated as a 
whole and introduced in an extended MG model to obtain the effective dielectric function of the ensemble of 
core–shells distributions. To describe such system, we extend MG model following a similar procedure as 
described in reference [6] 

.
222 2,

2,
2

1,

1,
1 Qff

ens

ens

ens

ens

eeff

eeff =
+
−

+
+
−

=
+

−

εε
εε

εε
εε

εε
εε

          (3) 

By solving the multiphase nanoshell distributions in eq. (3) for εeff and introducing two–type distributions 
effective dielectric functions, we find that 
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The latter equation is expressed in terms of the right–hand side terms of the eq. (3), where single QDs were 
substituted by core–shell distributions. We will analyse both the real and imaginary parts of the above 
effective dielectric function to obtain the lossless conditions for optical materials. 

3. RESULTS AND DISCUSSION 

To illustrate our results, we apply an extended MG theory to CdSe/ZnS spherical core–shells mixing 
distributions, with their corresponding sizes, volume fractions and gain and loss optical coefficients; i.e., 

parameter ρ. For the embedding medium, we adopt polymer and semiconductor materials, whose dielectric 

constants ε∞ are 2.3 (polyethylene) and 10.0 (typical semiconductor). The election of CdSe/ZnS mixture 
core–shells QDs is motivated by the fact that CdSe/ZnS colloidal core–shell microcavities present a fast 
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experimental development of its optical gain, as reported elsewhere [7, 10]. The effects of core–shells sizes, 

embedding media, volume fractions and optical coefficient ρ are investigated in order to achieve the lossless 
condition. Besides, an estimation of the optical energy pumping has been made. A shell thickness value of 3 
ML = 0.93 nm is considered for all investigated CdSe/ZnS systems. Although not shown herein, small 
fluctuations in shells thicknesses scarcely influence the exciton fundamental energy. Such thickness size is 
typical in the real core–shells II–VI semiconductor NCs reported in literature. Values of the different structural 
constants for CdSe and ZnS are taken from refs. [11–14].  

Comparing with the results obtained by Webb. el al. [6] and later by Fu et al. [7] in CdSe/ZnS QDs mixtures, 

the inclusion in this work of phonons and shell contributions in εeff,  along with the finite barriers in EMA 

approach, leads to three novel [or new] features observed in εeff and consequently, for the NCs lossless 
conditions.  

 

Fig. 1  Imaginary (a) and Real (b) parts of εeff for CdSe/ZnS/polyethylene mixtures distributions characterized 

by Rc1 = 2 nm, ρ (gain) = 0.0, Rc2 = 2.1 nm, ρ (lossy) = 1.0, shells thicknesses equal to 3 ML and volume 
fractions f1 = f2 = 0.2 

 

Fig. 2  Imaginary (a) and Real (b) parts of εeff for CdSe/ZnS/polyethylene mixtures distributions characterized 

by Rc1 = 6 nm, ρ (gain) = 0.0, Rc2 = 6.1 nm, ρ (lossy) = 1.0, shells thicknesses equal to 3 ML and volume 
fractions f1 = f2 = 0.2. 

First, for the two–types core–shell distributions with sizes smaller o equal to 2 nm or higher than 6 nm, the 
lossless condition disappears. To illustrate this phenomenon, we show in Figs. 1 and 2 , the real and 

imaginary parts of εeff  for the combination of two types of NCs, with one completely lossy (ρ = 1 ) and the 
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other nonlossy (ρ = 0).  For this case, we consider a first core–shell material with Rc = 2 nm (Eex = 1.646 eV) 

and the second one with Rc = 2.1 nm (Eex = 1.635 eV). For such ensemble of NCs, the imaginary part of εeff 
only presents one lossy peak (see Fig. 1 ). Maintaining the same values for the gain and lossy parameters, 
we increase the sizes of the first and second QDs nanoshells up to 6 and 6.1 nm, respectively. That is, the 
exciton energies are reduced to Eex = 1.398 eV and Eex = 1.389 eV respectively. In above conditions, the 

lossless condition (that is, Re (εeff) < 0) is not satisfied when the embedding medium is polyethylene (see 

Fig. 2 ). However, when the surrounding medium is a typical semiconductor (εe > 10) in similar conditions of 
gain and lossy, the lossless condition is satisfied (Re (eff) < –1) (see Fig. 3 ).  

 

Fig. 3  Imaginary (a) and Real (b) parts of εeff for CdSe/ZnS/semiconductor mixtures distributions 

characterized by Rc1 = 6 nm, ρ (gain) = 0.0, Rc2 = 6.1 nm, ρ (lossy) = 1.0, shells thicknesses equal to 3 ML 
and volume fractions f1 = f2 = 0.2 

Second, the volume fraction in the mixture distributions plays an important role as depicted in Fig. 4 . We find 

that for the total volume fractions (f1 + f2) less than 0.2, Re (εeff) is positive over all the range of the spectra, 
regardless the embedding medium. 

 

Fig. 4  Imaginary (a) and Real (b) parts of εeff for CdSe/ZnS/polyethylene mixtures distributions characterized 

by Rc1 = 4nm, ρ (gain) = 0.0, Rc2 = 4.1 nm, ρ (lossy) = 1.0, shells thicknesses equal to 3 ML and volume 
fractions f1 = f2 = 0.01 

The third specific feature to emphasize is the effect of the difference between the exciton energies of the two 
types of NCs in the distribution. Conversely to that obtained by Fu et al. [7] in CdSe/ZnS QDs mixtures, 
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where for energies differences higher than 3 meV, the gain happens at the high energy while the higher 
energy level was pumped, we found that independently of the energy differences  between  the two  types of  
distributions, the MG expression produces gain at the lower frequency. Indeed, the higher energy level was 
still pumped. We claim that this slight contrast in our findings can be understood not only on the basis of the 
weighting in the denominator of the MG expression as discussed before [7], but also corresponds to different 

terms in εeff: the phonons contributions and EMA finite barrier potential framework or to the nature of NCs 
used in the model, in our case core–shell systems. 

The last but least feature is the combination of the optical coefficient parameters for the two–types NCs. 

When we assume intermediate values of ρ , for example: ρ (gain) = 0.4 and ρ (lossy) = 0.6, the lossless 
condition is only reached for distribution 2 nm sized, see Fig. 5 . Although it is not shown herein, for 

distributions mixtures with ρ (gain) = 0.2 and ρ (lossy) = 0.8, the lossless condition is only obtained for sizes 
ranging between 3 and 4 nm, which means exciton energies ranging since 1.51 to 1.43 eV. That indicates 
that the lossless criteria can be tuned by changing the gain optical pumping versus lossy distribution. 

 

Fig. 5  Imaginary (a) and Real (b) parts of εeff for CdSe/ZnS/polyethylene mixtures distributions characterized 

by Rc1 = 2 nm, ρ (gain) = 0.4, Rc2 = 2.1 nm, ρ (lossy) = 0.6, shells thicknesses equal to 3 ML and volume 
fractions f1 = f2 = 0.2 

Now, we will estimate the minimum optical power (P) to maintain N core–shells NCs in excited states, where 

P = N ħ ω /2τ, being τ the core–shells spontaneous emission decay. For colloidal II–VI QDs, τ is around 3.6 
ns [7]. Then, the required optical power becomes 1.5×107 W/cm–3 when the core–shells density is around 

2.3× 1017 cm–3; i.e., Rs = 5.93 nm and f = 0.2, while ħ ω= 1.4 eV. For example, for a film of thickness of 10 µ 
m and a cross section of 1 mm2, this corresponds to an averaged optical power of 142 W. As another 

example, in a waveguide with a cross section of 10 µ m2 and 100 µ m of length, the absorbed power needs 
to be only of 14 mW. These optical power values are one order of magnitude higher than that obtained for 
CdSe/ZnS QDs in previous works [6, 7], because our NCs density is one order of magnitude higher. Then, 
our estimation seems realistic. 

4. CONCLUSION 

We obtained a plausible candidate of negative dielectric function optical material by mixing distributions of 
CdSe/ZnS core–shells NCs (type I) with different exciton energies. We evaluated the effective dielectric 
function by a generalized MG theory, where the core dielectric function accounts on the carriers confinement 
within EMA finite barrier framework through the excitonic eigen frequency, while the shell dielectric function 
includes both plasmons and phonons contributions. We observed that the shell and phonon effect along with 
the finite barrier scheme yield three distinctive features in the lossless condition when our systems are 
compared to CdSe/ZnS QDs, previously reported in the literature. Critical values of their sizes and volume 
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fractions play an important role in the lossless condition determination; i.e., Re (εeff ) < 0 and Im (εeff ) = 0 . 
Furthermore, independently of the energy differences between the gain and lossy distributions, although the 
higher energy is pumped in the mixture, the MG expression produces gain at the lower frequency. On the 
other hand, we estimated the optical power to maintain N core–shells NCs in excited states and this value is 
rather similar to that obtained for equivalent CdSe/ZnS QDs in the literature 
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Abstract 

This contribution deals with the comparison of two different e–beam writer systems. E–beam writer with 
rectangular shaped beam BS600 is the first system. This system works with electron energy of 15 keV. 
Vistec EBPG5000+ HR is the second system. That system uses the Gaussian beam for pattern generation 
and it can work with two different electrons energies of values 50 keV and 100 keV. The ultimate resolution 
of both systems is the main aspect of comparison. The achievable resolution was tested on patterns 
consisted of single lines, single dots (rectangles for e–beam writer with shaped beam) and small areas of 
periodic gratings. Silicon wafer was used as a substrate for resist deposition. Testing was carried out with 
two resists, PMMA as a standard resist for electron beam lithography, and HSQ resist as a material for 
ultimate resolution achievement. Process of pattern generation (exposition) is affected by the same 
undesirable effect (backscattering and forward scattering of electrons, proximity effect etc.). However, these 
effects contribute to final pattern (resolution) by various dispositions. These variations caused the different 
results for similar conditions (the same resist, dose, chemical developer etc.). Created patterns were 
measured and evaluated by using of atomic force microscope and scanning electron microscope. 

Keywords: electron beam lithography, E–beam writers with shaped and Gaussian beam, PMMA (polymethyl  
                    methacrylate), HSQ (hydrogen silsesquioxane) 

1. INTRODUCTION 

Although electron beam lithography is not a new technique, it is still one of the most usable techniques in 
micro and nanofabrication. It is mainly used in microelectronics industry to creating photolithography masks. 
E–beam lithography is still developing. One of the major goals of the development is the higher resolution of 
prepared structures. To achieve this, more sophisticated and precise e–beam writers are needed. 

This work deals with comparison of maximum resolution of two different e–beam writers. The first one, 
BS600, works with electron energy of 15 keV and it has rectangle shaped beam [1]. The theoretical 
maximum resolution of this system is 17 nm. The second system is the system with Gaussian beam with 
electron energy of 100 keV, Vistec EBPG5000+ HR. Maximum resolution of this system should be 2 nm. 

2. THEORETICAL RESOLUTION IN E–BEAM LITHOGRAPHY 

However, maximum resolution is not just a result of theoretical resolution of the system. Electron resist used 
for lithography has great influence on final resolution. The interactions of electrons with solid matter (resist) 
cause several undesirable scattering effects that affect the final resolution. These scattering effects depend 
on [2]: 

• Electron energy, 

• Resist material, 

• Penetration depth. 

These effects will be discussed further. 
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2.1 Forward electrons scattering 

Forward electrons scattering is described by energy absorption Ea in a material as a function of penetration 
depth z. Energy absorption is defined as follows [2]: 

( )f
g

0
a λ

Re

EQ
E

⋅
⋅

= ,           (1) 

where Ea – energy absorption (eV·cm–3), Q – exposure dose (C·cm–2), E0 – primary electron energy (keV),   
e – elementary charge (C), Rg – electron range in a material (cm), λ(f) = 0.74 + 4.7(z/Rg) –
 8.9(z/Rg)2 + 3.5(z/Rg)3, z – penetration depth. On Fig. 1  is the dependency of energy absorption on 
penetration depth. 

 

Fig. 1 The dependency of energy absorption on penetration depth in PMMA for three different primary 
electron energies and exposure dose of 10 µC·cm–2 

2.2 Lateral electrons scattering 

Lateral electrons scattering is the next effect which has influence on final resolution in e–beam lithography. It 
can be described as the effective radius of electron beam in a penetration depth for a material. This is the 
empiric formula for PMMA [3]: 

σ = 0.9·(z/E0)1.5,           (2) 

where σ – lateral scattering (nm), z – penetration depth (nm),E0 – primary electron energy (keV). On Fig. 2  is 
the dependency of lateral scattering on penetration depth for various primary electron energies. 

 

Fig. 2  The dependency of lateral scattering on penetration depth in PMMA for three different primary 
electron energies 
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2.3 Proximity effect 

Besides mentioned scattering effects, there are a lot of other parameters that have an influence on final 
resolution, for example: substrate material, resist type (positive, negative), chemical developer and so on. 
The influence of most of these effects on final resolution is called proximity effect (for particular resist of 
defined thickness and substrate material). It is described by so called modulation transfer function (MTF) [4]: 
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where α – coefficient characterizing lateral electrons scattering at their forward scattering, β – coefficient 
characterizing backscattered electrons range, η – coefficient characterizing ratio of backscattered electrons 
energy to primary electrons energy, p – space period of close exposures (lines period). On Fig. 3  is MTF in 
dependency of lines period for two primary electron energies (15 keV and 100 keV) for resist (PMMA) 
thickness of 50 nm (resist layer used in experiment). Necessary coefficients were obtained by Monte Carlo 
simulations. 

 

Fig. 3 MTF as a function of lines period for 50 nm PMMA layer on silicon substrate for two different primary 
electron energies 

According to described scattering effects, better resolution is expected of the Vistec e–beam writer because 
it is the system working with electrons with energy of 100 keV. 

3. EXPERIMENTS 

It was prepared similar testing pattern for maximum resolution testing for both system. The testing pattern 
consisted of single lines (widths of 17 – 500 nm for BS600, 5 – 200 nm for Vistec), single dots (diameters of 
50 – 500 nm for BS600, 5 – 200 nm for Vistec) and periodical gratings (periods of 100 – 1000 nm for BS600, 
10 – 400 nm for Vistec). Exposure data were prepared with several ways of record order. It means that the 
various sizes of single shot was used as well as a different exposure direction and proximity effect correction 
was applied for a part of the testing pattern. 

3.1 Sample preparation 

PMMA resist was used for testing on both systems and HSQ resist was used only for testing on Vistec 
system. Both resist were spin–coated onto the silicon wafers. The thickness of PMMA was about 50 nm and 
thickness of HSQ was about 20 nm. 
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3.2 Exposure 

Exposures on both systems were carried out for various exposure doses to obtaining wider technological 
window during the developing process. The doses of 10, 20, 50, 80 and 100 μC.cm–2 were used for 
exposure on BS600 e–beam writer. The doses for Vistec e–beam writer were 200, 300, 350, 400, 450, 
500 μC·cm–2. The doses of several thousands of μC·cm–2 were used for testing of HSQ resist because it is 
much less sensitive than the PMMA. 

3.3 Developing process 

The mixture of isopropyl alcohol and water was used for the developing of PMMA. This developer was 
chosen due to its high contrast and low sensitivity, ideal combination of parameters for gaining of maximal 
resolution. The temperature of developer was the same as the room temperature – 21.1 °C. The developing 
time was determined according to sensitive curve for middle exposure dose (60 s for both systems). 
Standard developer was used for developing HSQ resist (in bath with temperature of 50 °C). After the 
developing, wafers were dried up by nitrogen gas. 

4. RESULTS 

Since the created structures were under the resolution of optical microscope, only the scanning electron 
microscope (SEM) and atomic force microscope (AFM) can be used for evaluation of maximum resolution of 
both systems. Thin metal layer has to be sputtered onto the resist because of SEM observation. This thin 
metal layer (~5 nm of chromium) has to be counted in determination of maximum resolution. 

4.1 Maximum resolution of BS600 

 

Fig. 4  Designed 83 nm line exposed on BS600 

 

Fig. 5  Designed 100 nm dot exposed on BS600 

The smallest single line which could be considered as a successful exposure was the one with designed 
width of 83 nm (Fig. 4 ). The actual average measured width of this line was 64 nm. The result of single dots 
exposure was very similar. The smallest exposed dot (Fig. 5 ) was 52 nm wide (design was 100 nm). 
However, it is necessary to count with metal sputtering. The largest difference can be plus 10 nm (if we 
consider that the edges of the lines were completely covered with chromium) – 5 nm for each side). It should 
be mentioned that lines and dots with smaller width/diameter were also visible but their shape cannot be 
considered as a successful exposure. It might help to increase the exposure dose. 
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The smallest grating which was not destroyed by influence of proximity effect was the one with designed 
period of 240 nm (Fig. 6 ). Measured period was 236 nm. The ratio between exposed and non–exposed 
areas was approximately 2.3:1 (intended was 1:1). On Fig. 7  is of the gratings with smaller period. It is clear 
that lines in grating were overexposed. The adjustment of design and exposure doses could improve the 
result of smaller gratings. 

 

Fig. 6  Designed 240 nm grating exposed on BS600 

 

Fig. 7  Designed 200 nm grating exposed on BS600 

4.2 Maximum resolution of Vistec 

 

Fig. 8  Designed 10 nm line exposed on Vistec. 

 

Fig. 9  Designed 15 nm dot exposed on Vistec 

As expected, higher resolution was achieved on Vistec system. The smallest single line which was 
successfully exposed was 10 nm wide (Fig. 8 ).The actual width of the line was hard to determine because 
such a small structure is strongly affected by metal sputtering (we can even see single chromium clusters). 
Nevertheless, measured width was 6 nm. The smallest single dot exposed on Vistec was 15 nm (Fig. 9 ). The 
determination of actual width (12 nm) was similar like in a case with single line. However, the smallest 
designed dots and lines were also visible it is hard to decision if it was successful exposure or if it was 
completely covered by chromium. 
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The smallest grating which still had the shape of grating was the one with period of 40 nm (Fig. 10 ). 
Measured period was approximately 43 nm. The ratio between exposed and non–exposed areas is 
impossible to determine due to the metal sputtering. The same problem does not allow to recognize if 
gratings with smaller period was successfully exposed or not. The test for HSQ resist consisted only of single 
lines with designed width of 8 nm (Fig. 11 ). The actual width was 7.6 nm. The advantage of HSQ 
observation in SEM is the non–destructive impact of electron beam on the resist. Because of that, created 
structures are not affected by metal sputtering. 

 

Fig. 10  Designed 40 nm grating exposed on Vistec 

 

Fig. 11  Designed 8 nm lines exposed on Vistec in 
HSQ resist 

4.3 Comparison of achieved resolution 

Unfortunately it was not possible to observe created structures (the smallest ones according to the SEM 
measurement) with AFM because of the depth of the structures (~50 nm) and the shape of the AFM tip 
probe. The comparison between e–beam writers BS600 and Vistec EBPG5000+ HR is in Table 1 . 

Table 1 Comparison of achieved resolution on e–beam writers BS600 and Vistec 

Exposed motive  Single line (nm)  Single dot (nm)  Grating (nm)  
BS600 83/64   *+10 100/52   *+10 240/236   *+10 
Vistec 10/6   *+10 15/12   *+10 40/43   *+10 

Note: designed/measured   *maximum difference caused by chromium sputtering 

5. CONCLUSION 

We successfully made the exposure on two different e–beam writers; BS600 and Vistec EBPG5000+ HR; to 
determine their ultimate resolution in resist PMMA (and HSQ for Vistec system). Created structures were 
evaluated by scanning electron microscope. As expected, better resolution was achieved on Vistec system.  
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Abstract  

Fabrication and electrochemical characterization of disposable working electrodes/transducers of 
electrochemical sensors is described in this work. The aim was to find the best electrochemical properties of 
screen–printed electrode substrates modified with multiwalled carbon nanotubes (MWCNTs) based active 
layers. Two types of platinum electrode contacts were investigated and the suitable thickness of deposited 
MWCNTs active layers was studied. Fabricated electrodes were characterized optically using scanning 
electron microscope, mechanically using profilometer and electrochemically in a standard redox couple of 
potassium ferro/ferricyanide employing cyclic voltammetry. The reversibility of the electrode system, size of 
electroactive surface area, influence of spray–coated layer thickness and platinum electrode contact size on 
the current response were investigated. It was found that more stable and electrochemically suitable 
behaviour was achieved using the electrodes with bigger platinum contact and lower thickness of deposited 
active layers. The electrochemical experiments also confirmed that the electroactive size of the electrode 
surface is at least two times larger than the designed geometrical size. 

Keywords: electrode, transducer, voltammetry, carbon nanotubes 

1. INTRODUCTION 

Easy, fast and reliable detection of species in environment under field conditions or in vitro/vivo online 
biodetection is one of the most discussed problems in these days. In general, small handheld, usually 
electrochemical, systems using miniaturized sensors are therefore developed [1, 2]. The main problem of 
electrochemical sensors miniaturization is reduction of their geometrical size in comparison to standard 
electrodes resulting in lower current response. This problem could be solved by creation of some 3D 
structures on the geometrically reduced electrode which could increase the active size of the electrode 
several times. Such electrode system could be used as a base for high sensitive intelligent sensors and 
biosensors [3]. 

Carbon nanotubes (CNTs) have been under scientific investigation more than fifteen years. Their unique 
properties, including high electrical conductivity, chemical stability and mechanical strength, predestine them 
for various applications. Among them, usage in electrochemical detection of biologically significant 
compounds is especially attractive due to their electrocatalytic properties and ability to improve oxidative 
signals. CNTs based electrochemical sensors generally have higher sensitivity, lower limit of detection, and 
faster electron transfer kinetics in the comparison with traditional carbon electrodes. Moreover the mixture 
made of CNTs and suitable vehicle can form the porous working electrode of high electrochemically active 
surface [4–11]. 

In this work the standalone multiwalled carbon nanotubes (MWCNTs) based spray–coated working 
electrodes/transducers of electrochemical sensors were optimized with respect to the accurate 
electrochemical behaviour of deposited layers. 
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2. MATERIALS AND METHODS 

2.1 Electrode substrates fabrication 

Electrode substrates were fabricated on a 0.65 mm thick alumina substrate (25.4 × 7.25 mm) using standard 
thick–film technology also known as screen–printing. Two types of thick–film platinum electrode contacts 
were investigated (Fig. 1 ) and the suitable thickness of spray–deposited MWCNTs/DMF active layers was 
studied. The contact layer was made of platinum paste ESL 5545 and the protective layer from ESL 4917 
paste (both ESL ElectroScience, United Kingdom). 

 

Fig. 1  Two types of thick–film contacts design: Pt(mk) up and Pt(+) down 

2.2 Active layers deposition 

Active layers were fabricated using spray–coating of MWCNTs dispersed in DMF over stencil template. The 
diameter of round electrode/active layer was chosen to be 3 mm. There were fabricated two series of 
samples on Pt(+) and Pt(mk) contact respectively in five amounts of deposited MWCNTs/DMF solution – 1, 
2, 3, 4 and 5 ml. Fabricated sample of electrode on Pt(+) contact is shown in Fig. 2 . 

 

Fig. 2  Fabricated MWCNTs based electrode on Pt(+) contact 

2.3 Chemicals 

Aqueous solution of potassium chloride (KCl) with concentration of 0.1 mol⋅L–1 and solution of 2.5 mmol⋅L–1 

potassium ferrocyanide and 2.5 mmol⋅L–1 potassium ferricyanide in 0.1 mol⋅L–1 KCl in volume ratio 1:1 were 
prepared. All of used chemicals were purchased from Sigma Aldrich (USA). All solutions were prepared with 

deionised water of resistivity not less than 18.2 MΩ⋅cm−1. 

2.4 Electrodes characterization 

Voltammetric measurements were carried out using the μ–Autolab III (Metrohm Autolab B.V., 
The Netherlands) potentiostat/galvanostat connected to a personal computer and controlled by NOVA 

software version 1.9. The potential range was from –0.25 V to +0.7 V and scan rate was 50 mV⋅s–1. All 
measurements were conducted at room temperature (25 °C) using a three–electrode configuration with the 
standard Ag/AgCl reference electrode type 6.0726.100 and platinum auxiliary electrode type 6.0343.000 
(both from Metrohm AG, Switzerland). 

Electrode surface was characterized optically using scanning electron microscope MIRA II (TESCAN, Czech 
Republic) and mechanically using DektakXT profilometer (Bruker, USA). 
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3. RESULTS AND DISCUSSION 

3.1 Optical characterization of the electrodes 

Successfully fabricated electrodes with spray–coated MWCNTs active layers were characterized optically 
using SEM. SEM microimages of fabricated electrodes are shown in the Fig. 3 . 

  

Al2O3 Pt(+)

 

Pt(+)Al 2O3

 

Fig. 3  SEM microimages of fabricated electrodes: Pt(+) contact (A), MWCNTs/DMF active layer (5ml) 
over the Pt(+) contact (B), Pt(+) contact/Al2O3 substrate crossing covered with 1 ml (C) 

and 5 ml (D) of spray coated MWCNTs/DMF active layer 

From the SEM image of Pt contact shown in the Fig. 3A is clear that the electrode contact surface is very 
porous. MWCNTs/DMF active layer spray–coated over the Pt(+) contact (Fig. 3B) show that the pores of the 
Pt layer are homogenously covered. From the SEM images of fabricated Pt(+) contact/Al2O3 substrate 
crossing shown in Fig. 3C is clear that 1 ml of spray coated suspension leave visible step between the 
contact and the substrate, which almost disappear with 5 ml of spray coated suspension (Fig. 3D ). Other 

A B 

D C 
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images of active electrode surface taken on Pt contact and pure alumina substrate confirmed worse 
coverage of alumina substrate by electrode material. This fact leaded to loosing of active layer adhesion 
during the measurement and thus the destruction of the electrode. This problem was observed namely on 
small Pt(mk) contact where the larger electrode area is deposited over Al2O3 substrate. 

3.2 Mechanical characterization of the electrodes 

Thickness and roughness of deposited layers was investigated using profilometer. Obtained surface profiles 
of clear Pt(+) substrate and Pt(+) substrate with spray–coated MWCNTs/DMF active layer (5 ml) is shown in 

the Fig. 4 . The porosity of Pt(+) contact and its thickness of ∼8 µm is clearly visible. The spray–coated 

MWCNTs/DMF layer thickness was measured to be ∼7 µm over all diameter of the electrode (3 mm). The 
profile MWCNTs/DMF active layer also confirmed the higher roughness of the electrode surface which 
corresponds with larger electroactive area of the electrode as it was expected from Fig. 3B . It could be 
expected that more porous structure representing larger electroactive surface area exhibits faster electron 
transfer rates[12]. Moreover the Pt(+) contact/Al2O3 substrate crossing is more visible than in the case of 
optical inspection. 
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Fig. 4  Surface profiles of free Pt(+) substrate and Pt(+) substrate with spray–coated 

MWCNTs/DMF active layer (5 ml) 

3.3 Electrochemical characterization of the electro des 

Fabricated electrodes were characterized electrochemically in a standard redox couple of potassium 
ferro/ferricyanide employing cyclic voltammetry as is described in subsection 0. The reversibility of the 
electrode system, influence of spray coated layer thickness and platinum electrode contact size on the 
current response were investigated. 

The electrochemical cyclic voltammograms of electrodes with small Pt(mk) contact and large Pt(+) contact 
are shown in the Fig. 5 . From the Fig. 5  is clear that large Pt(+) contact gives more stable and accurate 
response. This is probably given by better adhesion of MWCNTs active layer to the platinum contact and, for 
that reason, better current propagation from the CNTs to the electrical circuit. Next experiments also 
confirmed, that more stable and repeatable behaviour was achieved using the electrodes with bigger 
platinum contact and lower thickness of deposited active layers due to better current response of supporting 
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electrolyte. The electroactive surface area of the electrode was determined from anodic peak current using 
Randles–Sevcik equation. It was found that the electroactive electrode size is at least two times larger than 
the designed geometrical size. 

 

Fig. 5  Cyclic voltammograms recorded at 50 mV/sec in 2.5 mM potassium ferro/ferricyanide 

solution for different active layer thickness (from 1 to 5 ml) achieved at: 

small contact Pt(mk) (A) and large contact Pt(+) (B) 

4. CONCLUSIONS 

In this work, two types of platinum electrode contacts and the suitable thickness of deposited MWCNTs 
active layers as the working electrodes/transducers of electrochemical sensors were investigated. From the 

A 

B 
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SEM microimages and surface profile analysis is clear, that we obtained rough and highly porous electrode 
surface with large electroactive surface area. Moreover during the electrochemical experiments the 
reversibility of the electrode system, size of electroactive surface area, influence of spray–coated layer 
thickness and platinum electrode contact size on the current response were studied. It was found that more 
stable and electrochemically suitable behaviour was achieved using the electrodes with bigger platinum 
contact Pt(+) and lower thickness of deposited active layers. The electrochemical experiments also 
confirmed that the electroactive size of the electrode surface is at least two times larger than the designed 
geometrical size. 

ACKNOWLEDGEMENTS 

This work has been performed in laboratories suppor ted by the operational program Research and 
Development for Innovation, by the SIX project CZ.1 .05/2.1.00/03.0072 and supported by Grant 

Agency of the Czech Republic under the contract GAC R P205/10/1374. 

LITERATURE 

[1] LI, Z., et al. Electrochemical DNA sensor for simultaneous detection of genes encoding two functional enzymes 
involved in lignin degradation, Biochemical Engineering Journal, 2011, 55, p. 185–192. 

[2] MULAZIMOGLU, I.E. Determination of phenol in soil sample as an environmental pollution using aminophenol 
modified glassy carbon sensor electrode, Energy Education Science and Technology Part a–Energy Science and 
Research, 2011, 28, p. 393–400. 

[3] FUJCIK, L., et al. New CMOS potentiostat as ASIC for several electrochemical microsensors construction, 
Microelectronics International, 2010, 27, p. 3–10. 

[4] CAI, X.J., et al. A layer–by–layer assembled and carbon nanotubes/gold nanoparticles–based bienzyme 
biosensor for cholesterol detection, Sensors and Actuators B–Chemical, 2013, 181, p. 575–583. 

[5] HUSSAIN, S.T., et al. Yttria–Modified Titania–CNTs Composite as an Electrochemical Biosensor for Lysine, 
Journal of the Chemical Society of Pakistan, 2013, 35, p. 604–610. 

[6] PRASEK, J., et al. Nanopatterned working electrode with carbon nanotubes improving electrochemical sensors, 
IEEE Sensors, 2006, 1253–1256. 

[7] AGUI, L., et al. Role of carbon nanotubes in electroanalytical chemistry – A review, Analytica Chimica Acta, 2008, 
622, p. 11–47. 

[8] BUSINOVA, P., et al. Voltammetric Sensor for Direct Insulin Detection. In WALCZAK, R.andDZIUBAN, J., 26th 
European Conference on Solid–State Transducers, Eurosensor 2012, 2012, vol. 47, pp. 1235–1238. 

[9] CHNG, E.L.K. and PUMERA, M. Nanographite Impurities in Carbon Nanotubes: Their Influence on the Oxidation 
of Insulin, Nitric Oxide, and Extracellular Thiols, Chemistry–a European Journal, 2012, 18, p. 1401–1407. 

[10] JACOBS, C.B., et al. Review: Carbon nanotube based electrochemical sensors for biomolecules, Analytica 
Chimica Acta, 2010, 662, p. 105–127. 

[11] PERENLEI, G., et al. Voltammetric Detection of Potassium Ferricyanide Mediated by Multi–walled Carbon 
Nanotube/Titanium Dioxide Composite Modified Glassy Carbon Electrode, International Journal of 
Electrochemical Science, 2011, 6, p. 520–531. 

[12] KADARA, R.O., et al. Characterisation of commercially available electrochemical sensing platforms, Sensors and 
Actuators B–Chemical, 2009, 138, p. 556–562. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

405 

THE OPTICAL SPECTRA OF CARBON–BASED THIN FILMS MEAS URED BY THE 
PHOTOTHERMAL DEFLECTION SPECTROSCOPY (PDS) 

Z. REMES a, *, Tuan. T. PHAMa, M. VARGAa, A. KROMKAa, J. STUCHLIKa, H. B. MAOb 

a Institute of Physics AS CR, Prague, Czech Republic, EU 
b Key Laboratory of polar materials and devices, East China Normal University, Shanghai, China 

*remes@fzu.cz  

Abstract 

Our photothermal deflection spectroscopy (PDS) setup allows to measure simultaneously the absolute 
values of the optical transmittance T, reflectance R and absorptance A spectra of thin layers on glass 
substrates in the spectral range from ultraviolet to near infrared light with the typical spectral resolution 5 nm 
in the ultraviolet, 10 nm in visible and 20 nm in the near infrared region. The PDS setup provides the 
dynamic detection range in the optical absorptance up to 4 orders of magnitude. Here we demonstrate the 
usability of this setup by comparing the optical absorbance on a series of the carbon layer and 
nanocrystalline diamond (NCD) thin layers deposited on glass substrates by using the magnetron sputtering 
and the microwave based surface wave–discharge in linear antenna chemical vapor deposition (CVD) 
processes, respectively. The defect–induced localized states in the energy gap are observed in all carbon 
layers as well as in NCD. 

Keywords: nanocrystalline diamond, amorphous carbon, magnetron sputtering, CVD, optical spectroscopy 

1. INTRODUCTION  

Amorphous carbon coatings show excellent tribological properties, whereas the nanocrystalline diamond 
(NCD) layers exhibit an extraordinary variety of surface properties such as high or low electrical conductivity, 
positive or negative electron affinity, hydrophobicity or hydrophilicity and tunable chemical reactivity1. In the 
magnetron sputtering process used for carbon coating, a graphite target (cathode) plate is bombarded by the 
positively charged energetic Ar+ ions generated in a glow discharge plasma situated in front of the target. 
The bombardment process causes the removal, i.e., sputtering, of carbon atoms, which then condense on a 
colder substrate as an amorphous thin film in a process called physical vapor deposition. Secondary 
electrons are also emitted from the target surface as a result of the ion bombardment, and these electrons 
play an important role in maintaining the plasma [2].  

In the microwave plasma enhanced chemical vapor deposition (MW CVD) the substrate is exposed to 
hydrogen rich plasma where the precursors such as methane and carbone dioxide react and/or decompose 
on the substrate surface to produce the nanocrystalline diamond deposit. The volatile by–products are also 
produced, which are removed by gas flow through the reactor chamber. The ionization of the precursor 
gases by the microwave absorption play an important role in maintaining the plasma[3].  

The NCD layer consists of a closely packed polycrystalline material with grain size below 100 nm and 
tetrahedrally bonded amorphous carbon located at grain boundaries [4]. It is widely accepted that in 
tetrahedrally bonded amorphous carbon (a–C) π–bonded carbon atoms cause the formation of a π–π* 
pseudogap, emerging about midgap in between the σ–σ* bands and dominating the optical absorption in 
visible and near UV spectra range [5]. The similar shape of the optical absorption in the infrared and visible 
spectral regions is observed also in the polycrystalline diamond layers scaling with the content of amorphous 
carbon phase in grain boundaries [6]. On the other hand, the sp3 bonds occur not only in crystals with long–
range order, but also in diamond–like amorphous solids where the atoms are in a random arrangement. In 
this case the bonding extends not in a long–range order over a large number of atoms. The bond types have 
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a considerable influence on the optical properties of amorphous carbon films. If the sp2 type is predominant 
the film will be less transparent then if the sp3 type is predominant. 

In this paper we shown the similarity of the NCD optical absorption spectrum resembling closely the 
amorphous carbon coatings prepared by the hydrogen–free magnetron sputtering of graphite target in Ar 
plasma.  

2. EXPERIMENTAL 

The hydrogen–free carbon coatings on low alkaline 
borosilicate glass Corning 7052 were deposited at various 
sample holder temperatures in the magnetron sputtering 
process using graphite target in the deposition system 
shown in Fig. 1 . The residual pressure (vacuum) was 0.01 
Pa, the Argon pressure during sputtering was 1.2 Pa (flow 
7.3 sccm). The voltage between target and substrate 
holder was 550 V and the DC current 0.1 A. The 
temperature of the resistively heated substrate holder 
stage, placed 5 cm from the target, was regulated from 
100 °C up to 450 °C. 

NCD film (RR130117) was grown at 650 °C at pressure 
8 Pa from hydrogen–rich gas mixture of methane and 
carbon dioxide at 650 °C on Corning Eagle 2000 glass 
using the modified commercially available apparatus used 
for the solar cell technology (AK 400, Roth and Rau, AG). 
The system employs two microwave generators (2.45 
GHz) working at pulse–frequency up to 500 Hz and maximum power up to 4.4 kW in a pulse at each side of 
the linear conductor located in the quartz tube as well as RF bias (13.56 MHz, 600 W/500 V) to control 
energy of ions impinging on the substrate surface. The substrate holder stage can be resistively heated up to 
800 °C and moved up/down to control the distance to the antenna. NCD coatings deposited by linear 
antenna MW CVD over large area on glass substrates by provide an economical alternative to single crystal 
diamond showing most of the diamond surface properties [7]. 

The photothermal deflection spectroscopy (PDS) is based on detecting the laser beam deflection in the 
periodically heated liquid [8]. The thin film deposited on non–absorbing glass substrate immersed in non–
absorbing liquid is periodically illuminated by the monochromatic light. When the incident light is absorbed in 
the sample, the heat is transferred to the thermal waves that change the index of refraction of the liquid and 
deflect the probe laser beam. The amplitude of the oscillation of the laser beam is detected by the position 
detector and lock–in amplifier referenced to the incident light frequency being proportional to the amount of 
light absorbed in the sample. To normalize the measured PDS spectra we use a carbon nanotubes (CNT) 
layer deposited on glass substrate as a highly absorbing reference sample.  

The PDS setup at FZU AVCR, v. v. i. in Prague, shown in Fig. 2 , covers the spectral range 250–2200 nm 
and consists of the following principal parts: 

• 150 W Xe lamp attached to the triple grating monochromator equipped with gratings blazed at 300 nm 
(600 gr/mm), 750 nm (300 gr/mm) and 1200 nm (150 gr/mm)  

• Low frequency mechanical chopper DCH Driver (EOPC)  

• The sample/cuvette holder built from Thorlabs 30 mm cage system components  
• Helma HEL101–20–40 quartz cuvette filled with 3M™ Fluorinert™ Electronic Liquid FC–72 

(perfluorohexane, C6F14).  

• Integrating spheres equipped with PbS Amplified Detectors and UV–enhanced Si detectors connected 
to lock–in amplifiers to detect incident light intensity and transmitted and reflected light 

Fig. 1  The thermal evaporation and 
magnetron sputtering of the graphite target 

equipped with turbomolecular pump and 
Argon gas inlet 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

407 

• High Performance JDS Uniphase Helium–Neon Laser 1.5 mW and the 60 mm PCX Lens, 633 nm V–
Coat  

• Position detector from Sci–Consulting Sàrl, St–Sulpice, Switzerland, specially designed for PDS. 

 

Fig. 2  PDS setup. The sample S is adjusted to be parallel and in the close proximity to the focused probe 
laser beam monitored by the position detector PD.  The transmitted and reflected light is collected by lens 
L1and  L2 placed behind and in front of the sample and focused into integrating spheres IS1 and IS2. The 

background spectrum proportional to the incident light intensity is monitored via the beamsplitter B by 
detectors D1 and D2 

         

Fig. 3  The typical transmittance T, reflectance R 
and absorptance A spectra of 64 nm thick 

hydrogen–free DLC layer grown by magnetron 
sputtering of graphite target in Ar plasma for 

30 min at 400 °C on Corning glass 7052 

Fig. 4  The optical absorption coefficient of a 
series of hydrogen–free carbon coatings 

deposited  on glass substrates by magnetron 
sputtering at various substrate holder 

temperatures 

3. RESULTS 

The typical transmittance T, reflectance R and absorptance A spectra of hydrogen–free carbon layer 
sputtered on glass are shown in Fig. 3 . The absorptance spectrum measured by PDS is compared with the 
spectrum 1–T–R calculated from transmittance and reflectance spectra. Fig. 3  shows that 1–T–R is not 
reliable in the region of weak absorptance in thin film below 1.2 eV as well as in the region above 3.4 eV 
where the glass substrate absorbs. Above 4 eV the glass substrate absorbs heavily which deteriorates all 
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spectra. The film thickness d ~ 64 nm and the index of refraction n ~ 1.7 were evaluated from the 
interference fringes in the reflectance spectra R.  

In the presence of the interference fringes, it is difficult to evaluate the optical absorption coefficient α(λ) of 
thin films from the transmittance T and reflectance R spectra if the optical function 1–T–R is below 1 %. The 
PDS measures directly the heat absorbed in the sample and it can detect the optical absorptance A down to 
0.01 % providing up to four orders of magnitude dynamic range for the optical absorption measurement of 
thin film deposited on transparent glass substrates. It is important to note that in our setup all optical spectra 
are measured simultaneously at the same spot thus avoiding the phase shifts in the interference fringes due 
to inhomogeneity of the thin film thickness. The optical absorptance coefficient α(λ) can be calculated 
independently for each wavelength λ using the commercial thin film modeling software FilmWizard. 

Fig. 4  shows the optical absorption coefficient of a series of hydrogen–free carbon coatings sputtered on 
glass substrates for about 20–35 min at various substrate holder temperatures. The growth rate was found to 
be about 3 nm/min for carbon coatings deposited at and below 300 °C and about 2 nm/h for coatings 
deposited at and above 350 °C. From Fig. 4  follows that the defect density of hydrogen–free carbon coatings 
slightly decreases with increasing substrate temperature up to 300 °C, but deteriorates significantly at 
elevated temperatures above 350 °C on the substrate temperature.  

 

Fig. 5  The typical transmittance T, reflectance R and absorptance A spectra of the as grown 350 nm thick 
nanocrystalline diamond (NCD) layer (prior grain boundary cleaning) grown at 650 °C by MW CVD on 

Corning Eagle 2000 glass 

The typical transmittance T, reflectance R and absorptance A spectra of as grown NCD layer on Corning 
Eagle 2000 glass substrate is shown Fig. 5 . In the UV region above 3 eV the transmittance and reflectance 
spectra are deteriorated by the optical scattering, whereas the optical absorption spectrum measured by 
PDS is much less influenced by the scattering. The film thickness 360 nm and the index of refraction n~2.4 
were evaluated from the interference fringes in the reflectance spectra R. The growth rate was about 
20 nm/h. In the case of NCD that is a mixture of diamond and non–diamond phase, it is not possible to 
calculate the optical absorption coefficient of the non–diamond phase directly from the optical absorptance 
spectrum without knowing the non–diamond volume fraction. However, since the optical absorption of as 
grown NCD layer in the red spectra range at 2 eV (620 nm) is about 6 % compared to about 20 % in carbon 
coating deposited at 400 °C. Thus, the sputtered carbon layer absorption is about 20x higher then in the as 
grown NCD layer taking into account the film thickness. We roughly estimate the volume fraction of non–
diamond fraction in NCD should be about 5 %. As we have shown in our previous paper, the non–diamond 
content in NCD located at grain boundaries can be significantly reduced by the post–growth etching and 
cleaning [9]. 
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CONCLUSION 

Our PDS setup provides a highly reliable simultaneous measurements of the optical transmittance, 
reflectance and absorptance spectra of thin films deposited on glass substrates in a broad spectral range 
from UV to IR. The film thickness and the index of refraction are evaluated from the reflectance spectra. The 
optical absorption coefficient spectra evaluated from the optical absorption provide a tool to estimate the 
defect density in carbon coatings. In this paper we have demonstrated this concept by comparing the optical 
absorption coefficient spectra of a series of the hydrogen–free carbon coatings deposited on glass 
substrates using the magnetron sputtering. Experimental data showed that hydrogen–free carbon coatings 
exhibit a characteristic shape in the subgap optical absorption that resembles the optical absorption spectra 
of NCD films. We suggests the highly defective hydrogen–free magnetron sputtered carbon layer deposited 
at elevated temperature 450 °C to be used as a thin interlayer between NCD and gold contacts to prepare 
the ohmic electrical contacts for NCD sensors avoiding the unwanted Schottky effect.  
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Abstract 

Semiconductor ZnS/CdS core/shell nanoparticles with 1, 2 and 3 shells were prepared by a two step 
precipitation procedure at room temperature. In the first step ZnS core nanoparticles were synthesized 
by precipitation of zinc acetate with sodium sulphide in aqueous solutions stabilized by a cationic surfactant 
cetyltrimethylammonium bromide (CTAB). In the second step CdS shells were created by adding drops of 
cadmium acetate into the previous solutions. The Materials Studio software was used to determine 
theoretically required amounts of CdS to create a specific number of shells. Energy gaps of ZnS/CdS 
nanoparticles were determined from their UV–Vis spectra by the Tauc method [1]. The molecular modelling 
results were verified by high resolution transmission electron microscopy (HRTEM) and a photocatalytic 
decomposition of methylene blue (MB) in aqueous solutions under UV irradiation. 

Keywords:  CdS, ZnS, nanoparticles, core/shell, photocatalysis  

1. INTRODUCTION 

Semiconductor nanoparticles (NPs) with diameters smaller than sizes of their exciton Bohr radii are well 
known for their unique physical and chemical properties towards bulk materials, such as quantum 
confinement effect, high reactivity and adsorption capacity [2]. One of the most important properties of 
semiconductor NPs is their capability to generate electrons and holes after absorbing photon with energy 
greater or equal to their gap energy. Semiconductor NPs can be used as photocatalysts for oxidation and 
reduction reactions, such as hydrogenation [3], reduction of carbon dioxide [4] or decomposition of organic 
compounds [5]. 

The aims of this work were 1) to model and prepare core/shell ZnS/CdS NPs in the presence of CTAB and 2) 
to characterize the core/shell nanoparticles by experimental methods in order to verify correctness of 
molecular models. Molecular modelling was performed in the Materials Studio environment. Besides 
HRTEM, a decomposition of methylene blue catalysed by ZnS/CdS nanoparticles were used for the 
characterization. 

2. EXPERIMENTAL 

2.1 Material and chemicals 

All the chemicals used for preparation of ZnS, CdS and ZnS/CdS nanoparticles were analytical grade 
reagents: zinc acetate, cadmium acetate, sodium sulphide (all from Lachema, Czech Republic), 
cetyltrimethylammonium bromide (Sigma chemical Co., USA), methylene blue (Merck, Germany). Water 
deionised by reverse osmosis (Aqua Osmotic, Czech Republic) was used for preparation of all solutions. 

2.2 Preparation of ZnS/CdS SNPs  

In the first step, ZnS core nanoparticles were synthesized by precipitation of zinc acetate with sodium 
sulphide in an aqueous solution in the presence of CTAB. In the second step, shells of CdS were created 
by adding drops of cadmium acetate (0.79 mmol·l–1) into the previous solution. The mole ratio of Zn2+ : S2– : 
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CTAB : Cd2+ was about 1 : 2.1 : 2.5 : 0.395 for one layer of CdS, 1: 2.83 : 3.5 : 0.885 for two layers of CdS 
and 1 : 3.75 : 4.5 : 1.495 for three layers of CdS. The initial concentration of zinc acetate was kept at 2 
mmol·l–1 for all three prepared types of core/shell NPs. Amounts of required ZnS and CdS molecules 
necessary for the ZnS/CdS nanoparticles preparation (; 1) were estimated from ZnS/CdS models built in the 
Material Studio software.  

2.3 UV–Vis spectroscopy  

UV–Vis spectra of the ZnS/CdS colloidal dispersions were recorded by an UV–Vis spectrometer Lambda 25 
(Perkin Elmer, USA) with wavelength range of 200–800 nm. All spectra were recorded using 1 cm quartz 
cuvettes. 

2.4 Transmission electron miscroscopy  

Transmission electron microscopy with high resolution images of ZnS/CdS NPs deposited on a clay mineral 
montmorillonite (MMT) were taken by a JEM 220FS microscope (Jeol, Japan) operating at 200 kV. 
The HRTEM microscope was also equipped with an energy–dispersive X–ray spectra analyser (EDX) to 
prove local chemical composition of ZnS/CdS NPs deposited on MMT. The analysed particles were 
dispersed in ethanol and with ultrasonic sprayer deposited on a TEM grid with carbon holey support film. 

2.5 Photocatalytic activity 

Photocatalytic activity of the colloidal dispersions of ZnS/CdS NPs was evaluated by decomposition 
of methylene blue in aqueous solutions under irradiation of an UV lamp with a maximum emission 
wavelength at 365 nm (Hg lamp HSC–1L Pen–Ray, UVP, Germany) in a stirred batch reactor opened 
to the air. In a typical experiment, the colloidal dispersion of ZnS/CdS was added into the aqueous solution 
of MB, a total volume of the solution was 100 ml. The initial concentrations of MB and ZnS/CdS were set 
at 8 x 10–3 mmol·l–1 and 2 mmol·l–1, respectively. Before photocatalytic experiments the MB solution was 
stirred in contact with photocatalysts for 10 minutes in dark to reach adsorption equilibrium and provide good 
homogenization of dispersions. After that the UV lamp was switched on. The temperature in the reactor was 
kept at 18 °C. 

3. RESULTS AND DISCUSSION 

3.1 Modelling of ZnS/CdS nanoparticles 

ZnS/CdS nanoparticles were modelled in the Material studio environment. A shape of the ZnS core was not 
a perfect sphere but a shape of rhombicuboctahedron (Fig. 1a ). An average radius of the modeled ZnS core 
was calculated at 2.55 nm and 2076 ZnS molecules was used for its building. Amounts of CdS molecules 
used for building of shells are summarized in Table 1 . 
 

 
 
 
 
 
 
 
 
 
 

Fig. 1  Molecular models of a) ZnS core, b) ZnS/1CdS SNP, c) ZnS/2CdS SNP 
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Results of our previous study revealed that ZnS nanoparticles (cores) can grow during 24 hours after 
precipitation to reach radii of 2.45 nm. This value was used for the molecular modelling and well agrees with 
the final average of modelled ZnS radii calculated at 2.55 nm. 

Table 1  Number of molecules used for synthesis of ZnS/CdS NPs and thickness of CdS shells 

Type of NPs  Number of CdS molecules  Thickness of CdS layers (nm) 

ZnS/1CdS 820 0.401 
ZnS/2CdS 1838 0.765 
ZnS/3CdS 3103 1.120 
CdS 2076 ––– 

Note: #CdS is a number of CdS monolayers deposited on the ZnS core 
 
3.2 Optical absorption properties of nanoparticles 

All three types of ZnS/CdS nanoparticles were prepared by precipitation reactions of zinc and/or cadmium 
ions with sulphide ions in the presence of CTAB. UV–Vis absorption spectra of the resulting dispersions 
were recorded immediately after the precipitation. The typical UV–Vis absorption spectra of CdS (included in 
this study for comparison), ZnS and ZnS/CdS nanoparticles are shown in Fig. 2 . They were used for 
evaluation of the nanoparticles gap energies by means of the Tauc equation [1] 
 
εhν = C(hν – Eg)x           (1) 
 

where ε is the molar extinction coefficient, which can be obtained from Beer–Lambert law, hν is the energy 
of incident photons, C is a constant, Eg is the gap energy of the material and the power x depends on the 
type of transition. For direct semiconductors like ZnS and CdS x = 1/2. The usual method for the 

determination of Eg involves plotting (εhv)1/x against (hv) [6]. 

 
Fig. 2  Absorption spectra of ZnS, CdS and ZnS/CdS colloid dispersions. A detail view of CdS absorption 

edges (inset) 
 

The obtained values of ZnS and CdS gap energies were used for estimation of average radii of ZnS, CdS 
nanoparticles by the Brus equation [7] 
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where Eg(nano) and Eg(bulk) are the gap energies of nano and bulk–semiconductors, respectively, h is 
Planck's constant, r is the radius of the nanoparticle, me and mh are the effective masses of electron and hole 
respectively, e is the charge of electron, εr is the dielectric constant and ε0 is the permittivity of vacuum. From 
the core/shell UV–Vis spectra, a blue shift of the CdS absorption edge with the decreasing amount of CdS 
molecules was observed. The CdS gap energies are summarized in Table 2 .  

Table 2  Gap energies of CdS and ZnS/CdS nanoparticles 

Type of nanoparticles  CdS Ebg (eV) 
CdS 2.580 
ZnS/1CdS 2.797 
ZnS/2CdS 2.692 
ZnS/3CdS  2.608 

3.3 Transmission electron microscopy 

Fig. 3  shows a HRTEM micrograph of ZnS/3CdS nanoparticles. Unfortunately, it was not possible to 
recognize a structure of ZnS/3CdS nanoparticles because of fuzzy boundaries of displayed objects caused 
by the presence of CTAB. The scanning modus transmission electron microscopy revealed the EDX 
intensities of sulphur, zinc and cadmium along a red abscissa marked in a left image indicating the presence 
of ZnS/CdS nanoparticles. 

 
Fig. 3  HRTEM analysis of ZnS/CdS nanoparticles. HRTEM micrograph of ZnS/3CdS SNPs (left), EDX 

intensities of S, Zn and Cd 

3.4 Photocatalytic activity of ZnS/CdS nanoparticle s 

Besides the HRTEM analysis, ZnS/CdS nanoparticles were also investigated using the photocatalytic 

decomposition of MB. The heterogeneous reaction rate <r> of MB and hydroxyl radicals on surface of 
ZnS/CdS NPs can be described by the Langmuir–Hinshelwood equation [8] 
 

OH OHMB MB MB
h

MB MB i i OH OH

K cdc K c
r =- =k

dt 1+K c + K c 1+K c∑
        (3) 
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where kh is a kinetic parametr; KMB, KOH, Ki, and cMB, cOH, ci, are the adsorption constants and concentrations 
of remaining MB, hydroxyl radicals and intermediates, respectively. In case cOH >> cMB and ΣKici can be 
neglected and Eq. (3) can be simplified to its mostly used form 
 

MB MB
app

MB MB

K c
r =k

1+K c
           (4) 

 
where kapp is an apparent kinetic parameter depending on irradiation intensity, mass and nature of the solid 
phase (catalyst) and the concentration of OH radicals. It was theoretically approved this model is appropriate 
for the first order kinetics [9]. Since MB concentrations were very low of 0.01–0.001 mmol·l–1 then we can 
give KMBcMB << 1 and Eq. (4) can be reduced to the pseudo–first order reaction 
 

app MB MB obs MBr =k K c =k c            (5) 

 
where kobs is the observed kinetic constant. The reaction rate constant kobs was calculated by fitting 
measured data by the integrated rate equation of the first order kinetics (ln c0/c = kobst, where c0 and c are 
the concentrations of MB at time t = t and t = 0, respectively) as shown in Fig. 4 .  
 

 
 

Fig. 4  Observed kinetic constants (min–1) of MB photocatalytic decomposition 

The same photocatalytic experiments were performed with CdS nanoparticles, used for comparison, and 
without nanoparticles to observe the MB photolysis which was found to be negligible. The obtained kinetic 
constants kobs were also plotted against the numbers of CdS molecules in CdS and ZnS/CdS nanoparticles 
shown in Fig. 5 . A good linear dependence indicates that the photocatalytic decomposition rate depended on 
the amount of CdS molecules in tested nanostructures. It also indicates that prepared ZnS/CdS 
nanoparticles well corresponded to theoretically modelled ones and thus verified the modelling results. 

4. CONCLUSION 

CdS, ZnS and ZnS/CdS nanoparticles were modelled in the Materials Studio software to obtain the amounts 
of needed precursors for preparation of these nanoparticles by precipitation of zinc and/or cadmium ions with 
sulphide ions in the aqueous dispersions of CTAB. UV–Vis absorption spectra of these dispersions were 
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recorded for evaluation of their gap energies and consequently for determination of their sizes. The HRTEM 
analysis was able to indicate the core/shell structure only on the basis of EXD intensities of Zn, Cd and S. 
ZnS/CdS nanoparticles with different shell thickness were used as photocatalysts for the decomposition of 
methylene blue. The observed kinetic constants linearly depended on the amounts of CdS molecules, which 
confirmed that the prepared ZnS/CdS nanoparticles well agreed with the modelled ones. By our best 
knowledge such photocatalysis application has never been used for characterization of core/shell 
nanoparticles. 
 

 

Fig. 5  Plot of kobs against a number of CdS molecules in CdS and ZnS/CdS nanoparticles 
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Abstract 

The literary review [1] of published articles and monographs shows that the most promising objects for 
hydrogen storage are carbon nanomaterials, in particular, carbon nanotubes; some authors suggest specify 
in possibility of use of the thermally expanded graphite. Obtaining and studying hydrogen adsorption in 
carbon sorbents opens the great opportunities and makes the scientists face practical tasks. The aim of the 
present work is the syntheses of potential promising carbon nanomaterials for hydrogen storage, the 
consideration of the sorption–determining structural features and their sorption mechanisms for gaseous and 
condensed substances. Special attention is given to carbon nanomaterials applications for storing hydrogen 
and other gaseous substances. 

Keywords: carbon nanomaterials, thermally expanded graphite (TEG), multiwall carbon nanotubes  
                   (MWCNT), hydrogen storage, sorption 

1. INTRODUCTION 

The analysis of known technologies of carbon nanomaterials shows that the majority low–temperature 
processes, anyhow, are closely related to the conversion of hydrocarbons at various temperature modes. In 
addition, the carbon nanomaterials differ in structure and properties if different catalysts and different 
technologies are using for syntheses. By the nature high–temperature synthesis of carbon materials is the 
process power–consuming and difficult to manage as well requiring a large amount of work to clean up the 
primary product. But low–temperature processes, in turn, usually, are inefficient and have low coefficient of 
hydrocarbons utilization. Multi–year experimental and theoretical studies carry out in the Gas Institute of 
NAS of Ukraine. Technologies of carbon nanomaterials obtaining that developed at the Gas Institute, 
according to the authors opinion, allow to overcome the above disadvantages. In this paper we explore some 
new approaches which would give the opportunity to receive high quality sorbents purity. These technologies 
can be used to solve the problem of resource efficiency related to the rational use of natural and associated 
gas for the production of carbon nanomaterials and hydrogen. 

2. EXPERIMENTAL PART 

The complex experimental equipment was created for the production of laboratory samples of carbon 
nanomaterials and studying their adsorption capacity. At this stage of the project equipment has been 
qualitatively upgraded. 

2.1 Carbon nanotubes (CNT ) 

The laboratory installation has been developed and modernized for the production of carbon nanotubes with 
a high content of nanotubes (up to ~ 90 %) in raw sample. 

For the production CNT we have designed and manufactured laboratory unit, which basic contain the next 
main units: the catalytic conversion reactor and the furnace for synthesis CNT. The conversion process has 
been used for converting products of natural gas and the air as the basic technology with precisely known 
maintenance hydrogen, carbon and oxygen. The process was carried out in catalytic reactors conversion 
with use of catalysts on the basis of nickel. As a result the converted gas contained CO to 18 % and 35 % of 
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hydrogen, 3 – 5 % of oxidants, 0.5 – 1.5 % methane – the rest nitrogen. The converted gas was dried on 
silica gel, and then submitted to the horizontal furnace on iron ore powder loaded a porcelain substrate. The 
powder heated up to the desired temperature, carrying out solid–phase reduction of iron oxides, and then, 
without interrupting the process, conducted decomposition reaction of carbon dioxide with fresh–restored 
iron as the catalyst. The analysis of the carbon material with the scanning electronic microscope JSM–6700 
F showed high percentage of the soot which is the dominant form at temperatures below 600 °C. When the 
temperature of the process increases, the soot is formed because of sharp growth of equilibrium 
concentration monoxide carbon in a gas phase and the efficiency of an exit of a carbon material reduced. 
The attempt to increase the gas flow rate leaded to the formation of a gas stream and the big percent of a 
material was taken out from the furnace. In addition, the catalyst layer formed agglomerates which were 
difficulties to unload from the reactor furnace. To solve this problem, it was proposed to receive a carbon 
material on a surface of metal plates of the stacks in such way that it is uniformly filled the whole cross 
section of the furnace reactor. The distance between plates in a stack is about of 10 mm. This method 
reduced to almost zero gas dynamic resistance in the furnace and increase the use of the potential of 
converted gas. Also, there were studied influence of the catalyst on the carbon material output. For 
comparison, also the possibility of CNT obtaining from the producer gas was explored [2] 

2.2 Thermally expanded graphite (TEG): 

The thermally expanded graphite obtains from crystalline graphite as a result of chemical processing and the 
subsequent fast heating. The aim of chemical processing is obtaining in the graphite structure intercalation 
compounds which at the further heat treatment of particles promote their repeated expansion along a crystal 
axis C, and finally decompose and leave structure of graphite in the form of gaseous products. The most 
effective and mastered way is considered the treatment of graphite in a solution of strong acids with addition 
of oxidizer. In the Institute Gas of NAS of Ukraine the first experiences for the thermally expanded graphite 
have been spent in the electric furnace. Later the method of thermal expansion of the oxidised graphite in a 
fluidized bed of an inert material was used. Products of combustion of natural gas were used us heating and 
fluidizing agent. The pilot plant had a few flaws like manual loading of a material and also the humidity of the 
submitted oxidised graphite for the drying which the additional expense of the warm was required [3]. The 
further researches on purpose to reception of a product with minimum contaminations of residual sulphur 
and the maximum degree of graphite expansion led to creation of a new method. 

The patented «know–how» [4], namely, the use of two burners in system of heating of the oxidised graphite 
and the fact that one of the burner acting as a feeder of feedstock, turned out to improve conditions for 
thermal stress which, in turn, increased specific efficiency of installation and improved nanostructure of TEG. 
The unit for production of TEG consists of bins system for raw materials, supply screw feeder and an injector 
of giving of raw materials, high temperature furnace with patented burners and a chamber for graphite 
exfoliation, flues supply system, the bag filter and the receiving hopper. 

2.3 Laboratory installation for hydrogen adsorption  

For study the adsorption properties of nanosorbents we are developed and manufactured the laboratory unit 
(Fig. 1 ) with the following basic components: the sorbent container (4) placed in the heating furnace 3, level 
of heating which is supervised by heater control unit (6). Balloons 1 with inert gas (N2) and hydrogen are 
connected to the installation. The temperature is measured in the container by the thermocouple, which the 
signal is processed by an automatic digital converter (7); these data supplied on the computer (9). The 
installation was beefed up the gas analytical (8) and the vacuum (12) equipment, the pressure indicator (11) 
and fittings with the high density for the purpose of deeper studying of “sorption–desorption” processes in 
samples of carbon nanosorbets. Thus, the composition and concentration of impurities in hydrogen are 
determined by the chromatograph.8. Blowing–off and working gases arrive in the installation from balloons; 
in the further experiments we are planned to use pure and especially pure hydrogen. Hydrogen adsorption is 
carried out in the container under controlled pressure, desorption is performed by depressurization and 
heating the container. This setting device allows to perform experiments on the reversible sorption in 
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practical use, to determine the hydrogen capacity of sorbents, the adsorption isotherm, calculate the speed 
of absorption and desorption of hydrogen in “adsorption–desorption” processes. The hydrogen storage 
capacity of the sorbent is determined by the ratio of the number of adsorbed hydrogen to the initial weight of 
the sorbent. The first stage this parameter was determined by the amount of hydrogen that escaped during 
desorption. The studying processes at pressures up to 10 MPa and temperatures up to 300 ºC continue.  

 

Fig. 1.  The scheme of sorption installations: 1 – balloons, 2 – the calibrated volume, 3 – the furnace,  
4 – the container, 5 – manometers, 6 – heater control unit 7 – an analogue digital converter, 8 – the 

chromatograph, 9 – the computer, 10 – the unit of measurement of pressure, 11 – the pressure indicator,  
12 – the pressure centre, the vacuum pump 

3. RESULTS 

3.1 Carbon nanotubes (CNT) 

Experiments have shown, that use of the converted gas has the advantage over the use of the producer gas 
by activating the role of hydrogen in the formation and growth of carbon nanotubes. The maximum yield of 
CNT has been made on the newly–restored iron ore concentrate ore of the Inhulets mining and processing 
combine (Krivoy Rog, Ukraine), which was used as a catalyst for the formation of CNTs. Good efficiency is 

received at catalyst placing on "whatnot". The microanalysis of last layer shows high contents of tubes of 

different thickness (20 to 200 nm) that could be separated mechanically by centrifugation or different 
diameter sieves with a high degree of homogeneity. Also reception modes for production only the big size 
multiwall CNT by diameter 200 – 300 nm and length 20 – 50 µm have been developed. The element analysis 
shows the contents of impurities of iron and its oxides in the form of rounded heads in the ends of carbon 
nanotubes 1–4 percent by weight. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

419 

3.2 Thermally expended graphite (TEG) 

Highly effective automatic installation which works in a continuous mode is developed, created and realised. 
Comparison of experiments for the thermally expanded graphite in a torch and in a fluidized bad has shown 
advantage of the first over the second at the expense of almost full absence of impurity of harmful sulphur in 
sorbents of the first series of experiments. The sorbent obtained in this installation represents a material (a 
matte–gray powder) with small bulk density (4–5 kg/m3) and the big specific surface (50 – 100 m2/g) that 
provides to it high absorbing ability. The distinctive feature of the material is scaly worm–like shape of the 
particles, the petaled–sheet structure, sometimes forming a loose bulk density, with good compressibility. 
The sorbent is steady at regeneration, chemically inert and resistant to radiation, non–aging, plastic, has a 
high thermal stability and resistance to aggressive environments, electrically conductive, fire and explosion–
proof, non–toxic. 

 

4. CONCLUSION 

On the basis of the modernised laboratory installations and the researches it has been experimentally 
proven the viability of the developed technology and possibility of its introduction in manufacture. The 
optimum conditions are studied and the effective technology for producing high–purity carbon sorbents is 
developed.  

Fig. 2 Microstructure obtained carbon nanotubes 
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Abstract  

This paper describes the use of zinc metal nanoparticles <50 nm size (guaranteed by the manufacturer) in 
protective organic coatings with high zinc metal particle contents. Protective organic coatings with high zinc 
metal contents are frequently used mainly owing to their high anticorrosive efficiency. The size as well as 
shape of the zinc metal particles, though, plays an important role. In view of this, the present work was 
focussed on the effect of zinc metal nanoparticles on the mechanical and anticorrosive properties of high–
zinc–metal protective organic coatings. An epoxy–ester resin served as the binder. The resistance of the 
coating films against mechanical damage was examined by mechanical tests. Anticorrosive efficiency was 
assessed based on accelerated corrosion tests. 

Keywords : zinc metal, organic coating, PVC, CPVC 

1. INTRODUCTION 

Zinc metal has already been used in anticorrosive coatings for many years as the so–called "sacrificed 
electrode" [1–3]. Corrosion products formed in cathodic protection block the pores present in the film and, 
accordingly, reduce its conductivity, resulting in the electrochemical mechanism being replaced by the barrier 
mechanism [4]. An active protection is required since the function of electrochemical cathodic protection 
takes place upon mechanical damage to the coating [2, 5, 6]. The maximum anticorrosive protection is 
achieved when the condition PVC (pigment volume concentrations) = CPVC (critical pigment volume 
concentration) has been adhered to in preparation of the coating [7]. However, a high volume concentration 
of zinc metal has a negative effect on both the mechanical properties of the organic coating and its adhesive 
capacity [5]. The size as well the shape of the zinc metal particles, however, plays a major role. The size and 
shape affect a number of other parameters, such as the organic coating's relative surface hardness and 
permeability of the system for water vapour. The particle size also affects the oil number and hence, the 
critical pigment volume concentration [1–4]. Other problems arise during the production of highly pigmented 
coatings. Rheology of such systems is not appropriate to the application techniques (properties of coatings 
at depositing), and the coatings have a poor leveling. At the same time storage of liquid coatings is 
accompanied by the sedimentation of zinc particles. The sedimentation is not caused only by the rheology 
system parameters, but also by high specific density of zinc metal [1–3].  

2. EXPERIMENTAL PART 

2.1 Specification of the pigments employed 

Morphology of the zinc metal and zinc metal nanoparticles particles was determined by electron microscopy 
(JEOL – JSM 5600 LV, Japan). The resulting micrographs used to follow the shape and the surface 
structures are shown in Fig. 1 . 

2.2 Formulation and preparation of organic coatings  

As the convenient binder, the epoxy–ester resin was used. An epoxy ester resin coating material containing 
zinc metal particles at PVC/CPVC = 0.67 (sample 1 ) and an epoxy ester resin coating material containing 
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both zinc metal particles and zinc metal nanoparticles at the 9:1 ratio and PVC = CPVC = 0.67 were 
prepared (sample 2 ). Non–pigmented epoxy–ester resin was also prepared (sample 3 ). Organic coatings 
were dispersed using a Disolver–type equipment at 4.000 r.p.m. for 40 minutes. The description binder: 
W´Dur D 46 is a short oil epoxy ester based on conjugated drying fatty acids. It is used in air–drying and 
stoving finishes with outstanding adhesion, rapid drying and good chemical resistance. 

Technical data:  Content of epoxy resin approx. 60 % 

 
Oil content approx. 40 % 

 
Acid value, DIN EN ISO 3682 max. 4  

 
Delivery form 60 % in xylene 

  Density 0.98 g.cm3 (20 °C) 

2.3 Mechanical properties of the coatings 

The test techniques measure the variables associated with the degradation of organic coatings. The 
physical–mechanical quantities point out the flexibility, the elasticity and the strength of the paint film. These 
tests provide a basis for studying of the mechanism of action of protective organic coatings. The evaluation 
of physico–mechanical was carried out after application on steel panels–size 152 mm×75 mm×0.8 mm 
(Standard low–carbon steel panels S–36, Q–Lab Corporation). The dry film thickness (DFT) was measured 
using the magnetic gage in accordance with ISO 2808.The mechanical properties of coating systems were 
evaluated according to standards. 

2.3.1  The surface hardness of the paints by a pend ulum apparatus 

The hardness of the paint film was determined by means of a pendulum according to Persoz. The results are 
indicated as percents related to the hardness of glass standard. 

2.3.2 The degree of the adhesion of the coatings by  a lattice method (ISO 2409) 

Determination was made by means of a special cutting blade with cutting edges 2 mm apart and involved the 
degree of adhesion of the created 2 mm×2 mm squares to a base substrate. 

2.3.3 Impact resistance (ISO 6272) 

The test revealed the height of the free fall of a weight (1000 g) at which the paint film still resists damage. 
The test was performed on the reverse of the panel with a coating. 

2.3.4 The resistance of the coating against cupping  in an Erichsen cupping tester (ISO 1520) 

The objective of this test is to identify the resistance of the paint film against ongoing deformation of a coated 
steel panel with a pressed–in 20 mm steel ball. The result of the test gives so–called cupping in mm during 
which the first disturbance of the coating occurred. 

2.3.5 The resistance of the coating during bending on a cylindrical spindle (ISO 1519) 

The result of this test indicates the diameter of the spindle (in mm) on which the cohesion of the paint film 
became disturbed. 

2.4 Corrosion test procedures 

Accelerated corrosion tests are based on the intensification of the effects of natural forces that have  
a decisive influence on the protective properties of the paints, their degradation, and primarily on the extent 
of corrosion under the paint film on a protected base. The accelerated corrosion tests were carried out in 
three types of corrosion atmospheres: a corrosion test with water steam condensation, a corrosion tests in 
the SO2 atmosphere with water steam condensation,, and a corrosion test in the NaCl atmosphere with 
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water steam condensation. The first test paints were applied on the steel panels– size 152 mm×102 mm×0.8 
mm (Standard low–carbon steel panels S–46, Q–Lab Corporation) by an applicator with a 250–μm slit. The 
second layer was put on steel plates by 200–μm applicator after drying the first coat. The dry film thickness 
(DFT) was measured using the magnetic gage in accordance with ISO 2808. To test the anticorrosive 
efficiency, a test cut (about 7 cm) was made at the bottom of all paints. 

A degree of corrosion at the test scribe (ASTM D 1654–92) and a degree of steel surface corrosion (ASTM D 
610–85) were evaluated after the exposure in corrosive environments. 

2.4.1 Corrosion test in a condenser chamber with co ntinual condensation (ISO 62070–1) 

During this test, the samples were exposed to the continual effects of condensing distilled water  
at a temperature of 38 °C. The samples were evaluated after 2496 h of exposure. 

2.4.2 Accelerated cyclic corrosion test in an atmos phere of SO 2 with water condensation (ISO 
6988)  

The exposure of the samples in a testing chamber was performed in 24–h cycles: 8 h of exposure to SO2 at 
a temperature of 35 °C followed by exposure to the condensation of humidity for a period of 16 hours and at 
a temperature of 21 °C. The condition of the samples was evaluated after 2208 h of exposure. 

2.4.3 Accelerated cyclic corrosion test in the atmo sphere of NaCl with water steam condensation 
(ISO 9227)  

The exposure of the samples in a testing chamber was performed in 12–h cycles divided into three parts: 6 h 
of exposure to the mist of 5 %–solution of NaCl at a temperature of 35 °C; 2 h of exposure at a temperature 
of 23 °C; and 4 h of humidity condensation at a temperature of 40 °C. The samples were evaluated after 816 
h of exposure.  

3. RESULTS 

3.1 Pigment specification 

Table 1  Characteristics of the pigments employed 

Pigment 
Particle 

morphology 
Density  
[g/cm 3] 

Oil absorption  
[g/100g] 

CPVC 
[%] 

zinc metal spherical 6.911 6.51 67.4 

zinc metal nanoparticles spherical 6.765 27.35 33.4 

   
a.                                                              b. 

Fig. 1  Scanning electron micrographs: a) zinc metal b) zinc metal nanoparticles 
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3.2 Assessment of the physico–mechanical tests unde rtaken 

3.2.1 Measurement of relative surface hardness of p rotective organic coatings 

Table 2  Results of measurement of the relative surface hardness of organic coatings, DFT = 65 ± 10 µm 

Sample 
Relative surface hardness 

[%] 
 1. day 7. day 14. day 21. day 28. day 42. day 56. day 
Sample 1 30 37 37 39 40 40 40 
Sample 2 25 28 29 29 30 31 31 
Sample 3 11 23 39 40 43 49 50 

3.2.2 Results the mechanical properties of coating systems 

Table 3  Results of measurement of mechanical properties of organic coatings, DFT = 60 ± 10 µm 

Sample 
Adhesion test Bend test Impact test Cupping test 

[dg.] [mm] [cm] [mm] 
Sample 1 1 <4 >100 4.1 
Sample 2 1 <4 >100 5.2 
Sample 3 1 <4 >100 >10 

3.3 Evaluation of accelerated corrosion tests 

Table 4  Results of the corrosion tests performed in a salt mist chamber for coatings after 816 h of exposure, 

DFT = 65 ± 10 µm 

Sample 
Corrosion 

In a cut [mm] Metal base [%]  
Sample 1 1.2 3 
Sample 2 1.2 3 
Sample 3 0.2 0.03 

Table 5  Results of the corrosion test performed in a condenser chamber with the content of SO2 of coatings 

after 2208 h of exposure, DFT = 80 ± 10 µm 

Sample 
Corrosion 

In a cut [mm] Metal base [%]  
Sample 1 0 0.1 
Sample 2 0 0.1 
Sample 3 5.2 0.1 

Table 6  Results of the corrosion test performed in a condenser chamber with continual condensation for 

coatings after 2496 h of exposure, DFT = 80 ± 10 µm 

Sample 
Corrosion 

In a cut [mm] Metal base [%]  
Sample 1 0 0.3 
Sample 2 0 0.3 
Sample 3 0.9 0.3 
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4. DISCUSSION 

4.1 Pigment particle morphology 

SEM photographs showing the morphology are reproduced in Fig. 1  and described in Table 1 . The pigment 
particles exhibit a spherical shape in dependence on the structure. The SEM picture of the zinc metal 
nanoparticles demonstrates that the particles are aggregated into clusters. 

4.2 Evaluation of the physico–mechanical tests 

4.2.1 Relative surface hardness of the organic coat ings 

Among the organic coatings tested, the highest relative surface hardness in 56 days was observed for the 
non–pigmented coating. The organic coating with zinc metal (PVC = CPVC = 67 %) exhibited a 10 % lower 
relative surface hardness. The relative surface hardness exhibited by the organic coating with zinc metal 
nanoparticles was 20 % lower. This can be generalized so that the presence of zinc metal nanoparticles 
brings about degradation of the organic coatings' relative surface hardness. 

4.2.2 Mechanical properties of the organic coatings  

The results of the cupping test were different for the different organic coatings. The non–pigmented organic 
coating exhibited a 100 % resistance in this test, the cupping depth being larger than 10 mm. The organic 
coating with zinc metal (PVC = CPVC = 67 %) was resistant to a depth of 4.1 mm. And the organic coating 
containing zinc metal nanoparticles was resistant to a depth of 5.2 mm. Hence, zinc metal particles in the 
organic coating reduced the coating's resistance in this test, the reduction, however, was not so marked if 
the zinc metal was present in the form of nanoparticles. The resistance of the organic coatings to the 
remaining mechanical tests was not different. 

4.3 Accelerated corrosion tests 

The organic coatings were exposed to an atmosphere with salt mist, and the degree of corrosion of the 
substrate metal and the degree of corrosion in the cut were evaluated. From among the organic coatings 
tested, the non–pigmented organic coating provided the best corrosion protection: corrosion in the cut 
attained 0.2 mm, the corroded fraction of the substrate metal surface was 0.03 %. With the organic coating 
with zinc metal particles (PVC = CPVC = 67 %) as well as with the coating with zinc metal nanoparticles the 
corrosion in the cut attained 1.2 mm, the corroded fraction of the substrate metal surface was 3 %. The 
presence of zinc metal nanoparticles in the organic coating did not manifest itself during this test. 

Furthermore, the organic coatings were exposed to an atmosphere with condensing moisture and SO2, and 
evaluated as above. Corrosion of the substrate was 0.1 % when using either the organic coating with zinc 
metal particles (PVC = CPVC = 67 %) or the coating with zinc metal nanoparticles. No corrosion in the test 
cut was recorded with those organic coatings. When using the non–pigmented organic coating, the test cut 
corrosion attained 5.2 mm and corrosion of the substrate, 0.1 %. The results give evidence that the presence 
of zinc metal particles enhances the corrosion protection capability of the organic coating with respect to the 
corrosion of the test cut.. The presence of zinc metal nanoparticles in the organic coating did not manifest 
itself. 

The organic coatings were also exposed to an atmosphere with condensing moisture and evaluated as 
above. Corrosion of the substrate was 0.3 % when using either the organic coating with zinc metal particles 
(PVC = CPVC = 67 %) or the coating with zinc metal nanoparticles. No corrosion in the test cut was recorded 
with those organic coatings. When using the non–pigmented organic coating, the test cut corrosion attained 
0.9 mm and corrosion of the substrate, 0.3 %. The results give evidence that the presence of zinc metal 
particles enhances the corrosion protection capability of the organic coating with respect to the corrosion of 
the test cut. The presence of zinc metal nanoparticles in the organic coating did not manifest itself. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

426 

5. CONCLUSION 

The aim of this work was to evaluate the effect of zinc metal nanoparticles on the mechanical resistance and 
corrosion protection capability of organic coatings containing zinc metal particles. The results demonstrate 
that the use of zinc metal nanoparticles in organic coatings containing zinc metal improves the mechanical 
properties of the system. No effect of zinc metal nanoparticles on the parameters evaluated was found in the 
accelerated corrosion tests. 
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Abstract  

This work contains the research of influence on the tribological properties of commercially available nano–
additive in the amount commonly needed for improvement of other paramount properties of the polymer 
which has an essential importance for the industry. Samples of polyamide filled with clay were tested on T–
05 block–on–ring tribometer and observed on a Laser Confocal Microscope LEXT OLS 3000. We observed 
a positive and pronounced effect of nano–additive on temperature regulation in contact zone and thus on 
tribological behavior of a polymer/steel contact joints.  

Keywords:  polymer, nanoparticles, dry friction 

1. INTRODUCTION  

Recently the application of polymers has increased generally in technology and also as materials for dubbing 
components in machines and devices. The development of new technologies creates new requirements for 
bearings and wear resistant materials that cannot be satisfied by traditional metallic materials. A low 
coefficient of friction without any lubricant, an absence of corrosion of parts which can be affected by salted 
water or humid climate, – these and many others aspects are of considerable interest to engineers. As well 
the low cost of materials and manufacturability of large amount of components have the great importance for 
the industries.  

The wear and friction of non–metallic solids have some significant differences to that of metals: the wear 
mechanisms involved and the level of friction or wear which occurs [1]. The most important factors 
determining the level of wear due to sliding friction and the magnitude of the coefficient of sliding friction are 
the hardness and surface roughness of the paired materials, the contact pressure, the traversed distance, 
the temperature of the sliding surfaces and the lubrication. The most popular and also practically confirmed 
as the best tribological combination is steel–on–polymer frictional tribosystem [2–4]. Relatively low friction 
coefficient and often sufficiently high wear resistance can be achieved in these systems by proper selection 
of the polymer and steel to be use. 

A few polymers do have valuable tribological properties and most researches are directed towards this 

relatively limited number of polymers: polytetrafluoroethylene, polyamides, polyacetals, polyetheretherketone 

ultra high molecular weight polyethylene, polyurethanes, polyimides, epoxies and phenolics [1]. 

Compared with other polymers, polyamides are widely used as bearing, guide, gear and other sliding parts, 
have a high strength and stiffness, an excellent chemical resistance and a superior antifriction and wear 
resistance.  

Ultramid offers high thermal stability of parts, dynamic strength, impact resistance and long–term 
performance. It has great potential for the economically optimized production of structural components and 
modulus. Ultramid has proved to be superior to aluminum in withstanding wear stresses of this nature which 
play a significant role in water pumps for example. Fans and automobile spoilers for example are exposed to 
this type of stress which is caused by granular solids entrained in streams of air or liquid. The advantageous 
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elastic behavior of Ultramid results in high resistance in this case. For these reasons we chose to use 
Ultramid for our study. 

In spite of outstanding properties of the polymer the further investigations are still needed. There are 
required improvements of tribological properties of materials, which lead to life prolongation of polymeric 
materials and vital details and as the result increase reliability of constructions. One of the most promising 
methods is to fill it by nanoparticles. 

The reported data evidence a strong influence of nano–additives on the structure and properties of different 
polymers. This is especially pronounced with nanoclays [5–7]. For these reason the Cloisite have fallen 
under our consideration for this research. One of the main reasons for this influence is strong adsorptive 
interaction of macromolecules with rather developed filler surface, and also polymer transition to some 
particular conditions with constricted molecular mobility. A change in particle diameter, layer thickness, or 
fibrous material diameter from the micrometer to nanometer range affects the surface area–to–volume ratio 
by several orders of magnitude. The increased cohesive strength of the polymer binder can result in the 
improved tribological properties of the composites such as the abrasion resistance and resistance to fatigue 
wear, but also it can results an increment of glass transition temperature limit and, as a consequence, of the 
operating temperature range. 

2. EXPERIMENTAL PART 

The tested samples were prepared by extrusion mixing process and consist of Ultramid which was modified 
by 1, 3 and 5 wt. % of nanoclay Cloisite. Tribological experiments were carried out on a block–on–ring T–05 
tribometer with the following experimental parameters: block width 4 mm; sliding radius 17.5 mm. Test time 
was chosen 120 min., that allowing us to investigate parameters of running–in and regular steady regime of 
work. Normal load was 20N. Sliding speed variants were chosen in accordance to the exploitation regimes of 
a real friction joints and correspond to 0.43, 0.55, 0.70, 0.80 and 0.92 m/s. Worn surfaces were observed 
and wear tracks measured by a Laser Confocal Microscope LEXT OLS 3000. 

3. RESULTS AND DISCUSSION 

In general, three stages of wear can be distinguished: running–in, steady regime and catastrophic wear [8, 
9]. As applied to a metal/polymer friction system, the first stage implies the generation of a transfer film on 
the metal counterface. For most metal/polymer systems the tribological characteristics much depend on the 
properties of the transfer film, i.e. its nature, strength of bonding to the metal surface, the part of the 
counterface area covered with the transfer film, the severity of adhesive interaction on the polymer/transfer 
film interface. This has been supported experimentally and reported by several authors [10, 11, and 12].  

As polymers adhere to hard surfaces through absorption [13] it can be assumed that the adhesion 
component of the friction force depends on the absorptivity of macromolecules. Immobilization of their 
functional groups and constraining the molecular mobility must affect strongly the tribological behavior of the 
polymer. The addition of nanofiller changes the mobility of the chains. 

The friction of polymers over metals is greatly affected by tribochemical reactions occurring in the contact 
zone [14]. The tribochemical transformations in macromolecules follow the free–radical mechanism 
consisting of three main stages: initiation of macromolecules; growth of chains and their termination.  

The chemical processes in polymers depend not only on the chemical structure of macromolecules but also 
on the arrangement of molecules, perfection and size of crystallites, the degree of molecular orientation, and 
molecular mobility. The structural heterogeneity in polymers leads to non–uniform distribution of additives 
and reagents in their bulk. In the partially crystalline polymers the low–molecular weight substances (oxygen, 
products of oxidation, inhibitors, plasticizers, dyes, fillers, etc.) tend to concentrate in the amorphous regions 
of the polymer; most reactive fragments of macromolecules are also localized there. The local concentrations 
of reagents may differ much from the average concentrations; consequently, the local rates of tribochemical 
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reactions must be different from the average rates. Thus, the introduction of additives into the polymer that 
alters its physical structure unavoidably affects its tribological properties.  

Visual analysis of the worn surfaces shown that without exception friction contact is accompanied by 
adhesion and further it results in micro–cutting (Fig. 1 ) that means that an additional work was done 
increasing the friction force. The worn surfaces of samples with 3 wt.% of nanoclay is smoother then with 1 
and 5 wt.%, which is proved by the roughness data analysis, achieved by confocal microscope. 

The mechanisms of energy dissipation at deformation can be described as following: when a polymer with 
visco–elastic behavior slides over a hard rough surface energy dissipation is caused by the high hysteresis 
losses. Elastic hysteresis is a time lag development of elastic deformation of the sample from the application 
of mechanical stress and therefore at each time point magnitude of deformation of the body is the result of its 
prehistory. Elastic hysteresis caused by the movement of dislocations (defects) and followed by heating. At 
cyclic load application diagram showing the dependence of the strain from stress, gives a hysteresis loop. 
Loop area is proportional to the fraction of elastic energy passed into heat. Thus non–polymeric inclusions 
(nanoparticles) tend to keep the dislocation at a certain position. To move a dislocation requires quite a lot of 
stress. Energy loss due to elastic hysteresis losses are included in the internal friction. The produced 
deformation doesn’t disappear completely when the force is removed, and this results in energy loss on 
repeated deformations.  

Additives strengthen the polymer by increasing stiffness and so inhibiting dislocation movements, but at the 
same time increasing the brittleness. That is good until the defined point.  It is known from many research 
reports, that the introduction of nanofiller improves tensile strength with respect to the neat polymer up to an 
optimal filler loading. But at “break” values strain gradually decrease as the filler content increases. 
According to reports [15,16], which was deal with the clay nanofiller, the drop in the quasi–static tensile 
properties experienced at elevated filler amounts could be attributed to the presence of a fraction of non–
intercalated clay tactoids with micrometric dimensions acting as crack nucleation sites. Therefore, the 
reinforcing effect due to the dispersion of clay nanoplatelets is counterbalanced by aggregation phenomena, 
with detrimental effects on the ultimate tensile properties. The overstepping we can observe in the case of 
the composite with the 5wt. % of nanoclay (Fig. 1 c ). As the result of increased surface brittleness the wear 
level significantly increased.  

 

a)  
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b)  
 

c)  
 

Fig. 1  Contact zone in 480 times multiplication of the sample with a) 1wt. %; b) 3wt. %; c) 5wt. % 

The mechanical component results from the resistance of the softer material to “ploughing” by asperities of 
the harder one. The adhesion component comes from adhesive bonds formed between the surfaces in the 
friction contact. It is believed that for polymers the adhesion (molecular) component exceeds much the 
mechanical one [17], due to transfer films generated on the metal counterface. Special consideration is given 
to transfer films as the key factor which determines the tribological behavior of polymer materials [8,9].  

Polymers as visco–elastic materials are very sensitive to frictional heating. It is commonly known that heat 
generation at friction process results from the deformation of the material on real contact spots [5]. Another 
source of heat can be attributed to the formation and rupture of adhesive bonds. These processes are most 
probably energetically non–equivalent and the energy difference may cause the generation or absorption of 
heat. 

The noticeable result of nanofiller influence, which we could see directly from the graphs of continuously 
recorded characteristics, is the reduction of the temperature in the contact zone. The time and the velocity 
variations were specially chosen to reveal this effect. At the graph Fig. 2  we can see the comparison of the 
temperatures at the most indicative points: at the beginning, middle and at the end of the experiments. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

431 

 

Fig. 2  The time performance of the temperature in the contact zone of various composites, with filler content 
labeled 

The laboratory environment at the test time caused the moderately higher initial temperatures of the samples 
with 3wt. %. However, the middle and the final temperatures in contact zones for them are lower than for the 
samples with 1 wt. %. Thus we can see that the addition of the filler significantly reduce the heating of 
polymer samples during the tests which can be taken in correspondence to the work process of tribological 
joints of the real mechanisms. Also it should be noticed that the filler increases the dissipation of heat. 
Samples with 3 wt. % of nano–additive shown lower heating in the contact zone in the friction process than 
the samples with 1 wt. % in spite of the higher initial temperatures. 

CONCLUSIONS 

This work contains the investigation of influence on the tribological properties of commercially available clay 
nano–additive in the amount of 3 wt. % commonly needed for improvement of other paramount properties of 
the polyamide – the essential polymer for the industry. There was observed a positive and pronounced effect 
of nano–additive on temperature regulation in contact zone and thus on tribological behavior of a 
polymer/steel contact joints. Higher concentration of the nanoclay filler further improves the thermal 
properties of the composites, but it also changes the other aspects of the wear mechanism, which should be 
further investigated. 
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Abstract   

The paper deals with the influence of different dispersed particles on utility properties of polyvinyl–alcohol 
(PVA) based nanofiber textiles. The purpose of the dispersed particles was to produce textiles of 
antibacterial character, and these were added into water–polymer solution, which was used for 
electrospinning in two various ways: in form of copper and silver ions, or in form of diamond nanoparticles. In 
order to assess the strength of textiles, macromechanical testing of modified PVA–based nanofiber textiles 
was carried out on samples with variable weight per area in range between 0.5 and 5 g/m2. The obtained 
results were compared with the results of measurements on plain reference samples. The study revealed 
that the addition of silver ions causes the strength and stiffness reduction, the addition of copper ions has an 
opposite effect, while the diamond nanoparticles did not have any significant influence on the mechanical 
properties. 

Keywords: macromechanical properties, polymer nanofibers, dispersed particles, stiffness, tensile strength 

1. INTRODUCTION 

Nanotechnologies and nanomaterials have become very popular in many branches of industry and they 
found their irreplaceable use in medicine. The utility properties of plain nanofiber textiles may be further 
improved or modified by their merging or by the incorporation of nanoparticles into their nanostructure. Such 
improvement does not require any sophisticated technology, since the particles are directly added into the 
solution from which the textiles are produced e.g. by electrospinning [1]. 

The general rule is that the size of nanoparticles should be approximately 1/10 of the diameter of produced 
nanofibers. It means that in case of commonly used 200 nm thick nanofibers the nanoparticles that are 
admixed into the polymer solution for electrospinning should be about 20 nm big [2]. It should be noted that 
the nanoparticles are very easily dispersed within the polymer solution (incorporation), but their 
concentration is limited [1, 2]. The size of nanoparticles and concentration within the solution then often 
substantially influences the textile properties, and the relationship is usually expressed as the dependence of 
the property of interest (e.g. mechanical strength or stiffness) on the specific area.  

The nanoparticles dispersed across the nanofiber textile are usually fully incorporated and create a 
composite material that can be used for a wide range of various applications even if the price is higher than 
conventionally used materials, because of the enhanced properties. The typical, already well established, 
example of such application is use of incorporated metal nanoparticles into the polymer matrix for the 
production of antibacterial treatments. These are mainly silver or copper ions, which are sometimes used for 
the treatment of textiles even without their incorporation, but they are mostly dissolved directly when added 
into the polymer solution with the addition of proper solvents [1, 3, 4]. The silver– or copper–enhanced 
textiles are developed and tested mainly on their antibacterial properties [3], however, there are no available 
regulations or standards defining the required character. Therefore, the methodology developed for testing 
and investigation of thin layers has to be used in a modified form.  
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Another additive less known for its antibacterial properties are nanodiamonds (ND); this issue has been 
recently addressed in a few papers [2, 6], as well as their possible use in bioengineering or medicine [7, 8]. 
The research in the field of nanodiamonds and their application has been enabled with the development of 
new technologies enabling to produce the artificial diamonds for a relatively low cost, compared to preceding 
technologies [6]. 

Beside the antibacterial properties of the copper, silver and ND nanoparticles, they also influence the 
electrospinning itself. The presence of nanoparticles can also influence the structure and properties of the 
nanofibers and textiles. Relatively simple way how to investigate the influence of the dispersed particles on 
the mechanical properties of nanofiber textiles is tensile strength test, determining also the stiffness of 
produced textiles. The textiles having their weight about 1 g/m2 can be tested using conventional laboratory 
equipment used for testing of building materials on macro–scale. The testing of nanofiber textiles is then 
similar to the testing of commonly used textile materials, such as geotextiles or polymer–based foils. The 
methodology for the testing of nanofiber textiles is not available yet, however, the methodology for the testing 
of macroscopic can be used in a modified form [5]. These minor modifications, necessary for the successful 
testing on nano–scale, has been already described and published by the authors [9, 10]. 

2. TESTED NANOTEXTILES AND SAMPLES 

Tested PVA based nanofibers with and without dispersed particles were spun in the Center for 
Nanotechnology in Civil Engineering, at the Faculty of Civil Engineering, Czech Technical University (CTU) in 
Prague, the Czech Republic. The needle less electrospinning was carried out in our case. The NS Lab 500 
device, laboratory version of this equipment, with the width 600 mm cylinder rotated electrode was used. 
Productions of the nanotextiles were carried out at common laboratory conditions at the temperature of  
23 °C and relative humidity of about 40 %. The nanofibers themselves were spun on a polymeric support 
textile substrate. A polypropylene (PP) base substrate with the width 500 mm, weight of 18 g/m2 and an 
antistatic treatment was used.  

The basic polymer solution for electrospinning was prepared from PVA. In our case a commercial product 
was used – 16 % water solution of Poly Vinyl–alcohol, namely Sloviol 16 %, Czech Republic. The PVA 
solution consisted from these items: 375 g of PVA (Sloviol 16 %), 117 g of demineralized water, 4.4 g of 
glyoxal, and 3 g of phosphoric acid (75 %). Glyoxal and phosphoric acid was used as cross–linking agents 
and for better consistency of the solution [9, 10].  

The tested PVA–based textiles were produced with different weight per unit area, approximately between 
values of 0.5 to 5 g/m2. Different weight area of the produced nanofibers was obtained by changes of 
substrate motion speed. The number of layers was also adjusted to produce the textiles of required weight. 
The speed of electrode rotation was kept constant as well as the intensity of electric current.  

The study was mainly focused on the effect of dispersed particles on macro–mechanical properties of PVA–
based nanofiber textiles. The particles were added into the PVA solution in two different ways; at first the 
form of metal ions, when the particles were obtained by dissolving the silver– (Ag) and copper– (Cu) based 
compounds in water and then dispersed in the polymer solution consequently used for electrospinning. The 
silver ions were produced from silver nitrate (AgNO3) and cooper ions from pentahydrate of copper sulphate 
(CuSO4·5H2O).  

The carbon particles were added into the polymer in the form of ND particles with a diameter about 2 nm. 
The composition of the tested PVA–based nanofiber textiles is summarized Table 1 . The common purpose 
of the tested particles was to provide the textiles the antibacterial character. However, the study was not 
focused on the antibacterial activity, which will be published soon in the detailed study, but rather on the 
mechanical properties of the modified textiles. The concentration of the nanoparticles (%) is related to the 
mass of the polymer in which they are dispersed.  
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Table 1 Basic characterization of tested PVA–based samples 

Materials  Type of particles / source  Concentratio n of particles (% by mass) 

PVA None  None 

PVA+Cu CuSO4·5H2O 1 

PVA+Ag AgNO3 1 

PVA+ND Nanodiamond (2 nm) 1 

The average diameter of produced fibers was about 200 nm. Chemical and mechanical stabilization (cross–
linking) of produced PVA nanofibers using temperature was carried out. During the stabilization process the 
nanofiber textiles were exposed to 140 °C for the time of 10 minutes [10]. 

3.  EXPERIMENTAL METHODS  

Mechanical properties of nanotextiles or single polymer fibers are generally tested on nano– or microlevel. 
For a real application, e.g. in the building construction, it is necessary to determine the macro–mechanical 
properties to ensure the sufficient strength and durability. The tensile strength and stiffness of the produced 
nanofiber textiles were determined from the standard tensile tests carried out on the rectangular samples, 
which is beside so called Dumbbell–shaped tensile specimens possible to use for the experiment [2, 5].  

The tested samples of PVA–based textiles were strengthened by a paper tape to prevent their damage. The 
damage is usually caused by jaws of the testing machine and the samples without strengthening are usually 
cut in very small levels of applied tensile load. Clear length of tested samples without strengthening tape was 
100 mm, width was 20 ± 1 mm. There were tested six samples of each material and configuration. The 
testing of the tensile strength and stiffness on the textiles was carried out using LabTest 4.100SP1 device in 
common laboratory conditions. The measuring range was set to 0 to 50 N. The displacement rate was set to 
0.2 mm/min. 

4.  EXPERIMENTAL RESULTS AND DISCUSSION  

Measured force–displacement 
diagrams for textiles containing 
and the dispersed 
nanoparticles of silver, copper 
and carbon in the form of 
nanodiamonds are depicted in 
Fig. 1 . It is obvious that textiles 
containing copper exhibit 
higher stiffness and tensile 
strength, as well as their 
ductility, compared to those 
containing silver. The increase 
in strength and stiffness can be 
seen also in the case of ND 
particles; while the 
incorporation of Ag reduces the 
peak stress and limit strain of 
the fibers. 

 

Fig. 1 Comparison of typical force–strain diagrams of plain PVA 
samples and samples with dispersed nanoparticles 
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Fig. 2 Dependence of nanotextile stiffness (left) and strength (right) on its weight per unit area and its 
composition  

Based on our measurements, it is obvious that the PVA–based textiles enriched by the dispersed Ag 
particles exhibit lower mechanical strength and stiffness, compared to the reference plain PVA samples  
(Fig. 2 ). On the other hand, the addition of copper particles and nanodiamonds resulted in higher strength 
and stiffness. Interestingly, the increase is more pronounced in the case of textiles with low weight, which 
reaches up to double in the case of stiffness and triple in the case of strength measurement (plain PVA vs. 
PVA with ND, see Fig. 2 ). 

The microscopy observation revealed that the diameter of nanofibers is approximately the same in all 
samples, which was about 200 nm [10]. Moreover, the Atomic Force Microscopy (AFM) revealed that the 
bond between the individual fibers was perfect, which had been ensured by a proper cross–linking.  

All the parameters during electrospinning (speed of spinning etc.) were kept the same during preparation of 
all samples; only the electrostatic field intensity slightly differed in case of Cu– and Ag–enriched textiles and 
quite a lot in the case of ND particles incorporation. This value was set a 0.21 ± 5 mA in case of the 
reference plain PVA, about 10 % higher in case of samples with the dispersed Cu particles and 10 % lower 
when the fibers were enriched by Ag. The necessary electrostatic field intensity is probably influenced by the 
incorporation of metal ions into the molecular chains of PVA, having an impact on the electrospinning 
process itself. This hypothesis is currently under investigation [1, 4]. The electrostatic field intensity in the 
case of ND–enriched samples was about 40 % lower, compared to the reference sample, which is probably 
caused by the insulating nature of nanodiamonds.  

It should be noted that the concentration of nanoparticles dispersed within PVA samples, or more precisely 
within the polymer solution before electrospinning, was determined based on the previous studies and 
experience of the authors. For a successful commercial use it is necessary to determine the optimum ratio of 
performance and cost, to produce a material with enhanced utility properties for a reasonable price. The 
scatter of results is relatively high and that is why a relatively large number of specimens had to be tested. 
The standard deviation of results is high especially in case of light–weight samples, since these are very 
sensitive to any inaccuracy in the measurement of their weight, production accuracy or damage during 
manipulation. 
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5.  CONCLUSIONS   

The influence of dispersed nanoparticles, in the form of metal ions (Ca, Ag) and nanodiamonds, on the 
mechanical properties of PVA–based nanofiber textile samples was investigated by means of tensile test. In 
particular the study was focused on the strength and stiffness of the textiles and it was found that these 
quantities are in mutual correlation. The highest mechanical strength and stiffness was reached in the case 
of Cu– and nanodiamond–enriched samples while the presence of Ag particles within the textiles caused the 
reduction of their mechanical strength and stiffness. The findings can be used in the future research and 
development of nanofiber textiles having an antibacterial character. 
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Abstract 

Our group focuses on production of individual nanofibers. It is done by drawing technique on a specially 
designed micromanipulation device. For the expansion of production capabilities it is necessary to add a 
twisting device that serves for granting twist to a bunch of parallel nano/microfibers. Being twisted to 
nano/microyarn, the practical usability is considerably increased. 

Keywords: nanofibers drawing, nanoyarns, twisting device, mechatronics 

1. INTRODUCTION 

Departments of nonwoven textiles and of applied cybernetics (Technical University of Liberec) begun to 
cooperate with aim to develop and build a machine for special fibers production. Because of the main 
purpose, the machine is called micromanipulator. Since the technique itself has not been much explored, the 
micromanipulator's purpose is also to provide an effective way to material research by keeping all 
parameters still, which is actually possible only this way (thanks to repeatable precise conditions). [1, 2, 3, 4] 

The technique is based on pulling the fiber out of the polymer solution droplet. So far the nanofibers creation 
was usually done with technique called Electrospin or centrifugally, which produces layers of chaotically laid 
fibers. Together they form a structure that cannot be separated in individual fibers.  

Individual fibers production with diameter less than 1 μm needs special materials and special drawing 
process conditions. The department of nonwovens have struggled to find the best materials for many years 
so far and today it can be stated successful in a way that we can create nanofibers of determined 
geometrical structure using this method. There is a possible choice from developed materials (PVA, PVB, 
PCL, PS, and more). However, the solution preparation is crucial, especially in combination with the 
movement characteristics while drawing. The method is done without directly affecting electrical field. 

The process itself is relatively simple and is possible to be done even by a trained hand. [5] The droplet of 
suitable polymer solution is placed on an underlay. A mobile spinning element touches the droplet surface 
and erode it. Thanks to the surface tension the polymer connects the element and the underlay. In next 
phase the element starts it's movement and is moving away. The fiber is formed between points and is 
capable of withholding its own weight in unsupporting environment thanks to the surface tension. At the end 
the solution transforms into a solid state and the process ends with laying the solid fiber on the underlay, 
exactly in planned distance. As the fiber transforms it's state from liquid to solid, the solution's solvent 
vaporizes from the surface and the length is therefore extended partially using the core still–liquid material 
and partially by stretching the surface. Combination of these process parameters can determine quality of 
resulting surface and under special conditions fairly interesting structures (with surface disturbance) can be 
created (see Fig. 1 , Fig. 2 ). The surface is disturbed. The scale of submicronous space and liquid structures 
with surface tension in effect causes the influence of Plateau–Rayleigh instability. That means, that the best 
results can be made only with machine–accurate smooth movement. [6, 7] 
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Fig. 1 PCL microfibers with surface defect Fig. 2 PVA nanofibers with surface defect 

Very important for the material and process research is, keeping all the parameters of drawing constant with 
only one of them changing. Thanks to this, all parameters can be examined in large scale experiments and 
identify their influence. This gives us a multidimensional array of numbers, helping us to describe 
mathematical model and making everything determinable. That is why the micromanipulator had been 
created, tested and now used in laboratory for production. It's products are further examined and are the 
focus of another independent research. 

Subsequential research of nanoyarns (or microyarns) is a focus of this text. Creating more complex 
structures out of the simple building components (fibers) is next logical evolutional step. Besides all kinds of 
more or less parallelly laid fibers, their twisting brings us many more interesting possibilities. 

2. TWISTING DEVICE 

The fibers produced on micromanipulator are not continuous and have a limited length. Therefore a twisting 
device can consist of two elements, making a simple rotating and translation movement. The process has a 
start and end. The twisting is preceded by a preparation, which is basically the component creation. The 
single nanofibers are very fragile are not to be transported, if not necessary. For that reason the twisting has 
to be done in the space of micromanipulator's workbench and therefore the device is a modular part of the 
bigger unit. 

The device is controlled by a micro controller PIC18 that can communicate via simple parallel bus with 
micromanipulator's PLC. Therefore the whole process can be automatized. In manual state of operation the 
operator can use JOG mode to turn the twisting elements to precise position, or use a program, that is 
designed to twist a bundle by a specified speed for a specified time/count. Because the device is suitable for 
yarns up to 800 mm, the rotation count goes to tens of thousands. The time needed for such production is 
usually in scale of minutes or more. 

Because of contraction (equation 1), which exhibited by twisting bundle of yarns, the machine incorporates 
the axis movement. Bigger the bundle is, more contraction compensation is needed. Frankly, it is not very 
handy in thin nano–yarns production, but can become a must when it will come to bigger structures in the 
future.  
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(1) 

 

Fig. 3  Twisting device Fig. 4  Micromanipulator and twisting device 

In Fig. 3  we can see the final design of device, where 1 and 2 are universal twisting elements and 
compensation axis 3. In Fig. 4  is the twisting device incorporated into micromanipulator. 

3. RESULTS 

The main aim of our work is to simply create a nano–yarn. The number of parameters to be harmonized is 
too high and so far the team has proven 950 nm thick yarn. The work on lowering is still in progress and 
theoretically should end up with at least 300 nm or less. Here we have PVA yarns on Fig. 5 and 6. 

 
Fig. 5  PVA yarn (35 μm) Fig. 6  PVA yarn (10 μm) 

The second target is to make a multicomponent nano–yarn (Fig. 7 , Fig. 8 ). 
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Fig. 7  PVB and PVA yarn Fig. 8  PVB and PVA yarn 

Just for an example of problems with yarn creation a few images of typical defects. The problems are 
basically: heterogenous composition of component's thickness (Fig. 9 ); part of the components being 
ruptured in the time of twisting (Fig. 10 ); overstate a twisting count; incompatible rigidity of components. 

 
 

Fig. 9  PVA and PVB – heterogenous thickness Fig. 10  PVB yarn – semi–ruptured process 
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4. CONCLUSION 

Single nanofibers and nano–yarns research is a fundamental research and it's applications are to be found. 
So far the objects of these qualities were not produced at all. However, the research team came up with a 
variety of possible applications, which are just drafts and ideas so far. Nevertheless it meets vital interest 
among a professional community and the community itself comes up with more and more interesting use. 

Thanks to this project we are capable of producing machine–accurate bundles of micro/nanoyarns, ready to 
be used in different laboratories. 
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Abstract  

The designing of new technological methods to effectively remove heavy metals from the environment, is the 
leading point in a considerable number of research institutions. For the isolation of heavy metals it is possible 
to use materials capable of adsorbing heavy metals on its surface. The study, presented here, was focused 
on isolation of heavy metals by nanomaterial approach with subsequent metal detection by electrochemical 
methods. The aim of our experiment was to isolate cadmium from solution using adsorbents, such as the 
graphene, expanded carbon and multi–wall carbon nanotubes. We focused on adsorption effects in five 
different of interaction times – 1; 3; 6; 12 and 24 h – and we compared them with each other. After 1 hour of 
interaction, it has been established that 99 % of cadmium was adsorbed on the surface of graphene. The 
MWCNT effect was lower, after 1 hour it was 30 % and after 24 hours it was about 50 %. Expanded carbon 
has a low efficiency of absorption. Graphene was evaluated as the most effective adsorbent that could be 
used for application in industrial field for example the decontamination of wastewater. 

Keywords: carbon nanoparticles, graphene, heavy metals, electrochemistry 

1. INTRODUCTION  

 

Fig. 1  The structure of (A) graphene (B) MWCNT 

The next step after isolation of heavy metals is their detection. Fast, sensitive and simple analytical 
determination of metal ions in the environment is very important. Electrochemical methods are providing 
excellent properties for detection of metals. These methods have low detection limits with sufficient 
selectivity for the metal, low cost, high sensitivity and potential for miniaturization. The main part of these 
methods is voltammetry (polarography, voltammetry, chronopotentiometry, stripping voltammetry) [1, 2, 5, 6, 
8, 11, 13, 15, 17]. 

In this experiment, we focused on application of carbon–based nanomaterials, such as graphene, expanded 
carbon and multi–wall nanotubes (Fig. 1 ) for isolation of heavy metals from the environment. 

A B 
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2. EXPERIMENTAL PART 

2.1 Preparation of graphene  

Graphite oxide (GO) was prepared from graphite flakes (Sigma Aldrich) by the Hummers method [3]. Briefly, 
graphite (2 g), NaNO3 (1 g) and KMnO4 (6 g) were added with stirring to concentrated H2SO4 (46 ml) placed 
in ice bath. The mixture was stirred overnight with gradual temperature growth. Water (400 ml) was slowly 
added and the mixture was heated at 90 ºC for 2 h. After that, H2O2 (3 %) was slowly added as long as 
colour turned to yellow. Product was collected on frit, washed several times with water and dried at 40 ºC. 
Graphene (GR) was prepared by reduction of GO by hydrazine. Hydrazine (4 ml, 35 %) and NH3 (32 ml, 
25 %) were added with stirring to the suspension of GO in 300 ml of water. The mixture was heated on a 
water bath for 1 h and after cooling collected on the frit and washed several times with water and finally 
methanol. Graphene was dried at 40 ºC [3, 14]. 

2.2 Sample preparation  

In the second step of the experiment the samples of carbon and cadmium were prepared. 10 mg of carbon 
nanomaterials (graphene, MWCNT and expanded carbon) were mixed with 1 ml cadmium ions solution (100 
µM). Tubes with samples were placed on a rotary shaker Multi RS – 60 Biosan, 25 rpm, 20 °C to interact for 
1, 3, 6, 12 and 24 hours. After the interaction the samples were first centrifuged at FVL – 2400N, Combi – 
Spin, BIOSAN 10 min, the supernatant was removed and filtered. For filtration a membrane filter (Syringe 
Filter MicroPure, RC, 0.45 micron, 25 mm) was used. The amount of cadmium in the filtrate was 
electrochemically determined. In contrast to graphene, MWCNT is common and inexpensive material. For 
this reason the effectiveness of graphene and MWCNT adsorbents mixture was tested. The graphene was 
applied in different mass ratios. Amount of the added graphene was from 0 to 50 mass percent (0; 5; 10; 15; 
20; 25; 30; 35; 40; 45; 50 %). The total sample weight was 10 mg. Preparation procedure differed only in the 
time of interaction (two times of interaction: 1 and 24 hours). 

2.3 Electrochemical detection 

Determination of cadmium by differential pulse voltammetry were performed with 797 VA Computrace 
instrument connected to 813 Compact Autosampler (Metrohm, Switzerland), using a standard cell with three 
electrodes. A hanging mercury drop electrode (HMDE) with a drop area of 0.4mm2 was the working 
electrode. An Ag/AgCl/3M KCl electrode was the reference and platinum electrode was auxiliary. For data 
processing a 797 VA Computrace software by Metrohm CH was employed. The analysed samples were 
deoxygenated prior to measurements by purging with argon (99.999 %). Acetate buffer (0.2 M CH3COONa + 
CH3COOH, pH 5) was used as a supporting electrolyte. The supporting electrolyte was exchanged after 
each analysis. The parameters of the measurement were as follows: initial potential of –1.3 V, end potential 
0.2 V, deoxygenating with argon 90 s, deposition 240 s, time interval 0.04 s, step potential 5 mV, modulation 
amplitude 25 mV, adsorption potential –1.15 V, volume of injected sample: 15 µl, volume of measurement 
cell 2 ml (15 μl of sample + 1985 µl acetate buffer).  

3. RESULTS AND DISCUSSION  

The aim of our study was the synthesis of graphene to isolate cadmium from solution using adsorbents, such 
as graphene, expanded carbon and multiwall carbon nanotubes. Effects of adsorption of these three forms of 
carbon were compared with each other. Efficiency of adsorption of cadmium is summarized in Fig. 2 . Fig. 2  
shows that the graphene has clearly the best ability to adsorb the heavy metal. After 1 hour interaction only  
1 % of cadmium was detected in the supernatant that corresponded to 99 % efficiency of graphene to adsorb 
cadmium. The MWCNT effect was lower, after 1 hour only 30 % of cadmium was adsorbed and after 24 
hours 50 % of cadmium was removed from the solution. The ability of the expanded carbon to adsorb 
cadmium is very small (only 10 % in 24 hours). 
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Due to the high adsorption ability of graphene the MWCNTs were mixed by graphene to improve its 
adsorption properties. From Fig. 3A  it can be seen that the addition of graphene considerably increases the 
adsorption of cadmium. The graph shows that the additions of graphene gradually increase the efficiency of 
cadmium adsorption. The maximum adsorption is achieved in the amount of 25 mass % of graphene 
addition (red point in graph). With further increase of graphene addition the absorption efficiency is constant. 
Samples were measured after one hour interaction. Fig. 3B shows the difference in the cadmium adsorption 
efficiency by pure MWCNTs and MWCNTs with the graphene addition in time intervals of 1 and 24 hours. 
For pure MWCNTs the adsorption efficiency after 1 hour was 30 % and after 24 hours was increased to 
50 %. With graphene addition the efficiency of adsorption increased after 1 h to 95 % and 24 to 99 %. 
Typical voltammograms of remaining cadmium ions after adsorption in applied cadmium solution see in Fig. 
4. 
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Fig. 2  The amount of bound cadmium ions on various adsorbents. Time dependence (1; 3; 6; 12; 24 hours) 
of cadmium binding to multi–walled carbon nanotubes (red), graphene (blue) and expanded carbon (green). 

All values were related to the applied concentration of cadmium (100 µM). Determination of cadmium by 
differential pulse voltammetry 

 

Fig. 3 (A) The dependence of cadmium (100 µM) adsorption efficiency on graphene addition to MWCNT 
(time of interaction 1 and 24 hours). (B) Comparison of the effectiveness of cadmium adsorption on the 
surface of MWCNTs and MWCNTs containing graphene (75:25 mass %). All values were related to the 

applied concentration of cadmium 
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Fig. 4  Electrochemical voltammograms of remaining cadmium ions (after adsorption of cadmium from 
solution to the MWCNTs/MWCNTs + graphene) for 24 hour interaction. The blue line represents adsorption 

on MWCNTs. The red line represents adsorption on MWCNTs mixed with graphene 

4. CONCLUSION 

It is generally known that the adsorption of metal on carbon or its forms is based on the principle of physical 
adsorption, which is caused by Van der Waals forces, which are relatively weak. In our study, we confirmed 
that the adsorption of metal ions on different forms of carbon differs significantly. We found, the graphene 
addition to MWCNTs increased the adsorption efficiency of cadmium due to enlargement the MWCNTs 
surface. The graphene was evaluated as the most effective adsorbent that could be used for application in 
industrial field for example the decontamination of wastewater. 
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Abstract  

The work presented here investigates the synthesis of PLA–PEG diisocyanate chain–linked copolymer, and 
its application in the nano–encapsulation of bioactive compounds. Nanoparticle formation was performed via 
a single solvent evaporation process, and the particles obtained were characterized by dynamic light 
scattering. Results show the low molecular weight nature of the material with the glass transition 
temperatures at around 44 °C. Nanoparticles in the range of 300 nm contained metazachlor were 
successfully prepared, and their releasing behaviour exhibited first order release kinetics. The 
biodegradability of material was proved by degradation under compost conditions. 

Keywords: polylactide copolymer, nanoparticles, encapsulation, metazachlor 

1. INTRODUCTION  

In the last several decades, bioactive compound delivery systems have attracted increasing interest in 
various fields like biomedical, environmental and agriculture. In agriculture, such controlled release 
formulations, including particles loaded with various agrochemicals, could prevent the unwanted phenomena 
associated with conventional applications of agrochemicals such as leaching through the soil, volatility, and 
degradation. Simultaneously, they could extend their activity in soil, improve their stability, and reduce 
unwanted toxicity [1, 2].  

Especially polylactic acid (PLA) and its copolymers are suitable for these types of applications. The utilization 
of PLA as a matrix in microparticle release systems has been widely investigated through various techniques 
of encapsulation including emulsification−diffusion method, nanoprecipitation, supercritical antisolvent 
coprecipitation and so on. Among these, the oil in water solvent evaporation technique proved to be the most 
preferred encapsulation method due to its relative simplicity, with no need for specialized equipment [3]. 

It is well known that entrapping efficiency and releasing pattern of bioactive agent from polymer matrix is a 
function of various parameters especially type of polymer – drug and their interactions, polymer molecular 
weight and experimental conditions (pH, temperature) [4]. 

In this work we examined the utilization of newly prepared PLA–polyethylene glycol (PEG) chain linked 
copolymer (PLA–PEG–CL) for encapsulation and releasing of herbicide metazachlor (MTZ). As the chain 
linker, aromatic diizocyanate 4,4′–Methylenebis(phenyl isocyanate) (MDI) was used. Based on our 
preliminary work we found out that this type of material exhibits higher hydrophobicity than neat PLA and 
therefore might be potentially more suitable for entrapping of hydrophobic MTZ. The polymer was prepared 
by melt polycondensation of PLA in presence of PEG followed by chain linking with MDI. For encapsulation 
simple oil in water solvent evaporation technique was applied. For description of encapsulation process 
dynamic light scattering measurements and high performance liquid chromatography were used.  

2. MATERIAL AND METHODS 

L–lactic acid (LA), 80 % water solution and PEG, (Mw= 380 – 420 g∙mol–1) were sourced from Merck, 
Hohensbrunn, Germany. Tin(II) 2–ethylhexanoate (Sn(Oct)2), ~95; 4,4′–methylenebis(phenyl isocyanate), 
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(MDI), 98 %, were purchased from Sigma Aldrich, Steinheim, Germany. Solvents  – chloroform, acetone, 
methanol and ethanol (all analytical–grade) – were obtained from IPL Petr Lukes, Uhersky Brod, the Czech 
Republic. Chloroform (HPLC–grade) was bought from Chromspec, Brno, the Czech Republic. Metazachlore 
grade was the same as in our previous work [5]. 

2.1  Synthesis of PLA–PEG–CL polymer 

100 mL of L–LA was added into a 250 mL  two–neck distillation flask equipped with a Teflon stirrer. The flask 
was then connected to a condenser and placed in an oil bath. Firstly, dehydration of L–LA solution at 160 °C 
took place, under the reduced pressure of 20 kPa for 4 hours. Then, 0.5 wt.% Sn(Oct)2 and 7.5 wt. % PEG 
were added and the reaction continued for 6 hours at 10 kPa. After that, the pressure was reduced to 3 kPa 
for another 10 hours. The resultant hot melt was poured out on aluminium foil and cooled; this pre–product 
was labelled as prepolymer.  

30 g of this product was added into a 250 mL two–neck flask equipped with a mechanical stirrer. The 
material was slowly heated to the pre–determined temperature of 160 °C, under an N2 atmosphere. Once the 
mixture had completely melted MDI was added (5.56 g) and the reaction was conducted for 30 minutes. The 
resultant product was cooled, dissolved in acetone, precipitated into a water/methanol mixture (1:1), then 
filtered and dried in a vacuum at 30 °C for 24 hours.  

2.2 Analytical methods 

For determination of molecular weight and thermal properties, gel permeation chromatography (GPC) and 
differential scanning calorimetry (DSC) were conducted. The experimental conditions for both experiments 
were the same as described in [6]. 

2.3 Preparation of nanoparticles 

The method for this was adopted from a previous study by the authors, with only a few modifications being 
effected [5]. The dry precipitated product (0.1 g) and 20 % of MTZ (calculated by polymer weight) were 
dissolved in 1 mL of chloroform and emulsified in water containing PVA (0.5 %). The mixture was dispersed 
under continuous stirring at 18 000 rpm for 5 min (homogenizer DI 18 basic, Yellow Line by IKA, Belgium). 
Then, the emulsion was sonicated by an ultrasonic probe (Hielscher UP 400S, Germany) for 5 min with the 
amplitude set to 35 %. Finally, the organic solvent was evaporated under reduced pressure (20 kPa) with 
stirring, and the suspension of nanoparticles was formed. In order to determine the average diameter of 
particles the dynamic light scattering method (Zetasizer Nano, Malvern instruments, Worcestershire, UK) 
was utilized. 

Encapsulation efficiency (EE, in %) and herbicide loading (HL, in %) were calculated as described in 
previous work by the authors [5]. 

2.4 Releasing experiment 

5 mL of re–suspended particle suspensions were transferred into 100 mL  of phosphate buffer (20 mmol∙L −1, 
pH=7) containing 0.2 % of sodium azide to prevent undesirable microbial degradation (Fig. 2 ). All this was 
carried out in triplicate. Suspensions were shaken (120 rpm) at 25 °C. Subsamples of 1.5 mL were taken at 
time intervals (0–720 h), centrifuged at 14 000 rpm for 10 min, and filtered through a 0.22 μm syringe PTFE 
filter to remove any remaining particles. The MTZ in samples was determined by the HPLC method 
described in reference [5]. 

2.5 Biodegradation in compost 

This experiment was conducted according to conditions described elsewhere [7]. Just very briefly, the 
polymer sample was mixed with compost medium in gas tight flask. Evolved CO2 was measured by gas 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

450 

chromatography in predetermined time intervals. The temperature was set to during the whole experiment    
56 °C. 

3. RESULTS AND DISCUSSION 

Molecular and thermal characteristics of synthesized polymer are summarized in Table 1 . It can be seen that 
molecular weight was increased from initial 5 200 to final 39 300 g∙mol–1after chain linking reaction with MDI. 
It shows on successful reaction between pre–polymer end groups with isocyanate. Thermal analysis 
revealed that final product did not exhibited melting behaviour which suggests its amorphous nature due to 
presence of aromatic rings in the structure. The glass transition temperature was detected above 44 °C 
which was above the temperature of releasing experiment and therefore the effect of increased chain 
mobility could be neglected. 

Table 1  GPC and DSC characteristics of synthesized products. 

 Mw [g ∙mol –1] DM Tg
a [°C]  Cp [J ∙g–1∙K–1] Tm

b [°C]  ΔHm [J ∙g–1] 
pre–polymer  5200 1.6 15.3 0.504 101.1 –32.3 
PLA–PEG–CL 39300 2.2 44.3  0.485 n.d n.d 

a – data taken from second heating scan 
b – data taken from first heating scan 
n.d – not detected 

The results from nanoparticles preparation and MTZ encapsulation are shown in Table 2 . As can be noticed, 
the used oil in water solvent evaporation technique is suitable for obtaining the particles in nanometer scale. 
Polydispersity index (PDI) was also relatively narrow which is desirable for predicting of behaviour of the 
whole system.  

Table 2  Characteristics of the nanoparticles obtained and encapsulated MTZ. 

 diameter [nm]  s.d. [nm]  PDI* s.d.  EE [%]  s.d. [%]  HL [%]  s.d. [%]  
PLA–PEG–CL 320 4 0.18 0.015 64.7 1.4 11.5 0.3 

* – polydispersity based on DLS measurement 

Encapsulation efficiency described the amount of MTZ entrapped inside the particles was nearly 65 % and 
herbicide loading 11.5 %. Since the theoretical HL should be 20 % it can be concluded, that the rest amount 
of MTZ remained in the solution during encapsulation. This is interesting to compare the results from 
encapsulation experiment with the results determined in the previous work by the authors, where only neat 
PLA was used. Under the same conditions of encapsulation its affectivity was 59 % which was lower than in 
case of PLA–PEG–CL copolymer. It should be also notice that the diameter of particles prepared in this work 
was lower than in case of neat PLA (~600 nm). The lower particle diameter along with higher EE show on 
better ability of PLA–PEG–CL copolymer to form nanoparticles and better affinity of MTZ to this type of 
matrix rather than to neat PLA.  

MTZ releasing profile is depicted in Fig. 1 . It can be seen that immediately after the particles were put into 
liquid buffered medium some MTZ was released (t=0). This was attributed to MTZ entrapped too close to the 
particle surface. Releasing profiles displayed first order kinetics, and it could be seen that a relatively high 
portion of MTZ still remained in the nanoparticles after completing the experiment. This was probably 
trapped inside the nanoparticles, therefore, diffusion out was restricted. Comparison of results with these 
obtained with neat PLA polymer and presented in [5] there was one significant difference. The initial release 
in this work (10 %) was considerably lower than in case of neat PLA (35 %), at the same experimental 
conditions. This also shows on better affinity of MTZ to this type of polymer. 
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Fig. 1 – Release profile of MTZ from PLA–PEG–CL nanoparticles 

The results from biodegradation experiment depicted in Fig. 2  should prove the biodegradability of material. 
In can be seen, that prepared PLA–PEG–CL exhibited biodegradability and the rate of mineralization was 
considerably slower than cellulose (internal reference). It can be also seen, that mineralization at the end of 
the experiment reached value around 50 % which was considerable low than it is typical for neat PLA 
(around 70 % in 50 days) [8].  

 

Fig. 2  Biodegradation of PLA–PEG–CL polymer in compost 
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4. CONCLUSIONS 

New copolymer based on PLA containing PEG units was successfully prepared by chain linking of low 
molecular weight PLA–PEG with diisocyanate compound as the chain linker. Material was used for 
encapsulation of herbicide metazachlor. Oil in water solvent evaporation technique used for encapsulation 
provided nanorpaticles in dimensions of 300 nm with MTZ encapsulation efficiency 65 %. The releasing 
experiment show that initial fast release of MTZ was reduced in contrast with neat PLA and releasing pattern 
exhibited 1st order kinetic. The prepared material show certain level of biodegradability under composting 
conditions. 
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Abstract 

Lindane (γ–isomer of chlorinated cyclohexane) has been widely used as a pesticide in the second half of the 
20th century. Even though its use has recently been banned, there are globally important sources of this 
contaminant and its isomers, acting nervous disorders and potential carcinogens. On the spoil heap Hajek 
(Czech R.) about 5,000 tons of chlorinated isomers of cyclohexane (mainly δ–HCH) was disposed. The 
contaminants are gradually released into water. Final concentration of HCH and accompanying 
chlorobenzenes is between 100–200 µg/l compares to the maximum average permissible value 0.02 µg/l. 

Degradation of HCH was investigated using zero–valent iron nanoparticles (nZVI). Tests were carried out to 
determine the dependence of HCH and CB degradation on different ZVI types, on different nZVI 
concentration and to determine reaction kinetics.  

The results show that efficiency of HCH and CB degradation is the best for nZVI and sufficient nZVI 
concentration is about 0.5 g/l. The different isomers are degraded with different rate and efficiency in the 
order α ≈ γ> β> δ> ε. The method was compared with chemical oxidation and adsorption. Conventional 
oxidation methods have very low efficiency. Best sorption was determined for activated carbon and peat. 
Based on the results a pilot application on the location will be carried out. 

Keywords: chlorinated cyclohexanes (HCH), chlorbenzenes (CB), zero–valent iron nanoparticles (nZVI) 

1. METHODS AND RESULTS 

The comparing efficiency of HCH chemical reduction using nZVI (SUSPENSION OF NANOFER 25P, NANO 
IRON) micro Fe (ZVI MICROSPHERES 200, BASF) and macro Fe (iron shavings) were carried out as batch 
tests. For each of iron types were added in 5 different concentrations to contaminated water. Water for HCH 
and CB analyses and pH and Eh measuring were sampled after 1 week. Detection method was head–space 
GC/MS for CB and extraction to hexane and head–space GC/MS for HCH. The results show that HCH and 
CB degradation is the most efficient for nZVI. 

 

Fig. 1  Comparing HCH degradation by different ZVI types 
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Concentration tests for determination the dependence HCH and CB degradation on nZVI concentration were 
carried out as batch tests. NZVI were added in 5 different concentrations to contaminated water. Water for 
HCH and CB analyses and pH and Eh measuring were sampled after 1 week. The results show that HCH 
and CB degradation is sufficient in nZVI concentration less than 0.5 g/l.  

 

Fig. 2  Dependence HCH and CB degradation on nZVI concentration 

Kinetic tests for determination reaction kinetics of HCH and CB degradation were carried out in stirred 
reactors, nZVI concentration was 0.2 g/l. Eh and pH values were measured continuous, water was sampled 
in 5 time interval during 1 month. The different isomers are degraded with different rate and efficiency in the 
order α ≈ γ> β> δ> ε. 

 

Fig. 3  Reaction kinetics of HCH–isomers, 0.2 g/l nZVI 

2. CONCLUSIONS 

The results show that efficiency of HCH and CB degradation is the best for nZVI. The sufficient nZVI 
concentration is about 0.5 g/l. The different isomers are degraded with different rate and efficiency in the 
order α ≈ γ> β> δ> ε. The method was compared with chemical oxidation and adsorption. Conventional 
oxidation methods have very low efficiency. Best sorption was determined for activated carbon and peat. 
Based on the results a pilot application on the location will be carried out. 
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Abstract  

Nanotechnology has widespread application potential and offers also the possibility of an efficient removal of 
pollutants and germs in the area of wastewater treatment. Recently, nanoparticles and nanomembrane are 
innovative technologies used for removal of chemical and biological substances, including metals, nutrients, 
cyanide, organics, viruses, bacteria and antibiotics.  

Our research focuses on zero valent iron nanoparticles and its use for municipal and industrial wastewater 
treatment. Zero valent iron is a strong reducing agent with high reactivity. Surface area of iron nanoparticles 
is in the range from 20 to 25 m2/g. Reaction products are mostly non – toxic iron oxides. This 
environmentally friendly technology has great potential to combine redox processes with sorption and 
coagulation effect in one technological step in order to remove crucial pollutants.  

The aim of our study was to investigate the treatment efficiency of the wastewater from rinsing after copper 
plating by zero valent iron nanoparticles (nZVI). Wastewater from metal finishing industry contains high 
concentrations of contaminants. Typical ones are cyanides and heavy metals. Removal of copper and nickel 
was observed in this study. Tests were carried out in lab–scale and performed on real wastewater from metal 
finishing. Metals were bound in complex compounds and difficult to remove from wastewater. nZVI showed 
possibility to solve this problem via environmentally friendly way.  

Keywords: zero valent iron nanoparticles, copper removal, nickel removal, industrial wastewater treatment  

1. INTRODUCTION 

Nanotechnology is a branch with a great potential and boost today. Materials with dimensions 1–100 nm 
offer wide range of applications. Water treatment applications can be divided into three categories, according 
to Cloete et.al [1]: treatment and remediation, sensing and detection, and pollution prevention. This article 
deals with use of nanoscale zero valent iron (nZVI) for wastewater treatment and remediation. 

Nanoscale zero valent iron has become a valuable material for its environmental remediation abilities 
[1, 2, 3]. Zero valent iron is a particle with average particle size 10–100 nm and a specific surface area of 
20–25 m2/g. Iron in oxidation state 0 is very unstable, thus reactive and represents one of the strongest 
reducers [2, 4]. High reactivity and relatively large surface area facilitate to combine processes reduction, 
sorption and coagulation into one technological step. Reaction products are ferrous and ferric oxides and 
hydroxides that are commonly found in nature. Those advantages make the technology environmentally 
friendly.  

Continuous effort of sustainable environmental protection influences all types of industry in relation with 
produced waste, and thus discharge of contaminants into the environment. Process optimization or new 
technologies are necessary to fulfill more stringent outlet parameters. nZVI has been shown as an efficient 
tool for the treatment of various contaminants in aqueous systems [2, 4, 5, 6]. Removal efficiencies of heavy 
metals, organic compounds and nutrients show various ways of zero valent iron applications. Successful in–
situ remediation of groundwater contaminated with heavy metals were investigated in many studies [1, 2, 3, 
5, 7]. Copper is characterized by reduction and precipitation mechanisms and typical interactions for nickel 
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are reduction, adsorption and co–precipitation [2]. Reaction mechanism of nZVI with Ni2+ has described Li 
and Zhang [5]. First reaction step is physical sorption of cation onto the nZVI surface then it is strongly bound 
by chemisorption and reduced to Ni0. Sorption of heavy metals is very fast, namely less than one minute [8].  

Wastewater from metal finishing industry is usually treated by well–known principle of precipitation. This 
non–expensive technology is easy to operate and most of the metals are diverted into insoluble compounds 
that are well separated. Unfortunately, not all the contaminants can be removed under the required limits. 
Therefore another technological step is necessary to treat low concentrations, e.g. nZVI applications. 
Furthermore, important advantage of nZVI for heavy metal removal is a production of non–harmful 
compounds. Metals are reduced and adsorbed onto iron surface, thus easily separated from the treated 
water in the sludge of minimal volume compared to conventional methods. In our study we applied nZVI to 
remove Cu and Ni. We suppose reduction and adsorption reactions.  

2 MATERIALS AND METHODS 

2.1 Wastewater  

Real processing wastewater from metal finishing industry was used for the lab–scale testing. Technological 
wastewater from rinsing after cyanide copper plating contained high concentrations of copper, nickel and 
cyanides (see Table 1 ). Outlet limits for Cu and Ni are 0.5 mg/L, and 0.8 mg/L, respectively. 

Table 1  Rinsing water characteristics 

Parameter Unit 
Non–filtered 

sample 
Limit according 

GD 23/2011 
COD mg/L 204 300 
Cu mg/L 22.4 0.5 
Ni mg/L 1.31 0.8 
pH – 9.2 6–7 

2.2 nZVI 

Tests were performed with aquatic dispersion of nZVI. Commercially available sample from nZVI, s.r.o. 
characterized by 17 wt.% of nZVI was used. nZVI have average diameter 50 nm. Due to the narrow size 
distribution of nZVI and stabilization process, the product exhibits a high reactivity and very low degree of 
agglomeration. Suspension must be stored in fridge/cold and when applied, the contact with the air should 
be minimized with regard to mentioned reactivity. It was necessary to homogenize the suspension sample 
before dosage to achieve accurate iron dose. 

2.3 Methods 

Copper, nickel and COD concentrations were analyzed and reaction conditions were characterized by pH, 
temperature and conductivity. Samples were prepared for analyses by Crack Set LCW 902 from HACH 
Lange. This technique allows metals to be assessed as a sum of free and bounded ions. Analyses were 
provided by HACH tests LCK 329 for copper and LCK 337 for nickel with spectrophotometric detection by 
Spectrophotometer HACH DR 3900. COD was analyzed by test LCK 314 (HACH Lange).  

2.4 Metal ions removal 

2.4.1 Optimal dosage 

The dose of nZVI was tested in the range of 0 – 4 g/L. 100 mL of wastewater was put into 250 mL 
erlenemyer´s flasks and nZVI slurry was added while quick manual mixing. Closed flasks were slowly mixed 
on the shaking device in 200 rpm for 4 hours. Samples were filtered through filter from glass fibers with pore 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

458 

size 0.45 µm after the reaction. The analyses for COD, copper and nickel were made in filtrates. This study 
does not concern with pH adjustment. Reaction conditions – pH, temperature and conductivity were 
monitored. 

2.4.2 Kinetic test  

To make the metals removal effect more obvious, the initial nZVI dose was chosen as 3 g/L. For 
investigation of reaction kinetics under the specific reaction conditions 2.5 liters of processing wastewater 
were mixed in opened beaker for 73 hours. Samples were immediately filtered through filter of pore size 

0.45 µm and analyzed for COD, copper and nickel concentrations. Reaction conditions – pH, temperature 
and conductivity were monitored. 

3. RESULTS AND DISCUSSIONS  

3.1 Optimal dosage 

Results show considerable metals concentration decrease with nZVI used. There are slight concentration 
differences for doses of nZVI from 0.5, 0.8, 1, 2, 3 to 4 g/L. The lowest concentrations of both investigated 
metals were achieved for nZVI dose 4 g/L, therefore residual concentrations were 1.23 mg/L for copper and 
0.11 mg/L for nickel (see Fig. 1 ). 

Nickel concentration has been decreased under the outlet limits even with small dosages. The removal 
efficiency almost 60 % was achieved with nZVI dose 0.5 mg/L. However, further increase of nZVI 
concentration did not cause increase of removal efficiency.  

As for copper, any of the tested nZVI doses did not decrease concentration under outlet limit. However, 
removal efficiencies increasing up to 95 % is quite satisfactorily. We expect to use nZVI as polishing step 
and such removal efficiency is very promising.  

In this study, reaction conditions were monitored only without any adjustment. Dependence of nZVI dose to 
pH or conductivity was not confirmed. COD removal was insignificant contrary to other nZVI studies [10, 11]. 
COD concentration in raw wastewater was 204 mg/L and decrease to 181 mg/L was achieved during nZVI 
dose was 4 g/L.  

 
Fig. 1  Removal efficiency of copper and nickel as a function of nZVI dose 

3.2 Kinetic test 

The iron dose 3 g/L was chosen from previously tested concentrations as an optimal dose for copper and 
nickel removal. Copper removal as a function of time confirmed previous results when removal efficiencies 
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over 90 % were achieved. Increase of the time of exposure caused increasing removal efficiency. Best 
results were thus achieved after 73 hours, namely 99 %. 

Removal efficiency of nickel does not show increase in time. Best removal was achieved after 6 hours, 
approximately 80 %, up to 0.07 mg/L. That is under outlet limit, thus the removal efficiency should be 
considered as sufficient. This is agreed with Li and Zhang [5], who have found no more nickel adsorbed 
between 3 and 7 hours.  

Reaction conditions were monitored only without any adjustment. COD removal was more significant than in 
previous test. COD concentration was decreased from 154 mg/L to 78 mg/L during the test.  

 
Fig. 2  Copper and nickel concentration as a function of time 

CONCLUSIONS 

Our study evaluated copper and nickel removal from metal finishing industry by using of nZVI. Lab–scale 
tests were performed with processing wastewater. Concentration of metals in raw wastewater was 22.4 mg/L 
for copper and 1.3 mg/L for nickel. 99 % of copper was removed by nZVI dose 3 g/L in 73 hours, likewise the 
highest removal efficiency of nickel was up to 80 % for the same nZVI dose in 6 hours. The removal 
efficiency 80 % for nickel was sufficient. The reaction seems to be relatively fast, high removal efficiencies 
were observed after 30 minutes. Further time of exposure was beneficial only for copper removal, nickel 
concentration become stable after 2 hours. Reaction conditions were monitored only but no effect of pH, 
temperature or conductivity was investigated. The results showed possibility to remove heavy metals from 
industrial wastewater in environmentally friendly way. Further research with real wastewater is necessary to 
get more reliable results.  
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Abstract  

Timber structures and components made of wood are used worldwide and their popularity is still increasing, 
especially in developed countries. The problem of newly built, but mainly of the historical monuments, is that 
they suffer from degradation caused by wood decaying fungi. As a result, the attacked structures lose their 
load–bearing capacity, which is not only dangerous, but decreases the aesthetic value. The presented paper 
is focused on the investigation of antifungal properties of nanofiber PVA–based textiles with incorporated 
copper and silver ions. In particular, the ability to prevent the growth of Dry rot fungus (Serpula lacrymans) 
was studied in laboratory conditions. For that purpose, the Petri dishes with malt agar were inoculated with 
square cut–outs of seed stocks, consequently covered by the nanofiber textiles and kept in an incubator at 
28 °C. The fungal growth had been monitored and recorded at regular intervals for 28 days. The comparison 
of the individual treatments (PVA, PVA + Ag, PVA + Cu, PVA + Ag + Cu) is finally discussed. 

Keywords: nanofiber textiles, dry rot fungus, PVA, metal ions 

1. INTRODUCTION  

The antimicrobial surface treatment of building materials is the current problem encountered in building 
industry [1]. Specific material in this regard is wood, since it is very popular all over the world and struggles 
the attacks by various bacteria, algae and fungi. Wood–decaying fungi represent a separate group of 
biodeteriogens. One of the most dangerous kind of wood–decaying fungi is Dry rot fungus. There have been 
developed many kinds of more or less successful protections of wood against wood–destroying fungi and 
other degradation phenomena, which have been used for thousands of years. However, the proper design of 
structural details has proven to be the most successful [2]. 

The protection of wood against wood–decaying fungi is possible to accomplish in several ways, paintings 
and penetrations are among the oldest. The ancestors also tried to eliminate the contact of timber elements 
with wet environment or changing moisture [3]. Nowadays, there are emerging new types of protection, e.g. 
nanofiber textiles augmented by incorporated nanoparticles. The textiles can be produced of various 
polymers, based on required properties. Their properties may be further enhanced and modified by the 
addition of nanoparticles, such as nanodiamonds, Ag, Cu or Ti ions [4, 5, 6, 7].  

Because of the specific and extraordinary properties of nanofiber textiles, such as low weight per unit area or 
large specific area, it is possible to apply the nanofiber coating directly on the surface of the protected 
materials. This layer creates a thin film, since the fibers are only 100–500 mm thin [8], and therefore the host 
material (e.g. wood) does not lose its color or texture. According to our, yet unpublished, the application of 
textiles having their weight higher than 5 g/m2 can be considered in case of materials commonly used in the 
building industry [9].  

The incorporated particles within the polymer–based nanofiber textiles are, due to the large specific area of 
the substrate textile, very effective even at low concentrations [10]. Last but not least mentioned advantage 
of the use of nanofiber textiles for the application of antibacterial or antifungal agents is that they can carry 
aggressive agents that could damage the protected material if applied directly [11]. 
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Currently available open literature does not deal with the application of nanofibers with dispersed particles 
for the purposes of timber protection against the wood–decaying fungi. On the other hand, the exploitation of 
nanoparticles to improve the properties of timber is extensively studied and it is assumed that this area has a 
huge potential for the future use in the industry [6, 11].  

2. MATERIAL  

The PVA–based nanofiber textiles were spun and tested at the Center for Nanotechnology in Civil 
Engineering, at the Faculty of Civil Engineering, Czech Technical University (CTU) in Prague, Czech 
Republic. For the needleless electrospinning the device NS Lab 500 device was used, in particular the 
laboratory version of this equipment, with the 600 mm wide cylinder rotating electrode. The nanofiber textiles 
were prepared at common laboratory conditions at the temperature of 23 °C and relative humidity of about  
40 %. The nanofibers themselves were spun on a polymeric support textile substrate. A polypropylene (PP) 
based substrate with the width 500 mm, weight of 18 g/m2 and an antistatic treatment was used. The 
reference plain PVA polymer and PVA polymer with incorporated metal ions were prepared for the analysis. 
In particular, there were prepared three PVA–based textiles with silver ions, with copper ions and also those 
with copper and silver ions together. 

The basic solution for electrospinning was prepared from PVA polymer, for that purpose a commercial 
product was used. The solution consisted of the following items: 375 g of PVA (Sloviol 16 %), 117 g of 
demineralized water, 4.4 g of glyoxal, and 3 g of phosphoric acid (75 %). Glyoxal and phosphoric acid were 
used as cross–linking agents and for better consistency of the solution [12]. 

The active nanoparticles particles were added into plain PVA solution in the form of metal ions. For that 
purpose the particles were obtained by dissolving the silver (Ag) – and copper (Cu) – based compounds in 
water and then dispersed within the polymer solution. The silver ions were extracted from a silver nitrate 
(AgNO3) and the cooper ions from a pentahydrate of copper sulphate (CuSO4·5H2O). UV sonification was 
used three times for the period of one minute to prevent clustering. Finally, it was necessary to thermally 
stabilize all the spun nanofiber textiles before their use. The stabilization was accomplished by exposing the 
samples to the temperature about 140 °C for 10 minutes [7]. 

3. EXPERIMENTAL METHOD 

Dry rot fungus was chosen as the model organism. It is a frequent wood–decaying fungi, famous for its 
ability to reproduce easily and destroy timber structures when infested. Square segments of area 100 mm2 
were extracted from the host fungus. These samples were placed into the sterilized Petri dishes with malt 
agar (Sigma–Aldrich, Germany). By this way the sample was allowed to grow and circular samples of area 
490 mm2 were produced.  

The samples of the infested material were finally covered by the nanofiber textiles with the treatment of by 
metal ions and prior to that, the supporting textile that strengthens the nanofibers before their application was 
removed. A schematic composition of the studied Petri dishes is shown in Fig. 1 . 

 

Fig. 1 Schematic composition of the studied Petri dishes 
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Fig. 2 Schematic layout of the experiment 

The infested material was incubated at the temperature of 28 °C and the growth of fungi was regularly 
monitored in two– to three–days intervals for the period of one month. The data from the monitoring are 
summarized in Tables 1 and 2 . The provided data from the 6th, 16th and 25th day are related to the day of 
textile application. The photo documentation was complemented by the measurement of the growth of fungi 
inside the dishes, with the initial length of 10 mm. The maximum length of the attacked are reached up to 
90 mm which represents fully infested dish and the measurement was stopped at that moment, while the 
photo documentation was done beyond that limit.  

The measurement was carried out also on the samples without any treatment or covering. All types of the 
treatments were represented by three samples, the scheme of the investigated materials is depicted in  
Fig. 2 . 

Table 1  Photo documentation of the experiment; growth of dry rot 
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6th 11th 25th 

P
V

A
 

 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

464 

Sample
/ 

Day  
6th 11th 25th 

A
g 

 

C
u 

4. RESULTS AND DISCUSSION 

The results presented in Fig. 3  
indicate that the application of 
nanofiber textiles influences the 
growth of Dry rot. All types of 
investigated nanofiber textiles exhibit 
antifungal properties and therefore 
inhibited the growth and 
development of fungi. In the 
beginning the textile itself created a 
barrier for the growth and the largest 
antifungal effect was reached in case 
of textiles enriched by the silver and 
copper ions.  

On the other hand the plain PVA–based textile without any fungicide agents had no effect on the 
development of the fungi. The fungicide agents appeared to be the most effective in the initial phase of the 
fungi development and their affectivity when applied directly or using nanofiber textiles is the same [3, 6]. 
However, if the medium is rich in nutrients and the infested material is placed in optimal environment, the 
concentration of the agents appears to be too low. The methodology for assessment the protective ability 
has to be established for future research. The above described study and results should contribute to the 
development of methods and methodology for the application of nanofiber textiles on–site. Therefore, the 
future research will be focused on the investigation of the protective properties of enhanced textiles on the 
timber structures and elements exposed to outdoor environment. 

Fig. 3  Dependence of growth of dry rot on time 
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Table 2  Photo documentation of the experiment; growth of dry rot 
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6th 11th 25th 
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5. CONCLUSIONS 

The PVA–based nanofiber textiles with incorporated ions to give the textiles antifungal character were 
prepared and investigated. The study was focused on the ability of individual agents to inhibit the growth of 
commonly encountered Dry rot fungi. It appears that the use of the textiles for remedy on the existing 
infested structures. On the other hand, the textiles could be easily used as prevention without any impact on 
the appearance and texture of wood. The fungicidal properties of the PVA–based textiles were observed 
only in the case of the nanofibers with incorporated particles, and in a limited time period without the desired 
killing effect. However the initial barrier properties were clearly observed and that could provide a reliable 
protection of newly built structures. 
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Abstract  

The increase of industrial activities has intensified environmental pollution problems and the deterioration 
of several ecosystems with the accumulation of many pollutants, especially heavy metals. Effluents 
containing heavy metals are discharged from various industrial processes. These pollutants concentration 
must be reduced to meet ever increasing legislative standards, and recovered where feasible. 

Cadmium and zinc are dangerous for the soil and water environment. The treatments of polluted water 
contaminated with heavy metals include chemical precipitation, coagulation, ionic exchange, performance 
liquid extraction, membrane processes and reverse osmosis. The disadvantages of many of these methods 
are: high cost, the need for continuous feed of chemicals and production of toxic sludge. Another method 
how to eliminate lead from wastewater is sorption. 

The use of low–cost biological material – peanut husks, a waste material, has been investigated 
as a replacement for the current expensive methods of removing heavy metals from wastewater. With a view 
to find a suitable application of the material, peanut husk have been magnetically modified, characterized 
and utilized for the removal of cadmium (II) and zinc (II) ions. Material was studied at different values 
of concentration and was assessed in batch experiments. The experimental data were assessed by using 
Langmuir and Freundlich sorption isotherm. Study were focused also on desorption properties 
of the material. A flame atomic absorption spectrometer was used for determination the Cd(II) and Zn(II) 
concentration before and after both experimental surveys.   

Keywords: magnetically modified peanut husks, cadmium, zinc, sorption 

1. INTRODUCTION 

The contamination of the environment by heavy metals is of growing concern because of the numerous 
health risks to animals and humans following exposure. Common sources of metal polluted wastes include 
electroplating plants, metal finishing operations, as well as many mining, nuclear and electronics industries. 
All of these contribute to anomalously high concentrations of metals in the environment relative to the normal 
background levels [1]. Their presence in the environment has become a major threat to plant, animal 
and human life due to their bioaccumulating tendency and toxicity; therefore they must be removed 
from municipal and industrial effluents before discharge [2]. 

The conventional methods for heavy metal removal from water and wastewater include oxidation, reduction, 
precipitation and ion exchange/sorption [3]. The effectiveness of commonly employed methods of treating 
heavy metal–polluted wastes, including, amongst others, precipitation and ion exchange, remains limited [4]. 
In the last decade an alternative treatment method, biosorption, has been developed [5]. Biosorption involves 
the accumulation of heavy metals by biological material. Unlike physical and chemical treatments, 
biosorption generally does not entail high operational costs and many potential sources of suitable biological 
material are cheaply and readily available [6]. The use of various sorbents such as nut shells [7]  wool, olive 
cake, pine needles, almond shells, cactus leaves and papaya wood [8], maize leaf [9], leaf powder [10], 
peanut hull pellets [11], tree fern [12], rice husk ash and neem bark [13], grape stalk wastes [14], sago waste 
[15], peanut hulls [16], hazelnut shell [17], saw dust [18], chitin beads [19], thermally treated rice husk ash 
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[20], waste banana [21], orange peels [21], cocoa shells [22], coffee residue [23], palm kernel fibre [24], olive 
stone waste [25], orange peel [26], grape stalk [27], coir [28] and bagasse fly ash [29] have been reported 
for the removal of heavy metal from aqueous solutions. 

In view of the environmental significance, we have studied the sorption of Cd and Zn on low–cost 
magnetically modified biological waste materials – peanut husks under exactly defined experimental 
conditions in order to ascertain their use as sorbents to remove Cd and Zn from wastewater. 

2. EXPERIMENTAL WORK 

Peanut husks samples used in this study were collected from locally available roasted peanuts. Peanut 
husks were milled in a coffee mill and fraction smaller than 0.5 mm was collected and used for magnetic 
modification. Magnetic iron oxide nanoparticles (ferrofluid) had size from 10 to 20 nm. The relative magnetic 
fluid concentration (25.2 mg/ml) is given as the iron (II, III) oxide content determined by a colorimetric method 
[30]. 

Three grams of powdered peanut husk in a 50 ml polypropylene centrifuge tube were suspended in 40 ml 
of methanol and then 6 ml of ferrofluid was added. The suspension was mixed for 1 h and samples were 
then twice washed with methanol and air dried [30].  

Magnetically modified material (0.2 g) was suspended in 50 ml of solution with defined concentration of Cd2+ 
and Zn2+. The suspension was mixed for 1 hour at the laboratory temperature and then samples were 
separated by filtration. 

Scanning electron microscopy SEM (QUANTA 450 FEG) combined with energy dispersive X–ray 
spectrometer was used for the characterization of the samples. Specific surface area was measured 
with the Sorptomatic 1990 using nitrogen and calculated by the Advanced Data Processing software 
according to the BET isotherm. Particle size distribution was measured by using Laser Scattering Particle 
Size Distribution Analyzer Horiba LA–950. In order to determine the metal concentration, atomic absorption 
spectroscopy with flame atomization (UNICAM 969) was applied. The experimental data were processed 
by using Langmuir and Freundlich sorption isotherm. 

3. RESULTS AND DISCUSSION 

3.1  Material characterizations 

    

Fig. 1  SEM images of magnetically modified peanut husks before adsorption (left – SEM images,  
right – mapping content of C, O, Fe) 

Chemical analysis of magnetically modified peanut husks showed high concentration of Fe2O3 (6.22 wt. %), 
which was added to the peanut husks during the magnetization procedure. Surface area was determined at 
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9.45 m2/g and median particle size was 136 µm. A scanning electron microscopy picture of the original 
peanut husks is presented in Fig. 1 ; peanut husks sample after adsorption of metal is shown in Fig. 2 . In 
comparison with the images in Fig. 1 , SEM images after adsorption of Cd show larger area of clusters than 
on the sample before adsorption. In SEM image of Zn (Fig. 2  right), cluster is also visible, though not as 
large. 

        

Fig. 2  SEM images of magnetically modified peanut husks after adsorption of Cd (left) and Zn (right) 

Adsorption isotherms are essential for the description of how Cd and Zn ion concentration will interact with 
magnetically modified peanut husks and are useful for optimization of their use as an adsorbent. Therefore, 
empirical equations (Langmuir and Freundlich isotherm model) are important for adsorption data 
interpretation and predictions. 

The adsorption data were fitted to the Langmuir equation in linearized form (1) is written as: 

mm a

c

b.a

1

a

c +=
           (1) 

where a (expressed in mg/g or mg/ml) is the amount of the adsorbed ion of metal per unit mass or 
sedimented volume of magnetically modified biomass and c (expressed in mg/l) is the unabsorbed ion of 
metal concentration in solution at equilibrium. am is the maximum amount of the ion of metal per unit mass or 
sedimented volume of biomass to form a complete monolayer on the surface bound at lead concentration 
and b is a constant related to the affinity of the binding sites (expressed in dm3/mg) [30]. 

The Freundlich equation (2) is normally written as: 

1/nk.ca =             (2) 

where a is the amount of metal ion adsorbed per unit weight of adsorbent, k and n are the Freundlich 
constants and c is the equilibrium concentration of metal ion.  

Linearized form can be used for the calculation of the constants: 

clog
n

1
klogalog +=

          (3) 

The adsorption data of Cd and Zn were fitted to the Langmuir or Freundlich isotherm in the linearized form 
which is shown in Fig. 3 and 4. Calculated correlation coefficients of these dependences are different  
(Cd: 0.4483 for Langmuir isotherm, 0.9562 for Freundlich isotherm; Zn: 0.4821 for Langmuir isotherm, 
0.9701 for Freundlich isotherm). The results show that the Freudlich isotherms fitted better the adsorption of 
Cd and Zn on magnetically modified peanut husks than Langmuir isotherm.  
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Fig. 3  Langmuir isotherm (left) and Freundlich isotherm (right) of Cd adsorption by magnetically modified 
peanut husks 

    

Fig. 4  Langmuir isotherm (left) and Freundlich isotherm (right) of Zn adsorption by magnetically modified 
peanut husks 

Dependence of the leaching proportion of Cd and Zn on the adsorbed amount shows that metal ions 
are relatively tightly bound as well. At higher adsorbed amount of metal ions, a higher desorption occurs 
though it does not exceed 7 % of the total adsorbed amount of metal ions (In Fig. 5 ). Leaching of iron was 
also observed. Leaching of iron during desorption of Cd is 0.18 %, leaching of iron during desorption of Zn is 
0.11 %. The newly prepared material is stable even at high adsorbed amounts of cadmium and zinc ions. 

    

Fig. 5  Leaching proportion of Cd at desorption (left) and leaching proportion of Zn at desorption (right)  

4. CONCLUSION 

Peanut husks were modified with magnetic iron oxide nanoparticles ferrofluid. The study was carried out on 
the sorption and desorption of cadmium and zinc ions on magnetically modified peanut husks by dynamical 
method. The results obtained were assessed by Langmuir and Freundlich isotherm. The experimental data 
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of cadmium and zinc revealed that the Freundlich isotherm was better in fitting the experiment results than 
the Langmuir isotherm. The results indicate multilayer adsorption. Desorption amount did not exceed 7 % of 
the adsorbed amount of Cd and Zn ions. Leaching of iron during desorption of Cd is 0.18 % and during 
desorption of Zn it is 0.11 %. This newly prepared material was found to be stable. 
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Abstract  

Hydrophobic membranes with pores in the size from tens to hundreds nanometres serving as an interface 
between water and air behave so, that the surface tension prevents the throughput of liquid water through 
pores even under moderate overpressure and in the parallel, direct water/gas interface shortens the diffusion 
pathways of volatile compounds dissolved in water to the surface. This phenomenon was observed for radon 
previously and used for water decontamination by pervaporation through hollow fibre membrane with 
nanopores. The similarity of behaviour of radon and small volatile hydrophobic molecules leads to the 
hypothesis, that such compounds can be removed from contaminated waters in similar way as radon. 
The pollutants known as volatile organic compounds (VOCs), are candidates for this technique.  

Toluene and perchlorethylene were tested as pollutants to be removed by simple pervaporation technique 
using two different hollow–fibre membranes (polypropylene and polysulfone). Both pollutants have shown 
lower separation rate than radon, but still sufficient enough to give the perspective for practical purification 
of contaminated waters.  

With the effort to increase efficiency of decontamination process, the influence of physical parameters such 
as water flow and geometry of microfibers bundle with respect to water movement were studied.  

Keywords: membrane, nanopores, volatile organic compounds (VOCs), pervaporation, water 
decontamination  

1. INTRODUCTION  

Increasing demand for drinking water leads to the tendency to employ also the smaller, individual water 
resources, even contaminated, when appropriate decontamination technique is available. Local water 
sources are frequently contaminated by volatile organic compounds (VOC) as a result of an actual or 
historical industrial activity and this is why the pervaporation technique, similar to the previously developed 
radon removal, was studied.  

The term 'pervaporation' is derived from the two steps of the separation process: permeation of material to 
be separated through the membrane and its evaporation into the vapour phase. Pervaporation is a technique 
whereby the components in solution are separated by selective permeation through a membrane and/or 
selective evaporation. The difference of activities of the components on opposite membrane side is the 
driving force of the process.  

In the standard arrangement (see Fig. 1 A ), the separated compound passes through the membrane by 
diffusion in the mass of membrane material and usually, this is the slowest step of the process. The solubility 
of separated material in membrane is, on the other hand, the selective step. The utilization of membrane with 
nanopores (Fig. 1 B ) brings new phenomenon – the interface between liquid (water) and gas phases is 
in pores direct and separation is kept by surface tension of water. Small size of nanopores enables to work 
even in the systems, where the pressure difference of liquid and gaseous phases is up to 100 kPa. The 
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process of pervaporation is then, under the condition of high volatility of separated compound, enhanced 
significantly.   

Fig. 1  The scheme of the pervaporation process in the case of standard arrangement (A) and nano–pores in 
the membrane wall (B) 

Pervaporation modules are available in a variety of configurations including spiral wound, hollow fibre, 
tubular, and plate & frame (flat sheet) [1]. The membranes are made from various materials [2,3]. Hollow 
fibre membranes were used in this study. Contaminated water is flowing outside the hollow–fibres and the 
carrier gas (usually air) is flowing inside the fibres, removing the VOC molecules, which can permeate 
through the pores in the fibre wall from the liquid to gaseous phase. 

The technology of pervaporation with nanopores was used for radon removal from water [4]. Based on the 
positive results of these experiments it was assumed that similar technology can be applied for the 
molecules with low affinity to water (with high Henry’s constant) [5], too.  

The introductory measurement of the VOC removal efficiency at various water flow rates, presented in this 
study, takes up the pilot experiments presented in the report [6]. The efficiency is lower than efficiency 
observed for radon and consequently, the increase of VOC removal is necessary, so the influence of various 
physical conditions, namely the water flow rate and fibre–bundle geometry was the subject of the study.  

2. EXPERIMENTAL 

2.1 Materials 

For the experiments were used two materials of the hollow–fibres, polypropylene (PP) and polysulfone (PS), 
see (Table 1 ). Module with PP membrane was made by authors, the module with PS membrane is 
commercially available.  

Table 1  Parameters of used materials. 

Material 

Total fibres surface 
in module 

Fibres length 

(cm 2) (cm) 

PP 8 026 71 

PS 6 600 48 

2.2 Influence of water flow on toluene separation e fficiency  

Influence of water flow on separation efficiency was evaluated by using a fibre–bundle with PP and PS 
membranes and toluene as pollutant.  

The laboratory equipment consists of a large–capacity storage tank, modules with a fibre bundle and pump, 
valves, hosepipes and flow–meters, see Fig. 2 . 
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Fig. 2 Experimental arrangement for the measurement of membrane properties 

Water contaminated by a defined quantity of VOC was stored in the two chamber large–capacity tank with 
the volume 400 l (1), which was connected to the module (5) by hosepipes not absorbing VOC. Water  
pumped from the chamber A through the circuit with a pump (2). After flowing through the decontamination 
module (5) the water is returned back to the tank (chamber B). Chambers A and B are closed but 
interconnected in gaseous phase parts to avoid pressure drop and to diminish VOC concentration changes 
by evaporation. The flow–meter (3) is located after the pump. A compressed air source (compressor 4) is 
linked to the air input to the module (5). The module is a container with the hollow–fibre membrane in its 
axis. The air flow rate can be controlled with a flow–meter added to air–line (6). 

Modules with fibres bundle were arranged in a vertical position. The counter–current mode of water and air 
flows in the module was selected for this study on the basis of references [6]. The experiment was performed 
under water flow rate changing from 0.2 to 5.0 l/min. To achieve sufficient contaminant removal, the air flow 
was at least two times higher than the water flow. Homogenous solutions with concentration about 100 mg/l 
of toluene were prepared by 12 hours mixing of water in container with weighted amount of water. The 
decontamination efficiency is expressed as a decrease of concentration after passing through 
decontamination unit. Parallel sampling and direct spectroscopic analysis were used. 

The results show (Fig. 3 ) that in the case of PP membrane the efficiency of toluene separation decreases 
with the increasing water flow–rate more than in the case of PS membrane. The separation efficiency for PP 
membrane changed between 11 – 30 %, the efficiency for PS membrane is much lower and varies between  
4–11 %.  

 
Fig. 3  The dependence of the separation process efficiency on the water flow rate 
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Separation efficiency of PP membrane is significantly higher than that of PS membrane. The possible 
explanation is that PP membrane has much more nanopores than PS. This hypothesis was confirmed by 
simple experiment, where slight pressure of air was applied on dry modules with sealed outputs and the 
amount of air, which passed through membrane’s pores, was collected in water reservoir. Despite of the 
higher total surface of PS membrane, the volume of air which passed through PP membrane was about two 
orders higher than for PS, so PP has significantly higher porosity. General assumption is that the separation 
efficiency decreases with the increasing water flow rate. It was confirmed in all the experiment range in the 
case of PP, but in the case of PS, there is small maximum in the flow rate about 1 l/min. Certain irregularities 
in both dependencies imply the idea, that there are more active processes controlling overall efficiency 
during the separation. 

No exact experimental confirmation of above mentioned multi–process theory was achieved, nevertheless 
some hypothesis arose from observations:  

• Higher efficiency can be achieved by high porosity of membranes (higher ratio of nanopores surface 
ratio to overall membrane outer side surface). 

• The decrease of PS efficiency in very low water flow rate (< 1 l/min) is caused by mutual contacts of 
fibres and lower active surface. At higher flow rate, water stream disconnect mutually adhered fibres 
and all surface is employed. No decrease of efficiency of less adhered PP fibres is in agreement with 
this hypothesis. This leads to the conclusion that the influence of geometry of fibres bundle should be 
studied. 

 

Fig. 4  The total amount of toluene removed per time 

Results may be evaluated as a total amount of toluene removed per time unit as well, see Fig. 4 . Especially 
for PP membrane, in the wide range, total amount removed increases with increasing flow rate, even if 
concentration drop efficiency decreases. Consequently, parallel arrangement of modules and low flow rate is 
advantageous for high decrease of concentration, while serial arrangement and high flow rate increases the 
total amount removed.  

2.3 The influence of the module geometry on the per chlorethylene removal from water 

The aim of the measurement was to investigate the influence of the different fibre–bundle geometry to the 
separation efficiency. The modules with various inner diameter: 30, 60, and 100 mm were used for the 
experiment. The bundle of the PP membrane corresponding to the outer diameter of 20 mm was used for 
testing. The fibre–bundle crosses in the module with inner diameter 30 mm through the axis of this module. 
In the case of other modules the fibre–bundle was supported by special rings (Fig. 5 ). There was used set of 
two identical modules in the serial arrangement for the measurement. Water passes through both modules 
and comes out from the apparatus. The water flow rate was set to 3 l/min and in the second case to 6 l/min. 
The air flow rate was 15 l/min and air came through each cartridge separately.  
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Fig. 5 Fibre–bundle with special geometry supported by rings 

 
Fig. 6  Separation efficiency in the modules with different fibre–boundle geometry 

The measurement proved that the decontamination process efficiency decreases with the increasing inner 
diameter of the cartridges and with the flow rate. The highest efficiency was observed for the cartridges with 
the diameter of 30 mm, when for the lower flow rate 3.0 l/min the average efficiency of 48 % was reached. 
Lower efficiency of cartridges with the higher inner diameter is probably caused by larger free volume around 
the fibre bundle, when some part of water comes through the module without coming into a contact with the 
membrane during the decontamination. Therefore the perchlorethylene separation on the phase interface 
water/air in the membrane pores cannot take place. 

CONCLUSIONS 

The realized experiments proved that the pervaporation on the phase interface water/air in the membrane 
pores in size from tens to hundreds of nanometres has the potential to be an efficient decontamination 
technique for water contaminated by VOC. The implementation of the pervaporation process to the current 
units for the water treatment can help with the water recovery in the regions affected with the elevated VOC 
content in water. 
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Abstract   

Rising from the keen request for promising materials to protect human health and environment and even 
responding to solar light, TiO2 was doped with cerium in our work and its antibacterial activity against 
bacterial strains Staphylococcus aureus and Escherichia coli was explored on artificial as well as natural 
daylight. Cerium doped TiO2 photocatalysts were prepared via sol–gel process controlled within the reverse 
micelles of nonionic surfactant Triton X–114 in cyclohexane and calcination. The textural, structural and 
optical properties of photocatalysts were characterized by several complementary investigation techniques 
such as nitrogen physisorption at 77 K, powder X–ray diffraction, Raman spectroscopy and diffuse 
reflectance spectroscopy. Standard microdilution test using the human pathogenic bacterial strain 
Staphylococcus aureus was used. Pure TiO2 and the samples with 20 and 30 mol.% of cerium content 
exhibited strong antibacterial activity after two days of exposure under artificial daylight simulated by proper 
lamp. The lowest value of achieved minimum inhibitory concentration was 0.041 μg/mL. Therefore, these 
materials may be promising for potential applications in disinfection media or modification of surfaces e.g. in 
human or veterinary medicine. 

Keywords: cerium doped TiO2, antibacterial activity, Staphylococcus aureus, E.coli, X–ray diffraction  
                   analysis 

1. INTRODUCTION 

Titanium dioxide is a widespread photocatalyst for its photocatalytic characteristics, chemical stability 
durability and antimicrobial activity, which could be attributed to its crystal structure [1]. Anatase form has 
stronger antimicrobial and photocatalytic activity than rutile [2–4]. Reactive oxygen species (ROS) are 
generated via photoactivation due to UV–light irradiation of titanium dioxide. TiO2 absorbs photons in the UV 
range with wavelengths less than 388 nm and evolves ROS by reacting with water and oxygen adsorbed on 
the surface of TiO2 nanoparticles. However, the promising application has some limitations, due to the fact 
that the UV region occupies only approximately 5 % of the full solar spectrum, because 45 % of the energy 
belongs to the visible light [5]. Doping of TiO2 with metals (noble metals, metal oxides, rare earth metals) 
or/and non–metals (N, S, F etc.) could solve this issue. The primary purposes of the TiO2 doping are the 
following: (i) to retard the fast charge recombination and (ii) to enable visible light absorption by creating 
defect states in the band gap. In the first case, the conduction band electrons or the valence band holes are 
trapped in the defect sites, inhibiting the recombination and enhancing the interfacial charge transfer. In the 
second case, the electronic transitions from valence band to defect states (intraband states or mid–gap 
level) or from the defect states to conduction band are allowed under the sub–bandgap irradiation. Hence, 
the selection of a dopant is very crucial in determining the overall photocatalytic activities [6].  

Because of the current keen demands on the development of functional materials responding on solar light 
and contributing protection of human health, the aim of this study were to prepare and characterize cerium 
doped TiO2 and explore its antibacterial activity under a visible light. 
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2. MATERIALS AND METHODS 

2.1 Preparation of parent TiO 2 and cerium doped TiO 2 photocatalysts 

Pure titania and titania–ceria mixed oxides powders with various Ti:Ce molar ratios (90:10, 80:20 and 70:30, 
expressed in mol.%) were prepared via sol–gel processing controlled within the reverse micelles of nonionic 
surfactant Triton X–114 in cyclohexane [7,8]. The samples are marked using following notation: Tix–Cey, 
where x and y are the molar % of Ti and Ce, respectively. The preparation procedure of titania–ceria mixed 
oxides powders is precisely described in our previous work [7]. In general, the precursor titania–ceria sols, 
which undergo gelation on air from 24 h to five days depending on the Tix–Cey molar mixture, were 
prepared keeping the molar ratio of cyclohexane:Triton X–114:H2O:Ti(OCH(CH3)2)4:Ce(NO3)3∙6H2O at 
16.5:3:3:1. After gelation period the gels were thermally treated in air at 350 °C for 4 h and subsequently up 
to 500 °C for 2 h with the heating rate 1 °C/min in order to produce as–prepared Tix–Cey powders [7]. For 
the preparation of parent TiO2 the molar ratio of cyclohexane:Triton X–114:H2O:Ti(OCH(CH3)2)4 was kept 
11:1:1:1 [8]. Otherwise, the thermal treatment of titania gel was same as for titania–ceria mixed oxides. All 
prepared powders were sieved to particle–size <0.160 mm. 

2.2 Photocatalyst characterization 

The nitrogen adsorption–desorption isotherms at 77K were measured on the automated volumetric 
apparatus Sorptomatic 1990 (Thermo Fisher Scientific Inc., Italy) after sample degassing at 105 °C for 5 h 
under less than 1 Pa vacuum. Powder XRD patterns were recorded under CoKα irradiation (l = 1.789 Å) 
using the Bruker D8 Advance 90 diffractometer (Bruker AXS) equipped with a fast position sensitive detector 
VÅNTEC 1. Measurements were carried out in the reflection mode and the NIST lanthanum 92 hexaboride 
(LaB6) line profile standard was measured in the same experimental arrangement as investigated powders to 
characterize instrumental effects. UV–Vis diffuse reflectance spectra of prepared photocatalysts were 
measured by using a GBS CINTRA 303 spectrometer equipped with a Spectralon–coated integrating sphere 
using a Spectralon coated discs as a standard. The spectra were recorded in the range of the wavelength 
200–800 nm (lamps switched at 350 nm). Raman spectra in the range of 100–4000 cm–1 were collected on 
Smart System XploRATM (Horiba Jobin Yvon, France) using 532 nm laser source. The Olympus microscope 
BX 41/51 with an objective magnification of 50 was used to focus the laser beam on the sample placed on 
an X–Y motorized sample stage. Filter was used to reduce laser beam to 1 % of initial laser beam and 
grating 1200 gr./mm were used. 

2.3 Antibacterial Assessment 

Two different bacterial strains were used for the evaluation of antibacterial activity. Glucose broth (HiMedia) 
was used as a growth media for the purpose of antibacterial assay. Turbidity of inoculums was measured 
using Densi–La–Meter (LACHEMA). Incubation of bacteria was conducted in Biological thermostat BT 120M 
at 37 °C. The lamp (Hagen) with wide spectral bulb which simulates daylight (Hagen) was used for induction 
of photoactivation of the samples. 

The antibacterial activity of the samples was tested via the standard microdilution method which enables to 
determine the minimum inhibitory concentration (MIC) of examined substances. This testing is realized on 
disposable microtitration plates. Bacteria were cultivated on commercial solid blood agar without any 
additional modifications. Suspension of the samples in growth media was diluted to achieve sample 
concentrations of 10, 3.3, 1.1, 0.37, 0.12, 0.041, 0.014 mg/L in the growth media. Bacterial strains 
Staphylococcus aureus 3953 and Escherichia coli 3954 were achieved from the Czech Collection of 
Microorganisms (Czech Republic). Bacterial inoculums used had an initial cell concentration of 1.2x109 

(S.aureus) and 1.3x109 (E.coli). Each cell of the microtitration plate was inoculated by given strain. This plate 
is called the reaction plate. The lamp with wide spectral bulb was placed 10 cm above the reaction plate to 
induce a photoactivation and 10 h of irradiation of the plate was applied first day. The same reaction plate 
was placed on parapet of the window for parallel experiment as reference with natural daylight irradiation. 
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After the exposure living bacterial cell were transferred from the reaction plates to the pure growth media 
using the inoculation hedgehog. These re–inoculated plates were incubated for 24 hours at 37 °C and then 
the MIC values were determined according to visible growth inhibition [9]. Second day, living bacterial cells 
from the reaction plate were transferred to the plate with pure media again and 10 h irradiation was applied. 
After the irradiation cells were also transferred to the plate with pure media from the reaction plate. Third day 
was the same situation.  

3. RESULTS AND DISCUSSION 

3.1 Characterization of photocatalysts 

All tested photocatalysts show the isotherms corresponding to the combination of I and IV isotherm types 
according to IUPAC classification (Fig. 1a ), typical for mesoporous material with some portion of micropores. 
At higher relative pressures (p/p0 > 0.90) an increased adsorbed amount indicates also the presence of 
larger mesopores (macropores). All these features correspond to evaluated pore–size distributions (Fig. 1b ). 

Pure TiO2 possesses the lowest mesopore surface area ∼24 m2/g with small amount of micropores 
(8 mm3

liq/g) (Table 1 ). With increasing amount of loaded cerium from 10 mol.% to 30 mol.% the mesopore 
surface area of photocatalysts significantly increases from 66 m2/g up to 99 m2/g. Concerning changes of the 
ratio of the micropore volume to the net pore volume in all investigated photocatalysts, it was practically 
constant within 8–13 % for TiO2 and the Ti90–Ce10 photocatalyst. Contrary to that, the Ti80–Ce20 and 
Ti70–Ce30 photocatalysts showed higher ratio of 23 %. This evidences that the cerium amount affects 
significantly the surface area of photocatalysts, probably via structural changes.  

Since structural properties can correlate with textural properties and affect photoactivity via e.g. available 
defect sites, the phase composition and the crystallite–size of photocatalysts were determined by using X–
ray diffraction (Table 1, Fig. 1c ). Pure TiO2 as well as the Ti90–Ce10 photocatalyst show the diffraction lines 
corresponding only to TiO2 anatase hkl reflections. However, pure TiO2 besides the main anatase (101), 
(004) and (200) hkl reflections at 29.4°, 44.2° and 56.4°, respectively, shows also other anatase reflections 
such as (103) and (112) hkl reflections at 43.2° and 45.1°, evidencing that anatase crystallites in pure TiO2 
are significantly larger than in the Ti90–Ce10 photocatalyst. The estimation of the anatase crystallite–size in 
TiO2 and Ti90–Ce10 photocatalysts is ~19.4 nm and ~10.8 nm, respectively. In any of these crystalline 
photocatalysts the diffraction lines from crystalline ceria are not evident. In addition, in the Ti90–Ce10 
photocatalyst the anatase reflections appear less intense than in pure TiO2. Both these features indicates 
that cerium in the Ti90–Ce10 photocatalyst is present either as the ceria amorphous phase, or as the 
extremely small ceria crystallites (nuclei ~1 nm) which was not detected because of XRD analysis. The letter 
case is more probable. In our previous comprehensive study [7], where the in–situ XRD measurements were 
carried out over the Ti90–Ce10 material and individual high–quality XRD spectra were investigated in detail 
by using the advanced XRD whole powder pattern modeling [10] implemented in software MStruct [11,12], 
the weak broad peak corresponding to the presence of small CeO2 nuclei was clearly identified on the 
background of XRD spectra for the broad temperature range of 350–600 °C. Moreover, it was evaluated that 
cerium addition inhibits the anatase crystallization and besides TiO2 anatase also some amorphous TiO2 is 
present in the Ti90–Ce10 material [7]. The Ti80–Ce20 and Ti70–Ce30 photocatalysts do not show any 
reflections which confirm their amorphous character. However, according to the previous work [7] the Ti70–
Ce30 mixture crystallizes above 750 °C into the brannerite–type cerium titanate phase, CeTi2O6. The 
crystallization of the Ti80–Ce20 mixture is still a matter of further study. The markedly smaller anatase 
crystallite–size in the Ti90–Ce10 photocatalyst (~10.8 nm) pretty correlates to its enlarged surface area 
(66 m2/g) and slightly higher Vmicro/Vnet ratio (13 %) compared to pure TiO2 (Table 1 ). Moreover, the 
amorphous nature of the Ti80–Ce20 and Ti70–Ce30 photocatalysts reveals the influence of the cerium 
addition on the amorphous photocatalyst surface area.  
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Table 1  Textural, structural and optical properties of the tested photocatalysts 

Sample 

 Nitrogen physisorption* XRD** UV–Vis*** 

SBET 

(m2/g) 

Smeso 

(m2/g) 

Vmicro 

(mm3
liq/g) 

Vnet 

(mm3
liq/g) 

Vmicro/Vnet 

(%) 

phase 
character 

dp 

(nm) 

Absorption edge 

(eV) 

TiO2 37 24 8 99 8 anatase 19.4 3.19 

Ti90–
Ce10 

98 66 21 171 13 anatase 10.8 2.64 

Ti80–
Ce20 

114 80 26 115 23 amorphous – 2.55 

Ti70–
Ce30 

129 99 26 116 23 amorphous – 2.56 

*Parameters evaluated using the BET theory, the t–plot method and the BJH method, assuming the cylindrical pore geometry. The net 
pore volume (Vnet) determined from the nitrogen adsorption isotherm at p/p0 of 0.995.  
**The phase composition evaluated using database PDF 2 Release 2004 (International Centre for Diffraction Data) and the crystallite–
size calculated from FWHMf using the Scherrer’s equation. 
***Parameter evaluated using the Schuster–Kubelka–Munk equation, Tauc’s law and the Kubelka–Munk function. 

Raman spectra (Fig. 2a ) proved bands at 145, 399, 520 and 641 cm–1, characteristic to the Raman–active 
modes of TiO2 anatase with the symmetries of Eg(1), B1g, A1g and Eg(3). For the Ti90–Ce10 photocatalyst 
these bands are additionally superimposed with a broad feature between 900 and 100 cm–1, indicating the 
presence of some amorphous phase which well correlates with XRD data. Any band from cubic CeO2, even 

its strong band at ∼463 cm–1, is not observed in the recorded spectrum of the Ti90–Ce10 photocatalyst. This 
feature could be explained by much lower cross–section of the cubic CeO2 vibrations in comparison with 
TiO2 anatase [7]. The Ti80–Ce20 and Ti70–Ce30 photocatalysts do not show any anatase bands, confirming 
their amorphous character. No carbon contamination was present in the photocatalysts. 

The UV–Vis diffuse reflectance spectra of investigated photocatalysts (Fig. 2b ) definitely confirmed that the 
modification of TiO2 with cerium within 10–30 mol.% affects markedly the photocatalysts absorption 
properties. The red shift of the absorption edge to the visible region for cerium doped TiO2 materials can be 
nicely seen (Table 1 ) and with increasing Ce amount the spectra shift more to the visible region (Fig. 2b ). 

 

Fig. 1 Measured nitrogen adsorption–desorption isotherms at 77K (a), evaluated pore–size distributions 
(from the desorption branch) (b) and XRD patterns of tested photocatalysts (c) 
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Fig. 2 Raman spectra (a) and DRS spectra (b) of the tested photocatalysts 

3.2 Antibacterial testing 

The antibacterial activity expressed as the MIC values of the samples was assessed using two bacterial 
strains, lamp with wide spectral bulb simulating daylight (‘artificial daylight’) and real daylight (‘natural 
daylight’). The experimental results achieved are presented in Table 2 . Antibacterial activity of a sample was 
not observed after the first day of irradiation. Second day, before irradiation by the artificial daylight, pure 
TiO2, Ti80–Ce20 and Ti70–Ce30 showed antibacterial activity against S.aureus. The MIC was not 
determined for the Ti90–Ce10 sample, what can be caused by the MIC value being higher than 10 mg/L, and 
thus above our highest concentration of the sample applied in the growth media. The antibacterial activity 
against E.coli exhibited only the pure TiO2 and Ti80–Ce20. Significant difference between the MIC values 
achieved from the reaction plate irradiated by the artificial daylight and by the natural daylight was observed 
only in the case of Ti80–Ce20 sample against E.coli, when the lower MIC value (0.12 mg/L) was achieved 
after the artificial daylight irradiation. In other cases achieved MIC values were identical after the artificial 
daylight irradiation and the natural daylight irradiation. 

Table 2  The determined MIC (mg/L) values against S.aureus and E.coli before and after irradiation using 
natural (N) and artificial (A) daylight source 

Sample Daylight 

S.aureus E.coli 

2nd day 
before  

2nd day 
after  

3rd day 
before  

3rd day 
after  

2nd day 
before  

2nd day 
after  

3rd day 
before  

3rd day 
after  

TiO2 
N 0.041 0.041 0.041 0.041 0.041 0.041 0.041 0.041 

A 0.041 0.041 0.041 0.041 0.041 0.041 0.041 0.041 

Ti90–Ce10 
N >10 >10 >10 >10 >10 >10 >10 >10 

A >10 >10 >10 >10 >10 >10 >10 >10 

Ti80–Ce20 
N 0.12 0.12 0.041 0.041 1.11 1.11 1.11 1.11 

A 0.12 0.12 0.041 0.041 0.12 0.12 0.12 0.12 

Ti70–Ce30 
N 1.11 0.37 0.12 0.12 >10 >10 >10 >10 

A 0.12 0.12 0.12 0.12 >10 >10 >10 >10 
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4. CONCLUSIONS 

TiO2 doping by cerium led to the inhibition of crystallization of photocatalysts. The addition of 10 mol.% of 
cerium resulted in TiO2 anatase enriched with amorphous CeO2 (nuclei) and the addition of 20 and 30 mol.% 
of cerium led to amorphous materials. Effect of the cerium addition on the photocatalysts surface area was 
observed; the surface area was increasing with increasing loaded amount of Ce. The modification of TiO2 
with cerium led to the shift of the absorption edge of photocatalysts to the visible region. Our proposed 
mechanism of antibacterial activity over designed amorphous photocatalysts agrees with Buddee et al. [13]. 
Doping usually gives a rise to defect centers which can act as trapping sites for charge carriers, hence, 
slowing down the recombination rate of electron–hole pairs. Moreover, extended absorption properties of 
designed photocatalysts enable to react in the visible region. The fact of amorphousness of materials makes 
the role of the grain size and the quantum size effect satisfied. Thus, some antibacterial activity of 
amorphous photocatalysts can be attributed to the synergic effect of present metal ions and enlarge surface 
area. 
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Abstract  

Many researchers described sorption properties nanoparticles of titanium dioxide. Different ions, for example 
ion of Cr, Cu, Fe, Mn, Ni, and Zn, can be removed from waste water by mentioned nanoparticles. 
Nanoparticles handing is connected with health risk because there are little information about nanoparticle 
toxicity. It is suitable immobilized they on balk material. In this work a comparison of sorption properties of 
titanium dioxide nanoparticles with TiO2/kaolinite composite were done. TiO2/kaolinite composite could have 
better sorption capacity than kaolinite as well. Nanoparticles of TiO2 and composite of TiO2/kaolinite were 
prepared by thermal hydrolysis using the titanyl sulphate as a titanium precursor. Prepared materials were 
characterized by chemical and phase analysis. The sorption of Cd, Cu and Zn in model water solution was 
studied at constant temperature (at 25oC). Experiments were carried out batch techniques. The 
concentration of adsorbate in solution after sorption was determined by AAS–FA. Surface of the materials 
after treatment was studied by electron microscopy. The measured results were described by adsorption 
isotherms. Calculated adsorption capacities were compared. 

Keywords: sorption, kaolinite, cadmium, zinc 

1. INTRODUCTION 

The multifold increase in the use of heavy metals in recent years has led to an increase in the concentration 
of these metals in the environment. Toxicological effects of heavy metals are well understood and have been 
a global concern for environmentalists. Due to persistent in nature and their accumulation through food 
chain, it is necessary to remove toxic heavy metals from wastewater. Metals are non–biodegradable and 
have great environmental, public health and economic impacts. 

Such metals are for example cadmium and zinc. Cadmium, which is very toxic, can cause serious damage to 
the kidneys and bones. The major sources of cadmium are industrial waters such as metal plating, 
cadmium–nickel batteries, phosphate fertiliser, mining, pigments, stabilisers and alloys. Zinc is widely used in 
many important industrial applications such as dry battery, electroplating industry, insecticides, foundry, 
metallurgy, pigments and explosive manufacturing. Zinc is often found in high concentrations in wastewater 
from many sources, including mine drainage, galvanizing plants, pharmaceuticals production, and pigments 
manufacturing. 

Many worldwide research groups have been trying to find various methods to solve the environmental 
pollution. The aim is to prevent the pollution or to remove the industrial pollutants from the environment. One 
important technique for removing dispersed pollutants is adsorption. There are many materials that could be 
used as sorbent of toxic ions or compounds. The nanoparticles of metal oxide have good properties to use 
them as new sorbents. 

Many different studies are engaged in the use of various sorbent for removal cadmium and zinc ions. Within 
the framework of these studies, different factors such as sample pH, sample flow rate, type, concentration 
and volume of sample were optimized. 
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For example batch and fixed–bed system studies are used for adsorption of cadmium and zinc ions on boron 
enrichment process waste in aqueous solutions. The results show that the Freundlich isotherm describes the 
adsorption cadmium and zinc ions. Batch and column tests demonstrate that boron enrichment process 
waste is a highly effective adsorbent for metal ion removal [1]. 

Nanoparticles of titanium dioxide are considered as very suitable and effective adsorbent for removal of toxic 
ions from aqueous solutions due to their high stability, low cost and safety toward both humans and the 
environment. However due to the potential toxicity of nanoparticles, it is preferable to use them in the form of 
a composite in which the nanoparticles are anchored to the inert material. Study of adsorption of toxic 
substances onto specially modified composite nanomaterials is a first necessary step before their industrial 
use. 

The batch techniques were also used for the desorption of lead (II), copper (II) and zinc (II) from 
commercially prepared TiO2 nanoparticles (anatase). The evaluation of isothermal, kinetic and 
thermodynamic properties was investigated in this study [2]. 

Magnetic nanoparticles are exceptional adsorbent materials due to their unique magnetic properties and 
good adsorption capacity. 

The magnetic hydroxyapatite nanoparticles are used for the removal cadmium and zinc ions from agueous 
solutions. In study was proposed synthesis magnetic hydroxyapatite nanoparticles and prepared 
nanoparticles was characterized by scanning electron microscopy (SEM), energy dispersive analysis system 
of X–ray (EDAX), X–ray powder diffraction (XRD) analysis, zeta potential, BET surface area measurements 
and magnetization curves [3]. 

Also new absorbent magnetic nanoadsorbent prepared from an agricultural waste–orange peel powder by 
co–precipitating it with Fe3O4 nanoparticles was successfully used for removal cadmium ion from aqueous 
solutions [17]. 

A new method combining magnetic separation and nanoparticle adsorption was investigated for the removal 
of cadmium ions from the drilling fluid and its efficiency was studied in this study. Magnetic iron oxide 
nanoparticles were successfully synthesized, characterized and evaluated by X–Ray Diffraction (XRD), 
Transmission Electron Microscopy (TEM) and Infrared spectroscopy (IR) [19]. 

Sorption on natural sorbents has important environmental implications for pollutant transport and 
bioavailability. Various natural or synthetized mineral sorbents can be used for removal of cadmium and zinc.  

Synthetic zeolite A was investigated for use to adsorptive removal of zinc and cadmium ions from aqueous 
solutions. The results indicated that synthetic zeolite A can be used as an efficient ion exchange material for 
the removal of zinc and cadmium ions from industrial and radioactive wastewaters [4]. Also other type of 
zeolite, for example zeolite 4A, zeolite 13X, clinoptilolite and bentonite were used for sorption of cadmium 
and zinc from aqueous solutions with positive results [5, 9, 12, 14, 21]. Also alkaline Ca–bentonite was used 
for removal zinc from aqueous solution using batch technice and compared with the adsorption onto raw 
bentonite [11]. 

Different natural zeolites and bentonite minerals, i.e. chabazite, clinoptilolite 1, clinoptilolite 2, phillipsite, 
analcime, bentonite, were used for adsorbtion and desorption of zinc. The capability for zinc adsorption using 
natural zeolite and bentonite was increased in the following order: chabazite > analcime > clinoptilolite 1 > 
bentonite > clinoptilolite 2 > phillipsite. The results indicate that natural zeolites, particularly chabazite and 
bentonite minerals, have a high potential for Zn sorption with a high capacity for slow release fertilizers [13]. 

Clay mineral, vermikulite, was applied as adsorbent for removal of cadmium, zinc, manganese, and 
chromium from aqueous solutions. Article describes investigation various parameters such as time of 
reaction, effect of pH and cation concentration with positive results [6]. 
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The study [18] was conducted to study the influence of pH, temperature and aging on Cd desorption from 
other mineral sorbent, goethite. 

In other study, which investigates an ability of removal cadmium ions from montmorillonite, is described in 
article [20]. In this study was synthesized Fe–montmorillonite by using Ca–montmorillonite directly under 
ultrasonic treatment with the aim to enhance the ability of removal of heavy metal ions from wastewater. 

The current expensive methods for removing heavy metals from wastewater can be replaced by low–cost 
activated carbon derived from bagasse, an agricultural waste material. The studies of adsorption were 
carried out both in single– and multi–component systems [7]. 

The surfactant–modified carbon adsorbents were used for sorption of cadmium from aqueous solutions [22]. 
This study describes the sorption of Cd(II) from aqueous solution using indigenously prepared and 
surfactant–modified carbon adsorbents from husk and pods of M. oleifera. Adsorption was found to be 
strongly dependent on pH, adsorbate, adsorbent dosage and contact time. 

Other experiment utilizes a low–grade phosphate as an absorbent for zinc and cadmium cations in a range 
of initial metal ions concentrations (10 – 50 ppm), agitation time (5 – 210 min), adsorbent concentration (1 – 
7 g/l) and pH (2–6). The adsorption equilibrium of zinc ions are decreased with the increase in the initial 
cadmium ions concentration and that of cadmium ions are decreased as the initial zinc ions concentration 
increases [8]. 

The chemical adsorbent activated alumina and other adsorbents can be also used for the removal zinc (II) 
from aqueous solution. The adsorption of Zn(II) increased with increased concentration of the adsorbents 
and reached maximum uptake at 10 g/L and pH between 5 and 7 [10]. 

The study [15] presents that also bamboo charcoal is appropriate for the removal of Cd (II) ions in water 
treatment. 

The adsorption of cadmium on phosphogypsum, a waste material from the manufacture of phosphoric acid 
by wet process, was investigated with the effect of initial pH. Also this material provides the positive results in 
the pH range of 9.5 and 11.5 [16]. 

2. MATERIALS AND METHODS 

2.1 Materials  

Kaolinite theoretical formula is Si2Al2O3(OH)4 and other formulas are Al2O3.2SiO2.2H2O and Al2O7Si2.2H2O. 
Kaolinite sample SAK47 (LB MINERALS s.r.o.) dried for 3 hours at 105 °C was used for sorption 
experiments and for the photoactive composite preparation. 

2.1.1 Kaolinite/TiO 2 composite 

Table 1  Chemical composition dried kaolinite (K) and composite kaolinite/TiO2 with 60 wt. % of TiO2 (KT) 

 
K 

(wt. %) 
KT 

(wt. %) 
Al 2O3 35.8 ±0.1 11.9 ± 0.2 
SiO2 47.7 ± 1.0 18.5 ± 0.4 
K2O 1.16 ± 0.1 0.38 ± 0.1 
SO3 0.001 ± 0.1 0.941 ± 0.1 
CaO 0.12 ± 0.1 0.08 ± 0.1 
MgO 0.06 ± 0.1 0.07 ± 0.1 
Na2O 0.097 ±0.1 0.46 ± 0.1 
TiO2 0.84 ± 0.1 51.0 ± 1.0 
Fe2O3 0.57± 0.1 0.214 ± 0.1 
LOI 11.6 ± 0.1 16.0 ± 0.3 
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Thermal hydrolysis of dried kaolinite and TiOSO4 suspension were used to prepare photoactive composite 
containing TiO2. Prepared composite was dried at 105 °C (KATI16). The chemical composition of kaolinite 
and prepared composite is shown in Table 1 . Preparation and characterization of the composite are 
described in details in [23]. 

2.1.2 TiO2 nanoparticles 

TiO2 nanoparticles were prepared by thermal hydrolysis of titanyl sulphate (TiOSO4). The first step was 
heating the solution up to 100 °C. The second step included 90 minutes long thermal hydrolysis of solution at 
100 °C performed by addition of the appropriate volume of warm water. After the thermal hydrolysis, the 
solution was cooled down. The prepared TiO2 was washed several times with distilled water. The obtained 
sample was dried at 105 °C. The prepared particle size was smaller than 100 µm. 

2.1.3 Adsorption of Cd and Zn on sorbents 

The experiments were carried out with the 0.2 g of each sorbent that were suspended in 50 ml solution of 
different Cd and Zn concentrations (1 – 1000 mg/l). The suspensions were mixed for 1 hour at the laboratory 
temperature. Then the adsorbents were separated by filtration through a 0.45 µm membrane filter (Whatman 
EO47). The concentration of Cd and Zn in filtrate was determined by AAS–FA (UNICAM 969) after 
stabilization of solution by HNO3 in both experiments. The experimental data were processed by using 
Langmuir and Freundlich sorption isotherm. 

3. RESULTS AND DISCUSSION 

Adsorption of Cd and Zn onto kaolinite/TiO2 composite and TiO2 are shown in Fig. 1  as the quantities of Cd 
and Zn which are adsorbed at steady state on 1 g of adsorbent. 

    

Fig. 1 Adsorption isotherm of Cd (left) and Zn (right)  

Fig. 1  represents dependence of adsorption amount a (mg/g) on concentration cr (mg/l) of metal ions in 
solution after treatment. 

The Freundlich isotherm has better agreement with the experimental data than the Langmuir isotherm. 
Correlation coefficients are shown in Table 2 . 

Table 2  Correlation coefficients of linear form of the Langmuir and the Freundlich isotherm of Cd and Zn  

Samples  
Zn Cd 

Freundlich  Langmuir  Freundlich  Langmuir  
KT  0.8760 0.8260 0.7857 0.8740 
K  0.9795 0.8440 0.9450 0.7347 
T  0.8110 0.8960 0.8360 0.8796 
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Results showed in Table 2  that the Freundlich isotherm fitted adsorption of Cd and Zn on kaolinite. The 
adsorption Zn and Cd on kaolinite/TiO2 composite and TiO2 probably should be described by other 
isotherms. 

4. CONCLUSION 

The adsorption of Cd and Zn onto kaolinite, kaolinite/TiO2 composite and TiO2 nanoparticles were studied by 
batch procedure for 1 hour. The concentrations of adsorbate were determined by AAS–FA. The experimental 
data were described by Langmuir and Freundlich adsorption isotherms. The results show that the Freundlich 
isotherm describes Cd and Zn adsorption better. The results show the possibility of removing Cd and Zn 
from water solution by kaolinite. 
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Abstract 

In this study is proposed a novel method of dyestuff decolourisation measurement by image analysis. This 
method was applied on photocatalytic decolourisation. Solutions of textile dyes with well now chemical 
composition were photocatalytically treated by TiO2 nanoparticles (Degussa P25) and UV light. Selected 
textile dyes were tested. The results were discussed from the point of view of dyestuffs chemical composition 
and potential real application in waste water treatment. 

Keywords: decolourisation, TiO2, nanoparticles 

1. MAIN TEXT 

One of the highest industrial producer waste water into the environment is textile production. Water is used 
for cleaning the raw textile material and for many flushing steps during the whole production. Produced 
waste water has to be cleaned from, fat, oil, colour and other chemicals, which are used during the several 
production steps. The cleaning process depends on the kind of wastewater (not every plant applies the same 
production process) and also on the amount of used water. Also not all plants use the same chemicals, 
especially companies with a special standard (environmental) try to keep water cleaned in all steps of 
production. So the concepts to treat the water can differ from each other. 

Wet processes in the textile industries require water of very good quality concerning mainly content of dyes, 
detergents, and suspended solids. Therefore, a purification treatment to recycle water must have much 
better performances than for simple discharge according to the limits imposed by legislation. In order to meet 
legislative requirements, textile waste waters are usually treated in a chemical–physical or most commonly in 
an active sludge biochemical plant. Instead, in order to have water that can be recycled in production cycles 
(especially dyeing processes) water needs further treatments to be re–used. Among all the possible 
purification systems that were proposed for textile wastewaters, oxidative treatments seem to be promising 
because they really involve a degradation process of the pollutants contained, although never complete. [1] 
They are moreover very effective towards the oxidation of chromophoric structures of dyes, removing colour 
which is the main “disturbing” factor for water recycle in textile industry. 

1.1 Textile dyes and waste water 

Textile dyes are chemical compounds characterised by absorbing light in the visible region of the 
electromagnetic spectrum (400 – 700 nm) and this is the reason why they are coloured. Most dyes share the 
same basic chromogenic structure, being differentiated by either physical size of the molecule or by the 
presence of the solubilising groups, such as sulfonic acid and quaternary ammonium groups. The main 
chromogens are azos, anthraquinones, indigoids, polymethines (cyanines), nitro (phthalocyanines), oxazines 
and aryl carboniums [2]. 

Textile dyes and other industrial dyestuffs constitute one of the largest groups of organic compounds that 
represent an increasing environmental danger. About 1–20 % of the total world production of dyes is lost 
during the dyeing process and is released in the textile effluents. The release of those colour waste waters in 
the environment is a considerable source of non–aesthetic pollution and eutrophication and can originate 
dangerous by–products through oxidation, hydrolysis, or other chemical reactions taking place in the 
wastewater phase [3] 
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1.2  Photocatalysis  

Photocatalysis appears as the most emerging destructive technology. The key advantage is its inherent 
destructive nature: it does not involve mass transfer; it can be carried out under ambient conditions 
(atmospheric oxygen is used as oxidant) and may lead to complete mineralization of organic carbon into CO2 
and H2O. When photocatalyst titanium dioxide (TiO2) is irradiated by light energy greater than the band gap, 
separating the vacant conduction band (CB) and filled valence band (VB), the electron in VB is excited into 
CB and results in the formation of an excited electron (e–) and a positive hole (h+) pair. This stage is referred 
as the semiconductor's 'photo–excitation' state. Wavelength of the light necessary for photo–excitation is 388 
nm [4, 5]. TiO2 is used in form of water suspensions in on solid holders [6, 7, 8, 9]. 

These e– and h+ reduce and oxidize respectively chemical species on the surface of photocatalyst. The 
photogenerated electrons could reduce the dye or react with electron acceptors such as O2 adsorbed on the 
Ti(III)–surface or dissolved in water, reducing it to superoxide radical anion O2

•−. The photogenerated holes 
can oxidize the organic molecule to form R+, or react with OH− or H2O oxidizing them into OH• radicals. 
Together with other highly oxidant species (peroxide radicals) they are reported to be responsible for the 
heterogeneous TiO2 photodecomposition of organic substrates such as dyes. According to this, the relevant 
reactions at the semiconductor surface causing the degradation of dyes can be expressed as follows: 

TiO2 + hv (UV) → TiO2 (eCB
− + hVB

+) 

TiO2 (hVB
+) + H2O → TiO2 + H+ + OH• 

TiO2 (hVB
+) + OH− → TiO2 + OH• 

TiO2 (eCB
−) + O2 → TiO2 + O2

•− 

O2
•− + H+ → HO2

• 

Dye + OH• → degradation products 

Dye + hVB
+ → oxidation products 

Dye + eCB
− → reduction products 

Photocatalytic degradation of organic compounds occurs when TiO2 + organic compound solution is 
irradiated with UV light (388 nm). This involves the excitation of electron in VB is excited into CB and results 
in the formation of an excited electron (e–) and a positive hole (h+) pair. This stage is referred as the 
semiconductor's 'photo–excitation' state.  

The positive–hole of titanium dioxide breaks apart the water molecule to form hydrogen gas and hydroxyl 
radical. The negative–electron reacts with oxygen molecule to form super oxide anion. The resulting •OH 
radical, being a very strong oxidizing agent (standard redox potential +2.8 V) can oxidize most of azo–dyes 
to the mineral end–products. Substrates not reactive toward hydroxyl radicals are degraded employing TiO2 
photocatalysis with rates of decay highly influenced by the semiconductor valence band edge position.  

2. EXPERIMENTAL PART 

2.1 Used dyes 

The main objective of the experimental part of this thesis work is to remove colour on textile wastewater 
containing different classes of dyes by UV/TiO2 photo–catalysis and compare this method to other 
standardized methods (coagulation and flocculation).  The dyes treated are the azo–dyes (including metal 
complex dyes) – Table 1 .  
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2.2 Titanium Oxide P25 Degussa 

The TiO2 powder (Degussa, P25), which is a standard material in the field of photocatalytic reactions, 
contains anatase and rutile phases in a ratio of about 3:1. The average sizes of the anatase and rutile 
elementary particles are 85 and 25 nm, respectively. P–25 (Degussa) has been a standard material, which 
has a relatively large surface area (49 m2g–1). Interestingly, the P–25 powder consists of anatase and rutile 
phases [2]. Because the P25 powder shows high activity for many kinds of photocatalytic reactions, it has 
been used in many studies.  

2.3 PHOTOTATALYTIC TRETMENT 

Dyestuff solutions (100 ml) of 0.1 g/l concentration and 0.1 g TiO2 (P25 Degussa) were prepared. The 
homogenisation of dye solution and TiO2 powder was realised by the use of ultrasonic apparatus Bandelin. 
This helps in the reduction of TiO2 agglomerates. Homogenised solutions (30 ml from each sample) 
irradiated with ultraviolet light (UV) at ambient temperature. The process carried out using TL’ 6W /05 Philips 
fluorescent lamps with UV irradiate intensity of 3120 µW/cm2 for 60 minutes.  

2.4 QUANTIFICATION OF DECOLORISATION 

Quantification of decolourisation (destruction of dye by photocatalysis) is not easy, because we need one 
method useful for all used dyes and the more – contain of TiO2 particles complicated the spectrometry of this 
solution. All standard methods are slow and discontinual – we should end the experiment before the dyestuff 
analyses. We proposed an easy method based on image analyses of pictures taken at defined conditions 
(distance, setting of camera, light irradiation...). The evaluation of pictures is based on half time of 
decolourisation – we compare the colour (as a one of RGB components) of irradiated solution with no 
irradiated liquid system containing TiO2 and concentration of dyestuff reduced to 50 %. Pictures before and 
after UV radiation we can see on Fig. 1 . Time changes of sample colour during UV radiation and estimation 
of half time of decolourisation is presented on the Fig. 2 . 

Images for analysis with Image J software were taken by Cannon camera at a distance of 19.5 cm from the 
sample, using a focal distance of 35 mm. Some specifications of the camera are: Electro Optical System 
(EOS) – 400D + (Electro focus 18 – 55 mm), Zoom Lens – 1:3.5 – F5.6, Filter – B + W 58 KR – 1.5 skylight 
1.1 x MRC. 

 

A 1                                                                         A 2  

Fig. 1 Effect TiO2 photocatalysis on CI Acid Red 213, “A1” dyestuff and TiO2 solution before UV irradiation 
(standard 100 %) and “A2” UV irradiated sample after 60 minutes 
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Fig. 2 Time changes of sample colour during UV radiation and estimation of half time of decolourisation by 
comparison with “standard 50 %” containing smaller dyestuff dosage 

3. RESULTS AND DISCUSSION 

All above described dyes were photocatalytic treated and the half time of dyestuff decolourisation was 
estimated. Results are in the Table 1 . General we can see, that the azo–dyes are sensitive to photocatalytic 
treatment – the half time of decomposition is lower than one hour.  

The influence of metal complex is not positive – the stability of metal complex dyes is smaller than of the 
nonmetalised azo–dyes.  

Used method describing the photocatalytic sensitivity of dyes is parallel to standard methods of waste  
water – the maximal visible length in the water. So obtained results are in direct connection with the 
evaluation of waste water cleaning. 

Table 1 The photocatalytic sensitivity of dyes 

Dyestuff – name Molecular Structure Halftime of decomposition (minutes) 

Acid Red 213 Single azo (1:2 cobalt complexes) 16 

Direct yellow 44 Double azo class 55 

Acid Blue 158 Single azo (1:1 chromium complex) 11 

4. CONCLUSION 

Evaluation of dyestuff decolourisation by TiO2/UV photocatalysis is not easy. In this study is proposed and 
used a novel method based on image analyses and comparison with standard with defined dyestuff 
concentration. The output of this method is half time of decolourisation – time in which remains in the 
solution 50 % of the initial concentration of dye. This method is easy to use, but the results are relative and 
should be connected with the parameters of UV light, concentration of dyestuff and TiO2 in the system. This 
method we can recommended for quickly quantification of sensitivity of dyes to photocatalysis. In this study 
were evaluated azo–dyes. Measured half time of decolourisation is lower than 60 minutes at used 
conditions. 
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Abstract 

Metallic nanostructures such as nanoantennas are capable of confining the energy of an incident radiation 
into volumes much smaller than the wavelength of incoming waves through localized surface plasmon 
resonance (LSPR). Here, we report on a strong enhancement of the vibrational signal from molecules 
adsorbed on metallic nanoantennas when those latter are excited at their LSPR frequencies. Because 
nanoantennas possess two plasmon modes with different directional profiles, it is likely possible to 
selectively probe the molecules adsorbed onto the nanoantenna side wall, on the nanoantenna top part or on 
the flat region of the substrate in–between antennas. This work gives promising perspectives to set–up a 
label– free vibrational biosensing platform with a multi–zones selectivity and a plasmon–enhanced sensitivity 
that could deserve diagnosis or surface molecular analysis.  

Keywords: molecular sensors, multi–species detection, vibrational spectroscopy, label free detection,  
                   sum–frequency generation 

1. INTRODUCTION  

An important research axis in the biosensor field is to perform the detection in a label–free way without need 
for pre–labeling by fluorescent markers, for example. One advantage of label–free methods is the ability to 
perform detection in real–time, allowing data to be recorded continuously while tuning biological parameters. 
In this frame, biosensing based on optical techniques offers many possibilities and are reaching a state 
where devices become highly sensitive and compact, making it adequate for commercialization [1]. A 
growing number of optical biosensing apparatus exploit surface plasmon under various forms, and among 
others, the localized surface plasmon resonance (LSPR) in nano–objects [2]. LSPR–based biochemical 
detection offers the perspective to reach even more compact devices and yet extremely sensitive that can be 
incorporated in in–situ diagnostic schemes. The localized resonances are supported in metal nanoparticles 
and can be incorporated in various array formats. Depending on how the optical field is confined inside the 
nano–object, it can form microcavities with resonant modes only at discrete wavelengths [3]. Those latter are 
defined by the cavity parameters through the particle dimension, shape and material. By tuning the visible 
wavelength of a laser source, those specific resonances can be selectively excited and detected. A common 
way to exploit these resonant cavities is to functionalized the nanoparticle with a probe biomolecules and to 
monitor changes in the resonant frequency upon recognition of the target molecules.  

In this work, another approach is proposed. The changes in the vibrational spectra of the probe biomolecules 
are used to detect the bio recognition, as it is commonly done with infrared spectroscopy. However, in the 
same time, specific plasmon resonances are selectively excited by tuning the wavelength of a laser in the 
visible range. Since the resonant modes of the microcavities possess different geometries, this method 
enables to probe different regions of the nano–object, and this very selectively and with high sensitivity 
because of the enhanced eclectic field from the LSPR [4, 5]. More particularly, by using gold nanoantennas 
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vertically standing on platinum, we were able to collect selectivity the vibrational signature of model 
molecules located at the antenna tip, or antenna side, or on the flat surface between antennas, only by 
changing the wavelength and polarization of the incident laser light [6]. To couple the vibrational 
spectroscopy to a visible source able to excite the plasmon modes, we use an optical spectroscopy based 
on a three wave mixing process, namely the sum–frequency generation (SFG). This surface specific 
spectroscopy has proven to be able to detect biorecognition process such as the biotine–avidine complex in 
a complete free–label way [7]. This offers an elegant solution to obtain a surface specific vibrational 
signature from molecules selectively adsorbed at different nanometric locations and to monitor changes in 
the vibrational activity upon recognition of the target molecules.    

2. EXPERIMENTAL SECTION 

Nanostructured substrate 

The nanostructured sensor is based on gold nanoantennas vertically 
aligned on a 200 nm thick platinum film. The antennas are 
electrochemically grown within the nanopores of supported 
polycarbonate track–etched templates. Details about the antenna 
fabrication can be found elsewhere [8]. 

The surface density of antenna is 9.0 ×108 unit/cm². The gold 
antenna have a diameter of 80 nm and a height of 100 nm. Fig. 1  
shows typical TEM pictures of brushes of self–standing Au 
nanoantenna on a platinum surface after dissolution of the 
polycarbonate membrane. 

Molecular film  

To evaluate the detection performance of the sensor, we use 
a molecular monolayer of a thiolated alkane chain (dodecanethiol – 
DDT). The same functionalization approach can be further used to 
grow a bioactive layer by choosing the same thiolated anchoring 
group and the adequate reactive terminal group. The molecular film 
was prepared by immersing the nanostructured substrate for 12h in 
a 1mM ethanol solution of DDT. Given the high affinity of thiol for both platinum and gold, the DDT molecules 
cover the platinum substrate and the gold nanoantenna indistinctly. Details about DDT monolayer 
chemisorbed on metal surface have been extensively described in other works [9]. 

Laser setup 

The sum frequency generation spectrometer possesses one tunable infrared (2.5 to 3.8 µm) and one tunable 
visible (420 to 700 nm) beam, both based on the pumping of an optical parametric oscillator by a Nd:YAG 
picosecond laser. The setup has been extensively described in previous work [9]. The two beams are 
focused at the sample surface and used to perform plasmon–enhanced SFG experiments.    

3. PLASMON RESONANCE AND NANOANTENNA 

A plasmon resonance occurs whenever the free electrons in a conductor are oscillating at the same 
frequency as incident light. In case of metallic structures with nanometer dimensions, the surface plasmon 
resonance is localized within a very small volume (localized surface plasmon resonance – LSPR). The 
energy of the incident radiation is therefore confined into volumes much smaller than the wavelength of 
incoming waves, leading to important local electric filed enhancements. Given the shape of a nanoantenna, it 
possesses two distinct localized surface plasmon resonances [10]. For gold antennas, the transverse mode 
(TM) oscillates across the antenna diameter, it is excited with a wavelength of 510 nm and is independent on 

Fig. 1 Scanning electron 
microscopy (SEM) images of gold 
nanoantennas vertically aligned 

on a platinum surface. The 
antenna shown here have an 
average height of 300 nm and 

diameter of 80 nm 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

499 

the antenna length. The longitudinal mode (LM) oscillates along the 
antenna axis, and it is excited at a wavelength that ranges from 510 
nm to several micrometers, depending on the antenna length [10]. 
Given the dimension of the antenna used in this work, the LM mode 
is excited at 660 nm.   

Besides the different excitation frequency of both TM and LM 
plasmon modes, the direction of oscillation of the electric field is 
also critical in our configuration since antenna stand vertically on the 
substrate. Indeed, as pictured in Fig. 2 , the TM mode can be 
excited only by a light momentum contribution perpendicular to the 
incident plane (s polarization), while the LM mode can be excited 
only by a light momentum contribution parallel to the incident plane 
(p polarization). Accordingly to recent publications [4, 5], the TM 
mode excitation gives rise to an electric field enhancement mainly 
localized on the antenna sides, while the LM mode leads to a major 
amplification of the electric filed at the antenna tips. Moreover, if the 
molecular sensor is illuminated by light which is not set at one of the 
plasmon resonance frequencies, whatever is the polarization, no 
plasmon is excited (Fig. 2a ). 

The above configurations may be used to selectively probe different 
regions of the nanostructured sample, and this flexibility may be 
exploited to develop highly tunable and functional optical devices. 
Indeed, If the light wavelength matches the LM mode excitation (650 
nm in our case), with p polarization, the plasmon resonance strongly 
enhances the local electric field at the antenna ends (Fig. 2b ). An 
optical spectroscopic signal will possesses a cumulated contribution 
from the flat substrate and from the antenna tip. If the light 
wavelength matches the TM mode excitation (510 nm in our case), 
with s polarization, the plasmon resonance strongly enhances the 
local electric field at the antenna sides (Fig. 2c ). An optical 
spectroscopic signal will have a cumulated contribution from the flat 
substrate and from the antenna side. If the amplification of the 
signal thanks to the plasmon resonance (TM or LM) becomes very 
large, a dominant signal from the antenna top or side region over 
the flat substrate contribution can be achieved. Out of plasmonic 
resonances, however, the spectroscopic signal resulting from the 
illuminated surface is mostly originating from the flat substrate which 
represents more than 99 % of the effective surface of the sensor.  

4. OPTICAL VIBRATIONAL SPECTROSCOPY 

The technique used to analyze the molecular sensor is a vibrational optical spectroscopy, called sum 
frequency generation (SFG) spectroscopy. It relies on the use of both an infrared beam, able to excite the 
molecular vibrational modes, and on a visible beam, able to excite the different surface plasmon modes. 
When the two laser beams overlap on the sample, a pairs of photons, one of each beam, are converted 
through a nonlinear optical process (three waves mixing) into new photon at the sum–frequency (Fig. 3A ). 
Being a coherent mechanism, the SFG emission occurs as a new SFG beam with its own propagation 
direction (Fig. 3B ). SFG is a second–order nonlinear process forbidden in any media possessing an 
inversion centre (within the dipolar approximation). Therefore, SFG occurs only where central symmetry is 

Fig. 2 (a) The illumination of a 
nanoantenna with a visible beam 
which wavelenght is away from 

the localized plasmon resonance 
one leads to no plasmon 

excitation, whatever is the 
polarization. (b) When the light is 

p polarized and set to the 
wavelenght of the LM mode, the 

light electric field is amplified 
preferentially at the antenna tip. 
(c) When the light is s polarized 
and set to the wavelenght of the 

TM mode, the light electric field is 
amplified preferentially at the 

antenna side 
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broken, that is, at surfaces and interfaces (or in anisotropic bulk materials, such as nonlinear crystals). This 
turns SFG spectroscopy into a surgical tool to study selectively molecular adsorbates at interfaces with a 
sub–monolayer sensitivity. SFG spectroscopy is able to track changes in the density, conformation and 
orientation of molecular film, as well as chemical modification or adsorption/biorecognition processes. In 
each spectrum, the infrared frequency is scanned across the vibrational modes resonances, while the visible 
frequency is kept fixed. Each time the IR frequency matches a vibrational transition, the SFG intensity is 
enhanced. The SFG spectrum plots the SFG intensity in function of the IR wavenumber. If the visible 
frequency is set so to excite an electronic or a plasmonic resonance, the SFG yield can be increased and 
lead to a further enhancement of the vibrational mode, so that the sensitivity is improved [6]. 

 

Fig. 3  (a) Energy diagram of the SFG process. One IR photon enables the system to reach a real excited 
vibrational state, a visible photon increases the system’s energy to a virtual (or real) electronic state, and the 
generation of the SFG photon enables the system to return to the ground state. (b) Representation of a SFG 

experiment: a visible (orange) and an IR (purple) laser beams are focused on the surface and generate a 
third beam at their sum–frequency (green) in reflection geometry. In this picture, the polarization combination 

is ssp, with conventional order SFG, Vis, IR 

5. MULTI ZONE SELECTIVE MOLECULAR SPECTROSCOPY 

The SFG spectrum of the dodecanethiol monolayer on a flat platinum substrate obtained with a visible beam 
set a 520 nm in p polarization (ppp, in the order SFG, Vis and IR beam, respectively) is shown in Fig. 4A . 
The IR frequency range used here (2800 – 3000 cm–1) enables to detect the methyl and methylene 
stretching vibrational modes of the DDT, while changing the infrared frequency to other regions enable to 
probe other chemical groups, as in FT–IR spectroscopy for instance. The SFG spectrum displays three 
dominant vibrational bands. The first feature at 2883 cm−1 corresponds to the methyl symmetric stretching 
mode  
(CH3 r+) of DDT, the second one at around 2945 cm−1 is the methyl Fermi resonance (CH3 FR), and the third 
one at 2975 cm−1 matches the degenerate methyl asymmetric stretching modes (CH3 r−). Two weaker 
modes are also observed: the methylene symmetric (CH2 r+ at 2858 cm−1) and asymmetric (CH2 r− at 
2920 cm−1) stretching vibrations of the aliphatic chains of DDT [9].   

When making the same measurement on the nanostrucured sensor, the spectrum is very similar (data not 
show) to that of Fig. 4A . Indeed, with a visible beam at 520 nm in p polarization (ppp) no plasmon resonance 
is excited (see Fig. 2 ), and the signal originates mainly from the DDT on the flat substrate. Instead, when 
tuning the visible frequency at 650 nm to match the LM plamon mode on the nanostructured sensor, the 
SFG intensity, recorded in the same infrared region, is strongly increased by a factor larger than 10 (Fig. 4b ). 
Since on flat platinum the DDT SFG intensity is independent on the visible frequency, this strong increase is 
attributed to a significant contribution (more then 10 time larger than that of the DDT on the platinum 
substrate) of the DDT molecules on the nanoantenna,. The spectrum is thus mainly originating from 
molecules located on the nanoantenna tip, where the electric field is maximal (see Fig 2b ). 
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Fig. 4 (a) SFG spectrum of dodecanethiol molecules chemisorbed on a flat platinum substrate in ppp 
polarization with a visible set at 520 nm. Three methyl vibrational modes are detected in the 2800 – 3000 
cm–1 frequency region. (b) The same SFG spectrum as (a) but realized on the nanostructured sensor with 
the visible set at the LM resonance wavelength (650 nm). The intensity is much larger and is expected to 
origin from antenna tips. (c) SFG spectrum of DDT molecules taken on the nanostructured sensor in ssp 

polarization with the visible set at 605 nm so that the TM is excited by the SFG beam (510 nm). The intensity 
is large and is expected to origin from antenna sides. (d) The same SFG spectrum as (c) but realized on a 

flat platinum substrate, proving that the SFG contribution from the flat substrate is negligible in (c). In all 
spectra, open circles are raw data and coloured curves are an average to guide eyes 

Finally, in order to excite the TM mode, the visible beam has been tuned to the TM resonance frequency that 
is close to 510 nm and its polarization has been switched to s. However, interestingly, the SFG beam itself is 
in the visible region and therefore able to efficiently excite the plasmon resonance. Indeed, if the visible 
beam is set to 605 nm with the infrared standing around 3400 nm (2900 cm–1), the SFG photons are close to 
510 nm. By choosing the right polarization set (ssp) in which the SFG is s polarized, the TM mode can be 
excited with the SFG beam on the nanostrucured sensor. The SFG spectrum of the DDT monolayer is 
shown in figure 4D. Because of the large electric field amplification in the nanoantenna thanks to the 
plasmon resannce, the same spectrum recorded on a flat platinum surface is hundreds of time weaker 
(Fig. 4c ). This strong increase is attributed to a very large contribution of the DDT molecules on the 
nanoantenna, making the spectrum to mainly originate from molecules located on the nanoantenna side, 
where the electric field is maximal (see Fig. 2c ). 

6. CONCLUSIONS 

We have demonstrated that metallic nanoantennas standing vertically on a substrate can be efficiently used 
as a molecular sensor platform, with the coexistence of distinct detection zones that can be selectively 
probed. This can be achieved by combining this nanostructured sensor with sum frequency generation 
spectroscopy to obtain a vibrational spectrum of the molecular adsorbates. By adequately changing the 
visible frequency and the beam polarizations, the SFG spectrum originates mainly from the antenna tip, the 
antenna side or the flat surface in–between antennas, with a plasmon–enhanced sensitivity. This gives 
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interesting perspectives for label–free vibrational biosensing applications that would require a multi–zones 
selectivity coexisting at the nanometre scale in the frame of diagnosis or surface molecular analysis.   
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Abstract  

The penetration of electrons through solids is retarded by sequences of their interactions with the matter in 
which the electron changes its direction of motion and loses its energy. Inelastic collisions, the intensity of 
which reaches a maximum at around 50 electronvolts (eV) and drops steeply on both sides of this fuzzy 
threshold, are decisive for the penetration of electrons. Transmission microscopy (TEM or STEM) observes 
thin samples of tens to hundreds of nanometres in thickness by passing electrons of energies of tens to 
hundreds of kiloelectronvolts through them. The range below 50 eV has recently been utilized in the 
examination of surfaces with reflected electrons, where high image resolution is achieved thanks to the 
retardation of electrons close to the sample surface in the “cathode lens”. In this lens, the role of the cathode 
is played by the sample itself, biased to a high negative potential. This principle can also be utilized in the 
transmission mode with samples of a thickness at and below 10 nm. This method has recently been 
implemented and verified on graphene samples prepared by various methods. The results have made it 
possible to diagnose the continuity and quality of the graphene flakes. Furthermore, series of experiments 
have been performed involving the observation of ultrathin tissue sections with electrons decelerated to 
about 500 eV and less, where they provide an image contrast of the cell ultrastructure much higher than that 
provided by traditional microscopic modes.  

Keywords: electron microscopy, slow electrons, STEM, graphene, ultrathin tissue sections  

1. INTRODUCTION  

Since the beginnings of electron microscopy in the 1930s, the key parameter used to compare various types 
and trademarks of devices has been image resolution, although contrast mechanisms and the interpretation 
of micrographs have also been continuously investigated. In order to improve resolution, the energy of the 
primary electrons has been increased to hundreds of keV or even units of MeV, thereby ensuring the shorter 
wavelength of the electrons and, therefore, reduced diffraction error, while producing a focused probe in 
scanning systems or imaging the specimen with transmitted electrons emanating from its surface. In the 
transmission modes, both scanning and directly imaging versions, the high energy of the illuminating 
electrons enables them to pass thicker, easier prepared samples. However, the recent introduction of 
aberration correctors has substantially weakened the resolution argument as regards determination of the 
suitable energy of electrons, and the penetrability of samples alone remains important for transmission 
microscopes. At the same time, the emphasis on resolution is being gradually replaced by concentration on 
detection and contrast formation issues and an understanding of contrast mechanisms. 

When decreasing the energy of incident electrons we get them penetrating shallower in the solid targets and 
transmitting thinner films and the range shortens faster than linearly with falling energy. The reason for this is 
the increasing rate of scattering events, both inelastic and elastic, which cause energy losses and deviations 
in the direction of motion of the injected electron. Because these scattering events are sources of information 
about the sample, we obtain accrued information borne by image–forming signal electrons originating from a 
thinner layer of the material. When employing electrons backscattered from the specimen surface, we get 
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enhanced surface sensitivity at low energies while the transmitted electrons provide high contrasts from 
thinner and thinner samples. The plots in Fig. 1  indicate the minimum information depth for scattered 
electrons at around 50 eV. 

 

Fig. 1 Elastic (el.) and inelastic (inel.) mean free paths and attenuation lengths (atten.) for Ag, Si and SiO2, 
calculated by a program simulating electron scattering in solid targets [1] 

In fact, only the inelastic mean free path of electrons extends again after shortening to below 1 nm at 50 eV, 
seemingly suggesting the possibility of performing transmission microscopy at units or tens of eV with 
samples of thicknesses otherwise corresponding to tens of keV. However, the elastic mean free path plot 
does not turn upwards. This quantity is not plotted in Fig. 1  to below 50 eV with the explanation that the 
traditional simulating algorithms based on Mott cross–sections overestimate the scattering rate and should 
be replaced with quasi–elastic scattering on phonons. In addition, such slow electrons already deviate from 
the statistics of particle scattering and have to be considered as Bloch waves of electrons behaving in the 
environment of the valence and conduction bands and energy gaps. Altogether, elastic scattering of 
electrons below 50 eV is difficult to simulate and experimental data should be preferred [2]. This data proves 
the lowest energy range really suitable for electron penetration experiments, i.e. also for ultralow energy 
TEM or STEM [3, 4]. Crystalline targets, with their easy motion routes along directions of a high density of 
electron states, are more promising. 

This paper describes experiments with scanning transmission electron microscopy (STEM) performed below 
500 eV down to units of eV on graphene and ultrathin tissue sections. The aim is to demonstrate an image 
resolution comparable with conventional microscopy though available with dramatically enhanced image 
contrast and information content. 

2. MICROSCOPY WITH VERY SLOW ELECTRONS 

The idea of creating a microscopic image with electrons emitted from the sample at very low energies comes 
from the early years of electron microscopy development – a review can be found in Ref. 5. The sample in 
the emission electron microscope plays the role of the source of electrons excited with photons, heat, ions 
and also electrons. The sample is immersed in a strong electric field accelerating the emitted electrons 
toward an objective lens forming the first intermediate image. It is extremely interesting that the main 
aberration coefficients of the combination of the accelerating field and objective lens, the spherical and 
chromatic aberrations of the lowest third order, are at a first approximation inversely proportional to the field 
strength above the surface [6]. More precisely, they are proportional to the ratio l/k where l is the length of 
the above–surface field and k is the ratio of the primary energy of the electrons to their energy just at impact 
on the sample surface, i.e. the landing energy. This means, in turn, that the resolution improves when the 
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energy of the electrons is decreased, i.e. a dependence opposite to that valid for a conventional microscope 
without an axial electric field. We call the arrangement of the sample biased to a high negative potential in 
order to produce the above–surface field the cathode lens. Fig. 2  shows an example of the calculated size of 
the primary beam spot for a cathode lens combined with a high quality magnetic objective lens. Obviously, 
the image resolution is perfectly acceptable even down to units of eV. 

 

Fig. 2 Example for a SEM/STEM with aberrations CS = 7.4 mm and CC = 2.5 mm, primary energy 4 keV, 
working distance 4 mm, energy spread of the beam 100 meV, gun brightness 108 Acm–2sr–1, beam current 

10 pA, anode bore 1 mm; Barth–Kruit summation rule for confusion discs – encircled current fraction of 
50 %. The optimum aperture is calculated for each energy separately 

Having the sample at a high negative potential that retards the primary electrons before their impact, we can 
insert two detectors at ground potential above and below the sample. The above–sample detector acquires 
the backscattered electrons, while the below–sample detector collects the transmitted electrons. Both 
electron fluxes are accelerated in the electric field caused by the sample bias and also collimated toward the 
optical axis. In this way we also obtain, in addition to excellent resolution, very high collection efficiency and 
amplification of the signal flux detected either via photons or electron–hole pairs. 

 

Fig. 3 Arrangement of detectors around the sample in an ultrahigh vacuum SLEEM at ISI Brno (left); outer 
view of the complete device equipped with a spectrometer of Auger electrons (right) 

Practical implementation has proven extremely advantageous when inserting a detector of the backscattered 
electron (BSE) type just below the objective lens [6]. The small central bore of this detector enables the 
primary beam to pass, and the detector itself, which preferably consists of a single crystal detector disc, also 
plays the role of the anode of the cathode lens (see Fig. 3 ). The below–sample detector of transmitted 
electrons (TE) may be split into coaxial rings for dark–field and high–angle–annular dark–field signal ranges, 
surrounding the central spot acquiring the bright–field signal.  
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3. RESULTS AND DISCUSSION 

If the energy range of units of keV requires a sample thickness not exceeding 20 nm [7, 8], films in units of 
nm can be expected to be transmittable at hundreds of eV and below. The first experiments were performed 
on a 3 nm film of gold deposited on a holey carbon support (Fig. 4 ). Micrographs in the range of tens of eV 
confirmed the expected very high thickness contrast. However, the majority of structure details were 
identified as holes in a discontinuous foil, which probably disqualifies sputtering as a technology capable of 
producing samples suitable for very low energy STEM. 

 

Fig. 4  A 3 nm gold film, prepared by magnetron sputtering and deposited on the Quantifoil; electron energy 3 
keV (left) and 10 eV (right) [9] 

The first experiments also revealed one peculiar property of the arrangement with a biased sample, namely 
an incoherent contribution to the signal of transmitted electrons produced by secondary electrons released 
near the bottom surface of the sample and accelerated in the cathode lens field after emission. This spurious 
signal reached its maximum intensity at 300 to 400 eV and caused sample transmittance apparently 
exceeding 100 % [9]. There is no way at hand of suppressing this phenomenon, though the secondaries are 
at least concentrated near the optical axis in the bright field channel and do not influence the dark field 
signals. 

 

Fig. 5  Low energy electron micrographs of CVD graphene: transmitted electrons at 1 keV (a), backscattered 
electrons at 1 keV (b), and transmitted electrons at 5 eV (c) [10]. Flake no. 3 has Raman characteristics of 

single–layer graphene and flake no. 4 is near to these properties 

Obviously 2D crystals, in particular graphene, are an extremely suitable family of samples for demonstration 
experiments. We have examined graphene samples from two sources – one was a personal delivery of a 
liquid phase defoliated graphene by K. Novoselov and A. Geim, while the other was commercial CVD 
grapheneTM (see www.graphene–supermarket.com). Both samples were found to be composed of 
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submicrometer–sized flakes, including those identified as single–layer graphene by Raman 

microspectroscopy (incapable of resolving details below 1 to 2 µm) (Fig. 5 ). 

When measuring the electron flux transmitted through single–layer graphene sites we found it reaching a 
maximum at 5 eV [4]. This property may prove utilizable as a criterion for recognizing the number of 
graphene layers at a much higher lateral resolution than Raman spectromicroscopy can offer. 

The enormously wide scope of practice and application of TEM and STEM in biology and medicine offers a 
promising area of implementation for any innovations achieved in these two diagnostic and analytic 
technologies. The extremely successful development of low–voltage TEM [11] operated at or around 5 keV 
has proven itself an efficient tool in biomedicine thanks to greatly enhanced contrasts achieved in this energy 
range, enabling one to avoid the staining of tissue sections [7]. It suggests the possibility of continuing to 
lower the electron energy by employing the cathode lens principle with the aim of preserving image 
resolution and further increasing image contrast. 

The experiments were performed on a piece of mouse heart muscle fixed in glutaraldehyde, dehydrated 
using the acetone sequence and embedded in a hard resin at elevated temperature. Ultrathin sections 
between 4 and 10 nm were cut with an ultramicrotome. It should be emphasised that, in certain series of 
samples, no staining with heavy metal salts was performed and post–fixation with osmium tetroxide was also 
avoided. The very first series of micrographs (Fig. 6 ) demonstrates the added value provided by combining 
the STEM frames with the BSE signal enabling one to distinguish the thinnest sites of the sample from empty 
holes. 

 

Fig. 6  Three simultaneously acquired image signals, namely transmitted electrons detected within polar 

angles of emission: BF ∼ 0 to 75 mrad, DF ∼ 86 to 366 mrad, and backscattered electrons (BSE); primary 
energy 4.5 keV, landing energy of electrons 500 eV, beam current 13 pA. Sample post–fixed with OsO4 

 

Fig. 7  Ultrathin section of mouse heart muscle prepared with no post–fixation or staining. STEM micrograph 
at 500 eV, bright–field image, beam current 13 pA 

A further series of experiments on samples free of any post–fixation or staining with heavy metal ions has 
confirmed the hope of obtaining a “standard” image resolution with the dramatically enhanced contrast of 
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STEM micrographs (Fig. 7 ). The thinnest samples can be observed down to tens of eV, though for now an 
energy of around 500 eV seems to be most recommendable. 

4. CONCLUSIONS 

Scanning Transmission Electron Microscopy has proven itself applicable down to a landing energy of 
electrons of hundreds of eV. Although the preparation of specimens presents certain challenges, the 
microscopic technique seems to be sufficiently well developed and ready to use. The first application 
examples have already provided useful results, namely a promising method of diagnostics of the morphology 
of graphene samples and a way of avoiding any heavy metal fixation or staining of tissue sections or other 
organic films.  
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Abstract  

The present work deals with the methodology and usage of a light optimal microscopy connected with atomic 
force microscopy for the study of different human blood cells. Through the connection of these different 
microscopic methods it is possible to obtain a detailed 3D image of a real sample surface supplemented by a 
possibility of mechanical properties (adhesion or toughness) measurement. All measurements are performed 
in the area of interest selected by the light optical microscopy. 

Keywords: haematology, light optical microscopy, atomic force microscopy, Direct Overlay, blood cells 

1. INTRODUCTION  

Haematology is a major sub–branch of internal medicine that deals with the physiology, pathology, etiology, 
diagnosis, treatment, prognosis and prevention of blood–related disorders. It deals also with a study of 
haematopoietic organs and blood formation under physiological and pathological conditions of the whole 
organism. The main task of haematology is given by the very nature of blood, the only organ in the body, 
which comes into the direct contact with almost all tissues of the body and thus reflects their changes. 

Blood is a bodily fluid that delivers necessary substances to the cells and transports metabolic waste 
products away from those same cells. In the human body 70–75 ml of blood falls on the each kilogram, 
therefore it occupies about 1/13 of the total weight. Of this amount, approximately 55 – 60 % consists of 
blood cells and 40 – 45 % is plasma. The most abundant cells in vertebrate blood are red blood cells which 
contain haemoglobin and distribute oxygen. White blood cells help to resist infections and parasites. 
Platelets are important in the clotting of blood [1–6]. 

One microliter of blood contains about 4.3 to 5.8 million erythrocytes, 4 to 7 thousands of leukocytes and 100 
to 300 thousands of thrombocytes [2]. 

Red blood cells , or erythrocytes, are most common type of blood cell. These cells’ cytoplasm is rich in 
haemoglobin that can bind oxygen and is responsible for the blood’s red colour. Mature red blood cells lack a 
nucleus and most organelles, in order to accommodate maximum space for haemoglobin. The erythrocytes 
are marked by glycoproteins that define the different blood types. The proportion of blood occupied by red 
blood cells is referred to as the haematocrit (normally about 45 %) [1–6]. 

White blood cells (leukocytes) are a part of the body’s immune system. They remove old cells and cellular 
debris, as well as attack pathogens and foreign substances. Haematology science involves the five types of 
white blood cells – neutrophils, monocytes, lymphocytes, eosinophils and basophils. They all have many 
things in common, but they are distinct in their form and function. A major distinguishing feature of some 
leukocytes is the presence of granules; white blood cells are often characterized as granulocytes or 
agranulocytes. Granulocytes (polymorphonuclear leukocytes) are characterized by the presence of 
differently staining granules in their cytoplasm when viewed under light microscopy. These granules (usually 
lysozymes) are membrane–bound enzymes that act primarily in the digestion of endocytosed particles. 
There are three types of granulocytes: neutrophils, basophils, and eosinophils, which are named according 
to their staining properties. Agranulocytes (mononuclear leukocytes): are characterized by the apparent 
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absence of granules in their cytoplasm. The agranulocytes include lymphocytes, monocytes, and 
macrophages [1–8]. 

Platelets , also called thrombocytes, are small, disk shaped clear cell fragments which are derived from 
fragmentation of precursor megakaryocytes. Thrombocytes are generally responsible for blood clotting. 
Thrombocytes are very brittle. If the vessel cell is damaged, they hit against the edge of damaged vessel, 
shatter and thromboplastin, a substance responsible for blood clotting, is released from their cytoplasm [1–
8]. 

An exact haematological diagnosis, in which we use the information obtained from the blood analyser and 
light optical microscope, tell us about whether is the assessed sample physiological or pathological. The 
pathological specimens can be assessed in what stage of the disease the patient is. Application of advanced 
analytical methods such as scanning probe microscopy and adequate research in this area opens up new 
treatment options not only in haematology, but also in cardiology, neurology, etc. 

The purpose of this work is to outline the possibilities and potential of combination of currently used light 
optical microscopy with high resolution atomic force microscopy. 

2. EXPERIMENT  

2.2 Sample preparation  

For the experiment the blood smears were prepared on glass slides. The peripheral blood was collected 
from the finger. After drying the smear was fixed by a May–Grünwald solution which contains a methanol. 
For a light optical microscopy the sample was stained by a Romanowsky–Giemsa method. Between the 
individual steps, the sample was flushed by distilled water. The sample used for AFM measurement 
was only fixed by methanol. 

2.3 Experimental equipment  

For the light optical microscopy (LOM) was used an inverted microscope Zeiss AXIO Observer A1 (Fig. 1A ). 
It was configured for observation of transparent samples in a transmitted light. The LOM is equipped with a 
special stand that allows three–point establishment of an atomic force microscope (AFM) head (Fig. 1B ). 
This enables simultaneous analysis of the area of interest by the both methods. Detailed imaging was 
realized by the use of atomic force microscope JPK Nanowizard III. AFM analysis were performed in non–
contact (AC) mode, the used cantilever was Nanosensors CPPP–NCHAuD–30. The software used for AFM 
control was JPK SPM Desktop 4.3.19. The results were processed in JPK Dataprocessing 4.3.19 software. 
For the correlation of both, LOM and AFM images, a SW module Direct Overlay was used. 

 
Fig. 1  A) Inverted light optical microscope with AFM head. B) A special stand allowing three–point 

establishment of the AFM head 
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2.4 Experimental procedure  

The blood smear was placed to the holder on the special stage (Fig. 1B ), then the AFM head was 
established on the light optical microscope. Area of interest was selected by a camera connected to LOM 
optics. Before the analysis, calibration between AFM– and LOM image has been performed. Transformation 
between optical images coordinates and AFM scan coordinates is calculated by the use of recognition of the 
cantilever in 25 predefined grid positions. All the magnification, rotation, stretching and nonlinearity are 
calculated solely from the cantilever images. After this simple semiautomatic procedure, the apparatus is 
ready for detailed AFM analysis. 

2.5 Experimental results  

Fig. 2A shows typical light optical image of stained blood smear in transmitted light. Erythrocytes can be 
seen as pink, disc–shaped non–nuclear cells. The big cells in the middle showing blue stained nucleus are 
leukocytes, especially neutrophils. The small violet segments are platelets. In Fig. 2B  is an example of LOM 
image of non–stained blood smear overlayed by some AFM scans. 

In the Fig. 3  there are detailed images of the erythrocyte’s surface in taken different modes. Scanned area 
was about 1.5 x 1.5 µm. The left image shows detailed topology. In the Fig. 3B , which was taken in phase 
contrast we can clearly see glycoproteins on its surface. On the right side is Fig. 3C  showing a material 
contrast based on different suppleness. 

 

Fig. 2  A) LOM image of the stained blood smear. Two big cells containing nuclei are leukocytes 
(neutrophils), non–nuclear cells are erythrocytes and the smallest objects are thrombocytes. B) LOM image 

of non–stained blood smear overlayed by AFM scans 

 

Fig. 3  Detailed erythrocyte surface. A) Height image; B) Phase image; C) Amplitude image 

Erythrocytes 

Thrombocytes 

Leukocytes 
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Fig. 4  shows a core of neutrophil. On the left side, LOM image is overlayed by height AFM scan, on the right 
side is a detail in phase contrast. Very fine surface structure is clearly visible. 

 

Fig. 4  LOM image of neutrophil’s nucleus overlayed by AFM height image. B) Detailed Lock–in Phase AFM 
image 

In Fig. 5  are AFM scans of a neuthrophil. In phase contrast, there are visible microvilli–like tips serving as 
receptors. 

 

Fig. 5  AFM image of neutrophil. A) Height image; B) Lock–in Phase 

 

In Fig. 6  there is a height image of thrombocyte; on the right side is its 3D reconstruction. 
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Fig. 6  Thrombocyte. A) Height image; B) 3D reconstruction 

3. CONCLUSIONS  

The images taken by LOM usually show a small difference from real dimensions. This is caused due to 
aberrations arising from the lenses and mirrors of the light optical microscope. If we use the DirectOverlay 
feature, all of these imperfections are compensated, because the DirecOverlay uses the automatically 
recognized cantilever positioning to map the optical image and calibrates it based on precise positioning of 
linearized AFM piezos. This option is important for comparison of AFM and LOM images during imaging or 
for precise offline overlays. 

Light optical microscopy is an intensively used method in haematology for identification and evaluation of 
individual blood cells. The main advantages of this method are speed and ability to use different contrast 
methods (different colouring techniques, phase contrast, DIC…). On the other hand, atomic force microscopy 
gives the opportunity for the detailed study with a resolution up to individual molecules level. In addition to 
the detailed surface structure imaging, the measurement of mechanical properties is possible. This allows us 
better understand to the physiological mechanisms occurring in the body. The method allows microscopic 
study of both, dried specimens on air and living cells in physiological saline. 
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Abstract 

Bacterial infections caused by Gram– or Gram+ bacteria can be a serious complication in the treatment of 
many diseases. These strains are a common producer of nosocomial infections, which can be acquired in 
hospitals. The aim of many studies is to prevent these infections using various technical and technological 
procedures. For comparison of the antimicrobial effect of silver phosphate nanoparticles (SPNPs) in 
complexes with hyaluronic acid or chitosan on S. aureus and E. coli (8.0 * 107 CFU/1 ml), minimal inhibition 
concentration (MIC) was determined. SPNPs with typical spherical structure (200–300 nm) and compact 
structure were prepared. MIC of S. aureus with complex of hyaluronic acid with SPNPs resulted from the 
concentration of 25 μM SPNPs and the total inhibition concentration (TIC) was 225 μM SPNPs. MIC of S. 
aureus with complex of chitosan with SPNPs was 10 μM SPNPs, and TIC was 25 μM SPNPs. 

In the case of E. coli bacterial culture with complex of hyaluronic acid with SPNPs was MIC determined at 
10 μM SPNPs, and TIC was 150 μM SPNPs. Applied complex of chitosan with SPNPs has MIC 10 μM, 
which was the same as TIC. The best result was achieved at E. coli bacterial strain after the application of 
the complex of chitosan with SPNPs. Due to the increasing severity of the problem of resistance to 
commonly used antibiotic drugs, the study of the substances with antimicrobial effects, especially on the 
basis nanotechnologies, should be a priority in the future. 

Keywords: Silver phosphate nanoparticles; Hyaluronic acid; Chitosan; Antimicrobial effect   

1. INTRODUCTION 

Metal nanoparticles have found, due to their antibacterial properties, application in medicine where bacterial 
sterility is required. Especially, during transplantations, implants represent a high risk of bacterial infection. 
To minimize this threat, the utilization of nanoparticles in combination with certain polymeric substances was 
found very effective [1, 2]. Complexes of polymer materials with silver nanoparticles are widely used as 
growth inhibitors G+ and G– bacteria [3] and as substances utilized for posttraumatic or postoperative tissue 
regeneration applications [4, 5]. 

One of these polymers is chitosan, which has many useful properties such as biocompatibility, homeostatic 
activity and accelerates wound healing [2]. The polymeric structure of chitosan provides suitable binding 
area for silver nanoparticles [6] and therefore it has bactericidal effects in particular against Staphylococcus 
aureus and Escherichia coli [7–10] combined with very low toxicity [11]. The exact mechanism of action has 
not been fully elucidated. The most accepted hypothesis of bactericidal activity is defined by interaction 
between the positively charged surface of chitosan and negatively charged residues on the surface of cells. 
These interactions alter the structure of the cell membrane and its permeability [12], which leads to the 
release of intracellular electrolytes and protein components of the cell [13]. Another mechanisms suggest the 
possibility of interaction of low molecular weight chitosan, which is a product of chitosan hydrolysis, to 
cellular DNA, resulting in inhibition of mRNA and thereby protein synthesis [8, 14].   
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Hyaluronic acid (HA) is a fundamental component of the extracellular matrix and it is known for its 
antimicrobial properties and participation in tissue engineering [15]. In neutral solution, negatively charged 
carboxyl group of HA interact with Ag+ ions to form a complex with silver nanoparticles [16]. Combination of 
HA with silver nanoparticles is a complex helping the rapid regeneration of skin lesions and preventing 
infection [17]. HA complex with silver nanoparticles inhibits the growth of E. coli more effectively than S. 
aureus [18].  

ChitosanHyaluronic acid
 

In our study we used chitosan and hyaluronic acid in combination with silver nanoparticles to form the 
complex with very strong antibacterial properties against the most dangerous strains resistant to various 
antibiotics [19].  

2. MATERIALS AND METHODS 

2.1 Cultivation of S. aureus  and E. coli 

S. aureus (NCTC 8511) and E. coli (ATCC 9637) was obtained from the Czech Collection of 
Microorganisms, Faculty of Science, Masaryk University, Brno, Czech Republic. Strains were stored as a 
spore suspension in 20% (v/v) glycerol at –20°C. Prior to use in this study, the strains were thawed and the 
glycerol was removed by washing with distilled water. The composition of cultivation medium was as follows: 
meat peptone 5 g/l, NaCl 5 g/l, bovine extract 1.5 g/l, yeast extract 1.5 g/l (HIMEDIA, Mumbai, India), 
sterilized MilliQ water with 18 MΩ. pH of the cultivation medium was adjusted to 7.4 before sterilization. 
Sterilization of media was carried out at 121 °C for 30 min. in sterilizer (Tuttnauer 2450EL, Israel). The 
prepared cultivation medium was inoculated with bacterial culture in 25 ml Erlenmeyer flasks. After 
inoculation, bacterial cultures were cultivated for 24 hours on a shaker at 600 rpm and 37 °C. Bacterial 
culture cultivated under these conditions was diluted by cultivation medium to OD600 = 0.1 and used in the 
following experiments.  

2.2 Chemicals, preparation of deionised water and p H measurement  

Chemicals used in this study were purchased from Sigma–Aldrich (St. Louis, USA) in ACS purity unless 
noted otherwise. The deionised water was prepared using reverse osmosis equipment Aqual 25 (Czech 
Republic). The deionised water was further purified by using apparatus MiliQ Direct QUV equipped with the 
UV lamp. The resistance was 18 MΩ. The pH was measured using pH meter WTW inoLab (Weilheim, 
Germany). 

2.3 Preparation of silver phosphate nanoparticles ( SPNPs) 

We prepared SPNPs in accordance with method described by Khan et al. [20], where (di)sodium hydrogen 
phosphate heptahydrate was dissolved in ACS water and subsequently solution of SPNPs nitrate in ACS 
water was added. The reaction proceeded immediately with the formation of yellow colloidal nanoparticles. 
This mixture was stirred for one hour and then stored at 4 ° C in the dark. The resulting nanoparticles were 
observed by scanning electron microscopy and a compact structure of the nanoparticles was observed. 
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These structures can provide a space for the binding of different molecules, or eventually bacteria. Chosen 
microscopic technique shows a typical spherical structure of nanoparticles with the size distribution from 80 
to 350 nm. The majority of the particles (more than 80%) exhibited diameters of 200 – 300 nm. Nanoparticles 
were characterized using spectrophotometry in range of wavelengths 200 – 600 nm. The biggest growth of 
absorbance for SPNPs was recorded in wavelength 260 nm. Using the Spectro XEPOS X–ray view of 
content elements was determined the peaks of silver.   

2.4 Determination of antimicrobial properties 

2.4.1  Inhibition zones and growth curves 

Agar surface in Petri dish was covered with a mixture of 100 ml of 24 hour grown culture of S. aureus or E. 
coli and 3 ml of LB medium (Luria Bertani medium). Circles with a diameter of 1 cm were cut out from the 
fabrics (Vyzkumny ustav pletarsky in Brno) and mixed with SPNPs in concentration of 300 μM in complexes 
with hyaluronic acid (8.3 mM) or chitosan (9.7 mM). Petri dishes were incubated in a thermostat at 37 °C for 
24 hours. The antimicrobial effect of tested compounds was measured by the absorbance using the 
apparatus Multiskan EX (Thermo Fisher Scientific, Germany). Culture was diluted with LB medium to obtain 
absorbance 0.1 AU at 600 nm. In the microtitration plate S. aureus or E. coli culture was mixed with various 
concentrations of SPNPs (0, 10, 25, 50, 75, 150, 225 and 300 μM) and constant concentration of hyaluronic 
acid (8.3 mM) and chitosan (9.7 mM).  Total volume in the microtitration plate wells was always 300 µl.  

2.5 SECM characterization of microorganisms with co mplexes of SPNPs with polymer substances 

Scanning electrochemical microscope consisted of 10 mm measuring platinum disc probe electrode with 
potential of 0.2 V. Another platinum disc electrode with O–ring as conducting substrate used potential of 
0.3 V. During scanning, the particles were attached on the substrate platinum electrode by magnetic force 
from neodyme magnet, situated below the electrode. Platinum measuring electrode was moving from 
150 µm above the surface. The mixture consisted of 5% ferrocene in methanol mixed in ratio 1:1 with 0.05% 
KCl in water (v/v). Measuring was performed in Teflon cell with volume of 1.5 ml according to the following 
parameters: amperometric mode, vertical scan was carried out in area 500 × 500 µm with rate 30 µm.s–1.  

2.6 Statistical analysis 

Software STATISTICA (data analysis software system), version 10.0 (Tulsa, Oklahoma, USA) was used for 
data processing. Half–maximal concentrations (IC50) were calculated from logarithmic regression of 
sigmoidal dose–response curve. General regression model was used to analyse differences between the 
combinations of compounds. To reveal differences between cell lines, Turkey’s post hoc test within 
homogenous groups was employed. Unless noted otherwise, p < 0.05 was considered significant. 

3. RESULTS  

Due to the increasing risk of bacterial infections occurring in routine surgical procedures and in complicated 
transplantations, we found a substances or complex of special compounds with the highest antimicrobial 
effects on bacterial strains and preventing the complications leading to reoperations. 

Our main objective was to compare the antimicrobial activity of silver phosphate nanoparticles (SPNPs) in 
complexes with polymer substances (hyaluronic acid and chitosan). Antimicrobial activity of complexes was 
conducted on two model microorganisms, the Gram–positive S. aureus and Gram–negative bacterial culture 
E. coli (Fig. 1) . 
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Fig. 1 Spectrophotometric analysis of bacterial cultures S. aureus and E. coli after the application of different 
concentrations of silver phosphate nanoparticles (SPNPs) (0, 10, 25, 50, 75, 150, 225 and 300 μM) in 

complexes with hyaluronic acid or chitosan: (A) S. aureus with SPNPs and hyaluronic acid, (B) S. aureus 
with SPNPs and chitosan, (C) E. coli with SPNPs and hyaluronic acid, (D) E. coli with SPNPs and chitosan. 

To significantly decrease the toxicity of the silver nanoparticles, which already exhibited antimicrobial activity, 
they were conjugated with polymeric compounds. It was found that complex of SPNPs and hyaluronic acid 
caused total inhibition of the growth of S. aureus cells in application of the highest tested concentration of 
SPNPs (300 μM) (Fig. 1A) , however the complex with chitosan totally inhibited the growth already in 
concentration of 25 μM (Fig. 1B) . In case of E. coli cells the complex of SPNPs with hyaluronic acid caused 
the growth inhibition at the concentration of SPNPs 225 μM (Fig. 1C) . On the other hand, the complex of 
SPNPs with chitosan inhibited the growth of E. coli cells already at concentration of 10 μM (Fig. 1D) . 

Using the statistical software evaluation, IC50 values were determined and obtained results corresponded 
with results obtained by growth curves analysis. The weakest antimicrobial activity was determined for the 
complex of SPNPs with hyaluronic acid. The application of this complex to the S. aureus culture exhibited 
the lowest antimicrobial activity with IC50 values in the range 114.1 – 200.8 μM (Fig. 1A) . The values IC50 
obtained for complex of SPNPs and chitosan applied to S. aureus cell culture were in the range from 7.7 to 
10.8 μM (Fig. 1B) . The E. coli bacteria exposed to the complex of SPNPs and hyaluronic acid provided IC50 
values of 9.9 – 84.8 μM (Fig. 1C) and the complex of SPNPs and chitosan 2.5 – 4.4 μM for E. coli (Fig. 1D) . 
By determination of antimicrobial activity of tested compounds were determined generally significant 
antimicrobial properties of SPNPs on bacteria. Using the polymer substances these properties were 
strengthened and the complexes with antimicrobial properties on bacteria and simultaneously without toxicity 
for human cells were created. 
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Fig. 2 (A) SECM 3D imaging characterization of S. aureus surface with hyaluronic acid and SPNPs bound, 
(B) SECM 3D imaging characterization of S. aureus surface with chitosan and SPNPs bound, (C) SECM 3D 

imaging characterization of E. coli surface with hyaluronic acid and SPNPs bound, (D) SECM 3D imaging 
characterization of E. coli surface with chitosan and SPNPs bound. Scans were obtained on scanning 

electrochemical microscope. 

For characterization of SPNPs in complexes with polymer substances we carried out scanning 
electrochemical microscope analysis. In Fig. 2  can be seen a 3D image of a reaction surface after the 
application of SPNPs in complexes with hyaluronic acid (S. aureus = 4.0 * 102 CFU/ml, E. coli = 5.4 * 102 
CFU/ml) or chitosan (S. aureus = 3.2 * 102 CFU/ml, E. coli = 5.0 * 102 CFU/ml) to the strains of S. aureus 
(Fig. 2A, B) and E. coli (Fig. 2C, D) . The current response obtained by cells exposed to the chitosan 
complex with SPNPs increased for 32 % compared to untreated S. aureus cell. The same cells exposed to 
hyaluronic acid complex with SPNPs increased the current response for only 15%. In case of E. coli cells the 
increase was 8 % and 16 % for chitosan complex and hyaluronic acid, respectively. These results suggest 
that the interaction of S. aureus bacteria with chitosan–based complex is more effective compared to 
hyaluronic acid–based complex. On the other hand, the interaction of E. coli cells with chitosan–based 
complex less effective than with hyaluronic acid–based complex.  

4. CONCLUSION 

We were focused on the testing of the antimicrobial effect of silver phosphate nanoparticles in complexes 
with the polymers on bacterial strains (S. aureus, E. coli). The obtained results show, that the application of 
tested complexes is an appropriate solution for inhibition of the growth of bacterial strains, which cause 
undesirable bacterial infections. These infections prolong the recovery time in patients, influence the 
adaptability of the organism to foreign materials (e. g. vascular grafts) and complicate the treatment from 
medical aspects and also from economic costs required for reoperations. The employment of nanomaterials 
in combination with natural polymer substances could be a very good alternative to conventional treatment 
with antibiotic drugs. 
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Abstract   

The purpose of this study was to examine low molecular weight chitosan–grafted polylactide nanoparticles 
as a drug delivery system for doxorubicin and temozolomide. We investigated the effect of polylactide 
molecular weight on the release kinetic and encapsulation efficiency of both drugs. Polylactide (10 kDa and 
60 kDa) has been linked to chitosan via coupling reaction. Chitosan–grafted–polylactide nanoparticles were 
prepared via ionotropic gelation method with tripolyphosphate as a linking agent. Results such as size (150–

350 nm), ζ–potential (+25–35 mV), efficient encapsulation and prolonged release kinetic suggested that 
chitosan–grafted–poly lactic acid could be a great system for co–delivery of doxorubicin and temozolomide in 
Glioblastoma Multiforme treatment. 

Keywords: chitosan, polylactide, doxorubicin, temozolomide, In vitro release 

1. INTRODUCTION  

Nanoparticles have become an important area of research in the field of drug delivery, a wide number of 
polymeric nanoparticles have been synthesized and studied as promising delivery systems for improvement 
of drug delivery efficiency and reduction of side–effects of drugs in the past few years [1]. CS is a 
linear polysaccharide composed of randomly distributed β–(1–4)–linked D–glucosamine and N–acetyl–D–
glucosamine. CS–based materials have drawn considerable attention in view of its excellent biocompatibility, 
biodegradability, and reactive surface functional groups [2]. PLA is a linear synthetic and biodegradable 
polymer with good mechanical properties and it has been used widely in drug delivery [3]. In the present 
study, CS based nanoparticles were prepared by grafting PLA on CS backbone to obtain an amphiphilic 
system, CS–g–PLA, to serve as a drug carrier for prolonged drug release. CS–g–PLA nanoparticles were 
prepared via ionotropic gelation for encapsulation and co–encapsulation of two anticancer drugs, 
Doxorubicin (DOX) and Temozolomide (TMZ). Doxorubicin is commonly used to treat different forms of 
cancer such as breast, stomach, lung, brain and others, while temozolomide is particularly indicated for 
treatment of Glioblastoma Multiforme, one of the most aggressive malignant primary brain tumor involving 
glial cells. A co–therapy of DOX and TMZ has shown great results for Glioblastoma Multiforme therapy in 
various studies in the last years [4]. CS–g–PLA was obtained by coupling reaction between PLA carboxylic 
group and CS amino group using 1–ethyl–3–(3–dimethylaminopropyl) carbodiimide (EDC) as a condensing 
agent and N–Hydroxy Succinimide (NHS). For this purpose PLA with various molecular weights (10 kDa, 
synthesized from L–lactic acid via polycondensation reaction [5] and 60 kDa) was used. The chemical 
structure and bonding were studied by nuclear magnetic resonance (1H–NMR) and FTIR–ATR spectroscopy.  

2. MATERIALS AND METHODS 

2.1  Materials  

Low molecular weight chitosan (D.D 75–85 %), Polylactide (60 kDa), Sodium tripolyphospate–Technical 
grade 85 %; N–HydroxySuccinimide; Temozolomide–Technical grade >98 %; Doxorubicin hydrochloride 
98.0–102.0 %, N–(3–Dimethylaminopropyl)–N’–Ethylcarbodiimide hydrochloride, commercial grade, powder, 
Stannous 2–ethylhexanoate (Sn(Oct)2) (95 %) and N,N–Diethylformamide 99 % were supplied by Sigma 
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Aldrich. L–Lactic Acid C3H6O3 , 80 % water solution, optical rotation 10.6` was purchased from Lachner 
Neratovice, Czech Republic. The solvents acetone C3H6O and ethanol C2H6O were bought from IPL Lukes, 
Uhersky Brod, Czech Republic. Chloroform CHCl3 (HPLC grade) was purchased from Chromspec, Brno, 
Czech Republic.  

2.2  Synthesis of PLA and chitosan–grafted–polylact ide 

Low molecular weight polylactide (10 kDa) was synthetized according to the procedure described by 
P.Kucharczyk et al.[6] and the amphiphilic polymer chitosan grafted polylactide was prepared as described 
by J. Li et al.[7] 

2.3  CS–g–PLA and CS–g–PLA–drugs preparation 

CS–g–PLA nanoparticles with and without drugs were prepared based on the ionic–linking with TPP 
according to the procedure described by Wu et al [8]. CS–g–PLA was dissolved in an aqueous solution of 
acetic acid (pH 3.5) to form a 1mg/ml solution. TPP was dissolved in deionized water at concentration of 
1mg/ml and 5 ml of the solution was added drop–wise to 5 ml CS–g–PLA solution under stirring and slight 
heating. An aliquot (2ml) was withdrawn for subsequent DLS analysis, and the remaining was freeze dried. 
The same procedure was followed for synthetized CS–g–PLA loaded with DOX and TMZ separately and 
together. DOX (1mg/ml) was dissolved in CH3COOH solution (pH 3.5) instead of TMZ (1mg/ml) in ethanol. 
Solution containing drugs and TPP was added to CS–g–PLA solution. 

2.4  TEM and Dynamic Light Scattering analysis 

Transmission electron micrographs were taken by Tecnai G2 Spirit (FEI). Particle size and ζ–potential of all 
formulation were analyzed through DLS with Nano ZS Malvern. The analysis were performed in triplicate at 
various temperatures (4, 25 and 37 ˚C) and pH 3.5 

2.5  Swelling Index (SI): 

6.5 mg of lyophilized powder sample was immersed in 1.5 ml of human serum (HS) for 24h at 37˚ C until a 
swollen equilibrium was achieved. The swollen samples were collected by filtration and blotted with filter 
paper. The swelling index was calculated as follows: 

       (1) 

 

Ws = average weight of swollen samples (g), Wd = average weight of dry samples (g) 

2.6  Drug encapsulation efficiency 

Encapsulation and co–encapsulation efficiency of DOX and TMZ in all systems at different pH (3.5, 7.4      

and 9) was determined via UV spectrophotometer HEλIOS Thermo Scientific. The fluorescence intensity of 
DOX and TMZ was measured at 480 nm and 325 nm respectively. The amount of drug was calculated from 
a calibration curve, prepared by measuring the fluorescence intensity of the known drug concentration. The 
drug entrapment efficiency (EE) was calculated as follows: 

      (2) 

Dt= Total amount of drug (µg/ml);   Df= Amount of drug untrapped (µg/ml)   

2.7  In–vitro  drug release studies 

The in vitro drug release test was carried. 10 mg of each samples was suspended in 10 ml of buffer at pH 
3.5, 7.4 and 9 at 37˚C. At predetermined time intervals, an aliquot (1ml) was withdrawn and the 
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concentration of drug released was monitored by UV spectrophotometer at 325nm for TMZ and 480 nm for 
DOX. The dissolution medium was replaced with fresh buffer to maintain the total volume. The percentage of 
drug released (DR) was determined by the following equation 

           (3) 

 

Where D(t) represents the amount of drug released at a time t (µg) and D(0) the amount of drug loaded (µg). 
All studies were done in triplicate.  

3.  RESULTS AND DISCUSSIONS 

3.1  Physicochemical characterization of nanopartic les 

Nanoparticles were formed spontaneously upon the incorporation of TPP solution to the CS–g–PLA solution 
under magnetic stirring. CS–g–PLA nanoparticles obtained by ionic gelation, a simple and solvent free 
process, are formed by electrostatic interaction between the positively charged chitosan chains and TPP 
employed as a cross linker. The nanoparticles size was found in the range 150–350 nm (Table 1 ). CS 
grafted with PLA 10 kDa showed best results in terms of size compared with nanoparticles obtained with 
CS–g–PLA 60 kDa at all tested temperatures. In both systems a slight increase in size occurred when drugs 

were encapsulated, in particular together. ζ– potential of all formulated nanoparticles was in the range 25–48 

mV (Table 1 ). The presence of drugs has decreased the ζ–potential values, probably through a shielding 
effect as both drugs carry a positive charge. No significant differences were obtained between CS–g–PLA 

made with PLA 10 kDa and PLA 60 kDa in terms of ζ– potential in case of all formulations. 

Table 1 Size and ζ–pot. of all formulations at different temperature and pH 3.5 

 
Temp. 4˚C Temp. 25˚C Temp. 37˚C 

Sample 
size 
(nm) ζ(mV) 

size 
(nm) ζ(mV) 

size 
(nm) ζ(mV) 

CS–g–PLA10kDa 155±10 42±1.2 193±14 45±0.4 180±8 41±0.2 

CS–g–PLA10kDa DOX 256±8 41±0.9 262±9 39±0.6 280±12 43±0.5 

CS–g–PLA10kDa TMZ 249±11 34±0.9 229±6 37±0.2 283±4 33±0.9 
CS–g–PLA10kDa DOX 
TMZ 333±15 26±1.3 358±10 24±1.1 305±6 29±0.3 

CS–g–PLA60kDa 235±28 47±1.5 310±23 44±0.7 237±11 48±1.2 

CS–g–PLA60kDa DOX 309±19 36±0.5 312±25 33±0.9 299±24 35±0.8 

CS–g–PLA60kDa TMZ 285±23 35±0.8 302±27 39±0.3 320±25 30±0.8 
CS–g–PLA60kDa DOX 
TMZ 311±21 29±1.1 320±16 28±0.2 317±25 32±1 

a)         b)   

Fig. 1  TEM image of CS–g–PLA–DOX–TMZ nanoparticles. a) CS–g–PLA 10 kDa, b) CS–g–PLA 60 kDa 
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TEM analysis confirmed the spherical shape and the nanometric size of the nanoparticles (Fig. 1 ). However, 
particles obtained from CS–g–PLA 60 kDa showed higher polydispersity than those obtained from  
CS–g–PLA 10 kDa. To understand the cross–linking and how the chains are located in the core, density 
swelling studies in human male serum were carried out (Table 2 ). Results demonstrated that PLA chains, 
DOX and TMZ influence the cross linking formation through interaction with the negative charges of TPP 
causing a reduction of the swelling index and changing the core structure of the nanoparticles. The length of 
the PLA chains can also influence the swelling index when drugs are loaded, but not significantly when they 
are absent. 

Table 2 Swelling Index in CS and CS–g–PLA and derivatives in Human Serum 
 

 

 

 

 

 

 

 

 

3.4  Encapsulation Efficiency 

Drugs were loaded into nanoparticles during the preparation. It is also possible to load them following the 
nanoparticles formation but the efficiency is low. In most nanoparticle delivery systems, the drug carrying 
capacity is defined in terms of encapsulation efficiency. Table 3 shows the encapsulation and co–
encapsulation efficiency (EE) in both systems at different pH. 

The encapsulation efficiency is strictly correlated with the pH of the medium. In fact, maximum encapsulation 
and co–encapsulation values were obtained at pH 3.5, while lower values were obtained at pH 9 in both 
systems, because the amino group and TPP, responsible for the electrostatic interaction that allows to keep 
the system up, are a charge making  mesh–like structure that allows to hold the drugs back inside.  

Table 3 Encapsulation and co–encapsulation efficiency of DOX and TMZ in terms of µg drug/ mg polymer 

Encapsulation Co–encapsulation  

Sample DOX TMZ DOX TMZ DOX+TMZ pH T. 
(˚C) 

CS–g–
PLa10KDa 520±0.32 470±0.25 450±0.19 390±0.38 840 3.5 25 

  90±0.54 120±0.49 60±0.64 80±0.47 140 7.4 25 

  12±0.63 16±0.72 24±0.92 13±0.75 37 9 25 
CS–g–
PLA60kDa 480±0.18 390±0.41 320±0.35 270±0.31 590 3.5 25 

  120±0.23 140±0.37 70±0.29 100±0.33 170 7.4 25 

  11 ±0.44 13±0.25 19±0.81 15±0.68 34 9 25 

Sample Weight dry(mg) Weight wet(mg) Swelling Index  % 

CS 6.5±0.1 53.9±1.07 729±13 

CS–g–PLA10kDa 6.5±0.1 49.6±1.48 663±19 

CS–g–PLA 10kDa DOX 6.5±0.1 42.7±1.28 556±17 

CS–g–PLA 10kDa TMZ 6.5±0.1 44.9±1.79 590±23 

CS–g–PLA 10kDa DOX TMZ 6.5±0.1 41.2±1.23 533±16 

CS–g–PLA 60kDa 6.5±0.1 48.3±1.44 643±19 

CS–g–PLA 60kDa DOX 6.5±0.1 37.4±1.49 475±19 

CS–g–PLA 60kDa TMZ 6.5±0.1 35.8±1.79 450±22 

CS–g–PLA 60kDa DOX TMZ 6.5±0.1 39.2±1.17 503±15 
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3.5  Release Kinetic 

In vitro release analysis of DOX and TMZ in buffer solutions at pH 3.5, 7.4 and 9 from CS–g–PLA 10 kDa 
and CS–g–PLA 60 kDa nanoparticles are presented in Fig. 2 . Results indicated that they exhibited sustained 
release behaviour related with the pH of the environment. We detected that the drug release rate increases 
proportionally with the pH of the environment. However, the molecular weight of grafted PLA seems to 
influence the release kinetics in particular at pH 3.5. In fact, the release rate of DOX and TMZ from  
CS–g–PLA10 kDa showed greater homogeneity compared with CS–g–PLA 60 kDa. Indeed 50 % of drugs 
were released in about 200 hours. In case of CS–g–PLA 60 kDa, 50 % of DOX was released in about 150 
hours instead of the same amount of TMZ in less than 100 hours. At low pH amino group from chitosan, 
DOX and TMZ are charged and can interact with TPP, increasing the pH of the environment, elecrostatic 
interactions become less strong and this allows a faster release of the drugs. We found out that TMZ is 
released faster than doxorubicin at pH >3.5 in both systems. It is probably the molecular structure of TMZ 
that enables easy diffusion through the mesh–like system. As showed in Fig. 2  at pH 9 the whole amount of 
drug is released in less than 2 days, on the contrary at pH 3.5, 90 % is released in almost 13 days (300 
hours) at pH 3.5. This allows a modulation of the release rate just by changing the pH. 

            

a                                                                             b 

Fig. 2 Release profile of DOX and TMZ at different pH from a) CS–g–PLA 10 kDa and b) CS–g–PLA 60 kDa 

CONCLUSION 

In this study, amphiphilic nanoparticles made by grafting PLA with different molecular weight (10 kDa and   
60 kDa) to chitosan backbone were obtained. Polylactide synthetized by polycondensation technique was 
linked to chitosan through coupling reaction between amino group of CS and carboxylic group of PLA. The 
amide bond formation was confirmed by FTIR–ATR and 1H–NMR analysis. Nanoparticles were obtained via 
ionic gelation technique with the average size of 150–350 nm and a z–potential in the range 25–48 mV 
which suggested that nanoparticles are substantially stable at different pH and temperature and PLA chains 
are located in the core of the NPs, which interact with the drugs helping to keep them inside. CS–g–PLA 10 
kDa has showed better encapsulation and co–encapsulation efficiency for doxorubicin and temozolomide in 
particular at pH 3.5 around 50 %. In vitro release studies showed a sustained and controlled release of both 
drugs, particularly at pH 3.5 where 90 % of the drugs were released in almost 13 days. Additionally, release 
profile demonstrated significant dependence on pH, leading CS–g–PLA nanoparticles as good candidates 
for use in localized drug delivery, in fact decreasing the pH, both drugs are released slowly and this is 
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important for controlling the drug concentration in the targeted site. DOX and TMZ encapsulated in CS–g–
PLA nanoparticles would not only offer several advantages over conventional drug therapies but it is also 
expected to overcome side effects related with DOX and TMZ and there is a chance to carry out a co–
therapy, which seems to be effective in Glioblastoma Multiforme treatment. 
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Abstract   

Algae are organisms that require light, humidity and low concentration of minerals. They commonly occur in 
places with the access to light, but protected from a direct sunlight and maintaining a natural moisture level. 
Their metabolic activity causes degradation of the surfaces of stones and other commonly used building 
materials, by inducing the mechanical damage and increase of porosity by calcium leaching.  

The paper presents a novel protection against algae by nanofiber fabrics doped with metal ions. Nanofiber 
textiles were prepared by electrospinning on the Nanospider LB 500 device, equipped with cylindrical 
electrodes of a length 600 mm and electrode distance about 140 mm. The ambient temperature during 
electrospinning was around 28 °C and the relative humidity approximately 35 %. The basic spinning solution 
had the following composition: 60 % polyvinyl alcohol, 4.4 % phosphoric acid and 2.25 % of Glyoxal with the 
addition of up to 1 % of the potential biocide agents. The produced nanofiber textiles had a specific weight 
between 2 and 4 g/m2. The algicidal assays were performed on a deficient solid Bold's Basal Medium (BBM) 
[1]. The entire surface was covered with algae commonly accompanied by bacteria. The sample had placed 
in the middle of circular dishes having the diameter 20 mm. The cultivation took place at light environment in 
common laboratory conditions. Algicidal effect was evaluated as the resulting halo size and quality around 
the sample. The PVA treated sample had not produce any halo effect, unlike the samples with the addition of 
metal salts (AgNO3, CuSO4∙5H2O) that exhibited the halo effect dependent on the concentration the salts, 
usually ranging from 0.3–2 mm, giving the evidence about their algicidal properties. 

Keywords: algicidal properties, polymer nanofibers, dispersed nanoparticles, metal nanoparticles, stone 

1. INTRODUCTION 

The most of the world heritage is constructed from stone [2, 3] and therefore it is important to understand the 
biochemical processes that occur on or in the stones for their proper and effective conservation [3]. 
Lithiobiotic microorganisms play a significant role in many degradation reactions and biochemical processes 
that occur on the stone surfaces and the degradation is accomplished via biophysical and biochemical way 
[4–6]. Another organism commonly occurring on the stones are algae, a green simple organism with usually 
simple structure. The green stone staining then results from the presence of chlorophyll. Recently, it became 
a discussed issue in the connection with the protection of cultural heritage [3]. The biodegradation is 
accomplished in both aesthetic and biophysical ways. Changes in surface appearance related to organic 
activity are described as biofouling; biological activity that directly contributes to the physical breakdown of 
the stone is termed bioweathering [7]. The degradation is mostly promoted by the alternation of wet/dry or 
freeze/thaw cycles, mainly contribution to the weathering of stones [7]. The algae occurs with bacteria and 
together they cause biochemical degradation via producing organic acids [5,8] Green algae produces small 
quantities of organic acids [9] and may contribute to biochemical degradation of stone by increasing 
concentration of CO2 through respiration [10].  
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The protection against algae is not commonly carried out and only the protection against bacteria and fungi 
is applied. The commonly used inorganic or organic compounds are, if used, often toxic. Recently, novel 
technologies, such as nanotechnology, has been exploited to decrease the toxicity of the agents while 
preserving their strength and efficiency. Our study deals with the nanofiber textiles doped with metal ions as 
a biocide treatment. The biocide agents are strongly bound to the fibers and that reduces their leaching into 
the surrounding environment. The nanofiber textile has some unique properties such as high surface–to 
volume ratio and high permeability, which has been exploited in several branches, such as medicine or as a 
protective layers in civil engineering [11, 12]. 

Metal ions have been used for centuries to disinfect fluids, solids and tissues [7, 13]. Interestingly, copper is 
considered safe for humans [14]. In contrast to the low sensitivity of human tissues (skin or other) to copper 
[15] microorganisms are extremely susceptible to the damage by copper. That discovery led to the use of 
copper ions by water engineers for prevention of algae formation in potable water reservoirs. Copper ions 
are also utilized to control the green slime and similar algal scums in farm ponds, rice fields, irrigation and 
drainage canals, rivers, lakes and swimming pools. 

Silver–ions have been reported to possess strong biocidal effects [16]. The silver–compounds are used as 
disinfection agents from the ancient time. The silver in the form of nanoparticles is effective against bacteria 
resistant to antibiotics, as well as against fungi and viruses. The antibacterial mechanisms of silver action 
have been studied for a long time; however, they are only partially understood. Silver ions can interact with 
the bases in DNA, rather than with the phosphate groups, and affect the DNA ability to replicate [17]. Silver 
can penetrate the cell membrane as reported by electron microscopy [18]. They attach to the cell membrane 
surface and disturb its permeability by modifying the cell potential and inhibiting cell respiration. Silver 
cations bind to thiol groups of bacteria proteins disturbing their activity and leading to cell death [18, 19]. 
Oxidative stress was suggested as important mechanism of DNA damage [18]. Silver ions can inhibit 
respiratory enzymes leading to the reactive oxygen species formation [20, 21]. To apply the silver 
successfully as an antibacterial agent, it is necessary to know how it acts not only on the cells but also on the 
whole biofilms. 

2.  EXPERIMENTAL METHODS AND MATERIALS 

The nanofiber fabrics were prepared by electrospinning on Nanospider TM LB 500 device (Elmarco, Czech 
Republic) in the Center for Nanotechnology in Civil Engineering at the Faculty of Civil Engineering, Czech 
Technical University (CTU) in Prague, Czech Republic. The basic polymer solution had following 
composition: 12 % of PVA, 0.88 % Glyoxal and 0.45 % phosphoric acid (Sigma–Aldrich, USA), algicide 
agents were added to a final concentration of 1 %. The nanofiber fabrics were prepared by electrospinning 
with base solution of PVA with addition of biocide agents (AgNO3 a CuSO4∙5H2O) or their combinations, 
see Table 1 .  

Nanofiber textiles were prepared by electrospinning on the Nanospider LB 500 device, equipped with 
cylindrical electrodes of a length 600 mm and electrode distance about 140 mm. The ambient temperature 
during electrospinning was around 28 °C and the relative humidity approximately 35 % [22, 23]. The 
nanofiber fabrics were prepared on spunbond fabric made of polypropylene with antistatic properties. The 
fabrics were subsequently stabilized by heat for 10 minutes at 140 °C. The weigh area of samples was 
determined from the measurement of the sample size and weight. The weight per unit area was determinate 
for all samples that were prepared for the algicide assay in a circular shape having an approximate diameter 
of 22 mm, void of spunbond fabric.  
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Table 1 Characterization of tested PVA–base samples   

The algicide essays we performed on a solid media with mineral agar BBM [1]. As a model organism we 
used consortium algae and bacteria, commonly occurring on the claddings of buildings in the Czech 
Republic. The model organism was applied by spraying and the tested sample was placed in the middle of 
agar plate. The condition of incubation was illumination around 2.5 kLux; with dark/light cycles 8/16 hour 
temperature 25 ± 3 °C. Algicide effect was evaluated every 24 hours as well as the halo effect around the 
sample. 

2. EXPERIMENTAL RESULTS  

The PVA weight per unit area was equal to 2.93 g/m2, PVA+Cu 3.21 to 4.64 g/m2, PVA+Ag 2.89 to 3.78 g/m2 
and PVA+Cu+Ag 2.56 to 4.46 g/m2. The identification of consortium algae and bacteria was done by 
commercial biochemical test (Pliva–Lachema, Czech Republic) and by microscopy observations. The major 
members of the model organism are algae Aphanothece stagnina, Chroococcus bacillaris, Botrychloris 
cumuli; bacteria – Burgohorderia cepacia, Sphingomonas paucimobilis, Sphingomonas multivorum and other 
minor organisms. 

The algicide assay made on solid agar BBM [1] at 25 ± 3 °C under light/dark cycles contained organisms 
inoculated by spraying. The samples were placed it in the center of the Petri dishes. The algicide effect was 
measured by halo effect around the sample at 3, 8, 11 and 25 days. The obtained results are presented in 
Fig. 1 and Fig. 2 . 

 

Fig. 1  Dependence of the halo size on the type of agents 

Polymer  Type of particles Concentration of particles (% of mass in nanofiber) 

PVA None None 

PVA+Cu CuSO4·5H2O 1 

PVA+Ag AgNO3 1 

PVA+Ag+Cu CuSO4·5H2O + AgNO3 1 + 1 
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Fig. 2  Algicide effects of the nanofiber textiles doped with metal after eight days; the upper row, left to right: 

PVA, PVA+Ag; the down line, left to right: PVA+Ag+Cu, PVA+Cu 

The PVA sample showed any biocide effect, the halo was not visible. The sample PVA+Ag showed halo 
effect between 0.41 – 1.38 mm at third day, 0.32 – 0.53 mm at eighth day, 0.29 – 0.49 mm at twelfth day and 
0.31 – 0.38 mm at twenty–fifth day. The sample PVA+Cu showed effect between 0.39 – 1.36 mm at third 
day, 0.29 – 0.46 mm at eighth day, 0.26 – 0.35 mm at twelfth day and 0.24 – 0.38 mm at twenty–fifth day. 
The sample, where is a combination of biocide, PVA+Ag+Cu showed effect between 2.13 – 1.53 mm at third 
day, 1.96 – 0.76 mm at eighth day, 1.54 – 0.61 mm at twelfth day and 0.93 – 0.60 mm at twenty–fifth day. 

4.  DISCUSSION 

The presented data demonstrate that nanofiber fabrics doped with metals can be potentially used for 
applications such as protection against algae and bacteria. As proven by the use of nanofiber textiles in 
medicine and civil engineering [11, 12], their application can be successfully introduced into the industry and 
practice. The determined algicide effect of metal–doped nanofibers, in particular silver or copper, was 
surprisingly high and the synergic effect when combined together is even more powerful [13, 14, 15, 16]. 
Moreover, these ions are commonly used as a biotic agent against large scale organism from bacteria to 
mold and therefore the technology for their application already exists. This work showed that these ions have 
the same properties in liquid form and integrated in nanofiber. The hallo effect indicated that the metals are 
not fully integrated into the nanofibers.  

5.  CONCLUSIONS  

The nanofiber fabrics without any additions of metal ions exhibited no algicide properties. On the other hand 
the copper– and silver–doped ones showed a significant reduction of algae development and their decrease 
by 50 % after 25 days. The hallo effect, giving the evidence of algae elimination, was in the range of 0.4 – 
0.8 mm. The most significant reduction was observed mainly during the first eight. The dispersion of metal 
ions into the surrounding agar medium is obvious from the observation, increasing the hallo effect and 
efficiency of the agent. The sample consisting of PVA and both, silver and copper, ions exhibited the highest 
activity, evidenced by the largest hallo, ranging from 1.0 to 1.5 mm. The two ion–types exhibit a synergic 
effect, i.e. they are more effective when used combined. The combination is very efficient in the disruption of 
the metabolic circuits of the organisms, by means of the cell–wall up to DNA damage.  
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Abstract 

In this study the maghemite nanoparticles have been obtained via application of original approach within 
hydrothermal synthesis method. The morphology parameters have been determined by a number of 
methods including XRD, TEM and specific surface area estimation (the BET model). The magnetic 
properties of the nanoparticles have been measured using VSM that confirmed superparamagnetic behavior 
of the powder at 300 K with the blocking temperature value near 80 K. The aqueous suspensions of the 
obtained nanoparticles have been studied by DLS method; their temporal stability has been evaluated. The 
analysis of relaxation times in model system has shown their applicability as a MRI contrast agent. In order 
to turn the obtained nanoparticles into dosage form two approaches have been studied: covering their 
surface with model protein and encapsulation of the nanoparticles into a polymer nanocontainer. 

Keywords: iron oxide; superparamagnetism; colloid; magnetic resonance imaging; contrast agent 

1. INTRODUCTION 

The main goal of modern medicine is the development and introduction of new products, which would allow 
both to simplify and make the most precise diagnosis of various diseases. That is why the method of 
magnetic resonance imaging (MRI) has been widely introduced into clinical practice. The difference between 
healthy and unhealthy tissues on the MRI picture is based mainly on variations in relaxation times of water 
protons (spin–lattice (T1) and spin–spin (T2) relaxation times). To increase the contrast of the image signal 
and, consequently, improve the precision of the analysis, the contrast agents were used [1]. For T1 mode 
agents based on paramagnetic metal encapsulated in a chelating agent are now successfully applied [2–4]. 
Nevertheless gadolinium ion is rather toxic and free gadolinium ion can replace some endogenous metal 
ions in vivo [3]. Because of their biocompatibility and non–toxicity superparamagnetic iron oxide 
nanoparticles were offered as the contrast agents for T2 mode [5–7]. Mixed valence Fe3O4 magnetite is used 
as commercially available agents for T2 mode [5, 8], however, it hasn’t found wide application in clinic. A 
number of studies also indicate that magnetite can also be used as an agent for T1 mode [8–11].  

In this context, the goal of our investigation is to prepare magnetic NPs based on low than 10 nm γ–Fe2O3 
with a narrow polydispersity, to form biocompatible coverage on NPs surface and to study their magnetic 
behaviour and finally to evaluate their in vitro r1 and r2 relaxivity. In the present work the influence of 
coverage on NPs properties and the possibility of obtained of multifunctional nanocontainers with NPs as 
diagnostic label are also discussed. 

2. EXPERIMENTAL 

2.2 Synthesis and characterization of nanoparticles  

Maghemite nanoparticles (NPs) were prepared by hydrothermal synthesis at 170 °C using previously 
obtained suspension of iron hydroxide (III) as the starting paste. The one–stage synthesis process was 
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achieved by using surfactants that limit the particle diameter to the value about 10 nm; as a result the iron 
oxide is crystallized in the gamma form. The product was separated by centrifugation on SIGMA2–16P and 
washed several times with distilled water until the test for chloride ions was negative. The crystalline 
structure of the nanoparticles was characterized by X–ray diffraction (XRD, Bruker "D2 Phaser") using Co Kα 
radiation. The specific surface area of maghemite nanoparticles was estimated by the Brunaure–Emett–
Teller (BET) method. The morphology and average size of maghemite nanoparticles were further 
investigated by a tunneling electron microscope (TEM, JEOLS JEM 107). The magnetic measurements were 
performed on vibrating sample magnetometer (VSM) (model Lake Shore 7410) at "Innovative technologies 
of composite nanomaterials" center of St. Petersburg State University. The Mössbauer spectra were 
measured with a Wissel spectrometer operating in the constant acceleration mode at room temperature. 

2.3 The aqueous suspensions of NPs study 

The temporal stability of aqueous suspensions of the nanoparticles study was carried out on a 
spectrophotometer UNICO 2800. Determination of the exact concentration of the nanoparticles in 
suspension was carried out using photometric analysis on the iron content in the probe obtained by 
dissolution of NPs in concentrated HCl. Light scattering experiments were performed on a Zetasizer Nano 
ZS (Malvern Instruments). Data processing was performed on a DTS Nano v. 5.1 software product of 
Malvern Instruments. 

2.4 Adsorption and desorption of bovine serum album in on NPs surface 

The adsorption of a model protein – bovine serum albumin (BSA) – was conducted at 30 °C for 30 minutes 
with constant stirring using an overhead stirrer Heidorf RZR 1 with purpose–made teflon impeller. The 
mixture containing 10 mg of nanoparticles, the protein concentration varied from 0.05 to 2.00 mg/ml. After 
adsorption the NPs were separated in a centrifuge Sigma 2–16P. The supernatant was decanted and 
analyzed for protein content by the Lowry method. The amount of adsorbed BSA is determined by the 
difference between the initial content of protein and its quantity in the supernatant. The BSA adsorption 
isotherm on NPs surface was plotted as the ratio of the protein amount adsorbed per 1 mg of nanoparticles 
versus its initial concentration. To study the protein desorption the 5 ml of water was injected into the tube 
with the coated NPs after the centrifugation and it stored at room temperature for at least 1 month. Then NPs 
were separated, freeze–dried, dissolved and the iron content was determined spectrophotometrically, the 
supernatant assayed for protein.  

2.5 The relaxivity measurement 

The relaxivity measurement, which is one of the parameters defining the possibility of using the NPs as MRI 
contrast agents, was carried out in Analytical center of the Institute of Macromolecular Compounds of 
Russian Academy of Sciences. The relaxation times (T1 and T2) of the model system were studied in 
microtomography probe Bruker Avance II 500 NMR spectrometer in the field value 11 T. The investigated 
samples consisted of γ–Fe2O3 NPs with different concentration in a 2 % agarose gel. Its preparation was 
performed in a specially made Pyrex tubes. At first a homogeneous solution of agarose in water was 
prepared by heating the mixture to 95 °C. Than the NPs suspension was added into solution, stirred and 
after that heated on a steam bath for 30 minutes. The resulting suspension was slowly cooled with cold 
water and then solidified at 4 °C at about 30 minutes.  

2.6 The synthesis of polymers nanocontainers 

The polymer nanocontainers were obtained by typical single emulsion procedure in the presence of 
hydrophobilized with CTAB magnetic NPs. 
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3. RESULTS AND DISCUSSION 

3.2 Synthesis and characterization of nanoparticles  

The chemical analysis of resulting product of hydrothermal synthesis after dissolving in a non–oxidizing acid 
in argon atmosphere demonstrates the presence of only Fe(III) ions. This result and X–ray analysis have 
shown that the phase composition of the powder under study corresponds to γ–Fe2O3. The investigation of 
NPs size and shape using TEM (Fig. 1 ) has demonstrated the presence of only spherical particles with a 
diameter of 6 nm. It should be noted that the data are fully consistent with the results obtained by calculating 
the particle diameter from the specific surface area (SSA = 200 m2/g). This fact indicates that the powder 
was monodisperse and has a narrow particle size distribution.  

 

Fig. 1 TEM microfotograph of obtained nanoparticles 

Our next step was to determine the characteristics of the magnetic hysteresis loop of the sample by VSM at 
RT. The data obtained (Fig. 4 ) indicate that the sample exhibits typical superparamagnetic behavior: no 
saturation field below 20 kOe and a low value of coercive force were observed. This fact was confirmed by 
Mössbauer data. At room temperature and zero applied field the Mössbauer spectrum consists of 
superparamagntetic doublet. Then the blocking temperature of superparamagnet at 500 Oe was evaluated.  

 

Fig. 2 The temperature dependence of the NPs magnetization in a field of 500 Oe 

The data obtained (Fig. 2 ) demonstrate that the sample is superparamagnetic down to very low 
temperatures. This observation allows us to recommend it for further research.  
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The study of temporal stability of the aqueous suspensions of NPs has shown their tolerance over the long 
time and return to initial state after shaking. Particle sizes as measured by dynamic light scattering have 
been found to be 127 nm, the polydispersity index (PDI) representing the widths of the fitted Gaussian 
distributions equaled to 0.101 that is a quite positive result. 

3.3 Formation of biocompatible coating on the NPs s urface 

At present the greatest interest is attracted to the coating based on macromolecular compounds due to the 
possibility to vary its properties within wide limits and introduce biologically active molecules on NPs surface 
without losing of their activity. 

In this regard, for an initial experiments we have chosen the bovine serum albumin (BSA), which is 
commonly utilized as standard model protein for such studies. 

 

Fig. 3 The adsorption isotherm of BSA on maghemite nanoparticles 

The adsorption isotherm of the BSA on the NPs surface is shown on Fig. 3  (RT, 30 min of incubation). 
Based on the results obtained the values of the maximum amount of bound protein (binding capacity) and 
the dissociation constant (kd) of the protein/adsorbent complex have been evaluated. The kd value which is 
the characteristic of the interaction between the protein and an adsorbent was of the order of 10–5, indicating 
a strong adsorption interaction. The calculated binding capacity was approximately 760 μg/mg of NPs. The 
kinetics measurements for protein concentration 1 mg/ml have demonstrated that 60 min of incubation of 
NPs in the protein solution is enough to achieve the maximum binding capacity (975 μg/mg of NPs). So 
exactly this sample was used for further experiments. 

The DLS study of coated NPs has shown the change of the surface charge from negative on uncoated NPs 
to positive indicating that all the surface is covered by BSA. The sizes of NPs agglomerates are practically 
unchanged. The determination of stability of the suspension has demonstrated its tolerance for a long time 
and return to initial state after shaking. Apart of that, the experiments were conducted to study the desorption 
of BSA in distilled water at room temperature for one month. However, the protein content in the supernatant 
was at the brink detection level, which indicates the lowest desorption of the coating from the surface. 

Next, we investigated the effect of biocompatible coating on the magnetic properties of NPs. The hysteresis 
loops of NPs before and after coating are shown in Fig. 4 . As seen the protein coating leads to increase the 
NPs superparamagnetism, as evidenced by the lack of saturation in 20 kOe field. 

In the next part of the work we have determined the relaxation factor of the coated and uncoated NPs and 
evaluated the effects of the BSA to visualization capabilities of the nanoparticles. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

536 

 

Fig. 4 Magnetic hysteresis loop at room temperature for coated and uncoated nanoparticles 

3.4 In vitro relaxivity of NPs 

This part of the work was to study the influence of nanoparticles on the spin–lattice and spin–spin relaxation 
times of water protons in the 2 % agarose gel − T1 and T2, respectively. On the basis of experimentally 
determined values of T1 and T2 the dependence of reciprocal value of relaxation time vs the concentration of 
the nanoparticles in agarose gel has been constructed. The relaxivity was calculated as the slope of the line 
obtained by linearization the dependence by the method of least squares.  

For uncoated nanoparticles T1 relaxation time is independent on the concentration of NPs, T2 relaxation time 
decreases from 55 to 35 ms at concentration range between 0.05 and 0.10 mM. The calculated r2 relaxivity 
is 156.9±18.9 s–1mM–1. For BSA coated NPs T1 and T2 relaxation times decreases from 1143 to 436 and 
from 80 to 32 ms correspondently at concentration range between 0.05 and 0.50 mM. The calculated r1 and 
r2 relaxivity is 112.6±10.6 and 2.4±0.28 s–1mM–1. The observed changes in the character of influence on the 
protons relaxation times for the coated NPs was most probably due to the lack of magnetic interaction 
between NPs caused by BSA coverage. 

The obtained values of r1 and r2 relaxivity are in a good accordance with the data reported in [9–11] for 
contrast agents based on Fe3O4. These results demonstrate the ability of using the NPs as the MRI contrast 
agents. The observed properties of NPs also make them suitable as a diagnostic label to be used in 
multifunctional nanocontainers for drug delivery. 

3.5 Encapsulated of NPs in polymer nanocontainers 

One of the problems of drug delivery is the control of drug distribution in the body. One of the solutions is the 
use of diagnostic labels based on nanoparticles, whose detection can be carried out by the available and 
widespread MRI method. This approach involves the encapsulation of the label into the nanocontainers 
simultaneously with the necessary drug substance. The nanocontainers can be of different type, such as a 
liposome or polymer. In our work we choose the polymer nanocontainers based on the wide possibilities of 
its bio–functionalization in future, for example, introducing vector molecules for targeted delivery. After the 
encapsulation process the NPs content in polymer nanocontainers has been analyzed by photometry, by 
dissolving the NPs in concentrated hydrochloric acid and the determination of iron. The analysis results are 
shown in Table 1 .  

At first the agglomerates of nanocontainers was separated using the centrifuge (Table 1 , Column 2). The 
obtained homogeneous suspension of polymer nanocontainers was centrifuged under special conditions in 
order to get rid of non–encapsulated NPs which were remained in the liquid phase (supernatant, Column 3). 
Dedicated polymer nanocontainers were dissolved and the content of the nanoparticles was determined 
(Column 4). As follows from the data in Table 1 , all the loaded NPs were incorporated into the individual 
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polymer nanocontainers and their agglomerates. The total NPs content in polymer nanocontainers of 
different nature is similar to each other and corresponds to the calculated value (initially charged). Thus, the 
possibility of introducing of diagnostic label based on superparamagnetic nanoparticles into the polymer 
nanocontainers was demonstrated. 

Table 1 NPs content in the polymer nanocontainers after encapsulation 

Polymer nature 
NPs content in different phase, mg   

Agglomerat es of 
nanocontainers Supernatant Individual 

nanocontainers  
The total 

NPs content 
PCL (polycaprolactone) 0,134 not detected 0,464 0,568 

PPDL (polypentadecalactone) 0,154 not detected 0,372 0,526 

4. CONCLUTIONS 

The 6 nm γ–Fe2O3 superparamagnetic NPs with narrow polydispersity were prepared by one–step 
hydrothermal treatment. Protein coverage on the NPs surface was formed and was leading to the increase of 
NPs superparamagnetism. Hydrodynamic diameter of the uncoated and BSA coated NPs in stable aqueous 
suspension was similar. r1 and r2 relaxivity values have demonstrated the ability of using the NPs as the MRI 
contrast agents. The possibility of entrapment of NPs into the polymer nanocontainers has been 
demonstrated. 
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Abstract  

Nanoencapsulation is a state–of–the art technology that is rapidly expanding and that allows to package 
compounds with biological activity in the form of particles with diameters ranging from one nanometer up to 
several hundreds of nanometers. The properties of nanoparticles are closely dependent on their size, size 
distribution and morphology.  

In this work preparation of several types of organic micro– and nanoparticles based on polysaccharides 
(chitosan, alginate, starch) and liposomes was performed by ultrasonic homogenization. Encapsulation of 
selected hydrolytic enzymes, e.g. proteases (pepsin, trypsin, bromelain, pancreatin, alcalase), glycosidases 
and lipase was tested. Encapsulation effectiveness was determined by total protein and enzyme activity 
measurement. Prepared particles were monitored for size and stability by dynamic light scattering. Analytical 
centrifugation was used to measurement of sedimentation stability of the prepared particles. Stability of 
particles in water, in model foods and body fluids was observed too.  

Encapsulation of enzymes was successful in all types of particles. Polysaccharide particles showed a very 
good stability in body fluids as well as in model foods. As the most suitable materials for enzyme 
encapsulation chitosan, chitosan/alginate and liposome were found. These materials are fully biodegradable 
and biocompatible and, hence, very promising material for targeted delivery purposes. Encapsulated 
enzymes can be used for controlled release of proteases in wound healing, as delivery systems in digestive 
tract and as a part of pharmaceutical preparative and food supplements for enzyme therapy. 

Keywords: encapsulation, hydrolytic enzymes, organic microparticles, nanoparticles, liposome 

1. INTRODUCTION 

Encapsulation is a process to entrap active agents within a carrier material and it is a useful tool to improve 
delivery of bioactive molecules and living cells into foods. Materials used for design of protective shell of 
encapsulates must be food–grade, biodegradable and able to form a barrier between the internal phase and 
its surroundings. Among all materials, the most widely used for encapsulation in food applications are 
polysaccharides. Proteins and lipids are also appropriate for encapsulation [1, 2]. Spray drying is the most 
extensively applied encapsulation technique in the food industry because it is flexible, continuous, but more 
important an economical operation. Most of encapsulates are spray–dried ones, rest of them are prepared 
by spray–chilling, freeze–drying, melt extrusion and melt injection.  

One of the most important reasons for encapsulation of active ingredients is to provide improved stability in 
final products and during processing. Another benefit of encapsulation is less evaporation and degradation of 
volatile actives, such as aroma. Furthermore, encapsulation is used to mask unpleasant feelings during 
eating, such as bitter taste and astringency of natural substances. Also, another goal of employing 
encapsulation is to prevent reaction with other components in food products such as oxygen or water. In 
addition to the above, encapsulation may be used to immobilize cells or enzymes in food processing 
applications, such as fermentation process and metabolite production processes. There is an increasing 
demand to find suitable solutions that provide high productivity and, at the same time, satisfy an adequate 
quality of the final food products. 
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The encapsulation techniques can be broadly classified into two types based on the size of the polymeric 
bead produced, i.e. macro–encapsulation and microencapsulation. Macro–encapsulation is the entrapment 
of biomolecules and cells in polymeric beads of size ranging from few millimetres to centimetres [3]. On the 

other hand, microencapsulation produces beads in the size range of 1–1000 µm. Many techniques for 
microencapsulation have been investigated over the past few years for the protection and viability 
enhancement of biomolecules and cells with varying degrees of success. Some of the common techniques 
used include extrusion, coacervation, spray drying and emulsification. Thus, the selected method should be 
able to produce microspheres with the necessary physical/chemical attributes while causing minimal damage 
to cell integrity and viability and be easy to scale up with acceptable processing costs [4]. Materials used to 
encapsulate biomolecules are alginate, gellan gum, xanthan gum, chitosan, starch, cellulose, carrageenan, 
gelatin, milk proteins and other [5, 6].  

Nanoencapsulation involves the formation of active–loaded particles with diameters ranging from 1 to 1000 
nm. The term nanoparticle is a collective name for both nanospheres and nanocapsules. Nanospheres have 
a matrix type of structure. Actives may be absorbed at the sphere surface or encapsulated within the particle. 
Nanocapsules are vesicular systems in which the active is confined to a cavity consisting of an inner liquid 
core surrounded by a polymeric membrane. The active substances are usually dissolved in the inner core 
but may also be adsorbed to the capsule surface. It is proposed that any target actives, while incorporated 
into a complex of polymers, which result in nanoscale–sized particles, might be called ‘encapsulated 
nanoparticles’. Compared to micron–sized particles, nanoparticles provide a greater surface area and have 
the potential to increase solubility due to a combination of large interfacial adsorption of the core compound, 
enhanced bioavailability, improved controlled release, which enables better precision targeting of the 
encapsulated materials [1–4].   

2. EXPERIMENTAL 

2.1  Methods 

In this work particles prepared from following materials were used: alginate, chitosan, chitosan–alginate and, 
starch. Liposomes were prepared from mixture of egg lecithin and cholesterol using ultrasonic 
homogenization and reverse phase evaporation. The size of resulting particles was of diameter ranged from 
30 nm to 1 mm. The particles were prepared by the method based on the principle of gelation and cross–
linking polymers. Alginate particles were prepared by mixing enzymes in sodium alginate solution and 
dropped this into a swirling solution of calcium chloride. A calcium alginate membrane was formed 
immediately on the surface of the droplet by ionic interaction. 

To encapsulation were used following hydrolytic enzymes: proteases – trypsin, pepsin, alcalase, bromelain; 
lipase and enzyme mixture – pancreatin. Enzyme activities were analyzed spectrophotometrically, total 
protein concentration was detected by Lowry method. Enzyme activities and protein concentrations were 
measured twice and average values of two measurements were used for evaluation of encapsulation 
efficiency.  The physicochemical evaluation of micro– and nanoparticles (Zeta potential, size and distribution) 
was analyzed by dynamic light scattering and by analytical centrifugation. Stability of particles in artificial 
stomach and intestinal juice and in bile acid as well as in model foods (water, 3 % acetic acid, 10 % ethanol, 
oil/water emulsion) was tested too.  

2.2 Results and discussion 

Encapsulation of enzymes was successful in all types of particles (Fig. 1 ). The highest encapsulation 
efficiency for most of enzymes was found in chitosan particles, while bromelain was more stabile in alginate 
particles. Encapsulation of lipase exhibited the best results in the case of liposomes. In conclusion, as the 
most suitable materials for enzyme encapsulation mainly chitosan and chitosan/alginate could be 
considered, while starch can be not recommended as material for enzyme encapsulation. 
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Fig. 1  Encapsulation efficiency of individual enzymes in different types of particles – expressed as % of 
entrapped protein 

Table 1 Size of particles – average values (±SD) based on DLS measurement 

 empty pepsin trypsin alcalase lipase pancreatin bromelain 

chitosan [nm] 441.5±58.6 167.2±22.3 251.1± 41.2 236.2±38.4 451.8±58.5 187.6±10.4 221.3±18.7 

alginate [nm] 597.6±82.3 615.9±56.6 765.0±52.2 459.7±68.2 591.7±4 8.4 615.2±48.8 542.7±65.4 

chit./alg. [nm] 715.5±78.9 888.2±79.2 802.2±74.2 1281±105.8 1503±98 .4 743.3±69.2 1372±125.2 

liposomes [nm] 248.3±48.2 156.5±15.4 219.3±45.3 173.5±25.4 198.7±2 8.4 180.9±35.4 178.1±23.6 

starch [nm] 521.9±96.4 – – 956.7±78.9 151.8±18.6 – 808.2±100.2 

A  
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B  

Fig. 2  Sedimentation stability of chitosan–alginate particles. A…empty particles; B…particles with entrapped 
bromelain. 

 

 

Fig. 3  Size distribution of chitosan particles with entrapped enzymes analyzed by dynamic light scattering 

Sedimentation stability of prepared particles was measured by analytical centrifugation. The most intensive 
sedimentation was observed in chitosan–alginate particles, while in chitosan and starch particles no 
detectable sedimentation was observed. Alginate particles exhibited aggregation, while liposomes were 
relatively stable. With regard to sedimentation stability as the most suitable for enzyme encapsulation 
chitosan (Fig. 2 ) and liposome particles can be recommended.   

Stability of prepared particles was quantified by using DLS method. Values of Zeta potential in range of –30 
mV do 30 mV are characteristic for unstable particles, while values out of this range are typical for stable 
particles. As particles with excellent stability chitosan (+33.1 mV) and liposome (–57.7 mV) particles could be 
considered. Chitosan–alginate particles exhibited Zeta potential about –30 mV, nevertheless, after enzyme 
encapsulation particles stability decreased. Alginate and starch particles exhibited moderate unstability. DLS 
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technique was simultaneously used also for measurement of size and distribution of prepared particles 
(Table 1, Fig. 3 ). All parameters were measured in triplicate in three independent samples.  

Stability of prepared particles during storage and incubation was measured also in model physiologic 
conditions and in model foods. Stability of particles in artificial stomach fluid and intestinal juice was 
measured at the beginning and after 15 min incubation at 37 °C (in triplicate). Incubation in bile juice was 
prolonged for 30 min at 37 °C. All types of prepared particles were relatively stable in all model body fluids 
(Table 2 ), no significant degradation of particles was observed. The amount of released enzymes into 
medium was not higher than 10 %.  

In standard model foods exhibited prepared particles also relatively high stability during 7–days incubation at 
laboratory temperature. Stability was evaluated using Zeta potential values (Table 3 ) measured in triplicate 
in the samples taken from the same incubation mixture. After 7–day incubation in water chitosan particles 
were comparable stable, while in 3 % acetic acid higher stability was observed. In 10 % ethanol and oil/water 
emulsion were chitosan particles stable for 7 days too independently on type of encapsulated enzyme  
(Table 3 ).   

Table 2 Stability of chitosan particles in model body fluids – expressed as average values of Zeta potential 
(±SD; mV) 

 pepsin trypsin alcalase lipase pancreatin bromelain 

Bile juice  
(0 min, 37 °C) 

38.6±2.5 51.0±2.8 53.3±3.2 54.7±2.5 41.1±1.3 44.1±2 .2 

Bile juice 
(30 min, 37 °C) 

43.1±4.2 39.7±2.7 45.4±2.8 49.4±2.0 43.7±2.1 44.3±3 .0 

Intestinal juice  
(0 min, 37 °C) 

19.2±2.8 35.8±2.8 34.9±2.2 34.5±1.9 32.6±2.8 31.5±2 .5 

Intestinal juice  
(15 min, 37 °C) 

30.9±5.2 37.7±3.4 33.6±3.0 33.5±2.5 31.4±1.6 31.1±2 .0 

Stomach juice  
(0 min, 37 °C) 

37.9±2.1 47.3±3.5 44.7±2.4 50.5±1.8 38.0±1.8 29.8±2 .1 

Stomach juice 
(15 min, 37 °C) 

34.2±3.0 24.9±3.1 44.4±2.1 42.0±3.0 38.6±2.4 35.9±2 .0 

Table 3  Stability of  chitosan particles in model foods expressed as average values of Zeta potential (±SD; 
mV) 

 water 
(start) 

water 
(7 days) 

Acetic 
acid 3 % 

(start) 

Acetic 
acid 3 % 
(7 days) 

Ethanol 
10 % 
(start) 

Ethanol 
10 % 

(7 days) 

Oil/water 
1:1 

(start) 

Oil/water 
1:1 

(7 days) 

Empty 33.1±2.0 31.0±2.1 43.2±3.1 55.0±5.1 47.8±3.6 56.9±5 .5 52.2±4.8 46.7±4.9 

Trypsin 32.9±1.9 28.5±2.2 53.6±4.2 52.3±4.4 54.7±3.8 54.6±4 .9 41.9±4.7 41.3±4.8 

Pepsin 34.3±1.7 32.2±1.9 42.6±2.4 40.7±3.5 43.5±4.0 41.5±4 .0 39.4±4.9 33.4±4.2 

Bromelain 35.0±1.8 31.5±1.8 34.2±2.6 35.7±3.6 32.4±3.4 33.7±3 .8 34.4±4.0 21.7±3.8 

Pancreatin 35.3±1.9 33.2±2.0 44.1±3.0  44.2±4.0 41.8±3.2 39.7±3.8 39.2±4.2 31.1±3.4 

Lipase 42.9±1.9 39.1±2.3 52.9±3.8 54.4±4.7 55.6±5.0 49.0±3 .9 37.8±3.8 35.5±3.2 

Alcalase 32.3±2.1 30.4±2.4 53.0±3.5 55.5±5.6 50.6±5.4 52.9±3 .9 40.9±3.6 40.6±3.9 

3. CONCLUSION 

Encapsulation could be a promising alternative for the enhancement and enlargement of enzyme activity. 
Capsules can maintain their integrity during passage through the gastrointestinal tract until they reach their 
target destination. Encapsulated enzymes can be used for controlled release of proteases in wound healing, 
as delivery systems in digestive tract and as a part of pharmaceutical preparative and food supplements for 
enzyme therapy. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

543 

ACKNOWLEDGEMENTS 

This work was supported by project "Centre for Mate rials Research at FCH BUT"  
No. CZ.1.05/2.1.00/01.0012/ERDF. 

LITERATURE 

[1] NICOLAAS JAN ZUIDAM, Viktor A. Encapsulation technologies for active food ingredients and food processing 
[online]. Online–Ausg. New York: Springer, 2010. ISBN 978–144–1910–080. 

[2] FANG, Zhongxiang a Bhesh BHANDARI. Encapsulation of polyphenols – a review. Trends in Food Science 
[online]. 2010, 21 (10), p. 510–523. DOI: 10.1016/j.tifs.2010.08.003.  

[3] NEDOVIC, Viktor, Anna KALUSEVIC, Verica MANOJLOVIC, Steva LEVIC a Branko BUGARSKI. An overview of 
encapsulation technologies for food applications. Procedia Food [online] 2011, 1, p. 1806–1815.  DOI: 
10.1016/j.profoo.2011.09.265.  

[4] DESAI, Kashappa Goud H. a Hyun JIN PARK. Recent Developments in Microencapsulation of Food Ingredients. 
Drying Technology [online]. 2005, 23 (7), p. 1361–1394. DOI: 10.1081/DRT–200063478.   

[5] ZIMMERMANN, Heiko, Stephen G. SHIRLEY a Ulrich ZIMMERMANN. Alginate– based encapsulation of cells: 
Past, present, and future. Current Reports [online]. 2007, 7 (4), p. 314–320 DOI: 10.1007/s11892–007–0051–1.   

[6] PRAJAPATI, Vipul D., Girish K. JANI a Simin M. KHANDA. Pullulan: An exopolysaccharide and its various 
applications. Carbohydrate Polymers [online]. 2013, 95 (1), p. 540–549. DOI: 10.1016/j.carbpol.2013.02.082.   



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

544 

MULTIBIOFUNCTIONAL BIODEGRADABLE NANOCONTAINERS FOR  CONTROLLED 
HYDROPHOBIC DRUG DELIVERY 

Victor KORZHIKOVa, b, Evgenya LITVINCHUKb, Natalia SHEVCHENKOa, Tatiana TENNIKOVAa, b 

a Institute of Macromolecular Compounds of Russian Academy of Sciences, St. Petersburg,  
Russian Federation 

b St. Petersburg State University, Department of Chemistry, St. Petersburg, Russian Federation, 
v_korzhikov@mail.ru 

Abstract  

The investigation and application of new nano–technological products in medicine is very promising area 
which can seriously advance medical practice. The great amount of studies are devoted to obtaining of 
biodegradable “nanocontainers” capable for encapsulation and prolonged release of drug in the organism. Of 
significant importance is active targeting of such containers which could be achieved via covalent attachment 
of special biomolecules to their surface.  

In the present study we have obtained nanoparticles based on different biodegradable polyesters. The 
possibility of hydrophobic substances and magnetic nanoparticles entrapment into obtained nanocontainers 
was proved. The particles degradation and release kinetics was investigated. In order to obtain nanoparticles 
with multibiofunctional surface different approaches were tested.  

Keywords: biodegradable nanoparticles, drug delivery, biofunctional 

1. INTRODUCTION  

Formation and application of polymeric biodegradable nanoparticles for delivery and controlled release of 
drugs represent the important object of current research [1–3]. One of the inherent features of such particles 
is that they could bear in their inner space some sensitive or hydrophobic drugs to the in vivo targets, hiding 
these substances from aggressive media the human organism is [4–8]. It is known that some hydrophobic 
drugs are very promising, but their application is impossible without special delivery systems [6–8]. Thus the 
creation and investigation of such systems is of both scientific and practical importance. 

Also it is important to supply such nanocontainers with special surface–associated biomolecules [9, 10], 
which are capable for highly specific interaction with special cell membrane receptors leading to 
accumulation of containers in the target tissue or organ. In current literature the covalent attachment of only 
one biomolecule type is usually performed [8–11]. From our point of view this is caused by insufficient 
amount of surface reactive groups. Nevertheless it is promising to construct a nanoparticle with 
multibiofunctional surface. It means that such surface should bear different specific and non–specific 
biomolecules in order to mimic cell–cell interactions and increase both specificity and efficiency of drug 
delivery. 

In this paper we describe the formation of biodegradable nanocontainers capable for entrapment of 
hydrophobic drugs. The encapsulation efficacy and drug release as well as degradation kinetics were 
evaluated. Moreover the methods to obtain multibiofunctional particles are proposed and tested.  

2. EXPERIMENTAL PART 

2.1 Materials and instruments 

All reagents (monomers, initiators, enzymes and biomolecules) as well as other substances used in this 
research were purchased from Fluka (Switzerland) and Sigma (Germany). Toluene, chloroform and 
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methanol used for polymer synthesis were products of ZAO “Vecton” (Russia) and were dried over calcium 
hydride and distilled before application. THF used as eluent for GPC analysis was of HPLC grade and was 
purchased from Merck (Germany). For dialysis, particles purification and separation of non–reacted ligands 
from polymer conjugates the spin–columns (VIVASCIENCE, Sartorius Group, Germany) were utilized.  

The 1H NMR spectra were recorded with Brucker AVANCE–400 instrument. For UV–vis measurements the 
UV mini–1240 spectrophotometer (Shimadzu, Japan) and was used. The Shimadzu liquid chromatograph 
consisted of LC–10AD pump, RID–10A refractometric detector and Waters Styragel HMW 6E analytical 
column was applied for GPC analysis. The T–18 basic homogenizer (IKA–Werk GmbH, Germany) and 
ultrasonic bath UZV–0.063/37 (37kHz, Russia) were used for emulsification. The dynamic light–scattering 
Malvern ZetasizerNano ZS (UK) apparatus was utilized for particles size evaluation. 

2.2 Methods 

2.2.1  The synthesis of polymers  

The synthesis of poly(lactic acid) (PLA) as well as of copolymer of lactic and glycolic acids (PLGA) was 
performed via stannous octoate initiated ring–opening polymerization (ROP) in bulk of corresponding cyclic 
monomers. The reaction was conducted in vacuum–processed Schlenk tubes at temperatures above 120ºC. 
The yields of polymer products precipitated in cold methanol are listed in Table 1 . The PLGA composition 
was evaluated from 13C NMR DEPT135 spectra. 

The synthesis of poly(caprolactone) (PCL) and poly(pentadecalactone) (PPDL) was performed via enzyme–
mediated ROP of corresponding monomers as described earlier [12]. The Candida Antarctica lipase B 
(CALB) was used for catalysis of lactones polymerization.  

The copolymerization of 2–deoxy–N–methacrylamidoglucose (MAG) with O–laurylmethacrylate (LMA) was 
performed via free–radical reaction similar to the previously published procedures [13]. The polymer 
products yields were 95–97 %. The MW was estimated to be 20 kDa.  

2.2.2  Fabrication of nanoparticles via single emul sion technique  

100 mg of corresponding polymer was dissolved in 4 ml of chloroform and dispersed into 120 ml of water 
phase via simultaneous action of mechanical dispencer and ice filled ultrasonic bath for 30 min. The water 
phase consisted of 20 ml of ethyleneglycol and 100 ml of water in which sodium dodecyl sulphate (SDS, 0.5 
wt%), and polyvinyl alcohol (PVA, 1 wt%) were dissolved. Then the chloroform was evaporated in rotary 
evaporator during 2 h to form the nanoparticles suspension.  

2.2.3  Entrapment efficacy and release evaluation  

Firstly the Qparticles that is the quantity of drug entrapped into 1 mg of particles was evaluated via 
spectrophotometric detection. Then the amount of substance entrapped into the sample was calculated as 
Qentrap. = Qparticles ·mparticles. The entrapment efficacy was obtained according to the following equation: EE (%) 
= Qentrap. • 100 / Q0. The Q0 is theoretical quantity of entrapped drug: Q0 =С0 •V0 / mparticles, where С0 is initial 
concentration of the drug solution and V0 is volume of this solution taken for entrapment. The release (%) 
was evaluated as total quantity of drug detected in supernatant referred to the amount of entrapped drug. 
The release was conducted in 0.01 M phosphate buffer saline (PBS), containing 0.1 % of SDS. 

2.2.4  Modification of nanoparticles with biomolecu les  

Particles surface activation: 1. partial surface hydrolysis via keeping nanoparticles sample in 0.01 M NaOH 
for 0.5 h and further treatment with 1–Ethyl–3–(3–dimethylaminopropyl)carbodiimide (EDC); 2. oxidation of 
surface–located glucose rings with NaJO4. In the case of PVA–coated nanoparticles modification the BSA 
carboxylic groups were activated with EDC. All biomolecules coupling reactions proceeded in 0.01 M borate 
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buffer pH 10.0. The amount of bound protein or aminoacid was evaluated via Lowry test or reaction with 
ninhydrin, correspondingly.  

2.2.5  Statistics  

For each point in both du Noüy and UV–vis measurements the set of three equivalent experiments (n = 3) 
were performed for each sample. The presented results are given as a mean values and the average 
deviation is 5 %.  

3.  RESULTS AND DISCUSSION  

3.1 Polymers synthesis 

PLA and PLGA were synthesized via ROP in the presence of stannous octoate (Table 1 ), while more 
hydrophobic PCL and PPDL were obtained by enzyme–mediated polymerization (Table 2 ). From our 
experience it is known that for nanoparticles preparation the polymer should not have MW more than 50 000, 
but also should not be an oligomer. One can observe that obtained polymers satisfy these demands. It is 
also might be seen that lactide copolymerization with glycolide results in reiteration of monomer composition 
in the polymer product, the glycolide being slightly more reactive. Samples 1, 2, 4 and 5 were chosen for 
further particles preparation. 

Table 1  Polymerization of L–lactide (LD) and its copolymerization with glycolide (GD) in bulk  

Sample [LD]:[ GD], 
mol.% 

T, 
ºC 

Yield, 
% 

[LA] :[GA] , 
mol.% 

[η], 
dl/g 

Mw×10–3 
(GPC) 

Mw/Mn 
 

1 100 120 61 100 0.19 13.0 1.9 
2 80:20 120 92 70:30 0.13 6.1 1.8 
3 95:5 140 94 90:10 0.10 5.4 1.9 

The reaction time was 5 – 6 h for all samples, [М]/[SnOct2] = 1000 mol./mol. The presented results are given 
as a mean values and the average deviation is 5 %. 

Table 2 Enzyme–mediated ring–opening polymerization of caprolactone and pentadecalactone in toluene 
  solution  

Sample Monomer t, h Yield, % [η], 
dl/g 

Mw×10–3 
(GPC) 

Mw/Mn 
 

4 PPDL 2.0 88 0.9 35.0 2.4 
5 PCL 5.5 92 0.4 25.4 2.5 

[Monomer] =86 wt. %; [Monomer]/[Еnzyme] = 10 wt./wt., Т = 95 ºC. The presented results are given as a 
mean values and the average deviation is 5 %. 

3.2 Nanocontainers fabrication. Encapsulation effic acy, release and degradation study 

The nanoparticles were obtained via single emulsion evaporation method (Fig. 1A ). In order to obtain fine 
nanoparticles it is important to work at the minimum of surface tension. Thus the utilized SDS/PVA stabilizing 
system was investigated via du Noüy ring method (Fig. 1B ). It was found that concentrations of about  
2–3 mg/ml are above the critical micelle concentration for this system and could be utilized for nanoparticles 
formation.  
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 A B 

Fig. 1  Formation of polymeric nanoparticles: A – single emulsion proceedure to obtain suspension of 
polymeric nanoparticles; B – the depandence of surface tension measured by du Noüy method on 

concentration of SDS in the presence of 1 % PVA 

The typical size distribution diagrams of obtained particles are presented on Fig. 2 . One can see that 
particles distribution (PD) is quite narrow. Moreover the PD and particles size are similar for both chemically 
and enzymatically synthesized polymers. 

 A B 

Fig. 2 Size distribution diagrams obtained by DLS method: A – particles obtained from PLGA (Table 1 , 
sample 2); B – particles obtained from PPDL (Table 2 , sample 4) 

The batch of particles was obtained as based on the above described polyesters (Table 3 ). One can see that 
all particles have diameter less than 1 μm. There is also a good compliance between particle sizes detected 
by DLS and SEM methods.  

Furthermore the entrapment efficacy and release were evaluated. For that the model hydrophobic drug – 
risperidone – was added to the polymer solution in chloroform prior to emulsification (Fig. 2A ). This 
substance possesses antipsychotic properties and is practically insoluble in water. Its entrapment into 
polymeric particles with subsequent controlled release is also of practical interest. 

Table 3  The characteristics of nanoparticles size, model drug (risperidone) entrapment and release (after 3 
month) capability, obtained from different polyesters  

Polymer 
Mean particles 
diameter (DLS), 

nm 
PDI 

Mean particles 
diameter (SEM), 

nm 

Qparticles , mg/g of 
particles EE, % Release, 

% 

PLA 242±35 0.29 275±75 29 ±2 61 88 
PLGA 520±19 0.18 543±83 35±2 63 98 
PCL 410±29 0.22 472±91 61±3 81 90 
PPDL 435±24 0.21 532±88 93±5 95 83 

From the data in Table 3  it is seen that the chosen model drug could be successfully entrapped into the all 
types of obtained polymer particles. Nevertheless it appears that its entrapment into more hydrophobic PCL 
and PPDL is more efficient. At the same time the release of risperidone from particles based on PPDL 
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seems to be less intensive. It is also obvious that drug release is more rapid from PLGA, which is known to 
be more amorphous, than from PLA, which has more crystalline nature. 

It was also shown by us that hydrophobizated by CTAB maghemite nanoparticles (6 nm, provided by Dr. 
Olga Osmolowskaya from St. Petersburg state university) could be entrapped into polymeric particles with 
efficacy about 80 %.  

The simultaneous study of drug release and particles degradation kinetic profiles (Fig. 3 ) demonstrated that 
this processes are associated with each other. Thus by controlling the structure of the polymer we can 
govern the degradation kinetics and release of drug. 

 

 

 

 

Fig. 3 The kinetic curves of lactic acid 
formation (particles degradation), drug release 

and PLGA molecular weight (evaluated by 
GPC) decrease. 

Conditions: PBS pH 7.2, SDS 0.1 % 

3.3 Nanocontainers biofunctionalization  

On the next stage of this study the research was devoted to the attachment of model biomolecules (bovine 
serum albumine and glycine) to the particles surface. From our point of view, there are two ways to do this. 
First is the partial hydrolysis of the particles surface with subsequent activation of formed carboxylic groups 
with carbodiimide in order to activate them towards aminogroups of biomolecules (Fig. 4A ). The second 
approach is modification of reactive groups of macromolecular stabilizers that should be located on the 
surface of particles (Fig. 4B ). For example PVA, which is commonly utilized as such stabilizer, could be 
modified via reaction of its OH–groups with activated carboxylic groups of protein.  

A    B 

Fig. 4  Particles biofunctionalization: A – direct surface hydrolisys and activation; B – modification of surface–
located macromolecular stabilizer 
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It was also of interest to utilize macromolecular stabilizer which have amphiphilic nature and gives the 
possibility to introduce quite reactive functional groups. Thus the new macromolecular stabilizer, namely 
pMAG–LMA copolymer, was synthesized. The LMA content was evaluated via integration of the signal 
corresponding to its methyl group and consisted 11 mol %. The PPDL–based particles obtained with 
utilization of pMAG–LMA as stabilizer showed similar particles size and PD to ones obtained with application 
of PVA (Fig. 5 ). This fact demonstrates 
that pMAG–LMA really serves as stabilizer 
and that it possibly could be used for 
particles biofunctionalization. In order to 
activate surface located pMAG–LMA the 
particles were treated with sodium peridate 
to oxidize α–glycol part of glucose. The 
resulting aldehyde groups are quite 
reactive towards amino groups of 
biomolecules.  

The results of abovementioned nanoparticles biofunctionalization approaches comparison are presented in 
Table 4 . One can observe that while the particles sizes are quite similar, the quantity of biomolecules 
coupled are notably differ from each other. The most effective protein and aminoacid coupling was detected 
in the case of surface–located oxidized pMAG–LMA modification, while in the case of PVA modification only 
the minimal amount of bound protein is detected. The latter could be explained by relatively low reactivity of 
hydroxyl groups in comparison with other chemistries. The direct surface activation by hydrolysis gives the 
middle result. It seems that in this case the 
amount of protein coupled is limited by 
steric hindrance. At the same time the 
coupling to hydrophilic oxidized pMAG 
„tails“ which are exposed to the water 
phase gives more steric freedom and thus 
greater capacity. This assumption is certified by the close capacities of the discussed particles towards 
glycine.  

In order to compare the capacities of B1 and B2 
samples regarding to the BSA molecules 
chemisorption the corresponding isotherms were 
evaluated and plotted (Fig. 6 ). From the obtained 
curves it is obvious that oxidized hydrophilic surface 
of B3 sample gives possibility to attach greater 
amount of protein then B1 sample. In the latter case 
the surface is saturated with protein, while in the 
former one it seems that some reactivity still remains.  

Table 4 The dependence of the coupled ligand 
quantity on the activation method. In all cases  
    the biomolecules solution concentration 
was 2 mg/ml (solution volume 1.5 ml; 20 mg 
of particles) 

Sample Polymer Activation method Mean particles 
diameter (DLS), nm 

Qcoupled (BSA), 
μg/mg 

Qcoupled (Gly), 
μg/mg 

B1 PLA hydrolysis + EDC 421±23 7.4±0.4 27.2±1.4 
B2 PLGA PVA + activated BSA 375±19 1.8±0.1 Not conducted 

B3 PPDL oxidized pMAG–LMA 410±27 13.2±0.7 34.7±1.7 
 

 

 

Fig. 6 BSA chemosorption isotherms 

Fig. 5 Size distribution diagram of particles obtained from 
PPDL 
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The greater amount of glycine coupled in comparison with BSA is explained by the small size and, 
correspondingly, the simplified diffusion of the first one. Interestingly that immersion of the particles B3 
modified with BSA to the glycine solution (1 mg/ml) was leading to the additional coupling of 11 μg of 
aminoacid per 1 mg of particles. This fact proves that by using this approach the covalent attachment of 
several ligands of different dimensions is possible. 

CONCLUSION 

Different types of polyesters were synthesized and used for nanoparticles fabrication via optimized single 
emulsion evaporation technique. The ability of such particles to entrapp and continiously release 
hydrophobic model drug was demonstrated. The correlation of degradation and drug release kinetics is 
shown. Finally, different approaches for particles biofunctionalization were tested. It was shown, that 
application of hydrophilic stabilizers on the particles preparation stage gives the possibility to couple several 
biomolecules at controllable ammounts.  
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Abstract 

Prostate cancer (CaP) is the second leading cause of male cancer–related deaths in the Europe. Currently 
does not exist reliable non–invasive biomarker for determination of cancer of prostate. Simple metabolites 
such as amino acids would be able to serve as the new non–invasive biomarkers for determination of 
aggressive types of CaP. One of them – sarcosine, nowadays abundantly discussed CaP marker arouses 
much attention. Sarcosine, also known as N–methylglycine is a non–protein amino acid forming during 
glycine synthesis and degradation as an intermediate product. It was shown that sarcosine is excreted in 
urine of patients suffering from aggressive forms of CaP in low amounts in an intact form. Hence we aimed to 
synthesize paramagnetic microparticles able to isolate and immobilize sarcosine from urine and thus 
preconcentrate it for subsequent analysis on ion–exchange liquid chromatography with VIS detector. We 
modified titanium isopropox as a carrier for NH3 functional groups providing binding with sarcosine and 
nanomaghemite (γ–Fe2O3) providing perfect paramagnetic properties. Our paramagnetic microparticles are 
able to establish a binding with sarcosine and have potential to improve sarcosine isolation and 
preconcentration from urine of patients suffering from carcinoma of prostate and in future can serve for 
application in biosensors. 

Keywords:  ion exchange chromatography, maghemite nanoparticles, prostate cancer, sarcosine, Amino  
                   Acids   

1. INTRODUCTION 

Nowadays there is not a complex test for prostate carcinoma (CaP) stage identification and diagnosis. 
Screening tests include examination per rectum with tandem determination of prostatic specific antigen 
(PSA) level in blood serum [16] and subsequent biopsy of prostate [15]. These procedures are painful and 
stressful for patients. Hence non–invasive markers of CaP useful for earlier diagnosis are studied nowadays. 
As the new potential biomarkers found in urine alfa–metyl CoA–racemosis (AMACR) [1], PCA3 (prostatic 
antigen 3) [6, 12], annexin A3 [1] and sarcosine [13] were described. Sarcosine, also known as N–
methylglycine is colourless, non–toxic and solid amino acid well soluble in water and was firstly isolated and 
named by the German chemist Justus von Liebig in 1847. Increased interest about sarcosine as a secondary 
urine metabolite is dated from 2009, when Sreekumar and colleagues published their study providing new 
information about possible application of sarcosine as a potential prostate carcinoma marker with ability to 
determinate the aggressive types of tumours [4, 13]. Sarcosine is not present in urine of health people, 
therefore, false positivity is minimized [2, 5], but application of sarcosine as a marker is still under 
discussions, because there can be found some publications refuting the connection between sarcosine and 
prostate tumours [9, 10]. Currently many methods for sarcosine determination are developed. Most of them 
are based on chromatography (GC, LC, HPLC) [8] linked with mass spectrometry (MS). Because sarcosine 
occurs in urine in low levels we decided to use modified paramagnetic microparticles able to bind sarcosine 
and thus imobilize and preconcentrate it for subsequent analysis. Surface of PMPs has been modified by 
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nanomaghemite (γ–Fe2O3) which is gaining great interest in analytical chemistry for its small size and high 
surface area providing better kinetics as well as the possibility of manipulation under the influence of an 
external magnetic field [7]. In our study we decided to use ion exchange chromatography with post–column 
ninhydrin derivatization and VIS detector for sarcosine determination according to our previous studies  
[2, 3, 5].  

2. MATERIALS AND METHODS 

2.1 Chemicals 

Sarcosine as well as other chemicals were obtained from Sigma Aldrich (St. Louis, MO, USA) unless noted 
otherwise. Dilution buffer for preparing of samples was composed of 0.10 g of N3Na, 11.5 g of NaCl and 14 g 
of citric acid per 1 L H2O. For post–column derivatization was used ninhydrin in methylcelosolve (m/v) (Ingos, 
Prague, Czech Republic) and SnCl2 used as a reduction agent.  

2.2 Preparation of paramagnetic microparticles 

Maghemite nanoparticles were prepared by sodium borohydride (NaBH4) reduction of iron chloride 
(FeCl3.6H2O) according to Magro et al. and Prucek et al [11, 14]. 10 g of FeCl3 • 6H2O was dissolved in 800 
mL of water. Briefly, 2 g of FeCl3·6H2O was dissolved in 80 mL of MiliQ water and a solution of 0.2 g of 
NaBH4 in ammonia (10 mL, 3.5 % m/v) was poured into the first solution with vigorous stirring. The obtained 
solution was heated at boiling temperature for 2 h. After cooling and standing for 2 h at room temperature, 
the obtained magnetic nanoparticles were separated by external magnetic field and washed several times 
with water. The nanoparticles, prepared as described above were suspended in 80 mL of water and 
Ti(isopropox)4 was added. Resulting product was stirred on Biosan OS–10 through whole night. Then 
microparticles were separated by external magnetic field, washed with Mili–Q water and finally dried at 40 
°C. 

2.3 SECM characterization of paramagnetic micropart icles 

Scanning electrochemical microscope consisted of 10 mm measuring platinum disc probe electrode with 
potential of 0.2 V. Another platinum disc electrode with O–ring as conducting substrate used potential of 0.3 
V. During scanning, the particles were attached on the substrate platinum electrode by magnetic force from 
neodyme magnet, situated below the electrode. Platinum measuring electrode was moving from 150 µm 
above the surface. The mixture consisted of 5 % ferrocene in methanol mixed in ratio 1:1 with 0.05 % KCl in 
water (v/v). Measuring was performed in Teflon cell with volume of 1.5 mL according to the following 
parameters: amperometric mode, vertical scan was carried out in area 500 × 500 µm with rate 30 µm.s–1.  

2.4 X–ray fluorescence analysis of paramagnetic mic roparticles 

XRF element analysis of PMPs was carried out on Xepos (SPECTRO analytical instruments GmbH, Kleve, 
Germany) fitted with three detectors: Barkla scatter – aluminium oxide, Barkla scatter – HOPG and 
Compton/secondary molybdenum respectively. Analyses were conducted in Turbo Quant cuvette method of 
measuring. Analysis parameters were set to – measurement duration: 300 seconds, tube voltage from 24.81 
to 47.72 kV, tube current from 0.55 to 1.0 mA, with zero peak at 5000 cps and vacuum switched off. 

2.5 Sample preparation 

PMPs stock solution consisted of 40 mg PMPs in 1,000 µL of water with ACS purity was sonicated with 
ultrasonic needle homogenizer SONOPULS mini20 (Bandelin electronic, Berlin, Germany) at 55 % power for 
2 minutes. Then, diluted 50 µL of PMPs were mixed together with 200 µL of PBS prior to further 
experiments. Workflow process consisted of three times washing of PMPs with PBS buffer and three times 
washing of PMPs with Britton–Robinson buffer. As the following step, the incubation was carried out 
according to conditions from our preliminary study [17]. For subsequent incubation analysed amino acids 
were diluted in ACS water for final concentration 100 µg.mL–1. After incubation another three washing steps 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

553 

with Britton–Robinson buffer were included. Thereafter eluate was discarded with the permanent magnet 
and PMPs with sarcosine bound were dissolved in 3 M HCl. Through this, the particles were prepared for the 
evaporation by nitrogen evaporator Ultravap 96 with spiral needles (Porvair Sciences limited, Leatherhead, 
United Kingdom). Subsequent analysis using automatic amino acid analyser was performed after 
resuspension of evaporated retentate with dilution buffer. 

2.6 Ion–exchange liquid chromatography 

An AAA 400 (Ingos, Prague, Czech Republic) liquid chromatography apparatus was used for determination 
of sarcosine. The system consists of a glassy filling chromatographic column and steel precolumn, two 
chromatographic pumps for transport of elution buffers and derivatization reagent, cooled carousel for 25 test 
tubes of 1.5 – 2.0 mL volume, dosing valve, heat reactor, VIS detector and cooled chamber for derivatization 
reagent. Volume of injected sample was 200 µL with an accuracy of application RSD of about 1 %. A two–
channel VIS detector with a 5 µL flow volume cuvette operated at wavelengths of 440 and 570 nm.  

3. RESULTS AND DISCUSSION 

Our major idea was an isolation and 2D separation of the low mass molecules, able to serve as the potential 
CaP biomarkers, based on the adsorption on the paramagnetic microparticles with various modifications and 
subsequent ion–exchange liquid chromatography. We modified titanium isopropox with nanomaghemite and 
these PMPs showed the best properties for binding of sarcosine (recovery 34.5 %) (Fig 1.A ). Our PMPs 
showed also relatively good selectivity which is probably based on principles of workflow process used for 
deprivation of undesired impurities from beads. Britton–Robinson buffer with pH 2 causes sarcosine 
protonation which leads into a positive charging of its molecules due to its pI = 6.2 [3]. Interaction between 
positively charged molecule and surface of PMP provides the forming of binding between them. These 
interactions depend on isoelectric points of amino acids which are in this manner behaving as the ion–
exchangers. Other amino acids (or peptides in case of GSH and GSSG) showed also relative good 
recoveries (serine recovery 24.6 %, GSSG 21.8 %, leucine 16.2 %, glutamic acid 15.1 %, GSH 10.9 %, 
cysteine 6.2 %, proline 2.9 % and glycine 0.41 % respectively); nevertheless their amounts in urine are not 
so high to interfere during sarcosine binding to PMPs. The largest problem may be expected at glycine, but 
its ability to form binding with PMPs is very weak as well as at proline. Moreover our second separation step 
– IELC eliminates the influence of interferents at minimum. 

After confirmation of ability to bind sarcosine we carried out a characterization of PMPs. First 
characterization step was X–ray fluorescence analysis providing information about element composition of 
microparticles. In Fig 1.B  can be seen that as the most abundant elements were determined titanium (Ti 
represented in 25.05 %) and iron (Fe represented in 14.28 %). This information was not surprising for us, 
because we used titanium isopropox as a carrier and maghemite as provider of paramagnetic properties, but 
confirmed us that process of PMPs synthesis worked well. In addition for further PMPs characterization we 
carried out scanning electrochemical microscope analysis for recognition of PMPs surface relative current 
response changes in dependence on sarcosine binding. In Fig. 1C  can be seen a 3D image, expressing a 
relative current response of paramagnetic microparticle surface without sarcosine bound. Comparing with 
Fig. 1D  considerable changes of surface current response can be observed. Relative current response after 
establishing of sarcosine binding is higher than before binding. This obvious difference (approximately 20 
pA) is indicating that the sarcosine binding leads to a change of PMPs attributes. As was mentioned above 
sarcosine gets protonated under influence of acidic pH maintained by Britton–Robinson buffer used during 
workflow process. Positively charged molecule increases current response of paramagnetic particle. Hence 
we received a confirmation that our paramagnetic microparticles bind sarcosine properly and are usable for 
its isolation and preconcentration from urine of patients suffering from prostate carcinoma.  
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Fig. 1  Characterization of paramagnetic microparticles for sarcosine binding 
Fig. 1 (A)  Expression of PMPs ability to bind different amino acids bound to them by the constant workflow 
process. Sarcosine shows highest yields and thus PMPs have highest specificity to establish a binding with 

it. (B) XRF element analysis, expressing the PMPs elemental composition. (C) SECM 3D imaging 
characterization of PMP surface without sarcosine bound, (D) SECM 3D imaging characterization of PMP 
surface with sarcosine bound showing increase of relative current response caused by sarcosine binding. 

Scans were obtained on scanning electrochemical microscope 

4. CONCLUSION 

In this study we synthesize new paramagnetic microparticles able to establish binding with sarcosine – 
currently discussed biomarker of prostate carcinoma. Nowadays used tests include examination per rectum, 
determination of prostate–specific antigen (PSA) levels and transrectal sonography with a biopsy of prostate 
tissue. Due to the non–specifity of PSA and biopsy soreness, approaches using paramagnetic microparticles 
for sarcosine isolation for subsequent analyses can serve as a rapid, cheap and painless method. 
Paramagnetic microparticles may be used also as a part of biosensors for screening diagnostic and thus 
improve the detection of tumor growth at the earliest possible stages guaranteeing better results in the 
treatment.   
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Abstract  

In spite of considerable quantity of antianemic preparations with different iron forms and additives, which are 
presented on modern pharmaceutical market, iron deficiency anemia is one of the most wide–spread 
pathological states as well as social problems in the world. Pregnant women, children and elderly persons 
are particularly vulnerable. The situation is complicated by the presence of some disadvantages and drug 
side effects of existing antianemic medicines. Development of new way for antianemic preparations is very 
perspective. Iron nanoparticles are possessed by high potential in this area. 

For the purpose of new effective antianemic preparations’ creation the technology of colloidal–chemical 
synthesis for 40 nm spherical iron nanoparticles in water soliutions has been developed. Synthesized iron 
nanoparticles have been characterized as biosafe using in vitro and in vivo tests. For biosafety level 
estimation parameters of cytotoxicity, genotoxicity, mutagenicity and main biochemical markers have been 
used. LD50 of synthesized nanoparticles in per os dosing (BALB/c mouse line) is more than 5 g/kg. 

Biological activity of the iron nanoparticles as potential pharmacological substance with antianemic 
properties has been studied on the model of iron deficiency anemia with Wistar rats and BALB/c mice 
females using. It has been shown reliable increasing of main blood parameters such as hemoglobin level, 
iron concentration in blood serum, transferrin saturation percentage up to normal level of healthy animals 
comparatively with control within 10 days of experimental treatment course under the conditions of per oral 
as well as intravenous route of iron nanoparticles’ introduction.  

Keywords: iron nanoparticles, biosafety, antianemic preparation, effectiveness 

1. INTRODUCTION 

Anemia due to Iron deficiency (IDA) is one of the most wide–spread pathological states as well as social 
problems in the world according to the World Health Organization (WHO) data. The deficiency of iron is just 
one nutrient deficiency which is significantly prevalent not only in developing countries, but also in 
industrialized ones. This pathological condition is particularly significant for the most vulnerable groups of 
population among which women of reproductive age, and especially pregnant women, children and elderly 
persons. The WHO statistics indicates the enormous numbers: 2 billion people – over 30 % of the world’s 
population – are anemic [1, 2]. 

Because of the necessity of iron deficiency control modern pharmaceutical market presents considerable 
series of antianemic preparations, which differ in iron form and/or concentration characteristics as well as in 
presence and allowance of the additives. Unfortunately, in most cases all types of these preparations are 
possessed by some disadvantages and drug side effects among which low bioavailability, nausea, anorexia, 
metal taste in mouth, constipation, protracted course of therapy (2–3 months) for achievement of therapeutic 
efficiency, etc. [2–4]. 
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From these reasons to search and development of new class pharmacological substances with antianemic 
properties for effective struggle with IDA is very urgent.  

Iron nanoparticles are possessed by high potential in this area according to the well–known biological activity 
of metal nanoparticles on the molecular level. 

The new way for synthesis of biosafe and biocompatible iron nanoparticles and their study as potential 
antianemic pharmacological substance for new class antianemic preparations’  was the main goal of this 
work. 

2. MATERIALS AND METHODS 

The technology of colloidal–chemical synthesis in water medium for iron nanoparticles (FeNP) obtaining has 
been developed in F.D. Ovcharenko Institute of Bio–colloidal Chemistry. The shape and size of synthesized 
FeNP has been characterized by using of transmission electron microscopy (TEM). FeNP biosafety and 
biocompatibility parameters with using wide spectrum in vitro and in vivo criteria of cytotoxicity, genotoxicity, 
mutagenicity, main biochemical markers have been studied for completing of the passport of nanomaterial.  

All experiments with model animals have been carried out in compliance with “Guide for the Care and Use of 
Laboratory Animals”. Experimental animals have been housed on the standard regime. 

Oral acute toxicity (LD50) of iron nanoparticles has been assessed on female BALB/c mice during 14 days 
according to the limit test procedure at 5000 mg per kg dosing (OECD guidelines). 

Biological activity of the iron nanoparticles as potential pharmacological substance with antianemic 
properties has been studied on the model of iron deficiency anemia using Wistar rats’ females. 

Iron deficiency anemia in experimental animals was modeled using iron deficiency diet. Control intact 
animals received a diet with normal iron content. Animals of all groups were watered with distilled water.  

The experimental treatment courses of the model IDA treatment included the conditions of peroral and 
intravenous routes of iron nanoparticles’ introduction.  

The experimental animals have been divided into 7 groups: 

• Control group of healthy animals without treatment; 

• Control group of the anemic animals with model IDA without treatment; 

• Experimental group of the anemic animals treated with therapeutic dose (12.0 mg/kg per day) of 
peroral iron nanoparticles’ introduction during 10 days; 

• Experimental group of the anemic animals treated with the dose in 1/10 of therapeutic dose (1.2 mg/kg 
per day) of peroral iron nanoparticles’ introduction during 10 days; 

• Experimental group of the anemic animals treated with therapeutic dose (12.0 mg/kg per day) of 
peroral comparison drug introduction during 10 days; 

• Experimental group of the anemic animals treated with 5 intravenous injections of iron nanoparticles in 
the dose 12.0 mg/kg per day in terms of 1 injection within 3 days; 

• Experimental group of the anemic animals treated with 5 intravenous injections of iron nanoparticles in 
the dose 1.2 mg/kg per day in terms of 1 injection within 3 days.  

The level of main blood parameters has been monitored: 

• after 1st, 5th, and 10th days of the substance peroral introduction; 

• after 1st, 3th, and 5th intravenous injections of the substance.  

The therapeutic dose for experimental anemic animals has been calculated on the basis of daily therapeutic 
iron dose for human (200 mg), which is usually recommended in IDA treatment, with a glance of species’ 
resistibility factor. 
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As comparison drugs some commercial preparations based on pharmacological substance – ferri (III) 
hydroxydi polymaltosum complexus – have been used. 

The rats were euthanized by decapitation under anesthesia. 

Blood parameters – hemoglobin level, iron concentration in blood serum, transferrin saturation percentage – 
have been analyzed using Filicit–Diagnostics kits (Ukraine).  

The status of microflora in lower part of model animals’ gastrointestinal tract after 10 days course of FeNP 
introduction, in compare with comparison drug, has been determined using standard microbiological 
protocols.  

3. RESULTS AND DISCUSSION 

Water dispersion of FeNP has been synthesized with the aim of its potential antianemic properties’ 
estimation.  

FeNP with spherical shape and average size 40 nm have been synthesized.  

According to the experimental data, obtained using wide spectrum of in vitro and in vivo biosafety tests, the 
synthesized FeNP have been characterized as biosafe and biocompatible. They were noncytotoxic, 
nongenotoxic, nonmutagenic and biosafe according to the main biochemical markers. The TEM images of 
obtained FeNP are presented on Fig. 1.  

 

Fig. 1 Transmission electron microscopy (TEM) image of synthesized 40 nm spherical iron 
nanoparticles 

LD50 of synthesized 40 nm iron nanoparticles in per os conditions (BALB/c mouse line) exceeds 5000 mg/kg 
value. None of animals died during 14 days of post exposure period, as well as no signs of toxicity have 
been found under the limit test procedure. 

FeNP antianemic properties have been studied on the alimentary model of iron deficiency anemia. 

It has been shown reliable increasing of main blood parameters such as hemoglobin level, blood serum iron 
concentration, and transferrin saturation percentage up to normal level of healthy animals comparatively with 
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anemic control within experimental treatment course under the conditions of peroral as well as intravenous 
route of iron nanoparticles’ introduction.  

The effectiveness of comparison drugs based on pharmacological substance ferri (III) hydroxydi 
polymaltosum complexus was reliably lower according to the analyzed blood parameters. 

The absence of dysbacteriosis and constipation (widespread side effects for existing commercial antianemic 
iron preparations) has been observed under the treatment course of experimental FeNP introduction.  

It has been revealed, that according to the estimated blood parameters the synthesized 40 nm FeNP are 
possessed by expressed antianemic activity in the dose that is 10 times lower than the generally accepted 
therapeutic one. 

4. CONCLUSION 

The synthesized 40 nm spherical FeNP are possessed by expressed antianemic properties as well as some 
benefits comparatively with the drugs of comparison, among which:  
• high biological safety and low toxicity according to in vitro and in vivo tests;  

• remarkable antianemic activity in the dose that is 10 times lower than the generally accepted 
therapeutic dose;  

• favourable effects on the gastrointestinal tract (the absence of side effects such as constipation and 
intestinal dysbacteriosis).  

Such properties and benefits indicate significant potential of the synthesized FeNP as pharmacological 
substance with antianemic properties for new class antianemic preparations’ development.  

At the same time the explanation of molecular mechanisms of the iron nanoparticles biological activity is 
necessary condition for their effective medical application. 

LITERATURE 

[1] Iron deficiency anaemia: assessment, prevention and control. A guide for programme managers. World Health 
Organization, 2001, 141 p. 

[2] LEWIS S., EMMANUEL J. Global concept of iron deficiency. Nutrition and Health, 2010, p. 299–312. 

[3] STOLTZFUS, R., DREYFUSS, M. Guidelines for the use of iron supplements to prevent and treat iron deficiency 
anemia. International Nutritional Anemia Consultative Group (INACG), World Health Organization (WHO), United 
Nations Children’s Fund (UNICEF), 1998, 39 p. ISBN: 1–57881–020–5. 

[4] Dietary supplement fact sheet: iron. National Institutes of Health. Office of Dietary Supplements. 
http://ods.od.nih.gov/factsheets/iron 

 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

560 

EVALUATION OF MECHANICAL PROPERTIES OF ULTRA–FINE G RAIN TITANIUM USING 
SMALL PUNCH TESTS 

Miroslav GREGERa, Ladislav KANDERb 

a VSB –Technical University Ostrava, Ostrava, Czech Republic, EU, miroslav.greger@vsb.cz 
b Material & Metallurgical Research Ltd, Ostrava, Czech Republic, EU, ladislav.kander@mmvyzkum.cz 

Abstract 

The main goal of the presented paper was to describe deformation behaviour of the commercial purity 
titanium during the ECAP method. Attention was paid particularly on reached mechanical properties of above 
mentioned material. Design of experiments rested in extrusion at temperature in range from room 
temperature up to 280 °C. The way of approach was planned in investigation of imposed strain accumulation 
ability. Among used methods for determination of intended aims were tensile tests, TEM, SEM. Mechanical 
properties were evaluated using standard tensile tests as well as small punch tests.  Depending on imposed 
strain (e = 2 up to 8) was found that mechanical properties (namely tensile strength) have increased up to 
960 MPa. Developed ECAP process enables controlling morphology of micro structural constituents and 
workability of titanium Grade 1. Obtained findings can be used in process of preparing materials for medical 
application such as dental implant. 

Keywords: titanium, ultra–fine grain, mechanical properties 

1. INTRODUCTION 

It is required that a material for dental implants is bio compatible, it must not be toxic and it may not cause 

allergic reactions. It must have high ultimate strength Rm and yield value Rp0.2 at low density ρ and low 
modulus of elasticity E. Metallic materials used for dental implants comprise alloys of stainless steels, cobalt 
alloys, titanium (coarse–grained) and titanium alloys. Semi–products in the form of coarse–grained Ti or Ti 
alloys are used as bio–material for medical and dental implants since the second half of the sixties of the last 
century. 

Titanium is at present preferred to stainless steels and cobalt alloys namely thanks to its excellent bio–
compatibility [1]. Together with high bio–compatibility of Ti its resistance to corrosion evaluated by 

polarisation resistance varies around the value 103  R/Ωm. 

It therefore occupies a dominant position from this viewpoint among materials used for dental implants. In 
the past years a higher attention was paid also to titanium alloys due to requirements to higher strength 
properties. The reason was the fact that titanium alloys had higher strength properties in comparison with 

pure titanium. Typical representative of these alloys is duplex alloy (α and β) Ti6Al4V. After application of 
dental implants made of these alloys toxicity of vanadium was confirmed [2]. 

During the following development of dental implants the efforts were concentrated on replacement of 
titanium alloys the toxic and potentially toxic elements by non–toxic elements. That’s why new alloys of the 

type TiTa, TiMo, TiNb and TiZr began to be used. Single phase β Ti alloys were developed at the same time, 
which are characterised by the low value of the modulus of elasticity. Ti alloys with elements with very 
different density and melting temperature (TiTa, TiMo) require special technology of manufacture, by which 
they significantly increase production costs and price of semi–products for dental implants [3]. 

The problem at the development of metallic bio–materials consists not only in their real or potential toxicity, 
but also in their allergenic potential. Sensitivity of population to allergies keeps increasing. Allergies to metals 
are caused by metallic ions which are released from metals by body fluids. Share of individual metals on  
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initiation of allergies is different. What concerns the alloying elements for dental implants special attention is 
paid namely to Ni and Co, as their allergenic effect varies around (13.5 %) and Cr (9.5 %). Some titanium 
alloys also contain the elements classified as allergens [4]. These are e.g. the following alloys: Ti13Cu4.5Ni, 
Ti20Pd5Cr, Ti20Cr0.2Si. Sensitivity of population to Ni is increasing.  

For these reasons pure titanium (CP) still remains to be a preferred material for dental applications. 
Development trend in case of this material is oriented on preservation of low value of the modulus of 
elasticity and on increase of mechanical properties, especially strength. According to the Hall–Petch relation 
it is possible to increase considerably strength properties of metals by grain refinement. That’s why it is 
appropriate to use for dental implants rather fine–grained Ti instead of coarse–grained Ti. Use of nano–
materials concerns numerous fields including medicine. Bulk nano–structural metallic materials are used for 
dental applications. These are materials with the grain size smaller than approx. 100 to 300 nm. High–purity 
titanium is used for dental implants [5]. Chemical composition of CP Ti for dental implants must be within the 
following interval.  

2. STRUCTURE AND PROPERTIES OF COMMERCIAL PURE TITA NIUM 

The average grain size of the as–received CP titanium is ASTM no. 4. Tensile specimens with a gauge of 50 
mm length, 10 mm width and 3.5 mm thickness were machined with the tensile axis oriented parallel to the 
final forming direction [6]. The specimens were deformed at room temperature with different initial strain 
rates. Microstructure of deformed specimens after testing is shown in Figs. 1–2 . Specimens were sectioned 
along the gauge and grip parts of the deformed sample. The samples were then polished etched using 10 % 
HF, 10 % HNO3 and 80 % H2O for 20 second. Chemical analysis and mechanical properties commercially 
pure (CP) titanium are given in the Table 1–2 . 

        
Fig. 1  Initial microstructure of commercial pure titanium          Fig. 2 Microstructure  of titanium after cold 
                                   forming 

Table 1 Chemical analysis  titanium Grade 1, [weight %]           

Fe Al  Cr C N O Ti 
0.03 0.01 0.01 0.008 0.004 0.068 Rest. 

Table 2  Tensile properties of  titanium Grade 1after  annealing 650 Co/1 hour  (ASTM E8) 

Rp0.2 
[MPa] 

Rm 

[MPa] 
A 

[%] 
Z 

[%] 

230 375 50 72 
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3. PROPERTIES OF ULTRA–FINE GRAIN TITANIUM AND DENT AL IMPLANTS 

Ultra–fine grain titanium is characterised by exceptional mechanical properties, among which high ultimate 
strength and high yield value are of utmost importance. Strength properties of ultra–fine grain titanium must 

have the following values: Rm > 1000 MPa, Rp0.2 > 850 MPa. Apart from the tensile strength, another 
important property of dental implants is their so called specific strength (strength related to density). 
Mechanical properties of metallic material for implants are evaluated in relation to its density as so called 

specific properties. In case of classical coarse–grained titanium the relation (Rm/ρ) varies around 70 to 120 
(Nm/g), for the alloy Ti6Al4V it varies around 200 (Nm/g), and for titanium it is possible to predict the values 

Rm/ρ = 270 (Νm/g). As a matter of interest it is possible to give the specific strength also for some other 

dental materials: steel AISI 316 L: Rm/ρ = 65 (Νm/g), cobalt alloys: Rm/ρ = 160 (Νm/g), βTi (Ti15Mo5Zr): 

Rm/ρ = 180 (Νm/g). Disadvantage of dental implants based on steel or cobalt alloys is their high tensile 
modulus of elasticity: E = 200 to 240 GPa, while in case of titanium and its alloys this value varies between 
80 and 120 GPa. At present only few companies in the world manufacture commercially bulk ultra–fine grain 
materials.  

4. THE TECHNOLOGY FOR MANUFACTURE OF ULTRA–FINE GRA IN TITANIUM FOR DENTAL 
IMPLANTS 

The main objective of experiments was manufacture of ultra–fine 
grain Titanium, description and optimisation of its properties from 
the viewpoint of their bio–compability, resistance to corrosion, 
strength and other mechanical properties from the viewpoint of its 
application in dental implants. Chemical purity of semi products 
for titanium was ensured by technology of melting in vacuum and 
by zonal remelting. The obtained semi–product was under 
defined parameters of forming processed by the Equal Channel 
Angular Pressing (ECAP) technology. The output was ultra–fine 
grain titanium with strength about 1050 MPa [7].  
The obtained ultra–fine grain titanium will be further processed by 
technology (of rotation forging) and drawing to the shape suitable 
for dental implants. 

5. RESULTS  

Samples from individual heats were processed by the ECAP. The 
samples for mechanical tests and for micro–structural analyses 
were prepared from individual variants of processing. On the 
basis of the results of standard tensile tests (Fig 3 ), particularly 
the obtained strength values, several variants were chosen for 
more detailed investigation of developments occurring in the 
structure at application of the ECAP and subsequent drawing 
after heat treatment. Structure of ultra–fine grain titanium after 
application of the ECAP process is shown in the Figs. 4 – 5 . The 
structure was analysed apart from light microscopy also by the 
X–ray diffraction. Fig. 6  summarises effect of number of passes on mechanical properties. From samples 
after ECAP were also manufactured specimens for small punch tests (8 mm in diameter, 0.5 mm in 
thickness) to evaluate new correlation between standard tensile tests and small punch tests for titanium [8]. 

Small punch tests were carried out in Material & Metallurgical Research Ostrava according to accredited 
procedure at stroke rate 0.2 mm/min [9].  

a) 

b

Fig. 3  Stress – strain curve titanium: 
a) initial sample, b) after 6 passes 
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Fig. 4  Microstructure of ultra–fine grain titanium after     Fig.  5 Microstructure of ultra–fine grain titanium after 
ECAP 4 passes                                                               ECAP 12 passes 
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Fig. 6  Effect of number of passes on mechanical properties of Ti 

Results were correlated with tensile test results and are presented in Fig. 7  for yield stress and in Fig. 8  for 
tensile strength of titanium. 
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Fig. 7  Correlation for titanium yield stress                Fig. 8  Correlation for titanium tensile strength 

In the Fig. 7  and 8 is also presented correlations for steels (dashed line), that have been developed for 12 
years. From both figures is clearly seen, that origin correlation for steel cannot be used for evaluation of 
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mechanical properties of titanium by punch test, new developed correlation changed significantly probably 
due to friction coefficient effect or lattice effect. Work is still continuing to evaluate reason of this effect as 
well as to get a more results for titanium and Ti alloys. 

5.1 SEM a TEM analyse of fracture surfaces 

For detailed investigation of the samples after tensile test SEM JEOL JSM 6490L was used. Details of 
fracture areas at selected grains size are shown in Fig. 9 up to 10 . The evolution of damage and final 
fracture in ultra–fine grains titanium is only beginning to be understood. The absence of substantial 
macroscopic tensile ductility in ultra–fine grains titanium together with the observation of dimpled rupture on 
fracture surfaces leads to the hypothesis that deformation is localised). Fracture surfaces resulting from 
tensile tests have frequently shown dimpled rupture in microcrystalline titanium.  

Further, it has been shown that the dimple size is significantly larger than the average grain size; in addition 
a pair of mating fracture surfaces was shown that clearly illustrated the presence of significant stretching of 
the ligaments between the dimples that was taken to be indicative of appreciable local plasticity. An example 
of a fracture surface obtained from a tensile specimen of ultra–fine grained titanium with a grain size of 

around 250 – 300 nm is shown Fig. 5 . It reveals dimpled rupture with the dimple depth (3–4 µm) being an 

order of magnitude larger than the grain size (Fig. 9 ). When the grain size is reduced to 0.1 µm or less an in 
the case of titanium after 8 passes ECAP (Fig. 10 ). The initial structure of titanium Grade 1 and substructure 
after 8 passes ECAP is shown in Fig. 11 and 12. 

                

Fig. 9  Fracture area of the sample after 4 passes ECAP    Fig. 10  Fracture area of the sample after 8 
     passes ECAP 

                   

                Fig. 11  Substructure of titanium Gr.1            Fig. 12  Substructure of the sample after  
                               in the initial state                                      8 ECAP passes 
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6. SUMMARY  

Technology of manufacture of ultra–fine grain titanium was proposed and experimentally verified. Grain 
refinement in input materials was obtained using the equal channel angular pressing process. In conformity 
with the Hall–Petch, relation the strength properties of commercially pure titanium increased significantly as a 
result of grain refinement. The obtained mechanical properties correspond with the declared requirements. 
Ultra–fine grain has higher specific strength properties than ordinary titanium. To evaluate mechanical 
properties of Ti standards tensile tests were carried out as well as very potential method (small punch test) 
were used. New correlation has been found for titanium that differs significantly from correlation using for 
steels. Further work is necessary to get more data for new developed correlation on titanium and Ti alloys. 
Based on the experimental results can be seen that small punch tests can be using to evaluate for titanium 
especially in the case, when small amount of experimental materials is expected.  
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Abstract  

There is a growing interest in using semiconductor quantum dots (QDs) as optical labels for biosensing 
events. QDs have been linked with bio–recognition molecules such as proteins, peptides and nucleic acids, 
and have been successfully used in biological and medical fields such as immunoassay, DNA hybridization, 
cell imaging and potential photodynamic therapy. In this paper, the interaction between bovine serum 
albumin (BSA) and water soluble CdTe QDs modified with different ligands (3–mercaptoacetic acid, 
thioglycolic acid and glutathione) was studied using the fluorescence spectroscopy. It was found that the 
presence of QDs led to a strong quenching effect of BSA, which could be explained by a covalent interaction 
between the protein and the quencher, demonstrating the formation of QDs–BSA bioconjugates.  

Keywords: quantum dots, conjugation, bovine serum albumin 

1. INTRODUCTION  

Semiconductor nanocrystals, also known as quantum dots (QDs), are nano–scaled inorganic particles in the 
size range of 1–10 nm [1]. Due to their quantum confinement, QDs show unique and fascinating optical 
properties, such as sharp and symmetrical emission spectra, high quantum yield (QY), good chemical and 
photo–stability and size dependent emission [2]. So far, QDs have been linked with bio–recognition 
molecules such as proteins, peptides and nucleic acids, and have been successfully used in biological and 
medical fields such as immunoassay, DNA hybridization, cell imaging and potential photodynamic therapy 
[3]. In general, reported QD bio conjugation approaches are mainly based on bifunctional linkage (such as 
1–ethyl–3–(3–dimethylaminopropyl) carbodiimide hydro–chloride, EDC hydro–chloride), electrostatic 
attraction, and biotin–avidin interaction. However, no matter what conjugation approach is used, QDs bio 
conjugates need to be purified and characterized. The adsorption of protein molecules on nanoparticles 
(NPs) surface changes their surface functionality, which influences their behaviour in biological systems. 
Moreover, the formation of NP–protein conjugates provides NPs stability over the broad range of pH and 
ionic strengths. Smaller NPs favor native–like protein structure more strongly, whereas larger NPs provide 
larger surface area of contact for adsorbed proteins resulting in stronger interactions between proteins and 
NPs [4]. The efficiency of this interaction can be a decisive factor for the fate of a NP within the biological 
system. But at the same time, the interaction between QDs bio conjugation is of great importance in 
biological applications [5].  

BSA has been one of the most extensively studied proteins, particularly because of its structural homology 
with human serum albumin. It was often used as coating reagent to modify the surface of NPs due to its 
strong affinity to the variety of NPs, such as gold NPs, silica NPs, and QDs. Serum albumins play an 
important role in the transport of many exogenous and endogenous ligands, binding covalently and 
reversibly to these ligands and increasing the tumor selectivity of the ligands by enhanced permeation and 
retention effect. Up to now, QDs modified by BSA have been applied as ion sensors, fluorescence 
resonance energy transfer, and chemoluminescence resonance energy transfer. Moreover, due to the 
increasing extension of nanotechnology in biological sciences, it is imperative to develop a detailed 
understanding how biological entities, especially proteins, may interact with nanoscale particles [6].  
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In this paper, the interaction between bovine serum albumin (BSA) and water soluble CdTe quantum dots 
modified with different ligands (3–mercatoacetic acid, thioglycolic acid and glutathione) was studied using 
fluorescence spectroscopy. It was found that the presence of QDs led to a strong quenching of fluorescence 
emission, which could be explained by covalent interaction between the protein and the quencher, 
demonstrating the formation of QDs–BSA bio conjugates [7]. 

2. MATERIAL AND METHOD  

2.1 Chemicals  

All chemicals were purchased by Sigma Aldrich (Czech Republic) in ACS purity unless otherwise stated. 
Aqueous solutions were prepared using MilliQ water. 

2.2 Synthesis of CdTe QDs  

The procedure for synthesis of glutathione (GSH)–capped CdTe QDs was adapted from the work of Duan et 
al. [8] with slight modifications. The synthesis of 3–mercaptopropionic acid (MPA)–capped CdTe QDs and 
thioglycolic acid (TGA)–capped CdTe QDs were adapted from the work of Wang et al. [9]. Sodium telluride 
was used as Te source. Due to the fact that sodium telluride is air stable, all of the operations were 
performed in the air avoiding the need for inert atmosphere. The synthesis of CdTe QDs and their 
subsequent coating were as follows: 114 mg of the CdCl2.2.5 H2O was diluted with 25 mL of water. During 
the constant stirring, 65 μL MPA (56 μl TGA or 150 mg GSH), 25 mg of sodium citrate, 2 mL of Na2TeO3 
solution (c = 0.01 mol/L), and 10 mg of NaBH4 were added into cadmium(II) aqueous solution. 1 M NaOH 
was then used to adjust the pH to 10 under vigorous stirring. The mixture was kept at 95 °C under the reflux 
cooling for 3 hours. 

2.3 Bioconjugation of CdTe QDs  

For the conjugation of BSA with CdTe, 100 µL of 0.05 M EDC and 100 µL of 5 mM N–hydroxysuccinimide 
(NHS) were added to 500 µL of QDs redispersed in 20 mM phosphate buffer (PB) of pH 7.4 and incubated at 
32 ºC for 30 min under slight shaking conditions. 200 μL of BSA in 20 mM PB were added to the reaction 
mixture and further incubated at 32 ºC for 3 h under slight shaking conditions. The solution was kept at 4 ºC 
overnight to deactivate the remaining EDC–NHS. The unbound protein was removed by centrifugation at 
10,000 rpm for 20 min [10]. The final concentration of QDs was set to 0, 0.5, 1, 1.5, 2 and 5 mg/mL and the 
final concentration of BSA was calculated to be 15 mg/mL. 

2.4 Characterization of CdTe QDs 

Photoluminescence spectra were measured at room temperature with Fluorolog, HORIBA Jobin Yvon and 
quantum yield was calculated with Quanta φ, HORIBA Jobin Yvon. 

3. RESULTS AND DISCUSSION 

3.1 CdTe QDs characterization 

To investigate the behavior of QDs in the presence of BSA, water soluble CdTe QDs were synthesized. We 
selected three kinds of mercaptan ligands such as MPA, TGA, GSH for the preparation of QDs. The 
emission spectra of typical CdTe QDs used in this study were measured at excitation wavelength of 380 nm. 
The emission spectrum is displayed by one emission peak at 620 nm in the case of MPA–capped CdTe 
QDs, one peak at 506 nm in the case of GSH–capped CdTe QDs and one peak at 540 nm in the case TGA–
capped CdTe QDs. All peaks in characterized spectra showed a good symmetry and a narrow spectral width 
(see Fig. 1 ). The quantum yield of CdTe QDs was evaluated to be 26 % in the case of CdTe–MPA, 24 % in 
the case of CdTe–GSH and 15 % for CdTe–TGA. 
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Fig. 4 Fluorescence spectra of CdTe QDs capped with MPA, GSH and TGA 

3.2 The effect of QDs on BSA fluorescence spectra 

Fluorescence (FL) quenching efficiency and the aspect of quenching mechanism of the BSA by QDs were 
studied by FL spectroscopy. CdTe QDs were prepared in aqueous phase using MPA, GSH or TGA as a 
stabilizer, resulting in the linkage of the thiol groups to the surface of CdTe QDs by SH–Cd coordination, 
while the functional carboxylic group is free, which can be easily coupled to biomolecules with amino groups, 
such as proteins, peptides or amino acids. BSA absorption spectrum shows absorption peak in UV region at 
280 nm, and FL peak at 328 nm. It was found that the emission of CdTe QDs decreases progressively with 
increasing concentration of BSA.  

The fluorescence intensity of BSA was quenched accompanied by a slight blue shift of the maximum 
emission wavelength with increasing concentration of CdTe QDs as can be seen in Fig. 2 – Fig. 4 .  

 

Fig. 5  Emission spectra of BSA capped MPA–CdTe QDs via covalent interaction at various QDs 
concentration 
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Fig. 6  Emission spectra of BSA capped GSH–CdTe QDs via covalent interaction at various QDs 
concentration 

 

Fig. 7 Emission spectra of BSA capped TGA–CdTe QDs via covalent interaction at various QDs 
concentration 

These figures represent the emission spectra of MPA–QDs conjugation (GSH–QDs, TGA–QDs, respectively) 
with BSA via covalent interaction. The blue shift here indicated that tryptophan residue (BSA component) 
was in more hydrophobic environment due to the tertiary structural change of albumin. The intrinsic reason 
for this change might lies in the more flexible conformation of albumin adsorbed on the NPs surface, which 
favoured the access of tryptophan residues to the bulk surface of QDs [11]. The FL quenching is known to 
occur due to excited state reactions, energy transfer, collision quenching (dynamic quenching) and complex 
formation (static quenching). The last two processes are mainly considered. Both dynamic quenching and 
static quenching reveal the connection of linearity between relative FL intensity (F0/F) and QDs concentration 
[12]. The quenching of BSA FL by QDs can be described by Stern–Volmer equation: 

             (1) 
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where F0 and F are FL intensity of BSA in the absence and presence of QDs, respectively, [Q] is QDs 
concentration and KSV is the Stern–Volmer quenching constant. The F0/F ratios were calculated and plotted 
against quencher concentration according to (1). After linear fit, KSV were calculated from the slope of the 
plots [13]. The results show that the quenching constant KSV is variant with different type of QDs and the 
higher KSV is, the higher is the quenching effect [14]. The FL intensity decreased more significantly in the 
case of BSA–QDs than in the case of MPA–QDs or TGA–QDs (see Fig. 5 ).  

 

Fig. 8  Stern–Volmer plot of BSA FL quenching effect caused by CdTe QDs electrostatic conjugation with 
BSA 

These results indicated that QDs can effectively quench the FL of BSA in a ligand–dependent manner. 
Structurally, this is due to the presence of NH2 and COOH groups in the QDs capping agent, namely MPA 
(1 × COOH group); GSH (3 × NH2 and 2 × COOH groups) and TGA (1 × COOH group). Therefore hydrogen 
bonds can be easily formed between GSH–QDs and BSA. In other words, the number of amino–groups can 
strongly influence the interactions between BSA and QDs capped with GSH. Therefore, the order of 
interactions between BSA and QDs is as follows: TGA–QDs < MPA–QDs < GSH–QDs.  

4. CONCLUSION 

Water soluble CdTe QDs modified with different ligands (MPA, TGA and GSH) were prepared by a simple 
one step method using Na2TeO3 and CdCl2. The emission spectra display that the emission peak lies at 
620 nm in the case of MPA–capped CdTe QDs, at 506 nm in the case of GSH–capped CdTe QDs and at 
540 nm in the case of TGA–capped CdTe QDs. In the next stage, QDs were covalently conjugated to BSA. It 
was found that the presence of QDs led to a strong quenching of the FL emission, which could be explained 
by a covalent interaction between the protein and the quencher, demonstrating the formation of QDs–BSA 
bio conjugates. 
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Abstract  

Carbon nano–particles (CNPs) were functionalised with amine groups. They were then chemically grafted 
onto the surface of polyethyleneterephthalate (PET) and high density polyethylene (HDPE) previously 
activated in argon plasma. Transmission electron microscopy (TEM) was used to investigate the size and 
form of the CNPs, the chemical composition of the modified polymer surfaces was determined by Raman 
and X–ray photoelectron (XPS) spectroscopies and by electrokinetic analysis (zeta potential). Surface 
contact angle was measured by goniometry, surface roughness and morphology of polymers grafted with 
CNPs was studied using atomic force microscopy (AFM). Adhesion and proliferation of vascular smooth 
muscle cells (VSMC) on CNPs grafted HDPE and PET surfaces were studied in vitro. TEM results show that 
CNPs aggregate in water solution. Successful grafting of CNPs on the HDPE and PET surfaces was proven 
by XPS and Raman spectroscopies (presence of amorphous carbon in the form of sp2 hybridization) and by 
AFM. CNPs grafting on polymer surfaces led to a decrease of contact angle and a change in surface zeta 
potential. Grafting of CNPs had a positive effect on adhesion and proliferation of VSMC on the polymers‘ 
surface.  

Keywords: functionalisation of carbon nano–particles (CNPs), CNPs grafting on plasma activated polymers,  
                    surface characterization, cell adhesion, cell proliferation 

1. INTRODUCTION 

Various forms of nanostructured carbon materials have been investigated as potential structures in a number 
of biomedical applications due to their unique mechanical, electrical and biological properties. Carbon 
nanostructures can be chemically functionalised to create biomaterials with increased biocompatibility 
suitable for particular bioapplications. In order to change surface properties to increase their biocompatibility, 
CNPs can be modified via introducing functional nitrogen groups onto their surface [1].  

Beam treatment (e.g. plasma, ions, laser, etc.) of polymers leads to a cleavage of chemical bonds (e.g. C–H, 
C–C, C–O) [2–4] resulting in fragmentation of the polymer chain, ablation of polymer surface layers and 
creation of free radicals, conjugated double bonds and excessive oxygen containing groups [2]. Such 
a cleavage facilitates solubility of an initially insoluble polymer in common solvents [5] and the activated 
polymer surface can be subsequently grafted with various compounds or particles [6–8].  

The scheme of our experiments is introduced in Fig. 1 . The functionalisation and grafting of CNPs were 
studied by XPS measurement and Raman spectroscopy, TEM, AFM and electrokinetic analysis. The 
adhesion and proliferation of vascular smooth muscle cells on pristine and modified polymers were studied in 
vitro. 
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Fig. 1 Scheme of our experiments: (I) plasma treatment, (II) CNPs functionalisation, (III) grafting of activated 
CNPs on treated polymer and (IV) cell culturing 

2. EXPERIMENTAL 

The experiments were carried out on high density polyethylene (HDPE) and polyethylenterephthalate (PET) 
in the form of foils. The polymers were modified by Ar+ plasma in Balzers SCD 050 at room temperature. 

The CNPs were modified as follows:  The oxidation step (formation of –COOH groups) was accomplished by 
treatment with (NH4)2S2O8 in 1M H2SO4.  The carboxyl groups thus formed were immediately transformed to 
acyl chlorides by treatment with excess of SOCl2 in anhydrous toluene. 

Amide function formation was performed via a simple treatment of the acyl chloride with excess of 
(oligo)amine [9]. In this case, diethylene triamine was used. 

The modified CNPs were then activated in 1 mol l–1 HCl (24 hours, RT) and then rinsed with methanol. Some 
samples were placed only in a methanol solution (24 hours, RT). The plasma activated polymers' surfaces 
were grafted from a methanol solution with CNPs (24 hours, RT).  

The adhesion and proliferation of vascular smooth muscle cells (VSMC) on pristine and modified polymers 
were studied in vitro. First, the samples were sterilized for 1 hour in 70 % ethanol in a Petri dish, and then 
inserted in 12–well plates and fixed to the well bottom with plastic rings. VSMC were seeded on the samples 
with the density of 17000 cells cm–2 into Dulbecco´s Modified Eagle Minimum Essential Medium containing 
fetal bovine serum and gentamicin. The cells were cultivated on the samples for 24, 72 and 168 hours at 
37 °C, humidity 85 % and air atmosphere containing 5 % CO2.  

3. RESULTS 

According to TEM images, the size of CNPs varied from 20 to 40 nm. There were no significant differences 
in the visible structure of CNPs before and after the chemical modification.  

The chemical composition of the surfaces functionalised with CNPs was studied by XPS method. A dramatic 
increase in nitrogen concentration was observed (from 0 to 9.5 at. %), which implied the successful grafting 
of amino groups on the CNPs. After 5 min. etching,  the decrease in O and N concentration was evident, so 
it can be therefore concluded that the CNPs were functionalised on their surface. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

574 

ARXPS measurement of atomic concentrations of C, O and N in pristine polymers, plasma treated samples, 
plasma treated and etched in methanol and grafted in a methanol solution of CNPs is introduced in Table 1 . 
One can see that after the interaction of plasma activated polymer surfaces with the functionalised CNPs, 
the increase in nitrogen concentration was detected both on the surface layers and also on the very surface 
of the polymers.  

Table 1  ARXPS measurement of atomic concentrations of C(1s), O(1s) and N(1s) in (I) pristine polymers, (II) 
plasma treated sample (8 W, 300 s, sample was measured 48 hours after treatment), (III) plasma 
treated and etched i methanol and (IV) grafted in methanol solution of CNPs at different angles (0° 
and 81°) 

Sample Atomic concentrations of elements  
[at. %] 

 C(1s) 
0°         81° 

O(1s) 
0°         81° 

N(1s) 
0°        81° 

HDPE/pristine 100 100 – – – – 

HDPE/plasma 75.4 72.8 22.8 25.8 1.8 1.4 

HDPE/plasma/methanol 79.0 77.8 20.1 21.8 0.9 0.4 

HDPE/plasma/CNPs 81.4 83.7 13.5 12.4 3.9 5.1 

PET/pristine 74.4 79.4 25.6 20.6 – – 

PET/plasma 66.2 79.4 32.1 19.8 1.7 0.8 

PET/plasma/methanol 69.8 84.6 29.2 15.4 1.0 – 

PET/plasma/CNPs 75.2 77.4 19.4 18.4 2.2 4.2 

As wettability is one of the many factors significantly influencing the substrate cytocompatibility [10], the 
water contact angle (CA) of the modified polymer surfaces was studied. Measurements were performed 21 
days after plasma treatment since after this period the surface (CA) is stabilized due rearrangement of the 
treated polymer chains and their fragments. The stabilized HDPE and PET samples exhibited higher values 
of contact angles in comparison to the pristine ones. The subsequent increase of CA was apparent after 
etching in methanol due to a partial removal of degraded polar surface layer. For both polymers after CNPs 
grafting, a significant decrease of CA was visible. 

To obtain difference Raman spectra, the spectrum of plasma treated + etched in methanol samples were 
deducted from the spectra of plasma treated + grafted with CNPs polymers. The peak at position  
1550–1650 cm–1 can be attributed to CNPs, which were grafted on the surface of both polymers. 

A different behaviour of both polymers was found by electrokinetic analysis. The zeta potential of pristine 
HDPE was more negative in comparison to pristine PET, which indicated that PET was more polar than 
HDPE. While at HDPE the plasma treatment caused an increase in polar groups on the surface which 
resulted  in an increase in zeta potential, for PET the plasma treatment led to a cleavage of the original 
chemical bonds, the number of polar groups decreased in comparison to pristine PET, and so did zeta 
potential. These results were also confirmed by XPS measurement. For both polymers, grafting of CNPs led 
to an increase in zeta potential in comparison to plasma treated samples due to the presence of amino 
groups of CNPs on polymer surfaces.   
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Fig. 2  AFM images (3D) of PET: pristine, plasma treated, treated + etched in methanol and treated + with 
CNPs grafted; 2D images of PET: plasma treated + etched in methanol and treated + with CNPs grafted  

Surface morphology and roughness of pristine and modified polymers was studied by AFM method (3D and 
2D images). The AFM images of PET pristine, plasma treated, treated + etched in methanol and treated and 
grafted with CNPs were chosen, and are shown in Fig. 2 . The modification of PET by the above mentioned 
procedures had no significant effect on its surface roughness Ra. The Ra value “slightly” increased after the 
plasma treatment and surface etching, and dramatically after grafting with CNPs. After CNPs grafting, 
a more significant change in the surface morphology was apparent. 

For the sake of clarity the 2D AFM images of PET treated by plasma and etched in methanol and grafted by 
CNPs (taken in tapping and phase mode) are presented in Fig. 2 . CNPs were spread relatively 
homogeneously but created a discontinuous coverage. 
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Cell adhesion was determined as the number of cells found on the samples surface after 1day from seeding. 
The plasma treatment had a positive effect on cell adhesion. Grafted CNPs increased the cell adhesion 
compared to pristine polymer samples, but the plasma treated samples exhibited a better cell adhesion, 
probably due to a higher roughness of the samples after CNPs grafting.  

Fig. 3  The numbers of VSMCs on pristine, plasma treated and treated and with CNPs grafted HDPE and 
PET for different cultivation periods (1st, 3rd and 7th days) 

Cell proliferation was determined as a number of VSMCs found on the samples after 3 and 7 days from 
seeding (Fig. 3 ). The most significant positive effect of CNPs grafting on cells' proliferation was apparent 
after 3 days of cultivation for both polymers. A higher proliferation on these samples occurred owing to the 
formation of a discontinuous CNPs layer and a favourable combination of two factors, surface roughness 
and wettability. In comparison to only plasma treated samples, the CNPs grafting on PET had a positive 
influence on cell proliferation even after 7 days from seeding. After 3 and 7 days from the cells’ seeding on 
the samples grafted with CNPs, there were numerous and evenly distributed cells over the surface of the 
sample – a relatively homogenous cell coverage was formed.              

4. CONCLUSIONS 

The results of CNPs functionalisation, plasma treatment of polymers, grafting of activated CNPs on treated 
polymers and cell adhesion and proliferation were presented. The above described analytical methods have 
shown that the CNPs have been grafted on the polymers' surface successfully.  



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

577 

The CNPs homogeneously distributed over the polymers‘ surface could, in comparison to pristine polymers, 
have a positive effect on the interaction (i. e. adhesion and proliferation) with living cells, which could be of 
great importance for tissue engineering.                   
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Abstract   

Nowadays, in cell therapies in–vivo monitoring of target cells has become highly desirable. For this purpose 
SPIO (Superparamagnetic Iron Oxide) nanoparticles are suitable as magnetic detectable markers of the 
transplanted cells by using non–invasive magnetic resonance imaging (MRI). To improve the labeling 
efficiency of cells by SPIO nanoparticles various methods such as using transfection agents or 
electroporation have been used, however with negative impact on cell viability. In this study we introduce a 
low–intensity therapeutic ultrasound as a safe and non–invasive method for cell labeling with SPIO 
nanoparticles. The human fibroblasts alone and with addition of SPIO nanoparticles were treated by 
commercial low–intensity ultrasound (BTL 4000, USA). By changing of starting parameters such as intensity 
(from 0.1 to 2 W/cm2), exposure time (1, 3 and 5 min) and various SPIO concentrations we have found the 
optimal labeling protocol having minimal impact on cell viability and maximal MRI contrast effect. The cellular 
uptake of SPIO nanoparticles was detected by Prussion blue staining and by atomic absorption 
spectroscopy (AAS). The viability of cells was determined by using MTT test. Contrast effect of labeled cells 
was confirmed by clinical 1.5 T MRI.  

Keywords:  superparamagnetic iron oxide nanoparticles (SPIO), fibroblasts, sonoporation, MRI, cell labeling 

1. INTRODUCTION 

Ultrasound also known as sonography has become widely used as a diagnostic, surgical and therapeutic 
tool in clinical practice [1]. Another possible utilization of sonography is a labelling of cells by SPIO 
nanoparticles or transfection of drugs or genes into the cells using sonoporation. In this case the ultrasound 
transmits ultrasonic waves causing temporary changes of permeability in the cell membrane followed by 
creating membrane pores. Nanoparticles or drugs are thus easily transported through these pores from 
extracellular to intracellular area by physical effect without any chemicals.  

SPIO nanoparticles with diameter up to 100 nm are usually occurred in the form of Fe3O4 called magnetite or 
γ–Fe2O3 called maghemite [2]. For bioapplications SPIO nanoparticles should be stabilized by biopolymer 
layer of dextran, carboxydextran, starch, albumin, silicone and polyethylene glycol to prevent their 
aggregation and enabling further ligand conjugation [3].  

MRI imaging is a non–invasive diagnostic method enabling visualization also soft tissues. To enhance 
resolution and contrast of the images usage of appropriate contrast agents is required [4]. Contrast agents 
based on SPIO nanoparticles shorten T1 and T2 relaxation times of labelled tissue due to the fast proton 
relaxation. Therefore, we are able to observe contrast changes at the cellular level [5]. There are several 
commercial contrast agents based on SPIO nanoparticles depending on further application (intravenous or 
oral) [5].  

Cellular magnetic resonance imaging is a useful approach for in–vivo tracking of cells transplanted for 
therapeutic purposes. Magnetic cell labeling, which involves incorporating of magnetic nanoparticles into the 
intracellular space of the cells, is an essential step for this technique [6]. In the study of Mo et al. (2010) it 
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was observed that cell labelling with SPIO nanoparticles by using ultrasonic waves has increased efficiency 
of labelling.  

In this study we have focused on the labelling of fibroblasts cells by our new SPIO nanoparticles using low 
field therapeutic ultrasound to find out the optimal labelling protocol for future in–vitro and in–vivo studies. 

2. MATERIALS AND METHODS 

2.1 Cells culture 

Fibroblast cell line was grown under the standard conditions in a nutrient medium with fetal bovine serum 
and antibiotics (penicillin, streptomycin) in a thermostat at 37 °C, humidity 95 % and 5 % CO2. The cells 
adhered on the well plates were always passaged just before the experiment was started. First of all, the 
medium was drained out and washed twice with a phosphate buffered saline (PBS) 37 °C. Then trypsin 
EDTA solution was added in order to release the cells from the bottom of the well plates. After that it is 
necessary to check the cells by microscope in order to avoid losses since the cells in each well plate de–
adhere in a different time. The well plates were washed with PBS and all cells were put into the test tube of 
10 mm diameter and 50 mm length. Test tube with cell suspension was centrifugated at 1500 rpm for 4 min 
in a room temperature. The sample was washed by new medium and then filled up to 1 ml. The test tube 
with cell suspension was placed in a water bath. 

2.2 Superparamagnetic iron oxides nanoparticles  

Superparamagnetic nanoparticles smAM were prepared in laboratory in Regional Centre of Advanced 
Technologies and Materials (RCPTM). These nanoparticles, maghemite (γ–Fe2O3), were prepared from a 
precursor of ferrous sulphate (FeSO4) by thermally induced reactions in the aqueous phase in the presence 
of the polymer poly(acrylic–co–maleic) acid. This polymer prevents aggregation of magnetic particles during 
nucleation and also avoids a crystal growth during the synthesis. It has also free functional carboxyl groups 
with a negative charge. The mean particle size was determined as 20 nm. The particles forms regular 
agglomerates with “flower” shape with a size of about 50–100 nm. 

2.3 Ultrasound exposure 

For the experiment we used a therapeutic ultrasound 
(BTL 4000, USA). The ultrasound apparatus transmits a 
radiofrequency sinusoidal signal with appropriate 
intensity, frequency and exposure time. Frequency of 
ultrasound is adjustable to 1 MHz and 3 MHz. The 
maximum intensity is 3 W/cm2 in a pulsed mode and 2 
W/cm2 in a continuous mode. Ultrasound exposure 
scheme and its system are illustrated in  
Fig. 1 . The ultrasound exposure system consists of a 
transparent container filled with water up to its upper 

edge, then of a head for heating this water and a holder 
for test tube on the top. Waterproof ergonomically shaped 
ultrasonic probe is placed in the water bath at 1/3 height of 
the apparatus. The distance of central focal spot is 7.2 cm 
from the sound source. 

Fibroblast cells were prepared according to paragraph 2.1. SPIO nanoparticles with various concentrations 
were applied into the each test tube containing cell suspension. There were seven groups in this study: A – 
test tube with no SPIO nanoparticles; Ba – SPIO nanoparticles smAM with concentration 250 μg/ml exposed 
for 1 min; Bb – smAm 250 μg/ml, 3 min; Bc – smAm 250 μg/ml, 5 min; Ca – smAM 500 μg/ml, 1 min; Cb – 

Fig. 1 Scheme of the experimental setup for 
the low–intensity pulsed ultrasound labeling 

of cell culture 
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smAM 500 μg/ml, 3 min; Cc – smAM 500 μg/ml, 5 min. The samples in the test tube were mixed and then 
fixed in a water bath. The fibroblast cells were treated by intensity 0.1 W/cm2.  

After ultrasound exposure of the each sample (Ba – Cc) the cells were centrifugated. The supernatant was 
poured out and pellet was washed properly with PBS. This helps to remove all nanoparticles that are only 
adhered on the cell surface or nanoparticles founded just around the pellet in supernatant. Afterwards, the 
samples were centrifugated again at 6 °C. This process was repeated four times to provide a pellet 
containing only those cells having SPIO nanoparticles inside the intracellular space (Fig. 2 ). The efficiency of 
labelling process using low–intensity ultrasound was compared with a standard incubation. The process of 
incubation has been described elsewhere [6]. 

 

Fig. 2 Samples with a visible pellet after the second, third and fourth centrifugation. A – C: pellet of cells with 
no smAM nanoparticles (black arrows). D – F: pellet of cells contains smAm nanoparticles (black arrows) and 

the gradual removing of non–incorporated smAM nanoparticles (white arrows) 

2.4 Analysis of labeling efficiency with Prussian b lue staining and in vitro MRI experiment 

Cells were washed and harvested by centrifugation after sonoporation. They were seeded back into well 
plate. The cells were fixed with Prussian blue staining (Fe4[Fe(CN6)]3) and incubated for 10 min to detect the 
iron from SPIO. The blue dye was quantified using an optical microscope.  

For MRI measurement a range of concentrations input of SPIO nanoparticles labeled by sonoporation was 
setting up: c1= 35 μg Fe/ml, c2 = 100 μg Fe/ml, c3 =180 μg Fe/ml, c4 = 250 μg Fe/ml, c5 = 500 μg Fe/ml, c6 
= 1000 μg Fe/ml, c7 = 0 μg Fe/ml. Subsequently, phantoms for MRI imaging were prepared from these 
labeled cells mixing in 1 % agar. The negative contrast effect of cells was checked by clinical 1.5T MRI 
tomography. 

2.5 Measurement of iron content 

Atomic absorption spectroscopy (AAS) is a method based on absorption of optical radiation by free atoms in 
the gaseous state. This method allows determination of iron concentration in the cell sample. After 
sonoporation and centrifugation samples of cells labeled with SPIO nanoparticles were boiled within HNO3 at 
temperature 100 °C for 20 min. After that samples were diluted with distilled water up to 5 ml and measured 
by atomic absorption spectroscopy to obtain the final amount of iron in each sample. 

3. RESULTS AND DISCUSSION 

The cellular uptake of iron oxide nanoparticles was assessed visually using an optical microscope and 
detected by Prussion blue staining. The labelling efficiency was detected as a rate of blue stained cells to the 
total number of cells. We also monitored morphological changes of fibroblasts after Prussian blue staining. 
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The shape of the cells becomes rounded (Fig. 3B ). A possible explanation for this effect is that cells are 
imaged in the time when they are not fully adhered on the surface of well plate. More important is the fact 
that blue coloured part of the cell body demonstrates a presence of iron oxide nanoparticle inside the cells. 

Fig. 3  depicts nanoparticles occurred in the cells. In the case of fibroblasts after sonoporation process SPIO 
are located only in the peripheral part of the cell body in contrast to standard incubation where nanoparticles 
are centralized close to the cell nucleus of stem cells (Fig. 3A ). To gain a quantitative amount of the iron 
observed in the sample an atomic absorption spectroscopy has been used. Thus, after recalculating, we can 
get the information about the amount of the iron per one cell.   

 

Fig. 3 Optical images of cells after Prussian blue staining (A) Stem cells labeled with SPIO nanoparticles by 
standard incubation, (B) fibroblasts labeled by sonoporation. Black arrows indicate the SPIO nanoparticles 

on the surface of cells, red arrows indicate nanoparticles incorporated in the cells 

We supposed that the amount of iron per cell is going to increase with exposure time of sonoporation during 
the labelling process. However, the biggest uptake of SPIO nanoparticles occurred within the first minute. 
With used concentration of 250 µg Fe/ml and exposure time 1, 3 and 5 min we reached 4.10 pg Fe, 27.5 pg 
Fe and 2.56 pg Fe per one cell. Higher uptake of iron oxide nanoparticles was found at concentration of 500 
µg Fe/m – 8.46 pg Fe, 6.3 pg Fe and 5.8 pg Fe per one cell by using the 1, 3 and 5 min of sonoporation (Fig. 
4). 

These results show that the efficiency of labeling of cells by sonoporation is inversely proportional to the 
exposure time. However, an increasing input concentration of nanoparticles increases also the cellular 
uptake. The highest uptake of nanoparticles into the cell, 8.46 +/– 2.8 pg Fe per one cell, has been reached 
by application of 500 μg Fe/ml and exposure time 1 min. These values are comparable to the results of 
Runyang Mo et al. (2011) [7]. They observed a value of 10.38 +/– 2.43 pg Fe per cell with initial 
nanoparticles concentration of 410 µg Fe/ml. Some studies have even stated an uptake above 60 pg of iron 
per cell. But the results strongly depend on the type of used cell line, nanoparticles and also setting of 
ultrasound apparatus. For comparison, a control sample of unlabeled cells contains nearly 0 pg of iron per 
cell.  

As was mentioned above, 5 minute sonoporation caused a decrease of labelling efficiency. Runyang Mo at 
al. (2011) [7] indicates as a possible explanation that the acoustic cavitation in combination with floating 
nanoparticles can cause apoptosis. Long exposure time could also lead to transcytosis. Due to a flowing of 
water nanoparticles could be through the membrane pores also ejected out of the cells. Also saturation of 
amount of incorporated SPIO nanoparticles in the first minute could be a reason for the highest labelling 
efficiency in the first minute. Dependence of used exposure times on cell labelling is studied by Yi–Xiang J. 
Wang at al. (2010) [8]. Contrary to our results, the cellular uptake increases linearly with increasing exposure 
time [8]. But they used different parameters of ultrasound and also different SPIO nanoparaticles. 
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Fig. 4 The dependence of concentration of iron per cell on the exposure time determined by atomic 
absorption spectroscopy 

 

The results of labeling efficiency (the amount of iron per cell) by sonoporation were compared to standard 
incubation using atomic absorption spectroscopy. Fig. 5  shows the value 8,46 pg per cell in case of labeling 
by sonoporation. It is a slightly higher value then the amount of iron obtained during incubation (6.76 pg per 
cell). These results are in a good agreement with a study of Yi–Xiang J.Wang at al. (2010) [8] where they 
also found a significant advanced effect of labelling of tumour cells (osteosarcomas) by using ultrasound. 

 

Fig. 5 Comparison of the concentration of iron per one cell labeled by sonoporation (1 min) and standard 
incubation (24 h) 

Magnetic resonance imaging (MRI) with its high resolution and contrast properties provides a monitoring of 
cells labelled with SPIO nanoparticles. We have prepared a series of phantom samples differing in input 
SPIO concentration before sonoporation process. The samples c1 to c7 with concentrations of 35 to 1000 µg 
Fe/ml have the values of negative contrast as 741, 400, 391, 210, 174, 125, 1164 (agar) established from 
MRI software. Fig. 6  demonstrates the images of phantoms containing magnetically labelled cells with c1 to 
c7 SPIO concentrations. Phantom no.6 has initial concentration 1000 μg Fe/ml and achieves the biggest 
negative signal. It is therefore confirmed that with increasing concentration of iron oxide nanoparticles in 
sonoporation process increases also the content of iron per cell which mean the better MRI contrast 
properties of the labelled cells. This fact was also confirmed by atomic absorption spectroscopy and by 
Prussian blue staining. 
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Fig. 6 Negative contrast effect of cell samples labelled with various SPIO concentrations; 
 Notice: Number 7 is a blind agar sample 

4. CONCLUSION 

The purpose of this study was to optimize the cell labelling protocol with superparamagnetic iron oxide 
nanoparticles. The final parameters of the ultrasound, by which the highest value of iron (8,46 +/– 2,8 pg Fe 
per one cell) was found, were achieved as 0.1 W/cm2, 1 MHz, 1 min of exposure time and 500 μg Fe/ml of 
initial SPIO concentration. These results suggest that the low intensity ultrasound, after optimization of input 
parameters, can be used as a highly effective and non–toxic technique for labelling of cells by SPIO 
nanoparticles. 
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Abstract 

Incorporation of special biomolecules into the surface of biomaterials in order to control cell–material 
interactions is of importance for many biomedical applications, bone tissue engineering being one of a 
number. The authors of this paper propose the strategy for biomaterials biofunctionalization based on 
application of biocompatible hydrophilic polymers. In the current study the possibility to obtain the nanolayers 
of hydrophilic polymers on the ceramic and PLA–based scaffolds for bone tissue engineering is 
demonstrated. For that the physical adsorption techniques as well as covalent reactions were used. The 
ability of such hydrophilic polymers to couple biomolecules of different origin was proved.  

Keywords: biofunctional, nanolayer, hydrophilic polymers, scaffold  

1. INTRODUCTION 

Surface biofunctionalization, which is implied as attachment of biologically active structures into the material 
in order to govern its interaction with cells and to control cell growth and function, is of importance for 
application of many biomaterials [1, 2], especially for construction of scaffolds for bone tissue engineering [3, 
4]. In the latter case the introduction of adhesion motifs, such as RGD–peptides [5, 6], as well as of growth 
and differentiation factors [5, 7] is needed for induction of tissue regeneration process.  

A number of studies were performed in order to introduce reactive groups directly into the surface of 
materials [5, 8]. In most cases such approaches allowed only one biomolecules type immobilization [8, 9, 
10]. Nevertheless it is very promising to combine several biomolecules type on the scaffold surface in order 
to have more control over tissue regeneration process.  

We propose the strategy for construction of “smart” biofunctional surface which is based on the utilization of 
hydrophilic polymers bearing a number of reactive groups. Such polymers could be modified by a variety of 
biomolecules of interest resulting in construction of so–called multifunctional polymer vector. This 
macromolecular conjugate should be immobilized on the material surface in order to interact with cells.  

In this paper the attempt is made to describe how the strategy proposed could be applied for construction of 
biofunctional nanolayers on the ceramic materials as well as on the hydrophobic surface of poly(lactic acid) 
(PLA) based scaffolds. 

2. EXPERIMENTAL PART 

2.1  Materials and instruments  

All buffer salts, monomers, biomolecules and other reagents were purchased from Fluka (Buchs, 
Switzerland) and Sigma (Taufkirchen, Germany). For dialysis and separation of nonreacted ligands from 
polymer conjugates the spin–columns (VIVASCIENCE, Sartorius Group, Germany) were utilized. For 
adsorption studies, the macroporous monolithic Sponceram (Sp) (doped ZrO2 ceramic material; pore size 
600 μm; surface area ∼1.4 m2/g) kindly donated by Zellwerk GmbH (Germany) was used.  
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The 1H NMR spectra were recorded with Brucker AVANCE–400 instrument. For UV–vis and fluorescence 
measurements, the UV mini –1240 spectrophotometer (Shimadzu, Japan) and Multiscan Fluorimeter 
FLUOROSCAN ASCENT (Thermo Electron Corp., UK) were used, correspondingly. The Shimadzu liquid 
chromatograph consisted of LC–10AD pump, RID–10A refractometric detector and Waters Styragel HMW 
6E analytical column was applied for GPC analysis.  

2.2  Methods  

2.2.1 The synthesis of polymers. The polymerization of 2–deoxy–N–methacrylamidoglucose (MAG) and its 
copolymerization with O–laurylmethacrylate (LMA) was performed via free–radical reaction according to the 
previously published procedures [11]. The polymer products yields were 95–97 %. The MWs were estimated 
to be 20 kDa. In order to introduce the controllable amount of aldehyde groups the synthesized polymers 
were oxidized with sodium periodate as described earlier [11]. 

The synthesis of poly–D,L–lactic acid (PLA) for biodegradable matrices formation was performed via typical 
ring–opening polymerization procedure [12]. The reaction was conducted in the bulk of D,L–lactide in the 
presence of stannous octoate. The polymer yield was 87 %. 

2.2.2 Formation of macroporous matrices via thermally induced phase separation (TIPS) technique. In a 
glass tube 1 wt.% solution of a mixture of PLA in 1,4–dioxane containing 10 wt.% of water was prepared. 
The mixture was heated up to 65 °С and sustained during 2 hours. After that it was slowly cooled down up to 
occurrence of liquid–liquid phase separation and quenched in liquid nitrogen.The frozen solvent was 
removed by freeze–drying, leaving the porous matrix. The pore size and structure of the latter were analyzed 
by SEM. 

2.2.3. Adsorption Studies. The study of adsorption was performed at static conditions. All experiments were 
carried out via immersion of pre–weighted matrix pieces into solution of polymers in 0.01 M sodium 
phosphate buffer, pH 7.0. The adsorption proceeded at 25 ºC and slight stirring (300 rpm). 

2.2.4. PLA–based matrix aminolysis. To the 50 mg of PLA–based matrix the 1.5 ml of ethylenediamine 
solution in 0.01 M NaOH was added. The reaction proceeded at slight stirring for 1.5 h. Then the matrix was 
isolated, washed with water and ethanol, and finally dried at room temperature. The quantity of amino groups 
introduced was determined by dissolution of pre–weighted piece of matrix in chloroform and subsequent 
analytical reaction with 1–fluoro–2,4–dinitrobenzene. The adduct quantity was UV/Vis measured. 

2.2.5. Polymers modification. The construction of multifunctional polymer conjugate containing RNase, pLL, 
and RGD–peptide was performed via “step–by–step” addition of ligands to the polymer solution and using 
the quantitative methods described above. All reactions were carried out in 0.01 M sodium borate buffer, pH 
10.0. 

2.2.6. Cell adhesion. The analysis of the adhesion enhancing potential of the conjugates was carried out in 
the Institute of Technical Chemistry of University of Hannover (group of Prof. Cornelia Kasper) [13]. MC3T3–
E1 cells were used. After 1, 4 and 24 hours of cultivation the cells were fixed with ice–cold ethanol for at 
least 20 min. After that they were incubated in DAPI solution for 15 min at 37ºC. The fluorescence signal was 
measured after washing twice with PBS in the fluorescence reader at 460/360 nm.  

3.  RESULTS AND DISCUSSION  

The proposed by authors scaffolds biofunctionalization strategy (Fig. 1 ) consists in covering of scaffold 
surface with hydrophilic polymer which was preliminary coupled with special biomolecules: non–specific 
adhesion motifs (like polylysine) [4], specific adhesion factor – RGD–peptide [10] and growth factor [9]. The 
role of the latter molecules is to give the signal for the progenitor cells to attach to the surface as well as to 
initiate their growth and differentiation into specific cells to form a new specialized tissue. These processes 
are of crucial importance in the case of scaffolds for bone tissue regeneration.  
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In the current paper we are trying to show that such strategy could be applied both for inorganic and 
polyester–based scaffolding materials.  

3.1 Polymers synthesis  and macroporous matrices fabrication 

3.1.1 Hydrophilic polymer synthesis. For the proposed strategy realization the choice of appropriate 
hydrophilic polymer as well as of biomolecules covalent coupling chemistry is of crucial importance. In that 
case the use of a new type of macromolecules known as polyvinylsaccharides (PVS) [11, 14], which are 
carbon backbone polymers containing carbohydrate residues as side groups, looks very promising. 

The presence of saccharide groups in such polymers gives the possibility of forming a structure that may 
induce a significant increase of specific interactions of cells with a scaffold surface [13]. As the reactions of 
biomolecules covalent coupling should proceed at mild conditions without yielding toxic byproducts and 
considering the fact that proteins and peptides contain amino groups, aldehyde chemistry was chosen for 
this purpose. In the current study, the polymers based on 2–deoxy–N–methacrylamido–D–glucose (MAG, 
Fig. 2 ) with a controllable amount of aldehyde groups were obtained similar to earlier published procedure 
[11]. The copolymer of MAG with O–laurylmethacrylate (pMAG–LMA, Fig. 2 ) was synthesized in order to 
enhance the affinity of the polymer to the surface of hydrophobic PLA–based matrix. 

 

 

 

 

Fig. 2 Synthesis of reactive 
hydrophilic polymers for 

construction of biofunctional 
nanolayer 

The content of aldehyde groups in obtained polymers was evaluated via reaction with Schiff reagent. The 
samples of oxidized pMAG contained 20 and 30 mol% [CHO], while oxidized pMAG–LMA possess 7 and 17 
mol% [CHO]. The LMA content in pMAG–LMA copolymer was estimated via integration of 1H NMR signals, 
corresponding to terminal methyl group of lauryl residue (0.84 ppm), and was found to be about 11 mol%. 

3.1.2 Macroporous matrices. In this study commersial ceramic support Sponceram® as well as PLA based 
macroporous matrix were tested as supporting matrices. The biodegradable matrix was obtained via 
thermally induced phase separation (TIPS) of PLA solution in dioxan–water (d/w=9/1) system (Fig. 3 ). PLA 
with molecular weight 72 000 (GPC) was synthesized via ring–opening polymerization of D,L–lactide in the 
presence of stannous octoate. 

 

 

Fig. 1 The strategy of scaffolds 
surface biofunctionalization via 

construction of nanolayer as 
based on modified hydrophilic 

polymer 
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The morphologies of macroporous matrices utilized in this study are presented on Fig. 4 . One can see, that 
Sponceram possess larger pores than PLA–based material. Moreover it should be noted that Sponceram 
surface has slightly negative charge due to presence of phosphate groups of hydroxyl apatite, while PLA–
based matrices have no charge and quite hydrophobic. 

 

 

Fig. 3 Fabrication of macroporous 
matrices via thermally induced 

phase separation 

 

 A  B 

Fig. 4 Macroporous matrices used as scaffolding materials: A – Sponceram® (Zellwerk, average pore size 
determined by SEM – 600 μm); B – PLA–based matrix (average pore size determined by SEM – 25 μm) 

3.2 Attachment of hydrophilic polymers to the surfa ce: adsorption and chemisorption  

Firstly, the construction of biofunctional nanolayer was intended to be formed via physical adsorbtion of 
oxidized pMAG and pMAG–LMA on the Sponceram and PLA–based matrix, correspondingly. Nevertheless it 
was shown, that while in the case of oxidized pMAG/Sponceram system the interaction is quite strong (Fig. 
5) the adsorption of oxidized pMAG–LMA on PLA–based matrix is insignificant. 

 

 
 

Fig. 5  Adsorption isotherms for oxidized pMAG and 
pMAG–LMA on the Sponceram and PLA–based 

matrix, respectively. The adsorption time 
corresponding to the plateu on the kinetic curve was 
previously determined and was found to be 2 hours  
for oxidized pMAG/Sponceram system and 8 hours 

in the case of oxidized pMAG–LMA/PLA–based 
matrix. The experiment was performed in 0.01 M 

sodium phosphate solution, pH 7.0, at 25 °C and at 
slight stirring, 300 rpm 

Therefore the attempt was undertaken to create the covalent link between oxidized pMAG–LMA and the PLA 
surface. For that the PLA–based matrix was treated with ethylenediamine, leading to the aminolysis of the 
polyester molecules located on the surface of the matrix (Fig. 6 , A). The ammount of introduced primary 
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amine groups was evaluated via analytical reaction with 1–fluoro–2,4–dinitrobenzene and was found to be 6 
mmol/g. The capacity of activated PLA–based matrix regarding oxidized pMAG–LMA was determined from 
chemosorption isotherm (Fig. 6 , B). The calculated value Qmax = 79.1 mg/g is five times higher than in the 
case of adsorption of oxidized pMAG on the Sponceram surface (Qmax = 15.9 mg/g). Thus it might be 
concluded that strategy realization depends on the material properties. Nevertheless it is obvious that 
formation of hydrophilic nanolayers is possible via physical adsorption or by covalent reaction. 

A  B 

Fig. 6  Covalent attachment of oxidized pMAG–LMA: A – scheme of PLA–based matrix surface aminolysis 
and subsequent polymer coupling; B – chemosorption isotherm 

3.3 Biomolecules coupling, adsorption and first cel l culture experiments  

On the next step of our work we have studied the quantitative parameters of biomolecules coupling process. 
The Ribonuclease A (RNase, physical model of growth factor BMP–2), polylysine and GRGDSP–peptide 
were step–by–step coupled with the corresponding hydrophilic polymers. In order to evaluate the amount of 
ligands attached they were preliminary bound with fluorescent labels. The data obtained are presented in 
Table 1 .  

Table 1 Quntitative parameters of biomolecules coupling process during step–by–step construction of 
multifunctional polymer vector 

Initial aldehyde groups 
concentration, μmol 

Amount of attached ligand, μmol 
RNase [NH2–Lys]  GRGDSP–peptide 

oxidized pMAG  
2.43 0.06 0.21 0.24 

oxidized pMAG–LMA  
0.67 0.04 0.08 0.12 

 A B 

Fig. 7  Construction and effect of multibiofunctional surface: A – adsorption of pMAG–based multifunctional 
macromolecular conjugate on Sponceram; B – cell adhesion on Sponceram (DAPI staining) 
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One can observe that coupling of biomolecules occur on each stage, resulting in formation of so–called 
multifunctional polymer vector. The important finding of this work was that the number of reactive functional 
groups introduced on the polymer synthesis stage determines the amount and number of biomolecules that 
could be coupled to the polymer. This is the straight way from controlled chemistry to controlled biological 
properties. It appears that such stratagy works like connecting the details in „molecular meccano“.  

The obtained multifunctional conjugate was succesfully adsorbed on the Sponceram surface (Fig. 7 , A). It 
was also estimated that 34 mg of such conjugate could be coupled to the 1 g of aminated PLA–based matrix. 
The first cell culture experiments (Fig. 7 , B) allow one to observe that the adsorbed conjugates can distinctly 
affect the osteoblast progenitor cell adhesion process. Moreover, the synergic effect was observed when 
both polylysine and GRGDSP–peptide were introduced into biofunctional nanolayer.  

CONCLUSION 

The strategy of construction of biofunctional nanolayers as based on application of hydrophilic 
polyvinylsaccharides was realized. It was shown that both adsorption and chemisorption could be utilized for 
polymer attachment to the surface, depending on scaffolding material type. The hydrophilic macromolecules 
were modified by different biomolecules and first cell culture experiments indicated the fact that proposed 
nanolayers could benefit the scaffolds for bone tissue regeneration. 
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Abstract  

Wet electrospinning technology uses a liquid collector instead of solid metal collector. The contribution 
describes a wet electrospinning technology for polycaprolactone bulky fibrous material. The materials are 
compared with fibrous layers electrospun onto metal plate collector and with materials electrospun from 
different solvent system into different liquid collectors systems. The final fibrous materials scanning electron 
images discovered dual structures of wet electrospun materials (combination of nanofibers and microfibers). 
The usage of these materials leads mainly to the tissue engineering, where the dual fiber diameter structure 
can offer better mechanical properties and bigger pores but still good cell adhesion. The initial in–vitro test of 
the best fibrous materials produced by wet electrospinning is introduced here too. 

Keywords: wet electrospinning, nanofibers, polycaprolactone 

1. INTRODUCTION  

Wet electrospinning is a modification of well–known method for nanofibrous materials production – 
electrospinning. The modification is based on a usage of a liquid reservoir collector instead of solid mostly 
metallic collector. The first descriptions of such set up were focused to production of three dimensional 

nanofibrous scaffold [1, 2]. The bulky nanofibrous materials by classical electrospinning method is not easy 
and can provided by special patterned collectors [3], usage of porogen particles in between nanofibers, 

usage of chemical blowing agents [4] etc. Wet electrospinning is relatively easy and effective method how to 
produce three dimensional (sponge like) materials without sophisticated machine devices and without 
special chemical additives in between or inside nanofibers. The main application of such materials is in 
tissue engineering. The presenting research is focused on polycaprolactone wet electrospinning with 
water/etanol mixtures as a liquid collector and its comparison with electrospinning onto plate metal collector.  

2. MATERIALS AND METHODS  

Poly–ε–caprolacone (PCL) with molecular weight Mw=48,000 – 90,000 g/mol by Sigma Aldrich solved in 
chloroform/ethanol (9:1 by weight) mixture was solved for 24 hours at magnetic mixer. The final 
concentration of polymer in the solution was 15wt% Solution of PCL in chloroform only was used for 
comparison. When wet electrospinning method was applied, pure distilled water, pure ethanol and mixtures 
of water/ethanol (9:1; 8:2; 7:3; 6:4; 5:5; 4:6; 3:7; 2:8; 1:9, in the weight ratio in all cases) were used as a 
liquid collector. The electrospinning device consists of syringe ended by metal needle with internal diameter 
0.9 mm connecting with a positive high voltage source (Spellman SL 150) and placed in the feeding device 
(KDScientific KDS–100) and a grounded collector based on a metal plate placed inside a reservoir with a 
collector liquid. Parameters of the electrospinning were found at the previous experiments: positive voltage 
20 kV; distance between needle end and collector liquid level 100 mm; pool depth 10 mm; feeding velocity 
7 ml/h. After electrospinning, the final samples were dried at laboratory temperature (20 °C) and air humidity 
(60 % RH).  
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3. RESULTS AND DISCUSSION 

All materials electrospun into the liquid collector have the similar surface density about 6 gm–2. The scanning 
electron microscope images show the double diameter of fibers in the materials produced by wet 
electrospinning. After the diameter measurement, the decreasing number of fibers with the smaller diameter 
with increasing ethanol in the collector liquid was found. The creating of 3D structure was found only from 
the liquid collector water/ethanol 8:2, 9:1 by weight and ethanol only. Usage of other liquid collectors leads to 
the fibers capture onto liquid level only. The results of course correspond with surface tension of the liquid 
reservoir. The electrical conductivity of the liquids used as a collector decreasing with increasing ethanol 
amount in the solution. According the images description, the best collector liquid was chosen as 9:1 

chloroform/ethanol by weight (conductivity 1.2 µS/cm; surface tension 26 mN/m). The scanning electron 
images of selected electrospun materials are shown in Fig. 1 . The graph of fiber diameters of the selected 
material electrospun into the collector  

 
Fig. 1 Scanning electron images of the electrospun fibrous materials: wet electrospun PCL (from 

chloroform/ethanol solution) fibrous material into water/ethanol 1:9 (a and b); PCL material electrospun onto 
metal plate collector (c). Scale is 120 µm (resolution 1,000x) in the upper images; 20 µm (resolution 5,000x) 

in the lower images 

liquid (ethanol/water 9:1 by weigh) is in Fig. 2 . The liquid collector was chosen as the best one for its clear 
dual structure and creating bulky material thanks to fiber immersing into liquid collector easily. According 
images and the graph the double fibrous structure is clearly visible. Doubled structure of fibers (see Fig. 1a 
and b ) is obviously caused by solvent mixture (chloroform/ethanol) used in the study. Chloroform is solvent 
for PCL, but ethanol is not. Thus there can be explained that the structure with micro and nanofibers is 
creating in the electrospinning area, where not only whipping is presented but also a dividing of polymer 
liquid jet before the fibers attaching of collector. The polymer solution jet dividing during electrospinning 

process was already described for some polymer solutions, including PCL [5]. 
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Thanks the wet electrospinning application (liquid collector usage), the solidification of fibers with higher 
diameter in the liquid of collector exists there and thus the instability does not lead to the bigger fiber dividing 
to the spherical polymer bodies, as it is visible at the sample electrospun to the metal plate collector without 
any liquid (Fig. 1 c ).  

 
Fig. 2  Histogram of fiber diameter in the PCL fibrous material electrospun into the liquid collector 

(ethanol/water in weight ratio 9:1) 

 

Fig. 3  Scanning electrone images representing wet electrospun PCL fibrous material (electrospun into 9:1 
ethanol/water solution) without cells (a) and the material with 3T3 fibroblasts after 2 (b); 7 (c) and 12 (d) days 

of incubation. Magnification is 1,000x for all images, scale represents 110 µm in (a) and (d) and 120 µm in 
(b) and (c) micrograph 
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Such materials can be used as a scaffold for tissue engineering. The bigger diameter of fibers, brings better 
mechanical properties and larger pore size important for three–dimensional structure cell populating and 
fibers of smaller diameter ensure good adhesion of cells inside the scaffold. The optimal material for in–vitro 
tests as a scaffold for tissue engineering was chosen material electrospun into the liquid reservoir 
ethanol/water with weight ratio 9:1. To verify the ability about using prepared nanofiber structures in tissue 
engineering has been carried out biological/in vitro test with cultivation 3T3 mouse fibroblasts. The cultivation 
was carried out for twelve days and samples were continuously monitored. The cell proliferation onto the wet 
electrospun substrate was performed using the indirect method (MTT test). A Successive substrate 
colonization by cultured cells was monitored by scanning electron microscopy. From the images in Fig. 3 , a 
gradual cell cultures increase is visible. After twelve days, the substrate is practically homogeneously 
populated by cell culture. 

4. CONCLUSIONS  

The main result of the study is the description of the dual fibrous structures, where microfibers and 
nanofibers presents uniformly in all the sample with three–dimensional structure produced from PCL by wet 
electrospinning into ethanol/distilled water mixture. The material was pretested for its usage in tissue 
engineering. For future publication, we have already prepared theoretical explanation of the fiber capturing 
on the liquid collector surface or its immersing into the liquid collector and three–dimensional structure 
creation based on a solution of a lift force on a partly submerged cylinder in a liquid. Other theoretical 
solutions relate to explanation of Plateau–Rayleigh instability evolution during wet electrospinning. 
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Abstract  

Physico–chemical interactions in hyaluronan–surfactant system result in nanoparticles formation which can 
be used in targeted delivery of hydrophobic active substances, drugs, in particular. These micellar 
aggregates have a core–shell like structure consisting of a hydrophobic inner core containing aggregated 
surfactant molecules and a hydrophilic hyaluronan shell layer. 

The aim of our study was to prepare hyaluronic acid nanoparticles based on electrostatic interactions with 
oppositely charged molecules.  

Particles were investigated using dynamic light scattering and Laser Doppler Velocimetry methods. Size 
distribution and zeta potential measurements were utilized to explore the formation of complex micelles. 
Formation of nanoparticles was achieved by addition of different volume ratio of negatively charged 
hyaluronan and positively charged surfactant. Particles were prepared in aqueous solution as well as in 
0.15 M sodium chloride solution (physiological solution).  

Polydisperse character of the hyaluronan–surfactant system was detected. Particle size in the water solution 
was in the range from 100 to 2 000 nm and size distribution of particles in the sodium chloride solution was 
in the range from 20 to 50 nm and from 200 to 1 000 nm.  

Particles size distributions depend on type of solvent, molecular weight of hyaluronan and charge ratio of 
components of the hyaluronan–surfactant system. Aggregates formation is influenced by preparation of the 
system. Stability of the micellar particles depends on zeta potential value.  

Keywords: hyaluronan, surfactant, nanoparticles, dynamic light scattering, zeta potential 

1. INTRODUCTION  

Hyaluronan is a naturally occurring linear polysaccharide. It is a negatively charged biopolymer possessing 
one carboxylate group per disaccharide repeating unit (D–glucuronic acid and N–acetyl–D–glucosamine 
residues linked by β(1–4) and β(1–3) bonds). Despite the simple primary hyaluronan structure this molecule 
has very different biological effects depending on the molecule size and spatial arrangement. Hyaluronan 
can be found primarily in the extracellular matrix of all higher organisms, especially in connective tissues, 
synovial fluid, and eye vitreous and is produced by certain bacterial strains. Hyaluronan is therefore an 
attractive building block for new biocompatible and biodegradable materials that could have applications in 
drug delivery, tissue engineering, wound healing or surgery [1]. 

Hyaluronan cannot be directly used to carry nonpolar substances (hydrophobic drugs e.g. for fighting cancer) 
due to its highly hydrophilic character and large hydration shell. A combination of hyaluronan with surfactant 
may lead to formation of associates in which the surfactant hydrophobic domains solubilize hydrophobic 
substances and hyaluronan plays a role of biocompatible carrier and targeting agent [2–4]. 

Complex formation between a charged polymer and an oppositely charged surfactant occurs via two 
mechanisms. First, an ion–exchange process, second, at higher surfactant concentration, cooperative 
binding. As the ratio of surfactant molecules to charged sites on the polyelectrolyte approaches unity, 
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precipitation of the complex occurs due to charge neutralization of the polyelectrolyte and to the hydrophobic 
nature of the bound surfactants, which adopt a conformation in which their ionic headgroups are effectively 
removed from the solution. On addition of further surfactant, the insoluble polymer–surfactant complex 
redissolves. This is due to cooperative binding of surfactant molecules on the polymer chains, whereby 
hydrophilic micelles are formed [5, 6].  

Polymer–surfactant interactions were subject of several previous studies and hyaluronan interactions with 
cationic surfactants were studied as a specific case of general polyelectrolyte–surfactant interactions to 
elucidate their phase behavior and physical causes of their interactions including the effect of electrolytes [7–
9].  

Dynamic light scattering method is one of many techniques for study of polyelectrolyte–surfactant interaction 
[10, 11]. Self–assembly behavior between hyaluronan and surfactant was studied using dynamic light 
scattering method, zeta potential and turbidity measurements [12]. Results confirmed that these systems are 
formed due to electrostatic interactions and it depends on molar ratio of components.  

2. MATERIALS AND METHODS 

Hyaluronan (as sodium salt of hyaluronic acid; HyA) at different molecular weights (in text below) was 
purchased from CPN, Ltd., Czech Republic. Cationic surfactant cetyltrimethylammonium bromide (CTAB) of 
the best available purity was purchased from Sigma–Aldrich, Czech Republic.  

Stock solutions of hyaluronan and CTAB were prepared in aqueous solution and in 0.15 M sodium chloride 
solution. All stock solution were prepared by slow dissolution of powdered substances upon stirring and left 
stirred for 24 hours to ensure complete dissolution.  

Formation of hyaluronan–surfactant nanoparticles was achieved by mixing of different volume ratio of 
negatively charged hyaluronan and positively charged surfactant. Different charge ratios of components 
were achieved by this. Preparation of hyaluronan–surfactant nanoparticles was performed using molecular 
weight of hyaluronan 106 and 1390 kDa and concentration 1 g·l–1. At first hyaluronan was added dropwise 
into surfactant solution, afterwards surfactant was added dropwise into hyaluronan solution. The presence of 
turbidity in the sample volume was observed and it indicates the occurrence of micro– and nanoparticles in 
the system.  

Titrations of substances were performed for investigation of interactions between hyaluronan and surfactant. 
Surfactant or hyaluronan was used as titrant. Isoelectric points (point of zero charge) were determined and 
compared. In the case of surfactant as titrant, concentration of surfactant titrant was 5 mM and hyaluronan 
concentration was 15 mg·l–1. In the case of hyaluronan as titrant, concentration of hyaluronan titrant was 
1 g·l–1 and surfactant concentration was 1 mM. Initial volume of components was 10 ml. Hyaluronan was 
used at two molecular weights, 117 kDa and 1670 kDa.  

Finally colloids were characterized by dynamic light scattering and laser Doppler Velocimetry methods. Size 
distribution (correlation function) and zeta potential measurements were utilized to explore the formation of 
complex micelles. All measurements were performed using Zetasizer Nano ZS (Malvern Instruments). All 
Zetasizer units provide a Z–average figure which is the intensity weighted mean hydrodynamic size of the 
ensemble collection of particles measured by dynamic light scattering. Z–averages of size distribution were 
compared and plotted. 

3. RESULTS AND DISCUSSION 

3.1 Behavior of hyaluronan in solution 

According to autocorrelation function and related size distribution of sample we can conclude about quality of 
samples and interpret any problems with the samples. Hyaluronan aqueous solution is very polydisperse and 
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this polydispersity increases with its molecular weight. Higher concentration of hyaluronan and use of 
0.15 M NaCl solution as dissolving agent leads to form of more stable dispersion containing smaller 
nanoparticles. Low molecular weight and low concentration of hyaluronan in aqueous solution shows a poor 
autocorrelation function owing to massive hydration shell creating a large “watery” random coil with refractive 
index close to surrounding environment. Particle size values of hyaluronan in aqueous solution are 
significantly deviate from average value. Addition of sodium and chloride ions into hyaluronan solution leads 
to contract of hyaluronan molecule and form more compact coil. 

Zeta Potential is an important tool for understanding the state of the nanoparticle surface and predicting the 
long term stability of the nanoparticle. Zeta potential of hyaluronan solution in water is about −50 mV which 
means high degree of colloid stability of hyaluronan solution itself i.e., the solution is resist aggregation. 

 

Fig. 1 Example of autocorrelation function of hyaluronan solutions 

3.2 Preparation of nanoparticles 

Formation of hyaluronan–surfactant nanoparticles is conditioned by volume ratio or more precisely charge 
ratio of mixing component, type of solvent, molecular weight of hyaluronan and concentration of surfactant 
stock solution.  Aggregates formation is influenced by preparation of system, too. Different particles are 
formed if hyaluronan is added to surfactant solution or vice versa.  

In the case of addition of low molecular weight hyaluronan to surfactant solution, local turbidity was observed 
already after addition of first 30 µl of hyaluronan solution. Turbidity increases with increasing added 
hyaluronan volume. Decrease of charge ratio at fixed surfactant concentration results in more intensive 
turbidity. Turbidity indicates presence of micro– and nanoparticles in the system. High molecular weight of 
hyaluronan causes more intensive turbidity than in the case of low molecular weight hyaluronan. It was found 
that formation of nanoparticles is influence by charge ratio of components and also initial concentration of 
surfactant.  

The other way to formation of hyaluronan–surfactant micro– and nanoparticles is addition of surfactant into 
hyaluronan solution. In this case, formation of particles in the system occurred at higher volume 
(concentration) of added surfactant solution. If we add hyaluronan into surfactant solution, formation of 
aggregates occurs already after addition of first 30 µl of hyaluronan solution, i.e. at higher charge ratio of 
components. This may be caused by excess of surfactant in the system. Micelles are present in the system 
and hyaluronan interact with them for creation of turbidity. When we add surfactant into hyaluronan solution, 
more intensive turbidity occurs after achievement of lower charge ratio. In this case, at first surfactant 
saturates surface of solution and afterwards micelles are formed. These micelles can interact with 
hyaluronan in the solution. It was found that the most intensive turbidity is created at slight charge excess of 
hyaluronan. Higher molecular weight of hyaluronan results in more intensive turbidity, too.  
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3.3 Titration 
Titration was performed using hyaluronan or surfactant as titrant. In the case of surfactant as titrant, zeta 
potential increases mostly linearly during the titration. Initial zeta potential value of low molecular weight 
hyaluronan was about −40 mV, for high molecular weight was about −20 mV. Isoelectric point or more 
precisely point of zero charge shows concentration of surfactant when positive charge of surfactant equals to 
negative charge carrying on hyaluronan chain. It was found that measured isoelectric point does not 
correspond to theoretical isoelectric point supposing 100 % dissociation of carboxylate groups of hyaluronan 
chain. Isoelectric point occurred at much lower surfactant concentration. It means that less than 100 % of 
hyaluronan carboxylate groups dissociate, practically less than 50 %. Measurements of size distribution of 
aggregates in the system were performed, too. It was found that size distribution of particle increases in point 
of zero charge or just before achievement of point of zero charge which means at slight charge excess of 
hyaluronan. The colloidal system exhibits in this point zero zeta potential and minimum stability. 
When hyaluronan was used as titrant, initial zeta potential value of surfactant was about 20 mV. Zeta 
potential decreases linearly during the titration. Point of zero charge was found at lower hyaluronan 
concentration than theoretical value if 100 % dissociation is assumed. It was found that only 20 % 
carboxylate group was dissociated. Increase of size distribution of aggregates before isoelectric point was 
observed, too.  

     

Fig. 2 Additive titration graph for experiments using surfactant or hyaluronan as titrant. For experiments was 
used low molecular weight hyaluronan. Axis x indicates concentration of titrant; surfactant concentration 
(mM) for the case of surfactant as titrant and hyaluronan concentration (g·l–1) for experiments in which 

hyaluronan was used as titrant. Dashed lines show found isoelectric points 

   

Fig. 3 Additive titration graph for experiments using surfactant as titrant (left) or hyaluronan as titrant (right). 
For experiments was used high molecular weight hyaluronan. Dashed lines show found isoelectric points  
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4 CONCLUSION 

Polydisperse character of hyaluronan was detected using dynamic light scattering measurements. It was 
found that the dissolution of hyaluronan in the sodium chloride solution gives us the smaller particle size in 
opposite to particle size obtained from the same concentrations of hyaluronan dissolved in water. 
Furthermore, it was found that systems consisting of cetyltrimethylammonium bromide and hyaluronan form 
particles in units of hundreds of nanometers, the particle size in sodium chloride solution were smaller than 
the same systems dissolved in aqueous solution. 
Pilot titration experiments were performed to investigation of interaction between hyaluronan and opposite 
charged surfactant. Increase of aggregates size was observed near point of zero charge. The hyaluronan–
surfactant system exhibits in this point zero zeta potential and minimum stability result in phase separation. 
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Abstract  

The aim of this work was the synthesis of silver nanoparticles using two types of tannins, hydrolysable and 
condensed, and comparing the properties of incurred colloids. Both tannins are powerful antioxidants 
(reductants) which differ in their chemical structure as well as certain properties, which influences the 
formation of silver particles as well as the composition and properties of the resulting mixture. 
There was compared the size and stability of reduced silver nanoparticles according to the type of tannin and 
the concentration of silver and further measured the residual antioxidant capacity of tannins in these 
solutions.  

Keywords: silver nanoparticles, tannins, antioxidant 

1. INTRODUCTION 

Silver nanoparticles are widely used in many fields, such as optics, electronics, chemical catalysis and in 
biological applications. Biogenic synthesis of silver nanoparticles is based on the reduction of Ag+ ions by 
enzymes of some microorganisms or by various natural substances and plant extracts. Preparation of silver 
nanoparticles in aqueous solution using reducing properties of tannins is one of many possibilities of their 
„green synthesis“. These preparation methods are very environmentally friendly because they are prepared 
without using hazardous chemicals. 

1.1 Antibacterial properties of silver 

At a time when it is difficult to develop new antibiotics against increasingly resistant bacterial strains, silver 
nanoparticles come more and more to the forefront of medicine, mainly because of their high antibacterial 
properties. Bacteria are very sensitive to the action of silver ion at very low concentrations (35 ppb) [1], 
because they are very reactive and react with proteins and enzymes in the cell wall as well as cytoplasm, 
they also react with nitrogen bases of nucleic acids and thereby destroy particularly simple microorganisms 
structurally and functionally. But even here there is some risk of possible bacterial resistance, as many 
bacteria possess detoxifying mechanisms having evolved against heavy metal ions. 

The metal form of silver has unlike the ionic form relatively low cytotoxicity and high biocompatibility, which is 
very favorable from the viewpoint of potential environmental toxicity of silver nanoparticles. The mechanism 
of antibacterial activity of nanosilver metal is not entirely clear, but it is certain that the antibacterial activity of 
silver particles increases with a decrease in their size and it has been demonstrated that an important role 
has also the particle morphology. Most effective are silver nanoparticles of size about 25 nm; their 
antibacterial activity is very close to the antibacterial activity of silver ions. [2] 

1.2 Tannins 

Tannins are water–soluble plant polyphenolic compounds located in various parts of plants, such as wood, 
bark, fruit peels, pods, leaves, roots and plant galls. They provide typical phenolic reactions such as proteins 
coagulation and chelation of metal ions, in which are predominantly applicable hydroxyls in the ortho–
positions. They are also powerful antioxidants (reductants) capable of eliminating reactive unpaired electrons 
in oxygen radicals by delivery of electrons which are in sufficient quantities in many hydroxyl groups. 
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Similarly, they are able to provide electrons for the reduction of Ag+ ions at the atomic silver. The principle of 
this mechanism is similar to so–called Tollens reagent (ammoniacal solution of silver ions), which is used for 
example for the identification of reducing substances such as aldehydes. In the case of tannins, phenols are 
oxidized to quinones or quinoid structures. 

Tannins are generally divided into hydrolysable ones whose monomer units are gallic and ellagic acid. Their 
typical example is tannic acid which was first described in the extract from the Chinese sumac. This 
substance is part of pharmacopoeias since the middle of last century and has proven antibacterial effects, 
but it is also suspected of hepatotoxicity and cytotoxicity. [3] 

Condensed tannins are the second group of tannins, so called proanthocyanidins, whose monomer units of 
flavanols are combined by fixed covalent bonds. They occur typically in the peels and seeds of grapevine 
and arise by similar metabolic pathways such as anthocyanins contained in red wine. These tannins are due 
to covalent bonds more stable than the hydrolysable ones and as polyphenols they have with them also 
other comparable properties – astringent, antioxidant and complexation ones – without their cytotoxicity 
being reported. [4] 

The combination of vegetable tannins with silver nanoparticles extends their treatment options, especially 
extends a spectrum of their antibacterial effect. 

2 EXPERIMENTAL PART 

2.1 Material 
Silver nitrate, AgNO3 , M=169,87 g/mol (Lach–Ner) 
Sodium carbonate anhydrous, Na2CO3 (Lach–Ner) 

Tannin grape – product with high content of condensed tannins for viticultural use (Erbslöh) 
Tannic acid, 1 701.20 g/mol C76H52O46 (Sigma–Aldrich) 
Stable radical 1,1–diphenyl–2–picryl hydrazyl, DPPH (Sigma–Aldrich) 
Ethanol p.a. 96 % (Lach–Ner) 

2.2 Devices 
VIS spectrophotometer Helios Epsilon (Thermo Scientific) 
Zetasizer Nano ZS (Malvern) 
Dyeing apparatus Ahiba Nuance ECO (Datacolor) 

2.3 Methods 

2.3.1 Preparation of samples 

There were prepared solutions of AgNO3 at a concentration of 6.00, 0.60, 0.06 and 0.006 mM/l, solutions of 
tannic acid (TA) and of Tannin Grape (mixture of condensed tannins, CT) at concentrations of 1.00 and 0.10 
g/liter. In case of the tannic acid this corresponds to a concentration of 0.60 and 0.06 mM/l. Since the CT 
solution of unknown composition was prepared from the same weight as the amount of TA, there will be both 
tannins for simplification further mentioned at molar concentrations that correspond to TA. 

1 g of crushed dried seedless grapes was for 1 hour boiled at 100 °C in 100 ml of distilled water in a closed 
cartridge of dyeing apparatus with microwave heating. The acquired extract (E) was used as a source of 
condensed tannins for comparison with Tannin Grape product. Mixing the solutions of silver ions and tannins 
in ratio 1:1, incurred solutions at half concentrations (TA/Ag, CT/Ag and E/Ag). The resulting mixtures were 
adjusted by adding sodium carbonate solution to approximately pH 7. The presence of silver nanoparticles 
indicates a change in solution discoloration (various shades of yellow, brown to gray or black colour), which 
is dependent primarily on the size of the resulting particles and their aggregation. The size and stability of the 
particles were measured after about 2 hours at room temperature. 
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2.3.2 Size of silver nanoparticles 

Size of silver nanoparticles was measured by Zetasizer Nano device using dynamic light scattering. The 
particles are illuminated by a laser and the analysis of fluctuations in scattered light intensity (large particles 
scatter more light than small particles) states Brownian motion of particles in relation to the size of the 
particles. The instrument measures particles in the range of 0.6 nm to 6 microns. 

2.3.3 Stability of silver nanoparticles 

The stability of colloidal silver nanoparticles is another application of apparatus Zetasizer Nano, which 
measures the zeta potential by means of laser Doppler electrophoresis. The stability of nanoparticles 
depends on the ratio between attractive (Van der Waals forces) and repulsive interactions (electrostatic 
repulsive forces). In ionic silver state predominate the repulsive forces among particles that keep colloidal 
solution homogeneous and stable. The neutral atoms form gradually weakly cohesive agglomerates, or 
formation of tightly associated aggregates of colloidal particles. Metal colloids are generally less stable than 
colloids of conductive materials due to their easy polarizability. 

The size of electrostatic repulsive forces of colloidal nanoparticles (namely size of the electric charge on the 
surface) cannot be measured directly, so it is used an indirect method of measuring of so–called zeta 
potential. Zeta potential is related to electrokinetic phenomena (e.g. electroosmosis or electrophoresis) that 
occur in an interaction of charged colloidal particles with electric field. Zeta potential is measured at the 
interface of liquid and at the outside part of the electrical double layer of colloidal particles (so–called slipping 
plane).  

The size of the zeta potential indicates a possible stability of the colloidal systems. If all the particles in the 
suspension have a large negative or positive zeta potential, then they will tend to repel each other and the 
system is relatively stable. However, if the particles have low values of zeta potential, then outweigh 
attractive forces between the particles of electrorepulsive forces and particles tend to aggregate and 
flocculate. In general, the boundary between stable and unstable suspension is considered to be the value of 
zeta potential of ±30 mV. Values from 0 to ±10 mV indicate the rapid coagulation or flocculation. 

2.3.4 Antioxidant activity of tannin/silver mixture  

Dissolving 10 mg of the stable radical DPPH in 150 ml of 96 % ethanol created dark purple solution with the 
absorbance about 1.7 AU at the absorption maximum 517 nm. A degression of DPPH is occurred by adding 
of antioxidant. This is reflected by differently rapid discoloration of the violet solution from decrease the 
intensity of purple until the yellow colour which is also associated with a decrease in absorbance at 517 nm. 
100 µl of sample was added to 2 ml of DPPH in the cuvette, every 5 minutes the solution was mixed 
thoroughly and after 15 minutes was subtracted the decrease from the initial absorbance. Each 
measurement was performed 5 times and calculate the average value. 

2.4 Results 

Results in Table 1–4  indicates that: 

• Size of the silver nanoparticles reduced by tannic acid and by mixture of condensed tannins is by 
using of comparable concentrations fundamentally not different. 

• With the decrease in the concentration of silver ions in the mixture with tannin increases the size of 
created silver nanoparticles. 

• With increasing concentrations of tannin in the mixture increases the size of created silver 
nanoparticles.  

• Higher concentration of tannin in the mixture leads to the formation of more stable colloid. 

• When using an aqueous extract of grape seeds there are forming colloidal particles at a size of 
hundreds of nanometers. This colloid has high stability which is probably due to the content of other 
ballast substances (such as carbohydrates), which stabilize the colloid.  
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• Antioxidant strength of tannin in a mixture with a molar ratio of 1:10 (tannin: AgNO3) decreased by 
reduction of silver ions to about half and this value further slightly decreased after 2 hours compared 
to colloid 30 minutes old. At the molar ratio of 1:100 is the antioxidant activity of tannin by reduction of 
silver completely spent. (Table 4 )  

• The optimum molar ratio for the synthesis of particle size (which was reported as the most effective for 
their antibacterial activity about 25 nm), lies between 1:1 to 1:10 (tannin: AgNO3). 

Table 1  Silver nanoparticles reduced by tannic acid 

Concentration of tannin 
(mM/l) 

Concentration of AgNO 3 
(mM/l) 

Molar ratio 
(tannin:AgNO 3) 

Size 
(nm) 

Zeta potential 
(mV) 

     0.3 3 1:10 18.0 –19.1 
0.3 0.3 1:1 40.8 –28.4 
0.3 0.03 10:1 63.5 –29.9 

0.03 0.3 1:10 14.0 –9.5 
0.03 0.03 1:1 23.8 –7.3 
0.03 0.003 10:1 50.2 +1,6 

Table 2  Silver nanoparticles reduced by condensed tannins (Tannin Grape) 

Concentration of 
tannin (mM/l) 

Concentration of 
AgNO 3 (mM/l) 

Molar ratio 
(tannin:AgNO 3) 

Size (nm) Zeta potential 
(mV) 

  /;   

0.3 3 1:10 86.0 –15.0 

0.3 0.3 1:1 40.0 –26.7 

0.3 0.03 10:1 56.6 –22.6 

0.03 0.3 1:10 16.0 –6.4 

0.03 0.03 1:1 31.0 –2.4 

0.03 0.003 10:1 45.6 –1.4 

Table 3  Silver nanoparticles reduced by extract from grape seeds 

Conc. of the extract 
from seeds (g/l) 

Concentration of 
AgNO 3 (mM/l) Size (nm) Zeta potential (mV) 

    

5 0.3 200.0 –30.3 

5 0.03 498.0 –30.3 

1.7 0.3 175.0 –35.9 

1.7 0.03 500.0 –33.6 

Table 4  Changes in antioxidant activity of tannin/silver mixtures 

Molar ratio 
(tannin : AgNO 3) 

TA (30 min.) 
ΔA517 (AU) 

TA (120 min.)   
ΔA517  (AU) 

CT (30 min.) 
ΔA517 (AU) 

CT (120 min.)   
ΔA517  (AU) 

     

BLANK 0.464 (TA/DV) 0.442 (TA/DV) 0.422 (CT/DV) 0.398 (CT/DV) 

10:1 0.446 0.420 0.410 0.380 

1:1 0.402 0,366 0.358 0.340 

1:10 0.260 0,244 0.238 0.211 

1:100 0 0 0 0 

ΔA517 (30 min.), ΔA517 (120 min.) … decrease in absorbance of DPPH solution (initial value 1.7 absorption 
units), after adding 100 µl of colloid, which was 30 or 120 minutes old. 
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BLANK …. (mixture tannin/distilled water), ie. decrease i n absorbance of DPPH solution by tannin 
before the reaction with silver. 

TA … tannic acid, CT … condensed tannins (Tannin Grape), DV … distilled water. 

3. CONCLUSION 

Experiments performing at pH 7 showed no major differences in the size of silver nanoparticles prepared by 
hydrolysable and condensed tannin. At the molar ratio of tannin and silver ions in a mixture of 1:1 to 1:10 
were forming sufficiently small silver nanoparticles while maintaining roughly half of the antioxidant ability of 
tannin against the original value. This study was conducted as part of the development of textile materials for 
primary protection and the treatment of wounds where tannins are of very good use. Tannins may have a 
beneficial effect on wounds closure, are suitable anti–flammatory and destruct free oxygen radicals in the 
wound. Tannic acid itself has proven antibacterial effects which may the silver nanoparticles still enhance 
and extend the scope of their action. But the question is, what biological effect can be expected from quinoid 
structures logically arising in the mixture after the reduction of silver as well as by oxidation of phenolic 
groups of tannins.  
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Abstract 

Probiotics can provide beneficial effects on the human body by keeping the healthy gut microflora, inhibiting 
the growth of pathogenic bacteria, stimulating the immune system, synthesizing vitamins and antimicrobial 
agents and improving the absorption of calcium. Probiotics are very sensitive to adverse environments and 
survival rates in products are poor. Thus, new methods to preserve the viability of probiotics are develpoed. 
Microencapsulation is technology which has been used to protection of these bacterial cells. Encapsulation 
is a physico–chemical or mechanical process to entrap a substance in a material in order to produce 
particles with diameters of a few nanometres to a few millimetres.  

In this work possibilities of encapsulation of probiotic bacteria were tested. Cells were packaged into 
polysaccharide particles. The size and shape of the beads was determined using light microscopy. Probiotic 
strains Bifidobacterium breve a Lactobacillus acidophilus were used for encapsulation. Alginate, chitosan, 
starch, pullulan and other polysaccharides were tested as materials for particles preparation.  Particles 
stability was tested by dynamic light scattering after incubation in water, in selected model foods and model 
body fluids. Polysaccharide particles showed a very good stability in body fluids as well as in model foods. 
Viability of microorganisms was determined using flow cytometry and fluorescence microscopy. 
Encapsulation of probiotic bacteria could preserve their viability and long–term survival until the product 
expiration date and their survival in gastro–intestinal tract. 

Keywords: probiotic bacteria, encapsulation, polysaccharide particles  

1. INTRODUCTION 

Encapsulation is a physicochemical or mechanical process to entrap a substance in a material in order to 
produce particles with diameters of a few nanometres to a few millimetres. Encapsulation of bioactive 
components can be used in many applications in the food industry: controlling oxidative reaction, masking 
flavours, colours and odours, providing sustained and controlled release, extending shelf life, etc. The 
material inside the microcapsule is referred to as the core, whereas the wall of particles is called a shell, or 
carrier. This carrier material must be food grade if used in food industry, and able to form a barrier to protect 
the encapsulated substance [1].  

Probiotics are defined by the World Health Organization (WHO) as live microorganisms, which when 
administered in adequate amounts confer health benefits [2]. Probiotics containing food products are 
considered as functional food and their market is continuously growing [3]. According to the International Life 
Science Institute (ILSI), a food can be considered functional if it can demonstrate satisfactorily that it has a 
beneficial effect on one, or several specific functions in the organism, beyond the normal nutritional effects 
that improve the state of health and well–being, or reduce the risk of a disease [4]. A major development in 
functional foods is pertained to foods containing probiotics and prebiotics. Before a probiotic can benefit 
human health it must fulfill several criteria: it must have good technological properties so that it can be 
manufactured and incorporated into food products without loosing viability and functionality or creating 
unpleasant flavours or textures; it must survive passage through the upper gastrointestinal tract and arrive 
alive at its site of action; and it must be able to function in the gut environment [5].  

Probiotics can so provide beneficial effects on the human body by keeping the healthy gut microflora, 
inhibiting the growth of pathogenic bacteria, relieving constipation, stimulating the immune system, 
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synthesizing vitamins and antimicrobial agents, and improving the absorption of calcium, when there are 
enough probiotics in colon [6]. The genera Lactobacillus and Bifidobacterium are the most important 
probiotic microorganisms commonly associated with gastrointestinal tract [7].  

Different approaches have been proposed to increase the viability of microorganisms against adverse 
environmental conditions. Microencapsulation is an effective method that improves the viability and stability 
of probiotic bacteria during processing and storage and also provides sustained and targeted release of cells 
in the gastrointestinal tract [3]. Probiotic bacteria have been incorporated into a wide range of foods, 
including dairy products (such as yogurt, cheese, ice cream, dairy desserts) but also in non–dairy dairy 
products (such as chocolate, cereals, juices) [1]. 

1.1 Techniques used for microencapsulation of micro bial cells 

Cell immobilization by encapsulation or entrapment involves coating or entrapping microbial cells within a 
polymeric material to produce beads which are permeable to nutrients, gases and metabolites for 
maintaining cell viability within the beads. The encapsulation techniques used for immobilization of cells can 
be broadly classified into two types based on the size of the polymeric bead produced, i.e. macro–
encapsulation and microencapsulation. Macro–encapsulation is the entrapment of cells in polymeric beads 
of size ranging from few millimeters to centimeters. On the other hand, microencapsulation produces beads 
in the size range of 1–1000 μm. In the case of macro–encapsulation, lower cell viability was reported at the 
centre of the larger beads due to depletion in the efficiency of nutrient diffusion, as a result, microbial cell 
growth is usually observed at the periphery of larger beads. Moreover, microspheres are found to be more 
mechanically robust than macro–capsules. For microencapsulation of microbial cells, it is essential that the 
encapsulation process is performed under relatively mild conditions to ensure high viability of the 
encapsulated cells. It is also necessary for the microspheres to possess good mechanical stability so as to 
support the growth and long–term culture of the microbial cells. Various techniques for microencapsulation of 
microbial cells have been investigated over the past few years for the protection and viability enhancement 
of microorganisms with varying degrees of success. Some of the common techniques used include 
extrusion, coacervation, spray drying and emulsification. Thus, the selected method should be able to 
produce microspheres with the necessary physical/chemical attributes while causing minimal damage to cell 
integrity and viability and be easy to scale up with acceptable processing costs [8].  

1.2 Materials used for microencapsulation of microb ial cells 

Producing stable microspheres for microbial cell immobilization starts with the selection of an appropriate 
encapsulation material. Studies have shown that polymer types play a dominant role in determining the 
properties of the microspheres. Microspheres are almost exclusively produced using water–soluble polymers 
which provide a high degree of permeability for low molecular weight nutrients and metabolites, thus 
providing optimal conditions for the functioning of immobilized microbial cells. Both synthetic and natural 
water–soluble polymers are used for microencapsulation of microbial cells. Though synthetic polymers offer 
higher mechanical strength and better chemical stability, natural polymers are preferred over their synthetic 
counterparts as the formulation of microspheres using natural polymers usually requires milder process and 
is less harmful to cell integrity and viability [8]. Materials used to encapsulate probiotic cells are alginate, 
gellan gum, xanthan gum, chitosan, starch, cellulose, carrageenan, gelatin, milk proteins and other [1]. 

1.3 Measurement of viability of encapsulated cells 

It is necessary that the microspheres contain sufficient number of viable microbial cells [8]. The viability of 
probiotic cells is of paramount importance because to have their beneficial effects on the host’s health they 
must stay alive as far as their site of action [1].  

Traditionally, cell viability has been measured based on the ability to form colonies on solid growth media; 
however, customary methods lack the resolving power to provide real–time results and bacteria may occur in 
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chains and/or clumps, resulting in underestimation of true bacterial counts. Moreover, damaged or 
compromised cells may still retain some metabolic activity, which may contribute to health promotion [9]. 
Flow cytometry is a quantitative analysis technology which characterizes cell populations at single cell level 
as cells are illuminated by a laser beam. The intensity of the optical signals generated, which are scattering 
and/or fluorescence signals (in the case of using fluorescent dyes), is finally correlated to structural and/or 
functional cell parameters. The key feature of analytical flow cytometers is their ability to measure a very 
large number of particles (5000 cells per second in common cytometers) while measuring multiple cellular 
parameters on each cell simultaneously. A flow cytometer can be described as a method with the 
advantages of objectivity, high analysis rate, precision and sensitivity [10]. 

2. EXPERIMENTAL 

2.1  Methods 

Bacterial strains Lactobacillus acidophilus CCM 4833 and Bifidobacter breve CCM 7825T used in this study 
were obtained from Czech Collection of Microorganisms in Brno. The strains were inoculated into MRS broth 
and incubated at 37 °C for 48 h. The cells were harvested by centrifugation at 6000 rpm, 4 °C for 10 min and 
washed with distilled water. Afterwards, cells were used for encapsulation. 

As a material for particles preparation followed polymers were used: alginate, chitosan, chitosan–alginate, 
alginate–agar, alginate–agarose, alginate–starch and alginate–pullulan. The size/diameter of resulting 
particles was mostly in range of 0.5 mm to 3 mm. The particles were prepared by the method based on the 
principle of gelation and cross–linking polymers. For example, alginate particles were prepared by mixing 
cells in sodium alginate solution and dropping this mixture into a swirling solution of calcium chloride. A 
calcium alginate membrane was formed immediately on the surface of the droplet by ionic interaction. The 
physicochemical evaluation of microparticles and the viability of L. acidophilus and B.breve during simulated 
gastrointestinal conditions and model foods were performed using microscopy and flow cytometry. Viability of 
encapsulation probiotic strains was determined also by fluorescence microscopy. 

2.2 Results and discussion   

In this work some natural polymers were used for preparation capsules with encapsulated probiotics strains. 
Particles were first prepared from alginate and chitosan. Entrapment in calcium alginate beads is one of the 
techniques commonly employed for the immobilization of living cells, due to its simplicity of handling, non–
toxicity, low cost, and acceptance as a food additive. Further, particles were prepared also from mixture of 
two polymers, alginate and other polysaccharise (alginate–agar, alginate–agarose, alginate–starch and 
alginate–pullulan).  

Finally, chitosan was used to a coating material for alginate microspheres to improve the stability of the 
alginate microspheres. Coating with other polymers is one of the more common approaches for improving 
both mechanical and chemical stability of the microspheres, resulting in better retention and higher viability 
of encapsulated microbial cells. 

 
A B C D E F G 

Fig. 1  Image of particles with ensapsulation probiotics cells (A–Alginate, B–Chitosan, C–Chitosan–alginate, 
D–Alginate–agar, E–Alginate–agarose, F–Alginate–starch, G–Alginate–pullulan) 
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The physicochemical evaluation and mechanical stability of microparticles with encapsulation probiotics cells 
were performed using a light microscopy. 

 
A) 640x chitosan–alginate capsule     B) 160x alginate capsule 

 
C) 640x alginate capsule                    D) 1600x alginate capsule 

Fig. 2  Light microscopy of particles with encapsulation probiotics cells (A–640x chitosan–alginate capsule, 
B–160x alginate capsule, C–640x alginate, D– 1600x alginate capsule) 

Particles with encapsulated probiotic cells were exposed to model physiological conditions and model foods. 
In these environments the particles were partially disintegrated and the release of cells can be evaluated.  
After exposition to model physiological conditions in particles composed from chitosan, alginate–starch and 
alginate–pullulan some degree of disintegration was observed. Alginate–agar and alginate–agarose particles 
began to swell, while alginate particles with alginate–chitosan particles were stable. After exposition to model 
foods no changes were observed. 

Particles with encapsulated cells were cultivated in appropriate media and release of probiotic cells was 
monitored. Viability of cells was determination by flow cytometry. Viability of released cells was comparable 
with viability of cells without encapsulation. After 7 days of cultivation of probiotic cells 20 % of dead cell 
were detected (Fig. 4 ). Oppositely, in all the tested types of particles cultivated for 1 week only living cells 
were monitored. The presence of living cells in encapsulated preparations was confirmed by fluorescence 
microscopy.  

 

Fig. 3 Viability of Bifidobacter breve analyzed by flow cytometry – the second day of cultivation 
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Fig. 4 Viability of Bifidobacter breve analyzed by flow cytometry – the seventh day of cultivation 

Flow cytometry was used as the confirmation technique also for cell viability assessment during storage in 
model foods. As a fluorescent probe propidium iodide was used. In all of tested types of particles with 
encapsulated microorganisms only living cells were detected after 1 week storage in each of model foods. 
After one month storage fluorescence microscopy was used to determination of viability of encapsulated 
cells. In all of tested types of particles some dead cells were observed after storage in each of model foods. 
The highest number of dead cells was observed in alginate–pullulan particles. Oppositely, in alginate–
agarose and alginate–starch particles high stability and relatively low number of dead probiotic cells was 
found. 

 
A) 640x alginate capsule probiotic cells     B) 640x alginate capsule dead probiotic cells 

Fig. 5  Fluorescence microscopy of alginate particles with ensapsulation probiotics cells 

Finally, freeze drying technique was tested to preserve encapsulated microorganisms (Fig. 6 ). Polysacharide 
particles were lyophilized and subsequently used for probiotic cell viability determination. Measurements 
confirmed that after freeze dried microorganisms survived in the capsules and were still vital. Microspheres 
can be easily handled and stored for a long time if they are isolated as dry powder. Research indicates that 
the microencapsulation of probiotic cells presents one of the most promising and efficient techniques for the 
enhancement of probiotic bacteria survival. 

 
A B C D 

Fig. 6  Image of lyophilization particles with ensapsulation probiotics cells (A–Alginate, B–Alginate–agarose, 
C–Chitosan–alginate, D–chitosan) 
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3. CONCLUSION 

It can be concluded that encapsulation could be a suitable alternative for the enhancement of probiotic 
bacteria survival. Capsules are able to maintain their integrity during passage through the gastrointestinal 
tract until they reach their target destination, where they break down and release probiotic bacteria. 
Encapsulation techniques have also used to protect the cells in food processing and food storage, thus 
potentially reducing cell injury and death.  
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Abstract  

Septic complications are one of the most frequent complications and the leading cause of mortality in 
hospitals around the world. Its etiological structure is presented by a wide range of pathogens. Special 
significance today obtains the general spreading of microorganisms with multiple–drug resistance. These 
facts make topical the search of new, more efficient agents for effective prevention and treatment of septic 
complications. Metal nanoparticles, in particular silver nanoparticles, are possessed by significant potential in 
this way. 

In order to search of the antimicrobial substance, high effective in the prevention and treatment of septic 
complications, 30 nm silver nanoparticles have been synthesized by the method of chemical condensation in 
aqueous medium. Synthesized nanoparticles have been characterized as biosafe and biocompatible using in 
vitro and in vivo markers.  

Silver nanoparticles’ high antimicrobial activity has been revealed in vitro using test strains of 
Staphylococcus aureus MRSA ATCC 43300, Pseudomonas aeruginosa ATCC 27853, Escherichia coli 
ATCC 2592, Shigella sonnei, Salmonella typhimurium 144, Bacillus subtilis ATCC 6633 as well as clinical 
multiple resistant isolates of Klebsiella ozaenae 4348, Citrobacter freundii 4369, Escherichia coli 4358, 
Enterobacter aerogenes 2476, Proteus mirabilis 4363, Staphylococcus aureus 4312, Pseudomonas 
aeruginosa 283, Enterococcus faecalis 4305, Candida 4418 separated from the surgical patients. 

The peculiarities of silver nanoparticles influence on the organism of model animals (outbred white mice, 
Wistar rats) have been revealed under the conditions of intravenous substance injection in concentrations 
1.6 mg/kg, 8.0 mg/kg and 16.0 mg/kg.  

Keywords: silver nanoparticles, antimicrobial substance, multi–drug–resistant microorganisms,  
                   effectiveness 

1. INTRODUCTION 

Septic complications are one of the most frequent complications and one of the leading causes of death in 
hospitals among intensive care unit patients of all age groups. This problem affects millions of people around 
the world, killing more than 30 % of patients with this sort of complications. Increasing in incidence is 
observed each year. According to some statistics data 1 % and 0.3 % of all patients admitted to hospitals 
suffer, respectively, from bacteraemia alone and bacteraemia with severe sepsis [1–3].  

Etiological structure of septic complications is presented by a wide range of pathogens. Among most 
commonly isolated microorganisms are Gram(+) Staphylococcus epidermidis MRSE,  Staphylococcus 
aureus MRSA, non–fermenting Gram(–) Acinetobacter baumannii, Pseudomonas aeruginosa, etc. Special 
significance today obtains the general spreading of microorganisms–causative agents with multiple–drug 
resistance [4–6].  
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These facts make topical the search of new, more efficient agents for effective prevention and treatment of 
septic complications. Metal nanoparticles with antimicrobial properties, such as silver nanoparticles, are 
possessed by significant potential in this way. 

The aim of present study was to estimate antimicrobial properties of silver nanoparticles in order to search of 
antimicrobial agents with high effectiveness in the prevention and treatment of septic complications. 

2. MATERIALS AND METHODS 

Spherical silver nanoparticles (AgNP) with average size 30 nm have been synthesized by the method of 
chemical condensation in aqueous medium in F.D. Ovcharenko Institute of Biocolloidal Chemistry according 
to the original protocol. The concentration of obtained AgNP was 8.0 mg/ml by metal. The passport of 
nanomaterial for the synthesized silver nanoparticles includes their characteristic in compliance with 
biosafety and biocompatibility parameters with using wide spectrum of in vitro and in vivo tests. 

AgNP antimicrobial activity has been studied in vitro with using two methods. Method of serial dilutions in 
Muller–Hinton agar according to «Guidelines for Susceptibility Testing of Microorganisms to Antibacterial 
Agents» (4.2.1890–04) has been used for AgNP antimicrobial activity estimation concerning test strains: 
Staphylococcus aureus MRSA ATCC 43300, Pseudomonas aeruginosa ATCC 27853, Escherichia coli 
ATCC 2592, Shigella sonnei, Salmonella typhimurium 144, Bacillus subtilis ATCC 6633. 

For estimation of AgNP antimicrobial activity concerning clinical isolates of microorganisms the original 
protocol of SI “Institute of Urology of NAMS of Ukraine” has been used. The AgNP drops have been applied 
on the agar (Muller–Hinton agar for bacteria and Sabouraud agar for Candida fungi) with seeded 
microorganisms in seed doses 105 and 107 CFU/ml. The terminal concentrations of AgNP in drops were 10 
mcg and 20 mcg. 

Clinical isolates with multiple drug resistance: Klebsiella ozaenae 4348, Citrobacter freundii 4369, 
Escherichia coli 4358, Enterobacter aerogenes 2476, Proteus mirabilis 4363, Staphylococcus aureus 4312, 
Pseudomonas aeruginosa 283, Enterococcus faecalis 4305, Candida 4418 have been used for AgNP 
antimicrobial effectiveness estimation. The clinical isolates of microorganisms have been separated from 
wounds, urine, scrape of cervical canal and fauces of surgical patients. 

The peculiarities of silver nanoparticles influence on the organism have been studied with using model 
animals: outbred white mice and Wistar rats. The AgNP influence has been estimated under the conditions 
of 5 times and 10 times intravenous injections of the substance in concentrations 1.6 mg/kg, 8.0 mg/kg and 
16.0 mg/kg per one time. The parameters of serum alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), bilirubin and creatinine have been analyzed using Filicit–Diagnostics kits (Ukraine).  

Experimental animals have been housed on the standard regime. All experiments with model animals have 
been carried out in compliance with “Guide for the Care and Use of Laboratory Animals”. 

3. RESULTS AND DISCUSSION 

Biosafety is one of the main criteria of metal nanoparticles eligibility for medical application. Experimental 30 
nm spherical AgNP have been characterized as noncytotoxic, nongenotoxic, nonmutagenic and biosafe 
according to the main biochemical markers in accordance with their passport of nanomaterial. These data 
indicate the possibility of next study for the 30 nm AgNP with the goal of their medical application. 

High bactericidal action concerning different species of microorganisms, including multiple drug resistant 
strains, is necessary condition for effective prevention and treatment of septic complications.  

The estimation of 30 nm AgNP antimicrobial activity concerning test–strains S. aureus MRSA ATCC 43300, 
P. aeruginosa ATCC 27853, E. coli ATCC 2592, S. sonnei, S. typhimurium 144, B. subtilis ATCC 6633 
indicated high bactericidal action of the substance concerning all investigated test strains. It has been 
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observed total inhibition of microorganisms’ growth under the AgNP terminal concentration in the 
determination medium 133.80 mcg/ml and 100.38 mcg/ml. 

Total inhibition of S. aureus MRSA ATCC 43300, P. aeruginosa ATCC 27853, E. coli ATCC 2592, S. sonnei, 
S. typhimurium 144 test–strains’ growth has been also revealed under the conditions of 66.90 and 33.46 
mcg/ml AgNP concentrations. 

The growth of single colonies and intensive growth under the concentrations of AgNP 66.90 mcg/ml and 
33.46 mcg/ml respectively has been observed only for B. subtilis ATCC 6633 test–strain. 

High antimicrobial action of 30 nm AgNP has been also indicated concerning multidrug–resistant clinical 
isolates: K. ozaenae 4348, C. freundii 4369, E. coli 4358, E. aerogenes 2476, P. mirabilis 4363, S. aureus 
4312, P. aeruginosa 283, E. faecalis 4305, Candida 4418, separated from wounds, urine, scrape of cervical 
canal and fauces of surgical patients. 

It has been observed total inhibition of microorganisms’ growth for K. ozaenae 4348, C. freundii 4369, E. coli 
4358, E. aerogenes 2476, P. mirabilis 4363, S. aureus 4312, P. aeruginosa 283 under the influence of both 
studied AgNP concentrations: 10 mcg and 20 mcg. 

Along with the high antimicrobial action of the 30 nm AgNP, which has been shown in vitro, the biosafety of 
the substance has been shown in vivo under the conditions of AgNP intravenous introduction. The absence 
of silver nanoparticles’ toxic influence on the organism of outbred white mice and Wistar rats has been 
revealed according to the analysis of changes in blood serum parameters (ALT, AST, bilirubin and 
creatinine) under the conditions of the AgNP intravenous injections in all studied concentrations (1.6 mg/kg, 
8.0 mg/kg and 16.0 mg/kg). 

4. CONCLUSION 

High bactericidal action of experimental 30 nm spherical silver nanoparticles has been revealed in vitro 
concerning wide spectrum of Gram(+) and Gram(–) microorganisms: test–strains  and multidrug–resistant 
clinical isolates. 

The results of antimicrobial activity along with the biosafety level according to the passport of nanomaterial 
as well as obtained in vivo data of the substance influence under the conditions of intravenous recurring 
injections indicate the great potential of 30 nm spherical AgNP as antimicrobial agent with high effectiveness 
in the prevention and treatment of septic complications.   
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Abstract  

Organically modified vermiculite (NaVER/CA) was used as nanofiller for preparation of vermiculite–
chlorhexidine/polyethylene nanocomposites (NaVER/CA–PE). Organovermiculte was prepared from sodium 
vermiculite (NaVER) and chlorhexidine diacetate (CA) through the process of intercalation.  

The set of vermiculite–chlorhexidine/polyethylene nanocomposites was prepared from mixtures containing 
polyethylene (PE) and clay nanofiller NaVER/CA (weight ratios of clay nanofiller: PE were 3:37, 6:34, 10:30). 
The mixtures were melt–compounded using a Brabender twin–screw extruder and the plate samples of 
NaVER/CA–PE nanocomposites were pressed for antimicrobial tests. The structural characteristics of the 
nanocomposites were studied by X–ray diffraction, infrared spectroscopy and optical microscopy. The 
antimicrobial activity was studied against Gram–negative Escherichia coli and Gram–positive 
Staphylococcus aureus using microbial fingerprints technique with blood agar. The first fingerprints of 
samples were made after 24 h, next after 48, 72 and 96 h. The results of antibacterial tests show good 
antimicrobial effect depending upon time of contact of colony–forming units of bacteria with the surface of 
plates. The most intensive degradation of number of bacteria was between 48 and 72 h.  

Keywords: nanocomposite, polyethylene, vermiculite, chlorhexidine, antibacterial activity 

1. INTRODUCTION  

Nanocomposites represent broad spectrum of materials in recent technologies. This rapidly expanding field 
is generating many exciting new materials with novel properties. New unique material can be obtained by 
combining properties from the parent constituents into a single material [1]. Addition of a clay mineral filler, 
which has at least one dimension at the nanoscale, to a polymer leads to a clay polymer nanocomposite [2]. 
A few studies about vermiculite as a nanofiller in some polymers were reported [3–5]. During the last few 
years, the spread of emerging infectious diseases, especially those caused by drug–resistant pathogens, 
has become a growing global concern. The development of biocidal polymers, that is, polymers that can 
inactivate infectious pathogens upon contact, has attracted research interest. Namely, microorganisms often 
have strong abilities to survive on ordinary polymeric materials. Preparation of antibacterial nanocomposite is 
one of the possibilities to reduce a risk of contamination of surface of polymer materials [6–11].  

Chlorhexidine is considered as one of the most popular agents to reduce bacterial growth. It is substituted 
biguanidine with strong basic character that forms stable salts with several acids, e.g. Chlorhexidine 
diacetate (CA). Chlorhexidine has a very wide range of antibacterial activity against a variety of gram–
negative and gram–positive organisms. Thus, chlorhexidine is used as topical medication, a bactericide, and 
in dental applications as an active ingredient in mouthwash to reduce dental plaque and oral bacteria  
[12, 13].  

The term polyethylene (PE) describes a huge family of resins obtained by polymerizing ethylene gas and it is 
by far the largest volume commercial polymer. It is a thermoplastic polymer consisting of long hydrocarbon 
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chains with chemical formula (C2H4)nH2. This thermoplastic is available in a range of flexibilities and other 
properties depending on the production process, with high density materials being the most rigid. 
Polyethylene can be formed by a wide variety of thermoplastic processing methods and is particularly useful 
where moisture resistance and low cost are required. PE has excellent chemical resistance, meaning that it 
is not attacked by strong acids or strong bases. It is also resistant to gentle oxidants and reducing agents.  

This work reports preparation and antibacterial activity of vermiculite–chlorhexidine/polyethylene 
nanocomposites. Vermiculite modified by chlorhexidine was used as a nanofiller for preparation of 
organoclay/polyethylene nanocomposites. The structural changes of prepared plate samples were 
characterized by X–ray diffraction (XRD) and infrared spectroscopy (IR). The antibacterial activity was 
evaluated using microbial fingerprints technique in various time intervals.  

2. EXPERIMENTAL 

2.1 Materials 

Vermiculite (VER) from Brazil was selected as the starting clay mineral material. This natural powder 
material was grounded using planetary ball mill Retsch under constant speed 300 rpm for 20min. After 
sieving, fraction < 40µm was obtained and utilized for experiment. The crystallochemical formula of 
vermiculite sample (Si6.16Al1.84)(Al0.08Fe3+

0.72Fe2+
0.04Mg4.88Ti0.12)O20(OH)4(Ca0.30K0.36Na0.16) per formula units 

was calculated from the results of elemental chemical analysis. The cation exchange capacity (CEC) of VER 
was 106 meq/100g. Further used chemicals were in analytical quality: Chlorhexidine diacetate 
(C22H30N10Cl2.2C2H4O2, Sigma–Aldrich), sodium chloride (NaCl, Vitrum) and ethanol (C2H5OH, Vitrum) as a 
solvent. 

2.2 Preparation of organovermiculites 

The natural VER was converted into Na+ form using cation exchange procedure with 1.0 M aqueous 
solutions of sodium chloride (70 °C, 6 h). After cooling, the suspension was washed with demineralized 
water until free of chloride ions. The sample was dried overnight at 70 °C and sign as NaVER. Ethanolic 
solution of chlorhexidine diacetate (CA) with concentration of CA was prepared accordant with the 1xCEC of 
vermiculite. This ethanolic solution of CA was mixed with aqueous solution of NaVER, stirred and heated (75 
°C, 6 h). After centrifugation the organovermiculites was dried overnight at 80 °C and labeled as NaVER/CA.  

2.3 Preparation of vermiculite–chlorhexidine/PE nan ocomposites 

Powdered and granulated mixture of the industrial low density polyethylene (LDPE), Bralen FB 2–17 
(Slovnaft corp., Slovak Republic) without additives was used as a starting material for preparation of 
composite matrix. The first sample contained 1.2 g (3 wt. %) of nanofiller NaVER/CA and 38.8 g (97 wt. %) of 
polyethylene Bralen FB 2–17. Another samples contained 6 and 10 wt. % of NaVER/CA and appropriate 
amount of polyethylene. These mixtures were blended in the Brabender kneading chamber (BRABENDER 
GmbH & Co. KG – 835201.041/815604) at 150 °C for 10 min in two velocity intervals (10 rpm for 2 min and 
subsequently 50 rpm for 8 min). Then the composite was pressed by hand pressing for 3 min at 160 °C. 
Prepared 1 mm thin desks with size 100 x 100 mm were cooled down in other water cooled press for 10 min 
and signed as 3 %NaVER/CA, 6 %NaVER/CA and 10 %NaVER/CA.  

2.4 Analytical methods 

X–ray diffraction (XRD) patterns of powder organovermiculite nanofiller were recorded using a Rigaku Ultima 

IV difractometer with Cu Kα radiation and scintillation counter. It was measured in 0.1 mm diameter glass 
capillary under constant conditions (2–60° 2θ, scan speed 2°/min, 40kV, 40kA). 
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The nanocomposite desks were measured on the X–ray diffractometer from INEL equipped with a curved 
position–sensitive detector CPSD 120 (reflection mode, Ge–monochromator, Cu Kα1 radiation) in an 
ambient atmosphere under constant conditions (2000 s, 35 kV, 20 mA). 

The IR spectra were obtained by the KBr method using a NEXUS 470 Fourier transform (FTIR) spectrometer 
(ThermoNicolet, USA). The spectrometer was equipped with Globar IR source, KBr beam splitter, and DTGS 
detector. For each spectrum, 128 scans were obtained with resolution of 4 cm–1. Range of measurements 
was 400 – 4000 cm–1. 

2.5 Antibacterial test 

Antibacterial activity of prepared nanocomposites was studied using microbial fingerprints technique. This 
method of direct fingerprints is based on the assumption that the bacteria under the same conditions 
gradually die. Each sample plate was cut to the three platelets (50x50 mm). Bacterial suspension of 
Escherichia coli and Staphylococcus aureus were spread on the plates and were left to dry in the laminar 
box at 21 °C. Then the dried bacterial suspension on the surface of plates was stamping using microbial 
fingerprints technique on the three discs with blood agar in 24, 48, 72 and 96 h time intervals. The bacteria 
cultivation took place in thermostat at 35 °C for 24 h. The number of colony–forming units of bacteria (CFU) 
at all three fingerprints were counted and averaged. 

3.  RESULTS AND DISCUSSION 

3.1 X–ray powder diffraction 

XRD patterns in Fig. 1  show intensive reflections of PE and basal reflections of NaVER/CA and  
NaVER/CA–PE nanocomposites.  
 

 

 

 

 

 

 

 

 

 

 

Fig. 1  XRD patterns of the PE, nanofiller NaVER/CA and NaVER/CA–PE nanocomposites 

Basal reflection with value d = 1.097 nm identified in NaVER/CA (Fig. 1 ) corresponds to the dehydrated 
vermiculite phase [14]. Intercalation CA to the interlayered space of NaVER caused expansion of interlayer 
space from 1.2 nm to 2.178 nm in NaVER/CA. The semicrystalline PE containing both crystalline and 
amorphous regions showed two main reflections with the values d(110) = 0.42 nm and d(200) = 0.38 nm 
corresponding to the orthorhombic crystal structure of PE [4]. Based on the XRD patterns can be presumed 
that the structure of PE in the NaVER/CA–PE nanocomposites did not change. A new peaks with  
d = 2.966 nm may correspond to the further intercalation after exfoliation of NaVER/CA nanofiller to the PE 
matrix. 
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3.2 FTIR spectroscopy 

The spectrum of PE (Fig. 2 ) shows main bands at 2914, 2846, 1463 and 720 cm–1, which belong to CH 
stretching asymmetric and symmetric vibrations, CH deformation and rocking vibrations, respectively. The 
additional band at 1375 cm–1 is also visible and this band is usually observed in the spectra of low density 
polyethylene, LDPE [15]. The IR spectra of prepared NaVER/CA–PE nanocomposites are shown in Fig. 2 . 
Typical intensive band that occurred in the 1009 – 1030 cm–1 interval was assigned to Si – O stretching 
vibration together with Si – O bending vibration at 444 cm–1. Increase of intensity of Si – O stretching 
vibration with increasing amount of NaVER/CA can be also well observed.  

 

Fig. 2  IR spectra of prepared NaVER/CA–PE nanocomposites and pure PE 

The band that occurred around 1532 cm–1 in all NaVER/CA–PE nanocomposites is due to the NH bending 
vibration of imine group of chlorhexidine diacetate. Since C=N stretching vibration of imine group appears 
near 1650 cm–1 it is difficult to distinguish it because this band is overlapped with bending vibration of water. 
The characteristic band of acetate group is C=O stretching which appears at 1721 cm–1. The band at  
1264 cm–1 corresponds to C–O stretching vibration of acetate. 

3.3 Antibacterial assessment 

The antibacterial activity of NaVER/CA–PE nanocomposites was tested against Escherichia coli and 
Staphylococcus aureus by microbial fingerprints technique. Results of antibacterial tests are in Table 1  and 
Fig. 3 . Number of survive bacterial colony–forming units is decreasing with time of exposure. The best 
antibacterial effect has a sample 10 % NaVER/CA which contains the highest amount of CA. The 
antibacterial tests revealed that Staphylococcus aureus is a less resistant bacteria against prepared 
nanocomposites: there were only 9 survived colony–forming units of Staphylococcus aureus for 96 h.  
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Table 1  Average number of bacterial colony–forming units (CFU) of Escherichia coli and Staphylococcus 
aureus at the various time intervals 

 Escheichia coli 
 

Staphylococcus aureus 

Time of contact of bacteria with  
the surface of nanocomposite 
(h) 

24 48 72 96 
 

24 48 72 96 

                                           Decline of number of CFU 

3 % NaVER/CA CN 425 91 48  CN 313 27 60 
6 % NaVER/CA CN 456 128 125  168 125 79 19 
10 % NaVER/CA 263 275 67 27  227 112 94 9 

The countless number (CN) in Table 1  was in case of more than 500 colonies per composite plate. 

There is a decline of CFUs of Escherichia coli and Staphylococcus aureus for all samples (Fig. 3 ) while a 
rapid decline was observed between 48 and 72 h of acting time. Based on these findings we can presume a 
long lasting effect of these NaVER/CA–PE nanocomposites 

 

Fig. 3  Decreasing number of CFUs of Escherichia coli and Staphylococcus aureus at different times 

4. CONCLUSIONS  

The vermiculite–chlorhexidine/polyethylene nanocomposites were successfully prepared and tested for 
antibacterial activity. The XRD analysis signified an exfoliation of NaVER/CA nanofiller in the PE matrix. 
Homogeneous mixing of NaVER/CA nanofiller in PE was confirmed by IR spectroscopy. Antibacterial test of 
all prepared samples showed a good antibacterial activity with long lasting effect against Gram–negative 
Escherichia coli and Gram–positive Staphylococcus aureus. A rapid decline of number of survive colony–
forming units was in interval from 48 to 72 h. The results of this study are very useful for future study and 
development of new antibacterial nanocomposites materials.  
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Abstract  

Organically modified vermiculite (NaVER/CA) was used as nanofiller for preparation of vermiculite–
chlorhexidine/polyethylene nanocomposites (NaVER/CA–PE). Organovermiculte was prepared from sodium 
vermiculite (NaVER) and chlorhexidine diacetate (CA) through the process of intercalation.  

The set of vermiculite–chlorhexidine/polyethylene nanocomposites was prepared from mixtures containing 
polyethylene (PE) and clay nanofiller NaVER/CA (weight ratios of clay nanofiller : PE were 3:37, 6:34, 
10:30). The mixtures were melt–compounded using a Brabender twin–screw extruder and the plate samples 
of NaVER/CA–PE nanocomposites were pressed for antimicrobial tests. The structural characteristics of the 
nanocomposites were studied by X–ray diffraction, infrared spectroscopy and optical microscopy. The 
antimicrobial activity was studied against Gram–negative Escherichia coli and Gram–positive 
Staphylococcus aureus using microbial fingerprints technique with blood agar. The first fingerprints of 
samples were made after 24 h, next after 48, 72 and 96 h. The results of antibacterial tests show good 
antimicrobial effect depending upon time of contact of colony–forming units of bacteria with the surface of 
plates. The most intensive degradation of number of bacteria was between 48 and 72 h.  

Keywords: Nanocomposite, polyethylene, vermiculite, chlorhexidine, antibacterial activity 

3. INTRODUCTION  

Nanocomposites represent broad spectrum of materials in recent technologies. This rapidly expanding field 
is generating many exciting new materials with novel properties. New unique material can be obtained by 
combining properties from the parent constituents into a single material [1]. Addition of a clay mineral filler, 
which has at least one dimension at the nanoscale, to a polymer leads to a clay polymer nanocomposite [2]. 
A few studies about vermiculite as a nanofiller in some polymers were reported [3–5]. During the last few 
years, the spread of emerging infectious diseases, especially those caused by drug–resistant pathogens, 
has become a growing global concern. The development of biocidal polymers, that is, polymers that can 
inactivate infectious pathogens upon contact, has attracted research interest. Namely, microorganisms often 
have strong abilities to survive on ordinary polymeric materials. Preparation of antibacterial nanocomposite is 
one of the possibilities to reduce a risk of contamination of surface of polymer materials [6–11].  

Chlorhexidine is considered as one of the most popular agents to reduce bacterial growth. It is substituted 
biguanidine with strong basic character that forms stable salts with several acids, e.g. Chlorhexidine 
diacetate (CA). Chlorhexidine has a very wide range of antibacterial activity against a variety of gram–
negative and gram–positive organisms. Thus, chlorhexidine is used as topical medication, a bactericide, and 
in dental applications as an active ingredient in mouthwash to reduce dental plaque and oral bacteria 
[12, 13].  

The term polyethylene (PE) describes a huge family of resins obtained by polymerizing ethylene gas and it is 
by far the largest volume commercial polymer. It is a thermoplastic polymer consisting of long hydrocarbon 
chains with chemical formula (C2H4)nH2. This thermoplastic is available in a range of flexibilities and other 
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properties depending on the production process, with high density materials being the most rigid. 
Polyethylene can be formed by a wide variety of thermoplastic processing methods and is particularly useful 
where moisture resistance and low cost are required. PE has excellent chemical resistance, meaning that it 
is not attacked by strong acids or strong bases. It is also resistant to gentle oxidants and reducing agents.  

This work reports preparation and antibacterial activity of vermiculite–chlorhexidine/polyethylene 
nanocomposites. Vermiculite modified by chlorhexidine was used as a nanofiller for preparation of 
organoclay/polyethylene nanocomposites. The structural changes of prepared plate samples were 
characterized by X–ray diffraction (XRD) and infrared spectroscopy (IR). The antibacterial activity was 
evaluated using microbial fingerprints technique in various time intervals.  

4. EXPERIMENTAL 

4.1 Materials 

Vermiculite (VER) from Brazil was selected as the starting clay mineral material. This natural powder 
material was grounded using planetary ball mill Retsch under constant speed 300 rpm for 20min. After 
sieving, fraction < 40µm was obtained and utilized for experiment. The crystallochemical formula of 
vermiculite sample (Si6.16Al1.84)(Al0.08Fe3+

0.72Fe2+
0.04Mg4.88Ti0.12)O20(OH)4(Ca0.30K0.36Na0.16) per formula units 

was calculated from the results of elemental chemical analysis. The cation exchange capacity (CEC) of VER 
was 106 meq/100g. Further used chemicals were in analytical quality: Chlorhexidine diacetate 
(C22H30N10Cl2.2C2H4O2, Sigma–Aldrich), sodium chloride (NaCl, Vitrum) and ethanol (C2H5OH, Vitrum) as a 
solvent. 

4.2 Preparation of organovermiculites 

The natural VER was converted into Na+ form using cation exchange procedure with 1.0 M aqueous 
solutions of sodium chloride (70°C, 6 h). After cooling, the suspension was washed with demineralized water 
until free of chloride ions. The sample was dried overnight at 70°C and sign as NaVER. Ethanolic solution of 
chlorhexidine diacetate (CA) with concentration of CA was prepared accordant with the 1xCEC of 
vermiculite. This ethanolic solution of CA was mixed with aqueous solution of NaVER, stirred and heated 
(75°C, 6 h). After centrifugation the organovermiculites was dried overnight at 80°C and labeled as 
NaVER/CA.  

4.3 Preparation of vermiculite–chlorhexidine/PE nan ocomposites 

Powdered and granulated mixture of the industrial low density polyethylene (LDPE), Bralen FB 2–17 
(Slovnaft corp., Slovak Republic) without additives was used as a starting material for preparation of 
composite matrix. The first sample contained 1.2 g (3 wt. %) of nanofiller NaVER/CA and 38.8 g (97 wt. %) of 
polyethylene Bralen FB 2–17. Another samples contained 6 and 10 wt. % of NaVER/CA and appropriate 
amount of polyethylene. These mixtures were blended in the Brabender kneading chamber (BRABENDER 
GmbH & Co. KG – 835201.041/815604) at 150 °C for 10 min in two velocity intervals (10 rpm for 2 min and 
subsequently 50 rpm for 8 min). Then the composite was pressed by hand pressing for 3 min at 160 °C. 
Prepared 1 mm thin desks with size 100 x 100 mm were cooled down in other water cooled press for 10 min 
and signed as 3%NaVER/CA, 6%NaVER/CA and 10%NaVER/CA.  

4.4 Analytical methods 

X–ray diffraction (XRD) patterns of powder organovermiculite nanofiller were recorded using a Rigaku Ultima 

IV difractometer with Cu Kα radiation and scintillation counter. It was measured in 0.1 mm diameter glass 
capillary under constant conditions (2–60° 2θ, scan speed 2°/min, 40kV, 40kA). 
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The nanocomposite desks were measured on the X–ray diffractometer from INEL equipped with a curved 
position–sensitive detector CPSD 120 (reflection mode, Ge–monochromator, Cu Kα1 radiation) in an 
ambient atmosphere under constant conditions (2000 s, 35 kV, 20 mA). 

The IR spectra were obtained by the KBr method using a NEXUS 470 Fourier transform (FTIR) spectrometer 
(ThermoNicolet, USA). The spectrometer was equipped with Globar IR source, KBr beam splitter, and DTGS 
detector. For each spectrum, 128 scans were obtained with resolution of 4 cm–1. Range of measurements 
was 400 – 4000 cm–1. 

4.5 Antibacterial test 

Antibacterial activity of prepared nanocomposites was studied using microbial fingerprints technique. This 
method of direct fingerprints is based on the assumption that the bacteria under the same conditions 
gradually die. Each sample plate was cut to the three platelets (50x50 mm). Bacterial suspension of 
Escherichia coli and Staphylococcus aureus were spread on the plates and were left to dry in the laminar 
box at 21°C. Then the dried bacterial suspension on the surface of plates was stamping using microbial 
fingerprints technique on the three discs with blood agar in 24, 48, 72 and 96 h time intervals. The bacteria 
cultivation took place in thermostat at 35 °C for 24 h. The number of colony–forming units of bacteria (CFU) 
at all three fingerprints were counted and averaged. 

3.  RESULTS AND DISCUSSION 

3.4 X–ray powder diffraction 

XRD patterns in Fig. 1  show intensive reflections of PE and basal reflections of NaVER/CA and  
NaVER/CA–PE nanocomposites.  
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  XRD patterns of the PE, nanofiller NaVER/CA and NaVER/CA–PE nanocomposites 

Basal reflection with value d = 1.097 nm identified in NaVER/CA (Fig. 1 ) corresponds to the dehydrated 
vermiculite phase [14]. Intercalation CA to the interlayered space of NaVER caused expansion of interlayer 
space from 1.2 nm to 2.178 nm in NaVER/CA. The semicrystalline PE containing both crystalline and 
amorphous regions showed two main reflections with the values d(110) = 0.42 nm and d(200) = 0.38 nm 
corresponding to the orthorhombic crystal structure of PE [4]. Based on the XRD patterns can be presumed 
that the structure of PE in the NaVER/CA–PE nanocomposites did not change. A new peaks with  
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d = 2.966 nm may correspond to the further intercalation after exfoliation of NaVER/CA nanofiller to the PE 
matrix. 

3.5 FTIR spectroscopy 

The spectrum of PE (Fig. 2 ) shows main bands at 2914, 2846, 1463 and 720 cm–1, which belong to CH 
stretching asymmetric and symmetric vibrations, CH deformation and rocking vibrations, respectively. The 
additional band at 1375 cm–1 is also visible and this band is usually observed in the spectra of low density 
polyethylene, LDPE [15]. The IR spectra of prepared NaVER/CA–PE nanocomposites are shown in Fig. 2 . 
Typical intensive band that occurred in the 1009 – 1030 cm–1 interval was assigned to Si – O stretching 
vibration together with Si – O bending vibration at 444 cm–1. Increase of intensity of Si – O stretching 
vibration with increasing amount of NaVER/CA can be also well observed.  

 

Fig. 2  IR spectra of prepared NaVER/CA–PE nanocomposites and pure PE 

The band that occurred around 1532 cm–1 in all NaVER/CA–PE nanocomposites is due to the NH bending 
vibration of imine group of chlorhexidine diacetate. Since C=N stretching vibration of imine group appears 
near 1650 cm–1 it is difficult to distinguish it because this band is overlapped with bending vibration of water. 
The characteristic band of acetate group is C=O stretching which appears at 1721 cm–1. The band at  
1264 cm–1 corresponds to C–O stretching vibration of acetate. 

3.6 Antibacterial assessment 

The antibacterial activity of NaVER/CA–PE nanocomposites was tested against Escherichia coli and 
Staphylococcus aureus by microbial fingerprints technique. Results of antibacterial tests are in Table 1  and 
Fig. 3 . Number of survive bacterial colony–forming units is decreasing with time of exposure. The best 
antibacterial effect has a sample 10 % NaVER/CA which contains the highest amount of CA. The 
antibacterial tests revealed that Staphylococcus aureus is a less resistant bacteria against prepared 
nanocomposites: there were only 9 survived colony–forming units of Staphylococcus aureus for 96 h.  
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Table 1  Average number of bacterial colony–forming units (CFU) of Escherichia coli and Staphylococcus 
aureus at the various time intervals. 

 Escheichia coli 
 

Staphylococcus aureus 

Time of contact of bacteria with  
the surface of nanocomposite 
(h) 

24 48 72 96 
 

24 48 72 96 

                                            Decline of number of CFU 

3% NaVER/CA CN 425 91 48  CN 313 27 60 
6% NaVER/CA CN 456 128 125  168 125 79 19 
10% NaVER/CA 263 275 67 27  227 112 94 9 

The countless number (CN) in Table 1  was in case of more than 500 colonies per composite plate. 

There is a decline of CFUs of Escherichia coli and Staphylococcus aureus for all samples (Fig. 3 ) while a 
rapid decline was observed between 48 and 72 h of acting time. Based on these findings we can presume a 
long lasting effect of these NaVER/CA–PE nanocomposites 

 

Fig. 3  Decreasing number of CFUs of Escherichia coli and Staphylococcus aureus at different times 

4. CONCLUSIONS  

The vermiculite–chlorhexidine/polyethylene nanocomposites were successfully prepared and tested for 
antibacterial activity. The XRD analysis signified an exfoliation of NaVER/CA nanofiller in the PE matrix. 
Homogeneous mixing of NaVER/CA nanofiller in PE was confirmed by IR spectroscopy. Antibacterial test of 
all prepared samples showed a good antibacterial activity with long lasting effect against Gram–negative 
Escherichia coli and Gram–positive Staphylococcus aureus. A rapid decline of number of survive colony–
forming units was in interval from 48 to 72 h. The results of this study are very useful for future study and 
development of new antibacterial nanocomposites materials.  
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Abstract   

Chlorhexidine/kaolinite (CH/KLT) composite is the nanostructured material exhibiting antibacterial properties. 
Distribution of the CH molecules in the structure of composite, i.e. the proportion of CH molecules on the 
KLT surface and in the KLT interlayer space, is one of the crucial factors affecting the antibacterial 
properties. In present work, thermogravimetric analysis, X–ray diffraction analysis and molecular modeling 
using empirical force field were involved to study the structure of CH/KLT composite. Since the X–ray 
diffraction analysis of real samples revealed the presence of more than one distinct KLT basal spacing 
suggesting the non–uniform intercalation, various models of KLT interlayer space and simulated 
diffractograms of these models were used in order to estimate the most probable composition and space 
arrangement of the KLT interlayer.  

Keywords: kaolinite, chlorhexidine, structure, molecular modeling 

1. INTRODUCTION 

Chlorhexidine (CH) is an organic compound with basic character that forms stable salts with several acids 
[1,2]. For example in presence of acetic acid it forms a chlorhexidine diacetate (CA). CH is one of the most 
widely used biocides in dental and hand washing antiseptic products [3]. Mechanism of CH action is not 
completely understood but involves destabilization of the outer bacterial membrane which is penetrated by 
two chlorophenyl guanide groups [4]. Although CH has number of useful properties, there still remains an 
open question of CH toxicity in higher concentrations [5]. Very promising for exclusion of side effects seems 
to be its stabilization with appropriate matrix. This work follows up on some previous studies that investigated 
possibilities of CH stabilization on silica [6] or layered silicates montmorillonite [7] and vermiculite [8]. This 
study is focused on investigation the possibilities of fixing CH on another naturally occuring layered silicate –
clay mineral kaolinite – having (in contrast to montmorillonite and vermiculite) smaller specific surface area 
and layer charge close to zero. 

Prepared chlorhexidine/kaolinite (CH/KLT) composite is the nanostructured material exhibiting antibacterial 
properties. One of the crucial factors affecting the antibacterial properties is distribution of the CH molecules 
in the structure of composite, i.e. the proportion of CH molecules on the KLT surface and in the KLT 
interlayer space. In present work, thermogravimetric (TG) analysis, X–ray diffraction (XRD) analysis and 
molecular modeling using empirical force field in Materials Studio modeling environment were involved to 
study the structure of CH/KLT composite. Since the XRD analysis of real samples revealed the presence of 
more than one distinct KLT basal spacing suggesting the non–uniform intercalation, various models of KLT 
interlayer space and simulated diffractograms of these models were used in order to estimate the most 
probable composition and space arrangement of the KLT interlayer. An arrangement of the molecules on 
KLT tetrahedral and octahedral surfaces was also studied and special attention has been paid to CH – KLT 
adhesion forces. Amount of CH, urea and water molecules in models was compared with results of TG 
analysis of real samples and since the agreement is very good it can be concluded that the combination of 
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molecular modeling with XRD and thermogravimetric analyses is very efficient tool for the characterization of 
such type of composites. 

2. EXPERIMENT AND ANALYSES 

2.1  Preparation of samples 

Kaolinite (KLT) from Sedlec, Czech Republic served as a starting material (size fraction < 40 μm). Urea 
(CO(NH2)2, Vitrum, Czech Republic), Chlorhexidine diacetate (C22H30N10Cl2∙2C2H4O2, Sigma Aldrich, Czech 
Republic) and ethanol as a solvent were used for modification of the KLT matrix. Two–step process was 
used for the preparation of CH/KLT: (1) modification of KLT structure by urea and (2) mixing of KLT/urea 
sample with chlorhexidine. 

2.2  Preparation of initial models 

All computations were performed in Materials Studio (MS) modeling environment. KLT unit cell with 
crystallochemical formula Al4Si4O10(OH)8 has been built under the periodic boundary conditions using the 
data published by Neder et al. [9]. The unit cell with parameters: a = 5.14899 Å, b = 8.934 Å, c = 7.384 Å, α = 
91.930°, β = 105.042°, γ = 89.791° was used to prepare a supercell structure Al128Si128O320(OH)256 
Parameters for the KLT interlayer (KLTint) model were a = 41.2 Å, b = 35.7 Å, c = 14.8 Å, α = 91.930°, β = 
105.042°, γ = 89.791°. Parameters a, b, and γ were fixed during geometry optimization procedure. Total 
layer charge of KLT was 0 el., partial atomic charges were assigned by QEq method [10]. Chlorhexidine 
(CH) molecules prepared in neutral (CH) and dissociated (CH2+) form were accompanied by two acetic acid 
molecules and acetate molecules (to maintain the zero charge), respectively. All molecules (i.e. CH2+, CH, 
urea (U), water (H2O), acetic acid and acetate) were built in MS Visualizer module. Atomic charges of H2O 
and organic molecules were assigned by QEq and Gasteiger method [11], respectively. Number and types of 
molecules in the KLTint are summarized in Table 1 . For each of this compositions five initial models with 
different space arrangement were built. All these models were optimized in MS Forcite module using Smart 
algorithm. Atoms were parameterized by Universal force field [12]. Two–step optimization procedure was 
used: (a) initial geometry optimization (convergence criterion: ΔE = 1·10–3 kcal/mol; external pressure: 
101.325 kPa; Ewald accuracy: 1·10–2 kcal/mol) for the pre–treatment of initial models, and (b) final geometry 
optimization (convergence criteria: ΔE = 1·10–4 kcal/mol, external pressure: 101.325 kPa; Ewald accuracy: 
1·10–4 kcal/mol) leading to the final models from which the energy and structural parameters were obtained. 
Only models with the most negative value of total energy (Etot) from each group were further analyzed. 
Adhesion energy (Ead)  of CH and CH2+ molecules on KLT was computed according to eq. (1) 
 
Ead = Esys – (EKLT + ECH)                                                                                                                                    (1) 

where Esys corresponds to the potential energy of the whole CH/KLT system, EKLT corresponds to the 
potential energy of KLT substrate and ECH is the potential energy of either CH or CH2+ molecule. In order to 
obtain directly the energy of mutual CH – KLT adhesion, H2O and U molecules were omitted. 

MS Reflex module was used to simulate the XRD patterns of optimized models under the same conditions 
as used in experimental XRD analysis of real samples, i.e. Bragg–Brentano geometry and CuKα irradiation 
(λ = 1.541078 Å). 

2.3  Characterization methods 

TG analysis was carried out with STA 409 EP (Netzsch, Germany) analyzer. Samples in α–Al2O3 crucibles 
were heated up to 1100 °C (10 °C/min) in dynamic atmosphere with air flow rate 0.1 dm3/min.  
XRD diffraction patterns were obtained using the X–ray diffractometer INEL equipped with a curved position–
sensitive detector CPSD 120 (Ge–monochromator, CuKα radiation). The measurements were taken in 
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ambient atmosphere (25 °C, 43 % of humidity) under constant conditions (35 kV, 20 mA). The samples were 
fixed in a flat rotation holder and measurement was carried out for 1500 s. 

3.  RESULTS AND DISCUSSION  

XRD patterns of real samples, i.e. (a) pure KLT, (b) KLT intercalated by U and (c) CH/KLT composite, can be 
found in Fig. 1 . It can be seen that basal reflection of pure KLT (Fig. 1a ) remains at least partly present in 
diffraction patterns of sample after KLT treatment (Fig. 1b–c ). Besides previously discussed basal reflection 
of pure KLT one new pronounced reflection appears after KLT treatment with urea indicating succesful 
(although incompletely) intercalation (Fig. 1b ). After mixing of KLT/urea with CH solution both previously 
discussed reflections are presented in diffraction pattern (Fig. 1c ) but new reflection appears between them. 
This was recognized as hydrated KLT [13]. 

 

Fig. 1  XRD patterns of (a) pure KLT; (b) KLT intercalated by U; (c) CH/KLT composite 

Various compositions of the KLTint models and other parameters (M, Ead, and d001) are listed in Table 1 . 
Models are ordered according to the increasing d001 values. Ead values for models with more than one CH or 
CH2+ molecules are presented as an average of Ead calculated individually for each molecule. Visual 
observation of the models revealed that shapes of CH2+ molecules varies from bent shape to straight shape 
in dependence on growing number of them. U and H2O molecules are oriented across the KLTint tending to 
touch both tetrahedral and octahedral KLT surfaces (Fig. 2 ). Analysis of hydrogen bonds showed that donor 
– acceptor distance and donor–hydrogen–acceptor angle for CH2+ are in the range 2.61–3.69 Å and 116.7°–
173°, respectively, while for CH varied from 2.49 to 3.61Å and from 114.4° to 173°. As expected, adhesion is 
stronger for CH2+ – KLT than for CH – KLT. 
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Table 1  Compositions of the KLTint models and calculated adhesion energy (Ead) and basal spacing (d001) 
values. Models are denoted MX where X is the serial number of model. M0 is the model of pure KLT. 
M (wt.%) is the amount of molecules of given type in the model  

models 
of 

KLT int  

number of molecules M 
[wt.%

] 

Ead 
[kcal/mol] 

d001 
[nm] U CH CH2+ H2O 

M0 – – – – 0.00 – 0.716 
M1 – – – 60 6.07 – 0.838 
M2 – – – 70 7.09 – 0.880 
M3 9 – – – 11.56 – 0.964 
M4 – 1 – 20 5.63 –134.02 0.975 
M5 10 1 – 30 9.66 –133.58 0.981 
M6 5 – 1 5 5.79 –205.30 0.985 
M7 10 – 1 – 6.91 –208.07 1.003 
M8 – 6 – – 18.51 –134.10 1.058 
M9 17 – – – 19.81 – 1.062 

M10 10 – 4 30 18.07 –191.42 1.084 
M11 30 4 – – 20.67 –120.13 1.098 
M12 20 4 – 30 20.44 –117.74 1.100 
M13 30 – 4 – 20.67 –183.66 1.105 

TG analysis showed that an amount of CH, U, and H2O molecules in real sample is 8.7 wt.% which is not in 
accordance with molecular modeling results in Table 1 . However, it should be borne in mind that TG analysis 
shows the average amount of molecules in the whole sample but atomistic models represents only specific 
situations and XRD patterns are needed to prove the agreement of modeling and experiment. One can see 
that in the XRD pattern of CH/KLT sample (Fig. 1c ) four distinct reflections (2θ = 8.318°, 8.780°, 10.566°, 
12.351°) with intensities I = 204, 72, 163, 102 counts are clearly observable. These reflections correspond to 
various KLT interlayer contents and the intensities represent a quotient of these „phases“ in total volume of 
the real sample. Four models from Table 1  with corresponding d001 values can be assigned to these four 
reflections as follows: M9 – 1st reflection, M7 – 2nd reflection, M1 – 3rd reflection, M0 – 4th reflection. 
Subsequent recalculation of amounts of interlayer content according to the intensities (see Table 2 ) led to 
the value 10.22 wt.%. This value is close to the experimentally obtained value 8.7 wt.%. If it were possible to 
include also the less distinct reflections into the recalculation, the agreement with the experiment would be 
much better. 

Table 2  Assignment of reflections from XRD pattern of real sample to KLTint models according to the d001 
values and the recalculation of the amount of the interlayer content in models (AIC). Value q 
represents the quotient of KLT „phases“ according to the intensities (I) of respective reflections  

reflections 2 θ (°) d001 
(nm) 

I 
(counts) 

q (%) model d 001 
(nm) 

AIC (wt.%) AIC ·q (wt.%) 

R1 8.318 1.062 204 37.71 M9 1.062 19.81 7.47 
R2 8.780 1.006 72 13.31 M7 1.003 6.91 0.92 
R3 10.566 0.837 163 30.13 M1 0.838 6.07 1.83 
R4 12.351 0.716 102 18.85 M0 0.716 0.00 0.00 
Σ   541 100    10.22 

It must be noted that also the composition of interlayer contents of M0, M1, M7 and M9 models agree well 
with the experiment. One can see that the reflection at position 2θ = 8.318° is observable in the XRD 
patterns of both KLT intercalated by U (Fig. 1b ) and CH/KLT composite (Fig. 1c ). Therefore, it can be 
assumed that it is a result of U intercalation (see the model M9 in Table 1 ). Moreover, it is not very probable 
that U molecules were completely replaced by CH molecules (compare models M8 and M9 in Table 1 ) and it 
is rather expected that both U and CH molecules are present together in the KLT interlayer space. This 
situation can be found in the model M7 containing 1 CH2+ and 10 U molecules (Table 1 , Fig. 2 ) which agrees 
with 2θ = 8.780° reflection from the XRD pattern in Fig. 1c . Reflection at position 2θ = 10.566° seems to be a 
result of presence of H2O molecules in the KLT interlayer space (see the model M1 in Table 1 ).  
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Fig. 2  Model M7 as representative of mixed interlayer content. Urea molecules (U) show number of different 
hydrogen bonds (hb) 

4.  CONCLUSIONS  

CH/KLT composite exhibiting antibacterial properties was characterized by a combination of experimental 
(TG and XRD analyses) and simulation (molecular modeling) techniques. Computer molecular modeling was 
used to study the space arrangement of chlorhexidine (both CH and CH2+), urea and water molecules in the 
interlayer space of KLT and basal spacings of optimized models were calculated from simulated XRD 
patterns. Amounts of chlorhexidine (both CH and CH2+), urea and water molecules in models were compared 
with results of TG analysis of real samples. Using recalculation based on XRD patterns of real samples and 
simulated XRD patterns of optimized models the very good agreement between simulation and experiment 
was reached. Taking into account that it is nearly impossible to directly observe and examine the interlayer 
content it can be concluded that the combination of molecular modeling with XRD and TG analyses is very 
efficient method for the characterization of such type of composites.   
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Abstract  

The present work is focused on the study of copper and silver stability on montmorillonite (MT) and 
vermiculite (VT) substrate in an aqueous environment and their antibacterial effect. Clay minerals MT and VT 
were saturated with silver and copper cations in two different concentrations of the aqueous solutions of their 
nitrate salts. The structural changes of MT and VT after cations exchange were characterized by X–ray 
diffraction analysis. Elemental analysis showed that VT in comparison with MT contained higher amount of 
silver and copper while both clay minerals exhibited higher content of silver than of copper. Elements 
released into the water were quantitatively determined using atomic emission spectroscopy with inductively 
coupled plasma and atomic absorption spectrometry. The results yielded the finding that both silver and 
copper are sufficiently stably anchored on MT and VT matrices. The maximum percentage of released silver 
was 2.17 % from MT and 1.44 % from VT samples and released copper 0.41 % from MT and 0.40 % from 
VT samples. Antibacterial effect was tested on bacteria Escherichia coli. The highest inhibitory effect on 
bacterial growth after 24 h of tested time exhibited the MT sample with silver.  

Keywords: montmorillonite, vermiculite, silver, copper, stability in water, antibacterial effect 

1. INTRODUCTION 

Montmorillonite (MT) and vermiculite (VT) are clay minerals with the layered structure which is formed by 2:1 
layers consisting of one octahedral and two tetrahedral sheets. Interlayer space between the layers  contain 
the hydrated exchangeable cations as Ca2+, Na+ and K+ which compensate the negative charge on their 
surface. This negative layer charge is formed as results of substitution the central tetrahedral or octahedral 
cations by cations with lower valency [1,2]. These structural properties enable use them as matrices for 
preparation of metal nanoparticles as silver or copper that are known for their antimicrobial and antifungal 
behaviour. 

Some published works described antimicrobial properties of silver and copper on MT or VT prepared by 
cation exchange (used mostly for Cu2+) [3–9] or reduction from their solution in nanoparticles form [8–16]. Li 
et al. [3] prepared Cu2+–VT by cation exchange and studied effect of antibacterial activity on bacteria 
Escherichia coli in the temperature range from 200 to 400 °C. Authors found that action of higher 
temperature had not significant influence on antibacterial effect. Drelich et al. [15] observed that prepared VT 
with Cu nanoparticles showed strong antibacterial action against bacteria Staphyllococcus aureus. Miyoshi 
et al. [13] prepared Ag nanoparticles on MT in n–hexanol by chemical reduction with NaBH4 and antibacterial 
effect of samples were studied on bacteria Escherichia coli in the light and in the dark. Results showed that 
action in the light was higher probably due to the formation of ∙OH radicals. Antibacterial action was 
observed even after several years.  

Because heavy metals can have adversely affect living organisms, it is required to limit their leakage to the 
environment. Clay minerals represent good candidate to prepare metal nanoparticles which are stable 
anchored on clay substrate. Stability of silver or copper on clay minerals studied only a few authors [4,12, 
17–18].  



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

633 

In this work, silver and copper were reduced on montmorillonite and vermiculite particles. The structural 
characterization of prepared samples was performed by X–ray diffraction analysis, stability of silver or copper 
on clay minerals in water was evaluated based on the amount of released silver and copper and antibacterial 
effect was determined on bacteria Escherichia coli. 

2. MATERIALS AND METHODS 

2.1 Materials 

Montmorillonite from Ivančice (Czech Republic) and vermiculite from Santa Luzia (Brazil) were milled in a 
planetary mill (Retsch 4) and the fractions sieved under 40 µm were labeled as MT and VT for experiment. 
Silver nitrate, AgNO3 and copper nitrate, Cu(NO3)2.5H2O (Vitrum VWR., Co., CZ) with the purity of 99.99 % 
were used as a source of silver and copper.  

2.2 Preparation of samples with Ag and Cu 

The samples MT and VT were mixed with AgNO3 and Cu(NO3)2 aqueous solution with concentration 0.1 mol. 
dm–3 and 0.01 mol. dm–3 in ratio: 1 g of clay and 10 ml of solution. Suspensions were shaken for 24 hours at 
room temperature. Samples with AgNO3 were protected by aluminium foil against the light. Then the 
suspensions were centrifuged and washed with distilled water until free of NO3– ions. Resultant samples 
were dried at 70 °C for 24 hours [9,12]. The list of prepared samples is in Table 1 .  

2.3 Stability of silver and copper on clay matrices  in water 

Stability of prepared samples MT and VT with Ag and Cu was studied in water medium. The samples were 
dispersed in distilled water in ratio 1 g of sample and 10 ml of water. Suspensions were shaken for 24 hours 
at room temperature, centrifuged and liquid parts were saved for assessment of silver and copper 
quantity [18]. The labelling of leaches is described in Table 1 . 

Table 1  List of prepared samples and leaches 

Sample 

label 
Description of samples preparation 

Leaches in water 

label 

MT Montmorillonite, < 40µm  –  

MT/Ag MT after treatment with 0.1 mol. dm–3 AgNO3 MT/Ag/w 

MT/Ag0 MT after treatment with 0.01 mol. dm–3 AgNO3 MT/Ag0/w 

MT/Cu MT after treatment with 0.1 mol. dm–3 Cu(NO3)2 MT/Cu/w 

MT/Cu0 MT after treatment with 0.01 mol. dm–3 Cu(NO3)2 MT/Cu0/w 

VT Vermiculite, < 40µm  –  

VT/Ag VT after treatment with 0.1 mol. dm–3 AgNO3 VT/Ag/w 

VT/Ag0 VT  after treatment with 0.01 mol. dm–3 AgNO3 VT/Ag0/w 

VT/Cu VT after treatment with 0.1 mol. dm–3 Cu(NO3)2 VT/Cu/w 

VT/Cu0 VT after treatment with 0.01 mol. dm–3 Cu(NO3)2 VT/Cu0/w 

2.4 Methods 

Silver and copper quantity in samples was determined by the X–ray fluorescence elemental analysis (XRF) 
on energy dispersive spectrometer SPECTRO X LAB. The X–ray powder diffraction (XRD) patterns were 
measured on the X–ray diffractometer Ultima IV from RIGAKU (reflection mode, Brag–Brentano 
arrangement, CuKα1 radiation) in ambient atmosphere under constant conditions (40 kV, 40 mA). The Jobin–
Yvon JY–24 ICP atomic emission spectrometer (ICP–AES) was used to quantify amount of Ag+ cations 
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which are released from samples to the water. The UNICAM 989 QZ atomic absorption spectrometer (AAS) 
was used to quantify amount of Cu2+ cations which are released from samples to the water.  

2.5 Antibacterial test 

Antibacterial action of prepared samples was tested against the Gram–positive (G+) bacteria Enterococcus 
faecalis (E. faecalis, CCM 4224). The broth dilution method [19] was used to determine minimum inhibitory 
concentration (MIC), as the lowest concentration of sample that completely inhibits bacterial growth. The 
bacterial suspension was prepared by twenty hour cultivation at glucose broth. The density of bacterial 

glucose suspension used was 1.1 × 109 cfu ml–1. The detailed procedure of antibacterial test was published 
by Valášková et al. [13]. 

3. RESULTS AND DISCUSSION 

3.1 X–ray diffraction analysis 

The XRD pattern of original VT (Fig. 1a ) showed the basal reflections, d(002) = 1.441 nm and 1.275 nm 
which corresponds to the mixture of layered structures with one and two water layer hydration states and 
superstructure (d = 2.384 nm) of interstratified phases [20–21].  

The XRD pattern of samples VT/Ag0, VT/Cu0 and MT/Ag0, MT/Cu0 showed no significant structure changes 
in comparison with original MT and VT (patterns is not show).  

The sample VT/Ag (Fig. 1b ) showed change in the positions of basal reflections. The basal reflection of 
superstructure disappeared and reflections (002) with d = 1.275 nm changed to the two reflections with d = 
1.206 nm and 1.122 nm. Reducing the basal distance between the layers indicates partial loss of hydrated 
phases from interlayer.  XRD pattern of VT/Ag/w (Fig. 1c ) in comparison with VT/Ag showed a slight to 
higher values. Reflections of metal Ag0 was not observed in the patterns probably due to his lower content.  

The sample VT/Cu (Fig. 1d ) showed the basal reflections d(002) = 1.452 nm and 1.270 nm. Pattern of 
VT/Cu/w showed shift of reflections to lower value d = 1.438 nm and 1.257 nm in comparison with VT/Cu. 

The XRD pattern of original MT (Fig. 1a ) showed the basal reflection with value d(001) = 1.478 nm. This 
reflection became broadened and shifted to lower value d(001) =  1.435 nm in sample MT/Ag (Fig. 1b ) and 
to d(001) = 1.473 nm in sample MT/Cu (Fig. 1d ) 

The XRD patterns of MT/Ag/w (Fig. 1c) and MT/Cu/w (Fig. 1e ) showed different shift of basal reflection in 
comparison with MT/Ag and MT/Cu. The value d = 1.435 nm at MT/Ag at water increased to higher value 
1.523 nm at MT/Ag/w, while the sample MT/Cu/w at water shows no significant changes in the values of 
basal reflection 001 in comparison with MT/Cu. The changes of basal space values in samples VT/Ag/w, 
VT/Cu/w and MT/Ag/w, MT/Cu/w are related to the small release of Ag+ and Cu2+ to distilled water.  

3.2 Quantity of silver and copper in powder samples  and aqueous leachates 

The quantity of total content of silver and copper in samples determined by X–ray fluorescence analysis is 
given in Table 2  and Table 3 . Content of both elements was higher in VT opposite MT samples, which 
corresponds to the vermiculite  higher negative layer charge and cation exchange capacity than has MT. 
Higher content of silver in MT and VT in comparison with copper is caused by different bonding manner of 
silver and copper with clay mineral matrices [9].   

Content of Ag+ and Cu2+ determined by AES–ICP and AAS in leaches in Table 2  and Table 3  showed higher 
quantity of silver released from samples M/Ag/w opposite V/Ag/w and from V/Ag0/w opposite M/Ag0/w. 
Quantity of copper released from MT and VT matrix was lower in comparison with silver. It indicated that 
copper is more stable anchored in clay matrices than silver.  
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Based on the finding results that 97.8 % of silver and 99.6 % of copper remained in samples, it can be 
concluded that silver and copper are stable anchored on MT and VT in distilled water.  

 
Fig. 1 X–ray diffraction patterns of vermiculite samples (left): a) VT, b) VT/Ag, c) VT/Ag/w, d) VT/Cu and e) 
VT/Cu/w and montmorillonite samples (right): a) MT, b) MT/Ag, c) MT/Ag/w, d) MT/Cu and e) MT/Cu/w. 

Table 2  Content of Ag+ and Cu2+ in aqueous leachate in mg.l–1 released from vermiculite samples and 
calculated as % released from total content of elements in powder sample  

Sample Ag Cu  Ag + Cu2+  Ag  Cu 
 mg. g –1  mg. l –1  % 
V/Ag/w 56.1* –  34 –  0,61 – 
V/Ag0/w 8.3 –  12 –  1,44 – 

V/Cu/w – 17.5  – 5,91  – 0,34 
V/Cu0/w – 6.8  – 2,75  – 0,40 

Table 3 Content of Ag+ and Cu2+ in agueous leachate in mg.l–1 released from montmorillonite samples and 
calculated as % released from total content of elements in powder sample 

 Ag Cu  Ag + Cu2+  Ag Cu 

 mg. g –1  mg. l –1  % 

M/Ag/w 24.9 –  54 –  2,17** – 

M/Ag0/w 6.4 –  6,96 –  1,08** – 

M/Cu/w – 14.6  – 5,99  – 0,41 

M/Cu0/w – 6.5  – 1,28  – 0,20 

* Results were published in [9], ** Results were published in [18] 
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3.3 Effect on bacteria 

Prepared materials after 24 hours contact with G+ bacteria Escherichia coli showed good antibacterial 
properties (Table 4 ). Samples with silver were more effective in comparison with copper. The best inhibitory 
effect on bacterial growth showed samples MT/Ag and MT/Cu. It signified the relation between antibacterial 
effect and stability because these two samples showed higher quantity of silver and copper in aqueous 
leachates (Table 3 ). Samples after leaching in water showed slightly poor antibacterial ability.  

Table 4  Measured values of minimum inhibitory concentrations MICAg and MICCu in samples after 24 h of 
contact time with bacteria Escherichia coli 

Sample 
MICAg 

(mg. l–1) 
 Sample 

MICCu 
(mg.l–1) 

 Sample 
MICAg/MICCu 

(mg.l–1) 

VT – 

 

VT – 

 

VT – 

VT/Ag 0.21 VT/Cu 0.69 VT/Ag/w 1.87 

VT/Ag0 0.28 VT/Cu0 – VT/Cu/w 2.08 

MT – MT – MT – 

MT/Ag 0.09 MT/Cu 0.49 MT/Ag/w 0.28 

MT/Ag0 0.64 MT/Cu0 – MT/Cu/w 0.49 

4.  CONCLUSION  

Silver and copper reduced on montmorillonite and vermiculite particles were prepared as antibacterial 
materials and were tested for their stability in distilled water. 

Quantity of Ag+ and Cu2+ in leaches suggested that both elements were sufficiently stable anchored on clay 
substrates while copper was more stable anchored in clay matrices than silver. Antibacterial test of prepared 
samples on bacteria Escherichia coli showed good inhibited action on bacterial growth. Samples after 
leaching in water showed slightly poor antibacterial ability. Results of antibacterial test and aqueous 
leachates exposed the relation between antibacterial activity and release capability of silver and copper from 
silicate matrices.  
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Abstract  

Sublingual route is a desirable way for non–invasive administration of macromolecular biological actives 
(e.g. peptides, proteins, enzymes, nucleotides) but also drugs incorporated into/onto nanoparticle carriers. 
Thin, well perfused and easily accessible barrier, relatively low enzymatic activity, near–neutral pH, 
bypassing the first–pass effect count among its main advantages. However, to date, the penetration 
of nanoparticles and macromolecular substances across mucosal membranes is still not fully explored and 
thus cannot be fully exploited for use in medical praxis. The aim of this work is to study the permeation limits 
of sublingual membrane and gather information useful for future formulation of sublingual nanoparticulate 
drug delivery systems. Permeation of FITC–marked dextrans and Chromeon 470–marked nanoparticles 
through freshly cut or frozen porcine sublingual membranes was studied in vitro in modified Franz diffusion 
cells. Caffeine was used as a membrane integrity marker. Concentrations of dextrans in acceptor phase 
were assessed spectrofluorimetrically. Concentrations of both nanoparticles and caffeine were assessed 
simultaneously using HPLC equipped with fluorescence and UV–VIS detectors. Distribution of the 
nanoparticles on donor and acceptor sides of the sublingual membrane was examined with fluorescence 
microscopy. Size and shape of nanoparticles were evaluated with dynamic light scattering (DLS) and atomic 
force microscopy (AFM). The extent of in vitro permeation of rigid nanoparticles throughout frozen sublingual 
membranes was larger than through freshly cut membranes. The nanoparticles were more frequently located 
near the outer boundary of sublingual membranes. The study was supported by the grant GAUK 
530812/2012 of the Grant Agency of Charles University in Prague. 

Keywords: sublingual administration, nanoparticles, dextrans, In vitro 

1. INTRODUCTION 

Sublingual route of administration offers many advantageous properties. Very thin mucosa (100 to 200 μm) 
with good blood supply provides means for fast onset of systemic drug action while bypassing the first–pass 
metabolism is located in the gentle environment of oral cavity (relatively low enzymatic activity and near–
neutral pH). Moreover, the site is easily accessible for non–invasive administration of variety of dosage 
forms, with potential ease of their removal (e.g. in case of expression of adverse effects). This way of 
administration is also suitable for small children, elderly people, and other patients with swallowing or 
digestion problems.[1] 

Among difficulties limiting the use of this way of administration are its relatively small surface area 
permanently washed by saliva and also involuntary swallowing of liquids greater than 200 μL.[2],[3],[4] 

Such relatively easily permeable barrier should be favourable for the administration of biologically active 
macromolecules (e.g. peptides, proteins, enzymes, nucleotides, ...). Many of these molecules are unstable in 
harsh acido–basic and enzymatic environment of gastro–intestinal tract. Considerable complications are also 
linked with their administration via parenteral route (i.v, s.c., i.m.), particularly invasiveness, painfulness and 
poor patient compliance. 
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Additional protection and means of targeting could be provided by incorporation into/onto nanoparticle 
carriers.[5] 

However, to date, the penetration of nanoparticles and macromolecular substances across mucosal 
membranes is still not fully explored and thus cannot be fully exploited for use in medical praxis.[6] 

The aim of this work is to study the permeation limits of sublingual membrane and gather information useful 
for future formulation of sublingual nanoparticulate drug delivery systems. 

2. MATERIALS AND METHODS 

2.1 Materials 

Nano–beads based on PD, Chromeon 470–marked (Ch470) and FITC–dextrans (FD20 – Mw 20,000; FD70 
– Mw 70,000) and methanol (HPLC grade) were purchased from Sigma Aldrich (Prague, CZ). Caffeine and 
sodium chloride were purchased from Dr. Kulich Pharma (Hradec Králové, CZ). Formic acid, phosphoric 
acid, potassium hydrogen phosphate and potassium dihydrogen phosphate were supplied by Penta 
Chemicals (Prague, CZ). Sodium azide was purchased from Chemapol (Prague, CZ). The aqueous solutions 
were prepared with purified water. All the chemicals were used as received without further purification. 

2.2 In vitro  permeation experiments  

/In vitro/ permeation experiments were performed using a porcine sublingual mucosa. Pieces of mucosa 
were obtained from the lower side of fresh porcine tongues (supplied from a local slaughterhouse) by 
surgically removing the muscle and connective tissues. After preparation, pieces of mucosa were stored in a 
0.9 % sodium chloride solution with the addition of sodium azide (0.002 %) and were used fresh or after 
freezing and storage. The pieces chosen for freezing were dried with a tissue, sealed into a plastic bag and 
shortly immersed into liquid nitrogen. They were stored in –20 °C until required. The processed sublingual 
membranes were about 0.4 mm in thickness. They were cut into pieces (2 cm x 2 cm) and fixed between 
a donor and an acceptor compartment of diffusion cells. The actual area exposed for permeation was 1 cm2. 
The PBS (pH 7.4) was used as an acceptor phase and was stirred with magnetic bar during the experiment. 
Diffusion cells were placed in a thermostated water bath kept at 36.5 ± 0.5 °C. In vitro permeation was 
performed using the donor dispersions (PBS pH 6.8 with 0.5 % caffeine, 0.5 mL) with 1 % of either FD20 or 
FD70 dextran or with 0.1 % or 0.5 % of Ch470. Caffeine was used as a membrane integrity marker. Samples 
(0.6 mL) of the acceptor phase were withdrawn in pre–determined intervals over 24 hours and replaced with 
fresh buffer. The samples were briefly stored in a refrigerator until HPLC or spectrofluorimetric determination 
of investigated substances was performed. At least three replicates of each measurement were performed. 
The values presented below are calculated as the means with standard deviation (SD). 

2.3 Fluorescence microscopy 

The sublingual membranes used in the /in vitro/ permeation experiments with Ch470 were subsequently 
examined with fluorescence microscopy (Olympus BX51, Olympus, Japan), first from the acceptor side 
(basolateral) and then also from the donor side (apical). 

2.4 Spectrofluorimetry 

Amounts of dextrans in samples of the acceptor phase were assessed spectrofluorimetrically (Aminco 
Bowman Series 2, Thermo Fisher, USA). Excitation wavelength was set at 494 nm and emission wavelength 
at 518 nm. 
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2.5 HPLC analysis 

Concentrations of caffeine and Ch470 in the samples of the acceptor phase were assessed using HPLC 
(Agilent 1200 equipped with UV/VIS and FLD detectors, Agilent, USA). The amount of caffeine was 
determined using a Zorbax Eclipse plus C18 column (250 x 4.6 mm, 5 μm) and methanol/0.2 % aqueous 
solution of formic acid 1:3 v/v as themobile phase with the flow rate 1.5 mL/min. The UV/VIS detector 
wavelength was set at 272 nm. The amount of Ch470 was determined using column bypass with 
methanol/water 1:3 as mobile phase and flow rate of 1 mL/min. The FLD excitation wavelength was set at 
470 nm and emission wavelength was set at 600 nm. 

2.6 Data treatment 

The primary data from spectrofluorimetric or HPLC assay of the samples were further corrected for sampling 
and replacement of the acceptor phase. The amounts of the Ch470 or dextrans passed through the 1 cm2 
of sublingual mucosa were obtained. 

2.7 Particle size measurement (DLS) 

Particle size distribution of Ch470 was evaluated by DLS. Droplet of 20 μL of 0.5 % nanosuspension 
of Ch470 was dispersed in 1 mL of filtered (0,22 μm) purified water or PBS (pH 6.8 or 7.4) and measured 
in disposable cuvette using Zetasizer Nano ZS (Malvern, UK). 

2.8 Atomic force microscopy (AFM) 

A 20μL droplet of the Ch470 dispersion was deposited on the freshly cleaved mica and let to dry overnight 
at room temperature. Sample was examined in intermittent–contact mode with easyScan 2 FlexAFM 
(Nanosurf, Switzerland) mounted with Tap190DLC cantilever (BudgetSensors, Bulgaria). 

3. RESULTS AND DISCUSSION 

3.1 Permeation of FD 
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Fig. 1 The amount of permeated FD20 and FD70 throughout fresh and frozen sublingual membranes. 
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The extent of in vitro permeation of FD20 was approximately four times larger than that of FD70 in fresh 
membranes and about twenty times larger in frozen membranes. (Fig 1 ). 

3.2 Permeation of Ch470 

0

5

10

15

20

25

30

35

40

0 6 12 18 24

Time (h)

A
m

ou
nt

 o
f p

er
m

ea
te

d 
C

h4
70

 (
μ

g)

0.5% Ch470 - fresh

0.5% Ch470 - cryo

0.1% Ch470 - fresh

0.1% Ch470 - cryo

 

Fig. 2 The amount of permeated Ch470 throughout fresh and frozen sublingual membranes 

The extent of in vitro permeation of Ch470 was slightly larger in frozen membranes and from 0.5 % donor. 
(Fig 2 ).However, the percentage of permeated nanoparticles to the total amount in the donor was greater 
when using 0.1 % donors. 

3.3 Fluorescence microscopy 

 

Fig 3 Fluorescence microscopy – picture taken from the acceptor (basolateral) side at the edge of the area 
exposed to in vitro permeation experiment 
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The Ch470 nanoparticles were more frequently located near the edge of the exposed area. (Fig. 3 ) 

3.4 Atomic force microscopy and DLS 

 

Fig. 4 Atomic force microscopy – picture of the Ch470 nanoparticles deposited on freshly cleaved mica 

 

Fig. 4 Particle size distribution of Ch470 nanoparticles measured by DLS 

The DLS measurements showed that the particle size of Ch470 nanoparticles is about 170 nm with quite 
high polydispersity. AFM measurements showed anisotropic shape of the particles. 

4. CONCLUSION 

The extent of in vitro permeation of rigid nanoparticles throughout frozen sublingual membranes was larger 
than through freshly cut membranes. The nanoparticles were more frequently located near the outer 
boundary of sublingual membranes. 
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Abstract  

CdTe Quantum dots (QDs) are nanoparticles (2 – 10 nm) made of semiconductor materials. QDs have got 
very good fluorescence properties, they have got high quantum yields, big Stokes shifts, high molar 
extinction coefficient and they are resistant to photobleaching and chemical degradation. These 
characteristics predispose them for use in fluorescent labelling. They can be excited by a broad spectrum of 
wavelengths and on the contrary, their emission spectra are narrow and size–tuneable (from the UV to the 
NIR regions). Using different emission filters (535 nm, 600 nm, 700 nm), it is possible to distinguish between 
different QDs. QDs of different colour were prepared by microwave synthesis (50 – 130 °C; 20 minutes). 
QDs are potentially beneficial in the imaging of the biological processes in the living organisms either in the 
microscopic or macroscopic level.  

The aim of this study was the application of QDs into the chicken muscle tissue and study of their behaviour 
in various depths under the surface (2, 5, and 7 mm). We investigated the differences between CdTe QDs 
with different emission maxima (550, 615 and 705 nm) and the limits of the usage as fluorescence probes for 
fluorescence in vivo imaging.  

Keywords: quantum dots, chicken muscle tissue 

1.  INTRODUCTION 

Quantum dots (QDs) are inorganic semiconductor nanocrystals size of 2 – 10 nm, each dot consists of 100 
up to 100 000 atoms. Quantum dots have excellent fluorescence properties; they have high quantum yields, 
broad absorption spectrum, narrow emission size tuneable spectrum, large Stokes shift, high molar 
extinction coefficient and are resistant to quenching and chemical degradation. The most common quantum 
dots are telluride, sulphide, selenide, arsenide with ions of cadmium, lead, zinc, indium, gallium and mercury. 
Properties of quantum dots depend on the way of the synthesis and surface modification. The conditions of 
microwave synthesis (temperature and reaction time) influence the size of quantum dots. At low 
temperatures and short reaction time, the smallest QDs are synthetized, which have a blue to green colour. 
On the contrary, at higher temperatures and longer heating times, the bigger particles are produced (orange 
to red colour) [2, 3, 5, 9, 13, 15, 16]. 

Quantum dots can be applied in bioanalytical chemistry and biology DNA probes, at the fluorescent labelling 
of microscopic preparations, the specific labelling of body tissues, antibodies, oligonucleotides, enzymes, 
aptamers, in FRET (Förster resonance energy transfer), BRET (bioluminiscence resonance energy transfer) 
and ECL (electrochemiluminiscence). The possibility of conjugation of quantum dots with biomolecules 
opens the way for their use in the biological labelling. Quantum dots can be used as markers in 
immunoassays. They can be used for the detection of small molecules, in medicine and in food safety 
control, in pharmaceutical and environmental monitoring. Quantum dots are a good alternative to the 
traditional organic dyes, enzyme labels, or isotopic labels [2, 6, 9, 11, 13]. Due to their properties, QDs can 
be used not only in vitro but also for in vivo imaging. Investigation of quantum dots is among the most 
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emerging field of nanotechnology [4]. In the future, we can expect the use of quantum dots in human 
medicine, since it is possible to visualize the use of transport of drugs.  

In the area of basic research is the detection of therapeutics benefit especially in the development of 
targeted therapies and targeted drug delivery into the tumour tissues. Due to its small size, it is easy to get to 
the target organs. The biocompatibility of QDs is important for the usage of QDs in imaging and therapy [8]. 
A suitable modification of the surface of QDs reduces their toxicity and allows specific binding to a specific 
site in the body [1, 10]. A disadvantage of the in vivo imaging is the high autofluorescence of tissue at low 
wavelengths, it is preferable to study living organisms using near infrared radiation (NIR). Near infrared 
radiation better penetrate throw the tissue and can reaches a depth of several centimetres [7, 14]. 

2. MATERIALS AND METHODS 

2.1 Preparation of QDs  

All chemicals were purchased from Sigma–Aldrich and used without further purification. Cadmium (II) 
acetate Cd(OAc)2 (10ml; 5.32 g/l) was dissolved in ACS water (25 ml). Mercaptosuccinic acid (MSA) (1 ml; 
60 mg/ml) was slowly added to stirred solution. Afterwards, 1.8 ml NH3 (1 M) and 1.5 ml Na2TeO3 (4.432 g/ l) 
was added. NaBH4 (40 g) was poured into the solution under vigorous stirring. Subsequently the ACS water 
was added to the final volume of 100 ml, than the solution was pipetted (2 ml) into the vials, which were 
closed and put into the Microwave Reaction System (Multiwave 3000, Anton Paar, Graz, Austria). Microwave 
heating conditions: max. 300 W, temperature: 50 – 130 °C (QD1 – 50 °C, QD2 – 50 °C, QD3 – 60 °C, QD4 – 
80 °C, QD5 – 90 °C, QD6 – 90 °C, QD7 – 100 °C, QD8 – 120 °C, QD9 – 130 °C, QD10 – 130 °C) 10 
minutes rising of temperature, 10 minutes continuance and then cooling. Synthetized QDs were stored in 
dark at 4 ºC. More details on QDs preparation in the conference proceeding paper by Melichar et al. 

2.2 Fluorimetric analyses 

Fluorescence spectrometer Tecan infinite M200 PRO (Grödig, Austria) was used for the fluorimetric 
analyses. Samples of volume of 100 μl were placed in a Nunc microplate MaxiSorp (Thermo Fisher 
Scientific, Roskilde Denmark). The absorbance spectrum was measured (300 nm – 1000 nm). The highest 
absorbance was set as excitation and the fluorescence spectrum of QDs was measured (430 – 850 nm). 
The parameters were as follows: number of flashes: 5; emission wavelength step size: 5 nm; gain: 50. 

2.3 Highly sensitive CCD detector  

The fluorescence properties were tested by Carestream In–Vivo Xtreme Imaging System (Carestream 
Health, Inc., Rochester, USA). The 4MP Camera is a cooled back–thinned, back illuminated camera 
designed for maximum sensitivity. The camera utilizes a two–stage thermo–electric cooler that cools down 
the CCD below –55 °C absolute. The camera collects the image data on a 2048 x 2048 pixel CCD. Single 
frame image data is digitized at 16–bits, and presented in software as a 32–bit floating point image. The 
images were processed by Carestream molecular imaging software (Carestream). 

2.4 Application of doxorubicin into the muscle tiss ue 

Quantum dots were applied directly into the chicken muscle tissue or into the tube (internal diameter of 
2 mm) and it was inserted into the different depths of the tissue (0, 2, 5, 7 mm) and the fluorescence was 
detected. Finally three different colour QDs were applied into the chicken embryo. Fertilized eggs (ISA 
Brown) were incubated for 14 days in RCom 50 MAX incubator (Gyeongnam, Korea) with temperature  
(37.5 °C) and humidity (45 % rH) control and automatic egg rolling (every 2 hours). After the incubation the 
eggshell was removed and the QDs were applied into the embryo. The fluorescence of QDs was detected by 
Carestream In–Vivo Xtreme Imaging System (Carestream Health, Inc., Rochester, USA) using specific filters 
for a given QDs. The images were analysed by Carestream molecular imaging software (Carestream Health, 
Inc., Rochester, USA) and processed by software PhotoFiltre Studio X. 
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3. RESULTS AND DISCUSSION 

 

Fig. 1  Fluorescence of quantum dots: A) Absorbance spectrum of synthesised quantum dots (350 – 
800 nm). B) Fluorescence spectrum of synthesised quantum dots (440 – 840 nm); number of flashes: 5; 

emission wavelength step size: 5 nm; gain: 50. C) Fluorescence of the QDs in the tube in the different depth 
in the chicken muscle tissue, excitation: 650 nm, emission 700 nm, exposure time: 2 s, Field of View: 12, 
fStop: 1.1, Binning: 2 x 2 pixels (a) tube with red QDs in the depth of 2 mm, (b) tube with red QDs in the 

depth of 5 mm, (c) tube with red QDs in the depth of 2 mm, (d) The dependence of the fluorescence intensity 
on the depth of tube with QDs in the tissue (green, yellow and red QDs). D) Fluorescence of QDs applied 
into the chicken embryo (2 mm deep, 200 µL) applied by direct injection) overlay of four images: X–ray, 
fluorescence of green, yellow and red QDs, excitation: 480 nm, emission: 535 nm (green QDs), 600 nm 

(yellow QDs), 700 nm (red QDs) 

In this study, different CdTe capped by mercaptosuccinyl acid QDs were synthesised by microwave 
synthesis. By changing the temperature of the reaction, the different colour QDs were synthesised. In the low 
temperatures (50 °C), the QDs emitted low wavelength light (blue light), in comparison high temperatures 
(120, 130 °C) caused the synthesis of red colour QDs. The colour of QDs was observed in the 
transilluminator (Transilluminator Multiband TFX–35.MC, Torcy, France, excitation: 312 nm) and whole 
colour range of QDs was observed. The absorbance (Fig. 1A ) and the emission spectra (Fig. 1B ) were 
determined by fluorescence spectroscopy. All of the QDs absorbed the light of low wavelengths, so the QDs 
were excited by the light of 400 nm. The emission spectra of the QDs were covering the whole visible light 
spectrum (480 nm – 700 nm). The intensity of the fluorescence grew with the wavelength of the emitted light. 
Red QDs emitted light in the near infrared region (705 nm) and their intensity of the fluorescence was very 
high (26 300 a.u.). Near infrared QDs seems to be convenient fluorescence labels. Our QDs exhibited good 
fluorescence properties and had the potential to be used in the bioimaging. The usage of QDs in the living 
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organisms is limited by the thickness of the tissue the light need to penetrate [12]. The determination of the 
limiting depth for the detection of QDs fluorescence in the tissue was one of the aims of this study. Therefore 
the QDs were analysed in different tissue depths (0, 2, 5 and 7 mm). The fluorescence of QDs was studied 
on the chicken muscle tissue. The QDs were applied by injection into the animal muscle tissue. But the direct 
application caused the uneven distribution in the tissue and the exact depth of the QDs in the tissue could 
not be determined. It is the reason, why we used tubes to prevent spreading of the dots in the tissue. QDs 
were applied into the tube (internal diameter of 2 mm) and it was inserted into the different depths of the 
tissue (Fig. 1C ). The fluorescence of QDs was analysed by the Carestream In–vivo Xtreme Imaging System, 
which allows highly sensitive display of fluorescence. It allows not only excitation in the visible region, but 
also in the longer wavelengths (NIR) and the monitoring of fluorophores in a living organism. The device has 
high–quality camera software, which allows quantification of the intensity of radiation and separation of 
individual fluorophores. The images were analysed by Carestream molecular imaging software. The intensity 
of the fluorescence of different QDs (green, yellow and red) in tube in different tissue depths was analysed. 
The intensity of the fluorescence decreased with increasing depth of the tube in the tissue. It was found, that 
the red QDs has best fluorescence properties and it is possible to detect them in the depth of 10 mm. Green 
and yellow QDs can be detect only up to depth of 7 mm below the surface. Finally, all three types of QDs 
were applied into the chicken embryo body. The fertilized eggs were incubated for 14 days in the incubator 
RCom 50 MAX (37.5 °C; 45 % rH). After the incubation the embryo was removed and the three colour QDs 
(green, yellow and red) were applied (200 µl) by the injection into the muscle tissue, into the depth of 2 mm. 
The fluorescence of QDs was detected by Carestream In–Vivo Xtreme Imaging System (Carestream Health, 
Inc., Rochester, USA). Using different emission filters a multicolour analysis was enabled. All QDs were 
excited by the light of 480 nm and detected throw different emission filters. Green QDs were taken with the 
emission filter 535 nm, yellow QDs with the emission filter 600 nm and red QDs with the emission filter 700 
nm. Finally the X–ray image was taken, than all four images were overlaid and combined together to one 
image (PhotoFiltre Studio X software, Version 10.4.0, France). The multicolour analysis enables the use of 
these QDs in the fluorescence labelling of different structures 

4. CONCLUSION 

The quantum dots are great fluorescence labels, which can be used in fluorescence staining. Compared to 
organic days, QDs are stable and different colour QDs can be easy synthesised. Using the different emission 
filters, it is possible to distinguish between the different QDs in the tissue. It enables the use of QDs in 
simultaneously labelling of different structures in the body. Red QDs was possible to detect up to 10 mm 
deep, the reason is the high fluorescence intensity and good penetration of infrared radiation. 
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Abstract 

Recombinant aminoaldehyde dehydrogenase from tomato (LeAMADH1) was used as a model protein for 
studying the intimate interactions at the interface between proteins and surface active maghemite 
nanoparticles (SAMNs). SAMNs represent a new class of maghemite nanoparticles, displaying great 
colloidal behavior and specific surface chemical properties, as well as, peculiar electrochemical 
characteristics. In the tertiary structure model of the protein, a potential anchor zone was individuated in a 
carboxylic rich surface area. LeAMADH1 was successfully bound to the surface of bare SAMN in solution 
and its enzymatic activity was preserved, leading to a magnetic drivable enzymatic nanocarrier 
(SAMN@LeAMADH1). The hybrid material was characterized by UV–Vis spectroscopy, mass spectrometry 
and TEM. The catalytic parameters of SAMN@LeAMADH1 were determined, and compared with those of 
native enzyme, and exploited for the construction of a coulometric biosensor for the determination of 
aminoaldehydes in alcoholic beverages. A suspension of SAMN@LeAMADH1, used inside a low volume (1 
µL) electrochemical flow cell fabricated in–house, led to the complete direct electroxidation of NAD, 
developed from the enzymatic oxidation of aminoaldehydes. The hybrid material was magnetically removed 
after the enzymatic reaction allowing its reutilization. A SAMN modified carbon paste electrode was inserted 
in the flow microcell for the coulometric determination of NADH produced during the enzymatic process. This 
report envisages the possibilities of SAMNs surface as a tool for projecting and constructing new nano–bio–
composites. 

Keywords: maghemite nanoparticles, nanomaterial electrocatalysis, NADH electro–oxidation, coulometric  
                    detection, aminoaldehyde dehydrogenase, aminoaldehyde biosensor 

1. INTRODUCTION 

Nanoparticles represent an increasingly explored platform for integrating biology and synthetic materials. A 
challenging task in the creation of effective nano–bio–conjugates requires the retention of protein structure 
and function, and covalent or non–covalent immobilization of proteins to nanoparticles provides the access 
to functional core–shell hybrid systems with applications in biotechnology, medicine, and catalysis [1]. A wide 
variety of core materials can be used for fabricating nanoparticles, including metals, metal oxides, 
semiconductors, and core–shell hybrids [2], where composition of the core material dictates the physical 
properties of the final nano–bio–conjugates, and enzyme or protein coatings are responsible for catalytic and 
recognition peculiarities. 

2. METHODOLOGICAL BASES 

2.1 Derivatization of SAMNs with LeAMADH1 

SAMNs can be superficially derivatized by simple incubation in buffer solutions in the presence of 
LeAMADH1. In the present case, LeAMADH1 binding was carried out in 100 mM Tris–HCl, pH 8.5, 100 mM 
KCl. Bound LeAMADH1 can be released from nanoparticle surface by treatment with 0.5 M ammonia. The 
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released protein was evaluated by quantitative mass spectrometry. Alternatively, Bradford method was used 
to determine protein concentration, (Bradford et al., 1991), using bovine serum albumin as a standard. 

2.2 Enzyme activity measurements 

A spectrophotometric assay was used to measure the activity of aminoaldehyde dehydrogenase free in 
solution and immobilized on SAMNs on 3–aminopropyl aldehyde (APAL) as substrate. NADH produced 
during APAL oxidation was continuously monitored at 340 nm, using an extinction coefficient, ε, of 6220 M–

1cm–1. Unless otherwise specified, all experiments were carried out in 100 mM TRIS–HCl, 100 mM KCl, pH= 
8.5, at 22 °C ± 1 °C in the presence of 0.1 mM EDTA. NAD+ concentration was 2 mM and APAL 
concentration was tested in the range comprised between 2.5 to 200 µM. 

Catalytic constant (kc) and catalytic efficiency (kc/KM) were calculated from the Vmax and KM values obtained 
by nonlinear best fit of experimental data according to Michaelis–Menten and assuming a LeAMADH1 
molecular mass of 110 kDa. Experimental data were fitted using Sigma Plot program (v. 10.0; Jandel 
Scientific, San Rafael, CA). Measurements were carried out at least in triplicate. 

2.3 Molecular Modeling 

The structure of betaine aldehyde dehydrogenase was built using an homology modeling approach, 
implemented into Molecular Operating Environment (MOE) (Molecular Operating Environment (MOE 
2006.0804), C. C. G., Inc, 1255 University St., Suite 1600, Montreal, Quebec, Canada, H3B 3X3) using 
Pisum sativum enzyme as template (PDB code: 3IWK). The crystal structure was processed in order to 
remove ligands and water molecules, with the exception of NAD+. To minimize contacts between hydrogen 
atoms, the final model were subjected to Amber99 force field minimization until the r.m.s. of conjugate 
gradient was < 0.05 kcal mol–1 Å–1, keeping fixed all the heavy atoms. In order to verify model stability over 
time, a small Molecular Dynamics (MD) simulation was performed with NAMD 2.8 (10 ns, NPT, 1 atm, 300 K) 
(Phillips et al. 2005). The crystal structure of amine oxidase from bovine serum (BSAO) was retrieved from 
PDB (code: 1TU5, aa 57–718) and processed as described before. The electrostatic charge distribution was 
calculated and projected in the Analytic Connolly's surface. 

2.4 Electrode and low volume flow cell 
fabrication 

Carbon paste (CP) was prepared by mixing graphite 
powder to silicon grease, 70:30 weight–to–weight 
ratio. The resulting CP was inserted into the cavity of 
glass electrode holders (1.35 mm diameter). A copper 
wire was inserted into the paste through the opposite 
side of the glass capillary to create the electrical 
contact with the potentiostat. Finally, the surface of 
the carbon paste electrode (CPE) was carefully 
smoothed on weighting paper and rinsed with double 
distilled water before each experiment. All applied 
potentials were referred to SCE reference.  

The electrochemical flow cell was constituted by two 
half cells, A and B (see Fig. 1 ). The cell is equipped 
with a carbon paste working electrode, faced to a 
suspension containing magnetic drivable 
SAMN@LeAMADH1. Between the two half cells (A 
and B) a channel was defined by a teflon spacer (0.1 
mm thickness), delimiting a 1 µL cell volume. Half–

Fig. 1  Schematic drawing of the electrochemical 
flow cell (not in scale). The cell is equipped with a 
planar carbon working electrode faced to a glass 

slide bearing immobilized horseradish 
peroxidase. Between the two half cells (A and B) 

a channel was defined by a teflon spacer 
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cell A contains a carbon paste working electrode and inlet and outlet channels (0.5 mm i.d.) obtained by 
drilling. The cell was connected to the injection system by PEEK tubing (0.5 mm i.d., 1.6mm o.d.). A platinum 
wire and an Ag/AgCl electrode, inserted into the inlet and outlet channel were used as counter and as 
reference electrode, respectively. 

3. RESULTS AND DISCUSSION 

In the present work we explored the behavior of LeAMADH1 and BSAO, as model proteins for studying the 
interaction between enzymes and SAMNs, and the influence of the absorption phenomenon on biologically 
active molecules. These two dimeric proteins, with comparable shape and dimensions, differ for the density 
of carboxylic groups at their surfaces. In particular, in the region of their dimerization domain, BSAO offers 
sparse carboxylic regions, while LeAMADH1 is characterized by a high concentration of carboxylic moieties 
(see Fig. 2 ). BSAO binding attempt failed, while LeAMADH1 generated a stable nano–bio–conjugate, 
retaining its catalytic activity, confirming our hypothesis. This approach suggets the possibility of predicting 
the efficiency of protein binding on SAMN surface and the preservation of catalytic activity by protein 
structure analysis.  

 

Fig. 2 Analytic Connolly's electrostatic charge distribution surface of betaine aldehyde dehydrogenase (A, B) 
and Bovine Amino Oxidase (C, D) . Blue indicates positive surface charge and red indicates negative surface 

charge 

In addition, we proposed a biosensing application for the produced hybrid nanomaterial, exploiting, as well, 
the electrochemical peculiar characteristics of SAMNs for the development of a composite electrode for the 
direct electro–oxidation of NADH.  
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Measurements, carried out in absence and presence of NADH, showed an increase of both capacitive and 
the faradic current, evidencing the peculiar electrocatalytic properties of SAMNs toward the direct electro–
oxidation of NADH. The carbon paste electrode modified with SAMNs permitted the chronoamperometric 
determination, at relatively low applied potential, of NADH produced during the oxidation of aminoaldehydes 
by LeAMADH1. The availability of numerous different dehydrogenases, characterized by a wide range of 
substrates, makes the SAMN/CP electrode applicable for the detection of many other substances. The 
chronoamperometric response, acquired at +0.4 V, as a function of NADH additions, is reported in Fig. 3 . 
From the calibration with NADH, the detection limit was determined (0.85 µM, S/N = 3), and the typical 
response time, between 10 and 95 % of steady–state response, was calculated (70 s). The electrode 
sensitivity was estimated (21.52 nA µM–1 cm–2, R > 0.996). The calibration curve is reported in the inset of 
Fig. 3 .  

 

Fig. 3  Chronoamperometry carbon paste electrode modified with SAMNs following the addition of NADH. 
Measurements were carried out in 100 mM TRIS–HCl, pH 8.5, containing 100 mM KCl as supporting 

electrolyte, equilibrated with air, at 0.4 V (vs SCE). Inset : calibration curve of the SAMN/CPE with NADH 

The cell set–up is reported in Fig. 1  and electrochemical measurements were carried out in the confined 
small solution volume (1 µL), using SAMN/CP as working electrode. The thinness of the solution layer 
permitted the fast diffusion of electroactive compounds toward the electrode surface A calibration plot was 
also built injecting NADH into the electrochemical cell. By integrating the peak area, the corresponding total 
amount of NADH in the microcell, was calculated. The calibration curve was linear (r ≥ 0.99) up to 2 mM 
NADH. 

A suspension of SAMN@LeAMADH1 in 100 mM TRIS/HCl, pH 8.5, 100 mM KCl, was injected in the 
electrochemical flow cell and the magnetic nano–bio–composite was blocked inside the cell with a Nd–Fe–B 
magnet (Powermagnet – Germany) applied on a cell side (see Fig. 1 ). Then, APAL solutions were injected 
into the cell, containing SAMN@LeAMADH1, and the magnet was removed. Inside the low volume cell, 
immobilized LeAMADH1 oxidizes all aminoaldehyde molecules, with the concomitant production of NADH. 
After the completion of the enzymatic reaction, a potential sweep (from 0 to +1.2 V, versus Ag/AgCl, at 1 mV 
s–1) was applied at the working electrode in order to coulometrically determine the NADH produced. In Fig. 4 , 
and example of the coulometric determination of APAL is reported. 

The proposed biosensor, permitting the total conversion of the analyte present in the cell volume, being 
diffusion controlled the reaction between of SAMN@LeAMADH1 and the analyte, and working under 
coulometric regime, can be utilized to determine aminoaldehydes without any calibration procedure. The 
resulting biosensor for the determination aminoaldehydes, which was applied on real samples, combined 
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binding properties and electrochemical features of SAMNs. Noteworthy, no sample preparation procedure 
was needed and results suggest that the biosensor could be a promising, low cost, option for the 
development of biosensor for industrial scale production. 

 

Fig. 4  Linear sweep voltammetry acquired with the electrochemical flow microcell (reported in Fig. 1 ) 
following the addition of APAL. Measurements were carried out in 100 mM TRIS–HCl, pH 8.5, containing 

100 mM KCl as supporting electrolyte, equilibrated with air. Inset : calibration curve of the SAMN/CPE with 
APAL 

CONCLUSION 

The exploitation of SAMN magnetic behavior, electrochemical peculiarities and, at the same time, their 
surface properties led to the production of an electrode for NADH detection and a novel, biologically active, 
nano–bio–composite, which, upon combination, resulted in a biosensing application for aminoaldehyde 
detection. 
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Abstract 

Curcumin possesses wide–ranging anti–inflammatory and anti–cancer properties and its biological activity 
can be correlated to its potent antioxidant capacity. Novel maghemite (γ–Fe3O4) nanoparticles, characterized 
by a diameter of about 10 nm and possessing peculiar colloidal properties and surface interactions, called 
Surface Active Maghemite Nanoparticles (SAMN), were superficially modified with curcumin by simple 
incubation, due to the presence of under–coordinated Fe(III) atoms on nanoparticle surface. The resulting 
curcumin–modified SAMNs (SAMN@curcumin) were characterized by transmission electron microscopy 
(TEM), FTIR, Mossbauer, EPR and UV–Vis spectroscopy. The redox properties of bound curcumin were 
tested by electrochemistry. Finally, SAMN@curcumin was studied in the presence of different electroactive 
substances, namely hydroquinone, NADH and ferrocyanide, in order to assess its electrochemical behavior. 
Moreover, SAMN@curcumin was electrochemically tested in the presence of one of the most diffuse reactive 
oxygen specie, such as hydrogen peroxide, demonstrating its stability. SAMN@curcumin in which curcumin 
is firmly bound, but still retaining its redox features represents a feasible adduct: a magnetically drivable 
nano–bio–conjugate mimicking free Curcumin redox behavior. The proposed nanostructured material could 
be exploited as magnetic drivable curcumin vehicle for biomedical applications.  

Keywords: curcumin, maghemite nanoparticles, nanomaterial electrocatalysis, hydrogen peroxide, NADH  
                    oxidation 

1. INTRODUCTION 

Curcumin [IUPAC name, (1E,6E)–1,7–bis–(4–hydroxy–3–methoxy–phenyl)–1,6–heptadien–3,5–dione; CAS 
number: 458–37–7] is a homodimer of feruloyl–methane, containing a methoxy group and a hydroxyl group, 
a heptadiene with two Michael acceptors, and an α,β–diketone [1] (see Fig. 1 ). Curcumin has shown 
significant efficacy as chemo–preventive in cell culture studies, as it elicits efficacy in various clinical studies 
[2, 3]. It introduction into clinical settings is hindered mostly by its poor solubility and rapid metabolism, 
ultimately resulting in poor bioavailability upon administration [4]. Therefore, to circumvent these limitations 
and to ease its transition to clinics, alternative strategies should be explored. Drug delivery systems such as 
liposomes, microemulsions, polymeric implantable devices are emerging and, of course, nanoparticles as 
one of the viable alternatives that have been shown to deliver therapeutic concentrations of various potent 
chemopreventives, such as curcumin [5].The research on iron oxide based nanoparticles has captured 
attention in the recent years as efficient drug delivery system and contrast agent in magnetic resonance 
imaging, with numerous biomolecule immobilization studies being reported [6]. In the present report, we 
exploited under–coordinated Fe(III) atoms on SAMN surface for  curcumin conjugation. Redox events 
associated with the curcumin shell on maghemite core resulted reversible and reproducible, for at least 1 
month, indicating that curcumin is stable and still electroactive even if firmly bound on SAMN surface, 
leading to an active curcumin adduct bound on magnetic drivable and tunable maghemite nanoparticles. 
These results are very informative for the construction of nanodevices for biomedical purposes. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

655 

 

Fig. 1  The molecular structure (schetch) of curcumin and its cheto–enol equilibrium 

2. METHODOLOGICAL BASES 

2.2 Electrode preparation 

A carbon paste electrodes (CPEs) were prepared by mixing graphite powder with silicon grease in a 70:30 
weight–to–weight ratio. The resulting CPEs were inserted into the cavity of glass electrode holders (1.4 mm 
diameter, 0.014 cm2 geometric area). A copper wire had been inserted into the paste through the opposite 
side of the glass capillary to create the electrical contact with the potentiostat. Finally, the electrode surface 
was carefully smoothed on a weighting paper and rinsed with double distilled water before each experiment.  

2.3 Surface coating of SAMN with curcumin 

SAMN colloidal dispersion (200 mg/L) were incubated with curcumin (200 mg/L), for 1 hour under end–over–
end mixing at 4.0 °C. After the incubation period, nanoparticles were separated by the application of an 
external magnetic field and the presence of the molecule in the supernatant was checked by 
spectrophotometry. The amount of bound curcumin was calculated from the disappearance of curcumin 
absorbance at 420 nm in the 
supernatant (ε = 3.33 × 104 M–1cm–1). 
SAMN@curcumin complex was 
magnetically isolated and washed 
several times with water. Molecule 
coverage on SAMNs was stable, without 
any loss in solution of curcumin checked 
by spectrophotometry.  

3. RESULTS 

UV–Vis spectroscopy was used to study 
SAMN@curcumin complex. The 
interaction of curcumin with SAMN 
surface produced an alteration of 
nanoparticle optical properties, both the 
shape and the position of maximum 
absorption were altered, indicating the 
influence of SAMN surface properties 
on optical characteristics. The electronic 
absorption spectrum of bare SAMNs, 
acquired in water, shows a wide band 
with a maximum at about 400 nm (Fig. 
2) characterized by an extinction 

Fig. 2  UV–Vis spectra of bare and curcumin coated SAMNs. 
Spectra were acquired in water. The concentration in 

suspension were 40 µg mL–1 and 200 µg mL–1 for SAMN and 
SAMN@curcumin, respectively. (–) SAMN; (–) Curcumin; (–) 

SAMN@curcumin 
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coefficient of 1520 M−1cm−1, expressed as Fe2O3 molar concentration. Differently, SAMN@curcumin 
spectrum is characterized by two peaks, at 436 and 494 nm (see Fig. 2 ), the red shift and change of shape, 
with respect to underivatized SAMN, are in good agreement with the same phenomenon observed with the 
binding of other molecules on nanoparticle surface [7].  

The redox properties of SAMN@curcumin and 
free curcumin were investigated by 
electrochemistry. The comparison of CV curves 
of SAMN–CPE and SAMN@curcumin–CPE 
showed that the presence of curcumin on SAMN 
surface leads to an amplification of the capacitive 
current, suggesting an increase of the 
electrocatalytic available surface (see Fig. 3 ). 
The resulting cyclic voltammetries are 
characterized by the occurrence of reduction–
oxidation peaks at 0.2 V and at 0.30 V vs. SCE, 
respectively (see Fig. 3 ). The cathodic and 
anodic peaks observed with the CP electrode 
modified with SAMN@curcumin were slightly 
shifted with respect to the free polyphenol CPE. 
These electrochemical features were not present 
with SAMN/CPE (see Fig. 3 ). In addition, the 
position of cathodic and anodic peaks depended 
on pH, both for SAMN@curcumin/CPE and 
curcumin/CPE. In particular, peaks were shifted 
to negative values as the pH increased and the 
potential difference between cathodic and anodic 
peaks appeared lower for SAMN@curcumin/CPE than curcumin/CPE, indicating a more reversible behavior 
of curcumin bound on iron oxide nanoparticle surface. Furthermore, at pH 7.0, which is the most common 
experimental condition used for biological samples, the potential difference between the anodic and cathodic 
peaks is close to 30 mV, suggesting a reversible 2 electron redox reaction. These findings are in good 
agreement with literature [8], notwithstanding Manaia and colleagues noted the appearance of two 
consecutive anodic and cathodic processes, at high potentials, attributed to irreversible redox reactions. In 
the present case, curcumin, free or immobilized on SAMNs, showed the same reversible electrochemical 
behavior, possibly because they are embedded in a carbon paste matrix. Interestingly, reversible redox 
peaks are well conserved after hundred cyclic voltammetries, indicating that curcumin is electrochemically 
active and still stable when firmly bound on nanoparticles surface. 

Moreover, SAMN@curcumin/CP electrodes were tested in the presence of electroactive substances of 
biological interest, namely hydrogen peroxide and NADH, showing a remarkable electrocatalytic ability. The 
electrode response, following the addition of increasing concentrations of analytes was measured  
(see Table 1 ). The current response of SAMN@curcumin/CPE increased linearly with electroactive 
substances concentration in the ranges reported in Table 1 , and compared with the response of bare 
SAMN/CPE. Interestingly, the presence of bound curcumin on SAMNs was responsible of an opposite effect 
on electrode performances. In the case of H2O2, the sensitivity was increased of about the 40 % with respect 
to unmodiefied SAMNs, while, as regards NADH detection, the electrode sensitivity decreased by 75 %. We 
attribute the different behavior to the reductant vocation of curcumin, which is more efficient in the 
electrocatalysis of H2O2 reduction, than towards NADH oxidation, further confirming the interaction of 
curcumin with SAMN surface, enhancing SAMN electrocatalytical properties. It should be noted that the 
sensitivity toward H2O2 electro–reduction of SAMN@curcumin/CPE was higher than that of bare SAMNs and 

Fig. 3  Cyclic voltammogramms of SAMN/CPE and 
SAMN@curcumin/CPE Measurements were carried 

out in 0.1 M potassium phosphate buffer, pH 7.0, 
equilibrated in air. (–) CPE; (–) CPE containing 15 % 
SAMN; (–) CPE containing 15 % curcumin; (–) CPE 

containing 15 % SAMN@curcumin 
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that control experiments performed with CP electrodes prepared with free curcumin did not show any 
electrocatalytic activity on H2O2, suggesting a synergic effect between the molecule and metal oxide surface.  

Table 1  Analytical performances SAMN@curcumin on various electroactive substances of biological interest. 
Measurements on hydrogen peroxide were carried out in 50 mM sodium acetate, pH 5.0, containing 
50 mM KCl, at an applied potential of –0.1 V vs. SCE; measurements on NADH were carried out in 
50 mM Tris–HCl, pH 8.5, containing 100 mM KCl, at an applied potential of 0.4 V vs. SCE 

 SAMN modification  
 no  curcumin  no  curcumin  no  curcumin  

Analyte  Sensitivity  
µA mM –1 cm –2 

Detection limit  
µM 

Linearity range  
mM 

Hydrogen peroxide 25 32 2 10 0.01–1 0.10–0.80 
NADH 35 8 2 2 0.01–0.05 0.01–0.25 

Previous electrochemical study on curcumin and other polyphenols identified in hydroxyl groups on on the 
polyphenol aromatic rings the redox active centers of curcumin [8]. The preservation of electroactivity of 
curcumin bound on SAMN surface could be due to the β–diketo molecule moiety, which assures the stability 
of the binding with the undercoordinated iron (III) sites. Meanwhile, aromatic hydroxyls of curcumin are 
available for oxidation–reduction reactions with ROS. The electron delocalization through curcumin 
molecule, involving the β–diketo moiety and aromatic rings (see Fig. 1 ) and, as consequence, nanoparticle 
iron(III) electroactive sites, could explain the enhanced sensitivity of the SAMN@curcumin complex towards 
H2O2 electro–reduction, wih respect to bare SAMNs and free curcumin. 

4. DISCUSSION 

In the present paper, we reported on the development of a stable nanomaterial constituted of maghemite 
nanoparticles, characterized by the presence of surface under–coordinated iron, which were coated with 
curcumin, obtaining a core–shell curcumin derivatized maghemite nanoparticles (SAMN@curcumin). The 
nano–bio–conjugate material was easily prepared by simple incubation in water. Furthermore, the 
nanomaterial was structurally characterized by UV–Vis, FTIR and Mossbauer spectroscopies, evidencing 
that curcumin is firmly bound on nanoparticles surface and TEM images demonstrated the formation of a 
continuous shell around SAMNs. 

It has been already demonstrated that SAMNs can serve as a promising contrast agent for future 
noninvasive in vivo tracking by MRI [9]. Furthermore, an extensive study on nanoparticle–cell interaction was 
carried out, and several techniques and methods were used to characterize SAMN toxicity and to explore 
their biocompatibility. A negligible effect on cell metabolic activity, up to 100 µg mL–1, has been demonstrated 
[10]. In this sense, these nanoparticles are promising candidates for diagnostic and therapeutic applications. 

Considering that reactive oxygen species (ROS), such as superoxide anion and hydroxyl radical, play a 
pivotal role in numerous human pathologies and are also thought to be involved in carcinogenesis. 
Consequently, the control of ROS concentration represents an important mechanism invoked in the 
prevention of several diseases and cancer. Curcumin is currently used as anti–oxidant to reduce ROS 
damage to tissues and organs. More specifically, curcumin has been shown to scavenge superoxide anion 
radicals and hydroxyl radicals [11, 12]. However, studies over the past three decades related to the 
absorption, distribution, metabolism and excretion of curcumin have revealed its poor absorption and rapid 
metabolism, severely impairing its bioavailability (Anand et al., 2007). At the same time, nanoparticles were 
proposed as one of the viable alternatives as drug delivery systems, and iron oxide nanoparticles have been 
shown to deliver therapeutic concentrations of various potent chemopreventives. SAMNs represent a 
suitable and friendly environment for curcumin, preserving its redox properties, as demonstrated by the 
electrochemical the SAMN@curcumin adduct. Cyclic voltammetry enabled the rapid screening of the redox 
properties of curcumin immobilized on iron oxide nanoparticles, evidencing both the high stability and 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

658 

reversibility of redox reactions. The present study demonstrated that SAMN@curcumin possess a 
remarkable electrocatalytic activity toward the reduction H2O2, which is one of main biologically important 
ROS (Reactive Oxygen Species). 

5. CONCLUSION 

Curcumin immobilization on SAMNs hampers its rapid metabolization and elimination, which are considered 
the most important drawbacks during in vivo curcumin treatment. The nano–bio–conjugate proposed is 
magnetic drivable and targetable to specific organ by an external magnetic field. SAMN@curcumin system 
widens the applicative possibilities of curmunin in future therapeutic treatments.  
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Abstract  

The spectroscopy based on surface–enhanced Raman scattering (SERS) is a highly sensitive analytical 
technique, benefiting from the uniqueness of molecular vibrational spectra. Despite its great potential in 
sensing, it is only rarely used in commercial detection systems due to difficulties with SERS signal 
reproducibility and homogeneity in the samples. To deal with this matter, the rational design of SERS 
substrates is being employed still more frequently. We report on the preparation of rationally designed SERS 
substrates comprised of periodically modulated thin gold layers (i.e. microspheres coated with gold and gold 
semishells) and their use for the detection of biologically important compounds at trace concentrations. 
Reproducible SERS spectra of nicotine, strychnine and metronidazole were obtained. The possibility to 
detect large biomolecules or molecules with low chemical affinity to noble metals is discussed. 

Keywords: surface–enhanced Raman scattering (SERS), rationally designed SERS substrates, nicotine,  
                    strychnine, metronidazole 

1. INTRODUCTION 

The spectroscopy based on surface–enhanced Raman scattering (SERS) [1] appears to be an ideal method 
to meet the specific demand for the fast and reliable analytical tools in the fields of (forensic) toxicology, 
environmental monitoring, and chemical and biological defence. Raman spectra yield information on 
molecular structure and thus, in principle, chemical compounds can be identified. The cross–section of 
normal Raman scattering on molecules is inherently weak, but if the molecules are adsorbed on (or in the 
close proximity of) noble metal nanostructures (i.e. SERS–active substrates), Raman signals can be 
enhanced by several orders of magnitude. 

Regardless the fact that the principles of SERS remain not completely understood yet [2], the prospective 
analytical technique based on SERS–active substrates embedded in the „chip“ could become a versatile tool 
in chemical and biomedical sensing [3]. An easy sample pre–processing or even non–destructive in–situ 
analysis, small amount of sample material, structural information about the analyte, ultra–low detection limits, 
and fast determination present distinct advantages over other analytical techniques.  
However, the full (sensing) potential of SERS has not yet been tapped. The use of SERS in commercial 
detection systems is very uncommon; primarily due to difficulties with SERS signal reproducibility and 
homogeneity. These factors can be controlled to a large extent by the rational design of SERS–active 
substrates [4]. 

The rational design is employed still more frequently to generate substrates with optimized sensitivity, 
optimized frequencies of localized surface plasmon resonance, substrates for the selective detection of 
certain molecules, or substrates for highly reproducible SERS measurements. Reproducibility, which is a key 
issue for both technological and elementary SERS studies, is intrinsically ensured at periodic substrates, 
which can be easily produced by self–assembly. 

There are other problems preventing the use of the spectroscopy based on SERS in routine practice so far. 
To achieve the appropriate quality in chemical analysis, robust procedures are needed, which would enable 
the generation of consistent data and thus the validation of the analytical method. The following 
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characteristics would usually be considered in the process of validation: specificity, linearity, accuracy, 
precision, range, limit of detection and limit of quantitation. It is certain that methods based on SERS suffer 
serious difficulties because of the controversy in understanding the crucial problem of the quantitation of the 
enhancement factor. Consequently, an important question arises about the classification criteria for 
molecules determinable by SERS. What metal is “better” as a SERS–active substrate? If the theoreticians 
are right in their contemporary conviction that ‘chemical enhancement effects,…, do not contribute 
significantly in general to the SERS enhancement’ [5], what method can be employed to determine Raman–
inactive structures or analytes lacking the ‘effective’ contact with the metal? 

Large biomolecules or analytes with a low chemical affinity to noble metals can be detected by SERS using 
bi–functional chemical anchors. The anchor molecules bind to the metal surface with one functional group 
and can then selectively, or even specifically, bound certain analytes on the base of mutual complementarity 
(affinity reactions) of their chemical groups. The anchor molecules can control the secondary saturation of 
the surface by the analyte and, what is more, prevent non–specific binding at the SERS–active substrate. 
Alternatively, the chemical anchor can act as a Raman reporter, since the interaction with the analyte 
molecules would be reflected in the anchor SERS spectra.  

In our experiments, we used two such anchor molecules important in biomedical diagnostics and sensing: 4–
mercaptophenylboronic acid (4–MPBA) and 4–aminothiophenol (4–ATP). Furthermore, we report on using 
periodic gold nanostructures fabricated by self–assembly for the reproducible (direct) detection of biologically 
important compounds of various chemical structures: nicotine, strychnine, and metronidazole. 

Nicotine is a potent neuroactive alkaloid, highly soluble in both polar and nonpolar solvents, and efficient skin 
penetrant with acute toxic effects.  The lethal dosage for adult humans is about 40 – 60 mg. Nicotine is still 
used as an insecticide in some countries and could be present in food as a contaminant. Serious 
environmental risks posed by neonicotinoids (i.e. derivatives of nicotine), most widely used insecticides, were 
reported recently, e.g. the substantial impact on colony reproduction in bumblebees [6]. 

Strychnine was the first alkaloid to be identified in plants of genus Strychnos. Its high toxicity (LD50 about 50 
mg for adult human) and stimulant effects have been known from the times of ancient China. Strychnine was 
long time used for killing birds and small rodents, and thus it was a widely available poison. It caused a 
significant number of fatalities from suicidal and unintentional ingestions. In low dosages, it can be misused 
by athletes as a stimulant and a performance enhancing drug. 

Metronidazole (Flagyl; 1–(hydroxyethyl)–2–methyl–5–nitroimidazole) was introduced in 1960 as the first 
systemic antitrichomonal agent. It is also an effective drug in curing infections caused by anaerobic protozoa 
and amoebiasis. Metronidazole is not labeled for animal use and its usage is forbidden in the EU for its 
grown stimulus effect besides antibiotics effects. Recently, in reaction to the findings of Slovak inspection 
authority, The Czech Agriculture and Food Inspection Authority (CAFIA) undertook a special inspection of 
poultry meat from Poland on presence of metronidazole. 

2. EXPERIMENTAL 

Hexagonally ordered arrays of gold–coated polystyrene (PS) microspheres were prepared as described 
previously [7]. Briefly, monodisperse PS microspheres, 107 nm in diameter (microParticles GmbH, Berlin), 
were deposited onto the water surface to form close–packed structures, and transferred onto glass 
substrates. Then they were covered by thin layers (20 nm or 40 nm) of gold in Cressington 208HR high 
resolution magnetron sputter coater.  

To obtain hexagonally ordered semishells, the prepared monolayers of microspheres 253 nm in diameter 
were deposited onto thin Formvar films, coated with gold, placed onto glass substrates by the metalized 
side, and subsequently dissolved with Formvar in 1,2–dichlorethane. 
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Nicotine, strychnine hemisulfate salt, metronidazole, 4–mercaptophenylboronic acid (4–MPBA), and 4–
aminothiophenol (4–ATP) were purchased from Sigma Aldrich. Strychnine and 4–ATP were diluted in water, 
metronidazole and 4–MPBA in ethanol, and nicotine in water solution of KBr (10–2 mol/litre) in water. 

The prepared gold substrates were left in the solutions overnight and then dried in a nitrogen flow.  

SERS spectra were measured on the confocal Raman microspectrometer LabRam HR800 (Horiba Jobin–
Yvon) with a nitrogen cooled CCD detector, using 785 nm excitation line, laser power at the sample 
0.04 mW, objective 100×, and accumulation times 20 × 1 s (4–ATP and 4–MPBA), 20 × 2 s (nicotine), and 
30 × 5 s (strychnine and metronidazole). Background signal was subtracted from the spectra, and the 
baseline correction was performed. 

Samples were characterized by the scanning electron microscope (SEM) JEOL JSM–7500.  

3. RESULTS AND DISCUSSION 

Close–packed monolayers of microspheres 107 nm and 253 nm (see 
Fig. 1 ) in diameter were produced and coated with gold. While the 
largest defect–free arrays of hexagonally ordered 253 nm spheres 

observed with SEM exceeded 40 × 40, arrays of close–packed 107 

nm spheres were significantly smaller (less than 10 × 10 spheres). 
Although the quality of gold–coated microsphere monolayers may 
dramatically affect the measured SERS signal intensity, we observed 
only minor fluctuations over the whole substrate surface. We 
attribute this to the fact that the laser spot size is larger than the 
dimensions of the close–packed domains, and the sphere coverage 
of the glass substrate was approximately homogeneous. 

Fig. 2  shows the SERS spectrum of nicotine measured for the 
concentration 100 ng/ml on microspheres 107 nm in diameter coated 
with 40 nm of gold. The spectrum is dominated by a sharp peak at 
1031 cm–1, which has been assigned to the trigonal ring breathing 
mode [8]. In spectra measured for the concentration 10 ng/ml, this 
peak could still be clearly observed. Hence, we conclude that the detection limit of nicotine on this substrate 
is on the order of 1 ng/ml or lower, which is comparable to limits determined by mass spectrometry [9]. 

 

Fig. 2  SERS spectrum of nicotine (100 ng/ml) measured on gold–coated PS microspheres, inset: structure of 
nicotine 

Fig. 1  SEM micrograph of an 

array of PS microspheres (∅ = 
253 nm) 
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The same detection limit was estimated for the prepared gold semishells on a glass substrate  
(Fig. 3 ). A typical SERS spectrum of nicotine measured for the concentration 100 ng/ml is shown in Fig. 4 .  

   

Fig. 3  SEM micrograph of an array of gold 
semishells 

Fig. 4  SERS spectrum of nicotine (100 ng/ml) 
measured on gold semishells on glass

 

SERS spectrum of strychnine measured on PS microspheres 107 nm in diameter coated with 20 nm of gold 
is shown in Fig. 5 . Raman and SERS spectra of strychnine are very complex, and the correspondence 
between them is not straightforward for most of the bands. However, the peaks 647 cm–1 and 1023 cm–1, 
which could be detected even at the lowest measured concentrations (10 ng/ml), agree perfectly to the two 
most intense vibrational modes in this range of Raman spectrum reported in [10]. We estimate the detection 
limit of strychnine on this type of SERS–active substrate to be on the order of 1 ng/ml. 
To the best of our knowledge, SERS spectra of metronidazole have never been published yet. The spectra 

we measured on gold–coated microspheres for concentrations 100 µg/ml (see Fig. 6 ) and 10 µg/ml showed 
3 distinct peaks at 1188 cm–1, 1265 cm–1 and 1365 cm–1, which correspond to strong vibrational modes in the 
published Raman spectra [11]. 

 

Fig. 5  SERS spectrum of strychnine (100 ng/ml) measured on gold–coated PS microspheres, inset: structure 
of strychnine 

Next, we tested if 4– ATP and 4–MPBA are suitable to be used as anchors for other biologically important 
compounds, which can not be detected by SERS directly. Both types of molecules involve the reactive 
mercapto– group in order to bind to the gold surface, 1,4–phenylene core to yield convenient SERS spectra 
with sharp bands, and they mutually differ in the second reactive groups and thus, they can target different 
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analytes. Their SERS spectra, measured on substrates dipped in solutions of concentrations 10 µg/ml, are 
shown in Fig. 7 . 

 
Fig. 6  SERS spectrum of metronidazole (100 µg/ml) measured on gold–coated PS microspheres, inset: 

structure of metronidazole 

 
Fig. 7  SERS spectra and structures of anchor molecules (10 µg/ml): 4–ATP (left), 4–MPBA (right) 

4. CONCLUSION 

We described here the use of periodic gold nanostructures fabricated by self–assembly as highly 
reproducible SERS–active substrates for the detection of three types of biologically important compounds: 
nicotine (an insecticide and a possible food contaminant), strychnine (a poison, and a performance 
enhancing drug), and metronidazole (a possible meat contaminant).  To our knowledge, it is for the first time 
the SERS spectrum of metronidazole is published. Detection limits for nicotine and strychnine on this type of 
SERS–active substrates were estimated to be on the order of 1 ng/ml. Furthermore, we selected 2 types of 
molecules, which can be used as anchor molecules to efficiently trap other biologically important compounds 
that are not SERS–active or have low chemical affinity to noble metals. 
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Abstract  

In the EU the safety of nanomaterials (NMs) is regulated by a legal framework, which implicitly or explicitly 
(recent revisions) addresses NMs. NMs are implicitly covered by the substance definition of REACH 
Regulation 1907/2006 and therefore have to be registered if produced or imported ≥ 1 tonne/year per 
manufacturer/importer and a Chemical Safety Report has to be prepared when the volume is ≥ 10 
tonnes/year. Regardless of tonnage, NMs have to be classified for dangerous properties (CLP Regulation 
1272/2008) and are also regulated by sector specific legislation. Recently revised legislations on biocides, 
cosmetic products, and food/food contact materials include specific provisions for NMs, including a definition, 
specific consideration of their risk and labelling and/or reporting requirements. Guidance for NM specific risk 
assessment is available for industrial substances, food/feed and cosmetic products. In addition, specific 
working groups have been established to develop best practices of NMs safety assessment and to facilitate 
harmonization of assessment practices and methodologies. 

Keywords: nanomaterial, regulation, risk assessment, safety 

1. BACKGROUND  

There is currently no specific EU regulation on nanomaterials (NMs), however NMs are implicitly covered by 
the existing EU regulatory framework on chemicals and related products [1, 2]. In addition, some recently 
revised pieces of legislation explicitly address NMs as a form and similar provisions are under debate for 
some other pieces of legislation that are currently in preparation. Several expert bodies dealing with risk 
assessment of NMs agree that existing risk assessment methods are to a large extent applicable to NMs [3–
6]. No generalizations on the risk of NMs are however possible and therefore a case–by–case approach for 
the risk assessment is currently recommended.  

2. DEFINITION OF NANOMATERIAL 

The European Commission (EC) has adopted a recommendation (2011/696/EU) on the definition of the term 
"nanomaterial" for legislative and policy purposes in the EU [7]. It applies to natural, incidental or 
manufactured material in particulate form and uses size (size range 1–100 nm for more than 50 % of the 
article size distribution) as the most important defining property of the materials; alternatively also the specific 
surface area can be used. So far, the Biocidal Products Regulation (EU) 528/2012/EC [8] has implemented 
the EC definition. Other EU laws that were adopted before the EC definition, the Cosmetics Regulation (EC) 
1223/2009 [9] and Regulation (EU) 1169/2011 [10] on provision of food information to the consumer, apply 
different definitions. These legislations refer to the same size range as the EC definition, however include 
only intentionally manufactured (or produced) and/or insoluble or biopersistent materials and currently do not 
consider particle size distributions. These definitions are currently being discussed in relation to aligning with 
the EC definition.  
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3. REACH AND CLP REGULATIONS 

Regulation 1907/2006 on Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) 
does not explicitly refer to NMs, but they are implicitly covered by its substance definition, which addresses 
chemicals in whatever size, shape or physical state. The registration deadlines and information requirements 
for chemicals thus apply to NMs. Chemicals have to be registered if produced or imported ≥ 1 tonne/year per 
manufacturer/importer and a Chemical Safety Report has to be prepared when the volume is ≥ 10 
tonnes/year. The registration deadlines are staggered and depend on the tonnages and hazardous 
properties: ≥ 1000 tonnes/year: 30/11/2010; ≥ 100 tonnes/year: 31/5/2013; ≥ 1 tonne/year: 31/5/2018. The 
2010 deadline applied also for registration of most hazardous substances (CMR – carcinogenic, mutagenic, 
reprotoxic) and substances very toxic to the aquatic environment (R50/R53: Very toxic to aquatic organisms, 
may cause long–term adverse effects in the aquatic environment). NMs can be registered as a nanoform in 
the dossier of the corresponding bulkform of a substance or in a separate registration dossier. In addition, 
chemicals, and thus NMs, have to be classified for dangerous properties according to Regulation 1272/2008 
on Classification, Labelling and Packaging (CLP) [11] independent of their tonnage. Different forms (particle 
size) of the same substance (chemical identity) have to be classified differently if their hazard profile is 
different.  

3.1 Nanomaterials specific ECHA guidance 

Proposals for guidance on NM was developed under the REACH Implementation Projects on Nanomaterials 
(RIPoNs) on 1) Substance Identification, 2) Information requirements (incl. testing strategies) and 3) 
Chemicals Safety Assessment [12, 13]. The proposals/recommendations of the RIPoN2 and 3 projects have 
been incorporated in appendices, updating the 'Guidance on Information Requirements and Chemical Safety 
Assessment' (IR & CSA) by the European Chemicals Agency (ECHA) [14]. The guidance refers to physico–
chemical characterization, toxicological information, dose–response curve, occupational exposure and 
ecotoxicological information. 

3.2 NANO SUPPORT project 

An assessment and analysis of REACH registration dossiers submitted by the 2010 deadline (NANO 
SUPPORT project) revealed that only 3 dossiers had selected 'nanoform' as form of the substance from the 
available pick–list in IUCLID – International Uniform Chemical Information Database, a software application 
to capture, store, maintain and exchange data on intrinsic and hazard properties of chemical substances. An 
additional 22 dossiers, likely to cover nanomaterials, were identified by specific searches (known NMs and 
free text searches). These dossiers generally provided little information to enable the identification of a NM 
or 'nanoform' of a substance. Registrants made some attempts to specifically address NMs in the dossiers. 
However, for endpoints with test data, such as human health and environment endpoints, the test materials 
were usually not well characterized and different (nano)forms were not clearly distinguished [15]. 

It should be noted that these dossiers were prepared before the EC Recommendation on the definition of a 
nanomaterial (2011/696/EU) [7] and ECHA guidance documents including specific recommendations for 
characterization, exposure and toxicological information on nanomaterials [14] were available. Meanwhile, 
new and updated dossiers more specifically addressing NM have become available; however still a low 
number (additional 7 since the 2010 registration deadline) of registrations have selected nanomaterials as 
form of the substance from the available pick–list in IUCLID. 

4. COSMETIC PRODUCTS 

The Cosmetic Products Regulation EC No 1223/2009 [9] was the first legislation containing specific 
provisions for NMs including a definition (different from the EC Definition) and specific provisions for NMs. 
Cosmetic products containing NMs have to be notified to the EC before being placed on the market, 
including information on the identification of the NM, specifications related to size of particles, physical and 
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chemical properties, the toxicological profile, the safety data specified for the category of cosmetic products, 
and the reasonable foreseeable exposure conditions.  

A specific challenge in the safety assessment of cosmetic products/ingredients which obviously concerns 
also NMs, is the ban of animal testing of finished cosmetic products and (combinations of) ingredients. The 
Scientific Committee for Consumer Safety (SCCS) has prepared in cooperation with relevant bodies a 
'Guidance on the safety assessment of nanomaterials in cosmetics' [16]. This document provides guidance 
on the requirements for safety assessment, physicochemical characterization, exposure assessment, hazard 
identification and test methodologies with consideration of specific characteristics of NMs. An overview on 
the status of 'Alternative in vitro assays in nanomaterial toxicology' is given by Hartung and Sabbioni 2011. 
[17] Specific rules apply to colorants, UV–filters or preservatives used in cosmetic products, as substance 
with these functions have to be approved before use in cosmetics. To this end, the SCCS has published an 
opinion on the use of nano–ZnO [18] and nano–TiO2 [19] in cosmetics. 

The Cosmetic Products Regulation includes also an obligation to clearly indicate (label) all ingredients 
present in the form of nanomaterials in the list of ingredients ['titanium dioxide (nano)']. Most of the 
Regulation's provisions entered into force on 11 July 2013. 

5. BIOCIDES 

The Biocidal Products Regulation (BPR) (EU) No 528/2012 [8] includes specific provisions for NMs. Biocidal 
products containing NMs are not eligible for a simplified authorization procedure and the approval of an 
active substance for biocidal use does not cover nanoforms, except where explicitly mentioned. To approve 
nanomaterials as active substances and for subsequent product authorization, the test methods applied to 
the NMs shall be accompanied by an explanation addressing their scientific appropriateness taking into 
consideration the specific characteristics of each NMs. Labelling requirements apply to biocidal products and 
“treated articles”, which are defined as “any substance, mixture or article which has been treated with, or 
intentionally incorporates, one or more biocidal products” (e.g. nanosilver in odorless socks or a paint where 
the biocidal activity is not a primary function). The name of all NMs contained in biocidal products and 
subject to condition for treated articles is required to be followed by the word 'nano' in brackets on the list of 
ingredients.  

6. FOOD AND FOOD CONTACT MATERIALS 

Although not explicitly mentioned, the use of nanotechnology in food production is currently covered by 
Regulation No 258/97 concerning 'novel foods' and 'novel food ingredients' [20, 21]. 'Novel food' is food not 
consumed to any significant degree in the EU prior to May 1997 (when the first Novel Foods legislation 
entered into force). It comprises newly developed, innovative food, or food produced using new technologies 
and production processes or food which has been traditionally consumed outside of the EU. Novel food and 
food ingredients have to undergo a safety assessment by the European Food Safety Authority (EFSA) and 
an authorization procedure before being placed on the market. Previously authorized food additives are 
considered as new additives if there is a significant change in production methods or in the starting materials 
used, or if there is a change in particle size, for example through nanotechnology, and therefore they need to 
be evaluated and authorized. The Novel Food Regulation is currently under revision. 

The revised EU 'Plastic Food Contact Materials' Regulation 10/2011 [10] states that substances in nanoform 
shall only be used if explicitly authorized and mentioned in the specifications of its Annex I (positive list). It 
currently lists one NM (Titanium nitride). In addition, Carbon black (primary particles of 10 – 300 nm, 
aggregated to a size of 100 – 1200 nm) and amorphous silicon dioxide (primary particles of 1 – 100 nm, 
aggregated to a size of 0,1 – 1 μm which may form agglomerates within the size distribution of 0,3 μm to the 
mm size) have been listed without specifically mentioning them as NM or nanoparticle. The 'Active and 
Intelligent Materials and Articles' Regulation 450/2009 specifies that the risk of nanoparticles in intelligent 
packaging systems should be assessed on a case–by case basis as regards their risk until more information 
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is known [22]. Nanoparticles in food contact materials are not be covered by the functional barrier concept, 
which allows the use of certain non–authorized substances behind a functional barrier, provided they fulfill 
certain criteria and their migration remains below a given detection limit [22, 23].  

The Food Information Regulation 1169/2011 (European Commission 2011) also explicitly addresses NM and 
requires labelling of ingredients present in the nano–form from December 2014. 

For the risk assessment of NM in food and feed, food additives, enzymes, flavourings, food contact 
materials, novel foods, feed additives and pesticides, the European Food Safety Authority (EFSA) has 
published a "Guidance on the risk assessment of the application of nanoscience and nanotechnologies in the 
food and feed chain" [24]. It provides guidance on the physico–chemical characterization requirements and 
on testing approaches to identify and characterize hazards, including information from in vitro genotoxicity, 
ADME and repeated dose 90–day oral toxicity studies in rodents. The guidance allows for reduced 
information to be provided when no exposure to NM is verified by data indicating no migration from food 
contact materials or when complete degradation/dissolution is demonstrated with no absorption of NM as 
such. A systematic, tiered approach for the safety assessment of NM in food was also prepared by an expert 
group organized by the International Life Science Institute (ILSI) [25]. The basic process of the safety 
evaluation of NM used in food (as for novel–food) is a comparative approach, which makes full use of 

existing data on a relevant non–nano comparator [25]. 

7. CONCLUSIONS AND OUTLOOK 

Nanomaterials safety assessment is currently explicitly addressed by legislation on food, food contact 
materials, cosmetic products and biocides. The revision of REACH Annexes to explicitly address 
nanomaterials is currently under examination taking into consideration also the results of the NANO 
SUPPORT project. Labelling and reporting (product register) requirements to improve transparency to 
consumers and traceability of NM's use have been introduced in the EU for some consumer products; some 
EU countries have introduced national inventories for all consumer products. An EU–wide inventory for all 
consumer products is under evaluation.  

Guidance for NM specific risk assessment is available for chemicals, food and cosmetic products. In 
addition, specific working groups for assessing and managing the safety of nanomaterials have been 
established at ECHA, EFSA and SCCS specifically evaluates certain NMs in cosmetics. The main tasks of 
the ECHA's GAARN (Group Assessing already Registered Nanomaterials) and NMWG (Nanomaterials 
Working Group) and EFSA's Network on Risk Assessment of Nanotechnologies in Food and Feed are to 
develop best practices of nanomaterials safety assessment and to facilitate harmonization of assessment 
practices and methodologies. In addition, they should contribute to increase confidence and mutual 
understanding among stakeholders.  
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Abstract  

Halogenated flame retardants (HFR) are nowadays extensively used in consumer products because of the 
low loading levels necessary to meet the flame retardancy standards, cost–effective production and their low 
effect on material properties. However, some of these chemicals are toxic to reproduction, persistent in the 
environment and in living organisms and are suspected endocrine disrupters. Multi–walled carbon nanotubes 
(MWCNTs) are able to ameliorate the mechanical and thermal properties of polymers and textiles and could 
successfully contribute to the replacement of such hazardous chemicals in flame retardant (FR) composites. 
MWCNTs with different characteristics, such as length, aggregation properties, and surface functionalization 
have different biological impact. Thus, gaining a clear understanding of MWCNTs toxicological profile is of 
great importance to perform a comparative risk assessment of the different flame retardant solutions. Short 
and thin MWCNTs have been regarded as not carcinogenic and immunotoxic in in vitro and in vivo studies in 
animals while long and thick MWCNTs have been regarded as having asbestos–like toxicity. As a 
consequence, results coming from toxicity studies performed on one kind of carbon nanotube (CNT) should 
not be generalized to all carbon nanotubes. This paper will provide an overview of the main toxicity concerns 
for CNTs together with an analysis of the main exposure scenarios for humans and the environment from 
commodity articles. 

Keywords: carbon nanotubes, flame retardants, toxicity, exposure scenario 

1. BACKGROUND  

Halogenated flame retardants (HFRs) constitute a large portion of the flame retardants market (the present 
cumulative production volume of only brominated flame retardants surpasses 200.000 tons per year) [1] and 
are widely present in consumer articles such as textiles, upholstery furniture, construction materials, etc. 
However, some HFRs have raised concerns due to their persistency, bioaccumulation on living organisms 
and potential toxic effects (e.g. endocrine disruption, neurotoxicity, reproductive effects) [2, 4]. 
Hexabromocyclododecane (HBCD), the second highest–volume brominated flame retardant marketed in 
Europe, accumulates in adipose tissues and it has been found in human breast milk [5]. HFRs are released 
from consumer articles and can enter the environment through multiple pathways: emissions during 
production or products usage, leaching from landfills, etc. [6] Since their introduction into the market, some 
HFRs have become widespread global contaminants, reaching areas far away from the countries that 
manufacture and use these chemicals (i.e. the Arctic region).  

It has therefore become evident that alternatives to these FRs need to be found. European legislations play 
an important role in promoting the research for safer chemical alternatives. REACH (Registration, Evaluation, 
Authorization and Restriction of Chemical) Regulation 2006/1907/EC has already placed restrictions on 
some brominated flame retardants on marketed products (e.g. polybrominated biphenyls are included in 
Annex XVII and therefore restricted for certain uses). In addition, some brominated flame retardants (e.g. 
polybromobiphenyls – PBB’s – and polybromodiphenylethers – PBDE’s) are restricted under product specific 
legislation, such as the RoHS Directive 2002/95/EC (on the Restriction of Hazardous Substances in 
electrical and electronic equipment). Some BFRs, i.e. Penta– and octa–BDEs are listed as POP (persistent 
organic pollutants) under Stockholm convention and have been banned from the European Union, Japan, 
China and several states of USA [7].  
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In order to substitute halogenated flame retardants, various organic (nitrogen and phosphorous based) and 
inorganic (e.g. metal based) halogen free flame retardants are available on the market. Carbon nanotubes 
have also shown to be a promising alternative to halogenated FRs, as they have a synergistic effect when 
used as co–additive in FR formulations and are able to improve mechanical and thermal properties of 
polymeric materials at very low loading [8].  

2. CARBON NANOTUBES AS ALTERNATIVE TO HALOGENATED F LAME RETARDANTS 

The FP7 project DEROCA (Development of safe and eco–friendly flame retardant materials based on CNT 
co–additives for commodity polymers) specifically deals with the replacement of halogenated flame 
retardants with CNTs. The CNT type that is precisely applied in flame retardant formulations within the 
project is NC7000. These are short, thin multi–walled carbon nanotubes that have been regarded as not 
carcinogenic and immunotoxic in in vivo studies [9].  

The main FR mechanism for carbon nanotubes appears to be the promotion of the formation of a layer of 
carbon char covering the polymer surface that reduces the heat release and the oxygen diffusion into the 
polymer [10]. CNTs act as synergist in flame retardant formulations, they will therefore be used in 
conjunction with other FR chemicals (such as phosphorous, halogenated or metal based chemicals) helping 
reducing the amount of the latters in polymeric composites. 

In order to answer the question "Are carbon nanotubes a safer alternative to halogenated flame retardants in 
consumer products?" a comparative risk assessment of carbon nanotubes with other existing flame retardant 
solutions will have to be performed. Carbon nanotubes are in fact materials which have also raised safety 
concerns and their hazard profile has to be deeply investigated, as well as the possible exposure pathways 
for humans and the environment. Here we will present a short analysis of the main data available so far on 
MWCNTs hazard and exposure assessment, and we highlight which are the major gaps that need to be filled 
in this context.  

3. CNT HAZARD ASSESSMENT 

CNTs are extremely various materials and their toxicological profile depends on length, shape, aggregation 
properties, functionalization, etc. Short CNTs are regarded as less toxic than long fiber–like CNTs, which 
have a toxicity profile similar to asbestos [11]. Depending on the synthetic and purification process to which 
they undergo, CNTs can contain a different amount of residual catalyst, which can also influence their 
toxicity. The aggregation state has a clear effect on the toxicological profile of CNTs, i.e. bundled CNTs 
aggregates have shown to be more toxic than well dispersed single carbon nanotubes structures [12]. CNTs 
can be functionalized at various degrees and the bioaccumulation, distribution and toxicological profile is 
extremely variable depending on the functionalization type [13]. Carbon nanotubes functionalized with 
hydrophilic functional groups are more easily excreted from the body and are therefore less toxic [14].  

The CNT type selected within the DEROCA project are short, thin multi–walled carbon nanotubes. These 
MWCNTs are already registered under REACH in a tonnage band of 100–1000 tons per year. A study 
performed by Muller et al. [9] showed inflammatory reaction after injection of NC7000 MWCNTs in the 
peritoneal cavity of rats, but not associated carcinogenic responses. Ma–Hock et al. [15] performed 
inhalation studies in rats showing lung inflammation but no systemic toxicity. However, these studies should 
be carefully interpreted and further studies would be required to better assess the carcinogenic potential of 
MWCNTs and better understand their toxicity mechanism and the determining factors [9]. 

4. MWCNT EXPOSURE ASSESSMENT  

Exposure to carbon nanotubes can occur at different life cycle stages, i.e. during the manufacturing process, 
when inserting those materials in polymeric matrices and after introducing them in consumer articles [16]. 
Different studies, where occupational exposure to various kinds of CNTs was measured, are available. [17, 
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18] Assessments of airborne exposure to MWCNTs in laboratories handling this kind of materials have 
estimated total particle concentrations ranging from 64 µg/m3 in weighing operations to 430 µg/m3 in 
blending processes [19 – 21]. These values were measured in laboratories not using risk management 
measures (RMMs). When appropriate RMMs were applied the airborne MWCNT concentration was 
significantly lowered.  

At the moment there are no data reporting on adverse effects of CNTs in workers, however, the hazardous 
effects found in animal studies highlight the need for strong precaution. The US National Institute for 
Occupational Safety and Health (NIOSH) has recently lowered the exposure limit to carbon nanotubes 
(previously set at 7 µg/m3) to 1 µg/m3 based on the limit of quantification and recommended a series of risk 
management measures which should be adopted by CNTs manufacturer and users in industrial settings.  

No data on consumer exposure to CNTs is available at the moment and only limited data is available about 
release of CNTs from articles [22]. Studies reproducing different possible exposure scenarios, such as 
normal use, machining, weathering of CNT–polymer composites have shown low or null release of CNTs 
[23]. However, some additional factors may play a role when performing a risk assessment of chemicals 
used in flame retardant formulations. The interaction between the different chemicals used in the 
formulations may play a role in the release of CNTs from the matrices. Another particularly important issue is 
the toxicity of carbon nanotubes in fire situations. Incineration is often recommended as the correct way of 
disposal of carbon nanotubes, however the behavior of carbon nanotubes during incomplete burning (at 
temperatures lower than the ignition one) it is not exactly known. As well little is known about the burning 
behavior of carbon nanotubes inserted in polymeric matrices together with other FRs. Fire toxicity studies on 
selected MWCNTs–polymer composites will have to be performed to assess the safe use of these products 
as FRs.  

5. CONCLUSIONS  

Carbon nanotubes are promising materials to be used in several different commercial applications. CNT's 
use in flame retardant formulations could help reducing the amount of toxic chemicals, such as brominated 
flame retardants. The hazard profile of MWCNTs has however to be further investigated and exposure 
studies have to be performed. An extremely low or null release of free carbon nanotubes from polymeric 
composites is expected and exposure for consumer should therefore be neglegible. Workers exposure, 
particularly inhalation exposure, is instead a major concern, and it has to be properly controlled and keeped 
below the recommended exposure limits. More information about CNTs behaviour during fire and the 
potential hazard of it is required.  

ACKNOWLEDGEMENTS   

The research leading to these results has received funding from the 7 th Framework Program 
(FP7/2007–2013) under grant agreement n o 308391 (DEROCA). 

LITERATURE 

[1] Bergman, A., et al., A novel abbreviation standard for organobromine, organochlorine and organophosphorus 
flame retardants and some characteristics of the chemicals. Environment International, 2012. 49: p. 57–82. 

[2] Birnbaum, L. S. and D.F. Staskal, Brominated flame retardants: cause for concern? Environmental Health 
Perspectives, 2004. 112(1): p. 9. 

[3] Betts, K. S., New thinking on flame retardants. Environmental Health Perspectives, 2008. 116(5): p. A210. 

[4] Darnerud, P. O., Toxic effects of brominated flame retardants in man and in wildlife. Environment International, 
2003. 29(6): p. 841–53. 

[5] Eljarrat, E., et al., Hexabromocyclododecane in human breast milk: levels and enantiomeric patterns. 
Environmental science & technology, 2009. 43(6): p. 1940–6. 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

674 

[6] Shaw, S. D., et al., Halogenated flame retardants: do the fire safety benefits justify the risks? Rev Environ Health, 
2010. 25(4): p. 261–305. 

[7] Ali, N., et al., "Novel" brominated flame retardants in Belgian and UK indoor dust: implications for human 
exposure. Chemosphere, 2011. 83(10): p. 1360–5. 

[8] Beyer, G., Short communication: Carbon nanotubes as flame retardants for polymers. Fire and Materials, 2002. 
26(6): p. 291–293. 

[9] Muller, J., et al., Absence of carcinogenic response to multiwall carbon nanotubes in a 2–year bioassay in the 
peritoneal cavity of the rat. Toxicol Sci, 2009. 110(2): p. 442–8. 

[10] Kashiwagi, T., et al., Nanoparticle networks reduce the flammability of polymer nanocomposites. Nat Mater, 2005. 
4(12): p. 928–33. 

[11] Poland, C. A., et al., Carbon nanotubes introduced into the abdominal cavity of mice show asbestos–like 
pathogenicity in a pilot study. Nat Nano, 2008. 3(7): p. 423–428. 

[12] Wick, P., et al., The degree and kind of agglomeration affect carbon nanotube cytotoxicity. Toxicol Lett, 2007. 
168(2): p. 121–31. 

[13] Al–Jamal, K. T., et al., Degree of chemical functionalization of carbon nanotubes determines tissue distribution 
and excretion profile. Angewandte Chemie, 2012. 51(26): p. 6389–93. 

[14] Ali–Boucetta, H., et al., Asbestos–like pathogenicity of long carbon nanotubes alleviated by chemical 
functionalization. Angewandte Chemie, 2013. 52(8): p. 2274–8. 

[15] Ma–Hock, L., et al., Inhalation toxicity of multiwall carbon nanotubes in rats exposed for 3 months. Toxicol Sci, 
2009. 112(2): p. 468–81. 

[16] NIOSH, CURRENT INTELLIGENCE BULLETIN 65: Occupational Exposure to Carbon Nanotubes and 
Nanofibers, Department of Human Health and Human Services; Centers for Disease Control and Prevention 
National Institute for Occupational safety and Health, 2013. 

[17] Lee, J. H., et al., Exposure assessment of carbon nanotube manufacturing workplaces. Inhalation toxicology, 
2010. 22(5): p. 369–81. 

[18] Dahm, M. M., et al., Occupational exposure assessment in carbon nanotube and nanofiber primary and 
secondary manufacturers. The Annals of occupational hygiene, 2012. 56(5): p. 542–56. 

[19] Han, J. H., et al., Monitoring multiwalled carbon nanotube exposure in carbon nanotube research facility. 
Inhalation toxicology, 2008. 20(8): p. 741–9. 

[20] Methner, M. M., et al., Identification and characterization of potential sources of worker exposure to carbon 
nanofibers during polymer composite laboratory operations. Journal of occupational and environmental hygiene, 
2007. 4(12): p. D125–30. 

[21] Aschberger, K., et al., Review of carbon nanotubes toxicity and exposure––appraisal of human health risk 
assessment based on open literature. Crit Rev Toxicol, 2010. 40(9): p. 759–90. 

[22] Nowack, B., et al., Potential release scenarios for carbon nanotubes used in composites. Environment 
International, 2013. 59: p. 1–11. 

[23] Wohlleben, W., et al., Elastic CNT–polyurethane nanocomposite: synthesis, performance and assessment of 
fragments released during use. Nanoscale, 2013. 5(1): p. 369–80. 

 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

675 

EVALUATION OF NANOFIBER STABILITY AND TOXICITY IN B IOLOGICAL WASTEWATER 
TREATMENT 

Lucie KŘIKLAVOVÁ, Tomáš DUB, Tomáš JANOUŠEK, Martina BOHATÁ, Alena ŠEVCŮ, 
Tomáš LEDERER 

Centre for Nanomaterials, Advanced Technologies and Innovations, Technical University of Liberec, Liberec, 
Czech Republic, EU 

Abstract 

Nanotechnology is now used in a range of wastewater treatment applications. As an example, polymer 
nanofibers are starting to be used as carriers for bacterial populations. The primary advantages of nanofiber 
technology are its high specific surface area, which allows rapid colonization, and the high stability of the 
resultant biofilm, thanks to its characteristic surface morphology. A question still remains, however, as to 
possible leakage of (nano)fibers into the surrounding environment, and what effect these (nano)fibers have. 
This study assesses a) to what extent nanofibers break away from the supporting–fiber’s surface; b) how to 
prevent or limit any impact of breakaway; and c) how to evaluate possible toxicological impacts of breakaway 
nanofiber particles on aquatic organisms. 

Keywords: nanofibers, biomass carrier, breakaway, toxicity, wastewater treatment 

1. INTRODUCTION 

The ever–increasing needs of the human race for material goods necessarily leads to an increased capacity 
for fabrication, which in turn produces more highly–polluted industrial wastewaters and an increase 
in municipal wastewater volume. This necessitates the use of methods and materials that enable effective 
and rapid cleaning of such wastewaters. Today, nanoparticles (NPs) are commonly used, e.g. silver NPs [1, 
2], zero–valent iron NPs [3], CeO2, TiO2 and Fe3O4 NPs [4], and magnetic iron oxide NPs [5]. 

Alongside the growing use of NPs, there are increasing worries about their possible negative effects 
on microorganisms, higher organisms and on the environment generally. While the actual negative effects 
of such particles are still not very well known [6, 7], they are most likely to be connected with their release 
in wastewater treatment plants, where the volume of NPs in use is constantly growing [8, 9]. For example, 
NPs may accumulate in the bodies of higher life forms following release during the treatment plant cleaning 
process [7]. There is a clear necessity, therefore, for characterization of treatment, transport routes and 
activity of such NPs, especially as regards their application in wastewater treatment plants. Universally 
recognized NP ecotoxicity protocols for organisms are presently unavailable, which could lead to serious 
problems at wastewater treatment plants [7]. Understanding the treatment and behavior of NPs, as well as 
their potential toxicity to organisms, now has highest priority. 

This paper focuses on gaining an understanding of the treatment and behavior of nanofibers presently used 
as bacterial biofilm carriers in wastewater treatment plants [10, 11]. The paper also aims to provide a method 
for nanofiber evaluation, a means to characterize the volume of nanofibers released into the water, and 
a consequent measure of their potential toxicity to water organisms. 

2. MATERIAL AND METHODS 

2.1 Characteristics of nanofiber carriers 

Testing of fiber breakaway was undertaken using samples of supporting fibers covered with nanofiber PUR–
260. Nanofiber carrier is composed of three parts: a basic (supporting) fiber composed of polypropylene 
Prolenvir (660 dtex) and a coating composed of polyurethane Larithane nanofiber (50 dtex, electrospinning 
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method, diameter approx. 260 nm); both of which are twice–wrapped in a protective polyethylene fiber (167 
dtex) for fixation. Three different kinds of nanofiber fixation were selected for testing: a carrier with no fixation 
wrap, a carrier with thick and sparse fixation fibers and a carrier with thin and dense fixation fibers (Fig. 1 ).  

(a)  (b)  (c)  

Fig. 1  PUR nanofiber carriers. (a) with no fixation wrap, (b) with thick and sparse nanofiber fixation, and (c) 
with thin and dense nanofiber fixation 

2.2 Laboratory–scale model 

The experiment took place over four weeks, using 0.2 L volume distilled water bottles containing 15 meters 
of nanofiber carrier. Tests were undertaken with no bacterial population. For ease of identification on the 
membrane filter, the nanofiber carrier was dyed with textile color in advance. Carriers were raised in water 
using an air pump (fine–bubble aeration, intensity 200 L air / hour) and it was the impact of the air bubbles, 
(specifically, their cutting/shearing forces) that led to fiber breakaway. 

2.3 Sampling and evaluation of breakaway (nano)fibe rs 

Each bottle containing a nanofiber carrier was shaken well before sampling, and 50 mL of water suspension 
taken for analysis. The water suspension sample was then filtered through a 0.22 μm porosity membrane 
filter. The dried membrane filters were scanned and evaluated for the presence of breakaway fibers and 
nanofibers (Fig. 2 ). 

 

Fig. 2  Example of image collection, surface of membrane filter scanned using an optical (left) and 
fluorescence (right) microscope 

2.3.1 Evaluation of breakaway fibers using optical microscopy 

The dried filters were scanned using an Olympus BX51M optical microscope with a total magnification 
of 50×. Thirty photographic images were taken of each filter, which were then evaluated using the 
QuickPHOTO MICRO 2.3 image analysis program. The use of this method (carrier dyeing and evaluation 
by optical microscope) meant that all breakaway fibers could be counted (i.e. not only nanofibers but also 
fibers from the supporting and fixation threads). 

2.3.2 Evaluation of breakaway fibers using UV fluor escence microscopy 

The dried filters were also scanned using a Carl Zeiss Axio Imager M2 fluorescence microscope with a total 
magnification of 50×. Thirty photographic images were taken of each filter, which were then evaluated using 
the Matlab (The MathWorks) image analysis program. Compared to the optical microscopy method 
mentioned above, where all fibers could be evaluated, this method evaluates nanofibers only as the other 
fibers do not glow under UV fluorescent light. Wrapping fibers were also visible but were not counted as they 
had visibly different dimensions. 
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2.3.3 Evaluation of nanofiber carrier surface using  fluorescence microscopy 

Evaluation of the nanofiber’s carrier surface was undertaken using the same method as mentioned in section 
2.3.2; though in this case it was the carrier surface itself that was evaluated and not the membrane filter. 
After following the same laboratory procedure outlined in section 2.2 the fibers were fixed to a glass 
microscopy slide in order that the same part of the carrier (nanofibers and fixation fibers on the supporting 
fiber) could be scanned on each occasion (Fig. 3 ). Any changes to the surface were evaluated using the 
Matlab (The MathWorks) image analysis program. After image analysis, we calculated the total area 
suffering some change over a given time (expressed as a percentage).  

(a)  (b)  

Fig. 3  Outputs of photo–documentation of nanofiber carrier breakaway. (a) Images show the surface of the 
carrier and changes to the nanofiber and fixed–fiber structures over time (left to right – after 1, 2, 3 and 4 
weeks of aeration). (b) Images show the results of image analysis, whereby the left image was evaluated 

through subtraction of Fig. 3a2 from 3a1; the middle image by subtraction of Fig. 3a3 from 3a2; and the right 
image by subtraction of Fig. 3a4 from 3a3 and so on for the rest of the images 

2.4 Evaluating nanofiber toxicity to Daphnia magna  

For the toxicity test, two ca. 260 nm diameter polyurethane nanofiber samples were used (marked as PUR–
260). The first sample was of an “aerated nanofiber carrier”, whereby nanofibers broke away into solution 
spontaneously through aeration. The sample was prepared from a 75 m carrier with PUR–260 nanofiber 
in 1 L of distilled water. The sample was aerated for 28 days. The second sample was prepared by weighing 
out 100 mg of pure PUR–260 nanofiber and homogenizing the sample in a mechanical mill with the help 
of siliceous sand. The homogenized sample was then dissolved in 1 L of distilled water. 

Toxicity testing (“acute immobilization of Daphnia, VP 23/E”) was undertaken by an accredited laboratory 
(The Research Institute of Organic Synthesis a.s., Center for Ecology, toxicology and analytics, Rybitví 296, 
Pardubice 533 54, Czech Republic. Testing laboratory Nr. 1057 – accredited through the Czech Institute for 
Accreditation (ČIA) under code ČSN EN ISO/IEC 17025). The methodology used is accredited under ČSN 
EN ISO 6341 (1997) Water quality – Determination of mobility of Daphnia magna (Cladocera, Crustacea), 
acute toxicity test. Test Daphnia were obtained from laboratory breeding by acyclic parthenogenesis (source 
– Research Institute of Organic Synthesis a.s.) and fed using a standard seaweed mixture. Ten Daphnia 
specimens were used for each concentration and for the control in the preparatory test, and 20 Daphnia 
for each concentration and control in the limit test. Limit tests were undertaken in triplicate. Immobilization 
of Daphnia was observed after 24 and 48 hours of the test.  

3. RESULTS AND DISCUSSION 

3.1 Evaluation of breakaway fibers 

Breakaway fibers were measured as “number of released fibers captured on the filter’s surface”  
per 1 L of water (in Fig. 4 , the parameter is expressed as a cumulative value). Fiber breakaway from the 
carriers changed over time (under these specific conditions). Differences in the methodology used (optical 
vs. fluorescence microscopy) and in image analysis undertaken tended to result in different numbers of 
objects (fibers) detected, the optical microscope capturing all fibers, and especially the supporting and 
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fixation fibers. Fluorescence microscopy, on the other hand, captured nanofibers only due to their reaction to 
UV light. Nanofibers were dominant in water suspension. 

(a)  (b)  

Fig. 4  Quantification of fiber breakaway. (a) The cumulative number of all fibers present in suspension 
(especially larger fibers) evaluated using an optical microscope; and (b) the cumulative number of nanofibers 

only, evaluated using a fluorescence microscope 

Under optical microscopy, all carrier types indicated a relatively large breakaway of fibers immediately after 
the start of the experiment (Fig. 4a ). During the following two weeks, the number of (micro)fibers breaking 
away from the “thin and densely fixed“ carrier increased rapidly; the maximum rate being reached sometime 
around the 15th day of aeration. After the first two weeks, fiber breakaway appeared to stabilize, with few or 
no more large fibers breaking away. In comparison, the release of fibers from yarn with a “thick but sparse” 
nanofiber fixation layer gradually increased over time. This was mainly due to a gradual release of the thick 
fixation fibers themselves (see Figs. 3 & 4). The fiber release process continued throughout the course of 
the experiment, and appeared to show an increasing trend after the first two weeks. Release of fibers from 
yarn with no nanofiber fixation was lower, because there is a small amount of (micro)fibers (no fixation fibers 
were present). While the initial release of fibers from yarn with no nanofiber fixation was highest, breakaway 
appeared to stabilize after two weeks and total fiber release remained relatively stable thereafter. 

Based on fluorescence microscopy (Fig. 4b ), yarn with no nanofiber fixation showed highest breakaway 
values. Total number of fibers released by the carrier with no fixed nanofiber layer was approximately twice 
that for “thick but sparse” nanofiber fixation, while the total number of fibers released by the carrier with a 
“thin and densely” fixed nanofiber layer was approximately half that for thick but sparse nanofiber fixation. 
Even by the end of the 4th week, however, many nanofibers were still to be seen on the filter. No nanofiber 
breakaway stabilization was observed during the experiment. The results suggest that, while nanofiber 
breakaway gradually declines due to fixation of the nanofiber layer, breakaway continues from the fixation 
fibers themselves, and especially from the “thick and sparse” fixation type. 

3.2 Evaluation of nanofiber surface carrier using f luorescence microscopy 

Due to its higher observed rate of nanofiber breakaway (see Figs 4a  & b), only the “thick and sparse” 
nanofiber fixation was used for this evaluation.  

Our data suggest that the shearing forces during air filtration result in a gradual slackening of the fixed fibers, 
i.e. release of fixation. Changes in fixation fiber structure (movement or breakaway) were around 8.5 % at 
the beginning of the experiment; with structural changes gradually declining to around 1 % after 28 days 
(Fig. 5 ). Fixation fiber release declined gradually during the experiment, with a possible ‘leveling off’ in the 
rate of change (movement or breakaway) beginning at around day 20.  
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Fig. 5  Results of nanofiber carrier surface structure evaluation 

Changes in nanofiber structure (movement or breakaway) followed an altogether different pattern. The rate 
of modification fluctuated between 4 and 7 % throughout the experiment, i.e. it stayed relatively stable 
throughout. Changes in nanofiber structure were still occurring at approximately 7 % even after 4 weeks.  

Overall, the results of breakaway evaluation indicate that, while nanofibers can be used for slow–growing 
microorganisms, there is cause for concern regarding fiber breakaway, though more tests are needed to 
confirm our results. We suggest that nanofiber carriers should be modified prior to actual application, i.e. the 
carrier should be ‘fixed’ by washing with running water to remove free fibers and the output water separated 
from the reactor through filtration or sedimentation, e.g. in the settling tank. Realistically, it can be assumed 
that nanofiber layers will be colonized by microorganisms immediately after installation into biological 
reactors; hence the resulting number of breakaway fibers will be much lower (i.e. the bacterial biofilm will 
prevent breakaway). 

3.3 Evaluation of nanofiber toxicity to Daphnia magna  

A byproduct of the use of nanofibers as bacterial biomass carriers is the release of breakaway (nano)fibers 
into the surrounding aqueous environment. Previous studies [10, 11] suggest that there is no toxicity risk to 
microorganisms from such nanofibers; however, there is a risk of toxic action in aquatic animals, and 
especially higher organisms, through bioaccumulation. As yet, nanofiber decomposition in biological systems 
has not been precisely defined, partly as a consequence of an absence of appropriate methods [7]. Similarly, 
there is no appropriate toxicity protocol for evaluation of polymer nanofiber toxicity. The methodology 
presented in this paper, therefore, represents the first theoretical experimental procedure. 

No statistically significant immobilization of D. magna was observed for the “aerated nanofiber carrier” 
sample; hence EC50 values could not be determined. 

Similarly, no statistically significant immobilization of D. magna was observed for the “100 mg of pure PUR–
260 nanofiber” sample; hence EC50 values could also not be determined. 

Toxicity analysis, therefore, revealed no significant direct effect of nanofibers on higher organisms (D. 
magna). Note, however, that the experimental procedure was not able to assess the extent to which NPs 
(nanofibers) bioaccumulate in organisms; a factor that could be crucial in the food chain. This factor, 
therefore, requires further verification. 

4. CONCLUSIONS 

Synthetic polymeric nanofibers are generally non–biodegradable. Consequently they have high potential for 
bioaccumulation reasoning for concern as regards their application. A lack of knowledge regarding nanofiber 
ecotoxicity, and the absence of adequate analytical methods, further adds to the uncertainty. Reliance on a 
standard biological toxicity test alone is insufficient; any evaluation of potential toxic effects of nanofibers will 
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require the use of multiple animal species, and especially those that are usually found in or around 
wastewater treatment plants or their receiving waters. 

Our results also indicate that nanofiber breakaway continues after more than one month. Use of appropriate 
methodology, such as binding nanofibers to the supporting surface with an appropriate fixed yarn, appears to 
prevent large–scale nanofiber breakaway into receiving waters; however, there is still a need to examine the 
potential for nanofibers bioaccumulation. 
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Abstract 

Analysis of bodyfluids is new interesting approach for researching air–pollution impact on human health. 
Bodyfluids make an internal environment of tissues and organs and therefore bodyfluids composition can 
affect their functions. Bodyfluids are in touch with outer environment mostly through the respiratory tract, and 
thus inhalation of polluted air may lead to penetration of some chemicals into the bodyfluids. Air–polluting 
suspended solid particles are able to penetrate biomembranes due to their size below 100nm. One of these 
biomembranes is placenta, which prevents from penetrating harmful substances to amniotic fluid. Amniotic 
fluid provides fetus protection and fetus nutrition from mother´s blood. Therefore its composition is crucial for 
fetus development. Collected samples of human amniotic fluid were analyzed using the selected techniques: 
Raman microspectroscopy, scanning electron microscopy with energy–dispersed spectrometer (SEM–EDS), 
Fourier transformed infrared spectroscopy (FTIR) and X–ray diffraction (XRD) analysis. Major natural 
compounds in human amniotic fluid are sodium chloride and organic compounds, mainly proteins,, that were 
analyzed by XRD, SEM–EDS, FTIR and Raman microspectroscopy. In collected samples were also found 
metal–based particles. These results were obtained by SEM–EDS and Raman microspectroscopy. SEM–
EDS analysis seems to be most suitable, because it is quite fast and precise data obtaining. Compared to 
Raman microspectroscopy, which is more time–consuming method. However, Raman microspectroscopy is 
a valuable tool for point–phase–analysis. XRD analysis was not able to detect presence of metals and their 
compounds, because of its detection limit. 

Keywords: human amniotic fluid, Raman spectroscopy, scanning electron microscopy, metal–based  
                     particles 

1. INTRODUCTION 

Nanoscale materials have increasing applications in many consumer products leading to potential general 
population exposure. The most probable pathway for general population exposure is direct inhalation of 
materials released into the air during their manufacturing [1]. However, ingestion and dermal exposure also 
cannot be neglected. Air pollution is a risk factor for several outcomes including increased mortality, 
increased hospital admissions and emergency visits for both respiratory and cardiovascular diseases, and 
impairment of respiratory function, including reduced lung function, exacerbation of asthma and chronic 
obstructive pulmonary disease [2]. Some populations have shown to be more susceptible to these effects, 
and among them including those people in the ends of the age distribution, i.e. the elderly and infants [3]. 
Fetuses, like infants, present a special vulnerability regarding environmental toxicants due to differences in 
exposure, physiological immaturity, and longer life expectancy after exposure [4, 5]. The aim of the study 
was to perform evaluation of inorganic composition of human amniotic fluid samples of healthy fetuses. 

2. EXPERIMENTAL 

2.1 Samples 

Amniotic fluid samples were collected during routine amniocentesis. The as–recieved samples were 
processed for further characterization in the Institute of Pathology, University Hospital Ostrava. For the 
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experimental purposes the samples were centrifuged by centrifuges (JOUAN B4i, Jouan, France,St. 
Herblain) at 1500 rpm for 15 minutes, the sediment was subsequently dropped on a glass slide and dried at 
37 °C. Table 1  shows mother´s history of analyzed samples. 

Table 1  Mother’s history 

Sample number Age Occupation 

1 32 Invoice clerk 

2 36 Maternity leave 

3 41 Assistent 

4 41 Accountant 

5 30 Forewoman 

6 32 Officer 

7 40 Unemployed 

8 36 Workwoman 

9 36 Social worker 

10 29 Operator 

2.2 Experimental methods utilized  

Dried samples were analyzed using scanning electron microscopy (SEM Philips XL 30 and QUANTA 450 
FEG, FEI) with X–ray microprobe of an Energy Dispersion Spectroscope (EDS). The samples were observed 
in the back scattered electron mode allowing visual detection of different elemental composition.   

Phase analysis was performed by Raman microspectroscopy of all samples using Smart Raman Microscopy 
System XploRATM (HORIBA Jobin Yvon, France). Raman spectra were acquired with 532 nm excitation laser 
source, and 1200 gr./mm grating.  

The X–ray diffraction (XRD) was performed using Bruker D8 Advance diffractometer equipped with Co tube 
(l= 1.789 nm) and the fast position sensitive detector VÅNTEC 1. The measurements were carried out in the 
reflection mode.   

FTIR spectra were recorded in the range from 400 to 4000 cm–1. Samples were measured by the ATR 
technique with diamond crystal on an FTIR spectrometer Nicolet 6700 (ThermoNicolet, USA). 

3. RESULTS AND DISSCUSION 

Natural composition of amniotic fluid includes sodium chloride and proteins, see XRD diffraction patterns 
(Fig. 1 ) and FTIR spectra (Fig. 2 ). 

X– ray diffraction analysis detected only the natural compound of amniotic fluid samples, because of its 
detection limit. Single metal–based particles or particle agglomerates are minor components of the studied 
samples, which cannot be detected by this method. 

FTIR spectra show characteristic bands for polypeptidic proteins, which are detectable at the spectra of all 
samples (Fig. 2 ). Band with maxima at 3300 cm–1 corresponds to the stretching vibration of O–H and N–H 
bonds present in aminoacids of proteins, the bands about 1600 cm–1 belong to its bending vibrations. 
Aminoacid carbonyl groups (C=O) dominate in polypeptides and its presence is detected thanks to band at 
1540 cm–1. Amino– and carbonyl groups also show the presence of urea in the samples. Other bands 
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detected, are C–H bonds in aminoacids with bands at 2960–2850 cm–1 (C–H) and over 3000 cm–1 (multiple 
bonds of C–C) [6]. 

 

Fig. 1  XRD spectra of samples 1 – 6 

 

 

Fig. 2  FTIR spectra of samples 1, 2 and 9 

Table 2  shows detected metal–based particles and compounds in all samples. These particles are most 
likely not the natural components of amniotic fluids. Although placenta acts as a very good filter and provides 
fetus nutrition as well as protection, there are some harmful particles that can pass through the placenta. 
Some infection agens (for example Brucella spp., Coxiella burnetti, Listeria monocytogenes, Mycobacterium 
tuberculosis, Treponema pallidum, Leishmania spp., Plasmoduim falciparum, Toxoplasmosa gondii, 
Parvovirus B19, etc. [7]) can pass through. Because of the size of infection agens (tens of nm – tens of µm 
[8]), it is possible, that also nanometric metal–based particles can use the same ways to pass through the 
placental barrier. 
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Table 2  Detected metal–based compounds and metals in the studied samples 

Sample number Analyzed by Raman 
Spectroscopy 

Analyzed by SEM–EDS 

1 – Fe, Al 

2 BaSO4 Ba 

3 TiO2 (anatase) Al, Cr, Fe, Ni 

4 – – 

5 BaSO4, Al3(PO4)2 Fe, Al, Ba 

6 TiO2 (anatase), BaSO4 Fe, Al 

7 TiO2 (rutile) Fe 

8 TiO2 (rutile) – 

9 BaCO3 Bi, Al 

10 – – 

Table 2  shows metal–based particles detected in samples 1,2, 3, 5, 6, 7, 8 and 9. There were detected 
barite (BaSO4) in the samples 2, 5, 6 and anatase/ rutile (TiO2) in the samples 3, 6, 7 and 8 very often by 
Raman spectroscopy. Frequent occurence of iron was detected by SEM–EDS (samples 1, 3, 5, 6 and 7). 
Results correspond only in samples 2 and 5 (see Fig. 3  and 4). This fact is caused by differencies in both 
microscopes resolution (confocal in Raman microspectroscope and electron in SEM–EDS). Such small 
particles can be seen better in SEM–EDS using BSE (back–scattered) mode. On the other hand, titanium 
oxide particles are not visually different from NaCl crystals, so it is harder to find them up by SEM–EDS. This 
fact explicitly shows the need of combination of both methods. 

 

 

 

 

 

 

 

 

 

 

Fig. 3  Example of SEM image of Ba particles in the sample 5 (a) with corresponding EDS spectrum 
(b) 

One of the possible sources emitting particles of barite are wear debris particles released from friction 
composites used for automotive brake linings [9]. Those particles are in range below 100 nm and up to 
hundreds of microns in size and are potentially able to penetrate to the bloodstream and subsequently 
penetrate the placental barrier. 

a) b) 
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Fig. 4 Raman spectrum of barite detected in sample 5 (blue) and reference spectum from library 
(red) 

Particles containing iron, chromium and nickel were detected in the sample 3. It is not conclusive if these 
particles are in human amniotic fluid in real, or if it is wear debris from a fine needle sampling grouting point. 
However, in samples 1, 5, 6 and 7 iron–based particles were also detected (see Fig. 5 ). Since those 
particles were detected only by SEM–EDS it was not possible to define the exact chemical form of the iron. It 
is possible, that there are iron oxides and their mixtures. Ultrafine iron–based particles are the air–pollutants 
released for instance from pyrometallurgic plants, road traffic etc. Beyond ultrafine iron–based particles 
humans can be also exposed to engineered iron–based nanomaterials which are currently in use in many 
consumer products.  

 

Fig. 5  Example of SEM image of Fe particles in the sample 7 (a) with corresponding EDS spectrum 
(b) 

Contrary to SEM–EDS and Raman microspectroscopy, XRD and FTIR analysis were not able to detect any 
of metal–based particles, which could be caused by the detection limit in the case of XRD. FTIR analysis 
limitation is in the infrared source which is not able to initiate molecular vibrations of heavier elements (metal 
compounds). A source of mid–infrared field was used and this field is not suitable for metal compounds 
detection which were analyzed by SEM–EDS. 

4. CONCLUSIONS 

Based on experimental data obtained by analysis of human amniotic fluid samples using SEM–EDS, XRD, 
FTIR and Raman spectroscopy the following facts were found. 

a) b) 
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Major natural compounds of human amniotic fluids are sodium chloride and organic compounds, mostly 
proteins. This fact was proved by XRD, SEM–EDS, FTIR and Raman spectroscopy. XRD and FTIR were not 
able to detect metal–based particles and their compounds. 

Metal–based particles and their compounds were detected in samples only by SEM–EDS and Raman 
microspectroscopy. The most common were Fe, Ba and Ti–based particles. The presence of barite and 
titanium oxide in the form of anatase and rutile were analyzed by Raman spectroscopy. Two samples 
contained bismuth–based particles, which is not natural compound of human amniotic fluid and its source is 
not clear. 

SEM–EDS proved to be the most suitable method for the analysis of particles in human amniotic fluid 
samples, because of its ability to detect metal–based particles in a short time. On the other hand, Raman 
microspectroscopy is more time consuming, but is valuable for spot phase analysis. So combination of these 
two methods seems to be the very useful for characterization of human amniotic fluids.  
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Abstract  

Cytotoxic effects of colloidal polyaniline dispersions with the particles in the nano–size region 
(226.5 ± 5.5 nm) and standard polyaniline powder has been investigated and compared. The mouse 
embryonic fibroblast cell line (NIH/3T3) was used in the test and the cell viability was detected by MTT 
assay. The results indicate that concentration of 0.5 % (m/m) of colloidal polyaniline dispersion, 
corresponding to 90 µg/mL polyaniline polymer in culture medium is a critical in terms of cell viability. This is 
higher threshold for cytotoxicity when compared with a standard polyaniline powder, for which the onset of 
cytotoxicity was observed at concentration of 35 µg/mL.  

Keywords: polyaniline, colloidal particles, cytotoxicity, MTT assay 

1. INTRODUCTION 

In the last decades, the continued interest in the application of conducting polymers has been observed. 
Thanks to its favourable electrochemical properties, high conductivity, environmental and thermal stability, 
polyaniline (PANI) belongs to one of the most promising conducting polymers, though not so frequently 
studied such as polypyrrole. The utilization of PANI is wide and can be met in various fields. It can be used 
for example in corrosion protection, supercapacitors, analytical electrodes or biosensing devices [1, 2]. 
Recently, there has been a growing interest in the potential use of PANI in biomedicine, including tissue 
engineering, cell stimulation or drug delivery. Considering these applications, biocompatibility of the 
materials is crucial and this is the first and basic requirement when a substance is in the contact with 
biological systems and living organisms. 

The biocompatibility of PANI and its derivatives has already been reported in several studies. For example 
Humpolíček et al. [3] studied the cytotoxicity of emeraldine PANI salt and base prepared in a form of powder. 
Other studies were focused on the cell adhesion and proliferation on thin polyanilne films [4] or on the in vivo 
testing of implantability and post–implant changes [5]. Unfortunately, these forms of PANI, whether powders 
or thin films, suffer from the problem of insolubility in the most of common solvents and are difficult to 
process. In the contrast, the considerable advantage from the processing point of view, can be found in 
application of the colloidal PANI. The dispersions of this polymer can be prepared through aniline oxidation 
in aqueous medium containing a suitable water–soluble polymer as a steric stabilizer, in present case 
poly(N–vinylpyrrolidone) (PVP). PVP serves as a capable support for PANI polymerization giving rise to the 
dispersions with the PANI particles with the size laying in the nano–region. In the light of current focus on 
physico–chemical properties of colloidal systems with the nano–sized particles and their impact on the cells 
and living systems in general, it seems to be desirable to compare biocompatibility of such colloidal 
dispersion with a standard emeraldine PANI powder.      

Therefore, the cytotoxicity induced by dispersions of colloidal PANI with particles in nano–size region and 
standard PANI powder is reported in this work. To assess the cytotoxic effect of various colloid and powder 
concentrations, the mouse embryonic fibroblast cell line (NIH/3T3) was used and the cell viability was 
detected by MTT assay.  
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2. EXPERIMENTAL 

2.1 Preparation of polyanline in powder and colloid al form 

The powder PANI salt and colloidal PANI were synthetized according IUPAC Technical Reports [6, 7]. PANI 
salt was prepared via reaction of 0.2 M aniline hydrochloride and 0.25 M ammonium peroxydisulfate in 
aqueous medium. Both solutions were mixed and left at rest at room temperature to polymerize. Prepared 
polymer powder was rinsed with 0.2 M HCl and with acetone. In the case of the colloidal dispersions, aniline 
hydrochloride was dissolved in an aqueous solution of poly(N–vinylpyrrolidone) (PVP, 40 g/L) instead of 
water and the polymerization of aniline started by adding aqueous solution containing ammonium 
peroxydisulfate. The mixture was briefly stirred and left at rest to polymerize. The prepared dispersion was 
transferred into membrane tubing and dialyzed against 0.2 M HCl to remove residual impurities. The colloidal 
dispersion contained 2 wt.% of PANI hydrochloride and 2 wt.% PVP. Particle size of resulting colloidal 
dispersion was of  226.5 ± 5.5 nm, as determined by dynamic light scattering.  

2.2 Cell cultivation 

The mouse fibroblasts, NIH/3T3 cell line supplied from ATCC (Catalog No. CRL–1658, USA), were used for 
cytotoxicity testing. Dulbecco’s Modified Eagle Medium – high glucose, added 10 % calf serum and 
100 µg/mL penicillin/streptomycin (PAA Laboratories GmbH, Austria) was used as the culture medium. Cells 
were cultivated at 37 °C under 5 % CO2 atmosphere in an incubator HERAcell 150i (Thermo Scientific, 
USA).  

2.3 Cytotoxicity 

Prior to in–vitro testing, the PANI powders were sterilized by dry heat at 120 °C for 4 h. Cells suspended in 
culture medium were seeded to 96–well microplates in density of 1×105/mL and pre–cultivated for 24 h. After 
pre–cultivation, the culture medium was replaced by colloidal PANI dispersions or PANI powder dispersed in 
culture medium, respectively. The following concentrations were used: 517, 345, 172, 129, 103, 90, 52, 34 
and 17 µg/mL. The effect of PANI on the growth and viability of NIH/3T3 cells was examined after 24 h. 
Assessment of the cytotoxic effect on cells was performed using the MTT assay (Invitrogen Corporation, 
USA). The cytotoxic effect was evaluated according to the procedure provided by EN ISO 10993–5 standard 
via scaling of cell viability after application of test substances for 24 h. Provided that cell viability of reference 
sample sample is 100 %, viability higher than 80 % was attributed to absence of cytotoxicity, viability 
between 80 % and 60 % to mild cytotoxicity, viability between 60 and 40 % to moderate cytotoxicity and if 
a cell survival is lower than 40 %, the sample cytotoxicity was designated as severe.  

2.4 MTT assay 

After cell cultivation and removal of colloidal dispersions, the cells were rinsed with phosphate buffered 
saline (PBS) and 3–(4,5–dimethylthiazol–2–yl)–2,5–diphenyltetrazolium bromide (MTT) was added. The 
absorbance of light was measured at 570 nm by Infinite M200PRO multimode reader (Tecan, Switzerland). 
Dixon’s Q test was used to remove outlying values and mean values were calculated. The cell viability, 
expressed as percentage of cells present in respective dispersion relatively to cells cultivated in pure 
medium without colloidal PANI (100 % viability), was determined. All the tests were performed in 
quadruplicates. Correspondingly, the MTT assays were performed with PANI powder suspended in culture 
medium. 

3. RESULTS AND DICUSSIONS 

Due to promising application possibilities in biomedicine, the investigation of biological properties of PANI 
and its derivatives is on the rise. Based on the conclusion from different literature sources, the cytotoxicity of 
PANI powder might be mainly associated with three effects: (1) the presence of low–molecular–weight 
residues or impurities, (2) the properties of acid that constitutes the salt with PANI, and (3) the action of 
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charge delocalized on the PANI chain, which can induce interactions between the surface of polymer and the 
cells. In connection with this fact, the comparison between cytotoxicity of colloidal PANI dispersion, where 
PANI is prepared in the presence of PVP, and standard PANI powder tested after its re–suspension in 
medium, is of interest.  

Table 1 Cytotoxic effect of PANI colloidal dispersions with PVP as carrier polymer determined on NIH/3T3 
cell line by MTT assay 

Colloid concentration 
(% m/m) 

PANI in colloid 
(µg/mL) 

Absorbance 
Cell viability 

(%) 

3.0 
2.0 
1.0 

0.75 
0.6 
0.5 
0.3 
0.2 
0.1 

517 
345 
172 
129 
103 
90 
52 
34 
17 

0.227 
0.219 
0.428 
0.413 
0.499 
0.521 
0.521 
0.529 
0.528 

36 
34 
67 
65 
78 
81 
82 
83 
83 

Reference – 0.639 100 

Results obtained in this study show that colloidal PANI dispersions possess the dose–dependent 
cytotoxicity. According to results from MTT assay (Table 1 ), the concentrations of PANI higher than 
103 µg/mL in dispersion, induced different levels of cytotoxicity after application on the cell culture. The two 
highest tested concentrations, 517 µg/mL and 345 µg/mL, exhibited severe cytotoxicity and the concentration 
of 172 µg/mL got at mild level of cytotoxicity with 67 % of cell viability. Mild level of cytotoxicity reached also 
by media with concentrations of 129 µg/mL and 103 µg/mL. The highest concentration without cytotoxic 
effect, corresponding to 81 % of cell viability, was obtained at 0.5 % (m/m) colloid dilution which corresponds 
to 90 µg/mL PANI in culture medium. All samples of colloidal dispersion with PANI concentration below 
103 µg/mL did not cause reduction in cell viability and can be hence considered as non–cytotoxic. Therefore, 
the threshold of 90 µg/mL of PANI polymer could be assigned to a critical concentration for the cytotoxicity 
effect of colloidal PANI. 

Table 2  shows results of cytotoxicity testing performed on standard PANI powder which was simply re–
dispersed in culture medium prior to application on cells. In this PANI type, no carrier polymer was present 
and the particle size and distribution of suspended powder PANI was completely different in comparison with 
colloidal PANI. The obtained data illustrate that two lowest concentrations of PANI powder, 20 and 35 µg/mL, 
were without cytotoxic effect, hence the results corresponding to PANI colloid. Actually, after the treatment 
with these two concentrations, the cell viability was higher in the case of PANI in the form of powder, where 
the cell viabilities reached more than 90 %. The two following concentrations 52 and 90 µg/mL induced mild 
(63 %) and moderate (51 %) cytotoxicity after exposure to PANI powder, respectively.  

As to comparison of the PANI colloidal dispersion and PANI powder, colloidal PANI showed milder effect in 
terms of cytotoxicity. Despite of the fact that the powder concentrations 20 and 35 µg/mL demonstrated  
better performance in terms of cell viability compared to the colloid, when the PANI concentration was 
increased to 52 µg/mL, the effect was opposite and the cell viability was of about 18 % higher in case of 
colloidal dispersion. This trend was even more notable at concentration of 90 µg/mL at which the cell viability 
was more than 30 % higher after being in contact with colloidal PANI compared to powder PANI.  
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Table 2 Cytotoxic effect of standard PANI powder determined on NIH/3T3 cell line by MTT assay 

Concentration of PANI  
(µg/mL) 

Absorbance 
Cell  viability  

(%) 
90 
52 
35 
20 

0.442 
0.551 
0.823 
0.849 

51 
63 
95 
97 

Reference  0.871 100 

The observed difference in cytotoxicity level between PANI colloid and standard PANI might be probably 
attributed to higher concentration of impurities in PANI powder. In the paper of Humpolíček et. al [3], who 
tested the cytotoxicity of emeraldine PANI powder salt through their aqueous extracts, considerable amounts 
of leached, low–molecular–weight precursors, namely ammonium peroxydisulfate and aniline hydrochloride, 
were detected by High liquid performance chromatography. These extracts exhibited high levels of 
cytotoxicity. In the contrast with powderl, colloidal dispersions undergo much more efficient purification 
procedure at which the low–molecular–weight substances are removed by dialysis. 

4. CONCLUSIONS 

Colloidal PANI dispersions with the particle sizes in nano–region are advanced materials with promising 
applications in biomedicine. Therefore, their cytotoxicity was determined and compared with corresponding 
data recorded on standard PANI powder. The mouse embryonic fibroblast cell line (NIH/3T3) was used in 
the test and the cell viability was detected by MTT assay. The results indicate that concentration of 
0.5 m/m % of colloidal PANI dispersion, corresponding to 90 µg/mL PANI polymer in culture medium can be 
considered as the limit value influencing cell viability. This is higher threshold for cytotoxicity when compared 
with standard PANI powder, for which cytotoxicity was observed at concentration of 35 µg/mL.  
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Abstract  

Since particulate pollution is becoming still bigger threat to human health and environment, there is an urgent 
need of monitoring its degree not only in the outdoors, but indoors, especially in the workplace, as well. 
Biomonitoring of atmospheric heavy metals and metalloids using bryophytes is rather common procedure. 
There has been discovered both strong affinity of these elements to the particulate matter and, albeit so far 
to a lesser extent, a correlation between the amount of the elements in question in the bryophyte material 
and concentration of the particulate matter in atmosphere. 

Two distinct ways of biomonitoring techniques were assessed in order to establish their applicability in indoor 
pollution monitoring. First one was the devitalization of the bryophyte matter (Hylocomium splendens) by 
drying and the second one was continuous irrigation of live matter with distilled water. Three transplants of 
both treatments were placed in a standard workplace (office) with the overall period of exposition of 49 days. 
The samples were taken in a weekly period and analyzed for the contents of Cu, Pb, Sb, Si and Hg by 
atomic absorption spectroscopy, advanced mercury analyser 254 and inductively coupled plasma – atomic 
emission spectroscopy. 

The results are presented in figures and maps with isolines describing the accumulation of elements. It can 
be concluded that the irrigated moss bag method is more suitable for this kind of experiment and, generally, 
that active biomonitoring using bryophytes is useful for investigation of particle related pollution in such 
closed spaces. 

Keywords: biomonitoring, indoor, bryophytes, particulate pollution, heavy metals 

1. INTRODUCTION 

Airborne fine and ultra–fine dust particles are associated with trace metals pollution being their main 
transferring agent. Particulate pollution is known to be detrimental to human health since they are 
susceptible to being inhaled and tend to be deposited in human respiratory system [1]. Associated trace 
metals are regularly toxic and were found to be of mutagenic nature, thus leading to enhanced risk of cancer 
development [2]. 

Biomonitoring of airborne trace metals and metalloids is gradually becoming a key contributor to our 
knowledge of distribution of those elements in the atmosphere either as a complementary tool to standard 
monitoring techniques or as a sole informant of the state of environment where, for various reasons, 
standard methods cannot be applied. Chakrabortty a Paratkar [3] highlighted amongst the main advantages 
of biomonitoring (in comparison to standard monitoring techniques) its low price and overall ease of 
application. 

Plethora of studies carried out have proven bryophytes to be suitable biomonitors of atmospheric pollution 
since their first use for biomonitoring of lead by Rühling and Tyler in 1968 [4]. There are several bryophytes 
properties rendering them to be utilizable, among those their bioaccumulation abilities related to their unique 
anatomy and physiology is the most prominent [5]. 

Both active and passive biomonitoring approach can be applied whilst using bryophytes as monitor species 
[6]. Active biomonitoring – consisting, in general, of transplanting the moss material to the site of interest – is 
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crucial when the site has no native moss of its own, e.g. when overly polluted or situated indoors. Indoor 
biomonitoring of airborne trace element pollution by the means of bryophytes is, however, still rather 
uncommon, though it was thoroughly discussed as early as in 1993 by Al–Radady et al. [7]. 

The aim of the study hereby presented was to determine whether indoor monitoring using bryophytes is 
applicable in evaluating a standard office workspace environment with special regard to particle–related 
pollution. Moreover, to compare two distinct designs of monitoring bags – one with the oven–dried 
devitalized moss material and the other with continually irrigated vital moss. Both aims of the study represent 
novel approach, had the indoor monitoring by the means of bryophytes never been applied in Czech 
Republic before and comparison of such kind never been carried out. 

2. MATERIALS AND METHODS 

Bryophyte material of Hylocomium splendens (Hedw.) Schimp. species was collected in a presumably 
unpolluted area of Protected Landscape Area of Moravskoslezské Beskydy, Červík Creek near Staré Hamry 
village. This particular species is widely used for biomonitoring purposes and, in a preliminary study, it was 
proven to have high bioaccumulation capability. Immediately after collection, the material was transferred to 
the laboratory where it was adjusted. After manual removal of all adhering material, apical segments  
(ca. 3–4 cm) were excised from the shoots, homogenized and thoroughly washed in distilled water for 30 s 
[8,9]. Half of the material was then devitalized in a dryer (24 h, 120 °C) according to Adamo et al. [10] 

Non–devitalized moss material was placed on the top of capillary matting of polypropylene biomonitoring 
boxes full of distilled water and hold in this place by LDPE net (mesh size 0.5 cm). This boxes lids had two 
slits on opposite sides of them through which parts of the capillary matting were pulled inside providing the 
material with constant irrigation [11]. Devitalized material was placed in plastic bags made from the 
abovementioned net. All equipment in use was pre–treated with 1 M HNO3. 

Three monitoring boxes and three plastic bags were deployed in the office space at height ca. 2 m above 
ground and exposed for total of 49 days. Samples for analysis were taken with a period of 7 days, ca. 2 g of 
dry weight from each transplant. Every time, samples were washed in distilled water and dried to constant 
weight at 50 °C for higher temperatures may lead to loss of more volatile elements [12]. After the total 
decomposition in mix of acids, samples were analysed for Cu and Si by inductively coupled plasma – atomic 
emission spectroscopy (SPECTRO Ciros Vision), Pb and Sb by atomic absorption spectroscopy  
(UNICAM 969) and Hg by advanced mercury analyser (AMA 254). 

Spatial interpolation of the element content in the bryophyte material was carried out using the statistical 
package R by the means of ordinary kriging [13]. 

3. RESULTS AND DISCUSSION 

Element content in both irrigated and devitalized moss varied through the course of time of exposition. While 
the content in exposed material was – in both treatments – always higher than in the blind samples, it 
changed within weeks in both directions. This indicates that moss active biomonitoring may be used as a tool 
for determining the pollution even in such a short time scale – contrary to its prevalent application hitherto 
[14,15,16]. 

Comparison of element contents in irrigated and devitalized moss is presented in Fig. 1 ; for the comparison, 
the case of two adjacent monitoring spots of both treatments was used. As is apparent, the accumulation 
rates were either comparable or higher in the case of irrigated moss with the most distinctive examples being 
the accumulations of silicon and antimony and, though to a lesser extent, lead. Higher accumulation rates in 
irrigated moss are in contrast with the recent recommendation of devitalization in biomonitoring as the most 
effective pre–treatment [17].  
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Fig. 1 Elements content through time 

As for the spatial distribution of elements, outcomes are presented in Fig. 2 ; figure represents element 
content in the last week (Cu, Hg, Pb), sixth week (Sb) and fourth week of exposition (Si) – in Sb and Si the 
content in the devitalized moss material in the last week of exposition was below the detection limits. For Cu 
and Hg the spatial distribution is of the highest relevance – mimicking the situation in Fig. 1  – since here the 
element content was comparable for both treatments. In case of Pb, Sb and Si, the situation is more 
complex; isolines distribution mirrors the great discrepancy in accumulation rates between the two 
treatments, resulting in portraying the areas where devitalized material was deployed as of lower element 
presence. 

Overall, with the exception of Cu and Hg, the irrigated moss bags were found out to be more susceptible to 
bioaccumulation of elements than the devitalized material where the element content was in some cases 
lower than the detection limit. 
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Fig. 2 Spatial interpolation of element content in the last week (Cu, Hg, Pb), sixth week (Sb) and fourth week 

of exposition (Si) 

4. CONCLUSIONS 

Presented research is the first of its kind in the Czech Republic and one of the few dealing with indoor 
biomonitoring worldwide; indoor active biomonitoring of particle related pollution by the means of bryophytes 
was hereby proven to be applicable in the office environment. Application of the irrigated moss bag method 
was found out to lead to higher accumulation rates of Pb, Sb and Si in the moss material compared to its 
devitalisation. All surveyed elements have an affinity to particles dispersed in the atmosphere as a 
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particulate pollution and method applied could thus be used to monitor nanoparticles pollution either in the 
outer environment or workspaces – especially in places where these particles are produced or dealt with. 
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Abstract 

Laser induced breakdown spectroscopy (LIBS) is interesting method of elemental analyses with high 
application potential. In this study we developed a novel method of monitoring of environmental 
contamination by LIBS. As a model pollutant were used nanoparticles of TiO2 with photocatalytic properties. 
Proposed method is based on collection of monitored nanoparticles from solid surfaces and following 
quantitative analysis. Proposed method is suitable for each monitoring of surface contamination. 

Keywords: TiO2, nanoparticles 

1. MAIN TEXT 

Nanoparticles are now produced in many industrial technologies. More often we can detect stable 
nanoparticles in our environment – as example we can choose silver, carbon or titanium oxide. 
Quantification of the behaviour of nanoparticles in the human environment or directly in living organisms is 
aim of many scientific studies, but still is paid attention not enough high in comparison with potential 
problems in the future. 
Monitoring of nanoparticles in the environment has many problems. One of the most important problems is 
example low stability of nanoparticles based on dissolving, aggregation, evaporation or melting.  

Lot of standard used methods of quantification of nanoparticles in the environment is based on active 
separation of nanoparticles from the air (usually by filtration).  

Estimated concentrations are average values estimated in all time of measurement. This kind of method has 
a long time history and can be easy standardised and compared with the measured values at different 
measured places. 

This study is focused on other way haw we can quantify nanoparticles – estimation of particles 
spontaneously deposed on surfaces by “wipe” method. The main positive of this methods are:  
- look into a history of evaluated places (we obtain values connected with the processes before the 

beginning of sample collection) 
- collection of samples is easy, quickly and cheap (unqualified persons are acceptable) 
- we don’t need complicated apparatus to collect samples 
- we can analysed small areas separately (we can estimated concentration at the area 10 cm2) 

All above described attributes of wipe method show that it is interesting for easy monitoring in industry, 
ecological disaster, analyses in the working places… 

2. EXPERIMENTAL PART 

2.1 Titanium Oxide P25 Degussa 

The TiO2 powder (Degussa, P25), which is a standard material in the field of photocatalytic reactions, 
contains anatase and rutile phases in a ratio of about 3:1. The average sizes of the anatase and rutile 
elementary particles are 85 and 25 nm, respectively. 
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P25 (Degussa) has been a standard material, which has a relatively large surface area (49 m2.g–1). 
Interestingly, the P25 powder consists of anatas and rutile phases [2]. Because the P25 powder shows high 
activity for many kinds of photocatalytic reactions, it has been used in many studies. P25 was used as a 
model contaminant / pollutant in this study.  

In selected experiments was TiO2 replaced by orange metal–complex dyestuff to visualise the localisation of 
the powder on the cellulose collector.  

Model pollutant TiO2 (Degussa P25) was deposited on smooth glass plate. The areal concentration of the 
TiO2 powder was from 60 to 600 mg/m2. This TiO2 was deposited at dry conditions to simulate real 
deposition by sedimentation from the air.  

2.2 Wipe method  

The TiO2 powder was collected by the wipe method from the area 5x10 cm of glass plate. As a collector of 
powder was used pure cellulose paper (without chemical modification, flexible, 40g/m2) and in the selected 
cases was used cellulose (cotton) fabric.  

Dust collector is supported in the wipe – method by metal thin plate, which is moved (2,5 cm/s) together with 
the cellulose collector on the glass plate with the collected particles.  All contaminants are after the wipe–
method collected on the cellulose collector in shape of line.  

2.3 Elemental analyses 

Elemental analyse of 
samples prepared by 
wipe method is 
realised by Laser 
Induced Breakdown 
Spectroscopy (LIBS). 
This method is optimal 
for analyses at small 
place, without any pre–
treatment of solid 
samples, quickly 
obtained results and 
high sensitivity 
comparable with other 
emission spectroscopy 
methods.  
Analyse of Ti 
(respectively TiO2) on 
the cellulose collector 
was realised by the 
instrument Lea–S500 
with the software 2. 
Set values are 
visualised on the Fig. 
1.  

 
 

   
Fig. 1  Paramethers of LIBS metod 
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Laser irradiation of sample is by used LIBS procedure (Fig. 2 ) located in two lines (of measured points 
(green points) in distance 500 micrometers. These two lines of 8 irradiated areas are located perpendicular 
to collecting line created by wipe–method (Fig. 2 ).  

LIBS method is many time used for the elemental analyses of cellulose structures (especially textiles).  
[1, 2, 3, 4] 

Fig. 2  Schematic view on cellulose holder with LIBS measure points (green points) acros the wipe–line (in 
this case was used a dye) 

The relationship between the concentration of TiO2 and measured output from LIBS is visualised on Fig. 3 . 
The higher concentration of TiO2 is too high for the LIBS method. LIBS method offered linear dependence of 
LIBS values till 150 milligrams of TiO2 at 1 m2. Above this value is the LIBS output independent (constant). 
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Fig. 3 Relationship between the concentration of TiO2 and measured output from LIBS 

2.4 Analyses of real samples from the environment 

Above described analytical method is used for the evaluation of samples collecting real dust at the places 
with usual (university classroom) and high contamination (lab working with TiO2 nanoparticles) by TiO2.  
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3. RESULTS AND DISCUSSION 

The dust particles are collected on the surface of cellulose collector (Fig. 5 ) – the sensitivity of LIBS method 
is high. 

On the following figures (Fig. 4  and Fig. 5 ) are real results from the monitoring of TiO2 in buildings. On Fig. 4  
we can see, that the contamination of offices and class–room in the Technical University of Liberec is not 
high – maximal measured concentration of TiO2 is smaller then 10 mg/m2. In laboratory working as main 
activity with TiO2 is the concentration of TiO2 much higher – maximal estimated concentration of TiO2 is 
around 80 mg/m2. The nanostructured character of this dust is wisible on the picture from scanning electron 
microscopy (Fig. 6 ). 

 

Fig. 4  Results from the monitoring of TiO2 in university (red points– laboratory of textile finishing, green 
points – laboratory of physical methods, blue points – teachers room) 

 

Fig. 5  Results from the monitoring of TiO2 in university lab working with TiO2 nanoparticles (green points– 
table in laboratory, blue points – shelf in laboratory) 
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Fig. 6 Cellulose paper holder with real dust particles collected by the standard method from the lab working 
with TiO2 nanoparticles 

CONCLUSION 

Proposed wipe – method of dust collection power by LIBS elemental analyses is a high level system if 
analyses of dust or small particles deposited on solid surfaces. This method was demonstrated on TiO2 
nanoparticles, which are used in many applications – from sunscreen till white pigments, delustring agent or 
photocatalytic systems. In lot of these applications is used TiO2 in the form of nanoparticles. Real toxicity of 
TiO2 nanoparticles is not verified, but is necessary observe the behaviour of this massive environmental 
contaminant. 
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Abstract 

In this work, magnetic nanoparticles were prepared with ethylene glycol as a solvent at 75 0C. Nanoaprticles 
were characterized by transmission electron microscope (TEM) and ZETASIZER analyzer. Nanoaprticles 
were coated with oleic acid as inner and sodium dodecyl benzene sulfonate (SDBS) as outer surfactants. 
Oleic acid adsorbs chemically on the Fe3O4 surface and SDBS adsorbs physically on the oleic acid 
surfactant. Amount of oleic acid was varied. Nanoparticles with excess of oleic acid appear to be large in 
size. Size and surface charge of nanoparticles were studied by ZETASIZER.  

Keywords: magnetic nanoparticles, TEM, zeta potential 

1. INTRODUCTION 

Iron as a mineral is found in all living organisms. Incredibly but iron presents in some organisms in the form 
of nanoparticles. Birds have magnetic nanoparticles inside their body that act as a navigation systems and 
allowing them to easily migrate from one part of the world to another [1]. It is also known magnetotactic 
bacteria that can synthesize biochemically magnetic nanoparticles and also to use them as a navigation 
system [2]. Moreover, human brain has magnetic nanoparticles. It was estimated that human brain contains 
around 5 million crystals per gram [3]. Magnetic nanoparticles have unique properties such as 
superparamagnetism, magnetic guidance, self–heating in applied ac magnetic field, non toxicity and others. 
[4]. However, it is still hard to control nanoparticles size distribution and their stability. Many different 
synthesis routes exist for magnetic nanoparticles preparation. Co–precipitation is the most simple, easy and 
cheap method. However, it is a big challenge to achieve good size distribution with this method. This method 
probably will never give favourable size distribution and stable nanoparticles. Thermal decomposition is 
another widely used synthesis method to produce nanoparticles in organic solvent at high temperature.. This 
method yields sometimes outstanding results such as good size distribution, nanoparticles stability and size 
control. However, sometimes to achieve high temperature is a challenge and moreover it is not 
environmentally friendly and safe. In this work, nanoparticles were synthesized in organic solvent of ethylene 
glycol at 75 0C. Magnetic nanoparticles were double coated with oleic acid and SDBS. Two samples were 
obtained with varied amount of oleic acid. It was believed that oleic acid would provide steric stabilization 
and whereas SDBS would provide electrostatic repulsion between nanoparticles.  

2. EXPERIMENTAL 

2.1 Materials 

Iron (III) chloride hexahydrate (FeCl3·6H2O, 98 %, AppliChem), Iron (II) chloride tetrahydrate (FeCl2·4H2O, 
99 %, AppliChem), ethylene glycol (99 %, Fisher Scientific), oleic acid (90 % technical grade, Sigma Aldrich), 
SDBS (technical grade, Sigma Aldrich), ammonium hydroxide (25 %, AppliChem). 

2.2 Synthesis of magnetic nanoparticles 

Iron (III) chloride hexahydrate (2. 16 g), (0.8 g), Iron (II) chloride tetrahydrate, oleic acid (1 ml and 2 ml) and 
SDBS (0.2 g) were mixed in 250 three neck flask following with the addition of 50 ml of ethylene glycol. 
Three neck flask was fitted with a reflux condenser. Mixture was stirred at room temperature in nitrogen 
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atmosphere until full dissolution of reagents. Ammonium hydroxide (25 ml) was added rapidly into solution. 
Temperature was increased to 75 0C.  The solution was allowed to stir for 4 hours. Nanoparticles were 
washed repeatedly with ethanol and distilled water with magnetic field separation to get rid of the non–bound 
surfactant molecules. Sample with 1 ml of oleic acid was named Fe3O4–OA1 and sample with addition of 2 
ml of oleic acid named as Fe3O4–OA2. 

2.3 Characterization 

Nanoparticles morphology, shape and structure were determined by LIBRA 120 TEM from Carl Zeiss 
operating at 120 kV. Samples were dropped onto 400–mesh Formvar copper grids. Particle size distribution 
and zeta potential of the samples were determined by ZETASIZER NANO ZS from Malvern Instruments. 
During the measurement temperature were kept at 25 0C.  

3. RESULTS AND DISCUSSIONS 

3.1 Reaction Mechanism 

Oleic acid is widely used as a surfactant to modify the surface of magnetic nanoparticles preventing their 
agglomeration into clusters. It has high affinity to the surface of magnetic nanoparticles as compared to other 
surfactants [5]. Oleic acid forms a layer on the magnetic nanoparticles increasing the distance between 
nanoparticles due to its negative charge. Thus, oleic acid prevents agglomeration because of the dipole–
dipole interactions of magnetic nanoparticles. The study shows that oleic acid molecules are chemically 
adsorbed on the surface of the nanoparticles by chemical interaction of   the carboxylate groups (–COO–) 
and Fe atoms. Two oxygen atoms of carboxylate group are coordinated symmetrically to the Fe atom. It is 
also found that carboxylate groups are bounded asymmetrically to the Fe atom. It means that some 
carboxylate groups are bonded symmetrically and some are bonded at an angle to a surface. [6, 7]. 
However, OA is hydrophobic making difficult stabilization of nanoparticles in aqueous solution and forming 
waterproof shell [8]. Hydrophobic properties of oleic acid coating can be transferred to hydrophilic if coated 
with additional hydrophilic surfactant. SDBS was used as a secondary protective layer. SDBS layer was 
bound to Fe3O4–oleic acid through physisorption mechanism [9]. SDBS outer layer makes magnetic 
nanoparticles to be negatively charged providing electrostatic repulsion of nanoparticles (Fig. 1 ). 

 

Fig. 1  Reaction mechanism scheme of oleic acid and SDBS adsorption onto magnetic nanoparticle 
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3.2 TEM studies 

Fig. 2  reveals that magnetic nanoparticles have a spherical shape and nanoparticles size is 122–144 nm. 
Nanoparticles appear not agglomerated into clusters. From the Fig. 2 b  it may be concluded that the 
morphology of nanoparticles are as following: black nuclei is surrounded with oleic acid and SDBS 
surfactants appearing as a grey colour shell in micrograph. 

 

Fig. 2 TEM micrographs of Fe3O4–OA1 sample a) 500 nm scale and b) 100 nm scale 

Nanoparticles prepared with the excess of oleic acid of sample Fe3O4–OA2 appear much bigger as 
nanoparticles of sample Fe3O4–OA1. The average size 530– 630 nm. Interestingly, but it was found few 
nanoparticles that have unique Fe3O4 nucleus in the center of nanoparticle. In Fig 3 b and c  are shown 
nanoparticles with flower–like magnetic nuclei. This nanoparticle structure could form during the nucleation 
and the growth of particles. Many nuclei were formed and then were coated by surfactants into spherical 
shaped nanoparticle. 

 

 

 

 

 

 

 

 

 

 

Fig. 3  TEM micrographs of Fe3O4–OA2 sample a) 1 µm scale, b) 500 nm scale and c) 200 nm scale 

3.3 ZetaSizer studies 

Polydisperse index (PDI) is 0.224 which shows favourable particle distribution. From Fig. 4  it is identified 
8.5 % nanoparticles have size of 91.28 nm, 11.5 % have 105.7 nm size, 11.7 % have 122.4 nm size, 11.2 % 

a 

b 

b 

a

c
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have 141.8 nm size, 10.8 % have 164.2 nm size and 10.2 % nanoparticles have 164.2 nm size. Even though 
PDI index is < 0.3 nanoparticles still do not have uniform size distribution.  
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Fig. 4 Particles size distribution of sample Fe3O4–OA1 

For sample Fe3O4–OA2 PDI is 0.155 which also shows good size distribution. 11.6 % nanoparticles have 
531.2 nm in size, 12.9 % have 615.2 nm in size, 12.1 % nanoparticles have 712.4 nm size and 11 % 
nanoparticles have 825 nm size.  
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Fig 5. Particles size distribution of sample Fe3O4–OA2 

Zeta potential of Fe3O4–OA2 sample is –14. 3 mV (Fig. 6 ) whereas zeta potential of Fe3O4–OA1 is –43.8 mV 
(Fig. 7 ). Increased zeta potential of Fe3O4–OA2 sample is due to increased nanoparticles diameter and 
therefore more SDBS molecules physically bind to nanoparticles surface. 
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Fig. 6 Zeta potential of Fe3O4–OA1 sample 
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Fig. 7 Zeta potential of Fe3O4–OA2 sample 

4. CONCLUSION 

In this work magnetic nanoparticles were prepared by chemical method using ethylene glycol solvent at 
75 0C. Two surfactants were used to provide nanoparticles with a good size distribution, stability and size 
control. Oleic acid is a inner surfactant that bind to Fe3O4 core by chemisorptions and SDBS as an outer 
surfactant that binds to Oleic acid physically. SDBS outer surfactant provide nanoparticle with negative 
charges and allow nanoparticles to repulse each other electrostatically resolving the problem of 
agglomeration. Two samples were obtained with varied amount of oleic acid. Nanoparticles have 122 –144 
nm and 530 – 630 nm in size for sample Fe3O4–OA1 and Fe3O4–OA2 respectively. Zeta potential of samples 
are 14.3 mV and –43.8 mV for Fe3O4–OA1 and Fe3O4–OA2 respectively. Sample Fe3O4–OA2 has increased 
zeta potential due to increased nanoparticle diameter. Nanoparticles have perfectly spherical shape but they 
lack of control of size. Size should be controlled more through influence parameters such as temperature, 
stirring rate and pH. 
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Abstract 

NanoParticle Tracking and Analysis (NTA), has been commercially developed with over 600 systems 
installed, and is now considered a key characterisation technique in nanomedecine, studying environmental 
effects on nanoparticles in colloidal suspension and nanometrology.  

This technique gives significant advantage in sizing over DLS as the individual tracking of particles results in 
a better ability to measure polydispersed suspension and a better assessment of degree of aggregation. 

NTA also generates a number–based concentration measurement directly, a crucial parameter in the 
assessment of dosimetry for nanoparticles where weight–based concentration measurements are less 
relevant. The sample can have an electric field applied to allow the measurement of zeta potential – an 
important indicator of likelihood of future aggregation. Finally the technique can also be integrated with 
fluorescence filters to allow fluorescently labelled/loaded particles to be selectively analysed. This can be of 
particular import when analysing the sample in complex biological media, such as cell culture media or in the 
presence of protein suspensions.  

The technique is used for characterisation of exosomes shed from cells for e.g. cell signalling. In this case 
using NTA in conjunction with fluorescently labelled antibodies may enable speciating the exosomes. 
Another key application is in measuring a wide range of engineered nanoparticles in more complex media, 
including river and sea water, cell culture media and buffer solutions. 

The technique, novel developments and its application to the above fields will be described, explaining the 
importance of obtaining as complete characterisation as is possible, in as relevant media as possible. 

Keywords: nanoparticle, sizing, zeta, concentration 

1. METHOD  

Nanoparticle Tracking Analysis (NTA) is a relatively new technique for the characterisation of nanomaterial in 
suspension.  

A specially configured laser beam is used to illuminate a small scattering volume within a sample of 
suspended nanomaterial. The light scattered from each particle is viewed with a conventional optical 
microscope and video captured with a CCD or CMOS camera. Each individual particle is simultaneously 
tracked and analysed utilising the Brownian motion to accurately determine the particle size. This technique 
provides a model–free number based particle size distribution profile. An additional benefit of this particle–
by–particle approach is the ability to determine total particle concentration as well as providing concentration 
data for each size class within the distribution Fig. 1  [1]. 

The light scattering properties of nanomaterial can also be used to distinguish between sub–populations 
within the same sample using the refractive index of nanomaterial Fig. 1 . When used in fluorescence mode 
particles can be further differentiated and characterised within complex biological suspensions. Use of green 
(532 nm),blue (488 nm) or violet (405 nm) lasers, with appropriate filters, allows fluorescent nanoparticles to 
be seen and tracked. 
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Further information on the material can be obtained through 
the NTA zeta mode. Applying an electric field across the 
scattering volume allows nanoparticle electrophoresis to be 
determined providing information on electrostatic repulsion 
and therefore colloidal stability of the sample.  

The minimum detectable nanoparticle size is a function of the 
particle refractive index but for high Ri materials (e.g. Au) a 
10nm minimum threshold is achievable. For lower Ri 
materials (especially biological) 30 – 40 nm might be the 
minimum detectable limit. Optimum concentration ranges lie 
between 107 and 109 particles/ml. 

The multiparameter capability of NTA has already been 
proven as a useful tool in drug delivery [2], protein 
aggregation studies and viral vaccines [3]. Characterisation 
of synthesised nanocapsules and particle coatings for 
targeted drug delivery is an area of high growth for NTA. 
Additionally, NTA has been used to review drug and protein 
aggregation and the effect of external factors. This 
multiparameter approach allows a more complete 
understanding of nanoscale colloids in the field of 
biomedicine. 

 

2. CHARCTERISATION OF POLYDISPERSE SAMPLES 

For the analysis of polydispersed samples (i.e. containing a range of particle sizes) or those which contain 
different particle types of differing refractive index, the NTA approach is far better suited than more 
conventional techniques such as Dynamic Light Scattering (DLS) – otherwise known as Photon Correlation 
Spectroscopy (PCS) due to its particle–by–particle measurement. Because DLS is an ensemble 
measurement which is significantly biased to larger, higher scattering particles, the resulting intensity 
weighted average can be seriously misleading in the analysis of polydisperse samples. 

In a recently published comparison of NTA and DLS, Filipe et al (2010) [4] stated that “NTA was shown to 
accurately analyze the size distribution of monodisperse and polydisperse samples. Sample visualization 
and individual particle tracking are features that enable a thorough size distribution analysis. The presence of 
small amounts of large (1,000 nm) particles generally does not compromise the accuracy of NTA 
measurements and a broad range of population ratios can easily be detected and accurately sized. NTA 
proved to be suitable to characterize drug delivery nanoparticles and protein aggregates, complementing 

Fig. 1: Fig A Video of particle under their brownian 
motions 

Fig B. Tracked Brownian motion trajectories of 
nanoparticles as seen by NTA 

Fig C. 3D plot of 30nm (a) and 60nm (b) gold and 100nm 
(c) polystyrene 
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DLS”. They concluded that “NTA is a powerful characterization technique that complements DLS and is 
particularly valuable for analyzing polydisperse nanosized particles and protein aggregates. 

In the following example (Fig. 2 ), also from Filipe et al (2010), the insensitivity of NTA to the presence of 
contaminants is shown. While present in the scattering volume, the effect they have on the ability of NTA to 
both see and analyze the smaller particle population is minimal, although high numbers of larger particles 
may act to occlude smaller particles behind them resulting in a slight loss of accuracy in estimating the 
number concentration of smaller particles. 

Fig. 2  Influence of large particles (1,000 nm beads) in a mixture of 100 nm and 400 nm monodisperse beads 
on NTA and DLS measurements. The size distribution (middle columns) with the corresponding NTA video 

frame (left columns) and normalized 3D graph (size vs. intensity vs. concentration; right columns) are shown. 
a) no 1,000 nm beads; b) 1:267 number ratio of 1,000 nm beads to the other beads in the mixture; c) 1:13 

number ratio of 1,000 nm beads to the other beads in the mixture 

3. Z–NTA 

Zeta Potential Nanoparticle Tracking Analysis (Z–NTA) adds measurements of electrostatic potential to 
simultaneous reporting of nanoparticle size, light scattering intensity, fluorescence and count, and does so 
particle–by–particle. Polydisperse and complex suspensions of both positively and negatively charged 
particles are readily characterised, and the results are verified by real–time observation of particles moving 
under both electrophoresis and Brownian motion, without the need for any particle labelling. Changes in the 
zeta potential distribution with pH, concentration, temperature and particle size can be studied, and 
aggregation can be measured quantitatively in real–time. The ZetaSight technique allows the simultaneous 
measurement of size, zeta potential and light scattering intensity for individual nanoparticles in solution. This 
allows particle populations to be separated in terms of any one of these parameters, and for the relationship 
between parameters, for example the dependence of zeta potential on particle size, to be studied Fig. 3 .  
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Fig. 3  shows 2–dimensional slices from a 3–dimensional plot, taken from the NanoSight Z–NTA software 
display, that demonstrates the analysis of two separate particle populations. Results for the 100nm NIST 

polystyrene size standard in tap water are shown in blue. The white scatter points are for the zeta potential 
transfer standard (DTS1230), with a size of approximately 300nm.The top panel shows the relationship 

between light scattering intensity and size, the bottom panel shows the plot rotated to display the relationship 
between zeta potential and size 

4. APPLICATIONS 

Given the generic nature of the NTA to be able to detect and analyse particles in the size range 20–2000nm 
and analyse them in terms of size, number concentration, refractive index, fluorescence and surface charge, 
the applications for this technique are widespread in the biological sciences. Accordingly, the technique is 
used for detecting liposomes, viruses and phage particles in vaccine and drug delivery and gene therapy 
research. Similarly, the ability to detect particles on an individual basis has proved useful in studies on 
protein aggregation and product stability in the pharmaceutical sector (FILIPE et al (2010) [4]). 

In the field of toxicology, the ability to measure nanoparticles and to assess the level of aggregation of 
nanosuspensions dispersed in various media is critical. NTA is appropriate for rapidly measuring samples as 
the optimal concentration for detection is very low (108 particles/mL) and such samples are commonly 
polydisperse and has been used extensively to this end [5]. The output, a number–based size distribution 
and absolute concentration measurements, directly provides the data in the appropriate format. 

The technique is also used to directly generate a measure of viral concentration. In this regard, the ability of 
NTA to determine virus count through direct visualization, is of significant value [6]. It has advantage over 
both plaque assay (measurement times are of just a few minutes and aggregation can be assessed) and 
qPCR (as all viral particles will be measured whether or not they contain DNA). The application with 
fluorescence filters to allow fluorescently labelled/loaded particles to be selectively analysed can additionally 
be of particular import where the suspension is not purified. 
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In the field of pharmaceuticals, a crucial question 
under inspection is that of protein aggregation and 
its measurement thereof. In this field NanoSight 
has been identified as a technique suitable for 
characterizing this and has crucial benefits over 
previously available techniques[7]. 

To date, exosomes research has been constrained 
by a lack of suitable methods for characterization. 
NanoSight addresses this need with unique and 
proven technology. Nanoparticle Tracking Analysis 
(NTA) allows specific exosomes and microvesicles 
in the range of 50–1000nm in liquid suspension to 
be directly and individually visualized and counted 
in realtime.  

Whilst it is frequently adequate to determine merely 
whether particles of a certain size or size range are 
present in a sample, it is often much more 
important to identify and discriminate specific sub–
populations of particles within the sample. The NanoSight technique is capable of selectively analysing such 
populations through, for instance, the use of antibodymediated fluorescent labelling. This approach allows 
the user to detect, analyse and count only the specific nanoparticles to which the fluorescently–labelled 
antibody binds, with background non–specific particulates being excluded through the use of appropriate 
optical filters. Whilst a range of fluorophores can be used, it is advantageous to employ highefficiency, high 
stability quantum dot labels for best results. Fig. 4  shows three size distributions showing: i) all particles 
present in the STBM sample (blue line) as detected by (non–fluorescent) light scatter; ii) the particles to 
which the fluorescent QDot–labelled NDOG II antibody had bound specifically, as measured under 
fluorescence mode (red line) [8]. Engineered Nanoparticles, nanobubbles, inks and pigments can all be 
characterised as can carbon nanotubes and nanoscale structures (combustion products and contaminants) 
in solvent based petrochemical and oil sample types. 
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Fig. 4  Particle size distributions from scattered light 
(blue), correct antibody (red) and incorrect (control) 
antibody (green). Note the number concentration 

vertical axis 
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Abstract  

The nanostructure of Inconel 738LC Ni–superalloy strengthened by trimodal γ’ precipitates distribution was 
investigated after Low Cycle Fatigue (LCF) loading at temperature 700 °C. Different microscopic techniques 
as Scanning Electron Microscope (SEM) equipped with STEM detector, transmission Kikuchi diffraction in 
the SEM, transmission electron microscope (TEM) in the bright field mode and high resolution transmission 
electron microscopes (HRTEM) in STEM mode were used for the characterization and quantification of 
superalloy nanostructure. The characteristic morphology of γ’ precipitates was examined by ex–situ and in–
situ Small Angle Neutron Scattering (SANS) at high temperatures. All adopted microscopic techniques 
indicate that the morphology of γ’ precipitates distributed in the γ matrix as received state corresponds to two 
types, i.e. large cuboid–like precipitates with the size around 670 nm, and the spherical precipitates with the 
diameter 52 nm. After the LCF tests at temperature 700 °C, the ex–situ SANS measurement yielded 
additional scattering intensities coming from another small γ’ precipitates with estimated size up to 10 nm. 
Thin foils were observed in SEM equipped with STEM detector, in TEM and HRTEM. These observations 
documented the size 7 nm and evolution of distribution of these precipitates. It was concluded from in–situ 
SANS experiments that the smallest γ’ precipitates arise regardless the application of the mechanical load. 
These very small precipitates have profound effect on the LCF resistance of the alloy at 700 °C since 
dislocations are effectively pinned by these small γ’ precipitates as was directly observed by STEM detector 
in SEM and using TEM in STEM mode. 

Keywords:  superalloys, nano–precipitation, neutron scattering, STEM detector, TEM 

1. INTRODUCTION 

The service life of gas turbine blades made of superalloys and their structural stability are important factors in 
the design of jet engines. The critical parts of a turbine are subjected to cyclic elastic–plastic straining as a 
result of heating and cooling during start–up and shut–down periods. Consequently, low–cycle fatigue up to 
working temperature of 900 °C determines their service life. The damage in superalloys during cycling at 
elevated temperatures is connected with the change of their microstructure, particularly with the evolution of 
dislocation arrangement and the size and distribution of precipitates. An interesting result of the recent study 
[1] was that elasto–plastic hysteresis loop shapes for Inconel 738LC (IN738LC) superalloy exhibited an 
anomalous maximum of the stress amplitude at 700 °C. The second derivative of the hysteresis half–loops 
during LCF tests (see Fig. 1a ) approximates the probability density function of the critical internal stresses. 

In cycling at 800 ºC, two main peaks (at around 300 MPa and 700 MPa) of the second derivative are 

present. They correspond to the subsequent plastic deformation of γ and γ´ phases within a cycle. However, 
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the probability density function of the critical internal stresses has much more complex structure for the 
specimen cycled at 700 ºC. A similar anomaly in temperature dependence of the tensile properties was 
earlier observed by Podhorská et al. [2] (see Fig. 1b ). 

a)      b)  

Fig. 1  (a) The second derivative of the hysteresis half–loops of LCF tests in IN738LC plotted vs. fictive stress 

εrEeff /2 (where εr is the relative strain and Eeff stands for the effective modulus) [1] 
 (b) Yield strength vs. temperature graph of cast superalloys Inconel [2] 

The excellent strength of Ni–base superalloys comes from their microstructure composed of strengthening 
cuboidal γ’–precipitates coherently embedded in γ solid solution phase. Neutron diffraction offers a unique 
tool for ex– or in–situ bulk investigation of superalloy microstructure. In order to supplement the results of the 
low–cycle fatigue tests [1] with the information on precipitate morphology in the Inconel type superalloys, 
microstructure evolution was studied in fatigued specimens by means of ex–situ Small–Angle Neutron 
Scattering (SANS) [3] and also by in–situ SANS at elevated temperatures. The SANS brings information on 
precipitate morphology, size and specific interface in superalloys (see e.g. [3] and references therein) and it 
is an integral method which can extract information from a large amount of precipitates in bulk (≈ 4×1011 
particles in the present experiment, even when counting only the large precipitates). The results are thus not 
influenced by local inhomogeneities in the specimens which could be the case when using microscopic 
techniques.  

SANS technique can be effectively used for detection of nano particules but cannot distinguish type of 
paricles (carbide or precipitate). Therefore, various electron microscopic techniques were used as well for 
nanostructure characterization of Inconel 738LC Ni–superalloy after the LCF test at 700 °C. 

2. EXPERIMENTAL  

3. Inconel 738LC superalloy 

Polycrystalline nickel base superalloys of Inconel type are natural composites consisting of γ’ precipitates 
(L12 lattice) with an ordered structure coherently embedded in a γ solid solution (fcc). In the present 
experiment, the second generation nickel base superalloy IN738LC (LC in the name stands for “low carbon”) 
delivered by PBS Turbo Velká Bíteš a.s. (CZ) was used. The superalloy has elevated percentage of Cr in 
order to enhance corrosion resistance. Its chemical composition is shown in Table 1 . The macrostructure of 
the studied material was fully dendritic with average grain size (determined by linear intercept method) 
around 3 mm. It consists of carbides, eutectics γ/γ´ and pores [1]. Fig. 2  displays TEM micrographs of typical 
bimodal precipitate microstructure in the material. The average size of the main precipitates is 6700 Å [1]; 
however, distribution of precipitate sizes is rather broad and, therefore, a significant amount of minor smaller 
precipitates with the average size of 520 Å can also be seen. TEM study revealed γ´ precipitate volume 
fraction of 56 % [1]. 
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Fig. 2  The precipitate microstructure of the as delivered IN738LC (TEM micrographs) 

The cylindrical specimens with diameter of 6 mm were subjected to cyclic loading [1] at 700 °C. The 
specimen were cyclically strained with strain amplitude 0.4 % in a computer controlled electro–hydraulic MTS 
testing system at the constant total strain rate 2×10–3 s–1 with fully reversed total strain cycle (Rε = –1) in the 
fracture. Sensitive extensometer with 12 mm base was used for strain control and measurement. The total 
duration at the elevated temperature for the low–cycle fatigue tests was roughly 6 hours, out of which 
approximately 4 hours took a hold at the given temperature prior the cycling.  

Table 1  The chemical composition of the IN738LC superalloy in wt. % 

Cr Mo C Co Fe Zr Nb Al B Ti Ta W Ni 

16.22 1.71 0.10 8.78 0.20 0.04 0.84 3.35 0.008 3.37 1.77 2.63 balance 

2.2  SANS technique 

The virgin and the deformed samples were investigated by SANS both ex situ at RT and in situ using 
vacuum furnace at temperatures up to 1100 °C. The used facility was pinhole SANS–II machine [4] at SINQ 
(PSI Villigen). Some preliminary tests were also performed using MAUD double–crystal SANS diffractometer 
(NPL lab of CANAM, NPI Řež, Czech Republic [5]). The particular samples used for SANS studies are listed 
in Table 2  together with their thermal history. The specimens were tested in original shape and, therefore, 
the path of neutrons through the cylindrical sample was slightly less than 6 mm. Nevertheless, the 
attenuation was still acceptable and multiple scattering did not influence significantly the scattering curves in 
the accessible region of scattering vector magnitude Q. The width of the slit was only 3.35 mm in order not to 
have an excessively broad distribution of thicknesses in the gauge volume. The average thickness (used in 
the raw–data treatment) was thus 5.62 mm. The slit height was 13.8 mm. Each sample installed into the 
furnace was adjusted to the beam using neutron sensitive camera. Expected thermal expansion of the 
sample stick at high temperatures was taken into account during the adjustment. The sample–to–detector 
distance varied from 1.2 m to 6 m and the neutron wavelengths λ of 6.3 Å and 10.5 Å were used. The full 
covered range of Q (Q=|Q|=|k–k0|, k0 and k being the wave vectors of the incident and scattered neutrons, 
respectively, and |k|=|k0|=2π/λ), was 4.0×10–3 Å–1–0.13 Å–1 (i.e. 4.0×10–2 nm–1 < Q < 1.3 nm–1). The 
measured raw data were corrected for background scattering and calibrated to absolute scale using the 
measurement of the (attenuated) primary beam (Strunz et al., 2000b). In this way, macroscopic differential 
cross section dΣ/dΩ(Q) was obtained. A correction for efficiency and solid angle of the individual pixels of the 
2D detector was also performed. The detected scattering intensity is assumed to come predominantly from 
the compositional variations in the superalloy due to the presence of γ’ precipitates.  

2.3  Electron microscopy techniques 

For easy detailed description of the nanoparticles emerging after LCF testing at 700 °C a scanning electron 
microscope TESCAN MIRA 3 with FEG cathode was used. It was equipped by Scanning Transmission 
Electron Microscopy detector (STEM) TESCAN and NordlysNano EBSD Detector from Oxford Instruments. 
On standardly prepared TEM foils (by Jet Electropolishing method from broken specimen ), a 
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nanostructructure was observed by STEM detector in Bright Field (BF) and Dark Field (DF) mode at 30kV 
and spot size 2.1 nm. The crystallographic information was taken from conventional EBSD detector in 
transmission configuration, called transmission EBSD (t–EBSD ) [6] with settings 1344x1024 pixel resolution, 
time per frame 0.81 Hz and without static background. For comparison, the same TEM foils were used for 
observation in two high resolution transmission electron microscopes (HRTEM). The first was  
TECNAI F20 G2 FEI located Ruhr–Universität Bochum and the other was Cs corrected JEOL 2100F both 
equipped HAADF STEM detectors situated Austrian Academy of Sciences Leoben. 

3.  RESULTS AND DISCUSION 

3.1  SANS curves 

The scattering intensities for some of the ex–situ LCF samples at 700 °C and 900 °C are displayed in Fig. 
3a. It can be deduced from Fig. 3a  that the majority of scattering intensity comes from the main–large γ’ 
precipitates and appears as Porod–like scattering (intensity decreasing as Q–4). At very large Q–values, 
incoherent (i.e. isotropic and thus having a constant cross section) scattering takes place. Superimposed on 
these two contributions, there is a small increase in intensity coming from the medium–size precipitates (size 
up to 1000 Å). These features are observed in all the ex–situ cycled samples. However, the sample cycled at 

700 °C (and not the others) exhibits additional scattering from small particles of up to 100 Å size. This 

surprising new population of particles could be present either due to hold of the sample at 700 °C prior and 
during the fatigue cycling (total hold time approximately 6 hours) or due to a combination of this particular 
temperature and the elastoplastic cyclic loading.  

 

 

 

 

 

Fig. 3  a) Ex–situ SANS data (differential cross section dΣ/dΩ(Q) measured at RT for IN738LC superalloy 

samples previously fatigue cycled at various temperatures), b) Detail of dislocations pinned by nano γ´ 
precipitates in the matrix after LCF at 700 °C 

3.2  Electron microscopy techniques 

The microstructure images taken by STEM detector from SEM after LCF at 700 °C are displayed in Fig. 3b 
and Fig. 4 . HRTEM images are shown in Fig. 5 . The microstructure (compare Fig. 4a  with Fig. 5a ) consists 

of main γ´ precipitates, minor γ´ and new nano γ´ precipitates embedded in the matrix γ . Detail of newly 

developed nano γ´ precipitates with average size 10nm which effectively pin dislocations is depicted 

in Fig. 3b  and Fig. 4b . The Kikuchi patterns from main γ´ precipitate and the γ´ nano precipitate are similar 
(see left side in Fig. 4b ). Obtained results are confirmed by images from HAAD detector in the STEM mode 
of HRTEM (see Fig. 5a ) and HRTEM image (see Fig. 5b ).  

a) 
b)
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Fig. 4a  SEM images from STEM detector of microstructure after LCF at 700 °C of IN738LC in the BF (on the 

left side) and DF (on the right side) 

 
Fig. 4b  SEM images from STEM detector of microstructure after LCF at 700 °C of IN738LC (on the right 

side) and the Kikuchi patterns (on the left side) from nano γ´ precipitates in the matrix and main γ´ precipitate 

 
Fig. 5  HRTEM images of microstructure after LCF at 700 °C of superalloy IN738LC a) overview image from 

HAADF STEM, b) HRTEM image of nano γ´precipitates 

b) a) 
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4.  CONCLUSION 

Additional nanoparticles which appears in specimen after LCF at 700 °C was revealed using SANS in 
IN738LC superalloy. Thanks to the new precipitates, the microstructure has trimodal character. This result 
was confirmed by the careful SEM and HRTEM observations. The newly formed nanoparticles were easily 
identified as γ’ precipitates by SEM equipped with STEM detector and t–EBSD technique. These nano 
precipitates are, effectively, the obstacles for dislocation movement and contribute to the other internal 
stresses. The total range of internal stresses is wide and the initial of probability density function of the 
critical internal stresses was continuous. This explains most probably the shape of the second derivatives of 
half–loop during LCF at 700 °C. 
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Abstract  

Aerosol filtration is the most widely used process to capture aerosol particles. It is used in various 
applications throughout the different areas of interest (emissions cleaning, occupation safety and health, air–
conditioning, etc.). In most of these applications, it is useful to have information about penetration, or filtration 
efficiency, of the chosen filtration material. Information available from filter manufactures, a background of a 
decision on which filter to use for the specific purposes, is usually not detailed enough. There are well–
known standards describing how to perform the testing of filter efficiency, such as EN 1822 for HEPA and 
ULPA filters; EN 143 and 149 for respirators. Nevertheless, all these tests give only limited and sometimes 
even misleading information about penetration of tested filter material (giving information only about total 
penetration; using polydisperse aerosol with mode at about 300 nm). Therefore, new, fully controlled filter 
testing instrument was developed and thoroughly tested, providing a size–dependent penetration; proving a 
very good precision and reproducibility of the results. Using this instrument we have measured several 
commercial filter materials including standard filters (Whatmann, Milipore, Pall) and personal respirators (e.g. 
3M). For personal respirators the maximum penetration was ranging between units and tens of percent, 
while the pressure drops were usually in hundreds of Pa. In the case of standard filters the maximum 
penetrations were in orders of tenths to hundredths of percent having pressure drops in orders of kPa units. 
The most penetrating particle sizes were in vast majority of cases bellow 100 nm. 

Keywords: filter tester, size resolved penetration, filters, respirators 

1. INTRODUCTION 

Filtration process is known and well described for several decades [1; 2]. The first filtration methods for water 
treatment are even mentioned in ancient Sanskrit text (3rd or 4th century CE) [3]. Generally, filtration is a 
process dealing with capture of liquid or solid materials from liquid or gas media using different types of 
filtration media. It is utilized in variety of applications as emissions cleaning [4], occupation safety and health 
[5], air–conditioning [6], or vacuum cleaning. Or in other words, the filtration touches many different branches 
of everyday life (such as industry, medicine and many others). In aerosol science, filters are used either for 
aerosol sampling or for production of particle–free air (HEPA filters) [7], e.g. in clean rooms or laminar boxes. 
In most of these applications, it is commendable to determine penetration, or filtration efficiency, of the 
chosen filtration unit. 

The standards describing how to perform the testing of filter efficiency can be easily found, such as EN 1822 
for HEPA and ULPA filters; EN 143 and 149 for respirators. Nevertheless, all these tests are performed using 
polydisperse aerosol with given Count Median Diameter (CMD) positioned close to the Most Penetrating 
Particle Size (MPPS), assumed to be at 300 nm in diameter. Moreover, these tests measure only overall 
penetration giving no information about the real MPPS that is often shifted towards smaller diameters. It also 
means that the standard omits the fact that penetration is a function of particle size. Thus, the results of such 
analysis give only limited information about penetration of tested filter material. 

Another issue regarding the official filter testing methods is related to the choice of testing particle material 
[8]. Shape of these particles (cubical shape for NaCl) does not fully comply with the commonly used 
theoretical assumption in aerosol science – spherical particles (e.g. when we select monodisperse particles 
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in the DMA). Therefore, precise and detailed filter testing requires size–resolved measurement using well–
defined aerosol particles having proper shape (e.g. (NH4)2SO4 – ammonium sulphate). 

All of the previously mentioned issues may result in inaccurate or even misleading characterization of filters 
being tested. Therefore, we decided to develop a filter tester unit for size resolved penetration 
measurements of filter media giving us a complex control over the measurement process following all 
recommended suggestions for proper filter testing. The filter testing unit was thoroughly tested and a large 
quantity of filters and filtration media was characterized using this unit. 

2. EXPERIMENTAL SET–UP 

Even though commercial filter testers exist on the market (e.g. Automated Filter Tester 3160, TSI), we have 
developed our own filter testing instrument. The basic idea is to challenge the filter with a well–defined 
aerosol material having ideally one size of the particles (monodisperse aerosol) and to quantify the 
concentration in front and behind the tested filter media. The measurement is then repeated for several 
different particle sizes and consequently the resulting size resolved penetration (or filtration efficiency) is 
calculated). 

The filter tester (see Fig. 1 ) is based on several important parts: aerosol generation, monodisperse particle 
size selection, filter holder and the detection of penetrated fraction. All individual parts are described in more 
details in following paragraphs. 

 

Fig. 1  Schematics of the filter tester 

The aerosol generation system consists of a pressurized air central supply, commercial (AGK 2000, Palas) 
or home–made (Squirrel, made at IAC, AS CR, Brno) aerosol generator (both nebulizer type), flow control, 
liquid droplet separator and diffusion dryer. The system generates dry aerosol particles of known 
composition – ammonium sulphate (AS) particles were used in most of the measurements. Drying of aerosol 
particles before entering the DMA is vital for proper particle size selection. For example, in the case of 
ammonium sulphate, the over–sizing could make up to 20 % in diameter at 40 % RH. 

Particle size selection system consists of a DMA (Differential Mobility Analyzer, Vienna type, home–made at 
ICPF) built into home–made electrostatic classifier and two 85Kr neutralizers. The selection of chosen size 
fraction is based on the separation of narrow size fraction of originally polydisperse aerosol in electrostatic 
field (electrical mobility of aerosol particles). Two radioactive neutralizers are used in the system. First one 
was used to reach Boltzmann charge equilibrium on entering polydisperse aerosol and second one to 
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prevent monodisperse aerosol particles from deposition on tubing walls due to electrostatic charge on 
particles selected by the DMA. 

The filter holder can accommodate filter media having 47 or 25 mm in diameter or gas mask filters. The 
holder was designed to be air tight to prevent possible errors in the measurement. 

The detection part of the system is based on two CPCs (Condensation Particle Counter, 3025, TSI). It 
includes also a system of solenoid valves, which allows switching between the two CPCs to account for 
possible different readings of both CPCs as well as for changes in concentration of challenging material in 
front of the filter. The correction for differences in counting of the two CPCs as well as for the different 
location of each CPC (upstream or downstream of the filter) was taken into account in our calculations.  

The size range of size resolved measurement was set–up from 20 nm to 450 nm. The flow–rate was set 
according to current requirements – usually several tens of lpm (typical flow rates through filters). The whole 
system is controlled by the means of home–made LabVIEW code. The minimum penetration of such a filter 
testing system is limited by the accuracy of CPCs used – in our case it corresponds to penetration of  
0.001 % (or filtration efficiency of 99.999 %). 

Such a filter testing unit offers complex control over the measurement procedure, utilization of any 
challenging material in a properly defined way and clear interpretation of results. 

3.  EXAMPLE OF RESULTS  

Variety of materials was used during the testing of the filter testing unit. In order to check the consistency of 
tested filter material and the variability between individual filtration sheets or pieces, we have usually 
repeated the measurement several times. The monitoring of filter material loading was also included within 
this study. Basically, two different types of materials were studied – PPE (Personal Protective Equipment) 
masks and filter media used in aerosol science for sampling of different types of aerosol particles. 

Several PPE materials were measured including various manufacturers (3M, Segre, Refil) as well as 
different labeling (FFP1 – FPF3). Usually, more pieces of the same mask were cut and tested to verify the 
material variability. Moreover, different pieces of the same mask type were taken to check the variation 
between individual pieces. 

The aerosol sampling filters included four basic types of materials (cellulose, Teflon membrane, glass and 
quartz fibers and polycarbonate). All of them were made by various manufacturers (Millipore, Whatmann and 
Pall). Again, the study of these materials included the reproducibility of the measurements, the variability of 
filter materials (within the same batch). Furthermore, it included the study on loading of different filtration 
materials.We have performed also testing of filtration materials for commercial companies to perform a 
detailed characterization of the filter media they had manufactured.  

Even though an extensive study was performed on all the materials, this contribution is not aimed to present 
detailed results of the measurement. Moreover, the capacity of the abstract is limited and does not allow for 
a thorough presentation of all the obtained results together with comprehensive discussion of the outcomes. 
It means that only very general figure displaying the average values of different materials measured is 
presented here (see Fig. 2 ). This study is focused mainly on the filter tester unit itself, its design, its 
performance and advantages of such a system. 

As can be seen from Fig. 2 , it is obvious that different filtration media cover a wide range of penetration 
(filtration efficiency). The commercial filters (materials used for aerosol sampling) were mostly having 
penetrations about 0.1 % and lower depending on the material, porosity and other characteristics. The 
pressure drops measured for these materials were ranging in units of kPa. The penetration of PPE can be 
easily differentiated by their grade – starting at 1 % for FFP3 and going up to 10 % for FFP2 and FFP1. 
Nonetheless, since these materials should not inhibit breathing of the person, who is using it, the pressure 
drops of these materials are usually in tenths of kPa. The medical drape used in hospitals to prevent the 
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doctors from being infected by their patients and vice versa was displaying very poor performance 
(penetration in units of tens of percent). In other words such a material protects people just from very large 
particles in form of big droplets (sneezing, coughing) – several microns in diameter. The measurement of 
penetration through common sock was added to compare the results to other materials measured in order to 
have measure of performance of common material. 

 

Fig. 2  Size resolved penetration of different filtration media 

4.  CONCLUSIONS  

Testing of various filter materials proved the functionality, good precision and reproducibility of a home–
made filter tester. During the testing of filtration materials we have measured several commercial filter 
materials including standard filters (Whatmann, Milipore) and personal respirators (e.g. 3M). In the case of 
personal respirators the maximum penetration were ranging from units to the tens of percent, while the 
pressure drops were usually in hundreds of Pa. In the case of standard filters the maximum penetrations 
were in orders of tenths to hundredths of percent having pressure drops in orders of kPa units. The MPPS 
were in  majority of cases bellow 100 nm as was shown by extended study (not visible from example shown 
here).  

This study also confirmed our initial doubts about the standard filter efficiency testing method, regarding the 
used testing material, setting of MPPS and measuring only the total penetration of polydisperse aerosol. 
Therefore, the results obtained with our filter testing unit could serve also as a basis for improvements in the 
filter efficiency standard method, which seems to give insufficient and in some perspectives limited or even 
misleading information. 
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Abstract 

E–beam lithography is the most used pattern generation technique for academic and research prototyping. 
During this patterning by e–beam into resist layer, several effects occur which change the resolution  
of intended patterns [1]. Proximity effect is the dominant one which causes that patterning areas adjacent 
to the beam incidence point are exposed due to electron scattering effects in solid state [2]. This contribution 
deals with Monte Carlo simulation of proximity effect for various accelerating beam voltage (15 kV, 50 kV, 
100 kV), typically used in e–beam writers. Proximity effect simulation were carried out in free software 
Casino and commercial software MCS Control Center, where each of electron  trajectory can be simulated 
(modeled). The radial density of absorbed energy is calculated for PMMA resist with various settings of resist 
thickness and substrate material. At the end, coefficients of proximity effect function were calculated 
for beam energy of 15 keV, 50 keV and 100 keV which is  desirable for proximity effect correction. 

Keywords: Monte–Carlo, proximity effect simulation, E–beam lithography 

1. INTRODUCTION  

Nowadays, e–beam writing technology is a method for creating very fine patterns in academic  and research 
prototyping. This method is based on the interaction of focused electron beam with resist layer (polymer 
material) deposited in most cases on silicon wafer. During the writing, the scatering effects affecting the final 
pattern occur. First is forward scattering due to this the initial beam diameter is broaden. The broadening 
of the beam is given empiracally and it can be minimized by using the highest possible accelerating voltage. 
Second one is backsacttering where the electrons undergo large angle scattering angle events.The result 
of scattering effects is that areas nearby from beam incidence point are exposed or isolated patterns lose 
much of dose. The combination of this scattering effects is called proximity effect and can be described 
by two Gaussian distribution of absorbed energy in resist layer. This contribution deals with another aproach 
which is Monte Carlo simulation of each individual electron trajectory penetrating the resist layer and 
substrate [3]. The density of absorbed energy in resist can be modeled for various acellerating voltages, 
various resist material and thicknesses. Parameter of backscattered electrons is calculated from simulated 
trajectories which can be implemented in Gaussian model to prevent proximity effect which is desirable 
for pattern generation in high resolution [4]. 

2. MONTE CARLO SIMULATION 

2.1  CASINO software 

This software enables simulations of individual electron trajectories for various settings of thicknesses, 
materials and beam voltages. The trajectories of 200 primary electrons projected onto x–z plane for beam 
voltage of 15 and 100 kV and PMMA thickness of 500 nm are shown in Fig. 1 and Fig. 2 .  
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Fig. 1 Simulated trajectories of 200 electrons in PMMA layer (500 nm) on silicon for beam voltage 15 kV 

 

Fig. 2 Simulated trajectories of 200 electrons in PMMA layer (500 nm) on silicon for beam voltage 100 kV 

As obvious, the penetration depth of electrons into substrate material is higher for higher beam voltage, 
accordingly this the using of higher beam voltage is one possibility of proximity effect compensation. 

CASINO software allows to calculate radial density of absorbed energy in PMMA and substrate (Fig. 3 ) but 
due to complicated data export into graph, software MCS Control Center, described in next section, was 
used.  
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Fig. 3 Equienergy density contours for beam voltage of 15 kV and PMMA thickness of 500 nm 

2.2  MCS Control Center software 

Comercial software MCS Control Center is more complex and it allows to calculate radial density 
of absorbed energy and proximity effect parameters for various materials, the thicknesses of material and 
beam voltages. The values of proximity effect parameters are listed in Table 1 , these parameters can be 

exploited in proximity effect corection [5]. The parameter β is bigger for higher beam voltage it means that 

using higher beam voltage is preferable for pattern generation with high resolution. The parameter α remains 
constant for all beam voltages and PMMA thicknesses. Fig. 4  shows the radial distribution of absorbed 
energy calculated with 1 000 000 electrons for beam voltages of 15 and 100 kV and PMMA thicknesses 
of 500 nm.  

 

 
Fig. 4 Radial distribution of absorbed energy in material 15 kV – top, 100 kV – bottom 
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Table 1 Proximity effect parameters 

                                     beam voltage 
[kV] 
PMMA thickness [nm] 

15 kV 50 kV 100 kV 

50 
α = 0,002 µm 

β = 1,069 µm 

α = 0,002 µm 

β = 9,147 µm 

α = 0,002 µm 

β = 32,665 µm 

500 
α = 0,002 µm 

β = 1,376 µm 

α = 0,002 µm 

β = 9,369 µm 

α = 0,002 µm 

β = 32,765 µm 

3.  CONCLUSION 

Monte Carlo simulation in two different softwares were carried out. The radial density of absorbed energy 
in PMMA and substrate was calculated for various beam voltages and PMMA thicknesses. Proximity effect 
parameters for double Gaussian function were determined. 
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Abstract 

Microstructure studies of zirconia–based nanopowders and ceramics containing different phase–stabilising 
oxides are reported. Positron annihilation techniques were involved as the main tool in these studies. The 
present contribution is focused on the effect of rare–earth oxide stabilisers and the depth–profiling of 
microstructure patterns during sintering. 

Keywords: zirconium di–oxide, rare–earth dopping, nanopowders, sintering, positron annihilation  
                   spectroscopy 

1. INTRODUCTION 

Zirconum di–oxide (alternatively referred to as zirconia) is widely used in industrial practice, in particular as 
refractory materials, machining tools, ceramics, etc. This is because of advantageous thermal, electronic, 
mechanical and chemical properties exhibited by zirconia [1]. On the other hand, the monoclinic (m) 
structure of the pure zirconia which is stable at room temperature is transformed into the more dense 
tetragonal (t) and cubic (c) ones at temperatures of ≈ 1100 and ≈ 2370 °C, respectively. A repeated t ↔ m 
phase transitions which are accompanied by volume changes lead to a mechanical deterioration resulting in 
a break–down of the material. An improvement of the phase stability of zirconia in a wide temperature range 
is an important issue of the zirconia materials research and has become a main reason for a doping of 
zirconia with a proper metal–oxide additive. As a result of such a doping, a solid solution of the dopant in the 
zirconia lattice is formed. Another reason for a doping of zirconia with selected metal oxides is a positive 
influence of the dopant on the other properties of the zirconia materials, like e.g. ionic conductivity and grain 
growth, so that the functionality of the material is attained which is tailored for a particular application. 

It is well–known that the incorporation of the yttria (Y2O3) as solid solution into zirconia is capable of an 
efficient stabilisation of the high–temperature zirconia phases down to room temperature (RT) giving thus 
rise to yttria–stabilised zirconia (YSZ). The YSZ containing ≈ 3 mol. % of Y2O3 dopant exhibits improved 
stability of the t–phase, while an addition of ≈ 8 mol. % of Y2O3 is sufficient to make the c–phase of YSZ 
stable in a wide temperature range down to RT. However, yttria is rather expensive substance and, 
therefore, search for other stabilising agents which could substitute the yttria is currently one of important 
tasks of current research on zirconia materials. Phase–stabilising potential of the dopant seem obviously to 
be better when the ionic radii of the dopant cations, rion , exceed that of the Zr4+ (0.7 Å). Rare–earth (RE) 
oxides may then be considered as promissing candidates for improving phase stability of zirconia–based 
materials since they have ionic radii of ≈ 0.9 to 1.1 Å which are similar to that of the Y3+ cation. 
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When the valence of the impurity metal cations is lower than that of the host zirconium, a huge amount of 
oxygen vacancies (VO) and VO–related complexes are created in the zirconia lattice as a result of 
stoichiometry violation. These defects may substantially influence some of the functional properties of the 
material. 

Zirconia–based ceramics can be efficiently manufactured by sintering nanopowders [2]. In nanopowders, 
further open–volume structures inevitably occur: a large volume fraction of grain boundaries (GBs), GBs–
related defects (vacancy–like misfit defects, triple points at the junctions of three or more GBs), nanoscopic 
pores.  

Positron annihilation spectroscopy (PAS) is a non–destructive method of microstructure investigations in 
solids on a scale of atomic arrangements. The method can effectively probe open–volume structures with 
a high sensitivity. During recent few years, a series of YSZ bulk nanomaterials (the pressure–compacted 
nanopowders and the ceramics obtained by sintering these nanopowders) have been investigated within the 
Prague – Donetsk collaboration by means of the conventional positron lifetime (LT) and coincidence Doppler 
broadening (CDB) techniques. The results of these studies have been recently summarised in the review 
paper [3]. As a natural extension of our previous investigations, the present contribution is focused (i) on the 
bulk investigation of zirconia doped with RE2O3 , RE=Eu, Gd and Lu, and (ii) on the depth profiling of 
microstructure changes induced by sintering nanopowders of YSZ and YSZ co–doped with Cr2O3 .  

2. EXPERIMENTS 

Samples.  In the present work, the solid solutions of ZrO2 + 3 mol. % Y2O3 (Z3Y), ZrO2 + 3 mol. % Y2O3 + 
1 mol. % Cr2O3 (Z3Y1C), ZrO2 + 3 mol. % Eu2O3 (Z3E), ZrO2 + 3 mol. % Gd2O3 (Z3G) and ZrO2 + 3 mol. % 
Lu2O3 (Z3L) solid solutions were investigated. The initial nanopowders were prepared by the co–precipitation 
technique similar to that of Refs. [4,5], taking water solutions of desired salts in stoichiometric proportions. 
The resulting nanopowders were then calcined in air at 700 °C for 2 h (Z3E, Z3G, Z3L) or at 500 °C for 1 h 
(Z3Y, Z3Y1C). Finally, the calcined nanopowders were compacted under a uniaxial pressure of 200  or 
500 MPa (Z3E, Z3G, Z3L or Z3Y, Z3Y1C, respectively) so that the disk–shaped pellets were formed (≈10 
mm in diameter and ≈3 mm in thickness). To produce ceramic specimens, the pellets of Z3E, Z3G, Z3L were 
subject to sintering at 1500 °C for 1 h in air with subsequent controlled slow cooling down to room 
temperature. The pressure–compacted Z3Y and Z3Y1C specimens were sequentially sintered at selected 
temperatures in an increasing order from 600 toward 1500 °C in air. Each sintering step lasted for 1 h with 
a subsequent controlled slow cooling down to room temperature and positron annihilation measurement. The 
mean nanoparticle diameters, d, and the phase compositions of the samples studied were characterised 
using XRD. For the Z3Y and Z3Y1C, respectively, d–values were estimated as 17 and 13 nm. Basic 
characteristics of the studied ZrO2 + RE2O3 materials were summarised in Table 1 .  

Table 1  Basic characteristics of specimens studied in the present work 

Sample a Composition Status Phase composition b d [nm]  

Z3Ep 
ZrO2+3 mol.% Eu2O3 

nanopowder t 98.5 % + m 1.5 % 17.2 

Z3Ec ceramics t 46 % + m 54 %  

Z3Gp 
ZrO2+3 mol.% Gd2O3 

nanopowder t 95 % + m 5 % 17.8 

Z3Gc ceramics t 27.5 % + m 72.5 %  

Z3Lp 
ZrO2+3 mol.% Lu2O3 

nanopowder t 87 % + m 13 % 18.7 

Z3Lc ceramics t 98.5 % + m 1.5 %  

a) The last letter denotes nanopowder (p) or ceramics (c) 
b) t – tetragonal phase, m – monoclinic phase 
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Positron lifetime (LT) measurements.  The LT measurements were carried out using a BaF2 digital 
spectrometer described in Ref. [6]. The spectrometer exhibited a time resolution of 145 ps (the fwhm of 
resolution function for 22Na). Typically, 107 coincidence events were accumulated in each LT spectrum. The 
spectra were decomposed into discrete components by means of a procedure [7] based on the maximum–
likelihood principle. A contribution of positron annihilations in the positron source (≈ 1 MBq of 22Na2CO3 
sealed between 2 µm mylar C foils) was deduced for ZrO2 material using reference measurements with a 
well–annealed high–purity α–iron specimen. 

Coincidence Doppler broadening (CDB) measurements. The CDB measurements were performed using 
a coincidence HPGe – HPGe spectrometer [8] which exhibited an energy resolution of 0.9 keV at γ511 keV 
and a peak–to–background ratio better than 105. At least 108 coincidence events were collected in each 2D 
energy spectra. The Doppler–broadened profiles (DBPs) were cut from these spectra. The CDB results were 
then presented in the form of the ratios of the DBPs to the DBP measured for a well–annealed coarse–
grained pure Zr (99.9 %) reference specimen. 

Slow–positron implantation spectroscopy (SPIS).  A magnetically guided variable–energy slow–positron 
beam SPONSOR [9] was utilized in the present work. The energies of incident monoenergetic positrons 
covered the range from 0.03 to 35 keV. The Doppler broadening (DB) of the annihilation peak was measured 
with a HPGe γ–spectrometer exhibiting a resolution of 1.03 keV (fwhm) at γ511 keV. About 5×105 counts 
were typically accumulated in the peak area. The ordinary peak–shape parameters, S (sharpness) and W 
(wing), were evaluated to characterise the DB effects. In case of Z3Y when positronium (Ps) formation was 
observed in our LT measurements [3], the relative Ps fractions, F, were also deduced from measured 
spectra of annihilation photons following to the method described in [10]. A flat valley between the 480 and 
500 keV γ–ray energy was considered for this purpose. Since no Ps formation was detected in the Z3Y1C 
bulk [3], the measurements on this specimen for positron energies above 10 keV have provided a reference 
level for the evaluation of F–values. 

3. OVERVIEW OF PREVIOUS YSZ AND YSZC STUDIES [3] 

Our previous investigations on nanopowders and ceramics of YSZ and YSZC (= YSZ doped with chromia) 
revealed the following main results [3]: 

• Among various vacancy–like defect configurations which can be expected in the YSZ lattice, only VZr 
were suggested by the state–of–art theoretical analysis to be capable of positron trapping, even in 
case that a hydrogen atom is attached to the zirconium vacancy. 

• Positrons in the YSZ compacted nanopowders were shown by the LT data to annihilate as trapped in 
two kinds of open–volume defects: (i) in vacancy–like misfit defects similar to VZr , which are situated 
along GB’s, and (ii) in triple points – the intersections of three or more GB’s which exhibit an open 
volume equivalent to a cluster of a few vacancies. Moreover, ≈ 10 % of positrons was found to form Ps 
in the compacted binary YSZ nanopowders in pores of ≈ 3 nm size occurring between the primary 
particles. 

• In the ternary t–YSZC compacted nanopowders, the mean grain size was shown to slightly decrease 
with increasing chromia content. 

• In the binary YSZ sintered ceramics, a substantial grain growth was detected by LT data  not only as 
a disappearance of the Ps components, but also as a sharp drop of the intensity of the triple–point 
component. 

• Cr cations cause a substantial inhibition of Ps formation which was clearly proven by the LT 
measurements in all the ternary t–YSZC compacted nanopowders doped with chromia. The presence 
of a fraction of Cr5+ cations observed in XPS measurements was suggested as a cause of this 
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phenomenon. Ps inhibition simultaneously brings a strong evidence of Cr segregation along GB’s. 
Such a segregation is further supported by the CDB results. 

4. RESULTS AND DISCUSSION 

Zirconia doped with RE 2O3 . The lifetimes and the relative intensities of discrete components resolved in 
measured LT spectra of RE2O3 doped zirconia were sumarised in Table 2 . The weak longest lifetime 
components of the Table, τ4 ≈ 15 ns inevitably indicate ortho–positronium (oPs) formation in the compacted 
nanopowders, what provides a strong evidence of porosity in these materials. Using the semiempirical 
formula [11], the pore sizes (diameters) were estimated as ≈ 1.8 nm. Simple geometrical considerations [11] 
thus simultaneously suggested these pores to be the cavities between primary nanoparticles. 

Table 2  Positron lifetimes, τi , and relative intensities, Ii , (i = 1,2,3,4) observed in RE2O3 doped zirconia a,b 

Sample  τ1 [ps]  I1 [%]  τ2 [ps]  I2 [%]  τ3 [ps]  I3 [%]  τ4 [ns]  I4 [%]  
Z3Ep   213(2) 40.4(7) 421(2) 54.6(7) 15.7(2) 3.7(5) 
Z3Ec 154(5) 36(6) 219(4) 63(6)     
Z3Gp   253.2(7) 62.6(4) 499(3) 28.1(3) 14.7(1) 6.9(3) 
Z3Gc 142(5) 24(3) 219(2) 76(3)     
Z3Lp   213(2) 46.9(9) 435(3) 45.5(9) 16.5(1) 5.7(4) 
Z3Lc 163 (5) 59(12) 203(6) 40 (12)     

a The standard deviations are shown in parentheses in the units of the last significant digit. 
b The relative intensities are normalised so that I1 + I2 + I3 + 4I4/3 = 100 %. 

Positrons which did not formed Ps in compacted nanopowders give rise to two components of LT spectra 
with lifetimes τ2 and τ3 , see Table 2 . Taking into account that both lifetimes lie well–above the bulk lifetime, 
τb ≈ 150 ps, expected in the perfect ZrO2 lattice [3], these components should be attributed to positron 
trapping in two kind of defects associated to GBs: (i) the vacancy–like misfit defects situated along GBs and 
(ii) larger open–volumes at triple points. Since typical positron diffusion lengths exceed several times the size 
of nanograins, positrons thermalised inside grains with a low defect density may easily reach GBs and get 
trapped in open–volume defects there. 
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Fig. 1  Measured S–parameters plotted as functions of positron energies E+ for different sintering 

temperatures TS . Left panel – Z3Y, right panel – Z3Y1C 

It is seen from Table 2  that the τ4– and τ3–components vanished in LT spectra of all three ceramics what 
should be ascribed to a substantial grain growth induced by sintering at 1500 °C resulting in a disappearance 
of pores and a drastic decrease in the density of triple points. Components with τ2 ≈ 210 ps, i.e. similar to 
those seen in nanopowders, were found in Z3E, Z3G and Z3L ceramics. An additional components with 
a shorter lifetime of τ1 ≈ 150 ps has appeared in each three ceramics, see Table 2 . In the ceramics the 
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volume fraction of GBs is drastically decreased, compared to the nanopowders and defects inside grains 
become more important for positrons. By analogy with the YSZ ceramics [3] we will assume that the τ1–
component apparent in LT spectra of all the three ceramics is composed of the two closely spaced real 
components originated from annihilations of (i) positrons trapped in the VZr–like defects inside grains and 
(ii) positrons in the delocalised state. The expected real lifetimes are ≈ 175 ps and below ≈ 150 ps, 
respectively [3]. The τ2–component observed in Z3E, Z3G and Z3L ceramics may partially arise from 
remnant effect of misfit vacancy–like defects along GBs, but a major contribution to this component 
apparently comes from positron trapping in VZr–based defect complexes situated inside grains (e.g. a VZr – 
VO divacancy or a VZr – VO divacancy associated with a RE cation).  

Depth–profiling of sintering–induced microstructure  changes . In Fig. 1 , shape parameters S were 
plotted against positron energy E+ for various sintering temperatures TS . For E+ below 2 keV corresponding 
to a mean penetration depth of z0 ≈ 20 nm, observed S–parameters fell from their surface value close to the 
bulk one, Sbulk . Note that this depth is comparable with the mean grain size deduced from XRD. In addition, 
a contribution of Ps formation in Z3Y specimen can be seen in Fig. 1  as (i) enhanced S–parameters, 
compared to the Z3Y1C specimen, and (ii) a bulb with a wide maximum at ≈ 4 keV. The contribution of Ps 
vanished for TS > 900 °C. These findings are consistent with our earlier positron lifetime studies [3] in which 
all positrons in the compacted YSZ nanopowders and the YSZ ceramics sintered up to 1200 °C were shown 
either to annihilate from trapped states in defects (saturated trapping) or to form Ps with a principal ortho–Ps 
lifetime of ≈ 30 ns. Ps formation was found, moreover, to disappear after sintering of the YSZ nanopowders 
at 1000 °C and Ps formation was even not observed at all in YSZC. The latter phenomenon is 
a consequence of an efficient suppression of Ps formation by the Cr cations segregated along grain 

boundaries (GBs) [3]. 

In the energy region E+ > 20 keV, the back–diffusion of 
positrons toward the specimen surface becomes 
negligible. Hence the Sbulk –parameters can be well–
approximated as the S–values of Fig. 1  averaged over 
E+ > 20 keV. The Sbulk–values for Z3Y and Z3Y1C were 
plotted against TS in Fig. 2 . Overall decrease in Sbulk–
values with increasing TS is seen from the figure. For 
TS < 900 °C, the Sbulk–values for Z3Y exceed significantly 
those for Z3Y1C. Above this temperature, both specimens 
exhibit mutually the same values of Sbulk . 

Sintering leads to a decrease of the Sbulk–parameters due 
to two processes: (1) the grain growth which causes 
a decrease in the concentration of defects associated to 
GBs and (2) the disappearance of pores leading to 
a diminishing of the Ps contribution. Both processes were 

obviously observed in the Z3Y sample, while only the process (1) can be seen for the Z3Y1C specimen due 
to an absence of the Ps contribution. Hence, the difference of the Sbulk–parameters for Z3Y and Z3Y1C can 
be regarded as a measure of the porosity in Z3Y. Inspection of Fig. 2  clearly reveals that the porosity is 
essentially removed by sintering at 1000 °C. A decrease of the Sbulk–parameters after further sintering at 
higher temperatures is caused solely by the sintering–induced grain growth.  

The above picture is further supported by the observed  relative Ps fractions, F, which were plotted against 
E+ for various sintering temperatures TS in Fig. 3 . Note that a bulb similar to that seen in S–values for Z3Y 
nanopowder around E+ ≈ 6 keV corresponding to a mean penetration depth of ≈ 200 nm is shown also by F–
values. Moreover, F–fractions vanished for TS > 900 °C, similarly like the Ps contributions to S–parameters 
did (see Fig. 1 ). In this way, an existence of a subsurface layer of ≈ 200 nm thickness with enhanced 
porosity is testified.  
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Fig. 2  Sbulk–values (averaged S–parameters for 
E+ > 20 keV) plotted as function of TS 
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5. CONCLUSIONS 

Defects in the RE2O3 doped ziconia 
(RE=Eu, Gd, Lu) nanopowders and sintered 
ceramics were characterised by means of 
PAS techniques. In compacted 
nanopowders, GBs–related defects 
(vacancy–like misfit defects, triple points) 
were identified and a small fraction of 
positrons was found to form Ps in pores of 
≈ 1.8 nm size. Sintering at 1500 °C led to 
a substantial grain growth which is 
manifested by disappearance of pores and 
triple points. A majority of positrons 
annihilates from trapping sites inside grains 
(most likely VZr or related complexes). In 
Z3Y nanomaterials, a subsurface region of enhanced porosity ranging up to z0 ≈ 200 nm (E+ ≈ 6 keV) occur 
as result of sintering–induced grain growth and disappearance of pores driven from the specimen interior 
toward its surface. 
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Abstract  

Special thermomechanical treatment based on high degree deformation followed by reversion annealing was 
applied to 301LN austenitic stainless steel to achieve ultrafine–grained (UFG) structure with considerably 
enhanced mechanical properties. Two different conditions of the thermomechanical treatment were adopted 
and resulting microstructures with different grain sizes were characterised by optical and high resolution 
scanning electron microscopy (FEG SEM). Hardness measurements and tensile tests were performed to 
characterize mechanical properties. To reveal structural changes induced during thermomechanical 
treatment and during tensile tests a magnetic induction method was additionally applied. Experimental study 
validated the ability of the treatment to produce an austenitic stainless steel with the grain size of about 1.4 

µm which exhibits tensile strength of around 1000 MPa while ductility remains close to 60 %. The results 
obtained for both thermomechanical conditions are compared and the relationship between microstructure 
refinement, phase content and mechanical properties is discussed.  

Keywords: austenitic steel, ultra–fine grained microstructure, thermomechanical heat treatment, mechanical  
                    properties, hardness 

1. INTRODUCTION 

Ultrafine–grained (UFG) materials are in the focus of growing interest. There is a considerable amount of 
methods of grain refinement [1, 2] of various materials [3, 4]. Usually, UFG materials exhibit exceptional high 
strength properties but also drop of ductility. Austenitic stainless steels (ASS) have a great potential in many 
industrial applications due to their excellent corrosion resistance, weldability and good mechanical properties 
[5]. Moreover, recently some possibilities of utilization in medical research were indicated when a favourable 
pre–osteoblast response to UFG structure of austenitic stainless steel was observed [6]. For further 
improvement of mechanical properties, i.e. increase of the strength of ASS, the effect of grain refinement is 
considered. The reversion annealing is an efficient method to produce ASS with nano/submicron grain size 
[7]. This thermo–mechanical treatment is based on the phase transformation of austenite during cold rolling 

to fine grained strain induced α–martensite, which is during reversion annealing transformed again to 
austenite. Using this procedure the UFG structure can be reached with the supposed effect of strength 
enhancement while retaining the excellent ductility of the resulting material. The phase and microstructure 
evolution of ASS type 301 before and after similar annealing conditions was discussed recently by 
Rajasekhara et al. [8].  

The aim of this paper is to contribute to the knowledge of microstructure and mechanical properties of a 
conventional stainless steel modified by the special thermo–mechanical treatment to the high performance 
UFG material using two different conditions. 
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2. EXPERIMENTAL 

2.1  Materials and methods 

A commercial stainless steel AISI 301 LN having nominal chemical composition (in wt.%) of Fe–0.017C–
0.15N–0.52Si–1.29Mn–17.3Cr–6.5Ni–0.15Mo was thermo–mechanically treated at the University of Oulu, 
Finland. Sheet material with fully austenitic initial microstructure was deformed with cold rolled reduction 

(CRR) of 63 % and 72 % to obtain the microstructure with deformation induced martensite. After reversion 
annealing performed at 1000 °C/200 s and 800 °C/1 s the microstructure containing coarse and ultrafine 
equiaxed austenitic grains was achieved. From the processed sheet material the flat „dog–bone” shape 
specimens were cut. The shape and dimensions were chosen according to the size of the annealed zone 
and specimen gage length of 10 mm was placed in the middle of annealed zone, i.e. in the part having the 
uniform thermo–mechanical treatment. Vickers hardness measurement with 10kg load (HV10) was 
performed using a testing machine Zwick Z2.5 equipped with a hardness head ZHU0.2 with optics. Tensile 
test was conducted at the room temperature using a universal test system INSTRON 8862 with 
electromechanical actuator. Microstructure was characterised using an optical metallographic microscope 
Neophot and a scanning electron microscope Tescan LYRA 3 XMU equipped with an EBSD analyser. 
Specimens for the microstructure analysis were mechanically and finally electrolytically polished. Chemical 
etching of annealed zone was performed to visualize grain boundaries. For EBSD analysis the mechanical 
polishing was followed by mechanical–chemical polishing using colloidal solution (OPS). The EBSD analysis 

was performed using AZTEC software. The presence and volume fraction of α´–martensite (MVF), which is 
magnetic contrary to paramagnetic austenite, was also assessed using Feritscope Fischer FMP 30 with an 
attached probe EGAB1.3. This device measures changes in voltage induced by the changes of the magnetic 
field of the specimen. Because of the shape and thickness of measured specimens several correction factors 
have to be taken into account. X–ray diffraction was performed as well to check the MVF in the 
microstructure using a diffractometer XPert MPD.  

3. RESULTS AND DISCUSSION 

3.1  Microstructure 

The results of the microstructure observation after thermo–mechanical treatment are illustrated in Fig. 1 . 
Annealing of the cold–rolled material was performed at two conditions: 1000 °C/200 s and 800 °C/1 s which 
resulted in two levels of the grain size. Analysis of the grain size and the distribution, texture and orientation 
were performed using both optical and electron microscopy. Annealing at 1000 °C/200 s results in the coarse 
grained microstructure (see Fig. 1a ) with equiaxed austenitic grains containing typical annealing twins and 

with the average grain size of reverted austenite evaluated by the linear–interception method of 14 µm. 
Annealing at 800 °C/1 s gives more or less uniform fine–grained microstructure. It is approximately 10 times 

finer and consists of grains with average size of 1.4 µm. Also some individual bigger grains (around 20 µm) 
can be found in the microstructure (i.e. some of austenitic grains were not transformed to martensite during 
cold rolling). Presence of two sizes of grains, i.e. bimodality is more pronounced in case of UFG material 
(see Fig. 1b ) and is caused by the level of rolling reduction. Due to the metastability of 301LN type steel at 
different conditions of cold rolling (different thickness reduction) different martensite volume fraction is 
achieved. Results concerning MVF evaluation will be presented, compared and discussed later. 

Results concerning the grain size of UFG material are in good agreement with results in the literature for 
similar treatment, i.e. annealing at 800 °C for 10 s [9]. Nevertheless our grain size is about 2 times higher 
than in the work of Rajasekhara et al. [10] where UFG austenite produced by cold rolling and annealing at 

800 °C for 1 s had a grain size as small as 0.54 µm. 
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a)  

b)  

Fig. 1  SEM micrograph in SE (left) and BSE (right) mode of the austenitic stainless steel 301 LN in non–
deformed state (a) coarse grained structure after annealing at 1000 °C/200 s, (b) ultrafine grained material 

annealed at 800 °C/1 s 

3.2  Tensile tests  

According to the literature the UFG materials usually exhibit higher strength than theirs coarse–grained 
counterparts; however, the ductility of the most UFG materials is suppressed. It is caused by the low work 
hardening rate, which contributes to the reduction of the uniform elongation prior necking under uniaxial 
loading. The favourable and desirable combination of high strength and high ductility of the UFG 301LN steel 
was reached using special thermo–mechanical treatment. Stress–strain plots obtained at uniaxial tensile 
tests for two types of used materials are presented in Fig. 2 . The main parameters evaluated from the tensile 
tests for both CG and UFG materials are listed in Table 1 .  

The UFG sample exhibits the tensile strength higher than 1000 MPa together with extensive plasticity 
characterized by total elongation almost 60 % at final fracture. The yield stress for the UFG material is two 
times higher than for the coarse grained steel. The hardening ratio (ratio of the ultimate tensile strength to 
the yield stress) of the UFG material is lower than for CG material.  

3.3  Hardness measurement  

The Vickers hardness measurement (HV10) of cold rolled specimens, annealed specimens and specimens 
after the tensile test for two microstructural states, i.e. annealed at 1000 °C/200 s and 800 °C/1 s was 
performed. Loading curves obtained for annealed state and state after the tensile test are in Fig. 3.  Final 
values of the Vickers hardness calculated from the applied maximum load and the size of corresponding 
indent are listed in Table 1.   
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From the plot of loading curves (Fig. 3 ) as well as from the values of the hardness measurement (Table 1 ) 
we can see that hardness of CG and UFG specimens after tensile test are approximately equal. 
Nevertheless the hardness of the UFG is slightly higher. Significant difference between hardness of CG and 
UFG material in the annealed state is due to the refinement of the microstructure and by the reinforcing 
effect of grain boundaries.  

Table 1  Mechanical properties obtained from the tensile tests of specimens of 301LN steel with two types of 
thermo–mechanical treatment and the hardness measurement in cold rolled and annealed state and 
after tensile test 

Material Rp0.2 [MPa] Rm [MPa] A f [%] HV 10  
cold rolled 

HV 10  
annealed  

HV 10  
after tension 

CG (1000 °C/200 s) 297 889 74.5 522 196 478 

UFG (800 °C/1 s) 685 1056 58.9 549 313 495 

3.4  Martensite volume fraction  

Martensite volume fraction (MVF) in the microstructure is a function of many variables as annealing time and 
temperature, temperature of cold rolling, thickness reduction, chemical composition of the material etc. In the 
present work the MVF for different structural states of the material was evaluated by various methods and 
results are listed in Table 2 . 

To assess the MVF in the material under investigation the evaluation was performed using three different 
techniques: magnetic properties measurement by Feritscope, EBSD technique and X–ray diffraction method. 

Ferritoscope: Results of the measurement of the ferrite fraction using ferritoscope fall in expected ranges. 
Material in cold rolled state has 50 to 60 % MVF which is slightly lower than reported by Rajasekhara et al. 
[10]. In annealed state the values of about 0.2 % correspond to the state when all martensitic phase 
introduced into the material during cold rolling was successfully reverted to austenite. After tensile test the 
value of MVF (measured in the vicinity of the fracture surface) in both materials was from 52 to 55 %.  

 

Fig. 2  Stress–strain curves obtained from tensile 
test for 301LN steel annealed at 800 °C/1 s and 

1000 °C/200 s 

Fig. 3  HV10 loading curves of material before and 
after tensile tests for 301LN steel annealed at 

1000 °C/200 s and 800 °C/1 s 
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Table 2  Martensite volume fraction of AISI 301 LN stainless steel in two different structural states evaluated 
by measurement of magnetic properties using Feritscope, from EBSD analysis and X–ray diffraction 

Martensite 
volume fraction 

(MVF) 
CG material (1000 °C/200 s) UFG material (800 °C/1 s) 

Material state Cold rolled Annealed After tension Cold rolled Annealed After tension 

Method % of ferromagnetic phase 

Feritscope  50 0.2 52 58 0.2 55 

EBSD * (39) 57 * (31) 55 

XRD * 1 94 * 1 92 

EBSD: MVF measured by the EBSD analysis (Table 1 ) are in good agreement with the results of the 
Ferritoscope only for material states containing high percentage of ferromagnetic phase. In annealed 
samples the EBSD results yield high values of MVF contrary to the measurement by Ferritoscope. This 
disagreement is due to the effect of the surface preparation using grinding and polishing. In a metastable 
steel AISI 301 LN the grinding and polishing of the specimen surface causes plastic straining of the surface 
layer an thus generation of stress induced martensitic transformation.  

Moreover the results for both materials (UFG and CG) were strongly dependent on the resolution and place 
of mapping. When the analysed area was small the level of uncertainty of phase identification, was low (the 
“zero solution” was up to 10 %). Nevertheless, the results were strongly dependent on the analysed place 
(due to local microstructural properties and heterogeneity of cold rolled and annealed material). When bigger 
area was analysed to integrate the properties then almost 20 to 30 % of all measured point were uncertain in 
the identification of the crystal microstructure. The difference was higher for UFG material because of higher 
amount of grain boundaries. At grain boundary it is not possible to avoid the phase overlapping.  

X–Ray diffraction:  This method evaluates phase composition from higher depth (volume) of the material 
than EBSD and therefore it is not so much influenced by the surface preparation quality. MVF of the 
specimens in annealed state are in good accord with the results from Ferritoscope, i.e. after annealing the 
complete austenitization was reached. MVF of the specimens subjected to a tensile test is considerably 
higher than measured by the Feritscope. It is not yet clear which value is closer to the actual value of MVF. 
The results of X–Ray measurement could be influenced by the texture created in the material during the 
tensile test which decreases the X–Ray measurement accuracy and resulting values can be overestimated.  

4.  SUMMARY 

Reversion annealing performed using two different sets of parameters was used to prepare two types of 
microstructure of austenitic stainless steel 301 LN. Annealing at 1000 °C/200 s resulted in equiaxed coarse 

grained microstructure with the grain size of 14 µm while annealing at 800 °C/1 s resulted in the UFG 

microstructure with average grain size of 1.4 µm. Results of tensile tests of two types of material confirmed 
higher mechanical properties of UFG material compared to CG material. Yield stress of the UFG material 
was more than twice of that of CG material and tensile strength of UFG material reached the value above 
1000 MPa together with an extensive ductility. Vickers hardness after tensile test are almost the same (HV10 
of 480 or 490), they are independent on the coarseness of the microstructure. Martensite volume fraction 
was evaluated using three methods. Ferritoscope yields MVF for specimens in annealed and in deformed 
state. The results of the EBSD method must be interpreted with care since data are collected from the 
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surface and are thus influenced by surface preparation, especially in metastable steels. X ray method has 
tendency to overestimate the MVF content in specimens with texture. 
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Abstract 

Unique semiconducting properties made from nanocrystalline diamond (NCD) films highly attractive and 
promising substrates for bioelectronics systems (biosensors). Nevertheless, the presence of active functional 
groups on the diamond surface is necessary for chemical immobilization of biomolecules, like DNA. In this 
paper two plasma–based processes for functionalization of oxygen or hydrogen terminated NCD surfaces 
with amino groups were compared. The first process was based on deposition of thin (8 nm) amine 
containing plasma polymer by RF magnetron sputtering of Nylon target in Ar/N2 working gas mixture. RF 
plasma treatment in NH3 for 10 minutes was used in the second process. The properties of NCD films before 
and after amination were characterized by scanning electron microscopy (SEM), wettability measurements, 
spectral ellipsometry, X–ray photoelectron spectroscopy (XPS), Raman spectroscopy, and current–voltage  
(I–V) measurements. The presence of nitrogen (and thus amino groups) on the surface was confirmed by 
XPS measurements in both cases. SEM images and wettability measurements indicated that the amine 
containing coating is continuous on both H– and O–terminated NCD surfaces. I–V measurements indicated 
that the NCD surface conductivity on H–terminated NCD films was preserved only after RF sputtering. The 
obtained results indicated that NCD surface functionalization from amine containing plasma polymer by RF 
magnetron sputtering is an alternative technological solution for successful functionalization of diamond 
surfaces for biosensor applications.  

Keywords: diamond, amino functionalization, XPS, surface conductivity 

1. INTRODUCTION 

It is known, that a lot of groups proved potential of diamond as an active basement useful for interaction with 
a biological matter by means of surface functionalization for molecular bonding (for example, DNA) [1–3]. 
Comparison of diamond with other commonly used surfaces such as gold, silicon, glass and glassy carbon, 
showed that the diamond is a promising candidate for bioelectronics and biosensor applications due to its 
unique electronic and chemical properties. Generally, properties of the intrinsic diamond may be altered by 
hydrogen or oxygen atomic surface termination with influence on its electrical conductivity, electron affinity 
and wettability. Hydrogenated diamond surfaces are hydrophobic and they induce p–type surface 
conductivity even on undoped diamond. After oxygen termination diamond surfaces are hydrophilic and 
highly resistive [4, 5]. In our experience nanocrystalline diamond (NCD) films provide economical alternative 
to single crystalline diamonds as they can be deposited on different large area substrates and provide 
properties comparable to those of single crystalline diamond. Moreover, NCD films exhibit high enough 
surface conductivity for biosensor applications [6, 7]. 

Biological applications require for the chemically inertness diamond surface an efficient and reliable 
functionalization [1, 2]. According to the literature, diamond surface may be modified by three common 
methods: wet processes (immersion into concentrated mixture) [8], plasma treatment – grafting of specific 
functionalities (–OH [9], –NH2 [10, 11], etc.) or organic films containing specific functional groups [12] and UV 
radiation (UV–enhanced photo–chemical process in liquid or gas phase [13, 14]). The main disadvantages of 
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these functionalization methods are connected with requirement of specific laboratory conditions 
(temperature, humidity, drying after immersion to mixtures, etc.) or, on the other hand, quite long time for the 
surface modification (from few hours to more than 1 day) [8, 14]. Moreover, the surface conductivity is 
essential condition for electrical signal detection. Grafting of highly electronegative atoms, i.e. fluorine and 
chlorine, as well as strong chemical processes may significantly degrade the diamond electrical properties. 
In this respect the great interest was paid for searching of new methods for the functionalization of NCD 
films. 

Recently, RF–plasma polymerizations of N–(6–aminohexyl) aminopropyl trimethoxysilane in a vapor phase 
become rather interesting for surface modification of NCD films [11]. Thin plasma polymers are well known 
due to their pinhole free character, mechanical and chemical stability and strong adherence to substrate [15]. 
In this work novel method for surface functionalization of O– or H–terminated NCD films via covering them 
with thin amine containing plasma polymer by RF magnetron sputtering of Nylon target in Ar/N2 working gas 
mixture was used. According to [16], such plasma polymers exhibit reasonable amine efficiency. Also they 
are relative resistant towards storing on the open air and dissolving in liquids [17]. Comparison of the 
presence amine efficiency in polymeric coating with commonly used radio frequency plasma treatment in 
pure ammonia was made. Last but not least, the possibility of preservation of the NCD surface conductivity 
was investigated by current–voltage measurements. 

2. EXPERIMENTAL 

2.1 Growth of NCD films 

NCD films were deposited on Si, Si/SiO2, and glass substrates (10×10 mm2) from a gas mixture of hydrogen, 
methane and CO2 in a modified linear antenna MW plasma system (AK 400, Roth and Rau) [18]. Schematic 
drawing of the deposition system is shown in Fig. 1 . This system consists of a vacuum chamber equipped 
with two metal antennas (copper) located in quartz tubes. Two microwave generators (2.45 GHz, MX4000D 
Muegge) working at pulse–frequency up to 500 Hz and maximum power up to 4.4 kW in pulse at each side 
of the linear antenna (conductor) were used by the system. 

 
Fig. 1 Schematic drawing of linear antenna microwave PECVD system 

NCD films were grown on Si/SiO2 and Si substrates for SEM, wettability tests and XPS. For Raman 
spectroscopy and electrical measurements NCD films were grown on glass substrates. Prior to the 
deposition processes all types of substrates were seeded in a suspension liquid of nano–diamond powder  
(5 nm) with deionized water for 40 minutes using ultrasound bath (100 % power), except of glass/Au IDC 
(only 5 minutes at 20 % power). The NCD films were grown under following conditions: H2 (100 sccm), CH4 
(5 sccm), CO2 (20 sccm), total vacuum pressure 10 Pa, deposition power 1700 W, substrate temperature 
460 °C, deposition time 15 hours. Part of NCD films was exposed to the oxygen radio frequency (RF) plasma 
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(45 W, 1 min) in order to obtain hydrophobic and electrically insulating surface properties  
(resistivity > 10 GΩ).  

2.2 Deposition of amine containing plasma polymer 

The thin (over 8 nm) plasma polymer films were deposited on NCD films by RF magnetron sputtering of 
Nylon 6,6 (Goodfellow) target (81 mm diameter, 3 mm thickness) in Ar/N2 (50:50) working gas mixtures using 
a cylindrical plasma reactor depicted in Fig. 2  (left). Deposition equipment consisted of a cylindrical 
processing chamber (volume of 100 l) pumped by means of a rotary and a diffusion pump (base pressure 
2×10–3 Pa). The pressure in the processing chamber was settled from 1 to 5 Pa. The plasma was sustained 
using water–cooled RF planar magnetron, operated at a frequency of 13.56 MHz, at an applied power of  
40 W and at a pressure of 2 Pa. The distance from sample holder to magnetron was 100 mm [17]. 

Generally, after each deposition the working gas mixture flow was shut off and the samples were left in the 
chamber under vacuum for 30 minutes in order to avoid an oxidation after the extraction of the samples from 
the chamber which will cause decrease of the concentration of the radicals entrapped in the films. 

2.3  Radio frequency NH 3 plasma treatment 

RF plasma treatment in 100 % ammonia atmosphere was used for functionalization of few NCD films in 
experimental set–up presented in Fig. 2  (right). The processing chamber was pumped to the base pressure 
of 10–3 Pa by means of a turbomolecular and a diaphragm pump.  

Cylindrical processing chamber (volume of 2 l) was equipped with two electrodes (diameter 100 mm). The 
grounded electrode was mounted on the top of the chamber opposite the other electrode which was used as 
sample holder. The distance between electrodes was 16 mm. 

Bottom electrode was connected to RF generator (13.56 MHz) and operated at a constant power of 4 W. 
The pressure in the deposition chamber was tuned to 25 Pa (NH3 gas flow was 50 sccm).  

 

Fig. 2 Schematic drawing of plasma reactor for fabrication of amine containing plasma polymers (left) and 
RF plasma reactor for treatment in NH3 atmosphere (right) 

2.4 Characterization of the sample properties 

The surface morphology and grain size of NCD films before and after functionalization were investigated by 
scanning electron microscopy (SEM, e_LiNE writer, Raith GmbH). In the case of NCD films covered by thin 
plasma polymer film, contact angle and SEM were measured additionally in different places of the sample in 
order to prove the homogeneity of the polymeric coating. In addition, SEM was made in order to confirm that 
polymeric film was continuous. Thus, the photolithographic mask was applied on few H–terminated 
diamonds and the films were treated in oxygen radio frequency plasma (45 W, 1 min) to generate alternating 
H/O–terminated patterns of ~190 nm widths. It is known that such patterns will have different electron 
emission (darker/brighter parts in SEM images) and there will be clearly visible border between them. Then 
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the half of size of these NCD films (without Si mask) was covered with polymeric coating. After that the 
samples were rinsed by acetone, stripper, deionized water and dried. This process removed possible surface 
contamination [19]. SEM images proved the quality of H/O–termination by clearly seen contrast. 

The diamond character of NCD films before and after functionalization was investigated by Renishaw InVia 
Reflex Raman spectrometer with the excitation wavelength of 442 nm. 

The hydrophobic/hydrophilic character of NCD surfaces was confirmed by wettability tests. Wettability 
measurements were determined by deionized water droplet (~ 3µl) at room temperature by static method. 
Material–water droplet system with a reflection goniometer (Surface Energy Evaluation (SEE) System) and 
CCD camera were used for the wettability measurements. Each measurement was repeated for 3 times in 
order to obtain average value of the contact angle calculated by multipoint fitting of the drop profile using 
SEE software. 

The thickness of the amine containing coatings was determined by means of spectral ellipsometry (SE) 
using a variable angle spectroscopic ellipsometer (Woolam M–2000DI) in the wavelength range of  
λ=192–1690 nm at an angle of incidence AOI= 55–75° in air and at room temperature. In order to obtain the 
thickness of the coatings, recorded SE spectra were fitted with multilayer model (Si/SiO2/plasma polymer) 
using the CompleteEASE (Woolam) analysis software. 

The chemical composition of the samples was analyzed by X–ray photoelectron spectroscopy (XPS, Specs 
Phobios 100). The system consists of a multi–channel hemispherical electrostatic analyser (Phoibos 150, 
Specs) and a dual (Al/Mg) anode X–ray source. The XPS spectra were acquired at a constant take–off angle 
of 90⁰. Wide scans were recorded using 40 eV pass energy (step 0.5 eV, dwell time 0.1 s), whereas high 
resolution scans were recorded at 10 eV pass energy (step 0.05 eV, dwell time 0.1 s, 10 repetitions). In the 
case of RF sputtered nylon coatings and NCD films treated in NH3, all the binding energies were referenced 
to the C 1s carbon peak at 285.0 eV. As for the non–functionalized NCD films the XPS spectra were 
referenced to peak at 285.3 eV, which corresponds to sp3 functional group. XPS peak positions were 
determined with an accuracy of 0.2 eV. Curve fitting was performed with CasaXPS software using linear 
baseline and Gaussian line shapes of variable widths. 

The surface conductivity of the NCD films was characterized by current–voltage (I–V) measurements using 
interdigital metal (Au) contacts (IDCs) fabricated on their surfaces. The IDCs were prepared as six electrodes 
in each patterned plurality with separation distance 200 µm. Electrical measurements were performed at 
ambient conditions, i.e. atmospheric pressure and room temperature, with DC bias swept in the range 
from –2 to 2 V using the Keithley 237 source–measure unit. The bias voltage sweeping rate was 100 mV/s. 

3. RESULTS AND DISCUSION 

SEM images of H–terminated NCD films before and after RF plasma treatment in NH3 are shown in Fig. 3a–
b. They indicate that no significant changes in surface morphology or grain size of NCD films after RF 
plasma treatment in NH3 were observed. Fig. 3  c) and d) show that thin plasma polymer is continuous and 
completely covers the surface of NCD film with H/O–terminated patterns and there is no absolutely visible 
border between two patterns. SEM images and wettability measurements indicated that the amine containing 
coating is continuous on NCD films. The thickness measurements showed that the thickness of polymeric 
coating was over 8 nm. Wetting measurements confirmed the hydrophobic character of NCD films after  
H–termination (angle over 80°) and hydrophilic properties (angle ~ 10°) of oxidized NCD films before 
functionalization processes. The value of wetting angle repeated for 3 times in different places of diamond 
covered by polymeric coating was ~ 25° that also confirm its homogeneity. 
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200 µm  

 
Fig. 3  SEM images of the samples on Si substrate: a) H–NCD film, b) H–NCD film after RF NH3 plasma 

treatment, c) visible border between uncovered side of NCD film with H/O–terminated patterns and covered 
with polymer, d) H/O–NCD film with patterns totally covered with plasma polymer (~ 8 nm) 

Raman spectra of NCD films before and after application of plasma polymer are presented in Fig. 4 . All 
spectra reveal the diamond characteristic peak at 1330 cm–1 and a broad band at about 1600 cm–1 related to 
non–diamond phase (G band). Raman spectroscopy was not sensitive for thin polymer layer deposited on 
diamond surface. Raman measurements of NCD films before and after surface functionalization with amine 
containing plasma polymer revel nearly identical spectra. 

Table 1  summarize concentration of nitrogen detected by XPS on the surface of Nylon plasma polymer, 
NCD films after functionalization with amine containing plasma polymer and RF NH3 treatment.. The 
obtained results indicated presence of amino groups on the functionalized diamond surface. The XPS 
analysis of the high resolution C 1s peak of as–deposited hydrogenated NCD film revealed its qualified 
chemical composition: 90 % of sp3 and 10 % of sp2 phase. It has to be noted that no nitrogen signal was 
detected by XPS measumrents on the diamond surface before its surface functionalization. 
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Fig. 4 Raman measurements of diamond films before and after functionalization with thin plasma polymer 

The concentration of nitrogen detected on the NCD surface covered with polymer is nearly five times higher 
than the NCD surface treated by NH3 plasma. The process of RF sputtering of Nylon target will promote the 
direct chemical incorporation of nitrogen within the formed polymeric coating [8]. Probably, for this reason 
polymers deposited on the NCD surface exhibit more desirable amount of amino groups than NCD films 
treated in RF NH3 plasma. Thus, grafting of amine groups on diamond surface by means of RF plasma 
treatment is less effective for obtaining of high density of –NH2 groups favourable for cell attachment or DNA 
immobilization. 

Table 1 Concentration of nitrogen detected by XPS on the surface of Nylon plasma polymer, NCD films after 
functionalization with amine containing plasma polymer and RF NH3 treatment 

 Nylon plasma 
polymer 

H–NCD 
+ polymer 

O–NCD 
+polymer 

H–NCD 
+ NH3 plasma 

O–NCD 
+ NH3 plasma 

Concentration 
of nitrogen (%) 

34 31 32 6 5 

2 µm  200 nm 

H–termination  

O–termination  
200 µm  
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Fig. 5  represents a comparison of surface conductivity (σ) of NCD films before and after their 
functionalization. A substantial decrease of the surface conductivity on the H–terminated NCD surface is 
observed after the deposition of thin amine containing plasma polymer (conductivity decreases from 10–5 to 
10–7 S). Nevertheless, such surface conductivity is still high enough for fabrication of biosensor devices. 
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Fig. 5  Surface conductivity of O–NCD films and H–NCD before and after functionalization with plasma 

polymer and RF NH3 plasma treatment (as measured at voltage U=1V) 

On the other side, rather a steep decrease in electrical conductivity down to 10–12 S is found for H–NCD films 
treated by RF plasma in ammonia atmosphere. We assume that the p–type surface conductivity induced by 
H–termination was fully destroyed during this RF plasma treatment. In the case of O–terminated NCD films, 
which were initially electrically insulating, no significant changes of their surface conductivity properties were 
observed after employing both functionalization methods, i.e. conductivity was as low as ~ 10–12 S. 

4. CONCLUSIONS 

In this work, amine containing plasma polymer deposited by RF magnetron sputtering of Nylon target was 
successfully used for functionalize  H– and O–terminated NCD films and its efficiency was compared with RF 
plasma treatment in NH3 atmosphere. Basic characterization of functionalized NCD films focused on keeping 
initial surface conductivity and finding a favourable chemistry. XPS analysis confirmed that plasma polymer 
treatment of NCD film resulted in nearly 5 times higher concentration of nitrogen than for NCD samples 
treated in RF NH3 plasma. In addition, I–V measurements showed that the surface conductivity of H–
terminated NCD films decreased only by two orders of magnitude after their functionalization with plasma 
polymer. Consequently, the presence of sufficient amount of functional amino groups and preservation of 
induced surface conductivity was achieved with covering of hydrogenated NCD films with thin amine 
containing plasma polymer. These results show an alternative and simple way how to cover diamond films 
with amine–containing groups for their further application as functional layer for bioelectronics and biosensor 
applications. 
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Abstract  

This paper deals with the evaluation of crystalline structure and thermal properties of injection molded parts 
based on polylactic acid (PLA) matrix reinforced by natural fibres (NF). Using differential scanning 
calorimetry (DSC) were evaluated thermal properties and crystalline structure of PLA/NF composites, 
depending on the amount, size and type of natural fibres. We observed that some natural fibres (e.g. coir 
and banana fibres) work like natural nucleating agents and thus subsequently improve the material 
properties of PLA. We also observed process of melt (primary) and cold (secondary) crystallization of 
PLA/NF composites depending on cooling rate. 

Keywords: biocomposites, nanocomposites, crystallization, natural fibres, natural nucleating agents,  
                     polylactic acid 

1. INTRODUCTION 

Polylactic acid (PLA) is a linear aliphatic thermoplastic polyester, produced from renewable resources. PLAs 
and also other biopolymers offer environmental benefits such as biodegradability, greenhouse gas 
emissions, and renewability of the base material. PLA can be commonly synthesized by ring–opening 
polymerization of lactide or by direct polycondensation of lactic acid. Used lactic acid monomers are 
obtained from the fermentation of sugar feed stocks.  

Based on the stereoregularity (L and D) of lactic acid, L, D and D–L type lactides can be used in PLA 
production. An equimolar mixture of D and L isomer results in D–L lactide (so called meso – lactide). It is well 
established that the properties of polylactides vary to a large extent depending on the ratio and the 
distribution of the two isomers [1]. Generally, commercial PLA grades are copolymers of poly(L–lactic acid) 
(semi–crystalline PLLA) and poly(D,L–lactic acid) (amorphous PDLLA), which are produced from L–lactides 
and D,L–lactides, respectively. For a commercial PLA a blend of a higher amount of L–lactide and a lower 
amount of D–lactide is used [2], [3]. The ratio of L– to D,L–enantiomers is known to affect the properties of 
PLA, such as the melting temperature, degree of crystallinity and even the degradation characteristics [3]. 
Semi–crystalline nature of PLA has been observed during cooling of melt. The crystallization behavior of 
polylactides depends on the thermal history (i.e. annealing) [4], [5], molecular mass [4], amount and type of 
additives [4, 6, 7] and stereo sequence distribution [1], [4]. When semi–crystalline PLA is processed, its 
crystallinity changes depended on the cooling rate [5]. Miyata and Masuko studied the non–isothermal 

crystallization of PLLA at various cooling rates ranging from 0.5 to 20 °C⋅min–1. The amount of crystallinity 

developed in PLLA depended closely on cooling rate. Samples cooled at rates higher than 10 °C⋅min–1 could 
not crystallize and remained amorphous [8].  

Typically during injection molding, due to the high cooling rates, totally amorphous PLA products could be 
produced. In the differential scanning calorimetry (DSC) an exotherm curve of this amorphous PLA can be 
found, related to the cold crystallization above Tg, and an endotherm curve, related to the melting. When 
PLA is recrystallized prior to measurement, the exotherm in the DSC curve is not present. Recrystallized 
PLA products also carry a huge advantage compared to amorphous products. This advantage is manifested 
in the much higher heat deflection temperature (HDT); while amorphous PLA products have an HDT of  
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50 °C, semi–crystalline PLA products have an HDT of 130 °C. Although PLA can be recrystallized after 
processing into a product, the products shrink and significant warpage occurs during recrystallization due to 
the increasing crystallinity [4]. 

2. EXPERIMENTAL 

2.1  Preparation of PLA/NF composites and nanocompo sites 

We prepared the (nano)composites by adding the coir or banana fibres into polylactic acid matrix 

NatureWorks biopolymer 3251D within ratio 10, 20 and 30 (wt. %) into the extrusion line with twin screw  
(Fig. 1 ), temperature profile of 180 °C up to 200 °C and cold granulation on the end of the line. For the 
composite material preparation it was necessary to remove fine organic impurities and greases from fibres 
and to modify their length by milling at the shear mill (n = 3000 min–1) with trapezoidal holes of 0.75 mm (the 
length of milled fibres was within 0.5 mm up to 2 mm). The same method was used for preparing of 
nanocomposites with coir reinforcement. Ratio of coir’s nanoparticles were 2, 4 and 6 (wt. %). Size of 

nanoparticles: 790 nm ± 15 %. We prepared nanoparticles by instrument FRITSCH PULVERISETTE 7 
premium line. Milled fibres were than dried. 

 

 
Fig. 1  Scheme of technological process for the preparation of NF composites 

From these granulates of NF composites were for the subsequent evaluation of physical and thermal 
composites properties injected on injection molding machine the multipurpose test specimen according to 
ISO 3167. 

2.2  DSC characterization of PLA/NF composites and nanocomposites 

Study of crystallization and thermal analysis was carried out with a DSC 6 Perkin Elmer which was calibrated 
against an indium standard. An empty aluminium pan was the reference. For injection moulding thermal 

history evaluation in relation to the amount of natural fibres, the samples amount was (10 ± 0,2) mg and 

analysis run at 10 °C⋅min–1 heating/cooling ramp in one heating–cooling cycle in a nitrogen atmosphere (flow 

rate 50 ml⋅min–1). From the DSC thermograms (Fig. 3, 4 ) we studied effect of natural fibres on crystallization 
of PLA and thermal properties such as exothermic cold crystallization temperature (TCC), endothermic 

melting temperature (Tm), melt crystallization temperature (TC), cold crystallization enthalpy (∆HCC), melting 

enthalpy (∆Hm), melt crystallization enthalpy (∆HC) and degree of crystallinity (χC). The degree of crystallinity 
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(χC) of PLA injection moulding composites/nanocomposites samples can be calculated based on the 
enthalpy value of a 100 % crystalline PLA [1] from the following equation: 

              (1) 

where ∆Hm is the melting enthalpy, ∆HCC is the cold crystallization and value 93 is the melting enthalpy  
in J.g–1 of totally crystallized PLA sample [1].  

2.3 Crystallization of PLA composites and nanocompo sites – influence of natural fibres 

DSC thermograms of PLA and PLA composites/nanocomposites with 10 wt. % up to 30 wt. % natural fibres 
or 2 wt. % up to 6 wt. % nanoparticles of natural fibres are summarized in the Table 1 . Example of DSC 
thermograms of PLA and PLA composites with 10 wt. % up to 30 wt. % banana fibres are shown in Fig 3 .  

Table 1  Effect of natural fibres on crystallization of PLA 

Polymers 

TCC1 
[oC] 

∆HCC1 

[J ⋅g–1] 

TCC2 

[oC]  

∆HCC2 

[J ⋅g–1] 

Tm 

[oC]  

∆Hm 

[J ⋅g–1] 

TC 

[oC]  

∆HC 

[J ⋅g–1] 
χC 

[%]  

cold (secondary)  
crystallization 

melting 
melt (primary) 
crystallization 

 

PLA natur 98.9 –36.2 155.4 –3.4 169.6 47.7 none none 8.7 
PLA + 10CF 100.1 –31.0 155.9 –2.3 170.1 41.3 none none 8.6 
PLA + 20CF 99.2 –29.4 155.7 –2.3 170.1 41.1 94.3 –1.5 10.1 
PLA + 30CF 97.9 –27.3 154.7 –2.6 169.8 40.6 94.8 –3.6 11.5 
PLA + 10BF 97.1 –30.0 154.9 –3.1 169.6 45.4 none none 13.2 
PLA + 20BF 95.6 –25.8 154.5 –3.4 169.9 40.2 95.8 –6.0 11.8 
PLA + 30BF 94.4 –25.5 153.5 –3.1 169.1 41.4 95.7 –11.6 13.8 
PLA + 2nCF 100.9 –30.6 156.0 –1.5 169.9 42.2 none none 10.9 
PLA + 4nCF 101.4 –31.9 155.9 –1.4 169.8 43.6 none none 11.1 
PLA + 6nCF 98.2 –28.7 158.3 –1.5 169.6 41.5 95.5 –1.2 12.2 

Note: CF = coir fibres; BF = banana fibres; nCF = nanoparticles of coir fibres 

Coir and banana fibres which were added to PLA matrix increased crystallization abilities of the injected 
parts. At the pure PLA polymer during cooling rate 10 °C.min–1 was not observed sharply defined phase 
transformation associated to melt crystallization of polymer, in contrast to PLA composites reinforced by coir 

and banana fibres. During heating of the injected part from PLA (heating ramp 10 °C⋅min–1) there was 

observed the glass transition temperature Tg ∼ 59 oC and cold crystallization within the temperature interval 
80 °C to 120 °C (TCC1) and further within the temperature interval 150 °C to 159 °C (TCC2). Such cold 
crystallization of material is a reason for rapid cooling of the melt in the mould cavity during the injection 
process. It influencing negative not only the structure change and material properties but also in shape and 
dimensional injected part instabilities (under temperature over 80 °C). It was proved that adding the banana 
and the coir fibres/nanoparticles to the PLA matrix increases the melt crystallization and decreases the cold 
crystallization enthalpy which also moved to the lower temperatures (with increasing amount of fibres in the 
PLA matrix is temperature shift higher – see Table 1  and Fig. 3 ). By adding 30 wt. % of coir or banana fibres 
and by adding 6 wt. % of coir nanoparticles there is decrease of real injected parts cold crystallization 

(∆HCC1) almost by 25 % or 30 % or 21 %, respectively. 
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Fig. 3  DSC results for PLA and PLA composites reinforced with banana fibres 

 

Fig. 4 DSC results for PLA nanocomposites reinforced with nanoparticles of coir fibres 

2.4 Crystallization of PLA composites and nanocompo sites – influence of fillers and cooling rate 

At the second experimental phase in which we have studied influence of the cooling rate on the composites 

crystallinity, the samples were analyzed at a 10 °C⋅min–1 heating ramp and 10, 5 or 3 °C⋅min–1 cooling ramp 
in two heating cycles in a nitrogen atmosphere. In the first cycle, PLA composites samples were heated from 

25 °C to 190 °C with 10 °C⋅min–1 heating ramp and isothermal stabilized for 1 min; cooled back to 25 °C with 

10, 5 or 3 °C⋅min–1 cooling ramp. In the second cycle, PLA samples were again heated from 25 °C to 190 °C 
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with 10 °C⋅min–1 cooling ramp. Example of DSC thermograms of PLA nanocomposites reinforced by 6 wt. % 

nanoparticles of coir fibres subjected to different cooling rates (10, 5 and 3 °C⋅min–1) are shown in Fig 4.  

Thermal properties of PLA composites and effect of natural fibres and cooling rate on crystallization of PLA 
are summarized in Table 2  and Table 3 . 

Table 2  Effect of natural fibres and cooling rate on temperature characteristics of PLA composites 

heating/cooling/
heating rate 

[oC⋅min–1] 

TCC1/1  
[oC] 

TCC2/1 

 [oC] 
Tm/1 

 [oC] 
TC 

[oC] 
TCC1/2  
[oC] 

TCC2/2 

 [oC] 
Tm/2 

 [oC] 
first heating cycle cooling second heating cycle 

PLA composites with 30 wt. % banana fibres (BF) 
10/10/10 95.4 153.8 169.4 95.8 95.9 153.9 169.4 
10/5/10 94.7 153.7 169.3 103.1 none none 169.8 
10/3/10 94.9 153.4 169.1 108.6 none none 170.6 
PLA nanocomposites with 6 wt. % nanoparticles of coir fibres (nCF) 
10/10/10 98.2 155.5 169.6 95.5 10.4 155.5 169.1 
10/5/10 99.7 155.4 170.3 96.2 101.2 154.7 169.5 
10/3/10 100.2 156.2 170.4 100.7 none 155.4 169.6 

Table 3  Effect of natural fibres and cooling rate on crystallization of PLA composites 

heating/cooling/
heating rate 

[oC⋅min–1] 

∆HCC1/1  

[J⋅g–1] 

∆H CC2/1 

[J⋅g–1] 

∆H m/1 

[J⋅g–1] 

∆HC 

[J⋅g–1] 

∆HCC1/2  

[J⋅g–1] 

∆HCC2/2 

[J⋅g–1] 

∆Hm/2 

 [J⋅g–1] 

χC 

[%] 
first heating cycle cooling second heating cycle 

PLA composites with 30 wt. % banana fibres (BF) 
10/10/10 –27.2 –3.4 42.7 –10.8 –16.3 –3.0 43.4 25.9 
10/5/10 –25.2 –3.3 39.2 –31.3 none none 39.5 42.5 
10/3/10 –25.8 –3.2 41.1 –36.5 none none 41.7 44.8 
PLA nanocomposites with 6 wt. % nanoparticles of coir fibres (nCF) 
10/10/10 –28.7 –1.5 41.5 –1.2 –31.2 –1.7 41.3 9.0 
10/5/10 –28.7 –1.7 41.8 –9.7 –18.4 –2.2 42.7 23.8 
10/3/10 –31.8 –2.0 43.6 –27.7 none –0.6 45.3 48.1 

 

From DSC thermograms, Table 2  and Table 3  is obvious that at lower cooling rate there is increasing portion 
of the melt crystallization of composite material, which starts at higher temperature (area C in the Fig. 4 ), the 
degree of crystallinity is also increasing and there is decrease of the cold crystallization (area CC1/2 and 
CC2/2) on the contrary. Final degree of crystallinity for PLA composite is within the interval 9 % till 48 % 
according to the cooling rate, type and amount of fibres in matrix. Areas of cold crystallization disappeared 

not until the cooling rate 3 °C⋅min–1 for nanocomposites with the nanoparticles of coir fibres, while for 

composites with the banana fibres they disappeared already under cooling rate 5 °C⋅min–1. Cold 
crystallization for PLA injected parts can be eliminated by lower cooling rate of melt and also by adding plant 
fibres. 

3. CONCLUSION 

Application of natural fibres represents the very important material replacement. With regard to the 
environmental point of view, natural fibres can replace synthetic fibres in the composite materials branch. 
The similar reality concerns the polymers from the renewable resources (bioplastics) which have became  
a very attractive material during last years. There is mainly reinforced effect [9] – [11] by adding natural fibres 
to the synthetic or biodegradable polymer matrix but their another benefits, in comparison to the other fibrous 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

751 

materials, rest in their low weight, low abrasion, combustibility, biodegradability, non–toxicity, and mainly 
their low price which does not depend on the oil price [12], [13]. Some natural fibres (e.g. banana or coir 
fibres) in the biopolymer matrix can also influence routine and kinetics of the crystallization. In both cases 
were proved that adding banana and coir fibres to the PLA matrix increases the degree of crystallization but 
mainly also lowers the cold crystallization which slips to the lower temperatures or more precisely it lowers its 
temperature interval. The cold crystallization occurs at material as a result of its intense cooling and it is 
a reason for shape and dimensional injected part instabilities.  

The cold crystallization and degree of crystallinity developed in PLA is truly depended closely on the cooling 

rate. All samples with the cooling rate higher than 5 °C⋅min–1 reveal the cold crystallization at subsequent 
heating of material in the case of PLA composites with 30 wt. % banana fibres, in the case of coir 

nanoparticles then always under the cooling rate higher than 3 °C⋅min–1. PLA composite injected part 
(multipurpose test specimen according to ISO 3167 prepared according to ISO 294) with 30 wt.% of banana 
fibres or 6 wt.% nanoparticles of coir fibres reveals the degree of crystallinity ca. 14 % or 12 %, at cooling by 

5 °C⋅min–1 there is the degree of crystallinity 43 % for the banana fibres, 24 % for the hemp fibres 
respectively. 

We observed that natural fibres work like natural nucleating agents. Owing to this behaviour is possible not 
only to improve material properties by using natural fibres like reinforcement, but also to improve the 
composite properties with usage of natural fibres like nucleating agents. We observed different nucleation 
activity of the coir and banana fibres. It can be dedicated to the different surface structure of the fibres. Thus 
implementation of different natural fibres could lead to different nucleation activity according to the fibre 
surface structure. 
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Abstract   

The precise determination of sulfur in nanomaterials is an important task with respect to quality control of 
nanomaterials production as well as in the course of research and development of new nanocomposites. 
Composites based on nanostructured sulphides deposited on surface of suitable substrates and 
nanomaterials prepared with help of substances containing sulfur are typical examples of materials where 
the sulfur content has to be precisely determined. Combustion techniques are used for the determination of 
carbon and sulfur in a wide range of inorganic materials. These methods are based on heating of samples in 
a ceramic crucible placed in an induction furnace in flow of oxygen. During the heating the samples are 
decomposed and carbon and sulfur are released in the form of carbon and sulfur dioxides. Both these gases 
are detected in infrared cells. The advantage of combustion techniques is a small amount of sample needed 
for the analysis as well as a large concentration range of sulfur and carbon, which can be determined. 

The aim of this work was to verify the combustion technique for the determination of sulfur in nanostructured 
composites based on metal sulfides and metal oxides deposited on kaolinite and montmorillonite. The 
samples with low (<1 wt.%) and high (>1 wt.%) contents of sulfur were analyzed. 

Keywords: Nanocomposite materials, clay minerals, chemical analysis, combustion techniques 

1. INTRODUCTION 

The growing number of research activities in nanotechnology is connected with the development of new 
materials that has to be precisely characterized by the means of chemical, phase and structural analysis. 
Chemical analysis of the developed materials commonly represents the first step of the characterization and 
reveals both the yield of given synthesis method as well as the presence of impurities in final reaction 
products.  

Recently we introduced newly developed composite materials based on the: i) TiO2 nanostructured particles 
captured at the surface of kaolinite or quartz via the hydrothermal synthesis with titanylsulphate [1, 2] and ii) 
CdS nanoparticles captured at the surface of montmorillonite [3]. Both kinds of composites show the 
application potential in the area of photocatalysis [4, 5]. In the case of the composites based on the sulfides 
the sulfur is present in a form of sulfide ion and its content is in direct relation with Cd content and gives the 
information about the yield of the synthesis. In the case of TiO2 particles captured at the surface kaolinite and 
quartz prepared using titanylsulfate the sulfur is presented in a form of sulfate ions and its amount is in direct 
relation with degree of washing treatment and has the influence on the structural changes of TiO2 during the 
heat treatment. Although the role of sulfur present in above–mentioned composites is significantly different, 
the precise determination of its content is important task in the course of characterization of both composites. 

There are a number of methods used for chemical analysis of materials. X–ray fluorescence spectroscopy 
(XRFS) is fast instrumental analytical technique used for determination of elemental composition of different 
kinds of materials in a form of powders, solid samples or even in a form of liquids [6]. For the powdered 
samples XRFS utilized generally three methods of the sample preparation. In the first method the powdered 
samples are placed in cuvettes, the second is based on the preparation of pressed pellets and the third is 
based on the preparation of fused pearls. The non–destructive character and low amount of sample required 
for the analysis are the main pros of cuvette technique. On the other hand, precision and accuracy are the 
often–discussed cons of this technique. XRFS performed on the pressed pellets offer more precise results in 
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comparison to cuvette technique, but it is destructive and requires higher amount of sample. Preparation of 
borate pearls requires lower amount of sample, but it is destructive and thermally less stable compounds can 
decompose during the preparation of pearls by fusion technique. 

Scanning electron microscopy (SEM) is powerful technique used for the study of the surface morphology of 
samples and the modern SEM is also equipped with e.g. EDS or WDS (or both) detectors, which enable to 
perform local chemical analysis [7]. This method requires very low amount of sample but its ability to provide 
representative results is in the case of local analysis limited. 

For total sulfur content determination combustion technique is fast non–labor method and requires lower 
amount of sample in comparison to XRFS. The method is based on the combustion of sample at high 
temperatures in presence of fusion ingredients (wolfram, pure iron) in a stream of oxygen. During the heating 
of the sample (most often induction heating) all of the forms of the sulfur are converted to sulfur dioxide 
which is then detected in infrared cell [8]. The combustion technique is most often utilized for analysis of 
metallic samples. The adaptation of this technique for analysis of sulfur in other matrices has to be carefully 
considered and tested. 

Gravimetric determination of total sulfur content is based on the transforming of all of the sulfur forms into 
sulfate ions followed by precipitation of barium sulfate [9]. This technique is generally accepted to provide 
precise and accurate results, but requires higher amount of sample and is quite labor and time consuming. 

The aim of this contribution is to analyze the total sulfur content at kaolinite/TiO2 and montmorillonite/CdS 
composite using combustion method and to compare the results with the amounts of sulfur obtained using 
EDS and gravimetric analysis. 

2. MATERIALS AND METHODS 

2.1  Composites 

Kaolinite/TiO2 composites 

The procedure for the kaolinite/TiO2 (KATI) composites preparation is based on thermal hydrolysis of 
suspension of kaolinite in titanylsulfate. The preparation procedure was firstly introduced in [1] and revised in 
[10]. The titanylsulphate was obtained from Precheza a.s. and kaolinite KKAF from L.B. Minerals s.r.o. For 
the studies in present research the composite with 20 wt.% of TiO2 dried at 100 °C was selected.  

Montmorillonite/CdS composite 

CdS nanoparticles were precipitated by the reaction of cadmium acetate and sodium sulphide in the 
presence of the stabilizing cationic surfactant cetyltrimethylammonium bromide. The originated CdS 
nanodispersion was shaken with montmorillonite (MMT) for 24 hours. The resulting nanocomposite of CdS 
and montmorillonite was then filtered and dried at 60–70 °C. 

2.2 Methods for total sulfur content determination 

Energy dispersive microanalysis 

Morphological investigations of the composite particles were carried out with SEM Quanta FEG 450 (FEI) 
with EDS analysis (APOLLO X – EDAX). Samples were coated with Au/Pd film and the SEM images were 
obtained using a secondary electron detector. Point chemical analysis was performed in 5 independently 
selected particles. 

Combustion analysis 

Total sulfur content was determined using ELTRA CS 2000 combustion analyzer and analysis was 
conducted in an induction furnace. The weighted samples were placed in alumina crucible then wolfram 
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powder was added as an accelerator and high purity iron as a fusion agent. To assess the reproducibility of 
this method three parallel analyses of each sample were performed.   

Gravimetric analysis 

The gravimetric method of the analysis of sulfur content was performed according to ČSN 44 1379 [9]. In the 
first step the sample is melted at 820 °C with Eschka's mixture for 2 hours. After the cooling down of the 
mixture, hot distilled water and 1 ml of H2O2 (30 wt.%) is added. Then the mixture is heated up to 80 °C and 
kept 30 min at this temperature. Then it is heated up till the mixture starts to boil. After these steps the 
suspension is filtrated and filter cake is washed several times with distilled water whereas all of the liquid 
portions are collected in a baker. Next step comprises acidification of filtrate using HCl and sulfate ions are 
coagulated with approx. 10 ml of aq. solution of BaCl2 (10 wt.%) while the BaSO4 is precipitated. After the 
12 hours long aging the suspension with precipitated BaSO4 is filtered and several times washed with hot 
distilled water. Filter paper with filter cake is then calcinated at 850 °C for 2 hours in previously weighted 
annealing crucible. The difference of the weights of annealing crucible after the calcinations and empty 
annealing crucible used for the calcinations gives the weight of the BaSO4, which is in direct relation to total 
amount of sulfur. With respect to amount of the sample needed for gravimetric method only composite 
kaolinite/TiO2 was analyzed. To assess the reproducibility of this method two parallel analyses of the sample 
were performed. 

3. RESULTS AND DISCUSSION 

The morphology of both composites was studied using SEM. The image of the particles of kaolinite/TiO2 
composite is shown in Fig. 1 , while the morphology of the particles of the montmorillonite/CdS sample is 
shown in Fig. 2 . 

  

Fig. 1  Character of the particles of kaolinite/TiO2 
composite 

Fig. 2  Character of the particles 
of montmorillonite/CdS composite 

The kaolinite particles are covered with consistent smooth layer of TiO2 as evident in Fig. 1 , while in the case 
of montmorillonite/CdS composite the surface of montmorillonite particles is covered by CdS particles (Fig. 
2). The point EDS analysis was performed at the independent randomly selected particles for both samples 
and the obtained amounts of sulfur in each point are listed in Table 1 . Taking into account the character of 
EDS point analysis it can be concluded that the measured values of sulfur in the case of composite 
kaolinite/TiO2 do not show significant scatter and only the value 0.60 wt.% is outlying. Comparing the same 
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data for composite montmorillonite/CdS (see Table 1 ) higher scatter is observed but taking account of 
significantly higher amount of sulfur in this composite, we can again conclude good agreement of the results. 
Point EDS analysis is very good method for determination of chemical composition of the powdered 
samples, but requires higher number of spots to be analyzed. Other benefit of SEM–EDS is also the 
possibility to obtain the information about the particles morphology. The disadvantage of the EDS method is 
the necessity for the performing of higher number of point analysis at the surface of different particles, and 
there is still the question about the representativeness of this analysis because only a negligible part of the 
sample is often analyzed. 

Table 1The values of sulfur content (wt.%) in kaolinite/TiO2 and montmorillonite/CdS composite determined 
using EDS analysis, combustion method and gravimetric method (only for kaolinite/TiO2 composite) 

No. of 
measuremen

t 

kaolinite/TiO2  montmorillonite/CdS 

EDS combustion gravimetric EDS combustion 

1 0.37 0.423 0.41 2.22 1.949 

2 0.39 0.438 0.42 2.11 2.087 

3 0.60 (–) 0.412 – 1.62 1.932 

4 0.40 – – 2.44 – 

5 0.34 – – 1.79 – 

Average 0.42 (0.38) 0.424 0.42 2.036 1.956 

Although the weight of the sample used for combustion method depends on the total sulfur content and for 
the samples studied within this research it was 0.04 g, this amount of the sample is in contrast to EDS 
analysis significantly higher. The contents of the sulfur determined using combustion technique for both 
composites is listed in Table 1 . The scatter of the values is low and in the case of kaolinite/TiO2 composite 
the values of sulfur content are slightly higher in comparison to sulfur content analyzed using EDS. In the 
case of montmorillonite/CdS composite the values of sulfur content analyzed by combustion method fall into 
interval of the values analyzed using EDS. The combustion technique is fast and with respect to amount of 
the sample used for this analysis is more representative in comparison to EDS. This method is especially 
suitable if large sets of samples have to be analyzed, e.g. in the case of study of the effect of thermal 
treatment of the composite kaolinite/TiO2 on the amount of the sulfur (see Fig. 3 ). 

 

Fig. 3  The dependence of sulfur content in kaolinite/TiO2 composite on the calcination temperature 
determined using combustion method 

The most precise technique for total content of sulfur determination is gravimetric analysis [9]. Due to the 
requirement of the high amount of the sample this technique was used only for the determination of total 
sulfur content in composite kaolinite/TiO2. The results of two parallel analyses are listed in Table 1  and it is 
evident that the values are almost the same and average content of sulfur is very close to the average 
content of sulfur analyzed using combustion technique as well as EDS method (in the case of EDS it holds 
true if the outlying value 0.60 wt.% is also included). This agreement clearly shows all of the three methods 
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as suitable for the determination of the sulfur content in the nanocomposites based on the nanosized metal 
oxides and metal sulfides captured at the surface of clay minerals. 

4. CONCLUSIONS 

Precise determination of the sulfur content in the composites based on metal oxides and metal sulfides 
nanoparticles captured at the surface of clay minerals can be achieved using all of the tested methods 
of chemical analysis. EDS analysis is labor, time consuming and expensive method and even if high 
numbers of spots are analyzed the representativeness of the results is still arguable. Gravimetric analysis is 
precise but labor and time consuming and it also requires high amount of the sample. Combustion technique 
is precise, representative, fast and requires lower amount of sample in comparison to gravimetric analysis. 
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Abstract 

A study of the magnetocaloric effect (using the direct method), microstructure (using atomic force 
microscopy) and electron paramagnetic resonance properties near Curie temperature has been carried out 
on the melt–spun Gd compounds. The obtained results are compared with the ones for polycrystalline 
gadolinium 

Keywords : magnetocaloric effect, melt–spun alloys, atomic force microscopy, electron paramagnetic  
                    resonance 

1. INTRODUCTION 

Considerable recent attention has been focused on application of magnetic nanoparticles in modern 
advanced technology. Nanocrystalline rare–earth intermetallics and alloys are novel materials with high 
surface area which differs appreciably in properties from corresponding bulk materials and provides great 
opportunities for a development of different devices, in particular, the ecologically safe magnetic 
refrigerators. Modern refrigeration technology is built upon magnetocaloric effect (MCE). This effect is based 
on the utilization magnetic entropy changes under the action of an applied magnetic field [1], [2]. The cooling 
devices based on MCE need to find magnetocaloric materials with improved properties. The rare earth metal 
Gd and its alloys show considerable magnetocaloric effect near room temperature. The binary, ternary Gd– 
containing intermetallics are excellent magnetic refrigerant materials due to its superior magnetocaloric 
properties. The influence of nanostructure on rare–earth–based systems with strong anisotropy has been 
studied and finds significant effects at the Curie temperature, coercivity and time dependence of 
magnetization [3]. The main purpose of this work is to examine the influence of nanostructured state of metal 
gadolinium on Curie temperature, the value of magnetocaloric effect, magnetic part of entropy, the 
refrigerant capacity and electron paramagnetic resonance (EPR) spectra. 

2. EXPERIMENTAL DETAILS 

The original Gd metal was prepared by means of high–frequency induction melting in the atmosphere of 
pure argon. The melt–spun samples were received using the method of rapid quenching on a fast–rotating 
horizontally copper disk with a linear rotation speed of 15 m/s. As a result of fast cooling, the scale–like 
nanostructure was received. The observation of nanostructure of the melt–spun Gd specimen was performed 
using the methods of atomic force microscopy (microscope Solver P47AFM).  

Complex investigations of the melt–spun Gd samples have been carried out by magnetization and 
magnetocaloric measurements as well as by electron paramagnetic resonance (EPR) spectroscopy near 
Curie temperature.  

The measurements of MCE have been carried out by a direct method by means of the copper–constantan 
thermocouple, on the sample placed in an adiabatic cover. The values of MCE were defined in the range of 
temperatures 270 – 310 K and in the magnetic fields up to 10 kOe. 
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Fig. 1  The AFM image of the 
microstructure of the melt–spun Gd 

5 х 5 µm 

Fig. 2  Temperature dependences of MCE for both 
nano and polycrystalline Gd samples 

Fig. 3  Temperature dependences of ΔSM for 
both nano and polycrystalline Gd samples 

The magnetization measurements were performed in magnetic field up to 10000 Oe and in temperature 
range from 281 K to 301 K.  

EPR spectra were recorded with the help of computerized Varian E–4 X–band spectrometer at temperatures 
from 296 K up to 400 K.  

3. RESULTS AND DISCUSSION 

The image of the surface of the melt–spun Gd alloy, received 
using the AFM methods, is presented in Fig. 1 . As one can see 
from this image, the grains with the linear size of 80–100 nm 
were formed as a result of fast cooling of the liquid alloy. The 
preferred orientation of these grains is absent.  

The temperature dependences of the magnetocaloric effect 
measured in magnetic field equal to 10 kOe and in the 
temperatures range 275 – 305 K. for both melt–spun and 
polycrystalline Gd samples are shown in Fig. 2 . It is known, that 
MCE is largest value near the ordering temperature (TC). But 
the maxima of the curves MCE vs. T do not coincide for the 
melt–spun and polycrystalline Gd samples. For polycrystalline 
Gd the MCE maximum value ΔTad is equal to 2.6 K and 
achieved at 293 K, which coincides with the TC value defined 
from magnetic measurements. For melt–spun Gd the MCE 
maximum is shifted toward the lower temperature by 7 degrees 
(286 K) and reaches values equal to 2 K. 

 

The MCE parameters viz. ΔTad and magnetic part of entropy ΔSM are correlated with by one of the 
fundamental Maxwell’s relations [1]. The ΔSM as a function of temperature in the magnetic field of 10 kOe for 
melt–spun and polycrystalline Gd specimens were calculated from isothermal magnetization curves using 
the Maxwell relation. 

The temperature dependences of the ΔSM in the magnetic field of 10 kOe for both melt–spun and 
polycrystalline Gd samples are shown in Fig. 3 . Though the peak value of ΔSM (2.8 J/KgK) for polycrystalline 
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Fig. 4  Room temperature EPR spectra of melt–
spun and polycrystalline Gd. The ratio of A to B 

characterizes the Dysonian lineshape 
asymmetry 

Gd is larger than those for melt–spun Gd 
(2.65 J/KgK), the peak for the latter is much wider. It 
should be noted, that in addition to the value of ΔSM 
there is several other important factor to evaluate a 
magnetic refrigerant, such as the refrigerant capacity 
(RC). The refrigerant capacity is the amount of heat 
transferred in one thermodynamic cycle. The RC is 
calculated by integrating the curve ΔSM (T, H0)H0  
over the full width at half maximum. In our case, the 
RC is equal to the hatched area under the curve ΔSM 
(T) in Fig. 3 . The refrigerant capacity value was find 
to be equal to 41.89 J/kg for Gd polycrystalline and 
RC = 44.10 J/kg for melt–spun Gd. The melt–spun 
Gd may be considered as the perspective material 
for the application in refrigeration devices, because 

the RC for melt–spun Gd larger than that for 
polycrystalline Gd. 

Fig. 4  shows EPR spectra of melt–spun– and 
polycrystalline Gd at T = 296 K. Comparing these 
spectra one can see that the EPR line is significantly 
broader for the polycrystalline sample. However in both cases the EPR spectrum has the Dysonian 

lineshape. We found the asymmetry ratio A/B for the polycrystalline sample to be ≈3.5 and for the melt–spun 

sample to be ≈2.5. The latter value is close to that for Gd single crystals [4]. At higher temperatures the EPR 
spectra of both Gd samples were significantly narrowed and shifted to free–spin g–value.   

4. CONCLUSION 

It was found that the decrease of gadolinium grains size to the nano–crystalline state leads both to the 
significant change in Curie temperature and decrease the maximum value of magnetocaloric effect; as well 
as to an increase in the value of refrigerant capacity. EPR properties of nanostructured sample are more 
similar to EPR properties of Gd single crystals than polycrystalline bulk gadolinium. The results of the melt–
spun Gd study are of interest both for the fundamental physics of rare earth magnetism and for creation of 
new refrigeration devices. 
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Abstract  

As nanomaterial applications in industry grow, particular nanostructures become better understood, widening 
the horizons for research. Achievements in mathematical modeling for predictive purposes significantly boost 
the capabilities for manufacturing research, and expedite unprecedented developments in hi–tech 
composites. 

The focus of the research being presented was adsorption properties of Zeolites manufactured to render 
selective properties for separating mixture components, based on differences in molecular size, shape, and 
polarity. Whether multicomponent adsorption isotherms can be obtained from single and binary mixture 
simulations was also investigated. 

Experimental determination of multicomponent adsorption parameters is far more difficult and time 
consuming compared to that for single component adsorption. Furthermore, determinations by experimental 
methods are far costlier and slower than computer–based numerical methods. 

Numerical models were developed for pure component and subsequently multicomponent adsorption 
processes. Using Configurational Biased Monte Carlo (CBMC) approach in grand canonical ensemble, both 
process types were simulated numerically, replicating benchmark experimental data. Classical theoretical 
models based on application of ideal (IAST) and real adsorbed solution theory (RAST) to predict mixture 
adsorption in nanopores, were also used and are presented for comparison purposes. 

We report computer simulations on the adsorption of alkanes in the all–silica zeolites MFI (channel type) and 
DDR (cage type), which match experimental data on adsorption of light hydrocarbons – alkanes– such as 
methane, ethane, propane and butane. Included are binary and ternary mixtures. 

The numerical approach developed can be an accurate, powerful, cost and time saving tool to predict 
process characteristics for different molecular–structure configurations. 

Keywords:  nanomaterial, simulation, zeolite, adsorption, CBMC 

1. INTRODUCTION 

Zeolites are crystalline nanoporous materials widely used in the chemical industry. Owing to the molecular 
structure and physical properties, Zeolites – comprised of silica–based molecules – have played a pivotal 
role in the application of nanotechnology in various applied science and engineering fields, as ion 
exchangers, catalysts, and adsorbents [1]–[3] in separation processes. For development of separation 
technologies the calculation of the mixture sorption characteristics for a wide range of operating conditions 
(pressures, temperatures, and chemical compositions) is needed. Compared to the experimental data 
available on pure component adsorption isotherms [4]–[11] there is considerably less data on mixture 
isotherms [6], [11]. The lack of mixture data is due to the difficulties with experimental research. In some 
cases mixture isotherms can be calculated from pure component isotherm data using the Ideal Adsorbed 
Solution Theory, but in general, thermodynamic non–ideal effects [12] need to be taken into consideration.  
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In this work the properties of all–silica zeolites – for channel MFI and cage DDR type molecular–structure 
configurations – were studied by Configurational Biased Monte Carlo (CBMC) numerical simulation [13], [14] 
in grand canonical (GC) ensemble [15].  

Furthermore, the molecular simulations of the adsorption on binary as well as ternary mixtures of the above–
mentioned alkanes were generated and compared with experimental data. Ideal adsorbed solution theory 
(IAST) is a thermodynamic method for predicting multicomponent adsorption equilibria data from isotherms 
for single gases [16]. Whereas the non–ideal real adsorbate solution theory (RAST) [17], [18] requires 
consideration of activity coefficients. Depending on the ideal or non–ideal behavior of the interacting 
elements either IAST or RAST is applied.  

2. SIMULATION METHOD 

In the simulations the zeolite frameworks have been constructed from silicon and oxygen atoms, only – with 
no cations involved. The MFI and DDR zeolites structures were modeled from the crystallographic structure 
taken from all–silica topology elsewhere [19]–[21] in which all Al atoms are substituted by Si atoms. All–silica 
structures are representing homogeneous hydrophobic surface within a porous crystal [22], therefore they 
stronger adsorb non–polar organic molecules. 

Simulations were performed in the low and high coverage (high and low pressure) regimes using 
Configurational Biased Monte Carlo (CBMC) in the grand–canonical ansemble [15]. In the CBMC scheme, 
the molecules are grown bead by bead (segment) biasing the growth process towards energetically 
favorable configurations. The fundamental advantage of CBMC method is that it avoids the inherent 
limitations of ‘conventional’ Monte Carlo methods as adsorbate (molecule) chain lengths increase. In 
standard Monte Carlo simulations, the probability of accepting a random insertion of a chain molecule into 
void region of the zeolite structure decreases rapidly with increasing chain length. More details on this 
simulation technique can be found elsewhere [13], [23]–[25].  

In the represented simulations the zeolite lattices have been kept rigid during simulations [24], [25]. The 
alkanes are described with a united atom model, in which the CH4, CH3 and CH2 groups of alkanes’ 
molecules are treated as a single interaction center [26]. The non–bonded interactions such as adsorbate–
adsorbate, adsorbate–zeolite and intramolecular interactions (for beads in alkane molecule chain, separated 
by more than three bonds), are described by a well known Lennard–Jones (LJ) potential, as follows: 

 ∑



























−














==−

612

4
ij

ij

ij

ij
ijLJ

bondednon

rr
UU

σσ
ε

 

(1) 

or by cut
ij

ij

ij

ij
ijLJ

bondednon E
rr

UU −



























−














== ∑−

612

4
σσ

ε

 

(2) 

where rij is the distance between the pseudoatoms i and j, εij is the energy parameter (or strength 

parameter), σij is the size parameter, Ecut the energy at the cutoff radius rcut., and Unon–bonded = 0 when rij > rcut.. 

Simulations of adsorption in MFI zeolite were performed using the TraPPE model [27] for describing the 
alkane molecules, and for the adsorbate–zeolite interactions the force field of Vlugt et al. [24] was used. For 
adsorption of alkanes in DDR structure the force field developed by Dubbeldam et al. [25] was used. 
Simulations for pure components were performed at 300 K, 308 K and for mixtures at 300 K.  
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3. MODELS OF ADSORPTION ISOTHERMS  

Single, binary and ternary component adsorption isotherms in Silcalite–1, measured by Abdul–Rehman et al. 
[6], and the experimental data of Sun et al. [5] for MFI and the data of Himeno et al. [28] for DDR (only 
methane) have been studied and compared with simulation results. 

The known models for adsorption isotherms such as the Dual–Site Langmuir (DSL) and the Three–Site 
Langmuir (3SL) have been chosen as the best fitting model for pure component adsorption in MFI and DDR 
zeolite structures, correspondingly, for the whole temperature range. The analytic expressions of these 
models are given below: 

Dual–Site Langmuir model (DSL):  
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where N, Nmi, bi, P are total loading, maximum loading, Langmuir constant and pressure (or fugacity), 
respectively. The postscripts 1, 2 and 3 refer to the adsorption sites of the zeolites. The calculated fit 
parameters were fitted to the entire adsorption isotherm at particular temperature. The results on MFI zeolite 
structure are shown in Fig. 1 . 

 

Fig. 1 Comparison of MC simulations with experimental data [6] for Silicalite–1: Pure component adsorption 
isotherms of Methane, Ethane and Butane in MFI zeolite structure 

4. ADSORBATE SOLUTION THEORY 

The main problem in design of adsorptive separation processes is estimation of multicomponent equilibria. 
One of the most widely used models on prediction of mixture adsorption is the ideal adsorbed solution theory 
(IAST), developed by Myers and Prausnitz [16]. Later a real adsorbate solution theory (RAST) [17],[18] 
which incorporates activity coefficients in the multicomponent isotherm equations to account for the 
deviations from ideal behavior, was applied. In this work the activity coefficients of the adsorbed phase are 
determined from the simulated data (by the GCMC approach) using the Wilson model [29] and so called 
spreading pressure dependence (SPD) models [17], [30]. 
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Experimental determination of a mixture isotherm involves not only measuring the weight increase of the 
zeolite but also the change in composition of the gas mixture. Therefore, the measurements of 
multicomponent systems are difficult and time consuming compared to the measurement of single (pure) 
component adsorption isotherms. The fundamental equation of equilibria for mixture adsorption is described 
as follows: 
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where iφ  is the fugacity coefficient of the i–th component at the pressure, temperature, and composition of 

the mixture; )(0 zPi  is a saturation pressure at a chosen value of reduced spreading pressure z; 0
iφ  is the 

fugacity coefficient of pure i component at its reference pressure )(0 zPi ; ix  is the mole fraction in adsorbed 

phase, and iγ  is an adsorbed phase activity coefficient.  

In IAST model, for predicting the phase diagrams, only the knowledge of single component isotherms is 

required, and iγ  is set to 1. The RAST model requires correlation with binary data to predict multicomponent 

data [17]. Both IAST and RAST models applied here require fit parameters of single component adsorption 
isotherms described by Dual–Site Langmuir and Three–Side–Langmuir models. 

Simulated adsorption isotherms in MFI zeolite structure for different mixtures (binary and ternary) at the fixed 
pressure of 3.45 bars, are compared with IAST as well as experimental data [6] in Silicalite–1, and shown in 
Fig. 2 . According to the results obtained, the binary and ternary mixtures in Silicalite–1 are well predicted by 
CBMC–GC simulations as well as by IAST model. 

 

Fig. 2  Comparison of MC simulations with IAST and experimental data [6] for Silicalite–1 at 300 K and 3.45 
bars: (a) binary mixture of Ethane (C2) – Propane (C3), and (b) ternary mixture adsorption of Methane (C1) – 

Ethane (C2) – Propane (C3) 

An interesting non–ideal behavior was noticed for ethane–butane binary mixture in DDR at 2 bars (Fig. 3a). 
The simulation results deviate from IAST model calculations. The RAST prediction turned out excellent, 
where Wilson and SPD models were used for calculating the activity coefficients in adsorbed phase. Such a 
kind of non–ideal behavior is caused by the zeolite pore geometry, and size effect between adsorbed 
molecule and zeolite. DDR structure has two types of cages of different size which leads to a segregation of 
adsorbed molecule of different size, i.e., molecules are predominantly adsorbed within the cages [31]. Thus, 
a segregated adsorption could not be accurately predicted by ideal adsorbed solution theory. 
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Fig. 3 Comparison of IAST and RAST calcultion results with MC simulations for Butane in DDR at 300 K: (a) 
at 2 bars, and (b) at 100 bars 

5. CONCLUSION  

The approach presented allowed accurate prediction of pure component and mixture adsorption isotherms, 
and was similarly found to be an accurate tool for predicting functional properties of zeolites for separation 
processes. The key feature of the Monte Carlo simulation used is that it can predict –based on the known, 
governing physical principles and how the ranges of estimates are set up – the probabilistic outcomes for the 
mathematical model. This approach is effective for predicting process parameter as well as cell 
characteristics. It can potentially predict quality and quantity characteristics for zeolites as candidate 
materials for a process of interest.  
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Abstract 

The presented paper deals with the laser–induced transformation of zero–valent iron nanoparticles. Zero–
valent iron nanoparticles (passivated by iron(III) oxide shell) were prepared by two different ways (reduction 
in the solution and reduction in the oven) and were irradiated by two types of lasers (excitation wavelengths 
of 532 nm and 780 nm). For each laser type several laser powers (from 0.1 mW to 4.0 mW) were used. 
Changes in phase composition were in–situ monitored by Raman spectroscopy, whereas ex–situ evaluated 
by Mössbauer spectroscopy. The results showed that the important variables of the laser–induced 
transformations include particle size, excitation wavelength and power of the laser. 

Keywords: ZVI, nZVI, iron nanoparticles, Raman spectroscopy, Mössbauer spectroscopy 

1. INTRODUCTION 

Zero–valent iron (ZVI) nanoparticles are well–known for their applications in soil remediation, groundwater, 
surface water and wastewater treatment [1 – 6]. Because of their instability in air and pyrophoric character, 
ZVI nanoparticles have to be passivated (stabilized) [1 – 6]. The passivation is mostly made by a thin oxide 
shell. The processes of passivation have been summarized in [6]. X–ray photoelectron spectroscopy (XPS) 
can be used for the investigation of oxidic shell [7 – 9], but this method is expensive and is not always 
accessible. There are also other techniques enabling such investigations. For example methods of 
vibrational spectroscopy especially infrared absorption and Raman spectroscopies are used [6, 10, 11]. 
From the literature [12, 13, 14], it is known that a focused laser beam is able to transform ferric oxides. 
Therefore, it can be presumed that laser–induced transformations of ZVI nanoparticles passivated by ferric 
oxide shell may occur. While the results of laser–induced transformations of zero–valent iron by laser with 
the excitation wavelength of 633 nm were presented in [12], this paper is focused on using lasers with the 
excitation wavelengths of 532 nm and 780 nm. It will be demonstrated and discussed that the extent of 
laser–induced transformations is dependent on several factors. 

2. EXPERIMENTAL SETUP 

ZVI particles of two different origins were used. The former were prepared by the chemical reduction in 
solution (where borohydride as a reduction agent was used [6]) and labeled as solution–prepared ZVI  
(SP–ZVI). The latter were synthesized in the oven by a thermal reduction [15, 16] and labeled as oven–
prepared ZVI (OP–ZVI). For the sake of a direct comparison of laser–induced changes, the amount of each 
sample was set to ~ 15 mg. 

Laser irradiation was realized under full air access by two different laser types of DXR Raman microscope 
(Thermo Scientific) with 10x objective. The exploited lasers include: diode–pumped solid state laser with the 
excitation wavelength of 532 nm; and frequency–stabilized single mode diode laser with the excitation 
wavelength of 780 nm. The spot size of each laser beam was about 1 µm. The laser powers on the samples 
were varied from 0.1 mW to 4.0 mW. For the irradiation, Raman spectra acquisition and in–situ observation 
of the changes, a mapping mode (using 7 x 8 points with a 40–µm step) with 60x 2s accumulation time in 
each point was used. 
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The transmission 57Fe Mössbauer spectrometer with a 57Co(Rh) source was used for the ex–situ 
observations of laser–induced transformations. The Mössbauer spectra were collected at room temperature 
(300 K) in a constant acceleration mode without the application of any magnetic field. The values of isomer 
shift were related to the metallic alpha iron, used as a reference at room temperature. The spectra were 
fitted using MossWinn 3.0xp software [17]. The Lamb–Mössbauer f–factor is expected to be identical for all 
identified phases. This enables to directly determine relative contents of the phases from subspectral areas. 

3. RESULTS AND DISCUSSION 

Starting materials were analyzed by several different methods, including Raman spectroscopy, X–ray 
diffraction (XRD), scanning electron microscopy (SEM) and Mössbauer spectroscopy. All these analyses of 
starting materials have been published in [12] already. Appropriate parameters of representative Mössbauer 
spectra of starting materials prior to any laser–treatment are summarized in Table 1  for the sake of a direct 
comparison. According to Table 1 , it is obvious that there is significantly more Fe0 in the OP–ZVI sample 
than in the SP–ZVI sample (about 10 at.%). It can be caused by different sizes of particles; nanoparticles in  
SP–ZVI are smaller in size as it was also confirmed by XRD patterns and SEM pictures in [12]. Since very 
recently [18], we have demonstrated that Mössbauer spectroscopy is a most relevant technique for iron–
containing samples characterization, we will mostly discuss the results of Mössbauer spectroscopy in 
conjunction with Raman spectroscopy in this work. 

3.1 Irradiation by 532 nm laser beam 

Fig. 1  shows Mössbauer spectra of both samples irradiated by a focused laser beam with the excitation 
wavelength of 532 nm. The used laser powers were 0.1 mW, 2.1 mW and 4.0 mW, respectively. The laser 
power of 0.1 mW induced no changes in Mössbauer spectra (therefore, the spectra are not shown). 

 

Fig. 1 Mössbauer spectra of ZVI irradiated by focused laser beam (532 nm): a) SP–ZVI and b) OP–ZVI 
transformed by the laser power of 2.1 mW; c) SP–ZVI and d) OP–ZVI transformed by the laser power of  

4.0 mW 
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Using the laser power of 2.1 mW on the samples caused still no significant laser–induced changes 
detectable by Mössbauer spectroscopy (Figs. 1a, 1b ); the hyperfine parameters remained nearly the same 
in comparison to those of the staring materials (Table 1 ). However, Raman spectra started to significantly 
differ (Fig. 2 ) from those of the starting materials. Characteristic Raman spectral features of hematite (220, 
280, 390 cm–1) appeared [19]. This phenomenon has been already observed and explained by us in ref. [12]. 
Indeed, Raman spectra are taken from a particular place where the changes induced by focused–laser beam 
dominate (micro–space); whereas, integral bulk information is obtained from Mössbauer spectra. 

 

Fig. 2 Raman spectra of ZVI irradiated by focused laser beam (532 nm): a) SP–ZVI and b) OP–ZVI 
transformed by the laser power of 2.1 mW 

The laser power of 4.0 mW induced significant transformations of SP–ZVI sample, whereas it caused no 
transformations of OP–ZVI sample (Fig. 1c, Fig. 1d, Table 1 ). Indeed, Mössbauer spectrum of SP–ZVI 
sample irradiated by the laser power of 4.0 mW was fitted by five subspectra (Fig. 1c ). Relative 
representation of Fe0 including its relaxation component was reduced (Table 1 ). Moreover, a new spectral 
component (γ–ferric oxide) appeared. This polymorph was present in the Mössbauer spectrum as a bulk 
form, as well as, as a surface form. In the surface form, a spin canting occurs which is manifested by a 
reduced hyperfine magnetic field. Interestingly, the relative atomic percentage of superparamagnetic ferric 
oxide present in the starting material remained unchanged which means that all laser–induced 
transformations proceeded at the expense of Fe0 in the case of SP–ZVI sample. We hypothesize that the 
significant differences between the transformations of SP–ZVI and OP–ZVI can be caused by different size 
distributions of the particles. 

Table 1  Hyperfine parameters derived from Mössbauer spectra 

 Subspectra 
δ 

± 0.01 
mm/s  

∆/εQ 
± 0.01 mm/s 

Bhf 
± 0.3 

T 

Γ 
± 0.01 
mm/s  

RA 
± 1 
% 

Phase 

SP–ZVI 
doublet 0.37 0.78 ––– 0.51 21 Fe2O3 SP 
sextet 0.00 0.00 32.9 0.33 59 Fe0 
sextet 0.01 –0.05 28.3 1.27 20 Fe0 (R) 

OP–ZVI 
doublet 0.34 0.88 ––– 0.52 11 Fe2O3 SP 
sextet 0.00 –0.01 33.0 0.30 89 Fe0 

SP–
ZVI_532_2,1 

doublet 0.34 0.78 ––– 0.53 23 Fe2O3 SP 
sextet 0.00 0.00 33.0 0.34 64 Fe0 
sextet –0.01 0.04 28.5 0.86 13 Fe0 (R) 

OP–
ZVI_532_2,1 

doublet 0.23 0.81 ––– 0.54 9 Fe2O3 SP 
sextet 0.00 0.01 32.9 0.30 91 Fe0 

a)        b) 
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 Subspectra 
δ 

± 0.01 
mm/s  

∆/εQ 
± 0.01 mm/s 

Bhf 
± 0.3 

T 

Γ 
± 0.01 
mm/s  

RA 
± 1 
% 

Phase 

SP–
ZVI_532_4,0 

doublet 0.34 0.93 ––– 0.58 21 Fe2O3 SP 
sextet 0.00 –0.04 33.2 0.36 25 Fe0 
sextet 0.01 0.05 28.0 0.58 7 Fe0 (R) 
sextet 0.33 –0.05 49.1 0.50 33 γ–Fe2O3 (b) 
sextet 0.48 –0.02 44.5 0.58 14 γ–Fe2O3 (s) 

OP–
ZVI_532_4,0 

doublet 0.31 0.96 ––– 1.33 11 Fe2O3 SP 
sextet 0.00 0.01 32.8 0.25 89 Fe0 

SP–
ZVI_780_2,1 

doublet 0.36 0.79 ––– 0.55 30 Fe2O3 SP 
sextet –0.01 –0.01 33.1 0.38 70 Fe0 

OP–
ZVI_780_2,1 

doublet 0.21 0.85 ––– 0.53 11 Fe2O3 SP 
sextet 0.00 0.00 33.0 0.31 89 Fe0 

SP–
ZVI_780_4,0 

doublet 0.35 0.92 ––– 0.58 21 Fe2O3 SP 
sextet 0.00 0.01 33.0 0.40 34 Fe0 
sextet 0.30 –0.06 48.7 0.53 26 γ–Fe2O3 (b) 
sextet 0.41 –0.05 43.5 0.88 19 γ–Fe2O3 (s) 

OP–
ZVI_780_4,0 

doublet 0.30 0.98 ––– 0.81 12 Fe2O3 SP 
sextet 0.00 0.00 33.1 0.29 88 Fe0 

δ – isomer shift related to metallic α–Fe; ∆ − quadrupole splitting (doublets); εQ – quadrupole shift (sextets); 
Bhf – hyperfine magnetic field; Γ – full width at half of maximum; RA – relative subspectrum area; R – 
relaxation exponent; s – contribution from surface of the nanoparticles; b – contribution from bulk of the 
nanoparticles. 

3.2 Irradiation by 780 nm laser beam 

Mössbauer spectrum presented in Fig. 3a  corresponds to the irradiated SP–ZVI sample by the laser power 
of 2.1 mW. It seems to be very similar to the spectrum of the starting material, with two 
exceptions:(i) relaxation component is missing and (ii) relative representation of ferric oxide shell increased 
by of about 10 at.% with  
a simultaneous decrease of zero–valent iron core content (Table 1 ). The Mössbauer spectrum of OP–ZVI 
(Fig. 3b ) sample irradiated by the same laser power remains identical as the spectrum of the starting 
material, including the hyperfine parameters (Table 1 ). Likewise, the Raman spectra of SP–ZVI and OP–ZVI 
samples collected at 780 nm excitation wavelength using 2.1 mW did not reveal any substantial changes in 
comparison to those of the starting materials. 

Mössbauer spectrum of SP–ZVI sample irradiated by the laser power of 4.0 mW was fitted by four 
subspectra (Fig. 3c ). The subspectra correspond to the zero–valent iron, ferric oxide and γ–form of ferric 
oxide (bulk and surface forms). Fig. 3d  shows the Mössbauer spectrum of OP–ZVI sample irradiated by the 
laser power of 4.0 mW. This spectrum resemble to the spectra of the starting material. On the contrary, the 
Raman spectra of SP–ZVI and OP–ZVI samples irradiated by 4.0 mW of the 780 nm excitation wavelength 
manifested themselves by apparent changes when compared to the Raman spectra of the starting materials; 
the signal could be attributed to the combination of hematite and maghemite. 
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Fig. 3 Mössbauer spectra of ZVI irradiated by focused laser beam (780 nm): a) SP–ZVI and b) OP–ZVI 
transformed by the laser power of 2.1 mW; c) SP–ZVI and d) OP–ZVI transformed by the laser power of  

4.0 mW. 

3.3 Mutual comparison of impact of wavelength of ir radiation laser beam 

The observed significant differences between Mössbauer spectra of irradiated samples of SP–ZVI and OP–
ZVI at both excitation wavelengths shown in the present study had at least two possible reasons which are 
both stemming from different preparation procedures of the samples. The first of them lies in particle size: 
smaller particles of SP–ZVI possess larger specific surface areas, hence are more reactive and easily 
oxidized than the particles of OP–ZVI sample. The second reason could be related to the presence of ferric 
oxide shell of a different relative atomic content as it was proved by Mössbauer spectra of the starting 
materials [12]. 

Comparing the results of transformation induced by 633 nm excitation laser wavelength [12] with those 
presented here (532 and 780 nm), it can be concluded that the resonance conditions for iron oxide shell 
achieved by using 633 nm have led to a larger extent of laser–induced transformations of Fe0–Fe2O3 core–
shell particles. The fact of near–resonance enhancement of Raman signal was clearly documented in  
ref. [19] for iron oxide and oxyhydroxide compounds. 

4. CONCLUSIONS 

It was demonstrated that irradiation of the ZVI samples by a focused laser beam of a Raman microscope can 
cause irreversible changes in their composition. The impact of a focused laser beam on the ZVI samples is 
influenced by many factors: namely, by the excitation wavelength of laser, used laser power, the particles 
size and technique of ZVI nanoparticles preparation. In general, the extent of laser–induced transformations 
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increased with an increasing laser power. Considering the laser excitation wavelengths exploited in our 
studies, the most energetic one (532 nm) did not induce the most significant transformations; the most 
significant transformations were caused by the excitation wavelength of 633 nm [12] which is much closer to 
resonance conditions being fulfilled for the ferric oxide shell [19]. 
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Abstract 

Gold–modified quantum dots (Au–QDs) are semiconductor nanocrystals, which serve as both optical and 
electrochemical tags. With these markers it is possible to label different types of molecules, which are 
complicated to detect otherwise. Scanning electrochemical microscope (SECM) is very suitable instrument 
for detection of surface electrochemical properties. Electrochemical detection of the redox label generates a 
specific tip current, which intensity depends on the local surface concentration of the redox macromolecules. 
Binding of various types of surface molecules to the QDs is accompanied by a change of detected current 
level. SECM provides detail characterization in pseudo 3D imaging with resolution in the order of micro to 
nanometre, depending on the size of the working electrode. Modification of CdTe quantum dots with gold 
was performed to enable specific interaction with selected oligonucleotide modified by thiol group. Two ways 
of synthesis were tested: 1) Conjugation with gold nanoparticles, 2) addition of HAuCl4 with subsequent 
reduction by NaBH4. The affinity between gold and SH– group of oligonucleotides creates the complex 
sterically convenient for hybridization of the complementary sequence. Moreover, the combination of 
optically and electrochemically active labels enables highly flexible multimodal detection.  

Keywords: quantum dots, scanning electrochemical microscope 

1. INTRODUCTION 

Quantum dots (QDs) are represented by nanometer–sized crystals or atomic clusters. QDs usually consist of 
few hundreds to a few millions of atoms, but only a small number of electrons (≤100) are free [5]. Typical QD 
sizes range between 2–20 nm. QDs are excellent candidates for biosensing given by their unique physical 
and optical properties [9]. Concerning the biological applications of QDs, two main groups may be cited: 
biosensors and labels. Wide application range in biosensing field is caused mainly by possibility of attaching 
various biomolecules to their surface. Because of this the core–shell structured QDs are more favourable 
due to their variations in shell structure (its easily possible modification). Recent advantages in using of QDs 
lead to a wide range of application area [1, 3, 7, 10, 11], mainly the optical properties are requisite. However, 
the electrochemical properties are very interesting and useful too [2]. QDs are mostly used as 
electrochemical tags [6, 8]. With these markers it is possible to label different types of molecules, which are 
complicated to detect otherwise. Electrochemical characterization of QDs is possible via the technique called 
scanning electrochemical microscopy (SECM). This technique is based on the scanning of the studying 
surface by ultramicroelectrode (UME) and electrochemical detection of surface options [12]. Such technique 
gives us the electrochemical picture of the surface. SECM employs an UME probe (tip) to induce chemical 
changes and collect electrochemical information while approaching or scanning the surface of interest 
(substrate). Application of SECM is very wide and allows study various structures and processes in micro 
and submicrometer–sized systems. The target of detection could be electron, ion, and molecule transfers, 
and other reactions at solid–liquid, liquid–liquid, and liquid–air interfaces. In recent years the study of 
nanoparticles and its application rapidly increases [4]. Our attention is focused on the gold nanoparticles 
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modified quantum dots (Au–QDs) and theirs electrochemical properties. Combination of such particles with 
biocompounds suitable for biosensors construction (in our case oligonucleotides) is reflecting too. 

2. MATERIALS AND METHODS 

2.1 Au–QDs synthesis 

2.1.1  Synthesis of MSA–CdTe QDs 

General method for preparation of CdTe QDs was as follows: 5 ml of Cd(OAc)2•2H2O (0.266 g/50 ml) was 
diluted with water (20 ml) and mercaptosuccinic acid (MSA) (30 mg in 1 ml of water) was added with stirring. 
pH of solution was adjusted to 8.13 by addition of 1 M NH3, (0.9 ml). Afterwards, Na2TeO3 (0.0066 g) in 
water (23 ml) was added, stirred for 30 min and solid NaBH4 (20 mg) was added. After 1 h of stirring, 2 ml of 
solution was pipetted into reaction vessel and heated in Multiwave 3000 Microwave Reaction System (Anton 
Paar, Graz, Austria) using rotor 64MG5. The reaction conditions were as follows: temperature 50–130 °C, 
power 300 W and time of heating 10–18 minutes. Prepared CdTe QDs were stored in dark at 4ºC. 

2.1.2 Synthesis of gold nanoparticles (AuNPs) 

The solution of 1mM auric acid was prepared by dissolving of 0.0197 g of HAuCl4•3H2O in 50 ml of water 
and to the 10 ml of this solution 250 µl of sodium citrate was added (26.5 mg/1 ml). The reaction is 
completed after colour turns purple (1 hour). 

2.1.3 Synthesis of Au QDs using AuNPs 

500 µl of MSA–CdTe QDs (concentration of Cd 0.6 µg/ml, green and red light emitting) was mixed with 100 
or 200 µl of AuNPs shaken for 2 hours and subsequently diluted up to the volume of 1 ml. Sample labelling:  

1 – green QDs with addition of 100 µl of AuNPs, 2 – green QDs with addition of 200 µl of AuNPs, 5 – red 
QDs with addition of 100 µl of AuNPs, 6 – red QDs with addition of 200 µl of AuNPs 

2.1.4 Synthesis of Au QDs using HAuCl4 

500 µl of MSA–CdTe QDs (green and red light emitting) was mixed with 100 or 200 µl of 1mM HAuCl4 and 
30 mg of NaBH4 and shaken for 2 hours and subsequently diluted up to the volume of 1 ml. Sample labelling:  

3 – green QDs with addition of 100 µl of HAuCl4, 4 – green QDs with addition of 200 µl of HAuCl4, 7 – red 
QDs with addition of 100 µl of HAuCl4, 8 – red QDs with addition of 200 µl of HAuCl4 

2.2 X–ray fluorescence analysis 

CdTe QDs and Au–QDs were measured on Spectro Xepos (Spectro Analytical Instruments, Kleve, 
Germany). The sample was measured on a Pd anode X–ray tube working at a voltage of 47.63 kV and a 
current of 0.5 mA and detected with Barkla scatter aluminium oxide. Measurement time was 300 s. For 
excitation a Mo secondary target was used. The excitation geometry was 90º. The QDs was measured 
through the PE bottle side wall 20 mm above the bottom. The Spectro Xepos software and TurboQuant 
method were applied to data analysis. 

2.3  Scanning electrochemical microscopy  

The scanning electrochemical microscope SECM 920C from CHInstruments (Austin, USA) was used for 
measurements. For measurement the four electrode setup was used. A platinum wire served as an auxiliary 
electrode and the reference electrode was Ag/AgCl. The substrate electrode was created by gold disk with a 
diameter of 3 mm. As a tip the platinum microelectrode with a diameter of 10 µm was used. The substrate 
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electrode surface has been cleaned by sonication in ethanol, and then was treated for two minutes with a 
pyrana solution, which was made from 30 % hydrogen peroxide and concentrated sulphuric acid in a ratio of 
1:3 and scanned from –0.2 to +1.5 V until a reproducible cyclic voltamogram was obtained. Finally, the 
electrode was washed with ACS water and dried with nitrogen. After cleaning the measurement was carried 
out in 0.1 mM KCl (electrolyte) and 1 mM ferrocenemethanol (for amplification) in ratio 1:1 (total volume 
1.5 ml). The scanning procedure was done with optimized parameters defined with previous determinations 
by cyclic voltammetry of mediator solution and approaches curves determination. The potential of the 
platinum tip was set to the 0.3 V and the potential of substrate electrode for the 0.35 V. The distance 
between tip and substrate electrode was set to the 10 µm. The area of 1000 x 1000 µm was scanned with 
the scan rate 1 µm for 0.2 s. 

2.3.1 Au–QDs SCEM analysis  

30 µl of prepared Au–QDs solution was dropped on the modified substrate electrode and was allowed to 
evaporate for 30 minutes. Subsequently 1.5 ml of the mediator (1 mM ferrocenemethanol in 0.1 mM KCl) 
was added and the surface scanning with optimized parameters was initiated. 

2.3.2 DNA sensing 

In the first step the bare electrode was scanned followed by the coating with 30 µl of avidin aqueous solution 

(100 µg/ml). After the evaporation of water (30 minutes), the mediator (1.5 ml) was added and the surface 

was scanned. The next step contained the avidin coating followed by coating by 30 µl of biotinylated 

oligonucleotide (200 µg/ml, biotin–5´–AGATGAGGCATAGCAGCAGGATG–3´) and after evaporation and 
mediator addition the measurement was carried out. Then, the layer of immobilized avidin coated by 
biotinylated oligonucleotide was covered by 30 µl of complementary SH–labelled oligonucleotide (200 µg/ml, 
SH–5´–CATCCTGCTGCTATGCCTCATCT–3´) and the result was measured. In the last step, the whole 
process was repeated and prepared Au–QDs were added. After evaporation (30 minutes between each 
layer) and mediator addition final measurement was carried out using the condition described above. 

3. RESULTS AND DISCUSSION 

Due to the great fluorescent properties of QDs, they are often used as fluorescent labels, however also 
electrochemical labelling by QDs has been described. Specific interaction between the targeted molecule 
and the QD can be realized by various manners. One of them is the utilization of the great affinity between 
thiol group and gold atoms. Therefore we proposed two ways of synthesis of gold modified QDs. The first 
method employs the incubation of MSA capped CdTe with gold nanoparticles and the second uses the 
addition of HAuCl4 and its reduction by NaBH4. To investigate these two approaches, two types of QDs were 
used – green and red light emitting QDs. Moreover two concentrations of gold sources were employed and 
therefore 8 types of QDs were obtained. One of the main purposes of the synthesis was to maintain the 
fluorescent properties of the QDs, which was successful as shown in the insets of Fig. 1A  a B. The 
elemental characterization was performed by X–ray fluorescence analysis (data not shown). 

These Au–QDs were characterized by SECM and as shown in Fig. 1A  and B the changes of detected 
current levels were detected. From the results it can be concluded that in the case of green QDs the 
increasing amount of applied gold led to the increasing coverage of the QD particles. This assumption is 
based on the better electron transfer between redox mediator and the surface of substrate electrode which is 
created just with the modified QDs. Moreover the same trend was observed for both ways of preparation of 
green QDs. On the other hand, in case of red QDs the current level did not changed significantly with 
increasing amount of applied gold which suggested saturation of the surface of the QD.  
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Fig. 1  Dependence of the current levels of the Au–QDs A) Au–QDs prepared using different concentrations 
of AuNPs B) Au–QDs prepared using different concentrations of HAuCl4 (insets: fluorescence photographs 
of  the particular solutions under UV light illumination) Current level is the average value of detected current 

over the surface of 1000 x 1000 µm 

Prepared Au–QDs were next utilized for testing of the DNA sensing according to the scheme shown in the 
Fig. 2 . Briefly, the gold electrode was coated by avidin, followed by biotinylated oligonucleotide. 
Subsequently the hybridization of the complementary oligonucleotide labelled by SH group took place 
followed by interaction with Au–QDs. 

Au electrode Interaction with
AuNPs-modified

CdTe Qds

Immobilization of
biotin- labeled
oligonucleotide

Hybridization of
complementary

SH- labeled
oligonucleotide

Coating
by avidin

1 2 3 4 5

 

Fig. 2  Scheme of the coating process. 1) Au electrode, 2) avidin coating, 3) immobilization of biotin–labelled 
oligonucleotide, 4) hybridization of the SH–labelled oligonucleotide, 5) interaction with Au QDs 

The current level changes were monitored in each step of the experiment and it was observed that 
interaction of each component of the reaction can be monitored by the SECM. Due to the main advantage of 
the SECM which is the recognition of the spatial distribution of the reagents we believe that the proposed 
method can be utilized as a DNA sensor. In the Fig. 3  the topological representation of the electrode partially 
coated according to the above described procedure is shown. In Fig. 3E  the 2D–view is showing the 
borderline between the bare electrode (green colour) and the coted electrode (yellow colour). The significant 
decrease of the current level caused by the coating is obvious. In the Fig 3F  the 3D–view of the same 
situation is shown.    
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Fig. 3  A) SECM scan B) SECM scan of electrode coated by avidin, C) SECM scan of electrode coated by 
avidin followed by biotinylated oligonucleotide, D) SECM scan of electrode coated by avidin followed by 

biotinylated oligonucleotide and hybridized SH–labelled complementary oligonucleotide E) SECM scan of the 
gold substrate electrode partially coated by avidin, biotinylated oligonucleotide, SH–oligonucleotide and Au–

QD – 2D–view F) 3D–view of E 

CONCLUSION 

Two approaches of synthesis of Au–QDs were proposed in this work and the resulting nanoparticles were 
characterized using SECM. By this method it was shown that both synthetic routes provided nanoparticles 
with similar electrochemical characteristics and moreover their fluorescent properties have been maintained. 
Additionally, the interaction of these nanoparticles with thiol tagged oligonucleotide was investigated utilizing 
avidin–biotin interaction as well as hybridization reaction of complementary DNA sequences. 
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Abstract   

Passive microrheology is a novel approach determining viscoelastic properties of soft materials based on the 
thermal movements of inserted particles. This method was utilized to investigate properties of selected 
polymeric colloids and measured values were compared with classical rheology results. Two different 
diameters of probes were applied to characterize measurability range of the passive microrheology for 
various polymeric materials. In this work, poly(sodium 4–styrenesulfonate) (PSS) and sodium carboxymethyl 
celullose (CMC) were used. Our results show comparable values for samples of lower concentrations 
determined by classical rheology and passive microrheology, using various particle sizes for PSS and CMC. 
In case of higher concentrations of polymers, discrepancies in measured values from different techniques 
were observed. These differences can indicate applicability limits of the method but can also demonstrate 
characteristic properties of the sample microstructure. Evaluation of our results depends mainly on the size 
and the surface of the probes and the mesh size of the polymeric network.  

Keywords:  microrheology, rheology, viscoelasticity, sodium carboxymethylcelullose,  
                           poly(sodium 4–styrenesulfonate) 

1. INTRODUCTION 

Viscoelastic properties are very important material parameters affecting their industrial applicability. Some 
techniques have been widely used to determine these properties, most often classical rheology. In some 
cases it is not suitable to use this method considering relatively huge amount of sample needed for one 
measurement (around 10 ml), which is not possible to obtain for biological materials or very difficult for hard 
to reach materials [1, 2, 3]. Recently has been developed new fast emerging method for determining 
viscoelastic properties of material called microrheology. As the name already suggest, the sufficient quantity 
of sample for one measurement is in microliters [4]. Microrheology has been already worldwide used from 
study of micellar solution, gelation processes, structure of biomaterials and cells or in food and cosmetics 
industries as well. Passive microrheolgy is based on the small well defined particles embedded into the 
tested material. The size of the particles allows subjecting of the Brownian motion, which depends on the 
size of the particle, on the viscosity of surrounding material and on the temperature. Mean squared 
displacement (MSD or Δx2(t)) relates to diffusion coefficient by equation [5]: 

           (1) 

where d is dimension, τ is time and α is time exponent. According to the Stokes–Einsten equation one can 
calculate viscosity of the material if the size of the particle and temperature is known [6]. 

            (2) 

Value of time exponent α varies from 0 to 1 as we can see in Fig. 1 . For Newtonian fluid, function MSD (t) is 
linear and α = 1. In case of elastic medium is α=0 but the most material lies somewhere in between  
0 ˃ α ˃ 1. It is typical for viscoelastic materials [7]. 
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Fig. 1  Behavior of MSD (t) for several materials [8] 

This work was performed to compare viscoelastic properties of material obtained by classical rheology and 
passive microrheology using two different sizes of particles. Carboxylmethyl cellulose (CMC) and 
poly(sodium 4–styrenesulfonate) (PSS) were used as model materials for their extensive industrial use. 
Carboxylmethyl cellulose is used in food science as a viscosity modifier or thickener, and to stabilize 
emulsions. It is also a constituent of many non–food products, such as personal lubricants, toothpaste, 
laxatives, diet pills, water–based paints, detergents, and various paper products. It is used primarily because 
it has high viscosity, is nontoxic, and is generally considered to be hypoallergenic as the major source fiber is 
either softwood pulp or cotton linter. Sodium polystyrene sulphonate is used as a superplastifier in cement, 
as a dye improving agent for cotton and as proton exchange membranes in fuel cell applications. In their 
acid form, the resin is used as a solid acid catalyst in organic synthesis. 

2. MATERIALS AND METHODS 

Two different aqueous polymer solutions were prepared for rheological and microrehological measurements. 
One is sodium polystyrene sulphonate (PSS) with molecular weight 1 x 106 g/mol and the other is 
carboxylmethyl cellulose (CMC) with molecular weight 90 g/mol. Three concentration sets, each of 0.01, 0.1, 
1 and 2 weight percent for each polymer were prepared. For microrhelogical measurements polystyrene 
particles of two sizes (1 μm and 4 μm), purchased from Sigma Aldrich, were diluted in water. The total 
amount of sample was 5 ml containing 10 μl of particle solution opposed to classical rheology for which  
20 ml of sample is needed. After adding microprobes, samples were vortexed and immediately measured.  

High speed camera Canon EOS 550D mounted on the top of Nicon Eclipse E200 microscope of frame rate 
30 frames per second and maximum resolution 1920x1080 pixels was used. Sample of amount 13 μl was 
placed on the glass slide, covered by the cover slide and silica oil was applied to avoid sample evaporation. 
Three movies 5 seconds long were obtained using objective of magnification 40x in MOV format. Each 
movie was converted to AVI format, adjusted and cropped using VirtualDub–1.9.11 software. Particles in 
sample were tracked in ImageJ and final MSD (t) calculated in MS Office Excel 2007. For classical rheology 
Reometer AR G2 was used with double–gap cylindrical geometry and cone and plate geometry C60mm/1°. 
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3. RESULTS AND DISCUSSION 

This work is focused on designing model experiments for polymer colloids characterization focusing on their 
microstructure. Nevertheless, the main attention is paid to microrheology, it´s technical design calculation of 
resulting functions and parameters and comparison of results with classical rheology results. Samples were 
prepared according to the procedure described above and movement of the particles was recorded on the 
camera and processed using several software. After detecting each particle in the movie their trajectories 
can be plotted as it is visible in Fig. 2 . Particles moved in lower viscosity material faster than particles 
embedded in higher viscosity materials. This fact was observed for CMC and also in PSS. In case of lower 
concentration polymer solution 1 μm polystyrene particles move intensively than the same particles in 2 % 
polymer solution. In lower viscosity material, particle is still able to disturb its polymer structure unlike particle 
in the higher viscosity sample, where the concentration of polymer chains is higher and the movement of the 
particle cannot be so facile. Passive microrheology is based only on the thermal motion of particles, which is 
totally random. On the basics of this fact we can say, that both materials used for measurements are mostly 
homogeneous, because of the random and comparable probe mobility across the sample. 

 
Fig. 2  Trajectories of 1 μm particles in CMC solution (A – 0.01 %, B – 2 %) 

 
Fig. 3  Ensemble averaged mean–squared displacements MSDs (t) of PSS using 1 μm PS particles 
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Mean squared displacement of particles group from the sample was calculated to demonstrate viscoelastic 
behavior of investigated material. Fig. 3  supported the theory of homogeneous material, because the 
function MSD is linear in given time interval, which is relatively short due to the restricted experimental setup 
and lack of experiences in data analysis. Nevertheless all data exhibit expected development with increasing 
concentration of polymer colloids, diffusion coefficient decreases with increasing concentration of the sample 
and the viscosity has increasing tendency for both polymers. 

 
Fig. 4  Viscosity of CMC from classical rheology and passive microrheology (1 μm particle) 

measurements 

 

Fig. 5  Viscosity of PSS from classical rheology and passive microrheology (1 μm particle) measurements 

Fig. 4  shows exponential increase in viscosity with increasing concentration and comparison of classical 
rheology and passive microrheology results of CMC. For lower concentration polymer results from both 
methods are comparable contrary to the highest concentration sample, where the large difference is visible, 
which generally point out variances in micro and macrostructure of the sample [9,10,11,12]. Similar results 
were obtained in case of PSS (Fig. 5 ), viscosity increases linearly for classical rheology and microrheological 
measurements are incomparable for high viscosity samples. Considering pilot microrheology experiments, 
experimental setup, level of experience and, this mismatch is most likely caused by the limiting viscosity of 
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the sample using passive microrheology measurements. Comparison of microrheology methods using 
different size of embedded probes shows almost the same results especially for lower viscosity samples. For 
higher concentration sample inaccuracies are deepened by limited mobility of such big particles in 
concentrated polymer solution. 

4. CONCLUSION 

Possible utilization of microrheology method to study viscoelastic properties of viscoelastic and low viscosity 
materials has been demonstrated. Passive microrheology utilizes the forces generated by thermal energy 
and therefore the system is distorted with the minimal strain possible allowing the monitoring of the 
viscoelastic properties at microscale lengths. Microrheology is an emerging method mainly due to its high 
sensitivity and because it can provide complementary information to classical rheology measurements. The 
method own potential to measure mechanical responses in small sample volumes inaccessible to classical 
rheology.  

Comparison of classical rheology and microrheology methods was study using two polymer solutions, CMC 
and PSS for their widely industrial use. From our results we observe increase in viscosity with increasing 
concentration of polymer solution in case of classical rheology and also passive microrheology 
measurements. Discrepancies in results of highest concentration samples are generally caused by the 
differences in macrostructure measured by classical rheometer and microstructure of the sample obtained 
using passive microrheology. Taking into account character and structure of the samples, novelty and high 
sensitivity of the method, some differences in result can be affected also by the level of noise in the sample 
and can also indicate applicability limits of the method. Nevertheless, passive microrheology worth further 
study for its ability to characterize soft material microstructure. 
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Abstract 

State–of–art on hydrogen storage of carbon nanotubes was implemented. Based on current knowledge 
modeling of carbon nanotube for H2 storage performed using molecular dynamics tools. Several single wall 
carbon nanotubes associated in nanorope with boron, nitrogen and phosphor heteroatoms were modeled. 
Physical and chemical properties were investigated in relation to physi– and chemisorption of hydrogen.  

Keywords:  carbon nanotubes, molecular modeling, hydrogen sorption  

1. INTRODUCTION 

More than 20 years after their discovery, carbon nanotubes are still attracting much interest for their potential 
applications, which largely derives from their exceptional structural, mechanical and electronic properties. 
Due to their extraordinary properties, carbon nanotubes hold great promise for future technical applications 
in areas like field emitters, molecular electronics, strength enhancing filler materials, hydrogen storage 
and absorbent materials.  

Carbon Nanotubes (CNTs) are rolled graphite sheets, with inner diameter minimum of 0.7 nm up to several 
nm and a length of 10–100 micron. Tubes formed by only one single graphite layer are called single wall 
Nanotubes (SWNT). For tubes contains multiple concentric graphite layers are called Multiwall Nanotubes 
(MWNT, Fig. 1 ). The interlayer distance in MWNTs is closer then interlayer distance in graphic which has 
a unit cell parameter c (0.5c = 0.3355nm). The diameter of SWNTs varies from 0.671 to 3 nm, where 
as MWNTs show typical diameters of 30–50 nm [1, 2].   

 

Fig. 1  Molecular model of multiwall carbon nanotubes 

The interest as energy storage materials owing to their unique properties was attracted almost immediately 
after discovery. Their hollow morphology and capillary structure may be in favor of electrochemical hydrogen 
storage. Hydrogen is a very clean and efficient energy source – when it burns the only by–product is water– 
and it is being looked to as an environmentally friendly next generation fuel. Materials that can store 
and release hydrogen are therefore highly desirable, but efforts to develop carbon materials for this purpose 
have only managed modest hydrogen uptake. In 1997, Dillon et al.[3] discovered that SWNTs have a high 
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reversible hydrogen storage capacity. Thereafter, many research groups started to conduct hydrogen 
storage researches and have made remarkable progresses. In their pioneering work, Dillon et al. showed 
that hydrogen can condense to high capacity (estimated to 5~10 wt%) inside narrow SWNTs, and predicted 
that SWNTs with diameters of 16.3 to 20 Å would come close to the target capacity of 6.5 wt%. 
The adsorption of H2 in SWNT was investigated with temperature programmed desorption (TPD) 
spectroscopy and it suggested that physical adsorption of hydrogen mainly occurred within the cavities 
of SWNTs. 

Efficient storage of hydrogen at room temperature is a bottleneck problem for hydrogen–based energy 
applications. A simple way of hydrogen storage and release by bending carbon nanotubes (CNTs) at room 
temperature is demonstrated using molecular dynamics (MD) simulations. A large number of hydrogen 
molecules can be put in CNTs at low temperatures, and then the hydrogen molecules can be completely 
encapsulated in the CNTs by bending the CNTs to a critical angle. The critical angle decreases 
with increasing CNT length, while it increases with increasing hydrogen number and temperature. [10] 

Hydrogen storage materials can be divided into two categories: 1. dissociation of the hydrogen molecules 
and chemical binding as hydrides; 2. physisorption of hydrogen molecules on support surfaces. Clearly, 
the most important characteristics of the latter are a large surface area coupled with a strong binding 
potential. Theoretical studies have found that the interaction between hydrogen molecules and carbon 
nanotubes proceeds through the physisorption of hydrogen on the exterior and possibly on the interior 
surfaces. CNTs appear to be an optimum solution with respect to their chemical stability, low density, 
and large surface area. 

2. METHODS FOR CARBON NANOTUBES ACTIVATION 

It was proven that activation or other modification of carbon nanotubes leads to higher efficiency of hydrogen 
absorption as well as storage yield. Table 1  summarizes the most important methods of modification 
of carbon nanotubes.  

Table 1  The most important methods of modification of carbon nanotubes 

Method Means of 

modification 

Advantage Effect Storage 

enhancement 

Chemical activation 

[11,12] 

KOH, 
acid 

Higher surface 
area, defect 
creation 

Adsorption H2 at 
defect place 

Up to 4.7 wt.% at 
298 K/100 bar 

Metal decoration [5,7, 

8, 9] 

Pd or V,Ag Pt; introduce 
hydrogen–
favorable active 
sites 

H2 adsorbs on 
metal place 

Up to 3x higher at 
298 K/100 bar 
compare original 
CNT 

Alkali doped [6,14,] K or Li chemical 
dissociation occurs 
inside the 
nanotubes 

H2 in inner parts 
and associated 
with moisture 

2 wt% of hydrogen 

Milling [13] Mechanical 
activation 

increase of defects 
and surface area 

Shorter nanotubes 6x higher compare 
to original material 

Heteroatoms [17,18] P, N, B higher redox 
potential than that 
of carbon and the 
lower standard 
free energy of 
hydrides formation 

Chemically and 
geometrically 
advantaged places 
of substitution 

Up to 2 wt.% of 
hydrogen storage 
capacity at 
8 MPa/300 K. 
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3. SIMULATION OF THE HYDROGEN SORPTION 

Many publications have been dedicated to the theoretical study of hydrogen adsorption on CNTs. 
The chemisorption model calculations have been studied by density functional theory (DFT) based methods, 
while the prediction of hydrogen storage capacity of CNTs, based on the assumption of physical adsorption 
have been carried out mainly by Monte Carlo dynamic simulations.  

The influence of Li–doping arrangement, doping–site position and doping ratio on hydrogen physisorption 
in a Li–doped SWNT array at room temperature and moderate pressure. The influence of doping–site 
position and doping ratio on hydrogen storage is remarkable. With the best doping scheme and the 
reasonable control of SWNT array’s structure and size, the hydrogen storage capacity of a Li–doped SWNT 
array can reach and exceed 9 wt.% at normal temperature and moderate pressure.[15] No essential 
difference was detected among armchair, zigzag and chiral nanotubes as concerns their ability to host 
hydrogen molecules inside them. The total amount of the hydrogen inside the nanotubes is very small and 
H2 molecules outside the nanotubes do not ‘stick’ to them at higher temperatures. The results of the 
calculations seem to indicate that high hydrogen content in the nanotubes cannot be achieved through 
physisorption [16]. 

4. SELECTED MODELS OF SWCNT NANOROPE WITH HETEROATO MS  

The computational study was made using Forcite and Adsorption locator in Accelrys Materials Studio 
software environment [19]. In order to investigate the adsorption of atomic hydrogen on SWCNTs nanorope, 
we perform a series of total energy calculations using adsorbate locator module (max force 0.002 Ha/A, 
energy 1 × 10–5 Ha, max displacement = 0.005 A, and max step size = 0.3 A). For substitutional doping, 
we replace, randomly, some carbon atoms by B, N, P atoms (1.4 % of heteroatoms) followed by geometric 
optimization to study their effects on hydrogen adsorption using Forcite module with the following 
parameters: (energy = 2 × 10−5 kcal/mol, force = 0.001 kcal/mol/A, and displacement = 1 × 10–5 A). 
The geometry optimization process is carried out using an iterative process, in which the atomic coordinates 
are adjusted until the total energy of a structure is minimized. 

Adsorbed molecules of hydrogen were differently located in nanoropes with different heteroatom. The lowest 
system energy was obtained if hydrogen molecules were located inside the SWCNT (Fig. 2 ), while external 
location increased the energy. Comparing all three atom boron, nitrogen and phosphor the most elevated 
system was observed in case of nitrogen, where the energy was varying just by 3 kcal/mol, while in case 
of non–doped SWCNT nanorope or boron doping the difference between the highest and the lowest 
calculated energy was about 10 kcal/mol.   

 

Fig. 3 Molecular models of SWCNT nanorope bundle with 1.4 % of N heretoatoms with lowest energy 
of system 
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CONCLUSION 

Several models of SWCNT nanorope with heteroatoms were investigated for adsorption abilities of hydrogen 
molecules. Comparing all systems the most favorable and stable seems to be system with nitrogen since 
the energy doesn’t fluctuate much.  
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Abstract  

The work is focused on characterization of diluted model Cu–Co alloys with Co content from 2 to 4 wt.% after 
various thermal treatment. After initial annealing at 1273 K followed by water cooling, further annealing of the 
oversaturated solid solution in the range 773 to 1073 K generated a fine distribution of Co–rich precipitates. 
Parameters of microstructure were characterized by means of transmission electron microscopy with energy 
dispersive X–ray analysis. 

Keywords: microstructure, analytical electron microscopy, precipitation, Cu alloys 

1. INTRODUCTION 

Thermomechanical processing of materials is the common way of tuning their mechanical and physical 
properties. Starting from an oversaturated solid solution and using a proper combination of annealing time 
and temperature, various precipitation hardened microstructures differing in secondary phase particles size, 
density, distribution, shape, coherency with matrix etc. can be produced. Controlled microstructural 
parameters further determine also mechanical properties of materials [1,2]. In such way thermal treatment 
can be optimized to reach desired mechanical qualities. Precipitation hardening and solid solution 
strengthening are commonly used in many groups of commercial alloys (namely steels and light metal 
alloys). Thermal processing is often combined with mechanical processing to reach optimum results. Besides 
classical rolling and forging, the processes of severe plastic deformation (SPD) and namely the equal–
channel angular pressing (ECAP) of bulk metallic materials has been explored in the last two decades to 
produce ultrafine–grained (UFG) structures with prominent mechanical properties. Depending upon the 
processing regimes ECAP may influence the microstructure in a number of significant ways. At various 
processing temperatures, precipitate dissolution and/or formation and coarsening may occur. The 
interactions between various processes will depend in practice upon both the alloy initial microstructure and 
the processing parameters. 

In our previous works we studied the mechanical properties and microstructure of pure Cu and Cu–Co alloys 
after ECAP [3–6]. In this work we focus on microstructural details of secondary phase precipitation 
characterization in diluted Cu–Co alloys with Co content from 2 to 4 wt.% after thermal treatment in the 
range 773 to 1073 K. Dilute alloys of the Cu–Co system are unique, since small ferromagnetic Co 
precipitates are formed in the non–magnetic Cu matrix during aging. This system has therefore been 
investigated as a precipitation–hardening alloy. ECAP application to systems with ferromagnetic precipitates 
in a non–magnetic matrix may open up new possibilities for materials science [7]. The details of the 
microstructure occurring during aging have been extensively studied by transmission electron microscopy 
(TEM) [7 and references therein]. Coarsening kinetics of Co precipitates in Cu–Co alloys was recently 
studied also by Watanabe et al [8–10].  

2. EXPERIMENTAL 

Alloys with nominal composition Cu – 2 wt.% Co and Cu – 4 wt.% Co were prepared by casting and 
subsequent heat treatment of ingot followed by rolling. Another heat treatment at 1273 K for 10 hours 
followed by water cooling was applied to obtain a homogeneous structure in the state of supersaturated solid 
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solution. Further annealing of small samples 4×4×10 mm sealed in evacuated quartz ampoules in the range 
773 to 1073 K generated materials with various distribution of Co–rich precipitates. 

The microstructure was studied using a Philips CM12 STEM transmission electron microscope with an EDAX 
energy dispersive X–ray (EDX) analytical system. Alternatively a JEOL 2100F JSM transmission electron 
microscope with EDX analytical system Aztec and XMax 80 detector by Oxford Instruments was used. 

3.  RESULTS AND DISCUSSION 

Typical TEM micrographs of early stages of precipitation with selected area diffraction (SAD) patterns are in 
Fig. 1 . Characteristic “coffee–bean” contrast is observed with central line of no contrast perpendicular to 
diffraction vector. There are no extra spots in SAD patterns as the precipitates are fully coherent with 
surrounding matrix and adapt the same face centred cubic (fcc) crystal structure, despite the equilibrium 
crystal lattice of bulk Co is close packed hexagonal. 

 

Fig. 1  TEM micrographs of coherent nanoparticles found in Cu–2Co alloy after annealing at 873 K for 20 min 
(a) and 973 K for 6 h (b) together with selected area diffraction patterns 

 

Fig. 2  Bright field scanning TEM micrograph together with elemental maps of Cu and Co distribution 
measured by EDX in Cu–2Co alloy annealed at 973 K for 20 min 

The observed contrast is caused by elastic distortion of the matrix around precipitates. This type of coherent 
spherical precipitates was found in Cu–2Co samples annealed at temperatures 773 K (5 min and 20 min), 
873 K (5 min and 20 min) and 973 K (5 min, 20 min, 80 min and 6 h) and in Cu–4Co samples annealed at 
973 K for 1 hour. Size of coherent precipitates increased with both annealing temperature and annealing 
time according to LSW theory [11–12]. The average particle diameters obtained from TEM micrographs 
ranged from 3–5 nm (annealing Cu–2Co for 5 min at 773 K) to about 50 nm (annealing Cu–2Co for 6 h at 
973 K). Fig. 2  shows the distribution of elements measured on a thin foil by EDX in TEM. 

Coarser Co–rich particles (50 to 200 nm) were found in several samples. Their presence was promoted by (i) 
longer annealing, (ii) higher annealing temperature and (iii) higher nominal level of Co in the alloy. An 
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example is shown in Fig. 3 . Particles have appearance distinctly different from small particles described 
above: they have regular shape and according to position of extra reflections in SAD pattern they have 
cube–on–cube orientation with surrounding matrix. They are often decorated by Moiré fringes which change 
their orientation according to diffraction vector used for imaging (compare the two similar micrographs in Fig. 
4). The distribution of elements measured on a thin foil by EDX in TEM in the sample with the coarser 
precipitates is illustrated in Fig. 5 . 

 

Fig. 3  TEM micrograph of Co–rich precipitates in Cu–4Co alloy annealed at 1073 K for 1 h and SAD pattern 
showing extra spots from precipitates 

 

Fig. 4  TEM micrographs showing the change of Moiré fringes direction with diffraction vector used for 
imaging (Cu–4Co alloy annealed at 1073 K for 1 h) 

 

Fig. 5  Bright field scanning TEM micrograph together with elemental maps of Cu and Co distribution 
measured by EDX in Cu–4Co alloy annealed at 1073 K for 1 h 
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Our results can be compared to the observations and quantification reported in the literature [8]. Qualitative 
comparison fits very well, Watanabe et al observed small spherical particles at lower temperatures and 
annealing times and rectangular projections of particles after longer time and/or higher annealing 
temperatures. In all cases the cube–on–cube orientation was preserved [8]. On the other hand, using 
coarsening parameters reported in [8] (namely K=5.80 for Cu–2Co at 873 K, K=109 for Cu–2Co at 973 K, 
K=9.23 for Cu–4Co at 873 K and K=160 for Cu–4Co at 973 K, all K’s given in 10–30m3/s) we enumerated 
precipitate diameters several times lower than observed experimentally. So far we do not have any 
explanation for this discrepancy. 

4.  SUMMARY 

Microstructural details of secondary phase precipitation in diluted Cu–2Co and Cu–4Co alloys in the range 
773 to 1073 K were studied. Co–rich precipitates are coherent and have cube–on–cube orientation with the 
surrounding matrix. The crystal structure of particles is face centred cubic (despite the equilibrium crystal 
structure of Co being close packed hexagonal). In the studied range of annealing conditions and alloy 
compositions two types of precipitates can be distinguished according to shape, size and characteristic 
contrast in TEM micrographs. Smaller precipitates (size 2 to 50 nm) are spherical with coffee–bean contrast 
and no extra spots in electron diffraction patterns. Coarser precipitates (over 50 nm) have regular shape and 
they cause extra reflections in SAD patterns. They are often decorated by Moiré fringes which change 
orientation according to diffraction vector used for imaging. 
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Abstract 

A measuring technique is intended for displacement and position sensing over a limited range with detection 
of standing–wave pattern inside of a passive Fabry–Perot cavity. In this concept we consider locking of the 
laser optical frequency and the length of the Fabry–Perot cavity in resonance. Fixing the length of the cavity 
to e.g. a highly stable mechanical reference allows stabilizing wavelength of the laser in air and thus to 
eliminate especially the faster fluctuations of refractive index of air due to air flow and inhomogeneity. 
Detection of the interference maxima and minima within the Fabry–Perot cavity along the beam axis has 
been tested and proven with a low loss transparent photodetector with very low reflectivity. The transparent 
photodetector is based on a thin polycrystalline silicon layer. Reduction of losses was achieved thanks to a 
design as an optimized set of interference layers acting as an antireflection coating. The principle is 
demonstrated on an experimental setup.  

Keywords: nanometrology, nanopositioning, Fabry–Perot cavity, standing wave, interferometry 

1. INTRODUCTION 

Techniques for measurement or real objects are based on interference of light of a highly coherent laser 
source. Incremental interferometry techniques derived from a Michelson interferometer become a 
cornerstone for measurement of geometrical quantities in primary metrology, calibration of mechanical length 
standards and also in industrial applications where ultimate precision is needed. Improvement of resolution 
compared to simple counting of a length element – the wavelength – has been achieved by a combination of 
optical techniques and advanced electronic digital signal processing of the interference signal.  
Stability of the optical frequency of laser sources which has been achieved recently is very precise. 
Traditional He–Ne lasers stabilized to the active Doppler–broadened line in Ne can operate with relative 
frequency stability on the level 10–8 – 10–9, He–Ne laser stabilized through subdoppler spectroscopy in iodine 
on the 10–11 – 10–12 level and the potential of iodine stabilized lasers based on frequency doubled Nd:YAG is 
very close to the 10–14 level [1, 2]. The search and effort for improvement of percision of interferometric 
measuring tools includes not only highly stable laser sources, but also reduction of noise, better optics, 
higher resolution through optical and electronic techniques, linearization, etc. [3, 4, 5, 6, 7] The refractive 
index of air represents a major source of uncertainty.  

Measurement of the refractive index became a part of any interferometric setup that cannot be avoided. 
Precise laboratory comparisons of interferometers and fundamental metrology calibrations are performed 
with the help of a refractometer – interferometric system designed to measure the refractive index.  While the 
evaluation of the refractive index of air through direct refractometery under laboratory conditions can be done 
with the uncertainty close to the 10–9 [8, 9, 10]. The most precise laboratory techniques seem to be those 
exploiting optical frequency comb synthesis [11, 12]. In case of all commercial interferometric systems the 
compensation of index of refraction of air is done by measuring of the fundamental atmospheric parameters 
– temperature, pressure and humidity of air, accompanied in some cases by the measurements of 
concentration of carbon dioxide. The value of refractive index is extracted by evaluation of empirical Edlen 
formula [13, 14, 15, 16]. 
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All measurements of the refractive index of air performed by refractometers or by evaluation of the Edlen 
formula suffer one principal limit which is the fluctuations of air along and around the laser beam axis 
together with thermal gradients present in the air – mainly in the vertical direction. To reduce this effect we 
proposed an interferometric measuring system designed to operate within a defined measuring range 
combining refractometry and displacement interferometry with a single beam path. This concept links the 
value of refractive index of air to the mechanical reference – a highly stable frame made of a material with a 
low thermal expansion coefficient. This concept has been demonstrated in a regime of stabilization of 
wavelength [17]. In [18, 19] we reported a new design with better mechanical stability This arrangement was 
tested in a regime of tracking refractometer with in–line monitoring of the refractive index.  

The idea of stabilized wavelength within a certain defined measuring range leads quite directly to a cavity – 
based design. A passive Fabry–Perot cavity has been traditionally used as an etalon for laser frequency 
stabilization in a large number of configurations and applications. Linking a laser optical frequency to a 
resonance of the cavity means in fact a stabilization of wavelength within a cavity where the standing wave 
has been generated. We tried to use this “grid” of the standing wave as a reference for direct position 
sensing. The concept of measuring within a standing wave generated by a reflector has been reported 
previously [20], but we propose here the measurement within a cavity together with the effect of stabilization 
of wavelength.  

2. EXPERIMENTAL CONFIGURACION 

In [21, 22, 23] a transparent photodetector has been reported even in a design with two active domains 
separated by a distinct spacing suitable for generation of quadrature signals usual in displacement 
interferometry. Suitable balance between the losses caused by the detector to the beam passing through 
and its sensitivity has to be found when it should be placed into a passive resonant cavity in Fig. 1 . 

 

Fig. 1  Configuration with a passive Fabry–Perot cavity. M: cavity mirror, PD: photodetector, TPD: transparent 
photodetector, F: fiber–optic light delivery, B: baseplate, La, L: displacement and overall length 

The link between the wavelength and mechanical reference here is in principle simple, the laser optical 
frequency has to be locked to the resonance of the passive cavity either through tracking the transmission 
maximum or reflection minimum. Stabilization of the cavity length to the laser optical frequency gives little 
sense, when length has to be measured. So the mechanically highly stable cavity is the reference and 
varying refractive index inside causes variations of optical length and controlled laser frequency. The laser 
optical frequency control has to cover a range large enough to follow the range of changing environment.  

2.1 Low–loss transparent photodetector 

Low–loss transparent photodetector with very low reflectivity is the key component for position sensing inside 
a passive Fabry–Perot cavity. Our design is a detector in a form of a thin photoresistive silicon coating with 
conductive electrodes on both sides. This setup consists of a fused silica substrate, active silicon layer and a 
set of antireflection coatings. The set of layers including the active one was proposed and optimized for 
minimum reflectivity as a whole system. Configuration of the detector is in Fig. 2 .  
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Fig. 2 Transparent photodetector design. Si: silicon layer, S: fused silica substrate, E: titanium electrode, AR: 
antireflection coatings, W: wiring 

3. INTRA–CAVITY POSITION SENSING RESULTS 

The concept of intra–cavity position sensing was demonstrated in a setup with a hemispherical resonator. A 
stable configuration with 200 mm mirror spacing and a concave mirror with 800 mm diameter of curvature 
were chosen. The cavity was fed by a low–noise, frequency doubled Nd:YAG laser designed for metrology 
applications equipped with double PZT tuning. Faraday isolator protecting the laser from retroreflections and 
a telescope for beam shaping were placed between the laser and cavity. The beam coupling was adjusted to 
achieve a fundamental TEM00 mode in the cavity.  

The experiment described here was a proof of concept so the cavity body was assembled as a four–rod 
assembly with unspecified thermal expansion. Locking of the laser optical frequency to the resonance of the 
cavity was done via modulation of the laser frequency and phase–sensitive detection with 1–f derivative 
spectroscopy technique. The level of frequency modulation was set small compared to the cavity linewidth to 
reduce its influence to the level of signal detected by the transparent photodetector. To proof the ability of the 
system to measure position within the cavity the transparent photodetctor was moved on a PZT driven 
nanopositioning stage along the beam axis. Recording of the detector output is in Fig. 3 . 
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Fig. 3  Recording of the output of the transparent photodetector during motion along the beam axis within the 
passive Fabry–Perot cavity 

To evaluate the behavior of the cavity with inserted transparent photodetector we monitored the output from 
the photodetector measuring transmitted light at the output from the cavity in Fig. 1  together with the voltage 
driving laser PZT optical frequency tuning synchronously with the recording of the position sensing in Fig. 4 .  
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Fig. 4  Recording of the output of the photodetector used for the detection technique for stabilization of the 
laser optical frequency to the cavity (top) together with the laser tuning voltage in the control loop 

The recordings in Figs. 3  and 4 were recorded with quite slow motion. The modulation frequency for lock of 
the laser optical frequency to the cavity resonance was 1 kHz, limited by the bandwidth of the response of 
the PZT. Signal detected by the detector monitoring cavity output has a superimposed noise that relates 
primarily to this modulation. Still the amplitude of this modulation is negligible compared to variations caused 
by the motion of the transparent photodetector.  

Output from the photoresistive transparent photodetector in Fig. 3  has quite a large superimposed voltage 
offset due to the resistance of the active silicon layer. The useful signal represents here only small change in 
resistivity on the level of few %. This results in relatively poor signal–to–noise ratio. Further development of 
the technology of the detector will be needed. 

Simultaneous recording of the control voltage keeping the laser locked to the resonance of the cavity was 
possible due to double–PZT configuration of the laser, where one with smaller sensitivity and faster 
response served for modulation, the other for independent tuning. The recordings show that the losses 
introduced by the transparent photodetector influence the power buildup in the cavity and its quality factor. 
This results in synchronous variations of the optical power at the cavity output. Coincidence of the thin 
(compared to the wavelength) absorptive Silicon layer with a resonant maximum results in increased losses 
and drop in the output power. It is important to see that the control voltage keeping the laser locked to the 
cavity resonance does not show any variations associated with the shift of the transparent photodetector 
over resonant maxima and minima. This shows good quality of the set of AR coatings deposited on the 
active layer. The detector does not produce reflections in any direction and does not generate an effect of 
coupled cavities that would surely produce additional resonance effects and cause discontinuities in the laser 
control tuning.  

4. CONCLUSION 

This technique based on a concept combining a stabilization of wavelength to a stable mechanical cavity 
together with position sensing in the same beam axis represents a significant step towards raising precision 
of practical dimensional metrology especially in the nanoscale region. In configurations where the laser 
interferometer(s) measure a displacement of a defined object (such as movable table of a microscope) over 
specified range there might be the right chance to implement the compensation of refractive air fluctuations. 
The increase of complexity and cost of two–directional measurement can be considered relatively small 
compared to the sophisticated positioning stages with angle and motion control. The application of such 
systems seems to be directed into primary nanometrology in combination with tools such as local probe 
microscopy and related techniques. 

We have shown that the concept of stabilized wavelength can be realized also in a passive Fabry–Periot 
cavity, a traditional etalon for stabilization of optical frequencies. The etalon when made out of a material of 
high mechanical stability and low thermal drift can combine both referencing and measuring features. The 
arrangement presented here describes a design of a transparent photodetector with losses low enough to be 
operated inside of a cavity and reflectivity also low enough to avoid reflections and coupled cavities effect. Its 
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ability to detect displacement within a grid of interference maxima and minima inside of a cavity with 
stabilized wavelength was proven. Its coincidence with resonance maximum results in higher losses 
compared to coincidence with resonant minimum. This results in variations in the cavity Q–factor and optical 
power in the cavity but does not result in optical frequency shift. The stability of the wavelength within the 
measuring range given by the cavity length is preserved. This arrangement when equipped with quadrature, 
direction resolving detection can operate as a fully length measuring interferometer with suppression of 
fluctuations of the refractive index of air. 
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Abstract   

We present an overview of new approaches to the design of nanometrology measuring system with a focus 
on methodology of nanometrology interferometric techniques and associated problems. The design and 
development of a nanopositioning setup with interferometric multiaxis monitoring and control involved for 
scanning probe microscopy techniques (primarily atomic force microscopy, AFM) for detection of the sample 
profile is presented. Coordinate position sensing allows upgrading the imaging microscope techniques up to 
quantified measuring. Especially imaging techniques in the micro– and nanoworld overcoming the barrier of 
resolution given by the wavelength of visible light are a suitable basis for design of measuring systems with 
the best resolution possible. The system is being developed in cooperation with the Czech metrology 
institute and it is intended to operate as a national nanometrology standard combining local probe 
microscopy techniques and sample position control with traceability to the primary standard of length. 

Keywords : nanometrology, interferometry, traceability, local probe microscopy, nanopositioning 

1. INTRODUCTION 

Laser interferometry is one of the most useful and powerful tools in the dimensional measurement. It offers 
high resolution, relatively simple optical setups and the most important aspect is its opportunity to fulfill the 
metrological traceability to the primary standard of length – highly stable laser. Primarily semiconductor 
industry, precision engineering and high–resolution imaging microscopy based techniques need to be the 
ultimate positioning and dimensional measuring systems. Due Thanks to this, multidimensional laser 
interferometric measuring systems have a wide impact in the metrology of length. Lengths that are being 
measured are large multiples of the wavelength, in an incremental regime interferometry offers virtually 
unlimited dynamic range within the coherence length of the laser source. Measurement far below the 
wavelength limit together with the need to image and quantify dimensions on the nanoscale generates 
specific problems so complex that nanometrology constitutes a new discipline of metrology. 

Measurement of dimensional quantities of objects in the micro– and nanoscale derives much from the 
coordinate measuring systems (CMMs) in the macroscale. It combines some sort of a sense with dimensions 
in the same range as the desired resolution, with a microscope with a measuring system able to deliver the 
resolution and precision needed on the nanoscale with traceability to the primary length standard, if possible 
direct. This concept of instrumentation for nanometrology has evolved into a nanometrology standard. It can 
offer imaging of the structure and detailed scanning of the topography; eventually other types of local probe 
allow investigation of various physical properties of the sample. The resulting assembly thus consists of a 
combination of a microscope, a positioning system and a coordinate length interferometer linked to the 
positioning system. The most common standard configuration emerges in the form of an Atomic force 
microscope (AFM) with a fixed position probe (tip) and a scanning stage with the sample and dimensions 
measuring interferometers [1, 2]. 
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One of the key features of primary standard of metrology – traceability of the measured quantity to a primary 
standard – here interferometric position measurement is secured through the laser source which should 
operate on one of the wavelengths coinciding with transitions in a suitable absorbing media [3]. Stable 
optical frequency represents stable wavelength in vacuum; under atmospheric conditions this conversion to 
wavelength needs an evaluation of the refractive index of air [4]. On the nanoscale where the measuring 
range may be only tens or hundreds of wavelengths the interpolation of a single fringe becomes a crucial 
aspect. Precision and stability of the arrangement for measuring within a limited measuring range is often 
primarily a mechanical problem in which the positioning stage should deliver sensitivity and resolution which 
is in relation to the measurement. PZT driven flexture stages can cover tens or hundreds of micrometers but 
to put together a larger scale system becomes a challenge in mechanical engineering [5]. 

2. CONFIGURATION OF MULTI–AXIS SYSTEMS 

Development of the nanometrology techniques gradually resulted in two concepts distinguished by the 
measuring range. It proved to be technically impossible to cover a large range with the ultimate precision and 
resolution. Scanning over an area below approximately 1 x 1 mm can be done with PZT driven flexture 
stages with virtually no backlash, and sensitivity and resolution on the nm level or better [6, 7]. The design of 
the stage relies on flexible joints and suffers moderately from the presence of guidance errors over the 
scanning range. On a small–range scale they may be considered negligible when the system configuration 
follows the Abbe principle, the microscope probe coinciding with all the measuring axes [8].  

Positioning stages covering ranges over 1 mm or even several cm represent a great challenge especially 
from the point of view of the mechanical design. They require designs with a sophisticated flexture lever 
system [9, 10] or high–quality guidance reducing the backlash [11]. Covering a large range needs to 
incorporate the stepping, integrating or incremental principle, extending the dynamic range without sacrificing 
resolution [12]. Even larger range systems have been designed, they can be seen as small 3D coordinate 
measuring systems targeting the micro–, not the nanoworld [13]. 

Measurement of the stage positioning means coordinate measurement, at least in two axes in the horizontal 
plane; measurement in the vertical axis realizes 3D control [14]. Guidance errors resulting in tilting the stage 
may introduce cosine errors into the path measured by the interferometers and distortion of the scanned 
surface on a scale that can be considered not negligible. Full monitoring or control of the stage position 
requires six–axis measurement where the angular deviations, pitch, roll and yaw are independently 
measured. Reduction of the guidance (angle) errors can be a part of the mechanical design and the whole 
system in a full feedback control regime or it may rely on the once measured and guaranteed straightness of 
motion. 

Commercially available systems for the length interferometry are based on He–Ne laser as a source of 
coherent radiation with good primary stability, moderate noise, simplicity and good optical properties of the 
laser beam. Output power for a single–frequency laser at the 1 mW level is enough to feed a limited number 
of interferometric units, usually not more than three. Stabilization of the optical frequency is derived from a 
Doppler broadened gain profile of Ne. An alternative laser source can be a frequency doubled Nd:YAG laser 
that is able to be operated in a single–frequency regime with an output power of 100 mW or even more [15]. 
This can facilitate more complex interferometric setups with additional measuring axes and incorporating 
fiber–light delivery. These laser sources also offer better long– and short–term frequency stability which 
causes the reduction of the overall measurement uncertainty [16, 17]. Traceability to the primary standard of 
length has to be secured through linear spectroscopy of molecular iodine in an external absorption cell [15] 
offering sufficient frequency stability in 1e–9 order and better (dependent on the stabilization system). 



 Oct 16th – 18th 2013, Brno, Czech Republic, EU 

 

 

799 

3. DESIGN 

Our effort in the field of development of nanometrology systems was motivated by a project to design a 
national nanometrology standard. We concentrated on a configuration combining an AFM microscope with a 
commercial nanopositioning stage and a set of interferometers monitoring the position of the sample table in 
all six degrees of freedom together with an active feedback control compensating for the stage guidance 
errors.  

Our design of position sensing uses an arrangement of six independent displacement measuring 
interferometers. Interferometer assembly consists of three systems measuring vertical z–motion each of 
them oriented 120° with respect to each other and the center of the stage. They measure vertical 
displacement. The guidance errors in a form of pitch and roll angles are evaluated from differences of the 
three vertical values. X displacement is monitored by a single interferometer and y–position is measured by 
two which gives the information about the third angle rotation according to the vertical axis (the yaw angle) 
[18]. The nanopositioning x − y − z stage is a PZT driven system with 200 μm travel range in both x and y 
axes and 10 μm range in the vertical z axis. Our design can be considered a small range system where we 
concentrated primarily on the resolution and sensitivity for measuring of small samples. 

The design of the mechanics is derived from previous testing arrangements [18–20]. The configuration 
consists of two frames, one representing a baseplate holding the nanopositioning stage and the second 
being the metrology frame enclosing the positioning stage and the mount for the set of all six interferometers. 
The metrology frame is made from Invar alloy, a material with low thermal expansion. The interferometric 
units are mounted into frames made by milling again from Invar alloy, the same material as that of the frame. 
Attachment preserves the principle of reference point and allows two angle adjustments through 
micropositioning screws. The sample holder plate is made from Invar to eliminate thermal expansion effects 
– the thermal drift of the frame is compensated by the plate.  

Interferometer units were designed and manufactured especially for this purpose. The optical setup was 
chosen as a simple plane–mirror interferometer. The primary motivation was driven by reduction of the 
thermal effects where the reference and measuring beam paths in the bulk optics was kept the same and 
thus compensating themselves. When the referencing of the interferometer to the metrology frame is at the 
front plane of the beamsplitter where the measuring beam leaves the glass thermal expansion of the optics 
is effectively compensated by adequate increase of the reference beam path. Otherwise thermal expansion 
of the glass components introduces additional uncertainty. The trade–off due to reduced resolution of the 
single–pass configuration was considered negligible. The configuration of the interferometric units is shown 
in photo in Fig. 1 .  

 

Fig. 1  Photo of a pair of the interferometer units with homodyne detection, adjustment screws and fiber light 
delivery 
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The laser light delivery to the interferometers is fully fibre optic via a single–mode polarization maintaining 
fiber and a polarization maintaining splitter with one input and eight outputs where the light delivery of the 
iodine cell was via a fiber as well. The 8th output was reserved for a 7th interferometer which is intended to 
monitor the vertical positioning of the AFM tip. Resolution of the interferometric detection and data 

processing system here is 10 bit with 1 LSB being the λ/1024 of one cycle of the interferometric signal. The 

λ/4 resolution of the interferometric system itself results in a final value of λ/4096 or a resolution of 130 pm 
for the wavelength of 532 nm employed. The small horizontal and even smaller vertical positioning range 
raises the importance of the linearity of the scale. Linearity of the fringe division is further improved by a 
software linearization algorithm included directly into the signal processing hardware of the interferometer 
signal [21, 22]. 

4. ORTHOGONALITY AND ABBE PRINCIPLE 

In such a complex inteferometric measuring system the elimination of cosine errors needs precise 
adjustment of the measuring axes to an orthogonal system. Multiplicative effect of cosine error would either 
produce a systematic error in displacement measurement or result in wrong control of the guidance errors. 

Plane–mirror multipath interferometers with corner–cube reflectors in both measuring and reference paths 
are able to compensate for angle deviation of the target mirror with no loss of contrast of the interference 
fringes. Our simple design of the interferometric units with plane–mirror configuration results in high angular 
sensitivity of the interference signal to the mirror tilt. This produces angle deviation of the wavefronts of the 
reference and measuring beams and reduces significantly the contrast of the interference signal detected by 
large–surface photodetectors over several mm2 surfaces. The sensitivity is enough to resolve tilt of a few arc 
seconds. This effect was exploited for adjustment of orthogonality of the measuring axes. 

This approach gave us the chance to adjust the orthogonality of multiaxis measuring system with resolution 
at the few arc second level. Otherwise it would have to be adjusted by other, less precise means, e.g. by 
monitoring of the beam position over a larger distance. E.g. the 10 arc second precision would need a spatial 

resolution of 50 µm over 1 m distance. This approach relies, of course, on orthogonality of the reflective 
surfaces of the sample holder. In our case it is equipped with six target mirrors. They were tested for 
parallelism and orthogonality with the help of autocollimator. The measurement has proven that the mirror 
angle misalignment is on the level of 10 arc seconds. The assembly was done with referencing to a large 

optical flat with λ/20 optical quality surface and quartz glass angle etalons with a few arc second errors. 
Thanks to angle adjustment of the interferometers through a visible drop in fringe contrast we are able to 
ensure the orthogonality of all measuring axes at the level of a few tens of arc seconds. Even a better value 
could be achieved when the sample holder was manufactured from fuse silica or Zerodur ceramics. Optical 
technology methods would allow even better angle precision. 

One of the key concepts in the design of multi–axis measuring systems with a (local) probe either for micro– 
or nanoscale is to preserve the Abbe principle. This means the unity of the tip of the probe with intersection 
of the measuring axes of an orthogonal interferometer. In a presence of small guidance errors it allows to 
eliminate their influence to the distortion of the scanned image. Adjustment of the coincidence of the 
measuring tip with the intersection of the measuring beams may rely only on the precision of mechanical 
manufacturing or may be further aligned. Diameter of a collimated laser beam in displacement interferometry 
is often several mm. More, plane–mirror interferometers often measure with two beams, which mean to 
adjust the center to fit the tip. In more, than three–axis setup where some of the axes are measured with 
more interferometers this may be a problem. 

We proposed a system with full control of all six degrees of freedom where the stage covers the positioning 

range with guidance errors up to approx. 10 µrad. We added a set of PZT actuators combining vertical and 
horizontal sheer motion for control of all the tilts with a range large enough to cover this scale. Precise 
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orthogonal straight motion of the stage under servo control allows avoiding the need to follow precisely Abbe 
principle. Distortion of the scanned and measured image is thus avoided. 

The positioning performance of the free–running stage (without feedback control of angle via additional 
PZTs) was tested through evaluation of guidance errors. The maximum deviation of the yaw angle (along the 
vertical axis) proved to be below 10 μrad and the pitch and roll max. at approx. 5 μrad along the travel range. 
With full feedback control of the motion of the stage the guidance errors were kept below the 100 nrad level 
(Fig. 2 ). 

 

Fig. 2  The positioning performance of the stage with and without the full feedback control 

5. CONCLUSION 

Results and concepts presented here are a part of the effort to design of the national standard for 
nanometrology. This is to be operated by the Czech Metrology Institute (CMI) in Brno, Czech Republic. It 
was designed as a small range scanning stage with full six–axis interferometric measurement of the position 
of the sample holder with six independent interferometers. Due to the geometric configuration with a wide 
basis of the two units measuring in the y–direction and the three measuring in the z–direction the angular 
resolution of the whole setup goes down to tens of nanoradians. Its positioning range is limited by a 
commercial stage driven by piezoelectric transducers with an overall of range 200 × 200 × 10 μm.  

The novel approach in the design of the whole system is represented by especially designed interferometer 
units with homodyne detection and thermal expansion compensation. The units with flat mirror configuration 
perform very high sensitivity to the tilt of the target mirror. Together with precise alignment of the mirrors of 
the sample holder it helps use to align orthogonality of the measuring beams with precision on the few tens 
arc second level by angle adjustment of the measuring axis of each unit to achieve maximum contrast of the 
interference signal.  

Full six–axis control of the positioning stage in a servo–loop following the interferometers outputs the 
guidance errors could be efficiently compensated. This allows us not to pursue the Abbe principle with a high 
precision. Distortion of the scanned and measured image of the sample is thus eliminated. 
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Abstract  

Surface enhanced Raman spectroscopy (SERS) was used to examine red dyes alizarin, purpurin and 
rhodamin 6G and a set of blue inks obtained from commercially available pens. Surface enhanced Raman 
spectra were recorded on a silicon/nanocrystalline diamond/silver heterostructure constituting an active 
substrate. The spectra of alizarin and purpurin were well resolved despite similar chemical compositions of 
the dyes. In the blue inks we detected one of the blue dyes belonging to the methyl violet class. 
Conventional Raman spectroscopy can characterize none of the mentioned substances because of a high 
photoluminescence background.  

Keywords:  Surface enhanced Raman spectroscopy (SERS), red dyes, blue inks 

1. INTRODUCTION 

Raman spectroscopy (RS) is a powerful tool for identification of substances and characterization of their 
composition and molecular structure. A wider use of Raman spectroscopy is hindered by the low intensity of 
Raman scattering in some substances and their photoluminescence. Fluorescent processes involve 
excitation of electrons into excited states, subsequent non–radiative relaxation of electrons and radiative 
transition to the ground state. The fluorescent spectrum is superimposed onto the Raman spectrum and 
often it overlays it completely. One of the methods how to eliminate fluorescence is SERS. The exact 
mechanism of the enhancement effect in SERS is still a matter of debate. The electromagnetic theory 
assumes confinement of the impinging wave onto the metal–dielectric interface, with the excitation of 
localized surface plasmon–polaritons being a prominent feature, along with a lightning rod effect and 
propagating surface plasmon–polariton waves [1]. The electromagnetic theory can apply even in those cases 
where the specimen is only physisorbed on the interface or delivered to its vicinity. The local increase of the 
electric field leads to a stronger Raman signal emitted by the vibrating dipole. The increase of the Raman 
signal is preconditioned by fulfilment of specific requirements upon the structure and dielectric properties of 
the material [2]. Such structures allow to observe Raman spectra of the adsorbed layer.  

2.  EXPERIMENTAL MATERIALS AND METHODS  

2.1  Active substrate preparation 

The active substrate for SERS (see Fig. 1 ) consisted of (100)–oriented, antimony doped N–type single 
crystalline silicon (ON Semiconductors Ltd. Rožnov pod Radhoštěm, Czech Republic) onto which a thin layer 
of nanocrystalline diamond (NCD) and a thin layer of silver were deposited. Synthesis of NCD was 
performed by hot filament chemical vapour deposition. Methane and hydrogen were employed as 
precursors. Subsequently, a 15 nm thick layer of silver (99.99 % purity, Sigma–Aldrich) was vapour 
deposited in a thermal vapour deposition system with electrically heated boats. The thickness of the silver 
layer and the deposition rate were monitored by a quartz crystal. The diamond layer contributes to a non–
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uniform arrangement of silver islands during deposition. These wrap single NCD grains hereby creating 
a structured surface suitable for SERS. 

 

 

 

 

 

 

 

 

2.2  Red dyes 

The structures of 3 dyes – purpurin (1,2,4–trihydroxyantrachinon), alizarin (1,2–dihydroxyantrachinon) and 
rodamin 6G – are in Fig. 2 . The dyes were bought from Sigma–Aldrich (alizarin 97 %, purpurin 90 %, 
rodamin 6G 95 %). In the experiment, the dyes were diluted in isopropanol to concentrations 0.5×10–3 M 
(mol/liter) and in a volume of 2 microliter deposited onto active substrates by a micropipette.  

 

Fig. 2 Structural formula of purpurin, alizarin and rodamin 6G 

2.3  Blue inks 

Analyses were performed of different writing inks: group B (ballpoint pens), G (gel pen) and R (rollerball pen). 
Descriptions of selected samples are in Fig. 3 . The photographs were taken by the confocal microscope 
Olympus BX–40 which is part of the Raman spectrometer. A tungsten lamp in the reflex mode and a 50× 
objective were used to illuminate the samples. Blue inks were deposited onto the active substrate that had 
been rinsed in methanol. All examined inks were methanol–soluble. The SERS experiment assumes full 
evaporation of the solvent and adsorption of the molecules of red dyes and blue inks onto the silver layer. 
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Fig. 3 Optical micrographs of the samples of blue inks, magnification 50× 

Fig. 1  Left: SEM micrograph of the synthetic nanocrystalline diamond deposited on the silicon substrate. 
Right: The NDC layer decorated by a silver film with a thickness of approx. 15 nm 
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2.4  Methods 

The Raman spectrometer JobinYvon 
Labram 300 was equipped with a He–Ne 
laser (633 nm). The laser beam had 
a power of 4.25 mW and the 100× 
objective was used. The overall time of 
analysis of each sample was 20 seconds 
(20 acquisitions, 1 second each) so as to 
eliminate signal fluctuations which are 
typical for SERS measurements. The 
monochromator and confocal slits were 
fully open (200 μm and 1000 μm, 
respectively). The range of measu–rement 
was 100 to 4000 cm–1. The morphology of 
the active substrate was observed by 
scanning electron microscope Jeol JSM 
7500 F with a field emission cathode.  

3.  RESULTS AND DISCUSSION 

Because of the high photoluminescence 
background, conventional Raman 
spectroscopy could identify none of the 
studied substances. The measured SERS 
spectra of the red dyes are shown in Fig. 
4. They exhibit high intensities and 
Lorentzian shapes of the bands. The 
spectra of alizarin and purpurin can be 
well resolved in spite of the similarity in 
their chemical compositions [3]. The dot 
line shows the first order scattering 
maximum of silicon at a wavenumber of 
520.7 cm–1. This Raman band is low due 
to the high extinction coefficient of silver 
for the wavelength of approx. 633 nm. In 
the range from 1100 to 1800 cm–1 we 
observed a higher continuum in the 
spectrum of alizarin and purpurin in 
comparison with the spectrum of rodamin 6G. Explanation is not clear [4]. 

SERS spectra of selected blue inks from group B (ballpoint pen) in the range from 620 to 1580 cm–1 are 
shown in Fig. 5 . Ink B10 differs from other samples by the presence of pronounced maxima at approx. 
862 cm–1, 1069 cm–1 and 1202 cm–1. In spectrum B5 some marked bands are missing that are present in 
spectrum B7: 749 cm–1, and 1264 cm–1. Also the maximum in the range between 1316 and 1424 cm–1 clearly 
splits into three bands. These spectral differences are so significant that they can be considered as 
discrimination criteria. Common bands and differences in the Raman spectra of blue inks of selected blue 
inks B are summarized in Table 1 . 

 
 

Fig. 4  SERS spectra of selected red 
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Fig. 5 SERS spectra of selected blue inks from group B (ballpoint pen) in the range from 620 to 1580 cm–1 

4.  CONCLUSIONS  

The paper deals with identification of red dyes (alizarin, purpurin and rodamin 6G) and of selected blue 
writing inks by surface enhanced Raman spectroscopy. Nanocrystalline diamond with a vapour–deposited 
layer of silver was used as an active substrate. The spectra of alizarin and purpurin were well resolved in 
spite of the similar chemical compositions of these substances.  

SERS spectra of the blue inks were rather similar (probably due to the same colouring agent). Nevertheless, 
we observed such spectral bands that could clearly resolve single blue inks. These bands may arise due to 
excitation of molecules of various minor components used as additives for adjusting the properties of the 
inks. The results confirm that the used active substrate is sufficiently sensitive also to substances that have 
markedly lower concentrations in the matrices than the main components 

Table 1 Discrimination signs of inks B in SERS spectra  

Ink 
Discriminating bands (cm–1) 

748–750 862 1060–1069 1202 1261–1273 1648 

B5  –  – – – 
B7 + –  – + – 
B10 – + + +  – 
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Legend: + means that the Raman band is present, – means that no Raman band is present, an empty cell 
means that the Raman band is not suitable for discrimination either because it is not developed sufficiently or 
it is shifted. 
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Abstract 

Roller electrospinning system is a versatile method to produce continuously nanofiber webs. Nanofibres, 
produced by roller electrospinning, could provide new characteristics that are of interest for applications such 
as filtration, tissue engineering, wound dressing, sound absorptive materials, etc. However, a key 
prerequisite is the ability to obtain nonfibrous–free fibres with diameters in the nanoscale range. Dependent 
and independent parameters of roller electrospinning system were mentioned. Effect of these parameters on 
fiber morphology and spinning performance were investigated by many researchers. The present work 
describes the results of the experimental investigation of new methods for studying mechanism of 
electrospinning. These methods are measurement of current of a jet, spinning performance of a jet and jet 
length. For this aim polyurethane polymer solution in various concentration of salt were used on roller 
electrospinning process. It was found that jet length of polymer solution on roller system is decreased with 
increasing conductivity. By using new measurement methods new parameters were added to literature. 

Keywords: nanofiber, current, electrospinning, jet length 

1. INTRODUCTION 

Electrospinning is a process that produces continuous polymer fibers with diameters in the sub–micron 
range under an external electric field imposed on a polymer solution or melt. Electrospinning of polymer 
solutions has gain much attention in the last few years as a cheap and comprehensible method to produce 
nanofibers. The mechanical drawing methods in the traditional industrial fiber spinning processes lead to 
fibres till micrometer range and are contrasted in electrospinning by electrical pulling forces that enable the 
production of nanofibers. Significant progress has been improved in this area throughout the past few years 
and this technology has been exploited to a wide range of applications [1–8]. Electrospun fibers have a large 
specific surface area and small pore size compared to commercial textiles, which makes them excellent 
candidates for use in membrane and filtration applications. Low throughput has been identified in needle 
electrospinning process. Recently, much attention has been paid to roller electrospinning process as an 
unique technique, because it can produce continuously polymer nanofibers with diameter in the range of 
nanometers, depending on the polymer and processing conditions [9].  

Many studies focus on parameter effects on electrospinning and resultant fiber morphology. For example, 
Theron et al. [10] investigated the influence of the governing parameters, voltage, solution flow rate, 
concentration, molecular weight, distance and solvent grade, on electric current and charge density of the 
polymer jet in electrospinning. However all studies focused on needle electrospinning system. Deitzel et al. 
[11] found that spinning voltage is strongly correlated with the formation of bead defects in the fibers and 
solution concentration has been found to most strongly affect fiber size, with fiber diameter increasing with 
increasing solution concentration according to a power law relationship. Demir et al [12] showed that electric 
field, temperature, conductivity and viscosity of solution affects morphology and the properties of fibers. 
Many researchers focused on parameters needle electrospinning system while a few in roller systém [13–
18]. 
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The variable which is effecting roller electrospinning system can be divided into two groups such as 
dependent and independent parameters. Independent parameters can be adjusted and controlled and 
dependent parameters depend on independent parameters. These parameters are classified in the Table 1 : 

Table 1  Summarization of electro spinning parameters [13] 

Independent Parameters Dependent Parameters 

Concentration of polymer [%] Density of cones (m–2) [A] 

molecular weight of polymer (g/mol) Throughput (g/min/m) 

Viscosity of polymer solution (Pas) Non–Fibrous area (%) [A] 

Surface tension of solution (mN/m) Fiber diameter (nm) 

Applied Voltage (kV) Fiber diameter distribution [A] 

Velocity of Cylinder (rpm) Throughput/jet 

Distance between electrodes (mm) Average current 

Velocity of collected fabric (m/min) Average current/jet 

Relative humidity (%) Life time of jet 

Temperature (°C) etc. 

In this work it is focused on the development of experimental methods of study of electrospinning 
mechanism. Some of these methods were suggested in previous works, namely those of PhD students Mr. 
Tuan A. Dao and Mr. Pavel Pokorny [13, 19]. It is the aim of presented work to finalize development of these 
methods and to use them in a systematic research of the process, i.e. measurement and explanation of the 
relations between independent and dependent process parameters. A high–speed camera and a memory 
oscilloscope were used to simultaneously measure Taylor cone formation and the development of the jet 
current. The mechanism of Taylor cone formation was recorded and discussed. In this work it is focused on 
effect of salt on length of jet by using needle electrospinning, and effect of salt on current and fabric 
performance. 

2. MATERIAL AND METHOD 

Polyurethane (PU) from Fluka Company having a 
molecular weight of 2000 Da was used in the 
following experiments. Tetraethylammonium 
bromide (TEAB) was used as salt. 17.5 % wt. PU 
prepared with 0, 0.4, 0.8 and 1.27 % wt. TEAB 
salt. Dimethylformamide was used as solvent. 
Before start to experiments polymer solution 
properties (such as viscosity, conductivity, and 
surface tension) was measured. The results are 
as shown in Table 3 . Spinning conditions kept as 
stable for all polymer solution and tabulated in 
Table 2 . Roller electrospinning was used as 
shown in Fig. 1 . 

 

Fig. 1 Roller electrospinning systém 
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Table 2  Spinning condition of solutions 

Applied 
Voltage (kV) 

Distance 
Between 

Electrodes 
(mm) 

Relative 
Humidity (%) 

Temperature 
(C) 

Roller Speed 
(rpm) 

Take up 
Fabric Speed 

(cm/min) 

60 120 25 19 4 10 

Fibers were collected on the spunbond nonwoven fabric. SEM image was taken, fiber diameter and diameter 
distribution were measured and fabric performance was calculated according to Formula 1. 

P=G*W*Vfabric*(1/Lr)   (g/min/m)                     (1) 
where 
P = Polymer throughput (g/min/m) 
G = Nanofibre layer area weight (g/m2) 
W = Width of nanofibre layer (m) 
Vfabric= Backing fabric take up speed (m/min) 
Lr = Length of roller spinning electrode (m) 

3. RESULT AND DISCUSSION 

3.1 Polymer Solution Properties 

Solution properties were measured and tabulated in Table 3 . 

Table 3  Polymer solution properties 

Sample Viscosity(Pa.s) 
Conductivity 

(mS/cm) 
Surface Tens 

(mN/m) 

17.5 % PU 1,062 0,04 45,2 

17.5 % PU+0.04 % TEAB 1,017 0,58 45,4 

17.5 % PU+0.08 % TEAB 1,141 1,044 45,8 

17.5 % PU+1.27 % TEAB 1,143 1,6 45,8 

It was known from literature that adding TEAB salt to PU polymer solution increases viscosity and 
conductivity of solution [15]. Surface tension did not affected by salt content. 

3.2 Effect of Salt on Length of Jet by Using Needle  Electrospinning Process 

The aim of this work is to determine salt effect on 
length of jet. The effect of concentration on the length 
of jet was studied before by Tuan. He investigated 
that length of jet increases with increase of viscosity 
by using polyvinyl alcohol. On the other case, we 
found that increasing conductivity decreases length 
of jet as shown in Fig. 2 . Length of jet decreases with 
increasing the percentage of salt in the polymer 
solution. Qin et. al [20] showed that adding LiCl salt 
to PAN solution and observed that jet length in the 
stable part is decreasing with salt content. By using 
theoretical part they supported this idea. If the has 
high conductivity, the electrical field will be more 
effective and jet started to be splitting or whipping. 

Fig. 2  Effect of salt on jet length 
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The stable of jet part will be shorter. Higher conductivity brought more whipping and bending instabilities and 
higher elongation forces stretching the polymer jet. 

3.3 Effect of Salt on Fabric Performance and Curren t 

Fabric performance (SP) and SP/jet are shown in Fig. 4 (a) . 

 
(a)            (b) 

Fig. 4  (a) SP and SP/jet vs. concentration of PU solutions, (b) Avr. Current and current/jet vs. concentration 
of polymer solutions 

Fabric throughput increased due to increasing of number of cones and viscosity. High viscosity yields to 
transport more solution towards to collector. SP/jet decrease with content of salt due to increasing number of 
jets. Avr. current and current/jet was calculated as shown in Fig. 4 . (b) Avr. current shows the same 
characteristic with SP. Current/jet almost stable with adding salt. The current of a jet changes between 1.2 to 
0.82. The changes are not significant. Adding salt increased number of jets excessively. SP/jet is calculated 
values which depend on number of jets. 

3.4 Effect of Salt on Fiber Diameter 

Fiber diameter generally increases with viscosity but decreases with conductivity. If the conductivity is so 
high more solution will transported to collector and as a consequence higher fiber diameter will be form as 
shown in Fig. 5 . Fig. 6  shows that fiber diameter decreases with salt but after adding more salt fiber 
diameter and diameter distribution increase. 

 

Fig. 5  SEM images of (a) 17.5 % PU, (b) 17.5 % PU+0.4 % TEAB, (c) 17.5 % PU+0.8 % TEAB, (d) 17.5 % 
PU+1.27 % TEAB 
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Fig. 6 Fiber diameter vs. Concentration of salt 

4. CONCLUSION 

Parameters of needle electrospinning is studied for many years and explained clearly, on the contrary in the 
case of roller electrospining system, there are still unknown points which cannot be explained. To clarify this 
system we suggested new measurement methods and new parameters. We observed that total current of 
fibers are completely depends and number of fiber and amount of fibers. On the other hand spinning 
performance per one jet shows a numerical value. If the numerical changes in number of jets higher than 
that spinning performance, the SP/jet decreases. We observed that current per one jet is almost stable even 
in higher conductivity. The author believes that new measurement methods and parameters will help to 
explain the roller electrospinning system clearly. As a future work it is aimed to improve measurement 
methods with new parameters by using various polymer solutions. 
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