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STUDIES OF ORDERED NANOPARTICLE MONO- AND MULTILAYERS 

E. MAJKOVA, K. VEGSO, P. SIFFALOVIC, M. JERGEL and S. LUBY 

Institute of Physics, Slovak Academy of Sciences, Dubravska cesta 9, 845 11 Bratislava, Slovakia 

T. KOCSISOVA, M. BENKOVICOVA, I. CAPEK 
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Abstract 

Surfactant stabilized colloidal nanoparticles represent an important class of nano-materials due to their low 
size dispersion and moderate production costs. The production of monodisperse (< 12%) metal 
nanoparticles (diameter 6-12 nm) was elaborated. Large area ordered nanoparticle mono (2D)- and 
multilayer (3D) assemblies (up to 25 cm2) were prepared by a modified Langmuir-Schaefer deposition. The 
grazing-incidence small-angle X-ray scattering (GISAXS) technique was applied for analysis of the 2D and 3D 
nanoparticle assemblies. Appropriate simulation software has been developed for GISAXS evaluation 
including 3D nanoparticle assemblies. Using the GISAXS technique the vertical correlation of the 
nanoparticle position in the nanoparticle multilayer was studied. The examples of the presence and 
absence of the vertical ordering in nanoparticle multilayers are presented. 

Keywords: nanoparticle, multilayer, Langmuir-Schaefer, GISAXS 

1.  INTRODUCTION 

The surfactant stabilized colloidal nanoparticles represent an important class of nano-materials due to their 
low size-dispersion and moderate production costs. Moreover, colloidal nanoparticles can serve as building 
blocks for complex thin film structures. They self-assemble into ordered 2D and 3D arrays (monolayers and 
multilayers, respectively) under specific conditions. Large self-assembled two- and three-dimensional arrays 
of colloidal nanoparticles have been fabricated. Potential applications are ranging from high-capacity 
storage media up to the new emerging field of plasmon nano-optics [1].  

The self-assembling is a complex process in which an interplay between localized interactions such as van 
der Waals attraction and hard-core (steric) repulsion (combined with long-range magnetic dipolar 
interaction if the particles are magnetic) determine the assembling process. At present, a large variety of 
possible resulting patterns of the self assembled nanoparticle arrays is a serious limitation for targeted 
technological applications of self assembling. For preparation of ordered nanoparticle arrays various 
deposition methods have been elaborated up to now. Among them the Langmuir-Blodgett and/or Langmuir 
- Schaefer methods have a potential to control the deposition process over a large area [2]. We applied a 
modified vertical Langmuir Schaefer technique which allows an improved control of the homogeneity and 
ordering of nanoparticle arrays over large areas [3]. 

The real-space imaging techniques like scanning electron microscopy and/or atomic force microscopy are 
suitable only for the final inspection of nanoparticles immobilized in the layers on solid surfaces. However, 
the real-time monitoring and controlling of the deposition process and manipulation of the nanoparticle 
assemblies requires a fast, non-destructive and vacuum-free technique. It was demonstrated that the 
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grazing-incidence small-angle X-ray scattering (GISAXS) is the most suitable technique for analysis of the 
nanoparticles arrays [4]. Using the static and scanning GISAXS techniques the nanoparticle self-assembly 
process in the drying nanoparticle colloidal drop was studied. The measurements confirm that the three-
phase line boundary of the drying drop is the nucleation center for the nanoparticle self-assembly [5,6]. 

The key topics addressed in this paper are the preparation, manipulation and analysis of nanoparticles 
organized into self-assembled 2D and 3D arrays. 

2.  EXPERIMENTAL 

Silver nanoparticles of the diameter 6-12 nm with low size dispersion (10%) have been synthesized using a 
simple precursor, silver nitrate, at higher temperature (170°C) under atmospheric pressure in the presence 
of inert gas (Ar). During synthesis oleic acid and/or oleylamineas a capping reagents were used.  

Fe3O4 and CoFe2O4 nanoparticles of the diameter 6-9 nm with size dispersion 12% were synthesized by a 
high-temperature solution phase reaction of metal acetylacetonates (Fe(acac)3, Co(acac)2) with 1,2-
hexadecanediol, oleic acid and oleylamine in phenyl ether [7].  

For our nanoparticles toluene was used as a solvent. The particle size and its dispersion were measured by 
dynamic light scattering (Malvern Zetasizer Nano series) and by small angle X-ray scattering (SAXS) 
methods.  

The SAXS measurements were realized at a novel SAXS/GISAXS laboratory set-up at the Institute of Physics, 
SAS, employing a microfocus sealed X-ray tube with integrated focusing optics (Incoatec, IμSTM)11 at the 
working wavelength of Cu-Kα line (λ=0.154 nm). A 2D X-ray detector (Dectris, Pilatus 100K) was used to 
record SAXS pattern. 

Large area ordered nanoparticle mono- and multilayer assemblies (up to 25 cm2) were prepared by a 
modified Langmuir-Schaefer deposition technique using a computer-controlled Langmuir-Blodgett (LB) 
trough (Nima Technology). In this method Si substrate was placed horizontally inside the trough before the 
particles were distributed onto the water subphase. The nanoparticles dissolved in chloroform were spread 
by a microsyringe onto air/water interface of a LB trough and the nanoparticle layer was compressed to a 
monolayer phase. The ordered monolayer was transferred on the Si substrate by a regulated removal of 
the subphase at a surface pressure of 20 mN/m. The nanoparticle multilayers were prepared using the 
method described above, adding layer by layer one after another.  

The experiments were performed on the GISAXS beamline BW4 at the Hamburger 
Synchrotronstrahlungslabor. The size of the focused beam at the substrate position, as determined from 
1/e of the maximum intensity, was 65x35 �m2 size (horizontal × vertical). The X-ray wavelength was set to 
0.138 nm. The scattered X-ray radiation was detected by a two-dimensional X-ray CCD camera. Each CCD 
pattern was acquired for 2.6 s if not stated otherwise [8]. 

The second part of our experiments was performed on our Lab-GISAXS installation with temporal resolution 
of 25 ms was built in our laboratory to study in situ the nanoparticle self-assembling and re-assembling at 
the solid-air and water-air interfaces. The SAXS and GISAXS measurements were performed at a novel 
laboratory set-up constructed in our laboratory. The device consists of a microfocus X-ray source with 
integrated focusing Montel optics (Incoatec Microfocus Source, Cu-Kα, 0.154 nm) and a silicon based 2D X-
ray detector (Pilatus 100K). The focal spot diameter (FWHM) is 250 μm and the maximum flux amounts to 
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3.10^8 photon/s. The GISAXS pattern was calibrated by silver behenate which is a typical reference for 
small-angle scattering patterns [9]. 

3.  RESULTS AND DISCUSSION 

In Fig. 1a it shown the SEM micrograph of 2D ordered array (a monolayer) of iron oxide nanoparticles 
deposited by the modified Langmuir Schaefer method onto Si substrate. The corresponding GISAXS pattern 
is shown in Fig. 1b. The qy and qz components of the scattering vector are parallel and perpendicular to the 
substrate surface, respectively. The side maxima on the reciprocal space map indicate the lateral ordering 
of the nanoparticle monolayer [5,6]. From the simulation of the measured GISAXS pattern the following 
parameters were obtained: the average particle diameter of 6.1±0.6 nm, the average interparticle distance 
of 7.5±1 nm, and the lateral correlation length of the particle distribution of 87 nm are obtained [5]. 
 

 

 

 

 

 

 

 

 

   a       b 

Fig. 1 SEM micrograph of FeO nanoparticle monolayer (left) and corresponding GISAXS spectrum (right). 

Employing the same modified Langmuir-Schaefer deposition technique the nanoparticle multilayers were 
prepared. The presence of a layered structure was confirmed by X-ray reflectivity [3] and GISAXS 
measurements. Presence of the vertical correlation of the nanoparticle positions was analyzed by GISAXS. 
Thismethod enables us to distinguisch a nanoparticle multilayer composed from laterally ordered 
monolayers with no vertical correlation of nanoparticle positions and an artificial crystal with vertical 
ordering of nanoparticles.  

Two different types of stacking can be observed, AA – particles of the neighboring layers have the same x-y 
positions and/or AB – particles in a layer are located between the particles of the underlying layer. In Fig. 2 
it is shown a the GISAXS spectrum of the Fe-O nanoparticle multilayers composed of 6 layers. The presence 
of a broad maximum around qz= 1.6 nm-1 point at the absence of vertical ordering in the nanoparticle 
multilayer. This was confirmed by the simulation of the GISAXS pattern (not shown). 
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Fig. 2 GISAXS pattern of the six-layered nanoparticle multilayer prepared by a modified Langmuir Schaefer 
deposition technique and measured at angle of incidence 0.7�(b) Corresponding vertical line profiles 

acquired at qy=0.0 nm-1 and at first lateral peak position at qy=0.87 nm-1 

In the next step we studied the formation of mono- and multi-layer nanoparticle films in-situ directly at 
Langmuir-Blodgett trough. The experiments were performed at beamlines at HASYLAB (BW1) and ESRF 
(ID10B) (Fig. 3a). The time-resolved studies with gradually increasing surface pressure showed the 
formation of monolayer from the spatially isolated but already ordered islands of nanoparticles. The 
collapse of a monolayer was accompanied by the formation of a double layer which was proved by a 
distinct diffraction spots in GISAXS pattern. Simultaneously we were able to track precisely the inter-
particle distance and correlate this to the mechanical properties of nanoparticle layer (Fig. 3b). 

 

 

 

 

Fig. 3 a) The GISAXS pattern of Ag nanoparticle 
monolayer at the water interface. b) Using time-

resolved GISAXS we monitored the compression and 
decompression of nanoparticle film via the position of 
the first side maxima in GISAXS pattern that directly 

corresponds to the inter-particle distance. The 
maximum in layer’s elastic modulus indicates the 

2D->3D nanoparticle film transition. 

 

 

 

In Fig. 4 it is shown the GISAXS pattern of a nanoparticle multilayer (number of layers ≥ 2) formed at the 
water/air interface after compression a decompression of the nanoparticle film. Distinct spots in the 
GISAXS pattern indicate the existence of a 3D ordered structure formed by nanoparticles. 
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Fig. 4 The GISAXS pattern 

taken at the angle of 
incidence of 0.1 of a 

nanoparticle multilayer 
formed at the water/air 

interface after compression a 
decompression of the 

nanoparticle film. 

 

4.  CONCLUSIONS 

The ordered nanoparticle mono- and multilayers prepared by a modified Langmuir Schaeferdeposition 
technique were analyzed. For a monolayer the local ordering of the nanoparticle arrays was confirmed by 
the SEM micrographs and GISAXS technique. For a nanoparticle multilayer consisting from 6 layers 
subsequently deposited by the same procedure as the nanoparticle monolayer the lateral ordering of 
nanoparticles in each layer was found. However, the vertical correlation of nanoparticles was not observed 
in the GISAXS patterns.  

The formation of a nanoparticle multilayer was studied by in situ GISAXS during the compression and 
decompression of the nanoparticle film at the water/air interface The maximum in layer’s elastic modulus 
indicated the 2D->3D nanoparticle film transition. Formation of the nanoparticle multilayer with vertical 
ordering was confirmed by GISAXS. 
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Abstract 

Silicon nanocrystals (Si-ncs) attract the scientific community’s attention as possible silicon-based light 
sources for optoelectronics and fluorescent markers. Even the most commonly studied type of Si-ncs, i.e. 
Si-ncs passivated by native oxide, show 5 orders of magnitude stronger luminescence (having quantum 
yield of several per cent) in comparison with volume silicon, they still do not draw level with the 
commercially produced light-emitting semiconductor nanocrystals on the basis of direct band gap 
semiconductors (CdS, CdSe – quantum yield about 50%). Using original photochemical treatment, however, 
we manage to substitute the original passivation by native oxide for surface capping with methyl groups. 
Owing to this passivation change, we obtain Si-ncs in the form of transparent colloidal dispersion with 
much better luminescent properties which are approaching commercially available nanocrystals on the 
basis of direct band gap semiconductors such as CdS or CdSe. 

Keywords: silicon nanocrystals, luminescence, surface chemistry, organic capping, optical properties 

1.  INTRODUCTION 

Recently, much effort has been devoted to the use of silicon as a photonic material1. Since the 
incorporation of optoelectronic and photonic circuits into modern-day computers has a strong potential for 
boosting computers' performance, the fusion of photonics with silicon, a material of low-cost substrates 
and mature manufacturing infrastructure, seems to be the ideal way to go in the future. In other words, 
photonizing silicon is the major challenge for the microelectronic industry2,3,4. Surprisingly, a product which 
integrates active optical components with low-cost silicon-based CMOS processing is already available on 
the market; it is a 40 gigabit optical transceiver by Luxtera, a spin-out company of California Institute of 
Technology. 

The greatest challenge so far seems to be the realization of a monolithically integrated silicon laser: in the 
Luxtera's optical transceivers, InP flip-chip bonded lasers were incorporated on the silicon chip. Such 
``hybrid'' approaches, however, pose certain disadvantages, such as difficulties with miniaturization; a 
more appropriate solution would be a ``pure'' CMOS-compatible silicon light source.  

A straightforward way to induce light emission in silicon lies in dramatic shrinking of the crystal's size into 
the order of nanometres. In nanometer-sized crystals, quantum confinement starts to play an important 
role as the spatial localization of an electron and a hole causes their wavefunctions to be delocalized in the 
k-space and thus to partially overlap5. This effect, together with the important influence of the surface 
states6, makes Si-ncs excellent light emitters displaying bright photoluminescence (PL) in the visible region7, 
whose light emission can even be driven electrically8. Also, the occurrence of optical gain, a necessary 
prerequisite for lasing, has been uncovered by several laboratories9-15. 
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However, preparation of the high-quality active medium composed of Si-ncs remains a technological 
problem due to wide size distributions of the Si-ncs and/or the natural tendency of Si-ncs to form large 
aggregates with sizes as large as micrometers giving rise to undesired optical losses due to scattering of 
light. In order to prevent aggregation, the surface of Si-ncs needs to be chemically modified even if they are 
dispersed in a liquid phase (colloidal suspension) because the aggregation seems to be connected with the 
formation of the surface oxide layer16 and hydrogen-terminated Si-ncs easily oxidize at benchtop 
conditions17. Many procedures can be applied to chemically modify and thus stabilize the surface of Si-
ncs16-21, including the most commonly used hydrosilylation. All these procedures, however, start with 
hydrogen-terminated Si-ncs and are carried out under vacuum or controlled pressure (to prevent oxidation) 
and usually also at elevated temperatures. 

In this paper, we describe a unique method to chemically modify the surface of Si-ncs dispersed in a xylene-
based colloidal suspension at ambient conditions. Instead of avoiding oxidation, we use oxidized, and not 
hydrogen-terminated, Si-ncs as a precursor, which eliminates the need for vacuum conditions. The change 
in surface chemistry is accompanied with changes in optical properties: while the oxidized silicon 
nanocrystal precursor is characterized by their orange (i.e. peaking at 600—650 nm) photoluminescence 
(PL) with slow (in the order of tens of microseconds) decay, the colloidal organically capped Si-ncs emit in 
the yellow region (570 nm) with photoluminescence lifetime four orders of magnitude faster in the order of 
nanoseconds. Moreover, the PL quantum yield increases by about an order of magnitude (from 2—3 % to 
20 %). These changes make the optical properties of our colloidal organically capped Si-ncs comparable 
with those of direct-bandgap semiconductor nanocrystals such as CdSe.    

2.  PREPARATION OF THE SAMPLES 

The overview of the preparation procedure is depicted in Fig. 1. 
 

a) b) c)

 

Fig. 1 Schematic overview of the preparation procedure. From left to right: a) Photograph of the etched 
porous silicon under illumination with UV lamp, b) post-etching treatment of the Si-nc powder: suspending 

the Si-nc powder in the solution in a low-volume quartz cuvette, stirring with regular UV irradiation and 
filtration, c) photograph of resulting bright yellow-light emitting colloidal suspension under 325-nm 

excitation by a cw HeCd laser. 
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The Si-nc powder was obtained by electrochemical etching of p-type silicon monocrystalline wafers (B-
doped, (0.075-0.100) Ωcm, (100)-oriented, etched area 10 cm2) in a mixture of 50% HF, pure (>99.9%) 
ethanol and 30% hydrogen peroxide H2O2 in the ratio of HF : EtOH : H2O2 = 13 : 37 : 2  with the electrical 
current density of 2.5 mA/cm2 for 2 hours. After etching, the samples were hold in the 30% H2O2 bath for 
10-15 min and aged in 50 % humidity in air for several days. 2.5 mg of the resulting porous silicon 
mechanically scraped off the substrate was then dispersed in 0.5 ml of the solvent consisting of a mixture 
of aromatic hydrocarbons which contains xylene isomers (58 mol %), ethylbenzene (28 mol %) and 
isopropylbenzene (14 mol %). Obtained colloidal suspensions were stirred ceaselessly for several weeks on 
a magnetic stirrer at the speed of approximately 600 rpm and irradiated twice a week with cw HeCd laser 
(325 nm, 2.5 mW) for 30 min. Finally, the dispersions were filtered using syringe filters with pore sizes of 
650, 220 and 100 nm. 

3.  EXPERIMENTAL 

The PL spectra were excited with a continuous-
wave HeCd laser (325 nm, 40mW) and collected 
with a silica optical cable. The input of the 
optical cable was equipped with a 50 μm slit and 
placed in the distance of approximately 1 mm 
from the measured cuvette to achieve higher 
spatial resolution. The spatially resolved PL 
spectra were then acquired with the sampling 
distance of 250 μm. The detection system 
comprised a grating-based monochromator and a 
charge-coupled device (CCD) camera. The PL 
decays were measured using OBB EasyLife 
V fluorescence system with the 450 nm LED 
excitation and detection at 550 nm ensured by the use of an interference filter (colloid) or a 355 nm 
Nd:YAG (8 ns) laser with intensified Andor CCD camera system (orange-emitting sample). All spectra were 
corrected for the spectral response of the experimental setup. 

High-resolution transmission electron microscopy (HRTEM) image was taken with a JEOL JEM-3010 HRTEM 
microscope using an accelerating voltage of 300 kV; the analysis was based on PDF ICDD 27-1402 
database22. NMR spectra were acquired on a Bruker Avance 500 spectrometer working at the magnetic 
field of 11.7 T. In addition to the basic 1H, 13C, and 29Si spectra, 2D 1H-13C heteronuclear multiple-bond 
correlation (HMBC), 1H-13C heteronuclear single quantum coherence (HSQC), 1D and 2D 1H-29Si HSQC 
measurements were carried out. 

4.  RESULTS AND DISCUSSION 

One of the key attributes, which determines optical properties of nanocrystals, is obviously their size. 
Probably the most common way to asses this parameter exploits HRTEM. HRTEM measurements carried 
out on our powders (Fig. 2) confirm that the size of the crystalline core of our nanocrystals is between 2.5-3 
nm. 

Fig. 2 HRTEM measurement of the size of the Si-
nc core. Nanocrystals are circled for easier 

orientation. Histogram of the core diameters 
(left) was fitted with the gaussian curve  and 

revealed mean nanometer size of 2.7 nm. 

1 2 3 4 5
0

5

10

15

20

25

30

35

40

FWHM

x
c

Gauss fit
x

c
=(2.69±0.03) nm

FWHM=(0.86±0.07) nm

nu
m

be
ro

fS
i-n

c

size of Si-nc (nm)



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

21 

After dispersing the silicon powder 
into xylene-based solvent, it 
appeared that the long-term stirring 
used formerly to try to break the Si-
nc aggregates together with UV 
irradiation (firstly used only to 
measure the PL intensity and 
spectra of the samples) may 
improve significantly the PL 

behavior of the Si-ncs. Figure 3 
demonstrates on spatially resolved 
PL measurements the effect that 
the stirring and the regular UV 
irradiation had on the samples.  

The freshly prepared mixture exhibited an 
orange 600 nm-centered PL peak together 
with a much smaller blue (440 nm) one (Fig. 
3a). After 40 days of stirring, the big clumps 
of bigger nanocrystals, which tended to 
aggregate at the cuvette walls, were filtered 
out and the remaining solution was 
transferred into a clean cuvette. As 
demonstrated in Fig. 3b showing the 
spatially resolved PL spectrum of the 
obtained transparent yellowish solution, the 
orange band disappeared completely while 
a new yellow (550–570 nm) and blue (460-
480 nm) peak appeared. A more detailed 
study of the long-term stirring effect can be 
found in 23. 

This dramatic change in the measured 
spectra is due to two effects: i) largest 
nanocrystals (red wing of PL) were removed 
from the solution by sedimentation and 
filtering and therefore caused a blue shift 
of the resulting PL spectra, ii) a chemical change on the Si-nc surface. The latter can be proven by the NMR 
spectra of the organically capped Si-ncs shown in Fig. 4: The 1H NMR spectrum (Fig. 4 top) indicates the 
presence of several similar species containing both aliphatic and aromatic parts. The diffusion-filtered 1H 
spectrum (Fig. 4 middle), which emphasizes larger species with slower diffusion, selects from the NMR 
spectrum a single 1H resonance at 0.1 ppm which can be directly correlated with nanometer-sized 
nanoparticles. And finally, the 1H-29Si HSQC spectrum assigns unambiguously the observed 1H resonance at 

Fig. 3 Spatially resolved PL spectra (vertical axis) of Si-ncs in 
colloidal solution after a) 6 and b) 40 days of stirring and regular 

UV irradiation. Excitation with 325 nm, the horizontal axis (y) 
stands for the position inside a 4-mm wide cuvette. 

Fig. 4 Acquired key NMR spectra demonstrate methyl 
capping of several-nanometer-sized silicon particles. 
Top: the 1H NMR spectrum, middle: diffusion-filtered 

1H NMR, bottom: one-dimensional 1H-29C HSQC 
spectrum. (The organically capped silicon nanocrystals 

are dispersed in chloroform, the colloid was left 
 to dry out). 
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0.1 ppm to methyl groups covalently bound to several-nanometer-sized silicon particles. More detailed 
discussion of the NMR spectra, together with supporting FTIR measurements, can be found in 24. 

Although the Si-ncs’ core remains 
more or less unchanged by the 
treatment in the colloid, optical 
properties of Si-nc in the precursor 
and in the colloid vary substantially. 
The inset of Fig. 5 compares PL spectra 
of original Si-nc powder and Si-ncs 
dispersed in colloid. While the PL of 
the original Si-nc powder is orange 
(640 nm), the PL of colloidal solution 
shifts to the yellow spectral region 
(570 nm). (The blue peak at approx. 
470 nm manifested in Fig. 3b is not 
visible here because of different 
(higher) excitation wavelength of 442 
nm). Simultaneously, the PL decay 
(Fig. 5) shortens by about 4 orders of 
magnitude - from 23 μs of Si-nc 
precursor to 2 ns of Si-ncs in colloidal 
solution. Such fast nanosecond decay 
makes Si-ncs in colloidal solution 
comparable in PL performance with 
direct band gap nanocrystals such as 
CdSe. 

Last immensely important byproduct of the 
chemical replacement of the Si-ncs surface oxide 
to methyl groups is tenfold increase of the PL 
quantum efficiency (QE). The QE can be 
determined by comparison of the integrated PL 
intensity of the studied sample with the PL 
intensity of the material with well-known quantum 
yield measured at the same experimental 
conditions. In order to assess the QE of colloidal Si-
ncs, we used the ethanol solution of rhodamine 6G 
(R6G) diluted to the same value of the absorption 
coefficient. The QE measurements were performed 
with the 480 nm excitation from an Nd:YAG + 
optical parametric oscillator system (pulse duration 
and repetition rate 5 ns and 10 Hz, respectively). 
The emitted light was collected and imaged on the 

Fig. 5 Comparison of basic optical properties of the colloid and 
Si-nc precursor. Whereas the PL dynamics (scatter plots are 

measured data, curves represent fits) of the colloid takes place 
on a nanosecond time scale (black squares, bottom axis, single 

exponential τPL = 2 ns), the precursor Si-nc’s PL decays 
stretched exponentially in microseconds (gray circles, top axis, 

τPL = 23 μs. Inset: The time-integrated PL emission spectra of 
the colloid (yellow curve) and the oxide-passivated Si-nc 

precursor (red curve). Excitation 442 nm 

Fig. 6 Luminescence QE measurements of the 
transparent solution (open circles) if R6G is used as 

a reference (solid gray rectangles). Our samples 
show the quantum yield of 20 %. 
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entrance slit of an imaging spectrometer coupled with a gated i CCD camera. Signal measured for both R6G 
and the Si-ncs over several orders of excitation intensities is plotted in Fig. 6. The results reveal high PL yield 
of the transparent solution of Si-ncs in xylene being 0.22 x QER6G, which corresponds to the QE of 20% if the 
value of 94% is used as the QE of the reference sample25.  

5.  CONCLUSIONS 

In conclusion, we showed that the initial oxide surface passivation of Si-ncs can be modified by capping 
involving methyl groups in a xylene-based suspension via a photochemical reaction. The technological 
procedure is simple and can be realized at room temperature and ambient air pressure. The resulting 
colloidal dispersion is optically clear and with long-term stability (at least 3 years). It exhibits bright PL 
peaking at 570 nm, with relatively high quantum efficiency of 20 % and short radiative lifetime (<10 ns). The 
optical characteristics of the presented colloidal Si-nc make this material comparable with direct band gap 
semiconductor nanocrystals, such as CdSe.  
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Abstract 

High application potential of nanocomposite materials is coming from the combination of unique 
properties of their individual components into one final material. Frequently, it can be formed by a bulk 
matrix in the form of microparticles and active nanostructured material that is anchored into the matrix to 
form the composite. This combination of micro- and nanostructured materials results into improvement of 
e.g. mechanical properties and makes the manipulation with the nanoparticles (NPs) easier. Silicate 
materials, such as clay minerals or zeolites, are frequently used as the inert support for metal NPs. 
Therefore, this study is aimed on the preparation of the composite materials based on silicate materials 
and incorporated silver NPs. Aqueous dispersion of silver NPs, with the average diameter of approx. 30 nm, 
was prepared using a modified Tollens process. These silver NPs were adsorbed from the primarily 
prepared aqueous dispersion on the montmorillonite and several types of synthetic zeolites. Antibacterial 
activity of the prepared nanocomposites was tested using a micro-dilution method. The obtained results 
showed that the antibacterial activity of the silver NP containing composite is only slightly influenced by 
their adsorption on this type of an inert support. However, adsorption of the silver NPs on these silicate 
materials is rather weak as approx. 10-30% of the adsorbed silver could be released just by the performed 
washing of the as-prepared composites in distilled water. 

Keywords: silver nanoparticles, zeolites, montmorillonite 

1.  INTRODUCTION 

Nanomaterials have become a common part of human life in the 21st century because their unique 
properties are more and more frequently used in products of everyday usage that are commonly available 
on the market. Chemical approaches to the synthesis of nanomaterials already left the research 
laboratories and have entered the industrial operations. It can be illustrated by the production of e.g. 
nanoparticles of titanium dioxide, which enabled their mass-usage building materials, where they 
contribute to the retained cleanness of facades due to their photocatalytic activity. Additionally they 
contribute to purification of the exhalations of the surrounding environment. [1] Nanoparticles (NPs) of zinc 
oxides can be found in colors or cosmetics, where they are used as the UV-irradiation absorber. [2] Silver 
NPs can be found in such products where antibacterial effect is required as e.g. textile materials, [3] 
cosmetics, [4] antibacterial surfaces of home appliances as e.g. refrigerators or washing machines. [5] 

Although the preparations of silver NPs dispersion, based on the reduction process, represents already 
well-established processes (e.g. citrate method [6] or modified Tollens method [7]), which can be 
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considered well-reproducible, their application in practice can be limited by a possible toxicity of the NPs if 
they were evolved into the environment. These problems are also encountered with the composite 
materials (e.g. textile fibers coated by silver NPs) because several mechanical and chemical processes, like 
washing, can release the NPs from the solid surface. The improvement can be approached by the 
composite nanomaterials, where the silver NPs are fixed to any inert carrier of microscopic or macroscopic 
diameters and where also the unique characteristics of the NPs, also involving the antibacterial activity, are 
retained. From the inert carriers, aluminum oxide [8] or silicon oxide [9] can be mentioned. Additional 
profitable characteristics of a composite material can be achieved when the carrier is represented by iron 
oxides because then the composite, on the basis inert carrier-silver NP (nanoAg@inert carrier), can be 
manipulated using magnetic field. [10] However, also silicate materials, such as clays or zeolites, can be 
used as inert carriers of silver NPs. [11,12] The usage of such natural materials, as the inert carriers forming 
the nanocomposites, bring advantages not only from the economical point of view (low-cost material) but 
also because of their physico-chemical properties such as large surface area (i.e. high adsorption capacity) 
and non-toxicity from the chemical point of view. 

Composition materials consisting of surface anchored silver NPs, as the active part, and inert carrier of 
silicate character, represent an interesting material from the technological point of view. This kind of 
nanomaterial can find application especially in the field of disinfection either for antibacterial coating of 
surfaces like textile fibers or plastics or for disinfection of drinking water. Therefore this work is aimed on 
the preparation of such materials and their tests of antibacterial effect of the resulting nanocomposite of 
the nanoAg@inert carrier composition. The fundamental procedure of the material preparation is based on 
a pure adsorption of the silver NPs, from their aqueous dispersion, on silicate materials both of natural 
(montmorillonite) and synthetic (zeolite) origin. 

2.  EXPERIMENTAL PART 

The silver NPs were prepared following modified Tollens reaction [7], which is based on the reduction of 
1mM solution of AgNO3 (Tamda, ČL 2009) with 10mM solution of D-maltose (Sigma-Aldrich) in the presence 
of 5mM solution of ammonium (Lach-Ner, p.a.), which forms complex cation [Ag(NH3)2]+. The reduction was 
carried out at pH equal to 12.5, which was maintained by the solution of NaOH. The as-prepared silver 
particles were of the following characteristics: average particle diameter was 28 nm and the value of 
polydispersity was 0.09. These values were obtained from DLS measurements performed at Zeta Potential 
Analyzer Zeta Plus (Brookhaven Instr. Co., USA) and they were confirmed by the transmission electron 
microscopy JEM 2010 (Jeol Ltd., Japan). The nanodimensional character was additionally checked by UV-Vis 
spectroscopy (spectrophotometer Specol S600, Analytic Jena AG, Germany) through the significant 
absorption maximum around the wavelength 415 nm, which corresponds with the existence of surface 
plasmon specific to the silver NPs in the diameter of several tens of nanometers. All the solutions were 
prepared with demineralised water obtained from AQUAL 29 (0.05 μS/cm). 

The composite nanoAg@silicate was prepared using simple adsorption of the silver NPs from their aqueous 
dispersion on the surface of the silicate, which stirred with the dispersion for the period of 3 hours (the 
time when a stabile concentration of the silver NPs was adsorbed on surface of the inert carrier). The 
adsorption was always performed with the silver NP dispersion in the volume of 40 ml in different silver 
concentrations (from 10.8 to 108 mg Ag/L) and 0.2g of the particular silicate. After the mentioned period of 
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time, the as-prepared nanocomposite was filtrated from the remaining aqueous dispersion and 
consequently dried at 105°C for two hours. The amount of the trapped silver NPs was determined from the 
decrease in the absorbance at the maximum of the specific absorption at the wavelength of 415 nm, which 
could be done because the specific absorbance is linearly dependent on the concentration of the particles 
in the dispersion. A check of the silver content was also performed by AAS at atomic absorption 
spectrometer Perkin Elmer 3300 after the extraction of silver from the nanocomposite by 30% solution of 
HNO3 (Lach-Ner, p.a.). The following substances were used as the inert silicate carrier: Ca-montmorillonite 
(Ca-MMT, Institute of geonics AV ČR in Ostrava) consisting of (in weight percentage): SiO2: 70.1; Al2O3: 16.0; 
TiO2: 0.22; Fe2O3: 0.65; FeO: 0.15; MnO: 0.009; MgO: 3.69; CaO: 1.59; Na2O: 0.27; K2O: 0.078, F: 0.084; P2O5: 
0.026; S: 0.04 and having specific surface area of 96 m2/g; synthetic zeolite Ammonium Y (Sigma Aldrich) 
having the specific surface area 266 m2/g; Sodium Y (Sigma Aldrich) with specific surface area 655 m2/g and 
zeolite 13X (BDH) with specific surface area 586 m2/g. The specific surface areas of the used materials were 
determined due to the method of static adsorption of inert gas using Sorptomatic 1990 (Thermo Scientific). 

The antibacterial activity of the prepared composite nanomaterials was tested using a standard dilution 
micro-method, which enables to determine minimal inhibition concentration (MIC). Determination of the 
inhibition concentration was performed in micro-titration plates, when the samples of the as-prepared 
nanocomposite (0.1g of the composite was dispersed in 3 ml of distilled water) were consequently diluted 
twice, four-times, eight-times, sixteen-times, thirty two-times, sixty four-times and a hundred twenty eight 
– times with Mueller-Hinton cultivation broth. The plates were inoculated by a standard amount of 
microorganism at the concentration about 105 CFU/ml. Minimal inhibition concentration of the composite 
nanomaterial was read after 24-hour incubation at 37°C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Dependency of the amount of silver NPs adsorbed on the surface of inert carrier on the amount of 
silver present in the as-prepared aqueous dispersion for the following silicate materials: (a) zeolite Sodium 

Y, (b) zeolite Ammonium Y, (c) zeolite 13X, and (d) Ca-MMT. 
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3.  RESULTS AND DISCUSSION 

The preparation of the nanoAg@silicate nanocomposite was performed via a simple adsorption of silver 
NPs from their aqueous dispersion on the particular silicate material. These experiments were carried out 
in the system containing 0.2 g of the silicate material in 40 ml of the NP dispersion with the growing 
concentration of silver, in the form of the NPs, in the range from 10.8 to 108 mg Ag/L in the dispersion. 
After the establishment of the equilibrium, the as-prepared composite was filtered from the dispersion and 
the content of silver was indirectly determined through the decrease of the amount of silver NPs in the 
filtered dispersion, which was determined due to the changes in absorbance of the surface plasmon. The 
obtained values of the silver NPs adsorbed on the surface of the inert silicate carrier were consequently 
recalculated for 1g of the inert carrier. In all studied cases the dependencies of the silver NPs amount, 
adsorbed on the surface of the inert silicate carrier, on the amount of silver NPs originally present in the 
dispersion (Fig. 1) revealed typical tendencies corresponding to the model of Langmuir adsorption isotherm 
with a characteristic limitation of the adsorbed amount of the silver NPs at their higher concentrations in 
the dispersion. Based on the presented graphs, using mathematical expression of the Langmuir adsorption 
isotherm, the limit values of possible adsorption of the silver NPs on the carrier surface were determined. 
For zeolite Sodium Y, the value was 8.60 mg Ag per 1g of zeolite, for zeolite Ammonium Y it was 6.65 mg Ag 
per 1g of zeolite, and for zeolite 13X 8.42mg Ag per 1g of zeolite. The obtained values point out at the fact 
that zeolite Sodium Y and 13X (both of them being typical sodium zeolites) proved to have comparable 
values of maximal amount of silver NPs, which can be adsorbed on their surfaces. Additionally these values 
are nearly one third higher in comparison with Ammonium Y. These results correlate really well with the 
experimentally determined value of the silicate specific surface areas (655 m2/g and 586 m2/g for Sodium Y 
and zeolite 13X, respectively). In both cases the surface area is more than twice higher in contrast to 
Ammonium Y, which has the specific surface area equal to 266 m2/g. In the case of the Ca-MMT, the 
amount of maximally adsorbed amount of silver NPs is significantly lower than in the case of the zeolites 
and has the value of only 5.4 mg Ag per 1g of Ca-MMT. This effect can be simply explained by the value of 
the specific surface area, which is equal to 96 m2/g. 

Fig. 2 TEM figures of (a) pure calcium montmorillonite (Ca - MMT) and (b) nanocomposite 
nanoAg@Ca-MMT. 

The presence of silver NPs adsorbed on the inert silicate carrier was proved indirectly on the bases of 
control determination of the silver content in the as-prepared composites after their rinsing in HNO3 and 
subsequent determination of silver by AAS. Direct proof of the silver NP presence was obtained from TEM 
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images, on which it can be clearly seen that the silver NPs gathered on the surface of the microparticulate 
silicate material (Fig. 2). Because of the structure of the pores in the silicate carrier (microporous material) 
one cannot expect that the silver NPs, having the average diameter of 28 nm, would be able to penetrate 
into the structure of pores of the used silicate materials and therefore they are adsorbed only on the 
carrier surface. Thanks to this adjustment of the as-prepared nanocomposite, the particles can interact 
with their surrounding intensively, which is also necessary if we require retaining their antibacterial activity, 
which is according to the already published studies closely connected with the direct interaction of the 
silver NPs with the living organism. [13] The fact that the particles retain their antibacterial effect was, 
however, proved by the tests of the antibacterial activity of the as-prepared nanocomposites performed on 
a variety of both gram-positive and gram-negative bacteria. The nanocomposite proved inhibition effect, or 
eventually bactericidal effects, however, this activity is from one to two orders lower than the activity of 
independent silver nanoparticles in aqueous dispersion (Table 1). The subsequently performed tests, 
evaluating possible release of the silver NPs from the as-prepared nanocomposite, proved that the particles 
are bounded only weakly to the inert silicate carrier because they were release even when the composite 
was only rinsed in water. The composites nanoAg@zeolite proved to have a high decrease in the content of 
silver NPs (max. 26 %) in the rinsing process for the composite with zeolite Sodium Y. Zeolite 13X, as the 
carrier of the NPs, proved to release 23% of the silver NPs and Ammonium Y just 16% of them. The lowest 
decrease, in the rinsing process, was revealed to be in the case of the composite of the nanoAg@Ca-MMT 
composition, where the decrease was determined to be approx. 10%. Based on these results it can be 
assumed that the determined antibacterial activity of the as-prepared nanocomposite is most probably 
connected with the silver release from the composite into the cultivation broth. This assumption can be 
supported by the fact that the values of MIC, for the tested nanocomposites, correspond to the trend of 
the released silver NPs from the nanocomposite in the process of rinsing. 

Table 1 The values of antibacterial activity of the as-prepared nanocomposites (nanoAg@inert carrier) 
determined, using microdilution method, as minimal inhibition concentration (MIC) of the prepared 
nanocomposites for tested microorganisms. 

 

Tested bacterial strain 

Minimal inhibition concentration (mg/ml) of nanocomposites 

z. Sodium Y z. Ammonium Y zeolite 13X Ca-MMT 

Enterococccus feacalis  13,3 21,7 13,3 21,7 

Staphylococcus aureus   9,2 13,3   9,2 13,3 

Pseudomonas aeruginosa   7,1   9,2   7,1   9,2 

Staphylococcus epidermidis   9,2 13,3 13,3 13,3 

Klebsiella pneumoniae   9,2 13,3   9,2 13,3 

Escherichia coli 13,3 21,7 21,7 21,7 

4.  CONCLUSION 

The experiments, aimed on the preparation of the nanocomposite materials of the composition 
nanoAg@inert carrier proved to be simple for preparation, when the primarily obtained particles are 
adsorbed on the surface of the carrier. The whole process proceeds according to model of Langmuir 
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adsorption isotherm. The amount of the silver NPs adsorbed on the silicate material is dependent on the 
value of the specific surface area of the material. The as-prepared nanocomposites revealed also 
reasonably high antibacterial activity, which is undoubtedly connected with the silver NPs. However, it is 
necessary to admit that the particles are not strongly adsorbed on the carrier surface and their stability in 
aqueous medium is low. The particles can be released from the surface even when the material is rinsed or 
washed with water.  
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Abstract 

The aim of this work is to evaluate the effect of initial structure modification and increased temperature on 
ultrafine grain structure formation of commercial low carbon steel AISI 1014. Low carbon steel was 
subjected to a severe plastic deformation technique known as Equal Angular Channel Pressing (ECAP) at 
different increased temperatures. The steel was subjected to ECAP with channel’s angle ø 90° at different 
temperature temperatures, in range of 150- 400°C. The number of passes at each temperature was N-3 and 
4. The impact of different effective strain εef introduced upon microstructure changes was investigated 
using light, scanning (SEM) and transmission electron microscopy (TEM) methods. The microhardness 
results (HV) along the deformed bars supported the deformation straining effect. Repeating deformation 
procedure (Bc) the coarse and modified ferrite grains were refined and resulting structure consisted of the 
of fine grains having high angle boundaries. The features of grain refinement appeared in structure when 
effective strain εef reached value of 3 and 4. On the other side the heterogeneity in ultrafine grain structure 
formation was evident locally. Regardless the initial structure of steel and applied deformation conditions 
the applied effective strain was insufficient to ensure uniform deformation across and the length of steel 
bars. The size of newly born polygonal subgrains and new grains was in range of 300 - 600 nm. The tensile 
tests results confirmed strength increase of the steel. The formation of such predominant 
submicrocrystalline grain structure resulted in significant increase of the yield and tensile strength of the 
steel; however the restricted ductility after straining resulted. 

Keywords: low carbon steel, severe plastic deformation, structure refining, strength and ductility. 

1.  INTRODUCTION 

During the recent decade, bulk ultrafine grain structured materials produced by severe plastic deformation 
(SPD) have been investigated intensively. The production of fine grained materials by SPD, leads to a large 
number of investigations focusing on the substructure development and related mechanical properties. It 
has been already well known that SPD of metallic materials, involving processes such as equal angular 
pressing (ECAP), accumulative roll bonding (ARB), and high pressure torsion (HPT) and others methods, is 
capable of producing ultrafine grain (UFG) materials with submicrometer, even less to nanometer grain size 
[1, 2]. The fabrication of bulk materials with ultrafine grain sizes has attracted a great deal of attention over 
past two decades because of their enhanced properties [3 - 6]. The term ultrafine grain structure is 
referring to nanostructure with grain size less than 100 nm, and submicrocrystalline structure with grains 
between 100 to 1000 nm. In recent years it has become a worldwide effort to develop manufacturing 
process to obtain ultrafine grain structure in steels. However, materials with ultrafine grained structure, 
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manufactured by the SPD process have the inherent limit for their practical use. Since the SPD accumulates 
extensive internal energy inside materials, considerable residual stress would still remain even after a large 
portion of internal energy is dissipated for grain refinement. 

Currently, significant interest has shifted to the use of warm and/or even hot severe deformation in order 
to produce more stable UFG microstructure [7]. With cold ECAP, low and medium carbon steels can only be 
pressed by two or three passes with channel intersection of 90° before initiation of sample failure. The two 
to four passes realized with cold ECAP are insufficient and the achievable strain amount is insufficient to 
produce a fully refined grain structure [8]. To form stable ultrafine grain structure in metals and alloys, 
ECAP deformation should be carried out at increased temperature corresponding to the temperature of 
cold working [9]. 

The purpose of this work is to study the formation of submicrocrystalline structure in commercial low 
carbon steel AISI 1014 subjected to the large strain during warm deformation in dependence of varying 
temperature and strain level of ECAP performed. The influence of the temperature on the formation of 
ultrafine grain microstructure and in particular on the course of recovery process was studied.  

2.  EXPERIMENTAL PROCEDURE MATERIAL AND EXPERIMENTAL  

In this work, the commercial low carbon steel AISI14 was to use for experimental. The chemical 
composition of the steel is shown in Table 1. The experimental steel was received as rolled down plate.  

Table 1 Chemical composition of AISI 1014 steel in weight percent.  
Element C Mn Si P S Al N As Cu 
wt.pct 0.1 0.42 0.08 0.029 0.05 0.002 - 0.032 0.02 

Prior ECAP pressing, a conventional austenitization of square shaped billets at temperature of 920°C for 
1hour was carried out, followed by air cooling. The initial microstructure of ferrite with scattered small 
cementite islands is presented in Fig. 1. From thermally treated billets the cylindrical specimens with initial 
diameter of 9 mm and length of 50 mm were cut off for the ECAP experiment. The ECAP pressing was 
performed for four different temperatures of 150, 200, 250 and 300°C. The of intersection angle of the two 
channels (φ) was equal to 90°. The ECAP die used for experimental was heated to the consecutive pressing 
temperature and held on the temperature for 30 minutes. The samples heated for 300 s prior pressing was 
done inside the pre-heated die until samples reached the pressing temperature. A 250 tons hydraulic press 
was employed and pressing rate of 16 mm/s was used. The temperature of the die was controlled within 
the range of ± 1°C. Each billet was pressed up to a total of three passes (N) through the die; the billet was 
rotated between the consecutive passes about its longitudinal axis by 90° always in the same direction. 
Three passes correspond to the total strain of ε ~ 3. This procedure is generally termed processing route Bc 
and it was selected because it leads most rapidly to formation of homogeneous microstructure of equiaxed 
grains separated by high angle grain boundaries. It was not expected that stress generated in sample after 
each pass, should be lowered due to static polygonization upon holding in die between passes. 

The microstructure of processed samples was examined by NIKON 200 optical microscope (OM), JEOL JSM 
6380 (SEM), and JEM-2000 FX (TEM) microscopes. The samples were sliced normal to the longitudinal axis 
of ECAP pressed billets. 
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Fig. 1 Principle of ECAP processing. 

The specimens for optical microscopy were 
mechanically polished to a 0.05 μm finish and etched 
using a 3% Nital solution. Micrographs were taken at 
a location in the distance of 1/3 of diameter from 
front edge of sample. Sample selection and 
preparation for microstructural analysis in the SEM 
and TEM were the same as those for the optical 
metallography. The TEM samples were produced by 
mechanical polishing to the thickness of about 50 μm, 

followed by electropolishing in the mixture of perchloric 
acid (10%) and acetic acid (90%) at room temperature 

and at the voltage of 12 V. Observation in the OM and TEM were made on the transverse plane X which lies 
perpendicular to the longitudinal axis of the billet as shown in Fig. 1. The selected area diffraction was 
applied to specify the structure development at different temperatures of the ECAP process. 

Microhardness was measured using a Vickers tester with the load of 100g. The microhardness distribution 
over the cross section of the sample was measured. Mechanical properties were determined using ZWICK 
universal testing machine equipped with a Multisens extensometer. Tensile specimens 50 mm in length 
were cut off from the ECAP billets with gauge length of 20 mm and 3mm in diameter. Tensile tests at a 
constant crosshead speed of 0.016 mm.s-1 and running until failure were carried out. The engineering 
stress-strain curves were constructed. 

3.  EXPERIMENTAL RESULTS AND DISCUSSION 

3.1 Microstructural observation after ECAP  

The analysis of microstructure showed that equiaxed ferrite grain morphology is uniform across the billet 
after applied solutioning at 920°C. The cementite particles are precipitated along grain boundaries Fig. 2 
represents an OM micrograph of initial ferrite microstructure of the steel. The mean linear intercept size of 
larger and smaller ferrite grains were ~ 100 μm and ~ 10 μm respectively. 

The use of repetitive pressing through the ECAP die provides an 
opportunity to develop different microstructures by rotating the 
samples between consecutive passes. Deformation characteristics for 
the chosen processing route Bc have been analyzed in detail in sections 
normal to longitudinal axis. Both OM and SEM micrographs of the as-
pressed steel provide evidence of effective straining. 

Representative optical micrographs for T- 150°C, 200°C, 250°C and 300°C 
taken on the X plane are shown in Fig. 3 (a,b,c,d). The effect of strain 
non-uniformity across the plane X upon three fold die pressing is 
apparent in structure forming regardless of the ECAP process. On this 
plane, there are still some areas with equiaxed grains present. That can 
be the evidence that they did not experience the heavy strain of ~ 3 as 
could be expected in route Bc. This is contrary to results observed in low 
carbon steels and presented in [9, 10]. 

Fig. 2 Optical micrograph of 
initial structure in billets after 

thermal treatment. 
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In order to examine the effect of 
deformation conditions on structure 
development in low carbon steel 
during warm ECAP and SEM 
observation was used as well. The 
tendency to flow localization for two 
selected temperatures of 150 and 
300°C, which are related to the lower 
and higher temperature of ECAP, can 
be noticed in Fig. 4. On polished and 
etched surfaces, the banded 
morphology of severely elongated 
grains is clearly visible, Fig. 4a. Very 
fine lamellar structure of elongated 
grains in one direction or irregularly 
bent lamellar structure (Fig. 4b) is 

observable on the surface. This fact, 
however, confirms that the sample 
experienced heavy deformation over 
the three passes.  

There is no doubt that in sample 
microvolumes the deviations due to 
non-homogeneous strain are present, 
which can affect the local structure 
formation and structure uniformity.  

As pointed out previously, a multi-
pass ECAP produces remarkably 
uniform microstructure if the number 
of passes is higher than three and if 
the angle of intersection of channels is 
φ = 90°. However, non-uniformity in 
strain distribution was observed by 
OM. The microstructure of samples 
subjected to warm ECAP at 300°C was 
further investigated on their normal 
planes (Fig. 1, X plane) by TEM. This 
analysis provided the substantial 
evidence that at the time of structure 
formation not only structure the 
fragmentation process modified the 
new ultra fine grain structure but also 
the in-situ recovery processes  

Fig. 3 a,b. Optical micrographs taken on the plane perpendicular 
to billet axis after three ECAP passes at temperature: a) 150°C; 

b) 200°C. 

Fig. 3 c,d. Optical micrographs taken on the plane perpendicular 
to billet axis after three ECAP passes, T= c) 250°C; d) 300°C. 

Fig. 4 SEM micrograph of the low carbon steel subjected to N=3 
ECAP passes: a) TECAP = 150°C; b) TECAP = 300°C.. 
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contributed a great deal to 
development of ultra fine grain 
structure. The TEM provided an 
opportunity to analyze the changes in 
the structure taking place during 
ECAP pressing on submicron level.  

Figs. 5a,b shows the correspon- ding 
TEM image of the deformed ferrite 
upon ECAP pressing at temperature 
of 150°C. For the most part, the 
microstructure consists mainly of 
more or less of parallel bands of 
elongated grains. The non-uniform 
grain size and morphology are 

presented in Fig. 5b. The effect of 
elevated temperature on the onset of 
recovery has not been observed. 
Higher dislocation density and 
dislocation cells inside elongated 
grains are apparent. 

The structure characteristics were 
observed not to have changed 
substantially upon ECAP pressing at 
the temperature of 200°C. However, 
the substructure characteristics 
depend on the local position. In some 
elongated ferrite grains, dislocation 
activities can be related to progress in 
polygonization and preliminary 
nucleation of new subgrains, Fig. 7. 
The fringe contrast along grain 
boundaries of elongated subgrains 
and small grain nuclei is a strong 
evidence of continuous recovery, 
probably dynamic recovery, in time of 
ECAP pressing and/or onset of 
dynamic recrystallization. Difraction 
pattern from a selected area of 1μm 
indicates notable change in the 
angular spread of the spots. 

Fig. 5 a) TEM micrograph of  elongated subgrains of ferrite after 
ECAP at 150°C; b) Different size of fragmented ferrite subgrains 

produced at ECAP of 150°C. 

Fig. 7 TEM micrograph of new 
subgrains formation at ECAP 

temperature of 200°C. 

Fig. 9 TEM micrograph of for-
ma new subcrystalline 

structure. 

Fig. 8 TEM micrograph of new 
subgrains experienced 

dynamic recovery. 

Fig. 10 TEM micrograph of 
well developed polygonal 

grains. 
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As the temperature of warm ECAP is raised (TECAP = 250°C) the tendency for development of 
submicrocrystalline structure becomes stronger, which can be attributed to in situ dynamic polygonization 
and recrystallization. As a result, new subgrains form in clusters and the discernible dislocations inside of 
subgrains are forming the dislocation networking, Fig. 8. 

These subgrains can act as nuclei at formation of submicrocrystaline structure. The more grown and 
already equiaxed grains with less dislocations can be seen in Fig. 9. This time, the ECAP was performed at 
the temperature of 300°C and the triple effect of working temperature introduced strain and latent heat 
generated by severe deformation acts as effective driving force for dynamic recrystallization process, which 
in local areas, supported the formation of polygonal recrystallized submicron grains, Fig. 10. The presence 
of net pattern in SAED suggests the presence of a reasonable portion of boundaries having high angles of 
misorientation.  

3.2 Mechanical properties of steel after ECAP 

In order to examine the effect of ECAP temperature the Vickers hardness HV1 was measured prior to and 
after ECAP on the plane perpendicular to the pressing direction, (X area). 1 kg load applied for 10 s was 
used for the measurement. The hardness values were taken as the average of a minimum of 3 
measurements. The records are stated in Table 2. The hardness variation with increasing temperature of 
ECAP is seen, and a little unexpected is the value at the highest temperature of ECAP 300°C where the most 
advanced effect of dynamic recrystallization on submicro- crystalline structure formation was observed. 

The results of tensile testing at room temperature using an initial crosshead rate of 5 mm/min for samples 
are shown in Fig. 11, for fully annealed condition, and in Fig. 12 for ECAP specimens. In case of the fully 

annealed condition, there is an 
extensive period of strain 
hardening and a high elongation to 
failure. The deformation behavior 
of ECAP specimens is very similar 
in all specific where tensile 
strength is decreasing as ECAP 
temperature increases. However, a 
little different behavior is observed 
in the specimen 3, which does not 
exhibit any work hardening 
following yielding. After reaching a 
maximum strength at a small strain 
a continuous drop in stress-strain 
curve occurs.  

 

 

 

 

Table 2 Microhardness of initial and ECAP samples 
T ECAP annealed 150°C 200°C 250°C 300°C 
HV1edge 87  239.5 233 235 242 
HV1center 86,5 238 233 228 240 

Table 3 Mechanical properties in dependence of the ECAP 
temperature 
TECAP [°C] YS [MPa] UTS [MPa] A [%] RA [%] 
150 562 824 11.5 38 
200 814 819 9 36 
250 680 779 13.5 39 
300 662 761 13 35 
initial state 252 307 38 58 
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The amount of uniform deformation is therefore very small and the stress-strain curve is similar to that 
anticipated in a work hardening.(The analysis of fracture confirmed that deformation process was 
influenced by interior cracks present in specimens. On the other side it is noticeable that the reduction of 
area is, however, similar in others specimens, see Table 3.) Generally, the obtained results confirm the 
considerable increase of tensile strength as compared to that of annealed steel. The yield stress is more 
than twice higher, reaching the maximum value of 680 MPa at TECAP = 250°C. The region of strain hardening 
prior to the softening is visible and the amount of uniform elongation is increasing with increasing 
temperature of ECAP. However for the strength properties (UTS and YS) are observable decrease for all 
temperatures, while length of uniform elongation shows only small extension. The increase of the UTS can 
be attributed to the effective dynamic recrystallization process resulting in formation of submicrocrystalline 
microstructure where increased fraction of submicron grains in structure is apparent. The resulting volume 
fraction of newly recrystallized grains with dislocations network inside is still not yet prepared to recovered 
plastic ability in ECAPed specimens. 

4. CONCLUSIONS  

Microstructural evolution during warm ECAP pressing was studied in low carbon steel with ~ 0.1 wt % C 
steel. The major results can be summarized as follows:  

1. The ECAP processing route Bc was performed at four different elevated temperatures and the billets 
were pressed in three passes. Intensive and yet non-uniform strain in the billets, excluding the end regions, 
was observed by optical microscopy.  

2. Formation of heavily deformed substructure was apparent in samples investigated by TEM analysis. In 
elongated ferrite grains the substructure consisting of dislocation cells and subgrains was found. 

3. The ECAP conducted at elevated temperature was apparent to support and accelerate the process of 
polygonization of deformed structure, which was observed at structure recovery at the lowest ECAP 
temperature of 150°C. 

4. At the highest ECAP temperature of 300°C, the process of dynamic recrystallization effectively 
transformed the elongated structure of ferrite and contributed to formation of the stable 
submicrocrystaline structure, which resulted in strength properties decrease but partly recovered the 
plastic ability of ECAPed steel. 

Fig. 12 Stress – strain curves of ECAPed 
samples. 

Fig. 11 Engineering stress-strain curves of 
solutioned steel samples. 
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Abstract 

The electronic structure of InAs quantum dots (QD) self assembled on GaAs and covered with the 
GaAs(1−y)Sb(y) strain reducing layer displays several interesting features, depending on the geometry and 
the composition of the ternary material. The basic motivation is the possible lowering of the emission 
energy towards the prominent communication bands of 1.3 and 1.55 microns. Using the envelope function 
theory, we investigate the localization of electrons and holes. The most remarkable finding is the 
localization of holes outside InAs, close to the base of the dot, for larger value of the Sb content. Thus, type-
II molecular-like states are formed as the results of the strain and piezoelectric fields. The parameters of 
the ternary layer play a crucial role in forming the properties of the QD structures; some of them cannot be 
easily obtained by X-ray techniques. For this reason, we explore the possibility of efficient characterization 
of the very thin ternary layers in the QD heterostructures using VIS-UV reflectance spectra, and compare 
the results with those obtained by using X-rays. 

Keywords: quantum dots, GaAs, InAs, GaAsSb 

1.  INTRODUCTION 

Quantum dots (QDs) formed in semiconductor heterostructures are subject of interest due to their unique 
electronic and optoelectronic properties [1]. Self-assembled InAs QDs on GaAs are the best candidates for 
achieving the light emission in the two communication bands of 1.3 and 1.55 �m (see Fig.1). The large 

lattice mismatch enables the growth of a 
dense population of QDs in the Stranski-
Krastanow mode; the lowest exciton energy 
is determined by the dimensions of the dots, 
band offsets, and by the strain and 
piezoelectric fields. The properties of the 
dots can be tuned by using covering layers of 
ternary materials with larger lattice constant 
and lower bandgaps, such as InGaAs or 
GaAsSb [2]. These “strain-reducing layers” 
(SRLs) influence the growth, being 
responsible for substantial changes in  
the dimensions and densities of the QDs. 

Here, we report on model calculations of the 
InAs dots on GaAs (100), covered with 
pseudomorphic GaAs(1−y)Sb(y) SRL. Some of 
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Fig. 1 Bandgaps and cubic lattice constants of three 
compound semiconductors (circles) and their alloys 

(solid lines). Dashed lines indicate the photon 
energies of the two communication bands. 
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Fig. 3 (1-10) cross sections of the 
probability density (in arbitrary units) of 

the electrons (upper panel) and holes 
(middle panel) at y=0.1, and of the holes 

at y=0.22 (bottom panel). 

our results were published in [3], with the emphasis on the hole localization occurring for larger values of 
Sb content in the SRL. In order to compare the theoretical predictions with experimental data, the 
parameters of the SRL have to be obtained with a high precision. Aiming at this task, we have developed a 
new characterization tool based on normal-incidence reflectance in the VIS-UV range. 

2.  LOCALIZATION OF ELECTRONS AND HOLES 

We have assumed the pyramidal shape of the dot, having graded composition profile of In(x)Ga(1-x)As, 
with x=0.4 at the square basis of the length of 22 nm, and reaching pure InAs (x=1) at its top, 8 nm above 
the base [4]. The thickness of the GaAs(1−y)Sb(y) SRL was 5 nm, assuming several compositions from x=0.1 
to x=0.22. The dot and SRL were embedded in GaAs, with flat interfaces as shown in Fig. 2.  

Having specified the geometry and materials, we have 
used the Nextnano++ system [5] to calculate the single 
particle states, using the 8-band envelope function 
scheme. The calculated wavefunctions were used to 
compute the probability densities for electrons and 
holes, with examples shown in Fig. 3. While the electrons 
are found to be always localized in the In-rich top of QD, 
the holes reside inside QD for lower values of y, and in 
the SRL for larger Sb concentrations (y>0.19). Contrary 
to previous reports [6], the holes are located close to the 
base of the dot, rather than above the dot. This is the 
consequence of the strain field, shifting the heavy-hole 
band edge to lower energies. We have also proposed an 
experiment to test this result, involving external vertical electric fields [3]. 

Our calculations also elucidate the role of the piezoelectric field. Namely, including only the strain field, the 
holes are located within a ring surrounding the square base of QD. With the piezoelectric field added, the 
holes move to the corners of the base along the (110) direction. 

Fig. 2 Model structure of the graded InGaAs QD 
covered by the GaAsSb SRL. 
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Fig. 4 Calculated emission energies (full circles, right 
vertical scale) and experimental data of Ref. [2] 

(squares, left vertical scale).The crossover from type I 
to type II is indicated by the dashed vertical line. 

Fig. 5 Real (dashed lines) and imaginary (solid 
lines) parts of the dielectric functions of GaAs 

and GaSb at room temperature. 

In the second step of our simulations, we 
calculated the excitonic energies using the 
configuration interaction method based on 
the single particle states [7]. The lowest 
transition energy is shown in Fig. 4 as a 
function of the Sb content of the SRL. Note 
the significant red shift of 84 meV when going 
from zero to the largest value of y=0.22. The 
calculated dependence is in a very good 
agreement with the photoluminescence data 
of Ref. [2], after the latter were shifted by a 
small amount of 5 meV. 

One of the most intriguing results is the fact 
that the hole wavefunctions at larger Sb 

content resemble that of the lateral quantum dot molecules. This charge distribution is better defined, 
more scalable, and easier to fabricate compared to the lateral molecular arrangements. 

3.  OPTICAL CHARACTERIZATION OF STRAIN REDUCING LAYERS 

The ternary SRLs are typically only a few nm thick, leading to difficulties in their characterization. The 
optical response of the ternary material in the range of strong interband electronic transitions (VIS-UV 

region) depends strongly on the composition due to 
the shifts of prominent spectral features. Shown in 
Fig. 5 are the spectra of the complex dielectric 
function [8] of both constituents of GaAsSb, 
indicating the substantial difference in the position 
of the critical points of the joint density of states, 
forming the E2 spectral structure in the 4-5 eV 
range. The doublet structure at lower photon 
energies (E1, E1+�1) displays the spin orbit 
interaction of increased magnitude when going 
from GaAs to GaSb. These characteristic structures 
shift in the alloys (mostly with noticeable bowing of 
the positions against composition, analogous to 
that of the fundamental bandgap in Fig. 1). 

The attenuation of an optical wave in a material can be quantified conveniently by the penetration depth, 
plotted for GaAs and GaSb in Fig. 6. Fairly small values (less than 10 nm) occur in the range of the strongest 
absorption in the E2 range. Consequently, films thicker than about 10 nm behave as an semi-infinite 
material in reflectance measurements (see the spectra of both constituents in the inset of Fig. 6). On the 
other hand, for thinner films, the reflected signal is influenced by the reflections at the interface with the 
substrate and contain information on the film thickness. For the materials of Fig. 6 and their alloys, this 
occurs for the thicknesses of a few tens nm in the range of E1 transitions (1.5-3.5 eV). Thus, for typical SRLs, 
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Fig. 6 Left panel: penetration depths and normal-incidence reflectivities (inset) calculated from the 
spectra of Fig. 5. Right panel: Second derivatives of reflectivities of the inset of the left panel. 
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Fig. 7 Left panel: measured relative reflectances of three epitaxial GaAsSb films on GaAs. Right panel: 
numerical derivatives of the measured reflectances. 

characteristic fingerprints of the film composition and thickness can be identified in reflectance spectra 
measured in a broad spectral range. 

The spectral structures due to the presence of the critical points of the joint density of states can be 
amplified by the (numerical) differentiation of measured spectra. Shown in the right panel of Fig. 7 are the 
second derivatives of the normal incidence reflectivities of Fig. 6, with the clearly separated spin-orbit 
doublets, and the well separated E2 structures. 

 

 

 

 

 

 

 

 

We have identified the useful information in normal-incidence reflectance spectra measured on a series of 
three uncapped pseudomorphic GaAsSb layers grown on GaAs by MOVPE [9]. The spectra shown in Fig. 7 
were obtained with a fiber spectrometer (Avantes 2048) and the halogen-deuterium discharge lamps as 
light source. An epitaxial GaAs sample has provided the reference signal proportional to Rref, and the 
relative reflectance resulted from the ratio of sample/reference signals. The presence of the films is clearly 
seen as the deviation of the relative reflectance from unity, most pronounced in the E1 and E2 ranges. 
Further amplification of the sharp structures is seen in the numerically differentiated reflectances, shown in 
the right panel of Fig. 7.  
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Fig. 8 Numerical derivatives of the measured 
reflectances of Fig. 7 on expanded scales, E2 range. 

Fig. 9 Numerical derivatives of the measured 
reflectances of Fig. 7 on expanded scales, E1+�1 

range 

The target film thicknesses of the films were 10 nm, comparable with the minimum penetration depth of 
light in the range of the E2 transitions. Thus, the reflected signal in this spectral range is approximately 
independent of the film thickness, being determined by the composition. For small Sb contents, the 
spectral shift of the E2 transitions should produce a derivative-like pattern in the relative reflectance, with 
the magnitude proportional to the shift of the critical point energy (i.e., Sb content). We can estimate the 
latter in a very simple way; the expanded derivative spectra of Fig. 8 show a clear band centered slightly 

below 5 eV. The second derivative of the 
reflectivity of GaAs close to 5 eV reaches the 
minimum value of -3.0 eV-2 (Fig. 6), the 
minimum value of the differentiated relative 
reflectance is -0.35 eV-1 for the sample #2098; 
using the linear dependence of the E2 position 
on composition (with the shift of 0.76 eV 
between GaAs and GaSb), we arrive at the Sb 
content of y=0.15. Evidently, the smaller 
magnitude of the band for the two remaining 
samples witnesses the smaller Sb content 
(about 0.07 in sample #2096). 

At lower photon energies, the penetration 
depth of light is larger than the film thickness 
and the measured spectra can be used to 
determine its value. We have identified the 
range of E1+�1 transitions as a suitable 
candidate for this purpose. In fact, Its shift 
from GaAs to GaSb is similar to that of the E2 
transition, which simplifies the analysis of the 
spectra. We have modeled the dielectric 
function of the ternary alloy in this spectral 
range by that of GaAs, rigidly shifted to lower 
photon energies by the amount proportional to 
the Sb content (as obtained from the E2 
spectral range). These optical constants were 
subsequently used to compute the reflectivity 
of the film/substrate system, and its numerical 
derivative with respect to the photon energy. 

The magnitude of the spectral structure centered at ~3.1 eV is proportional to the film thickness and allows 
us to determine its value from the comparison with measured data (Fig. 9). In a fair agreement with X-ray 
data [10], the film thickness of about 7 nm has been found for sample #2098. Further, the remaining films 
are thicker, indicating a decrease of the growth rate with increasing Sb content. 

The main source of uncertainties in our characterization procedure consists in the influence of the 
(unknown) bowing of the bandgap-composition dependences for the E2 and E1+�1 transitions of the 
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strained layers. It would be desirable to measure the positions of the critical point energies on layers with 
known compositions. 

4. CONCLUSIONS 

We have identified a spectacular behavior of the localization of holes in the QDs covered by GaAsSb SRLs 
with different Sb content. It is related to the pronounced redshift of the lowest optical transitions with 
increasing Sb concentration, and contributes substantially to the flexibility of the GaAs/InAs/GaAsSb 
system. 

We propose a simple characterization procedure for the SRLs, based on the spectral fingerprints provided 
by the strong interband E1 and E2 transitions in the normal-incidence reflectance. It provides considerable 
sensitivity to both composition and layer thickness, and is potentially useful as an in-situ monitoring 
technique during the growth of the structures. 
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Abstract 

We have prepared CdTe QDs in the size range from 2.8 to 4.4 nm with different organic ligands bonded on 
the QD surface. The organic ligands usually contain thiol, carboxyl or amino groups. These ionic groups 
provide QDs water solubility and should serve as linkers for conjugation of QD with important molecules to 
create selective luminescent probes. We have prepared QDs with mercaptopropionic acid, thioglycolic acid, 
cystein, mercaptoundecanoic acid, mercaptoethanol and cysteamine on the surface. Various synthesis 
procedures were also tested. The luminescence quantum yields of prepared QDs were compared. The 
secondary method was used for the determination of quantum yield with fluorescein as a standard. The 
determined quantum yields vary from 0.02 to 12% depending on synthesis conditions and organic ligand 
used. The highest quantum yield have been obtained for QD with cysteamine on the surface prepared at pH 
= 3. Preparation conditions of luminescent probes via conjugation of QDs with macrocyclic ligand using 
zero-length cross-linkers such as 1-ethyl-3-(3-dimethyl-3-aminopropyl) carbodiimide hydrochloride and N-
hydroxysulfosuccinimide were optimized. Metal ion complexation ability of the conjugate and possibility of 
metal ion complex conjugation were also tested. Complexes of conjugates of macrocyclic ligands with Zn(II) 
and Eu(III) ions were prepared and analyzed by capillary zone electrophoresis with laser-induced 
fluorescence detection. These types of luminescent probes are intended to be used as Förster resonance 
energy transfers and for a DNA labeling.  

Keywords: quantum dots, luminescent probe, quantum yield 

1. INTRODUCTION 

Nanoparticles are structures with dimensions in the range from 1 to 100 nm. They may exhibit size-related 
properties that differ significantly from those observed in bulk material. Research of nanoparticles is 
currently fast growing area due to plenty of application possibilities in wide range of areas as a 
biotechnology, biomedicine, optical and electronic fields. The majority of practical applications necessitate 
nanoparticles with uniform morphology and structural homogeneity. 

1.1 Quantum dots 

Quantum dots are semiconductor nanocrystals consisting of elements of II - VI or III - V group. The 
semiconductor core should be stabilized by shell from inorganic salt, mainly CdS and ZnS [1]. Water 
solubility is obtained by organic polar molecules which are covalently bonded to a quantum dot surface by 
thiol groups [2]. These molecules can also serve as a linker introducing functional group able to react with 
other functional ligand or biomolecule forming luminescence probes [3-6]. Quantum dots exhibit unique 
optical properties as a narrow and symmetrical emission spectra, wide excitation spectra, good chemical- 
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and photo-stability [7, 8] and fluorescence emission wavelength dependent on particle size [2]. Therefore, 
they are used as fluorescent markers in analytical chemistry, molecular biology and medicine [9]. 

Nowadays, there are two ways for the preparation of semiconductor QDs, aqueous and non-aqueous. Non-
aqueous synthesis requests a high boiling point solvent and they are useless for a bio-labeling. The aqueous 
synthesis is cheaper, less toxic and bio-compatible. Classical route for CdTe preparation is utilization of the 
reaction between Cd2+ and NaHTe in the presence of a required organic ligand. The optimum molar ratio of 
these chemicals is Cd2+:HTe─:ligand = 2:1:4.8. The reaction proceeds in boiling water and the smallest QDs 
are formed in several minutes of refluxing [2]. The size of QDs increases with the refluxing time from 
several minutes (2.5 nm) to 2 days (5 nm) [8]. The pH value for the preparation of CdTe QDs depends on 
organic ligand. 

2. QUANTUM YIELDS OF QDS 

We have prepared QDs with various organic ligands on the surface, such as 3-mercaptopropionic acid 
(MPA), thioglycolic acid, cystein, mercaptoundecanoic acid, mercaptoethanol and cysteamine. The 
luminescence quantum yields of prepared QDs were compared. The secondary method was used for the 
determination of quantum yield [10]. This method is based on comparison of extinction coefficient and 
luminescence intensity of the sample with standard measured on the same instrument under the same 
conditions. Solution of fluorescein in ethanol was used as a standard with quantum yield 90% [11]. The 
determined quantum yields presented in Table 1 depend on synthesis conditions and organic ligand used. 
The highest quantum yields 11% have been obtained for QD with 2-mercaptoethylamine on the surface 
prepared in pH = 3 and for QDs with 3-mercaptopropionic acid synthesized by one step synthesis according 
to procedure described by Zhan [12].  

Table 1 Quantum yields (%) of CdTe quantum dots with different organic ligands 
organic ligand 530 nm 600 nm 650 nm 
3-mercaptopropionic acid 1.9 4.3 
2-mercaptoethylamine 5.2 11.5 
cystein 3.3 3.6 
mercaptoethanol 1.7 
mercaptoundecanoic acid 3.0 
hydrazide hydrate 7.0 
thioglycolic acid 2.3 
one step synthesis with 
3-mercaptopropionic acid 

4.6 11.2 
 

The quantum yields of the QDs should be increased by coating of CdTe core by inorganic salt layer. This 
layer stabilizes the core and eliminates defects on the core surface that increase the probability of radiative 
transitions - photon emission. 

3. PREPARATION OF LUMINESCENCE PROBES 

3.1 Conjugation of macrocyclic ligand 

Non-oriented conjugation technique via zero-length cross-linkers 1-ethyl-3-(3-dimethyl-3-aminopropyl) 
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Fig. 1 Scheme of conjugate of QD with macrocyclic 
ligand MPI 

Fig. 2 Electrophoretic separation of QDs and QD-MPI conjugate, separation 
conditions: 14/24 cm fused silica capillary, voltage 6 kV, 25 mM TRIS/TAPS buffer 

pH=8.3 

carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (Sulfo-NHS) was used for luminescence 
probe synthesis [5, 13]. This conjugation reaction bonds carboxyl groups on the QDs surface and primary 
amino group on macrocyclic ligand pendant arm forming peptide bond (Figure 1).  

Macrocyclic ligand (1,4,7-triacetyl-10-
aminopenthyl-1,4,7,10-tetraazacyclododeca-
ne) (MPI) was used for conjugation with QDs 
(Figure 1). The method was optimized, the 
amounts of 300 �l QD coated with MPA (1.5 
mg/ml),100 �l phosphate buffer, pH=7, 
0,5 mg Sulfo-NHS, 1 mg EDC were mixed 
together in an Eppendorf microtube. Next, 
the amount of 1.7 - 26.1 �l of the 

macrocyclic ligand (1 mM) was added to 20 �l of modified QDs and this solution were kept to incubate at a 
room temperature for 1 hour. The same procedure was used in case of Zn(II) and Eu(III) complexes of the 
ligand. The metal complexes were prepared by mixing of ZnCl2 or EuCl3 with macrocyclic ligand MPI in ratio 
1:1 and pH of the complex was set to 10. 

3.2 Capillary zone electrophoresis with laser induced fluorescence detection 

Nowadays, the capillary zone electrophoresis with laser induced fluorescence (CZE-LIF) detection is widely 
used analytical separation technique especially in biochemical and biomedical field. CZE-LIF is a method 
with a high selectivity, high separation efficiency and short analysis time. Thus, CZE can be used to check 
the conjugation efficiency of luminescent probes. 

The separation of 
reaction products 
proceed in bare silica-
fused capillaries 

Electro - kinetic 
injection was used. 
Excitation wavelength 
was 488 nm (Ar-ion 
laser) and emission 
was recorded at 610 
nm. Uncharged 
molecules of 
coumarin were used 
as a marker of 
electro-osmotic flow 
(EOF).  
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Fig. 3 Dependence of electrophoretic mobility on conjugation reaction  
ratio of MPI:QDs 

Fig. 4 Electrophoretic separation of QDs (black line), QD-MPI 1:50 
conjugate (red line), QD-MPI 1:50 conjugate with addition of Zn(II) 

(green line) and conjugate of QD with Zn(II)-MPI complex 1:50 (blue 
line), separation conditions: 12/20 cm fused silica capillary, voltage 6 kV, 

20 mM TRIS/TAPS pH=8.3 

The results of analyses of 
crude reaction mixtures of 
QDs itself and different 
ratios conjugations of QDs 
and MPI are demonstrated 
in Figure 2. The different 
conjugation ratios of QD 
and MPI were tested, 
because there are several 
organic ligand molecules 
on QDs surface. The charge 
number of QDs coated 
with MPA was estimated 
to be -14 at pH=8.3 [8]. 
The dependence of 
conjugate mobility on ratio 
of MPI:QDs is shown in 
Figure 3. It is evident that 

from the ratio MPI:QDs 20:1 the conjugate mobility is nearly constant. This corresponds with the estimate 
number of charges on the QDs surface that corresponds with the number of MPA molecules bonded to the 
surface. The slightly higher number of MPI molecules needed for conjugation reaction indicate that the 
reaction yield is lower than 100%.  

The possibility of preparation 
of luminescence probes for 
FRET and for DNA labeling 
was established. Firstly, the 
ability of prepared QD-MPI 
conjugate to complex metal 
ions and possibility of 
conjugation of metal 
complex of MPI was tested. 
Zn(II) ions were chosen, 
because their complex with 
macrocyclic ligands is used 
for labeling of DNA. They 
react with aromatic 
sulfonamides - thymines and 
uracils.  

The comparison of mobility 
of free QDs and their 
conjugates is shown in Figure 
4. It is possible to see a 
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Fig. 5 Electrophoretic separation of QDs and QD-Eu(III)MPI conjugates 
with reaction ratio 1:25 and 1:50, separation conditions: 14/24 cm fused 

silica capillary, voltage 6 kV, 25 mM TRIS/TAPS buffer pH=8.3 

mobility shift of the QD-MPI conjugate (red line) after the addition of Zn(II) ion. This should indicate the 
ability of QD-MPI conjugate to form complexes with metal ions. The peaks with approximately zero mobility 
belong to neutral species in both cases. The electroforegram of conjugation reaction mixture of QDs with 
Zn(II)MPI complex (blue line) exhibit three peaks. One with zero mobility as in previous cases and other two 
indicating presence of QD-Zn(II)MPI conjugate. The presence of the two peaks of conjugates of different 
mobilities can be caused by a different number of Zn(II)MPI molecules bonded to QD surface.  

Eu(III) ions were chosen, 
because they form very 
stable complexes with this 
ligand. These complexes 
conjugated with QDs can 
be used as a FRET probes. 
They can be also used to 
study influences of QDs on 
lifetimes of Eu(III) ion and 
bleaching of QDs by heavy 
metal ions. Several 
conjugation ratios of QDs : 
Eu(III)MPI was studied. The 
shift to lower mobility with 
increasing conjugation ratio 
was observed as in the case 
of the conjugation of QDs 
with MPI (Figure 5).  

However, this shift is not so 
high that should indicate 

that the efficiency of conjugation reaction of metal complex is not as good as in the case of conjugation 
ligand alone. Therefore, higher reaction ratio is needed for a reliable preparation of the probe. 

4. CONCLUSIONS 

The CdTe QDs with various organic ligands were prepared and their quantum yields determined. The 
highest quantum yields were obtained for QD with 2-mercaptoethylamine on the surface prepared in pH = 
3 and for QDs with 3-mercaptopropionic acid synthesized by one step synthesis. Both QDs have the 
quantum yield 11%. Next, luminescent probes, which consist of QDs conjugated with metal ions complexes 
of macrocyclic ligands, were prepared. These probes are intended to be used as Förster resonance energy 
transfers and for a DNA labeling. There are two ways to prepare these luminescent probes. The first one is 
the conjugation of QDs with ligand alone followed by addition of metal ion and complex formation. The 
mobility of conjugate decrease after the addition of metal ion due to lose of negative charge after addition 
of metal cation. The second way is conjugation of QDs with metal complex. This way needs higher ratio of 
reactants to obtain same mobility shift as in the first case. This indicates lower conjugation reaction 
efficiency. But this method prevents the complexation of metal ions released from QDs. Additionally, the 
number of macrocyclic ligands bonded to QDs was determined from electrophoretic mobility shift. It was 
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established to be approximately 20 that are in a good agreement with the number of MPA on QD surface 
evaluated from their electrophoretic mobility. 
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Abstract 

High Schottky barriers have been achieved by applying colloidal graphite on n-type InP and on n-type GaN 
semiconductor crystal wafers. The barrier heights were shown to be close to Schottky-Mott limit ad 
thermionic emission theory. Porous properties of the graphite Schottky contacts were demonstrated by 
scanning electron microscopy. Besides, on the semiconductors, prior to the graphite, sub-monolayers of 
platinum group catalytic metals were deposited by electrophoresis from colloid solutions. The Schottky 
contacts along with ohmic contacts prepared on the other site of the wafers formed diodes with high 
rectification ratios and low reverse leakage currents. Diodes were tested on sensitivity to hydrogen by 
measuring current after alternative exposure to 0.1 % hydrogen/nitrogen blend and air Hydrogen sensing 
was improved by several orders-of-magnitude over the best results reported previously. Diodes with 
bimetal Pd/Pt (2:1) nanoparticles were compared with those containing Pd or Pt nanoparticles.  

Keywords: metal nanoparticles, electrophoretic deposition, Schottky diodes, hydrogen detection. 

1.  INTRODUCTION 

Hydrogen sensors are used for safety reasons in various work places in industry, medicine, chemical and 
other research laboratories. However, hydrogen represents a potential source of energy which can be used 
in future in place of the present-day petroleum and natural gas. Recently, it has been applied as automotive 
fuel which leaves no harmful fumes; in contrast, its waste is environmentally beneficial pure water vapour. 
Each car factory has one or a few prototype fuel cell vehicles, which are about to launch in the near future. 
Hydrogen is an ideal fuel for use not only for driving vehicles, but everywhere as a source of energy. Main 
applications are primarily backup power supplies, cogeneration units and power supplies for mobile devices 
(laptop, mobile phone). Currently there are dozens of units of stationary fuel cells in operation, which serve 
as a backup power source for banks, airports, hotels, etc. Production of hydrogen can also become a 
promising approach to control the consumption of electricity. Hydrogen economy does not address 
primarily energy production, but the dominant alternative to fossil fuel energy for smaller applications. The 
main obstacle for massive expansion of hydrogen usage is the possibility of its cheap storage. On the other 
hand, hydrogen is a dangerous gas because, as a colourless gas with no smell or odour is normally 
undetectable, yet it is highly flammable and its leakage into the air is explosive already at concentrations 
above 4%. Therefore, it is desirable to have sensitive hydrogen sensors of low prices, enabling installations 
of numerous devices for detecting levels of hydrogen and timely warnings and removal of any leakage into 
the environment. 
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Metal-semiconductor Schottky diodes are promising devices for sensitive detection of hydrogen [1-7]. Such 
Schottky diodes are activated with a catalytic metal, palladium or platinum which dissociate hydrogen 
molecules. Positively charged hydrogen ions (protons) form electric dipole layers with free electrons of an 
n-type semiconductor, changing the effective electron work function of the metal forming the Schottky 
barrier. This change can affect the barrier height and consequently the current of the diode. 

In this work, Schottky barriers are fabricated by printing colloidal graphite on InP and GaN with sparsely 
deposited nanoparticles of catalytic metals, palladium (Pd), platinum (Pt) and bimetallic alloys of platinum 
and palladium of the same molar concentrations (Pd/Pt). Metal nanoarticles are deposited 
electrophoretically from colloid solutions prepared by chemical reduction of water solutions of metal salts 
in reverse micelles in isooctane solvent [8]. The paper is closely related to our previous studies published 
recently [9-12]. 

2.  EXPERIMENTAL 

Polished wafers of semiconductors InP and GaN of the size 10 mm ×10 mm, n-type doping density 1016 cm-3 
were purchased from Wafer Technology, UK and Kyma Technologies, USA, respectively. InP wafers with 
one side polished were oriented in the [110] direction and wurtzite GaN wafers were perpendicular to the 
c-axis with the Ga-plane polished. The wafers were rinsed in hot methanol shortly before their using for 
electrophoreical depositions. Pure chemicals for preparing colloid solutions with metal nanoparticles were 
purchased from Sigma-Aldrich. Colloidal graphite was produced by Agar Scientific. 

Colloid solutions were prepared by the reverse micelles technique reducing water solutions of metal salts 
by hydrazine in isooctane with AOT surfactant [8]. The molar ratio of bimetal Pd/Pt nanoparticles was made 
2:1 [13]. Electrophoretic deposition lasting 1 hour was performed on the cathode with 1 mm distant plane 
parallel anode, by 100 V voltage keyed at 10 Hz with 50 % duty cycle, as described in Ref. 11. In this way 
polished sides of semiconductor wafers were sparsely covered with catalytic metal nanoparticles. Schottky 
diodes were prepared by printing 0.075 mm2 spots of colloidal graphite on the sides and making whole area 
ohmic contacts on the other sides. 

The samples were characterized by scanning electron microscopy (SEM) using Jeol JSM-7500F, optical 
transmission spectroscopy using split-beam spectro-photometer Analytic Jena SPECORD 210, 
measurements of current-voltage characteristics using Keithley Source-Measure-Unit 236 and their 
dependences on the concentration of hydrogen (H2) in the flow of hydrogen/nitrogen (H2/N2) blends. 

3.  RESULTS 

Spectra of optical absorption of two colloid solutions with Pd and with bimetal Pd/Pt nanoparticles are seen 
in Fig. 1. The distinct peak at 280 nm in the Pd spectrum is caused by surface plasmon resonance in Pd 
nanoparticles and the strong peak at 230 nm in the both spectra is caused by optical absorption in the 
surfactant organic compound AOT. We have not plotted the spectrum of colloid solution with Pt 
nanoparticles; it showed just the AOT peak. No sharp band which could be prescribed to surface plasmon in 
Pd/Pt nanoparticles was observed, just the broad band which forms the tail of the AOT absorption, 
extending from 250 nm up to more than 500 nm. 
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The SEM image of InP surface with bimetal Pd/Pt 
nanoparticles, sample InP-PdPt-C can be seen in 
Fig. 2 There are seen mostly groups consisting 
circular spots of sub-10 nm diameter which 
represent spherical metal nanoparticles. 

In Fig. 3 is the SEM image of the same sample InP-
PdPt-C, with smaller resolution than in Fig. 2. 
taken near the edge of the printed graphite spot, 
located on the left site 

Graphite spots consist of separate particles of the 
size about 1 �m. They are piled to the height of 
about 20 nm, as it was measured by mechanical 
micrometer. The morphology of Pd/Pt 
nanoparticles grouped in small islands (seen on 
the right site of the image) is quite homogenous. 

Current-voltage characteristics in both polarities of all six types of Schottky diodes are plotted in Fig. 4. Self-
explaining assignment is in the figure legend. All diodes have high rectification ratios and low reverse 
leakage currents. The forward characteristics have obvious linear parts in semi-log scale which correspond 
to exponential curves due to thermionic emission and generation-recombination mechanisms of the 

electronic transport through the Schottky 
barriers. The linear parts enabled us to 
estimate Schottky barrier heights of the 
diodes with Pd nanoparticles [11] and with Pt 
nanoparticles [12] by extracting the current 
caused by thermionic emission (ideality 
factor equal to number one). In that way, we 
estimated the Schottky barrier height of 
graphite with Pd/Pt nanoparticles on GaN 
(diode GaN-PdPt-C) at 1.41 eV. This is 
between the barrier height 1.33 eV of 
graphite with Pd barrier on GaN (GaN-Pd-C 
diode) and the barrier height 1.42 eV of 
graphite with Pt barrier on GaN (GaN-Pt-C 
diode). Further, we estimated the barrier 
height of PdPt on InP at 0.88 eV which is 
between the barrier height of Pd on InP, 0.87 
eV and Pt on InP, 0.92 eV. 

Current transients of three InP based graphite Schottky diodes with Pt nanoparticles (InP-Pt-C), Pd 
nanoparticles (InP-Pd-C) and bimetal Pd/Pt nanoparticles (InP-PdPt-C) after alternative exposure to the flow 
of the blend 0.1 % hydrogen in nitrogen and to air is shown in Fig. 5. The current was changed by more 
than five orders-of-magnitude in all three diodes. The most sensitive was the diode with Pt nanoparticles 

Fig. 1 Spectra of optical absorption of two colloid 
solutions with metal Pd nanoparticles and with 

bimetal Pd/Pt nanoparticles. Assignment is seen in 
the legend. 

Fig. 2 SEM image of InP surface with bimetal Pd/Pt 
nanoparticles in the sample InP-PdPt-C. The scale 10 nm is 

shown with the bright bar at the bottom of the image. 
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which had the current ratio 1.2×106, defined 
as the maximum current value after hydrogen 
exposure to the current value before 
hydrogen exposure. 

The current ratio of the diode with Pd 
nanoparticles was by less than one order-of-
magnitude smaller, 4.1×105. The current ratio 
of the diode with Pd/Pt nanoparticles was 
smaller, 1.5×105. However, it was so due to a 
larger leakage current of this diode; the 
maximum current after hydrogen exposure of 
this diode was about the same as that of the 
diode with Pd nanoparticles. 

The speed of the response just after 
hydrogen exposure of all the diodes was 
about the same, current ratio change was 
about 10 per 7 s. The speed of the response 
after long time of hydrogen exposure, when 
getting near the maximum current, was 

slower for the diode with Pd nanoparticles 
than for the other two diodes. As far as the 
recovery after the re-exposure to the air is 
concerned, just after the re-exposure the 
speed is the fastest in the case of the diode 
with Pd/Pt nanoparticles and the slowest for 
the diode with Pt nanoparticles. 

Current transients of three GaN based graphite 
Schottky diodes with Pt nanoparticles (GaN-
Pt-C), Pd nanoparticles (GaN-Pd-C) and 
bimetal Pd/Pt nanoparticles (GaN-PdPt-C) 
after alternative exposure to the flow of the 
blend 0.1 % hydrogen in nitrogen and to air is 
shown in Fig. 6. As with InP based diodes, the 
most sensitive was again the diode with Pt 
nanoparticles and the current ratio 4×108 was 
even more than two orders-of-magnitude 
larger than for InP-Pt-C diode. In general, all 
GaN based diodes were more sensitive than 
the InP based diodes. It can be explained by 
lower leakage of GaN diodes as a 
consequence of the greater band  
gap of GaN compared to InP. 

Fig. 3 SEM image of InP surface with bimetal Pd/Pt 
nanoparticles in the sample InP-PdPt-C taken near the 

edge of the printed graphite spot, seen at the left site. The 
scale 1 �m is shown with the bright bar at the bottom of 

the image. 

 
Fig. 4 Forward and reverse current-voltage 

characteristics of six types of Schottky diodes assigned 
in the legend 
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4.  DISCUSSION AND CONCLUSION 

As it is seen in Fig. 1, colloid solutions with 
Pd nanoparticles show a sharp peak at 280 
nm in the spectrum of optical absorption, 
which is caused by surface plasmon 
resonance in the nanoparticles. We could 
not find similar peak in the colloid with Pt 
nanoparticles. It could be explained by a 
possibility that the peak is masked by the 
absorption peak of AOT organic compound, 
which is hard to prove. In the case of 
bimetal nanoparticles Pd/Pt, there is 
observed a broad band in the UV-VIS region 
and no sharp peak. It seems to be caused 
by a non-homogenous composition of 
particles consisting of more kinds of atoms. 

Spherical metal nanoparticles in Fig. 2 are 
mostly seen in isolated groups. These 
groups are little islands formed during the 
electrophoretic deposition; they were not 
present in the colloid solution as it was 
proved by SEM imaging of dry colloid drops 
on metal substrates. Similar groups were 
observed in all types of samples, with Pd, 
Pt, or Pd/Pt nanoparticles on InP or GaN 
wafers. In general, on a rougher surface was 
greater number of smaller islands than on a 
smoother surface. 

Graphite contacts forming Schottky barriers 
consist of many separate particles piled up 
creating a spongy layer, as it is seen in 
Fig. 3. This form of layer is advantageous 
when using the barrier for gas sensing 
because the detected gas can easily 
penetrate through the contact to the 
interface with the semiconductor to form 
an electric double layer, effective for 
changing the Schottky barrier height.  

Schottky barrier heights were estimated from the linear parts of forward current-voltage characteristics, 
which are plotted in Fig. 4. Estimation of the barrier heights is straightforward when this part is clearly 
formed dominantly by thermionic emission mechanism of electronic transport through the barrier, which is 

Fig. 6 Current transients of three GaN based graphite 
Schottky diodes after alternative exposure to the flow of 

the blend 0.1 % hydrogen in nitrogen and to air. The 
diodes, forward biased with 0.1 V, contained 

nanoparticles Pt, Pd/Pt and Pd, as assigned in the legend 
on the right. 
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characterized by the ideality factor equal to the number one [14]. When the ideality factor was greater 
than 1 and smaller than 2, the linear part of the characteristic was fitted with two exponential curves, one 
corresponding to thermionic emission and the other to generation-recombination transport mechanism, 
which is represented by the ideality factor 2. Then the barrier height was estimated by using the curve 
corresponding to thermionic emission. In this way barrier heights of the diodes were estimated.  

The estimated barrier heights of four diodes, with Pd or Pt nanoparticles on InP or GaN are close to vacuum 
level alignment (Schottky-Mott limit) between electron work function of Pd or Pt metal and electron 
affinity of InP or GaN semiconductor. It shows on a small density of interface states between the 
semiconductor and the metal in all types of the diodes, leading to small Fermi level pinning. Consequently 
the diodes are highly sensitive to the electrical dipole layer at the interface which reduces effective work-
function of the metal. It can be stated also about the diode with Pd/Pt nanoparticles on GaN (GaN-PdPt-C) 
with the estimated value of Schottky barrier height 1.41 eV being between those with Pd and with Pt 
nanoparticles on GaN, 1.35 eV and 1.42 eV. The diode with PdPt nanoparticles on InP (InP-PdPt-C) has 0.88 
eV barrier height which is between 0.87 eV and 0.92 eV, the barrier heights of Pd and Pt nanoparticles on 
InP  

Due to small Fermi level pinning in our diodes and other factors, in particular porosity of the graphite 
Schottky contact and placing catalytic metal naoparticles directly on the interface below the contact, the 
high sensitivity to hydrogen has been achieved. The diodes represent orders-of–magnitude improvement 
over the best hydrogen sensors reported [15]. Using bimetal Pd/Pt nanoparticles in hydrogen sensors has 
been reported for the first time in MS theses of one of the authors [16], as far as we know. 
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Abstract 

Inorganic nanopowders are utilized among others in field of chemisorption and materials where a large 
specific surface area is required. Materials like activated carbon with extreme density of micropores and 
nanopores dominate here, as well as the materials with intrinsic lamellar structure. Phylosilicates as 
montmorilonite, vermiculite etc., further intercalated, can be mentioned as an example. Other forms of 
inorganic materials like fibers and lamellae acquire large values of specific surface areas only when their 
characteristic sizes decrease into submicron scales. The paper reports on the properties and the method of 
preparing such inorganic nanostructures. They are produced in the temperature and vacuum controlled 
regime of freeze-drying process from an aqueous dispersion of primary nanoparticles which can be 
modified with a surface layer of active molecules. 

Keywords: nanoparticle, vacuum drying, lyophilization, inorganic nanofibers, lamellar structures 

1.  INTRODUCTION 

At present, inorganic nanopowders are utilized to adjust surface interaction with the surroundings, in the 
area of catalysis and chemisorption, and for materials where a large specific surface area is required [1.-3.]. 
The natural materials of this kind are e.g. the activated charcoal, which has the considerable density of 
micropores and mesopores, and the materials with intrinsic lamellar structure such as montmorillonite, 
vermiculite, and other phyllosilicates, often further intercalated [4.]. 

When the nanopowder is prepared by means of the disintegrator WJM (Water Jet Mill) [5.], the subsequent 
desiccation of the output aqueous dispersion of the disintegrated material is crucial. During the ordinary 
high-temperature drying of the wet filtrate, the intense reaggregation of the milled nanoparticles takes 
place. The mean distance between the particles in a wet filter cake is very short, so the probability of their 
collision due to Brownian motion is high. Thus the probability of the direct contact and the activation of the 
bonds between the interfaces rise, which results into irreversible aggregation of the nanoparticles into 
larger aggregates. 

The alternative method of vacuum freeze-drying is used whenever the aggregation must be prevented and 
the “dry” powder of separated primordial nanoparticles is the desired product. However, at submicron 
level the “agglutination” is still present due to Van der Waals’ forces at the interfaces. Such agglutinated 
nanoparticles can be so closely packed in the given volume that e.g. the diffusion of the gas which should 
be adsorbed at their surfaces is substantially reduced. On the basis of our experience with the temperature 
and vacuum controlled regime of vacuum freeze-drying process, we have developed the fixation method 
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which converts the individual nanoparticles into solid fibrillar and lamellar structures with large specific 
surface area. 

2.  PHYSICAL BACKGROUND 

Mutual interactions of the dispersed nanoparticles during the vaporization of water from the liquid or solid 
(frozen) phases are very different and they have large influence on the character of the final dry powder. 
The fundamental parameters affecting the creation and the stability of the bounds between the 
nanoparticles are:  

A) The magnitude and direction of the relative velocity of the particles at the instant of collision. In the 
case of liquid dispersion of the filter cake they are determined by the temperature-velocity dependence 
of the Brownian motion. In the case of sublimation from the frozen dispersion the pedesis is suppressed 
completely and the contact velocity of the particles is given by the speed of thickening of the surface 
layer during the sublimation. 

B) The specific surface energy and ζ-potential. The ζ-potential of the magnitude larger than approximately 
30 mV is assumed to prevent the aggregation of the colloid particles due to Coulomb repulsion. If the 
magnitude of the ζ-potential is smaller, the aggregation is significant and the dispersed particles can 
occur in the immediate vicinity of one another. At the end of evaporation the activity of surface atoms 
can result into even more stable Van der Waals’ bonds.  

C) The frequency of the collisions, mutual orientation and the size of interfaces. These factors of the 
dispersion are of statistical nature. However, the case of very dense dispersion of the filtered cake is 
much more advantageous for creation of the bonds. The collisions are frequent and close spacing 
supports the optimal interface orientation. In this case relatively dense aggregates with smaller specific 
surface area preferentially grow.  

The basic principle of the preparation of the fibrous and lamellar microaggregates by the vacuum freeze-
drying method is the minimization of the kinetic energy of the collision (ad A)) in favor of the bonds of the 
surface atoms (ad B)). The maximum speed of the approaching particles equals the very low speed of the 
sublimation boundary shift. The speed and the density of the outlet vapor flow, which according to the 
observed properties can well be called a “sublimation wind”, also considerably affect the creation of the 
bonds between the particles. The speed of the phase border retraction and therefore the maximum speed 
of the two nanoparticles convergence due to sublimation were estimated from the empirical formula for 
the sublimation pressure IAPWS [6.] 

 (1) 

In Fig. 1 there is shown the relation of the speed ( )ov t  of the sublimation phase border retraction and the 

temperature t at the vacuum depth equal to 96 % of saturated steam pressure at that temperature. 
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Fig. 1 The temperature dependence ( )ov t of the speed of the sublimation phase border retraction 
according to (1). The depicted curve holds for the relative vacuum coefficient of k = 0.96. 

We studied the speed of the sublimation in the recipient above the freezing chamber of the lyophilizer with 
the vacuum aperture of 12.6 cm2 at the temperature – 60 ˚C. Under the given experimental setup and the 
partial water vapor pressure 12 Pa we measured the sublimation mass decrease ∆m from a free circular 
surface of 13 mm the diameter (see Fig. 2). Under the described conditions the thermodynamic equilibrium 
between the sublimation and resublimation flows was achieved at the surface temperature of – 40 ˚C. 

Fig. 2 The sublimation mass loss from the 531 mm2 frozen area at the surface temperature – 40 ˚C as a 
function of time. 
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The line slope leads to the speed of the sublimation interface retraction v exp (T = 233.15 K) = 0.61 μm�s-1. 
When the water molecules sublimate from the frozen dispersion surface, most of the left-over 
nanoparticles are fixed to the vacuum-ice interface. They are then drifted together with the retracting 
interface towards the other nanoparticles in the remaining volume of the dispersion. Consider a model of 
spherical silicon nanoparticles with the diameter of d = 100 nm, then the maximum contact kinetic energy 
reaches the value 

( )3 2 311 1max 3.7 10 J
2 6Sik oE d vr p -= » × .  (2) 

During the ordinary drying of a wet filtration cake at 60 ˚C the mean kinetic energy of the nanoparticles is 
given by their Brownian motion in thick, yet still liquid dispersion. According to the experimental analysis of 
the Brownian particles motion in [7.], the mean kinetic energy Br

kE  of the particles in liquid can be 

estimated by a hydrodynamic analogy to the kinetic theory as 

22
*

1 5.6 10 J
2

Br
k B

mE k T
m

-= » × .         (3) 

The quotient / 0.5m m * » is the ratio of the mass of an isolated Brownian particle to its effective mass 

taking account of inertial effects of the surrounding liquid. Thus the kinetic energy of the Brownian motion 
is about nine orders higher than the contact energy at controlled vacuum freeze-drying regime. Assuming a 
perfect contact of spherical particles on 0.1% of the surface (κ = 0.001), the specific surface energy of 
silicon ASi = 1.82 J�m-2 yields the estimate of the binding energy between two particles 

2 175.7 10 JE A dkp -D = » × . (4) 

The binding energy is predominant over the kinetic energy for both the methods of drying. There is, 
however, considerable difference in frequencies of mutual collisions of the particles. High collision 
frequency of Brownian particles in a very thick filtration cake will lead to mostly chaotic tight arrangement 
where the possible self-assembly effects at micro scale are suppressed. On the other hand, during the 
controlled vacuum freeze-drying process, the sparse distribution of the nanoparticles supports the creation 
of the stable bounds at the first contact without further disturbing interactions. The undisturbed self-
assembly process applies much more effectively here and larger fibrous and lamellar aggregates are 
created. 

3.  EXPERIMENTAL RESULTS 

An aqueous dispersion of the disintegrated silicon nanoparticles with the diameter median of 148 nm was  
vacuum freeze-dried in the controlled regime described above.  
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Fig. 3 The fibrous microstructure aggregated from silicon nanoparticles (a source material for 
semiconductor production) with the diameter median of 148 nm. The picture on the top shows the 

macroscopic appearance of the fibrous material in a metallic sublimation vessel. The bottom picture is the 
Field Emission (SEM) micrograph image of the mainly fibrous structure of the silicon aggregates. 

While the specific surface of the standardly prepared nanopowder was 4 m2· g -1 only, our product depicted 
in Fig. 3, which was obtained from the same matter by the controlled vacuum freeze-drying process, shows 
the markedly higher value of 154.31 m2�g -1. 

4.  DISCUSSION AND CONCLUSIONS 

The paper describes the preparation method of the fibrous and lamellar microaggregates with high specific 
surface area by means of controlled vacuum freeze-drying. On the basis of the semi-empirical model of 
sublimation equilibrium of water at – 40 ˚C and 12 Pa and the experimental data, we determined the speed 
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of sublimation interface retraction as 0.61 μm·s-1. This is also the speed at which the nanoparticles fixed on 
the interface approach the rest of the nanoparticles still dispersed inside the volume of the ice. Their 
kinetic energy is nine orders less than the kinetic energy of the Brownian motion of the nanoparticles in the 
thick aqueous dispersion in a filtration cake at 60 ˚C. In both the cases the kinetic energies are much less 
than the estimate of the binding energy at minimal surface contact of the particles. However, during the 
vacuum freeze-drying the collision frequency is much lower which enables undisturbed self-assembly 
process and larger aggregates to grow. Using the above described method, we transformed semiconductive 
silicon nanoparticles into fibrous and lamellar structures with high specific surface area of 154.31 m2·g-1. 
Altering the morphology of particles, the temperature, and the partial pressure of water vapor in vacuum 
influences the size and the structure of the final product. Further optimization of these parameters will 
probably result into even higher values of the specific surface area. 
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Abstract 

The work describes the laboratory-scale production of bi-component nanofibrous layer with core/shell 
structure and incorporation of nano- and micro-particles of activated carbon. Special needleless coaxial 
spinneret was used for electrospinning of bi-component nanofibers from a free liquid surface. The 
polymeric bi-layer was composed from core-polymer whereupon was a very thin layer of shell–polymer. 
Both polymers in common were drawn and elongated by electrospinning jet and then collected by special 
collector. Nano/micro particles were poured into the nanofibrous layer during electrospinning process. The 
composite structure of nanofibers with incorporated particles was obtained by this technology.  

Keywords: bi-component nanofibers, core/shell nanofibers, incorporation  

1.  INTRODUCTION 

Bi-component nanofibers with core/shell structure are nanofibers producing by a special technology called 
as coaxial electrospinning also known as core-shell electrospinning or co-electrospinning [1-3]. The shell of 
a bi-component nanofiber is most commonly by a polymeric material, while the core can be composed of 
other polymer or of other encapsulated materials including simple liquids, drugs, cells, DNA, enzymes and 
other unspinable materials [1,4,5,6]. Hollow nanofibers can be produced also with this technology as 
introduced in [7-8]. First apparatus for co-axial electrospinning was described already in 1902 by Cooley in a 
U.S. patent [9]. The spinneret for co-axial electrospinning was composed of two separately fed chambers 
for feed core-polymer and shell-polymer. With this spinneret can be produced bi-component nanofibers 
with core-shell structure, hollow nanofibers or nanofibers with encapsulated particles.  

Yarin and Zussman [10] proposed a new needleless approach to electrospinning. The principle of the 
method referred here is based on creation of electrospinning polymeric jets directly from a free liquid 
surface of two-layer. A new unique co-axial spinneret for higher productivity of bi-component nanofibers 
was designed at Technical University of Liberec [11]. A principle of this spinneret is founded on the 
electrospinning from a free liquid surface of a thin two-layer of polymers. This one is called “weir spinner” 
with regard to similar principle of weir on a river.  

This work described a new technology of a coaxial electrospinning that allows incorporation of nano- and 
micro- particles of the activated carbon using co-called “electrically wind” into a nanofibrous mass. Bi-
component nanofibers was produced with coaxial electrospinning from a free liquid surface of a thin two-
layer of polymers and collected on the cylindrical rotating collector made by a metallic grid. Particles of 
activated carbon were collected in a hopper of special equipment for pouring of particles. This device was 
located above the collector. Particles of the active carbon were pouring into a depositing of nanofibrous bi-
component layer and with a fiber-particle composite structure was created. This new method allows the 
production of mono/bi-component nanofibers with various incorporation nano/micro-particles of carbon, 
activated carbon, iron, silver, etc. 
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This composite structure of the product can be used for example in medicine as wound dressing [12] for 
varicose ulcers or weeping wounds. Particles of the activated carbon in a bandage allow absorbing bacteria 
from a wound as well as from an environment and nanofibers provide the material with permeability and 
they also anchor particles in the nanofibrous structure. The product is designed from biocompatible and 
biodegradable nanofibrous materials, because these can be biologically decomposed and absorbed into 
wound and a tearing of bandage is not necessary. 

2.  EXPERIMENTAL  

The sandwich structure with core/shell nanofibers and incorporated nano/micro particles of the active 
carbon was produced using co-axial needleless electrospinning from a free liquid surface of a thin two-layer 
of water solutions. The special pouring equipment was used for this experimental for application of carbon 
particles.  

2.1 Materials 

Polyvinyl alcohol (PVA), Carboxymethyl cellulose (CMC) and Polyethylene oxide (PEO) was employed for 
this experimental. Polyvinyl alcohol was obtained from Novácké chemické závody (Slovakia) and 
manufactured as received. A PVA solution at concentration 12wt% was prepared by the dissolution of PVA 
in distilled water and used as shell-polymer. Carboxymethyl cellulose was obtained from CP Kelco (USA) 
and solution was prepared by the dissolution of CMC in distilled water at concentration of 1wt%. 
Polyethylene oxide was obtained from Sigma Aldrich (United Kingdom) and the water solution of PEO was 
prepared at concentration 3wt%. A blend mixture of CMC and PEO was blended in 1:1 weight ratio. Red 
food pigment was added for better observation of electrospinning process. This blend mixture was used as 
core-polymer.  

2.2  Equipments 

The new unique equipment “weir spinner” allows co-axial electrospinning from a free liquids surface of 
two-layer. A principle of a coaxial 
electrospinning is similar to the classic 
electrospinning. Two polymers are 
spun together by the action of 
electrostatic field and bi-component 
nanofibers are collected on a counter-
electrode as is shown in Fig. . A great 
number of Taylor cones [13] are 
created on the free liquid surface of 
the two-layer of polymers.  

Weir spinner consists of three 
chambers as is shown in Fig. . The first 
one with volume 1 ml is fed with a 
shell-polymer solution, the next 

chamber (volume 1 ml) is fed with core-polymer solution and the last one is for outflow of a polymer 
mixture that overflowed through the electrode. Viscosity of the shell-polymer has to be higher than the 

Fig. 1 Principle of co-axial electrospinning from two-layer: (1) 
Layer of a core-polymer, (2) layer of a shell-polymer, (3, 4) Taylor 

cones, (5) polymer jet, (6) high voltage source, (7) grounded 
collector. 
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viscosity of the core-polymer. The shell-polymer with lower viscosity can’t pull up the core-polymer with 
higher concentration. Between feeding chambers and an outflow chamber, there is a metal plate with 
thickness 1 mm. This metal plate was used as positively charged electrode.  
 

Fig. 2 Weir spinner: (1) the chamber for the shell-polymer solution, (2) the chamber for the core-polymer 
solution, (3) the outflow chamber, (4) core-polymer feeding tube, (5) shell-polymer feeding tube, (6) the 

electrode, (7) holder for high voltage cord 

A pouring device is composed from the chamber, which is located in specified distance from the cylindrical 
rotating collector made by a metallic grid as is 
shown in Fig. . This pouring device is positively 
charged and is connected to the special 
mechanism, which gives shake motion to the 
pouring device. 

So-called electric wind is created by 
electrospinning process [14-15] and we utilize this 
phenomenon for our special technology. The 
electric wind originates from nearby of sharp 
edges of charged bodies. Molecules of ambient 
air are ionized and electric wind is appears as 
acceleration of such particles in electrostatic field. 
Nanofibers are created and collected on the 
negatively charged collector. Particles of activated 
carbon pouring from the pouring device onto 
nanofibrous layer are positively charged. They are 
attracted to the oppositely charged collector and 
they are also carried by electric wind on the 
nanofibrous layer to create the composite nature 
of the produced material. 

2.3  Electrospinning 

Blend of CMC/PEO was used as core-polymer. This one was fed into the chamber for core-polymer solution, 
while the solution of PVA was transported into the chamber for shell-polymer solution. The two-layer of 
solutions was created in the weir spinner. The spinner was located 100 mm below cylindrical rotating 

Fig. 3 Schema of the electrospinning setup: (1) the 
weir spinner, (2) the cylindrical rotating collector with 

Spun bond, (3) the pouring device, (4) polymer jets, 
(5) nano/micro particles 
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Fig. 4 The nanoparticle of the activated carbon 
anchor in nanofibrous layer. The nanoparticle is 

located and anchor between bi-component 
nanofibers from CMC/PEO and PVA. 

netting collector. The metal plate in weir spinner, also acting as the electrode, was connected to the 
positive high voltage (30 kV) and the collector was connected to the negative high voltage (10 kV). The 
pouring apparatus for carbon particles was located 10 mm above the cylindrical rotating netting collector 
and 100 mm from the axis of this collector and was connected to the positive high voltage of 5 kV. The 
electrospinning was done at ambient temperature 21°C and at a relative humidity 50%. Solutions were 
transferred into a 10 ml plastic syringe with a syringe pump (KDS-100-CE, KD Scientific Inc.) and dosed at a 
constant rate of 0.3ml.h-1 (core-solution) and of 0.5ml.h-1 (shell-solution). Nanofibers were collected on a 
textile substrate, particularly Spun bond, located on the collector and there nanofibrous layer with 
incorporated particles of the activated carbon was created.  

3. RESULTS AND DISCUSSION 

The morphology of the nanofibrous layer was analyzed by a scanning electron microscopy (SEM) by 
Phenom-World. The micro-particle of the activated carbon anchor in nanofibrous layer is shown in Fig. 
4Chyba! Nenalezen zdroj odkazů.. Diameters of bi-component nanofibers were measured using the image 

nalysis software NIS Elements. Average value of 
diameters of bi-component nanofibers was 242±49 
nm. The size of particles of activated carbon was 
from 3 to 25 μm. 
The production of nanofibrous layers with 
composite structure created by nanofibers and 
particles is realizable thanks this new special 
technology. Mono-component or bi-component 
nanofibers with core/shell structure and 
incorporated nano/micro particles of various 
materials can be produced as was described in this 
article.  

These unique materials can be used for example in 
medicine as wound covering for varicose ulcers or 
weeping wounds. Particles of silver or another 
antibacterial material can be incorporated into 
nanofibrous layer in this case for antibacterial 
effect.  
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Abstract 

Nanofibers have the big potential to create absolutely new industries and application areas. In this study 
we demonstrated the effect of supporting material type on the fiber morphology such as diameter, 
diameter distribution and non-fibrous area. Poly (vinyl alcohol) (PVA), molecular weight of 88.000 g/mol 
was used as a polymer. Different supporting materials like polypropylen nonwoven antistatic material, 
black paper, various woven and knitting fabrics, carbon weaving and aluminum foil surface were used to 
collect the nanofibers. Nanofibrous materials were obtained using roller electrospinning method which has 
been known as Nanospider trade name. This method is one of the effective methods to produce nanofibers 
at industrial scale which was invented by Jirsak et. al. from the Technical University of Liberec. The same 
process parameters (solution concentration, voltage, distance between the electrodes, production time) 
were applied during the spinning process for all supporting materials. Then fiber morphology was analyzed 
using scanning electron microscope (SEM) and fiber diameter, diameter uniformity and non-fibrous area 
values were calculated. The best supporting material was determined after analyzed the effect of 
supporting material type on the fiber morphology. 

Keywords: PVA, roller electrospinning, supporting material, nanofiber. 

1.  INTRODUCTION 

Electrospinning is the most popular and important nano-fabrication technology because of its advantages 
such as simple set up, spinning of wide range of polymers etc. Needle electrospinning was patented by 
Formhals firstly in 1930‘ years [1]. In literature there are many studies about process parameters of needle 
electrospinning method to understand the mechanism and obtain optimum properties of nanofibers [2-5]. 
However there is only limited number of studies about process parameters of roller electrospinning [6-7]. 
Roller electrospinning method was invented by Jirsak et al. from Technical University of Liberec in 2005 [8]. 
This method is the unique to produce nanofibers at industrial scale and was commercialized by Elmarco 
under the Nanospider trade name. Nanospider can produce membranes collected fibers in a range from 
100 to 600 nm of diameter. Such materials are widely utilized in many fields; as filtration, healthcare, 
building construction and many others [6]. The process parameters differ in some aspects from needle 
electrospinning method. In this study, we studied the type of supporting material on the collector which is 
independent process parameter of roller electrospinning method. In literature, there isn’t any study about 
this subject.  

The aim of this study is analyzing the effect of supporting material on the fiber properties such as diameter, 
diameter uniformity coefficient and non-fibrous area percentage. And also we aimed to determine the best 
supporting material on the collector for fiber properties.  

 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

70 

2.  EXPERIMENTAL 

2.1  Material 

In this work, poly(vinilalcohol) (PVA) polymer, molecular weight is 88.000 g/mol which was bought from 
Sigma Aldrich Company was used as a polymer and distilled water was used as a solvent. All solutions were 
prepared under the same conditions such as polymer concentration (10 wt % PVA), stirring time etc. 
Various supporting materials such as polypropylen nonwoven antistatic material, black paper, plain 
weaving, twill weaving, carbon weaving, supreme knitting, lacoste knitting and aliminium foil were used to 
collect nanofibers during the spinning process. 

2.2 Method 

Roller electrospinning method which has been known as Nanospider trade name was used to obtain 
nanofibrous structures. The schematic diagram of this method was given in Fig 1.  

Roller electrospinning method consists of three 
main part; rotating roller, high voltage supplier 
and collector electrode. A slowly rotating roller 
partially immersed into the polymer solution 
tank. Collector is usually grounded and polymer 
solution is connected to a high voltage supplier. 
During the spinning process, polymer solution is 
taken to the surface of the roller because of its 
rotation. After switched on the high voltage 
supplier, electrical field occurs between roller 
and collector electrode. And many Taylor cones 
[9] are created on the roller surface. The 
nanofibers are then transported towards the 
collector. 

The same spinning conditions were provided during the spinning process. These spinning conditions such as 
voltage, distance between the electrodes, roller diameter, roller length and roller speed was given in Table 1. 

Table 1 Spinning Conditions 

Voltage (kv) 

Distance 
between 

collector and 
roller (cm) 

Roller diameter 
(cm) 

Roller length 
(cm) 

Roller Speed 
(rpm) 

55 16 1  11.3 5 

All spinning experiments were achieved under the room temperature and humidity and production time 6-
8 minute for each sample. 

The produced nanofibers were collected on different supporting materials such as aliminium foil, plain 
weaving, twill weaving, supreme knitting, carbon weaving, black paper, lacoste knitting and polypropylen 
nonwoven antistatic material. Then fiber morphology was investigated using a Scanning Electron 
Microscope (SEM). Fiber diameter, diameter uniformity and non-fibrous area percentage were calculated 
using Lucia 32G image analyze program.  

Fig. 1 Roller electrospinning system. 
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3.  RESULTS AND DISCUSSIONS 

Up to now, generally polypropylen nonwoven antistatic material was used as a supporting material on the 
collector during the roller electrospinning process [10]. Fig 2 shows, SEM images of nanofibers which were 
collected on different supporting materials. 

    
aluminum foil plain weaving twill weaving supreme knitting  

    
carbon weaving black paper lacoste knitting nonwoven 

Fig. 2 SEM images of nanofibers collected on different supporting materials (x1,000). 

According to the SEM images of nanofibers, supporting material type has an important effect on fiber 
morphology. The best fiber morphology was obtained from supreme knitting and nonwoven fabric 
supporting materials. Figure 3 shows the effect of supporting material type on the fiber diameter. Generally 
fine and uniform nanofibers were obtained.  

 
Fig. 3 The effect of supporting material type on the fiber dimater. 

The lowest average fiber diameter value was obtained from polypropylen nonwoven fabric (303 nm). 
Coarse fibers were obtained from black paper (461 nm), carbon weaving (461 nm), supreme knitting (457 
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nm) and lacoste knitting (451 nm). It was also given in Figure 4, the effect of supporting material type on 
the fiber diameter uniformity coefficient. 

 

Fig. 4 The effect of supporting material type on the fiber diameter uniformity coefficient. 

The most uniform nanofibers (uniformity coefficient is 0.97) were obtained from supreme knitting fabric as 
a supporting material.  

Non-fibrous area percentage demonstrates the fiber density and refers to the quality of the spinning 
process. Therefore we also analyzed the effect of supporting material type on the non-fibrous area 
percentage (Fig 5).  

 

Fig. 5 The effect of supporting material type on the non-fibrous area percentage. 

The lowest non-fibrous area percentage was obtained from supreme knitting (1.4 %) and nonwoven fabric 
(3.1). The highest non-fibrous area percentage was obtained from carbon weaving (25.5 %) and lacoste 
knitting fabric (27 %). Therefore fiber density is lowering collected on these supporting materials and not 
useful to produce nanofibrous structures for high quality of the spinning process. It was also determined, 
the effect of supporting material type on the fiber diameter, diameter uniformity and non-fibrous area 
percentage is important statistically. 
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Another result from the experimental observations is about spinning rate increased using aliminium foil 
because of high conductivity of material. Fiber diameter is 420 nm, fiber diameter uniformity is 0.957 and 
non-fibrous area percentage is 7.8 % with aliminium foil. It was also seen in literature, generally aliminium 
foil was preferred as a supporting material with needle electrospinning because of its good electric 
properties [11]. 

4.  CONCLUSION 

Roller electrospinning method depends on a wide range of independent and dependent parameters. Type 
of supporting material is one of the independent process parameter and in this study effect of supporting 
material type on fiber morphology was investigated. Generally nanofibers were collected on the nonwoven 
material showed good properties in terms of diameter, uniformity and non-fibrous area. The lowest 
average fiber diameter (303 nm) was obtained from nonwoven fabric, the most uniform nanofibers (0.970) 
were obtained using supreme knitting fabric and also the highest fiber density as well lowest non-fibrous 
area percentage (1.4) was also obtained using supreme knitting fabric.  

Therefore we can say, type of supporting material has an important effect on fiber morphology obtained 
from roller electrospinning. The most useful supporting material in terms of fiber properties such as 
diameter, uniformity and non-fibrous area is supreme knitting and polypropylen nonwoven material to 
collect nanofibers during spinning process via roller electrospinning. On the other hand; carbon weaving, 
black paper and lacoste knitting fabrics are not useful supporting materials to collect nanofibers.  
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Fig. 1 SEM image of the CNF synthetized directly on 
the cement grains surface. Overtaken from L. 

Nasibulina et al. [1.]. 
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Abstract 

The carbon nanotubes were synthetized directly on the surface of Portland cement particles. Mixing this 
new carbon/cement material with ordinary cement creates a modified cementitious substance, where 
carbon is perfectly dispersed in the volume. In presented work, the fracture energy and compressive 
strength of cement paste/mortar created from this new material was measured. The composites with 
weight fractions of carbon nanotubes/paste in the ranges 0-0.038 were prepared and mechanically tested. 
Slight increase in fracture energy and compressive strength was observed even in the low carbon weigh 
fraction 0.019. 

Keywords: Carbon, cement, fracture energy, mortar, nanotubes, paste 

1.  INTRODUCTION 

The main objective of this work is to show the mechanical properties of the cement paste/mortar 
reinforced with carbon nanofibres/nanotubes 
(CNT/CNF) directly synthetized on the cement 
particles. Elimination of the demanding 
dispersion of CNT in the volume is the main 
advantage of the synthesis of the CNT/CNF on 
the cement grains surface. Fig. 1 shows the SEM 
image of the CHM, the Portland cement particles 
are completely covered with the CNF. 

The fracture energies and compressive strengths 
of the cement composites build from cement 
modified by the CNT, the so called cement hybrid 
material (CHM), were measured. The 
compressive strength of the cement paste 
increases with the amount of CHM in the 
mixture, on the contrary the compressive 
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strength of mortar decreases with the amount of CHM in the mixture. This phenomenon is partially 
explained by the ITZ behaviour, CHM properties and by fracture mechanics. 

High performance cement composites produced in last decade exhibit a high compressive strength 
however they have extremely brittle failure, low tensile capacity and high autogenous shrinkage [2.]. 
Simultaneously to become more sustainable, the amount of Portland clinker in common cement has been 
reduced and partially replaced by secondary cementitious materials. The further reduction is possible when 
the strength of the binder could increase. It seems from other applications of carbon nanotubes/nanofibers 
[2.], that the CNT/CNF reinforcement at the nanoscale presents feasible solution. 

2.  MATERIALS AND METHODS 

2.1  Cement binder, CHM, aggregates 

The cement, CEM I 42.5 R originated from Mokra, 
the Czech Republic, was used as the source 
material for all specimens. Specific Blaine surface 
has the value of 306 m2/kg. The chemical 
composition is given in Table 1.  

The cement hybrid material (CHM) was synthesized 
by L. Nasibulina et al. by the chemical vapor 
deposition method [1.]. The Portland sulfate-
resistant cement (CEM I 42.5N) was used as the 
base for CNT/CNF growth, see Table 1 for 
the chemical composition. In the synthesis, 
acetylene was utilized as the main carbon source 
for its low decomposition temperature and 
affordability; CO and CO2 presents promoting 
additives [1.]. The CNT/CNF growth runs at 
temperature about 600°C in fluidized bed reactor 
see Fig. 2 for the scheme of the reactor [1.]. The CNT typically grown on the cement particles are 30 nm in 
diameter and 3 μm in length [3.], the specific surface area of CNT is about 10 – 20 m2/g. CNT exhibit elastic 
modulus in the range of 180 - 588 GPa and tensile strength from 2 to 6 GPa [3, 4.].   

Pure silica sand, fraction 0 – 2 mm was utilized in the mortar specimens. Three fractions PG1 (0 – 0.25 mm), 
PG2 (0.25 – 1 mm) and PG3 (1 – 2 mm) were mixed in the ratio 1:1:1. 

2.2  Specimen preparation 

Cement grains overgrown by carbon nanotubes were utilized in our experiments. Five cement paste and 
five mortar sets of specimens were casted. The water/binder ratio was set to 0.35 and the carbon 
nanotubes/paste ratio varied from 0.0 to 0.038. The CHM was intermixed with pure cement and (in case of 
mortar) with dry silica sand; the water with superplasticizer was added at the end. Table 2 shows 
the specimens composition. The hand stiring took four minutes, consecutive vibrating and form filling took  

Fig. 2 Scheme of the fluidized bed reactor,  
overtaken from L. Nasibulina et al. [1.]. 
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Sample 
total 

binder 
weight 

cement 
hybrid 

material 

w/binder 
ratio 

total 
weight of 

water 

super 
plasticizer 

(63% water) 

sand 
fraction 

0 - 2 
mm 

Paste 234 g 0 - 70.2 g 0.35 81.9 g 0.47 g – 

Mortar 75 g 0 - 22.5 g 0.35 26.25 g 0.38 g 225 g 

Table 2 Cement paste and mortar composition; weight fractions per one sample. 

 

 

 

 

 

 

 

 

extra four minutes. The specimens sized 40x40x80 mm were cured in water bath at ambient temperature.  
After 28 days of curing were the specimens cutted on diamond saw; in the case of the paste specimens 
were cutted to nine parts (approx. 13x13x80 mm), in case of mortar to four parts (approx. 19x19x80 mm). 
According to RILEM standards for mechanical testing [5.] nodges were cutted in the middle of the beams to 
the 45% of the height. The production of such small sized specimens this way is much more efficient than 
direct casting into small molds. The casting and vibration of small amount of material is ineffective and the 
quality of specimens (including surface caverns or material inhomogenity) is significantly worse than the  
quality reached by cutting from larger bodies. 

2.3  Fracture energy determination 

The fracture energy, Gf, was determined 
according to the RILEM standard [5.]. See 
Fig. 3 for the experiment scheme. Three 
point displacement-controlled bending test 
was carried out to obtain the load-
displacement curve. The work of external 
force P could be calculated as 

��
iu

f PduW
0

, Eq. 1, 

where P is the external force, u is the load-point displacement and ui presents the final displacement at 

P 

d 

L 

a0 

Fig. 3 Scheme of the three point bending test used 
for the fracture energy determination 

Table 1 Oxide Component Content of CHM Base Cement and Cement originated from Mokra 

Component 
Content (wt%) 

CHM-Base Cement Mokra Cement 
CaO 63.1  65.6 
SiO2 20.2 19.0 
SO3 3.0 4.0 
Fe2O3 4.0 3.5 
Al2O3 2.2 5.0 
MgO 2.0 1.1 
K2O 0.3 1.1 
Na2O 0.5  0.1 
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Fig. 4 Compressive strength of mortar and paste samples with different cement/CHM ratio. 

which the load is equal to zero. The average (effective) fracture energy in the ligament, according to the 
RILEM standart, is defined as  

0, ahl
bl

W
G f

f 	�� , Eq. 2, 

where l represents the length of the ligament, b the thickness of the beam, h the total height of the beam 
and a0 is the depth of the nodge. The support span L was set to 65 mm and 50 mm for the mortar and 
cement, respectively. 

3.  RESULTS AND DISCUSSION 

3.1  Compressive strength  

The measurements on the paste samples have shown that replacing 3.5% cement with CHM could increase 
the compressive strength by 25%, in our case from average 56 MPa to average 70 MPa. However in the 
case of mortar samples, the effect of CHM was negative. The mortar samples with 7% replaced cement 
exhibit a 15% lower compressive strength, in our case decrease from average 62 Mpa to average 53 Mpa. 
See Fig. 4 for the compressive strengths of mortar and paste samples with different cement/CHM ratia. 

3.2  Fracture energy 

The fracture energy measurements results are depicted on the Fig. 5. The paste samples exhibit significant 
increase in the fracture energy even if a small amount of cement is replaced by CHM. Replacing 3.5% of 
cement causes an increase in the fracture energy of 14%. The mortar samples does not exhibit almost any 
change in the fracture energy with the amount of CHM in the mixture. 
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Fig. 5 Fracture energy of mortar and paste samples with different cement/CHM ratio. 

Fig. 6 Weakest link theory, strength 
and fracture energy visualization. 

3.3  Hypotheses 

Let us introduce several hypotheses partially explaining the behavior of cement paste/mortar with the 
CHM. 

The paste samples reinforced with the carbon nanotubes exhibit the expected increase as in the 
compressive strength as in the fracture energy. The CNT appear as a nano-reinforcement improving the gel 
properties [6]. The compressive strength maximum around 3.5% of CHM can be caused by the strong 
hydrophobicity of the carbon nanotubes, preventing the larger amount of CHM from hydration. 

The decrase in the compressive strength of the mortar samples could be described by the non-homogenous 
gel formation. The carbon nanotubes appear as the nucleating sites [7.] for the cement hydration products 
(CSH gel, calcium hydroxide) and gather the cement paste. The water is pushed to the sand grains, into the 
interfacial transition zone (ITZ), which is anyway the weakest point in the mortar. Due to the water, the 
porosity in the ITZ increases and the bond with the pasted 
matrix is getting worse.  

Another explanation deals with the wekaest link theory. When 
the stress in the body reach the ultimate strength of the 
weakest member, the deformation localizes to this point and 
stress decreases. In case of the mortar, the fracture energy can 
increase (or have not to change) and the strength can be 
reduced. 

4.  CONCLUSION 

The cement paste/mortar reinforced with carbon nanotubes directly synthetized on the surface of the 
cement grains exhibit comparable mechanical properties as the cement paste/mortar reinforced with the 
separately added carbon nanotubes as introduced in [8]. Previous attempts to create nano-reinforced 
composite materials suffered from flocculation and improper dispersion of separately added 
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nanofibers/nanotubes. The main advantage of the new method presents the elimination of the demanding 
CNT dispersion; now, the hybrid material can be intermixed directly with water and/or sand, creating 
strong and brittle composite similar to ordinary cement paste/mortar.  

The decrease of compressive strength on CNT-reinforced mortar samples could be caused by the higher 
amount of water in the ITZ which was pushed out by the extremely hydrophobic carbon nanotubes. 
Preliminary experiments with high compacted (60 Mpa) mortar samples with the mixing w/c ratio 0.35 
does not exhibit the compressive strength reduction. The future work will focuse on the reduction of ITZ 
effect incorporating the CNT into the ITZ. 
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Abstract 

Sol-gel derived B (boron) and Zr (zirconium) doped TiO2 (Titania) nanoparticles were synthesized. 
Microstructural, photocatalytic and crystallographic properties of the doped particles were investigated. 
Highest photocatalytic activity was achieved by 10 wt% Zr doping. 5 wt% doping was the optimum value for 
effective B doping. B ions were found to form oxygen vacancies behaving as interstitial defects whereas Zr 
ions substituted Ti4+ ions in the lattice. 

Keywords: sol-gel, doping, zirconium, boron, titania 

1.  INTRODUCTION 

TiO2 photocatalysis has been one of the major concerns in materials science due to the oncoming danger of 
energy and natural resources leakage. It has become a promising candidate for the degradation of organic 
and inorganic pollutants and toxics in environmental purification due to its high efficiency, low cost, and 
long term stability [1-2]. These desirable properties make TiO2 ideal photocatalysts for water and air 
purification systems as self cleaning surfaces [3].  Xia et al. stated that anatase TiO2 exhibits better chemical 
and photon characteristics due to its good absorbability and lower electron–hole recombination rate then 
rutile TiO2 [4]. However, its large band gap (3-3.2 eV) limits the light interaction only to ultraviolet (UV) 
light. This accounts for only 5% of solar energy [5-6]. Thus, many studies have been performed to extend 
the spectral response of anatase to visible light and to enhance its photocatalytic activity. Doping with 
metal and non-metal ions and co-doping have been shown to be the most effective strategies to increase 
the photocatalytic performance [7-12]. 

It was stated that the doping metal atoms possibly cause the formation of new phases dispersed into TiO2, 
temporarily trapping the photogenerated charge carriers and inhibiting the recombination of photoinduced 
electron–hole pairs when the electron–hole pairs migrate from the inside of the photocatalyst to the 
surface [13]. In addition, these introduced defects  also decrease the band gap energy by introducing new 
energy states close to the conduction band of TiO2[14]. However, an excess of the defects affects the 
charge recombination rate inversely. Metal doping needs a detailed microstructural control. The processing 
of metal ion doping also needs special facilities- i.e ion implantation- which increase the production cost 
and complicate the microstructural control. However, it was found that sol-gel derived Zr doping may 
enhance the photocatalytic efficiency when compared to undoped TiO2. TiO2 and ZrO2 both belong to the 
same group, 4B elements and both oxides are n-type semiconductors [15]. Zr doping may cause O defects 
and/or Ti4+ to Zr4+ exchanges and enhances the photoactivity and the sol-gel processing is a cheap and easy 
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technique.On the other hand, non-metal doping- especially B-N doping- has found to be one of the most 
efficient way of increasing photocatalytic activity in visible region [16]. Recently, boron containing additions 
are in request because it prompts the creation of electron acceptor level [17]. Since each method has 
different advantages, novel attempts include the investigation of optimum compositions of co-doping into 
TiO2 to earn from each dopant effect. But, there are arguable reports on structural evolution of TiO2 by 
metal/non-metal doping. Geng et al. stated that B atoms can be added into TiO2 lattice either as interstitial 

or at the O sites and the O substution causes the decrease in the band gap [18]. Conversely, Chen et al. 
stated that B atoms were interstitially present in the lattice forming a Ti-B-O structure [19]. Basically, it is 
clear that non-metal doping like B addition, tends to increase the photocatalytic activity to visible region, 
however, the behavior B atoms in TiO2 lattice is still vague. 

It is obvious that there are many conflicting results in the literature about the structural evolution in TiO2 by 
doping/co-doping.This ambiguity should be cleared out. This investigation was undertaken to investigate 
the structural and functional evolution during B or Zr doping to TiO2, and investigate the potential use of 
these powders with increased photocatalytic activity of TiO2. 

2.  EXPERIMENTAL PROCEDURE 

2.1 Materials and Method 

Conventional non-hydrous sol-gel route followed by calcination has been followed for the production of the 
sol-gel derived undoped, B or Zr doped TiO2 nano-particles. B and Zr elements were doped solely in the 
certain amounts (2.5, 5 and 10wt%) to compare the effects of the element type. Ti(OC2H5)4 (TEOT, tetra-
ethyl orthotitanate, Merck) was used for the TiO2 source. 0.1 mole TEOT was dispersed in 40 ml ethanol. 
This solution, named as solution A, was stirred in magnetic stirrer for 10 min. Separately, for the B doping, 
solution B was prepared by dissolving certain amounts of H3BO3 (Boric acid, Sigma) in 20 ml of ethanol. 10 
ml acetic acid was also added into the solution in order to increase crystallization efficiency of powders 
during calcination. For the Zr doping, Zr(C5H7O2)4 (zirconium acetyl acetonate, Dong San Chemical Co. Ltd.) 
was added in certain amounts in 20 ml of ethanol in the same way of B addition. This solution was named 
as solution C. Then, solution B or solution C was added drop by drop to solution A. The unite solution was 
stirred for 30 min to obtain a sol. The sols containing different dopants were left for aging for 
approximately 6 days at room temperature. Then, the aged gel was dried in oven at 100 °C for 3 days. The 
dried gels were calcined at 500 °C for 3 h at a constant heating and cooling rate of 5 °C/min.  

2.2  Characterization 

Calcined powders were scanned using X-ray diffractometer (Rigaku Geigerflex-DMAK/B) with a constant 
scan rate of 0.02° between 20° and 80°. X-ray diffraction (XRD) patterns were analyzed by using Rigaku 4.2 
program. In addition, lattice parameters were calculated by using the Unit cell software (T.Holland and S. 
Redfern) based on least square refinement. The morphology and nano-particle size of powders were 
investigated using a field emission scanning electron microscope, FE-SEM, (Nova NANOSEM 430) at 10-15 
kV operating voltage. At last, methylene blue (MB) degradation test was applied on the samples in order to 
compare the photocatalytic activity. MBaq were prepared at 10 mg MB /ml water concentration. 0.3 g of 
powder sample was dissolved in 300 ml MB solution and exposed to darkness for 30 min. Then the powder 
containing solutions were exposed to UV light (100 Watt lamp) and MB degradation was measured by the 
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UV absorbance change of the solution after 1 hour using Scinco UV-Vis spectrophotometer. The differences 
in UV absorbance at 664 nm of  the pure MB solution and the residual MB solutions that interacted with the 
powders for 60 min UV-irradiation were calculated. The total MB degradation % was taken to compare 
photocatalytic activity. 

3.  RESULTS AND DISCUSSION 

3.1 Phase Analyses and Lattice Calculations by XRD 

In Fig 3.1, and 3.2 the indexed XRD patterns of the B and Zr doped TiO2 powders compared to the undoped 
state are shown. The doping wt% increases from bottom to top. Undoped TiO2 included a few rutile phase 
however, it is clear that by B or Zr doping, rutile formation was suppressed. The most intense <101> peak of 
anatase was broadened when 5% B doped when compared to both undoped state and by other doping 
ratios. This may be sign of a decreased particle size. In addition, Table 3.1 shows the lattice parameter 
changes with respect to the change in doping wt%. There seems a remarkable decrease in ”c” parameter of 
anatase after B doping. But the “a” parameter almost stayed the same in both. Inversely, Zr doping caused 
an increase in “c” parameter. 

These obtained results were consistent with the previously published papers. XPS studies of B doped TiO2 
showed that B ion substitutes the O sites in the lattice [20]. Also, Wu et al. stated that the decrease in the 
“c” parameter by B doping was caused by the B2O3 phase separation which may be under the XRD 
detection limit [21]. Thus, it may be concluded that B doping may have caused an O deficiency for the 
formation of B2O3 phase. On the other hand, as Wang et al. stated,  the increase in “c” by the Zr doping was 
due to the larger Z4+ ionic size than Ti4+[22]. Zr4+, Zr3+ and Ti4+ ions are 0.072 nm, 0.089 nm and 0.061 nm 
respectively. It was more probable for Zr ions to substitute Ti4+ and cause lattice strains. On the other hand, 
Yu et al. stated that the solid solution formed by Zr addition might have structural defects such as vacancies 
in the lattice, probably on the surface to partially compensate the lattice strain. They suggested that some 
of the oxygen may be broken out from the surface of the lattice to trap the photogenerated holes. 
Therefore, both Zr and B addition may cause oxygen deficiencies with different mechanisms. 

Fig. 3.1 Indexed XRD patterns of B doped TiO2 compared to the undoped state. 
(a) Undoped TiO2, (b) 2.5 wt% B doped TiO2, (c) 5 wt% B doped TiO2, (d) 10 wt% B doped TiO2 
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Fig. 3.2 Indexed XRD patterns of Zr doped TiO2 compared to the undoped state. 
(a) Undoped TiO2, (b) 2.5 wt% Zr doped TiO2, (c) 5 wt% Zr doped TiO2, (d) 10 wt% Zr doped TiO2 

Table 3.1 Lattice parameter change of B doped TiO2 compared to the undoped state with respect to the 
doping wt% 

 

 

 

 

 

 

 

3.2  Microstructural Analyses by FE-SEM 

In Fig 3.3 and 3.4, the representative images of the undoped and B or Zr doped TiO2 nanoparticles are 
shown, respectively. As it is clear from the images, B doping provided precisely shaped spherical particles. 
As the doping increased up to 5wt%, agglomeration tendency decreased by doping, however, 10 wt% 
doping caused a microstructure that was similar to the undoped TiO2 microstructure. This shows that the 
tolerable amount of B addition into TiO2 is 5 wt% for achieving spherical shaped nanoparticles with low 
agglomeration. 

 

Fig. 3.3 FE-SEM images of B doped TiO2 microstructures compared to the undoped state. 
(a) Undoped TiO2, (b) 2.5 wt% B doped TiO2, (c) 5 wt% B doped TiO2, (d) 10 wt% B doped TiO2 

 B doped TiO2 Zr  doped TiO2 

 Doping wt% “a” (nm) “c” (nm) “a” (nm) “c” (nm) 

0 0.378267 0.951406 0.378267 0.951406 

2.5 0.378097 0.950284 0.378318 0.951075 

5 0.378595 0.950310 0.378763 0.952088 

10 0.378110 0.950962 0.378915 0.954969 
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On the other hand, Zr doping caused a more compact microstructure than the B doped samples in which 
the agglomeration was higher. Particles were stack in each other forming a sintered like product. All of the 
Zr doped samples have similar microstructure however, after 10 wt% doping of Zr, some regions were seen 
different. It was seen that some part of TiO2 surface was wet by a different phase, i.e ZrO2 (Fig 3.4d). The 
phase amount may be under the XRD detection limits.   

 

Fig. 3.4 FE-SEM images of Zr doped TiO2 microstructures compared to the undoped state. 
(a) Undoped TiO2, (b) 2.5 wt Zr doped TiO2, (c) 5 wt% Zr doped TiO2, (d) 10 wt% Zr doped TiO2 

3.3  Methylene Blue Degradation Results  

Fig 3.5 shows the MB degradation curves of B/Zr doped TiO2 nanoparticles in comparison to the undoped 
TiO2. The MB degradations % after 60 min are also given in Table 3.2. It is obvious that 2.5wt% doping of B 
and Zr caused lower photocatalytic activity than the undoped TiO2.Highest activity for B doping was 32% 
achieved by 5 wt% doping. For Zr doping, photocatalytic activity increased with increasing Zr content with 
the highest value measured as 56% for 10 wt% doping.  

MB degradation results showed that there are upper and lower threshold values for achieving better 
photocatalytic activity by B doping. 5% wt doping seems to be the most effective composition for B doping. 
This composition dependence might be due to two reasons, i) the increased agglomeration which may 
decrease the surface area and ii) the increased oxygen deficiency occurred for B2O3 formation. 

 

Fig. 3.5 MB degradation curves of B and  Zr doped TiO2 microstructures compared to the undoped state. 
Undoped TiO2, (b) 2.5 wt Zr doped TiO2, (c) 5 wt% B doped TiO2, (d) 10 wt% B doped TiO2 

(e) 2.5 wt Zr doped TiO2 (f) 5 wt% Zr doped TiO2, (g) 10 wt% Zr doped TiO2 
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Table 3.2 MB degradation % of undoped and B/Zr doped TiO2 after 60 min UV irradiation 

 

 

 

 

 

 

The metal doping, on the other hand, act as substantial defects inducing high level of lattice strain. The Zr 
doping thus, is more effective on suppressing the rutile transformation. At high concentrations of Zr, ions 
would act as recombination centers that lead to lower photocatalytic activity. But, it seems that the limiting 
value of doping for Zr to act inversely, is higher than B. Even at 10 wt% doping, photocatalytic activity was 
increased. 

4.  CONCLUSIONS 

B and Zr ions were successively doped into TiO2 lattice. There were not any other dopant related phases 
formed within the XRD detection limits. The differences occurred in lattice parameters also supported this 
idea. However, after 5 wt% B and 10 wt% Zr doping, some oxide phases may have been formed that would 
lead to the decrease in photocatalytic activity. B doped TiO2 microstructures had spherical nanoparticles; 
however, Zr doping caused an highly agglomerated sintered like compact structure. The decrease in “c” 
parameter by B doping indicated B ion interstitials in the lattice inducing oxygen vacancies. The decrease in 
“c” parameter indicated substantial Zr4+ defects replacing Ti4+ ion at lattice points. Experimental results 
showed that the most effective level of doping is 5 wt% for B and 10 wt% for Zr before the non-neglectable 
phase separation in the structure.  
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Abstract 

The selection of a protective coating depends mainly on the expected or planned service life of the 
anticorrosion protection. Protective effects of coatings are usually enhanced due to the presence of 
anticorrosion pigments. Zinc phosphate ZP 10 is one of the most used non-toxic anticorrosion pigments 
nowadays. The use of nano-sized pigments seems to be very beneficial owing to the decrease in coating 
thickness and the simultaneous increase in the service life of the anticorrosion protection of coatings. Due 
to the energy of pigment nanoparticles and time delay between manufacturing of the coat and its 
application, formation of clusters of nanoparticles can occur in the coating composition. The clusters have 
adverse effects on the general service life of coatings. The relief of the substrate surface, cleanliness of the 
substrate surface before coating application and the appropriate technique of coating application on the 
substrate are important factors influencing the quality and service life of coatings.  

This contribution covers results of experimental laboratory tests of the coating with various contents of 
ZP10 pigment nanoparticles applied on two types of substrates using the the techniques of brush 
application and spraying. 

Keywords: steel substrate, surface treatment, nanoparticles, pigment 

1.  INTRODUCTION 

The quality surface treatment of materials has a significant influence on both mechanical and physical 
properties of products, but it also influences costs incurred owing to maintenance and renewal for all their 
service life. The basic protective mechanism of coatings is the formation of a barrier between the protected 
material and the corrosive environment. Coating selection depends on expected or planned service life of 
the protected unit, availability of individual elements for future maintenance and on the expected term of 
protection system application and consequent technological risks, optimization of costs on purchasing and 
maintenance of the protective coating for the period of the planned service life. 

The most used anticorrosion protection of metal materials is the application of organic coatings created 
from the coating compositions which provide a chemical or electrochemical reaction of the anticorrosion 
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pigment. The quality of the resultant coat film is influenced by the factors, such as morphology, distribution 
and dimensions of particles of individual fillers and pigments. 

2.  EXPERIMENTAL MATERIALS 

� Characteristics of the Substrate Material 

Two types of substrate material were used for experimental tests. The samples of hot-rolled tubes without 
surface treatment, sized 100 × 150 × 6.3 mm, were made of S355J2H material, and ground test panels 
Standard – Q-LAB CORPORATION with the defined surface treatment and roughness, sized 102 × 152 × 0.8 
were made of low-carbon steel CRS SAE 1008/1010. 
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� Characteristics of the Paint System 

The coating composition was supplied by DENAS Color, a.s. It is a transparent paint system based on alkyd 
resin and with low contents of VOC compounds. Nanoparticles of the ZP 10 pigment (zinc phosphate) were 
added into the coating composition in the ratio of 3 – 5 wt per cent and 6 – 9 wt per cent.  

 

3.  EXPERIMENTAL WORK 

The experimental work was focused on the laboratory testing of paint systems applied on the steel 
substrate with the assessment of their corrosion resistance. The paint systems were applied onto the 
substrate materials using a brush and by pneumatic spraying to the required thickness of the wet coat film 
of 203 μm. 

� Cross-cut (cross-hatch) testing of adhesion according to ČSN EN ISO 16276-2 

The cross-cut testing of the adhesion of the applied paint systems according to ČSN EN ISO 16276-2, which 
describes the assessment procedure for resistance of the paint systems, into which a grid and a cross-cut to 
the substrate were created using a cutting tool with one cutting edge. 
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While the paint 
systems were being 
applied on the rolled 
tubes, the paint system 
containing 6 – 9 wt % 
of ZP 10 applied by 
pneumatic spraying 
featured good 
adhesion. The results 
indicate a positive 
influence of higher 
contents of ZP 10 
pigment nanoparticles 
on adhesion of paint 
systems. The paint 
systems of the 

Standard-type samples featured very good adhesion. Failure to 5 % of the grid area (classification degree 1) 
occurred in the paint system containing 6 – 9 wt % of ZP 10 applied by pneumatic spraying. However, it can 
be also considered as a good result. The results obtained on the standard-type substrates could have been 
expected due to the pre-treatment of their surfaces. 

The X-cut tests 
indicated good 
adhesion of the paint 
system containing 6 – 
9 wt % of ZP 10 
applied on the rolled 
tubes both by brush 
and by pneumatic 
spraying. The paint 
systems of the 
Standard - type 
samples featured very 
good adhesion. Only 
the paint system 
containing 3 – 5 wt % 
of ZP 10 applied by 

brush featured very small chipping along the sections or in their point of intersection (classification degree 
1), which can be considered as a good result. The results obtained on the standard-type substrate materials 
could have been expected due to the pre-treatment of their surfaces. 

� Phase Interface of the Steel Substrate and the Paint System 

The photographic documentation of the cured paint systems, zoomed 650×, 800× and 2500×, were taken 
with a scanning electron microscope (SEM) EDAX Philips XL 30 in the laboratory of the Nanotechnology 
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Centre at VŠB – TU Ostrava. The photographic documentation clearly shows the phase interface between 
the substrate material and the transparent coating composition, see fig. 4. One can also see formation of 
ZP10 agglomerates in the photographic documentation.  

 

� Salt Spray Test According to ČSN EN ISO 9227 

The corrosion test in the artificial atmosphere – the test in neutral salt spray was carried out according to 
the standard ČSN EN ISO 9227 in the corrosion chamber Liebish S 400 M-TR. Corrosion-weak points, i.e. 
edges, a hanging opening and the side with the numbering were insulated using a resistant adhesive tape. 

A 70-mm vertical cut to the substrate in accordance with ISO 17872 was made using a cutting tool on the 
samples which had been specified before. The samples were then placed into a specially modified stand 
which provided the prescribed inclination of the samples during exposure. Visual assessments were carried 
out in the intervals of 0, 8, 16, 24, 48 and 72 hrs. 

Blistering degree assessment according to ČSN EN ISO 4628-2, assessment of rusting degree according to 
ČSN EN ISO 4628-3 and assessment of delamination and corrosion degree around the cut according to ČSN 
EN ISO 4628-8 were carried out with the samples with the applied paint systems. The assessment for the 
final cycle 72 hrs is mentioned in table 2. 

 

� Salt spray corrosion test assessment – application of paint systems by brush 
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� Salt spray corrosion test assessment – application of paint systems by pneumatic spraying 

 

 

 

 

 

 

 

While assessing degradation of coatings with the samples without a cut after the exposure of 72 hours in 
the corrosion chamber, the best results were obtained for the transparent paint system based on alkyd 
resin with the admixture of 3- 5 wt % of ZP 10 zinc phosphate applied by brush and pneumatic spraying 
onto the sample 3 – standard. 

While assessing degradation of coatings with the samples with a cut, it was found out that the sample 3 – 
sheet standard with the paint system containing 6 – 9 wt % applied by pneumatic spraying featured 
significantly better corrosion resistance than the sample 1 – rolled tube, which showed a great degree of 
rusting and blistering around the cut. 

CONCLUSION 

All experimental samples examined in the salt chamber had good results. Visual changes to the paint 
systems applied by brush and pneumatic spraying on the rolled tubes came to light within 24 to 48 hours of 
exposure in the corrosion chamber. 

The test results verified the quality of the paint systems on two different substrate materials. The tests 
proved that the paint systems containing 3 – 5 wt % of ZP10 zinc phosphate nanoparticles can, on the basis 
of the experimental tests, provide short-period protection of the material, i.e. 3 to 6 months in the 
environment with a corrosion aggressiveness of C5. 
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Abstract 

Analysis of the influence of processing parameters on the photoluminescence (PL) of a homopolymer 
poly(methylphenylsilane) (PMPSi) and a copolymer - poly[dimethylsilane-methylphenylsilane] (P[DMSi-
MPSi]) is presented. The influence of solvent type and effect of thickness of prepared thin films were 
investigated by the fluorescence spectrometry. There are fundamental differences between thin film and 
thick film. In thick films, the σ-conjugation length of polymer chain segments is reasonably longer approved 
by strong bathochromic shift in the excitation spectra. Moreover, degradation of both polysilane materials 
was observed as photoluminescence decay measured at two different degradation wavelengths 285 and 
330 nm in vacuum. Two patterns of degradation behaviour dependent on film thickness were observed 
with transition at about 500 nm as in fluorescence spectra too. The degradation and metastability 
phenomena described in previous papers were observed on thick drop cast films only, which means that 
they are not general effects, but dependent on film thickness. Hence, the new facts are discussed and the 
interpretation is extended in terms of mesoscale confinement effects on thin films.  

Keywords: polysilane, photodegradation, photoluminescence, thin film, metastability 

1.  INTRODUCTION 

Polysilanes (PSis) attract attention as a very interesting group of polymeric material because of their non-
linear optical and photoelectronic properties. In contrast to π-conjugated carbonaceous materials, PSis are 
an example of a rare group of polymers that have σ-conjugated bonding orbitals along the main chain, 
which is responsible for their unique properties. However, a single bonded linear chain is more vulnerable 
than double bonded one what makes the material susceptible to degradation by UV radiation. In the field 
of application of polysilanes, it is a very important property, e.g. it is desirable in use of polysilanes as 
resists in lithography or as UV sensitive macroinitiators of chemical reactions. On the other hand, UV 
degradability limits the development of devices using electronic properties of PSis, for instance light 
emitting diodes operating in UV light region, where it is important prolonged the durability of the active 
layer. Stability of PSi is one of the main challenges with respect to their prospective applications. UV 
degradation of PSis has been studied by array of methods and theoretical models. It is assumed that the 
excitone travels along the main chain until is trapped on the longest segment, which has lowest potential 
energy and one of the sigma bonds dissociates, as the non-radiative σ*-σ transition leads to scission of the 
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Si-Si bonds. On the other hand, recovery of the material was observed under certain conditions instead of 
chain scission. Such “selfhealing” effects are referred as metastability. This concept was developed for 
polysilanes in solid phase and is based on the formation of "weak" bonds, and their scission or relaxation. 
Weak bonds were modelled for regular lattice of polymer chains and experimentally verified. These 
processes were shown to be dependent on the external conditions (air, inert atmosphere or vacuum; 
temperature) and on degradation agents, i.e. energy of incident photons. Similar metastability phenomena 
were observed also for e-beam degradation. [1-5] 

Intrinsic photoluminescence (PL) is the characteristic feature of PSi’s and depends strongly on the structure 
of the material. According to recent knowledge, typical representative polymer – poly(methylphenylsilane) 
(PMPSi) has a strong and narrow emission peak at (355±5) nm which is attributed to radiative exciton 
recombination (σ*-σ transition) and weak and broad emission in the region from 420 to 520 nm that is 
attributed to radiative recombination on structural defects. Excitation spectra show two maxima, one at 

330 nm (due to σ-σ* transition) and the second at 275 nm due to π-σ* transition as there is a strong π*-σ* 
mixing. Excitation spectrum corresponds to the absorption spectrum. The spectra of poly(dimethylsilane) 
(PDMSi) are simpler, since there are no aryl side groups attached to the chain, thus, only a σ-σ* and σ*-σ 
transitions are manifested in single peaks. Copolymer - poly[dimethylsilane-methylphenylsilane] (P[DMSi-
MPSi]) shows spectral features of both homopolymers, so its spectra are very similar to that of PMPSi. 
Fluorimetry proved to be a suitable sensitive tool for observation of PSi degradation and subtle changes in 
their structure induced by UV radiation. Behaviour of PSi’s under illumination by excitation light manifest in 
emission, thus, PL allows to observe degradation in time as changes of emitted light intensity as well as 
probe the structure of material by collection of emission and excitation spectra [4-9] 

In this paper, the attention is focused on the influence of thickness on photoelectronic properties of PMPSi 
and copolymer P[DMSi-MPSi] both in terms of spectral features as well as UV degradation. The influence of 
used solvent type on the PL characteristic is investigated as well. 

2.  EXPERIMENTAL 

PMPSi and copolymer P[DMSi-MPSi] were delivered by Flourchem Ltd., UK (Batch 060033-1, 060032-1 
respectively). Films for PL measurements were prepared from two different solutions – firstly in toluene 
and next time in mixture of toluene and tetrahydrofurane (THF). Two methods were used for casting of thin 
films – drop casting and spin coating as well. Quartz glass and undoped single crystal silicon wafers were 
used as substrates. Fluorimeter FSL 920 from Edinburgh Instruments was used for the measuring of PL 
spectra. The thickness was measured by profilometer (Talystep). „Thin“ films were about 50 nm and „thick“ 
films thickness was below 1000 nm. PL spectra and decay curves have been taken in vacuum (pressure 1 
Pa) ensured by cryostat Optistat DN-V (LN2), Oxford Instruments at room temperature.  

3.  RESULTS AND DISCUSSION 

3.1  Excitation spectra 

The results of excitation spectra analysis are summarised in Table 1. The thickness influences the position 
of peaks in excitation spectra of PMPSi significantly and it is possible to observe bathochromic shifts of 
these peaks with increasing thickness of the films, as shown in Fig.1. Small bathochromic shift of excitation 
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peaks is apparent in position 1 (about 275 nm) in size of one to three nanometres. The bathochromic shift 
is much more pronounced in the position 2 (from 330 to about 350 nm). In this case, the shift to higher 
wavelength is about more than 20 nm. The position of the maximum in the position 2 for thick films was 
only estimated since was not possible to collect signal in such intimate proximity of emission line due to 
very small Stoke’s shift between excitation and emission spectra. The range of excitation spectra 
measurement was set from 230 to 345 nm. The upper limit was chosen to protect single photon counting 
detector against overloading by scattered excitation light. Hence, the accuracy of ± 5 nm is given by the 
limit of 345 and the position of emission maximum at 354 nm. The differences between thin and thick films 
are clearly evident from the excitation spectra for the copolymer P[DMSi-MPSi] as well as it can be seen in 
Fig. 2. Similar positions of peaks and trend in their shift with increasing thickness of films are confirmed. 
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Fig. 1 Excitation spectra of PMPSi. Graph (a) shows spectra of thin film (50 nm), Graph (b) spectra of thick 

film (drop cast - 1000 nm), λem=354 nm. Full line represents material from solution in toluene, dashed line 
material from solution in mixture of THF and toluene. 
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Fig. 2 Excitation spectra of copolymer P[DMSi-MPSi]. Graph (a) shows spectra of thin film (50 nm), Graph 
(b) spectra of thick film (drop cast - 1000 nm), λem=354 nm. Full line represents material from solution in 

toluene, dashed material from solution in mixture of THF and toluene. 
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Up to now, it was generally accepted that PMPSi and, in general sense all aryl substituted Psis, have 
excitation maximum at 330 nm at the same position as the maximum observed in absorption spectrum. 
(See the introduction and references therein.) However, the absorption was always measured for thin films 

or polymer solutions due to limitations of UV-VIS 
absorption spectrometers and similar samples were 
used for subsequent excitation measurements. The 
similarity between thin film and solution spectra 
testifies for low alignment of chains in the thin film. 
Although the thick films were used for many 
studies, according to our best knowledge, it was 
never registered that their spectra are principally 
different from those recorded on thin films. On the 
other hand, the relation between conjugation 
length and emission maximum wavelength is well 
known. The longer is the length of conjugated 
segments, the higher the wavelength of excitation 
maxima in the position 2 is expected [5, 7 and 8].  

The observed phenomena could be explained in terms of different structure development during 
preparation of thin and thick films. In this sense, it is reasonable to assume that spin coating of thin films 
does not lead to formation of organised supramolecular structure and the polymer chains are caught on 
the substrate in random form and directions. Due to fast evaporation of solvent arises film with 
significantly shorter length of conjugated polymer chain segments than in thick films while the evaporation 
proceeds slower and polymeric chains are better aligned thus achieving large degree of conjugation. This is 
clearly seen from difference between the positions of excitation maxima in the position 2. Thin films do not 
allow formation of a defect free material layer. The polymer chains are in near proximity or even in direct 
contact either with the substrate or with the surface of the film. Macromolecules in thick films could form a 
mesoscale layer of several hundreds nm between subsurface and substrate adjacent layers and can be 
confined in energetically favoured conformational states, i.e. in all-trans conformation connected with the 

highest level of σ-orbital delocalization.  

The next factor playing an important role in forming of films is the choice of used solvent. There are 
substantial differences in excitation spectra by both materials in both thin and thick films. The positions of 
maxima in excitation spectra are slightly affected but their intensities are influenced strongly. The thin films 
formed from THF containing solution exhibit higher efficiency of PL excited by the light of wavelength 
330 nm. This could be due to better alignment of aryl side groups and rests of polar solvent caught in the 
structure thus supporting the photoinduced electron transfer and stabilises the charge transfer (CT) states. 
[3] On the other hand, this effect becomes of minor importance in thick films, as THF does not specifically 
support formation of all-trans conformation, thus overbalanced by the effect of mesoscale layer formation. 

Table 1 The position of excitation maxima.  
The position 1 is about 280 nm (UV), the position 2 
is about 330 nm (UV/VIS). Emission at 354 nm. 
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Fig. 3 Degradation curves of PMPSi. In first row (Graphs a, c) are presented curves for thin films, Graphs b, d 
present curves for thick films, whereas left column (Graphs a, b) are degradation curves at λex=285 nm and 
λem=354 nm and right column (Graphs c, d) present deg. curves at λex=330 nm and λem=354 nm. Full black 

line denotes films of PMPSi from solution in toluene and dashed line from mixture in toluene and THF. 

3.2  UV degradation  

Degradation curves for PMPSi are shown in Fig. 3 and for P[DMSi-MPSi] in Fig. 4. As degradation agent, the 
excitation beam was employed directly. Two wavelength were used – 285 and 330 nm. Graphs a and c in 
both Figures shows degradation process for thin films. The exponential decay of PL intensity during first 
100 s of irradiation of thin films is faster for thin films made from solution in toluene. The rest of 
degradation (second part, after 100 s) proceed similarly for both types of solvent but one case of copolymer 
cast from THF mixture slightly more intensive degradation at 330 nm. In all cases, the degradation process 
ends in total damage of the thin layer for both used photon energies.  

Another degradation pattern was observed for thick films. In case of PMPSi, slower degradation compared 
to thin films occurs by irradiation at the excitation wavelength 285 nm. This can be caused by the 
metastability mechanism, which is competitive to degradation, similarly as in case of laser degradation 
studies reported earlier [5, 7]. Tetrahydrofurane contributes to retardation of the decay as well. However, 
these mechanisms are not able to overwhelm the deterioration process under used condition and resulted 
just in slowdown of the decay. A stronger effect was observed for excitation wavelength of 330 nm. 
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Fig. 4 Degradation curves of copolymer P[DMSi-MPSi]. In first row (Graphs a, c) are presented curves for 
thin films, Graphs b, d present curves for thick films, wheras left column (Graphs a, b) are degradation 

curves at λex=285 nm and λem=354 nm and right column (Graphs c, d) present deg. curves at λex=330 nm 
and λem=354 nm. Full black line denotes films of P[DMSi-MPSi] from solution in toluene and dashed line 

from mixture in toluene and THF. 

Thick PMPSi film cast from toluene solution undergoes slow degradation, moreover, the film cast from THF 
containing solvent exhibits a reasonable slowdown at 40 % at about 200 s followed by second decay above 
300 s, although even here, self healing and PL enhancement during degradation was not observed. Much 
stronger effect was observed for copolymer P[DMSi-MPSi] (see Fig. 4 Graphs b and d). The degradation 
process is more complicated for both excitation wavelengths (285 and 330 nm). After certain time (200 – 
400 s) a break point is observed and PL intensity arises, again thus the degradation curve has a broad 
minimum. Similar curve shape as in Fig. 4 Graph b was observed in previous work where PMPSi was excited 
by a laser beam at 266 nm. [5, 7] At used excitation wavelength 285 nm, the return starts at 18 % of initial 
PL intensity for THF mixture cast sample and at 22 % for toluene cast sample. At excitation wavelength of 
330 nm (Fig. 4, Graph d),  the expression of return is very strong. The minimum of degradation curve is very 
sharp, located at time about 20 s and reaches saturation at nearly 100% for the sample cast from THF 
mixture. Moreover, for the sample cast from toluene solution, the saturation even exceeds the initial PL 
intensity. It seems that THF has opposite role than in PMPSi. 

Generally, the degradation shows different behaviour with increasing thickness of the film and it is slower 
for thicker films. Moreover, in case of copolymer, the increased thickness results not only in retardation of 
degradation but also to recovery having breakpoint on degradation curves. In case of degradation at 
330 nm, observed patterns resemble more annealing than degradation as PL intensity is recovered to 100 % 
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or even improved up to nearly 140 % of its initial value. As well as in spectroscopic study, the degradation 
correlates with film thickness and, as possible explanation, the mesoscale polymer phase with better 
conformational structure of polymer chains is suggested. Better alignment of chains would lead to lower 
free volume in polymer phase which supports weak bond creation and their relaxation into regular bonds. 
In next, denser polymer packing reinforces the cage effect of surrounding chains hindering movements of 
chain ends with free radicals after eventual scission, thus inducing their recombination in oxygen free 
environment. This could be also the underlying mechanism of PL increase over the initial value, as the 
structure might be even improved via scission and recombination of chains in more energetically 
favourable conformations thus improving the delocalization length of PSi’s segments.   

4.  CONCLUSION 

The results of the spectroscopic characterization of films of PMPSi and copolymer P[DMSi-MPSi] shows that 
there are a fundamental differences between the structure of the material in thin (tens of nm) and thick 
(submicrometer) films. It has been shown that in thick films the length of conjugated polymer chain 
segment is significantly longer than that of the thin films which is explained by formation of mesoscale 
confined polymer phase which has higher degree of polymer chain alignment favouring all-trans 
conformation and thus more dense polymer packing and towards degradation less susceptible structure 
than in case of thin films. Hence, the mesoscale layer formation seems to be the structural factor 
underlying metastability observed in PSis.  
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Abstract 

Nanotechnology is believed to be one of future most potential markets. Government funding of research in 
this field is considerable in the U.S., EU, Japan and rapidly growing in Russia and China. Products based on 
nanotechnology are already in use. Yet far from initial estimates of rapid growth of revenues to hundreds of 
billions of dollars, nanotechnology commercialization seems to be growing at a slower pace. The author 
summarizes conclusions from various research initiatives into the commercialization of nanotechnology 
and confronts them with evidence from the development of venture capital markets. 

Keywords: nanotechnology, funding, financing, venture capital. 

1.  INTRODUCTION 

Nanotechnology is forecasted to play a key role in the 21st century with market potential in numerous 
applications. It promises capabilities and efficiencies that will impact everything from health-care to energy 
systems.  

After creating initial interest in the media and attracting investors nanotechnology research and 
development is experiencing growing barriers in financing. Early projects and financing deals showed that 
ideas with potentially highly promising commercial applications would take years or even decades to 
research and commercialize. Entrepreneurs are by definition optimistic but, especially in high technology 
areas, possess substantial technical knowledge and sound overview of the market [1]. Venture capital 
investors are usually skilled and experienced in commercialization and can hire external advice when 
needed. Yet, even though both groups were involved, their investment strategies proved to be flawed [2]. 

Recent research into the fields of nanotechnology financing, nanotechnology strategy but also innovation 
and innovation financing seem to indicate important variables that need to be taken into account by both 
entrepreneurs and investors. 

2. DECREASING NUMBER OF PATENT APPLICATIONS  

Nanotechnology patenting activities have slowed down in recent years. The number of EPO applications 
has dropped in all major markets to levels unrecorded for at least a decade (Figure 1). What’s more, the 
drop occurred in 2007 and 2008. Taking into consideration the fact that even a fierce economic crisis takes 
quarters if not years to impact long term research initiatives, current decrease in patenting can not be 
directly associated with an economic downturn. It’s also worth to mention at this point, that the previous 
economic downturn (associated with the “internet bubble”, at the turn of the century) proved to have no 
visible impact on nanotechnology patenting activities.  

Current changes seems to indicate that nanotechnology is following a cycle, where a period of inflated 
expectations is followed by a “through of disillusionment”. Alternatively nanotechnology researchers have 
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found out that owning tens or even hundreds of patents (Nanosys Inc. claims to have more than 700 
patents) can be perceived as running without a clear target. Even though many of those patents may 
represent significant scientific achievements their relation to the company’s business model may be 
distant. Managing those patents and prosecuting infringements means expenses without clear sources of 
cash inflows. 

 
Fig. 1 Nanotechnology patent applications to the EPO, total number, EU-27 countries, the United States and 

Japan – 1997-2008. Data: Eurostat 

Prior to the economic crisis in 2007 venture capital funds may have invested a part of their portfolio in 
hopes of discovering a company that would benefit from a first mover advantage [3]. Currently, to attract 
venture capital investors, entrepreneurs have to show clear targets and cash flow forecasts based on 
specified clients’ needs and market forecasts [4]. 

3.  NANOTECHNOLOGY FINANCING  

Investors do not perceive nanotechnology as a separate class in itself, but one of technologies, that affect 
other classes such as healthcare and life sciences, electronics or alternative power solutions.  The main 
sources of funding are governments, corporations and venture capital funds. Lux Research Inc. estimates 
global investments at $17.8 billion in 2010, with majority of funding coming from governments (financing 
research initiatives). Venture capital funds, which are supposed to play a key role in financing of stat-ups 
and spin-offs, invested an estimated $646 million. Most of venture capital funds were invested in U.S. – 
based companies. 

The U.S. dominance in venture capital investments results from traditionally higher share of early stage 
investments in portfolios of U.S. venture capital funds (compared to EU based funds) and should not be 
perceived to reflect U.S. nanotechnology companies’ dominance in either technology or commercialization 
capabilities. 
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In 2010 a substantial shift in structure of funding was observed as venture capital funds reduced their total 
investments by an estimated 21.4%. With years of experience, facing adverse economic conditions, venture 
capital funds are decreasing their involvement in nanotechnology, giving the field to direct investments 
made by corporations. Recent data on U.S. venture capital investments (biggest venture capital market and 
biggest market for venture capital investments in nanotechnology) seem to indicate growth in total 
invested amounts by venture capital funds (Figure 2). The drop in financing of nanotechnology ventures 
therefore can’t be attributed to worsening economic conditions and overall decrease in venture capital 
financing. 

 
Fig. 2 U.S. Venture Capital investments 1995-1H2011 (amounts in $ millions). Data: Thomson Reuters 

4.  CHANGING PATTERNS IN VENTURE CAPITAL  

Venture capital funds invest in high-risk undertakings. Yet entrepreneurs often forget that it is neither risk 
nor unique technology that drives venture capital funds. Higher risk is associated with higher returns and 
venture capital managers are looking for investments with above average returns. Data on venture capital 
expectations is based on anecdotal evidence. Returns are measured on total portfolios and management 
groups do not disclose individual investment assumptions. It is usually assumed that even in periods of low 
interest rates venture capital funds will be looking for investments with (at least) 40% annual return. High 
return is expected to compensate for substantial risk but also low liquidity (ability to exit the investment at 
will) and information asymmetries (even while keeping a close look at their investments, venture capital 
funds are still financial investors, they do not take part in daily decision making). Actual returns of venture 
capital funds are reportedly lower [5], yet most individual investments in funds’ portfolios fail to achieve 
the expected returns, so expectations regarding individual investments have to be higher. Lerner (2001) 
assumes a wide range “typically between 40-75%)” [6]. Nanotechnology has at least three major drawbacks 
when confronted with venture capital expectations: timing, capital expenditures and economic scale 
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requirements. It takes months to research and patent the technology. It takes further months or even years 
to commercialize the product. The structure of venture capital funds usually assumes 10 (up to 12) years of 
existence, yet this constraint is not the key. Return expectations cause that venture capital funds are 
interested in short-term investments. In famous success stories from the Internet era (e.g. Cienna, Yahoo!, 
EBay) it took venture capital funds less than 3 years from investment to exit. Achieving high returns on 
investment with 5 or even 10 years outlook implies very ambitious valuation targets. 

 
Fig. 3 Final valuation/investment ratio in years after investment at 10%, 40% and 75% interest. 

Figure 3 illustrates the cumulative value of investing 1 currency unit at 10%, 40% and 75% interest rate. Five 
years after the investment, a venture capital fund, expecting 40% return on investment, would require 
target valuation to be 5,4 times higher than the invested amount. After 10 years the expectations rise to 
28,9 times. Managers of venture capital funds usually decrease that effect by staging their investment in 
tranches (increasing their investment after reaching predefined milestones by the financed company), yet 
the fact remains – venture capital is an extremely expensive source of long-term financing. This results in 
venture capital fund taking a substantial part of the company’s equity at investment. But it also implies that 
entrepreneurs have to show a forecast of stable fast growth of revenues and profits.  

Nanotechnology requires equipment that is quickly depreciating (in technical terms). That increases capital 
expenditures. Time actually means money as replacing outdated equipment increases burn rates (negative 
cash flow) before achieving targeted levels of sales and production [1]. 

Nanotechnology products (outside life sciences) are usually improving the characteristics (e.g. lowering 
energy consumption, increasing surface area) of existing products rather than creating new ones (at least 
from clients point of view). As components, nanotechnology products require substantial quantities of the 
final product sold to recover high initial investments. This requires economies of scale, which are difficult to 
achieve for start-ups. Berenbruch (2010) suggests that nanotechnology ventures should aim at establishing 
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links with large-scale producers instead of building own production facilities based on financing from 
venture capital funds [2].  

The rationale for corporate involvement in financing of start-ups is based on purchasing patents and skilled 
research teams oriented at applied research. Running costs of such ventures are later expensed as R&D, 
which can be assumed as fixed costs (corporations are reluctant to decrease the R&D expenditures, even in 
periods of economic downturns). Production capabilities of large corporations provide for synergy effects - 
smaller capital expenditures are required to achieve target production capacities and demand can be 
forecasted with higher probability (decreasing risk). This may imply higher value retained by entrepreneurs 
at time of the investment. 

Corporate investments can take the form of corporate venture capital (many corporations finance their 
own funds) or direct investments (target companies become subsidiaries).  

The drawback of this form of financing is that, contrary to venture capital; corporations assume control of 
financed ventures. Unfortunately this contradicts the idea of entrepreneurship and decreases hopes for 
developing new industries in regions and countries that lack corporate production facilities.  

5.  CONCLUSIONS 

Taking into consideration long research and development periods and capital requirements financing 
structures based on commercial financing are not fit for developing nanotechnology ventures. The key 
constraints to improved access to venture capital financing seem to be time (long development), capital 
expenditures related to equipment and economic scale (access to production capacities and distribution 
networks). Large-scale involvement of state funding as seen in U.S., Japan and recently Russia and China is 
essential until shorter development cycles and higher probability of results are achieved. Until then 
entrepreneurs developing nanotechnology ventures should seek to finance R&D from government 
subsidies, form alliances to use university funded research facilities and cooperate with corporations 
possessing large-scale production capacities. A recent survey of U.S. scientists found that they spend 42% 
of their research time filling out forms and in meetings [7].  This seems to call for new structures of 
financing of research and high technology related entrepreneurship that would enable researchers to focus 
on scientific activities. 
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Abstract 

Nanotechnologies are increasingly applied in a wide spectrum of human activities. In this article we 
describe several experiences with nanofiber technology in combination with biological removal of toxic 
xenobiotics in the application of industrial wastewater treatment. Microbial biofilm formation can be 
greatly supported using nanofiber structures, and the whole system provides stable and accelerated 
biodegradation. The main purpose of the current work was to create a final design of the nanofiber carrier. 
The main aims of biomass carrier were microorganism colonization, chemical and physical stability, surface 
morphology, maximum surface area, density comparable to wastewater, and optimal size considering the 
technology used at the wastewater treatment plant. The resulting structure of the nanofiber carrier was 
tested on several real industrial wastewaters under different arrangements and different conditions. The 
following characteristics of the nanofiber carriers were examined: cleaning efficiency of toxic compounds, 
stability of carrier and nanofiber layer, rate of carrier ingrowths by relevant microorganisms, disintegration 
of nanofibers, sorption properties and others. The results show the possibility of using nanotechnology for 
the treatment of wastewater. Nanofiber carriers can be used even where other methods of treatment have 
failed.  

Keywords: nanofiber technology, wastewater treatment, biomass carrier, immobilization of 
microorganisms 

1.  INTRODUCTION 

Nanotechnology, the field dealing with dimensions in the order up to hundreds of nm, offers great 
potential for the use of new materials for the treatment (cleaning and disinfection) of surface water, 
groundwater and wastewater contaminated by toxic, organic and inorganic substances. The presence of 
various pollutants has a large impact on the environment, public health and the economy. Most traditional 
techniques such as extraction, adsorption and chemical oxidation are generally effective but often very 
expensive. The ability to reduce toxic substances to safe levels effectively and at a reasonable cost is 
therefore very important. In this respect, nanotechnologies can play an important role. Due to their unique 
active surface area, nanomaterials can offer a wide range of applications such as catalytic membranes, 
nanosorbents, bioactive nanoparticles and metal nanoparticles such as iron, silver, titanium oxides and 
many others. 

This article describes the use of nanofibers in the biological treatment of industrial wastewater, where 
primarily microorganisms on a biomass carrier are used. Wastewater tested during individual trials mainly 
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included monoaromatic substances (aniline, diphenyl guanidine, phenylurea, chloramine, phenols and 
cresols). The system combining biological treatment supported by nanomaterials helps to intensify the 
whole water treatment process. The main purpose of the present work is to create a biomass carrier 
possessing the advantages of nanotechnology, while supporting as much cell colonization as possible. The 
result is the production of fine fibers of different polymers, with diameters ranging from tens of 
nanometers to several micrometers. With regard to the materials and finish used it is possible to create 
non-woven strips of nanofibers with a high specific area, possessing extreme flexibility, formability and also 
high stability. 

2.  THEORETICAL SECTION  

Each biomass carrier must meet the basic parameters (microorganism colonization ability, chemical and 
physical stability, surface morphology, maximum specific surface). The exceptional properties of nanofiber 
carriers are primarily the large specific surface, high porosity and small pore size. Depending on the type of 
polymer, nanofibers are durable, easily moldable and chemical resistant. The principal advantage of 
nanofiber materials is their comparability with the dimensions of micro-organisms, the surface morphology 
and biocompatibility, which allows for faster colonization of the nanofiber surface by the microorganisms. 
Moreover, the carrier itself is not made of a “hard” polymer of a predetermined shape but it is flexible and 
pliable stable fibrous polymer. An important advantage of the technology is the possibility of a bacterial 
biofilm buildup not only on the surface of the carrier but also closer to its center (inside the carrier), where 
the bacteria are much more protected against the toxic effects of the surrounding environment and shear 
forces during hydraulic mixing. In addition, penetration of substrate and oxygen to the microorganisms is 
also possible. High specific surface of the nanofiber layer allows to the bacteria great adhesiveness and as a 
result it simplifies the immobilization of microorganisms, especially in the initial stages of colonization of 
the surface carriers and also even during difficult emergency conditions (reducing the required 
regeneration time). After a longer period of colonization the microbial biomass grows naturally on the 
places without the nanofibers. This observation documents the assessment of biofilm growth on carriers 
during the first weeks. 

 
Fig. 1 The development of a biofilm on a nanofiber carrier (1st, 5th, 10th and 15th day) 

3.  EXPERIMENTAL SECTION 

3.1  Production of nanofibers and technical potential 

A new type of carrier was developed based on the decisive parameters using nanofiber materials as the 
biomass carrier (mainly polyethylene, polypropylene, polyurethane and others). The basis is a nanofiber 
layer obtained by electrospinning, which is applied using NANOSPIDER technology. The novel technology 
(chaotically tangled fibers) is morphologically very remarkable because the spatial curves of the resulting 
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fibers increase the surface, which may end up being up to 1000 m2/g. The great advantage of this 
technology is the ability to combine different polymers and thereby set the carrier density (density of 
approx. 900 kg/m3 to 1200 kg/m3) based on the requirements of the specific application.  

 

Fig. 2 Different methods of nanolayer fixation (old and new approach), detail of the nanofibers 

The final nanofiber yarn is composed of three parts. The basic fiber is Prolenvir CE polypropylene (660 dtex, 
air shaped), the coating is made of Larithane 1083 polyurethane nanofibers (30 – 100 dtex, electrospinning, 
nanofiber diameter is approx. 260 nm), everything is double-wrapped in a protective polyethylene fiber 
(167 dtex, protecting against friction during processing and during subsequent application against 
disintegration of nanofibers). The outline for the surface formations is made of polypropylene fibers (200 
dtex). The specific surface of the resulting formation with a PU value of the nanofiber of 100 dtex has at 
least 800 m2/m3 (an evaluation of the most suitable density nanofibrous layers is included in [4]). 

The resulting yarn can be processed using textile technology in the form of bobble-type coils (for use in a 
fluid bed) or as a surface structure (technology for interlacing with an embedded weft, for use in a fixed 
bed). The first form is a carrier type called a "nano-bobble" (see Figure 3a), where the carrier flows together 
with the activation mixture; the dimensions of the carrier are comparable to commercially available 
carriers. The structure is completely arbitrary but preferably of a spherical shape, which minimizes costs 
primarily for mixing. The second form is fixed in the tank and the activation mixture moves through the 
carrier in a form of fixed knit fabrics (see Figure 3c). For mutually interwoven threads a technology of 
supporting frames has been developed, which can be installed in an existing aeration tank as a removable 
module. Options include a high variability mesh sieve, which can be adjusted depending on the treatment 
process or the properties of the wastewater or the microbial population used (e.g. depending on the speed 
of growth of the microorganisms).  

 

Fig. 3 a) Nanofiber carrier (nano-bobble), b) Technology of removable supporting frames,  
c) Detail of solid nanofiber fabric 
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3.2  Sorption tests 

Sorption tests were carried out as kinetic tests in sealable containers. The content of the carriers was 30% 
of the bulk volume of the container; the remaining volume was filled with an aqueous solution of the model 
contaminant (10 g/l aniline). The containers were then placed on a horizontal shaker, and evenly blended 
for the given time. Finally, chemical oxygen demand in mg/l was measured as an indicator of sorption rates 
using a cuvette test which is based on the use of the dichromate method. 

3.3  Disintegration of nanofiber tests 

Disintegration tests were carried out in 100 ml beakers filled with 80 ml of water, into which was immersed 
a microscopic slide with wound nanofiber yarn. In order to recreate realistic wastewater treatment 
conditions, the beaker was gently bubbled. Tests were conducted without a bacterial population. Fixation 
of the fibers on the microscopic slide made it possible to observe the same place on the fiber throughout 
the experiment. An aqueous medium was then monitored with the presence of the nanofibers. The water 
was filtered through a membrane filter of 0.22 micron porosity. Although the fibers are small in diameter, 
they are very long so the probability of the nanofibers passing through the filter is minimal. Images of the 
surface layers of the nanofibers and the surface of the filter were subsequently taken using a fluorescence 
microscope. 

3.4  Biofilm carrier rinse tests with water and CrSO4 

Nanofiber textile fabric previously colonized by bacterial populations for approx. 7 months was used for 
this test. The biofilm built up on the fiber was carefully washed off at intervals using water that was 
carefully sprayed through the carrier, or using chromo-sulfuric acid, in which the carrier remained with 
occasional mixing. An optical microscope helped to evaluate both approaches. 

3.5  Application of nanofiber biomass carriers under laboratory conditions 

One example was the operation of biofilm model reactors with a capacity of 3 liters with real groundwater 
containing phenols and cresols. Rhodococcus erythropolis was chosen as the bacterial population for 
degradation of phenols at The Institute of Chemical Technology in Prague. The first reactor was filled with 
the commercial carrier AnoxKaldnes. AnoxKaldnes is made of polyethylene with a specific surface 
of 500 m2/m3 (Veolia Water Solutions & Technologies). The second reactor was filled with nanofiber 
fabrics fixed in place. The output parameters pH, ORP, dissolved oxygen, conductivity, turbidity of the 
solution and chemical oxygen demand were monitored to evaluate the effectiveness of the degradation 
processes. 

4.  RESULTS AND DISCUSSION 

4.1  Sorption tests 

Microorganisms use organic compounds represented by the organic contaminants present as a source of 
carbon and energy. It is much faster and easier if microorganisms have simpler access to these substances. 
The appropriate sorption on the surface of the carrier can to some extent influence the rate of colonization 
of the microorganisms. Adsorption of contaminants on the surface of the nanofibers increases their 
accessibility; on the other hand it also increases the possible toxic effects of the contaminants. For 
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example, the sorption of aniline on nanofiber yarn with the greatest density of nanofiber cover is clearly 
higher, which explains the lower rate of colonization for this type of cover. Conversely, for low and 
moderate cover (in the graph marked 30 and 50 dtex) sorption to the surface is markedly lower. Colonizing 
microorganisms in the case of a medium level of cover will find ideal conditions for colonization by the 

given percentage of cover, while at the 
same time the cover is not 
contaminated above the limit for the 
toxic contaminant. The high degree of 
sorption of toxic contaminants such as 
aniline and particularly phenols and 
cresols may interfere with (slow down) 
the rate of initial colonization of the 
surface of the microorganisms. For 
toxic contaminants, there is clearly an 
optimum adsorption concentration on 
the carrier and the cover, which was 
verified through the experiments.  

4.2  Disintegration of nanofiber tests 

The objective of the test was to create conditions that may happen at wastewater treatment plants using 
nanofiber technology during the initial phase, prior to colonization of bacterial populations. It is necessary 
to monitor how the nanofibers can become loose before they are colonized. The result of the experiment is 
100% stability of the nanofiber layers during the first week; during the second week the structure of the 
fibers became damaged. The nanofibers aggregate to each other, thereby reducing the specific surface 
area. Only a small number of fibers, mainly those that are not well fixed during production, escape into the 
surrounding. The result of monitoring the surface of the membrane filter (after filtration of aqueous media) 
is a very small amount of nanofibers (approximately 0.5% of the surface of the filter). This results in the 
possibility to use the nanofibers even for slowly growing microorganisms where the induction is slow and 
the possibility of release is high. For real application it is necessary to rinse the nanofiber carrier and 
subsequently consider filtering only if after the bioreactor there is no clarifier. The methodology for 
determining the disintegration of the nanolayers is critical if the effluent from sewage may enter directly 
into natural waters, therefore this approach will be further studied. 

 

Fig. 5 Detail of nanolayers prior to application and after the 7th and 15th day of bubbling in water 

 

Fig. 4 Sorption for nanofibers and commercial carrier 
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4.3  Biofilm carrier rinse tests with water and CrSO4 

Rinsing with water (or chromo-sulfuric acid) is tested particularly for the possibility of reusing the carriers, 
which is an indispensable aspect due to the price of the carriers. The water rinse test resulted in minimal 
violation of the nanolayers but a high residual population of microorganisms remaining on the carrier. The 
chromo-sulfuric acid rinse test (which is commonly used for determining the total biomass on the carrier) 
showed that the nanolayers are damaged (there was a clumping of nanofibers), but the population on the 
medium is completely eradicated. The nanofiber carrier can thus be used several times but under certain 

conditions. Washing the biomass 
from the surface with water is not 
100% effective, but it is economic 
and sufficient for use in sewage 
treatment plants. On the contrary, 
the use of chromo-sulfuric acid is 
indeed effective, but difficult in 
practice; moreover its use destroys 

the nanolayers and thus reduces 
the specific surface area of the 
carrier. 

4.4  Application of nanofiber biomass carriers under laboratory conditions 

Nanofiber carriers were successfully applied during the last few years under laboratory conditions as a 
biomass carrier. Various different arrangements (bioreactors) were tested as well as various shapes and 
groupings of carriers, and different bacterial populations for removing different kinds of pollution. 
Laboratory results confirm the suitability of using fibers with nanolayers as carriers of bacterial populations. 
Their application for wastewater treatment plants is still being verified in the laboratory, but it certainly 
brings great benefits. The stability and surface of the active biofilm can be greater than for conventional 
carriers, which also bring more effective removal of pollutants by biological methods using microorganisms. 

The following images capture how the biofilm grows on the nanofiber carrier. The nanofibers form the 
skeleton of the biofilm and hold it together but they allow penetration of nutrients and oxygen to the 
center of the biofilm. The result is increased robustness of the active biofilm compared to standard 
technologies, while maintaining the high activity of the whole complex and high biodegradation efficiency. 
In the laboratory experiments, the stability of the complex was demonstrated even at high concentrations 
of contaminants and high flow rates, where the bacterial population dispersed in water completely 
disappeared, but the biofilm on the nanofiber structures maintained its efficiency. This is documented by 
the following charts from the last operation of the bioreactors verifying the treatment of groundwater with 
high phenol content. 

The output parameter of COD was nearly comparable for both technologies throughout the whole period. 
The noticeable advantage of using nanofiber technology is under extreme conditions (temperature, flow, 
salinity). There are no significant fluctuations in efficiency when using the nanofiber technology. In 
addition, the initial colonization of carriers is faster (for colonization rate see [4]). Moreover we use less 
material compared to commercial technologies but we can achieve higher specific surface area. 

Fig. 6 Carrier rinse test with water or chromo-sulfuric acid, 
(microorganisms are shown by a slightly yellow-brown color) 
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Fig. 7 Biofilm on a fixed carrier (laboratory experiment), detail of biofilm in wet and dry state 

 

Fig. 8 Input and output parameters for biological treatment using nano-fiber and commercial carrier 

CONCLUSIONS 

The results of the study using nanofiber technology for wastewater treatment are several variants of stable 
and usable biomass carriers that meet the requirements for a carrier of a bacterial biofilm. Application of 
nanotechnology in combination with biological methods brings distinct advantages. There are still several 
contentious issues, such as disintegration of nanofibers and toxicity to higher organisms, which will be 
further studied. 
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Abstract 

In this study, we focused on the degradation ability of pure and stabilized nanoscale zerovalent iron 
particles (NZVI) by silica stabilizator for remediation purposes. We studied the degradation of selected 
chlorinated ethylenes by the aqueous suspension of iron nanoparticles Nanofer 25. The main problem of 
iron nanoparticles is their instability in an aqueous solution which leads to aggregation. Previous studies 
showed that silica compounds provided successful stabilization of nanoparticles. Our nanoparticles were 
stabilized by a water glass solution. The water glass was simply mixed with the nanoiron suspension. Batch 
experiments ideally simulated conditions of remediation in contaminated aquifer. The applied 
concentration of the chlorinated ethylenes (≈ 0,1mM) and the excess of iron nanoparticles corresponded to 
the usual values at decontaminated sites. The degradation ability of the pure suspension was verified. At 
the same time, the effect of the silica stabilizer on the degradation ability was identified. The kinetic 
parameters were evaluated to assess the degradation ability of both suspensions. Nanofer 25 was 
characterized by BET and the determination of a content of zerovalent metal. We found that the pure 
suspension Nanofer 25 reduced less chlorinated ethylenes effectively. At the beginning, the silica 
compound supported the degradation of the contaminants; however, the degradation of the higher 
chlorinated ethylenes stopped prematurely and the concentrations remained constant until the end of the 
experiment. Experiments with stabilized iron nanoparticles showed partially limited degradation of the 
higher chlorinated contaminants. 

Keywords: zerovalent iron nanoparticles, chlorinated ethylenes, silica, stabilization, in-situ remediation 

1.  INTRODUCTION 

In situ application of nanoscale zerovalent iron particles (NZVI) could help to remediate soil and 
groundwater contaminated by chlorinated solvents. Chlorinated solvents, such as chlorinated ethylenes, 
are simply degraded by abiotic reductive dechlorination via zerovalent iron. The zerovalent iron has been 
already used in a form of a lump material in permeable reductive barriers (PRB) for treatment of 
groundwater contaminated by chlorinated ethylenes for years. The application of NZVI particles improve 
the removing of the chlorinated ethylenes significantly. Because of their high reactivity, NZVI particles 
reduce the chlorinated ethylenes quickly and nearly stoichiometrically with less or no production of toxic 
intermediates. Due to a submicron size, NZVI particles could migrate within the groundwater. The reactivity 
and migration of NZVI particles is limited by their agglomeration/aggregation in a water solution and 
adhesion to the ambient subsurface. Surfactants, polymers, or polyelectrolytes are usually added to coat 
the NZVI particles and to keep them individually in a stabilized state. Nowadays, other convenient surface 
coatings are tested to provide environmentally friendly and cost-effective stabilization agents. Some 
studies confirmed that silica compounds are applicable for coating the iron nanoparticles (NZVI, iron 
oxides). In our previous work[1], we found that silica compounds are usable to stabilize NZVI particles. 
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This paper focuses on the effect of the stabilization by watter glass (silica stabilizator) on reaction 
properties of aqueous suspension of NZVI particles Nanofer 25. The reaction properties of this system are 
compared with the properties of pure suspension of the NZVI particles. Tetrachloroethylene (PCE), 
trichloroethylene (TCE) and dichloroethylene (DCE) were used as the tested chlorinated ethylenes. Because 
the chlorinated ethylenes are very common contaminants and are simply degraded by the zerovalent iron, 
they are often used for laboratory experiments to demonstrate the efficiency of NZVI degradation. 

2.  BACKGROUND 

The most common form of NZVI consists of spherical zerovalent iron nanoparticles. The surface is oxidized 
to an iron oxides/hydroxides shell in an aqueous solution to protect an elemental core. In principle,  
the corroding process of a zerovalent core proceeds in an aqueous solution during the degradation  
of the chlorinated ehtylenes. The released electrons reduce the contaminant and chlorine atoms are 
cleaved off. The NZVI particles are not selective and therefore also react with dissolved oxygen and water. 
The reduction of water produces gaseous hydrogen and hydroxide anions. The reductive dechlorination is 
mainly a direct reduction during which a molecule of the contaminant forms a chemisorption complex with 
the particle surface. The degradation process of chlorinated ethylenes by elemental iron is described by a 
pseudo-first order kinetics in the conditions of the excess of NZVI. Because the highly halogenated 
chlorinated compounds have a higher relative standard potential than less chlorinated compounds, the 
degradation rate increases with an increasing number of chlorine atoms in the molecule of the chlorinated 
ethylene.[2],[3] 

The NZVI particles demonstrate higher reactivity than a microscopic material. The high degree of the 
reactivity of NZVI particles is a result of a large specific surface area and a high surface energy.[2] Both of the 
factors are important because the degradation of contaminants by NZVI particles is surface mediated. The 
reactivity is also influenced by the composition and the structure (wide of oxides shell, crystallization).[4] 
The remediation potential of NZVI particles is limited by their agglomeration. The reactivity of agglomerates 
in a micrometers size could be 10-1000 lower than the reactivity of the nanoparticles. The agglomeration is 
suppressed by different surface coatings which could help to control migration and/or reactivity of NZVI in 
groundwater.[2] A suitable coating has minimal negative effect on the reaction properties of NZVI. As an 
effective surface coating, the silica compounds are applied in material engineering. The silica species 
exhibits a high affinity to the surfaces of ferric oxides and hydroxides and to the formation of layers of 
adsorbed silica. Especially polymeric silica is known to strongly bind to iron.[5] The formation of surface 
coatings by silica depends on the pH value of the stabilized suspension. At a pH>11.5, the silica coating is 
dissolved. The values pH<9 support secondary nucleation of the free silica particles.[6] The adsorbed silica 
can influence the surface chemistry, particle mobilization, coagulation and iron corrosion. Studies show 
that silica coated iron particles degrade the chlorinate ethylenes completely.[5] 

3.  EXPERIMENTAL SECTION 

Characterization of material 

All degradation experiments were carried out in a batch system of glass bottles with PTFE caps (Fisher 
Scientific, total volume 310 mL). The aqueous suspension of nanoscale iron particles Nanofer 25 (240 g.L-1 
total iron) was obtained from the Czech company NANO IRON, Ltd. To characterize Nanofer 25, N2-BET 
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specific surface area was measured using Coulter SA 310 after lyophilization of the suspension. The content 
of zerovalent metal was measured by hydrogen evaluation after hydrochloric acid digestion in a gas 
burette. The chlorinated ethylenes used in the study were tetrachloroethylene, trichloroethylene and 
dichloroethylene (p.a., Penta). 

Stabilization of suspension NANOFER 25 

The stabilized suspension of the NZVI particles was prepared at once for the whole experimental set of 
three contaminants. Main principle of the stabilization process was taken from the work of Van Bruggen 
M.P.B.[6] The stabilizator was prepared from a 3% water glass solution (Na2O.nSiO2, 34 – 38 %, KMplus). A 
portion of katex (Ostion KS) was added to the water glass solution to decrease the pH value to 10.9. The 
katex was filtrated from solution before adding to the suspension. Concentrated suspension Nanofer 25 (37 
ml) was diluted by distilled water to the volume of approximately 1 L in a vessel and 25 minutes 
disintegrated by an ultrasound (70 % of power, cycle 1, Hielschler UP400S). Afterwards, the water glass 
solution (1650 mL, pH 10.9) was added dropwise to the diluted suspension at an average velocity 10 
mL.min-1. During the stabilization, the suspension was bubbled by nitrogen, mixed by a stirrer (400 rpm) 
and ultrasonicated. When the adding of stabilizator was finished, the suspension was filled by distilled 
water to 4800 mL and mixed only by a stirrer for 50 minutes. The prepared suspension had a pH value of 
10.67. 

Degradation experiments 

During the experiments with the pure suspension, Nanofer 25 (1.3 mL ≈ 1.64 g) was added into each bottle. 
In the experiments with stabilized suspension, 200 mL of the prepared stabilized suspension was added 
into each bottle. The bottles were filled completely with distillated water to achieve the concentration of 
approximately 1 g.L-1 of total iron. The contaminant dissolved in methanol was added to the bottles to get 
the concentration of approximately 100 μM. The bottles were capped without headspace immediately and 
left at a stable temperature of 22°C. The bottles were shaken vigorously once a day. Experiments contained 
a control series of solutions without NZVI to verify the leak of the contaminant. Control and degradation 
samples were sampled after different incubation periods with respect to the rate of the degradation of the 
contaminant. Because we did not estimate the hydrodynamic characteristics of mixing for the used 
stabilization setup, the part of hard to stabilize material settled down during the stabilization. The 
concentration of total iron in the bottles with the stabilized suspension was approximately 0.56-0.6 g.L-1. 
Therefore, an additional experiment with the same pure NZVI (0.72 mL ≈ 0.9 g) was performed to get the 
same concentration of iron 0.56 g.L-1 in the bottle with stabilized NZVI after 7 days. The suspension was 
stored in the dark at 4°C without opening. 

Analysis 

The samples were extracted by hexane (n-hexane 95+, p.a., Penta) in a volume ratio 1:1 (vortex shaker) for 
20 minutes. The hexanes extracts were analyzed by GC/ECD. In every bottle, the pH was measured by GHM 
3530 measuring instrument. Total amount of iron was analyzed by the method of flame AAS after 
hydrochloric acid mineralization. From the experimental data, a kinetic constant of first order reaction was 
evaluated using ERA 3.0 program. 
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4.  RESULTS AND DISSCUSION 

Characterization of material 

According to the method described on the web page of NANOIRON Ltd.[7], a concentrated suspension of 
Nanofer 25 used in the first experiment contained 93.7 % of zerovalent iron. We found that the 
concentrated suspension of Nanofer 25 contained approximately 95.0 % of zerovalent iron. The same 
suspension used in the additional experiment contained 84.9 % of zerovalent iron according to the 
NANOIRON Ltd. We evaluated that the suspension contained 87.4 % of zerovalent iron. The stabilized 
suspension contained 79.2 % of zerovalent iron after the stabilization process. The BET specific surface area 
for the pure particles of first experiment was 24.8 m2.g-1 and for the particles in the second experiment was 
24.3 m2.g-1. The values of the specific surface area are almost similar thus we can compare the reaction 
properties of the suspensions. 

Degradation experiments 

For the assessing of the degradation properties of the pure suspension Nanofer 25, the chlorinated 
ethylenes were degraded by the suspension at the concentration of the total iron of approximately 1 g.L-1. 
An additional experiment with approximately 0.6 g.L-1 of the total iron of the pure Nanofer 25 was 
performed to get a better comparison with the silica stabilized Si-Nanofer 25. The Figure 1 shows the 

decrease of the measured concentrations of PCE, 
TCE and DCE after the degradation by the pure 
Nanofer 25 with 1 g.L-1 of total iron. The 
concentration trends were fitted by a pseudo-first 
order kinetics to evaluate the observed kinetic 
constant (kobs) and the half-life T1/2 of the reaction 
(Table 1).  

Both of the characters of the concentration trends 
and the calculated half-lives of the PCE, TCE and 
DCE degradation by the pure Nanofer 25 (1 g.L-1) 
showed that the reaction rate increases with a 
decreasing number of chlorine in the molecules of 

the chlorinated ethylenes (DCE>TCE>PCE). This tendency was verified by the experiments with the iron 
concentration of 0.6 g.L-1 (Figure 2 A, B, C). In the case of Nanofer 25 (1 g.L-1), the reaction rate of DCE is 2.6 
times higher than the rate of TCE, and 6.3 times higher than the rate of PCE. In the case of Nanofer 25 (0.6 
g.L-1), the reaction rate of DCE is 2.6 times higher than the rate of TCE, and 5.5 times higher than the rate 
of PCE. The change of iron content probably has an insignificant effect on the ratios of the reaction rates. 
The higher content of iron and thus the content of the zerovalent iron increased the reaction rate of the 
degradation by 1.5 – 1.7 times. 
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Fig. 1 Time-dependent decrease of PCE, TCE, DCE 
and model curves for Nanofer 25 (1g.L-1 Fe total). 
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Table 1 The kinetic parameters evaluated for PCE, TCE, DCE concentration trends for Si-Nanofer 25 and 
pure Nanofer 25 at two concentrations of total iron. Experimental conditions presented by pH and total 
final concentration of iron (average values from all bottles). 

 
The tendency DCE>TCE>PCE is unusual because it is commonly assumed that the reactivity of the 
chlorinated ethylenes increase with increasing reduction potential within the reduction by zerovalent iron. 
One of the possible explanations could be the structure of the NZVI particles. The NZVI particles with an 
amorphous structure can activate and use hydrogen to hydrodechlorination of chlorinated ethylenes 
additionally to the direct reduction.[4] Thus the less chlorinated ethylenes are degraded faster than the 
highly chlorinated ones. Other explanations are presented in the study of (Arnold W. A., 2000) who [3] found 
the same reaction tendency for the degradation with powdered electrolytic iron. The study shows that cast 
iron and electrolytic iron may vary in their reactivities because of different content of impurities. Other 
presented explanation is that the agglomerates of the suspension and/or some carbon impurities could 
partially influence the reaction properties of the iron particles. A greater part of higher chlorinated 
ethylene was then probably adsorbed on the nonreactive sites of the particles and thus did not take part in 
the degradation reactions. Because DCE is not as hydrophobic as PCE or TCE (log KowPCE = 2.6, log KowTCE = 
2.29, log KowcisDCE = 1.59), DCE sorption could have been less significant.[8] 

Figure 2 shows the degradation of PCE (A), TCE (B) and DCE (C) by the silica stabilized suspension  
Si-Nanofer 25 (blue diamond) and the pure suspension Nanofer 25 at the concentrations of total iron 1 g.L-1 
(red diamond) and 0.6 g.L-1 (green point). The evaluated kinetic parameters according to the pseudo-first 
kinetics (Table 1) show that Si-Nanofer 25 degraded chlorinated ethylenes with the same tendency 
DCE>TCE>PCE as the pure Nanofer 25. The silica stabilized Si-Nanofer 25 with approximately 0.6 g.L-1 of 
total iron was compared with pure Nanofer 25 with the same concentration of total iron. Although the 
content of zerovalent iron was slightly different at the beginning, the Si-Nanofer 25 still provide a large 
excess (factor 12) of the zerovalent iron for the degradation of PCE which has the biggest demand of 
zerovalent metal.  

According to the half lives, all three chlorinated ethylenes were degraded faster by Si-Nanofer 25 than by 
pure Nanofer-25 (0.6 g.L-1). The increase of reaction rate was by factor 2.4 for PCE, by factor 4.4 for TCE and 
by factor 3.9 for DCE. This happened contrary to our presumption that the silica stabilizator would limit the 
degradation of contaminants. The silica stabilizator was supposed to create a coating after its 
polymerization and adsorption on the particle surface. In our case, the nucleation of the polymerized silica 
occurred because we observed a gray blue turbidity in the supernatant when the experimental bottles 
were left to stand one day. We suggest that the dissolved silica species could support corrosion process of 

system label of Fe total c. C0 (μmol.L-1) kobs (d-1) T1/2 (d) Fetot (g.L-1) pH sample 
Si NZVI/PCE 0.6 (g.L-1) 97.615 0.033 21.3 0.55±0.07 10.7±0.1 

NZVI/PCE 
1 (g.L-1) 97.615 0.020 34.5 1.04±0.20 9.0±0.3 

0.6 (g.L-1) 100.247 0.014 50.2 0.56±0.09 9.1±0.2 
Si NZVI/TCE 0.6 (g.L-1) 107.151 0.125 5.5 0.58±0.09 10.7±0.1 

NZVI/TCE 
1 (g.L-1) 107.151 0.048 14.4 1.08±0.09 8.8±0.2 

0.6 (g.L-1) 106.35389 0.029 24.0 0.56±0.06 8.9±0.4 
Si NZVI/DCE 0.6 (g.L-1) 119.562 0.292 2.4 0.63±0.11 10.7±0.1 

NZVI/DCE 
1 (g.L-1) 119.562 0.126 5.5 0.99±0.09 8.9±0.2 

0.6 (g.L-1) 121.328 0.075 9.2 0.54±0.04 8.9±0.2 
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the zerovalent iron particles and therefore 
accelerate the degradation of the chlorinated 
ethylenes[9]. We suppose the corrosion process 
to take place because a relatively high 
concentration of dissolved silica was present  
in the Si-Nanofer 25 (approximately 1 g.L-1). 
Moreover, a higher production of hydrogen 
proceeded during the degradation by Si-
Nanofer 25 which we deduced from a creation 
of a headspace (< 2 % volume of the bottle).  

In the case of the higher chlorinated ethylenes 
(PCE and TCE), the degradation stopped 
prematurely after 13 days of the experiment 
and the concentrations remained constant until 
the end (Figures 2 A and B). The concentration 
data which were constant (empty blue 
diamond) were not included in the evaluation 
of the kinetic parameters. Either the silica 
adsorption or faster corrosion process could 
have been the reason of the already mentioned 
discontinuance of the degradation of PCE and 
TCE. The coating of the adsorbed silica could 
limit the access of the chlorinated ethylenes to 
the particle surface.[10] The supported corrosion 
process could deplete the content of the 
zerovalent iron to an insufficient amount for 
the degradation. The reaction rate of the DCE 
degradation was fast enough to not be 
influenced. 

All of the monitored experimental conditions 
during the tests are summarized in Table 1. The 
average values of Fetot in degradation 

suspensions slightly varied from the intended 1 or 0.56 g.L-1. The differences were probably caused by the 
heterogeneity of the stock suspension. The pH values were around the value 8.9 during the experiments 
with pure Nanofer 25 (Table 1) where the equilibrium between water and hydrated iron oxides occurs. The 
alkaline pH during the experiment with Si-Nanofer 25 was caused by the alkaline character of the water 
glass. The alkaline pH can be convenient to keep the stability of the silica agent. During the degradation 
process with Nanofer 25 suspension, only a slight decrease of pH was observed. 

CONCLUSION 

The experimental results of the batch test confirmed the degradation ability of the pure suspension of 
nanoscale zerovalent iron particles Nanofer 25 to decompose the chosen chlorinated ethylenes (PCE, TCE 
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Fig. 2 Time-dependent decrease of PCE (A), TCE (B), 
DCE (C) and model curves for pure Nanofer 25 at two 
concentrations of total iron 1 g.L-1 and 0.6 g.L-1 and 
silica stabilized Si-Nanofer 25 at 0.6 g.L-1 of total iron. 
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and DCE) according to the assumed pseudo-first order kinetics. For the degradation by the pure suspension 
Nanofer 25, the evaluated kinetic constants showed decrease of the reaction rate with an increasing 
number of chlorine in the molecule of chlorinated ethylenes (DCE>TCE>PCE). Usually the most difficult 
degradable DCE had a half-life of 9.2 days. The half-life of PCE was 50.2 days. By the reduction of the 
content of a suspension from 1 g.L-1 to 0.56 g.L-1, the reaction rate decreased only by a factor of 1.5 – 1.7. 
The experiment with the silica stabilized suspension shows that the silica stabilizator supported the 
degradation of chlorinated ethylenes. The rate of DCE degradation by Si-Nanofer 25 was nearly 4 times 
faster than by Nanofer 25. The acceleration of the degradation was slightly different for each of the 
chlorinated ethylenes. The degradation of PCE and TCE stopped prematurely and the concentrations 
remained almost constant until the end of the experiment. The silica stabilized Nanofer 25 have a large 
potential for in-situ remediation. The influence of the stabilization by silica compounds on the NZVI 
degradation ability will be further studied. 
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Abstract 

Water shortage and water environmental pollution have promoted the development of wastewater 
reclamation and reuse in recent years. Outlets, originating from domestic wastewater treatment plants, 
can be a promising option for water reuse strategies. However, successful application of water reuse 
technologies requires pathogen removal. 

We tested electrospun nanofibres for pathogen removal from three wastewater treatment plant outlets. 
Our tests were performed in a flow through system in which samples (100 mL) were filtered over nanofibre 
membrane (38 mm diameter) with a pressure filter (1 bar) in a dead-end filtration cell, placed on a filter 
support. The filtration apparatus is made from stainless steel and autoclaved before measurement. 
Polyurethane electrospun nanofibres were applied on viscose base non-woven. Average diameter of 
nanofibres was 147 nm and layer thickness was determined 2.5 g/m2. Base non-woven was bottomed by 
highly porous stainless steel mesh. Water samples were collected from three municipal wastewater 
treatment plant outlets and diluted as needed.  

Samples were analysed for pathogens mentioned in Czech legislation (culturable microorganisms at 37 °C 
and 22 °C, intestinal enterococci, Escherichia coli and thermotolerant coliform bacteria). Our results 
showed significant removal of microbiological contamination by nanofibres from all samples. The results 
were compared with Czech national standards and government directions. Filtered WWTP outlet samples 
(A and B) fulfilled parameters of GR 61/2003 § 31 – water-supply purposes, § 34 – swimming purposes, and 
fits for environmental quality standards (EQS-DA). WWTP A filtered outlet is appropriate for unrestricted 
irrigation. However, filtered sample from WWTP B (8000 PE) enables restricted irrigation according Czech 
standard 757143 only. Grabbed sample from WWTP C (150 PE) did not fulfill any national and directions for 
possible water reuse scenario. 

Keywords: wastewater treatment plants outlets, bacteria, electrospun nanofibres 

1.  INTRODUCTION 

Water shortage is increasingly recognized as one of the most immediate and serious environmental threats 
to humankind. Inadequate water management is accelerating the depletion of surface water and 
groundwater resources. Water quality has been degraded by domestic and industrial pollution sources as 
well as non-point sources. Numerous approaches, modern and traditional, exist throughout the world for 
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efficiency improvements and augmentation. Among such approaches, wastewater reuse has become 
increasingly important in water resource management for both environmental and economic reasons. 
Wastewater reuse has a long history of applications, primarily in agriculture, and additional areas of 
applications, including industrial, household, and urban, are becoming more prevalent [1]. 

Wastewater contains pathogens (viruses, bacteria, protozoa, and helminthes) and chemical constituents 
that are of concern if the wastewater is to be used beneficially. The principal concern associated with the 
reuse of municipal wastewater is the possibility of infectious disease transmission [2]. Indicators of the 
presence of waterborne pathogens are employed, including coliform organisms, thermotolerant coliforms, 
Escherichia coli, enterococci, Clostridium, and bacteriophages [3]. The pathogen content in water 
determines the reuse scenario is underpinned by legislation. 

A widely used method to inactivate pathogenic microorganisms in water and wastewater and for 
preventing waterborne diseases throughout the world is the application of membrane technologies, 
ozonization, chlorination, and UV light. Nanofibre membrane can be used as a cost-effective alternative 
since it has a small pore size and large surface area to volume ratio compared to nonwovens. This, together 
with their low density and interconnected open pore structure, make the nanofibre nonwoven appropriate 
for a wide variety of filtration applications [4]. 

2.  MATERIALS AND METHODS  

2.1  Used materials  

Electrospun polyurethane nanofibres on matrix from viscose were processed for the experiment (see Fig. 
1). Average diameter of nanofibres was 147 nm and layer thickness was determined 2.5 g/m2. The sample 
was a circular section of 48 mm diameter. The functional part of the filter was 38 mm. The nanotextile was 
sterilized by the UV radiation for 4 hours. 

   

Fig. 1 Electrospun polyurethane nanofibres. 
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2.2  Methods 

Three wastewater treatment plant outlets were used for filtration tests. Wastewater treatment plants are 
designed for 500 000 PE, 8 000 PE, and 150 PE. Water samples were poured into the filtration device (see 

Fig. 2) through filling hole at the top. 
Nanotextile with supporting media was fixed 
into the holder. Air pressure was set up to 105 
Pa by adjusting valve. Water sample (100 mL) 
was transferred to the filter by drain valve 
adjusting. Flux was determined by time of the 
filtration. Filtration chamber was sterilized after 
every sample at 121 °C for 15 minutes. Water 
samples were collected and diluted as needed.  

The culturable microorganisms were 
enumerated by inoculation in a tryptone yeast 
extract agar (Scharlau, Spain) for 48 and 72 
hours [5]. Thermotolerant bacteria were 
detected and enumerated in a mFC agar 
(Merck, Germany) at 44 °C for 24 hours. 
Escherichia coli were detected and enumerated 
in a ENDOagar (Merck, Germany) at 37 °C for 72 
hours [6]. Enterococci were detected and 
enumerated in a Slanetz-Bartley agar (Merck, 
Germany) at 37 °C for 72 hours [7]. Colonies 
were enumerated and showed in CFU/mL. Every 
sample was triplicated as well as bacteriological 
analyses. 

3.  RESULTS AND DISCUSSIONS 

Developed countries have been implementing membrane filtration systems for water reuse and 
reclamation for many years [8,9]. Our region is recently starting to implement membranes for the 
municipal wastewater treatment mainly in sensitive areas, whereas water reuse and reclamation is not 
applied in large scale yet. 

The measured data summarized in tables below were compared to the national admissible values for 
water-supply and swimming purposes, environmental quality standards, drinking water quality, water 
quality for personal hygiene and the Czech standard for water quality for irrigation (757143), respectively. 
Filtered WWTP outlet samples (A and B) fulfilled parameters of GR 61/2003 § 31 – water-supply purposes, § 
34 – swimming purposes, and fits for environmental quality standards. WWTP A filtered outlet is 
appropriate for unrestricted irrigation. However, filtered sample from WWTP B (8000 PE) enables restricted 
irrigation according Czech standard 757143 only. Grabbed sample from WWTP C (150 PE) did not fulfill any 
national and directions for possible water reuse and reclamation. 

Fig. 2 Experimental filtration device 



21. – 23. 9. 2011, Brno, Czech Republic, E 

 
 

123 

Table 1 Comparison of the results with government direction 23/2011 about microbiological quality of 
treated wastewater with reuse potential 

 Thermotolerant 
coliforms 

E.coli Intestinal 
enterococci 

[CFU/mL] [CFU/mL] [CFU/mL] 

 
§31 water supply use 

Threshold value 100 50 100 

A 0 0 0 

B 0 0 24 

C 1340 4455 640 

 
§34 swimming purposes 

Threshold value 500  200 

A 0  0 

B 0  24 

C 1340  64 

En
vi

ro
nm

en
ta

l  
Q

ua
lit

y 
st

an
da

rd
s 

 
average value 

Threshold value 2100 1300 1100 

A 0 0 0 

B 0 0 24 

C 1340 4455 64 

maximum 
admissible value 

Threshold value 4000 2500 2000 

A 0 0 0 

B 0 0 24 

C 1340 4455 64 

Table 2 Comparison of the results with government direction 252/2004 for potable water quality and hot 
water quality for personal hygiene of employees 

 Thermotolerant 
coliforms 

E.coli Intestinal 
enterococci 

Culturable 
MO at 22 °C 

Culturable 
MO at 37 °C 

[CFU/mL] [CFU/mL] [CFU/mL] [CFU/mL] [CFU/mL] 

P
ot

ab
le

 w
at

er
 

qu
al

ity
 

Threshold value 0  0 (MAV) 0 (MAV) 200  100  

A 0 0 0 565 591 

B 0 0 24 771 412 

C 1340 4455 64 11771 10036 

H
ot

 w
at

er
 

qu
al

ity
 

Threshold value  0   200 

A  0   591 

B  0   412 

C  4455   10036 

- where MAV means maximum admissible value 
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Table 3 Comparison of the results with Czech national standard ČSN 757143 for water quality for irrigation 

 Thermotolerant coliforms Intestinal enterococci 

[CFU/mL] [CFU/mL] 

 
Unrestricted irrigation 

Threshold value 10 10 

A 0 0 

B 0 24 

C 1340 64 

 
Restricted irrigation 

Threshold value 100 100 

A 0 0 

B 0 24 

C 1340 64 

 
Irrigation not recommended 

Threshold value   >100 >100 

A 0 0 

B 0 24 

C 1340 64 

The results of the enumeration of culturable microorganisms (37 °C, 22 °C), thermotolerant coliforms, 
intestinal enterococci and Escherichia coli does not fulfill most of the wastewater reuse scenarios although 
log removal achieved promising values in the range 1.6 – 4, comparable with other studies [10]. 
Nevertheless the removal is not as good as other microfiltration studies. With other commercial 
membranes log 4 – log 6 is possible [11]. It could be explained by physiological behavior of microorganisms 
during filtration. Some studies [11] indicate that microorganisms are deformable under mechanical stress 
which leads to their internal volume reduction. It can be assumed that similar modifications occur during 
filtration due to the pressure applied on the filtration cell.  

Other important conclusion is that the quality of the wastewater treatment is depended to the nanotextile 
filtration efficiency. Results show that more polluted outlet shows significantly worse treated water quality. 
It shows that different wastewater treatment design configurations should be tested or some other way of 
the pre-treatment could be applied (e.g. coagulation) to prevent fouling. 

Future work will be therefore focused on membrane functionalization by incorporating biocides to 
nanofibre membranes in order to inactivate pathogens and increase pathogen removal. We expect to 
perform also tests with several nanomaterials in order to inactivate Gram positive and Gram negative 
bacteria in WWTP outlets. 

4.  CONCLUSIONS 

Tests proved possibility of the electrospun polyurethane nanofibers application for filtration of wastewater 
treatment outlets. Results did not show high efficiency of the pathogen removal, however some reuse 
scenarios can be applied, especially at the wastewater treatment plants with advanced and/or tertiary 
treatment. Functionalization of the membrane as next step of our research should lead to the increased 
efficiency of pathogen removal. 



21. – 23. 9. 2011, Brno, Czech Republic, E 

 
 

125 

ACKNOWLEDGEMENTS 

This study was supported and financed by the Technology Agency of the Czech Republic No. TA01010356 

LITERATURE  

[1] AOKI C., MEMON, M.A. and MABUCHI H., Water and Wastewater Reuse: An Environmentally Sound Approach for 
Sustainable Urban Water Management, United Nations Environmental Program. 

[2] GODFREE A. and GODFREY S., Water Reuse Criteria: environmental and health risk based standards and guidelines in 
ASANO T. and JIMENEZ B.: Water Reuse: An International Survey of current practice, issues and needs, IWA Publishing, 
 2008, p. 352 – 369. 

[3] HAVELAAR A.H., van OLPHEN M. and DROST Y.C., F-specific RNA bacteriophages are adequate model organisms for enteric 
viruses in fresh water, Appl. Environ. Microbiol., 59(9), 1993, p. 2956 – 2962. 

[4] HUANG Z.M., ZHANG Y.Z., KOTAKI M. and RAMAKRISHNA S., A review on polymer nanofibres by electrospinning and their 
applications in nanocomposites, Composite science and technology, 63, 2003, p. 2223 – 2253. 

[5] EN ISO 6222:1999 Water quality – Enumeration of culturable micro-organisms  – Colony count by inoculation in a nutrient 
agar culture medium. 

[6] EN ISO 9308-1:2000. Water quality – Detection and enumeration of Escherichia coli and coliform bacteria. 

[7] EN ISO 7899-2:2000. Water quality - Detection and enumeration of intestinal enterococci.  

[8] ZANETTI F., de LUCA G. and SACCHETTI R., Performance of a full-scale membrane bioreactor system in treatment municipal 
wastewater for reuse purposes, Bioresour. Technol., 101, 2010, p. 3768 – 3771. 

[9] ATASOY E., MURAT S., BABAN A., TIRIS M., Membrane bioreactor (MBR) treatment of segregated  household wastewater 
for reuse, Clean: Soil, Air, Water, 35(5), 2007, p. 465 – 472. 

[10] BJORGE D., DAELS N., de VRIEZE S., DEJANS P., van CAMP T., AUDENAERT W., HOGIE J.,  WESTBROEK P., de CLERCK K., and 
van HULLE S.W.H., Performance assessment of electrospun  nanofibres for filter applications, Desalination, 249, 2009,  p.942 
– 948. 

[11] GÓMEZ M., de la RUA A., GARRALÓN G., PLAZA F., HONTORIA E., and GÓMEZ M.A., Urban wastewater disinfection by 
filtration technologies, Desalination, 190, 2006, p. 16 – 28. 

 

 

 

 

 

 

 

 

 

 

 
  



21. – 23. 9. 2011, Brno, Czech Republic, E 

 
 

126 

EFFECT OF MORPHOLOGY OF NANOSTRUCTURES TO FILTER ULTRAFINE PARTICLES 

Dusan KIMMER a, Ivo VINCENT a, Jan FENYK a, David PETRAS a, Martin ZATLOUKAL b, 

Wannes SAMBAER b and Vladimir ZDIMAL c 

aSPUR a.s., T. Bati 299, 764 22 Zlín, Czech Republic, dusan.kimmer@spur.cz  
bCentre of Polymer Systems, Polymer Centre, Tomas Bata University in Zlin, nám. T.G.Masaryka 5555, 

760 01 Zlin, Czech Republic  
cInstitute of Chemical Process Fundamentals of the AS CR, v.v.i., Rozvojova 135, 165 02 Praha 6, 

Czech Republic  

Abstract 

Selected procedures permitting to prepare homogeneous nanofibre structures of the desired morphology 
by employing a suitable combination of variables during the electrospinning process are presented. A 
comparison (at the same pressure drop) was made of filtration capabilities of planar polyurethane 
nanostructures formed exclusively by nanofibres and space nanostructures having bead spacers or 
structures formed by a combination of micro- and nanofibres, through which ultrafine particles of 
ammonium sulphate 20 – 400 nm in size were filtered. The structures studied were described using a new 
digital image analysis technique based on black and white images obtained by scanning electron 
microscopy. More voluminous structures modified with distance microspheres and having a greater 
thickness and mass per square area of the material, i.e. structures possessing better mechanical properties, 
demanded so much in nanostructures, enable preparation of filters having approximately the same free 
volume fraction as flat nanofibre filters but an increased effective fibre surface area, changed pore size 
morphology and, consequently, a higher filter quality. 

Keywords: Morphology optimization, Nanofiber, Beaded nanofiber, Bead defects, Bead formations, Bead 
spacers, Electrospinning, Nanolayers homogeneity, Filtration efficiency, 3D nanostructure characterization. 

1.  INTRODUCTION 

Elimination of ultrafine 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 
diseases in industrial agglomerations and with a threat of various pandemics.  

In order to properly assess the filter quality, it is necessary to consider both the filtration efficiency and the 
admissible pressure drop (∆p). It can be assumed that nanofibres will find use primarily in the area of 
microfiltration (i.e. for removal of particles ranging from 100 nm to 15 μm) and ultrafiltration (for particles 
ranging from 5 nm to 100 nm).  

The greatest changes in the nanofibre structures [1] during fibre-forming process in an electrostatic field [2] 
can be achieved by altering properties of the solution processed (polymer concentration and, 
consequently, solution viscosity, molar mass of the polymer [3], solution conductivity, polymer permittivity, 
etc.) and of the process characteristics proper (voltage used, kind and distance of the electrodes, quality 
and electric conductivity of the collecting substrate, etc.). This work concentrates rather on the effect of co-
solvent, various additives and on variations of variables, which do not change the process intensity 
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significantly but allow preparation of nano nonwoven textile (nNT) having high homogeneity, small 
nanofibre diameter and defined size of globular microspheres in a continuous technological process. 

2. EXPERIMENTAL WORKS 

2.1  Materials 

PU solution in dimethylformamide (DMF) based on 4,4’methylene-bis(phenylisocyanate) (MDI), 
poly(3-methyl-1,5-pentanediol)-alt-(adipic, isophtalic acid) (PAIM) and 1,4 butanediol (BD) was synthesized 
in molar ratio 9:1:8  (PU 918) at 90°C for 5 hours (per partes way of synthesis starting with preparation of 
prepolymer from MDI and PAIM and followed by addition of BD and remaining quantity of MDI). Density of 
PU 918 ρ = 1.1 g.cm-3. The prepared solutions were suitable for electrospinning and had a PU concentration 
of 13 wt.%, viscosity of 1.5 Pa.s and electric conductivity of 150 μS.cm-1. For the preparation of PU mixture 
the PU 918 was mixed in 1:1 ratio with PU 413 prepared also in DMF from MDI, polyester diol and chain 
extender in molar ratio 4:1:3. 

Used polyamide 6 (PA 6) was Silamid E (Roonamid a.s., Žilina, Slovakia), ρ = 1.13 g.cm-3. PA 6 solutions in 
acetic and/or formic acid were prepared always in concentration of 8 wt.%. 

Tested polycarbonate (PC) was Macrolon 2458 (Bayer, Leverkusen, Germany) had a density ρ = 1.2 g.cm-3. 
PC solution for electrospinning was prepared in mixture of solvents tetrachlorethane : chloroform = 3:1 and 
adjusted by ionic liquids 1-ethyl-3-methylimidazolium-bis(trifluoromethylsulfonyl)imide : 1-ethyl-3-
methylimidazolium triflate = 2:1 (IoLiTec Ionic Liquids Technologies, Heilbronn, Germany) and 1 wt.% of 
Borax. 12.5 wt.% PC solution had a viscosity of 0.3 Pa.s and conductivity 10.5 μ.Scm-1. 

Used polymethylmethacrylate (PMMA) was Altuglas V 046 (Altuglas International, La Garenne-Colombes 
cedex, France) with density ρ = 1.18 g.cm-3. PMMA solution in DMF : toluene = 1:1 used for electrospinning 
had a concentration of 20 wt.%, viscosity of 0.11 Pa.s and conductivity of 1.3 μS.cm-1.  

2.2  Filter Sample Preparation by Electrospinning Process 

Nanofiber layers were prepared from polymeric solutions with a commercially available NanoSpiderTM 
machine (Elmarco s.r.o. Liberec, Czech Republic, http://www.elmarco.com/) equipped with patented 
rotating electrode with 3 cotton cords spinning elements (PCT/CZ2010/000042) or set of nanofibers 
forming jets. The experimental conditions were as follows: relative humidity 25 – 36%, temperature 22°C, 
electric voltage applied into PU solution 35 through 75 kV, distance between electrodes 210 mm, rotational 
electrode speed 7 rpm and speed of supporting textile collecting nanofibers was 0.16 – 0.32 m.min-1. 
Nanofibres were collected on polypropylene (PP) or viscose nonwoven textiles (NT). 

2.3  Filter Sample Characterization 

Nanofiber based filter, prepared through the electrospinning process, has been characterized by the 
Scanning Electron Microscope (SEM, Vega 3, Tescan, Czech Republic). The obtained SEM pictures have 
consequently been used for the determination of fibre diameter, nanofibre layer thickness and fibre 
diameter/pore size distribution by using recently proposed digital image analysis technique [4-6]. 

In order to properly describe the overall performance of a filtration material, we used the quality factor 
defined as qF = ln(1/P)/∆p where P is the filter penetration and ∆p is the pressure drop [7]. 
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2.4  Filtration Efficiency Measurement  

All manufactured nanofibre based filtration materials were measured for aerosol (di-ethyl-hexyl-sebacate 
with geometrical average of particle diameters 0.45 μm) penetration at constant air flow rate 30 l.min-1 
(face velocity 5.7 cm.s-1) by means of filter measuring system LORENZ (Germany) adjusted for EN 143.  

In the ultrafine particle size range, the filtration efficiency was determined as a function of particle 
diameter (results presented on Figures 17 and 18). The 1 g.l-1 ammonium sulphate solution was nebulized 
(AGK, PALAS, Germany), a monodisperse size fraction was selected using an Electrostatic Classifier (EC 
3080, TSI, USA), and particle concentration upstream and downstream the filter (face velocity 5.7 cm.s-1) 
was recorded by a condensation particle counter (UCPC 3025 A, TSI, USA). The filtration efficiency was 
determined at nine mobility diameter fractions: 20, 35, 50, 70, 100, 140, 200, 280 and 400 nm. 

3. RESULTS AND DISCUSSION 

3.1  Effect of Selected Variables on Electrospinning Process, Nanofiber Diameter and Structure of 
Nanolayers Formed 

The most important requirement for quality of nNT with respect to their use in filtration products are 
homogeneity of the layer, nanofibers space layout and preparation of nanofibers having the smallest 
possible diameter as shown by the 2D and 3D preceding modeling of particle collection efficiency [8, 9]. 

3.1.1 Effect of Selected Electrospinning Variables on Nanostructure Homogeneity 

Nanofiber Structure Defects Produced During Electrospinning 

The most frequent complication worsening service properties of nNT is the formation of holes, which 
occurs usually in case of low intensity of electrospinning process (Fig. 1) or in case of excessively diluted 
solutions due to impact of solution drops on nNT (Fig. 2).  

  
Fig. 1 Holes in a PU nanolayer at low process 

intensity, magnification 150×. 
Fig. 2 Holes in a PU nanolayer caused by fall 

of solution droplet on formed nanostructure, 
magnification 1 500×. 
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Another frequent defect is the accumulation of the nanofibres around microfibres of the collecting 
substrate (Fig. 3) that can be eliminated by optimizing the electrospinning process (Fig. 4). Combinations of 
almost 20 parameters were used to prepare PU nanolayers with requested homogeneity (Fig. 4).  

  
Fig. 3 Accumulation of PU nanofibres around 

conductive microfibres of a spunbond 
support, magnification 500×. 

Fig. 4 Homogenous lay-out of PU nanofibres 
around microfibres of a spunbond support, 

magnification 150×. 

Influence of Spinning Electrode Design 

Figure 5 shows the spinning cones formed on the surface of non-conducting spinning elements 
(PCT/2010/000042) prepared from threads or textile cords that influence positively the homogeneity of 
nanolayer deposition. 

  
Fig. 5 Detail of Taylor cones formed  

on cord spinning elements. 
Fig. 6 Detail of Taylor cones formed on  

jet electrodes. 

At this arrangement of the electrostatic process the electric field alone controls frequency and shape of the 
Taylor cones. By using thread electrodes the diameter of the nanofibres being formed can also be 
decreased significantly. We managed to achieve a formation of numerous primary jets on the fibre-forming 
electrode leading to formation of homogeneous nanostructures even on jet electrodes (Fig. 6). 
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3.2  Preparation of Homogenous nNT Comprising Small-Diameter Nanofibres 

3.2.1  Influence of Solvent and Solution Conductivity 

Influence of solvent and relative humidity on fiber diameter formed was described in our previous works [8, 
9]. In the following images (Fig. 7 and 8), a comparison is made of two nanostructures prepared from PA 6 
dissolved i) in a blend of solvents CH3COOH : HCOOH = 2:1 (electric conductivity of the solution prepared in 
this manner χ ~ 198 μS.cm-1) and ii) in HCOOH alone, the use of which results in a marked increase of 
electric conductivity to χ ~ 4,150 μS.cm-1. The mass per square area of both samples under comparison is 
AM ~ 0.42 g.m-2. 

  
Fig. 7 PA 6 nanofibres prepared from mixture 
of CH3COOH and HCOOH (2:1), magnification 

5 000×, df = 228 nm. 

Fig. 8 PA 6 nanofibres prepared from HCOOH 
only, magnification 5 000×, df = 1 nm. 

Nanofiber diameter affects positively filtration efficiency of nNT but markedly increases the pressure drop, 
primarily in case of flat structures. Therefore, we concentrated on the study of filtration properties of space 
structures having as greatest volume and as smallest pore sizes as possible in an attempt to prepare 
materials possessing a high filtration performance – low pressure drop at high filtration efficiency, i.e. high 
quality factor. 

3.3  Controlled Preparation of Nanostructures with Requested Morphology 

3.3.1  Elimination of Bead Defects in Nanostructure 

During the electrospinning process, we always monitor the whole set of variables and never change more 
than one variable in comparison experiments. By utilising a modification additive (Borax and/or citric acid) 
for conductivity improvement of the PU solution spinned (15 mass percent in DMF) a elimination of bead 
defects can be achieved (Fig. 9 and 10). 
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Fig. 9 Nanostructure formed without any 

additives, magnification 1 500×. 
Fig. 10 Nanostructure formed in presence of 

Na2B4O7 · 10 H2O and citric acid, magnification 
1 500×. 

Presence of the bead defect in PU structures can be eliminated very efficiently also by addition of surface 
active agents, for instance ionic liquids (Fig. 11 and 12). A change was achieved by the addition of 1 mass 
percent (related to the polymer dry matter) of 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide supplied by IoLiTec Ionic Liquids Technologies, Germany. 

  
Fig. 11 Nanostructure formed without any 

additives, magnification 5 000×. 
Fig. 12 Nanostructure formed in presence of 

ionic liquid, magnification 5 000×. 

On the contrary, a regular distribution of bead formations in the nanostructure results in a physical 
separation of the nanofibre layers and it will be interesting to examine the effect on the filtration 
performance of such nanostructures. 
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3.3.2 Controlled Formation of Beads Nanostructures with Organized and Random Space Layouts 

Polycarbonate Space Organized Nanostructures Containing Bead Formations 

Based on the dependences revealed, an increase in the content of nanofibers among beads and formation 
of a regular structure with bead spacers cumulated in columns interlinked with nanofibers were achieved in 
the preparation of polycarbonate nanostructures by changing the solvent system (by the addition of 
chloroform to tetrachlorethane) and by adding Borax (Fig. 13 and 14). Such morphology, similar to 
honeycombs, leads to an increase in thickness and mass per square area of the filtration material and 
positively influences the filtration properties as discussed below. 

  
Fig. 13 Structure of PC before the 

optimisation process, magnification 1 500×. 
Fig. 14 Nanostructure of PC after the 

optimisation process, magnification 1 500×. 

Particles penetration through this structure with organized space layout (Fig. 14) having mass per square 
area of 3.42 g.m-2 was 0.762% at the pressure drop of 35 Pa, which corresponds to qF = 139 (measured on 
Lorenz instrument according to EN 143 standard). 

Space Nanostructures from PU Blends  

With respect to brittleness of the nanostructures prepared from PC an attempt was made to prepare space 
nanostructures also from high elasticity PU. Blends of PU solutions having various molar mass distributions 
were combined where at given electrospinning conditions, one forms fine fibres and the other rather 
spheres or bead formations. By varying parameters of the electrostatic process, materials with a random 
(Fig. 15) as well as organized (Fig. 16) distributions of defects were prepared. When their filtrating 
performance was examined, these materials exhibited lower pressure drops than nanostructures without 
bead formations at identical filtration efficiency. 
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Fig. 15 Random nanostructure of PU mixture 

without addition of surface tension agent, 
magnification 1 500×. 

Fig. 16 Organized nanostructure of PU 
prepared from mixture of solvents 

DMF/tetrachloroethane, magnification 
1 500×. 

3.3.3 Structures Prepared from Fibres with a Broad Distribution of Fibre Diameters and Bead Formations 

An increase in thickness of the fibrous structure was achieved in the PMMA structure by combining bead 
spacers with nano- and microfibres (Fig. 17). Combined space structures with a broad distribution of fibre 
diameters were prepared also from SAN copolymer (Fig. 18) and polyethersulphone (Fig. 19). 
Nanostructure with dual fiber distribution was made from PMMA microfibers and PU nanofibres (Fig. 20). 
According to our experience all these combinations of globular and/or microfibre spacers with nanofibres 
lead to an improvement of filtration properties of the material. 

  
Fig. 17 PMMA structure comprising fibres 

with a broad distribution and bead defects, 
magnification 1 500×. 

Fig. 18 Space structure formed by SAN 
copolymer with broad distribution of fibre 

diameters, magnification 1 500×. 
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Fig. 19 Combined space nanostructure 
formed by polyethersulphone fibers, 

magnification 5 000×. 

Fig. 20 Combined nanostructure with dual 
fiber distribution formed from PMMA 

microfibers and PU nanofibers, magnification 
5 000x. 

3.3.4.  Structures Prepared from Polymeric Nanofibres and Nanofillers  

Composite space structures prepared from nanofibers and nanofillers embody the improvement in 
filtrating performance too. Polymer with good wetting power to filler (Fig. 21) or wrong compatibility with 
composite particles (Fig. 22) can be used preferably.  

  
Fig. 21 Composite nanostructure prepared 

from EVA copolymer with nanoclay, 
magnification 500×. 

Fig. 22 Composite nanostructure prepared 
from EVA copolymer with jet milled nanoclay, 

magnification 500×. 

 



21. – 23. 9. 2011, Brno, Czech Republic, E 

 
 

135 

3.4  Filtration Performance and 3D Characterization of Fibrous Structures  

Filtration properties and dimensional characteristics of flat PU (Fig. 10 and 12) and space PC (Fig. 14) 
nanostructures are summed up in Table 1. In order to be able to compare effect of the structure on 
filtration efficiency we always compare structures having the same pressure drop of ~ 90 Pa (given at 
ultrafine particle penetration measurement). 

Neither variations of mass per area (0.44 – 0.81 g.m-2) nor those of fibre diameters (107 - 125 nm) in flat PU 
nanostructures lead to such an increase in the filtration efficiency that can be obtained with the space 
nanostructure (Table 1, Fig. 14). 

While effective surface area in flat PU nanostructures does not change, it increases dramatically in PC space 
nanostructure (Fig. 14) but the solid volume fraction (SVF) and consequently free volume fraction (FVF) of 
compared space and flat nanostructures do not change too much. With respect to the fact that the 
dominant mechanism operating in collection of ultrafine particles is diffusion, it can be assumed that in the 
case of space structure the probability of particle collection on the surface of nanofibres or on the surface 
of bead formation will increase due to longer path of the ultrafine particle performing Brownian motion.  

The structures characterized in Table 2 show approximately half of the pressure drop occurring in 
formations given in Table 1. We concentrate intentionally on low pressure drops with respect to a potential 
application of nanostructures in face half-masks and in mask filters. Compared are planar nanostructure 
from PU nanofibres and a combined structure prepared from a blend of PMMA nanofibres and microfibres 
that act like spacers increasing thickness and volume. 
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Table 1 Characterization and properties of space and flat nanostructures. 

Structures with pressure drop ~ 90 Pa 

Sample 

Nanostructure  
with arranged 
space layout 

PC 86 

Nanostructure 
of PU with flat 
layout 

PU 110 

Nanostructure 
of PU with flat 
layout 

PU 90 

Nanostructure 
of PU with flat 
layout 

PU 89 

Area mass (g.m-2) 6.800 0.447 0.807 0.438 

Thickness (μm) 30.2* 2.6* 9.2* 3.5* 

SVF (m3.m-3) 0.188 0.156 0.080 0.113 

FVF (%) 81.2 84.4 92.0 88.7 

Filtration properties measured by Lorenz adjusted for EN 143 

Pressure drop (Pa) 78 93 -100 117 - 137 121 - 124 

Filtration efficiency (%) 99.880 99.860–99.900 99.946–99.970 99.609–99.832 

Quality factor (kPa-1) 86 68 - 73 54 - 64 45 - 53 

Filtration properties measured as function of particle size 

MPPS (nm) 100 70 70 70 

Pressure drop (Pa) 81 - 95 110 90 89 

Filtration efficiency at 
MPPS (%) 

98.900 90.962 90.350 88.425 

Quality factor at MPPS 
(kPa-1) 

51 22 26 24 

Results based on digital image analysis of SEM images 

Average fiber diameter 
(nm) 

120.2 107.2 124.7 113.0 

Pore size 
distribution (nm) 

 

Dn 202.5 201.0 139.0 99.0 

Dw 740.0 376.0 327.0 293.0 

Dz 1,269.0 553.0 493.0 453.0 

Dz+1 1,721.0 728.0 640.0 597.0 

Effective surface area in 
filter (m2.m-2) 

188.9 15.1 23.6 14.0 

* Measured from SEM pictures. 
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Table 2 Characterization and properties of flat nanostructure and combined micro- and nanofiber 
structure.  

Structures with pressure drop ~ 45 Pa 

Sample 
Combined structure 
of PMMA with space 
layout 

Nanostructure of PU 
with flat layout 

Area mass (g.m-2) 6.920 0.403 

Thickness (μm) 34.7 4.6 

SVF (m3.m-3) 0.169 0.080 

FVF (%) 83.1 92.0 

Filtration properties measured by Lorenz adjusted for EN 143 

Pressure drop (Pa) 25 68 

Filtration efficiency (%) 98.905 99.564 

Quality factor 

(kPa-1) 
181 80 

Filtration properties measured as function of particle size 

MPPS (nm) 50 100 

Pressure drop (Pa) 48 35 

Filtration efficiency at MPPS (%) 97.52 78.77 

Quality factor at MPPS (kPa-1) 77 44 

Results based on digital image analysis of SEM images 

Average fiber diameter (nm) 758.6 124.7 

Pore size distribution (nm) 

Dn 672.0 139.0 

Dw 2,564.0 327.0 

Dz 4,409.0 493.0 

Dz+1 6,151.0 640.0 

Effective surface area in filter (m2.m-2) 30.9 11.8 

* Measured from SEM pictures. 

Materials having various morphology of fibre arrangement (Tables 1 and 2) were analysed with respect to 
their space layout and capability to capture ultrafine particles (Fig. 23 and 24). More voluminous (more 
bulky) structures containing nanofibres and distance microspheres are more efficient in the area of capture 
of ultrafine particles at identical pressure drop of materials. 
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Fig. 23 Filtration efficiency of flat and space 
organized nanostructures. Pressure drop of all 

materials ~ 90 Pa. 

Fig. 24 Filtration efficiency of planar nanostructure 
and structure formed by a combination of nano- 

and microfibres. Pressure drop of compared 
materials ~ 45 Pa. 

3.4.1 Digital Image Analysis of Fibrous Structures 

In order to establish a mechanism of improvement of the filtration capability in voluminous (bulky) 
structures we searched for a reply to a question how pore sizes and their distribution change in studied 
structures. For this assessment carried out on actual nanofibre structures produced we used recently 
proposed digital analysis of SEM images [4-6]. The analysis was based on an examination of the change in 
richness of grey halftones caused by a change in the thickness of nanofibre nonwoven textiles. In more 
detail, all nanostructure pores were loaded with fractions of model spheres to identify pore size 
distribution. 

In Fig. 25 fibre diameter distributions in the structures tested are summed up. The bars show the measured 
values, whereas the line is the distribution function based on Gaussian distribution approximation. 

From the comparison of pore size distributions in the nanostructures prepared (Fig. 26) it is apparent that 
pore size distributions in case of the space layout of the nanostructure with bead spacers has broader pore 
size distribution, contains more voluminous pores but the average value pore size distributions (analogous 
to fiber diameter distribution as seen on Fig. 25) do not differ very much from flat nanostructure when 
materials having different mass per square area and thickness were compared. Space layout of 
nanostructure increases physical separation of nanofibre layers and distances between individual 
nanofibres and changes nanofibre deposition angles. Such a structure morphology is the reason of filtration 
performance improvement. 
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Fig. 25 A comparison of fibre diameter distribution in two filters from Table 1. 

 

Fig. 26 A comparision of pore size distribution in two nanostructures from Table 1. 

Digital image analysis of structures containing microfibres and nanofibres (Fig. 27 and 28) shows a positive 
effect of structure morphology formed on filtration efficiency (Fig. 24) too. In this case average values of 
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both fibre diameter and pore size distribution are shifted towards the higher values. Nevertheless the 
creating space arrangement leads to increasing of effective surface area and quality factors of filtrating 
materials. Positive effect of nanofibres on filtration performance has been found also in pleated filtration 
materials for filter mask (Figure 29).  

 
Fig. 27 A comparison of fibre diameter distributions in filters from Table 2 

 
Fig. 28 A comparison of pore size distributions in the structures from Table 2. 
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Fig. 29 A comparison of mask filtres based on glass microfibres and PU nanofibres in ultrafine particle size 

range filtration. 

4. CONCLUSIONS 

The work presents electrospinning procedures that permit to obtain flat nanostructures, space 
nanostructures with bead microspheres, space structures having a broad distribution of fibres and 
structures formed with dual distribution of fibre diameters. An incorporation of bead spacers or microfibres 
into the nanofibre structures results in an increase of thickness and mass per square area of the material. It 
has a positive effect on its mechanical properties, increase in distances between nanofibres, increase of 
active surface for particle capture due to an increase of solid volume fraction, with no marked change in 
free volume fraction in comparison with the flat nanofibre structure. These facts then positively affect 
filtration performance when ultrafine particles are separated. Using digital analysis of SEM images an effect 
of structural changes on an increase in filtration properties was confirmed and a positive influence of 
nanofibre presence in filtrating structures was proved.  

The results presented show a way how to further increase the filtration performance of nanofibre filtration 
textiles.  
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Abstract 

Electrically conductive adhesive with isotropic electrical conductivity was modified with addition of silver 
nanoparticles and/or with substitution of a part of filler flakes with silver nanoparticles. Samples of 
adhesive joints were prepared and the resistance and nonlinearity of the current vs. voltage characteristic 
measured. It was found that addition of nanoparticles does not improve neither electrical resistivity of 
adhesive, nor nonlinearity of its current vs. voltage characteristic. Increase of number of contacts in 
conductive net of adhesive after addition of nanoparticles is the re ason, why these two basic electrical 
parameters increase. 

Keywords: electrically conductive adhesives, micro-nano adhesives, electrical conductivity, nonlinearity of 
C-V characteristic 

INTRODUCTION 

Electrically conductive adhesives (ECAs) are environmentally friendly materials for electrically conductive 
joining in electronics [1]. ECAs are composites of insulating binder and conductive fillers.  Insulating matrix 
provides adhesive bond at an interconnection. Filler creates a conductive net inside adhesive and provides 
electrical conductivity of adhesive joints.  

ECAs can be formed as adhesives with isotropic electrical conductivity (ICAs) or adhesives with anisotropic 
electrical conductivity (ACAs). ICAs are used as a substitution of lead-free solders in assembly of 
heat-sensitive components, which could be damaged with the temperature used in a soldering process. A 
process of fabrication of LED displays is a typical example of such the use [2]. ICAs are also used for die 
attach in some types of packages. ACAs foils are used in assembly of fine-pitch packages, because the use 
of soldering causes high frequency of bridges between neighbouring component leads.  

Both thermosetting and thermoplastic materials are used as binders, but thermosetting resins are by far 
the most frequently used materials of a polymer matrix. Resins can be one-component or two-component. 
Filler particles are evenly dispersed in an insulating matrix. Different materials and different types and sizes 
of particles are used in ECAs. Basic metals used for fillers are silver, copper, nickel, gold, and palladium. ICAs 
are mostly filled with silver flakes. Silver balls are used for fabrication of ACAs. Balls have the same size in 
these adhesives, in difference from flakes in ICAs, which differ as for the shape and size in one adhesive 
[3,4].  

ECAs have some advantages and some disadvantages in comparison with solders [5]. Solders have higher 
electrical conductivity and lower noise and nonlinearity of the current vs. voltage characteristic (NVAC) 
than adhesives, mechanical properties as well as climatic resistivity of solders are also better. Comparison 
of basic parameters of Sn-Pb solders, lead-free solders and ICAs is presented in Tab. 1.  
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It follows from Tab. 1 that electrical resistivity of ICAs is approximately ten times higher than electrical 
resistivity of lead-free solders. This difference is too high and the resistance of adhesive joints can cause 
problems in some equipment, especially in equipment appointed for the use in high and ultra-high 
frequencies. Therefore it is paid great effort to improve electrical conductivity, and to reduce noise and 
NVAC of ICAs. 

There are different ways how to improve electrical conductivity of ICAs. The most effective seem to be 
following ones [6]: 


 Increase of polymer matrix shrinkage. 


 Removal of lubricant covering silver 
flakes.  


 Using of low temperature transient liquid 
phase fillers. 


 Addition of nano-filler to adhesive filled 
with micro-particles, or substitution of a part of 
micro-filler with nano-particles. 

Increase of polymer matrix shrinkage is highly 
effective because shrinkage of adhesive matrix 
causes increase of contact forces between filler 
particles and improvement of quality of contacts 
between them.  

Silver flakes are covered with lubricant, which 
supports their dispersion in adhesive. It makes 
worse quality of contacts between particles. 
Removal of lubricant improves conductivity of 
adhesive significantly. 

The use of low temperature transient liquid phase fillers makes sintering of filler particles possible. The 
filler is a mixture of metal particles with the high melting point and particles with the low melting point. 
Low-melting-point particles are melted during adhesive curing and dissolve-high-melting-point particles. 
New metallurgical contacts arise.  

Addition of nano-filler to adhesive, or substitution of a part of micro-filler with nano-particles, could be one 
promising way of improvement of electrical properties of ICAs. The goal of this paper is to show how 
addition of silver nano-balls to ICAs, or how substitution of a part of micro-flakes with silver nano-balls, 
changes electrical properties of ICAs. The resistance and NVAC of adhesive joints formed of adhesives 
modified by silver nano-particles were investigated. 

1.  THEORETICAL BACKGROUND 

The resistance between two neighbouring filler particles, which create a contact, is consisting of three 
components: of the balk resistance of the particles RB, of the tunnel resistance RT and of the constriction 
resistance RC [7]. The resistances RT and RC are related to the contact between the particles. 



21. – 23. 9. 2011, Brno, Czech Republic, E 

 
 

145 

CTB RRRR ���               (1) 

1.1  Tunnel resistance 

Filler particles are fabricated of materials with high electrical conductivity. Silver is the most often used 
material of filler, because silver oxide is electrically conductive. Therefore the balk resistance of filler 
particles is low in comparison with the tunnel resistance and constriction resistance [8, 9]. 

A current vs. voltage characteristic of tunnelling is slightly nonlinear and can be described using equation: 

3UUI � ��                     (2) 

Where ����… parameters depending on the tunnel barrier, � << , I … the current flowing through the 
tunnel junction, U … voltage across the junction. 

Typical parameter of tunnelling is tunnel resistivity �T. If a contact between two particles is circular with the 
radius a, then the tunnel resistance RT is defined as: 

2a
R T

T �
�

�               (3) 

The tunnel resistance depends strongly on the radius of the contact area. However, it is also sensitive to the 
material and thickness of the tunnel barrier: 

AB
T e

AB
A
�

� 	

1
10.5

2
23�              (4) 

Where A, B … parameters of a tunnel barrier. 

It follows from the equation (4) that the tunnel resistivity is extremely sensitive to the thickness of the 
insulating barrier.  

1.2  Constriction resistance 

If two silver spherical particles create a contact, the contact area is much smaller in comparison with the 
size of the particles.  In this case the constriction resistance occurs. If it is possible to assume that a contact 
area is a circle with the radius a, then the constriction resistance RC can be written as follows: 

a
RC 2

�
�               (5) 

where�� … bulk resistivity of material of the balls. 

When flakes are used as filler particles, the contacts have bigger areas than contacts between two balls. 
Therefore it was found that the constriction resistance can be, for such the type of filler, neglected [7].  

1.3  Function of nanoparticles added into adhesive filled with micro-flakes 

ICAs are filled with silver flakes, which create a conductive net inside adhesive [10, 11, 12]. The net consists 
of resistances of flakes and resistances of contacts between flakes. Addition of nanoparticles is carried out 
with the goal to form additional bridges between flakes, which increase the density of the conductive net 
and decrease adhesive resistivity [13, 14]. This idea is schematically shown in Fig. 1. 
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A11 3 - 55 15
A12 3 - 55 30
B11 6 - 8 2,5
B12 6 - 8 5
B21 80 - 100 2,5
B22 80% - 100 5

Concentration 
of nanoparticles 

(%) b.w.

Size of 
nanoparticles 

(nm)
Sample #

Flakes 
substituted

Nanoparticles 
added

Adhesive 
modification

2.  EXPERIMENTAL 

2.1  Materials 

ICA based on a bisphenol-F type epoxy resin was used for experiments. Size of flakes was 6-8 �m, filler 
concentration 75% b.w., curing conditions 180 oC/ 8 min. Adhesive was modified with three types of silver 
nanoparticles (see Table 2). Formulations used for experiments are shown in Table 3. 

Table 2 Nanoparticles used for experiments  Table 3 Formulations used for experiments nonlinearity. 

 

 
 

 

 

 

2.2   Samples preparation 

Samples of adhesive joints were formed on a PCB test board, which made a four-point measurement of the 
joints possible. Adhesive was applied by dispensing. Adhesive assembly of resistors with “zero” resistance 
values (jumpers) was carried out using a semi-automatic pick and place machine. Actual value of jumpers 
was 14 m�. Layout of the test board is shown in Fig. 2. 

2.3     Measurements of adhesive joints resistances 
and nonlinearity of current vs. voltage characteristic 

The electrical resistance of adhesive joints was 
measured in four-point arrangement using an MCP 
TH 2818 Automatic Component Analyser. 

Nonlinearity of the current vs. voltage characteristic of adhesive joints shows a ratio of nonlinear 
mechanisms of electrical conductivity in adhesive. Level of nonlinearity can afford information about 
quality of contacts between filler particles. The worse is contact quality; the higher is nonlinearity. 

 
Fig. 2 Layout for testing of adhesive joints.  

 

3 - 55 grain
6 - 8 grain

80 - 100 grain

FormDimensions   
(nm)

Fig. 1 Adhesive joint without nanoparticles (A), 
and with added nanoparticles (B) 
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Measurement of nonlinearity can be carried out using different ways. A modulation technique was used for 
our measurements. A principle of this technique is as follows: an adhesive joint is powered with two 
sinusoidal signals with frequencies f1 and f2. Level of generated intermodulation product is measured. 

Nonlinearity was measured using equipment designed and realized at the Department of 
Electrotechnology. This equipment consists of two sinusoidal generators, of few filters and sources and of a 
signal analyser.  

3.  RESULTS AND DISCUSSION 

Results of experiments are presented in Fig. 3 and Fig. 4, percentage shifts of the joints resistances and 
joints nonlinearity in comparison with the values measured on adhesive as received are shown in Fig. 5 and 
Fig. 6.  

It was found that electrical conductivity of ICA modified with addition of nanoparticles to adhesive, or with 
substitution of a part of flakes with silver nano-grains, was not higher than conductivity of adhesive as 
received. The problem was with dispersion of nanoparticles in adhesive [15]. It is not easy to disperse 
nanoparticles such the way that they will aggregate in adhesive and create new conductive bridges, in 
parallel with contacts among the flakes. It was found; on the other hand that nanoparticles separated 
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flakes and contacts of the type flake-flake were substituted with contacts flake-nanoparticle-flake. The 
resistivity of these new contacts is higher, in comparison with the old ones, because the number of tunnel 
junctions increases. With respect to the size of nanoparticles and new structure of contacts, influence of 
constriction resistance increases, too. The result proves as an increase of resistivity of adhesive. 

As for nonlinearity of the current vs. voltage characteristic, it confirmed assumption about the increase of 
the number of tunnel contacts in the conductive net inside adhesive after addition of nanoparticles. 
Nonlinearity of the tunnel resistance is higher than nonlinearity of the balk resistance, therefore 
nonlinearity of the conductive net increases when number of tunnel junctions in the net increases [15]. 

It is possible to state that addition of conductive nanoparticles into ICA does not improve electrical 
conductivity and nonlinearitz of adhesive. Other situation could arise when conductive nanowires or CNT 
would be added to adhesive. 

CONCLUSIONS 

Electrically conductive adhesive of an epoxy type with isotropic electrical conductivity was modified with 
silver nano-grains. Adhesive  was  used  as  received  and  in  two  modifications:  modified  with addition of 
silver nano-grains in low concentrations (2,5 % and 5 % b.w.), and modified such the way that a part of 
silver flakes was substituted with nanoparticles (15 % and 30 % b.w.).  

All formulations were used for adhesive assembly of jumpers on the test boards. The boards were 
fabricated of FR4 covered with copper foil with thickness of 35 �m. Layout of the test PCB made four-point 
measurement of the joints resistance possible. Measurement of the electrical resistances of the joints and 
NVAC of the joints showed that this is not a proper way for improvement of electrical properties of 
ICAs.The reason is that nanoparticles settle down between flakes and increase the contact resistance.  

The use of other type of nanoparticles such as nano-wires or CNT could tackle this problem. 
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APPLICATIONS OF POROUS III-V SEMICONDUCTORS IN HETEROEPITAXIAL GROWTH AND IN THE 
PREPARATION OF NANOCOMPOSITE STRUCTURES 
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Abstract 

Semiconductor epitaxial growth has progressed to pseudomorphic, lattice mismatched systems where a 
small amount of strain is accommodated in very thin layers. We investigate the concept of epitaxial growth 
on porous substrates, which can lead to the increased critical layer thickness and reduction of the density 
of threading dislocations. Both crystalographically oriented and current line oriented pore networks in InP 
and GaAs were created by electrochemical dissolution. Heat treatment of InP pores at 650 ºC and GaAs 
pores at 700-850ºC converted them into microcavities The capability of improved structural quality homo- 
and hetero-epitaxially overgrown films is demonstrated on InAs and GaInAs layers with a different 
composition grown on porous GaAs substrates. Another important application of porous semiconductors is 
related to the preparation of nanocomposite structures.  

Keywords: Porous III-V semiconductors, Electrochemical etching, Pore conversion, Heteroepitaxial growth. 

1.  INTRODUCTION  

A study of the heat treatment of micropores and their technological applications has not been thoroughly 
described in the literature yet. Transformation of both current-line oriented (CLO) and crystallographically 
oriented (CO) types of pores into microcavities was briefly discussed in Ref.[1], where micropores anodized 
at the InP surface were overgrown by the liquid phase epitaxy (LPE).Potential applications of such porous 
substrates in heteroepitaxial growth are promising since the resulting structures may present quite 
improved properties without the requirement of any graded transition layers or significantly extended 
nucleation barriers during growth. Furthermore, a detailed investigation of the pore interaction with strain 
fields and/or structural defects existing in the materials is of considerable interest. 

2.  EXPERIMENTAL 

Two types of pores are formed during the process of electrochemical dissolution: (i) CO pores alongside the 
principal crystallographic axes and (ii) CLO alongside the applied electric field, Ref.[2]. Anodized micropores 
in InP substrates were produced at different conditions to realize: (i) CO micropores with pore orientations 
in [111], [221], and [322] directions, (ii) CLO micropores or (iii) their combination. Heat treatment of porous 
InP samples was realized in liquid phase epitaxy apparatus in hydrogen atmosphere under phosphorus 
overpressure. This overpressure was necessary at temperatures higher than 360 ºC. Within 60 minutes at 
640 ºC, both CO and CLO pores produced hollow figures of different shapes. The correspondence between 
the orientation of CO pores  and  the  final  spherical  figures  (microbubbles)  is  evident. We suppose that  
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Ostwald ripening connected with mass 
transport works as a transformation 
mechanism. Similar behaviour is 
observed in CLO pores, where spherical 
figures are vertically oriented. Pore 
anodization in GaAs was realized with 
the same experimental set up as in InP 
(see Fig. 1). Different electrolytes and 
intensities of illumination of the etched 
GaAs surfaces were tested. The best 
results were observed with the 
electrolyte containing diluted HF and KI. 
The HF electrolyte was originally used in 
Ref.[3]. The porous GaAs as well as InP 
layer retained single-crystalline 

structure of the initial monolithic substrate and had a mirror-smooth (InP) or pierced (GaAs) surfaces suited 
for epitaxial growth. Initial structures of the anodized GaAs plate and the structures after heat treatment at 
850 ºC are similar as in InP only the mass transport velocity is slower. 

2.1  Epitaxial growth on porous substrates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 The electrochemical cell for the preparation of porous 
III-Vs. The body of the cell is formed by a Pt crucible serving 

as a cathode. A stainless steel tube fixes the anodised 
semiconductor substrate and forms an anode. 

Fig. 2 Nomarski differential interference contrast optical micrograph of the In0.2Ga0.8As layer grown 
on conventional GaAs substrate (upper left panel) and porous GaAs substrate (lower left panel). AFM 

micrographs showing the surface morphology in more details are on the right panels. 
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InAs and InGaAs layers were prepared in an EpiRAS 200 TT equipped AIXTRON 200machine by LP-MOVPE 
on Si doped GaAs substrates with (100) exact orientation. TMGa, TMIn and arsine were used as precursors. 
The following technological parameters were used: total growth pressure 70 hPa and H2 total flow 8 slpm. 
Prior to growth, substrate temperature was increased to 700°C for 5 min under arsine flow. The growth 
temperature of 560°C was used for both InGaAs and InAs layer growth. The partial pressure of the group III 
precursors was 0.3 Pa with the V/III ratio of 230. The epitaxial growth of GaxIn1-xAs (up to x~0.2) on porous 
GaAs substrates demonstrates the changes in the surface morphology (see Fig. 2). Instead of regular cross 
hatching observed on monolithic substrates, the morphology on porous substrates was similar to the one 
observed on homoepitaxial GaAs on porous substrates. At large lattice mismatch approaching 3.6 %, the 
surface “scales” were more pronounced. When the growth temperature exceeds 700 ºC the pores do not 
annihilate unlike in InP. This observation corresponds to crucial influence of the mass transport velocity on 
pore annihilation at high stress conditions observed by us during LPE growth of InAs on InP. Cross-sectional 
images of the GaInAs (x=0.5) and InAs on porous GaAs substrates are documented in Fig.3 and surface 
morphologies of the InAs grown on porous and nonporous GaAs substrates are in Fig.4. 

                 
a/                                                                      b/ 

Fig. 3 Cross-sectional SEM image of the heteroepitaxial MOVPE layers of the GaInAs (x=0.5), (a/) and pure 
InAs on porous GaAs substrates (b/). 

               
a/                                                                       b/ 

Fig. 4 Surface morphology of the InAs grown on porous (a/) and nonporous (b/) GaAs substrate 
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Fig. 6 PL spectra of In0.5Ga0.5As grown on porous and 
monolithic GaAs substrates. Luminous efficiency of the layers 

grown on porous substrates are higher in comparison with 
nonporous-reference GaAs. 

2.2  Photoluminesce measurements 

Fig. 5 compares the PL spectra from InAs layers 
grown on porous GaAs substrates prepared at 
three different pores growth conditions and the 
PL from a reference sample. In Fig.6 the same 
comparison is demonstrated for GaInAs (x=0.5) 
grown on porous and reference (nonporous) 
GaAs substrates.The PL measurements were 
conducted at 4 K using a closed cycle He-cryostat. 
The PL was recorded with FTIR spectrometer 
equipped with liquid nitrogen cooled InSb 
detector. The PL excitation density at 653 nm was 
5 W/cm2. 

The following specific features have to be 
mentioned:  

1. All PL spectra are recorded in identical 
experimental conditions 

2. The PL Spectra have a composite 
character with at least three indicated 
components. 

3. The reference sample shows the lowest 
integral luminescence compared to the 
layers grown on porous substrates. 

4. The PL spectrum from samples 631 and 
628 shows the highest integral intensity. 

Fig. 7 presents the deconvolution of the PL 
spectrum from the sample with four 
Gaussians. A consistent identification of the 

bands according to the known literature 
data is as follows: a/the band peaking at 
0.404 eV originates from band to Sn-
acceptor transitions; b/ the band with 
maximum at 0.396 eV is due to transitions 
donor-acceptor impurity bands; c/ the band at 0.384 eV correlates with the identification of PL from a deep 
impurity or defect related impurities. d/ with account to the uncertainty introduced by the deconvolution 
of the PL spectrum, the band with peak at 0.372 eV we identify as LO-phonon replica ( LO-phonon 29.5 
meV) of the band with maximum at 0.396 eV.      

 

 

Fig. 5 PL spectra of InAs grown on three porous and 
one monolithic GaAs substrates. Luminous efficiency 

of the InAs layers grown on porous substrates is 
higher in comparison with nonporous-reference GaAs 
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Fig. 4 Deconvolution of the PL spectrum from sample with four Gaussians. 

CONCLUSION  

Preparation of porous substrates and their epitaxial overgrowth is a multifactorial process with large 
amounts of variables. We have been able to control the process of pore formation in GaAs and achieved 
different pore morphologies. Preparation of dense porous networks – and control over their conversion 
during the heat treatment in particular – is different in comparison with InP. Our results support the claim 
that porous substrates have potential to improve the structural quality of the deposited epitaxial layers, 
however a lot of work has to be done to gain full control over the all technological steps. At very high lattice 
misfit in InAs/GaAs the strain induced surface roughening aas the dominant structural relaxation 
mechanism. Improvement of the PL intensities of the InAs and GaInAs, x=0.5 on porous versus conventional 
GaAs substrate could be explained by injection of dislocation loops deep to the softer porous substrates or 
by dislocations annihilation in pores (internal diameter is <100 nm).  
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Abstract 

New type of humidity sensors based on double layer structure consisting of hydrophilic and hydrophobic 
phthalocyanine derivatives is presented. The sensor shows high sensitivity in the range from 20 to 90 % 
relative humidity (RH), good long-time stability and fast response. The impedance change vs. RH is quasi-
linear in semi logarithmic plot and fully reversible. 

Keywords: humidity sensors, phthalocyanine derivatives, substrate 

1.  INTRODUCTION 

Humidity sensors have attracted considerable attention of engineers due to their useful applications in 
industry and environmental monitoring [1, 2]. Sensors based on Al2O3 are very often used [3]. Cheap 
humidity sensors are usually based on thin films of polymers consisting of saturated main chains and 
ionizable side groups [4, 5]. Sensitivity to humidity is based on the dissociation of side groups of the type 
A+B–, e.g., COO–Na+ and SO3–Na+. The films can be prepared by cold technologies, like spin coating 
polymer solutions, casting, doctor blading, etc. Another group of polymers with sensitivity to humidity 
represent conjugated polymers. However, both groups of the polymers show often low temperature and 
humidity stability.  

Many commercially available humidity sensors are also based on ceramic materials [6 - 8] due to low cost 
and quite good performance. They offer major advantages, like high resistance to chemical attack, thermal 
stability and good mechanical strength. However, some problems can be mentioned, like insufficient 
sensitivity over wide humidity range in some types of sensing elements, reversibility and drift of baseline 
with time due to the chemisorption of various gasses. 

To improve the sensitivity of humidity sensors, sulfonated  phthalocyanines [Pc(SO3Na)1-4]  can be used.  
As a typical example we can mention the sensor consisting of alumina substrate with interdigital system of 
gold electrodes and phthalocyanine thin layer, several nanometres thick, which can be deposited by spin 
coating method.  The function of the device is based on the dissociation of SO3Na groups. The dissociation 
results in the increase of electrical conductivity or the decrease of impedance. The improved resistance to 
water, precipitated eventually on the sensor surface, was obtained by the deposition of the second 
hydrophobic layer. In the paper the preparation of this type of sensors is described and their sensing 
properties discussed. 
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2.  EXPERIMENTAL 

2.1  Materials 

Nickel phthalocyanine [NiPc in further text], sodium salt of sulfonated nickel phthalocyanine NiPc(SO3Na)x 
[NiPcS in further text], and sulfamidic nickel phthalocyanine  

NiPc(SO2NHCH2CH2CH2N(C2H5)2,)x  [NiPc(SA) in further text], were synthesized in the way described 
below. Their chemical structures are shown in Scheme 1. The phthalocyanine molecules, mentioned in this 
work, contained two (x = 2) and three (x = 3) substituents.  

NiPc                                                                                            M =  Ni, R1, R2, R3, R4 = H          

NiPc(SO3Na)x   [NiPcS ]                                                        R1, R2, R3, R4 = H or SO3Na,   

NiPc(SO2NHCH2CH2CH2N(C2H5)2,)x  [NiPc(SA) ]     R1, R2, R3, R4 = H or 

       SO2NHCH2CH2CH2N(C2H5)2) 

Scheme 1. Chemical structures of nickel phthalocyanine [NiPc], sodium salt of sulfonated nickel 
phthalocyanine [NiPcS ], and sulfamidic nickel phthalocyanine [NiPc(SA)]. 

NiPc was synthesized by the reaction of o-phthalodinitrile with nickel dinitrate. Sodium methanolate was 
used as a reaction promotor and amonium molybdenate as a catalyst. The process was carried out in 
amylalcohol at 138 0C according to Wöhrle at all. [9]. 

NiPcS was prepared from NiPc by sulfonation [10] with fuming sulfuric acid. After the finishing of the 
sulfonation process, the reaction mixture was slowly cooled down to room temperature and subsequently 
charged with a dropping funnel into the vigorously agitated mixture of ice and  water. The water 
suspension was then filtered off with a Buchner funnel, the filter cake was washed in distilled water, until 
no sulfate anions were detectable in the filtrate. Then the  filter cake  was dried  at the temperature of 105 
�C until the constant weight. The contents of the particular sulfonated Pcs were determined by high 
pressure liquid chromatography. The result product of the sulfonated phthalocyanine, contained 5.9 % 
mono,   63.9 % di,  29.6 % tri and 0.6 % tetra sulfonated derivatives, when NiPcS1-
and  5% fuming sulfuric acid was used. 

NiPcSA was prepared from NiPc by two steps reaction [11] (instead of (HOAl)Pc and N-
dimethylaminopropylamine, NiPc and N-diethylaminopropylamine were used as starting materials). In the 
first step  NiPc sulfochloride, containing 11.2 % of sulphur S and 11.5 % of hydrolyzable Cl, was prepared. It  
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Fig. 1 Dependences of the impedances Z vs. 
relative humidity (RH) of the sensor based on 

NiPc(SO3Na1-4) at various temperatures. 

represent 2.8 SO2Cl groups and 0.2 SO3H group per NiPc sulfochloride molecule. Subsequently, NiPcSA was 
prepared from the NiPc sulfochloride by the  reaction with  N-diethylaminopropylamine   in water medium. 
After the finishing of the reaction the product was filtered off with the Buchner funnel. The filter cake was 
then washed with distilled water until no traces of N-diethylaminopropylamine  were decetable in the 
filtrate and dried at the temperature of 105 �C until the constant weight. The average molecular 
constitution of the product was NiPc(SO2NHCH2CH2CH2N(C2H5)2)2.8   

2.2  Sensor preparation and response detection 

3% water solution of NiPcS1-4 was spin coated on alumina substrate with interdigital system of gold 
electrodes. After the deposition the system was thermally treated at 80 °C on air. The sensor prepared in 
this way was stable and responses were reproducible. To improve the stability at high humidities (up to 
90% RH) and temperatures up to 50 °C the hydrophilic NiPcS1-4 film was covered by hydrophobic NiPc(SA) 
film. This film was also prepared by spin coating of 3% chloroform solution. After the deposition the sensor 
was once more thermally treated at 80 °C on air. The sensor prepared in this way was water resistant, 
stable and responses were reproducible. With increasing humidity the electrical conductivity of the sensor 
increases (impedance decreases). These parameters were used as output data of the sensor during the 
humidity influence. The samples were placed in an oven where both temperature and humidity of air could 
be changed. The sample impedance was measured by the method of capacitor charging though the sample 
resistance. 

3.  RESULTS AND DISCUSSION 

The dependences of the impedances on relative humidity at various temperatures of the sensor consisting 
of NiPcS1-4 film are shown in Fig. 1. The impedance decreased with relative humidity (RH). The fall was 
about two and half orders of magnitude in the humidity range 20 – 90% RH. Temperature dependence of 
the impedance was weak. The response of the sensor with humidity was faster for thinner films. The films 
several tenths of nanometers thick appeared suitable for practical applications. The system was long-time 
stable up to 90% RH. The repeated dependences of the 
impedances on RH are shown in Fig. 2. However, when 
the sensor was kept on air at 80 0C and 90% RH for a 
long time or even was covered by water film, the sensor 
material (NiPcS1-4 ) dissolved and the sensitivity of the 
device dropped down. To improve the sensor stability 
at high humidity, two-layer system, consisting of the 
hydrophilic layer (NiPcS1-4) covered by the 
hydrophobic NiPc(SA) film, was prepared. 
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Fig. 2 Plots of the impedances  Z vs. relative 
humidity RH of the  sensor based on 

NiPc(SO3Na)1-4 during repeated 
measurements 

Fig. 3 Dependence of the impedance  Z  vs. 
relative humidity RH of the bilayer  sensor 

based on NiPc(S1-4) film covered by 
NiPc(SO2NHCH2CH2CH2N(C2H5)2)2.8  layer. 

Fig. 4 Dependence of the impedance  Z on relative 
humidity RH of  the double layer sensor  

based on NiPcS1-4 layer covered by 
NiPc(SO2NHCH2CH2CH2N(C2H5)2)2.8  

(climatic  resistivity test – details see in the text). 

The responses of the impedances on humidity and 
temperature are shown in Fig. 3. The dependences are 
similar as those of the single layer sensor but the 
temperature dependence of the impedance is stronger. 
The stability of the sensor improved, the sensor was 
stable even when it was put into water, as it follows 
from Fig.  4. The meaning of the figure is as follows: 

The sensor was first kept under the “normal 
conditions”, 30 °C/30% RH and impedance was 
measured (see segment 1). After that the sensor 
was put into water (segment 2) for 100 min. 

Then, 30 °C / 30% RH → 85 °C / 90 % RH → 30 °C / 30% 
RH cycles were realized (segment 3). The sensor was 
put into water again for 200 min (segment 4) and 30 °C 
/ 30% RH → 85 °C / 90 % RH → 30 °C / 30% RH cycling 
was repeated (segment 5). The stability of the sensor is 

evident (stability is determined by the “low parts” of the kinetics curves). The sensitivity is reflected in the 
“upper parts” of the kinetic curves. 
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4.  CONCLUSION 

The humidity sensor upto 90% RH and temperature 85 0C, based on sodium salt of sulfonated Ni 
phthalocyanine was constructed. The sensitivity was good, the response fully reversible. To improve the 
stability of the sensor at high temperature and humidity the second hydrophobic NiPc(SA)  layer was 
applied. The “double layer” sensor shows very good reversibility and stability even under the condition 85 
°C / 90% RH. A direct contact with water does not influence the sensor performance. The sensors prepared 
from thinner films are faster. The films of several tenths of nanometers thick seem to be suitable for 
practical applications. 
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Abstract 

Based on the known Aurivillius phases types ABi2Ta2O9 and A2BiTaO6 (A=Ca,Sr,Ba) ) were supplemented 
with new compositions of layered tantalates, which resulted the possibility of the existence of a new phase 
Sr2BiTaO6. Ternary compounds with piezoelectric structure were prepared as nanoforms by solgel reactions 
of homogeneous acetate Bi, Ta, A and subsequent annealing in a controlled atmosphere. Annealing 
temperature was determined from DSC curves based on the weight loss and phase transitions. Composition 
and structure of nanocrystals has been analyzed by X-ray diffraction (XRD), scanning nanomorphology 
(SEM) and acoustic measurements. 

Keywords: tantalates, piezoelectricity, solgel, acoustic measurement 

1.  INTRODUCTION 

In the field of ultrasonic non-destructive testing of materials is the continuous improvement of 
piezoelectric sensors and materials for production and construction of probes the one of main trends. The 
main objective is to create a new piezoelectric materials, which significantly contribute to enhance the 
usability of designed probes. These materials are mainly lead-free and high-piezoelectricity.  

These materials are currently being prepared within the grant project lead-free high-piezoelectricity in the 
form of layered-type compounds of Aurivili phases of the oxides of transition metals (Ti and V group), 
alkaline earth metals (A) and bismuth, measured physical properties of piezoelectrics for current material 
specification sheets. 

Preparation and properties of ternary compounds of type ABi2Ta2O9 (where A=Ca,Sr,Ba) have been studied 
for use in permanent ferroelectric random access memory (FeRAM) [1].  

The ISI Web of Knowledge (2011) have published the synthesis and characterization of compounds of type 
ABi2Ta2O9 (where A = Ca2,Sr3,Ba4) sol-gel method and type Ba2BiTaO6

5  only solid state way [2, 3, 4]. The 
International Centre for Diffraction Data in PDF2 (2006) have described the structure of compounds of type 
ABi2Ta2O9 (where A=Ca,Sr,Ba) and in PDF4+ (2010) Ba2BiTaO6

 and Ca2BiTaO6
6 (solid state preparation of the 

way). 

In the literature we did not find the described compound Sr2BiTaO6 and preparation from acetate 
precursors [4, 5, 6]. 



21. – 23. 9. 2011, Brno, Czech Republic, E 

 
 

161 

2.  EXPERIMENTAL RESULTS 

2.1  Nanoform samples 

To prepare six ternary compounds, described according to the literature and analogous ABi2Ta2O9 and 
A2BiTaO6 (where A=Ca,Sr,Ba) were co-precipitated required stoichiometric portions of the metal acetate 
and tantalum (V) chloride in glacial acetic acid with stirring magnetic mixer and at room temperature.  

Acetates of alkaline earth and tantalum (V) chloride were purchased in the company Alfa Aesar. 
Commercial bismuth (III) acetate is not soluble in glacial acetic acid. Therefore, he was ready to own 
bismuth (III) acetate, which is soluble in glacial acetic acid, and dissolving bismuth oxide carbonate in glacial 
acetic acid in boiling acetic anhydride addition of stoichiometric binding of water resulting from 
neutralization.  

The alkaline earth acetate and bismuth were dissolved by boiling together in a small amount of glacial 
acetic acid. Separately, the tantalum (V) chloride at room temperature, dissolved in glacial acetic acid with 
the addition of a double excess of 30% hydrogen peroxide to oxidize chloride ions with subsequent leakage 
of chlorine gas and the addition of acetic anhydride for stoichiometric binding of excess water. After 
cooling the solution was first into the clear solution, with stirring on a magnetic stirrer, slowly added to the 
second solution to form clots. The solution with precipitate was evaporated during 4h at a temperature of 
boiling glacial acetic acid, the jelly-like state and then dried in an oven until dry at 140 º C for 24h. A dry 
mixture of the acetate precursor of the metal was annealed in air to 800 ° C with a heating rate of 5 ° C / 
min, with a delay of 30 minutes at 450 º C combustion acetate and final delay at 800 º C for 2 hours. 
Ceramic powder chladnul spontaneously in an oven at 10 º C / min for 1 hour with the opening of the 
furnace to speed cooling.  

Nanoparticle fluffy powder was slightly sintered without spreading to disturb the jars for samples. 

Table 1 Preparation of nanoforms of layered piezoelectric of systems 
Nr. Prepared 

samples 
Sample preparation 

1 
Ca1Ta 

AcOH with (CaAc + BiAc) + AcOH with TaAc 
(AcOH+TaCl5)+H2O2),vapor. 120C,dry 140C, 10C/min, 800C 2h 

2 
Ca2Ta 

AcOH with (CaAc + BiAc) + AcOH with TaAc (AcOH+TaCl5)+H2O2), 
vapor. 120C, dry 140C, 10C/min, 800C 2h 

3 
Sr1Ta 

AcOH with (SrAc + BiAc) + AcOH with TaAc 
(AcOH+TaCl5)+H2O2),vapor. 120C, dry 140C, 10C/min, 800C 2h 

4 
Sr2Ta 

AcOH with (SrAc + BiAc) + AcOH with TaAc (AcOH+TaCl5)+H2O2), 
vapor.120C, dry 140C, 10C/min, 800C 2h 

5 
Ba1Ta 

AcOH with (BaAc + BiAc) + AcOH with TaAc (AcOH+TaCl5)+H2O2), 
vapor. 120C, dry 140C, 10C/min, 800C 2h 

6 
Ba2Ta 

AcOH with (BaAc + BiAc) + AcOH with TaAc 
(AcOH+TaCl5)+H2O2),vapor. 120C, dry 140C, 10C/min, 800C 2h 

2.2  XRD 

Composition and structure of nanocrystals has been analyzed by X-ray diffraction (XRD). On all created 
samples we have applied the XRD analysis to recognize the target material. We have many results and the 
representation of achieved result is described at Sr2Ta nanoform.  
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Table 2 XRD analysis of Sr2Ta sample 
No. Ref. Code Compound 

Name 
Chemical 
Formula 

Crystal 
System 

SemiQuant 
[%] 

Database 
ID 

1 00-049-
0609 

Strontium 
Bismuth Tantalum 
Oxide 

Bi2 Sr Ta2 
O9 

Orthorhom
bic 

- PLU2010 

2 00-052-
1518 

Bismuth Tantalum 
Oxide 

Bi5 Ta3 
O15 

Orthorhom
bic 

- PLU2010 

3 04-009-
9507 

Strontium 
Bismuth Chloride 
Oxide 

Sr Bi3 Cl3 
O4 

Tetragonal - PLU2010 

4 04-005-
5894 

Strontium 
Tantalum Oxide 

Sr Ta2 O6 Orthorhom
bic 

- PLU2010 

No. Ref. Code Compound Name Chemical 
Formula 

Crystal 
System 

SemiQuant 
[%] 

Database 
ID 

1 04-009-
8112 

Strontium 
Tantalum Bismuth 
Oxide 

Sr Ta2 Bi2 
O9 

Orthorhom
bic 

40 PLU2010 

2 04-010-
4433 

Tantalum Bismuth 
Chloride Oxide 

Ta Bi4 Cl 
O8 

Orthorhom
bic 

29 PLU2010 

3 04-009-
9507 

Strontium 
Bismuth Chloride 
Oxide 

Sr Bi3 Cl3 
O4 

Tetragonal 31 PLU2010 

No. Ref. Code Compound Name Chemical 
Formula 

Crystal 
System 

SemiQuant 
[%] 

Database 
ID 

1 04-009-
8112 

Strontium 
Tantalum Bismuth 
Oxide 

Sr Ta2 Bi2 
O9 

Orthorhom
bic 

26 PLU2010 

2 04-009-
9507 

Strontium 
Bismuth Chloride 
Oxide 

Sr Bi3 Cl3 
O4 

Tetragonal 20 PLU2010 

3 04-010-
4433 

Tantalum Bismuth 
Chloride Oxide 

Ta Bi4 Cl 
O8 

Orthorhom
bic 

19 PLU2010 

4 04-005-
5894 

Strontium 
Tantalum Oxide 

Sr Ta2 O6 Orthorhom
bic 

36 PLU2010 

2.3 SEM 

To find the nanoforms of all samples we measured all sampes using scanning electron microscopy. The 
results can be seen on the following Fig.1 – Fig.6. 

   
Fig. 1 - Ca1Ta Fig. 2 - Ca2 Ta Fig. 3 - Sr1 Ta 
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Fig. 4 - Sr2 Ta Fig. 5 - Ba1 Ta Fig. 6 - Ba2 Ta 

As can be seen from the Fig. 1 – Fig. 6, all samples contains nanoparticles.  

2.4  Acoustic measurement 

For the measurement of acoustic properties 
(responses) we have prepared the test 
sample consisting of thin layer of each 
created nanoform. The nanoform samples 
were mixed with binder of 0,4 ml Epoxid 
LOCTITE 9483 A&B. Finally the electric field 
(1200 Volts) was applied to achieve the right 
polarization. The goal was to create the test 
sample containing all samples in form of 
ultrasonic transducer. The following 
measured sample has been created. 

 

 
Fig. 7 Test sample for acoustic measurements 

We have measured all samples and best results were achieved at Ca1Ta and Ba1Ta. The acoustic responses 
can be seen on the following figures. On top of each element we have placed ultrasonic treansducer with 
central frequency of 2 MHz. 

 
Fig. 8 Acoustic response of Ca1Ta sample 
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As can be seen from the previous Fig. 8 the sample has acoustic response. 

 
Fig. 9 Acoustic response of Ba1Ta sample 

As can be seen from the previous Fig. 9 the sample has acoustic response and phase change. 

3.  CONCLUSION 

This paper presents the preparation and basic measurements of nanoforms of layered piezoelectric of 
systems Bi2O3-Ta2O5-AO  (A=Ca,Sr,Ba). In total we have prepared 6 samples. Based on microscopy 
measurement we found that all samples contain nanoparticles. Using the XRD measurement we found that 
all samples are multiphased. We also performed acoustic measurements and found that some samples, 
Ca1Ta and Ba1Ta, have the acoustic response. For future, based on the achived results we will prepare the 
test samples of acoustic transducers and perform other detailed measurements (Curie temperature, 
permitivity, etc.) 
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Abstract 

The situation of many Polish textile producers is difficult. Lifting import quotas on textile products following 
Polish accession to the EU and the Schengen zone resulted in vast increase in supply of apparel and textile 
products, mainly from Asian countries. According to the recommendation of the European Commission, 
one of the methods to remain competitive against low prices offered by China or India is to offer innovative 
products of considerably better quality. Unfortunately, it is estimated that only 25% of all textile 
enterprises innovate and most of the innovation occurs through imitation. While most Polish companies 
limit their expenses on R&D activities by adapting external ideas to local needs, some attempt to create 
competitive advantage by introducing more advanced technologies. Nanotechnology is providing for 
solutions that may help businesses gain technological advantage. This article presents the financial aspects 
of the introduction of antibacterial and bacteriostatic fabrics.  

Keywords: nanotechnology, Polish textile sector, financing, innovation. 

1.  INTRODUCTION 

Since the beginning of the XXI century, we have witnessed the shrinkage of the Polish textile industry. Once 
famous and prosperous Polish spinning and weaving mills either go bankrupt, become liquidated or are 
forced to face uneven competition against Asian companies. This competition is not easy since China and 
India are the two world’s largest economies as far as the textile industry is concerned. According to the 
information given by Gdynia Cotton Association, it is expected that the share of China and India in the 
world cotton consumption will amount to 57% in the 2010/2011 season [1]. Cheap yarns, cloths, fabrics 
and clothes are extensively exported to the EU from the emerging countries which successfully blocks the 
development of EU internal textile markets. For Poland it is not the only problem influencing the state of 
textile industry. There are many factors which had a large impact on the state of the Polish textile market.  

One of them was a huge amount of textiles imported from Turkey after entering into force of the Free 
Trade Agreement between the Republic of Poland and the Republic of Turkey signed October 4, 1999 [2]. In 
year 2001 Polish exports to Turkey amounted to $138 million, whilst imports from Turkey were more than 
$250 million greater [3]. In the year 2005 those numbers were much higher, since export was on the level 
of $1,193.6 million and import amounted to $1,300.8 million. Most of these referred to the exchange of 
goods from the electro-mechanical industry, but still 27.5% ($361.6 million) of imported goods concerned 
the light industry along with textiles.  

Another factor which contributed to the poor condition of Polish textile market was the growth of the 
underground economy and the illegal import of textile goods. According to the research of the World Bank 
[4], Poland ranks as 52 among 162 countries as far as the share of the underground economy in the whole 
economy is concerned. It is worth to point out that only 8 EU countries ranked behind Poland. In our 
country the underground economy and illegal import refers mainly to the light industry. Radosław 
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Kalinowski – the sales manager of Andropol S.A. – estimates that at the moment (14.10.2010 [5]) least 50% 
of imported textile goods is not subjected to any supervision from the side of the government. This state 
acts against many companies that often fail in the struggle against unfair competitors. This phenomenon is 
particularly visible in the region of Łódź, which was once famous for its highly developed textile industry. 
From numerous knitting, weaving, spinning mills and companies producing synthetic fibres, which 
constituted the cradle of Polish textile industry there is only a few that are still active on the market. 
Instead of those companies, we can find many salesmen and retailers selling cheap, imported textiles and 
fibres which sometimes happen to come from unknown sources. It is true that phenomena of illegal import 
and underground economy are not new, but recently their impact on Polish textile market became more 
significant. After the Polish accession to the Schengen Zone due to almost total elimination of boarder 
controls such practices became much easier, hence also more frequent. Polish accession to the EU also 
partially influenced the state of the textile market in our country. On the one hand the enlarged output 
market for many goods constituted tremendous export potential, but on the other it resulted in increased 
competition. Along with sometimes costly compliance with new regulations imposed by the EU (e.g. the 
REACH - Registration, Evaluation and Authorisation of Chemicals which influenced mainly the chemical 
industry but also companies such as dyeing mills) the situation led to the bankruptcy some enterprises.  

Another factor working against the Polish textile industry were the actions of the WTO that aimed at 
liberalizing trade. On the January 1, 2005 ended the process of removing quotas imposed by the WTO on 
textile trade between developed and emerging countries. The establishment of such restrictions was 
possible on the basis of the Multi-Fibre Agreement from January 1, 1974. According to the MFA, emerging 
economies negotiated maximum quantities of supplies to the markets of importers (developed countries). 
This agreement ended on December 31, 1994 and on January 1, 1995 has been replaced by an Agreement 
on Textile and Clothing which was one of the outcomes of the Uruguay Round. The general aim of this 
agreement was to apply (and gradually diminish) protection for textile and clothing goods after an expiry of 
the MFA. As a result of the ATC those goods were fully included into general GATT rules and elimination of 
restrictions imposed by the MFA. It should be noted that Poland was a member of both MFA and ATC (the 
latter included all the member countries that had ratified an agreement with the WTO). Since the expiry of 
the ATC, the trade of textiles and clothing goods became more liberal and is regulated only by the general 
principles and rules of WTO which do not impose any quantitative restrictions. Naturally there exist anti-
dumping procedures, but their implementation is costly, time-consuming and in most cases requires a joint 
initiative of many companies, so in practice they are rarely used. Countries like China on the other hand use 
this situation and India which has a possibility to dominate previously protected markets. Those were only a 
few examples of factors which have influenced the situation of Polish textile industry. One can probably 
add many more items to this list, but examples quoted here were used only to illustrate the general 
situation and to answer the question why is the condition of Polish textile industry different from the one in 
other EU countries e.g. Germany or Greece.  

2.  THE RESPONSE OF EU – THE HIGH LEVEL GROUP 

Some of the issues listed in the previous point have affected the entire EU (e.g. the end of ATC and the 
strong expansion of China and India to the west), so in 2004 the European Commission established the High 
Level Group [6]. This group consisted of representatives of European Commission as well as chosen 
entrepreneurs, traders, importers and members of local associations strongly related to textile and clothing 
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market. The main goal of the HLG was to investigate the situation and to give recommendations to improve 
the competitiveness of the textile sector and to stimulate its future development. The High Level Group 
presented its findings in a report from June 30, 2004 [7] entitled “European textiles and clothing in a quota-
free environment” with further amendments added on September 18, 2006 [8]. The High Level Group 
stated that “imports have grown following the end of the quota system, but their overall increases in both 
volume and value have been somewhat less than might have been feared” and that the EU should be able 
to maintain its technological lead at least up to the year 2020. It has been written that, according to the 
HLG, the textile sector requires restructuring and it is advisable for companies from this sector to cooperate 
and invest in development and innovations. Innovations were presented as a logical step aiming at 
increasing the competitiveness of the sector. Many entrepreneurs were aware of that fact long before the 
publication of the report. 

3.  INNOVATIVENESS OF THE T/C SECTOR IN NUMBERS 

Analysing product innovations in the textile sector in the time span from years 2000 to 2010 one can 
observe that many innovative solutions from flame-retardant, heat-proof, antibacterial, bacteriostatic, 
water proof, oil or abrasive resistant fabrics to polypropylene and aramid yarns to smart and intelligent 
fabrics which can sense and react to environmental stimuli were introduced to the market. In spite of that, 
the textile industry is regarded as a low-tech and rather not innovative sector. The confirmation of such 
thesis one can find in many publications, e.g. in the report from NetFinTex project [9] and the sectoral 
report of Europe INNOVA [10]. The first document summarizes the NetFinTex project launched in 
November 2005, coordinated by EURATEX and financed by the European Commission’s 6th Framework 
Programme. Part of this report summarizes the research over companies from Belgium, Poland, Germany 
and Italy (1,500 companies were addressed with approximately 10% return rate) in terms of their R&D 
activities, means of innovation financing, etc. The other document is a sectoral report of Europe INNOVA 
which is an initiative of European Commission's Directorate General Enterprise and Industry which for 
innovation professionals aiming at reporting and helping enterprises innovate faster and better. The afore-
named report was published on 10.05.2008 as the part of “Sectoral innovation systems in Europe: 
monitoring, analysing trends and identifying challenges” edited by Michael Böheim from the Austrian 
Institute of Economic Research (WIFO). Information from the report were collected having analysed the 
course of the Innovation Watch – SYSTEMATIC project. In both reports one can find many references to the 
situation of Polish textile market. In the Europe INNOVA sectoral report textiles are presented as a low-tech 
with small share of innovating firms (25%). In this sector innovations occur mostly through diffusion 12%. 
The share of intermittent and strategic innovations is 10% and 4% respectively [10]. The currently prevailing 
trend in textile innovation is adapting new technologies to already existing products and simultaneous R&D 
investments. Unfortunately such investments in textile sector are on the level of 1% (the average of 
remaining 9 sectors equals 9.5%) whilst the competition index above the mean value for other sectors (0.71 
in textiles, 0.66 for other sectors) [10]. According to Europe INNOVA report it also appears that the 
relationship between innovation and the amount of competition in the T/C sector is reversed compared to 
other Systematic sectors. The literature suggests inverted U-shaped or linear relation, but the T/C sector 
follows different pattern. According to the graph (Figure 1) with increasing competition (by low competition 
index) the intensity of R&D falls down, the inflexion point occurs at the competition index equal to 0.6 and 
after that point the R&D intensity raises swiftly – the relation can be therefore described as a U-shaped 
one. 
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Fig. 1 The shape of the relationship between competition and R&D intensity 
Source: Sector Report – “Sectoral innovation systems in Europe: monitoring, analysing trends and 
identifying challenges”, Michael Böheim, Austrian Institute of Economic Research (WIFO), Vienna, 

10.05.2008 

Theoretically when the competition index in the T/C sector is above average the R&D intensity should be 
high. In Poland with above average competition index [2] this is not the case. In order to explain this, one 
should take into account one more relation – the dependence between R&D intensity and a technological 
gap of companies in the sector with reference to the world’s leaders. If the gap was equal to 0, the function 
would become a constant indicating no influence in R&D intensity and meaning that the country is on the 
level of technological frontier (Fig 2) 

Fig. 2 The impact of competition on R&D intensity and the technological gap 
Source: Ibid Fig. 1. 

Poland is one of the countries where relatively high competition index does not indicate intensive R&D 
actions. When the technological gap is greater than 130% it starts to have a negative influence on R&D [10]. 
Such phenomenon takes place also in Czech Republic, Slovakia, Hungary and Portugal. Despite such 
afflictive information, recent changes in the T/C sector were appreciated. It was written that in the span of 
last two decades the industry “has undergone significant restructuring and modernisation efforts  
increasing productivity throughout the production chain, and reorienting production towards innovative, 
high-quality products”[10]. It has been emphasised that the T/C sector suffers from underestimation in 
terms of innovativeness, because companies in this sector tend to invest in non-technological innovation 
which is statistically invisible. There are also numerous examples of innovative companies, like EYBL or 
ELMARCO [10] which through their intensive research on nanotechnology and nanofibres managed to 
improve their products and gained competitive advantage. This proves that in spite of the state of the 
sector R&D actions are still vital for innovation’s success. Among many European companies from the T/C 
industry like e.g.: F.M.Hämmerle Textilwerke GmbH & Co KG, Merina a.s., Vútch-Chemitex s.r.o., Chemosvit 
Fibrochem a.s, H&M, ZARA/Inditex, Adidas, Puma or Christian Dior, there is one Polish company – 
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Tricomed. It was presented as one of the leaders in terms of innovativeness and a company which heavily 
invest in R&D – 30% of employees are scientists. Tricomed used the knowledge gained by the research 
department to invent extremely good products like CODOFIX dressing nets. Unfortunately a set of wrong 
decisions combined with the change of management and company’s acquisition by TZMO caused the loss 
of company’s position on the market.  

Apart from some market leaders like LPP (being a leader in the T/C sector in Poland) Polish companies 
resemble the pan-European trend of textile industry being low R&D intensive. The situation of Polish textile 
industry is even worse than in many European countries which is visible in the second of aforementioned 
reports. According to the NetFinTex entrepreneur’s survey, only 50% of the Polish textile companies 
confirm that they invest in innovation (in other questioned countries the result reached 85%) and only 13% 
declare any R&D activities (overall value among respondents was over 50%) [9]. Additionally more than 
50% companies are marketing innovations [10]. It follows from the content of the report that Polish 
companies more often than their counterparts from other countries protect their intellectual property 
using trademarks or brands [9]. On the other hand questioned Polish companies practically did not have 
patent application. Patents and the outlays on R&D are the two most important indicators of the 
innovativeness. It should be noted that, according to the research, Polish companies spend over 2.5% of 
their turnovers on scientific research and development of new products which is the best result among 18 
countries listed in the comparison. [10] Similar values (around 2.3%) were noted by Greece, Belgium, 
Lithuania and Sweden. T/C enterprises from Hungary, Greece, Portugal and Cyprus spend about 1% of their 
turnovers on R&D and the EU average was a little over 1.6%. This result does not stem from the fact that 
Polish companies are R&D intensive, but it rather origins in their relatively small turnovers. Polish 
companies indeed invest high percentage of their turnovers in research but the real values are considerably 
smaller than in most foreign enterprises. Currently there are only a few companies of relatively stable 
position on the market and appropriate funds which are able to measure up to foreign competitors. 
Formerly a fine example of such enterprises were Polish spinning mills, but nowadays none of five biggest 
spinning mills (‘Przędzalnia Zawiercie S.A.’, WIMA S.A., ELKO Sp. z o.o., Polontex and Przędzalnia Andropol) 
continue their production activity. Similar, but slightly better situation occurs in other branches of the 
textile industry.   

4.  R&D FINANCING ACTIVITIES AMONG THE POLISH TEXTILE COMPANIES 

In the age of shrinking textile market many corporations limit their investments and tend to focus on and 
develop one flagship product to gain competitive advantage. Not many companies are willing to take a risk 
and invest in research and development of many products simultaneously. Some bigger companies like 
Teofilów (knitting mill), Andropol (finishing mill) or some enterprises from clothing industry are active in 
terms of innovation and development, but still compared to the rest of the Europe Poland does not come 
out well. Our country is below average not only in terms of the number of innovative companies, number 
of innovative objects that use patents to protect their intellectual property, but also as far as the total sales 
of innovative products is concerned. 

A situation is slightly different when it comes to statistics about the number of innovators collaborating 
with other agents (including universities). Most of Polish textile companies do not possess sufficient funds 
to create their own laboratory or R&D department, so they often outsource such activities to external 
agents. A perfect example of such an external research unit could be the Textile Research Institute of the 
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Technical University of Lodz, which was very active in this field over the span of last 10 years. The Institute 
collaborated with many companies and managed to develop e.g. protective clothes for firemen, 
antibacterial materials for medical purpose, etc. Scientists from the Textile Research Institute not only work 
on developing different, innovative materials like functional nano- and micro textiles or barrier fabrics for 
the protection against harmful environmental influences, but they also actively cooperate with other units 
within e.g. Polish Federation of Apparel & Textiles or Gdynia Cotton Association [1]. Cooperation within 
such units is however not optimal since companies perceive other companies as potential competitors. 
Because of that they do not share all the information they possess thus full collaboration is impossible.   

5.  POLISH TEXTILE SECTOR ON THE EXAMPLE OF BACTERIOSTATIC FIBRES 

If the situation of the Polish textile market looks as presented, how does the sector innovate? Innovation is 
mostly connected either with adapting already existing, foreign products to local needs or with cooperating 
with foreign companies and introducing their products to the Polish market. That way companies limit their 
failure probability and introduce innovative products at a relatively low cost. The overall situation of textiles 
as far as innovations are concerned is perfectly resembled by aforementioned antibacterial and 
bacteriostatic materials. Recently antibacterial properties of materials were high on agenda: companies 
start to implement it into many products from cosmetics to ceramics, furiniture, mattresses to fibres and 
clothes. One of the first Polish textile companies which started to develop antibacterial products was 
Andrychowskie Zakłady Przemysłu Bawełnianego Andropol S.A. Since 1999 the company worked in 
collaboration with a Textile Research Institute of the Technical University of Lodz on a project partially 
financed by state budget aiming at developing special antibacterial materials for the medical industry 
(project was named “Przędze i tkaniny antybakteryjne na pościel i odzież dla służby zdrowia”). Successful 
cooperation of both units led to introduction of new bacteriostatic products to the market in 2003. Such 
fabrics were said to effectively diminish the risk of infections in hospitals, but despite the availability of a 
ready product there was no demand for it.  

The majority of patent applications was created in collaboration with external research units (in this case all 
were called for in cooperation with the Technical University of Lodz or the Textile Research Institute). 
Information from the Patent Office of the Republic of Poland confirm that the most popular form of 
securing protected knowledge is using trademarks or brands. The above list also confirms that the number 
of patent applications is relatively low, but sufficient to protect a few most popular methods of obtaining 
antibacterial and bacteriostatic properties in textile products. Currently there exist a few different methods 
of incorporating antibacterial properties to fibres and yarns - two methods proposed by Andropol S.A., the 
use of NAVIA™ products, Purista® technology used by the Fereti company and many others like Tencel® 
with aloe-vera layer in Gluck products to name a few. The first two methods were developed by Andropol 
S.A. together with scientists from the technical University of Lodz. The first one introduces bacteriostatic 
properties by incorporation of 2-hydroxy-4,2,4’trichlorobiphenyl (Anvasan AM 110 new). The fabric must 
be appropriately prepared, subjected to bioactive agent, dyebathed and subjected to anticontractile 
finishing. Andropol S.A. used such a technique to produce medical fabrics. The second method used by this 
company utilizes silver nanoparticles. The first step is to prepare a mixture containing Ag nanoparticles (the 
method used to create such a mixture was patented by the Technical University of Lodz), water as well as 
binding and condensing agents. Such mixture is later applied to various textile products with the use of 
printing, spraying or coating techniques. Another example of a substance which gains recognition in terms 
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of its bacteriostatic properties is silica with nanoparticles of silver V1. The idea for such a product was 
imported from abroad and developed in Poland by POCH S.A. which is a part of Kulczyk Holding. Product 
exhibits bacteriostatic properties – inhibits the growth of bacteria and eliminates nasty odors. 16.01.2008 
POCH’s silica gained acceptance of the Ministry of Health and was allowed to the market as a bactericidal 
product . The market name of this substance is NAVIA™. In cooperation with Webertex S.A., POCH S.A. 
developed the technology of its application to textile goods. After Webertex S.A filed a petition for 
bankruptcy, the product was adopted by Thanfarb S.A. and its application method was improved by this 
company in order to keep optimal bacteriostatic parameters for a longer time. Aforementioned Fereti 
company is a well known manufacturer of baby bedding. The company enhances its products with Purista® 
fabrics. The technology comes from the United States and is said to be a durable antimicrobial treatment 
that helps to control the bacteria growth. Each of presented companies tries to gain their competitive 
advantage using different approaches to the same type of innovation. At present Andropol S.A. is one of 
the biggest Polish textile companies. It is recognized as the leader in the production of military fabrics for 
the Polish army as well as produces many different types of fabrics. Their bacteriostatic fabrics for medical 
purposes are said to demonstrate bactericidal properties after 50 washing cycles. Tkanfarb claims that their 
technology is even more stable and can keep 85% of their original antibacterial properties after 70 washing 
cycles. Fereti on the other hand specializes in baby beddings and tries to increase their market share by 
narrowing the target group of potential customers. Also many other products are available on the market 
of antibacterial textiles but which of them will gain recognition among the customers will be verified by the 
market. 

CONCLUSIONS 

The end of the MFA and ATC in connection with other factors like an agreement with the Republic of 
Turkey about the free trade and the Polish accession to the Schengen zone had a harmful effect on the 
Polish textile sector.  The sector is globally considered as a low-tech and low R&D intensive [10], but it 
Poland the situation is even worse. Polish, once prosperous, spinning, weaving, dyeing and finishing mills 
no longer operate and the market is filled with cheap Asian products. What is more countries like China or 
India constantly improve the quality of their products while managing to keep extremely low prices. 
Despite this fact there are companies in the textile sector with a strong position on the market which are 
constantly searching for possibilities to become more competitive. In order to do that they invest in 
research and development which not only secures their position on the market, but also helps them to be 
abreast of new technologies. The example of antibacterial and bacteriostatic fabrics shows that innovation 
in the textile sector is not only possible but also necessary to increase the competitiveness of the sector 
and to gain advantage over cheap Asian imports. This situation can be generalized to other branches of 
textile sector, since the situation in terms of innovativeness is common for the whole sector. The presented 
example also points out that the majority of innovations base on foreign ideas. It stems from the fact that 
Polish companies do not possess sufficient funds to invest in their own R&D departments or to develop 
many products at the same time. Polish textile companies prefer to securely invest in one flagship product 
and minimize the risk of losing the position on the market.  
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Abstract 

The study of natural materials and creating of their similarities from the construction-, structure- and 
material point of view is relatively new and a perspective field, connecting results of scientific research in 
biology, chemistry, physics, material engineering, construction and design. At present time, a lot of these 
results are transferred into the industry applications.  As we can see - natural materials could become a 
source of inspiration on field of materials, technologies and construction as well as on field of 
nanotechnologies.  

Keywords: bionics, nanotechnology, scanning electron microscopy 

1.  GENERAL INTRODUCTION 

The bionics is a scientific discipline which studies natural materials and creates their analogies. The word of 
„bionics“ has been used for the first time about fifty years ago. It is composed by two parts of two words – 
biology and technics. The bionics is studying biological structures and processes with purpose to use 
acquired knowledge as models for development of synthetic systems.  

Of course, the purpose of bionics is not only imitation but mainly the utilization of the nature´s creative 
potential and the inspiration for constructions and technologies.  

The life on Earth originated about 3.85 to 3.5 billion years ago. During this time living organisms achieved 
almost perfect solutions in construction, remodelation processes and self-repairing [see e.g. 1, 2]. 

Observation of the nature and using of aquired knowledge practically accompanies the mankind from the 
beginning. As one of the first scientist in bionics could be highlighted e.g. Leonardo da Vinci. This brilliant 
perceptive observer overtook his period by hundreds of years. He made a lot of detailed studies of bird 
flight and construction plans of several flying machines, which were simulating the anatomy of bird- and 
bat wings. 

During last ten years this scientific branch has been going through the huge expansion. Partially it is caused 
by the fact with help of a scanning electron microscopy and/or other advanced imaging techniques we can 
realize a view into the enchanting world of weird structures and shapes where processes and technologies 
are coded in genetic information and raw materials are not processed in the blast furnace but have a 
natural origin and are biodegradable.  

The current spectrum of materials around us is outstandingly diverse and it changes corresponding to the 
type of community. People living in advanced developed and industial countries mostly use synthetic 
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Fig. 1 Placoid shark scales. The special shape and 
arrangement of the scales provides easy tear-off of 

water streamlines and reduces turbulent flow. 

materials. At the other hand people coming from developing countries are closely connected to the nature 
and prefer natural materials.   

To solve the question of: „which materials (synthetic or natural) are better?“, we should try to look closely 
at some natural materials as results of a million-year evolution.   

Several examples of plant- and animal kingdom were selected to illustrate some special functional 
structures that could become an inspiration for the nanomaterial science. 

2.  NATURAL MATERIALS 

2.1  Shark Skin 

Shark is one of the most feared predators living in the water world. The whole body is designed to hunt and 
kill his prey. His hydrodynamic body shape, aerobic muscle mass and the skin are covered with placoid 
scales to reduce friction during swimming, give it the ability to reach spectacular speed of 74 km/h and to 

move with great agility [3, 4]. What is 
remarkable is the special shape and 
arrangement of shark´s scales providing easy 
tearing-off of water streamlines and reducing of 
the turbulent flow [5] (Fig. 1). 

The shark skin structure has inspired the Speedo 
company to develop technology called FAST 
SKIN®. This technology is used in the 
manufacturing of swimwear in order to 
minimise the water resistance [6].  

The shark skin was also an inspiration for a 
research led by the Frauenhofer Institute, where a 
special substance has been developed [7]. This 
substance decreases the air and/or water 
resistance after application onto the surface of a 
plain or a boat. The substance is based on 
nanoparticles which resist to UV radiation, 
temperature changes and mechanical load. Very 
interesting is the way how the substance is applied 
on the surface - it is carried out using a template 
hich imitates the structure of the shark skin.  

New discoveries show that the structure of a shark skin could find an usage in medicine. Scientific team of 
Anthony Brennan from the Office of Naval Research has discovered a new material called Sharklet™ [8]. 
Sharklet™ is the world’s first technology which allows inhibiting a bacterial growth through the pattern 
alone. The antimicrobial Sharklet surface is comprised by millions of small diamonds, arranged in a distinct 
pattern that mimics the microbe-resistant properties of shark skin. Sharklet Technologies puts the pattern 
into the adhesive-backed films and manufactures the pattern into medical devices and consumer goods to 
prevent bacterial growth. 
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2.2  Beetle Wing Case 

Wing case of the carabid beetle (Carabusarcensis) is a remarkable example of extraordinary composite 
material. It is very light and simultaneously provides an effective mechanical protection.  

The wing case is composed of long chitin fibres (Fig. 2a) which cross in layers one above the other in angle 
of 90°. The square fibre cross-section (Fig. 2b) allows faultless filling the space between the fibres by a 
bonding agent – a protein matrix. Individual fibres are also interlinked by thin fibres which further enhance 
the coherence of individual layers. The number of layers corresponds with the level of the stress in 
different places of the wing case.  

The synergic effect between fibres and a protein matrix causes the extraordinary mechanical properties – 
the excellent torsion rigidity and the shear strength. The beetle wing case excels in its high resistance to the 
long-term dynamic stress. Peaks of potential cracks are split and expanded into large areas along many 
fibres and layers. It causes substantial drop in energy at the forefront of crack and stops its further growth.  

  
Fig. 2 A) Long chitin fibres cross in layers one above the other in angle of 90°; B) The fibre cross-section is 

square shape. Individual fibres are interlinked by thin fibres to further enhance the coherence of individual 
layers. 

The outer layer of wing case is chemically stabilized to be resistant to the damaging effects of UV radiation 
and a humidity. Water droplets caught on the surface of the wing case are being collected and drained by 
thin canals which are visible in Fig. 3a. In Fig. 3b we can see the fine structure of the wing case surface 
which is similar to roof tiles.  

 

A B 
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Fig. 1 A) Canals on the wing case surface; B) The wing case fine structure surface resembles to roof tiles. 

2.3 Hydrophobic plant surfaces 

As we can observe, surfaces of leaves and/or petals of many plants are cleaned completely from dust 
pollutions by a simple rain shower. Such leaves are called hydrophobic. That means that water droplets are 
forming into the spheres (Fig. 4) with very little adhesion to the surface and roll off very quickly even at 
small inclinations.  

   
Fig. 4 Small water dropplets formed on the hydrophobic surfaces. A) White Clover; B) Snowberry; C) Rose 

flower. 

This phenomenon, so called Lotus-effect, was studied and described in many publications [9-13]. The Lotus-
effect is usually related to the nanopatterns occurring on the surfaces of leaves. The main condition of 
hydrophobic surfaces is a roughness on the micro- and nanometer scales. This is a reason why contact area 
for water and pollution is extremely reduced. The basic connections between surface roughness and water 
repellence were worked out by Cassie and Baxter as well as by Wenzel [14, 15]. Hydrophobicity in nature 
could be achieved in different ways as illustrated in Fig. 5a-d. In Fig. 5a is the detail of the leaf of Lemon 
Bottlebrush (Callistemon citrinus) surface. This surface is covered with long thin trichomes (tiny hairs) 
which are in addition used to reflect radiation and lower plant temperature. They also provide defence 

A B 

A B C 
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against insects. The surface of white clover leaf is covered by submicron wax platelets seen in Fig. 5b. The 
water-repellent properties of snowberry leaves are caused by a submicron specific structure resembles 
“small fingers” (Fig. 5c). Their diameter is lower than 200 nm. In Fig. 5d is a rugged surface structure of rose 
petal.  

  

  
Fig. 5 SEM images of some different hydrophobic surfaces. A) Lemon Bottlebrush leaf; B) White Clover leaf; 

C)  Snowberry leaf; D) Rose petal. 

3. CONCLUSION 

Contemporary scientists struggle to invent and develop many new technologies to satisfy the demands of 
industrial progress. A desired solution can be often founded seemingly “ordinary things” around us. What 
we all have to do is to see and understand them. Nature is always giving very valuable lessons to the 
innovation. Functional structures observable in the nature have been evolving and improving over many 

A B 
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years and provide a surprisingly advanced and sophisticated solutions designed to satisfy the most 
demanding requirements of the environment. This is the reason why we should thoroughly examine, study 
and imitate our surroundings. The idea is to copy the function things from nature and apply them to our 
technology. Using this way we can work without unbalancing the nature.  
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Abstract 

Recently, the nanotechnology experiences a great development. Nanomaterials are applied in broad 
spectrum of technologies as automotive industry, construction materials, energy industry or 
electrotechnics. National Tissue Centre concentrates on applications of nanomaterials in medicine. Thanks 
to unique parameters of nanomaterials there is a wide range of applications in the field of medicine. Our 
group works on the selection of optimal polymer, its form and the most appropriate way of application. 
During the development of suitable carrier was chosen and the connection between the carrier and the 
nanaomaterial was optimized. The main goal is to choose the most convenient type of nanofibers and to 
combine them with eligible carrier. The combination is intended to allow broad usage for easy, quick and 
very specific application. The structure and suitability of the material was assessed by stereomicroscope 
and inverted microscope. If a sample passed set basic criteria, the combination of nanofibers and a carrier 
was further tested for pH changes and the cytotoxicity by use of cell cultures. Within the development, the 
unique combination of the nanofibered material and the carrier was chosen and optimized. The 
combination can be applied not only in the field of medicine, but also in the field of biomedicinal research. 
Nanofiber material offers also a new opportunity for tissue engineering and advanced therapy. The 
combination represents the new form for use of cellular applications to allow the use of modern, efficient 
and easy ways for treatment. The new quality treatment could be offered to the patients. 

Keywords: nanofibers, carrier, medicine 

1.  INTRODUCTION 

National Tissue Centre works in the field of applied research. The research concentrates on the possibilities 
of advanced therapy treatment. There has been several cellular products available on the market in the 
previous years but due to the change in the legislation there has been a step back in the use of autologous 
cellular therapy for the patients. We would like to overcome all the legislative difficulties to be able to 
revive the possibility treatment by cells, as we know, from the previous experience, the treatment using 
patients own cells is very effective. To restart the application of for example keratinocytes in the treatment 
of burns, we need a new carrier, that would pass several criteria. We were looking in several places for an 
ideal scaffold to carry the cells and allow an ideal application. We were looking for a biocompatible 
material, very fine but firm, to be sterile or sterilisable. We found a solution in the use of biocompatible 
nanofiber scaffold. The research in the field of nanofiber carrier was realized in cooperation with ELMARCO 
Company.  
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2.  MATERIAL A METHODS 

Within the development, there was 12 polymers at the beginning, among others we cans list gelatine A , 
Polylactid (PLA) or Poly caprolactone (PCL). All polymers were produced by the method of electrospinning 
[1]. Elektrospinning is a method, where nanofibers are obtained from solutions of chemicals in solvents. By 
applying high voltage (3-30kV) between the edge of the syringe with the solution and the collector (usually 
in the form of a plate) the Tailor’s cone is formed from the solution droplets due to electrostatic forces [2]. 
At the edge of the syringe, we can see instead of the drops observe exponentially tapering cone which 
diameter tends to submicrometer dimensions. The direction of the end of the cone is not constant, but 
spins in the surrounding of its base. 

12 materials prepared by elektrospinning was assessed on the basis of their biocompatibility, 
biodegradability, cytotoxicity, mechanical properties in dry condition and after exposure to liquid media 
containing serum and the optical properties of the material were also evaluated. The materials were 
assessed with great emphasis on the final application as a scaffold for autologous or allogeneic cells. We 
have set a condition of the transparency of the material to allow the observation of the cell sheet seeded 
on the scaffold. Another very important parameter was determined by good handling of the material, to 
avoid the damage of the layer of nanofibres, but also to avoid the loss or a damage of the active layer of 
the cells during the final application. Once the material complied with the set of criteria, the influence of 
various sterilization methods on the nanofiber material was tested and afterwards wide range of 
primokultivated cells was seeded onto the scaffold. The growth and interactions of each culture with the 
material were monitored. 

3.  RESULTS 

Within the choice of appropriate polymer, there were selected three suitable materials. As the most 
suitable were evaluated polycaprolacton (PCL), Polylactid type 1 (PLA 1) and Polylactid type 2 (PLA 2) - (type 
1 and type 2 differed in the way of preparation). 

All of the chosen materials reached the best results 
within the evaluated macroscopic parameters as the 
generation of particles, strength or the deformation of 
the material. The change in pH and subsequently short-
degradability was evaluated at the first step of testing of 
the effect of commonly used tissue culture medium on 
the nanofiber material. For all the chosen materials 
there was no increase in pH on the contact with the 
media, on the contrary, if the pH was changed at all, the 
change was always in the direction towards more acidic 
pH, but the final change was not more than 0.5. 

Fig. 1 PLA 1 - inverted microscope; magnif. 100x  
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Fig. 4 Fibroblasts on PLA 1, mag. 120x 

 

Fig. 2 PLA 1 - inverted microscope; magnif. 100x  Fig. 3 PCL - inverted microscope; magnif. 100x 

From selected materials, PCL nanofiber material was chosen for further technological development and 
work. This material was subjected to final sterilization by the vapour of ethylene oxide, broad-spectrum 

antibiotic solution and radiation sterilization. 
Subsequently, primokultivated human fibroblasts were 
applied. By the good growth of fibroblasts on the 
scaffold without contamination, the effectiveness and 
safety of used sterilization method was confirmed.  

Furthermore, the pattern and rate of growth and the 
morphology of cells on the scaffold was observed. 
Figure 4 is taken from an inverted microscope at 120x 
magnification, on the picture, the PLA nanofiber 
scaffold, radiation sterilized with growth of 
primokultivated fibroblasts.  

When comparing the material sterilized by various 
methods, the difference was not observed in any of the above parameters. Figure 4, 5 and 6 shows the 
growth of primokultivated cell cultures.  

      Fig. 5 – keratinocytes on PLA 1, mag. 100x            Fig. 6 – keratinocytes on PCL , mag. 120x 
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On the figure 4, the growth of fibroblasts on PLA is pictured, the growth of primocultivated keratinocytes  is 
shown on figure 5.  Figure 6 shows keratinocytes dyed by trypan blue solution for better visualization and 
detection of viability on the nanofibers made from PCL.. The cells shown on the fig. 5 and 6 were seed at 
concentration of 5x10e5, figure 5 represents the growth following 24 hours, figure 4 and 6 reveal the 
confluence 48 hours following the seed of cells.  Expect listed cultures, the interaction of osteocytes and 
mesenchymal stem cells with nanofiber materials was tested. For all tested cultures the achieved 
confluence was 90-100% following 48hous of culture. 

The optimal surface mass of nanofibers on the carrier was tested in a wide range, but its optimum value 
has not yet been found. This parameter will continue to undergo development with regard to the intended 
application and the possible availability of optical technology.  

4.  CONCLUSION 

Based on our previous testing and development in the field of  nanofiber scaffolds for tissue engineering, 
polycaprolacton in the form of nanofibers seems very promising material to form very good quality scaffold 
for the application of autologous or allogeneic cells in medical practice, and also is deemed as a good cell 
carrier for the testing of cellular responses in vitro. 

During the development and testing process was the production of nanofiber scaffold was transferred from 
the testing to production scale by the use of Nanospider [3]. Nanospider is a variant of the electrospinning 
method, when Tailors cone does not arise from the edge of the syringe, but is pulled out of the level of the 
solution. On the level of the solution there may occur many of Tailors cones, therefore much higher rate of 
production of nanofibres is reached (about 100x) compared to the basic method of electrospinning [4]. This 
technology originated at the beginning of the 21st century at the Technical University, Liberec, Czech 
republic and is further developed commercially by Elmarco Company. Compared to the electrospinning 
method, Nanospider represents especially acceleration of production, higher process stability, long term 
production (up to 10hours per batch) and the layer of nanofibers is in uniform, transverse direction. 
Nanofibers are not applied onto the static collector, but they are produced onto the moving background. It 
can be called a band production. 

There is a Nanospider line in the National Tissue Centre to allow the production of nanofiber scaffolds for 
the various applications to be used to help to recover suffering patients and to bring them back to common 
life sooner.  
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Abstract 

Estimated more than 60% of bacterial infections currently treated in hospitals are caused by bacterial 
biofilms. Polyethylene catheters show a high risk of bacterial colonization. The prevention of biofilm 
formation is therefore a necessary step in the successful prophylaxis of such infections. One of the methods 
to protect polymer biomaterials is an incorporation of organic or inorganic additives with antibacterial 
efficiency to the polymer matrix during polymerization or processing. In chemistry, pharmacy and medical 
practice a number of antimicrobial agents is used. In the presented investigation we compare the 
antibacterial effectiveness of Björkman lignin isolated from beech wood to Bronopol, Benzalkonium 
chloride, Chlorhexidine and Silver nitrate. Polyethylene films with 2 wt% of antibacterial additives were 
prepared by solution casting from boiling xylene with consequential compression molding. Antibacterial 
activity against Escherichia coli and Staphylococcus aureus was determined by agar diffusion test. A 
polyethylene film without antibacterial additive showed bacterial growth. All tested antibacterial additives 
proved antimicrobial activity determined by the means of inhibition growth zones in millimeters. The effect 
of Björkman beech lignin is comparable with Bronopol and Chlorhexidine. The highest antibacterial activity 
was recorded for Benzalkonium chloride. These results indicate that the nano-Björkman lignin (particle size 
up to 60 nm) isolated from beech wood has great potential as antibacterial agent for polymer blends. 
Moreover, stress-strain analyses of the prepared films showed that the addition of 2 wt% nano-Björkman 
lignin did not alter the mechanical properties of polyethylene films.  

Keywords: lignin, polyethylene, antibacterial activity, films  

1. INTRODUCTION 

Microorganisms colonizing medical devices are responsible for many nosocomial infections and are 
estimated often to be the cause of medical treatment failure with imminent danger of death. In addition to 
life threatening effects, this generally leads to increased total costs for patients. More than half of 
nosocomial infections of patients with implants are caused by contamination by microorganisms and 
require removal of the implant1-2. There are a few methods how to achieve polymer biomaterials with 
antimicrobial activity: 1) sanitization of medical devices by direct rinsing in a bacterial solution, 2) 
preparation of polymers bearing groups with antimicrobial activity3, 3) treatment of polymer samples with 
plasma technique and then surface coating with antibacterial agents4, 4) surface modification of 
biomaterials with antiseptic coating5 5) graft copolymerization of plasma treated samples followed with 
surface coating with antibacterial agents6, 6) incorporation of organic or inorganic additives with 
antibacterial efficiency to the polymer matrix during polymerization or processing7. In chemistry, pharmacy 
and medical practice a number of antimicrobial agents including formaldehyde, terpenes, iodine, hydrogen 
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peroxide, benzoic acid, benzoic anhydride, fatty acids, sorbic acid, potassium sorbate, silver ions, 
chlorhexidine, triclosan, benzalkonium chloride, bronopol have been used. The requirements for the 
development of an ideal antibacterial agent are multiple and complex  including low price, long-term 
stability, biocompatibility, easy processing methodology with medical polymer, no leeching or very slow 
leeching rate, no toxic by-product emission, broad spectrum of antimicrobial effectiveness. The substantial 
difficulty is toxicity of some antibacterial agents to aquatic organisms and their bioaccumulation potential8. 
Despite the broad spectrum of the named antimicrobial agents, the problem of the biofilm formation on 
the surface of medical devices is still not sufficiently solved. Beside synthetic antibacterial agents, there are 
biomolecules with antibacterial influence (e.g. lignin, tannin, lysozyme, nisin, and chitosan). However, their 
effectiveness and utilization for medical polymers have not been thoroughly investigated yet. A number of 
factors including the molecular weight, the structure of the counter anions, the spacer length, and 
hydrophilic-lipophilic balance affect the effectiveness of antibacterial compounds9.  

A distinguished challenge is prevention of the biofilm (microorganisms aggregates adhering on the surface 
of the polymer product) development. An important characteristic of microbial biofilms is their innate 
resistance to the immune system and to the antibiotics10. This resistance has made microbial biofilms a 
common cause of medical infections, and makes it difficult-to-treat infections caused by colonized medical 
catheters. Prevention of biofilm formation is therefore a necessary step in the successful prophylaxis of 
such infections. Generally, the formation of biofilm requires ensuring some environmental conditions, e.g. 
nutrient source, pH, temperature, surface roughness, polarity and osmolarity.  

First stage of the biofilm development is initial attachment of free-floating bacteria planktonic cells to a 
polymer surface. Bacterial adhesion is accomplished with difficulties on the hydrophilic surface. Lignin is 
three-dimensional amorphous non-toxic biopolymer with both hydrophobic and hydrophilic character. The 
structure of lignin sample depends on genetic origin 
and also on the conditions of isolation and processing 
(Fig.1). 

Concerning lignin it was already reported that lignins 
modified by oxidative treatment have potential to 
decrease hydrophobicity of polypropylene12.  

The objective of this work was to assess the 
antibacterial effectiveness of nano-Björkman lignin 
used as antibacterial additive in polyethylene (PE). The 
hypothesized effect of lignin on the PE is shown in 
Fig.2. 

 

 

 

 

 
Fig. 1 Influence of processing on the properties  

of lignin sample. Figure adopted according Glasser11 
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Fig. 2 The hypothesized effect of nano-Bjorkman lignin addition in biofilm formation on the polyethylene 
surface 

2.  EXPERIMENTAL PART 

2.1  Materials 

Dowlex 2388TM Polyethylene resins (PE) as an ethylene/octane-1 copolymer, with density of 0.941 g/cm3 
and melt index (190°C/2.16 kg) of 0.559 g/10 min was obtained by The Dow Chemical Company (Belgium). 
Bronopol (2-bromo-2nitro-1,3-propanediol) (98.0%, purum) was supplied by Fluka (USA).  Benzalkonium 
chloride (C12H25N(CH3)2C7H7Cl, chlorhexidine (1,1´-hexamethylene bis[5-(4-chlorophenyl)biguanide] (98.0%), 
silver nitrate (99.0%) were supplied by Sigma-Aldrich (USA) and m-Xylene (98.5%) was obtained from 
Lactan (Austria). Björkman lignin with a particle size of 60 nm was isolated from beech wood flour in our 
laboratory according Björkman13. 

2.2  Sample preparation 

PE films with 2 wt% of various antibacterial additives were prepared by a solvent casting technique in m-
Xylene with a weight ratio of 1:20 at 100°C for 1 hour. The polymer solution was poured in Teflon dish and 
the solvent was allowed to evaporate at room temperature for 12 hours and then dried in a vacuum oven 
at 80°C for 48 h. The dried thick white brittle film was pulverized and compression molded (COLLIN P 
200PV) at 150°C, 10 MPa for 7 min between flat sheets of 150 μm thickness with consequential cooling to 
room temperature. Films were stored for one week at standard conditions (23°C, 50% RH) prior to testing. 

2.3  Mechanical Properties 

Tensile properties (tensile strength at maximum �max, tensile strain at break Ɛb and E modulus) of the films 
were measured in tension as per ISO 527 using a tensile tester (SHIMADZU AGS-X). The span length of dog 
bone samples was 25 mm and the crosshead speed of 1 mm/min was employed. All mechanical parameters 
were derived by averaging five experimental runs.  
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2.4  In vitro antibacterial activity 

The antibacterial properties of PE films were assessed by using an agar diffusion test. Round specimens (8 
mm in diameter) were placed on the surface of an individual nutrient agar plate, where bacterial solution 
(4x108 CFU ml-1) of chosen microorganisms (Escherichia coli 3954, and Staphylococcus aureus 3953) had 
been swabbed uniformly. After 24 h inhibitions zones were measured in four directions, and the average 
values were used to calculate the circle zone inhibition area. 

3.  RESULTS AND DISCUSSION 

In order to find out the effect of various antibacterial additives (see Table 1) on polyethylene films, the 
solution casting with consequential hot pressing as the processing methodology was chosen thus unifying 
differences in melting temperatures of individual antibacterial additives and polyethylene. The obtained 
color of dissolved polyethylene in Xylene depended on the kind of added antibacterial additive as is shown 
in Table 1.  
Table 1 Properties of antibacterial additives 

Additive Application EU classification of 
danger 

Melting 
temperature 
(°C) 

Mixture color 
with PE in m-
Xylene 

Bronopol the use as preservation 
agent has been declined 
for health hazard 

potential for 
nitrosamine 
formation 

130 pale yellow 

Benzalkonium chloride biocide, cationic 
surfactant, phase 
transfer agent 

C, N 29-34 yellow 

Chlorhexidine antiseptic Xi, N 134-136 pale yellow 

Silver nitrate antiseptic C, N 212 red-brown 

Björkman lignin - - nm dark brown 
C- corrosive, N- dangerous for the environment, Xi- irritants, nm- not measured 

It is known that the incorporation of any substances into polymer formulation, even in low concentration, 
may affect mechanical properties of the bulk composite, often in a negative direction. Mechanical testing 
was undertaken to examine the influence of the addition of 2 wt. % various antibacterial additives (see 
Table 1) on the mechanical properties of PE films. From the data in Table 2 it becomes apparent that PE 
films containing bronopol and Björkman lignin did not influence tensile strength at maximum in comparison 
to neat PE film. Benzalkonium chloride, chlorhexidine and silver nitrate slightly decreased tensile strength 
of PE films. The all synthetic antibacterial agents just slightly decreased the resulted values of tensile strain 
at break of PE films. The presence of 2 wt. % of Björkman lignin has no influence on the tensile strain of the 
PE film. E moduli of the PE films with the presence of antibacterial additives were clearly higher than that of 
neat PE film. It can be concluded that no dramatic deterioration in the mechanical properties of PE films 
due to the presence of antibacterial agents is observed.   
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Table 2 Mechanical properties of polyethylene films with various antibacterial additives (average values 
with standard deviation in parentheses, N=5)  
Sample �max 

(MPa) 
Ɛb 

(%) 
E modulus 
(MPa) 

PE 18.4 (2.1) 752 (44) 351 (19) 
PE + 2% Bronopol 18.2 (1.4) 609 (98) 439 (40) 
PE + 2% Benzalkonium chloride 16.7 (0.9) 602 (62) 415 (56) 
PE + 2% Chlorhexidine 17.8 (1.7) 673 (41)  448 (23) 
PE + 2% Silver nitrate 17.6 (1.8) 715 (42) 401 (40) 
PE + 2% Björkman lignin 18.0 (2.2) 753 (68) 395 (28) 

The results of the antibacterial activity studies, accomplished by agar diffusion test method, are presented 
in Figure 3. The investigation of the antibacterial effectiveness of the used antibacterial agents was focused 
against both Gram- negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacterial strains. 

 
Fig. 3 Dependence of antibacterial activity of polyethylene films on the used antibacterial agent 

The range of the diameter of the growth inhibition zone show that all used additives were antibacterial 
effective against both used bacterial strains; however Escherichia coli strains were more resistant. It is 
already known that Gram-negative bacteria with more complex cell walls are less influenced by external 
impacts43-marta. The highest antibacterial activity against E. coli and S. aureus shows benzalkonium chloride 
and silver nitrate. The efficiency of nano-Björkman lignin is comparable with bronopol and chlorhexidine.  

4.  CONCLUSIONS 

The presented study aimed to approve the antibacterial effectiveness of non-modified Björkman lignin 
derived from beech wood flour, used as additive in polyethylene films prepared by solution casting with 
consequential compression molding. Its activity was compared with common used synthetic antibacterial 
effective additives. From the practical point of view it is important to mention that the used Björkman 
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lignin in PE was antibacterial active and its presence did not deteriorate mechanical properties of the final 
films. The future intention is to investigate the effect of the oxidative treatment on Björkman lignin 
antibacterial activity in PE films.  
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Abstract 

All countries systematically promoting nanosciences and nanotechnologies pay particular attention to 
potential risks associated with research, development and applications in this field. Specific national nano-
regulations and risk management systems are introduced there. The most active countries in 
nanotechnology governance are in Europe Germany, Great Britain, France, The Netherlands and Swiss and 
also Austria, Norway and Finland. Beyond Europe the leading role in this respect play USA, Canada and 
Australia. The presentation will provide a brief overview of how the mentioned countries govern the 
development of nanotechnologies with the aim of avoiding potential risks associated with them and define 
adequate regulations and risk management structures with reference to both EHS (Environment, Health 
and Safety) issues and ELSA (Ethical, Legal and Social) aspects. Experiences of these countries may provide a 
model for the Czech Republic.  

Keywords: nanotechnology, nano safety, nano risk 

1.  INTRODUCTION 

There is no doubt that commercial products containing nano particles represent innovation and help us in 
our normal life, whether they are products for household, sports, cosmetics, medicine or food  goods.  
Similarly, use of nanotechnologies and nanomaterials in electronics, photonics, energy, etc. brings great 
benefits to people.  

However, it is known that nanoparticles due to their small size can penetrate cell walls and influence the 
life processes. Therefore, the question is whether and how nanoparticles can also be harmful to human 
health and negatively affect the environment. 

All over the world, therefore, extensive research is performed  on nanoparticles which are used in 
commercial products. In March 2011 it was reported [1]  that on the global scale more than 1300 consumer 
products contained nanoparticles are present and that this number have been constantly growing. The 
most exploited nanomaterials are: nano forms of silver, iron, gold, carbon, titanium dioxide, zinc oxide, 
silica and cerium oxide. The research is initiated and supported mainly by governmental institutions such as 
the European Commission or the NNI in the United States, international organizations such as OECD and 
national authorities. 

Despite the large amount of experimental data on nanoparticles that are already available not enough 
knowledge exists on how particular nanoparticles interact with living organisms and whether they can 
cause some health problems. Discussions on how to ensure nano safety are therefore common among both 
authorities and ordinary citizens. Citizens and their representatives are usually calling for labeling products 
containing nanoparticles and for specific regulations.   
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 It is therefore understandable that in professional circles and the general public the talk about how to 
prevent potential risks when dealing with nanoparticles or with products containing them. It is required 
labeling of products containing nanoparticles and also set standards for the use of nanoparticles and 
treatment. In EU the European Commission and the European Parliament have different opinions 
concerning “hard regulation” and “voluntary measures”. Some European countries have already introduced 
national regulations or are going to do it.   

2.  EUROPEAN COMMISSION NANOSAFETY RESEARCH 

2.1 Projects support  

Within the EU Framework Programmes, completed FP6 and current FP7, the Commission encouraged and 
supported a considerable amount of research projects focused on study of properties of nanoparticles with 
regards on nanosafety. The list of such projects can be found on the web page of the Nanosafety Hub of the 
ETPIS – European Technology Platform on Industrial Safety [2]. We highlight some of these projects: 

NANOSAFE2 - Safe production and use of nanomaterials: development of risk assessment and management 
for secure industrial production of nanoparticles (completed in 2009) 

ENRHES - Engineered Nanoparticles: Review of Health and Environmental Safety: comprehensive and 
critical scientific review of the health and environmental safety of fullerenes, carbon nanotubes (CNTs), 
metal and metal oxide nanomaterials (completed in 2009) 

NANEX - Development of Exposure Scenarios, for Manufactured Nanomaterials: catalogue of generic and 
specific (occupational, consumer and environmental release) exposure scenarios for manufactured 
nanomaterials (completed in 2010) 

ENPRA - Risk Assessment Of Engineered Nanoparticles: latest advances in toxicology (2009-2012) 

NANOSUSTAIN - Development of sustainable solutions for nanotechnology-based products based on hazard 
characterization and LCA: investigation of products containing CNT, nano TiO2, nano ZnO and nanocellulose 
(2010-2013) 

HINAMOX - Health Impact of Engineered Metal and Metal Oxide Nanoparticles: Response, Bioimaging and 
Distribution at Cellular and Body Level: investigation of TiO2 and ZnO as catalysts and UV protectors, CuO in 
anti-fouling paints, Al2O3 as a surface protector, CeO2 in polishing, indium-tin oxides forming anti-
electrostatic coatings and various rare earth oxides in electronics manufacturing (2009-2012) 

NANORETOX - The Reactivity and Toxicity of Engineered Nanoparticles: Risks to the Environment and 
Human Health: investigation of TiO2, SiO2, ZnO, CuO, CdS, Ag, Au (2008-2012) 

NANOIMPACTNET - The European Network on the Health and Environmental Impact of Nanomaterials: 
network of leading European research groups involved in the study of the environmental and health impact 
of nanomaterials with activities in nanosafety, nanorisk assessment, and nanotoxicology (2008-2012) 

2.2 International collaboration 

The European Commission recently initiated establishment of the NanoSafety Cluster, a cluster of projects 
promoting nanomaterial safety [3]. Aim of the cluster is to maximise the synergies between the existing FP6 
and FP7 projects addressing all aspects of nanosafety including toxicology, ecotoxicology, exposure 
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assessment, mechanisms of interaction, risk assessment and standardisation. The cluster is coordinated by 
Professor Kai Savolainen, Director of Nanosafety Research Centre, Finnish Institute of Occupational Health 
(FIOH) and has 7 working groups: Materials, Hazard, Exposure, Database, Risk, Modelling and 
Dissemination.  

The NanoSafety Cluster published in 2011 Compendium of Projects in the European NanoSafety Cluster, 
2011 Edition (editors M. Riediker and G. Katalagarianakis, 218 pages) [4],  an updated version of the 2010 
edition. It contains detailed information on 24 EU projects including names and contacts of project 
partners. 

One of the aims of the NanoSafety Cluster is to promote EU-US nano EHS dialogue. On March 10-11, 2011 
US and EU jointly held a workshop US – EU bridging nanoEHS research efforts   at the George Washington 
University [5]. Presentations of top representatives of the European Commission, US National 
Nanotechnology Coordinations Office and governmental authorities, OECD, leading companies and 
institutions are available on the web site [6]. 

The European Commission has recently launched a new infrastructure project, QNANO – A pan-European 
infrastructure for quality in nanomaterials safety testing [7]. This four year project began in February 2011 
and comprises 27 top European analytical & experimental facilities in nanotechnology, medicine and 
natural sciences. It aims to create an integrated hub to support Europe’s nanosafety research community. 
Besides other tasks QNano is dedicated to provide members of the European nanosafety community access 
to nanomaterials processing, characterisation and exposure assessment facilities. Access to these 15 major 
European research sites is via a single application and evaluation process. 

2.3  Repository 

An European repository of reference nanomaterials was recently created in the JRC Institute for Health and 
Consumer Protection [8]. So far it contains 25 different types of reference materials (CNTs, nanoparticles of 
silver, gold, titanium dioxide, zinc oxide, cerium oxide, silica and bentonide) for use in standardisation. 

3.  EU NANOSAFETY REGULATIONS AND STANDARDS 

3.1  Current hard and soft regulations in EU  

The main EU regulation with an impact on nanosafety, European Community Regulation on Chemicals and 
their safe use – REACH [9], was published on 18 December 2006 and entered into force on 1 June 2007. It 
addresses chemical substances in whatever size, shape or physical state, though no special provisions 
referring nanomaterials are given there. The European Commission considers this document as a sufficient 
regulation for nanomaterials. REACH is based on the principal that manufacturers, importers and 
downstream users have to ensure that they manufacture, place on market or use substances that do not 
adversely affect human health or environment. Regulatory aspects of nanomaterials under REACH are in 
detail discussed in the Commission Staff Working Document [10] published in June 2008.  

A more specific regulation, EU Regulation on Cosmetic Goods [11] issued in November 2009 contains a 
special article (No 16) on nanomaterials. 

European Commission published in 2008 a Recommendation CoC  - Code of Conduct for responsible 
nanosciences and nanotechnologies Research [12].  This complementary measure to existing hard 
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regulation recommends the stakeholders in the member states how to undertake nanosciences and 
nanotechnologies research in a safe, ethical and effective way, supporting sustainable economic, social and 
environmental development. CoC is based on seven general principles: Meaning, Sustainability, Precausion, 
Inclusiveness, Excellence, Innovation and Accountability. Explanation of these principles is given in the 
document. 

The European Parliament at its meeting in April 2009 asked for tighter controls on nanotechnologies [13], 
particularly in the case of chemicals and materials, cosmetics, foods, occupational health and worker 
safety, environmental safety and waste. Therefore, the European Commission will review all relevant 
legislation by the end of 2011 with a view to propose regulatory changes where necessary and to develop 
more nano-specific instruments for the implementation of regulation. 

3.2 Current ISO TC 229 standards  

An overview of ISO standards concerning measurement and characterisation of nanoparticles and in the 
field of health, safety and environment is presented in the report DEVELOPMENTS IN NANOTECHNOLOGIES 
REGULATION & STANDARDS – 2011 [14] elabotated within the FP7 project ObservatoryNANO: 

ISO/TS 10808:2010 - Characterization of nanoparticles in inhalation exposure chambers for inhalation 

ISO/TS 10867:2010 - Characterization of single-wall carbon nanotubes using near infrared 
photoluminescence spectroscopy 

ISO/TS 11251:2010 - Characterization of volatile components in single-wall carbon nanotube samples using 
evolved gas analysis/gas chromatograph-mass spectrometry 

ISO 10801:2010 - Generation of metal nanoparticles for inhalation toxicity testing using the 
evaporation/condensation method 

ISO 29701:2010 - Endotoxin test on nanomaterial samples for in vitro systems -- Limulus amebocyte lysate 
(LAL) test 

ISO/TR 12885:2008 - Health and safety practices in occupational settings relevant to nanotechnologies 

ISO/TR 13121:2011 - Nanomaterial risk evaluation. 

4. NANOSAFETY NATIONAL AND INTERNATIONAL ACTIVITIES  

In September 2010 a high-level workshop Towards a regulatory framework for the traceability of 
nanomaterials took place in Brussels [15]. Conclusions of the action highlighted all tasks to be solved in 
order protect the workers, consumers health and the environment, and at the same time guarantee the 
development of a secure and sound economy based notably on innovation and societally acceptable 
industrial applications.  The full text of of the Conclusions and individual presentations are given in [15]. 

8th Meeting of the OECD Working Party on Manufuctured Nanomaterials held in Paris 16-17 March 2011 
discussed recent achievements in individual countries in the field of human health and environmental 
safety of manufuctured nanomaterials. The OECD document CURRENT DEVELOPMENTS/ACTIVITIES ON THE 
SAFETY OF MANUFACTURED NANOMATERIALS [16] contains a large range of information on situation in 9 
countries in Europe, 8 countries beyond Europe and 4 international organisations. 
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Open questions will be discussed at conferences. We highlight at least two of them which will be held in 
2012, namely SENN2012 [17] and nanoSAFE´12 [18]. The goal of SENN2012 – International Congress on 
Safety of Engineered Nanoparticles and Nanotechnologies (Helsinki, 28-31 October 2012), organized by 
NANODEVICE project partners and the Finnish Institute of Occupational Health is to summarize and share 
the latest knowledge on the safety of engineered nanomaterials and nano-related technologies. Its another 
aim is to enable commercial opportunities for the safe use of these materials and technologies. The second 
conference, nanoSAFE´12 – International Conference on Safe production and use of nanomaterials 
(Grenoble, 13-15 November 2012) will be the third conference of of this series organized by MINATEC – 
France.  

Research of EHS issues and regulatory aspects are considered a priority in all countries which have 
developed their national nanotechnology strategy/plans. Among them, the most active in Europe are 
France, Germany, Switzerland, the Netherlands and UK. We present here short profiles of them: 

FRANCE: The Nano-INNOV plan was launched in mid 2009 by the French Research Ministry. The nano 
research is concentrated within CNRS (Centre National de la Recherche Scientifique) and CEA (Atomic 
Energy and Alternative Energies Commission). CNRS developed a Network of competence centres C´Nano 
which organize specific programmes on ELSA. CEA coordinates the large EU project NANOSAFE.  

GERMANY: Action Plan Nanotechnology 2015 launched by the German Ministry for Education and Research 
BMBF outlines the strategy for further resposible development, innovation and public dialogue for the 
period 2010-2015. Regulations and standards are emphasized as priorities. 

SWITZERLAND: Swiss Action Plan on Synthetic Nanomaterials has been in force since 2006. During this 
period several publications were issued, namely Safety data sheet (SDS): Guidelines for synthetic 
nanomaterials (last modification in December 2010),  Nanoparticles at workplaces (2009), Report on nano 
waste management (2010) and Fire and explosion properties of synthetic nanomaterials (2010).   

THE NETHERLANDS: In 2010 the Dutch government approved the continued investment in the successful 
nano- and microtechnology programmes MicroNed, BioMade and NanoNed. NanoNext NL is a newly 
established national colleborative programme joining more than one hundred companies, universities, 
institutes and university medical centres. It was launched on 9 June 2011. Risk analysis and technology 
assessment is one of 10 programme priorities. 

UK: In March 2010 the UK government published the UK Nanotechnologies Strategy – Small Technologies, 
Great Opportunities [19].  It is a plan for realization of the vision presented in the introduction: “„The UK´s 
economy and consumers will benefit from development of nanotechnologies through Government´s 
support of innovation and promotion of use of these emerging and enabling technologies in safe, 
responsible and sustainable way reflecting the needs of the public, industry and academia.“  
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Abstract 

This work is a follow-up to an earlier one in which we presented the radioprotective properties of a water-
soluble C60 fullerene derivative (DF) which had been obtained by a reaction of C60 fullerene with peracetic 
acid and subsequent hydrolysis. Radioprotective properties were proven in vivo (testing organism – danio 
rerio, the concentration of DF solution 147 mg/l) as were its non-toxic properties on this sensitive organism. 
But we observed cytotoxic properties in vitro on guinea pig kidney cells (as a testing culture) and largely on 
melanoma cells. In this work we pursued the reasons for cell toxicity. We used the NanoSight LM10HSB 
analysis for determining the nanoparticle size and concentration in used DF solution of 147 mg/l. It was 
confirmed that the system contained larger particles than 100 nm and was polydispersed. After filtration 
with a 0,1μm filter and under a 20x and 10x objective, the system showed a nice and quite monodispersed 
distribution of modal particle size 42 + 53 and 60 nm in concentration 3.5x108 particles/ml and 10x108 
particles/ml respectively. We can explain the cytotoxic properties in vitro by different particle size in the 
polydispersed DF solution which was not significant for the entire biological system (danio rerio) living in DF 
solution, but which was important for the separated different cells culture. During repeated In vitro 
experiments, the nanoparticles smaller than 60 nm were able to penetrate into the cells and did not cause 
physical cytotoxicity associated with the coagulation of aggregates on the cell surfaces like as before the 
filtration. The radioprotective effect of DF in vitro developed as well.  The cytotoxicity on melanoma cells 
was proven in both cases, but the mechanism could have been different. In any case, this is the positive 
medical effect with a potential utilization in cancer radiotherapy . 

Keywords: water soluble fullerene derivative, NanoSight analysis, toxicity in vitro, radioprotective 
properties. 

1.  INTRODUCTION 

Fullerenes, due to their specific properties, have found their use not only in an entire line of technologies 
but in living systems as well. The study of toxicity and biological applications of fullerenes is attractive and is 
enjoying a growing trend despite the need to overcome problems with low solubility of the actual 
hydrophobic carbon sphere in physiological media, accompanied by the formation of aggregates, or 
clusters [1]. It was found that the C60 clusters may cause oxidative damage in the brain of fish [2]. We are 
able to increase their solubility by appropriate derivatization and addition of hydrophilic functional groups 
which interact with water. It is also obvious that the dimensions, hydrophobicity, three-dimensional 
structure, ability to form unusual complexes and electron effects predetermines fullerenes to usage in 
medical chemistry where they have already found their use as neuroprotective substances [3,4,5], and their 
antiallergic action has also been described [6]. Some compounds have been observed to act as potentially 
anticancer substances, they inhibit the growth of tumour cells and they are capable of suppressing the 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

198 

proliferation of the cancerous cells by its own virtue [7]. They can be used as a radical scavenger; in fact, 
some water-soluble derivatives are able to reduce reactive oxygen species (ROS) concentrations [8]. In 
water, polyhyrdoxylated fullerene (fullerenol – FRL) shows the ability to eliminate superoxide O2

- radicals, 
OH and H radicals and other oxidants such as H2O2, HO2  which attack lipids, proteins, DNA and other 
macromolecules. The protective activity of fullerene and its derivatives is based on an ability to react with 
radical forms of acid, which reduces damage to the organism by free radicals.  The hypothetic radical 
mechanism of FRL is described in the work [9,10]. Injac Rade et al summarize current investigations about 
biological activity of the water-soluble derivative of C60 and its potential bioapplicability [11].  

Data on the methods of functionalisation of C60 and C70 fullerenes published over the last 15 years are 
summarised in the work [12]. The published method of C60(OH)24 synthesis is the addition of 24 bromine 
atoms on a fullerene sphere (polybrominated derivative) with the subsequent substitution of bromine with 
hydroxyl groups [9,10]. According to our experiences, we have a problem with a sodium of residual amount 
in the product. Furthermore, the solubility of this C60(OH)24 in water (44 mg/l) is not satisfactory and 
presents a major drawback in its application as an organo-protector [11]. 

In our paper we use our own preparation procedure of the C60 fullerene oxo-compound by reaction with 
peracetic acid with follow-up hydrolysis [13]. We proved its radioprotective and non-toxic effects in vivo 
(testing organism – danio rerio, the concentration of DF solution 147 mg/l) and its non toxic properties on 
this sensitive organism [14]. But we also observed cytotoxic properties in vitro on guinea pig kidney cells (as 
a testing culture) and a zero radioprotective effect. In this work we pursued the cells toxicity and its 
explanation. It led us primarily to analyse the size of particles in DF solution and exclude the physical 
influence of larger aggregates, which are probably not able to penetrate into the cells. Biological effects in 
cells dependence on aggregation state of C60 is also described in [15]. 

2.  MATERIALS AND METHODS 

2.1  Fullerene Derivative (DF)  

We used the preparation procedure of the water-soluble fullerene derivative (DF) by reaction with 
peracetic acid with follow-up hydrolysis described in our work [13]. We quantified the concentration of the 
saturated solution by exsiccation approach of a known solution content, and we obtained 443,2 ± 0,1 mg /l. 
For evident clustering over time we solved DF in a pure water to a stable concentration of 147± 0,1 mg/l, 
which was non-toxic for living organism danio rerio and demonstrated the radioprotectivity tested last year 
[14]. The same compound was verified by the same FTIR spectrum. 

Particle diameter, concentration and distribution in DF solution were measured by the NanoSight LM10HSB 
analysis [16] (NanoSight Ltd.,Minton Park, London Road, Amesbury, SP47RT, United Kingdom). Nanoparticle 
Tracking Analysis (NTA) is a unique technique of visualising and analysing particles in liquids from 10 to 
1000 nm (depending on the material). The method is based on the particle Brownian motion. NTA tracks all 
random particle movements and calculates the Diffusion Coefficient. Then, using the Stokes-Einstein 
equation, particle size (hydrodynamic diameter) was estimated. The DF water solution of 147± 0,1 mg/l was 
used as initial, than diluted 250x in pure water to see particles under a 20x objective, subsequently diluted 
10x and filtrated by 0.1μm filter to see smaller particles under 10x and 20x objective. The filtered solution 
by 0.1μm filter was used for toxicity and radioprotectivity tests in vitro. 
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2.2 Testing Model Organism  


 Primoculture of guinea pig kidney cells (GPK)   


 B16-F10 melanoma cells. 

The cells were cultivated in the same conditions – in a RPMI 1640 medium containing 10% of fetal calf 
serum (FCS) and antibiotics (Sigma). The cells were kept at 37°C in humidified air with 5% of volume carbon 
dioxide. 

2.2.1 The toxicity tests of DF 

The testing of DF toxicity in vitro was carried out in NUNC well plates with a flat bottom and 96 wells. All 
the experiments were carried out in four parallel ways, the results being assessed statistically with the use 
of the Student Test. The medium and conditions of the cultivation were used in the same way as when 
cultivating the cultures. The experiments for assessing the toxicity were carried out in two types of cultures, 
on adherent cells attached to biofirm on the bottom of the wells and on freely floating (nonadherent) cells.  

In case of experiments using nonadherent cells, cells were transferred to the plate of the culture 
numbering 20 thousand guinea pig kidney cells (GPK) or 25 thousand B16-F10 melanoma cells, than the 
selected quantity (0 - 40 μl ) of nonfiltered and 0.1μm filtered DF solution was added and the volume 
replenished to 200 μl with RPMI 1640 medium with 10% FCS. The number of living cells was ascertained 
after 24 hours of cultivation.  

In the adherent cells the procedure taken was such that the same quantity of cells as in the previous case, 
i.e. 20 thousand GPK cells or 25 thousand B16-F10 cells, was transferred to the plate and 200 μl RPMI 1640 
medium was replenished with 10% FCS. After 24 hours of cultivation and the bottom being covered with 
adherent cells (confluent culture) the medium was sucked away and replaced by RPMI 1640 with 10 % FCS 
and with 0 – 40 μl nonfiltered and filtered DF, of which the total volume was 200 μl. A sterile physiological 
solution was used in the control in place of DF.  

After 24 hours of incubation, the medium was sucked away followed by rinsing twice with PBS, suction, 
adding 50 μl of trypsinizing mixture (EDTA + trypsin in PBS or only EDTA), 5 mins. of incubation at 37°C, 
adding 150 μl RPMI with 10 % FCS, 15 times extended by the tip of an automatic pipette, mixed with a 
solution of trypan blue (1:1) and a count made in a Bürker chamber. Only the living cells were counted, as 
the dead ones disintegrated when handled. 

2.2.2 Conditions of irradiation and radioprotectivity tests 

The application of ionising radiation was carried out by a Clinac 2100 CD linear accelerator, 6X, input of 600 
MU/mins., water phantom RW3, a small field of 15x15 cm was used (a neglected height of the cultivating 
plate) and the cells distance from the source was 100 cm. In vitro experiments were limited to adherent 
cultures in view of the results of the toxicity tests when a large sensitivity to DF was shown of nonadherent 
cultures. We used previous test from last year [14] which showed that the effective doses of irradiation for 
both types of the aforementioned cells (GPK and B16-F10) were starting with 40 Gy. Lower doses seemed 
to be without effect. Three plates were used, the first control plate was not irradiated; a 40 Gy dose was 
applied to the second one and a 80 Gy dose to the third one. On each there were B16-F10 melanoma cells 
and the cells of primocultures of guinea pig kidneys (primarily 25 000 cells in a well, RPMI 1640 medium 
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with 10 % FCS). After 24 hours when a continuous layer of cells (confluent culture) was formed, the 
medium was sucked away and everywhere 180 μL RPMI 1640 with 10 % FCS was added. 20 μL of 
physiological solution (control) or 20 μl of nonfiltered and filtered DF solution was added to part of the 
wells of both cultures. 

After 24 hours of incubation, this was followed by irradiation of 40 and 80 Gy (control sample not 
irradiated) and 24 hours of cultivation. Then the number of living cells was determined in the way as 
described in Chapter 2.2.  

3.  RESULTS 

3.1  DF particle size analysis  

Using the NanoSight LM10HSB analysis [15]  of DF solution (147 ± 0,1 mg /) the polydispersed system with a 
broad particle size distribution and size ranging  from approximately 30 nm up to 300 nm was seen (Fig.1). 
To eliminate higher particles the DF solution (147 ± 0,1mg/l) was filtrated by 0.1μm filter (Fig.2, 3). There 
are indicated peaks under 10x and 20x objective, respectively. 

Axes X: Particle Diameter [nm], Y: Concentration [particles*108/ml], Z: Relative Scatter  intensity (Log  
scale).  

 

Fig. 1 NanoSight LM10HSB analysis of DF: Modal particle size: 82 + 121nm, Concentration: 15.7x108 
particles/ml (diluted 250 x in pure water, 10 x objective) 
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Fig. 2 NanoSight LM10HSB analysis of DF. Modal particle size: 60 nm, Concentration: 10.0x108 particles/ml 
(filtered by 0.1μm filter, diluted 250 x in pure water, 10x objective) 

 

Fig. 3 NanoSight LM10HSB analysis of DF. Modal particle size: 42 + 53 nm, Concentration: 3.5x108 
particles/ml (filtered by 0.1μm filter, diluted 10 x in pure water, 20x objective) 

3.2  Toxicity test in vitro 

Table 1 GPK (guinea pig kidney primoculture): Survival of cells after 24 hours of cultivation in nonfiltered 
and filtered DF solution (compared with the control) 

 Nonfiltered DF 
Modal particle size: 82 + 121nm 

0.1μm filtered DF 
Modal particle size: 42 + 53 + 60 nm 

DF applied quantity  Nonadherent cells Adherent cells Nonadherent cells  Adherent cells  

5 μl 50% n.a. 85% n.a. 

10 μl 20% 90,8% 75% 99,8 % 

20 μl 0% 65 % 55,2% 95,8 % 

40 μl n.a 23,8 %  50 % 85,5 % 
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After a 24-hour incubation period, all the GPK nonadherent cells were killed using 20 μl nonfiltered DF 
(modal particle size of 82 + 121nm) in the living medium. Whereas 55.2 % nonadherent cells survived using 
the same volume of DF with modal particle size of 42 + 53 + 60 nm in the case of adherent cells. After 
application of 20 μl nonfiltered DF (modal particle size of 82 + 121nm), 65 % of the adherent cells survived, 
whereas 95.8 % of the adherent cells survived using the same volume of DF with modal particle size of 42 + 
53 + 60 nm. The filtration of larger particles in DF solution led to increase the survival of adherent cells in 
interval 85.5 % – 99.8% for all used amount in the living medium. Furthermore, the action of DF is evidently 
more effective on less resistant and more accessible nonadherent cells.  

Table 2 B16-F10 (melanoma cells) : Survival of cells after 24 hours of cultivation in DF nonfiltered and 
filtered DF solution (compared with the control) 

 Nonfiltered DF 
Modal particle size: 82 + 121nm 

0.1μm filtered DF 
Modal particle size: 42 + 53 + 60 nm 

DF applied quantity  Nonadherent cells Adherent cells Nonadherent cells  Adherent cells  
5 μl n.a. n.a. n.a. n.a. 

10 μl 0% 79.5 % 0% 51 % 
20 μl 0% 61% 0% 35 % 
40 μl 0% 1% 0% 1% 

After a 24-hour incubation period, all nonadherent melanoma cells were killed using the smallest amount 
of 10 μl of DF solution both nonfiltered and filtered. The sensitivity of nonadherent melanoma cells does 
not depend on the method of trypsinization. In the test when the cells were harvested without trypsin only 
using EDTA, they were equally sensitive to DF. 

The amount which seems to be the item of interest is 20 μl of filtered DF with modal particle size of 42 + 53 
+ 60 nm, when the killing effect on adherent melanoma cells is 65 %, whereas the negative effect on 
“healthy” GPK cells is only 4.2 % (see tab. 1). In adherent cells it cannot be decided whether this effect was 
antiproliferative or cytotoxic. Further, using DF solution with modal particle size of 42 + 53 + 60 nm, the 
GPK primoculture is significantly more resistant to DF than melanoma cells. We cannot observe this positive 
effect using the DF solution before the filtration containing larger particles with modal particle size of 82 + 
121nm. Fig. 4 summarises these results for adherent cells. 

Fig. 4 Survival of adherent GPK and melanoma cells before and after the DF filtration 
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3.4  Radioprotectivity test in vitro 

In view of the high toxicity for non-adherent cells, experiments were carried out only with adherent 
cultures. Only 20 μl of DF solution was used with reference to the toxicity test in  article 3.3. The statistical 
significance is always related to the relevant value of 0 Gy. 

Table 3 GPK (guinea pig kidney primoculture): Numbers of living adherent cells after the application 0; 40 
and 80 Gy with 20 μl DF or  20 μl physiological solution (24 hour incubation) 

Applied 
dose 

20 μl  Physiological 
solution 

20 μl   Non-filtered DF 
particle size: 82 + 121nm 

20 μl   0.1μm Filtered DF 
particle size: 42+53+60 nm 

0 Gy 49 666 ± 5 132 46 666 ±1 528 48 350 ± 3 215 

40 Gy 37 666 ± 14 572 38 000 ± 2 646 
P≤0.05. 47 156 ± 3 235 

80 Gy 41 750 ±1 061 45 000 ± 7071 47 488 ± 5 129 

Table 3 shows that the DF solution does not demonstrate any perceptible effect with the radiation of GPK. 
However concurrently we must also include its toxicity: 35% of killed cells using non-filtered DF and 8.2 % 
of killed cells using filtered DF, as noticed in table 1. In this respect we may consider that some 
radioprotective effect is noticeable at 80 Gy, despite the DF toxicity and radiotoxicity the number of living 
cells is higher than only in the physiological medium and comparable  with the non-irradiated cultures. It 
means that a proliferation of irradiated cells had to continue. 

Table 4 B16-F10 (melanoma cells): Numbers of living adherent cells after the application 0; 40 and 80 Gy 
with 20 μl DF or  20 μl physiological solution (24 hour incubation) 
Applied 

dose 
20 μl  Physiological 

solution 
20 μl   Non-filtered DF 

particle size: 82 + 121nm 
20 μl   0.1μm filtered DF 

particle size: 42+53+60 nm 

0 Gy 75 500 ± 5500 74 000 ± 7 071 3 800 ±7071 

40 Gy 29 500 ± 707 
P≤0.005 

26 500 ± 9 192 
P≤0.05 

1 500 ± 9192 
P≤0.05 

80 Gy 31 500 ± 4 950 
P≤0.01 

30 500 ±  4 950 
P≤0.05 

1 200 ±  4950 
P≤0.05 

No radiprotective effect was observed in the case of B16-F10. We must consider the simultaneous toxic and 
radiotoxic effect on these kinds of cultures. It was also shown that the primoculture of GPK  was more 
resistant to the radiation than the B16-F10 melanoma cells.  

4  DISCUSSION  

Derived fullerene (DF) in the form of a water solution provided a series of interesting results in the area of 
toxicity and its radioprotectivity. These are based on the results published in 2010 [18], when it was proven 
that the DF water solution is non-toxic to sensitive organisms (Danio rerio fish) while using a concentration 
of 147 mg/l which showed a significant radioprotective effect. On the other hand, the solution during the 
vitro tests showed a high toxicity to non-adherent cells and a lower toxicity to adherent cells for both GPK 
and B16-F10. A saturated solution of 443.2 mg/l caused acute toxicity even for Danio rerio fish, when 
toxicity begins in association with the mechanical action (settling) of coagulated particles on the gills and 
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surface of the fish. According to the work [2], the accumulated fullerene can cause a depletion of 
glutathione in the gills of fish. 

The difference between the in vivo non-toxicity and the toxicity of the solution on the level of cells resulted 
in a hypothesis that it is related to the size of nanoparticles and aggregates, the formation of which in the 
solution may be expected on the basis of other studies [1], although TEM images [13] obtained previously 
led to an assumption that the DF water solution prepared by us is homogenous. The application of a new 
method, NanoSight LM10HSB analysis [15], presented in 2010, clarified that the solution on the level of 
nano-dimensions is polydisperse. The in vitro tests showed a reduction in DF toxicity after solution 
filtration, i.e. after the removal of particles greater than 60 nm (modal particle size in filtered solution: 42 + 
53 + 60 nm). Greater particles present in the solution before filtration were already comparable to cell size. 
In addition, the non-adherent cells have always been more sensitive to toxicity, probably due to the fact 
that the nanoparticles are provided with a barrier-free access from all directions, while the solution for 
adherent GPK cells was almost non-toxic with a slightly increasing effectiveness depending on the amount 
applied. This finding resulted in a consideration that in the case of the entire system of an aquatic organism 
the “access portals” let through only nanoparticles with a maximum size of 60 nm, which were then able to 
penetrate into individual cells without toxic effect. These could then have a protective effect in irradiating 
in the place of occurrence of active radicals and oxidants (consequence of water radiolysis) through the 
radicals recapture mechanism as already clarified in previous work [15]. The elimination of passage of 
greater particles in the solution (modal particle size: 82 + 121 nm) can be explained by effectiveness of 
various biological organism barriers which could not be employed in the in vitro tests. Whereas the fact 
that the saturated solution of 443.2 mg/l caused acute toxicity associated with visible accumulation of 
particles on the surface of fish shows that the “capacity” of biological barriers is limited.  

It is worth mention that the filtered DF solution containing modal particle size 42 + 53 + 60 nm applied 
significantly more toxicity on adherent melanoma cells than the polydisperse solution. The difference 
between the killing effect on adherent melanoma cells is 31% in favour of the filtered DF solution, using 
20μl DF solution in 200 μl RPMI 1640 medium. At the same time, 100% of non-adherent cells were killed in 
both cases, independently of particle size.  

The in vivo and in vitro results amend and support each other, or are not mutually in conflict with the 
consideration that the toxicity of DF water solution against “healthy” cells as well as the entire organic 
system depends on the size of present aggregates, the formation of which increases with an increasing 
concentration of DF in the solution. Particles with size comparable to the cell have a toxic effect when the 
surface of the cell will probably be physically “covered” and the processes necessary for its viability will be 
disabled. On the contrary, nanoparticles with smaller size (< 60 nm) penetrate into the cells without toxic 
effect. Their presence in cells was indirectly confirmed by the radioprotective effect, while it is evident that 
the mechanism for the recapture of free radicals during irradiation should be in the place of their formation 
(i.e. cell) with regard to short distance of effectiveness and short lifetime of reactive radicals. 

In case of a toxicity effect of DF solution on melanoma cells, it is evident that the non-adherent cells are 
subject to greater sensitivity to toxicity for the same reasons as non-adherent “healthy” cells. Based on an 
increased toxicity against adherent cells after DF filtration, there is a consideration of their enhanced 
capability to penetrate into the melanoma volume as well as other interactions resulting in toxicity for 
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tumour which do not apply for healthy cells. A possible mechanism for cytotoxic and cytostatic 
effectiveness of DF in tumour is inhibiting the access of substrates to the catalytic site of the enzyme [7]. 

5.  CONCLUSION 

Toxic and radioprotective effects were tested for water solution of derived fullerene C60 (DF) prepared 
using the method of oxidizing C60 using peracetic acid [13,14] published by ourselves. The analysis of 
particle size in the solution and the subsequent in vitro tests clarified the results of already performed 
experiments and resulted in further conclusions. 

The NanoSight LM10HSB analysis showed that the DF solution with the used concentration of 147 ± 0.1mg 
/l is polydisperse with modal particle size 82 + 121 nm. Filtration with the 0.1 μm filter reached a modal 
particle size 42 + 53 + 60 nm in concentration of 3.5x108 particles/ml and 10x108 particles/ml respectively. 
This polydisperse solution as a brood medium for Danio rerio was not toxic in the in vivo tests [14]. The in 
vitro tests showed that only particles < 60 nm do not have a toxic effect. Toxic aggregates with greater size 
were “filtered” through a biological organism barrier the “capacity” of which is limited. This was supported 
by the fact that clusters formed in the solution with higher tested concentrations caused acute toxicity for 
tested fish as described in last year's work [14]. The radioprotective properties of DF during irradiation of 
Danio rerio fish bred in this solution proved that the particles < 60 nm had to penetrate into the cells of 
organism, where they acted as a mechanism for recapture of free radicals. 

The in vitro tests showed the toxicity of the polydisperse solution on the cells of guinea pig kidney 
primoculture after 24 hours of incubation. By filtering DF to modal particle size 42+53+60 nm, with 
application of 20 μl of filtered DF, toxicity was reduced from 0% of survived non-adherent cells to 55.2% 
and from 65% of survived adherent cells to 95.8%. Particles with size comparable to the cell have a 
cytotoxic or antiproliferative effect, and smaller particles cause relatively very low toxicity, slightly 
dependent on the amount applied into the total volume of brood medium. Increasing DF concentration is 
associated with increasing formation of aggregates in the solution.   

The non-adherent cells are significantly more sensitive to nanoparticles than the adherent cells, which can 
be explained by free access of nanoparticles to the cell from all directions. 

The DF water solution is toxic to tested melanoma cells, while the non-adherent are again significantly 
more sensitive. After filtering the DF to modal particle size of 42+53+60 nm, toxicity to adherent cells 
increased, thus pointing out that in this case toxicity is not only caused by the accumulation of 
nanoparticles on the surface of melanoma volume, but because the particles penetrated deeper. At the 
same time, a toxic mechanism must be applied inside the cells, which is solely typical for melanoma cells 
because no significant toxicity was proven in the case of penetration of particles into “healthy” GPK cells.  

An optimum amount of applied filtered DF solution with modal particle size 42+53+60 nm can be found, 
with a negligible toxicity for healthy GPK cells and proven significant toxicity for melanoma cells, with 
regard both to non-adherent cells (which can be a cause of metastases) and to adherent cells (target 
volume of tumour). In addition, it can be stated that with this chosen amount (i.e. 20 μl in total volume of 
brood medium) certain radioprotective effects of DF on GPK cells were proven at high dose of 80 mGy, 
while no protectivity can be taken into account for melanoma cells.   
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Tests on these model cultures and organisms represent  indicators of potential for fullerene water solution 
prepared by ourselves. There is a potential for the utilization of this soluble derived fullerene during 
tumour therapy associated with radiotherapy. 

The following experiments must focus on higher organisms while kinetics monitoring is important, i.e. rate 
of particles penetrating into target volume and determination of efficient concentration.   

Nontoxic and radioprotective properties for healthy cells as well as cytotoxic properties against melanoma 
cells were proven for these purposes. 
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Abstract 

Nanofibrillated cellulose (NFC) is one of the most promising innovations for forest sector. NFC is produced 
by fibrillating the fibres under high compression and shear forces. In this study we evaluated the worker 
exposures to particles in air during grinding and spray drying of birch cellulose. Processing of NFC with 
either a friction grinder or a spray dryer did not cause significant exposure to particles during normal 
operation. Grinding generated small amount of particles, which were mostly removed by fume hood. Spray 
dryer leaked particles when duct valve was closed, but when correctly operated the exposure to particles 
was low or nonexistent. To assess the health effects of the produced NFC, mouse macrophages and human 
monocyte derived macrophages were exposed to NFC and the viability and cytokine profile of the cells 
were studied thereafter. No evidence of inflammatory effects or cytotoxicity on mouse and human 
macrophages was observed after 6 and 24 hours exposure to the materials studied. The results of toxicity 
studies suggest that the friction ground NFC is not cytotoxic and does not cause any effects on 
inflammatory system in macrophages. In addition, environmental safety of NFC was studied with 
ecotoxicity test. Acute environmental toxicity assessed with kinetic luminescent bacteria test showed high 
NOEC (no effect concentration) values (>100 mg/l) for studied NFC. However, NFC disturbed Daphnia 
magna mobility mechanically when the test was performed according to the standard procedure.  

Keywords: nanofibrillated cellulose, nanocellulose, safety, immunotoxicity, ecotoxicity 

1.  INTRODUCTION 

Nanofibrillated cellulose (NFC), also referred to as nanocellulose, is one of the most promising innovations 
for forest sector. Turbak et al. (1983) demonstrated its manufacture and unique properties already in the 
early 1980s [1]. Cellulose fibrils have typically very high aspect ratio: the length might be several 
micrometers while the diameter is in nanometer scale. The most common way to disintegrate the fibrils 
from the raw material is to use mechanical grinding or homogenization of wet dispersion of e.g. cellulose 
pulp. Drawbacks of the current technology include high energy consumption of refining and a gel like NFC, 
which makes its further processability (e.g. functionalisation) and applicability for end use more difficult. In 
addition, the hydrophilic nature of cellulose causes irreversible agglomeration during drying and 
agglomeration in non-polar matrices during compounding [2]. Recently, the major efforts have been aimed 
at developing techno-economically feasible, industrial scale manufacturing techniques for mass production 
of redispersible and surface modified cellulose nanomaterials. The surface modification aims to decrease 
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the hydrophilicity of the surfaces as well as to decrease interactions between the fibrils. In most cases 
these modifications also enhance the defibrillation process by effecting to the interactions in fibril 
aggregates, thus lowering the energy needed for defibrillation. By using NFC the high end-value products 
with increased functionality, improved barrier and mechanical properties, novel optical and conductivity 
properties as well as light weight high performance structures can be obtained. NFC has promising 
application areas such as high quality paper products, barrier packaging, novel active coatings, moldable 
light weigth, high strength materials, composites for construction, vehicles, customer products, furniture, 
components for food and cosmetics, new materials for electronics and pharmaceutical applications. NFC 
may have certain environmental safety benefits as it is naturally produced by the living organisms such as 
plants, trees or bacteria [3-9]. As with any new material being developed, scientific data on the health 
effects of NFC in exposed workers are largely unavailable. In the case of nanoparticles, the uncertainties are 
great because the characteristics (e.g. particle size, shape, surface area, charge, chemical properties, 
solubility, and degree of agglomeration) of nanomaterials are different from those of the larger materials 
with the same chemical composition. The lungs are the primary route of nanoparticles into the human 
body. Inhalation of nanoparticles may occur as a consequence of their release into the environment, either 
during their manufacture or utilization. In workplaces where nanoparticles are produced or used, these 
particles may lead to quantifiable occupational exposure. It has been shown that exposure to some 
selected nanoparticles can cause physiological responses (irritation, inflammation) in respiratory tract 
which may lead to more serious damage in airways. It is assumed that most of the deposited particles are 
found in respiratory tract while some are transported to other organs or tissues. Several studies have 
examined the potential for inhaled nanoparticles to translocate from the lungs to the systemic circulation 
both in humans and animals. For example, the systemic toxicity as a consequence of cadmium or lead 
exposure is due to slow leaching of toxic components from the lungs over a long period of time [10,11]. 
Toxicologic studies of fibrous particles have well established that natural (e.g. asbestos) and man-made 
(e.g. bio-non-degradable glass) fibers are associated with increased risks of pulmonary fibrosis and cancer 
after prolonged exposures [12]. Several studies have shown pathological changes (such as granuloma, 
alveolitis, epithelial hyperplasia and fibrosis) in the lung following instillation or inhalation of cellulose fibres 
[13-18].  Cellulose fibres have been shown to be toxic in vitro to mouse macrophages, and caused them to 
release greater amounts of inflammatory mediators than asbestos, glass fibre or rock wool [19]. Durability, 
a phenomenon related to the biopersistence of inhaled particles in the lung, is believed to be an important 
parameter in determining the pathogenicity of inhaled solid materials [17,20]. Studies suggest that 
cellulose fibers have a long biopersistence at least in rat lungs and exposure to dust and fibres of various 
cellulose-based materials can provoke respiratory symptoms and cause airway diseases [12,21-23]. 
However, toxicity data from NFC is still lacking. The intraperitoneal and inhalation experiments with mice 
and rats have indicated that thermally processed cellulose fibres of various sized can produce an acute but 
resolving inflammatory reaction, suggesting that this material is of relatively low toxicity [24]. Recently, the 
genotoxicity of bacterial cellulose fibres was analysed in vitro. The results of comet assay and the 
Salmonella reversion assays showed that fibres were not genotoxic. However, a proliferation assay using 
fibroblasts and hamster ovary cells revealed a slight reduction in the proliferation rate, although no 
modification in the cell morphology was observed [25]. Data on negative biological effects caused by 
nanoparticles has been reported to bacteria, algae, invertebrates and fish as well as mammalian species 
[26-28]. However, in environmental conditions for example organic matter can protect cells from damage 
caused by nanoparticles [29]. Ecotoxicological tests with water fleas (Daphnia magna and Ceriodaphnia 
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dubia) have indicated that nanocrystalline cellulose is less toxic when for example compared to 
carboxymethyl cellulose (which has a food additive status and number E466) [30]. In this study we 
evaluated the worker exposures to particles in air during grinding and spray drying of birch cellulose. We 
also exposed mouse macrophage line (RAW 264.7) and human monocyte derived macrophages to NFC in 
vitro and studied the viability and cytokine profile of the cells thereafter. Macrophages are professional 
antigen presenting cells which are in the forefront of defence system and act between innate and adaptive 
immunity. They are located in the skin, in the lungs and in the body cavities where they catch and engulf 
foreign material to further process them as antigenic molecules for other cells to react. After engulfment, 
macrophages produce cytokines and chemokines which attract responder cells such as neutrophils and 
other inflammatory cells to site of the inflammation. In addition, we studied ecotoxicological effects of NFC 
using the kinetic luminescent bacteria test with Vibrio fischeri and the determination of the acute toxicity 
to crustacean Daphnia magna. 

2.  EXPERIMENTAL 

The pulp used in grinding was never-dried ECF(elementally chlorine free)-bleached birch kraft pulp from 
UPM Pietarsaari mill. Microcrystalline cellulose Avicel PH-101 (MCC) was obtained from Fluka and used as a 
reference material in immunotoxicological and ecotoxicological tests. For immunotoxicological tests all 
samples were autoclave sterilized (121 °C/15 min) and diluted to cell culture media to form 1 000 μg/ml 
pre-solution. This stock was sonicated for 20 min (37 kHz, 35 W, Elmasonic S15H, Tovatech LLC South 
Orange, NJ, USA), and final serial dilutions were sonicated for 20 min just before cell exposures. Bacterial 
lipopolysaccharide (Esherichia coli O111:B4, Sigma-Aldrich, St. Louis, MO, US) was used as a positive control 
at concentration of 100 ng/ml because of its known ability to activate macrophages. For ecotoxicological 
tests all samples were diluted in water in concentration of 1 % and sterilized by autoclaving and stored at 
+4 °C before testing. Stock solutions were sonicated for 20 min before making the dilution series and final 
dilution was treated correspondingly before starting he experiments. The NFC production equipment 
consisted of Masuko Sangyo’s Supermasscolloider with two ceramic and nonporous grinding stones. Al2O3 
stones were used in these refinings. In the beginning the gap between stones was adjusted to 100 μm. Pulp 
suspension was recirculated five times in the grinder. NFC gel was obtained as ~2% suspension. Briefly, the 
pulp was fed into the hopper and the quality of output material was controlled by moving the lower stone 
to set the clearance between the grinding stones. Drying of NFC is essential for ensuring its usability in 
processes were dry or water free material is needed, e.g. composites. Spray drying was carried out with 
P6.3 GEA Niro Spray Dryer equipped with a rotary wheel atomizer. The feed and drying parameters were 
adjusted to reach the powdery end-product temperature of 95 °C. The atomizer speed was set to 20,000 
rpm and the feed solids content was 0.5 wt%. The powdery sample with a solids content of 96 wt% was 
collected from a separation cyclone with a yield of 70% (based on the feed dry matter).  

3.  RESULTS 

No significant particle concentrations were observed in air during processing. Friction grinding generated 
particles immediately after the grinding started, in average however <4000 particles/cm3. A few times 
concentration peaked higher for few seconds at time. According to scanning mobility particle sizer (SMPS) 
measurement the size of the ground particles was <200 nm. The fume hood removed large part of the 
particles, even though the sampling point was very close to grinder outlet. Potential for the particle release 
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from the spray drying operation occurred on those moments when the process was opened or the end 
product was handled, i.e. opening of the end product container, opening of the spray dryer and packing of 
the end product. No significant amount of airborne particles was detected. However, it was observed that 
the concentration of the coarser aerosol in the working surroundings was increased on those moments. 
The concentration of fine particles in the exhaust air duct was low which indicates that the process did not 
produce significant amounts of nanoparticles or the filtration system effectively captured the generated 
particles. To assess the health effects of the produced NFC, mouse macrophages and human monocyte 
derived macrophages were exposed to NFC and the viability and cytokine profile of the cells were studied 
thereafter. No evidence of inflammatory effects or cytotoxicity on mouse and human macrophages was 
observed after 6 and 24 hours exposure to the materials studied. The results of toxicity studies suggest that 
the friction ground NFC is not cytotoxic and does not cause any effects on inflammatory system in 
macrophages. From ecotoxicological point of view, the tested NFC concentrations were very high compared 
to the concentration traditionally assumed as environmentally harmful or toxic. Tested materials were not 
acutely toxic to Vibrio fischeri in environmentally relevant concentrations → no effect concentration 
(NOEC) >100 mg/l. Kinetic luminescent bacteria test measuring acute toxicity was shown to be applicable 
for testing ecotoxicity of NFC. However, NFC had mechanical effect on water flea movement, thus Daphnia 
magna test was not suitable for testing ecotoxicity of studied cellulose materials. If tested sample is not 
evenly dispersed and forms mechanical obstacles or traps to the test organism, test should not be used to 
evaluate the acute toxicity [31]. 
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Fig. 1 The principle of nanoscratching using SPM 

SPM NANOSCRATCHING IN THE SUB 100 NM RESOLUTION 

Michal URBANEK a, Vladimir KOLARIK, Milan MATEJKA  
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Abstract 

Scanning probe microscopy (SPM) is tool basically used for surface characterization. Besides that, it offers 
several lithographic methods (e.g. nanoscratching) to prepare structures in the sub 100 nm resolution. The 
nanoscratching using SPM offers a method for patterning of surface with a very high resolution based on 
near field interaction. By this method some tiny marks or taggants could be prepared. Therefore we used 
the SPM nanoscratching for preparation of nanostructures in thin soft polymer films by various tips. 
Nanoscratching regime of SPM is possible to operate in contact and close contact modes. In the contact 
mode we prepared an array of stamps with a variable size, where dimensions and depth dependency on 
number of pixels were inspected. For writing of these structures we used polymer films with different 
softness (e.g. PMMA, SU-8) and various values of setpoint, which are responsible for structures deepness. 
The set of line patterns was written in both contact and close contact mode of SPM with the same values of 
setpoints and writing speed. The depths of the structures were compared for these two writing modes. 
Also a precise positioning of prepared patterns in these two modes was evaluated. 

Keywords: SPM microscopy, nanoscratching 

1.  INTRODUCTION 

Various nanolithography techniques by SPM (such a Local Anodic Oxidation - LAO, dip pen nanolithography 
- DPL[1]) have become a tool for preparation nanostructures in sub 100 nm resolution. LAO is wide used 
method of oxidation conducting and semiconducting surfaces for building insulating nanostructures [4]. 
DPN is a technique in which an AFM tip is used to deliver molecules of ink to a surface via a solvent 
meniscus [1]. 

Less attention has been paid to the method of 
nanoscratching, which has been used for patterning 
structures into soft materials (soft polymer films). 
Fabrication of nanostructures in thin soft polymer 
films is based on near field interaction between SPM 
tip and surface of polymer [2].  

A depth of final structures prepared in such way is 
influenced by operational parameters such a tip type 
its sharpness, setpoint (applied force on surface) and 
polymer film. In this paper the influence of various 
SPM tips, setpoint and polymer films on final patterns 

are reported. The principle of nanoscratching in soft polymer films is shown in Fig. 1. When the force is 
applied on tip in near field of surface, tip can modify polymer surface in desired pattern. The depth of 
patterned structures depends on setpoint (applied force on tip), tip material and sharpness and used 
polymer for writing. 
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2.  EXPERIMENT 

Experiments were carried out using atomic force microscope Pacific Nanotechnology (Nano R) operated in 
both close contact and contact modes. We used commercial software LPM, which can handle different 
patterns (points, lines, grids and bitmaps). 

For nanoscratching were used standard silicon contact mode cantilevers with force constant 0,35 N/m, 
standard silicon close contact mode cantilevers with force constant 55 N/m and diamond like carbon (DLC) 
coated cantilevers with force constant 50 N/m. The sharpness was below 10 nm for standard silicon tip and 
for DLC coated tip 50 nm.  

Applied force is calculated from applied voltage (setpoint value) on piezo, change in 1000 mV in setpoint 
value gives raise to tip deflection of 400 nm vertical, then multiplied by force constant we obtain applied  
force on surface.    

Silicon wafers spin coated by polymers PMMA and SU-8 with different softness were used as substrates for 
patterning. 

3. RESULTS AND DISCUSSION 

Within this section we will discuss results coming from different variations of apparatus settings and 
designed patterns. 

3.1 Stamps in contact mode 

The SPM nanoscratching can be used for writing of patterns in the sub 100 nm resolution. One set of design 
data which contains stamps (Fig. 2) with sizes ranging in geometric series from 1*1 puncture to 11*11 
punctures was prepared (total number of 506 punctures). This data set was scratched into a PMMA layer 
(thickness of 200 nm) coated on silicon substrate. This set of stamps was written in contact mode with 
following optional parameters setpoint of -1000 mV (applied force 0.14 �N) and holdtime for each pixel 500 
ms. The time necessary for patterning this data set was approximately 10 minutes. 

Fig. 3 shows the comparison between the designed pattern and the written pattern. While increasing 
number of punctures within a stamp increases its lateral size (and its deepness, cf. below) several artefacts 
occur during the scratching e.g. the rectangular shape is distorted and designed stamp position is not kept. 

        Fig. 2 Stamps of different sizes                                   Fig. 3 Comparison of designed and written pattern 
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                                  Fig. 4 Stamp depth                                                       Fig. 5 Optimal stamp size 

The orientation of the cantilever during the writing of patterns was parallel with the vertical axis in the Fig 
2; the hold of the cantilever being outside the upper part of the figure. Sequence of stamp writing was from 
the top to the bottom and from the left side to right one (first, the pixels in the upper row were written and 
then the pixels in the lower row of the compound stamp). 

Fig.4 shows the depth of individual stamps as a function of stamp size. Both crush-in and crush-out parts of 
individual stamps are considered. We can deduce from the graph that e.g. the stamp of 16 punctures is 
necessary for a desired 10 nm structure height (between the maximum of the crush-out and the minimum 
of the crush-in) under given conditions. 

Next, we evaluate the effectiveness of the writing process as a ratio between the total stamp deepness and 
the number of punctures in this stamp (Fig. 5). 

As the stamp deepness increases only slowly with the increasing stamp size, the preferable stamp size is 
the smallest one assuming that the stamp is clearly visible. Considering the given conditions (tip sharpness, 
setpoint/force applied, dwell time, scanning mode, type of resist), it is the stamp of 2x2 punctures with the 
nominal designed size of 20x20nm2. As conditions of the writing/scratching may change, the presented set 
of stamps (or its simplified form) is used for tuning the scratching process parameters.  

3.2  Lines in both contact and close contact modes 

To compare differences between the contact mode and the close contact mode the same data was 
patterned in those both regimes in PMMA spin coated on silicon wafer. 

The data contains a set of 5 lines with increasing number of repeats. First line is repeated once, the last one 
five times. Fig. 6 shows the comparison of results achieved in contact and close contact modes on the same 
data set. Data was written in both modes with the setpoint of  1000 mV and the writing speed of 10 nm/s. 
The depth of patterned lines in close contact mode (Fig. 6, left) is 1 nm and their width is 100 nm. In 
comparison with the lines in the contact mode (Fig. 6,right) — where the depth is from 6 nm to 19 nm and 
the width ranges from 300 nm to 500 nm— the close contact mode seems to give narrower and shallower 
lines. The lines patterned in the close contact mode are better positioned when compared to the lines 
patterned in contact mode, as it is obvious from Fig 6. 
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Fig. 6 Comparison of results in close contact mode (left) and contact mode (right) 

Fig. 7 Grid 3*3 in contact mode in SU-8 polymer film 

3.3  Contact mode in the resist SU-8 

For next experiment in contact mode we used polymer SU-8, which provides better softness than PMMA 
and considerable deepening of designed structures is expected. Set of designed data containing points in 
grid 3*3 with distance of 500 nm. These data set was scratched into an SU-8 layer (thickness of 200 nm) 
coated on silicon substrate with applied force of 0,42 �N (setpoint +1000 mV) and holdtime 500 ms with a 
standard silicon contact tip (Fig.7 - left - writing of pattern repeated 5 times) and a DLC coated tip (Fig.7 - 
right). 

The depth of punctures was 9 nm, its width 64 nm and the puncture distance was 650 nm using the contact 
silicon tip (Fig. 7, left). The depth achieved with the diamond coated tip was 15 nm (the maximum 18 nm of 
the puncture in the right bottom corner), width of the puncture was 340 nm and their distance was 660 nm. 

3.4  Simple array of dots 

The last example shows an array of 8 by 8 punctures with the pitch of 300 nm. Writing parameters were as 
follows: PMMA resist, silicon tip, contact writing mode, setpoint  500 mV, and dwell time 1000 ms. The 
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Fig. 8 Simple array of 8x8 dots 

result (Fig. 8) shows a good uniformity of the dots and a 
pretty regular positioning. The average total deepness 
(top minus bottom) is 15 nm. 

This result allows us to think of the future preparation 
of simple bitmap images. This task, together with the 
integration of the SPM nanoscratching to our current 
lithographic process, will be a part of our future work. 

4. CONCLUSIONS 

It was shown that we are able to prepare structures of sub 100 nm resolution in both the close contact 
mode and the contact mode with standard silicon tips. The lines patterned in the close contact mode (when 
compared to the structures prepared in the contact mode) are better positioned and narrower. The 
distorted position of lines can be caused by the piezo creeping during the slow speed of writing.  

The dot grids prepared in the polymer SU-8 layer with the silicon and the diamond coated tips have regular 
shape in comparison to stamps prepared in PMMA. The punctures prepared with the contact silicon tip 
(even if the writing was repeated 5 times) are shallower than the punctures prepared with the diamond 
coated tip. 
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Abstract 

Nanosized ε-Fe2O3 is one of the most remarkable iron(III) oxide polymorph exhibiting a giant room 
temperature coercivity, thus being recognized as a promising candidate in the field of high coercivity 
media. To apply it in practice, knowledge of its hysteresis loop parameters is highly required. In most case, 
from the mathematical viewpoint, hysteresis loop profiles are given in terms of the Langevin function. In 
this work, we report a statistically-based procedure to more accurately describe the ε-Fe2O3 hysteresis loop 
considering a suitably-planned measurement process. Employing the experiment design of hysteresis loop 
measurement, we get the most precise estimation of the ε-Fe2O3 hysteresis loop parameters and, 
consequently, evaluate the ε-Fe2O3 macroscopic magnetic properties. 

Keywords: ε-Fe2O3, hysteresis loop, Langevin function, optimal experiment design, D-optimal efficiency. 

1. INTRODUCTION 

Out of all characteristics nanomaterials exhibit, magnetic properties deserve much scientific attention due 
to diversity of application fields where magnetic nanomaterials can be used. It is well-known that on 
lowering the size of a magnetic nanomaterial, new magnetic phenomena, not observed for its bulk 
counterpart, emerges as a result of finite-size and surface effects [1]. Thus, the nanomaterial becomes 
equipped with new magnetic properties driven by a single-domain state, superparamagnetism, collective 
magnetic excitations, spin canting, presence of interparticle magnetic interactions, colossal 
magnetoresistance, quantum tunneling of magnetization, etc. [2]. For a given application, some of these 
phenomena establish a desired magnetic behavior of the nanomaterial, whereas the others are found to be 
of a parasitic nature for which strategies to eliminate and/or partially suppress them are required to be 
applied. 

Among application-appealing magnetic nanomaterials, iron oxides hold a prominent position empowered 
by a remarkable combination of magnetic and biochemical properties they possess [3]. Nowadays, 6 
different crystalline forms of iron oxide are recognized [3]. Very often, they are classified in terms of type of 
iron valence state found in their crystal structure [3]: (i) FeO (i.e., wustite) with only Fe2+ ions; (ii) Fe2O3 
(ferric oxide, iron(III) oxide) with only Fe3+ ions; and (iii) Fe3O4 (i.e., magnetite) having both Fe2+ and Fe3+ 
ions in its crystal structure. Most notably, ferric oxide shows a phase polymorphism; 4 different Fe2O3 
phases have been described yet [4]: (i) α-Fe2O3 (i.e., hematite); (ii) β-Fe2O3; (iii) γ-Fe2O3 (i.e., maghemite); 
and (iv) ε-Fe2O3. While γ-Fe2O3, along with Fe3O4, currently strengthens its role in various biomedical 
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branches [5], ε-Fe2O3 is being considered as a promising future candidate in technologically-based 
applications due recent discoveries of interesting material’s properties it exhibits [6]. 

ε-Fe2O3, existing only in a nanosized form and firstly reported in 1934, had been left unexplored for a long 
time till 2004 when its huge room-temperature coercivity of ~2 T was discovered, turning back an attention 
of the scientific community to this extraordinary iron(III) oxide polymorph [6]. Shorty after that, ε-Fe2O3 
was found to have coupled magnetoelectric properties [6] and to show a ferromagnetic resonance in a 
millimeter-wave region [6]. Thus, ε-Fe2O3 can be used not only in applications requiring high-coercivity 
media but also as components of electric/magnetic field tunable devices and in communication systems for 
effective suppression of the electromagnetic interference and a stabilization of the electromagnetic 
transmittance. However, its introduction to such applications is being hampered by problems associated 
with its synthesis such as low yields, a lack of precise control of resulting product size, and presence of 
Fe2O3 admixtures [6]. 

Mathematical statistics accompanied with a theory of experiment design offers a possibility of 
measurement process optimization. The main aim of the experiment design is to find points x � X, where X 
is an experimental domain, which are important for the measurement. The most important question is a 
choice of criterion function for particular experiment as the total utility of the design depends on correctly 
chosen criterion function. In this work, after proper physical characterization of the ε-Fe2O3 sample, we 
exploit the D-optimal criterion function to find the optimal design of the ε-Fe2O3 hysteresis loop 
measurement since this criterion function minimizes the confidence area of the estimates of the unknown 
parameters. This theory can be extended for another function describing hysteresis loop profile to make a 
general view on the statistical process of the hysteresis loop measurements. 

2. EXPERIMENTAL AND METHODS 

Sample preparation. ε-Fe2O3, incorporated into an SiO2 matrix, has been prepared following the synthetic 
procedure firstly proposed by Jin and co-workers [7]. This synthetic approach is based on a combination of 
the reverse-micelle and sol-gel techniques and exploits SiO2 matrix and Ba2+ ions as a stabilizing and phase-
purity agent, respectively, yielding a single-phased specimen of ε-Fe2O3 origin without any admixtures of 
other iron(III) oxide polymorphs. So far, this preparation procedure is being widely recognized as the only 
one synthetic route leading to single-phased ε-Fe2O3 samples (for a review of ε-Fe2O3 synthetic routes, see 
recently published review work by Tucek and co-workers [6]). 

Characterization techniques. Transmission electron microscopy (TEM) images were obtained using a 
JEM2010 microscope operated at 200 kV with a point-to-point resolution of 1.9 Å. The X-ray powder 
diffraction (XRD) experiments were performed with a PANalytical X´Pert PRO instrument (CoKα radiation) 
equipped with an X´Celerator detector. Zero-field Mössbauer spectrum was recorded at 300 K with a home-
made Mössbauer spectrometer operating in a constant acceleration mode and equipped with a 50 mCi 
57Co(Rh) source. The values of the isomer shift are reported with respect to α-Fe. A superconducting 
quantum interference device (SQUID, MPMS XL-7, Quantum Design) has been used for measuring the 
sample hysteresis loop at 300 and in external magnetic fields from – 5 T to + 5 T. 
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3.  RESULTS AND DISCUSSION 

3.1 Size, morphology, crystal, phase, and magnetic characteristics of ε-Fe2O3/SiO2 nanocomposite 

TEM images (not shown) show that the prepared nanocomposite is predominantly composed of 
nanoobjects with a rod-like morphology (i.e., nanorods) having a length and width in the range from ~80 to 
~140 nm and from ~15 to ~40 nm, respectively, in accordance with TEM observations in Ref. [7]. 

XRD pattern (not shown) of the investigated nanocomposite contains diffraction peaks positioned at 2θ 
angles characteristic of ε-Fe2O3 (ICSD card No. 415250) without any XRD-detectable traces of other iron(III) 
oxide polymorphs and starting precursors; the Rietveld analysis identifies 4 crystallographically 
nonequivalent cation sites (i.e., FeA, FeB, FeC, and FeD site) and gives values of lattice parameters, i.e., a = 
5.071(8) Å, b = 8.730(6) Å, c = 9.428(8) Å, and α = β = γ = 90°, being in accordance with those published 
previously for ε-Fe2O3 [6]. The crystal structure of the studied nanorods has been most precisely refined 
within the Pna21 space group that belongs to the orthorhombic crystal class, as also expected for ε-Fe2O3 
[6]. 

To further check the chemical origin and phase composition of the investigated sample, 57Fe Mössbauer 
spectroscopy has been employed. Mathematical processing of the room-temperature zero-field Mössbauer 
spectrum (see Fig. 1a) yields 3 sextet components with the spectral area ratio of 2:1:1. This implies that 
nanorods are in a magnetically ordered state (for ε-Fe2O3, the Curie temperature is ~495 K [6]). Derived 
values of the Mössbauer hyperfine parameters (isomer shift – δ, quadrupole splitting – ΔEQ, hyperfine 
magnetic field – Bhf) of all 3 sextets precisely (within the error of the Mössbauer technique) correspond 
with those expected for ε-Fe2O3 [4, 6]: (i) Sextet 1 with δ = 0.34 ± 0.01 mm/s, ΔEQ = – 0.24 ± 0.01 mm/s, and 
Bhf = 44.9 ± 0.3 T belongs to the FeA and FeB sites, (ii) Sextet 2 with δ = 0.35 ± 0.01 mm/s, ΔEQ = – 0.01 ± 0.01 
mm/s, and Bhf = 39.9 ± 0.3 T belongs to the FeC sites, and (iii) Sextet 3 with δ = 0.22 ± 0.01 mm/s, ΔEQ = – 
0.14 ± 0.01 mm/s, and Bhf = 26.2 ± 0.3 T belongs to the FeD sites in the ε-Fe2O3 crystal structure. One would 
expect 4 sextets for ε-Fe2O3 to be observed. However, this is not possible due to very close room-
temperature values of the Mössbauer hyperfine parameters for the FeA and FeB sites in the ε-Fe2O3 crystal 
structure [6]. To resolve sextet components associated with the FeA and FeB sites, an external magnetic 
field is necessary to be applied [6]. Since no other spectral components are observed in the Mössbauer 
spectrum, presence of other Fe2O3 polymorphs is unambiguously excluded. 

 

 

 

 

 

 

 

 

Fig. 1 (a) Room-temperature zero-field Mössbauer spectrum and (b) room-temperature hysteresis loop of 
the ε-Fe2O3/SiO2 nanocomposite. In panel (b), the mass magnetization is recalculated with regard to the 

Fe2O3/SiO2 molar ratio (= 0.22) in the prepared nanocomposite. 
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The room-temperature hysteresis loop of the ε-Fe2O3/SiO2 nanocomposite, recalculated with respect to the 
ε-Fe2O3/SiO2 molar ratio (= 0.22), is depicted in Fig. 1b. It exhibits a coercive field of ~1.9 T and saturation 
mass magnetization (after extrapolation of mass magnetization values beyond 5 T) of ~20 Am2/kg, being a 
typical hysteresis loop parameter values reported for ε-Fe2O3. Again, any presence of other Fe2O3 
polymorphs has not been detected. 

Thus, the above-presented experimental data confirm that in the SiO2 matrix, only nanorods of ε-Fe2O3 
nature are present. However, a slight modification of the synthesis conditions may lead to formation of 
other Fe2O3 polymorphs (i.e., α-Fe2O3 and γ-Fe2O3). From the magnetic viewpoint, mainly γ-Fe2O3 constitute 
unwanted admixture as it may drastically affect the magnetic properties of the ε-Fe2O3/SiO2 nanocomposite 
and ε-Fe2O3 nanoobject assembly when freed from the SiO2 matrix. Thus, knowledge of room-temperature 
values of ε-Fe2O3 hysteresis loop parameters is of significant importance. To get their values, a statistical 
approach using experimental design theory is found to be a powerful tool. Moreover, fitting the hysteresis 
loop experimental data with the defined function may reveal the presence of magnetic impurity the 
concentration of which can be then easily derived, evaluating thus the degree of purity of the prepared ε-
Fe2O3 samples. 

3.2 Design of experiment applied for measurement of the ε-Fe2O3 hysteresis loop 

The main goal of this work is to find an optimal experimental design for the measurement of hysteresis 
loop of ε-Fe2O3 nanoobjects. The experimental domain X is the set of 150 points which represent the 
induction of the external magnetic field. We try to find the most important points x ϵ X for measurement in 
order to estimate the unknown parameters of the Langevin function to describe magnetic response of ε-
Fe2O3 in applied magnetic fields. As the hysteresis loop of the measured ε-Fe2O3/SiO2 nanocomposite has a 
an upper branch and a lower branch symmetric around the origin, it is sufficient to construct a 
mathematical model only for the upper branch of the hysteresis loop and to extend the validity of the as-
obtained results for the lower branch of the ε-Fe2O3 hysteresis loop.   

In terms of statistical modeling, the Langevin function, describing the magnetic response of a 
(nano)material, is given by  

� � � � � �
2 B

1 3 1
B 2 3

, coth k TL x x
k T x
�� � �

� �
� � �

� � � � 	 �� �� � �� �
θ  

where θ = (θ1,θ2,θ3)T are unknown physical parameters, kB and T are known physical constants and x is the 
induction of the external magnetic field. We assume a nonlinear regression model in the form of  

� �*,y L x �� �θ  

where θ* = (θ1*,θ2*,θ3*)T � � is the true parameter, � = �1 × �2 × �3 is the set of physically possible values 
of the parameters, x � X is the design point, X is the experimental domain and ε is the unobservable error 
with E(ε) = 0 and D(ε) = σ2. 

If ξ is an arbitrary design, then, in order to find a locally D-optimal experimental design ξ*θ* to estimate θ* 
more exactly, we have to construct an information matrix M such that det(Mθ*(ξ)) is minimum. As the 
model is nonlinear, we have to use the Taylor series expansion to linearize this model. Thus, we get a linear 
regression model with the information matrix M in the form of  
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where ξ is the design and ∂L(x,θ)/∂θ is the partial derivative of the Langevin function at point θ. 

The locally D-optimal design is dependent on the point (θ1,θ2,θ3)T at which the nonlinear regression model 
was linearized. It is easy to verify that D-optimal design is independent on the value of parameter θ1 

because  

� �� � � �� �1 2 3 2 3

4
, , 1 1, ,det det� � � � � �  � *M M  

for θ = (θ1,θ2,θ3)T � � and any ξ � +, where + is the set of all designs on X. It means that the D-optimal 
design for the hysteresis loop profile described by the Langevin function depends only on the values of 
parameters θ2 and θ3. A possible solution is to choose values θ2 � �2 and θ3 � �3 and construct the D-
optimal design for these particular values. The problem is that the set of possible values of parameters θ2 
and θ3 is too extensive and consequently, the locally D-optimal designs are too different. For this reason, 
we used the D-efficiency to measure the performance of a design ξ compared to that of the locally D-
optimal design ξ*θ* [8]. To get the value of D-efficiency, we exploited a relation in the form of  
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where m is the number of unknown parameters (3 in our case). 

Now we focus on problem of nonlinear locally D-optimal designs. If we consider design ξ where the 
parameters θ = (1,θ2,θ3)T � � are not close to the parameters θ = (θ1*,θ2*,θ3*)T � �, then the value of 
efficiency for design ξ, i.e., effθ*(ξ), can be very small (see Fig. 2). 

 
 
 
 
 
 
 
 
 

Fig. 2 Locally optimal design for the measurement of upper branch of the ε-Fe2O3 hysteresis loop. 

Another possibility is to construct a uniform design of experiment at all points of X. The value of efficiency 
of design ξ with respect to θ* = (θ1*,θ2*,θ3*)T � � is bigger, however, it is not effective as an experimenter 
has to reset the measuring device many times, which results in high costs of the experiment (see Fig. 3).  
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Fig. 3 Uniform design for the measurement of the upper branch of the ε-Fe2O3 hysteresis loop. 

 

The most efficient stable design over the entire set of possible values of the parameters θ2 and θ3 is the 
maximin efficient design defined by [9] 

� �, -*
ME **

arg max min eff   �+ ��
� � �� �θθ

. 

To find this design we used the method of simulated annealing. In Fig. 4, one can see the best 

approximation *
ME   of ξ*ME for which the efficiency value is at least 69.26% and is stable over the entire �.  

Fig. 4 Maximin efficient design for the measurement of the upper branch of the ε-Fe2O3 hysteresis loop. 

From Fig. 4, it is evident that we need only 12 points for the measurement of the upper branch of the ε-
Fe2O3 hysteresis loop to obtain the most exact estimate of the vector unknown parameter θ = (θ1,θ2,θ3)T � �. 

4. CONCLUSIONS 

After proper physical characterization of the synthesized ε-Fe2O3/SiO2 nanoconposite sample checking its 
phase purity, we have proposed an optimal design of experiment for measuring the ε-Fe2O3 hysteresis loop 
securing the requirement that the derived values of ε-Fe2O3 hysteresis loop parameters are as precise as 
possible. It turns out that only 12 points at which the measurements are carried out are needed for 
accurate determination of ε-Fe2O3 hysteresis loop parameters. This approach can be generalized for other 
sigmoidal functions including the Brillouin function that appears to be more correct function for a 
description of the magnetic response of a nanomaterial. Thus, we present a universal tool for assessment 
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of hysteresis loop profiles for any magnetic (nano)material, bringing a complex information on its 
macroscopic magnetic properties. 
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Abstract 

The presented work summarizes various aspects of uniaxial deformation in monolayer graphene studied by 
means of Raman spectroscopy. Graphene flakes were subjected to tension - compression uniaxial loading 
using the cantilever beam technique. The evolution of the Raman single-resonance (G) and double-
resonance (2D) bands was monitored at strain levels < 1%. The position of all peaks redshifts under tension 
and blueshifts under compression. The G peak splitting into two sub-bands (G- and G+) which is caused by 
symmetry lowering, is observed in both strain directions. The sub-bands’ intensities are used to calculate 
the crystal lattice orientation of the measured graphene flakes with respect to the strain axis. The nature 
and splitting of the 2D band even in the unstrained flakes, when excited by the 785 nm (1.58 eV) laser line, 
is interpreted as the interplay between two distinct double resonance scattering processes. 

Keywords: graphene, strain, Raman spectroscopy 

1. INTRODUCTION 

Graphene is the thinnest known elastic material, exhibiting exceptional mechanical and electronic 
properties [1]. Because graphene is a single-layer membrane, it is also amenable to external perturbations, 
including mechanical loading. A promising approach to develop graphene-based electronic devices is by 
engineering local strain profiles obtained by means of a controlled mechanical or thermal deformation of 
the substrate or by applying appropriate geometrical patterns in a substrate. The strained material 
becomes a topological insulator enabling the opening of significant energy gaps in graphene’s electronic 
structure [2]. An alternative approach in this line is to control and manipulate the intrinsic ripples in 
graphene sheets using thermally generated strains [3]. This feature is expected to strongly influence 
electronic properties by inducing effective magnetic fields and modify local potentials. Thus, the precise 
determination and monitoring of strain is an essential prerequisite for understanding and tuning the 
interplay between the geometrical structure of graphene and its electronic properties. 

Raman spectroscopy is a key diagnostic tool to identify the number of layers in a sample and probe physical 
properties and phenomena [4]. The G band is the only Raman mode in graphene originating from a 
conventional first order Raman scattering process and corresponds to the in-plane, zone center, doubly 
degenerate phonon mode (transverse (TO) and longitudinal (LO) optical) with E2g symmetry. The D and 2D 
modes come from a second-order double resonant process between non equivalent K points in the 
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Fig. 1 Raman spectra of a monolayer 
graphene flake excited by 633 nm (top, red) 

and 785 nm (bottom, black) laser. 

Fig. 2 Scheme of the cantilever beam 
experimental setup. 

Brillouin zone (BZ) of graphene, involving two zone–
boundary phonons (TO-derived) for the 2D and one 
phonon and a defect for the D band. Both modes are 
dispersive spectral features, i.e. their frequencies vary 
linearly as a function of the energy of the incident laser, 
Eexc. Figure 1 shows Raman spectra of a monolayer 
graphene flake embedded in a sandwich-like polymer 
matrix excited by 633 and 785 nm lasers (1.96 and 1.58 
eV, resp.).  

Most of the bands present in the spectra belong to the 
embedding polymers (PMMA and SU8 – see Methods 
for details), however, both the G and 2D bands can be 
clearly distinguished. The principal attributes of a 

monolayer graphene [4], namely the single Lorentzian shape with full-width-at-half-maximum (FWHM) of 
24 cm-1 for the 2D band together with 2D/G bands intensity ratio of 2-3 have to be looked for in the 633 nm 
spectrum, because of a much lower intensity of the CCD camera towards longer wavelengths.  

2.  METHODS 

Graphene monolayers were prepared by mechanical cleavage from natural graphite (Nacional de Grafite) 
and transferred onto the PMMA cantilever beam covered by a ~200 nm thick layer of SU8 photoresist (SU8 
2000.5, MicroChem). After placing the graphene samples, a thin layer of S1805 photoresist (Shipley) or 
PMMA was spin-coated on the top. The top surface of the beam can be subjected to a gradient of applied 
strain by flexing the beam by means of an adjustable screw positioned at a distance L from the fixed end. 
The deflection δ was measured accurately using a dial gauge micrometer attached to the top surface of the 
beam. Furthermore, the total thickness of the beam t and the flake’s distance from the fixed end x are 
taken into account for the calculation of the strain level ε�[5,6].  A sketch of the experimental setup 
including the equation for the calculation of strain is depicted in Fig. 2.  

MicroRaman (InVia Reflex, Rensihaw, or LabRAM HR, Horiba 
Jobin-Yvon) spectra are recorded with 514 nm (2.41 eV), 633 
nm (1.96 eV) or 785 nm (1.58eV) excitations, while the laser 
power was kept below 1 mW to avoid laser induced local 
heating on the sample. The polarization of the incident light 
was kept either parallel (θin=0°) or perpendicular (θin=90°) to 
the applied strain axis, while the scattered light polarization 
was selected, in all cases, parallel to the strain axis (θout=0°). 
All peaks in the Raman spectra of were fitted with 
Lorentzians. 
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3. RESULTS AND DISCUSSION 

3.1 G band 

Figure 3 shows the Raman G band evolution in a selected monolayer graphene flake embedded in a 
polymer matrix under uniaxial tensile and compressive strains. As can be seen, in general, tensile strain 
induces phonon softening (red shift) and compression causes phonon hardening (blueshift). In addition, the 
G peak splits into two components due to symmetry lowering of the crystal lattice [7-9]. The sketches of 
the particular vibrations with respect to the strain axis are depicted in insets in Fig. 3A. The sub-peaks 
denoted G- and G+ (in analogy to carbon nanotubes) shift at rates ~30 and ~10 cm-1/%, respectively, both 
under uniaxial tension [7-9] and compression [7]. The Raman intensities of the two peaks are given by [9]: 

 � � � �2 2( ) sin 3 ,  ( ) cos 3in out in outI G I G� � . � � .	 �/ � � / � �     (1) 

where φ is the angle between the strain axis and the x axis, chosen to be perpendicular to the C-C bond, θin 
and θout are the polarization angles of the incident and scattered light relative to the strain axis25, for 
normal incidence of light on the graphene plane. Thus, from the measured intensities, we get φ = 18.4 ± 
0.1°. 

 

Fig. 3 Evolution of the Raman G band (�exc = 785 nm) in a graphene monolayer (micrograph as inset in B) 
under uniaxial strain. The spectra (A) and positions of the sub-bands (B) are colored red (tension), blue 

(compression) or black (no strain). The strain level is labeled for every set of curves. The dashed curves in A 
are individual Lorentzian components of the experimental spectra (points) with solid curves as their 

convolution. The dashed lines in B show line fits of the experimental data points, linear for tension (shift 
rates included in the legend) and 2nd order polynomial for compression. 

3.2 Critical buckling strain 

The aforementioned linear evolution of the sub-bands with strain holds only in the tension case, while 
under compression, the shift rates decrease with an increasing strain, eventually leading to a complete 
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relaxation due to an onset of buckling. For more examples of the compression failure, see ref. [7]. The 
moment of the final failure of the flakes can be expressed by the critical buckling strain (εc). For comparison 
purposes between flakes, we define εc as the local maxima in the 2nd order polynomials fitted to the band 
positions vs. strain values. For example, from the curves shown in Fig. 3B we can extrapolate the εc value of 
1.25%. The critical buckling strain for a flake in the classical Euler regime in air, can be determined through 
the following equations [6]: 
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where w is the width of the flake and  D and C are the flexural and tension rigidities, respectively. A tension 
rigidity value of 340 GPa nm has been reported by AFM [10] measurements whereas the flexural rigidity 
has been estimated to 3.18 GPa nm3. The geometric term k is dependent on the aspect ratio combined 
with a number of half waves m into which the flake buckles (eq. 3). The equation (2) is mainly valid for 
suspended thin films and yields extremely small (~10-9) εc values for graphene monolayers one atom thick. 
However, when embedded in a polymer matrix, the graphene is prevented from full buckling due to the 
lateral support offered by the surrounding material. Therefore, assuming that εc is a function of k/w2, the 
different response of the individual graphene flakes to compression can be determined by their geometries 
and orientation with respect to the strain axis. For the above flake, where l/w < 1, only one half wave 
appears, thus k = 89.1. Accordingly the term k/w2 = 0.028 μm-2. Now, if we would plot the k/w2 as a 
function of εc, a linear dependence is obtained (Figure 4 in ref. [7]) with the equation:  
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where the slope a = -0.03 μm-2. We can reformulate the eq. 2 for embedded graphene as follows:  
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where D* is now the flexural rigidity in the presence of the polymer. Using the eq. 4 and the a value, the D* 
can be estimated to 12 MPa μm3, which is 6 orders of magnitude higher than the value in air. This is truly a 
remarkable finding that indicates clearly that the support offered by polymer barriers to a rigid monolayer 
can provide a dramatic enhancement to its compression behaviour [7].  

3.3 2D band 

In ref. [11] we presented a comprehensive experimental and theoretical analysis of the double-resonant 2D 
Raman mode in graphene under uniaxial tension. In general, the 2D band behaves similarly to the G band in 
terms of the shift direction and (non)linearity in tension/compression. Another similarity, though only 
seeming now, is the splitting under strain. A pronounced 2D splitting into two distinct components is clearly 
evident in all the studied specimens using the 785 nm (1.58 eV) excitation and in some studied by shorter 
excitation wavelengths. In contrast to the simple origin of the G band splitting, the 2D band results have to 
be explained considering: (i) the strain induced asymmetry of the Brillouin zone, where, for an arbitrary φ 
angle, three unequal K-K’ paths exist, each giving rise to a component with a different shift rate, (ii) the 
additional contributions from double-resonance scattering processes connecting other parts of the equi-
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energy contours on the Dirac cones, especially the inner ones, and (iii) the incident laser polarization 
direction, with respect to the strain axis, which influences the intensities of the components. Furthermore, 
our study strongly suggests that the 2D mode lineshape depends on the excitation energy. Thus, Raman 
measurements using various excitation wavelengths, under well defined strain conditions, are extremely 
important for a complete picture of the 2D mode scattering process in graphene [11]. 

3.4  Extension to carbon fibres 

A very interesting use of the above mentioned basic knowledge of the G peak shift and splitting with 
uniaxial strain in graphene was used to interpret the mechanical response of various types of carbon fibres 
(CF) [8]. We found out that for polarized measurements, accurate determination of the G peak shift and 
splitting with stress is a route to evaluate the average orientation of the graphene units (or stacks) with 
respect to the fibre (strain) axis and, in certain cases, of the optical skin modulus. By comparing the results 
derived for graphene and CFs, a universal plot was constructed, relating the G peak shift to stress or strain 
for all graphitic materials. In other words, the phonon deformation (atomic scale) scales to the imposed 
stress (macroscale) in an identical fashion for a range of CFs with different moduli, but related 
morphologies. We estimated a universal value of average G peak shift with stress regardless of modulus ~ -
5 ω0

-1 (cm-1MPa-1), where ω0 is the G peak position at zero stress. This could lead to sensors within 
structures (airframes etc.) made of CF composites, converting Raman shifts into stress. In the aerospace 
field, this in-flight monitoring would be more preferable, and complementary to current post-flight 
inspections. 

4. CONCLUSIONS 

In summary, we have shown various aspects of the evolution of the Raman bands in monolayer graphene 
subjected to uniaxial mechanical loading. The presented findings reveal only some of the interesting issues, 
which might find their use in a further research of nanocomposites, sensors or even graphene-based 
semiconductors with a strain-induced band gap. One such possible application is extrapolated for carbon-
fibres, of which graphene is the basic building block, allowing us to translate the knowledge gathered in the 
nanoscale to a deeper understanding of objects with much larger dimensions.  
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Abstract 

A defect study of ultra-fine grained (UFG) Cu prepared by high-pressure torsion (HPT) will be reported. HPT 
introduces a huge amount of defects (vacancies, dislocations) what makes HPT-made materials a challenge 
for positron annihilation spectroscopy (PAS) because of PAS non-destructivity and excellent sensitivity to 
open-volume defects. Thus, conventional PAS including positron lifetime (PLT) and Doppler broadening 
(DB) techniques was the main experimental tool. PAS was combined with transmission electron 
microscopy, X-ray diffraction and Vickers microhardness (HV) measurements. Lattice defects introduced by 
HPT were characterized first. A very high concentration of defects created during HPT deformation was 
observed and the two kinds of defects could be identified: dislocations and small vacancy clusters 
(microvoids). Because of a significant increase in imposed shear strain with radial distance, microstructure 
of a HPT-deformed sample at the centre is expected to differ from that at the sample periphery. Therefore, 
further investigations focused on (i) development of microstructure with HPT turns and (ii) radial 
distributions of defects. The results are consistent with torsion-induced strain increase from the sample 
centre toward its edge and predictions of strain gradient model. Extended lateral mapping of 
microstructure was performed using HV and DB techniques. The latter one could reveal significant non-
uniformity of defect distribution which was less pronounced in the HV measurements. 

Keywords: ultra-fine grained copper, high-pressure torsion, lateral distribution of defects, dislocations, 
vacancy clusters, positron annihilation spectroscopy. 

1.  INTRODUCTION 

Ultra-fine grained (UFG) materials are characterised with a typical grain size lowered down to 100 nm scale. 
Such a grain refinement usually leads to significantly improved mechanical properties of UFG materials, like 
e.g. a high strength combined with a reasonable ductility [1]. Grain boundaries (GB’s) become important in 
UFG materials and substantially contribute, for example, to an enhancement of their ductility [2] and 
atomic diffusion activity [3]. Grain refinement to a mean grain size of ≈ 100 nm was succeeded in a variety 
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of metals or metallic alloys by means of high-pressure torsion (HPT) [1]. UFG copper may be regarded as 
a suitable model system for the investigations of HPT processing and its influence on final microstructure of 
the deformed material: pure copper specimens can easily be obtained and, moreover, various 
characterization methods can be utilised. Potential applications of UFG Cu (e.g. body-friendly implants) 
make also this material attractive for research. 

HPT technique provides bulk specimens of disk shape sized typically to ≈ 10 mm in diameter and ≈ 0.3 mm 
in thickness. Besides grain refinement, however, a vast amount of lattice defects (vacancies, dislocations) is 
induced by severe plastic deformation during HPT treatment. Obviously, the HPT imposed shear strain is 
increased with an increasing number of torsion turns, N, and a radial distance from the disk centre, r [1]. 
Radial variations of the microstructure of HPT deformed materials are naturally expected and, indeed, were 
reported earlier. A lower hardness at the disk centre, compared to its periphery, was found [4] in HPT made 
Ni. On the other hand, the microstructure differences between the sample centre and its periphery were 
indicated to diminish with an increasing number of turns and under a higher pressure applied during HPT 
deformation [5]. Any effort to understand extraordinary features of HPT made UFG materials and to 
optimize HPT procedure have to rely upon a detailed knowledge of microstructure and its evolution during 
HPT processing. In particular, (i) the degree of grain refinement and (ii) the type of HPT induced defects 
should be thoroughly investigated, including lateral variations of these two principal characteristics of UFG 
materials.  

Positron annihilation spectroscopy (PAS) has proven itself to be a very efficient method of investigation of 
microstructure on a nanoscopic scale, in particular, of open-volume lattice defects, capable of positron 
trapping, and GB’s which positron can reach by diffusion. Basic PAS experiments involve the measurements 
of the positron lifetime (PLT) and the Doppler broadening of annihilation radiation (DB). PAS can provide 
information about the types and the concentrations of defects. Positron range of at least ≈ 0.1 mm occurs 
in most materials.  In conventional PAS, positrons from a radionuclide, e.g. 22Na, are directly implanted to 
the material studied. Microstructure information, averaged over the bulk volume scanned by positrons, is 
revealed by PAS in this case. Basics of the PAS method were presented in previous NANOCON Conferences 
together with examples of PAS applications to various materials (Refs. [6,7] and citations quoted therein).  

In the present Contribution, a defect study of UFG Cu prepared by HPT is reported as an extension of our 
recent investigations [8,9]. Conventional PAS was involved as the main experimental technique and 
combined with X-ray diffraction (XRD), transmission electron microscopy (TEM) and Vickers microhardness 
(HV) measurements. The Contribution is concerned on characterization of defects introduced by HPT, 
microstructure evolution during HPT processing, and extensive mapping of lateral distribution of defects by 
HV and DB techniques.  

2.  EXPERIMENTS 

Samples. Copper of 99.95 % purity was subjected to HPT deformation at room temperature. HPT 
processing resulted in disk-shaped specimens of ≈ 9 mm in diameter and ≈ 0.3 mm thickness. Influence of 
compressive pressure was tried using samples deformed under 2 and 4 GPa. Evolution of microstructure 
with increasing number of HPT revolutions was followed on a series of Cu samples which underwent N = 1, 
3, 5, 10, 15 and 25 revolutions. For HV measurements, sample surface was polished to mirror-like quality. 
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HV measurements. Microstructure homogeneity of samples was characterized by HV measurements using 
a STRUERS Duramin 300 hardness tester with a load of 100 g applied for 10 s. HV data were taken on 
a rectangular grid with an incremental spacing of 0.5 mm. HV results were represented as colour-coded 
maps of microhardness constructed to provide pictorial displays about homogeneity of microstructure 
across the sample. 

PAS measurements. Positron sources were prepared of carrier-free 22Na carbonate salt (iThembaLABS) 
deposited and sealed between two 1.5 μm thick mylar C foils (Dupont). Positron source was tightly 
sandwiched between two identical disks of material studied. The two sources were employed: a stronger 
source for PLT measurements, having ≈ 1 MBq strength and an activity spot of ≈ 3 mm diameter, and 
a weaker source for DB experiments (≈ 0.5 MBq strength, < 1 mm spot diameter).  

PLT measurements were performed using a fast-fast spectrometer [10] exhibiting a time resolution of 
150 ps (FWHM) and a coincidence count rate of ≈ 100 s−1 for the above positron source. To characterise 
radial changes of microstructure, PLT measurements with the positron source positioned at the sample 
centre (i.e. at a radial distance of r ≈ 0) and at a periphery position (r ≈ 3 mm) were conducted. Positron 
annihilations in the source (including salt and cover foils) contributed to PLT spectra with two weak 
components exhibiting lifetimes (intensities) of 0.368 ns (8 %) and 1.5 ns (1 %).  

DB experiments were carried out using a conventional HPGe γ-ray spectrometer having an energy 
resolution of 1.3 keV (FWHM) at 511 keV γ-ray energy. Lateral variations of microstructure were mapped 
using DB measurements were performed for source positions changed along a rectangular grid 
incremented in 1 mm steps. A micrometer x – y shift was used to adjust source positions with a precision of 
≈ 0.1 mm. Doppler profiles were described in terms of usual sharpness and wing parameters, S and W, 
respectively, normalised to the shape parameters measured at the centre of the sample after one HPT 
revolution (S0 and W0).  

TEM and XRD measurements. Details of apparatus and data acquisition are given in our recent papers [8]. 

3.  RESULTS 

TEM. In TEM observations of HPT Cu, a heavily deformed structure with a high dislocation density over the 
whole sample is displayed already after 1 turn with initial stage of dislocation rearrangement at the sample 
centre and a more refined microstructure at the sample edge [8]. In the sample subjected to 15 revolutions 
and 4 GPa pressure, grain refinement to a mean grain size of 200 – 300 nm is seen at the sample periphery. 
Different picture still takes place, however, at the central region where dislocation cells and subgrains 
separated by tangled dislocations are observed by TEM after 15 revolutions [8]. 

XRD. XRD pattern of HPT deformed Cu allowed to estimate the mean size of coherently scattering domains 
to become as low as ≈ 100 nm already after the first turn. The domain size seen by XRD is always smaller 
than the grain size estimated by TEM. This is because XRD responds to a mean size of coherently diffracting 
crystallites with almost perfect structure free of microstrains (like e.g. dislocation cells and subgrains) while 
the grains separated by well-defined GB’s are recognised by TEM. After the third turn, the coherent domain 
size is somewhat diminished and appears to be slightly smaller for 4 GPa applied pressure compared to that 
of 2 GPa (≈ 50 and ≈ 70 nm, respectively). Then it remains roughly constant with increasing number of HPT 
turns [6]. From the XRD line profile analysis, a high dislocation density averaged over the sample, 
ρD ≈ 7×1015 m−2, could be deduced. No significant variations of ρD with applied pressure and only a very 
slight increase of the mean dislocation density with number of turns could be implied by XRD  [8]. 
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PLT spectra., Two exponential components (lifetimes τi , intensities Ii , i = 1,2) were resolved in PLT spectra 
of HPT deformed Cu after subtraction of the positron source contribution. In Fig. 1a, observed lifetimes τ1 , 
τ2 were plotted as functions of number of HPT revolutions for the two pressures used, 2 and 4 GPa, and the 
two positions of the positron source, central (r ≈ 0) and peripheral (r ≈ 3 mm). Intensity I2 as a function of 
HPT turns is represented in Fig. 1b. Positron lifetimes τ1 , τ2 were found to be substantially higher than 
lifetime τb = 114 ps known [10] for well-annealed Cu reference material. Therefore, lifetimes τ1 , τ2 arise due 
to positron trapping in defects. Lifetime τ1 appear to be close to a value of 164 ps known as the lifetime of 
positrons trapped at dislocations [11]. Thus, τ1-component which most intense in PLT spectra of HPT 
deformed Cu originates from positron trapping at dislocations created during severe plastic deformation. 
The longer component (lifetime τ2) comes from positron trapping in larger defects (microvoids) of open 
volume equivalent to a cluster of several vacancies. Comparing the experimental τ2-values with those 
calculated in Ref. [10], the size of clusters was estimated as 4 to 5 vacancies at the sample centre and 7 to 
9 vacancies at the sample periphery [8]. It can be seen in Fig. 1 that the number of HPT revolutions does 
not influence significantly the cluster size. A well-pronounced effect of positron trapping in vacancy clusters 
can be regarded as a strong evidence of a high number of vacancies formed by HPT deformation in Cu [8]. 
These vacancies are mobile at room temperature and, hence, they either disappear via diffusion to sinks or 
aggregate into small clusters.  

HV mapping of microstructure. Fig. 2 shows colour coded maps of HV distribution across the sample 
subjected various number of HPT revolutions. The sample subjected to one HPT revolution exhibits lowered 
HV ≈ 116 in the centre while the periphery is characterized by a high HV ≈ 150. With increasing number of 
HPT revolutions HV in the centre increases and the difference between the centre and the periphery 
becomes smaller. Obviously high HV at the periphery already after the first HPT revolution is caused by the 
fact  that  this  region  is  subjected  to  the  highest  strain.  With increasing number of HPT turns the region 

Fig. 1 Results of PLT investigations plotted as a function of the number of HPT revolutions: (a) lifetimes 
of exponential components resolved in PLT spectra, (b) relative intensity I2 (I1 + I2 = 100%) of the 

contribution of positrons trapped in vacancy clusters. Results of measurements taken at the centre of 
the sample (r 0 0 mm) are plotted by circles while those performed at the periphery (r 0 3 mm) are 

plotted by triangles. Data obtained on samples deformed under the pressure of 2 and 4 GPa are plotted 
by full and open symbols, respectively. 
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 characterized by high HV extends 
gradually toward the centre. The 
sample subjected to 25 HPT turns 
shows almost uniform HV 
everywhere at r > 1 mm. 
However, the centre still exhibits 
a slightly lower HV.  

DB results. Lateral distri-bution 
of defects in HPT deformed Cu 
was mapped for samples 
subjected to N = 1, 3, 15 and 25 
turns under 4 GPa pressure. Fig. 3 
shows colour coded maps 
constructed from the S-
parameter values. The Figure 
illustrates a radial symmetry of 
defect distribution (dislocations 
and microvoids) over the disk 
plain. Radial dependences of S 
parameter are plotted in Fig. 4a, 
while Fig. 4b shows the DB data 
arranged into the S–W plot. 

The most pronounced feature of 
DB results is an increase in S 
parameter (and corresponding 
decrease in W parameter) from 
sample centre toward its edge. 
Note that no significant variations 
of dislocation density were 
indicated by XRD measurements 
on HPT deformed Cu [8].  Then 
observed radial changes of S and 
W parameters are obviously due 
to an enlarged size of vacancy 
clusters at the sample periphery 
compared to its centre, as 
suggested also by the PLT 
measurements (7 – 9 compared 
to 4 – 5 vacancies, respectively). 
Not only the S parameter for 
positrons trapped in microvoids 
but also the trapping rate (i.e. the 

Fig. 2 Colour-coded map constructed from HV values measured on 
a rectangular grid (incremental spacing 0.5 mm) for HPT deformed Cu 

subjected to N=1, 3, 15 and 25 revolutions. 

Fig. 3 Colour-coded map constructed from S values measured on 
a rectangular grid (incremental spacing 1 mm) for HPT deformed Cu 

subjected to N=1, 3, 15 and 25 revolutions. 
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positron fraction) to microvoids is increased at the sample periphery. Similarly, a decrease of W-values 
accompanying an increase of S-values at the sample periphery can be understood. Amount of defects 
introduced by HPT deformation is increased with increasing number of turns what is reflected by a general 
trend of a growth of S- and a drop of W-values seen in Fig. 4a. Similarly to PLT results this effect is 
pronounced for lower number of turns. It can be read from the S–W plot on Fig. 4b that S- and W-values 
become placed roughly along a straight line which testifies that the nature of positron traps does not 
change substantially but the defect concentration does. With increasing radial distance, S is increased and 
W decreased which results in negative slope of the plot. On the other hand, radial variations in size of 
vacancy clusters cause an increase of trapping rate as well as a growth of S and, correspondingly, a drop of 
W. This is likely a reason for small but systematic deviations from linearity of the data plotted in Fig. 4b.  

One can note that general trends displayed by the HV and the S-parameter mapping are similar as they 
reflect increasing defect densities and decreasing grain size due to a higher imposed strain. However, the 
HV data are influenced by grain size and dislocation density, while the DB parameters conveys information 
on deformation-induced vacancies which have a relatively low impact on hardness, but influence other 
physical properties of the UFG material (diffusion, phase transformations etc.). Hence, both methods of 
mapping are complementary, since they respond to different aspects of microstructure.   

4.  SUMMARY 

The two kinds of lattice defects could be resolved in HPT deformed Cu – dislocations and small vacancy 
clusters formed by agglomeration of deformation-induced vacancies. Microstructure inhomogeneity of HPT 
deformed Cu was characterized by HV and DB mapping. It was demonstrated that DB mapping carries 
information about spatial distribution of dislocations and vacancy clusters. Hence, DB technique should be 
considered as a valuable tool complementary to the standard HV characterization. It was found that the S 

Fig. 4 (a) The dependence of the S parameter on the radial distance r  from the sample centre. Each 
data point in the panel is an averaged value over all nodes of the rectangular grid with the same 
distance from the centre. (b) The S-W plot constructed from the S and W values of panel (a). The 

straight line in panel (b) is a linear fit to all points of the panel. The arrow in panel (b) points in the 
direction of increasing r. N denotes the number of HPT revolutions. 
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parameter strongly increases with the radial distance from the centre due to increasing size of vacancy 
clusters. Although the HV mapping showed only a slight difference between the centre and the periphery in 
the sample subjected to 25 HPT revolutions, the DB mapping revealed that lateral distribution of vacancy 
clusters is still far from being uniform.  
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Abstract 

Recent developments in applications of the scanning very low energy electron microscopy in selected 
branches of materials science are reviewed. The examples include visualization of grains in conductive 
polycrystals including ultrafine grained metals, identification of the local crystal orientation upon 
reflectance of very slow electrons, transmission mode with ultrathin free-standing films including graphene, 
acquisition of a quantitative dopant contrast in semiconductors, and examination of thin surface coverages.  

Keywords: scanning electron microscopy, low energy electrons, grain contrast, graphene, transmitted 
electrons, dopant contrast, thin films 

1.  INTRODUCTION 

The scanning electron microscopy (SEM) is a well established method for examination of surface and 
subsurface layers of bulk samples at high spatial resolution, and its importance grows with the coming age 
of nanotechnologies. Traditionally, the secondary electron (SE) signal released under impact of the focused 
primary electron beam of energy in units or tens of keV has been used for imaging the surface relief of 
samples. This conventional image signal is influenced by plenty of various properties of the surface under 
observation so reliable interpretation of images of unknown samples is restricted to mere topography. The 
alternative signal of backscattered electrons (BSE), emitted at energies between the primary energy and 
the arranged threshold of 50 eV, is capable of bearing the material contrast. For primary energies above 5 
keV and for BSE not having incurred large energy loss in the sample, the BSE signal is proportional to the 
mean atomic number of the target. The local crystallinic orientation of the target can be extracted via 
computer processing from the diffraction patterns of BSE, acquired using a side-attached camera from a 
heavily tilted sample at high energies (the EBSD method). Other useful attachments to the SEM device 
include analysis of the elemental chemical composition by means of the energy or wavelength analysis of X-
rays released by electrons, and spectromicroscopy using the cathodoluminescence from semiconductors 
and insulators. Traditionally, only a fraction of information generated by means of the electron impact is 
utilized. In particular, the emitted SE+BSE flux used to be acquired with single-channel detectors not 
encrypting information hidden in the angular and energy distribution of the species. Moreover, interaction 
of relatively fast primary electrons takes place within a volume by orders of magnitude larger than the 
primary spot size considered defining the nominal image resolution, so the genuine information sources are 
smeared. Finally, “fine details” of the samples under observation like their electronic structure are invisible 
for fast incident electrons. 

Since beginnings of the electron microscopy development, advantages of using slow electrons were known 
but their introduction bumped against deterioration in the image resolution owing to increased relative 
spread in electron energies governing the chromatic aberration, and the extended wavelength causing the 
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diffraction aberration disc to magnify. Solution comes with principle of forming and focusing the primary 
electron beam at a high energy and retarding it in an electrostatic field close to the sample surface. Most 
efficient is to perform the retardation using so called cathode lens in which the sample itself plays the role 
of cathode biased to a high negative potential. In this case the main aberration coefficients diminish with 
decreasing energy of electrons and high resolution can be preserved down to even units of eV – see the 
complete review of the method [1]. During two recent decades the cathode lens equipped SEM (the 
scanning low energy electron microscope, SLEEM) has been gaining its position via demonstration 
experiments on important families of samples. This review summarizes several examples from the recent 
period. 

2.  EXPERIMENTAL 

Adaptation of a conventional SEM to the SLEEM mode can be performed by inserting a BSE detector of the 
central bore as small as possible to below the objective lens and by insulating and biasing the sample [2]. 
This simplest approach has surprisingly good parameters and is being utilized until today - see Fig. 1. 
Because the cathode lens field accelerates and collimates the signal electrons into a bundle of divergence 
that narrows with decreasing energy of emission, also the in-lens or through-the-lens BSE detectors can be 
used including the BSE/SE converters. 

 
Fig. 1 Experimental ultrahigh vacuum SLEEM at ISI (left), and a commercial SEM subsequently adapted 

 to the SLEEM mode (right). 

The cathode lens field above the biased sample acts very advantageously in collecting the reflected flux of 
species. For sufficiently thin samples the same effect can be secured when inserting another detector on 
the ground potential to below the sample. In this way we obtain the scanning transmission low energy 
electron microscopy (STLEEM) mode [3]. 

3.  APPLICATION EXAMPLES 

3.1  Grain contrast in polycrystals 

When examining the local crystallinic orientation in a polycrystal using EBSD, we have to use relatively high 
energy of incident electrons (at least 10 keV) and to tilt the sample to an angle near 70� in order to fit the 
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usual experiment arrangement established by location of the camera. Large interaction volume of so fast 
electrons complicates observation of smallest details, and the slow acquisition of data enables one to 
obtain a good quality map not faster than in minutes. Positive factor is the well elaborated software 
providing with “absolute” data containing Miller indices of the surface atomic layer.  

The BSE signal is also well known responding to the crystal orientation by its magnitude. Generally, dense 
atomic planes reflect electrons more intensively. Experience has shown the crystallinic contrast, best 
demonstrated via the grain contrast of polycrystallinic targets, enhancing with growing polar angle of the 
BSE emission with respect to the surface normal. Standard BSE detectors, both the below-lens and in-lens 
types, acquire only a central cone of the emission distribution up to some 20� or 30�. With even moderately 
excited cathode lens, retarding primary electrons not more than 3 or 5 times, we get the BSE collimated 
toward the axis sufficiently to collect even those emitted at largest polar angles from the surface normal. 
The grain contrast is not only strongly enhanced in this case but also details difficult to visualize with EBSD 
like twins, subgrains or distribution of stresses inside grains, are clearly shown [4]. In Fig. 2 the 
crystallographic sensitivity of the cathode lens mode is shown by means of the grain contrast inversions at 
tiny sample tilts. 

 

Fig. 2 SLEEM micrographs of the ultrafine grained Cu (landing energy 2 keV, primary energy 6 keV)  
with the sample mechanically tilted by (from the left) 0�, 0�28’, 0�56’, 1�24’, and 1�52’. 

When decreasing the landing energy of electrons, the scattering on atomic cores is combined with that on 
the electronic structure and at very low energies the electron reflectance is governed with the energy band 
structure of the target. The incident electrons have to transform in Bloch waves so that in order to 
penetrate the crystal, electrons need empty states above the vacuum level. The local density of states 
depends on direction inside the crystal and hence the slow electron reflectance can be utilized to identify 
the orientation [5]. Pilot experiments have been performed on atomically clean, single crystal and 
polycrystallinic aluminum (Fig. 3). The reflectance curves measured on single crystals can serve as 
fingerprinting a grain orientation – see the grains labeled “A”, which may be considered near the (100) 
orientation with possible confusion with (110), solvable via micrograph taken at about 22 eV. 
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Fig. 3 Very low energy electron reflectance from clean single crystals of Al (left); selected micrographs 
demonstrating appropriate inversions in the grain contrast (right). 

3.2  Ultrathin free-standing foils 

The transmission electron microscopy (TEM) practice confirms the decreasing chance of electrons to 
penetrate a free-standing foil when lowering their energy. Normally the TEM observations are made at 
hundreds or at least tens of keV on foils of hundreds nm in thickness. For units of keV, the sample thickness 
can be only in tens of nm [6], and when extrapolating this proportionality to energies used in the SLEEM we 
get the samples unrealistically thin. However, the inelastic mean free path of electrons in solids achieves its 
minimum below 1 nm at about 50 eV and below this threshold it starts extending again. Although the 
elastic mean free path keeps shortening down to lowest energies, penetration through crystallinic films 
with channels between atomic columns seems possible even at units of eV. In Fig. 4 we see a very high 
contrast, obviously connected with local variations in the thickness. 

 

Fig. 4 Gold film of 3 nm in thickness, prepared by magnetron sputtering  
on the Quantifoil with pinholes 2 μm in diameter. 

Important feature of the STLEEM mode, not appearing in the standard STEM instruments, is acceleration of 
the secondary electrons, emitted from near the bottom surface of the sample, toward the detector. They 
apparently increase the penetrability of electrons above 100% and represent an incoherent contribution to 
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the signal, undesirable under majority of circumstances. At landing energies in tens of eV the SE emission 
can be separated. Slower secondary electrons are collimated to a narrow central bundle and can be 
acquired with the bright field channel in traditional geometry of a STEM detector while the dark field 
channels record the true transmitted signal of electrons having passed scattering events.  

Of highest attractiveness is imaging of the 2D crystals like the graphene. For so thin samples very 
advantageous is combination of the reflected and transmitted signals, which can be acquired 
simultaneously from the same field of view and help in distinguishing between empty holes and atomic 
monolayers. In Fig. 5 we can easily recognize individual graphene scales in the transmitted micrograph, 
contrary to the reflected one. 

 

Fig. 5 The graphene flakes imaged at 20 eV within an identical field of view in the reflected  
(a) and transmitted (b) modes (cooperation with M. Unčovský, FEI Czech Republic,  

specimen provided by A. Geim, the University of Manchester). 

3.3  Dopants in semiconductors 

Imaging of doped areas in semiconductors, in particular in the planar view of individual technological 
layers, would be of crucial importance for the semiconductor technology in case a reliable model of the 
contrast mechanism is available or at least reproducible quantitative data are produced as regards 
proportionality between the image signal and dopant density. Experiments have revealed plenty of factors 
influencing the secondary electron signal from the p-type patterns, which generally grows with the dopant 
density while the opposite holds for the n-type areas, however with possible inversions in these contrasts 
[7]. Problem is in the quantitative data strongly varying with the sample history and treatment. We have 
prepared structures containing patterns of several different dopant densities in one sample in order to 
secure identical surface conditions for them. In this case the SE signal at about 1 keV is reliably proportional 
to the logarithmic dopant density [8]. Using the SLEEM mode an alternative contrast mechanism has been 
discovered, consisting in the dynamic, electron beam induced voltage (EBIV) type phenomenon [9] – see 
Fig. 6. Intensive electron injection into p-type patterns is assumed causing recombination of the holes 
leaving the ionized acceptors uncompensated and hence forming a fixed space charge. Patterns charged to 
about -1 V are capable of total reflecting the very slow incident electrons, otherwise releasing the normal 
image signal from the surrounding substrate. The reflected narrow pencil of the full primary current 
impinges either on the detector surface or to its central bore, making the black/white appearance of the 
patterns. The dopant density seems to be measurable via the electron dose causing the effect. 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

243 

 
Fig. 6 The p/n patterns of various dopant densities, imaged in the SLEEM mode at (a) 1000 eV, (b) 3 eV,  

(c) and (d) 2.3 eV. Micrographs ad c,d differ in the electron dose: (c) 3.6 μCcm-2, (d) 10.8 μCcm-2. 

3.4  Thin surface films 

Most straightforward among the application areas mentioned is examination of thin surface films, requiring 
an imaging mode of a surface sensitivity corresponding to the film thickness. The range of 5 keV electrons 
in solids vary between 50 and 500 nm according to atomic number of the material, and toward lower 
energies it shortens as En with n between 1.3 and 1.7 [10]. Down to 50 eV the surface sensitivity of the 
SLEEM imaging keeps enhancing while below 50 eV the penetration extends again up to tens of nm. 
Connected with this phenomenon is also the well known carbon contamination appearing in standard 
vacuum devices owing to hydrocarbons adsorbed on surfaces and decomposed under electron impact. In 
spite of the broadly accepted idea about the radiation damage generally diminishing with the decreasing 
energy, rate of the carbonaceous contamination also grows down to 50 eV and only then fades out. 

In Fig. 7 we see advantages of the SLEEM method for observation of details on surface coverages. 
Obviously, down to about 100 eV, visibility of the surface film details intensifies while at even lower 
energies no more information is added and the contrast decreases. This implies the electron energy to be 
tailored to a particular surface structure. 

 

Fig. 7 Delaminated 40 nm Pt film on a single crystal Si covered with 100 nm of SiO2, UHV SLEEM. 

4.  PROSPECTS OF THE METHOD 

The cathode lens principle opens for the SEM operation the full energy range between the primary energy 
and zero. Very low energies below, say, 50 eV offer new world of contrast mechanisms mostly based on 
quantum mechanical laws. Dominating image signal is the backscattered electron emission bearing 
information about the complete 3D inner potential distribution inside the target. The material contrast, 
acquired with BSE detectors at conventional energies, is completed with crystallographic and electronic 
information so that understanding to the resulting mixture needs experience mostly not available as yet. 

Since about five years ago the negatively biased sample started to appear in commercially available 
scanning electron microscopes. Accumulation of results obtained when applying the SLEEM method to 
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various families of samples from the materials science and technology branches may seem slower than 
expected, likely because of the lack of comprehensive guides to interpretation of micrographs, often 
markedly differing from what is for decades known from the SEM practice. However, the growing number 
of instruments equipped with this mode promises acceleration of the knowledge collection process, to 
which the authors are always ready to contribute. 
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Abstract 

This article is devoted to the development of the technology of equal channel angle backpressure extrusion 
for deformation iron and aluminum alloys. The developed tool allows to produce a high quality product at 
less degree of the accumulated shearing strain. The alloys presenting a sufficient interest for industrial use 
were chosen for investigation. At first simulation of the deformation process was made in DEFORM-3D 
complex program with Microstructure supplement. The results of the simulation showed sufficient refining 
of structural components in comparison with the initial grain size. The analysis of the obtained results 
shows that equal channel angle extrusion of alloys on either iron or aluminum base favors the 
improvement of metal quality. As a result of the realization of the proposed technology of processing 40Cr 
steel it became possible to obtain subultra fine-grained structure which is formed at a less number of cycles 
in comparison with the deformation of steel 35. The experiments showed that the developed technology 
makes it possible to obtain subultra fine-grained structure (300-400 nm) after 10 deforming cycles. The 
investigation showed that ECAEB has a similar effect on both aluminum and iron alloys. Besides, using equal 
channel angle extrusion it is possible to increase temporary resistance of such aluminum alloys as silumins 
in spite of the fact that belong to non-deforming cast alloys. The proposed technology of strengthening 
alloys of Al-Si-Fe-Mn system makes it possible not only to increase temporary resistance by 16.9% in 
comparison with the state of supplies of aluminum alloys but also to provide high ductility characteristics 
for this type of alloys whose relative permanent elongation is about 12-20%. Such combination of 
mechanical characteristics for this alloy is not only satisfactory but also desirable. 

Keywords: equal channel angle backpressure extrusion, iron and aluminum alloys, deformation, subultra 
fine-grained structure, nanostructure. 

1  INTRODUCTION 

At present special attention is paid to making high-quality strong materials with the increased complex of 
physical and mechanical characteristics. One of the most popular ways of both strength and plasticity 
characteristics expansion, or improvement of strength characteristics at a satisfactory plasticity level is 
several plastic deformation [1]. Equal channel angle extrusion (ECAE) is used largely in making solid subultra 
fine-grained nanostructural materials. It is known that the use of backpressure promotes reduction of the 
required accumulated shearing strain for making structural components fine and imparts the materials of 
the given property complex. One of the methods of carrying out backpressure equal channel angle 
extrusion is ECAE in the tool with step in the exit channel which was worked out by the scientists of RSE 
"KSIU" ( Fig.1).  

Iron and aluminum alloys are very important for industry and it is necessary for them to combine such 
operational characteristics as a complex of mechanical properties, high corrosion resistance, electric 
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conductivity, chemical stability and stability of these characteristics along with the size of structural 
components. It is impossible to make the optimal combination of the above named characteristics by 
traditional processing methods that is why the use of technology of backpressure equal channel angle 
extrusion for deformation of iron and aluminum alloys arise an interest. 

The purpose of equal channel angle extrusion in the tool with a step in the exit channel is an essential 
sufficient increase of the whole complex of mechanical characteristics of carbon and low alloyed steels due 

to making the structural components fine up to subultra- and 
nanolevel. Besides we would like to show that using ECAE method it 
is also possible to achieve high strength and plasticity indexes for 
the alloys classified as rigid when deformed by conventional 
methods. 

Structural steels 35, 40Cr and aluminum alloy AL9 were chosen for 
investigation, an alloy of Al-Si-Fe-Mn system is a cast aluminum 
alloy. There are some inclusions in the metal structure that creates 
makes certain difficulties for its form changing. Chemical 
composition of the above named alloys is given in table 1. 

Table 1 Chemical composition of the investigated alloys, % 

Alloy 
Contents of chemical elements, % 

Fe Si Mn Al Cu Са Cr C Other admixture 
35 the rest 0,22 0,65 - 0,22 - 0,23 0,35 ∑0,45 

40Cr the rest 0,3 0,7 - 0,28 - 1 0,4 ∑0,4 
АЛ9 0,5 4,0 1,12 the rest 0,32 0,34 - - ∑0,05 

1 Section. Pre-treatment 

In order to prepare metal structures, a thermal treatment was made according to the modes, given in table 2. 

Table 2 Modes of thermal treatment of alloys 
Alloy Thermal treatment Cooling medium 

35 
1) quenching water 
2) quenching oil 

40Cr 3) quenching oil 

Al9 
4) annealing in furnace 
5) quenching water 

The choice for thermal treatment of steels was attributed to maximum comminution of the structural 
components during quenching due to the formation of martensite. In this very case the growth of 
resistance to deformation is compensated by deformation at higher temperatures (800-850°С). The use of 
water and oil for steel 35 as a cooling medium is connected with different cooling properties and thus with 
different martensite needles. 

Aluminum alloy Al9 is classified as rigid because of its tendency to cracking because of the presence of 
quasiprimary silicon particles. But taking into consideration that negative hydrostatic pressure [2,3] prevails 
in ECAE there is a possibility of hardening the alloy during its deformation. 

Fig. 1 Chart of the tool for ECAE 
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As the result of primary extrusion of Al9 there appears anisotropy of the properties and elongation of the 
structural components along the bar axis. 

Analysis of the alloy microstructure after annealing showed that complete dissolution of the phases in α-
solid solution didn’t take place. This is caused by the fact that the concentration of chemical element in an 
alloy exceeds their ultimate solubility in aluminum matrix. Well-defined boundaries of silicon colonies can 
be seen on the microsections after annealing both in longitudinal and cross directions. In the metal 
structure after quenching there are inclusions of the two main types: fine-dispersed phase with the 
particles of 1-2 μm size and the particles of 3-10 μm size, which are quasiprimary silicon crystals. 

So, as a result of quenching, a larger number of stress concentratory appears in the alloy structure, that is 
why the quenched samples were decided to deform at 200°C in order to reduce the resistance to 
deformation. The annealing aluminum samples were subjected to deformation at room temperature as it 
one of most conventional methods of deformation of aluminum alloys. The samples prepared by heat 
treatment were subjected to equal channel backpressure extrusion (Fig. 1) turning them 180° around 
longitudinal axis for sing changing deformation [4]. 

2.  STRUCTURAL CHANGES IN ALLOYS DURING DEFORMATION 

In order to estimate the effect of ECAE on the microstructure of alloy the authors made a simulation of 
changes of the structural components during deformation in DEFORM-3D program complex and 
Microstructure appendix. Grain of 30 μm size was taken as the initial one. Calculations were made for steel 
35 ( Fig.2). 

 
 
 
 
 
 
 
 
 
 

a)     b)        c) 
Fig. 2 Sample microstructure before the beginning of deformation (a) and after 10 ECAE cycles (b - 

microstructure, c - histogram of grain size distribution) 

As a result of simulation it was determined that after ECAE grains of average 2.8 μm size could be seen, and 
also there was a small amount of grains of bigger or smaller sizes. A laboratory experiment according to the 
above modes was made after simulation. 

The analysis of the microstructure changes shows that as the result of ECAE realization there take place 
comminution of the initial size both in longitudinal and cross directions. Moreover steel 35 samples cooled 
in water achieve more essential comminution of structural components at less degrees of the accumulated 
shearing strain in comparison with the ones cooled in oil. After 6 deformation cycles the size of the 
structural components of steel 35 samples is about 15 μm, and after 10 cycles they are 1-3 μm size. 
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It is seen in the photo that conducting 10 cycles of ECAE for steel 35 really allows to obtain the material 
with the level of structural components about 1-3 μm size which confirms the results of structure forming 
process in DEFORM-3D program complex and Microstructure appendix. 

Figure 3 shows the microstructure studied under light microscope of X100 magnification. In the process of 
further deformation there takes place sufficient comminution of the structural components, accumulation 
of the crystalline structure defects, redistribution of cementite and ferrite due to diffusion processes. 
However, study of the microstructure under light microscope does not give a complete picture for 
determination of the microstructure components because the microscope resolution does not allow to see 
and discriminate small separate structural components. To solve this problem microsection metallographic 
specimens were made and studied in "JEOL" (Japan) scanning electronic microscope which makes it 
possible to study surfaces in the reflected electron spectrum. The results of the studies of steel 35 after 10 
cycles of ECAE are given in  Fig.4, SEM x8000.  

As the image in scanning electronic microscope is made by the secondary emission of electrons, emitted by 
the surface on which the flow of primary electrons falls continuously moving on this surface, the 
determination of the type of structural components can be made according to the distribution of the 
chemical elements, entering this or that phase. From the character of distribution of the chemical elements 
across the area of the microsection metallographic specimen (С and Fe) it is found that structurally free 
carbon and cementite don’t precipitate, dark interlayers are carbon aggregations, i.e. they are perlite 
grains. Iron is uniformly distributed across the whole studied area. 

 
 
 
 
 
 
 
 
 
 

a)         b) 
Fig. 3 Microstructure of steel 35 after 6 ECAE cycles in cross (a) and longitudinal (b) directions (OMX100) 

The results of the studies show that deformation in the tool with a step in the exit channel and accelerated 
cooling of steel 40Cr even after 6 cycles results in the comminution of grains up to 1-3 μm. During further 
shear deformation there take place crushing, partial dissolution and the turn of structural components, 
represented on  Fig. 5 a. Conducting 10 cycles of equal channel angle extrusion in the tool with a step in the 
exit channel, provides the formation of the microstructural components of 300-400 nm (Fig. 5 b). The 
absence of sufficient difference in the sizes of grains and subgrains speaks in favor of complete and uniform 
processing of the structure which provides the absence of anisotropy of the made billets. 
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Conducting a great number of cycles for Al9 alloy is impossible due to the brittleness of silicon particles in 
the structure. Elastic wave formed by the front of moving dislocations effects the barriers and favors their 

shift to the zone of less stresses thus making 
gradient of the alloy chemical composition 
along the billet cross-section. In its 
movement separate phase components tend 
to minimization of the interface, thus 
connecting section silicon microparticles into 
colonies moving as a common phase 
component. 

It is seen from  Fig. 6 that interior and 
exterior zones of the billet differ after 2 
cycles of ECAE. Moreover, differences are 
seen both in longitudinal and cross-sections. 
Density of the particles connected in a 
separate phase component decreases from 
the interior zone to the exterior one. Such 
redistribution of the phase components is 

the evidence of specific character of the flow of metal layers during deformation. At large magnification 
provided by a light microscope the boundaries of silicon colonies and the particles of quasiprimary silicon 
whose sizes are less than 2 μm. As the result of plastic deformation, the aluminum phase is deformed and 
the silicon particles due to their brittleness begin to divide and form cracks (Fig. 6 b). 

Increasing the number of ECAE cycles you can see replacement of α-solid solution by the silicon phase to 
such an extend that the grain boundaries begin to form and reveal in the aluminum phase. After 3 ECAE 
cycles the grain size is 40-50 μm, the thickness of silicon colonies varies from 1 to 10 μm. After 7 ECAE 
cycles grain comminution can be within 5-20 μm, the thickness silicon colonies practically do not change. 
During deformation phase components take the part of stress concentrations, thus causing failure of the 
samples. Conducting short time annealing at recovery temperature has a positive effect for cutting residual 
stresses. 

 
 
 
 
 
 
 
 
 

a)        b) 
Fig. 5 Microstructure of steel 40Cr after 6 cycles (a - SEM X4300) and 10 cycles (b - SEM X20000) ECAE in 

cross direction, accordingly 
 

Fig. 4 Microstructure of steel 35 after 10 cycles of ECAP 
in cross direction, SEM X8000 
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a)      b) 
Fig. 6 Alloy microstructure in longitudinal direction after 2 ACAE cycles  

(a – exterior billet zone, b - interior billet zone) X1000 

3  MECHANICAL PROPERTIES OF ALLOYS AFTER ECAE 

The microstructure of the alloys obtained as the result of ECAE has a sufficient effect on their mechanical 
properties. During tensile test of steel 35 there arises the increase of ultimate strength. Moreover there is 
also insignificant growth of plasticity characteristic but less intensively. After conducting 10 cycles of ECAE 
ultimate strength increased by 36%, residual elongation grew by 45% and comprised 29% relative residual 
spread grew by 42% and comprised 64%. The graph of the changes of the changes of mechanical 
characteristics are given in Fig.7. 

When being deformed aluminum alloy demonstrated an increased tendency to crack forming. This could be 
seen in the appearance of cross cracks even after several cycles. The conducted investigation showed that 
the effect of ECAE on the cast aluminum alloys is similar to its effect on the deformed alloys. It is displayed 
in sufficient comminution of the sizes of structural components in comparison with the state supply and 
increase of the complex of mechanical characteristics. 

Analysis of the curves in  Fig. 8 shows that the alloy has the highest plasticity (residual elongation 20%) after 
two deformation cycles at room temperature. Temporal resistance after two ECAE cycles and additional 
short time annealing between cycles is ≈455 MPa which is 16,9% higher then temporal resistance of 
aluminum roads in the state of supply. The alloy behavior in the elastic zone after all studied processing 
methods coincides. Transition on the plastic zone is implemented under similar stress values. The greater 
the number of ECAE cycles the more plastic becomes the metal in cross direction.  

Thus it is seen that conducting even 2 cycles favors 
the increase of the quality of the cast aluminum 
alloys which proves the expedience of conducting 
such processing. Conducting a larger number of 
ECAE cycles is not expedient because of sufficient 
embitterment of the alloy and drop of temporal 
resistance. Thus, conducting 3 cycles of ECAE at 
20°С doesn’t lead to further strengthening of the 
alloy, also residual elongation reduces 50% in 
contrast with the state after 2 cycles of ECAE at 
20°С.  Fig. 7 Mechanical properties of steel 35  after ECAE 
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Conducting ECAE at 200°С causes gradual 
growth of strength characteristics up to 3 
cycles of ECAE, plasticity is of the same 
value of about 13%. As a result of 
conducting 4 cycles of ECAE there appears a 
surface crack and the sample is completely 
divided into 2 parts after 5 cycles of ECAE. 
Furthermore, a sudden fall of σB and δ after 
4 cycles and a certain growth of these 
parameters after 5 cycles (not given in the 
Fig.) can be seen. The growth of the values 
of mechanical characteristics after 5 cycles 
of ECAE can be explained by a positive 

effect of ECAE and healing defect after shear deformation. It is not expedient to continue deformation 
because it will cause new crack and a final division of the sample. 

On the diagrams in Fig.8 a “saw-like” deformation can be seen at value 3,5-6% in the deformed state. 
Exhibition of Portevena-Le-Shatelie effect is explained by the change of the speed of the movement of 
dislocation due to the barriers on way of sliding and also due to the role of other defects including the ones 
arising directly during tension of the sample [5].  

Conclusions: The analysis of the received results shows that equal channel angle extrusion of alloys both on 
the basis of iron and on the basis of aluminum favors the increase of metal quality. The growth of strength 
characteristics and a certain growth of plastic ones are caused due to sufficient comminution of the 
structural components. As the result of realization of the proposed processing technology for steel 40Cr 
there was obtained a subultra fine-grained structure formed at a less number of cycles in comparison with 
deformation of steel 35. 

Besides, the use of equal channel angle extrusion can increase temporal resistance of such aluminum alloys 
as silumins in spite of the fact that they belong to rigid cast alloys. The proposed technology of 
strengthening system Al-Si-Fe-Mn alloy makes it possible not only to sufficiently increase temporal 
resistance by 16,9% in comparison to the state of supply of aluminum alloy but also to provide high 
plasticity characteristics for this type of alloys whose residual elongation is about 12-20%. This combination 
of mechanical characteristics for this alloy is not only satisfactory but also very desirable. 
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Fig. 8 Mechanical properties of alloy Al9 after ECAE 
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Abstract 

Decomposition of acetylene / Co(CO)3(NO) mixtures induced by excimer ArF laser pulses is an efficient 
technique for preparation of amorphous cobalt nanoparticles encapsulated in carbon. Vacuum heating up 
to 900oC leads to crystallization the metal core. The cobalt core crystallizes in a face-centered cubic (�) 
form as revealed by X-ray and electron diffraction techniques and carbon affords graphite outer part. 
Properties of the Co(core) - carbon(shell) nanocomposites were examined by spectroscopy and microscopy 
techniques. Magnetization studies revealed paramagnetic behavior of the as-prepared amorphous deposit 
and superparamagnetic behavior of the annealed samples.  

Keywords: amorphous cobalt nanoparticles, carbon encapsulation, magnetic properties 

1.  INTRODUCTION 

There is a considerable interest in research and production of magnetic nanoparticles in the last two 
decades. Encapsulation of the magnetic nanoparticles is an important issue for their potential 
nanomagnetic applications like magnetic recording media, biomedicine or electrodes in batteries. Various 
techniques have been applied for preparation of the carbon encapsulated magnetic nanoparticles [1]. In 
this paper we present excimer laser-induced process for preparation of amorphous paramagnetic 
cobalt/carbon nanoparticles. Their annealing to 600 and 900°C leads to crystalline superparamagnetic Co /C 
nanoparticles.  

2.  EXPERIMENTAL 

Carbon encapsulated cobalt nanoparticles were prepared in a 1l glass reactor equipped with a PTFE 
stopcock and a quartz window. The nanoparticles were deposited on a tantalum substrate (Aldrich) and 
collected from inner walls of the reactor. Cobalt nitrosyl tricarbonyl Co(NO)(CO)3 (Strem Chemicals) and 
acetylene C2H2 (Linde) were used as precursors after distillation on a vacuum line. Reaction mixture was 
prepared using standard vacuum line evacuated by rotation pump to a base pressure 3 Pa. Mixture of 300 
Pa of Co(NO)(CO)3 and 4600 Pa of C2H2 was prepared and the ArF laser (193 nm, 60 mJ/pulse, Semento 
Estonia) was used to initiate the decomposition. 

Analyses of the gaseous products were conducted by GC-MS technique (GCMS 5050, Shimadzu). FTIR 
spectroscopy was used to measure depletion of the reactants and analyze the gaseous products (Impact 
400, Thermo Nicolet). FTIR spectra of the deposit on tantalum foil with resolution 2 cm-1 were collected 
using specular reflectance technique. Raman spectra were collected using Nicolet Almega XR spectrometer 
(Thermo Electron) with excitation line 473 nm.  
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Thermogravimetry was used to study a thermal stability of the deposit up to 900oC in a stream of argon 
(Cahn D-200 recording microbalances). Thermal treatment was performed in a Tube furnace 21100 
(Thermolyne). A quartz tube with the deposit was evacuated by a turbostation (Pfeiffer Vacuum TCP 380) 
and temperature ramp was set at 10oC/min. The samples were maintained at desired temperatures (600 
and 900oC) for 90 min. and then were slowly cooled to the room temperature. 

X-ray diffraction data were collected at ambient pressure and temperature by a Bruker D8 system using Cu 
K line (�= 0.15418 nm, angular range from 2� = 20°- 100°). EDX measurements were performed on XL 30 
CP instrument (Philips) equipped with an EDX detector PV 97602 the accelerating voltage was selected in 
range from 5 to 25 kV. The chemical composition was measured on a beryllium substrate. The X-ray 
photoelectron spectra of the deposited nanoparticles were measured in an ESCA 310 (Scienta) electron 
spectrometer using Al-K radiation (1486.6 eV). The superficial compositions were calculated from 
integrated spectral intensities corrected for subshell photoionization cross sections.  

Transmission electron microscopy and selected area electron diffraction was measured using a Philips EM 
201 microscope. ProcessDiffraction V 4.3.8.B software was used to solve the diffraction patterns [2]. The 
magnetic measurements were carried out in the temperature region 5 – 300 K using a SQUID 
magnetometer MPMS-5S (Quantum Design). 

3.  RESULTS AND DISCUSSION 

Cobalt nitrosyl tricarbonyl Co(NO)(CO)3 and acetylene C2H2 were used as gaseous precursors. The focused 
ArF laser pulses decompose the reaction mixture which results in formation of solid deposit along with 
gaseous products. Conversion of the reactants was calculated from the FTIR spectra measured before and 
after the reaction using analytical stretching and bending vibrations of Co(NO)(CO)3 (2047 and 565 cm-1) 
and acetylene (3308 and 729 cm-1). Cobalt precursor decomposed to metal nanoparticles as solids together 
with CO, NO as the main gaseous products. Acetylene converted to encapsulating carbon and mainly 
hydrogen as the gaseous product is formed. Minor products (vinylacetylene, diacetylene) are formed as a 
result of acetylene dimerization/hydrogenation.  

3.1  Characterization of the nanoparticles 

The as-prepared sample deposited on the Ta substrate and the bottom of the reactor was deeply black and 
its adhesion was loose. The chemical composition was studied by EDX and XPS techniques. The bulk 
composition found by EDX is Co1.0C7.7 for the as-prepared sample. This result is in a good agreement with 
the composition calculated from depletion of reactants (Co1.00C8.35). Low content of nitrogen and oxygen 
was also observed. Heating to 600 and 900oC at pressure 10-3 Pa has an influence on sample stoichiometry. 
Carbon content is lower due to evaporation of adsorbed gases, formed in the course of the reaction. 
Surface composition calculated from intensities of photoemission lines of Co 2p and C 1s electrons is 
Co1.0C6.6. The composition calculated from XP spectra shows similar contents of both cobalt and carbon 
atoms in the superficial layer. The measured binding energy (BE) 778.4 eV of the Co 2p3/2 electrons is 
characteristic for metallic cobalt. No carbides or oxides were detected in the samples.  

Thermal stability of the sample was studied in the argon atmosphere by the thermogravimetry and the 
volatiles were analyzed by mass spectrometry. The analysis shows that the sample is stable up to 300 oC 
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and then the weight of the sample decreases by 24% due to desorption of the volatile products of the 
reaction from the sample surface. Among decomposition products also hydrogen was detected.  

The annealed samples show much higher carbon content in the superficial layer as found by XPS. 
(Co1.00C11.4) at 600oC and Co1.00C20.4 at 900oC). Higher carbon surface content is a consequence of the 
encapsulation of the metallic core, better carbon organizing and formation of more compact carbon layer. 
Also in the annealed samples no carbide is detected in the interface between metallic core and carbon. 
Small content of oxygen is also present in both the as-prepared and annealed samples (BE of O 1s electrons 
531.5 eV).  

The FTIR spectra of the collected nanoparticles were measured in the range of 400 - 4000 cm-1. Very weak 
and broad bands centered at 2962 and 2875 cm-1 were observed and they are assignable to valence C-H 
vibrations. Both 3 (Co-CO) centered to 2165 cm-1 and 3 (Co-NO), 1874 and 1798 cm-1 bands were revealed 
in the solid material, which means that some metal - ligand bonds are preserved in the deposit The 
annealed deposits show no peaks in the FTIR spectra.  

Raman spectrum of the as-prepared material, acquired with the lowest excitation energy reveals two broad 
bands centered at 1358 (D-band) and 1570 cm-1 (G-band). The D-band is associated with disordered carbon 
structure in amorphous and quasi-crystalline form of carbon. The G-band corresponds to the E2g mode 
(stretching vibrations) in the basal plane of the crystalline graphite. The FWHM (full width at half maximum) 
of the G-band of the as-prepared sample is 113 cm-1 which proves presence of turbostratic carbon forms. 
After annealing at 900oC, when both D- and G- bands are much sharper, we obtain the FWHM value 97 cm-

1. It shows, that heating of the sample contributed to the higher degree of graphitization, but turbostratic 
structures are still prevailing.  

The Raman spectra of the nanoparticles were measured with the lowest excitation energy to avoid 
oxidation of the samples and formation of metal oxides. However, the as-prepared sample is sensitive to 
heating on air and its beginning oxidation initiated by focused laser beam was detected in the spectrum as 
weak band at 683 cm-1. 

100 nm 400 nm

a b 

 

Fig. 1 TEM images of the (a) as-prepared sample and the (b) the sample annealed to 600oC. Insets: 
corresponding electron diffraction patterns. 

TEM image shows ball-shaped nanoparticles (Fig. 1a). The size of the as-prepared nanoparticles is about 40 
nm with a relatively narrow size distribution. Electron diffraction analysis of this sample affords a diffuse 
pattern, consistent with an amorphous cobalt and carbon (Fig. 1a, inset). The sample after annealing 
possess also ball-shaped structure (Fig. 1b). The nanoparticles crystallize as evidenced by the electron 
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diffraction pattern (Fig 1b, inset). Discrete rings are consistent with presence of cubic fcc crystal lattice of 
cobalt. 

X-ray diffraction pattern of the as-prepared sample, measured using Cu K1 line shows very broad 
reflection with low intensity (Fig. 2, line a), evidencing for poor crystallization There is an accordance 
between ED and XRD results. The electron diffraction technique confirmed also presence of amorphous 
material.  
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Fig. 2 XRD of the (a) as-prepared sample and the annealed samples to (b) 600oC and (c) 900oC. 

The sample, annealed at 600oC shows the pattern with strong reflections centered at 2��= 44.32, 51.68, 
76.04, 92.44 and 98.24o (Fig. 2, line b). The pattern is consistent with cubic fcc crystal lattice of cobalt (PDF 
File No. 15-0806). At increased temperature (900oC, Fig. 2, line c) we observe the same pattern. Weak 
reflections at .2��= 36,96 and 42,00o were recognized as cobalt oxide Co3O4. 

Neither peaks, ascribable to hcp metallic cobalt nor cobalt carbides were detected in the diffractogram. 
Absence of carbides is important for better magnetic behavior, because carbide content is deleterious to 
the magnetic properties and their formation is therefore undesirable 

3.2  Magnetic properties 

Magnetic hysteresis loops M(H) were recorded in the temperature region 5-300 K. The M(H) curves at T = 5 
and 300 K for the as prepared (AP) and annealed samples are shown in Figs. 3 and 4 respectively. These 
measurements yield the basic magnetic parameters which are summarized in Table 1. For the (AP) sample 
(Fig. 1a) the magnetization does not exhibit any saturation and the M(H) dependence can be approximately 
expressed as  

M = Ms + χp H  

where Ms and χp. H represent ferromagnetic and paramagnetic contributions respectively. The saturation 
magnetization Ms corresponds to large nanoparticles which are in a blocked state and the paramagnetic 
contribution arises from small nanoparticles or clusters which are in a superparamagnetic state. The 
dependence χp (T) evaluated from the measured M(H) loops at different temperatures (Fig. 3b) can be well 
described by the Curie-Weiss law with a Curie constant C = 0.00885 emu.K/g.Oe. Taking the saturation 
magnetization in bulk Co 1.7 μB /atom we may estimate that this value of the Curie temperature 
corresponds to the situation, where cobalt atoms are mostly (90 – 95%) in the paramagnetic or 
superparamagnetic  (for Co clusters) state. In the case of the annealed materials, the M(H) loops point 
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Fig. 3 (a) Hysteresis loops at T = 5 and 300 K for 
the AP sample, (b) paramagnetic suscepti bility 

evaluated between H = 15 and 30 kOe. 

Fig. 4 Hysteresis loops of the annealed 
samples at (a) T = 300 K and (b) T = 5 K. 

to the ferromagnetic state characterized by a saturation magnetization Ms and coercivity Hc (Tab.1) The 
values of Ms can be compared with the saturation magnetization of the bulk cobalt Ms(5 K) = 162.5 emu/g. 
The fraction wFM = Ms / 162.5 emu/g (Table 1) expresses then an apparent relative weight portion of Co in 
the material. 

Table 1 Magnetic properties of Co-C powder samples. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 
For the as-prepared material wFM is very low because the most of cobalt atoms are present, as stated 
above, in the form of atoms encapsulated in carbon and contribute only to the total paramagnetic 
moment. In the case of the annealed samples the value wFM increases with increasing annealing 
temperature with regard to the fact that the annealing process leads to enlarging of Co nanoparticles [3]. 
For the sample annealed at 600 0 C the value wFM equals approximately to the cobalt weight portion 
deduced from the chemical composition of the deposit whereas for the 9000 sample wFM is two times 
larger. We may also notice that for the both annealed samples the ratio Ms(5K)/Ms(300 K) is nearly the 
value found for the bulk cobalt. In the materials studied here a wide distribution of the nanoparticle 
diameters is evident. This fact is manifested for the sample annealed at 6000C. In this case an anomalous 
constricted form of the hysteresis loop was observed. It can be explained by presence of both single-
domain (less than about 20 nm) and multi-domain (larger than about 20 nm) nanoparticles [4] in the 
annealed samples. 

Sample Ms (5 K) 
(emu/g) 

Ms (300 K) 
(emu/g) 

Hc (5 K) 
(Oe) 

Hc (300 K) 
(Oe) 

wFM (5 K) 

as prepared 9.2 4.96 300 100 0 .058 
ann.6000C 73.5 71.55 700 355 0.44 
ann.9000C 129.3 127.6 900 475 0.80 

-10 -5 0 5 10

-100

0

100
(b)

6000C

9000CT = 5 K

M
(e

m
u/

g)

H(kOe)

-15 0 15

-100

0

100
(a)

6000C

9000CT = 300 K

M
(e

m
u/

g)

H(kOe)

0 100 200 300

1,0x10-4

2,0x10-4

3,0x10-4 (b)

4 p(e
m

u/
(g

.O
e)

T(K)

-30 -15 0 15 30
-20

-10

0

10

20 (a) AP sample

T=300 K

T=5K

M
(e

m
u/

g)

H(kOe)



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

258 

CONCLUSION 

This work demonstrates the laser-induced CVD as an efficient technique for preparation of amorphous 
cobalt nanoparticles encapsulated in carbon. The as-prepared nanoparticles are paramagnetic. Vacuum 
annealing leads to crystallization of cobalt in a face-centered cubic (�) form and nanoparticles show 
paramagnetic behavior. 

ACKNOWLEDGEMENTS 

The support of the Grant agency of the Czech Republic (GACR grants No. 203/09/1117 and No. 
203/07/0546 is gratefully acknowledged. The authors thank RNDr. Z. Bastl, CSc. for XPS analysis and Ing. 

A. Galíková, CSc. for the thermogravimetry measurements. 

LITERATURE 

[1] NISHIJO, J., OKABE, C., OISHI, O. et al., Carbon 44 (2006) 2943-2949. 

[2] LÁBÁR, J.L., Ultramicroscopy, 103 (2005) 237-249. 

[3]  SERGIIENKO, R., SHIBATA, E., ZENTARO, A. et al., Acta Materialia 55, (2007) 3671-3680. 

[4]  MARYŠKO, M., FAJGAR, R. et al., J. of Phys.:Conference Series 200 (2010) 072065. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

259 

MICROSTRUCTURE, TENSILE PROPERTIES AND FATIGUE BEHAVIOUR  
OF BULK NANO-QUASICRYSTALLINE AL ALLOY AL93FE3CR2TI2 

Alice CHLUPOVÁ, Zdeněk CHLUP, Tomáš KRUML, Ivo KUBĚNA, Pavla ROUPCOVÁ 

IPM AS CR v.v.i,Žižkova 22, 616 62 Brno, Czech Republic, prasil@ipm.cz 

Abstract 

The characterization of mechanical properties (i.e. stress-strain characteristics measured in tensile and 
fatigue tests) together with description of the microstructure of bulk nanocrystalline Al alloy is reported. 
Aluminium based material used in this work was prepared by hot extrusion of gas atomised powder of 
chemical composition Al93Fe3Cr2Ti2 which contains nanosized quasicrystalline phase. Changes in fracture 
mechanisms both at fatigue testing performed at room temperature and at tensile tests performed at 
different test temperatures were investigated. The quality of powder compaction after extrusion was 
proved as sufficient. Strong texture in longitudinal direction resulting from production route was detected. 
Presence of icosahedral phase in material was confirmed by TEM and XRD techniques. Fractographical 
analysis of fracture surface was performed and results were used for description of fracture mechanisms.  

Keywords: Al alloy, nanostructured materials, quasicrystals, fatigue, tensile test, fractography 

1.  INTRODUCTION 

Demands on structural parts in automotive and aerospace industry where aluminium alloys are often used 
increase steadily. One of techniques how to obtain thermally stable material with low density and sufficient 
strength is the strengthening of Al alloy both by refinement of the microstructure and by presence of 
reinforcing and thermally stable phase in the microstructure which is possible in case of material prepared 
by hot extrusion of gas atomised powder of chemical composition Al93Fe3Cr2Ti2 which contains nanosized 
and thermally stable quasicrystalline phase uniformly distributed in fine grained fcc Al matrix [1-4]. Usually, 
such materials are produced in the form of thin ribbons [5]. If the material is available in a bulk the 
mechanical properties were measured on base of micro-hardness measurement or compressive tests [6,7]. 
Some results of tensile tests conducted on material with the same chemical composition can be found in [8] 
for spray formed material. Results for extruded Al based materials published for example in [8] are 
obtained for material with slightly different chemical composition. Studies of mechanical properties for this 
particular nanoquasicrystalline material extruded from powder tested at fatigue loading and at tensile tests 
performed at different temperatures are rare [10-11], nevertheless, it is eminent for proper design of 
structural parts made of this type of material and working at different loading conditions and at elevated 
temperatures.  

2.  EXPERIMENT 

An Al based material prepared by hot extrusion of gas atomised powder of chemical composition 
Al93Fe3Cr2Ti2 (at.%) was used for the experiment. Bulk material in form of long bars prepared from powder 
with particle size PPS = 25-50 �m was machined to the cylindrical specimens with diameter of 5 mm and 
gauge length of 25 mm for tensile tests and with diameter of 4 mm and gauge length of 12 mm for fatigue 
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testing. Stress-strain properties were studied at different loading conditions and different test 
temperatures. Tensile test were performed at room and elevated temperatures in air. Temperature was 
measured by thermocouple, connected to specimen in the gauge length. Fatigue loading was executed at 
room temperature. Both tension and fatigue tests were performed using a servo-hydraulic testing system 
INSTRON 8801 with a load capacity of 100 kN. Tensile tests were performed at cross head speed CHS = 0.5 
mm/min. Fatigue tests were carried out under load control regime at frequency 5 Hz with sinusoidal wave 
shape. The positive mean stress was applied with the load ratio R = 0.1 (i.e. tension-tension loading). 
Observations of both internal microstructure before tests and morphology and crack aspects of fracture 
surface after test termination were performed using optical microscopy (OM) and electron microscopes 
(SEM – JEOL, TESCAN, HITACHI, TEM - Philips). TEM foils were prepared by electrolytic polishing. Phase 
composition of consolidated material was characterized by X-ray diffraction (XRD) in an X´pert 
diffractometer using Co K radiation. 

3.  RESULTS AND DISCUSSION 

3.1  Microstructure 

The microstructure of the nanoquasicrystalline material was observed by means of different techniques. As 
it is clearly visible from SEM micrographs in Fig. 1 the sufficient consolidation of the powder during 
extrusion with extrusion ratio ER = 10:1 at extrusion temperature ET = 400°C was achieved and no pores 
were detected. A strong texture in extrusion direction caused by the production route is evident from SEM 
micrograph in Fig. 1a. This texture was detectable at careful observation even at optical microscope or 
naked eye. From the micrograph it is seen, that microstructure consist of coarser and finer parts. In the  
Fig. 1b there is a higher magnification of microstructure in direction transversal to extrusion path with an 
area with coarser structure surrounded by the finer one. 

 

Fig. 1 SEM micrographs of material with PPS = 25-50 �m a) in longitudinal direction and low magnification 
and b) in transversal direction and higher magnification. 

In the Fig. 2 there is a TEM micrograph of the microstructure of material consisting of grains of fcc Al matrix 
and particles of quasicrystalline icosahedral phase. An example of the i-phase is the big dark particle of size 
about 250 nm placed in the middle of the picture. In the Fig. 2b there is diffraction pattern with five-fold 
symmetry, typical for the i-phase and EDS chemical analysis in TEM (see Fig. 2c which confirms that i-phase 
consist of all elements present in master alloy accordingly to [1]. 

a) b) 
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Fig. 2 a) TEM micrograph PPS = 25-50 �m, b) diffraction pattern with five-fold symmetry and c) EDS analysis 
of chemical composition of quasicrystalline particle from a TEM picture. 

Presence of i-phase displayed in TEM micrographs was 
confirmed also by XRD technique. In the Fig. 3 there is an 
X-ray trace of the material under investigation. Data was 
obtained using Co K radiation and then recalculated to Cu 
K radiation for better possibilities of comparison with 
results in literature. Graph is for better resolution 
displayed in the range of angles from 37 to 47°2Th. In 
agreement with results obtained for melt spun material 
with the same chemical composition [5] two peaks of fcc Al 
matrix are clearly visible in the spectrum. Three other 
peaks are present: one peak of metastable distorted phase 
Al13(Cr,Fe)2-4, one peak of i-phase and one broader peak i.e. 

two peaks in conjunction of i-phase and Al13(Cr,Fe)2-4. In the work [16] the phase Al3Ti was observed in the 
structure of material in as-extruded state, nevertheless this phase in our case was not confirmed by SEM 
with EDX, by TEM and neither by XRD techniques.  

Size and amount of i-phase were not possible to determine exactly, nevertheless, the rough estimation was 
evaluated from the XRD data. The volume fraction was around 20% and average size of crystallites about 30 
nm. The value of volume fraction roughly corresponds to results of image analysis of TEM pictures. The size 
of i-phase seems not to be in correlation with results obtained from TEM observation where the maximum 
size of i-phase was evaluated at 250 nm (see Fig. 1). Nevertheless, there is a big volume fraction of very fine 
particles of i-phase in the microstructure, i.e. the average size of i-phase determined by XRD is somewhat 
deceiving due to the bimodal size distribution of i-phase present in this material.  

3.2  Tensile properties 

Stress-strain properties of bulk material were studied at different test temperatures. Uniaxial tensile test 
were performed with cross-head speed CHS = 0.5 mm/min. The stress-strain curves for three specimens 
tested at room temperature are plotted in Fig. 4a. Ultimate tensile strength (UTS), yield strength (YS) and 
Young modulus were evaluated. The results obtained for different test temperatures in the range from 20 
to 450°C together with values of elongation at fracture (ELfr) and reduction of area (RA) are reported in the 

Fig. 3 XRD diffraction pattern of extruded 
alloy Al93Fe3Cr2Ti2 in a narrow range of 

angles. 

a) b) c) 
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graph in Fig. 4b. The scatter of values of ELfr can be explained by impurities inside the material revealed at 
fractographical studies and it is believed that it could be diminished by improvement of quality and purity. 

  

Fig. 4 a) Stress-strain data for tensile tests performed at room temperature and b) tensile properties as a 
function of the test temperature in the range 20 to 450°C for material with PPS = 25-50 �m. 

3.3  Fatigue behaviour 

Fatigue behaviour of nanostructured Al-based material was studied and fatigue strength was evaluated. 
Tests were performed at room temperature in tension-tension regime i.e. cyclic creep was observed during 
loading. This combination of cyclic and monotonic plasticity is typical for hardened materials. The fatigue 
life curve is in the graph in semi logarithmic coordinates (see Fig. 5a) together with two common types of 
commercially used aluminium alloys with coarse grained structure. From the comparison it is seen that 
nanostructured material is characterized by slightly different slope of fatigue life curve. In the low cycle 
fatigue regime it has a slightly worse fatigue behaviour, nevertheless from the number of cycles higher than 
100.000 the fatigue curve is shifted towards the longer fatigue life and higher fatigue limits. In a Fig. 5b 
there is a comparison of cyclic hardening - softening curves for three specimens. As is shown the material 
tested at different levels of stress amplitude exhibited cyclic hardening behaviour. For bigger values of 
applied stress the cyclic hardening was stronger. 

  

Fig. 5 a) Comparison of fatigue life curves for nano-Al material and commercially used high strength Al 
alloys and b) cyclic hardening curves for nanoquasicrystalline material tested at different loading 

conditions. 
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3.4  Fracture mechanism 

Fracture surface of all broken specimens tested either at tension or fatigue were subjected to detail 
fractographical observation using optical (OM) and scanning electron microscopy (SEM). From the 
macroscopical point of view it could be said that general orientation of all fracture surfaces was 
perpendicular to the stress direction; fracture surface was relatively smooth and fish eye phenomenon was 
present at all observed fracture surfaces. For fatigued specimens there was an absence of significant plastic 
deformation and no evidence of strain localisation, i.e. formation of persistent slip bands on gauge length 
of specimens. For tensile test in some cases at elevated temperatures the necking was observed and the 
lines or shallow ridges appeared to radiate outward from fatigue crack origin. Typical examples of fracture 
surfaces for specimens from tensile and fatigue tests are showed in Fig. 6 and 7. 

Detailed fractographical observations of the fish-eye effect revealed that on the fracture surface there are 
two areas: 1) a distinct fracture initiation point with a circular or semicircular area of crack growth usually 
called a mirror and 2) the surrounding area corresponding to the subsequent crack growth and the final 
rupture of the specimen. Studies of these individual parts of fish-eye (initiation point, mirror area in a core 
region and area of the final rupture, i.e. case region) performed at higher magnification using SEM revealed 
that such nuclei have their origin the most usually at foreign particles or inclusions (Fig. 7b – a hole as an 
imprint of round particle). That single and well defined crack origin was found in the fracture surface for all 
pores free specimens. Sporadically the fractographical analysis failed to reveal the presence of a dominant 
crack origin what suggest that these origins might have been structurally weak regions as a places with 
slightly worse compaction for example at particle clusters or pores. Despite the very good compaction 
achieved by hot extrusion and confirmed by microstructure observation the mentioned situation with poor 
compaction can occur, as is shown in Fig. 6b or as was reported in [12].  

The area of a mirror, i.e. circular or semicircular region encircling the inclusion site, may be connected to 
the sudden increase of effective crack length. The appearance of this core region is intercrystalline without 
any plastic deformation as is shown in Fig. 8a. The fracture surface at this place has granular structure with 
a typical grain size being in sub-micrometer range. On the contrary, the area corresponding to the final 
rupture, i.e. case region has some aspects of crack branching as beams or rivers radiating around the rim of 
the fish-eye (see Fig. 6a and Fig. 7a). This area has (at higher magnification) a transgranular appearance 
with nano-scale ductile dimples as traces of limited plastic deformation and with some particles located 
frequently inside of dimples (see Fig. 8b). 

   
Fig. 6 Micrographs of fracture surface of specimen tested at tensile test performed at room temperature.  

a) Overview of fish-eye at lower magnification (SEM). b) Detail of initiation point (SEM). 

a) b) 
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Fig. 7 Micrographs of fracture surface of fatigued specimen a) fish-eye effect at lower magnification (OM) 

and b) detail of initiation on foreign particle (SEM). 

     
Fig. 8 a) Brittle intergranular appearance of fracture near the initiation point of fatigue crack (in a mirror 

area) and b) ductile dimples at area corresponding to final rupture of specimen. 

Comparison of fracture surfaces for all tensile specimens tested at different temperatures revealed the 
similar features, i.e. fish-eye effect (typical for powder based materials) was confirmed. For specimens 
tested in tension at higher temperatures some aspects (for example ductile dimples) seem to be more 
pronounced. The ductile dimples are more distinctly visible, i.e. fracture mode changed to more ductile 
manner. 

From the similarity of appearance of fracture surface of specimens tested in tension and fatigue it could be 
supposed that the same fracture mechanism is operative. Some differences could be found in 
fractographical studies for tensile tests, where the initiation point was more or less inside the fracture 
surface, contrary to the fatigued specimens, where initiation takes place predominantly on the surface or 
subsurface region and mirror has semicircular shape then. Another difference is in a little bit coarser 
appearance of fracture surface of tensile specimens, where rivers and vein-like patterns are more 
pronounced than for fatigued ones.  

CONCLUSIONS 

Internal structure of bulk nanostructured Al based material was studied and texture in longitudinal 
direction correlated to the production method was observed. Sufficient compaction during extrusion 
without voids and pores was achieved. Presence of strengthening icosahedral phase was confirmed by TEM 
and RXD.  

a) b) 

a) b) 
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Tensile and fatigue properties of material with PPS 25-50 �m in a bulk form were obtained. Ultimate tensile 
strength of material tested at room temperature reached value about 585 MPa. Fatigue life curves were 
compared with commercially produced Al alloys. Nanostructured material possessed a cyclic hardening 
behaviour. The slope of fatigue life curves predestines this kind of material as a suitable candidate for 
cyclically loaded structural parts. 

The failure caused by the fish-eye phenomenon with cracks originating mainly from inclusions was 
observed at fractographical studies of studied sections of fractured specimens after tensile and fatigue 
tests. It was confirmed that for metallic materials produced by extrusion of gas atomised powder the 
singular defects (foreign particles, inclusions, gas pores and pore clusters) are of particular relevance 
because the strength of those materials is controlled by the largest defect present in the loaded volume. It 
could be concluded that fracture takes place via weakest link mechanism. The results of fractographical 
analysis indicate that although this alloy exhibits rather brittle behaviour macroscopically, microscopically 
at the local places the pure ductile fracture morphology can be found.  
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Abstract 

This paper focused to the PVC composites with kaolinite. Poly(vinyl chloride) hybrids have been prepared 
by melt intercalation method using both natural and modified kaolinite. Kaolinite is the most common two-
sheet type clay mineral. In this study kaolinite (SAK47) was modified with urea, (SAK47/urea), to expand the 
interlayer basal spacing. Next the intercalated/exfoliated kaolinite (del. SAK47) after washing of urea from 
kaolinite-urea intercalate was prepared. The interactions between kaolinite and urea were discussed by 
FTIR-ATR.  

Keywords: PVC, kaolinite, urea, intercalate, composite, nanocomposite 

1.  INTRODUCTION 

Clay minerals form a major part of inorganic matter of soils. Among rich group of clay minerals, kaolinite 
has an important role because of its high abundance in nature, relatively pure chemical composition, and 
well characterized crystal structure [1, 2, 3]. It is mined and processed in a number of countries and it 
serves as an important industrial mineral used in the manufacture of ceramics, medicine, coated paper, 
food and cosmetics additives, polymer fillers. Kaolinite is the most common layered aluminosilicate type 
1:1 with a general chemical formulation Al2Si2O5(OH)4. Layers are held together by hydrogen bonds forming 
a distinct space between the layers and this causes the cleavage and softness of the mineral, too [1]. 
Natural clays predominantly exist in a form of small particles (few μm in diameter or less) what 
predetermines their high specific surface area and high chemical surface activity. These characteristics can 
be directly related to physic-chemical properties of clays such as swelling, wetting, adsorption, ion-
exchange, reactivity, catalytic activity, etc. [4].  A specific feature is the capability of a number of clays to 
accommodate various molecular species in their interlayer spaces. Following property is often used to 
modify the clay to enhance the properties of other material. 

In worldwide commercial importance, polyvinyl chloride (PVC) is the third most widely produced plastic, 
after polyethylene and polypropylene [5]. It was first recognized and characterized in 1835 by Henri Victor 
Regnault and it became commercially significant in Germany prior to World War II. [6]. PVC can be modified 
by large amounts of modifying agents like plasticizers, fillers (calcium carbonate, kaolinite, and calcined 
kaolinite), and so on.  
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In this research, the PVC/kaolinite composite preparation by the melt intercalation method is reported. In 
addition the influence untreated, urea intercalated kaolinite and intercalated/exfoliated kaolinite with urea 
washing by low-temperature on the morphology is investigated. Additionally, infrared spectroscopy was 
used in order to get insight into interactions between minerals and urea modifier at a molecular level.  

2.  EXPERIMENTAL  

2.1  Materials 

Suspension type of polyvinyl chloride (Neralit 601) with K-value 60 obtained from Spolana a.s., Czech 
Republic was used as the polymer matrix. Four types of filler were studied. Firstly, Kaolinite SAK47 without 
any additional treatment in as received state. Beside kaolinite as a main component of kaolinite SAK47 it 
contains quartz and mica as admixtures as was revealed using X-ray diffraction method. According to data 
available from producer of SAK47 [7] 82 % of particles are smaller than 10 micrometers. For the 
intercalation of this kaolinite urea was used. For washing of urea from this kaolinite/urea intercalate 
distilled water was used. 

2.2  Kaolinite intercalation with urea 

500 g of SAK47 (LB Minerals) was homogenized for 5 min with 330 g of urea (Lachner, p.a. grade) in 
vibrating mill (VM4). Intercalation of urea into kaolinite interlayer was achieved by 48 h long heating of the 
homogenized mixture at 95 °C in laboratory oven (Memmert UNB200). Delamination of kaolinite was 
achieved using 5 hour long low-temperature ultrasound washing (SONOREX RK100) of urea with distilled 
water (for 100 g of intercalate 3 l of distilled water). After washing liquid portion was removed by 
sedimentation, obtained solid portion was dried at 60 °C (Memmert UNB200). 

2.3  PVC hybrids processing 

PVC/kaolinite composite samples were prepared via melt intercalation method on the two-roll mill Collin 
W100T for 20 minutes, using speed 10 rpm and the temperature of the front and behind rolls was 181 and 
177 °C. The exact composition of the polymer/clay composites can be seen in Table 1. 

Table 1  PVC/kaolinite composition 

Polymer Filler wt. % Sample  
sPVC - - Unfilled PVC 
sPVC SAK47 5 PVC+SAK47-5wt.% 
sPVC SAK47/Urea 5 PVC+SAK47/urea -5wt.% 
sPVC Del. SAK47 5 PVC+ del. SAK47-5wt.% 

2.4  Methods 

X-ray diffraction (XRD) patterns was obtained using PANalytical X´Pert PRO diffracto-meter equipped with 
CuK� radiation (λ = 0.154 nm) at room temperature. The scans were taken in a 2� range from 5 to 15 °, 
with 0.02 ° step size and the counting time of one scan 5 s.  

Fourier transform infrared spectrometer (FTIR) Avatar 320 (Nicolet CZ, s.r.o) was employed to get insight 
into interactions between mineral and urea modifier at a molecular level. ATR method was used with 
number of scan 64. 
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The scanning electron microscopy (SEM) photographs of the samples were taken to assess the morphology 
kaolin/PVC hybrids by a VEGA\\LMU. Before examination, samples were coated by thin layer of Ag/Pd.  

3.  RESULTS AND DISCUSSION 

Process of urea intercalation is clearly observable using X-ray powder diffraction method. Significant 
segments of XRD patterns described process of intercalation as well as delamination are pictured in Fig. 1. 
Decrease in intensity of d001 basal diffraction of kaolinite with maxima at d= 0.717 nm is evident after the 
intercalation with urea. The origination of peak with maxima at d = 1.072 nm  is connected with formation 
of kaolinite-urea complex [8] and is connected with increase in interlayer distance due to the insertion of 
urea molecules and after the washing this diffraction disappears (see pattern Del. SAK47) in Fig. 1. The 
incompleteness of intercalation as well as delamination of kaolinite structure reveals presence of kaolinite 
basal diffraction peak (assigned as d001) on the diffraction patterns of samples after intercalation and 
washing procedure. 

 

 

Fig. 2 displays the XRD patterns of unfilled PVC and PVC/kaolinite hybrids containing 5 wt % of filler. In Fig. 
2 is observed that the kaolinite characterization diffraction peak fully disappear but diffraction peak at        
d = 1.072 nm is still visible. In addition, the basal kaolinite diffraction peak in PVC + Del. SaK47 also almost 
disappears. This indicates that urea modified kaolin and intercalated/exfoliated kaolinite is probably more 
dispersed into the polymer matrix than unmodified kaolinite.  

The FTIR-ATR method was used to study the changes in the kaolinite structure after intercalation. The 
spectra of unmodified and modified kaolinite are presented in Fig. 3. There are three kinds of hydroxyl 
groups in unmodified kaolinite SAK47: inner-surface hydroxyl group at 3689 and 3670 cm-1, inner hydroxyl 
3619cm-1, and absorbed water hydroxyl with vibration 3651 cm-1 [8, 9]. The vibration 1113, 1026 and 910   
cm-1 characterized the Si-O stretching vibrations. O-Al-OH stretching vibrations are connected with 
vibrations 787, 749 and 665 cm-1. The general features of kaolin intercalated with urea (SAK47/Urea) are 
practically the same as for SAK47. Nonetheless, there are some differences in the NH stretching region of 
SAK47/Urea spectrum. Two new bands appear at 3499 and 3385 cm−1. These bands could refer to a small 
amount of hydrogen bonding of urea to the kaolinite surface through its NH group. Further, in the region  

Fig. 1 XRD patterns of pure kaolinite and 
kaolinite/urea intercalate 

Fig. 2 XRD patterns of PVC and PVC/kaolinite 
hybrids 
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1400–1700 cm−1 the changes in 
spectra of SAK47/Urea were noticed. 
The new vibrations at 1663, 1621, 1587 
and 1473 cm-1 were observed 
comparing unmodified SAK47. This may 
suggest that modification by urea 
results in some intercalation of the 
SAK47. After washing with distilled 
water the intensity of observed 
vibration connected with urea are 
dropped, but they are still visible. This 
fact could indicate that the bonded 
part of intercalation agent stay in the 
clay structure after washing. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 SEM images: (a) pure PVC, (b) PVC/5wt.% SAK47, (c) PVC/5wt.% SAK47/Urea,  
(d) PVC/5wt.% Del.SAK47  

SEM was used for the dispersion evaluation of the unmodified and modified kaolinite platelets within the 
PVC matrix. Fig. 4 displays SEM images of (a) unfilled PVC, (b) PVC/SAK47 (c) PVC/ SAK47/Urea, (d) 
PVC/Del.SAK47 with 5 wt.% of filler.  

It can be seen that the PVC filled by 5 wt. % of unmodified kaolinite (SAK47) (fig. 5b) showing inhomogeneity 
which suggests the poor interfacial adhesion between polymer and filler. On the other hand, PVC filled by 5 
wt. % of SAK47 modified by urea has no aggregates hence has the best dispersion of kaolinite to polymer 

20 ��m a) 

20 ��m b) 

SAK 47

20 ��m c) 

SAK 47/Urea

20 ��m d) 

Del. SAK 47

Fig. 3 FTIR-ATR spectra of natural SAK47 and modified 
kaolinite/urea intercalates 
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matrix and we can say that the interfacial adhesion between two phases is improved. From the last picture 
fig. 5d we can see that clay layers are almost delaminated into individual layer structure of kaolin in PVC 
hence the filler has probably bigger specific surface area and also strong interaction between polymer and 
filler. It can be concluded that the results are also in accordance whit XRD analysis. 

4.  CONCLUSION 

The effect of the untreated, treated kaolinite by urea and intercalated/exfoliated kaolinite on the 
morphology was investigated. 

Firstly, XRD and FTIR study confirms that modification by urea results in intercalation of the SAK47. FTIR-
ATR spectra indicated hydrogen bonding of urea to the kaolinite surface through its NH group. Furthermore 
the rest of urea was observed in spectra after distilled water washing. This fact could indicate that the 
bonded part of intercalation agent stay in the clay structure after washing. 

From the comparison of results obtained from XRD analysis and SEM it was found that the urea have the 
significant influence on the PVC composite morphology. In the other words, the filler with urea have the 
best dispersion within the polymer matrix. In addition, the intercalated/exfoliated kaolinite had also good 
level of dispersion in polymer as compared to PVC with untreated kaolinite.   
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Abstract 

A technological progress in the large area growth of diamond films and carbon nanotubes by pulsed linear 
antenna microwave plasma system is presented. We show a correlation between process parameters and 
nano- or poly-crystalline film character. Diamond coated mirrors and ATR-FTIR prisms are shown as 
multifunctional optical elements suitable for detection of molecules and functionalized nanoparticles. 
Additional positive feature of the presented plasma system is a low temperature hydrogen 
functionalization of diamond films. Finally, we present that combination of such plasma with radio 
frequency modulated substrate bias results in a growth of oriented CNTs over large area.  

Keywords: microwave plasma, CVD deposition, diamond, CNT, functionalization, low temperature 

1.  INTRODUCTION 

Carbon nanotubes (CNTs) were discovered by S. Iijima in 1991 in the form of soot [1] and since then they 
became probably the most popular form of carbon in the state-of-art science and technology with many 
promising applications from electronics to chemistry and biology. [2] In this respect, diamond as another 
well-known form of carbon has also gained a lot of interest in the past decade. This is because diamond 
features unique combination of physical (high thermal conductivity), mechanical (hardness, Young’s 
modulus, wear resistance), chemical (chemical inertness, yet high affinity for surface covalent bonding with 
specific organic molecules), optical (high transparency in wide optical range, high acoustic velocity) and 
electrical (wide band gap semiconductor – tunable electronic behavior) properties together with high 
biocompatibility.[3] Nanocrystalline diamond (NCD) films represent inexpensive alternative to single 
crystalline diamond with ability to grow on arbitrary substrates, with tunable roughness and tunable 
graphite to diamond ratio (represented by sp2/sp3 bonds ratio).[4] Recent studies confirmed that tailoring 
of nanocrystalline diamond properties (morphological or material) has high potential of applicability in 
interdisciplinary fields (electronic, optics, life science, regenerative medicine, etc.).[5]  

Advances in a wide range of plasma and electrical discharge deposition methods have led to a dramatic 
increase in diamond growth rates. Nowadays, large area deposition of NCD films with controllable 
morphology and material properties gains on importance. The large area deposition of NCD films is still not 
a trivial task due to the requirement of constant growth conditions i.e. plasma homogeneity over that area. 
Standard or modified hot filament (HF) chemical vapour deposition (CVD) processes are mostly employed 
for this task.[6] The main limitations of the HF CVD systems are: i) the filament non-stability during the CVD 
process (i.e. chemical and physical changes within the process time), ii) contamination of the films by 
impurities from filaments, and iii) restriction of using higher amounts of oxygen containing gas species due 
to filament burning. To grow high quality diamond films, microwave (MW) plasma CVD systems are 
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typically used.[7] However, the “ball” character of plasma limits their extension to large area depositions. 
The microwave-based surface wave discharge (SWD) systems represent an alternative solution to the 
above mentioned systems.[7,8] Among diverse SWD configurations the linear antenna MW technique 
seems the most promising solution for large area deposition of NCD films. Yet the conditions for diamond 
growth are quite different in each type of deposition system. Our recent study has experimentally showed 
the ability to grow thin (100 nm), fully closed, diamond films over large area (30x30 cm2) by the linear 
antenna pulsed MW plasma CVD process from the hydrogen-based gas mixture.[9] A typical size of 
diamond grains in the films is between 5 to 20 nm.[10] 

In this paper we present the pulsed linear antenna microwave plasma (PLAMWP) system as a promising 
technological solution for large area depositions of carbon allotropes (NCD and CNT). We also show a low 
temperature hydrogen plasma treatment which can generate surface conductivity on diamond as it is 
common for high temperature processes. Advantages of the PLAMWP system are discussed with respect to 
the commonly used ball-like plasma systems. 

2.  EXPERIMENTAL 

Deposition system with the pulsed linear antenna microwave plasma as used in this study is shown in 
Figure 1. The system employs two microwave generators (2.45 GHz, Muegge) working at a 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. The substrate holder stage can be resistively heated up to 800°C and moved up/down to 
control the distance to the antenna. Next, it can be radio-frequency (RF) biased (13.56 MHz, 600W/500V) 
to control energy of ions impinging on the substrate surface. The deposition area is as large as 20x30 cm2 

 

 

 
 

Fig. 1 Left - the chamber part with opened doors and view on the substrate holder (top photo) and antenna 
arrangements in the chamber (bottom photo). Right - schematic drawing of the pulsed linear antenna 

microwave plasma deposition system (a cross section view through the antenna apart). 
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Diamond thin films were grown on glass (Corning, AF45, microscopic slides – all in sizes up 1x3 inches) and 
(100) oriented silicon substrates (in diameter up to 4 inches). Before the chemical vapor deposition, 
substrates were pretreated by using previously reported protocol.[11] Briefly, substrates were 
ultrasonically cleaned 15 min in isopropyl alcohol, 10 min in deionized water and dried by nitrogen gun. 
Then they were immersed in a suspension of deionized water and ultradisperzed detonation diamond 
powder (diameter 5-10 nm, New Metals and Chemicals Corp. Ltd., Kyobashi) and ultrasonicated up to 40 
min. Our previous study has shown that seeding densities as high as 1011 cm-2 are achieved. Diamond films 
were grown from hydrogen-rich gas mixtures of methane (0.5-2.5 %) and carbon dioxide (0-10%). 
Microwave power was 2.5 kW in a pulse. Total gas pressure was 1 or 0.1 mbar and the substrate 
temperature was kept between 650-750°C. 

Carbon nanotubes were grown on silicon substrates (10x10 mm2 large, 550 μm thick) covered with 1.5 μm 
thick SiO2 layer. At first, thin Ni layer (used as catalyst) with thickness 6 nm was evaporated onto SiO2 
surface. Then the Ni layer was annealed in 2 kW microwave based hydrogen plasma at the temperature of 
600°C and pressure of 0.5 mbar for 10 min. ,Isolated nano-islands were formed from continuous Ni layer 
during the plasma annealing. The Ni nano-islands were used to catalyze growth of CNTs. The growth of 
CNTs was performed in the methane-hydrogen atmosphere (30% of CH4 in H2) at the pressure of 0.2 mbar 
and temperature of 600°C for 30 min. The plasma was formed by microwave (2kW at each antenna side) 
and RF biasing (600 W). 

Hydrogen plasma treatment of the NCD samples was carried out in order to induce surface conductivity. 
All NCD structures were exposed to hydrogen plasma at the same conditions (microwave power 1000 W, 
vacuum pressure 0.1 mbar, 100 sccm of hydrogen flow, and processing time 30 min), only the substrate 
temperature was varied from 150 to 400°C by resistive heating of the water cooled sample stage. 
Experiments with changing the NCD film wetting properties were performed applying the RF plasma at 
power read 84 W and 50 V biasing. Process pressure was 1 mbar at 100 sccm H2 flow and temperature 
below 45°C. The process duration was varied from 30 seconds up to 1 hour. 

Material characterization of the NCD films or carbon nanotubes was done by means of analytic techniques. 
Surface morphologies or grain size of the deposited NCD were characterized by scanning electron 
microscopy (SEM, e_LiNE writer, Raith GmbH,). Diamond character of the films was determined from 
Raman spectroscopy (Renishaw In Via Reflex Raman spectrometer, excitation wavelength of 325 nm). The 
surface conductivity of hydrogen-plasma treated NCD films was characterized by current-voltage (I-V) 
characteristics. Electrical measurements were performed at ambient conditions, i.e. atmospheric pressure 
and room temperature, with a DC bias swept in the range from -1.5 to 1.5V using the Keithley 237 source-
measure unit. The bias voltage sweeping rate was 100 mV/s. 
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a)   b)   

Fig. 2 Surface morphology of diamond films grown by the pulsed linear antenna microwave plasma system 
at 1 mbar (a) and 0.1 mbar (b). Scale bars are 100 nm (a) and 400 nm (b). 

3.  RESULTS 

3.1  Growth of nanocrystalline and polycrystalline diamond films 

Figure 2a shows SEM surface morphology of diamond films grown by the pulsed linear antenna microwave 
plasma system at 1 mbar from hydrogen-based gas mixture (0.5% methane). The films exhibit clustered-like 
features which consist of nanograins in size < 20 nm. On the other hand, the film grown at lower pressure 
(0.1 mbar) from hydrogen-based gas mixture with added CO2 (2.5% methane and 10% CO2) exhibits large 
and well faceted diamond crystals in size up to 400 nm (Fig. 2b). Previously we have shown that higher 
pressure range resulted only in a growth of nano-sized grains for a wide range of methane (0.5-10%). This 
growth character occurred nearly indepently of CO2 content.[9] Decreasing of pressure down to 0.1 mbar 
resulted in a significant shift in growth kinetics and polycrystalline diamond films were grown as shown 
here. Especially, adding CO2 to the gas mixture resulted in a considerable i) increase in the diamond quality, 
ii) increase of the growth rate and iii) film faceting.  

3.2  Advanced optical elements with NCD coating 

Possibility to covalently graft organic molecules to diamond surfaces on contrast with excellent chemical 
stability of diamond has significantly widened its fields of applications. However, precise characterization of 
chemical groups on the nanodiamonds is very important pre-requisite for optimizing such procedures as 
well as for further applications. We have employed the linear antenna deposition system to apply NCD 
coating to metal mirrors and large Si prisms for grazing angle reflection (GAR) and attenuated total 
reflectance (ATR) FTIR methods.[12] The schematic drawings of GAR and ATR spectroscopy are shown in 
Fig. 3a–3b. In diamond based GAR IR or ATR prism characterization techniques, ultra-smooth and thin NCD 
layers are required. However, the quality of the NCD films grown on mirror-like metallic substrates (GAR 
concept) is not so simple technological task as thin metal mirror films (Au or Al) are deformed either during 
the nucleation step or CVD growth in common plasma systems (mainly due to the overheating by plasma 
ball). The linear antenna microwave plasma CVD process minimally overheats the substrate surface due to 
larger distance of the substrate to the linear antenna (i.e. larger distance from the high density plasma 
region).[10,13]  

 

100 nm 400 nm
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a) 

 

b) 

 

c) 

 

d) 

 
Fig. 3 Schematic drawing of a) Grazing angle reflectance (GAR) spectroscopy under the Brewster’s angle 

(GAR IR) and b) attenuated total reflectance (ATR) spectroscopy with diamond-coated ATR prism. Optical 
(left-upper inset) and SEM images of diamond film deposited on 22x22 mm2 aluminum mirror (c) and 

diamond-coated ATR silicon prism (d) (small features represent the investigated functionalized 
nanoparticle material). Scale bars are 400 nm (c) and 100 nm (d). 

Figures 3c-3d show optical and SEM images of the diamond-coated mirror substrate and ATR silicon prism, 
respectively. Diamond films were deposited by the PLAMWP system. It is clearly visible that fully closed, 
uniform and homogeneous film without delamination or any other visible damaging of aluminum or Si layer 
is observed. SEM images reveal highly crystalline and continuous diamond films. The surface-related 
infrared (IR) absorption spectra for analysis of functionalized diamonds, especially by organosilane 
molecules, has been reported by our group.[14,15] Diamond coatings prepared by the pulsed linear 
antenna microwave plasma CVD process were superior for increasing sensitivity of GAR infrared reflection 
spectroscopy.[14] 

3.3  Low Temperature Plasma Treatment 

It is well known that hydrogen termination of diamond films is typically provided either in hydrogen 
microwave (MW) plasma or in atomic hydrogen produced by a hot filament source. Both methods are 
commonly used at relatively high substrate temperatures (Tsub≥600°C).[16] However, such temperatures 
are undesired in fabrication of electronic devices because of partial or complete damage of the metal 
electrodes or other electronic parts.[17] Therefore, generating hydrogen termination of diamond at low 
temperature is essential. Pulsed linear antenna microwave plasma represents an alternative plasma source 
for low temperature processing.[18,19] As in previous case, the main advantage of the PLAMWP system is a 
larger distance between the high-density plasma region and the sample surface (50÷100mm).[9] Thus, 
overheating of the temperature-sensitive substrate from the plasma radiation is minimized. Our previous 
study has proven that the low temperature hydrogen plasma treatment of diamond films is possible.[20] 
Only briefly, induced sheet surface conductivity (SSC) was the highest (1.7×10-6(Ω/□)-1) when the hydrogen 
plasma treatment was done at the substrate temperature of 400°C. This value slightly decreased slightly 
down with decreasing substrate temperature down to 200°C. However, SSC dropped down by 6 order in 
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magnitude to the value of 10-11÷10-10 (Ω/□)-1.for the substrate temperature below 200°C. The dependence 
of the SSC on the substrate temperature is plotted in Fig. 4. The sheet surface conductivity of quartz 
covered by 100% SU-8, NCD film covered with 100%, 50% and 0% SU-8, hydrogenated at 200°C are plotted 
for a comparison. As expected, the highest value of the SSC is observed for the sample with 0% SU-8, i.e. 
bare NCD film (4.9×10-7(Ω/□)-1). The lowest value of the SSC  is 10-12÷10-13(Ω/□)-1 for the quartz covered by 
100% SU-8. The quartz substrate was used as the reference sample to avoid the influence of polymer 
conductivity and/or thermally induced transition of SU-8 into a conductive film. The presented results 
confirm that the hydrogen termination at low temperature as low as 200°C is efficient enough to induce 
hydrogen-terminated conductive surfaces, and at the same time to be “friendly” to metal contacts and to 
polymer-based encapsulation layer. 

 
Besides the induced electrical conductivity, hydrogen-terminated NCD films exhibit hydrophobic surface 
character (i.e. high water contact angle). In contrast, oxidized diamond surfaces exhibit highly hydrophilic 
character (i.e. low water contact angle) and insulating properties. Ability of NCD film to have different 
surface wettability without surface morphology changes is crucial feature for selective cultivation of living 
cells.[21,22] Here, controllable tuning of NCD wetting properties was performed by applying a hydrogen RF 
plasma treatment. The wetting character of diamond surface was characterized by measuring the 
diamond/water contact angle. Figure 5 shows the contact angle on NCD films as a function of the plasma 
treatment time. As initial stage (0 min) the treatment is equal to the oxidized surface with a contact angle 
~10°. It is clearly observed that prolonging the hydrogen plasma treatment time increases the contact angle 
up to 90°, as found for 1h treatment. These observations confirm that wetting properties of diamond 
surface can be precisely controlled by applying the hydrogen treatment procedure while the whole process 
is done at as low temperature as 50°C and lower. 

3.4  Growth of carbon nanotubes 

In contrast to diamond (sp3 hybridization), CNTs are composed from sp2 hybridized carbon atoms into 
tubular structures with one or several walls (graphene sheets). CNTs are routinely grown by variety of 

  

Fig. 4 Comparison of the sheet surface 
conductivities for samples passivated by SU-8 
polymer and hydrogen-terminated at 200°C. 

Fig. 5 Dependence of calculated contact angle from 
treatment time. 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

277 

deposition techniques.[23] In CVD techniques the CNTs growth is enabled by catalysts where iron, cobalt, 
nickel or their derivatives are the most often used.[24]  

Here we compare the influence of different plasma discharge types, i.e. microwaves (MW), radiofrequency 
(RF) and their combination (RF/MW), on CNTs synthesis by PLAMWP system. Surface morphology of 
resulting structures is shown in SEM images in Fig. 6. The SEM images show clearly that only isolated nano-
islands with no sign of nanotubes appear after CVD in the microwave plasma only (Fig. 6a). Employing CVD 
in the RF plasma results in poor CNTs growth (Fig. 6b). Finally, in the case when RF and MW plasma are 
combined we observed dense, vertically oriented nanotubes with the diameter of 20-30 nm (Fig. 6c). Thus 
we conclude that for efficient synthesis of CNTs in the linear antenna system employing both plasma MW 
and RF generators is essential. The microwave energy effectively decomposes working gases to active 
species and RF drives the species to substrate surface where synthesis reactions take place. 

4.  CONCLUSIONS 

The present work summarized advanced application of the pulsed linear antenna microwave plasma CVD 
process in the field of growth and functionalization of carbon allotropes. We showed that the large area 
diamond growth is possible and variation of process parameters, mainly pressure and gas compositions, 
allowed tailoring diamond film properties in the terms of crystal size and chemical purity. Lowering of the 
process pressure from 1 to 0.1 mbar increased the mean free path in the linear antenna plasma and 
expanded the plasma volume towards the substrate. These changes were found crucial for enhancing the 

  

 
Fig. 6 SEM images of CNTs grown by CVD method where plasma discharge was ignited employing (a) 

microwaves, (b) radiofrequency waves, (c) combining MW and RF waves. 

(a) (b)

(c)
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diamond growth reactions on the substrate. Due to the larger distance between “high density” plasma 
region and the substrate surface we were able to grow diamond film on thin metal layers, i.e. metal 
mirrors, and new optical element were successfully fabricated. Due to large area plasma uniformity, 
diamond coated ATR silicon prisms were fabricated, hereby providing improved mechanical and chemical 
stability, excellent IR transmittance, and possible surface functionalization.. Both GAR mirrors and ATR Si 
prism were successfully further used for analyzing the functional groups, chemical bonds and organic 
molecules adsorbed or chemically attached to diamond surfaces by FTIR spectroscopy. Similarly, hydrogen 
plasma treatment in the pulsed linear antenna microwave plasma system was successfully done at low 
temperature as low as 200°C which was found efficient enough to induce hydrogen-terminated conductive 
surfaces, and at the same time to be “friendly” to metal contacts and to polymer-based encapsulation layer 
(SU-8 polymer). Similarly, and to our knowledge the first time, we were able to tailor the diamond surface 
wettability from highly hydrophilic (contact angle 10°) to hydrophobic character (contact angle ~100°). The 
step in increasing contact angle was approx. 15°. Efficient synthesis of oriented CNTs, another carbon 
allotrope form, was achieved at plasma conditions where microwave and RF plasma were ignited in the 
PLAMWP system. We assumed that microwaves effectively decomposed the working gases to activate 
growth species and RF drove the species to substrate surface where synthesis reactions took a place. 
Finally, we expect that the PLAMWP system is also suitable for the growth of graphene layers over large 
areas and the work is in progress. The pulsed linear antenna microwave plasma system thus represents a 
universal and powerful tool for the low temperature growth of carbon nano-allotropes and low 
temperature surface functionalization. 

ACKNOWLEDGEMENTS 

This work was supported by the grants KAN400100701, P108/11/0794, IAAX00100902, MEB0810082, 
AV0Z10100521 and Purkyne Fellowship. 

LITERATURE 

[1] IIJIMA, S. Helical microtubules of graphitic carbon. Nature, 1991, 354, p. 56-58. 

[2] KALBACOVA, M., BROZ, A., KROMKA, A. , BABCHENKO, O. , KALBAC, M. Oxygen plasma enhances biocompatibility of single-
walled carbon nanotubes films, Carbon, 2011, 49, p. 2926-2934 

[3] NEBEL, C.E. Semiconductor materials: From gemstone to semiconductor. Nat Mater, 2003, 2(7), p. 431-432. 

[4] HUPERT, M. et al. Conductive diamond thin-films in electrochemistry. Diamond and Related Materials, 2003, 12(10-11), p. 
1940-1949. 

[5] GRAUSOVA, L., KROMKA, A., BURDIKOVA, Z., ECKHARDT, A., VACIK, J., REZEK, B., HAENEN, K., LISA, V., BACAKOVA, L. 
Enhanced growth and osteogenic differentiation of human osteoblast-like cells on boron-doped nanocrystalline diamond 
thin films, PLoS ONE, 2011, 6, e20943 

[6] SCHÄFER, L. et al. The versatility of hot-filament activated chemical vapor deposition Thin Solid Films, 2006, 515(3), p. 1017-
1024. 

[7] SCHLEMM, H. et al. Industrial large scale silicon nitride deposition on photovoltaic cells with linear microwave plasma 
sources. Surface and Coatings Technology, 2003, 174-175, p. 208-211. 

[8] ROTH, D. et al. Large area and three-dimensional deposition of diamond-like carbon films for industrial applications. Surface 
and Coatings Technology, 1995, 74-75(Part 2), p. 637-641. 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

279 

[9] KROMKA, A., BABCHENKO, O., IZAK, T., VERVENIOTIS, E., REZEK, B. Linear antenna microwave plasma CVD deposition of 
diamond films over large areas. to be published in Vacuum 2011 (doi: 10.1016/j.vacuum.2011.07.008). 

[10] TSUGAWA, K. et al. Large-area and low-temperature nanodiamond coating by microwave plasma chemical vapour 
deposition. New Diamond & Frontier Carbon Technology, 2006, 16(6), p. 337-346. 

[11] KROMKA, A., POTOCKY, S., CERMAK, J., REZEK, B., POTMESIL, J., ZEMEK, J., VANECEK, M. Early stage of diamond growth at 
low temperature. Diamond and Related Materials 2008, 17, p. 1252-1255. 

[12] REMES, Z., KOZAK, H., BABCHENKO, O., POTOCKY, S., UKRAINTSEV, E., REZEK, B., KROMKA, A. Grazing angle reflectance 
spectroscopy of organic monolayers on nanocrystalline diamond films, Diamond and Related Materials, 2011, 20, p. 882 - 
885. 

[13] KIM, J., TSUGAWA, K., ISHIHARA, M., KOGA, Y. and HASEGAWA, M. Large-area surface wave plasmas using microwave 
multi-slot antennas for nanocrystalline diamond film deposition. Plasma Sources Sci. Technol., 2010, 19, p. 015003 1-6. 

[14] REMES, Z., KROMKA, A., KOZAK, H., VANECEK, M., HAENEN, K. AND WENMACKERS, S. The infrared optical absorption 
spectra of the functionalized nanocrystalline diamond surface. Diamond and Related Materials 2009, 18, p. 772-775. 

[15] KOZAK, H., REMES, Z., KROMKA, A., LEDINSKY, M. Optical characterisation of organosilane-modified nanocrystalline 
diamond films, Chem. Papers, 2011, 65(1), p. 36-41. 

[16] KOZAK, H., KROMKA, A., UKRAINTSEV, E., HOUDKOVA, J., LEDINSKY, M., VANECEK, M., REZEK, B. Detecting sp2 phase on 
diamond surfaces by atomic force microscopy phase imaging and its effects on surface conductivity. Diamond and Related 
Materials, 2009, 18, p. 722-725. 

[17] NEYKOVA, N., BABCHENKO, O., KOZAK, H., KROMKA, A., HRUSKA, K., VANECEK, M. Novel route for hydrogen termination of 
nano-crystalline diamond films. In: Proceedings of 15th International Conference on Applied Physics of Condensed Matter, 
Bystra, Liptovsky Jan, Slovak Republic, 2009 June 24-26, p.256-260. ISBN: 978-80-554-0057-0. 

[18] OMARU, T., KOMIYAMA, F., KOGOSHI, S. Mechanism for Sustainment of High Density in Surface Wave Plasma. Japanese 
Journal of Applied Physics, 2004, 43, p. 2690-2692. 

[19] XU, J., FAN, H., KOUSAKA, H., UMEHARA, N., LIU, W. Hydrogen-free carbon thin films prepared by new type surface-wave-
sustained plasma (SWP). Surface & Coatings Technology, 2007, 201(15), p. 6631-6634. 

[20] NEYKOVA, N., KOZAK, H., LEDINSKY, M., KROMKA, A. Novel plasma treatment in linear antenna microwave PECVD system. 
to be published in Vacuum 2011 (doi:10.1016/j.vacuum.2011.07.055). 

[21] REZEK, B., MICHALIKOVÁ, L., UKRAINTSEV, E., KROMKA, A., KALBAČOVA, M. Micro-Pattern Guided Adhesion of Osteoblasts 
on Diamond Surfaces, Sensors, 2009, 9 (5), p. 3549 - 3562. 

[22] KALBAČOVÁ, M., MICHALÍKOVÁ, L., BARESOVÁ, V., KROMKA, A., REZEK, B., KMOCH, S. Adhesion of osteoblasts on 
chemically patterned nanocrystalline diamonds. phys. status solidi b, 2008, 245, p 2124 - 2127. 

[23] SINNOTT, S.B., ANDREWS, R. Carbon nanotubes: Synthesis, properties, and applications. Critical Reviews in Solid State and 
Materials Sciences, 2001, 26(3), p. 145–249. 

[24] MELECHKO, A.V., et al. Vertically aligned carbon nanofibers and related structures: Controlled synthesis and directed 
assembly. J. Appl. Phys., 2005, 97(4), p. 041301-39. 

 

 

 

 

 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

280 

INFLUENCE OF SYNTHESIS PARAMETERS ON THE GROWTH PROCESS OF MAGNETIC 
NANOPARTICLES SYNTHESIZED BY MICROWAVE-ASSISTED SOLVOTHERMAL METHOD 

Zuzana KOŽÁKOVÁ1,2, Michal MACHOVSKÝ1,2, Vladimir BABAYAN1,2,  
Miroslav PASTOREK1,3, Ivo KUŘITKA1,2 

1 Centre of Polymer Systems, University Institute, Tomas Bata University in Zlin, 

Nad Ovcirnou 3685, 760 01 Zlín, Czech Republic 

2 Polymer Centre, Faculty of Technology, Tomas Bata University in Zlin, 

Nam. T. G. Masaryka 275, 762 72 Zlín, Czech Republic 

3 Department of Polymer Engineering, Faculty of Technology, Tomas Bata University in Zlin, 

Nam. T. G. Masaryka 275, 762 72 Zlín, Czech Republic 

Abstract  

Nanostructures get great attention due to their unique properties which can be applied in preparation of 
advanced composite materials, medicine, pharmacy or cosmetics. Preparation of structures having 
properties required for the concrete application presents a great challenge. Kinetic factors dependent on 
crystal growth conditions considerably influence morphology of formed crystals. It is well known that 
crystallinity, phase purity, particle size, shape and microstructure strongly affect magnetic properties. 
Hence, understanding the influence of synthesis parameters on a growth process would be crucial in 
tailoring the properties of nanomaterials. With regard to the mentioned parameters, particles of pure Fe3O4 
or also multiphase systems with high crystallinity and saturation magnetization were prepared by a simple 
microwave-assisted solvothermal method using microwave pressurized reactor. Presented method enables 
preparation of particles of various sizes and tuneable magnetic properties and, moreover synthesis of 
hollow spheres in one step and shore times.  

Keywords: solvothermal, microwave-assisted, magnetic, nanoparticles, hollow spheres, ferromagnetic, 
superparamagnetic 

1.  INTRODUCTION 

Recent trends in preparation and utilization of various nanoparticles commonly route to biomedical 
applications. Particularly, magnetic nanoparticles find many uses whether in disease diagnostics or selective 
destruction of tumorous cells by magnetic hyperthermia treatment [1,2]. No less attention is paid to the 
utilization of their excellent physical and chemical properties, especially magnetic and electronic, in high-
density storage media, ferrofluids, electronic devices, advanced composite materials, catalysis or as 
chemical sensors [3, 4]. A special role play hollow structures which can be potentially loaded by guest 
molecules and thus serve for controlled delivery and release of drugs [5]. Final properties of nanomaterials 
are given not just by chemical composition but also by their structure, size and shape. In addition, size 
reduction into the nanoscale can lead to formation of new unique properties like superparamagnetism [6]. 
Therefore preparation of material with controllable crystal structure and morphology gets great attention. 
Numerous synthetic techniques have been explored including chemical co-precipitation [7], thermal 
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decomposition [8], sonochemical method [9] and hydrothermal [10] or solvothermal [11, 12, 13] methods 
and, in addition, methods utilizing sacrified templates in order to obtain hollow structures [14, 15, 16]. 
However, controllable preparation of nanostructures with desired size, shape and magnetic properties and 
functionalizable surface in a one-step simple and low cost method presents still a great challenge. For this 
reason we were motivated to develop a new method with engagement of microwave irradiation into the 
synthetic process and follow influence of various synthetic parameters on the individual properties of final 
product. Conventional synthetic procedures often require high temperatures and long synthetic times 
which can be reduced with the use of microwave assisted method [17]. Induced core heating of reaction 
mixture enables faster heating of starting material, achieving of higher temperature and thus can 
accelerate generation of required product by three orders of magnitude [18]. 

2.  METHODS AND MATERIALS 

2.1 Starting material and synthetic method 

Iron oxide nanoparticles were prepared by a simple and fast one-pot microwave-assisted solvothermal 
method in pressurized microwave system MARS 5 (CEM). Ferric ions were originated from FeCl3.6H2O and 
reaction medium was consisted of ethylene glycol (EG) which also serves as a reductant. Different 
ammonium based nucleating agents were used within the synthesis, namely: ammonium acetate, 
ammonium carbonate, ammonium bicarbonate and aqueous ammonia (25-27 %wt). All the forenamed 
chemicals were of analytical grade and purchased from Penta Ltd. (Czech Republic) and used as-received 
without further purification. The first step of synthesis was preparation of reaction mixture. Ferric chloride 
hexahydrate (5 mmol) was dissolved in 60 mL of EG, eventually with the addition of demineralized water, 
followed by addition of selected nucleating agent. Subsequently, this mixture was loaded into the Teflon 
reaction vessel (XP-1500 Plus) and placed to the cavity of microwave reactor. Synthesis was performed at 
220 °C for different reaction times and black precipitate was collected with the help of magnet, filtered-off 
and washed several times with deionized water and ethanol. Finally, resulting product was naturally dried 
at room temperature and characterized. 

2.2 Characterization 

Crystallinity and composition of prepared magnetic nanoparticles were investigated by X-ray diffraction 
analysis (XRD, PANalytical X´Pert PRO) with Cu Kα1 radiation (λ = 1.540598 Å). Morphology and particle size 
were analysed by scanning electron microscopy (SEM, VEGA\\LMU, Tescan). Magnetic properties at a room 
temperature were measured by vibrating sample magnetometry (VSM 7400, Lake Shore). 
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Table 1 Crystallinity, phase composition, particle size, morphology and magnetic properties of material 
based on Fe3O4 prepared by microwave-assisted solvothermal synthesis at 220 °C for 30 minutes with 
different nucleating agents 

Nucleating 
agent used 

Crystallinity and  phase 
composition 

Particle morphology, 
size     

Magnetic properties 
 

Saturation 
magnetization    

 
[emu.g-1]   
 

Coercivity 

 
[Oe] 

NH4Ac 21 % magnetite (maghemite) 
79 % goethite spherical, 60 nm 67.7  66.5 

(NH4)2CO3 magnetite (maghemite), 
minor Fe2O3.H2O 

spherical, 130 nm 46.2  1.8 

NH4HCO3 magnetite (maghemite), 
minor Fe2O3.H2O 

less than 50 nm* 75.2  64.5 

NH3 (aq.) 100 % magnetite 
(maghemite) 

polyhedral, 20 nm 76.3  60.8 

* has not been determined by TEM yet 

3.  RESULTS AND DISCUSSION 

It is well known that crystallinity, size and morphology can strongly influence magnetic properties of 
magnetic materials; therefore synthetic process should ensure controlling these parameters. In order to 
create fast, simple and low-cost method for preparation of magnetic nanoparticles enabling tailoring of 
required size and magnetic properties for smart applications, numerous experiments were done for the 
sake of understanding influences that affect growth process and thus properties of final material. Although 
the way of nucleation together with selection of precipitation agent can strongly influence crystallinity and 
size of final products and thus magnetic properties, comprehensive discussion on effect of composition of 
reaction mixture (XRD patterns, SEM and TEM images) as well as detailed study of magnetic properties is 
beyond of scope of this contribution, only flash summary of properties of products prepared with different 
nucleating agents is given in Tab.1  

This discussion is devoted mainly to the effect of other synthetic process parameters - time of synthesis and 
temperature as well as the effect of water content in the reaction mixture, on final properties of magnetic 
nanoparticles. Firstly, XRD analyses of products prepared at selected times from 30 to 60 minutes from 
different reaction mixtures were done. The results are summarized in Figure 1. The dependence of intensity 
and full width at half maximum (FWHM) of major peak (311) for Fe3O4 (wheter magnetite or maghemite) in 
time were investigated in order to follow development of fine crystalline structure under different 
synthetic conditions. From Figure 1, it is obvious that crystallinity improves during the synthetic process 
(with the exceptional case of NH4HCO3); however, small drop in the intensity of peaks of samples treated 
for one hour may be caused by lower density due to hollowing and recrystallization of particles (as it is 
discussed below on SEM). Opposite trend can be seen only in the one case of material nucleated by 
ammonium bicarbonate since its major peak at first significantly decreases and remains constant, which 
may be attributed to the decrease in grain size probably due to recrystallization. This presumption can be 
confirmed also by peak broadening; however, consequential development of crystallinity continues in 
similar trend as in other samples.  
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Fig. 2 SEM images of samples nucleated by 
(NH4)2CO3 at 30 minutes (a), 40 minutes (b), 50 

minutes (c) and 60 min (d) 

(a)       (b) 

 
Fig. 1 Development of peak intensities (a) and full widths of half maxima (FWHM)  
(b) of major peak (311), obtained from XRD patterns of samples prepared at 220°C  

for different synthesis times and with various nucleating agents. 

Morphology and size of particles prepared in 
different ways were observed by SEM and the 
exemplary images of particles prepared with 
ammonium carbonate as precipitation agent can 
be seen in Figure 2. The first noticeable finding is 
hollowing the interior of particles during 
prolonged synthesis (image b) probably due to 
Ostwald ripening within which small interior 
crystallites have higher solubility and thus are 
dissolved and re-deposited onto the surface of 
particles. Hence, to obtain hollow nanospheres, it 
is not necessary to use any template within the 
synthesis as well as any post treatments such as 
calcinations, which can cause disruption of 
particles. In next, following little changes in the 
size of particles can be noticed: as can be seen, 
particles prepared with ammonium carbonate 
grow up to 40 minutes and then tend to reduce 
their diameter with increasing synthesis time, 

what may attributed to further recrystallization of material and thus formation of more dense structure 
leading to smaller size. 

Finally, magnetic properties were investigated using vibrating sample magnetometer at laboratory 
temperature. The results are summarized in Figure 3 (a) and (b) as well as in Table 1, both clearly 
demonstrates that the samples nucleated by aqueous ammonia have the highest saturation magnetization. 
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First, significant decrease of saturation magnetization can be seen when synthesis time is prolonged from 
30 to 40 minutes. This drop may be attributed, on a one hand, to the changes in particles sizes and, on the 
other hand, to the possible alternations in phase composition of as-prepared materials, eventually to the 
formation of hollow structure. In next, there is observable increase of saturation magnetization at time 
above 40 minutes in Figure 3. This rise is most pronounced in samples prepared with the use of ammonium 
acetate and ammonium carbonate and may be attributed to the major formation of magnetite (or 
maghemite) at the expense of other non-magnetic phases like goethite. All observed dependencies for 
saturation magnetization end in the range about 60-65 emu.g-1. The attraction toward one similar value 
after long exposure time to high temperature and pressure might be hypothetically due to the same molar 
content of Iron source chemical, reductive EG and ammonia in precipitation agents.  Coercivity depends on 
synthesis time in a more complex manner. For the three precipitants (NH4Ac, NH3(aq.) and NH4HCO3) the 
dependency shows similar trends as saturation magnetization, however, in case of (NH4)2CO3 opposite 
trend can be seen in Figure 3 (b). The first point markedly deviates from the range of common values and 
correlates with the result obtained by XRD (discussed above) both testifying for lowest crystallinity among 
prepared materials.  

Moreover, influence of water on properties of magnetic nanoparticles prepared by the same method was 
investigated. Although the water is a minor part in composition of reaction mixture, plays certain role being 
inevitably delivered into the reaction system in form of hydrates of raw components in stoichiometric 
amounts. Its importance was examined by addition of small amount of demineralized water to the reaction 
system. Figure 4. (a) shows one example – XRD patterns of the material nucleated with NH4HCO3 prepared 
at 220°C for 30 minutes with and without the addition of 2 mL of deionized water. Lower intensity of peaks 
on XRD patterns along with their broadening indicates possible decrease in grain size of material what as a 
consequence results in creation of material with superparamagnetic properties with saturation 
magnetization of 52 emu.g-1 as can be seen in Figure 4. (b). 

(a)       (b) 

 
Fig. 3 Saturation magnetization (a) and coercivity (b) for variously long synthesis  

of samples prepared with different nucleating agents. 
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Fig. 4 XRD patterns (a) and magnetization curves (b) of materials nucleated by NH4HCO3  
and prepared at 220°C for 30 minutes with and without addition of 2 mL of deionized water. 

CONCLUSION 

Magnetic nanoparticles, both hollow and compact, were prepared by a simple one-step microwave-assisted 
solvothermal synthesis using pressurized reactor. Besides the ability of this procedure to yield fine products 
in a simply way, the method allows to control product properties, namely size, morphology and magnetic 
properties by setting the synthetic parameters. Moreover, simple addition of water enables obtaining of 
product with superparamagnetic properties instead of ferromagnetic ones. Various mechanisms have 
effect prevailing at different synthesis time changing as a result of the process complexity which is not 
clarified yet.   
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Abstract 

Based on the current literature sources, several methods of phyllosilicate delamination/exfoliation are 
presented, that can be used for preparation of modified clay material. Authors used both a physical and a 
physico-chemical processes. The present paper deals with physico-chemical process of influence of oxalic 
acid on vermiculite structure. An original particles size smaller than 0.2 mm of natural powdered 
vermiculite from Brazil were used. Natural vermiculite samples were treated for 60 and 180 minutes in 
water solution with oxalic acid at defined temperature. Using the same conditions the vermiculite particles 
was treated in deionised water. Concentration of cations Ca, Mg, K, Si and Al in filtrate using the 
spectroscopy methods was determined. The changes of vermiculite's structure using X-ray diffraction 
analysis, infra-red spectroscopy and scanning electron microscopy with EDS detector were studied. Particle 
size and specific surface area of samples using laser granulometry was detected. It was found that the 
oxalic acid solution has an impact on vermiculite structure and size of its particles. The temperature used 
for the experiment has a significant influence. 

Keywords: vermiculite, delamination, hydrogen peroxide, oxalic acid 

1.  INTRODUCTION 

Clay minerals are very popular materials for applications in advanced materials. Their availability and 
financial modesty are positive facts to use them in different applications. Nowadays phyllosilicates are used 
in agriculture, building industry and ceramics1. Recently, a modification of clay minerals allows their new 
applications such as cosmetics and medicine.  

Clay minerals are generally formed by octahedral and tetrahedral layers which are connected to the layered 
network structure. Their division into group is derived from centre atoms octahedra or tetrahedra, type of 
adjustment layers and interlayer cations. Generally, clay minerals are soft granular materials with large 
specific area. Theirs structure can capture water molecules and others inorganic or organic substances due 
to expandability2. Vermiculites as a significant group of clay minerals, are formed layer 2:1 (2 tetrahedral 
and 1 octahedral layer). Cation exchange capacity depends on the place and conditions of vermiculite 
formation. Generally, the value of layer charge is from 0.6 to 0.92 3.  

The structure modification and changes in the particles size can be done by mechanical process (e.g. 
grinding), chemical process which are based on interaction with organic compounds (e.g. intercalation) or 
combination of both. One of the popular methods is an application of ultrasound treatment or combination 
of ultrasound with hydrogen peroxide treatments. F. Franco et al reduced particles of dickitite and kaolinite 
by ultrasonic treatment during 10 - 20 hours. It has been observed, that reduction of particles size depends 
on treatment time. Depending on the change of particle size it has been observed that the specific surface 
area increased, but not as rapidly as it was observed in kaolinite, which might be due to greater cohesion in 
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the dicktite crystal structure 4. Jimenéz de Haro et al. studied the effects of ultrasound on particle size of 
vermiculite5. The changes of talc after 40 hours of treatment observed Magueda Peréz et al6. The results of 
all cited authors show, that longer exposure of clay to ultrasound induce to reduction of particles and 
thereby increase the specific surface. Replacement of ultrasonic treatment by effect the microwave 
radiation and/or hydrogen peroxide described Weiss et al. In their work treatment of Mg-vermiculite, using 
30 % and 50 % hydrogen peroxide was performed. The vermiculite particles were treated for 1 or 5 hours at 
the temperature 25 °C and 80 °C without and with microwave field. They summarized that for the 
preparation of vermiculite particles in nano diameter higher concentrations of hydrogen peroxide and 
longer treatment time is required. After exposure of vermiculite to hydrogen peroxide and microwave 
radiation the characteristic peak (001) from X-ray diffraction pattern completely disappeared, suggesting of 
decay crystal structure7. 

The aim of this work is to study structural changes of vermiculite using oxalic acid as a reagent at different 
temperature which was not described in literature so far. Oxalic acid is a white crystalline substance, which 
occurs in nature. It is soluble in water and reacts well with alkaline-earth metals. In industry it is used as a 
reducing agent for metal cleaning and glycerine8.  

2.  EXPERIMENTS 

2.1 Materials 

To test the impact of aqueous solution of oxalic acid on clay mineral, Brazilian vermiculite with 
crystallochemical formula (Si6.32Al1.58Ti0.1)(Mg4.75Ca0.34Fe0.91)O20(OH)4Ca0.04K0.38 was chosen. The natural 
material was ground and sieved fraction smaller than 200 μm was prepared. The saturated solution pH 1.96 
of oxalic acid (purity p.a.) in deionised water was used for the experiments. 

2.2  Experimental devices 

Morphology of particles was studied by scanning electron microscopy (SEM), PHILIPS XL-30 with EDS 
analysis. Specific surface area of vermiculite particles and their size distribution were determined using 
laser particle sizer Analysette C22. Changes in the structure of vermiculite were observed using X-ray 
diffraction methods (XRD) BRUKER D8 ADVANCE. Concentration of elements in filtrate obtained after 
separation of solid phase was determined by atomic emission spectroscopy with inductively coupled 
plasma (AES-ICP) SPECTRO VISION and atomic absorption spectroscopy (AAS - FA) UNICAM 969.  

2.3  Procedures 

At first, the suspension of vermiculite and oxalic acid saturated solution in ratio VER : OXA = 1 : 200 were 
prepared. The suspension was stirred for 2 hours at defined temperature. After separation of the liquid 
part, the sample was vacuum filtered to the filtration cake. Amount of 200 ml of saturated solution of oxalic 
acid was added again and the suspension was stirred for 2 hours. After that the procedure was repeated 
once more. Simultaneously with acid-experiments the same experiments with deionised water were 
performed for comparison, as shown in tab.1.  
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Table 1 Conditions of the experiment 

Exp. 
No. 

Treatment 
Exp. 
No. 

Treatment 
Oxalic   
acid H2O Treat. Temp. 

(°C) 
Oxalic   
acid H2O Treat. Temp. 

(°C) 
S1 no yes 

25 
S6 yes yes 60 

S2 yes yes S7 no yes 
80 

S3 no yes 
40 

S8 yes yes 
S4 yes yes S9 no yes 

95 
S5 no yes 60 S10 yes yes 

After stabilization of the filtrate with concentrated nitric acid the concentration of elements Ca, K and Mg 
was determined. Solid phase was dried at 25 °C to constant weight and analytical studies were performed.  

3.  RESULTS AND DISCUSSION 

Vermiculite after treatment with a saturated oxalic acid solution at different temperatures changed the 
structure as showed in Fig. 1a). The characteristic basal peak (001) of vermiculite got reduced the most 
after treatment at the temperature of experiment 95 °C. From the comparison the diffraction patterns after 
treatment in deionised water and saturated oxalic acid solution is evident, that after interaction with oxalic 
acid solution the changes in the structure are more pronounced than at the same temperature after 
exposure to water only. 

 
Fig. 1 The sections of the powder X-ray diffraction patterns of original vermiculite (VER) and after treatment 

in deionised water (a) or saturated oxalic acid solution (b) at 25 oC and 95 oC. 

Dependence of particle size on treatment temperature 25 oC and 95 oC with and without oxalic acid of 
represented particle size distribution shows fig. 2.  
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Fig. 3 Effect of experiment temperature on specific surface area (SSA) in suspension of vermiculite with 
saturated oxalic acid solution. 

 
 
 
 

 

 

 

 

 

 

 

The particle size decreased the most after treatment of saturated oxalic acid solution at 95 °C. Due to oxalic 
acid effect the specific surface area changed at the lower temperature, as shown in fig. 3 in comparison 
with original vermiculite sample.  

 

 

 

 

 

 

 

 

Results of the shape and particle size study of vermiculite using SEM shows fig. 4. It is visible, that the 
saturated oxalic acid solution had effect on shape and particle size compare to vermiculite treated in 
deionised water at the same temperature.   

 

 

 

 

 

Fig 2 Effect of thermal treatment on particle size, D(50) - represented the largest particle size in the 
sample, D(0.9) - 90% of the particles in the sample is below a given value 
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The content of Ca, Mg and K in filtrate after treatment with saturated oxalic acid solution proved that the 
leaching of Ca, Mg and K occurred. The concentrations of listed elements in filtrate were higher in 
comparison with concentration in filtrate after treatment with deionised water.  

CONCLUSION 

In the paper the effect of saturated oxalic acid solution at different temperatures on structure and particle 
size of the Brazilian vermiculite were studied. According the intensity of 001 peak of vermiculite's X-ray 
diffraction pattern it is visible that described procedure changed the structure and particle size of 
vermiculite. The resulting particles size and specific surface area is depended on temperature of treatment 
and enhanced with increasing temperature. Delamination of vermiculite structure occurred at higher 
temperatures of experiment. Comparing XRD pattern intensities of (001) vermiculite peak after treatment 
with water and saturate oxalic acid solution at the same temperature is evident  the positive effect of oxalic 
acid to change the structure of vermiculite due to reaction of Ca and Mg ions with oxalic acid.  
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deionised water at 95 °C (c), magnification 
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Abstract 

Isolated nanoparticles are generally known to have negative impact on living organisms. Some types of 
engineered nanoparticles, e.g. titanium dioxide nanoparticles (TiO2), show photocatalytic activity after UV 
light exposure and if they are tightly anchored to suitable type of matrix, they demonstrate their 
photodegradable properties together with lower environmental risk due to decreased mobility of 
nanoparticles. TiO2 nanoparticles are able to eliminate organic pollutants from air, as well as from waste 
water, however the photocatalytic properties are highly influenced by parameters such as particle size and 
phase modifications. TiO2 occurs in three basic phase modifications, anatase, brookite and rutile. The 
anatase modification shows the highest photoactivity after UV light exposure compared to the other forms 
of TiO2.  

The work deals with study of two clay composites bentonite/TiO2 (BETI) and vermiculite/TiO2 (VETI). These 
composites were prepared with different content of TiO2 were calcined at different temperatures and for 
different time. Therefore, the effects of temperature, as well as time on transformation of anatase to rutile 
were studied. Both types of the composites were studied by Raman microspectroscopy, which shown that 
VETI composite is more stable for anatase phase as well as that larger content of TiO2 allows higher 
conversion to rutile phase.  

Keywords: Raman microspectroscopy, bentonite, vermiculite, titanium dioxide, composite 

1.  INTRODUCTION 

TiO2 is widely studied because of its promising applications in many fields including photovoltaic cells, 
electronic devices, sensors, etc. Photocatalysis is the main application of TiO2, especially degradation of 
environmental contaminants. Its importance as photocatalyst is related to its low cost, reduced toxicity and 
high chemical stability [1]. TiO2 occurs in three basic modifications, i.e. anatase, rutile and brookite. Rutile is 
the most stable form, whereas anatase and brookite are metastable and could be transformed to rutile by 
calcination. Temperature of the phase transition is highly dependent on conditions of the TiO2 preparation. 
Pure brookite without rutile and anatase is very difficult to prepare [2]. Many papers have studied the 
photocatalytic application of TiO2 and it is generally accepted that anatase is more efficient as 
photocatalyst than rutile or brookite [3].  

Although nanoparticles may be potentially very useful, they may also pose a risk to the environment and to 
the living organisms.  They are capable of entering the biogeochemical cycles and to the food chain finally. 
Due to the fact, it is desirable to prepare anchored nanoparticles to the suitable type of matrix. 
Phyllosilicates have been found as a suitable matrix, because clays are abundant natural materials with a 
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wide scale of practical applications. Impregnation of clays with TiO2 shows thermal stability and larger pore 
sizes [4-6].  

The work is focused to two selected clay minerals: bentonite and vermiculite. 

The composites were prepared with different content of TiO2 and effects of temperature, as well as time on 
transformation of anatase to rutile have been studied. Nanocomposites were studied by Raman 
spectroscopy, which may provides information about molecular vibrations, which are specific to the 
chemical bonds and symmetry of molecules. Such kind of information can be used for sample identification 
as well as to determine the phase composition. 

2.  EXPERIMENTAL 

2.1  Sample preparation 

Samples were prepared form vermiculite – Letovice (Czech Republic) and from bentonite – Ankerpoort NV 
(Maastricht, Netherland). Titanyl sulfate (TiOSO4) was obtained from Precheza a.s Přerov (Czech Republic) 
and contains 102 g of TiO2 in 1 liter of suspension. 30 g of appropriate clay matrix was mixed with 
appropriate volume of TiOSO4 to give the desired amount of TiO2 in the final composite. This suspension 
was treated by shaking for 24 hours in vertical shaker at room temperature. After 24 hours the mixture was 
heated to 80°C and the suspension was stirred for 5 hours. After hydrolysis using 150 ml of distilled water, 
which lasted for 90 min, the solid phase was left to settle and decant. After rinsing with distilled water for 
several times the conductivity of supernatant liquor was less than 5 mS/cm-2.  

The prepared composites BETI and VETI were dried at 105°C and then calcined at 400, 600, 800 and 1000°C 
for 1 hour. The BETI composite with 20 wt.% TiO2 was calcined for 0.5, 1, 2 and 3 hours at temperature 
800°C. The prepared samples were assigned as follow: BETI12, VETI12 for composite dried to 105°C with 20 
wt.% TiO2 - BETI15 for composite with 50 wt.% TiO2 and dried at 105°C. BETI (VETI) 4x, 6x, 8x and 10x 
indicates calcination temperature 400, 600, 800 and 1000°C, x means the TIO2 content: 2... 20 wt.% of TiO2, 
5 ... 50 wt.% of TiO2.  

2.2  X-ray fluorescence spectroscopy 

Phase composition of samples BETI12, BETI15 and VETI12 was determined using XRFS SPECTRO XEPOS 
(SPECTRO Analytical Instruments, Germany) equipped with 50 W Pd X-ray tube. The samples were prepared 
in the form of fused discs.   

2.3  Raman spectroscopy 

Raman spectra of all samples were measured using a Smart Raman Microscopy System XploRATM (HORIBA 
Jobin Yvon, France). Raman spectra were acquired with 532 nm excitation laser source, 50x objective and 
using 1800 gr./mm grating in the range from 80 to 4000 cm-1.  

3.  RESULTS AND DISCUSSION 

The chemical compositions of BETI12, BETI 15 and VETI12 are shown in Table 1. The chemical analysis 
revealed low yield of the proposed synthesis procedure, which has to be modified for applications in 
common practice. 
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Table 1 Phase composition of prepared composites (LOI - loss on ignition). 

Sample 
Parameter BETI12 BETI15 VETI12 Sample 

Parameter BETI12 BETI15 VETI12 

Na2O (wt.%) 0,931 0,617 0,863 K2O (wt.%) 0,354 0,210 0,015 
MgO (wt.%) 2,232 1,346 10,99 CaO (wt.%) 0,285 0,281 0,070 
Al2O3 (wt.%) 13,95 8,840 7,222 TiO2 (wt.%) 18,28 35,06 13,66 
SiO2 (wt.%) 46,29 26,95 40,35 MnO (wt.%) 0,010 0,002 0,044 
P2O5 (wt.%) <0,0012 <0,0012 <0,0012 Fe2O3 (wt.%) 2,298 1,385 4,912 
SO3 (wt.%) 3,675 7,412 3,875 LOI (%) 10,7 16,9 17,0 

Raman spectra of the BETI12 composite shows only one characteristic band of anatase at position 161 cm-1 

[7]. Its intensity in spectrum of BETI12 is much lower than intensities of the same band detected for other 
calcined BETI composites (see Fig. 1). Other three characteristic bands were not detected, due to the 
fluorescence background of the bentonite [8]. At spectrum of BETI42 fluorescence of the clay is still 
detectable, but all the characteristic bands are clearly visible at positions 156, 400, 520 and 642 cm-1. Rutile 
phase appears at spectrum of BETI102, which was confirmed by bands at positions 247, 450 and 617 cm-1 

[7]. Phase transformation was not complete because all anatase bands are still detectable. Small shift of 
anatase band at position 149-156 cm-1 is noticeable. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Raman spectra of the BETI composite with 20 wt.% of TiO2 calcined at different temperatures. 

Fluorescence is less noticeable for BETI15 composite, which may be due to higher content of TiO2 (see Fig. 
2). All anatase characteristic bands are seen at all spectra of BETI composites at positions 148-158, 400, 519 
and 642 cm-1. Transformation of rutile phase is confirmed in spectra of BETI105. Rutile characteristic bands 
are at positions 245, 449 and 614 cm-1. However anatase is still present what shows only one band at 149 
cm-1, but the intensity is lower, what indicates small content of anatase phase. 
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Fig. 2 Raman spectra of the BETI composite with 50 wt.% of TiO2 calcined at different temperature. 

Raman spectra of VETI composites have higher noise than spectra of BETI composites (see Fig. 3.), which 
may be caused by higher fluorescence background of vermiculite and lower content of TiO2. All 
characteristic anatase bands are again detectable at positions 148-168, 397, 520 and 644 cm-1. Small 
content of TiO2 caused less transformation to rutile phase, which confirmed spectrum of VETI102. Only 
band at 250 cm-1, which is one of the characteristic bands of rutile, was detected.  

 

 

 

 

 

 

 

 
 

Fig. 3 Raman spectra of the VETI composite with 20 wt.% of TiO2 calcined at different temperatures. 

Composite BETI85 was calcined for 0.5, 1, 2 and 3 hours. But even 3 hours of calcination did not cause 
transformation to the rutile phase (see Fig.4). Therefore all the Raman spectra of BETI85 were observed to 
have only characteristic anatase bands at positions 148 (151), 400, 520 and 644 cm-1. 
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Fig. 4 Raman spectra of the BETI85 composite calcined for different time (0.5, 1, 2 and 3 hours). 

4.  CONCLUSIONS 

From the measured Raman spectra it is evident that the rutile transformation at VETI composite is 
restricted in comparison to BETI composite.  Higher content of TiO2 caused less fluorescence background of 
the clays presented at the composites. The larger content of TiO2 is favorable for the higher conversion to 
rutile phase, which was confirmed by spectra of BETI102 and BETI105 composites. Longer time of 
calcination of BETI 15 at 800°C have no effect on transformation of anatase to rutile.  
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Abstract 

ZnS nanoparticles were prepared and deposited on montmorillonite (MMT) in the presence of 
cetyltrimethylammonium (CTA). Transmission electron microscopy (TEM) proved the formation of 
nanoparticles with diameters about 5 nm. The nanoparticles were deposited on MMT forming the ZnS-
MMT-CTA nanocomposite that was used for the photochemical reactions of CO2 and phenol under UV light. 
The commercial TiO2 photocatalyst was used for comparison. 

The photoreduction of CO2 provided a considerably high efficiency that exceeded 5-6 fold the results with 
TiO2. The main reaction products were hydrogen and methane. The low concentrations of methanol and 
carbon monoxide were also determined. ZnS-MMT-CTA was also used for the photooxidation of phenol in 
its aqueous solutions. ZnS-MMT-CTA exhibited considerably higher efficiency than TiO2 and UV irradiation. 
The phenol oxidation according to pseudo-first reactions was observed. The gas chromatography and pH 
measurements suggested that phenol was oxidized to strong carboxylic acids and further to carbon dioxide. 

Keywords: ZnS nanoparticles, montmorillonite, photoreduction of CO2, photooxidation of phenol. 

1.  INTRODUCTION 

In general, semiconductors, such as metal oxides or metal sulphides, have typical physico-chemical 
properties that make them very sensitive materials [1.]. By the absorption of photons with energy equals to 
or higher than their band-gap energy, electrons are excited from valence to conduction bands. Along with 
electrons, positive holes are generated as well. These generated electrons and holes take part in reduction 
or oxidation reactions with electron acceptors or donors on the surface of semiconductors [2.,3.]. 
Therefore, semiconductors have been widely applied in photonics and optoelectronics and also in 
photocatalysis. 

Properties of nano-sized semiconductors as well as other nanoparticles strongly depend on their size [4.]. 
Their high specific surface area results in high chemical reactivity. The decrease of their size also leads to an 
increase of the band-gap energy that is known as a quantum size effect. This effect was described by many 
authors and can be simply observed by a blue-shift of the absorption spectra of nano-sized semiconductors. 
Freshly prepared nanoparticles tend to agglomerate and, therefore, are mostly stabilized using various 
polymers and surfactants or are fixed on solid platforms [5.]. 

The aim of this work was to prepare ZnS nanoparticles deposited on a solid platform – the clay mineral 
montmorillonite. The resulting nanocomposite was used for the photoreduction of carbon dioxide and 
photooxidation of phenol.  
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2.  MATERIALS AND METHODS 

2.1 Material and chemicals 

The used chemicals were of analytical reagent grade: zinc acetate, cadmium acetate, sodium sulphide, 
phenol (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. Na+-rich montmorillonite SWy 2 (Crook County, Wyoming) with the structural MMT formula 
(Na0.40K0.02Ca0.01) (Al1.31 Mg0.39 Fe3+

0.25Ti0.02) (Si4)O10(OH)2 and particle size < 5 μm was used. 

2.2  Preparation of ZnS nanoparticles 

In a typical procedure, 50 ml of the aqueous solution of Na2S (15 mmol l-1) and CTA (20 mmol l-1) was added 
drop-wise to 250 ml of the aqueous solution of zinc acetate (2 mmol l-1) under vigorous stirring. An optically 
transparent suspension with a slight blue coloration originated. 300 ml of this suspension containing 0.5 
mmol of ZnS was then shaken with 0.5 g of montmorillonite for 24 hours. The resulting nanocomposite 
(ZnS-MMT-CTA) was filtered, washed several times with deionized water and dried at 60-70 °C. 

2.3  Transmission electron microscopy 

Transmission electron microscopy of ZnS-MMT-CTA was performed with a JEM 2010 (Jeol, Japan) electron 
microscope at 160 kV of the acceleration voltage. For the TEM measurements, a drop of the aqueous 
dispersion of ZnS-MMT-CTA was deposited on copper grids with carbon layer and dried at room 
temperatures. Using TEM, the selected area electron diffraction analysis was carried out as well. 

2.4  Photoreduction of carbon dioxide 

The reduction was carried out in a stirred batch annular reactor with a suspended catalyst illuminated by 
the UV 8 W Hg-lamp (254 nm). The CO2 diffusion from the gas phase through the gas - liquid interface in a 
laboratory batch slurry reactor was eliminated by saturating the aqueous solutions of 0.2 mmol l-1 NaOH 
with pure CO2 before the start of reactions. During this step, pH decreased from 11.8 to 6.6. The ZnS-MMT-
CTA loading of 1 g l-1 was chosen to avoid concentration gradients in a bulk of stirred liquid with the 
dispersion due to a scattering effect of light as a result of the high nanocomposite concentration. A suitable 
volume of 100 ml of the liquid phase was used to ensure perfect mixing in this photoreactor. 

2.5 Oxidation of phenol 

The oxidation was performed in a stirred batch reactor in the presence of UV light. The Hg lamp with 
maximum emission intensity at wavelength 254 nm was used for all experiments. 0.1 g of the 
nanocomposite was mixed with 70 ml of the aqueous solution of phenol (0.5 mmol l-1). The mixture was 
stirred for 10 minutes before the UV lamp was turned on to provide good aeration and homogenization of 
the suspension. The temperature in the reactor was maintained at 27°C. The rate of the phenol 
degradation was determined by the spectrometric method. 

2.6 Dynamic light scattering measurements 

Dynamic light scattering was measured at � = 633 nm using a Zetasizer Nano ZS instrument (Malvern 
Instruments). The powdered samples were dispersed in deionized water to obtain the 0.1 wt% dispersions 
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that were consequently forced by cavitation dynamics in a flow with the velocity gradient of 26 m s-1/mm 
during 4.5 minutes. The dispersions were further forced by ultrasonic cavitation in a field with the density 
power of 100 W l-1 during 10 minutes. The filtration fraction < 450 nm (membrane filter) was used for the 
DLS measurements.  

2.7 Determination of photoreaction products 

CO2 reduction products were analyzed by a gas chromatograph (GC-Agilent Technologies 6890N) equipped 
with FID and TCD detectors (GC/FID/TCD) and the Molsieve and HP Poraplot Q columns for the analysis of 
methane, hydrogen, ethane, carbon monoxide, carbon dioxide and oxygen. The calibration with certified 
calibration gases (1.5 mol% CH4, 0.987 mol% H2, 0.0493 mol% C2H6, 2.02 mol% CO, and 99.999 mol% CO2) 
was performed before each experimental run. 

Phenol was determined by the reaction with diazonium salt of p-nitroaniline. Absorbances of the resulting 
azo dye were measured at the wavelength of 470 nm and corresponding concentrations of phenol were 
calculated according to the calibration curve. The reaction products of phenol degradation were studied 
using a gas chromatograph (Varian CP-3800) equipped with a mass spectrometer (GC-MS) (Varian Saturn 
2000 ion-trap). A 60 m long DB5 column with the inner diameter of 0.25 μm and helium as a carrier gas 
were used. 

3.  RESULTS AND DISCUSSION 

3.1 Precipitation of ZnS nanoparticles 

ZnS nanoparticles were precipitated in the presence of CTA having the concentration above its critical 
micelle concentration. Under these conditions positively charged micelles were created. Sulphides acted as 
counter-ions of ammonium headgroups. By addition of zinc ions they created the precipitation nuclei of 
ZnS. Originated ZnS nanoparticles were encapsulated into CTA micelles forming ZnS-CTA ones. These 
micelles were then adsorbed on the MMT external surface forming ZnS-MMT-CTA nanocomposites.  

3.2 Transmission electron study 

The size of ZnS nanoparticles was estimated using TEM 
(Fig. 1). The TEM micrograph shows many small spherical 
nanoparticles put together in larger ones by means of 
CTA. These agglomerates were formed by the 
breakdown of ZnS-CTA micelles on the MMT surface. The 
nanoparticle diameters were measured manually; their 
median was about 5 nm. The layered MMT structure is 
apparent in Figure 1. The interlayer distance d(001) of 
original MMT increased from 1.23 nm to 1.83 nm which 
indicates the intercalation of CTA. ZnS-MMT-CTA 
contained about 30 wt% of CTA. 

 

 

Fig. 1 TEM micrograph of ZnS-MMT-CTA 
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3.3 Dynamic light scattering study 

The used DSL technique is based on the measurements of time dependent light intensity fluctuation caused 
by the Brown movement of particles in dispersions. The interval of recognizable particle hydrodynamic 
sizes (diameters) is from 0.6 nm to 6000 nm. In diluted dispersions, densities of particles are very low and 

thus mean distances among them are much 
higher then their size. Therefore, very diluted 
ZnS-MMT-CTA dispersions (0.1 wt%) were 
prepared. The diameters of ZnS-CTA micelles 
and CTA ones were about 15 nm and 3 nm, 
respectively. The fresh dispersions of ZnS-CTA 
were mixed with montmorillonite. The diameter 
of ZnS-MMT-CTA was 298 nm2 MMT particles 
had diameter about 115 nm. 

3.4 Photoreduction of CO2 

ZnS-MMT-CTA was used for the photoreduction 
of CO2 dissolved in NaOH solutions. The 
dispersions of ZnS-MMT-CTA and TiO2 used for 
comparison were irradiated by the UV lamp 
during 24 hours. Two main reduction products 
were determined by gas chromatography: 
methane in the gas phase and methanol in the 

liquid phase. The large amounts of hydrogen and low amounts of carbon monoxide were also observed. 
Other products, such as formic acid, formaldehyde, ethane and ethylene were not detected in our 
experiments. The yields of the reaction products were arranger in the order: H2 > CH4 > CH3OH ≥ CO (Fig. 2). 
First, electrons and holes were generated from ZnS nanoparticles by the UV lighting and consequently 
hydrogen was produced: 
                  h3 
 ZnS � ZnS + (e- + h+)         (1) 
 H2O + 2 h+  �  O2� + 2 H+        (2) 
 2 H+ + 2 e-  �  H2          (3) 

Second, dissolved carbon dioxide CO2 (aq) was reduced by the proton-assisted reactions forming carbon 
monoxide, methanol and methane when the reactants were in contact with the nanocomposite as 

CO2 (aq) + 2 H+ + 2 e- �  CO (g) + H2O        (4) 

CO2 (aq) + 6 H+ 6 e-  �  CH3OH (aq) + H2O      (5) 
CO2 (aq) + 8 H+ + 8 e-  �  CH4 (g) + 2 H2O       (6) 

Using the TiO2 catalyst, the products in concentrations above the limits of quantifications of GC were 
generated after the first 8 hours. In case of ZnS-MMT-CTA, the yields of all products continually increased 
during the whole experiments. Methane was produced in 6-fold higher concentrations in comparison with 
the application of TiO2. The yields of methanol were about one order of magnitude lower than those of 

 

Fig. 2 Time dependence of CO2 product yields. 
A - CH4,  B – CH3OH, C – CO, D – H2 
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methane (Fig. 8B). Using ZnS-MMT, methanol was produced in 3.5-fold higher amounts than with TiO2. The 
yields of carbon monoxide in the presence of ZnS-MMT were 5-fold higher than those of TiO2. 

3.5 Photooxidation of phenol 

Irradiated ZnS produces hydroxyl radicals acting as strong oxidizing agents. Phenol as well as its radicals can 
react with OH
 and HO2


 radicals resulting in many intermediates, such as 1,2- and 1,4-dihydroxy-benzenes 
and consequently o- and p-benzoquinones. Benzoquinones are gradually oxidized by the radicals through 
dicarboxylic acids to oxalic acid and further to formic, acetic and other acids that are finally transformed to 
carbon dioxide [6,7]. Under UV light, phenol is decomposed in neutral and acidic solutions in two-steps: 
first, photon is absorbed to form exited phenol in the single state and, consequently, the second photon is 
absorbed by phenol in its triple state producing electron and the phenoxyl radical cation [8.,9.]. The radical 
cation is rapidly deprotonated yielding the phenoxyl radical. The electron can be trapped by oxygen 
forming hydroxyl radicals that further react with the phenoxyl radical towards carbon dioxide as given 
above. 

ZnS-MMT-CTA was used for the pho-
tooxidation of phenol in its aqueous 
solutions (Fig. 3). For comparison, the 
same experiments with TiO2 and the 
decomposition by UV light with MMT were 
performed as well. The photooxidation of 
0.5 mmol l-1 phenol solutions was studied. 
The remaining phenol concentrations 
were determined by the 
spectrophotometrical method with p-
nitroaniline. The residual phenol 
concentrations after three hours of the 
irradiation were less than 2 % of the initial 
concentration for experiments with ZnS-

MMT-CTA. In case of TiO2 and only UV light, the oxidation rate was lower and the residual concentrations 
of phenol after three hours were about 11.6 % and 9 % of the initial one, respectively. To understand the 
way of the phenol photooxidation, its reaction kinetics was evaluated.  

3.5.1 Photooxitation kinetics 

The reaction of phenol and hydroxyl radicals took part on the surface of ZnS nanoparticles therefore it can 
be described by the Langmuir-Hinshelwood model simplified into [10.] 

 �
�

P P
app

P P

K C
r k

1 K C
        (7) 

where kapp is an apparent kinetic parameter depending on light intensity, mass and nature of the solid 
phase (catalyst), KP is the adsorption constant, and CP is the concentration of hydroxyl radicals. For low Cp 
values KPCP 55 1, Eq. (7) was reduced to the pseudo-first order reaction 

 r = kapp KPCP = kobs CP        (8) 

Fig. 3 Kinetics of phenol oxidation 
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where kobs is the observed kinetic constant. The calculated reaction orders for all experiments were 
statistically equal to 1 (0.96 to 1.00) that indicates the pseudo-first order reactions of phenol. The kobs were 
2.92 x 10-4 (s-1) for ZnS-MMT-CTA, 1.54 x 10-4 (s-1) for TiO2 and 1.69 x 10-4 (s-1) for only UV+MMT. The 
efficirncy of decomposition decreased in the order: ZnS-MMT-CTA > UV-MMT 6 TiO2. The lower reaction 
rate for the experiment with TiO2 could be caused not only by the lower photocatalytic efficiency of TiO2 
but also by too high loading of the photocatalyst which resulted in scattering effect of the UV light. 

The dispersions and solutions after 1 hour of UV irradiation were analysed by GC-MS. They were extracted 
into dichloromethane, which is relatively polar organic solvent, and derivatized by acetic anhydride before 
chromatographic analysis. Some intermediated, such as dihydroxybenzenes and biphenols were found in 
their trace concentrations. After the decomposition by UV light without ZnS-MMT-CTA, they occurred in 
higher concentrations. Following these results we assume that the nanocomposites produced more 
hydroxyl radicals and thus the intermediates were oxidized mostly to carbon dioxide. In addition, some 
intermediates could also be adsorbed on MMT. 

To complete the analytical results, pH was measured during the photooxidation. During the stirring of the 
phenol and ZnS-MMT-CTA mixtures before the irradiation, pH increased which is probably caused by the 
adsorption of H+ ions on MMT. During the reactions with ZnS-MMT-CTA and only UV, pH decreased from 
6.7 to 3.0 and from 5.7 to 3.5, respectively. Taking into account that dissolved carbon dioxide can acidify 
aqueous solutions to pH = 4.5, the pH decrease bellow this limit was explained by the presence of strong 
carboxylic acids (e.g. oxalic acid) that largely dissociated and could acidified the reaction solutions before 
their oxidation to CO2. In case of the experiment with TiO2, the smoother pH decrease was observed. It well 
corresponds with the fact that the phenol decomposition was less efficient. Thus, lower amount of acidic 
products was produced. 

4.  CONCLUSION 

The nanocomposite of ZnS, MMT and CTA was prepared. ZnS nanoparticles were deposited on MMT 
forming ZnS-MMT-CTA nanocomposites with the diameter about 298 nm. The diameter of ZnS 
nanoparticles was about 5 nm. ZnS-MMT-CTA was used for the photoreduction of carbon dioxide. It 
exhibited the 5~6 fold higher efficiency than the commercial TiO2 photocatalyst. Methane, methanol and 
carbon monoxide were main products of the CO2 reduction. The high amount of generated hydrogen was 
observed as well.  

The photooxidation of phenol in the presence of UV light and ZnS-MMT-CTA was also studied in 
comparison with TiO2. The efficiency of ZnS-MMT-CTA was considerably higher than those of only UV light 
and TiO2. The pseudo-first order reactions of phenol oxidation were observed. Only trace concentrations of 
the intermediates were determined therefore we assume that phenol was oxidized to strong carboxylic 
acids and further to carbon dioxide. 

The further research will be conducted to study the nanocomposites of ZnS nanoparticles and other 
phyllosilicates. The special attention will be paid to the photocorrosion of ZnS. 
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Abstract 

In this paper we present a simple two stage preparation method of nanostructured zinc oxide 
microparticles by using microwave-assisted solvothermal synthesis. Zinc acetate dihydrate and sodium 
carbonate were used as starting materials, ethyleneglycol (EG), diethyleneglycol (DEG) and demineralised 
water were used as solvents and polyethylene glycol (PEG) was used as a surface stabilising agent. 
Obtained powders show various morphology which is influenced by the time duration of microwave 
assisted reaction and particularly by selection of suitable solvent. According to their morphology, prepared 
particles are categorised as needle-like structure, platelet structures and urchins-like structures and other 
shapes, which demonstrates a great potential of this synthesis route. Prepared materials were 
characterized by Scanning Electron Microscopy (SEM), X-ray diffraction (XRD) and Ultraviolet-visible 
diffusion reflectance spectroscopy (UV-VIS-DRS). 

Keywords: microwave synthesis, ZnO, microparticles, nanoparticles 

1.  INTRODUCTION 

Nanosized ZnO is very attractive II-VI semiconductor material because of its unique properties such as wide 
band gap (3.37 eV) and large exciton binding energy (60 meV) at room temperature [1]. ZnO nanocrystals 
have found many applications including solar cells, gas sensors, UV - protection, light emitting diodes etc [2-
5]. Up to now, numerous different methods have been developed to synthesize nanocrystaline ZnO 
powders, e.g. mechanochemical [6], precipitation [7-9], hydrothermal [10-12], thermal decomposition 
[13,14],  sol-gel [15], solvothermal [16] and microwave assisted [17,18]. Microwave radiation is an efficient 
heating method, which can significantly decrease reaction time and it has been already used for successful 
preparation of different materials [4,16,17]. Here we adopted and further developed a fast and easy 
method for preparation of ZnO nanoparticles in two stages. First step is mechanochemical preparation of a 
precursor in the form of a nanopowder, from which are prepared particles by solvothermal reaction in 
microwave apparatus with open vessel reflux system in the second preparation step. This method offers 
short reaction time and saving of energy consumption. 

2.  EXPERIMENTAL 

All of the chemical reagents used in the experiment were of analytical grade. Zinc acetate dihydrate, p.a, 
(Purity 99 %, Penta, Czech Republic), Sodium carbonate anhydrous, p.a., (Purity 99 %, Penta, Czech 
Republic), Ethylene glycol, p.a., (Purity 99 %, Penta, Czech Republic), Polyethylene glycol 400, p.a.,  (Fluka, 
Germany). Microwave reaction was performed in a modified domestic microwave oven (CRW-TECH, 
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frequency 2.45 GHz, maximum power 1150 W). Products number 2 and 3 were heated at maximum heating 
power (1150 W), product number 1 was heated at variable heating powers. Energy consumption was 
measured during every synthesis. Preparation of precursor started by grinding of 8.8g Zn(CH3COO)2·2H2O 
for 5 min before it was mixed with 16 ml of PEG and then 4.24 g of Na2CO3 was added. After 20 min of 
grinding, the mixture was firstly washed by demineralised water and secondly by alcohol to remove 
possible by-product or rests of starting chemicals. After that, the mixture was left to dry on the air 
naturally. In the second step a 0.5 g of a precursor was moved to the boiling flask together with 10 ml of 
PEG and 80 ml of EG or demineralised water was added. The mixture was sonicated in ultrasound bath for 
10 min (Elma S 80, Ultrasonic) to achieve better dispersion of the precursor in the liquid medium. The 
mixture was then irradiated for 20 or 40 minutes by microwaves. The product was collected by suction 
filtration, washed with demineralised water followed by alcohol and finally dried in air. Detailed description 
of preparation of individual products is summarized in a Table1. 

Table 1 List or prepared products 
Product number Composition Microwave synthesis time 

1 
0,5 g precursor 
10 ml PEG 400 

80 ml demineralised water 
20 min 

2 
0,5 g precursor 
10 ml PEG 400 

80 ml EG 
20 min 

3 
0,5 g precursor 
10 ml PEG 400 

80 ml EG 
40 min 

The powders were characterized by X-ray powder diffraction (XRD) using PANalytical X´Pert PRO X-ray 
diffractometer with Cu Kα radiation (λ = 1.540598 Å). Scanning electron microscope Tescan Vega II was 
used for obtaining micrographs and UV-VIS spectrometer Avaspec Avantes with source type AvaLight-DHS-
DUV and integrating sphere (BaSO4 coated) was used for diffuse reflectance (DR) spectrometry in UV-VIS. 

3.  RESULTS AND DISCUSSION 

Fig. 1 (a) shows XRD pattern of the precursor. Compared with the JCPDS cards (reference code: 00-003-
0787), diffraction peaks fits well with that of Zn4CO3(OH)·6H2O (Zinc Carbonate Hydroxide Hydrate). Fig. 
1(b) shows UV-VIS DR spectrum of the precursor, which confirms that no ZnO absorbing near 400 nm is 
present. 

Fig. 2 (a) shows the SEM image of the precursor that do not reveal any specific shape, just irregular pointed 
particles of submicrometric size. Fig. 2(b) shows the SEM image of product 1 made with PEG and 
demineralised water for 20 minutes. As can be seen, this product is needle-like in shape. Needles are 
approximately from 4 to 6 μm length and less than 1 μm width. Residuals of very fine nanofibres 
resembling snow or dust in the image are most likely the constituents of the growing needles  Fig. 2(c) 
presents SEM image of product 2 made with PEG and EG for 20 minutes. Product 2 was obtained 
exclusively in form of thin curtain-like platelets with very fine nanoporous structure. With the aid of the last 
picture Fig. 2(d) can be demonstrated the influence of reaction time on final structure of the particles. 
Product 3 is made as well as product 2 from dispersion with PEG and EG, with the only difference that is 
longer reaction time i.e. 40 minutes. The assembling of platelets into urchin-like microstructures is 
supported by longer synthesis time 
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              a)                                                                                      b) 
 

 

 

 

 

 

 

 
 

Fig. 1 (a) XRD pattern of the precursor and (b) UV-VIS  DR spectrum of the precursor. 
 

 

 

Fig. 2 SEM image of the precursor (a) and SEM images of the final products 1, 2, 3, (b), (c), (d) respectively. 
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Fig. 3 (a), (b) and (c) shows XRD patterns of final products 1, 2, 3 respectively. Compared with the JCPDS 
cards, diffraction peaks labelled as (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), (202), 
(104) and (203) fits well with hexagonal ZnO wurtzite structure (reference code: 01-079-0207) and 
diffraction peaks labelled with symbol * with that of Zn(CH3COO)2·2H2O (reference code: 00-001-0215), 
which stayed in the final products as a certain impurity. Fig. 3(d) shows UV-VIS optical DR spectra of the 
final products testifying the presence of ZnO by pronounced decrease of relative reflectance in spectral 
range below 400 nm. 

a)                                                                            b) 

     

 c)                                                                                d) 

          

Fig. 3 (a), (b), (c) XRD patterns of final products 1, 2, 3 respectively and (d) UV-VIS optical DR spectra  
of final products 1, 2, 3 

CONCLUSION 

In summary, needle, urchin- and platelete-shaped nanostructured ZnO microparticles were successfully 
prepared by simple two stage method, based on combination of mechanochemical preparation of the 
precursor and solvothermal microwave-assisted reaction with open reflux system. The size of prepared 
particles ranges from hundreds of nanometers to micrometers.  
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Abstract 

This work presents methods for the formation of semiconducting metaloxide titanium nanopillars arrays 
and investigation results of its morphological, structural and resistive humidity properties for biological 
applications. The arrays of titanium oxide nanopillars were formed by using the electrochemical 
anodization of titanium through a porous alumina mask. The crystal modification of rutile titanium oxide 
was obtained by thermal annealing in the air. The resistive properties of semiconducting nanostructural 
titanium oxide layer were observed under the influence of different relative humidity level. 

Keywords: titanium oxide nanopillar arrays, rutile, porous anodic alumina, resistive humidity sensor 

1.  INTRODUCTION 

Recently, with the development of nanotechnology, arrays of nanostructured oxide (nanodots, nanopillars, 
nanowires, nanopores) system of valve metals take on increasing popularity as a basis for sensitive layers of 
different sensors [1]. The main valve metals to produce nanostructured oxides for sensor applications are 
titanium, tungsten, zirconium, niobium, tin and etc. [2 – 6]. Nanostructures prepared on the surface with 
very simple technique have promising properties as for sensing ions in vapours and gases, and also for 
electronic components. The gradual development of science in the area of nanoelectronics can significantly 
reduce the size of such sensors and their power consumption, which open the possibility of using them as 
in-situ or wearable sensors e.g. for human biological processes monitoring [7 – 8] close to the skin or 
vapours, humidity and gases measuring in mobile applications. One of the promising materials for humidity 
sensors application is micro- and nanostructured titanium oxide films, which can be fabricate in form of 
nanowires [9, 10], nanofibers [11], nanocrystalline thin films [12], nanocomposite thin films [13 – 15], 
microstructures TiO2 films [16], titanium oxide nanotubes [17], nanopowders [18, 19] and nanocolumns 
[20]. In this work we have developed a sensing device based on arrays of metaloxide titanium nanopillars, 
formed by electrochemical anodizing method, for rapid relative humidity measurement. 

2.  FORMATION METHODS AND RESULTS 

The initial structure was a vacuum magnetron sputtered two-layer Ti/Al metal system on oxidized silicon 
substrate. Titanium layer has a thickness of 200 nm and it is placed under a layer of aluminum with 
thickness of 2 μm. An array of nanopillars of titanium oxide was formed by electrochemical anodization 
through the porous anodic alumina mask. Anodization of aluminum and titanium layers was performed in 
0.9 M solution of oxalic acid at the potential of 32 V for aluminum layer. A formed porous matrix of 
aluminum oxide has pore diameter of about 15 nm, arranged in steps of 75 – 80 nm and a height of 2.8 
microns. When anodization front reached titanium underlayer, the anodization potential began to increase 
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and its growth continued up to a certain limited value at 37 volts (see Fig. 1, a). Then the anodizing mode 
was switched to the constant potential at which lasted electrochemical anodization of titanium underlayer. 
In this case, the current in the electrochemical system began to decline exponentially, driven by the rising 
pillars of titanium oxide at the bottom of each pore of the matrix of anodic aluminum oxide (see Fig. 1, b). 
The process of titanium anodization lasted up to 30 minutes and after reaching constant minimum value of 
anode current (of about 50 μA/cm2) it switched off and the samples were washed and dried. The whole 
electrochemical process was operated by computer and carried out by GPIB interfaces power supply and 
multimeters.  

Afterwards, the porous alumina matrix was selectively removed in 20 g l−1 CrO3, 35 ml l−1 H3PO4 solution 
kept at 65 °C for 15 min opening the array of titanium oxide nanopillars (Fig. 1). Obtained pillars had the 
following dimensions: the average diameter 40 ± 5 nm, height 70 – 75 nm and spacing step 80 nm. Titanium 
oxide pillars were separated by intervals of metallic titanium width of about 30 – 40 nm (Fig. 2).  

The resulting nanostructured titanium oxide layer was used as a basis for subsequent process steps such as 
photolithography, electrochemical deposition of gold and thermal annealing. Using photolithographic 
techniques on the surface of Ti/TiO2 layer, a photoresist mask was obtained for the formation of gold 
electrodes that provide electrical contact to the sensor structure. The mask was made in the form of an 
inter-digital structure with electrode width of 100 microns separated by a layer of Ti/TiO2 in the width of 
50 microns. The samples with the mask of photoresist were used for electrochemical deposition of gold, 
which was conducted in an aqueous solution of K[Au(CN2)] with the addition of H3BO3. Electrochemical 
deposition was performed at 50 °C in a constant current mode with the density of about 4 mA/cm2 for 
5 min and the potential in an electrochemical system at 1.3 – 1.1 volts. 

After performing the electrochemical deposition of gold, plasma etching of photoresist was carried out in 
oxygen containing plasma for 60 min. Then the samples were annealed in air at 600 °C for 2 hours. This 
operation is necessary to improve the adhesion of electrochemically deposited gold layer to titanium, for 
the formation of crystalline phases of titanium oxide – rutile and for the complete oxidation of the 
remaining metallic titanium between titanium oxide nanopillars. 

 

a       b 
Fig. 1 Anodizing kinetics of Ti/Al metallic system: a – current constant mode, 

 b – potential constant mode 
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a     b 

Fig. 2 SEM images of anodized titanium oxide pillars sensing layer: a – lower magnification, 
b – higher magnification 

 

The crystalline structure of titanium oxide nanopillars film was determined by X-ray diffractions studies  
(XRD). The XRD measurements indicated that the technology was employed for the growth of the TiO2 
nanopillars film led to the formation of rutile nanocrystalline structures with one strong peak at 2θ = 69°  
(see Fig 3). 

 

 

 

 

 

 

 

 

 

 

 
 
 

After thermal annealing, the samples were fixed in the case and held by wiring conclusions. Fig. 4 shows 
images of a sensor prototype obtained by the above described manufacturing process. Then measurements 
of the sensor resistance change influenced by various air humidity levels were provided 
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Fig. 3 X-ray diffractogram of the TiO2 nanopillars array film 
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Resistance measurement of a sensor at various values of humidity control 

To measure the resistance of a sensor at various levels of air humidity we used the saturated salt solutions 
providing stable air humidity near a surface. We used the following saturated salt solutions: Lithium 
Chloride (relatively humidity 11 %), Magnesium Chloride (relatively humidity 33 %), Potassium Carbonate 
(relatively humidity 43 %), Magnesium Nitrate (relatively humidity 57 %), Sodium Chloride (relatively 
humidity 75 %), Potassium Chloride (relatively humidity 85 %), and Potassium Sulphate (relatively humidity 
97 %). During the measurements sensors were placed at the distance of 3 – 4 mm from the surface of the 
salt solution and the resistance was measured by a multimeter Agilent 34410A and recorded for 3 min. 
Several devices were measured and the average results are presented in Table 1 and on graph (Fig. 5).  

 

 

 

 

 

 

 

 

 

As can be seen from the graph, with increasing relative humidity sensor resistance is greatly reduced from 
the values of several GOhms to a value of 0.5 MOhms. The total change in resistance sensor was about 3 
orders, so for the convenience of view a resistance plot on the relative humidity is constructed in 
logarithmic coordinates, in which the plot dependence is of an almost linear form. Most relevant sensor 
resistance is within a relative humidity of 30 to 97 %. The dispersion of resistance values for several sensors 
was 15 %. 

Table 1 Relatively humidity measurements 
Number of 

measurement 
Relative humidity, % 

Average resistance, 
MOhms 

1 11 > 1500 
2 33 1200 
3 43 420 
4 57 200 
5 75 40 
6 85 9 
7 97 0.5 

a    b     c 
Fig. 4 Sensor prototype images: a – sensor structures in the case, b – SEM images of inter-digital gold 

electrodes formed onto sensing layer, c – geometrical parameters of inter-digital gold electrodes 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

314 

Hypothetical mechanism of interaction of nanostructured titanium oxide with water molecules is as 
follows. Water is expected to absorb at exposed fivefold coordinated Ti sites in each case with the 
hydrogen atoms pointing away from the surface. Since hydrogen bonding interactions between the 
absorbed species and the bridging oxygen atoms of the substrate are expected to facilitate proton transfer. 
An H2O molecule adsorbed in a vacancy would provide a geometrically particularly well-suited adsorption 
site for O–H interaction and dissociation [21].  

The data obtained by measuring the resistance of the sensor depending on the humidity must be 
subsequently refined during the measurements directly close to the measured object e.g. human skin, but 
the order of the resistance must be located in the same range if possible with only ± 10 %. 

CONCLUSION 

Based on electrochemical technology, as well as on the use of microelectronic methods, a prototype of a 
planar relative humidity sensor has been designed and manufactured. The sensor constructed to be 
sensitive to water molecules is based on nanostructured titanium oxide layer, located in the crystalline 
phases – rutile. The basis of the sensor is a sensitive layer consisting of nanosized pillars of titanium oxide 
on the surface whereas electrodes are deposited in the form of an inter-digital transducer. When 
measuring resistivity of the sensor using different values of relative humidity to obtain adequate resistance, 
data vary from 109 to 106 Ohms when the ambient humidity is of 11 to 97 %. Adsorption of water molecules 
on the surface of nanostructured crystalline titanium oxide was presumably carried out by well-known 
mechanism of oxygen vacancies.  

More technological approaches have been developed for forming TiO2 nanostructures but they are all 
based on expensive, environmentally unfriendly, energy and time consuming and technically difficult to 
perform processes and often hazardous materials and gases. Contrarily, anodizing-based technologies for 
formation of titanium oxide nanostructures are free from most of the above disadvantages. Developed 
sensor prototypes have working interval of resistance from several GOhms to a value of 0.5 MOhms. So 

Fig. 5 Sensor resistance response to relative humidity 
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high resistance lead to decrease of power consumption what is makes possible to use the sensor in 
portable devices. Also sensor prototypes have short time response (1 – 2 min) for sorption-desorption 
process through the planar nanostructure for easy access of water molecules to the surface of the sensitive 
layer. 

Thus, studies of the dependencies concerning the resistance of humidity sensor showed that the fabricated 
sensor prototype can be used to control the humidity level in ambient or several specific applications.  
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Abstract 

This contribution deals with synthesis and characterization of 1-D and 3-D nanostructured conductive 
polymer – polypyrrole (PPY). Nanostructured PPY was synthesized by chemical polymerization using soft 
template method. It is relatively simple and effective preparation of one-dimensional and newly, presented 
here, three-dimensional structures. This method uses complex of azo dye – oxidant as soft template. The 
monomer polymerizes on the surface of complex and creates final structures. The complex azo dye - 
oxidant gradually degrades during polymerization. Seven azo dyes (Methyl Orange, Methyl Red, Congo Red, 
Acid RED 1, Orange G, Sunset Yellow FCF, and Tropaeolin O Sodium Salt) were used in the experimental 
part of this contribution. Azo dyes are compounds which have azo group –N=N– and next to azo group 
there are aromatic nuclei (benzene, naphthalene). The main difference lies mainly in the number of ligands, 
type and method of distribution of ligands on these aromatic nuclei. The aim of this work was to investigate 
the ability of chosen azo dyes to create complex suitable for the preparation of nanostructures. 
Morphology of prepared nanostructured PPY was observed by scanning electron microscopy (SEM). Based 
on this measurement, there were established geometric dimensions of prepared structures. Additionally, 
for the first time, images of tree-dimensional uniform PPY nanostructures were obtained. These structures 
have not been observed for conducting polymers yet. It was also verified the basic structure of building PPY 
chains from the ATR-FTIR spectra.  

Keywords: polypyrrole, 1-D nanostructure, 3-D nanostructure, soft template, azo dye 

1. INTRODUCTION  

Conducting polymers (CPs) have gained wide attentions since their rediscovery in the 1970s. CPs are very 
popular for their unique properties. The most important feature is electrical conductivity that can achieve 
value up to 105 S·cm-1 (electrical conductivity of oriented polymer films or fibres). It was discovered that 
conducting polymers have the ability to change their conductivity in response to the surrounding 
environment. Therefore they are called “smart polymers” 1.  Due to these properties, there are many 
possible promising applications, such as: material for biosensors2 and gas sensors3, supercapacitors4, anti-
static envelope5. 

Recently it was found, that under certain conditions conducting polymers are able to create uniform 
structured shapes with nanometric sizes (nanostructures), for example nanotubes, nanowires, nanorods. 
These shapes are often collectively called 1-D structures of conducting polymers. The description is based 
on a widely used simplification which assumes that structural properties of 1-D polymer structure are 
predominantly determined by its longest dimension (which is always orders of magnitude larger than the 
other two). However, using certain conditions it is possible to synthesize 3-D conducting polymer 
structures. 
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1.1  Soft template method 

1-D structured conducting polymer can be synthesised using template or special template free procedures. 
There are two means of template synthesis, so-called hard and soft template method. The hard template 
method uses zeolites and membranes as a hard template. After synthesis, it is necessary to remove hard 
template. During this removal,  structures could be damaged.  

Using soft template method for polymer nanostructure synthesis brings many advantages: (i) change in 
temperature synthesis, time of synthesis or molar ratio of reactants can influence geometric dimensions of 
the prepared 1-D structures, (ii) it is effective, cheap and simple method, (iii) template autonomously 
degrades during polymerization, therefore template can be easily removed from solution without 
damaging of prepared polymer nanostructure6.  

Here presented and used soft template method is based on reaction of azo dye and oxidant. These 
components create fibrous structures, so-called soft template. After addition of the monomer, 1-D 
structures of the polymer are formed on the surface of these fibres and fibres gradually degrade during 
reaction (therefore this method is sometimes called self-degradation method). After polymerization, 
remnants of degraded soft template must be removed by long-washing6.  

The molecular structure of azo dyes significantly affects structures of prepared polymer. Therefore it must 
be reflected strength, number and distance of ligands in a molecule of azo dye, acidobasic properties, 
degree of molecule planarity, etc.  

2. EXPERIMENTAL  

Pyrrole, ferric chloride (FeCl3), Methyl Orange, Methyl Red, Congo Red, Acid RED 1, Orange G, Sunset 
Yellow FCF and Tropaeolin O Sodium Salt were purchased from Sigma-Aldrich and were used without any 
modification. Molecular structures of azo dyes are shown in Fig. 1.   

The synthesis process of the structured PPY was as follows: in 10 mM ferric chloride (oxidant) was dissolved 
in 200 ml of 5 mM solution of azo dye and deionized water. Molar ratio of reactive monomer : oxidant : azo 
dye was 10:10:1 for all synthesis. 700 �l pyrrole monomer was added dropwise in the first two hours of 
synthesis to the solution. The solution was tempered at 5 °C and it was stirred during all synthesis at a 
constant speed. Due to complex structures of prepared PPY, remnants of a template were removed by 
Soxhlet extraction. The prepared PPY was extracted with ethanol until extraction reagent was colorless (up 
to one week). The prepared structured PPY was dried at 45 °C in vacuum drier.  

For comparison, there was also synthesized unstructured PPY. Molar ratio of reactants was 1 mM pyrrole : 
1 mM FeCl3 in aqueous environment.  

The structures of prepared PPY were observed by Scanning Electron Microscope (SEM) JOEL model JSM-
7500F. Composition of prepared structures was obtained by Total Reflection Fourier Transform Infrared 
(ATR-FTIR). 
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Fig. 1 Molecular structures of azo dyes: a) Methyl Orange, b) Methyl Red, c) Congo Red,  
d) Acid RED 1, e) Orange G, f) Sunset Yellow FCF, g) Tropaeolin O Sodium Salt 

3. RESULTS AND DISSCUSION 

Fig. 2a) shows SEM image of unstructured PPY which was synthesized by standard chemical polymerization. 
The unstructured PPY has characteristic fruticose formations that create highly disordered arrangement. 
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Fig. 2 Structures of PPY prepared by: a) without azo dye, b) Methyl Orange, c) Methyl Red,  

d) Congo Red, e) Acid RED 1, f) Orange G, g) Sunset Yellow FCF, h) Tropaeolin O Sodium Salt 
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Fig. 2b-h) show SEM images of structured PPY prepared by the soft template method using different azo 
dyes. It is apparent that azo dyes significantly affect the structure of prepared PPY. Capability of azo dyes to 
create soft template is evident for Methyl Red and Acid RED 1. These azo dyes contribute to the formation 
of 1-D polymer structure. Dimension of PPY nanotubes prepared from Methyl Red are approximately 80 nm 
diameter and hundreds of nm length. Dimension of PPY nanotubes prepared from Acid RED 1 are 
approximately 340 nm diameter and units of �m length.  

Azo dyes Methyl Red, Orange G and Tropaeolin O Sodium Salt don´t have the ability to create supporting 
structures for polymerization. Structures of prepared PPY are very similar to the unstructured PPY. There 
are characteristic fruticose formations. Next azo dye without ability to create supporting structures is 
Congo Red. Resulting PPY resemble crushed stone.  

Specific formations create PPY synthesized in presence of Sunset Yellow FCF. There are formed symmetrical 
3-D structures. Probably, the Sunset Yellow FCF molecules allow creation of more spatially-oriented 
complexes due to insignificant existence of hydrophilic and hydrophobic parts presented in its skeleton. 
Other azo dyes, mentioned here, have more significant hydrophilic and hydrophobic parts in their 
molecular skeleton, which can affect the resulting structure of PPY. 

 
Fig. 3 Overview of ATR-FTIR spectra of PPY prepared in the presence of: a) Methyl Orange,  

b) Methyl Red, c) Congo Red, d) Acid Red 1, e) Orange G, f) Sunset Yellow FCF, g) Tropaeolin O Sodium Salt 

The main task of ATR-FTIR measurements was to verify the chemical structure of prepared PPY and to 
detect potential residues of azo dye used during synthesis. Interpretation of the spectra was focused on the 
region 1800 - 600 cm-1. Interpretation of PPY spectra is difficult because of variable degree of conjugation 
of PPY skeleton and a large number of different types of disturbances (non-linear shape of the polymer 
chain, oxidation by air oxygen, etc.).  But in all cases it was found that PPY was prepared (Fig. 3). The 
unstructured PPY spectrum contains following characteristic peaks: 1527 cm-1 (C-C, C=C stretching), 1427 
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cm-1 (C=C, C-N stretching), 1270 cm-1 (C-H, C-N in plane deformation), 1129 cm-1 (breathing vibration of 
the PY ring), 1086 (C-H, N-H in plane deformation), 997 (C-H in plane deformation), 956 (C-C out of plane 
deformation), 849 and 727 (C-H, N-H out of plane deformation), 646 (C-C out of plane deformation). These 
peaks are evident in presented spectra of structured PPY. Slight shifts in spectra cannot be attributed to 
direct chemical reaction of pyrrole and azo dye, but only to changes in degree of conjugation of polypyrrole 
chains. It is apparent that used azo dye served only as supporting structure for forming polymer and after 
polymerization self-degrades.  

4.  CONCLUSION  

This contribution deals with preparation of PPY by chemical synthesis in presence of azo dyes, serving as 
soft templates. Seven different azo dyes were used for synthesis of PPY. PPY nanotubes were prepared 
using Methyl Orange and Acid RED 1. Using Methyl Red, Orange G and Tropaeolin O Sodium Salt as soft 
template, PPY create fruticose formation. These shapes resemble unstructured PPY prepared without azo 
dye. Therefore it can be assumed that these azo dyes are not able to form soft template. Using Congo Red 
as azo dye, PPY is compact and resemble crushed stone. However, the most important shape of PPY was 
prepared using Sunset Yellow FCF. There are the above mentioned symmetrical 3-D structures. ATR-FTIR 
measurements confirmed that in all cases was prepared PPY and it is without content of soft template 
remnants.  
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Abstract 

This paper describes the production technology of individual nanofibers by "drawing". It is a relatively new 
method and the first mention of it is in the professional publication from 1998 1.  

By method of electrospinning we can produce layer of nanofibers. In this layer, however, individual 
nanofibers can not be separated without their destruction. Electrospinning does not produce single 
nanofibers, in contrast to the method of "drawing". It is based on the principle of drawing nanofibers from 
polymer droplet at a specific rate, depending on the type of polymer. The biggest advantage of this method 
is the possibility of study the properties of individual nanofibers and its minimal demands on the device. 
Intended use of single nanofibers is in nano-optics, nano-electronics, tissue engineering and production of 
yarns with a precisely defined number of nanofibers. The aim of this paper is approximations of production 
these individual nanofibers and their subsequent analysis. 

Keywords: drawing, polymer nanofibers, micropipette, yarn from nanofibers 

1. INTRODUCTION 

Production of polymer fibers with diameters ranging from micron to nanometer scales has generated 
significant interest due to its potential impact in many applications such as nano-electronics and optical 
sensors. These applications require the fabrication of one (1D), two (2D) and three-dimensional (3D) 
network of nanofibers. At first, the individual components are created and assembled together into larger 
structures. The first step in such a manufacturing approach involves fabricating fibers. Of all techniques, 
electrospinning is the most popular process that allows for the continuous production of fibers ranging 
from tens of nanometer to a few microns in diameter.” By method of electrospinning we can produce layer 
of nanofibers. In this layer, however, individual nanofibers can not be separated without their damage. 
Electrospinning does not produce single nanofibers, in contrast to the method of "drawing. [2] 

On the other hand, in the drawing process, the fibers are fabricated by contacting a previously deposited 
polymer solution droplet with a sharp tip and drawing it as a liquid fiber which is then solidified by rapid 
evaporation of the solvent due to the high surface area. The drawn fiber can be connected to another 
previously deposited polymer solution droplet thus forming a suspended fiber. Here, the predeposition of 
droplets significantly limits the ability to extend this technique, especially in free dimensional 
configurations and hard to access spatial geometries. Furthermore, there is a specific time in which the 
fibers can be pulled. Viscosity of the droplet continuously increases with time due to solvent evaporation 
from the deposited droplet. The continual shrinkage in the volume of the polymer solution droplet affects 
the diameter of the fiber drawn and limits the continuous drawing of fibers. [2] 

To overcome the above-mentioned limitation is appropriate to use hollow glass micropipettes with a 
continuous polymer dosage. It provides greater flexibility in drawing continuous fibers in any configuration. 
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Moreover, this method offers increased flexibility in the control of key parameters of drawing such as 
waiting time before drawing (due to the required viscosity of the polymer edge drops), the drawing speed 
or viscosity, thus enabling repeatability and control on the dimensions of the fabricated fibers. [2] 

2.  TECHNOLOGY 

There are several ways to make single nanofibers. The simplest of these is schematically illustrated in Fig. 1. 
On the substrate material is applied a millimeter drop of polymer solution (A). Micropipette then moves 
down toward the edge of the drop (B), there is contact and by back motion of micropipette the fiber is to 
pull out of polymer droplet at a certain rate, depending on the type of polymer (C).The liquid polymer is 
formed in the fiber. The resultant cross section depends very much on the exact material composition, 
drawing velocity and speed evaporation of solvent. 

 

Fig. 1 Illustration of the basic production process of nanofibers by drawing from droplet of the polymer [1]. 

This procedure for the production of nanofibers is implemented through micropipettes. However, there is 
the possibility of producing nanofibers using an instrument called a micromanipulator. It is specially 
designed for this method and is currently working on its construction and subsequent use in practice. 
Micromanipulator provides a continuous supply of the exact amount of polymer to the probe, which is 
connected to the positioner. The probe is lowered onto the substrate, the polymer flows and there is a 
drawing of polymer fiber at a given distance with a precisely defined extension speed.  

3.  EXPERIMENT 

Although the above process for the production nanofibers (Fig. 1) is very easy, here plays an important role 
mainly material from which fiber is produced. Fiber drawing requires a viscoelastic material that can hold 
on a strong deformations and tensions during pulling. Albeit not all materials are suitable for produce of 
individual nanofibers by this method, we managed to produce nanofibers from the following materials 
(Tab.1): 

Table 1 Type of materials and diameters of individual nanofibers obtained from them by drawing process. 

          Type of materials Diameter of nanofibers ± variation [nm] 

           Polycaprolacton (PCL) 270±30 
           Polyvinylalcohol (PVA) 200±40 
           Blend of Hyaluronic acid (HA) and Fish gelatin (FG) 470±70 
           Polyethylene oxide (PEO) 530±60 
           Polyvinyl butyral (PVB) 600±90 
           Polymethylmethacrylate (PMMA) 560±40 
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From all of these materials above we can produce fibers with diameters smaller than a micron. In Fig. 2 is 
an image of nanofiber from optical microscopy from polymer PCL with a diameter of 270 nm. PCL is a 
suitable material for tissue engineering. In Fig. 3 is a picture of PVA nanofiber with a diameter of 200 nm 
(Mw=67 000 g/mol, c=40%). It is the finest fiber that we managed to obtain by this method. In Fig. 4 is a 
PMMA fiber with a diameter of 560 nm. Possible application of PMMA nanofibers is in nano-optics due to 
light conductivity of this material. In Fig. 5 is a fiber pulled from a blend of Hyaluronic acid and Fish gelatin 
with a diameter of 900 nm. The fibers are usually pulled on a paper substrate; the structure of the paper is 
also seen in the images. 

Fig. 2 PCL nanofiber (270nm)           Fig. 3 PVA nanofiber (200nm) 

Fig. 4 PMMA nanofiber (560nm)       Fig. 5 Fiber from a bland HA+FG (900nm) 
 

The process was always the same, only with regard to the specific properties of the polymer. It was always 
necessary to prepare a concentration series of polymer solution for subsequent testing and finding the best 
solution viscosity. Concentration and molecular weight of polymer have a significant impact on the actual 
pulling with a micropipette and the final fiber diameter. But we can’t definitely say about what the 
dependence is. This can be seen in Fig. 6 below. There are shown the finest PVA fiber diameters depending 
on the concentration and molecular weight of polymer used. Dependence for all three molecular weights is 
fluctuating. The finest fibers were pulled from 20% PVA solutions, as you can see in Tab. 2. Extension rate 
for all materials was 0,03 m/sec. 
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Fig. 6 Diameter of PVA nanofibers depending on the molecular weight and concentration of polymer 
solution 

Table 2 Diameter of PVA nanofibers, molecular weight and concentration of polymer solution 

Concentration c[%] Molecular weight Mw [g/mol] Diameter of nanofiber ± variation d[nm] 

20 
61 000 260±30 

125 000 270±20 
130 000 500±50 

30 
61 000 460±40 

125 000 930±20 
130 000 300±40 

40 
61 000 370±90 

125 000 410±90 
130 000 600±40 

As you can see in Tab. 2, we managed to produce nanofibers by drawing from all tested polymer solutions 
of PVA. Not all of them, however, work simply. 

We assumed the subsequent use of nanofibers in practice, for example for the production of yarn. 
Therefore, our effort was to find a solution of PVA polymer with which the work will be easily and it will be 
able to repeatedly produce nanofibers at least 10 cm long. That we managed by repeated tests with just 
40% PVA (Mw 67 000 g/mol). The image of our first yarn from the electron microscope is shown in Fig. 7. 
Yarn was made by hand from several hundred fibers with diameters ranging from 200 to 3500nm. In Fig. 8 
you can see the frequency of fibers diameters in the yarn. The most contained fibers in the yarn have 
diameters from 400 to 600nm (37%), followed by fibers from 200 to 400nm (22%). Approximately 75% 
contained fibers have a diameter below the micron. 
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               Fig. 7 PVA yarn from nanofibers      Fig. 8 Frequency of fibers diameters in the yarn 

4.  CONCLUSIONS 

Our aim was to produce single nanofibers by pulling from the polymer droplets using a micropipette, as 
shown in the paper, Fig. 1. We succeeded for several polymer materials, namely PVA, PCL, PVB, PEO and 
PMMA. The finest fiber that we managed to obtain is from PVA with a diameter of 200nm (Mw=67 
000g/mol). 

The advantage of this method is possibility of precise putting of pulled nanofibers from which we can 
produce complicated network (parallel or intersecting fibers). We also took advantage of this and produced 
the yarn from parallel arranged PVA fibers, as shown in Fig. 7. The yarn is consists of several hundred fibers 
and contains both nanofibers and also fibers with a diameter of micron. It is not desired, so we will focus on 
the production of yarns from only a few pulled fibers in the future. It will be much easier to analyze and the 
resulting yarn will be consist of exactly defined number of nanofibers. 
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Abstract 

Currently, much effort is in the development of nanofiber layers produced by electrospinning. General 
properties of nanofibers are itsdiameters in nanometer-scale and therefore large specific surface offibers. 
Nanofibrous layers can be applied for example in tissue engineering. The production of scaffolds which 
serves as construction for cells growth is necessary for development of tissue engineering. Presented 
research is dealing with the incorporation of unicellular organismsinto nanofibers. Interaction between 
cellsand nanofibers was assessed with electron microscopy and then biological testing. Cells were directly 
incorporated into nanofibrous layers by the electrospinning process.  

Keywords: Nanofibers, electrospinning, tissue engineering, scaffold, yeast. 

1.  INTRODUCTION 

Tissue engineering (TE) deals with the regeneration of biological tissues through the use of cells with the 
aid of supporting structures. Potential applications of TE are envisioned in the following fields of skin, 
cartilage, bone, blood vessel, cardiovascular diseases, nerve and soft tissues.[1]Production of scaffolds is  
necessary for development of tissue engineering. Scaffold serves as construction for cells growth.  

1.1  Scaffolds 

The scaffold gradually degrades with time to be replace by newly grown tissue from the seeded cells. 
Recently, nanofiber-based scaffolds are being explored as scaffolds for TE applications. The development of 
nanofibers has enhanced the scope of human tissues at nanoscale. The large surface area to volume ratio 
of nanofibers combined with its porous structure favours cell adhesion, proliferation, migration and 
differentiation. These are the desired properties for engineering tissues. There are several scaffold 
fabrication techniques, namely electrospinning, self assembly, phase separation, melt-blown and template 
synthesis[1]. 

Currently, use of 3D scaffolds as a template for regeneration is the basis of tissue engineering. Diagram 
(Figure 1.) shows a process of replacement tissue using 3D scaffolds. 

 

 

 
 

 

 
 

Fig.1 Schematic diagram of replacement tissue. 
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1.2 Brewer’s yeast 

Cultures of plant and animal cells have been 
used for a long time for various researches. 
Brewer's yeasts (BY)are simple eukaryotic cells 
(Figure 3). They are unic cellular organisms 
sorted into the realm of fungi. 

Brewer's yeast converts fermentable sugars into 
ethanol (alcohol) and carbondioxide. 

Brewing yeasts may be classed as "top cropping" 
(or "top fermenting") and "bottom cropping" (or 
"bottom-fermenting"). Top cropping yeasts are 
so called because they form foam at the top of 
the wort during fermentation. An example of top 
cropping yeast is Saccharomyces cerevisiae, sometimes called as ale yeast. Bottom cropping yeasts are 
typically used to produce lager-type beers, though they can also produce ale-type beers. These yeasts 
ferment more sugars, creating a dryer beer, and grow well at low temperatures. An example of bottom 
cropping yeast is Saccharomyces pastorianus, formerly known as S. carlsbergensis. Top cropping brewer's 
yeast, S. cerevisiae, is the same species as the common baking yeast. However, baking and brewing yeasts 
typically belong to different strains, cultivated to favour different characteristics: baking yeast strains are 
more aggressive [4].  

2. EXPERIMENT 

Experiment deals with incorporation of eukaryotic cells into nanofibrous layers. Brewer‘s yeast were 
chosen as model organism for biological testing. These organisms are relatively common, resilient and 
working with them is safe. Nanofibrous layers were produced by electrospinning process. As polymer used 
for the electrospinning was choosen Polyvinylalkohol (PVA) – water-soluble syntetic polymer. PVA is well 
suitable for the electrospinning.  

2.1 Electrospining 

Electrospinning is a simple technique to produce continuous 
nanofibers from various polymers. The principle of 
electrospinning is the application of high electric field on the 
surface of polymeric solution or of melt to a form of nanofibrous 
jets and then collected on the counter electrode (Figure 2) [2]. 

Drop of polymer solution is placed at a constant feed rate 
though a nozzle or needle which is charged to a high voltage, 
typically 10 to 30 kV. The applied voltage induces a charge on 
the surface of the liquid droplet and when this is sufficiently 
high, the hemispherical surface of the fluid elongates and a 
Taylor cone is established. On increasing the applied voltage 
further, a charged liquid jet is ejected from the Taylor cone and 

Fig. 3 Diagram of the Brewer’s yeast. 

Fig. 2 Schematic diagram of the 
electrospinning „from sticks“. (1) high 
voltage supply, (2) capillary, (3) drop 
of polymer, (4) grounded collector. 
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attracted to the earthed collector, which is positioned at a fixed distance from the needle. During this 
process the solvent evaporates from the polymer solution, leaving dry polymer fibres on the collector [3].  

2.2  Work progress 

The polymer solution was prepared by dissolving the polymer in distilled water. Brewer‘s yeast were mixed 
in polymer solution. Method „electrospinning from stick“ was used for electrospinning process. All 
deposited nanofibers were stored on the spunbond textile. Nanofibrous layers were transferred from 
spundbond textile on the culture medium. These samples were cultivationed in the incubator for 72 hours. 

3.  METHODS 

The 10% aqueous PVA solution was prepared by dissolving the polymer in distilled water. Polyvinyl-alcohol 
Sloviol-R was purchased from Novacke chemicke zavody, Novaky, Slovakia, having a predominant molecular 
weight of 60,000 g/mol. The temperature during the experiments was 23°C and the air relative humidity 
was 36%. As a source of high electrostatic filed, the 300 Watt High Voltage DC Power Supply with 
regulators; model number PS/ER50N06.0-22; manufactured by Glassman High Voltage, INC. with output 
parameters: 0-50 kV, 6mA, was used. The distance between electrodes was 10 cm and voltage of 22 kV was 
applied. Saccharomyces carlsbergensis were chosen as model organism for biological testing.The Wort agar 
is being used as culture medium. 

4.  RESULTS 

Nanofibrous layers were dissolved in the culture medium – wort agar. Colonies of brewer‘s yeast were 
formed on the culture medium. 

Scanning electron microscopy showed that there are two different possibilities of incorporation of the 
yeasts into the nanofibrous layers. In Figure 4 we can see yeast cell inside the nanofiber, on other hand in 
figure 5 is the yeast attached by the individual fibres. 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Brewer‘s yeast cell inside the nanofiber.  Fig. 5 Brewer‘s yeast cell attached by the fibres. 
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5.   CONCLUSIONS 

The research showed the possibility of incorporation of Brewer‘s yeast into nanofibrous layers. Brewer‘s 
yeast can be cultivated after the electrospinning process. 

Currently, using of 3D scaffolds as a template for the tissue-regeneration is the basis of tissue engineering. 
Incorporation of cells into 3D nanofibrous layers is a difficult process using very complicated methods. 
Penetration of cells from the surface of scaffolds is difficult. 

Advantage of the incorporation of cells into the nanofibrous layer by the use of the electrospinning process 
directly from the solution is that cells could be homogenously distributed in the whole volume of the 
scaffolds. Approximately 0,05% of the cells were capable of cultivating after the electrospinning. This 
method seems to be very promising but needs to be closely studied. 
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Abstract 

Current research is focused on the surface membrane modification of existing industrially produced 
ultrafiltration membranes with different types of polymeric nanofibres, for the purpose of added 
functionality (e.g., catalysts, biodegradable particles and substances). In our case we focused on biocide 
(antimicrobial) surface properties using silver dispersion or silver precursors. Research is aimed to find the 
optimal conditions of electrospinning process as well as maximum of concentration and required kinetics of 
silver particles releasing and for the preparation of composite ultrafiltration membrane with surface 
nanofibre layer with biocide properties. 

Keywords: Nanofibres, electrospinning, silver dispersion, silver precursors, ultrafiltration membrane. 

1.  INTRODUCTION 

Nanofibres are prepared using the method called electrospinning, when fibres are formed by the effect of 
electrostatic field from a thin layer of a polymer solution. The capability of a polymer to form fibres is 
affected by a number of process and system parameters such as the intensity of electric field, viscosity, 
molar mass, surface tension, polymer concentration, etc.  

From the point of view of incorporation of special additives in the form of suspension into nanofibres it is 
necessary to modify/increase a viscosity of polymer solution and these additives affects the properties and 
homogeneity of solution. A portion of particles which still enables electrospinning is therefore limited. 

2.  EXPERIMENTAL 

2.1  Preparation of Polyurethane nanofibres  

Firstly Polyurethane (PUR) based on 30% standard (Laritan) solution in Dimethylfomamid (DMF) and 
additives in solvent system was used. Polyurethane shows hydrophobic behaviour, which could be 
significant for membrane fouling, advantageous is chemical and mechanical stability and dissolubility in 
water.  

Silver nanoparticles in aqueous disperse (provided by Palacky university) [7] was used for the experiment. 
Mean size of particles was 15 nm, concentration of 3000 mg/l, with Polyacrylate surface stabilizer. Limiting 
factor is aqueous disperse phase which limits the total silver amount.  

Another possibility is silver in form of Silver Nitrate. Silver salt was added to the maximum degree of 
dissociation in water that was part of spinning solution. The nanofibres were prepared without Tetra-
ethylamonniumbromide (TEAB) addition. Convenient is the fact, that Dimethylformamide is also reducing 
agent for ionic silver. In both cases experiments was performed on previously invented Polyurethane 
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nanofibre solution simple by replacing the DMF/TEAB phase by pure DMF and silver addition. Nanofibres 
were primary collected on Polypropylene (PP) Pegas Nonwovens spunbond [11]. 

Table 1 Solutions samples of Polyurethane with silver. In case of silver TEAB/DMF was replaced with pure 
DMF.  

 

2.2  Preparation of Polyvinylalcohol nanofibres  

The advantage of the Polyvinylalcohol (PVA) is its hydrophilic behaviour (suitable for UF membrane 
modifications) and a negligible risk to the environment due to aqueous solvent system. On the other hand 
nanofibres are less chemical resistance than in the case of Polyurethane.  

According to low molecular weight Polyvinylalcohol (Z220 type) /about 100 kDa/ used for electrospinning, 
the nanofibre product is soluble in water and therefore crosslinking of fibres is necessary. For this purpose 
various crosslinker tests based on Formaldehyde (for chemical reactivity see for example [5]) and 
Dialdehyde (Sequarez 

®) were performed. For silver experiments the same type of disperse and silver salt in 
form of Silver Nitrate was used.  

2.3  Polyethersulphone nanofibres  

Finally Polyethersulphone (PES) nanofibres based on BASF Ultrason®
 E6020 P (Mw=51000, Mw/Mn=3.5) were 

used, which has good mechanical, thermal and hydroscopic properties and the great advantages is 
chemical compatibility with same (polymer) type industrial membranes. Experiment of this 
Polyethersulphone with lower molecular weight and higher polydispersity index than in experiments made 
by Zang et.al. [3], leads to different spinning solutions, process conditions, etc.  

Table 2 Functional solution samples for Polyethersulphone for hand-rod spinning. Distance between 
electrodes LE=0.1 m, voltage U=26-32 kV, T=22-25 °C.  All compounds (chemicals) are in gram units 

 

Also here the previous water-based disperse was tested. Another way of research was the addition of self-
prepared dispersal Silver Nitrate. Previous experiments for various reduction methods of silver along with 
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surface stabilizers showed, that best results from the point of view of particle size and changes of colour 
spectrum was achieved for ionic silver in form of silver nitrate with Dimethylformamide (DMF) as reducing 
agent combine with Polyvynilpyrrolidone (PVP) as surface stabilizer. Also disperse of 5% Silver Behenate in 
n-ethyl-2-pyrrolidone (NEP) (provided by Agfa) was tested. With linear formula C22H43O2Ag and molecular 
weight: 447.2, Silver Behenate belongs to long chain silver carboxalytes with low solubility. Organic phase is 
also more suitable, because Polyethersulphone tends to precipitate in water [3].  

In case of silver precursors, besides Silver Nitrate, tests based on Silver Benzoate and Silver Behenate were 
performed. These tested silver precursors are on the both side of silver carboxylates row. Limitation of 
Silver Nitrate is higher solubility and possible aggregation in strong electric field, limitation of Silver 
Behenate is low solubility. Silver Benzoate (linear formula C6H5CO2Ag, molecular weight 229.0) could be 
somewhere in between. 

2.4  Reduction methods 

An advantage of zero-valence silver compared to ionic silver is smaller coagulation in environment with 
non-zero ionic strength. One way of subsequent reducing the silver ion form is by spraying Ascorbic acid 
onto fibres surface. Other possibility is the non-chemical reducing method with Ultra-violet light, because 
UV light is well-known as reducing agent for metal ion particles. The advantage of this procedure is the 
avoidance of chemical stress to fibres, disadvantage of this procedure is high exposure time. Daylight could 
be used as well, because also contains UV light (differs in intensity during seasons and sun position in the 
sky [8]).    

2.5  Preparation of composite membrane 

The main goal is the surface modification with biocide nanofibre layers of ultrafiltration membranes, and 
appropriate adhesion with minimal losses of nanofibre structure and membrane performances. 
Experiments based on thermal-low pressure fixation of nanofibre layer on flat sheet Polyethersulfone 
ultrafiltration composite membranes [4] were performed. Tested membranes were provided from Agfa [9] 
and from Microdyn-Nadir ® [10]. 

2.6  Membrane antimicrobial testing 

Pilot tests of microbial testing was performed on Polyurethane fibre structure with two standard methods 
AATCC 147 and AATCC 100 for bacterial kinds Escherichia coli (E.C.) and Staphylococcus aureus (S.A.). First 
method suggests a primary inhibitory effect and the second method exactly refers to the inhibitory effect 
of tested samples. 

3.  RESULTS AND DISCUSSION 

3.1  Polyurethane nanofibres  

Compare to pure Polyurethane solution, silver addition negatively affects the homogeneity and fibre 
structure, resulting in wider fibre diameter. For hand-spinning the plasma effect and inhomogeneous fibre 
release on surface of the solution was observed. The flow of plasma could be caused by loss of valence in 
strong electric field. The effect could however be explained by ionization of air molecules in high-intensity 
electric filed.  
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Fig. 1 SEM image of Polyurethane 
fibres with dispersal silver 

(magnification 2000x). The SEM 
images were made on Phenom™ 

(FEI microscopy device). 

Surface charge of silver particles can also have a major impact to limited mobility of the partially charged 
polar groups of the polymer with applied electric field. Absolute concentration of silver in nanofibre 
product was determined at 4.8 mg/m2 and solution concentration of silver in PUR was about 0.003 (wti/wt).  

Calibration of the initial size of particles in the dispersion (15 nm) was made on Malvern ZetaSizer™ device, 
working on light scattering principle and confirming the reported particle size. The mean size of aggregates 
was determined (using this method) to 350 nm 

In the case of Silver Nitrate, suppression of negative phenomena 
in the electrospinning process compare to silver disperse 
additions was observed. It has got a positive impact on the 
structure and distribution of particles in the final sample. The 
difference between the resulting aggregates of ionic silver versus 
disperse silver could be explained by difference of surface charge 
and tendency to its minimization in electric field. 

The mean size of salt particles in Polyurethane structure was 
evaluated to 200 nm (ZetaSizer) with quite wide distribution of 
particle size. Solution concentration of Ag in PUR was about 0.22 
(wti/wt) and concentration of silver was determined at 800 
mg/m2, which is many times over the amount than in case of a 
silver disperse. Kinetics of release, however, shows rapid 
exponential leaching of silver in the tens of hours, with the 
greatest loss occurs at the beginning of leaching in an aqueous 

environment. Total leaching concentration made by using liquid chromatography device (HPLC) was up to 
30 mg/l for the sample with an area of 0.01 square meters.  

3.2 Polyvynilalcohol nanofibres  

The same type of disperse (as in case of Polyurethane) was tested. Advantageous water based solvent 
system leads to higher silver concentration and more homogenous delivery than in previous case. The 
particles were smaller than in previous case (about 250 nm), however silver particles were far from 
demanded concentration and uniformity. Absolute concentration of silver in nanofibre product was 
determined at 15 mg/m2 and absolute concentration of silver in PVA was about 0.014 (wti/wt).  

For Silver Nitrate, also here this addition ensures much higher silver concentration in nanofibre structure 
and in terms of homogenous delivery and electrospinning conditions the results (compare to dispersal 
silver) are better. Here the limiting factor of total silver amount is electrospinning process itself.  Absolute 
concentration of silver to PVA was about 0.128 (wti/wt). Smallest particle were bellow 100 nm depending 
on silver and polymer initial concentration. 

For this type of water soluble nanofibres, crosslinker based on Dialdehyde with the initiation temperature 
of 150°C for 40 min and 2.5% wt. showed the best result in terms of morphology changes. The Dialdehyde 
crosslinker compare to eg. Formaldehyde has an increase probability of networking the chains and degree 
of crosslinking. But even in this case crosslinking agent amount affects the spinning ability of solution and 
despite networking, the fibre product remains still partially soluble and leads to morphology changes of 
fibres in water. 
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Fig. 2, 3. Polyvynilalcohol nanofibres with silver (0.064 wti/wt and 0.128 wti/wt), (magnitude 13400x and 
5000x), mean particles diameter ~116.5 nm, fibre diameter ~212.6 nm (figure 2) and mean particles 

diameter (part of fibre structure) under fibre diameter ~241.3 nm (figure 3). Fibres and particles size was 
obtained by NIS Elements 5.0. 

3.3  Polyethersulphone nanofibres  

Based on the Hansen solubility parameters [2], different solvents were tested and functional substances 
were experimentally found with different nanofibre result.    

Table 3 Functional solution samples for PES nanofibres and 
 fibre diameter measurement  

 

 

 

Fig. 4 SEM image of sample 9, magnitude 10000x, mean fibre diameter 7194.0 nm (according to table 1) 

The previous water-based silver disperse tests were not very promising in terms of homogeneity and total 
silver amount. On the other hand the addition of Silver Behenate dispersion leads to samples with 
promising fibre morphology and even to particles bellow fibre diameter. Maximum silver amount was 
estimated to 0.022 (wti/wt).  

3.4  Silver Nitrate experiments  

As it can be seen from table 2, different samples for Silver Nitrate were tested. Various procedures of 
preparation lead to functional samples with different properties. Lower relative humidity (RH) was also 
needed to achieve homogenous coverage of fibres. Firstly all experiment were performed on hand spinning 
rod, the solution based on DMF/DMAc (modification of sample 19) was then reproduces on continual 
electrospinning device, with Polypropylene nonwoven support layer [11]. 
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Fig. 5 SEM images of DMF/NMP sample 9b2 
(table 5), with Silver Nitrate addition, magnitude 

15000x, mean visible particles size evaluation 
~117.4 nm, mean nanofibre diameter ~183.2 nm. 

Fig. 6 SEM images of DMF/DMAc sample 19, 
with Silver Nitrate addition, magnitude 15000x, 
mean fibre diameter ~212.6 nm, mean particles 
disputable and if than far bellow fibre diameter

Table 4 Example of Polyethersulphone samples with Silver Nitrate addition and semi-quantitative 
evaluation. 

 

 

As it is seen from table 4, different preparation procedure results in different nanofibre properties and 
particles bellow fibre diameter were obtained (NIS Elements). Clearly solution and conditions close to 
optimum could be found and intensive research in this area for selected solutions is going on. 

 

 

 

 

 

 

 

Note: For example for sample 19, there are still few visible particles in full magnification range with used 
SEM devices. To obtain higher resolution images plating (by gold) is needed. This makes the relatively high 
initial brightness of fibres even higher and the particles became apart few bigger clusters practically 
invisible. 

To estimate the real particles size the post imaging software or advanced high resolution microscopy (eg. 
TEM) should be used. The discrepancy between visible particles and high initial silver concentration (up to 
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Fig. 7 SEM images of PES 
nanofibres (magnitude 10000x) 

with dispersal silver addition 
(DMF/DMAc based fibres), mean 
particles size 789.2 nm and mean 
nanofibre diameter ~197.8 nm. 

0.15 wti/wt), could be indicated from relatively smooth electrospinning process and depth colour of 
samples after exposure to daylight. In case of separated dispersion of nano-scale particles, characteristic 
and intensive absorbance of (visible) light in wave length of 400-420 nm is observed, which give the sample 
an intensive orange colour [7]. This absorbance is the proof of surface plasmon of metallic particles below 
100 nm. In case of nanofibres the visible colour spectrum depends also on particles concentration and 
distribution and also on particle contrast to polymer itself.  

For Polyethersulphone nanofibres with this type of silver addition, silver presence was confirmed (sample 
19) using X-ray diffraction particle spectra method (Department of chemistry, TUL) with determination of 
other particles presence. In next year, the Technical University will be equipped with BSE Low-Loss 
microscopy system provided by Carl-Zeiss [12] and the minimal particles resolution could be possibly 
evaluated. 

3.5  Addition of dispersal Silver Nitrate  

Disperse form of Silver Nitrate with DMF as reducing agent combine with PVP as surface stabilizer was 
used. By modifying the initial sample with silver/solvent/stabilizer ratio and different rate of DMF dose, 
positive results (with particle size below fibre diameter) were achieved with Polyethersulphone solution 
based on DMF/DMAc. Maximum silver disperse concentration was 6.6% wt. and solution concentration 
5.0% wt. (/total mass, /polymer mass respectively). The advantage of this procedure is that no organic salt 
addition (eg. TEAB) was needed for spinning the solution. Also positive influence on fibres/particles stability 
in water (surface stabilizer) is expected. This type of nanofibres as well as dispersion properties will be 
further tested. 

3.6  Silver Benzoate and Silver Behenate tests 

For Silver Behenate the main limitation is low solubility that makes 
the solution non-homogenous and affects the nanofibres exposition 
significantly. Tested samples of Silver Benzoate on the other hand 
show good electrospining process, no visible aggregates and quite 
uniform fibres (few defects still present). For example 
Polyethersulphone fibres based on DMF/DMAc with Silver Benzoate 
addition, were prepared with mean particle size about 135.1 nm, 
compare to nanofibre diameter 247.7 nm. 

3.7  Reduction methods 

The subsequent reduction of silver ion form by spraying 3% Ascorbic 
acid onto fibres surface was performed: 

     2 Ag+ + C6H8O6 ↔ 2 Ag0 + C6H8O6 + 2 H+          (eq. 1) 

Use of Polyurethane and Polyethersulphone was advantageous (silver 
partially reduced in solution with DMF) for higher chemical resistance of this 3% aqueous solution (low and 
non morphology changes observed).  

On the other hand the Polyvinylalcohol fibres have limited resistance in acidic pH, because more counter 
(hydrogen) ions are present which lead to more significant fibre changes. 
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Fig. 8 Image of ultrafiltration 
Polyethersulphone (Agfa) 
membrane with nanofibre 

layer, magnitude 440x 

Another examined possibility of reduction by UV light with expected chemical stress avoidance to fibres led 
to positive spectrum changes (dependents on silver concentration and distribution) without any structural 
changes. Practically same (less intensive) colour change was observed if the fibres were exposed to 
intensive sunlight during the summer. This indicates presence of nano-scale or sub-micron particles [7]. But 
still there is opened question of the final ratio between ionic and zero-valence (metallic) silver form. 

3.8  Preparation of composite membrane 

Experiments were firstly based on thermal-low pressure fixation of Polyurethane nanofibre layer on flat 
sheet experimental membranes (provided by Agfa, same BASF type) with meltblown Polyethylene 
/Polypropylene protection surface layer. During these tests, poor adhesion was achieved. 

Another set of experiments was based on thermal-pressure fixation of nanofibres directly on membranes. 
In the case of PVA and PUR nanofibres, the structural losses were observed within temperatures below 
140°C with significant cake-formation on membrane surface. Polyethersulphone nanofibres with higher 
temperature resistance are therefore preferable (see table 6). Also in case of Polyethersulphone nanofibres 
with very good adhesion, the Agfa membranes exhibits lower flux (1/3 of initial flux or less), this could be so 
far explained by the lost of nanofibre morphology during lamination. 

The appropriate adhesion that was achieved could be the result of 
lowering the Tg (~225 °C) of PES/additives and also result of residual 
solvent evaporation. Best results were for temperature interval 170-175 
°C, with medium pressure loads. Higher pressure led to significant 
structural changes of fibres.   

Experiment has shown that the weaker spot of thermal-pressure 
lamination is adhesion between composite membrane layers, made by 
phase inversion process [4] and also the sensitivity of fibre layer. 
Appropriate adhesion and fibre morphology, together with membrane 
performance should therefore be further tested. For this purpose the 
experimental device is waiting to be built for real ultrafiltration 
simulations. 

 

Table 6 Results of pilot thermal-pressure lamination test on PES membranes [9]. 
sample 1 2 3 4 5 6 7 8 

structure  8 7 6 5 5 4,5 3 8 
adhesion 3 3 6 7 7,5 7,5 7 3 

Tnom 165 170 175 180 174 165 172 160 
Tmax 165.2 170.7 176.2 181.6 174.3 166.2 174.2 161.5 

rel. p (MPa) 0.4 0.4 0.8 1.2 1.2 1.2 1.2 1.2 

Actual experiments are based on thermal-pressure fixation of nanofibres directly on flat sheet Nadir UP150 
flat sheet PES membranes. Different membrane structure of this composite PES/PP membrane, leads to the 
shift of lamination conditions. Nowadays continually prepared samples with Polyurethane fibres with Silver 
Nitrate below 100 °C, with relative pressure 0.6 (MPa) along with continually managed PES fibres with Silver 
Nitrate, Silver Benzoate, Silver Behenate dispersion were prepared. Best results were within the 
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temperature and pressure interval of 135-145 °C and 0.4-0.6 MPa. These composite membranes with 
nanofibre coverage are now undergoing the antimicrobial tests (see below) and permeability (flux) testing. 

It is clear to state that there will be always certain compromise of nanofibre morphology (cohesiveness) 
loss and adhesion properties if the fixation is based on residual solvent evaporation of compatible (fibre/ 
membrane) solvent system.  

3.9  Membrane antimicrobial testing 

The AATCC 147 method has showed (thanks halo zones), the inhibitory effects of the Polyurethane with 
dispersal silver and Polyurethane with Silver Nitrate. The AATCC 100 method showed that best results were 
achieved in the sample with Silver Nitrate (Staphylococcus aureus - 100% inhibition and for Escherichia coli 
- 97.5% inhibition). In both cases it is an excellent antibacterial inhibitory effect. 

 

Fig. 9 Antimicrobial Polyurethane results for two standard methods,  
two bacterial kinds and different silver addition. 

Tested sample of Polyurethane with dispersion silver has also achieved good inhibitory effect (for S.A. 
shows a 90.6% inhibitory effect on E.C. - 99.4%). In this case despite quite low silver content in fibre layers 
we can speak of very good and excellent (for E.C.) inhibitory effect. There must be further testing done for 
various silver / nanofibre additions to evaluate antimicrobial influent, especially in long-term study. For 
further detail see [1]. 

CONCLUSIONS 

In this stage it is difficult to satisfy all the answers which are set by this research, but it is in principle 
possible to get colloidal silver into nanofibre structure. Silver zero-valence subsidies lead to changed 
conditions of electrospinning and to necessary intensification of the electric field. For existing spinning 
solutions, the fibres show a large deviation in size distribution of nanofibers as well as large and irregular 
units in their structure, indicating high aggregation instability of spinning solution in strong electric field.  

For the ionic form of silver it was observed suppression of described negative phenomena, which led to 
more uniform structure of the nanofibres and final size of silver particles in their structure. Also higher 
concentration of silver in the fibres structure was achieved. In contrast, for the non-reduced form the fast 
kinetics of particle oxidation was observed and thus loss of the required biocide properties of fibers. In this 
case subsequent reduction of silver ions by chemical way or by using UV light is needed.  

Polyetehsulphone nanofibres with Silver Nitrate, Silver Benzoate, and dispersal Silver Behenate shows 
promising results. Also in terms of composite membrane preparation this polymer type seems to be 
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preferable. Pilot test shows that the preparation of composite membrane is achievable. Question remains 
the properties of real ultrafiltration conditions and a minimum loss of filtration membrane capability. 

There are many open areas of next period research, such as improving fixation conditions to ensure 
adhesion and minimal/non morphology changes of fibres, testing membranes by real ultrafiltration 
condition and also for example for testing antimicrobial properties in long-term study. 
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Abstract 

Due to its exceptional range of properties and low cost polypropylene (PP) fibres are nowadays widely used 
in modern industry. Among the interesting application belongs the fibre-reinforcement of concrete which is 
used to improve the mechanical properties as toughness, tensile strength and flexural ductility of concrete. 
Unfortunately the surface adhesion of PP fibres in cementitious matrix is generally problematic due to its 
low hydrophobicity of PP surface. In this paper we present the possibility of wettability of reinforcing PP 
fibres in atmospheric pressure plasma. The plasma modification was realized by Diffuse Coplanar Surface 
Barrier Discharge (DCSBD) operating at atmospheric pressure in ambient air. The surface properties and 
chemical nature of plasma treated PP fibres were studied by ATR-FTIR, wetting properties were 
investigated by contact angle measurement and surface morphology was observed by scanning electron 
microscope (SEM). The plasma treatment changed totally hydrophobic surface of untreated PP fibres to 
wettable.  

Keywords: polypropylene fibres, DCSBD, wettability, ATR-FTIR, SEM 

1.  INTRODUCTION 

The mechanical properties as toughness, tensile strength and flexural ductility [1] of concrete can be 
significantly improved with addition of polypropylene fibres. The advantages of PP fibres are low cost or 
chemical stability however the surface energy is low. There are several ways how to increase the surface 
energy of PP fibres: mechanical, chemical or plasma treatment [2,3]. Recently the methods based on cold 
plasma treatment represent an environmentally attractive alternative able to replace both the mechanical 
and chemical methods. 

Various low pressure plasma sources for treatment of PP fibres have been widely studied [3,4]  however 
the using of the low pressure plasma technologies is limited because of the necessity of expensive vacuum 
systems and high energy consummation. Plasma technologies operated at atmospheric pressure provide 
the simple low-cost technique compared with low pressure plasma. 

The dielectric barrier discharge (DBD) technology is one of the most used methods to generate cold 
atmospheric pressure plasma [5]. In this paper the plasma treatment of polypropylene fibres in Diffuse 
Coplanar Surface Barrier Discharge (DCSBD) operated at atmospheric pressure was investigated [6,7]. 
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Fig. 1 Cross-section of the discharge electrode system 

Fig. 2 The images of water drops on untreated PP fibres (A) and 
plasma treated for time 5 s (B), 10 s (C), 20 s (D) and 30 s (E) at 

300 W discharge power. 

2.  EXPERIMENTAL SETUP 

DCSBD operating at atmospheric pressure was used for plasma treatment of PP fibres. Fig 1 shows the 
electrode configuration of DCSBD. The electrodes are created by 32 parallel metallic strips embedded in 
Al2O3 ceramic. Thin film of macroscopically diffuse atmospheric pressure non-equilibrium plasma is created 
on the surface of electrode. Plasma treatment of polypropylene fibres was carried out in ambient air. We 
tested the effect of plasma treatment on fibres for discharge power 300 W and various treatment time. 

As samples of polypropylene fibres commercially produced fibres by KrampeHarex Company were used. 
The diameter of fibres with round cross section was 32±10 μm, density of fibres was 910 kg.m-3 and tensile 
strength was 300±15 N.mm-2. 

The wetting properties of treated and untreated fibres were investigated by contact angle measurement 
and water absorption method. For this purpose 20 cm long bunches of PP fibres were used. The bunch of 
fibres was weighted before and after the soaking with water for 10 s. The difference of the weight of fibres 
after and before soaking with water gave absorption capacity of the bunch of fibres. This simple 

experiment showed how water absorption 
capacity and wetting properties of PP fibres 
changed after the plasma treatment. The 
chemical properties of PP surface were 
evaluated by the FTIR spectroscopy in 
attenuated total reflectance (ATR) mode. The 
surface morphology of sized and plasma 

treated PP fibres was investigated by 
scanning electron microscope (SEM). 

 
3.  RESULTS 

3.1  Wettability measurements 

Images of the water drops on PP fibre before and after plasma treatment are shown in Fig 2. The water 
contact angle on untreated fibres 105° decreased to about 65° after the 30 s plasma treatment. This effect 

was related with formation of 
functional polar groups and 
radicals on the PP surface after 
plasma treatment.  

The Fig 3 shows the comparison 
of the water absorption capacity 
of plasma treated PP fibres, sized 
and untreated fibres. In case of 
plasma treated fibres the water 
absorption increased with 
increasing treatment time. 
Furthermore maximum absorp-
tion of plasma treated PP fibres 
was dependent on the plasma 

plasma
dielectric Al2O3

electrode
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Fig. 3 The weight of absorbed water in PP fibres  
as a function of plasma treatment time for different 
 discharge power. There are  marked also the values  

of weight for sized and untreated fibres. 

Fig 4 Untreated (A), sized (B) and 5 s (C) and 30 s (D) plasma treated PP fibres at 300 W discharge power. 

power density and it increased with increasing power density. Evidently the plasma treatment improves the 
wettability of PP fibres and their water absorption capacity achieved almost the value of sized one. 

3.2      SEM measurements 

Fig 4 shows the SEM images of untreated, 
plasma treated and industrially sized PP 
fibres. The untreated PP fibres have typical 
smooth surface without texture as is 
shown in the Fig 4A. The surface of PP 
fibres was altered after chemical treatment 
(see Fig 4B). Thin layer was created at the 
surface of PP fibers due to the sizing of 
fibres. After the 5 s plasma treatment no 
significant changes in surface roughness of 
PP fibre have been observed (Fig 4C), 
considerably the 30 s plasma treatment 
rough the surface as is shown in Fig 4D. An 
increasing of the surface roughness could 
be attributed to the plasma etching 
described in [8,9]. 

 

 

 

 

 

 

 

 

 

 

 

 

3.3  ATR-FTIR measurements 

The ATR-FTIR spectra of sized, untreated and 5 s and 30 s plasma treated PP fibres are shown in Fig. 5. The 
whole range from 600 cm-1 to 1250 cm-1 of PP fingerprints remains after plasma treatment unchanged. The 
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Fig 5 ATR-FTIR spectrum of sized, untreated and 5 s and 30 s 
plasma treated PP fibres. 

 main changes were observed only in the 
region from 1250 cm-1 to 1750 cm-1, 
region of carbonyl and carboxyl groups, 
where the new peaks were created. It 
confirms a bending of polar functional 
groups on the PP surface. 

The characteristic vibration of C-H bond 
appears as a peak at 1278  cm-1.The 
broad peak at the region 1719-1732 cm-

1, peak at 1631 cm-1 and peak at 1550 
cm-1 correspond to the bending vibration 
of carbonyl band C=O [10]. 

4.  CONCLUSION 

The influence of plasma treatment on the polypropylene fibres wetting and surface properties was 
investigated. The plasma treatment of PP fibres by DCSBD led to the increase of the wettability, accordingly 
the water absorption of fibres improved. This fact was caused by the creation of polar C=O and C-H groups 
on the surface after plasma treatment. Moreover surface of PP fibres was roughened after 30 s plasma 
treatment. For the short treatment time surface morphology remained unchanged. This study confirmed 
that by the atmospheric pressure DCSBD it is possible to improve the surface properties of reinforcing PP fibres. 
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Abstract  

Titanium dioxide powder based on nanorods with the length of 2 to 10 μm was prepared by a simple and 
rapid microwave-assisted molten-salt synthesis in a ceramic kiln designed for glass fusing in common 
domestic microwave oven which enables to reach high temperatures in short time. Titanium dioxide 
powder (P25, Degussa) containing anatase and rutile phase in a ratio about 3:1 was treated in molten-salt 
reaction medium in order to obtain elongated nano- or submicro-particles advantageous for numerous 
applications. Resulting product which was prepared in a one step in 30 minutes was composed from highly 
crystalline pure phase rutile. As-prepared nano-needles were further coated by polypyrrole in order to 
increase stability in suspensions, conductivity as well as electrorheological effect. Conductivity 
measurement showed appreciable conductivity of prepared core-shell structure what enables to use such 
powders in electronics and as a component of electrorheological fluids. 

Keywords: titanium dioxide, molten-salt, microwave, powder, nanoparticles, submicroparticles, 
polypyrrole, coating, needles, core-shell structure 

1.  INTRODUCTION 

Titanium dioxide (TiO2) powders are matter of increasing interest due to their excellent electro-conductive 
and optical properties. This material, especially in the form of nano- and submicro-particles is applied 
mostly in electronics or rechargeable batteries, however, current research also heads to the utilization of 
TiO2 photocatalytic properties in preparation of antibacterial coatings and gas sensing [1, 2, 3]. As a 
component of electrorheological (ER) fluids, TiO2 finds its use in stop valves, clutches, torque transducers or 
dampers [4]. ER fluid is a suspension of electrically polarizable particles in an insulating fluid. These smart 
systems attract large interest due to their ability of rapid and reversible change of rheological properties 
under applied external electric field [5, 6]. The ER effect is mainly influenced by the electric field strength 
and polarizability of the particles used, in addition, particles size and shape may significantly enhance ER 
effect [5]. Non-spherical particles create more intensive ER effect than spherical ones due to large-induced 
dipole moments [6]. Therefore, one-dimensional nanostructures are interesting for this purpose as well as 
many other applications due to their unique electronic, optical and mechanical properties [2]. Another 
improvement of ER effect may be achieved by core-shell structure of dispersed particles with polarizable 
inorganic core coated by conductive polymer shell [5].  

Nowadays, there are several methods providing nano- and submicro-sized particles such as sol-gel methods 
or vapor phase process and the most frequently used are various hydrothermal syntheses utilizing 
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concentrated solutions of alkaline hydroxides [1, 2, 7, 8]. Present trend in synthetic techniques moves from 
just achieving of product with desired properties up to methods that are highly effective, economic and 
environmental friendly, also called green methods. Molten-salt synthesis is a solvent free method and 
enables obtaining of highly crystalline product in one simple step. This technique is based on the use of 
low-melting salts like alkali chlorides, hydroxides and others to accelerate diffusion and thus formation of 
required structure [9]. Hence, resulting product is formed in shorter times and lower temperatures that in 
solid state synthesis and moreover, the use of proper salt also enables controlling over morphology of 
material and stabilization of different polymorphs [10-13]. To ensure maximal reactivity of reaction 
medium at minimal temperature, combination of suitable salts can be use as eutectic mixture [14]. In the 
field of preparation of particles in nano and micro range, the term microwave-assisted synthesis reveals still 
more often, mostly in hydrothermal and solvothermal synthetic techniques. Although common 
hydrothermal synthesis can provide product of various sizes and shapes, they use concentrated solutions of 
hydroxides and other substances which can be hazardous for human and environment as well as it is not 
very suitable to work with them in microwave-assisted synthesis using pressurized reactor. Moreover, they 
are substantially time-consuming and thus uneconomic. Yang et al. proposed molten-salt method with the 
help of microwaves for the synthesis of lithium titanate in corundum crucible filled with carborundum 
granules [15, 16]. Obtained product was consisted of different titanate phases depending on the synthetic 
conditions with the grain size from 1 to 2 μm. However, this process required precise control of microwave 
power to achieve required phase and argon atmosphere. Despite these difficulties, methods applying 
microwaves are effective, fast and thus economic and environmental friendly, what motivated us to 
develop a simple and effective microwave-assisted molten salt method. Moreover, TiO2 particles were 
coated by polypyrrole (PPy) layer in order to obtain highly conductive ER fluids based on the core-shell 
structure with improved long-term stability and considerably increased ER effect [17]. 

2.  EXPERIMENTAL PART 

2.1  Materials 

Starting material for synthesis was commercial TiO2 powder P25 (Degussa). According to producer, average 
particle size is 21 nm and this powder is consisted of anatase and rutile crystalline phases in ratio about 3:1 
(71 % of anatase, 29 % of rutile) evaluated by X-ray diffraction analysis (XRD) analysis described below, 
which is in accordance with findings described by Ohno et al. [18] and Ohtani et al. [19]. Salts used as 
molten environment were NaCl and Na2HPO4.12H2O which has an eutectic at 735 °C while molar ratio of 
disodium phosphate is 20 % [3]. Further, coating by polypyrrole (PPy) was done utilizing pyrrole (Py, 98%, 
Aldrich Chemicals) which was distilled twice under reduced pressure before the use. Ammonium persulfate 
(APS, (NH4)2S2O8, 98%) and cetyltrimethylammonium bromide (CTAB, Aldrich Chemicals) were used as 
received. 

2.2  Synthesis of TiO2 nano- and submicro-needles 

Titanium dioxide rods in nano and submicro dimensions were prepared by a rapid and simple one-step 
microwave-assisted method in a ceramic kiln in a domestic microwave oven since it enables fusing due to 
its microwave absorbing layer which is heated to high temperatures while the kiln is exposed to 
microwaves. Titanium dioxide was mixed with eutectic mixture of NaCl/Na2HPO4.12H2O in a ratio of 4:5 and 
homogenized. Homogenization of reaction mixture was done before the synthesis to ensure good 
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dispergation of TiO2 powder into the reaction medium by grinding in a mortar for 10 minutes with and 
without addition of distilled water. The mixture containing water was further dried at 80 °C for 2 hours 
before synthesis. Since wet homogenization that was described by Roy et al. [3] did not lead to phase 
transformation nor development of rod structure, dry homogenization was used within the synthesis. 
Subsequently, the as prepared powder mixture was placed into corundum crucible, covered by corundum 
lid and placed into the kiln. After this, the kiln was closed and placed into microwave oven (Huyndai) and 
exposed to microwaves for 30 minutes at 750 W. After the reaction, the whole kiln was allowed to cool to 
room temperature prior opening the corundum crucible and then obtained powder was washed several 
times with distilled water and dried naturally on air.  

2.3  Synthesis of TiO2/PPy core-shell particles 

Surfactant CTAB (3.64 g) was dispersed in 100 mL of distilled water. After the addition of 1 g of TiO2 
nanorods prepared by method described in 2.2, the suspension was sonicated for 20 minutes at room 
temperature. Subsequently, this mixture was transferred into a three-neck flask and cooled down to 0-5 °C 
under intensive stirring. Later, 4 mL of Py was injected into the mixture and oxidating agent APS water 
solution in the molar ratio to monomer 1:1 was added dropwise for 30 minutes. The mixture was 
maintained between 0-5 °C for 8 hours and next 12 hours under room temperature. As-obtained black 
precipitate was filtered and washed by ethanol and distilled water several times. 

2.4  Characterization 

Structure, morphology and electrical properties of pure TiO2 particles and core-shell structure obtained by 
PPy coating were characterized as a potential component of ER fluids. Crystallinity and phase composition 
was investigated by XRD (PANalytical X´Pert PRO) with Cu Kα1 radiation (λ = 1.540598 Å) and evaluated by 
semi quantitative analysis performed by PANalytical X'Pert High Score works on the basis of reference 
intensity ratio values. Morphology and particle size was followed by scanning electron microscopy (SEM, 
VEGA\\LMU, Tescan). For conductivity measurement, powders of the samples were firstly pressed into the 
pellets of 13 mm diameter and 0.8–1.2 mm thickness at 7 MPa with manual hydraulic press. The DC 
conductivity of the pellets was measured by van der Pauw method at room temperature. The AC 
conductivity was measured using a impedance analyzer (3522 RCL HiTester, Japan) in the range of 101-105 Hz. 

3.  RESULTS AND DISCUSSION 

Molten-salt method using above described kiln in microwaves has not been published yet although such 
kilns are used for glas fusing in jevelry; hence it was necessary to execute several pilot experiments to 
optimize synthetic process. Due to lack of possibility to directly control and follow synthetic temperature, 
properties of final product were influenced by setting other synthetic conditions such as time and thus 
temperature generated in the kiln, composition of reaction medium and preparation of sample. Titanium 
dioxide particles prepared at two reaction times, 20 and 30 minutes were firstly investigated by XRD to 
determine crystallinity, phase composition and purity of samples. The results are shown in Figure 1. It is 
clear that 30 minutes is sufficient time from point of view of development of required product since XRD 
patterns depicted here demonstrate high crystallinity of material which is composed entirely of rutile 
phase. Sample prepared by dry homogenization is highly crystalline material of pure rutile, while addition 
of water results in retardation of phase transformation and resulting product is mixture of anatase and  
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Fig 1 XRD patterns of starting material P25 and 
samples prepared at different times with dry or wet 

(W)  homogenization and PPy coating. 

Fig 2 SEM image of sample prepared with NaCl/Na2HPO4.12H2O at 30 minutes with the use od dry 
homogenization (a), the same sample at higher magnification (b), core shell structure of TiO2/PPy (c). 

rutile resembling starting P25 material. 
Moreover, wet homogenization did not lead to 
the formation of elongated particles at all 
probably due to encompassment of TiO2 
particles by salt of reaction medium and thus 
formation of diffuse barrier protecting 
individual particles to coalesce into more 
complex structures by sintering or Ostwald 
ripening. Figure 1 further shows XRD patterns 
of particles coated by PPy. All the peaks are 
attributed to pure rutile phase; however, in the 
region from 15° to 30°, amorphous halo can be 
seen as PPy present in sample interferes the 
diffraction of X-rays what results in lower 
intensities of peaks. 

 

 

 

As it was already mentioned, particles morphology and size are characteristics of considerable interest due 
to possibility to markedly influence numerous properties of particles, including ER performance. To depict 
appearance of prepared TiO2 powders, SEM analyses were performed and obtained images can be seen in 
Figure 2. SEM demonstrated that molten-salt synthesis enables formation of rod-like particles in 30 
minutes with the length from 2 to 5 μm and presence of larger crystals can be seen. Variation in particles 
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Fig 3 Frequency dependence of AC 
conductivity of TiO2/PPy core-shell composite 

(a) and pure TiO2 nanorods (b). 

sizes can be attributed to the two-phase composition 
of starting material. Possible explanation can be 
based on the observation of Roy et al. [3], who 
assumed transformation of anatase to rutile before 
the growth of acicular rutile. First generation of rods 
may grow from rutile phase present in original P25, 
hence it could reach larger dimensions while other 
rods start to form after anatase-to-rutile phase 
transformation and remain in nano-dimensions. 

Prepared rutile nanorods were further coated by PPy 
layer and the as-obtained product was characterized 
from the point of view of its conductivity. According 
to Zhang et al. [20], DC conductivity of pure PPy 
nanoparticles prepared via surfactant-assisted 
polymerization using CTAB and APS is 5.78x10-4 S.cm-

1. In this study, TiO2 core-shell particles prepared via 
oxidative in situ polymerization using the same 
oxidating and surface stabilizing agents have DC 
conductivity 5.1x10-3 S.cm-1. Although incorporation 
of inorganic particles to a conducting polymer 

generally results in lowered conductivity of composite material, addition of TiO2 nanorods (8.8x10-6 S.cm-1) 
into the PPy in form of cores being coated by the polymer, conductivity slightly increases. Similar 
phenomenon was described in several papers [21, 22] and might be caused by the formation of the 
network suitable for charge transportation in PPy matrix. Figure 3 shows frequency dependence of the 
conductivity for the raw and coated powder. Both materials at low frequencies reach plateau and thus 
conductivity is independent of frequency. This may be caused by random diffusion of the charge carriers in 
this region and was also described by Sidebottom et al. [23]. On the other hand, the increase of 
conductivity at higher frequencies originates from the charge motion and confirms the presence of isolated 
polarons on PPy chains manifested in this region [24, 25].   

4.  CONCLUSION 

Elongated nano- and submicro-particles of pure phase rutile titanium dioxide with high crystallinity were 
prepared in one step and short time. Advantageous character of microwave-assisted molten-salt method 
namely its simplicity, fastness, absence of hazardous solvents, yielding of highly crystalline product and also 
efficiency and low cost makes this method potential candidate for commercial preparation of TiO2 with 
different phase composition, size and shape as well as for possible preparation of other nano- and 
submicro-sized materials for numerous application. In next, highly-conductive core-shell structure was 
obtained by polypyrolle coating of prepared material by in-situ polymerization with expectation of further 
prospect in numerous applications in electronics and as a component of ER fluids. 
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Abstract 

There is a range of methods for preparation of silver nanoparticles. Silver particles can be prepared 
photochemically, electrochemically by reductive methods and by vacuum methods etc. The 
electrochemical method was used in this study. The aim of this study was optimise the process to obtain 
nanoparticles with a uniform size distribution size Additions of various chemicals (for example NaOH) into 
electrolyte was used to achieve and better results. The size of produced particles was measured by 
Zetasizer. Resulting silver nanoparticles were smaller than 100 nm. 

Keywords: silver, nanoparticles, particle size 

1  INTRODUCITON 

The silver in nanoparticle form can be used like barrier surfactant and it has antibacterial and electrical 
effects. A series of silver nanoparticles manufacturing methods is known: photochemical, electrochemical, 
reductive, vacuum methods etc. [1-3]. Silver particles can be prepared photochemically, electrochemically 
or by reductive methods, by help of vacuum methods etc. The electrochemical method was used in 
presenting experiments. The aim of this study was optimise this process to obtain nanoparticles with a size 
in certain scale – it means that they size was less-more uniform. The addition of different chemical into 
electrolyte was used to attaining this aim.  

2  EXPERIMENTS 

2.1  Electrochemical process of silver particles preparation 

Silver nanoparticles were prepared by low voltage electrolysis with two silver electrodes in distilled water. 
The colloid solution of silver particles with different sizes (from nanometers up to micrometers) is obtained 
from this process. Therefore various additional chemicals were delivered into the process to find 
homogeneous distribution of nanoparticles size as it was mentioned before.  

2.2  Used chemicals 

The experiments proceeded in slightly alkali conditions (in presence NaOH), and heplanole, Alfonal K (non-
ionic wetting agent by ENASPOL) and  Slovafol 909 (non-ionic surfactant by Slovchema ) were used in 
different concentrations and combinations. (Table. 1) 

2.3  Measurements 

Size (equivalent diameter) of particles obtained from experiments was analysed by Zetasizer Nano by 
MALVERN Instruments. This instrument can be used for measuring of particle size and also for measuring of 
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Zeta potential or molecular weight. The system of particle size measuring is based on measuring of 
Brownian motion. Because of instability of silver colloid solutions, the size of particles was measured two 
times (two lines in graphs fig 1 - 3). 

3  RESULTS 

Combinations of chemicals used in experiments are shown in Table 1. Table also contains measured 
nanoparticles sizes. Some of colloid solutions were unstable for measuring; therefore the size of particles is 
not presented in this case. 

Table 1 Combination of used chemicals 

Experiment 
number 

Concentration of chemicals (g/l) Size of particles  

(nm) NaOH Heptanol Alfonal Slovafol 

1 0,005 - - - 100 - 200 

2 0,005 0,05 - - 90 - 120 

3 0,005 0,25 - - - 

4 0,005 0,5 - - 100 - 200 

5 0,005 - 0,05 - 80 - 110 

6 0,005 - 0,25 - - 

7 0,005 - 0,5 - - 

8 0,005 - - 0,05 60 - 80 

9 0,005 - - 0,25 60 - 90 

10 0,005 - - 0,5 50 - 90 

11 0,005 0,05 0,05 - 90 - 110 

12 0,005 0,25 0,25 - - 

13 0,005 0,5 0,5 - 300 - 700 

14 0,005 0,05 - 0,05 100 - 200 

15 0,005 0.25 - 0,25 40 - 80 

16 0,005 0,5 - 0,5 - 

Results of selected measurments (graphs obtained by Zetasizer) are presented in fig. 1 – 3.   

Results from the initial experiment, when the silver particles are prepared at presence alkali only, are 
shown in Figure 1. Best results of experiments are presented in  Figures 2, 3, where the composition of 
solution was 0,005 g/l  of NaOH and 0,05 g/l  of Slovafol 909 (experiment no.8, fig. 2), and 0,005 g/l NaOH, 
0,25 g/l of Heptanole and 0,25 g/l of Slovafol (experiment no.15, fig 3). 
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Fig. 1 Measuring of particle size of silver produced in alkali solution - 0,005 g/l NaOH (experiment no.1) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Measuring of particle size of silver produced in solution contain 0,005 g/l NaOH and 0,05 g/l  
of Slovafol (experiment no.8) 

 

 

 

 

 

 

 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

355 

0

2

4

6

8

0.1 1 10 100 1000 10000

In
te

ns
ity

 (%
)

Size (d.nm)

Size Distribution by Intensity

Record 29: 15 1 Record 30: 15 2

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 3 Measuring of particle size of silver produced in solution contain 0,005 g/l NaOH, 0,25 g/l of Heptanole 

and 0,25 g/l of Slovafol (experiment no.15) 

4  CONCLUSIONS 

Here we show that the presenting electrochemical method with addition of surfactant is available to silver 
nanoparticles production. There were found in two cases the average size of produced nanoparticles is 
bellow 100 nm. Generally, the application of Slovafol surfactant in the producing solutions resulted in the 
smallest particle sizes. The testing of practical using (application on textile material, testing of antibacterial 
effect) will continue.  
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IMPROVING PERFORMANCE OF POLYVINYL BUTYRAL ELECTROSPINNING 
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Abstract 

The influence of the salt of complexing metal  - ZnCl2 on the spinnability of polyvinyl butyral (PVB) in the 
needleless electrospinning and on the quality of produced nanofibers has been studied. Ethanol was used 
as the solvent. Various salt concentrations in terms of molar ratio Zn/–OH were tested using roller 
electrospinning device. Addition of salt influenced throughput and web quality considerably. Molar ratio 
Zn/–OH = 1/6 was found as optimum salt concentration. 

Keywords: PVB, nonwoven, roller electrospinning, salt, nanofiber 

1.  INTRODUCTION 

Polyvinyl butyral (PVB) polymers have been extensively used in many applications, since PVB is a low-cost 
alternative showing flexibility, optical clarity and a good adhesion to many surfaces. In spite of the  
extensive  literature on PVB polymer, only a limited number of studies were found concerning the PVB 
nanofibers [1-6] produced by needle electrospinning and only one paper was found on continuous 
nanofiber production [7]. The main reason for this lack of knowledge consists probably in the difficult 
processability of PVB in the needleless electrospinning.  

Conductivity-enhancing salts can significantly affect the polymer throughput and fiber quality of nanofibers 
produced by needleless electrospinning.  Even at low concentrations, the salts evoke formation of a high 
number of fibers during spinning process in some cases. Cengiz et. al. studied the effect of salts on roller 
electrospinning of polyurethane and determined that adding tetraethyleneammonium bromide to the 
polyurethane solution in dimethylformamide increase the conductivity, viscosity and polymer throughput. It 
was shown that the salt increases the number of entanglements of macromolecules. As a result, the polymer 
network is more solid [9]. Li et. al. investigated that by adding inorganic salt LiCl, fiber diameter of PAA 
decreased due to increasing conductivity [10].  Zong et al. showed the effect of various types of salts on the 
morphology of electrospun membranes. Addition of salts resulted in a higher charge density on the surface 
of the ejected jet during electrospinning. In addition, the charge density was uniformly distributed [11]. 

It was the aim of this work was to study the influence of a complexing salt (Zn ) on the electrospinning 
process of PVB and on the quality of produced nanofiber layers. We supposed that this salt increases the 
conductivity of solution and simultaneously makes stronger bonds between PVB macromolecules. 

2.  EXPERIMENTAL 

2.1  Material 

Polyvinyl butyral (PVB) was purchased from Kuraray - the grade Mowital B 60 H (mol. weight 60.000 g/mol). 
PVB is produced by reaction of PVA with buthyaldehyde. The trade name Mowital is followed by a capital B 
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stating the aldehyde used. In 
this case the products are 
based on butyraldehyde. The 
numbers refer to the degree 
of polymerization, the higher 
the number the higher the 
degree of polymerization and 
viscosity. The suffix H 

indicates the degree of acetalization, H being the medium. Various grades of PVB differ in the molecular 
weight and in the ratio x:y:z. Ethanol was used as the solvent of PVB. ZnCl salt was purchased from 
Lachema. Conductivity (Radelkis OK-102/1), viscosity (Haake Roto Visco 1 at 23 C°), surface tension (Krüss 
K9) tests were done. SEM images were taken by Phenom FEI. 

2.2 Method 

Ethanol and ZnCl  were stirred gently with a magnetic bar at room temperature and atmospheric pressure. 
PVB polymer was added slowly to salt-ethanol solution. 8 wt % PVB60 was determined as optimum 
concentration from previous works. Formula of PVB is shown in material part. The –OH group of PVB reacts 
with Zn element. The quantity of ZnCl was calculated according to molar ratio of Zn/-OH (-OH from PVB). 0, 
0.0312, 0.0625, 0.125, 0.166, 0.25, 0.5, 1 molar ratios of Zn/-OH were prepared and rested over the night. 
Spinning conditions are on Table 1. Spinning conditions were optimized based on previous experiments. 

Table 1 Spinning conditions of roller electrospinning 

Applied 
Voltage (kV) 

Distance 
between Roller 
and Collector 

(cm) 

Relative 
Humidity (%) 

Temperature 
(C°) 

Fabric Speed 
(cm/min) 

Roller Speed 
(rpm)/Length 

(cm) 

80 18 44 24.5 10 8 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Roller electrospinning system 
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Conductivity, viscosity and surface tension of solutions were measured. Salt is highly dissociated in ethanol 
which leads to high conductivity of solutions. All conditions were kept stable. Polymer solutions were spun 
using roller electrospinning (Nanospider).  

In the Nanospider technology, there is a rotating roller spinning electrode which is partially immersed in a 
solution channel. A nonwoven web is moving along the collector electrode. (Figure 1). A high voltage is 
applied to the rotating roller which is immersed in to a polymer solution channel. If the electrical force 
overcomes surface tension of polymer solution, jets are developed on the surface of roller towards to 
collector. A nanofiber layer covers the nonwoven web. As a result, continuous nano webs are formed. Fiber 
webs were collected on to polypropylene spunbond nonwoven fabric. The morphology of the electrospun 
nanofibres was examined using a scanning electron microscope. Fiber diameters were calculated by using 
Lucia 32G. The average diameter was determined by taking 100 measurements for one set of parameters. 
Fabric throughput was calculated according to formula 1. 

                                         P= G*Lf*Vfabric*   (g/min/m)                                                         (1)                                                   

P=Performance (g/min/m) 

G=Fabric weight (g/m2) 

Lf=Length of fabric covered on the width of collector fabric (m) 

Vfabric= fabric take up speed (m/min) 

Lr= length of roller (m) 

3.  RESULT AND DISCUSSION 

Viscosity, elasticity, conductivity and surface tension of the solution are the most important and influential 
parameters. Changing the polymer concentration leads to various solution viscosities. The surface tension 
coefficient depends on the polymer and solvent. Surface tension tries to make the surface area per unit 
mass smaller, by changing the jets into spheres. Solution viscosity is important for efficient electrospinning 
process and fiber morphology. At very low viscosities, the solution forms droplets, leading to the process 
called ‘electrospraying’. At very high viscosity, entanglements of polymer chains are high. Increase in the 
chain entanglements made the stretching of the charged jet difficult as a result higher fiber diameter can 
be observed. Graph of conductivity, surface tension and viscosity vs. concentration were shown in Figure 2 
(a, b, c). 
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Fig. 2 a) surface tension vs. molar ratio (Zn/-OH), b) Conductivity vs. molar ratio (Zn/-OH) and  c) Viscosity 

vs. molar ratio (Zn /-OH) graphs. 

As shown in Fig. 2(a) surface tension of polymer solution was not significantly influenced by adding salt. 
However, effect of salt on conductivity is high. By adding salt, the conductivity increases significantly. 
Viscosity changes in a non-linear way. Viscosity mostly depends on concentration of polymer solution as we 
can see from literature [12, 13]. Cengiz et al. found that by increasing salt concentration, viscosity and 
conductivity increased but surface tension was stable. We have not observed significant increase in 
viscosity with addition of salt in the case of PVB [9].  
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Zn/-OH= 0 

Avr Dia: 330±120 nm 

 
Zn/-OH= 0,0312 

Avr Dia: 670±230 nm 

 
Zn/-OH= 0,0625 

Avr Dia: 460±167 nm 

 
Zn/-OH= 0,125 

Avr Dia: 497±134 nm 

 
Zn/-OH= 0,166 

Avr Dia: 387±211 nm 

 
Zn/-OH= 0,25 

Avr Dia: 472±110 nm 

 
Zn/-OH= 0,5 

Avr Dia: 440±201 nm 

 
Zn/-OH= 1 

Avr Dia: 652±192 nm 

Fig. 3 Fiber diameters of PVB-Salt polymer. 

PVB-salt solution absorbs ambient water during electrospinning. Without adding salt fibers are more 
straight and thicker. ZnCl₂ supports absorbtion of humidity. At higher humidity, the absorption of water 
does not allow to complete the drying process during the time of flight of the polymer solution jet. This 
situation causes the fibers to be wet, curly and entangle to each other. At higher humidity, the nanofibres 
are ‘fusing’. Another important point for nano web is throughput. Fabric throughput was calculated 
according to formula 1. 

Figure 4 Shows that there is not a relationship between viscosity, fiber diameter, throughput and molar 
ratio of Zn/-OH groups.  

 
Fig. 4 Graph of viscosity, fiber diameter and throughput vs. Zn/-OH molar ratio. 

Finally, Additional salt, in different concentrations, increased fabric throughput. 
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4.  CONCLUSION 

Spinning performance (or throughput) is one of critical parameters influencing productivity and price of 
nanofiber webs. Besides molecular weight of polymer, kind of solvent and concentration of polymer 
solution, addition of some salts to polymer solution was found to be an effective way to influence both 
electrospinning throughput and quality of nanofiber web. Influence of the salt of complexing metal - ZnCl  
on the throughput and web quality of polyvinyl butyral (PVB) nanofibers was studied in this work. The salt 
was added to the solution of PVB in ethanol after molecular weight of polymer and concentration of 
solution was optimized. Various salt concentrations in terms of molar ratio Zn/–OH were tested using roller 
electrospinning device. Addition of salt influenced throughput and web quality considerably. Molar ratio 
Zn/–OH = 1/6 was found an optimum salt concentration. 
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Abstract 

This work focuses on developing TiO2 planar ordered nanostructures (quantum dots) for sensing of various 
biomolecules (DNA, proteins) in vitro, which may be of great importance for clinical diagnostics and in vivo 
imaging. This sensor array also called “fluorescence array detector” can provide various emitting QDs 
depending on wavelengths, and thus it can be used for in vitro large-field analysis, which means an easy 
detection of many different biomolecules at the same time. The new way of QDs synthesis employs the 
electrochemical deposition through high-ordered nanoporous alumina template, which belongs to low-cost 
and rapid technique for nanostructures preparation compared to traditionally used ones, photolithographic 
or epitaxial depositions. Self-organized array of titania QDs in anatase phase (confirmed by Raman 
spectroscopy) with diameter less than 10 nm (observed in SEM) were fabricated by combined anodization 
process of evaporated Al and sputtered Ti layers on silicon substrate. These QDs showed broad emission 
peak in visible range of fluorescence spectra after thermal treatment in vacuum at 400 °C for 1 h. 

Keywords: biosensors, quantum dots, TiO2, template methods, alumina template 

1.  INTRODUCTION 

Quantum dots (QDs) from semiconductor materials are very promising candidates for medicinal purposes, 
mainly as biosensors and labels in biological imaging [1-3]. QDs exhibit exceptional physical and optical 
properties and moreover, there is a possibility of various biomolecules attaching to their surface, which 
allows the detection of DNA and proteins [4-6]. Majority of sensing techniques employing QDs in biological 
systems are applied in solution (colloidal form) [7-9]. Nevertheless, there is also a demand for QDs in planar 
form (so-called lab-on-chip) deposited on various solid surfaces. This new approach seems to be very 
interesting and promising for in situ biosensing, mainly due to the simplicity of detection – e.g., as a sensor 
array for mass screening. However, only few papers concerning this topic can be found in literature [10, 
11]. The deposited QDs are mostly fabricated through traditional top–down patterning methods like 
epitaxy or lithographic techniques (mainly photolithography and e-beam lithography), which are expensive 
and time-consuming. Therefore, new more sophisticated techniques for QDs synthesis should be studied 
regarding the nanosensors reproducibility and price availability [12]. Recently, the scientists revealed the 
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template-based methods as a suitable way for nanostructured material synthesis (usually nanotubes or 
nanowires) by anodic oxidation or galvanic deposition. Concerning the template, the most extensively 
studied materials are porous alumina, polymer gel, activated carbon and carbon fiber [13]. 

The biocompatibility of QDs is usually problematic issue because most of them are toxic, which means a 
potential danger especially for future medical application [14]. The using of non-toxic titanium dioxide can 
completely suppress the problem of QDs toxicity in biomedicine. Final quantum confinement of TiO2 QDs 
strongly depends on the anatase/rutile phase composition (the multiple influence of QDs size and 
coordination of Ti atoms on Ti–O bond length and thus on band gap energy) [15, 16]. Chen et al. revealed 
the phase development of the isolated TiO2 nanodots is very much different from that of TiO2 thin films and 
powders [17]. Hence the key point of our work was the optimization of preparation conditions in order to 
reach the TiO2 QDs in required size and crystallographic phase. Particularly, the choice of optimal 
electrolyte, anodization voltage, temperature and time was investigated in this paper.  

2.  EXPERIMENTAL 

2.1  Chemicals 

All chemicals: sulphuric acid (97%, p.a.), phosphoric acid (84%, p.a.), isopropanol (99.8%, p.a.) and 
chromium trioxide (99%, p.) were purchased from Penta (Czech Republic). Deionised 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  Titanium and aluminium layers preparation  

Prior to titanium deposition, the wafers were degreased and cleaned in isopropanol, rinsed out with 
deionised water. A high-purity titanium layer (99.995 %, Safina, Czech Republic) with thickness of 100 nm 
was prepared by tetrode sputtering on 4 inch silicon wafer previously coated with SiO2 layer (thickness of 
1100 nm, prepared by thermal CVD). Subsequently, high purity aluminium layer (99.99+ %) with thickness 
of 1 μm was deposited by thermal evaporation (PVD). 

2.3  Anodization process  

Ordered arrays of titania QDs were fabricated by anodization of aluminium and titanium bilayer. The 
process took place on the utility model equipment for electrochemical post-processing deposition 
fabricated in our laboratory (a detailed description of the tool is reported in [18]). Aluminium and titanium 
layers behave differently during anodizing process and therefore the same electrolyte can be applied for 
their anodic oxidation. 3 M sulphuric acid was chosen as electrolyte in constant potential mode (4 V) at 
11°C. This acid provided smaller pore diameter in alumina template compared to other commonly used 
electrolytes (oxalic or phosphoric acids). An aqueous solution of H3PO4 (50 ml L–1) and CrO3 (30 g L–1) was 
used for chemical etching of alumina template for 5 min at 60 °C.  

2.4  Characterization of physical and chemical properties 

The size of QDs was estimated using scanning electron microscopy (Tescan Mira). The topography of 
sputtered Ti layer was analyzed by atomic force microscopy (Agilent 5500) with 10 nm SiC tip. The phase 
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Fig. 1 SEM characterization of alumina template (a), TiO2 QDs 
on Ti grains (b), Ti layer (c) and AFM image 

 of titanium layer (d). 

composition of TiO2 QDs was characterized by Raman spectroscopy (Renishaw) with NIR laser operating at 
745 nm. Spectrofluorimeter Horiba Jobin Yvon was used to characterize photoluminescence properties 
with PTM detector and 400 nm cut-off filter. 

3.  RESULTS AND DISCUSSION 

The array of TiO2 QDs for biosensing application was prepared through one step anodization technique 
using nanoporous alumina template. Concerning the quantum size effect of TiO2 QDs (anatase), Monticone 
et al. observed almost no variation of the band gap energy with particle size 2R down to 15 nm [19]. 
Therefore, the most important step in preparation process was to determine the appropriate anodizing 
potential and deposition time to ensure the optimal nanostructure dimensions. The application of optimal 
anodization conditions (4 V, 11 °C and 3 M sulphuric acid as electrolyte) resulted in template pore size in 
the range of 5–8 nm, which allowed the creation of titania QDs with size of about 8-10 nm (confirmed by 
SEM).  

The SEM characterization of Al2O3 
template and TiO2 QDs provided also 
important information about QDs 
ordering and homogeneity (see Fig. 1.a 
and 1.b, resp). The pores as well as QDs 
were hexagonally arranged as expected. 
The interpore spacing in template was 
estimated at approx. 15 nm. Fig. 1.c 
clearly shows Ti grains of sputtered 
100 nm Ti layer before Al deposition, 
which corresponds to those on Fig. 1.b 
under TiO2 QDs. Titanium surface was 
also analyzed by AFM with 10 nm tip 
(see Fig. 1.d) but this method was not as 
accurate as SEM in our case due to 
grains imaging as overlapped and 
merged structures. From this reason, 
AFM with 10 nm tip is not appropriate 
for characterization of our sample with 
TiO2 QDs.  

Annealing of QDs at 400 °C after 
template dissolution in mixture of CrO3 
and H3PO4 resulted in transformation of 
amorphous titanium dioxide to 

crystallographic form. The crystallographic phase was characterized by Raman spectroscopy (see Fig. 2).  

Raman spectrum shows two characteristic anatase peaks, one at 537 cm-1 which is typically presented at 
value of 520 cm-1 (corresponding to A1g and B1g vibrational mode) and second at 640 cm-1 (corresponding to 
Eg vibrational mode). Generally, Raman spectra can be affected by the chemical and structural 
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Fig. 3 Fluorescence spectrum of annealed and non-annealed TiO2 
QDs. 

Fig. 2 Raman spectra of annealed and non-annealed TiO2 QDs. 

inhomogeneities, which causes the 
shifts in corresponding Raman bands 
position [13]. Some modifications in 
bands position can be also attributed 
to reduction in TiO2 particle size, 
phonon confinement and oxygen 
deficiency. From chemical purity point 
of view, the sample with TiO2 QDs 
was characterized by EDX, which 
confirmed the presence of Ti, Si and O 
elements corresponding to TiO2 QDs, 
Ti and SiO2 layers and Si wafer. 

The photoluminescence properties of 
prepared TiO2 QDs array were 
characterized by fluorescence 
spectroscopy. Fig. 3 representing the 
fluorescent spectrum of annealed TiO2 QDs shows a broad emission peak in the range of 440 nm up to 580 
nm while the spectrum of as-prepared TiO2 QDs without annealing shows no peaks which means that the 
sample is composed predominantly from amorphous phase.  

CONCLUSION 

The new employing of template 
based method resulted in 
fabrication of highly ordered titania 
QDs in the form of sensor array 
which is suitable for various 
biomolecules (DNA, proteins) 
sensing in vitro. This method is 
relatively cheap, rapid and easy 
reproducible in comparison with 
other techniques. The usage of 
anodic oxidation process with the 
help of highly ordered alumina 
nanoporous template resulted in 
synthesis of TiO2 QDs below 10 nm 
and densely covering the titanium 

surface. The prepared titania QDs showed strong photoluminescence peak in visible range. The usage of 
this fluorescence array detector may be of great importance for clinical diagnostics and in vivo imaging. 
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Abstract 

There is a growing interest in using semiconductor quantum dots (QDs) as optical labels for biosensing 
events. The size-controlled fluorescence properties of QDs, the high fluorescence quantum yields of QDs  
and their stability against photobleaching makes QDs superior optical labels for multiplex analysis.  In this 
paper, biotin-conjugated glutathione (B-GSH) was synthesized using peptide bonding of the biotin carboxy 
group and amino group of the γ-glutamic acid to create an alternative coating for CdTe QDs. This type of 
coating combines the functionality of biotin with the fluorescent properties of quantum dots to create a 
specific, high affinity fluorescent probe able to react with avidin, streptavidin and/or neutravidin.  Biotin-
funcionalized glutathione-coated QDs were prepared by a facile one step reduction route using Na2TeO3 as 
the Te source in an aqueous environment. The synthesis parameters of this simple and rapid approach, 
including the reaction temperature and time, the pH of the reaction solution and the molar ratio of the GSH 
stabilizer to Cd2+, have considerable influence on particle sizes and photoluminescence quantum yield of 
the CdTe QDs. Obtained QDs were separated from the excess of the B-GSH by capillary electrophoresis 
employing 300 mM borate buffer with pH 7.8 as a background electrolyte. The detection of sample 
components was performed by the photometric detection at 214 nm and laser-induced fluorescence 
employing Ar+ ion laser (488 nm). 

Keywords: quantum dots,  

1.  INTRODUCTION 

Quantum dots (QDs) are nanometer-sized crystals made of metallic or mostly of semiconductor materials. 
QDs nano-particles generally fall within 2–10 nm size range [1, 2] and possess tunable optical and electrical 
properties [3]. QDs were found as an alternative to organic dyes and fluorescent proteins and thus they can 
be used for various biosensing purposes. The photo-physical properties which make QDs interesting 
compared to classic organic dyes are: broad absorption spectra, very narrow emission spectra, long 
fluorescence lifetime and high stability against photobleaching [4, 5]. QDs have also high quantum yield, 
high molar extinction coefficients [6] and large effective Stokes shift [7]. QDs always emit the same 
wavelength of light no matter what excitation wavelength is used [8]. Therefore, multiple QDs with 
different emission spectra can be simultaneously visualized using a single excitation light source. Since the 
emission spectrum of each QDs is narrow, the fluorescence signal of each QD can be readily separated and 
individually analyzed based on the emission spectrum in order to achieve multiplexed imaging [7]. 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

368 

The dimension of the core determines the bandgap and hence the colour of emission. It is known, that an 
increase in particle sizes produces a redshift in the emission spectrum [9] (see Fig. 1.). In principle, the 
emission of QDs can be coarse-tuned by the choice of the material and later fine-tuned by playing with the 
size of the core.  

 
 

Fig. 1 An example of QDs sorted by size emitting light of different colors  
excited simultaneously by a single excitation wavelength. 

2.  QUANTUM DOTS PREPARATION 

Up to now, there are a number of methods for the preparation of QDs through colloidal chemistry (such as 
sonochemical method, microwave irradiation method or organometallic precursor method) [10] and/or 
nano nanoscale patterning [11], i.e. employing lithography-based technology. Chemical synthesis of QDs 
represents a typical approach, which is generally divided into water phase and organic phase approaches. 
Compared with organic approach, aqueous synthesis is effective, less toxic and more reproducible method 
[12]. Furthermore, the products often show improved water stability and biological compatibility.  

2.1  The organic phase method 

The organometallic way produces QDs, which are generally capped with hydrophobic ligands (e.g. 
trioctylphosphine oxide – TOPO or trioctylphosphine - TOP) and hence cannot be directly employed in 
bioapplications. To be used in biological applications, QDs need to be soluble in aqueous solutions and 
require surface modifications to achieve biocompatibility and stability [13]. Coordinating solvents stabilize 
the bulk semiconductors and prevent aggregation as the QDs grow. The semiconductor core material must 
be protected from degradation and oxidation to optimize QDs performance. Shell growth and surface 
modification enhance stability and increase photoluminescence of the core. The inorganic core-shell 
semiconductor nanoparticles are soluble in nonpolar solvents only. However, a further process is needed 
for the QDs used in biological system. Therefore numerous effective methods have been developed for 
creating of hydrophilic QDs, which can be divided into two main categories. The first route is commonly 
designated as “cap exchange”. The hydrophobic layer of organic solvent can be replaced with bifunctional 
molecules containing a soft acidic group (usually a thiol, e.g. sodium thiolycolate) and hydrophilic groups 
(e.g. carboxylic or amino groups) which point outwards from the QDs surfaces to bulk water molecules [14, 
15]. In fact, substitution of monothiols by polythiols or phosphines usually improves stability. The second 
route is native surface modification, for example adding a silica shell to the nanoparticles using a silica 
precursor during the polycondensation [16]. Amorphous silica shells can be further functionalized with 

Increasing QDs size 
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other molecules or polymers. The method of QDs encapsulation into solid lipid nanoparticles, which are 
composed of high biocompatible lipids with physical and chemical long-term stability, was also successfully 
tested. These lipid nanoparticles are more convenient than small molecules (e.g. mercaptopropionic acid) 
traditionally used for QDs surface modification, which are rather unstable since they can be easily degraded 
by hydrolysis or oxidation of the capping ligand.  

2.2  The water phase method 

The second way is the aqueous synthesis route, producing QDs with excellent water solubility, biological 
compatibility, and stability. One of the most widespread approaches to creating water-soluble QDs is ligand 
exchange with thioalkyl acids such as mercaptoacetic acid, mercaptopropionic acid, mercaptoundecanoic 
acid or reduced glutathione (GSH). These QDs have lower quantum yields than the above mentioned ones 
(up to 10%) without any following treatment. From these ligands, GSH seems to be very perspective 
molecule, since provides an additional functionality to the QDs due to its key function in detoxification of 
heavy metals in organisms. The fluorescence is considerably quenched at the presence of heavy metals and 
therefore GSH-QDs were successfully employed for determination of heavy metals. In addition, GSH-QDs 
exhibit high sensitivity to H2O2 produced from the glucose oxidase catalyzing oxidation of glucose and 
therefore glucose can be sensitively detected by the quenching of the GSH-QDs florescence [17].  

3.  QUANTUM DOTS APPLICATIONS  

Concerning the QDs biological applications, two main groups may be cited: biosensors [18] and labels in 
biological imaging [19]. A few examples of each group can be seen on the schema below (Fig. 2.).  

 
Fig. 2 An example of QDs bioanalytical and biomedical application. 

For in vivo biological imaging applications of QDs, the fluorescent emission wavelength ideally should be in 
a region of the spectrum where blood and tissue absorb minimally but still detectable by the instruments. 
Thus the QDs should emit at approximately 700-900 nm in the NIR region to minimize the problems of 
indigenous fluorescence of tissues. Moreover, the spectroscopic properties of NIR QDs would allow imaging 
deeper penetration than conventional near-infrared dyes [20]. 

Beside the application as simple sensors, QDs have much higher impact as unique fluorescent labels. 
Various specific labeling strategies are known and most of these approaches are based on bioconjugation 
with other biomolecule exhibiting some specific affinity to the target compound. Summary of these 
approaches was recently presented in a review article published by Algar et al. [21]. One of these strategies 
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utilizes the biotin-avidin (respectively streptavidin and neutravidin) interaction exhibiting very high 
specificity. Modification of QDs by the streptavidin proved to be a very successful method evaluated in 
various publications [22-24] and due to this success streptavidin-QDs are nowadays also commercially 
available. Also biotin-functionalized QDs were developed to exploit the same interaction [25]. However, so 
called multicolor QDs, which means particles modified by several different molecules, are now of great 
interest. Therefore the aim of this study was to prepare QDs based on the good properties due to presence 
of GSH and also with the possibility to be employed in modern biotechnological biotin-avidin (or its 
homologues) applications [26].  

4.  EXPERIMENTAL 

4.1 Preparation of biotin- modified glutathione (B-GSH) 

Biotin and GSH were conjugated via standard peptide bond using carboxy group of the biotin and amino 
group of the γ-glutamic acid. The biotinylation at the N-end of the tripeptide was the last step of the 
peptide synthesis. Final product was analyzed by mass spectrometry. Matrix-Assisted Laser 
Desorption/Ionization-Time of Flight Mass Spectrometry (MALDI-TOF MS) was carried out using an Ultraflex 
III instrument (Bruker Daltonik, Germany).  

4.2  Synthesis og glutathione coated CdTe QDs 

The synthesis of CdTe QDs and their subsequent coating was adapted from the work of Duan et. al. [27]. 
1mL of the CdCl2 solution (c = 0.04 mol/L) was diluted with 10.5 mL of water. During constant stirring, 25 
mg of sodium citrate, 1mL of Na2TeO3 solution (c = 0.01 mol/L), 70 mg of B-GSH and 20 mg of NaBH4 were 
added into water-cadmium(II) solution. The mixture was kept at 95°C under the reflux cooling for 2.5 hours. 

4.3  Capillary electrophoresis 

Synthesized B-GSH-QDs were analyzed by capillary electrophoresis (Beckman Coulter, PACE 5500) with 
absorbance detection at 214 nm and with the laser-induced fluorescence detection (Ar+, �ex - 488 nm/ �em - 
530 nm). Separation of the excess of B-GSH and GSH was carried out using uncoated fused silica capillary 
with 50 �m internal diameter and 375 �m b outer diameter. Total length was 47 cm and the effective 
length was 40 cm. Borate buffer (300 mmol/L, pH 7.8) was used as a background electrolyte. 

5.  RESULT AND DISCUSSION 

Biotin and GSH were conjugated via standard peptide bond using carboxy group of the biotin and amino 
group of the γ-glutamic acid [28]. The biotinylation at the N-end of the tripeptide was the last step of the 
peptide synthesis. Purification of the product was carried out using high performance liquid 
chromatography and the purity of 99 % was reached. Final product (for structure see Fig. 3.) was analyzed 
by mass spectrometry. The major peak in the spectrum has the molecular mass of 532.185, which is in good 
agreement with the theoretical molecular mass of 532.2 Da calculated for the B-GSH.   
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Fig. 3 MALDI-TOF MS spectrum obtained for B-GSH  and structure of the B-GSH. 

Then, B-GSH was used as an alternative coating for CdTe based QDs. Sodium telluride was used as the 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 pathway is thus free of complicated vacuum 
manipulations and environmentally friendly. The prepared GSH-CdTe QDs emit at 504 nm and their 
emission spectrum showed quite symmetric and narrow shape.  

The typical electropherogram of the GSH CdTe QDs solution is shown in the Fig. 4. The identification GSH 
signal was done by the standard addition method and identification of the GSH-QDs signal was done by CE-
LIF. 

 

 

 

 

 

 

 

 

 
 

Fig. 4 Electropherogram of the mixture of the B-GSH-QDs and excess B-GSH and GSH,  
UV detection at 214 nm, LIF detection (488 nm/530 nm). 

6.  CONCLUSION 

It follows from the results obtained that biotinylated glutathione is suitable coating for the single step 
synthesis of thiol stabilized CdTe QDs. Obtained QDs are of good properties for the fluorimetric detection 
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with the excitation by Ar+ laser at the wavelength of 488 nm and emission of 530 nm. Moreover, we show 
that capillary electrophoresis is an efficient method for separation of the GSH and B-GSH excess from the B-
GSH-QDs and for stability control.  
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Fig. 1 Absorption spectra of gold NPs with different size. 

PREPARATION AND CHARACTERIZATION OF LAYERS OF AU, PD AND RH NANOPARTICLES 
DEPOSITED ON N-INP SUBSTRATES 
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Abstract 

Colloid solutions with reverse micelles represent an efficient technology to prepare metal nanoparticles 
(NPs) which exhibit stable size and small size distribution. Size of nanoparticles can be purposely changed 
by adjusting parameters of colloid chemistry. Preparation of stable colloid solutions with electrically 
charged nanoparticles having small distribution of shape and size is a prerequisite for successful deposition 
of nanoparticles on the semiconductor surface by using electrophoretic deposition. In this paper, colloid 
solutions of gold, palladium and rhodium NPs were prepared in reverse micelles, their absorption spectra 
were investigated, and surface plasmon absorption bands were identified. Layers of metal NPs were 
deposited on InP substrates by electrophoretic deposition. Structural and luminescence properties of 
deposited layers were investigated by SEM and low-temperature photoluminescence spectroscopy. 
Schottky barriers were prepared by dropping colloidal graphite onto the surface of InP, partly covered with 
metal nanoparticles. Current-voltage characteristics were measured and relevant parameters of Schottky 
barriers were evaluated. In the case of Pd nanolayers it was found that several ppm of hydrogen in nitrogen 
gas can be detected by monitoring the change of diode current at a constant bias voltage. Sensitivity of 
Schottky barrier to hydrogen was measured for substrates with different coverage. 

Keywords: Colloid solutions, reverse micelles, metal nanoparticles, electrophoretic deposition, InP, 
Schottky diodes  

1.  PREPARATION OF NANOPARTICLES 

There are many ways to prepare metal NPs. 
We prepare metal NPs in colloid solution 
where they are stabilized with surfactant. 
We use this method because we want 
deposited prepared NPs by electrophoresis 
onto semiconductor surface. 

Metal NPs are prepared in reverse micelle 
formed in isooctane. Reverse micelle is 
used as nanoreactor for chemical reduction 
of metal salt. As reducing agent is used 
hydrazine. Surface of micelles is made from 
surfactant sodium bis-(2-ethylhexyl) 
sulfosuccinate (AOT) which form layer 
between polar and non polar liquid. This surfactant stabilizes water droplet in isooctane. These water 
droplets contain dissolved metal salt or hydrazine. 
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Fig. 2 Absorption spectra of palladium NPs with different size. 
 

Fig. 3 Absorption spectra of rhodium and palladium NPs. 

At the beginning is made solution of 0.1 M AOT in isooctane. Reverse micelle solution is made by addition 
of aqueous solution of metal salt or hydrazine. Size of micelle is determined by molar ratio (ω0) of water to 

surfactant AOT. Final solution of NPs is 
mixture of two micelle solution of 
reactant with same ω0. 

Gold, palladium and rhodium NPs were 
prepared this way. Gold NPs need 
addition stabilization [1] by nonionic 
surfactant tetraethylene glycol dodecyl 
ether (C12E4). Gold NPs without this 
extra stabilization are not stable and 
make agglomerate on bottom of 
solution. So the beginning solution is 0.1 
M AOT and 0.05 M C12E4. Aqueous 
solution of metal salt was 0.05 M. Metal 
salt were HAuCl4, PdCl2 and RhCl3. For 

gold is used ω0=8 and for palladium and 
rhodium ω0=6 

Solution with metal NPs exhibits change in absorption spectra due to plasmon resonance. This is the first 
and the easiest characterization which can be made. Size of NPs can be change due different ω0 or different 
concentration of hydrazine. 

Fig. 1. shows absorption spectra of gold NPs 
with different size reached by different 
concentration of hydrazine. Gold NPs have 
characteristic absorption near 500 nm. With 
more amount of hydrazine in solution, 
reaction is quicker, final size of NPs is 
smaller and blue shift of plasmon peak is 
observed. Similar shift of plasmon peak is 
observed for palladium NPs absorption 
spectra in near UV as shows Fig. 2. Plasmon 
peak of palladium NPs is broaden to visible 
spectra. Absorption spectra of rhodium NPs 
is similar to palladium as shows Fig. 3. but 
measurement is difficult because of strong 
absorption of AOT which exclude accurate 
measurement. 

2.  ELECTROPHORETIC DEPOSITION 

NPs are deposited onto the surface of semiconductor (mainly InP) by electrophoresis [2]. This method is 
used because of low energy of impact NPs and low damage to surface. This method can achieve higher 
Schottky barrier for high quality substrates.  
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For deposition is used direct voltage. In special cell semiconductor substrate is attached to one electrode. 
The solution of NPs is added in the cell and the second electrode is on the seal. Coverage of surface is very 
easy tuned by time of deposition.  

 

 
Fig. 4 SEM images of surfaces after deposition of NPs. 

On Fig. 4a) is surface after deposition of gold NPs when substrate was attached to anode. On surface are 
huge clusters of small NPs with diameter about 10 nm. When substrate is attached to cathode coverage is 
different as shows Fig. 4b). There are lots of small clusters of the NPs. These clusters are homogenous 
distributed on the surface. On Fig. 4c) is detail of these small clusters of gold NPs. Palladium NPs have 
similar behavior as gold NPs as show Fig. 4d) where is detail of palladium clusters formed by 6 nm NPs in 
diameter. 

Rhodium NPs have different behavior. Only separated NPs were deposited after same time as gold or 
palladium clusters.  

3.  CHARACTERIZATION 

3.1  Photoluminescence (PL) 

Substrates for measuring PL spectra were partly masked during the deposition. The mask was removed 
after the deposition so effect of deposited layer on PL could be compared to PL of InP. PL spectra were 
measured at 4K with excitation by Ar laser at 514.5 nm. Luminescence of InP has first peak (B-E) 
approximately at 875 nm. It is luminescence due to exciton transition. At 900 nm is luminescence (B-A) due 
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Fig. 5 PL spectra of InP substrates with and without NPs. 

Fig. 6 Current density as reaction on H2. 

to transition between conduction band and acceptors. At 903 nm is luminescence due to transition 
between donors and acceptors [3].  

On Fig. 5. is PL of InP. Black line is five times 
multiplied spectrum of InP, red line is spectrum 
of InP covered when substrate was on anode 
and green line is spectrum of InP covered when 
substrate was on cathode. Substrates have 
greater luminescence on part where NPs were 
deposited. Substrate with homogenous coverage 
of NPs exhibits greater enhancement then 
substrate with large but irregular clusters. 
Enhancement of luminescence on substrates 
covered with palladium NPs is very low 
compared to gold. 

3.2  Sensitivity to hydrogen 

Substrates with layer of palladium NPs are 
very sensitive to hydrogen. On the layer is 
made porous contact and this way is 
prepared Schottky diode. After applied 
reverse bias with constant voltage current 
density and it’s time dependence on 
hydrogen can be measured. With presence 
of hydrogen on palladium NPs Schottky 
diode is lowering. This process is reversible 
in several second on flowing air. On Fig. 6. 
Is time dependence of current density 
measured for four substrate with different 
coverage of NPs approximately determined 
from SEM. It was used mixture 100 ppm 
hydrogen in nitrogen gas. 

4. CONCLUSION 

Due to colloidal chemistry small metal NPs can be prepared with tuned size. NPs in the solution have 
charge which allows their electrophoretic deposition onto the semiconductor surface. Different metal have 
different properties which can be investigated. Gold NPs greatly enhance photoluminiscence of substrates 
and palladium NPs are very sensitive on hydrogen. 
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CREEP BEHAVIOUR AND MICROSTRUCTURE OF ULTRAFINE GRAINED IRON PROCESSED BY ECAP 
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Abstract 

Pure iron (99.99%) was processed by equal-channel angular pressing (ECAP) with a die having an internal 
channel of 90°. The subsequent extrusion passes were performed by route A up to 4 passes. The 
microstructure of ultrafine-grained (UFG) iron was investigated using electron back scatter diffraction 
(EBSD) and transmission el. microscopy (TEM). Tensile creep tests were conducted on the as-pressed 
samples at temperature of 773 K and under applied load 60 MPa. For comparison purposes, the creep test 
under the same loading conditions was performed also on the unpressed material. The effect of number 
ECAP passes on creep behaviour of pure Fe was investigated. Results showed that the creep resistance of 
pure Fe after ECAP is improved in comparison with those for the unpressed as-received state.   

Keywords: ECAP, electron back scatter diffraction, creep behavior   

1.  INTRODUCTION 

The methods of severe plastic deformation (SPD) enable to reduce the grain size of metals to the 
submicrocrystalline or even nanocrystalline region. Materials processed by SPD exhibit high strength at 
room temperature and superplasticity at high temperatures [1,2]. However, creep behaviour probably 
belongs to the fewest examined properties of the materials processed by ECAP. Creep in materials after 
SPD was investigated on pure FCC materials [3,4,5,6], alloys [7,8,9] and Cu-Al2O3 composite [4,6] but the 
influence of SPD on creep behaviour of metals is still under discussion. It is not quite obvious whether 
application of SPD improves or deteriorates the creep properties of SPD materials.  

The most reports describe creep behaviour of materials subjected only certain number of ECAP passes. 
There are only a few reports [3,7,8,10] documenting the creep properties and creep mechanisms of the 
UFG materials processed by different number of ECAP passes. In our earlier experiments conducted on 
pure Al it was found that its creep resistance at 473 K is considerably improved after the first ECAP pass in 
comparison with coarse grained material, however, repetitive pressing leads to a noticeable decrease in the 
creep properties of the processed material. Nevertheless, the creep resistances of the processed pure Al 
was higher even after 12 ECAP passes [12]. On the basis of measuring of the values of the stress exponent 
of the creep rate it was suggested the same operating creep mechanism for the unpressed and ECAP 
aluminium based on generation and movement of dislocation and by grain boundary sliding [3,7,12]. 
Kawasaki et al. [13] examined pure Al after 4 ECAP passes. They demonstrated, on the based of the texture 
measurements, that creep occurs through an intragranular dislocation process with no significant 
contribution of diffusion creep. Very recent results [10,14] showed that pure Cu after SPD exhibits similar 
creep behaviour as pure Al. In the case of pure Al we suggested, on the basis of analyses of number of high 
angle grain boundaries (HAGBs) that grain boundary sliding is important process in creep of Al after ECAP. 
However, the creep behaviour of UFG Cu is very difficult to explain by this way because HAGBs are present 
in microstructure in reasonable amount even at low number of ECAP passes. Further, our numerous creep 
tests found that samples of high purity aluminium with the same ECAP history exhibited the high scatter of 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

380 

creep behaviour [15,14]. The ranges of observed times to fracture were 260-1090 hours for samples after 1 
ECAP pass and 18-40 for samples after 12 ECAP passes [14]. On the other hands, the investigation of creep 
in precipitation strengthened aluminium alloys processed by ECAP showed a deterioration of the creep 
properties. These alloys after ECAP exhibited faster minimum creep rates by two or three orders of 
magnitude than unpressed ones [8,11,16]. The very recent investigation of creep in Cu-0.2wt.%Zr alloy 
showed that creep resistance at 673 K is considerably improved after 1 ECAP pass in comparison with 
unpressed state [17,18]. However, second ECAP pass resulted in an unexpectedly further significant 
increase in creep resistance of this alloy but after 8 ECAP passes were creep properties deteriorated in 
comparison with the coarse-grained state. Such creep behaviour is not consistent with none of previous 
results of creep behaviour of materials after ECAP and thus the creep strengthening mechanism in Cu-
0.2wt.%Zr alloy is unclear. From previous studies results that creep resistance can be improved even at high 
number of ECAP passes in comparison with unpressed state but only in pure FCC metals [3,7,10]. The aim of 
this work is to evaluate whether the improvement of creep resistance can be reached in BCC metals like in 
pure iron. 

2.  EXPERIMENTAL MATERIAL AND PROCEDURES 

The experiments were conducted on cast iron 99.99%. The ingots were cut into billets having a length of 
~ 60 mm and cross section 10 x 10 mm2. The ECAP was conducted at room temperature using a die 
containing the channels which formed the angle of 90°. This angle led to the equivalent true plastic strain 
~ 1 after each ECAP pass without change of the billet cross-section. The billets were subsequently pressed 
by route A up to 4 ECAP passes. 

The microstructure of specimens after ECAP was examined by scanning electron microscope Jeol 6460 
equipped with an electron back scattering diffraction (EBSD) unit and using transmission electron 
microscope Philips CM12. Tensile creep tests were performed at 773 K and under constant applied load of 
150 MPa in the argon atmosphere. The creep tests were running up to final fracture of creep specimens. 
The hardness was measured on the polished surfaces of samples in the plane denoted as XZ (see 19). 

3.  EXPERIMENTAL RESULS AND DISCUSSION 

3.1  Mechanical behaviour 

The dependence of hardness on the number of ECAP 
passes is shown in the Fig. 1. The inspection of Fig. 1 
showed that the hardness increases with increasing 
number of ECAP passes. The increase in hardness is 
probably related with the reduction of grain size 
during ECAP deformation.  

In the Fig. 2 a,b are shown creep curves. From the 
creep curves results that the creep resistance 
decreases with increasing number of ECAP passes. The 
creep resistance of sample after 1 ECAP passes is 
improved in comparison with the creep resistance of 
the unpressed state. However, the material processed Fig. 1 The effect of number of ECAP passes on 

the hardness of pure Fe 
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Fig. 2 Creep curves for samples processed by 1 and 4 ECAP passes and for unpressed state  
a) standard creep curves, b) creep rate vs. time 

by 4 ECAP passes exhibited the deterioration of the creep resistance in comparison with the unpressed one. 

3.2 Microstructural observations 

Microstructure processed by 1 ECAP pass (Fig. 3) contains (sub)grains with mean size about 850 nm. The 
size of (sub)grains was reduced to the mean size about 400 nm in the microstructure after 4 ECAP passes 
(Fig. 4). EBSD analyses of samples after ECAP and subsequent creep exposure at 773 K showed that number 
of high-angle grain boundaries (HAGB) increases with increasing number of ECAP passes (Fig. 5 a,b). The 
microstructure after 1 ECAP pass contained about 37 % of HAGB and UFG microstructure after 4 ECAP 
passes contained about 81 % of HAGB.  

a) b) 

  

Fig. 3 Microstructure of pure Fe processed 
by 1 ECAP pass. 

Fig. 4 Microstructure of pure Fe processed  
by 4 ECAP passes. 
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 The creep behavior of pure Fe is different in comparison with pure Al and Cu. Creep resistance of UFG Al 
and Cu is improved in comparison with their unpressed states although the grain sizes in the materials 
processed by 8 ECAP passes were reduced to the microcrystalline level and microstructures contained large 
number of HAGB [see 3,7,10]. Different creep behaviour of pure Fe can be the function of material and can 
be influenced by different number of active slip systems in BCC lattice during ECAP deformation at room 
temperature and creep exposure in comparison with FCC metals. Nevertheless, similar creep behaviour has 
been observed in creep of Cu-0.2%Zr alloy at 673 K and 150 MPa [17,18]. The Cu-0.2%Zr alloy processed by 
low number of ECAP passes exhibited longer creep lifetime than the unpressed state. However, the alloy 
after 8 ECAP passes exhibited a deterioration of the creep resistance. Recently it was found that the 
decrease of creep temperature to 573 K in creep of Cu-0.2%Zr alloy changed the creep behavior of UFG 
material in comparison with upressed one. The creep resistance of UFG Cu-0.2%Zr alloy was improved in 
comparison with the unpressed state [20]. We can speculate that creep behaviour of materials processed 
by ECAP is influenced not only by kind of material but by creep temperature and applied stress, too.   
 

 
a) 

 
b) 

Fig. 5 Number of boundaries vs. misorientation a) microstructure after 1 ECAP  
and b) 4 ECAP passes after creep exposure at 773 K and 50 MPa 

CONCLUSIONS 

The pure Fe processed by ECAP exhibits markedly improved hardness at room temperature than an 
unpressed material. Further, the creep resistance is improved after one ECAP pass. However, creep 
behaviour of material after 4 ECAP passes showed some detrimental effect of ECAP causing a deterioration 
of creep resistance in comparison with the unpressed Fe.  
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Fig. 1 Tip shape before performing imaging 

LOCAL ANODIC OXIDATION OF NANOSTRUCTURES 

Lenka PRAVDOVA, Milan VUJTEK, Roman KUBINEK a 
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Olomouc, Czech Republic, EU, g.zr@atlas.cz 

Abstract 

Atomic force microscope is a device suitable for the creation of lithography using multiple kinds of 
techniques. A value of the applied voltage influences results of voltage lithography together with a 
conductivity of the sample and surface quality. It turned out that the oxidation lithography (LAO) requires a 
voltage supply, as well as the sharpness of the tip and the ambient humidity. Moreover, we demonstrate 
that the height and smooth of the track is inversely proportional to the speed. It turns out that setup of the 
system is less problematic than sample itself. In the case of silicon, easy oxidation prohibits the formation 
of intended oxide layer by local oxidation. 

Keywords: AFM, LAO 

1.  LOCAL ANODIC OXIDATION 

Local anodic oxidation lithography [1] is a method that can change the surface of (semi)conductive sample 
in routine laboratory conditions. Between a tip and the substrate, a voltage pulse is applied. The tip of the 
AFM represents a cathode of the electrochemical cell. The sample constitutes the anode and water 
meniscus - formed spontaneously between tip and sample - provides oxidation environment. 

1.1  Sample and tip 

Silicon substrate is very popular material due to its availability and usage in semiconductor industry. 
Oxidation lithography on silicon is well known and commonly performed. For lithography, conductive tips 
with diamond acting as a carbon layer were applied. Fig. 1 shows the tip shape before performing any 
imaging or lithography as viewed by SEM. 

1.2  Grids and difference in setup 

Fig. 2a shows two types of a grid; the one with 
a pitch of 0.7 μm and the second one with a 
pitch of 1.4 μm. 
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                  Fig. 2a Lithography of a grid.      Fig. 2b Different setup of lithography of a circle. 

A set of circles with different lithographic setups is shown in Fig. 2b.  


 The value given below the column depicts a bias voltage used for the whole column. 

 The value on the left side stands for the oxidation time of a single point for the whole row. 

1.3  Tip damage 

The process of lithography often leads to an irreversible damage to the tip. Abrasion during the scanning 
may cause the damage as well as the process of oxidation. In Fig. 3a, one can see an inequality of the width 
of oxidation trace. This is probably caused by asymmetry of the tip shape. In the top part of the image, 
there are visible non-intended objects formed by this tip. After writing this pattern, the tip was unable to 
perform another lithography process. We assume that the mentioned objects are consequences of the tip 
damage. 

 Fig. 3a Inequality of the width of an oxidation trace.                Fig. 3b Multiple oxidation. 

Fig. 3b shows lithography carried out with a damaged tip. One can see two "shadow images" on the sides of 
original motive. 
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Fig. 4 Damaged tip 

Explication of shadows is shown in Fig. 4 where the damaged tip is shown. One can see 3 ends of the tip, 
which resulted in the triplicity of the specified pattern. 

 

 

CONCLUSION 

Our work is performed with the intention to apply the local anodic oxidation in the process of magnetic 
nanostructures’ production. Data presented in this article originate from initial part of this work focused on 
investigation of local oxidation. It was shown that the setup of the lithography conditions is less 
complicated than performing the lithography without damaging the used tip. 
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INCLUSION OF ELECTROSTATIC FORCES TO ASSESSMENT OF RATE OF MAGNETIC FORCES IMPACT 
TO IRON NANOPARTICLE AGGREGATION 
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Abstract 

Iron nanoparticles used for remediation of soil and groundwater aggregate. Reasons of the aggregation are 
adhesive forces which apply when the particles get close to each other. In the case of iron particles, the 
magnetic attractive forces play the main role in aggregation; however the magnetic forces have long range. 
We assessed the range of main influence of magnetic forces on aggregation and called it limit distance. This 
value was extended by the influence of electrostatic forces caused by surface charge around the particles. 
The electrostatic forces cause repulsion of particles and decrease the limit distance.  

Keywords: iron nanoparticles, magnetic force, electrostatic force, limit distance 

1.  INTRODUCTION 

Iron nanoparticles which composed from zero-valent iron and its oxides (nZVI) are produced by the 
company TODA Kogyo Corp. and are used for decontamination of groundwater and soil, especially for 
decontamination of organic pollutants such as halogenated hydrocarbons [1.]. During a remedial 
intervention, transport of the iron nanoparticles is slowed down due to rapid aggregation of them. Since 
the particles are iron, the aggregation is caused mainly by the long range attractive magnetic forces [2.-6.]. 
In our previous work [7.], we established the range of the forces by the use of value “limit distance” which 
represents the range around the aggregating particle in which the magnetic force overweighs other forces 
and causes the aggregation. For simplicity, the derivation of the value has been done as comparison of 
gravitational and magnetic force. However, a surface charge is established on the surface of the particles 
which causes repulsive electrostatic forces. The surface charge is dependent on pH value of water [8.]. 
Zero-valent iron provides alkaline reaction in water and that induces mainly negative value of the ζ 
potential of nZVI [9.]. As a consequence, all the particles have the same polarity of the charge and repulse 
each other. That is why the repulsive electrostatic forces have been added into the model of limit distance 
and the influence of the extension of the model has been determined. 

2.  METHODS AND MODELS 

2.1  Magnetic properties of iron nanoparticles 

Every nanoparticle has a nonzero vector of magnetization. For TODA iron nanoparticles, the saturation 
magnetization and average diameter was measured [5.]: saturation magnetization 570 kA/m, average 
diameter 40 nm. For simplicity we suppose the same magnitude of vector of polarization for all 
nanoparticles. Our model of magnetic field around the iron nanoparticle is based on the model of magnetic 
field around a magnet. [10.] The electromagnetic potential in the point �⃗ near a permanent magnet of 
volume � is equal to 
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Fig. 1 Dependence of ζ potential of nZVI on 
pH measured with Malvern ZetaSizer. 

where ���⃗  is the vector of magnetic polarization at the point ��, the vector 	�⃗  is 
the difference between the source of magnetic field �� and the point �⃗, 	 is the 

length of 	�⃗ . 

Intensity of the magnetic field 
��⃗  can be subsequently computed as 

Finally, the magnetic force between the source of the intensity of magnetic 

field H��⃗  and a permanent magnet of volume ��  with the vector of polarization ���⃗  at the point �⃗ is equal to 

In prior work [9.], we derived scalar potential of the magnetic field 
around one homogeneous spherical iron nanoparticle with radius � 
located at the point [0, 0, 0] for spherical nanoparticle with radius � and magnetization vector � =  [0, 0, �] in the direction �: 

where � is the radius of the nanoparticle 
and [�,  �,  �] are the coordinates of 
the point �⃗. 

From equations (2) and (3), the analytical computation of magnetic force between two iron nanoparticles 
can be obtained. Since the nanoparticles aggregate, the magnetic force between aggregates was derived. 
One aggregate can be composed of millions of nanoparticles. It is time-consuming and difficult to 
analytically compute these forces. As a consequence, the forces were computed numerically, either as a 
sum of magnetic forces between every nanoparticle in one aggregate with every nanoparticle in second 
aggregate or as one magnetic force between two averaged aggregates. Averaged aggregate is a big 

homogeneous particle with direction of polarization ���⃗ � computed as a vector sum of vectors of 
polarization of all nanoparticles in the aggregate divided by number of nanoparticles in the aggregate �: 

 

 

2.2 Electrostatic properties of iron nanoparticles 

Electrostatic forces among iron particles are given by the surface 
charge. The surface charge was determined by ζ potential 
measured by the equipment Malvern ZetaSizer. ζ potential 
depends on pH of water so  the dependence of ζ potential on pH 
of the solution for TODA nanoiron particles was measured (Fig. 
1). A point of zero charge for the TODA particles is between pH 6 
and 7. 

 

 

 

 

Φ(�⃗) =  � ���⃗ 	�⃗	� ��,�  (1) 


��⃗ (�⃗) = −�������⃗ ��Φ(�⃗)� (2) 

�⃗(�⃗) = − � ����⃗ � ∙ �������⃗ ��
��⃗ (�⃗)�� ��. (3) 

Φ��⃗, ���⃗ , �� = � � � � (� − �′ �!"(θ))�′� "$�(θ)%(�� + �� + �� − �′�)�&
'

�
*

�
�*

� ��′�θ�φ, (4) 

���⃗ � = ∑ ���⃗ 2326�� . (5) 
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Fig. 2 Illustration of comparison 
of attractive magnetic force 

and counteracting gravitation 
force.  In the limit distance, the 

two forces are balanced. 

The surface charge density of particle σ9 is related to the potential Ψ as follows [11.] 
 
When the potential is low, the last equation is approximately  

    where 	 is molar gas constant, ; is absolute temperature, < is dielectric constant of water, � is molar concentration of electrolyte, > is charge number, � is Faraday's constant, 
and ? is ionic strength. 

We calculated the limit distance for the surface charge 10BC  CmB� which corresponds to value of ζ 
potential 1.25 mV and for the surface charge 2.5BF  CmB� which corresponds to value of ζ potential 30 mV. These are two extremes. For the value 1.25 mV, surface charge of particles is close to the iso-
electric point, electrostatic forces have small influence, and the particles aggregate. For the value 30 mV, 
surface charge causes stabilization of aggregating particles. 

2.3 Configuration of nanoparticles in aggregates 

On the basis of previous research [7.] we choose the unstructured model of aggregate. Unstructured model 

of aggregate I(�,  	���⃗ ) composed of � nanoparticles with its centre at position R��⃗  is a set of � nanoparticles 
so that all of the nanoparticles are balls of constant radius � and constant saturation magnetization �. 

Their centres �⃗2  ($ J {1, … , �}) are uniformly randomly distributed inside the ball with centre in 	�⃗  and 

radius √�& �, and the directions of saturation magnetization vectors ���⃗ 2 are uniformly randomly distributed 
in the unit sphere. 

The radius of nanoparticles is set to � =  20 nm and all nanoparticles in our model have the same size of 
magnetization ��  =  570 kA/m. 

2.4 Limit distance 

The influence of magnetic forces was assessed by one number - limit 
distance LM. This dimension expresses the range of the magnetic forces 
among particles. The definition of this quantity follows: up to this 
distance from the centre of an aggregate, the attractive magnetic forces 
cause the aggregation of the aggregate and a particle placed in the range. 
So in range larger than the limit distance, other forces outweigh the 
magnetic forces. 

In our previous work, the limit distance was defined the following way: 
the limit distance was the distance of the point in which the gravitation 
and magnetic forces effecting on the aggregate are equal (Fig. 2).  

The magnetic force decreases with biquadrate so the limit distance is 

estimated by the eq. (9.) where �NO is magnetic force, �O is the 
gravitation force, and distance of their centers 	� is equal to sum of radii 
of both aggregates. 

 
 

PQ =  %8	;<<��10� sinh T>Ψ�2	; U (6) 

PQ =  <<�WΨ, (7) 

W = X2��?10�<<�	; . (8) 

LM = X�NO�O
Y 	�. (9) 
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Fig. 3 Comparison of limit distances with and without consideration of 
influence of electrostatic forces with surface charge of particles 10BC  CmB� . 

3.  RESULTS AND DISCUSSION 

3.1  Model of limit distance extended by electrostatic forces 

The extension was done by addition of Coulomb’s law �Z  (10) into the balance of 
forces. The electrostatic force is computed for two interacting particles $, \ with 
diameters �2, �̂  and with surface charges σ_, σ`. 	 represents distance between 

the two interacting particles as they would be two point charges. 

Since the magnetic force decreases with biquadrate and the Coulomb’s 
force with square, the balance of forces has this form (11). Hence we 
obtain the extended formula for limit distance (12). 

The magnetic force �NO was obtained from the formulas (3), (2), and 
(4). For the size of the equation, we do not show the formula here. R� is sum of radii of both aggregates. 

 

3.2  Comparison of limit distances with and without influence of electrostatic forces 

The limit distance was computed for the values of surface charge of all particles 10BC  CmB� and 2.5BF  CmB�. The computation program was set for unstructured model of aggregates with the size of 
magnetization ��  =  570 kA/m. For larger accuracy, statistical computation using Monte Carlo method 
was done. The computed limit distances are shown in Fig. 3 and Fig. 4 where they are compared with the 
old model of limit distance (10). 

In the graphs, the limit distance 
is not expressed in total values 
but as ratio of limit distance and 
distance of centers of interacting 
particles attached to each other  abcd. This represent how many 

times the distance between the 
centers of particles had to be 
increased not to aggregate due 
to the magnetic forces. The 
comparison was done for one 
nanoparticle interacting with 
aggregate of different sizes 
compound of $ nanoparticles. 

It is visible that in the case of 
higher ζ potential, the limit 
distance of magnetic forces is 
decreased. Hence it is important 
to include the electrostatic 

�Z =  π�2���̂σ_σ`4ε�	�  (10) 

�O + �Z 	��LM� −  �NO 	�gLMg = 0. (11) 

LM = jl�Z� + 4�O�NO − �Z2�O 	�. (12) 
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Fig. 4 Comparison of limit distances with and without consideration 
of influence of electrostatic forces with surface charge of particles 2.5BF  CmB� . 

forces into the determination of the rate of influence of magnetic forces on the rate of aggregation of 
particles. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

4.  CONCLUSION 

Range of attractive magnetic forces which influence rate of aggregation of iron particles is studied. The 
range is estimated by value limit distance in which attractive magnetic forces are equal to repulsive forces 
and the magnetic forces do not cause the aggregation. In this paper, the limit distance was extended by the 
repulsive electrostatic forces which have also long range. The importance of this extension was assessed for 
different surface charge of particles. The extension cannot be generally neglected since the repulsive 
electrostatic forces limit the attractive magnetic forces in some cases. 
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Abstract 

The nanoparticles of pure metals and alloys exhibit the depression of the melting point compared to bulk 
material, hence they are able to aggregate and to form firm interlayer joints at low temperatures. 
Exploiting this effect in soldering industry can save energy, work and materials. Using emulsions with 
nanopowders might be the solution of demanding task of replacing classical Sn-Pb solders by their lead-free 
substitutes. In this work, Ag- and Sn-based nanopowders were prepared as potential low-toxic constituents 
of novel solders by a chemical wet synthesis from chemicals of high purity. Various ways of preparation and 
further storage of the product were examined. Resulting nanoparticles (their size distribution, morphology 
and tendency for clustering) were characterized by means of scanning and transmission electron 
microscopy.  

Keywords: solder, nanopowder, electron microscopy 

1.  INTRODUCTION 

Replacing classical lead-based solders by their low-toxic alternatives is a demanding task. Lead-free solders 
presently used have often reliability problems caused by worse mechanical properties, higher tendency to 
oxidation, higher occurrence of undesirable intermetallic phases and higher melting temperature. After 
some years of research in this field it turns out that there is no single replacement for the lead containing 
alloys, which would cover all technical applications. Melting temperature of a (prospective) solder is of the 
primary concern for both economic and technological reasons. The melting temperature of classical Sn-Pb 
solder is as low as 183 °C so far and at this point the new lead-free substitutes cannot compete. The general 
effect of lowering melting point of powders with decreasing particle size can be utilized to overcome this 
problem and subscribe to the final solution [1-6]. Ag- and Sn-based nanopowders belong to potential low-
toxic constituents of novel solders. 

This work is aimed at characterization of AgSn-based nanopowders prepared by a chemical wet synthesis 
from chemicals of high purity. Various ways of preparation and further storage of the product were 
examined. The size distribution, morphology and tendency for clustering of nanoparticles were 
characterized by means of scanning and transmission electron microscopy. 

2.  EXPERIMENTAL 

AgSn nanoparticles were prepared by a chemical wet synthesis from AgNO3 and tin ethylhexanoate using 
NaBH4 reduction at various temperatures from 	20 to 0°C in methanol under nitrogen atmosphere. The 
1,10-Phenanthroline was used as a complexing agent to protect nanoparticles surface. The product was 
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purified by rinsing in methanol. The final product was separated by evaporation of dissolution reagent and 
other volatile substances under vacuum. The process resulted in AgSn nanoparticles in the form of black 
powder. More details on preparation can be found in other paper [7]. 

Nanopowders were studied in a TESCAN LYRA 3 XMU FEG/SEM*FIB scanning electron microscope (SEM) 
with accelerating voltage 15 kV. For further observations by means of transmission electron microscopy 
(TEM) the nanopowder was put into ethanol, ultrasonically agitated and within a drop of ethanol 
transferred on a thin holey carbon film supported by a copper grid. A Philips CM12 STEM microscope was 
used with an EDX analyser and Phoenix software, accelerating voltage was 120 kV. 

3.  RESULTS AND COMMENTS 

The results of SEM observations are summarized in Figures 1 to 3 for preparation temperatures 0, 	10 and 
�	20°C, respectively. It is seen, that lower preparation temperatures favour production of smaller particles. 
However, in all samples the size distribution of particles is quite broad. 

TEM observations offer better resolution as well as better localized EDX analyses. Figures 4 and 5 show 
nanoparticles observed in samples prepared at 0°C and 	20°C, respectively. 

  
Fig. 1 SEM micrographs of the powder prepared at 0°C. 

  
Fig. 2 SEM micrographs of the powder prepared at 	10°C. 
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Fig. 3 SEM micrographs of the powder prepared at 	20°C. 

  
Fig. 4 TEM micrographs of the powder prepared at 0°C. 

  
Fig. 5 TEM micrographs of the powder prepared at 	20°C. 

In the sample prepared at 0°C (Fig. 4) there are both large particles around 100 nm and above as well as 
balls consisting of smaller particles with a broad size distribution (10-100 nm). In the sample prepared at 
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the lowest temperature (Fig. 5) the large particles are missing and the overall separation of smaller 
particles is better. 

In the case of dense conglomerates of larger particles the interaction with electron beam was often 
observed in TEM, which made work more difficult. After focussing the electron beam on a conglomerate, 
the melting occurred almost immediately and a liquid sphere of melted material subsequently absorbed 
surrounding particles (Fig. 6). This effect is not usually met when observing thin foils of bulk materials as in 
that case the heat transfer is much easier. If the matter under beam is sufficiently dense and if at the same 
time there are no effective paths to transfer heat away, melting may occur. Focussing on small particles 
was safe. 

  
Fig. 6 TEM micrographs showing the effect of melting under electron beam: the same place before 
exposure (left) and after a few-second beam concentration in the central part of the field (right). 
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Abstract 

Ordinary electrically conductive adhesives (ECAs) cannot cope with solders due to their worse electrical and 
also mechanical properties. The general goal of this work is to improve electrical conductivity which is 
nowadays up to two orders worse when compared to lead or lead free solders. This work summarizes the 
results of experiments, where two basic adhesives AX20 and AX70MN are either additionally filled with 
silver nanoparticles, carbon nanotubes or AgNO3, or modified using nitric acid (HNO3), chloride acid (HCl), 
potassium cyanide (KCN) or treated with elevated temperature (200 °C) for the duration of 20 minutes 
(annealed). 

Keywords: ECA, modifications, CNT, nanosilver 

1.  MOTIVATION 

Though soldering is and probably will be the major joining technique for at least another decade, increasing 
number of applications requires conditions that cannot be met with solders.  

Among applications, where solder is not suitable belong high pitch applications because lead and lead free 
solders typically fail when scaled down to less than 100 micron pitch due to poor fatigue resistance. [2] 
Electrically conductive adhesives (ECA’s) already have many advantages over solders. When ECA is used, 
then high soldering temperature can be avoided and organic substrates can be used. When adhesives are 
used, no fluxes are necessary and as already mentioned, fine pitch (<0.1 mm) can be realized. 

Our motivation for this work, are current disadvantages of electrically conductive adhesives. ECA’s are 
having lower electrical conductivity, lower thermal conductivity, worse long time stability and worse 
rework. Even if the samples were mounted using fully automatic pick and place machine, the resulting 
resistance was not uniform, not even for the same processed batch. As the adhesive is based on organic 
epoxy, the deviations in parameters are hardly avoidable.  

Despite these disadvantages, electrically conductive adhesives are promising material for the future. The 
results of the real experiments, when additional filler or chemicals were added to the adhesive mix are 
presented in this paper. 

2.  DESCRIPTION OF USED MODIFICATORS 


 2,5 wt% of silver nanopowder (nAg) 


 0,3 wt% or 2 x 0,3 wt% of multi-walled Carbon NanoTubes (CNT) 


 2 wt % of acids (HCl, HNO3, KCN) & AgNO3 


 Annealing, thinning and 50% Ag filling 
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2.1 Silver nanopowder (nAg) 

Silver nanopowder (nAg), <150 nm particle size, 
99% trace metals basis. 

CAS Number: 7440-22-4 

It is presumed, that after thorough mixing, the 
nanoparticles could fill-in the gaps between micro sized 
particles within the ECA and create additional 
conducting bridges and chains that would then lower 
the resistance of the adhesive (and consequently the 
measured resistance of the joint). 

2.2 Multi-walled Carbon NanoTubes (CNT) 

Multiwall carbon nanotube, MWNT  

CAS Number: 308068-56-6 

A nanotube is in fact a single sheet of graphite, rolled up into 
a tube. The dimensions are in nanoscale. The electronic 
properties of the resulting nanotube depend on the direction 
in which the sheet was rolled up. Some nanotubes are metals 
with high electrical conductivity (the electrical current that 
could be passed through a multi-wall nanotube corresponds to a current density of 107 A/cm2 [2]), while 
others are semiconductors with relatively large band gaps. The diameter of a multi-wall nanotube is tens of 
nanometers; for a single-wall nanotube it is one or two nanometers. 

2.3 Acids (HCl, HNO3, KCN) & AgNO3 

Experiments, where acids or AgNO3 were added to a silver filled adhesive were undertaken. The nitric acid 
was expected to interact with silver particles, to change the surface of the particles and create additional 
ions and thus improve conductivity. Unfortunately, nitric acid and chloride acid created agglomerates and 
pulverized the adhesive right after they were added to the adhesive. Such mixtures were therefore 
unusable. Yet another way was to add conductive ions directly in the form of AgNO3. The results are not 
quite clear, while AX20 was not measurably influenced, while AX70MN exhibited approximately 12% 
resistance lowering. 

2.4 Annealing, thinning and 50% Ag filling 

When the modification using powder nano-silver was conducted, then as a mean to disperse nanoparticles 
and homogenize the mixture better, the powder was first mixed to a thinner and only then it was mixed to 
the original adhesive. The manufacturer suggests to dilute the adhesive as low as possible, in order to 
confirm that thinning itself does not influence the whole process more than negligible; a control 
measurement with thinner only was therefore carried out. 

 

 

Fig. 1 TEM picture of nAg  
(particle <150 nm) [4] 

 

Fig. 2 Single wall nanotube [4] (left) and 
multi-walled CNT agglomerates  

within the adhesive (right) 
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3.  MEASURING SETUP 

In this experiment, two different epoxy based adhesives that were chosen according to our previous 
research, in several modifications were used. One tested sample consists of seven 0R0 serially 
interconnected resistors. Experimentally obtained resistance of the 0R0 component was 15 mΩ, therefore 
the four-point probe method had to be used for the measurement. 

The nonlinearity measurement is more sensitive, though more complicated when compared to resistance 
measurement and was therefore used only for selected ECAs, specifically for adhesives modified using CNT 
(carbon nanotubes) The difference between different concentrations of CNT is presented (see Table 2).  

4.  MEASURED VALUES AND RESULTS 

Table 1 Resistance measurement and comparison table 

Adhesive modification 
Resistance 

(m��) 

Percentual deviation 
from original 

adhesive 

Standard deviation  
of raw measured  

data 

AX20 (50%Ag) 117 39.29 15.83 

AX20 84 0.00 6.52 

AX20+thinner 85 1.19 N/A 

AX20+thinner (annealed) 74 -11.90 N/A 

AX20(50%Ag)+nAg 108.6 29.29 15.12 

AX20+nAg 74.6 -11.19 3.10 

AX20(50%Ag)+CNT 157.9 87.98 48.87 

AX20+KCN 84.9 1.07 9.10 

AX20+AgNO3 83 -1.19 8.00 

AX70MN 72.8 0.00 3.03 

AX70MN (annealed) 80 9.89 N/A 

AX70MN+nAg 81.4 11.81 9.67 

AX70MN+AgNO3 64 -12.09 4.30 

Table 2 Nonlinearity values according to adhesive modification and mixing method 

Marking Adhesive modification Mixing method 
Nonlinearity 

(dBm) 

A AX20 Rotary -103.6 

A+C AX20+ 0,3% CNT Ultrasound+Rotary -108.4 

A+2C AX20+ 0,6% CNT Ultrasound+Rotary -77.7 

A° AX20 Spatula -94.6 

A°+C AX20+ 0,3% CNT Spatula -103.3 

B AX70MN Spatula -107.6 

B°+C AX0MN+0,6% Spatula -96.1 
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The following graph (Fig. 3.) shows a resistance overview of used samples, their average resistance is 
presented. 

 
Fig. 3 Comparison graph 

It can be seen that the percolation threshold for the adhesives is lower than generally indicated (55-70) 
wt%. Though the 50% filling ratio increased the resistance significantly (for 39%), the final resistance of one 
joint of 51 m� =((117m�-15m�)/2) may still be usable for low current applications. Annealing of AX20 
adhesive lowers the resistance for 11%, but it is probable, that the adhesive after such modification 
becomes more fragile.  

Positive influence of nanoparticle sized filler (nAg) can be noted. The addition of 2,5 wt% nAg to 50 wt% 
filled adhesive improved the adhesive resistance for 7% when compared to 50 wt% filled adhesive alone.  

Positive influence of AgNO3 was observed 
(12% resistance decrease, see Table 1.). 

Due to nonlinearity (dBm) being measured 
in negative values, a higher column 
represents better modification (better 
electrical properties). A very good soldered 
contact exhibits a nonlinearity value 
of -125 dBm or higher, unmodified 
conductive adhesive has around -100 dBm 
and we consider anything around -80 or 
less as very bad. A comprehensive 
summary and description of the samples is 
shown in Table 2. 

Resistance comparison of different adhesives and their 
modifications
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Fig. 4 Nonlinearity comparison graph for CNT modifications; 
different amounts and different mixing methods;  

see Table 2 for symbol explanation 
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5.  EXPERIMENTAL DIFFICULTIES 

Figure below (CNT agglomerate distribution after spatula mixing) shows that dispersion of the carbon is not 
good and it is obvious that the carbon nanotubes create agglomerates. Carbon agglomerates are dark 
areas. A Detail of the dark area was also obtained and the nanotubes can be recognized (Fig. 6). Though 
ultrasound should have dispersed the nanotubes better, optical cross section shows nearly the same 
distribution. High viscosity of the adhesive+CNT mixture may be the cause. Double amount of nanotubes 
weakened the coherence and mechanical (and also electrical) properties were influenced down to an 
unusable level. 

 
Fig. 5 Non-homogenous dispersion of the carbon.  

Fig. 6 Detail of the carbon nanotubes agglomerate. 

CONCLUSION 

Small addition of carbon nanotubes (0,3% weight) improves mechanical toughness [3], [5], but can also 
positively influence the electrical nonlinearity as our research suggests. A too high (0,6% weight) amount of 
nanotubes on the contrary significantly lowers electrical quality (see Fig. 4). Ultrasound mixing does not 
create significantly different results from spatula mixing when nonlinearity comes into account. The 
dispersion of the nanotubes in the matrix is after both ways of mixing heavily non-homogenous (see cross-
section in Fig. 5). 

The modification having most positive influence on resistance of the adhesive is the addition of silver 
nanoparticles, where the resistance lowered by 12%. 

ACKNOWLEDGEMENTS 

This research was supported by grant: Czech Republic - MSM No.6840770021 – Diagnostic of Materials. 

LITERATURE 

[1] Bušek, David, Mach, Pavel, “Electrical connection network within an electrically conductive adhesive” In: ISSE 2008 - 31th 
International Spring Seminar on Electronics Technology [CD-ROM]. Budapest university of Technology and Economics, 2008, 
pp. 106-107. ISBN 978-963-06-4915-5. 

[2] Matthias Heimann, Jorn Lemm, Klaus-Jurgen Wolter, "Experimental Investigations of Carbon Nanotubes / Epoxy 
Composites for Electronic Applications", XXXI International Conference of IMAPS, Poland, pp. 55-62, 200. 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

402 

[3] LIANG Shu-quan, JIA Chun-yan, TANG Yan, ZHANG Yong, ZHONG Jie, PAN An-qiang, „Mechanical and electrical properties of 
carbon nanotube reinforced epoxide resin composites“ In Trans. Nonferrous Met. Soc. China 14, pp.675-679 (2007) 

[4] Matthias Heimann, Jorn Lemm, Klaus-Jurgen Wolter, "Experimental Investigations of Carbon Nanotubes / Epoxy 
Composites for Electronic Applications", XXXI International Conference of IMAPS, Poland, pp. 55-62, 200. 

[5] Sabyasachi Ganguli, Heshmat Aglan, Derrick Dean; „Microstructural Origin of Strength and Toughness of Epoxy 
Nanocomposites“ in Journal of Elastomers and Plastics, Vol. 37, No. 1, 19-35 (2005) 

[6] Bušek, D. - Mach, P. “Influence of Carbon Nanotubes Added to a Commercial Adhesive” In: 32nd ISSE 2009 Proceedings [CD-
ROM]. Brno: VUT v Brně, FEI, 2009, ISBN 978-1-4244-4260-7. 

[7] Wikipedia, the free encyclopedia: http://en.wikipedia.org/wiki/Carbon_nanotube (as of 10.2.2009) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

403 

PUR FOAM MODIFIED BY NANOFILLERS 

Alena KALENDOVA a, Jana IŠTVANOVIČ b 
a TOMAS BATA UNIVERSITY IN ZLÍN, Faculty of Technology, Centre of Polymer Systems, Department of 

Polymer Engineering, Nám. TGM 5555, 760 01 Zlín, Czech Republic, kalendova@ft.utb.cz 
b TOMAS BATA UNIVERSITY IN ZLÍN, Faculty of Technology, Department of Polymer Engineering, Nám. TGM 

275, 762 72 Zlín, Czech Republic, naja.najo@seznam.cz 

Abstract 

This work focused to the possibility of PUR foam modified by inorganic nanofillers processing. As the source 
of nanoparticles was used untreated and treated type of montmorillonites. Ether type of polyurethane was 
employed to this experiment. Foams were prepared in a two step procedure. In the first step a fixed 
amount of montmorillonite was dispersed in polyols mixture. After filler dispersion in polyol, the catalysts, 
surface-active agent and blowing agents were added to the mixture. In the second step the isocyanate was 
added to the formulated polyol-filler mixture. The morphology of prepared samples was tested. It could be 
concluded, that suitable PUR foam was prepared with addition of inorganic nanofiller.  

Keywords: Polyurethane, PUR, montmorillonite, foam, nanocomposite 

1.  INTRODUCTION 

Polyurethane (PUR) is an incredibly resilient, flexible, and durable material. PUR is employed in paint, 
fabric, rubber, treatment of metal and wood, in thousands of applications across all fields. Polyurethane 
might be hard, flexible or sticky like glue. Since its invention in the 40s, polyurethane has been used in 
everything from baby toys to airplane wings, and continues to be adapted for contemporary technology.  

Nanotechnology is one of the most discussed technologies nowadays. Nanotechnology is generally referred 
to science research and development, which deals with the targeted creation and utilization of material 
structures at a scale of several nanometers at least in one dimension (0.1-100 nm). Depending on the level 
of interaction between nanoparticles and polymer chain one can produce a material that is much superior 
and thermally stable. However, due to their higher surface energy nanoparticles tend to agglomerate and 
in most cases it is very difficult to disperse these into polymer [1]. Nanoparticle agglomerates act as defects 
and they affect negatively the polymer performance Homogeneously dispersed nanoparticles can 
produce a huge number of interface regions as compared to micro-composites. As estimated by Reynaud et 
al. [3], an interphase 1 nm thick represents roughly 0.3 % of the total volume of polymer in the case of 
micro composites, whereas it can reach 30 % of the total volume in the case of nanocomposites. 
Nanotechnology may also be useful for PUR foam technology.  

So far, layered silicate nanoclays have been used mainly in thermoplastics. This work focused to the 
possibility of PUR foam modified by inorganic nanofillers processing. As the source of nanoparticles were 
used untreated and treated types of montmorillonite. Ether type of polyurethane was employed to this 
experiment. It could be concluded, that suitable PUR foam was prepared with addition of inorganic 
nanofiller.  
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2.  EXPERIMENTAL  

2.1  Materials 

Ether type of polyurethane suitable for soft PUR block foam production was employed to this experiment. 
As a polyol was used Slovaprop® G-48 S, which is a random copolymer of propylene oxide and ethylene 
oxide, made by polyadition of oxides on Glycerine. Polyol has an average molecular weight about 3500 
g/mol and primary hydroxyl group content is less than 3 %. Triethylenediamine 1,4 
Diazabicyclo[2.2.2]octane in solutions of dipropylene glykol was used as catalyst to promote both gelling 
and blowing reactions. As a foam surface stabilizer in flexible polyether foam, non-hydrolysable silicone 
polyether copolymer surfactant acts. Next Tin catalyst, water, TDI was employed. TDI is produced for 
reaction with polyols to form polyurethanes. 

As the source of nanoparticles was used untreated and treated type of montmorillonites under trade name 
Cloisite. Cloisite Na+ presented untreated type of clay and Cloisite 30B, 20A, 25A, 93A represented treated 
types of montmorillonite.  

2.2  PUR foam processing 

Foams were prepared in a two step procedure. In the first step, fixed amount of montmorillonite (3 %) was 
dispersed in polyols mixture. After filler dispersion in polyol, the catalysts, surface-active agent and blowing 
agents, were added to the mixture. The mixture was stirred for 5 min at 2 000 rpm. In the second step the 
isocyanate was added to the formulated polyol-filler mixture. The mixture was again stirred for 10 s at 2 
000 rpm. Foaming occurred in a plastic container with fixed volume at ambient temperature. Prepared 
foam was matured for 72 hours. List of prepared samples is in Table 1.  

Table 1 PUR mixtures 

Sample  Polymer Filler wt. % 
Unfilled PUR PUR1 - - 

PUR/Na PUR13 Cloisite Na+ 3 
PUR/30B PUR2 Cloisite 30B 3 
PUR/20A PUR23 Cloisite 20A 3 
PUR/25A PUR24 Cloisite 25A 3 
PUR/93A PUR30 Cloisite 93A 3 

2.3  Methods 

PUR cell morphology was observed by stereomicroscope ZEISS STEMI 2000C, with the light source KL 1500.  
The sample dimension was 80x80x50 mm. 

Bulk density was measured in accordance with standard test CSN ISO 845. The test sample with dimension 
100x100x50 mm was cut from prepared foam after 72 hour. The test was performed by room temperature. 

3.  RESULTS AND DISCUSSION 

Foam cell morphology is very important parameter. From foam structure derives PUR applications. The 
pore structure was observed by stereomicroscopy. Fig. 1 shows images of prepared PUR foams. Foams 
based on Na+, 20A and 25A exhibit polygon cell structure with energetically-stable pentagonal and 
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hexagonal faces and with open pores. For PUR mixtures with 30B and 93A the dimension of pores is 
dramatically increased. The pores are closed. In last mentioned case the foams collapsed.  

  

  

  
Fig. 1 Stereomicroscopy of PUR foams 

Next the bulk density was measured and it is summarized in Table 2. The sample with 3% of Cloisite Na+ 
affords the nearest bulk density to unfilled PUR foam. The worst result was obtained for PUR/93A. These 
finding are in a good correlation with the stereomicroscopy results. 

Table 2 Bulk density 

Sample  Bulk density (kg/m3) Deviation (kg/m3) 
Unfilled PUR 32.0 0.8 

PUR/Na 32.2 1.3 
PUR/30B 76.0 4.3 
PUR/20A 35.0 1.8 
PUR/25A 36.8 2.6 
PUR/93A 90.0 5.8 

PUR PUR/Na+ 

PUR/30B PUR/20A 

PUR/25A PUR/93A 
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CONCLUSION 

It could be concluded, that satisfactory PUR foam was prepared with addition of inorganic nanofiller. 
Suitable filler for introduced PUR flexible foam seems to be Cloisite Na+ and 20A. From the test results that 
tested foams were very composition-sensitive. The mixture with Na+ is the most similar with pure PUR 
foam from the viewpoint of cell morphology and bulk density. The worst results give PUR/93A. In this case 
the foams collapsed.  
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Abstract 

It is known that an important factor in obtaining nanocomposites consists in dispersion of nanoparticles in 
the matrix. This paper proposes a new technique to disperse carbon nanotubes in a polymer matrix. Multi-
walled carbon nanotubes (MWCNT) were used. Based on a certain technique they have been coated with 
iron oxide (III) leading to so-called plated or coated nanotubes (MWCNT-F3). Various concentrations 
MWCNT-F3 carbon nanotubes were dispersed into a polyester resin to obtain polymer/MWCNT-F3 
nanocomposite materials. The dispersion of MWCNT-F3 was realized during polyester resin curing phase by 
mechanical and ultrasonic mixing, with and without applying an external oscillating magnetic field. The 
oscillating magnetic field was applied taking into account the fact that it might interact with the MWCNT-F3 
one leading to a vibrating movement of last ones inside the polymer. SEM analysis was used to qualitatively 
investigate the dispersion degree. Mechanical and thermal properties of formed nanocomposites were 
investigated to identify the influence of dispersing method over the final properties of materials. 

Keywords: dispersion, MWCNT-F3, oscillating magnetic field, thermal properties 

1.  INTRODUCTION 

The main reason of Carbon NanoTubes (CNT) utilization in the polymeric matrix is to get some unique 
properties of final materials as a consequence of their nanoscale dimensions. Their unusual structure along 
with a very low specific weight, their remarkable strength and stiffness, together with electrical properties 
versatility determine a high interest on their use as ingenuous polymer materials reinforcement. [1], [3] The 
key element of this approach consists in the mechanical, thermal and electric properties that might be 
induced from the CNTs presence to the polymer composite material. Hereby, there are two problems that 
have to be resolved in order to realize a substantially improvement of the polymer materials properties 
along with carbon nanotubes addition as fillers: the interfacial connection and moreover, the optimum 
CNTs individual dispersion in the polymeric matrix. [2] The polymer interfacial adhesion can be substantially 
improved by a chemical functionalization of the nanotube surface. The influence of the chemical bond 
between nanotubes and matrix, on the interfacial adhesion, was anticipated by the molecular dynamics 
simulations. [1], [5]. The particles having nano-scale dimensions present a larger specific surface and a 
higher size degree than conventional fillers surface. Their surface area acts as transfer interface of the 
strains and it is responsible in the same time by the strong and natural CNTs tendency to realize aggregates. 
The efficient effect of these properties inside the polymer depends on CNTs homogenous dispersion into 
the matrix and in the same time on the destruction of aggregates which may appear during their wetting 
with polymer substance. Considering CNTs distribution into a polymeric matrix, some elements should be 
evaluated: the nanotubes length, their disorder, the volume ratio of the CNT, the increased thickness of the 
matrix, the natural attraction between CNT themselves.[4] Starting from a well-defined target like 
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nanotubes dispersion, different working techniques were proposed: mechanical stirring, ultrasonication, 
applying of an external oscillating magnetic field etc. Mechanical stirring is a usual method to disperse solid 
particles in the liquid systems and can be successfully used for nanoparticles dispersion. The dispersion 
result depends by on mixer shape and size as well as on stirring speed. After an intensive stirring of CNT 
into the resin, they show their natural tendency of agglomerate. This flocculation phenomenon, 
experimentally observed, is primarily generated by the contact behaviour as well as elastic coalescence 
mechanisms. [7] Ultrasonication resides in a high energy local impact but introduces small shearing forces, 
therefore the method is appropriate only for very low thickness matrix and small volumes. The local energy 
input leads to CNTs fracture and is decreasing their length. CNTs dispersion in an adequate solvent (like: 
dimethylketone, styrene) represents an appropriate approach to apply ultrasonication technique in order 
to obtain CNTs composite materials. In this way, it should be allowed an aggregates separation due to the 
vibration energy. [3], [6] Decrease of aggregates dimensions may be easily obtained using CNTs 
functionalization technique. The use of external oscillating magnetic field is the third method to introduce 
dispersion energy into the system but it is available just when an interaction exists between nanoparticles. 
In other words, the nanoparticles has to be provided with magnetic properties. In order to accomplish 
these conditions, Iron (III) oxide coated CNTs were used to develop this study. Oscillating magnetic field 
efficiency concerning dispersion improvement was comparatively studied by SEM analysis, three point 
flexural bending test and differential scanning calorimetric analysis of formed polymer nanocomposites. 

2.  MATERIALS AND METHODS 

In order to obtain nanocomposite materials with polymer matrix the unsaturated polyester AROPOLTM 
M105 TPB ASHLAND OLANDA – ROTTERDAM was used. Added with 1% catalyst 2-ethyl-cobalt hexanoat this 
is a widely used resin at industrial level. Methyl-ethyl ketone peroxide 2% was used as the initial catalyst. 
Multiwall carbon nanotubes (MWCNTs) were obtained from Cheaptubes Inc. USA, having the following 
characteristics: external diameter 8 – 15 nm, length 10 – 50 μm and purity over 95%.  

 
Fig. 1 The ultra sonication dispersion 

of MWCNT-F3  polyester matrix 

 
Fig. 2 The dispersion of MWCNT-F3 in polyester 

matrix using a vibrant magnetic field 

The MWCNT-F3 (Fe2O3 coated MWCNT) were obtained using a special technique (subject of another paper). 
In order to identify optimum concentration value of carbon nanotubes in the polyester matrix, three 
concentrations had been taken into account: 0,10; 0,15 and 0,20%. The dispersion process was realized by 
two different types of stirring, starting with a mechanical one and followed by an ultrasonic type one. (Fig 
1.). 
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At the end of these two different types of stirring, the dispersion in vibrant magnetic field was realized (Fig 
2.). Two experimental series coded with A and A* were realized using the three values of MWCNT-F3 
concentration. The difference between A and A* series consists just in use of vibrating magnetic field as a 
supplementary dispersion phase for the second category of materials.  

3.  RESULTS AND DISCUSSIONS  

The experimental data at three point flexural test for the two series coded A and A* are schematically 
presented in Table 1. All the measurements were performed accordingly to recommended standards on a 
5K M350 machine from TESTOMETRIC (England) and evaluations were made using winTest Analysis 
software provided by producer. 

Bending strength, bending modulus and transverse rupture strength were taken into account as 
parameters to compare the effect of the two dispersion methods over the mechanical properties of 
nanocomposites. It was anticipated the fact that the supplementary stage of magnetic vibration will 
increase the homogeneous dispersion of MWCNT-F3 leading to an improvement of mechanical properties 
due to the inexistence of high dimensional aggregates. Moreover, at the same concentration values it 
might be noticed an increasing of mechanical properties for A* series relative to A series and that 
demonstrates the vibrant magnetic field efficiency in the dispersion of carbon nanotubes in polyester 
matrix. The increasing of mechanical parameters tested on three point flexural bending is presented in 
Table 2.  

Table 1 Bending modulus values 

Sample A0,10% A*0,10% A0,15% A*0,15% A0,20% A*0,20% 
Bending Strength at Break (MPa) 103,90 105,04 105,25 109,24 110,40 111,50 

Bending Modulus (MPa) 4168,64 4728,29 4305,62 4500,66 4605,21 4805,25 

Transv. Rupture Strength (MPa) 103,90 105,09 105,45 109,61 110,44 112,50 

The highest value for bending modulus variation is observed at a concentration of 0,1%. This might be 
explained by the fact that the vibrant magnetic field efficiency is determined by the gaps between 
nanotubes clusters. At highest concentration values, that means 0,15% and 0,20%, the same parameter 
variation maintains quasi-constant; the explanation might be that decreasing gaps dimensions the 
efficiency of magnetic vibration phase decreases due to the lighter vibrating movements of MWCNT-F3.  

Table 2 Mechanical parameters variation at 3 points flexural test for the same version of A* series in 
comparison with A series 

Conc.(%) Bending strength variation Bending modulus variation Transv.rupture strength variation (%) 
0,10 1,08 11,83  1,13 
0,15 3,65 4,30 3,79 
0,20 0,99 4,16 1,83 

SEM analysis (Fig 3. and Fig 4.) confirms the experimental data obtained at 3 points flexural test; an 
improved carbon nanotubes distribution at A* series in comparison with A series was observed. 

At the samples of 0,10% and 0,15% from A series it may be observed a higher aggregation in comparison 
with the sample of 0,20% of the same set. This aspect is explainable due to an equilibrium established 
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among the energy of attractive forces between the nanoparticles and the energy of dispersion forces for 
0,20% samples. This case was presented in comparison with adverse energetic state for the dispersion 
forces considering the samples of 0,10% and 0,15% concentration. At A* series, considering all 
concentration values, a superior distribution at carbon nanotubes was observed. 

 
A0,1% 

 
A0,15% 

 
A0,2% 

Fig. 3 SEM analysis for A series samples of 0,10%, 0,15% and 0,20% concentration without the vibrant 
magnetic field presence 

 
A*0,1% 

 
A*0,15% 

 
A*0,2% 

Fig. 4 SEM analysis for A* series samples of 0,10%, 0,15% and 0,20% concentration in a vibrant magnetic 
field presence 

From SEM analyses realized using Quanta™ 200 Scanning Electron Microscope (2006) was observed the 
non-aggregated state of the particles from A* series in comparison with A series fact which demonstrates 
that the enthalpy gain from the external vibrant magnetic field leads to the bond breakage between the 
nanoparticles participating at the clusters formation. This phenomenon is better observed at decreased 
concentration values of carbon nanotubes covered with a molecular layer of Fe (III) oxide. This is probably a 
consequence of the vibrant magnetic field energy. It would be an interesting topic on effects of magnetic 
vibration induced energy, but considering the technological reasons it was analyzed only a single type of 
magnetic stirrer.  

Polymer/MWCNT-F3 nanocomposite materials presented above were analyzed from thermal properties 
point of view using DSC 1 (Differential Scanning Calorimeter) from METTLER TOLEDO (SWITZERLAND) and 
the evaluation of thermal parameters were carried out using Stare software provided by the same 
company. 

The performed tests shows a thermal conductivity increasing, for all three polymer/MWCNT-F3 
nanocomposite systems, with the increasing of MWCNT-F3 carbon nanotubes concentrations (0,10; 0,15; 
0,20%), both under the oscillating magnetic field and in its absence. Variation of thermal conductivity for all 
three polymer/MWCNT-F3 nanocomposite systems, with MWCNT-F3 concentration is plotted in Fig 5. One 
may observe that the increasing of thermal conductivity of the materials formed with the supplementary 
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Fig. 6 Thermal conductivity variation ( i�� ) 
of polymer/MWCNT-F3 nanocomposite 

systems. 

Fig. 5 Variation of polymer/MWCNT-F3 
nanocomposite thermal conductivity 

stage of magnetic field is higher than the one of materials from A series at the same MWCNT-F3 
concentration. 

1000 �
	

��
i

i
i �

��
�  , in growth percent (%),  

where:  

�i�  thermal conductivity of polymer / MWCNT-F3 

nanocomposite system at the three MWCNT-F3 
concentrations (i = 0,10; 0,15 and 0,20%);  

�0�  thermal conductivity of pure resin (0,00% MWCNT-F3) 

in terms of specified technological conditions in presence / 
absence of oscillating magnetic field during the resin curing 
process.  

The percentage variation of thermal conductivity ( �� ) for 
polymer / MWCNT-F3 nanocomposite systems for the three 
MWCNT-F3 concentrations (0,10; 0,15 and 0,20%) in the 

presence/absence of the oscillating magnetic field was determined and the results are showed in Fig. 6. 

To highlight the influence of the oscillating magnetic field 
on thermal conductivity variation of  polymer/MWCNT-F3 
nanocomposite systems at the three MWCNT-F3 
concentrations (i = 0,10;  0,15 and 0,20%),  the variation 
rate was calculated using the following relation: 

100% �
	

�
CMOi

CMOi
i �

��
�

, in growth percent (%), 
where: 

λCMOi =  thermal conductivity of the polymer / MWCNT-
F3 nanocomposite system, in the oscillating magnetic field 
presence, at three MWCNT-F3 concentrations (i = 0,10; 
0,15 and 0,20%); 

λi = thermal conductivity of the polymer/MWCNT-F3 nanocomposite system, in the oscillating magnetic 
field absence, at three MWCNT-F3 concentrations (i = 0,10; 0,15 and 0,20%); 

It was noticed a continuous increase of thermal conductivity, both in the presence/absence of the 
oscillating magnetic field. This is an expected consequence of the fact that thermal conductivity increase is 
related to MWCNT-F3 concentration increase. Moreover, a systematically higher thermal conductivity 
increase was noticed at all nanocomposite systems to which an oscillating magnetic field influence was 
additional introduced. 

Summarizing, the influence of oscillating magnetic field is represented by thermal conductivity variation  

( i�% ) of polymer/MWCNT-F3 nanocomposite systems with different concentrations of MWCNT-F3 carbon 

nanotubes in Fig 7. 
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Fig. 7 Oscillating magnetic field 
influence on thermal conductivity 

variation ( i�% ) 

From Fig 7., unequivocally emerges the oscillating magnetic field 
influence through the linear increase of thermal conductivity 
variation percentage for polymer/MWCNT-F3 nanocomposite 
systems in this oscillating magnetic field presence to those in its 
absence, at the same MWCNT-F3 concentration. 

This analysis was performed for all three polymer/MWCNT-F3 
nanocomposite systems at three MWCNT-F3 concentrations (0,10; 
0,15 and 0,20%).  

It shows a linear increase in the percentage variation of thermal 

conductivity ( i�% ) in the presence of oscillating magnetic field 

with  increasing concentration of MWCNT-F3. 

3.  CONCLUSIONS 

The aim of this paper is to emphasize the oscillating magnetic field influence over the process of carbon 
nanotubes dispersion into a polymer matrix. The CNTs surface had been modified by coating with Iron (III) 
oxide. Comparative studies of mechanical and thermal properties indicated and some benefit variations on 
values of representative parameters and allows , above any doubt, the conclusion that the effect of using of 
external oscillating magnetic field leads to better dispersions of MWCNT-F3. 

This paper had analyzed thermal conductivity variation for polymer/MWCNT-F3 nanocomposite systems at 
three concentrations of carbon nanotubes coated with Iron (III) oxide (0,10%, 0,15%, 0,20%) in two 
technical variants, respectively in the presence and absence of oscillating magnetic field. In both cases 
thermal conductivity increases with carbon nanotubes concentration increasing, fact which was expected 
from the theoretical point of view. 

A linear increase of thermal conductivity was determined by application of oscillating magnetic field which 
shows that its introduction in the process is an independent factor in achieving good dispersions of carbon 
nanotubes. 

SEM analysis qualitatively confirmed the thermal conductivity linear increase and the results of mechanical 
tests by highlighting an improved dispersion of nanotubes due to the application of an oscillating magnetic 
field during polymer/MWCNT-F3 nanocomposites forming technique. 
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Abstract 

Solution of constriction phenomenon in polymer composites filled with conductive carbon particles is 
presented it this paper. Constriction phenomenon in polymer composites filled with conductive carbon 
particles is solved in plane and space at use of two models. 

1st Model: Contact of spherical particles. It is assumed that carbon particles in composites can not only 
contact each other (as metals) but also grow through each other. 

2nd Model: Connecting of two spherical particles by means of conductive bridge. 

The two models of CB particles connection show the electric field shape and electric resistance of the CB 
particle/insulating matrix system. Those models were solved both in numerically in the program COMSOL – 
Multiphysics.  

Keywords: polymer composites, carbon black, modeling, constriction phenomenon, resistivity, contact of 
conductive particles, COMSOL – Multiphysics 

1.  INTRODUCTION 

Solution of constriction phenomenon in polymer composites filled with conductive carbon particles is 
based on theory of contacts transient resistance [2]. The constriction phenomenon in polymerous 
composites filled with conductive carbon particles is handled in plane and space using two models. 

Model 1: Contact of two spherical particles 

We proceed from the fact that carbon particles can not only touch within composites (as is the case for 
metals), but can also mutually intergrow into each other [1, 3]. The situation for particles with diameter D 
and overlapping length d is shown on Fig. 1a). The model for investigating the effect is shown on Fig. 1b), 
the overlapping length corresponds with the electrode distance v , which changes for individual models 
within the range 0 to D. 

 

Fig. 1  Contact of two spherical particles 
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The following relations can be derived from geometrical dependencies [4]: 

overlapping length d  

area of investigated plane region A  

volume of investigated space region  

Model 2: Joining two spherical particles via conductive bridge [1, 3] 

A conductive bridge will formed between particles with diameter D, the bridge width is w, bridge length I , 
see Fig. 2a) The model for investigating the effect is shown on Fig. 2b), electrode distance is v depends on 
the width w. 

 
Fig. 2 Joining particles via conductive bridge 

The area of the bridge in the plane case is the same as the area of the circular particles: 

 

The following relation can be derived for electrode distance  v  

Area of investigated plane region A    [4] 

By analogy, the volume of the bridge for the space case is the sames as the volume of spherical particles: 

 

The slenderness of the bridge changes for each individual model.  

The height of the spherical layer u is  

Volume of investigated space region   [4] 
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2.  SOLUTION 

For solving the above mentioned models, we will use the equation defining the electric current field in 
a conductive environment 

 and , where U is electric potential, J is current density and � resistivity. 

By introducing a non-dimensional potential, normalized by the difference in electrode potential, i.e. 

, we are able to derive Laplace's differential equation for the electric field in models 

. 

The dependency on coordinate z is no longer valid for plane cases. The boundary conditions for this 
equation are mixed: Dirichlet conditions on electrodes, i.e. U1* = 0 or U2* = 1 respectively and Neumann 
conditions on the remaining boundaries, i.e. the zero derivation of potential in the direction of the normal 
towards the boundary. 

The COMSOL Multiphysics program environment was used to resolve the stated boundary conditions for 
various values of overlapping particles or bridge widths [5]. The current density and current I conducted 
through electrodes will be evaluated from the obtained electric fields  

,  

where AE is the electrode area. In plane tasks, the area of the rectangular electrode is D × h, where h is the 
thickness of the conductive layer, in space tasks, it is a circle with a diameter D.  

The COMSOL program enables the numerical evaluation of this integral directly in the offered “Boundary 
Integration” procedure [5]. 

Resistance R between the electrodes of the model is then determined from the following relation 

. 

Besides the regiona resitance R, other monitored parameters include resistance RT and RA defined as 
follows: 

For plane tasks (2D) 

RT2D … is the resistance of the rectangular region with a length of v  (electrode distance) and the width given 
by the overlapping  d  or by the bridge width  w.  

RA2D … is the resistance of the rectangular region with a length of  v  with the same area A , as the region 
being handled  

For space tasks (3D) 
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RT3D …  is the resistance of the cylindrical region with a length of  v  with a diameter given by the 
overlapping  d  or by the bridge diameter w .  

RA3D … is the resistance of the cylindrical region with a length of  v with the same volume  V, as the region 
being handled 

For comparing the properties of fields in plane and space models, non-dimensional parameters were 
introduced for the monitored quantities, as the ratio of the given resistance and its reference values. 
A square sample resistance with side D and layer thickness  h  was selected as the reference value for plane 

tasks . 

By analogy, the reference value for resistance in symmetrical axis space tasks will be the resistance of 

cylinder with diameter D and height equal to the diameter D . 

The following relations can be derived for non-dimensional parameters of plane case [4]: 


 circular particle contact: 

   


 conductive bridge: 

 

Similarly, the following relations can be derived for non-dimensional parameters of space cases [4]: 


 spherical particle contact: 

   


 conductive bridge: 

 

3.  RESULTS 

The values of calculated quantities for various model configurations are listed in Table 1 through 4. 
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Table 1 Plane contact of circular particles (2D)        Table 2 Space contact of spherical particles (3D) 

v/D d/D A/D2 R*
2D R*

T2D R*
A2D  v/D d/D V/D3 R*

3D R*
T3D R*

A3D 

0.1 0.995 0.100 0.101 0.101 0.100  0.1 0.995 0.078 0.104 0,101 0.100 

0.2 0.980 0.199 0.203 0.204 0.201  0.2 0.980 0.155 0.207 0.208 0.203 

0.3 0.954 0.295 0.304 0.314 0.305  0.3 0.954 0.229 0.311 0.330 0.309 

0.4 0.917 0.389 0.399 0.436 0.411  0.4 0.917 0.297 0.428 0.476 0.423 

0.5 0.866 0.478 0.513 0.577 0.523  0.5 0.866 0.360 0.562 0.667 0.545 

0.6 0.800 0.562 0.620 0.750 0.641  0.6 0.800 0.415 0.722 0.938 0.682 

0.7 0.714 0.638 0.785 0.980 0.768  0.7 0.714 0.460 0.939 1.373 0.837 

0.8 0.600 0.704 1.000 1.333 0.910  0.8 0.600 0.494 1.249 2.222 1.017 

0.9 0.436 0.756 1.329 2.065 1.071  0.9 0.436 0.516 1.888 4.737 1.233 

 

Table 3 Plane conductive bridge (2D) Table 4 Space conductive bridge (3D) 

w/D v/D A/D2 R*
2D R*

T2D R*
A2D  w/D v/D V/D3 R*

3D R*
T3D R*

A3D 

0.938 1.186 1.126 1.252 1.265 1.248  0.938 1.107 0.786 1.252 1.259 1.224 

0.813 1.550 1.333 1.829 1.907 1.801  0.813 1.593 0.930 2.250 2.413 2.144 

0.625 2.037 1.477 2.976 3.260 2.810  0.625 2.487 1.012 5.584 6.367 4.801 

0.500 2.437 1.526 4.384 4.874 3.893  0.500 3.533 1.034 11.47 14.13 9.48 

0.375 3.021 1.552 6.932 8.057 5.880  0.375 5.668 1.043 36.53 40.30 24.19 

0.250 4.110 1.565 14.30 16.44 10.79  0.250 11.63 1.046 178.0 186.2 101.6 

The behavior of non-dimensional resistance R* in dependence on the size of overlapping or width of the 
bridge is shown for the plane and space cases on Fig. 3 through 6. 

 
Fig. 3 Contact of two spherical particles (2D)  Fig. 4 Contact of two spherical particles (3D) 
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Fig. 5 Conductive bridge (2D)    Fig. 6 Conductive bridge (3D) 

Fig. 7 and 8 give an example of the solution for electric current fields for plane and space particle contact 
cases with a ratio v/D = 0.9, Fig. 9 and 10 then shows similar examples of fields for joining particles via 
conductive bridge with a width w/D = 0.625. 

             

Fig. 7 Electrical field on planar model v/D = 0.9     Fig. 8 Electrical field on space model v/D = 0.9 

    
Fig. 9 Electrical field on planar model w/D = 0.625 Fig. 10 Electrical field on space model w/D = 0.625 

CONCLUSION 

The models for the joining of conductive carbon particles in an electrically non-conductive environment 
show the impact the shape of the field has on the electric resistance of the studied system. 
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The dependencies in Table 1 through 4, or in Fig. 3 through 6 respectively, demonstrate the values of 
monitored resistances increase with the decreasing overlapping d  or with the decreasing bridge width w  
for space applications quicker than for plane cases. This is due to the quicker decrease in sections for space 
particle contacts, or the greater electrode distance for space bridges respectively. 

In addition to this, resistances for regions R*3D with values R*T3D practically merge with space bridges for 
lower values of  w. This is the result of the dominant significance for resistance being the bridge itself and 
the resistance of spherical particles presenting itself minimally. 
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Abstract 

Electrically conductive adhesives - ECAs is one of the options, how to make lead-free environmental 
interconnections in electrical engineering. This work deals with electrical properties of electrically 
conductive adhesives. The work first describes the characteristics and composition of isotropic conductive 
adhesives - ICA and then the possibility of modifications that improve its mechanical and electrical 
parameters. The aim of this work is the measurement of electrical resistance and nonlinearity of 
connections created with isotropic conductive adhesives and compare changes in these variables after 
adjusting adhesives by adding silver nitrate and its subsequent annealing. 

Keywords: electrically conductive adhesives, isotropic conductive adhesives, mechanical and electrical 
parameters, nonlinearity 

1.  INTRODUCTION 

Electrically conductive adhesives function on the principle of adding conductive particles to a non-
conducting adhesive matrix. With these adhesives, we can even achieve anisotropic conductivity, which is 
an enormous advantage compared to solder. These anisotropic conductive adhesives - ACAs are primarily 
used during the assembly of LCD display integrated circuits. Another type of conductive adhesive is 
isotropically conductive adhesive - ICA. This adhesive conducts current through all directions, similar to 
solder. ICAs contain a large amount of conductive particles with a series-parallel connection. The 
conductivity of these adhesives is worse due to insulation layers between particles. Therefore, they are 
mainly used for surface assemblies (SMT) and conductive component assemblies (THT). [1] 

Isotropic conductive adhesives (ICAs) are, apart from unleaded soldering, another alternative to 
conductive joining in the electronics field. [2] They consist of two fundamental components - binding 
components - binders and conductive components - fillers. The binding component is epoxy resin, the 
hardener of which is usually cycloaliphatic amine. After hardening, conventional care is applied (infrared, 
ultraviolet, convection) and the hardening period usually ranges between several minutes to 2 hours. The 
fillers are 5 – 15 μm electrically conductive particles, which are equally dispersed in the adhesive.  The 
isotropic conductive adhesive conducts identically in all directions if the particles are mutually in contact 
and their concentration exceeds the percolation threshold. The most frequently used material for these 
particles is silver, which also has excellent thermal conductivity. Conductive filler can achieve a low 
resistivity of about 10-4 Ωcm, compared to typical adhesives with a resistivity of 1014 Ωcm and solder 10-6 
Ωcm. 

Since isotropic conductive adhesives fall behind solder in mechanical properties and conductivity, we try to 
minimize these differences by way of modification:  
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 improving mechanical properties 

A simple method of overcoming the disadvantage in mechanical solidity is adding a small amount (1-3%) of 
microcarbon fibers, thanks to which we can break down mechanical forces within the circuit more 
effectively.[3] So far, we have proved the mechanical force was improved by 40%.  


 improving properties using nanoparticles 

The majority of common isotropic conductive adhesives use silver flakes as filler and is hardened at 
temperatures ranging between 120-150°C. [4] Conventional filler must be added in a sufficient quantity 
(around 60 - 80%), to achieve direct physical contact between filler particles. The properties of 
nanoparticles are completely different. As we can see, using carbon nanotubes or indium-stannic oxide (ITO 
- 90% In2O3 + 10%SnO2), the percolation threshold was reduced to the lowest value 2%! By using smaller 
amount of filler, this permits the formation of solid and transparent conductive materials. 


 improving electrical conductivity via annealing 

Based on experiment, we saw that additional annealing significantly reduces adhesive resistivity. [5] Typical 
electrically conductive adhesives with silver flakes supplemented with nanoparticles were used during the 

experiment. Samples were hardened 
at 150°C for a period of 60 minutes 
and were then annealed for 10, 30, 
60 minutes at 180°C and 60 minutes 
at 200°C.(Fig. 1.) The resistivity 
dropped intensively after annealing 
10min/180°C. This implies only a 
short period is needed for sintering. 
The conductivity did not improve 
after annealing for 60 minutes at 
200°C. 

                   Fig. 1 Resistivity for various annealing processes 

2.  EXPERIMENTAL PART 

2.1 Preparing symplex 

Determining the change in electrical properties during the modification of two types of adhesives produced 
by Amepox Microelectronics: ECO SOLDER AX 20 and ECO SOLDER AX 70MN. Both adhesives are typical 
adhesives with an epoxide matrix and silver flakes. They differ in the conductive filler concentration, 
viscosity and resistivity. The manufacturer provides the following values [6]: 

Table 1 Values of silver, viscosity and resistivity provided by the manufacturer 
 AX 20 AX 70MN 

Content of silver (%) 75 ± 1 % 70 ± 1 % 
Viscosity 650 – 750 000 cps 530 – 560 000 cps 

Resistivity 3,0 – 3,5.10-6 Ωm 1,0 – 2,5.10-6 Ωm 

R
ez

is
tiv

ity
 [Ω

·c
m

] 

Annealing process 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

423 

current contacts 

voltage contacts 

glued rezistor 
Fig. 2 Diagram - measuring resistance via the 

four-point Method 

AgNO3 or butylglycidylether solvent was added to these adhesives. The following combinations were 
achieved: AX 20(70)-0    clean AX 20 (AX 70MN)   
  AX 20(70)-1    AX 20 (AX 70MN) + AgNO3  
  AX 20(70)-2    AX 20 (AX 70MN) + solvent  
  AX 20(70)-3    AX 20 (AX 70MN) + solvent + AgNO3  

Quantity of individual components added: 

AgNO3: 0.2% weight of adhesive 

Butylglycidylether: about 0.015 ml/g adhesive 

AX 20-2 and AX 20-3 samples were used after 44 hours of mixing, which could have had an impact on the 
results from measuring. 

Each sample was used on average for two printed circuits, each for seven SMD (surface mount device) 
resistors. The samples were then hardened at 150°C for 30 minutes in a convection kiln with a flat heat 
profile, there electrical resistance was measured via the four-point method on an LCR meter and non-
linearity was checked. The samples were then annealed at 200°C for 20 minutes and measured once again. 
With the annealing process we wanted to achieve the sintering of silver particles and verify the impact on 
the electrical quality of the circuit. 

2.2 Measuring resistance via the four-point Method 

The measurement was performed on an Agilent LCR 
meter via the four-point method, which is suitable 
for measuring smaller resistances. (Fig. 2.) 

SMD resistors with a theoretical zero resistance 
(about 15 mΩ) were used during the mounting, 
supply contacts had a resistance to the circuit of 
about 3 mΩ, however, their impact was eliminated 
by using the four-point method. 

 

 

2.3 Measuring non-linearity 

Non-linearity in the circuit is an undesirable effect, for which deviates the slope of the volt-amp curve of 
the circuit, which may then have a partially rectifying behavior. [7] Non-linearity is therefore a significant 
circuit quality index and depends on the amount of defects in the circuit.  

Non-linearity on the measured sample is demonstrated during the harmonic analysis. Two harmonic signals 
with different frequencies (f1 and f2) are conducted onto the sample and we then see intermodulating 
signals via the spectral analyzer. (Fig. 3) 
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Fig. 3 Diagram for measuring non-linearity 

3.  MEASURING RESULTS 

Two circuits, each with seven resistors, were mounted for each adhesive sample. Non-linear voltage values 
do not provide much information. In our case, we only compare its deterioration or improvement after the 
adhesive modification. 

The resulting averages of measured values for both adhesives are shown in Tables 2, 3, 4 and 5. 

The graphs depict the dependencies how individual quantities change after specific chemical modifications 
and after annealing. 

  
Fig. 4 Dependence of ECO SOLDER AX 20 adhesive 

resistivity by way of modification 
Fig. 5 Dependence of ECO SOLDER AX 20 adhesive 

non-linearity by way of modification 

Table 2 Measured resistances in mΩ for the modified adhesive AX 20 

 Composition AX 20-0 AX 20-1 AX 20-2 AX 20-3 
R 

(m�) 
post hardening 111 108 83 555 
post annealing 91 92 74 430 

Table 3 Measured non-linearity in μV for the modified adhesive AX 20 

 Composition AX 20-0 AX 20-1 AX 20-2 AX 20-3 

U (μV) 
post hardening 17.5 9.6 3 10380 
post annealing 9 6.8 1.6 4570 
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Fig. 6 Dependence of ECO SOLDER AX 70MN 
adhesive resistivity by way of modification 

Fig. 7 Dependence of ECO SOLDER AX 70MN 
adhesive non-linearity by way of modification 

Table 4 Measured resistances in mΩ for the modified adhesive AX 70MN 

 Composition AX 70-0 AX 70-1 AX 70-2 AX 70-3 

R (m�) 
post hardening 71 64 73 77 

post annealing 80 61 73 76 

Table 5 Measured non-linearity in μV for the modified adhesive AX 70MN 

 Composition AX 70-0 AX 70-1 AX 70-2 AX 70-3 

U 
(μV) 

post hardening 5 3.2 2 3.6 

post annealing 8.9 7.2 2.2 5.8 

CONCLUSIONS 

Adding AgNO3 improved the conductivity of the circuit as well as its quality for both adhesives. However, 
the resistance dropped by only several mΩ (see Table 2 and 4).  

Adhesive AX 20 was, upon adding solvent, or solvent and AgNO3, was left in the cooling equipment and 
used only after 44 hours. AX 70MN was used immediately after mixing. This time delay between mixing and 
utilization had a significant impact on the circuit properties. Table 2 and 4 show that for AX 20, the solvent 
slightly reduced the electrical resistance of the circuit, however, in circuit with nitrate, it caused the 
degradation of adhesive, making it unusable for practice with these properties. As expected, upon adding 
solvent to adhesive AX 70 MN, its conductivity became slightly worse and the addition of nitrate it even 
worse. On the contrary, non-linearity improved. We believe the solvent has a positive effect on the overall 
circuit homogeneity.  

The properties of both adhesives were very different for annealing, as can be seen on the graphs. We 
anticipated annealing would lead to the sintering of silver particles, and therefore the improvement of their 
mutual contact, to the removal of some non-homogeneity and therefore reduce resistance and non-
linearity. Both measured quantities did in fact significantly improve for adhesive AX 20, see Fig. 4. and 5. 
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The result was completely different for adhesive AX 70MN. The resistance of the circuit did not change 
excessively, however non-linearity became noticeably worse, see Fig. 6. and 7. 
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Abstract 

The paper deals with the structure, properties and influence of mechanical treatment of raw vermiculite 
(VE) on subsequent preparation of vermiculite/TiO2 composites (VETI). Different mills, planetary ball-mill, 
vertical jet and cryogenic mills were used for the preparation of different particle size fractions of VE. 
Obtained VE fractions were modified by hydrolysis of titanyl sulfate (TiOSO4), whereas in this way, VETI 
composites with different content of TiO2 were prepared. Photocatalytic activity of these composites was 
determined by degradation of organic dye Acid Orange 7 (AO7) after exposure to UV light. This method is 
based on comparison of dye concentration in the aqueous phase before and after irradiation. Chemical 
composition of VETI composites was determined by X-ray fluorescence spectroscopy (XRFS). All of the 
fractions of the pure VE after the milling were characterized by the measurement of their particle size 
distribution. Structural properties were studied by X-ray powder diffraction analysis (XRPD) and particles 
were imaged by scanning electron microscopy (SEM).  

Keywords: composites, vermiculite, mechanical treatment, photocatalytic activity  

1.  INTRODUCTION 

The clays, such as montmorillonite, vermiculite, kaolinite, etc., have attracted much attention in recent 
years for their abundance and thus low prise. Due to its characteristics such as inertness, stability, catalytic 
activity and rheological properties of the dispersion solution are of great technological importance, and are 
also an important material in the field of basic and applied research [1, 2]. These natural materials possess 
layered structures, large surface areas and high exchange capacity (CEC), which give them many potential 
applications in different fields [2]. 

The vermiculite, a 2:1 phyllosilicate [3] is composed of tetrahedral SiO4 layers and octahedral Al(OH)3 or 
Mg(OH)2 layers. This clay mineral contains typically 5–20% of water located in the interlayer space [4]. The 
particles size of the raw vermiculite often reaches several millimeters and their further mechanical 
treatment is necessary to obtain finer fraction.  

Particle size and particle size distribution are important variables in many industrial sectors [5]. Particle size 
distribution influences the physical and chemical properties of solids. 

Vermiculite (VE) was studied as a possible matrix for growing of the titanium dioxide (TiO2) particles in this 
work. Three different milling techniques were used for the vermiculite particles treatment. The 
vermiculite/TiO2 (VETI) composite was prepared using hydrolysis of the suspension of the vermiculite 
particles after given milling with in titanyl sulfate. Prepared samples were characterized using X-ray 
fluorescence, the photoactivity of the samples was evaluated after the discoloration of the acid orange 7. 
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2.  EXPERIMENTAL 

2.1  Starting materials  

The vermiculite (VE) was obtained from a weathered ultrabasic zone at Letovice, Czech Republic [4]. Its 
structural formula was assigned: 

OHOHOTiAlSiAlFeFeMgCaKMg 221003.033.164.208.0
2

02.0
3

51.039.201.002.035.0 97.4)()())(( �*��  [6]. The chemical 

composition of original vermiculite is shown in Tab. 2. Colloid suspension of titanyl sulfate (TiOSO4) 
(containing 102 g of TiO2 per 1 dm3 of TiOSO4) served as TiO2 precursor was supplied by Precheza a.s. 

2.2  Mechanical treatment of vermiculite 

The scheme of mechanical treatment of VE is shown in 
Fig. 1. In the first step the VE particles were milled for 
15 min. planetary ball mill Retsch PM 4 under constant 
speed 300 rpm. After the sieving the fraction 45 – 
125 μm was subjected to: i) milling using vertical jet mill 
Sturtevant (feed/grinding pressure ration was 70/50 
PSI) and ii) cryogenic milling using mill SPEX 6850 (3x3 
min with 20 vibration per second, liquid nitrogen was 

used as cooling medium). The VE was denoted as VE(P), 
VE(J) or VE(C), where symbol in the paranthesis () 
indicates which kind of mill was used.  

2.3  Preparation of composites 

Original VE was dried for 24 h at 105 °C in order to remove the adsorbed water. 30 g of VE was mixed with 
appropriate amount of TiOSO4 to give 50 wt. % of TiO2 in final composite. Obtained mixture was stirred for 
24 h under laboratory temperature. After this period the sample was heated at 80 °C and stirred for next 5 
h under the temperature 80 °C. Then the suspension was hydrolysed using 150 ml of distilled water at 100 
°C, decanted and washed. Obtained composite was finally dried at 105°C. The obtained composites were 
denoted as VETI15 or VETI65, where the first number means that the composite was dried at 105 °C or 
calcinated at 600 °C and second number denotes the amount of TiO2 in the final composite (5 for 50 wt.%).  

2.4  Characterization 

Prepared VE matrix and prepared samples were investigated by X-ray powder diffraction, Scanning electron 
microscopy, X-ray fluorescence spectroscopy, particle size distribution and evaluation of photodegradation 
activity. The influence of milling of VE on its specific surface area was determined as well. 

XRPD - the original VE and prepared composites were characterized by X-ray diffraction using Bruker D8 
Advance diffractometer (Bruker AXS, Germany) equipped with fast position sensitive detector VÅNTEC 1. 

SSA - specific surface area of the powder samples was analyzed by nitrogen adsorption using Sorptomatic 
1990 apparatus. The samples were degassed 3 h at 105 °C prior the analysis. SSA was determinated by 
multipoint BET method using the adsorption data in the relative pressure range of 0.1-0.3. 

Fig. 1 The scheme of mechanical treatment 
of vermiculite. 
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SEM - the morphology of composite particles was observed on SEM Philips XL 30. Samples were coated 
with an Au/Pd film and the SEM images were obtained using a secondary electron detector. 

XRFS - chemical composition of prepared samples was determined using energy dispersive fluorescence 
spectrometer SPECTRO XEPOS equipped with 50 W Pd X-ray tube. For this measurement the samples were 
prepared in form of fusion. 

PSD - particle size distribution was determined by laser analyzer Mastersizer 2000. 

Evaluation of photodegradation activity – the method used for testing of the photodegradation activity of 
prepared composites is based on the degradation of model organic dye AO7 after irradiation with UV light. 
In the first step two identical testing suspension containing 50 mg of composite, 65 ml of deionized water 
and 5 ml of AO7 aqueous solution (c0 = 6.259 � 10-4 mol � dm-3) were stirred in the dark for 60 min. to achieve 
absorption equilibrium. After this period one suspension was filtered and obtained filtrate was stored in 
the dark. The second suspension was subjected to 60 min. long irradiation using Pen Ray lamp (intensity of 
the irradiation measured at 365 nm is 2 mW � cm-3) and subsequently filtered. The values of absorbance of 
filtrates at 450 nm were measured using UV-VIS spectrometer. 

3.  RESULTS AND DISCUSSION 

The VE was milled using three different mills. The influence of given milling technique on the size of the 
particles was reveled using PSD measurement, the basic parameters (d(0.1), d(0.5), d(0.9) and mode=d50) 
obtained using this measurement are summarized in Tab.1. The obtained data shows the jet milling 
technique as the most efficient tool for milling of the raw VE, on the other hand using cryogenic mill the 
particles were not crushed into small fractions. The SSA values of the vermiculites grow in this order: 12.84 
(VE(C)), 16.74 (VE(P)) and 20.01 (VE(J)) m2/g. 

Table 1  Particle size distribution of studied vermiculite: VE(P), VE(J) and VE(C). 

sample 
d(0.1) 
[�m] 

d(0.5) 
[�m] 

d(0.9) 
[�m] 

mode=d50 
A�m] 

SSA 
[m2/g] 

VE(P) 4.15 28.84 123.88 33.37 16.74 

VE(J) 2.12 7.90 59.85 4.99 20.01 

VE(C) 5.56 45.37 133.69 78.79 12.84 

Three samples of VETI composites were prepared: VETI15 (J), VETI15 (C) and VETI15 (P) with 45.82, 44.67 
and 50.14 wt% of TiO2. Chemical composition of vermiculite (VE(P), VE(J), VE(C)) used for composite 
preparation and chemical composition of resulting composites VETI15 (P), VETI15 (J) and VETI15 (C) is 
shown in the Tab.2. The proportion of matrices and TiOSO4 was set to give 50 wt.% of TiO2 in final 
composite, this value was achieved only for VE(P) matrix. Other two matrix (VE(C) and VE (J)) had this value 
below 46 wt.%. 
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Table 2  Chemical composition of VE and prepared composites VETI15 (P), VETI15 (J) and VETI15 (C) (in 
wt%). * LOI – lost on ignition. 

 

 

 

 

 

 

The chemical composition of the prepared composites shows that after the synthesis the amount of the 
MgO, Al2O3, SiO2, Fe2O3 was reduced significantly and the amount of TiO2 and SO3 significantly increased. 
When the prepared samples were calcined, the value of SO3 decreased to half value.  

The segments of the X-ray diffraction patterns measured for the samples VE(P), VE(J) and VE(C) are shown 
in Fig. 2. The value d of the first basal diffraction 001 of three studied samples differs slightly contrary to 
their intensity which was significantly reduced after the milling using planetary mill what proved higher 
degree of vermiculite delamination using this milling technique. This fact is in slight contrast with the 
results obtained using PSD measurement, when the finest fraction was obtained using jet mill. This 
observation can be elucidated by different crushing process occurring for the VE sample. Earlier 
observation performed by Barabaszova et al. [7] shows that the vermiculite particles are crushed 
predominantly at the particles edges this crushing process does not provide delamination.  

 

Fig. 2 The segments of XRD patterns showing the 001 basal diffractions registered for studied samples of 
vermiculite: VE(C)-red, VE(J)-blue, VE(P)-black. 

Li
n 

(C
ou

nt
s)

0

100000

200000

300000

400000

500000

600000

700000

800000

900000

1000000

1100000

2-Theta - Scale
6.4 6.5 6.6 6.7 6.8 6.9 7.0 7.1 7.2 7.3 7.4 7.5 7.6 7.7 7.8 7.9 8.0 8.1

d=14.391

d=14.404

d=14.440

Sample MgO Al2O3 SiO2 SO3 TiO2 Fe2O3 *LOI 
VE(P) 24.22 12.09 33.73 0.02 0.24 6.52 20.10 
VE(J) 24.59 12.31 34.38 0.0005 0.22 5.82 20.00 
VE(C) 25.58 12.91 35.74 0.0005 0.31 6.39 16.40 
VETI15(P) 0.16 0.25 20.42 7.33 50.14 1.38 19.10 
VETI15(J) 0.12 0.26 20.33 9.08 45.82 0.69 22.50 
VETI15(C) 0.15 0.27 17.88 9.26 44.67 0.74 25.80 
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SEM images of the milled vermiculite particles (VE(P), VE(J) and VE(C)) are shown in Fig. 3A, 3B and 3C, 
respectively. The surface of vermiculite particles after milling in planetary ball mill (Fig 3C) is smoother in 
comparison to VE particles after milling using jet and cryogenic mill (Figs. 3A and 3B). Vermiculite particles 
after jet milling (Fig. 3A) exhibits poor quality shape with sharp edges, irregularities and non-uniform 
surface texture. These particles are the most disturbed. The SEM images of the composites (VETI65 (P), 
VETI65 (J) and VETI65 (C)) calcined at 600 °C are shown in Fig. 3D, 3E and 3F. The surface of vermiculite 
particles is not completely covered by TiO2 layer. The TiO2 particles have spherical morphology and are 
anchored to the surface of vermiculite particles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3 Morphology of the vermiculite particle of and prepared composites: (A) VE(J),(B) VE(C), (C) VE(P),  

(D) VETI65(J), (E) VETI65(C) and (F) VETI65 (P). 

Photodegradation activity of composites dried at 105°C does not overcome the value10% after 1 h of UV 
irradiation. The box diagram in Fig. 4 shows the comparison of fotodegradation activity obtained for 
composites VETI after their 1 h calcination at 600 °C, and it is evident, that the photodegradation activity 
was significantly increased after the calcination. The figure shows that the sample of VETI65(P) has the 
highest photoactivity in comparison with other calcined composites. The sample of VETI65(C) has the 
lowest photoactivity. The photodegradation activity of the composites is in direct relation with TiO2 content 
(compare the amount of TiO2 in composites Tab. 2). 
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Fig. 4 Comparison of photodegradation activity of prepared composites 
 after 1h long irradiation with UV light. 

4.  CONCLUSION 

VETI composites were successfully prepared using TiOSO4 as a TiO2 precursor. The results show that the 
heat treated composite VETI65(P) prepared using vermiculite after its milling using planetary ball mill is the 
most photoactive. The composite VETI65(C) shows the lowest photodegradation activity.  
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Abstract 

In connection with the reduction of the amount of greenhouse gases in the atmosphere, in few last years 
great attention is directed to the possibility of reducing the content of these gases and major pollutants. 
One of the possibilities is photocatalytic degradation with the use of catalytic effects of metal oxides like 
TiO2, ZnO, and others. The increase of the photo active effect of these compounds is achieved in the form 
of nanoparticles. On the other hand, it is not yet known and defined their effect on living organisms. 
Consequently it is very effective is anchor them to an inert material and to prepare composites, where they 
should be tightly bound, without losing its photoactive effect. In this work two samples of nanocomposites 
of the photoactive kaolinite were studied, the content of TiO2 was varied (51.6 wt. %, and 58 wt. % 
respectively). This was done with final finishing (drying at 100 °C, respectively calcination at 600 ºC). Both 
samples were leached according to the norm EN 12457-4 for 24 hours in deionized water and also in the 
extraction reagents, in which the pH was adjusted with H2SO4, or HCl. In the prepared extracts, the 
concentration of Ti was monitored and also other elements that can be released from the matrix of 
nanocomposite. It has been proved that the observed nanocomposites are very stabile and the TiO2 was 
not released even with the use of extraction reagents at pH 1. 

Keywords: titanium dioxide nanocomposite, photoactive nanocomposite, stability kaolinite/TiO2 composite 

1.  INTRODUCTION 

After the Second World War, a sharp rise in industrial activity. The negative impact of human activity is 
increasing the concentration of inorganic and organic greenhouse gases, such as CO2, CH4, N2O, CFCs in the 
atmosphere. One possibility of decreasing theirs contents is photocatalytic degradation by metal oxide, for 
example TiO2, ZnO and others. The anatase which is one of the three mineral forms of titanium dioxide II, 
the other two being brookite and rutile1,2.  

anatase BB CD �C860  brookite BB CD �C1040  rutile  

is often use as photocatalyst of resistant organic compounds (herbicides, pesticides, synthetic pigments in 
water and air. It is very stable under UV radiation and low cost. The degradation of nitrogen oxides, 
formaldehyde and toluene was observed in the gaseous phase too. Some particles of anatase powder, 
however, clustered into larger units and that can negatively affect the catalysis3.  

Photodegradation activity of TiO2 increases if it is prepared as a nanoparticle. Despite the fact that TiO2 is 
considered as material with very low toxicity, there are many studies dealing possible hazards of 
nanoparticles4. On the other hand is not yet known and defined the effect of nanoparticles on human 
organisms generally. Therefore it is very effective fixed nanoparticles to an inert material and preparing 
nanocomposite, in which the nanoparticles should be tightly bind without losing its photoactive properties. 
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This is the way to prevent inlet of nanoparticles to environment and negatively affect it. The matrix may 
enrich the final composite about other complementary function5.  

For environment a suitable inert materials for nanoparticle fixing are clay minerals, especially 
montmorilonite and kaolinite5,6. After preparation nanocomposite montmorilonite/TiO2 or kaolinite/TiO2 is 
necessary not only study the photocalatytic effect, but the risks of using it too.  Risk monitoring is 
important throughout the whole life cycle because the nanoparticle can be released into the environment 
during manufacture, usage and disposal. Define and norm treatment to study stability nanocomposite 
materials have not described yet. One of the procedure that is used to evaluate the waste, defined in Czech 
waste´s legislative in regulation 294/20057. This procedure is based on monitoring potential content of 
pollutants in aqueous extract. If deionized water replaced with another extraction reagent, it is possible to 
study the material stability in various surroundings. 

2.  EXPERIMENTAL 

2.1  Materials 

The stability studies have been done on two photocatalytic kaolinite /TiO2 nanocomposites with different 
TiO2 content and the method of preparation. The sample A was dried at 100°C, sample B calcinated at 
temperature 600°C for 2 hours. The chemical composition (show table 1) was determined using energy 
dispersive fluorescence spectrometer SPECTRO XEPOS. Content of Ca, Mg and Na were determined after 
total decomposition using atomic emission spectrometer with inductively coupled plasma SPECTRO CIROS 
VISION (Ca and Mg) and atomic absorption spectrometer with flame atomization UNICAM 969 (Na). 
Method of sample preparation and methods of characterization in detailed describe Mamulová at al.8.  

Table 1  Chemical composition of native kaolin and nanocomposite of TiO2, LOI - lost of ignition  
 Kaolinite 

[wt. %] 
Sample A  
 [wt. %] 

Sample B [wt. %] 

Al2O3 32.4 11.9 13.5 
SiO2 52.1 18.5 22.1 
SO3 5 0.0005 0.94 0.314 
K2O 1.45 0.433 0.45 
Ca 0.086 0.054 0.030 
Mg 0.035 0.042 0.028 
Na 0.290 0.340 0.280 
TiO2 1.15 51.01 58.3 
Fe2O3 0.640 0.214 0.24 
LOI 10.9 16.0 4.6 

As a extract solution was used deionized water (DM) with pH 5.90 and two different extraction reagents 
which were prepared from deionized water and concentrated HCl (extraction reagent I) or H2SO4 
(extraction reagent II) with different pH, see table 2.  
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Table 2  Extraction reagents, DM – deionized water   
Extraction reagent I Extraction reagent II 

No. pH No. pH 

I-1 1.09 II-1 1.09 
I-2 2.10 II-2 1.92 
I-3 3.10 II-3 2.96 
I-4 4.00 II-4 3.98 
I-5 5.00 II-5 4.98 
I-6 5.88 II-6 5.88 

2.2  Characterization methods 

Analytical methods: The pH, conductivity, concentration Ti, Al, Si, Ca Mg, Na, K and sulphate were 
determined for characterization of extract. The pH was measured by inoLab SenTix 41 with combined 
electrode (the specific electrode - glass electrode, reference electrode - calomel electrode) and integrated 
temperature sensor. Conductivity was measured using inoLab Cond 730. The concentrations of mentioned 
elements in the extracts were determined by atomic emission spectrometer with inductively coupled 
plasma (AES - ICP) SPECTRO CIROS CVISION (Ti, Al, Si, Ca and Mg) and by atomic absorption spectrometer 
with flame atomization (AAS - FA) UNICAM 969 (Na and K). Determination of Ti concentration which 
presents in solution as TiO2 particles by AES - ICP verified before experiments. The determination of 
sulphate (only in extract from deionized water) were used ion chromatograph (IC) WATERS, with 
conductivity detectors Waters 431.     

Extract preparation: The extracts were prepared according the regulation ČSN EN 12457-49. It is 
discontinued method of leaching of solid material in extraction solution. The ratio solid and liquid is S:L = 
1:10, leaching pass for 24 hours in continuous rotation container. Filtration through the filtrate paper (84 
g.m-2) was used to separate solid sample. The pH and conductivity were determined immediately after 
filtration, the concentration of listed metal after stabilization of solution with concentrated HNO3. 

3. RESULTS AND DISCUSSION 

Dependence of pH of extracts after their interaction with the studied samples on the initial pH of extraction 
solution and deionized water shows Fig 1. A comparison of the initial pH of extraction solution with the pH 
of the extract shows that the pH of the extract has set up at a particular value, except the extract with the 
most aggressive extraction solution (pH 1) I-6 and II-6. The extract from sample A and B can interact with 
the most aggressive extraction reagent preserve the value of pH 1. pH of the extract of samples after theirs 
contact with the extraction reagents with pH ! 3 and deionized water has been reduced significantly. The 
dependence shows, that extraction solution dissolved ions, which increase acidity of the extract.  

The high stability of the prepared nanocomposite can be deduced from the values of conductivity, which 
are illustrates Figure 2. Except solutions obtained by the interaction of sample A, respectively B with 
extraction reagent I and II at pH 1, the specific conductivity comparable with the value of aqueous extract. 
The extraction reagent at pH 1 can cause decomposition the whole structure of the material and therefore 
there are more ions in solution.  
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Fig. 2 Specific conductivity of prepared extract 
from sample A or B and deionized water (DM) or 
extraction reagent I or II with different initial pH 

  

 
In Figure 3 is shown the part of Ti which leached from its total content in samples A and as a dependence 
on pH of extraction solution. After interacting sample with the deionized water and with the extraction 
reagents with an initial pH ! 3, leached less than 0.002 % Ti. A slight increasing leached amount of Ti can be 
seen by the extracts I at pH 1, respectively extract II at pH 1 and 2. In spite of that fact the digested part of 
Ti is less than 0.006% from the total content of Ti in sample A and B. The results show that TiO2 is fixed in 
structure very strongly in both samples. 

 
Fig. 3 The part of Ti from total content in nanocomposites A and B which have been extracted 

 in deionized water (DM) or extraction reagent I and II with different initial pH. 

According the concentration Al, Si, Mg, K and Ca in extracts is evident that the sample B changed the 
composition after interaction with extraction reagents more than sample A. The most soluble metal is K 
and Mg from sample B. It is mean that the method of nanocomposite preparation - drying only or 
calcinated – effect strong of bonding in structure. 

The figures of characteristic particles and their aggregations, which were acquired using the electron 
microscopy, are presented on Fig 4 (samples A and B before interaction with deionized water) and 5 
(samples A and B after interaction with deionized water). Both kaolinite/TiO2 composite consist of tiny 
particles is sharper shapes, mostly smaller particles occupy a cylindrical shape, close together (Fig 4). After 

Fig. 1 pH of extract after leaching sample A and B 
in deionized water (DM) or extraction reagent I or 

II with different initial pH 
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interaction with deionized water the shape and size of composite particles were not changed dramatically 
as illustrated Fig 5. To change the shape and size of particles the most aggressive reagent must be used. On 
the other hand the sample A changed more than sample B.   

   
a)       b) 

Fig. 4 Shape of the particle of kaolinite/ TiO2 nanocomposite A (a) and B (b), magnification 1000 x. 
 

   
   a)       b) 

Fig. 5 Shape of the particle of kaolinite/ TiO2 nanocomposite A (a) and B (b) after leaching of deionized 
water, magnification 1000 x. 

4. CONCLUSION 

In the present paper the effect of different extraction reagents and deionized water on kaolinite/TiO2 
photoactive nanocomposite with different TiO2 content were studied. To prepare extraction reagents with 
define pH the concentrated HCl or H2SO4 were used. The extract was prepared according with waste´s 
legislative of Czech Republic using defined 24 hours method of treated. The extract solution content 
dissolved ions, which increase acidity of the extract. According the Ti concentration in extract is evident 
that the TiO2 fixed on kaolinite very strongly. TiO2 was not released even with the composite was leached 
in extraction reagents at pH 1. It is means that the kaolinite/TiO2 photoactive nanocomposite is safety for 
environment.   The extract solution content dissolved ions, which increase acidity of the extract. According 
the Ti concentration in extract is evident that the TiO2 fixed on kaolinite very strongly. TiO2 was not 
released even with the composite was leached in extraction reagents at pH 1. It is means that the 
kaolinite/TiO2 photoactive nanocomposite is safety for environment.   
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Abstract 

During the development of suitable radar absorbing material (RAM) various options were tested in order to 
investigate their interaction with electromagnetic wave. Several different carbon micro- and nanofillers 
were incorporated into a polymer matrix and composites were prepared at various filler percentages. 
Carbon nanotubes (CNTs), carbon black and micronized graphite particles were used as fillers. Composites 
were prepared either as thin films on nonwoven textiles or filled into 3D structures – polyurethane (PU) 
foams and 3D-polyester textiles.  

The ability of carbon-filled structures to attenuate an electromagnetic wave was investigated in the 
microwave range from 2 to 18 GHz. Spectral insertion loss of reflection ILR of samples was determined.   

Keywords: nanotubes, micronized graphite, 3D textiles, radar absorbing materials 

1.  INTRODUCTION 

This article presents the most relevant results obtained while solving the Ministry of Defence research 
project VOJAN – Nanotechnologies for military applications.  Project aim is to assess the possibility of 
nanomaterial utilization in protection of military forces of the Army of the Czech Republic on the basis of 
both, theoretical and experimental research work. The objective is to study nanostructures and 
nanocomposite thin films on flexible substrates with respect to their utilization as radar absorbing materials 
(RAMs). In earlier stages of the project an extensive review has been made, summarizing the requirements 
on camouflage means (Basic overview could be found in [1].) and material properties.  

The most effective way to conceal an object is to place a reflecting or absorbing surface between the object 
and a source of electromagnetic radiation. Conventional RAMs exhibit excellent absorbing properties, they 
are, however, often limited by their dimensions, high weight and limited mobility. And mobility as well as 
flexibility is one of most crucial demands on modern camouflage means. Therefore project concentrates on 
preparing a RAM on a flexible substrate, while achieving desired absorbing properties. The review 
recommends concentrating on preparation of thin polymer composite films on textiles and other flexible 
structures, such as foils or foams. Also recommends carbon microparticles and nanoparticles as fillers. This 
is in agreement with [2]. RAM with CNTs were already reported e.g. in [3], [4]. 

Included in this article are the very first results, obtained during second year (out of four) of the project and 
therefore it is necessary to see them mainly as a base for further work. However, even these preliminary 
results demonstrate that nanocomposites and nanostructures on textiles actually may be a reasonable 
equivalent to conventional materials. 
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2.  EXPERIMENTAL 

2.1  Materials 

As a substrate for RAM composites a 100% polyester 3D textile is used. 3D textile is a type of knitted fabric, 
where not only length and width, but also height could be determined. It is formed by linking two separate 
fabrics by a network of perpendicular threads. Right side, wrong side and profile of 3D textile are in Fig. 1. 
3D textile is exceptionally air permeable, non absorbent, flexible, easily shape able and very light (250 g/m2 

for a 3 mm thick textile). For this work 3D textile high 3 mm and 6 mm was used.    

Fig. 1 Photograph of knitted 3D textile. A - right side, B - wrong side, C - profile. 

As fillers two different types of microparticles were used. First is micronized natural graphite CR2 995 
produced by Graphite Týn. Graphite CR2 995 contains over 99,5 % of carbon (typically 99,7 %), less than 
0,5 % of ash particles and less than 0,4 % moisture. Average particle size is  between 3,5 – 5,5 μm. Specific 
surface area is 13,0 m2/g and apparent density is 160 g/l. Apart from carbon the CR2 995 contains also 
silicon - 1500 ppm, calcium - 450 ppm, aluminium - 250 ppm, iron - 200 ppm and magnesium - 100 ppm. 

Second microfiller was carbon black, Pigmaset BD-T. Average particle size is 1,8 μm. Micrograph analysis 
showed, that Pigmaset carbon forms clusters which needs to be carefully dispersed before incorporating 
into the matrix.  

Carbon nanotubes produced by Nanocyl (Belgium) were used as nanofillers. CNTs were used in a form of 
aqueous suspension sold under the trade name AquaCyl. CNTs were prepared by catalytic CVD, purified to 
contain 90 % of carbon, the rest are metal oxides. Diameter is 10 nm and average length is 1,5 μm. Specific 
surface area is 250 – 300 m2/g. After purification CNTs are dispersed in deionised water. Good dispersion is 
achieved by using anionic surfactants. Concentration of CNTs in the suspension is 1%. AquaCyl was chosen 
because of its low impact on environment, reasonable price and especially for easy processability.  

As a matrix Axilat 942 was used. It is the aqueous thermoreactive dispersion of styrene acrylate copolymer, 
anionactive. It is produced by Hexion Specialty Chemicals. Axilat is miscible with water (and therefore also 
with AquaCyl suspension) and forms films easily. Optimum crosslinking temperature is approx. 110�C to 
140�C. Films are transparent, resistant to water and to organic solvents, but quite soft.  
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Micro- or nanofillers were dispersed into matrix and filled into a 3D textile by impregnation using 
laboratory foulard Mathis at the process speed of 10 m/s. Impregnated textiles were dried in the oven at 
the temperature of 130�C. 

2.2  Measurement  

The ability of composites to attenuate the electromagnetic wave was determined by measurements in the 
range from 2 GHz to 18.6 GHz. It corresponds with the working range of ground surveillance radars. Vector 
analyzer Anritsu 37369C with integrated transmitter and receiver was used. Two horns are connected to 
the analyzer, their distance is 60 cm and halfway between them is a sample holder. This arrangement is 
regarded as a free space. Metal desk, which is considered to be 100% reflective is attached to the holder 
and is a reference for reflectivity measurements. Absorbing sample and metal plate are placed in the holder 
and the reflection is measured. From obtained values insertion loss for reflection ILR is determined 
according to the formula on the left. S11sample  is a coefficient of reflection for the absorbing sample and S11ref   

is coefficient of reflection for the metal plate reference. Further 
details can be found in [5] or [6].  

3.  RESULTS  

Microcomposites with micronized graphite were prepared at different concentrations and filled into a 3D 
textile 3 mm and 6 mm high. Fig.2. shows spectral dependence of the insertion loss for reflection ILR of 
microcomposites in 3 mm textile. Filler concentrations are given in the legend. Best results are obtained for 
lowest filler concentrations. Same samples prepared on 6mm textile exhibited similar results, only the 
wavelength where the maximum loss occurs is different – 3 cm and 4.5 cm for 3 mm and 6 mm textile, 
respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Spectral dependence of ILR for 3 mm 3D textile filled with micronised graphite with different  
weight concentrations. 
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Fig. 4 Spectral dependence of ILR for 3 mm 3D textile filled with carbon nanotubes  
with different concentrations 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. shows the same parameters for microcomposites with carbon black in 3 mm 3D textile. Best results 
were obtained for filler concentration of 15 wt.% and for all higher concentrations the ILR was lower and 
had more or less the same values. This suggests that the percolation threshold for carbon black occurs 
approx. at the concentration of 15 wt.% or even lower. For micronized graphite the percolation threshold is 
lower than 22 wt.%. Further work would be focused on samples with lower concentrations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Spectral dependence of ILR for 3 mm 3D textile filled with carbon black  
with different weight concentrations 
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In Fig. 4. the spectral dependences obtained on nanocomposites in 3 mm 3D textile are plotted. On 6 mm 
textile the results for same concentrations were similar. ILR is better for higher concentrations, because we 
are under the percolation threshold and in further work the concentration must be increased. The loss 
maximum is 2.5 dB and 2.75 dB for 3 mm and 6mm textile, respectively. Compared to micronized graphite 
(18 dB) it seem to be negative result, but the CNTs concentrations is 20times lower than that of micronized 
graphite. The ILR should also significantly improve once we find the percolation threshold for CNTs. E.g. in 
[7] the best absorption properties were observed at the CNT concentration of 4 wt.%  

 

 

 

 

 

 

Sandwich structures were prepared from microcomposites with the micronized graphite and measured the 
same way as monostructures. Sandwich structures contain two layers, first one is 3D textile filled with 
micronized graphite and its thickness was 3 mm. Second one was just 3D textile without any filler, its 
thickness was either 3 mm, 6 mm and 6+3 mm (actually two layers of empty 3D textile without filler and 
different thickness). In Fig. 5. ILR characteristics of a monolayer with 22 wt. % of micronized graphite and 
three individual sandwiches are shown. The changes in the spectral dependencies are quite hard to 
describe due to the complexity of the problem. The sample thickness clearly caused the shift of the IRL 
maximum, but the thicknesses of individual layers in the sandwich structure as well as thickness of the 
whole structure are just two of the parameters to consider. So far we cannot predict the shape of the IRL 
curve by mathematical equation and best sandwich layer has to be found experimentally. This will be aim 
of our future work.  

4.  CONCLUSION 

Results obtained in the second year of research project VOJAN so far confirm that micro- and nanoparticles 
are suitable fillers for micro and nanocomposite RAM materials. Although results from microwave 

Fig. 5 Comparison of ILR spectral dependencies for sandwich structures from micronised graphite 
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measurements must be regarded only as informative, it is clear that with these materials a convenient RAM 
could be prepared. The following work will be focused on finding the most suitable filler concentrations. In 
case of micronized graphite it means concentrations lower than 22 wt% and for carbon black 
concentrations lower than 15 wt%. Concentration of CNTs should be higher than 1 wt%.  Sandwich 
multilayers seem to be a perspective candidates for high quality radar absorbing structures as well. 
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Abstract 

Recently various eco-friendly products and technologies are developed in the world to replace environment 
threatening ones. In the field of superabsorbent materials the efforts are directed to substitute synthetic 
polymers for natural materials or a combination of these two groups of substances. Such products are used 
for example in agriculture, horticulture and forestry to improve soil water retention and nutrient utilization 
by plants. The presented work is focused on study of properties of polyacrylate hydrogel encapsulated in a 
mixture of collagen and nanostructured clay. In future, it allows to decrease content of synthetic 
component in the composite hydrogel and to reduce content of non-biodegradable residues in soil after 
using hydrogel as water and nutrient regulator in agricultural applications. Swelling capacity and the 
courses of water retention and release were studied. 

Keywords: nanostructured clay, collagen, hydrogel 

1.  INTRODUCTION 

Superabsorbent polymer (SAP) materials are hydrophilic networks that can absorb and retain huge 
amounts of water or aqueous solutions. They can uptake amount of water as high as 99 %. Common SAPs 
are generally white powders, which are used in many fields such as tissue engineering, biosensors, 
disposable diapers and other application including agricultural use. Agricultural grade of such hydrogels is 
used as granules for holding soil moisture in arid areas. Most of the current superabsorbents, however, are 
frequently produced from acrylic acid, its salts, and acrylamide. Hydrophilic gels that are usually referred to 
as hydrogels are networks of polymer chains that are sometimes found as colloidal gels in which water is 
the dispersion medium. Hydrogels have been defined as polymeric materials which exhibit the ability of 
swelling in water and retaining a significant fraction (>20%) of water within their structure, without dissolving 
in water [1]. 

Recently various eco-friendly products and technologies are developed in the world to replace environment 
threatening ones. In the field of superabsorbent materials the efforts are directed to substitute synthetic 
polymers for natural materials or a combination of these two groups of substances. Such products are used 
for example in agriculture, horticulture and forestry to improve soil water retention and nutrient utilization 
by plants. The presented work is focused on modification of the commercially available polyacrylate 
hydrogel Agrisorb (Stockhausen GmbH & Co.KG, Germany) with a mixture of collagen and nanostructured 
clay with the aim of conservation or increasing swelling capacity of the product.  
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m collagen (g) m clay (g) V water (ml) Type of clay

Coated gel 1 9,8 0,2 250 10/09136R
Coated gel 2 9,6 0,4 250 10/09/136R
Coated gel 3 9,8 0,2 125 10/09/136R
Coated gel 6 9,6 0,4 125 10/09/136R
Coated gel 7 9,8 0,2 250 10/09/136 (3,4%)
Coated gel 10 9,8 0,2 125 10/09/136 (3,4%)
Coated gel 11 9,6 0,4 250 10/09/136 (3,4%)
Coated gel 13 9,6 0,4 125 10/09/136 (3,4%)
Coated gel 8 9,8 0,2 250 10/09/148 (3,75%)
Coated gel 9 9,8 0,2 125 10/09/148 (3,75%)
Coated gel 12 9,6 0,4 250 10/09/148 (3,75%)
Coated gel 14 9,6 0,4 125 10/09/148 (3,75%)
Coated gel 15 9,8 - 250 -
Coated gel 16 9,8 - 125 -

2.  MODIFICATION OF HYDROGEL 

Nanostructured clay (Synpo a.s., Czech Republic) was used in three forms: as a powder, aqueous 
suspension and in jelly-consistence. Encapsulation was carried out as follows. Collagen was added to the 
water under stirring and heating (60°C), subsequently the clay was added and finally, after perfect 
homogenization, 1 g of dry hydrogel was added. Then the beaker was let to stand 10 minutes and solid 
phase was filtered on a Buchner funnel. The filter cake was transferred into a dish and dried. This 
procedure was done with a number of samples coated with different composition of the mixture (Table 1).  

Table 1 Composition of the coated mixture to modify the hydrogel Agrisorb  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.  SWELLING CAPACITY OF HYDROGEL 

Generally, when the terms swelling or absorbency are used without specifying its conditions; it implies 
uptake of distilled water while the sample is freely swollen, i.e., no load is put on the testing sample. There 
are several simple methods for the free absorbency testing which are dependent mainly on the amount of 
the available sample, the sample absorbency level, and the method's precision and accuracy. In our case 
the Tea-bag method was selected. This method is the most conventional, fast, and suitable for limited 
amounts of samples (W0 = 0.1-0.3g). The SAP sample is placed into a tea-bag (acrylic/polyester gauze with 
fine meshes) and the bag is dipped in an excess amount of water or saline solution for one hour to reach 
the equilibrium swelling. Then excess solution is removed by hanging the bag until no liquid is dripping. The 
tea bag is weighed (W1) and the swelling capacity is calculated by eqn (1). The method's precision has been 
determined to be around ±3,5% [1]. 

Se= (W1-W0)/ W0              (1) 

3.1 Swelling capacity in satured solution 

The samples were also tested for swelling in saturated solution of (NH4)2SO4 and KNO3. Coated gel was 
placed into the tea-bag which was then immersed in selected salt solution. The bags were removed from 
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the solution after given time periods and left to drain freely, then they were weighed and immersed again. 
Their weight was recorded in dependence on the swelling time and compared to the values for uncoated 
gel. The best swelling ratio had a value 24,69 grams of (NH4)2SO4 solution per one g of the original gel, in 
the case of KNO3 the value 35,86g/g was reached. Both these values are higher than for non-encapsulated 
gel (17,57g/g for (NH4)2SO4), 28,02g/g for KNO3). 

3.2 Swelling capacity in distilled water 

The samples were also tested for swelling in distilled water. Coated gel was placed into the tea-bag which 
was then immersed in water. The bags were removed from the solution after given time periods and left to 
drain freely, then they were weighed and immersed again. The best swelling capacity had a value 176,17 
grams of water per one g of the original gel, this value is lower than for non-encapsulated gel which was 
204,25g/g.  

4. RELEASE OF NUTRIENT 

After swelling the samples were dried in an oven at 100°C. Rate of ammonium sulfate or potassium nitrate 
released from modified hydrogel was measured using conductivity test during immersion of the samples in 
distilled water. It was proved that modified hydrogel saturated with (NH4)2SO4 solution released ions slower 
than non-encapsulated gel. In the case of KNO3 solution significant differences were not observed. 

5.  CONCLUSION 

In this work the compatibility of collagen with nanostructure clay was tested and the possibility of using this 
system to modificate the polyacrylate hydrogel was assessed.  Some of the prepared hydrogels reached 
higher values of swelling in saturated solution than the original unmodified material. This allows to 
decrease the content of polyacrylate component in the composite hydrogel and to reduce the content of 
non-biodegradable residues in soil after using hydrogel as water and nutrient regulator in agricultural 
applications. 
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IMPACT PROPERTIES OF POLYMERIC NANOCOMPOSITES WITH DIFFERENT  
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Abstract 

Results of a microstructure assessment and impact testing of thermoplastic nanocomposites are presented 
in the paper. Experiments were focused on influence of different structure parameters of fillers on 
toughness of thermoplastics composites. Mechanical properties of nanocomposites were compared with 
neat polymeric matrix in all cases. Montmorillonite, halloysite, carbon nanotubes and precipitated calcium 
carbonate were used to reinforce polymeric matrix. The above-mentioned four reinforcing materials are 
possible to sort to three groups in accordance with shape: nanoplatelets (montmorillonite – MMT), 
nanofibres (halloysite nanotubes – HNT, carbon nanotubes – CNT) and isometric nanoparticles (calcium 
carbonate).  

Determination of impact behaviour was conducted at Charpy impact tester and instrumented falling-weight 
machine. Results show a decrease of toughness of PA6/MMT, PA6/HNT and PA6/CNT nanocomposites in 
comparison with a neat PA6. Toughness of these materials strongly depends on moisture content. 
Nanofillers don’t influence toughness of polypropylene copolymer in negative way. Influence of a 
reinforcing particles and adhesion between matrix-nanofiller to embrittlement of nanocomposite will be 
discussed.  

Keywords: nanocomposite, microstructure, impact properties 

1.  INTRODUCTION 

Material and structural parameters of nanofiller such as shape, size, aspect ratio, concentration etc play 
important role for properties of nanocomposites. Quality of interface between particles and matrix are no 
less important. Presence of rigid filler usually deteriorates strength and toughness of polymeric materials 
[1]. Quality dispersion of nanoparticles in matrix plays key role for an improvement of impact properties of 
nanocomposites. Dispersed systems are generally in thermodynamically non-equilibrium state. Surface free 
energy reduction is driving force for termination of dispersion state and aggregations growth (coagulation) 
[2]. Suitable treatment of particle surface can prevent coagulation of particles during compounding of the 
polymer composites [3]. Nanocomposites are possible to sort by geometric shape of reinforcement to: 

� Nanonoparticle-reinforced composite (CaCO3, TiO2, SiO2…) 

� Nanofibre-reinforced composite (carbon nanotubes - CNT, halloysite - HNT) 

� Nanoplateled-reinforced composite (organically modified clay, expanded graphite), Fig 1. 
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Fig. 1 Geometric shape of reinforcement 

2.  RESULTS AND DISCUSSION 

2.1  Materials 

Polypropylene homopolymer (PP-h), polypropylene copolymer (PP-c) and polyamide 6 were used as the 
matrices polymers. Precipitated calcium carbonate was used like representative of equiaxial nanofiller. 
Surface of CaCO3 was organically modified. Details about treatment of particle surface are guarded in this 
time. Halloysite nanotubes (HNT) and carbon nanotubes (CNT) represent particles with fibrous shape. And 
organically modified clay – montmorillonite (MMT) is typical representative of the layered filler. Summary 
of all materials used for matrices and nanofillers are presented in table below.  

Table 1 

Matrix Trade name Producer 

PP-c PPC MFI 30 Polykemi AB 

PP-h Moplen HP 400 R LyondellBasell 

PA6 SCANAMID PA6 B140 Polykemi AB 

PA6 Ultramid B3K BASF 

Filler   

CaCO3 Socal 31 Solvay 

Carbon nanotubes CNT Plasticyl PP 2001 Nanocyl 

Halloysite - HNT Pleximer NaturalNano 

Montmorillonite - MMT  Polykemi AB 

Testing specimens for all experiments were prepared by injection moulding technique on Battenfeld 750 CD 
machine. 

2.2  Microstructure 

Microstructure of nanocomposite materials was investigated by transmission and scanning electron 
microscopy. 
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Fig. 2 MMT nanoplatelets in PP-c matrix.      Fig. 3 MMT nanoplatelets in PA6 matrix. 

   
Fig. 4 PP-c + 7wt% CaCO3   Fig. 5 PP-h + 1wt% CNT 

2.3  Impact properties 

Charpy notched impact strength and puncture impact behaviour were measured on nanocomposites and 
neat matrices. Rectangular bars of 80 x 10 x 4 mm3 were sawn from injection-molded sheets. The testing 
samples were taken parallel to melt flow direction. Notches were prepared by a Notchvis device of Ceast. 
Testing discs with diameter 80 mm and thickness 3 or 4 mm were cut off from injection-molded sheets for 
puncture impact tests. 

2.4  Notched impact strength 

Generally, polypropylene homopolymer exhibits considerably brittle material (acN = 1,9 kJ/m2) in 
comparison with polypropylene copolymer (acN = 64 kJ/m2), Fig 6 and Fig 7. The results of the notched 
Charpy impact strength versus filler concentration of PP-h composites with different types of nanofiller are 
shown in Fig 6. 
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Fig. 6 Impact strength versus filler concentration.  Fig. 7 Impact strength of PP-c and its 
nanocomposites. 

4%MMT 

The impact strength of composites on the base of PP-h appears as function of filler concentration. Well-
dispersed organically treated nanoparticles of CaCO3 considerably increase impact strength of PP-h matrix. 
PP-h with 15wt% CaCO3 shows about 58% higher impact strength in comparison with neat matrix. The 
increase of toughness may be due to microplastic deformation creating around the CaCO3 particles. The 
filling of PP-h matrix by halloysite nanotubes has got positive effect to toughness too. The increase of the 
toughness isn’t so considerable like in case of CaCO3 nanoparticles. Composite on the base PP-h filled by 
carbon nanotubes showed the decrease of notched impact strength in comparison with neat matrix. 
Reason of unfavourable impact properties is worse dispergation of CNZ in PP-h. Microscopic investigation 
detected absolutely unsuitable microstructure; nanocomposite has got heterogenic structure from 
macroscopic point of view. Large pieces of unprocessed master batch were observed in PP-h matrix by 
optical microscopy, Fig 5. 

Neat PP-c matrix represents materials with high Charpy impact strength. Notch impact strength of neat 
matrix and nanocomposites is compared on Fig 7., content of nanoparticles was in all three composites 
similar about 5 wt%. Results clearly show nanoparticles with high aspect ratio have got unfavourable 
influence on notch impact strength of composites on the base of the PP-c. It is commonly known, that very 
fine spherulitic structure has positive effect to toughness of polymers. Despite strong nucleating effect of 
nanoparticles, PP-c/MMT and PP-c/HNT have got lower toughness than neat PP-c with coarse spherulites. 
This finding indicates that mechanism of embrittlement of PP-c/MMT and PP-c/HNT may be caused by a 
concentration of stress in matrix close to nanoparticle with high aspect ratio, Fig 2. Moreover 
immobilisation of polymer chains by nanoplatelets in this type of nanocomposite forbids growth of plastic 
deformation, which absorbs fracture energy. These high aspect ratio high modulus nanoparticles don’t 
cause by mechanism overbridge of crack or this mechanism is marginal during crack growth. Rigid 
nanoparticles  CaCO3 with aspect ratio close to 1 increase notch impact strength  of  PP-c matrix.  Important 
condition for the increasing toughness is qualitative distribution of CaCO3 in PP-c matrix, without creation 
of coarse agglomerates of nanoparticles, Fig. 4. 
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Charpy notched impact experiment was conducted on neat PA6 and PA6 composites filled by MMT 
(microstructure on Fig 3.), HNT and CNT. Testing samples were conditioned to a few levels of moisture 
content before testing. Dependence of Charpy notched impact strength on moisture content is shown in 
Fig 8. Dry PA6 and dry PA6 with MMT, HNT and CNT are brittle and their values of notch toughness are 
almost similar. Values of notch impact strength acN are rising with the increasing of humidity, but for PA6 is 
enhancement much higher then for nanocomposites. Nanoparticles are decreasing rate of moisture 
absorption as well as decreasing their impact toughness. Results indicate, that nanoplatelets and 
nanofibres don’t cause to overbridge of crack, but due to their aspect ratio cause like stress concentrator. 
Moreover MMT nanoplatelets in water condition are swelling; therefore enlarge their size. These size rising 
induce strain in matrix. Effect of nanoparticles is become negative. Therefore notch impact strength of PA6 
nanocomposite after wetting is not increasing so rapidly then for neat PA6. 

Results of instrumented puncture impact testing of neat PP-c matrix and composites with treated calcium 
carbonate, MMT and HNT clearly show, that presence of a nanofiller with different shape, aspect ratio and 
size haven’t noticeable influence to change of toughness, Fig. 9. Interaction between inorganic 
nanoparticles and polypropylene copolymer matrix does not cause embrittlement of composites. 
Toughness of these composites is completely determined by properties of neat matrix. Interpretation of 
this phenomenon can be non-polarity of PP-c matrix, thus poor interaction on interface matrix-
nanoparticle. Weak interaction matrix-filler create better condition for development of plastic deformation 
during impact action. 

CONCLUSIONS 

A few types of nanocomposites with different types of matrices and nanofillers were fabricated and 
characterised by electron and light microscopy. Polypropylene copolymer and polypropylene homopolymer 
were chosen like typical representative of non-polar matrices. Polyamide 6 represented matrix with polar 
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character of macromolecular chains. Well-dispersed nanoparticles of CaCO3 and HNT up to the content 
about 15wt% increase Charpy impact strength of PP-h matrix. Only inorganic particle with aspect ratio 1 
improve Charpy impact strength of PP-c. Under multi-axial impact loading, nanoparticles with different 
shape do not affect the toughness of polypropylene copolymer negatively. Preparation of nanocomposites 
with CNT is problematic even at very low degree of filling. Impact properties nanocomposites with CNT ar 
negatively influenced by inapt processing. Significant drawback of PA6 nanocomposites is their unsuitable 
impact properties. An embrittlement of PA6 nanocomposite filled by particles with high aspect ratio 
represents a limiting factor for wider application of this perspective material.  
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Abstract 

Effect of milling process in combination with hydrochloric acid treatment on the structure of talc was 
studied in terms of ability to bind the zirconium in the zirconium-talc composite. Zirconium-talc was 
prepared from the natural powdered talc from Egypt and aqueous solution of zirconyl chloride. The 
mechanically and chemically modified talc was investigated by the chemical analysis of elements (XRF), X-
ray diffraction (XRD), scanning electron microscopy (SEM) and the measurement of specific surface area 
(SSA). Combination of procedures of milling with acidification contributed to the increase in SSA of talc 
from 10.1 to the 17.3 m2/g. The maximum content of zirconium bound in a zirconium-talc was 0.65 wt.%.  

Keywords: talc, milling, hydrochloric acid, zirconium-talc  

1.  INTRODUCTION 

Clay minerals are important industrial minerals. Pyrophyllite and talc are the most common clay minerals 
applied for raw materials in the production of ceramics [1].  

Talc, having a chemical formula Mg3Si4O10(OH)2, is the clay mineral whose structure consists of the 2:1 
layers which are composed from the tetrahedral-octahedral-tetrahedral sheets [2]. In the ideal case, no 
interlayer material exists in the structure of talc because 2:1 layers are electrically neutral [2, 3]. Van der 
Waals interactions and the weak cohesion hold adjacent 2:1 layers together and account for the very soft 
nature talc [3]. The softness of talc is due to the easy displacement of the 2:1 layers [4].   

The use of talc is derived from its unique structural, physical and chemical properties, which are reflected 
by its softness, surface properties, particle size and morphology [5]. The paper industry is the major 
consumer of talc (as a loading agent). Talc is very often used as a filler in rubber, paints, plastic and 
composites [6]. Talc is also a significant raw material in the preparation of magnesium ceramics (steatites, 
cordierites, enstatites and forsterites) [7]. 

The mechanochemical treatments of the most structurally inactive clay minerals bring many benefits such 
as reduced annealing and sintering temperature, accelerated rate of densification rate in ceramics powder, 
production of porous materials, reduction in phase transformation temperature, enhanced leaching 
process, decreased thermal decomposition temperature and increased particle reactivity [8]. The 
mechanochemical treatments of inorganic solids constitute promising way for achieving control of the 
reactivity in the solid state and for the preparation of metastable phases with new and useful properties. 
This activation often allows a significant lowering in reaction temperature and times of thermal processing 
[9].  

Mechanical grinding leads to random delamination of the silicate layers and the surface area increase [10]. 
The high-energy or long time of grinding causes the amorphization of material [11]. The most common 
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chemical activation of clay minerals to increase their specific surface area and porosity is treatment with 
solutions of the strong inorganic acids [12].  

The study deals with solution of two issues. The first topic was the performance of modification of talc by 
milling and by acidification with hydrochloric acid and evaluation of samples by the X-ray fluorescence 
spectrometry (XRF), the X-ray diffraction (XRD), the specific surface area (SSA) measurement and scanning 
electron microscopy (SEM). The second step was to determine how modified talc affected the ability to 
bind zirconium. 

2.  MATERIALS AND METHODS 

2.1  Materials 

The natural powdered talc from Egypt was selected as starting material for the samples preparation. The 
chemical composition of raw talc in wt.% from the elemental analysis was: 51.49 SiO2, 35.71 MgO, 2.91 
CaO, 0.29 Fe2O3, with loss of ignition 9.31.  

 An aqueous solution of 37 % hydrochloric acid (HCl), from Sigma Aldrich, was used, for the acid activation 
of talc. Zirconyl chloride (ZrOCl2), 30 % solution in hydrochloric acid, supplied by Sigma Aldrich, was chosen 
as a source of zirconium.  

2.2 Characterizations methods 

The specific surface area (SSA) was determined with Sorptomatic 1990 (Termi-Finnigan) at liquid nitrogen 
temperature. Nitrogen gas was used as an adsorbate.  

The X-ray powder diffraction (XRD) patterns were obtained using a diffractometer INEL CPS 120 with a 120° 
curved position-sensitive detector and Ge-monochromatized CuKα radiation.  

The chemical composition of talc was determined by the X-ray fluorescence spectrometer (XRF) SPECTRO X-
LAB. The samples were mixed with the wax and pressed into the form of the pellets. 

The particle morphologies of talc were observed on a scanning electron microscope (SEM Philips XL 30) 
using a secondary electron detector equipped with energy dispersive spectroscopy analysis (EDS) for 
elemental analysis and mapping.  

2.3 Samples preparation 

The sample of talc (T) was ground in planetary ball mill (FRITSCH) for 20 min, then passed through a 0.045 
mm sieve and labelled T1. The samples T and T1 (always 10 g) were treated with 200 ml of 6M HCl at 80°C 
for 2 h. The resulting suspensions were washed with demineralised water to remove chlorides, then 
centrifuged, dried at 80°C and designated as T6 and T16, respectively. The samples T6 and T16 after milling 
in a planetary micro mill (FRITSCH pulverisette 7) for 15 min were labelled as T61 and T161, respectively.  

At the second step, ability of three samples to bind zirconium was tested. The 5 g of each sample T16, 
T161and T61 were heated and stirred with 50 ml of 5 % aqueous solution ZrOCl2 in closed flask at 80°C for 2 
h. The obtained samples were named as T16Zr, T161Zr and T61Zr, (Table 1). All samples were then washed 
with demineralised water, centrifuged and dried at 80°C. This procedure was repeated twice. 
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Table 1 List of samples, preparation procedures, specific surface area (SBET) and content of zirconium (Zr).  
Samples Procedure of preparation SBET [m2/g] Zr [wt.%] 

T raw talc (T) 10.1 0 
T1 T milled 12.5 0 

T16 T1 with 6M HCl 14.6 0 
T161 T16 milled 17.3 0 

T6 T with 6M HCl 11.9 0 
T61 T6 milled 17.1 0 

T61Zr T61 with ZrOCl2 not measured 0.32 
T16Zr T16 with ZrOCl2 not measured 0.65 

T161Zr T161with ZrOCl2 not measured 0.59 

3.  RESULTS AND DISCUSION 

3.1  Specific surface area  

The main task of acid activation of clay minerals is to obtain partly dissolved material of increased specific 
surface area, porosity and surface acidity [12]. The SSA of clay minerals is one of their most important 
properties controlling surface phenomena. In the case of non-swelling clay minerals, the most widely used 
technique for determining SSA is based on gas adsorption, notably of nitrogen gas at 77 K [13].  

The surface area of raw talc (T) after milling (T1) slightly increased from the 10.1 m2/g to the 12.5 m2/g. A 
slightly higher SSA 11.9 m2/g of talc after treatment with the hydrochloric acid (sample T6) significantly 
increased by milling to the 17.1 m2/g (sample T61). Also the procedure grinding in the first step and then 
the action of acid led to a corresponding increase in SSA to the 17.34 m2/g (sample T161). 

3.2  X-ray diffraction analysis 

The XRD reflection patterns (Fig. 1.) of raw milled talc (T1) revealed admixtures of other crystalline minerals 
kaolinite (K) and dolomite (D). Diffraction of dolomite (D) expired after acid activation. The XRD 
transmission patterns allowed to observed non-basal reflection. The comparison of diffraction patterns in Fig. 
2. showed that acid activation and milling very slightly reinforced the intensity of non-basal reflection of talc. 

 

 

 

 

 

 

 

 
 
 

            Fig. 1 XRD   patterns  of  milled  talc:        Fig. 2 XRD transmission patterns of talc T (Ttr) 
         T1 – reflection and T1tr – transmission.                                       and modified talc T61(T61tr). 
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3.3   Modified talc and binding Zr  

The mechanochemically activated talc samples T16, T161 and T61 after treatment with aqueous solution 
showed slightly smaller particles in comparison to the original talc. The modified talc sample with Zr 
showed a similar trend. The SEM images in Fig. 3. allow the comparison of the particles morphology in the 
samples T and T16Zr and the mapping of the distribution of the elements Mg and Zr on the surface of the 
sample T16Zr. The elemental XRF analysis revealed that the sample T16Zr contained 0.65 wt.% Zr by a 
similar amount 0.60 wt.% Zr in the sample T161Zr. It is surprising that a sample of talc T61Zr, which has first 
subjected to acid exposure and then grinding was able to bind only 0.32 wt.% Zr (Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 SEM image of sample T and EDS elements distribution of Mg and Zr in the sample T16Zr. 

4.  CONCLUSION 

Analysis of results gave the following facts: 

1. The same increase in SSA of talc from the 10 m2/g to 17 m2/g occurred after procedures in which 
talc was first acidified and then milled or first milled, then acidified and re-milled. 

2. Acid action and milling of talc did not affect significantly the XRD patterns. 

3. First modification of talc by milling and then acid treatment was positive for binding zirconium. 
Conversely, considerably smaller amount of zirconium was bound in talc, which was first acidified 
before milling. 

Zr Mg 

T16Zr T 
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Abstract 

Microwave hydrothermal synthesis is a fast, simple, and reproducible method which does not require 
necessarily any template, catalyst, or surfactant and can control the morphology of Ag-ZnO crystals from 
simple to complex. Here, it was used for preparation of micro-sized hybrid filler. Zinc acetate and silver 
nitrate were used as starting material for microwave-assisted synthesis and hexamethylenetetramine 
(HMTA) was chosen as a precipitation and reduction agent. Ag-ZnO structures were obtained in a good 
yield at a relatively low temperature within several minutes. This hybrid Ag-ZnO filler was mixed up in PVC 
matrix. A series of materials with different mass concentration of filler was prepared ranging up to 5 wt%. 
The antibacterial activity of the final product was tested against Staphylococcus aureus and Escherichia coli 
according to ISO 22196 standard. Relation of content of filler and antibacterial activity against 
representative strains of Gram-positive and Gram-negative bacteria was investigated. X-ray diffraction 
(XRD) method and scanning electron microscopy (SEM) were used for characterization of composition, 
structure and morphology of Ag-ZnO microparticles.  

Keywords: microwave synthesis, hybrid filler, antibacterial activity, Ag-ZnO 

1.  INTRODUCTION 

A strong pressure on advanced materials development is evolved in medicine due to enormous increase of 
infection rate and mortality related to nosocomial infections caused by bacteria adherent on medical 
devices. The use of antimicrobial agents as additives in plastic materials for medical devices and other 
applications is conceptualised in so called Antimicrobial polymer systems (APS), which are materials 
consistent from a polymer matrix loaded with mineral and organic additives providing the antimicrobial 
function while the matrix gives the shape and mechanical properties to the item. APS must comply 
different properties e.g.: low toxicity to human, animals, compatibility with processing aids and other 
additives, no negative impact on the properties and appearance of the plastic article, storage stability and 
long-lasting efficacy. [1] 

As various bacterial strains have acquired drug resistance against antibiotics and other organic bactericidal 
or bacteriostatic agents, the attention is focused on inorganic materials as additives. Among them, hybrid 
metal-semiconductor materials have arisen a great interest because of their complexity of optical, 
electrical, magnetic, antibacterial and other properties. Recently, various techniques are studied for 
preparation of novel hybrid systems with specific design of their functional properties, thus new application 
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fields are opened [2-4]. Several works have been published on synthesis of various Ag-ZnO nanocomposites 
and on their antibacterial activity against gram-positive and gram-negative bacteria. [2, 5-7]. The strong 
antibacterial activities of both metallic Ag and Ag+ ions have been known for a long time [8-10]. Zinc oxide 
(ZnO) is another inorganic antibacterial agent which, in form of nanoparticles, exhibit strong antibacterial 
activities on a broad spectrum of bacteria although its effect on bacteria is not fully understood yet. [11]. 
Ag shows better antibacterial activity against gram-negative than gram-positive bacteria, while ZnO shows 
better antibacterial performance against gram-positive than gram-negative bacteria. [12-14] Moreover, the 
combination of these two materials in nanocomposite form exhibit enhanced activity due to synergetic 
effects between both kinds of nanoparticles. [5] 

Hence, we offer an original method for preparation of hybrid Ag-ZnO filler by microwave assisted  
synthesis (MW). Preparation of hybrid nanostructures Ag-ZnO by MW was already reported by 
Bhattacharyya et al 2008 [15], where they used microwave polyol synthesis in a 15 min reaction conducted 
under argon atmosphere. Another attempt to use MW was presented by Karunakaran et al. [2] where they 
work with microwave domestic oven in cycle mode: on for 30 s and off for 30 s. However, in this paper is 
present preparation of hybrid Ag-ZnO nanoparticles by microwave domestic oven with reflux cooling 
system for 5 minutes. This method is very easy, safe and feasible open vessel solvothermal synthesis from 
water solutions of simple chemicals. 

In next, a new APS based on prepared Ag-ZnO filler was developed using medical grade Poly (vinyl chloride) 
(PVC) as the matrix. PVC is the most widely used material use in medical devices. Major medical uses of PVC 
include intravenous fluid bags and tubing, blood and plasma bags, enteral feeding and dialysis equipment, 
catheters, and gloves [16, 17]. This material is well processable and relative cheap. The broad application 
window of medical-grade PVC as a leading biomedical polymer underlies the motivation of choosing this 
material. 

2.  EXPERIMENTAL 

2.1 Materials 

The starting materials silver nitrate AgNO3 (purum, ≥99.5%) and zinc acetate dehydrate Zn(CH3COO)2•2H2O 
(purum, >99%) were purchased from Penta (Prague, Czech Republic),  polyvinylpyrollidon PVP (Mw = 
40,000) was purchased from Sigma-Aldrich (Prague, Czech Republic). Hexamethylenetetramine (HMTA) 
C6H12N4 (purum, >99%, Fluka) was purchased from Sigma-Aldrich (Prague, Czech Republic) and used both as 
precipitation agent and growth modifier. Demineralised water was used overall in these experiments. 
Medical grade plasticized PVC RB3 (Modenplast Medical, Italy) was used as polymer matrix. 

2.2 Synthesis of Ag-ZnO particles 

A domestic oven (CWR-TECH, 1150W/230V-50Hz) was modified by drilling a hole on the ceiling for open 
vessel solvothermal synthesis with external cooler. In the typical procedure, the starting materials were 
dissolved in water as follows: The solution (I) 10.8 g Zn(CH3COO)2•2H2O was mixed together with solution 
(II) 0.699 g AgNO3, and then with solution (III) 0.721 g PVP. The total amount of used water was 100 ml. The 
obtained solution (I+II+III) was placed in a 250 ml reaction bottle into the microwave oven cavity. The 
reaction mixture (I+II+III) was heated for 2 minutes then a solution of 6.998 g C6H12N4 in 50 ml water was 
added quickly through the dropping system and microwave heating continued for another 3 minutes. The 
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system was left to cool down naturally after switching of microwaves. Finally, the particles were collected 
by microfiltration and washed by demineralised water. Obtained powder was dried in a laboratory oven. 

2.3 Characterization  

The phase structure of filler particles was characterized by X-ray diffractometer PANalytical X´Pert PRO 
(PANalytical, The Netherlands) using Cu Kα1 radiation (λ = 1.540598 Å) operating at 40 kV and 30 mA. The 
crystalline phase composition was evaluated by the software PANalytical X'Pert High Score using 
normalized RIR method. The RIR is the ratio between the integrated intensities of the peak of interest and 
that of a known standard [18]. The morphology of the products was investigated by scanning electron 
microscope Vega II LMU (Tescan, Czech Republic) with beam acceleration voltage set at 10 kV. 

2.4 Compounding of filler and polymer 

Various amounts of prepared fillers were melt-mixed with PVC by the use of micro compounder 
HAAKE MiniLab II (Thermo Scientific) so the final filler loads were 0.5, 1, 3, 5 wt%. PVC pellets were 
mechanically premixed with the required amount of filler and fed into the compounder at the rate of 2 g of 
material per minute. The process was performed at 160 °C and 70 rpm. By running the instrument in 
circulation mode, the mixture homogenisation was controlled by measuring the torque of the drive motor 
and the pressure in the backflow channel. The compounding time of 10 min was sufficient for achievement 
of constant torque and pressure signals in all compounded samples. At the end of the mixing, the bypass 
valve was opened and the sample was extruded as a strand. Then, prepared PVC mixtures were 
compression molded for 3 minutes at 160 °C and then cooled in another press. Obtained 0.5 mm thick 
sheets were used for the preparation of samples for measurements. Reference (blank) samples without 
filler were prepared in the same way.  

2.5 Antibacterial activity 

Material was tested for its antibacterial activity against Staphylococcus aureus CCM 4516 and Escherichia 
coli CCM 4517 as representatives of Gram-positive and Gram-negative bacteria. The effect antimicrobial 
agent against bacterial grown in culture was tested according to the ISO 22196: 2007 (JIS Z-2801) standard. 
Size of test specimens was chosen 50 mm x 50 mm x 0.5 mm. The antibacterial activity R was calculated 
using Equation (1) 
     R = (Ut – U0) – (At – U0) = Ut – At       (1) 

Where R is the antibacterial activity; U0 is the average of the logarithm of the number of viable bacteria, in 
cells/cm2, recovered from the untreated test specimens immediately after inoculation; Ut is the average of 
the logarithm of the number of viable bacteria, in cells/cm2, recovered from the untreated test specimens 
immediately after 24 h; At – is the average of the logarithm of the number of viable bacteria, in cells/cm2, 
recovered from the treated test specimens immediately after 24 h.  

3.  RESULTS AND DISCUSSION  

3.1 Ag-ZnO nanostructured microfillers 

A SEM image of the as-prepared Ag-ZnO particles is shown in Fig. 1. The image was taken by BSE detector 
that allows distinguish composition of particles by material (greyscale) contrast showing heavier elements 
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Fig. 1 BSEM microphotographs of the Ag+ and Zn2+ Fig. 3 BSEM microphotographs of the 5 %wt 
hybrid filler with medical grade PVC 

Fig. 2 XRD patterns of the Ag/ZnO 
particles. 

brighter. It can be seen that the zinc oxide particles are hexagonal truncated prisms with the size up to 1μm 
and silver particles are of spherical shape with the diameter up to 200 nm.  

 

 

 

 

The composition of crystalline material was verified by powder X-ray diffractometry (XRD). Fig. 2 shows the 
XRD pattern of the Ag-ZnO particles. All peaks can be assigned to the Bragg reflections of the standard 
structure zinc oxide (JCPDS no. 01-079-0207) and face-centered-cubic silver (JCPDS no.01-087-0720). No 
other crystalline phase was found. Composition of crystalline phase was estimated as 34 %wt of Ag and 66 
%wt of ZnO. 

In spite of many advantages of MW synthesis described in introductory chapter, the method allows to 
process relatively small batches of reaction mixture. Therefore, synthesis was repeated five times in order 
to collect sufficient amount of filler to prepare all needed specimens for antimicrobial activity testing. The 
average yield was 1.2 g of dry powder per each synthesis.  

3.2 Ag-ZnO PVC composites and their antibacterial activity  

Medical grade PVC was loaded with hybrid filler Ag-ZnO 0, 0.5, 1, 3 and 5 %wt. Obtained materials showed 
good and homogenous dispersion of particles in polymer matrix No macroscopically visible marbled effects 
or even single stray streak were observed by careful inspection. Microscopic image obtained by SEM is 

5μm 
10μm 
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shown in Figure 3 and testifies for good dispersion of filler too.  Blank specimens were perfectly transparent 
with the characteristic very light tint of violet colour that is inherent to the raw PVC resin as delivered by 
the supplier.  

Table 1 Antibacterial activity of Ag-ZnO filler in PVC, tested by using standard methods according to 
International organization for Standardization ISO 22196:20E 

Bacterial 
strain 

Concentration 
Ag-ZnO filler 
in polymer  

[wt %] 

Mean of the number of viable bacteria  
(CFU/ cm2)a Antibacterial 

activityb 

(Log CFU 
reduction)c 

% 
reductiond 

The untreated 
specimens 

after 
incubation 

The untreated 
specimens 
after 24 h 

The treated 
specimens 
after 24h 

E. coli 

0.5 3.89E+05 2.80E+08 2.75E+08 0.0081 1.848 

1 3.89E+05 2.80E+08 2.08E+08 0.1298 25.83 

3 1.57E+05 4.29E+08 2.44E+06 2.2457 >99.43 

5 1.57E+05 4.29E+08 7.11E+02 5.7808 >99.99 

S. aureus 

0.5 --- --- --- --- --- 

1 1.34E+06 1.06E+08 9.98E+07 0.0244 5.46 

3 1.34E+06 1.06E+08 4.86E+07 0.3372 53.99 

5 1.34E+06 1.06E+08 1.78E+07 0.7730 83.13 
a The values for the untreated specimens after 24 h and the treated specimens after 24 h were significantly different 
according to the Student’s test (P<0.05; n=3). 

b The values calculated with reference to population of bacteria recovered from the untreated specimens after 
inoculation  (prior to incubation). 

c The log 10.  

d %difference in the populations prior to and after incubation  

The antibacterial effects of ZnO and silver nanomaterials are not fully elucidated yet, but the prevailing 
paradigm suggests various combinations of mechanisms: In the case of ZnO was proposed generation of 
hydrogen peroxide as one of the primary mechanisms [19]. In the latter case of silver nanoparticles 
following mechanisms are widely accepted. (1) Silver ion release followed by cellular uptake and a cascade 
of intracellular reactions, (2) extracellular and intracellular generations of ROS (reactive oxygen species), 
and (3) direct interactions between nano-scaled silver and cell membranes [20]. For APS are important not 
only antibacterial properties of the selected combination of fillers but the whole system including polymer 
matrix must assure reasonable release rate of active species to the surface of the plastic article. 
Quantitative assessment of antibacterial activity of the tested samples, the R-values and % reduction are 
shown in Table 1. The bacterial Log reduction value should not be less than 2.0 for an APS that can be 
categorized as having effective antibacterial surface as it is the minimal antibacterial activity according to 
ISO 22196:2007and JIS Z2801:2000 [21]. This condition comply already material PVC with 3 wt% Ag-ZnO 
filler for bacteria E. coli. However, the antibacterial activity of Ag-ZnO composite material against S. aureus 
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is lower than Log 2 even at the highest level (5 %wt) of filler content. This low performance is in 
contradiction with reported efficiency of ZnO against gram positive bacteria. [22] It seems that the release 
of active antibacterial species is somewhat blocked by the PVC matrix or the species are deactivated prior 
to their release from the material. Nevertheless, obtained results create framework for further 
improvement of the material under development. [23,24] The performance of the material loaded by 
5 %wt of filler was proved as reasonable APS with respect to E.coli (antibacterial activity of 5.8) and its 
performance against S. aureus will be subjected to further improvements with respect to medical 
application. 

CONCLUSION 

An easy, safe and feasible open vessel microwave assisted method was introduced for synthesis of hybrid 
Ag-ZnO filler from water solutions of simple chemicals. Prepared filler consists of zinc oxide hexagonal 
prisms with the size up to 1μm and adjoined silver spherical particles with the diameter up to 200 nm. 
Composition of crystalline phase was estimated as 34 %wt of Ag and 66 %wt of ZnO. Ag-ZnO filler was 
mixed with medical grade PVC in order to create an antibacterial polymer system. Its performance against 
representative gram-positive and gram-negative bacteria was tested. The R-value is higher than 2.0 at PVC 
with 3 wt% and 5.8 with 5 %wt of Ag-ZnO against E. coli and can be categorized as effective antibacterial 
surfaces (according to ISO 22196:2007and JIS Z2801:2000). The antibacterial activity against S. aureus is less 
than required minimum for application in antibacterial polymer systems. These findings suggest that the 
use of the hybrid Ag-ZnO filler may have potential applications; however it requires further increase 
performance against gram positive bacteria.  
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Abstract 

Nanocomposites based on CNTs + zeolite and CNTs + montmorillonite were prepared by in-situ hot 
filament CVD technology. Silicates – zeolite and montmorillonite – were used in the synthesis as substrates 
for immobilizing the catalytic particles of iron ions. We studied the mechanisms of CNTs formation and 
growth on the catalytic particles, the influence of the type of the catalytic support upon the morphology, 
quality and structure of the final nanocomposite, especially of carbon nanotube bridges.  

Keywords: CVD, nanocomposites, zeolite, montmorillonite 

1.  INTRODUCTION 

Nanocomposites with carbon nanotubes nowadays constitute one of the most rapidly developing areas of 
research of fibrous nanomaterials. Potential applications of nanocomposites based on CNTs and silicates 
include nanoporous filters, heat insulators, protecting materials for low-molecule gases, selective 
adsorbents or lubricants and light materials applicable for various purposes. The future prospects appear to 
be the so-called green nanocomposites, silicate nanocomposites [1] and biologically degradable carbon 
polymers in which both the catalytic and ion-exchange function of the silicate matrix can be utilized [2]. 
Highly prospective is creation of cross-linked CNTs/silicate materials or nanocomposites on the basis of 
CNTs meshes and of a polymer [3].  

2.  EXPERIMENTAL DETAILS 

In situ creation of nanocomposites and synthesis of carbon nanotubes was carried out in the HF CVD 
reactor, where the precursors are activated by five tungsten filaments heated up to 2200°C. The working 
atmosphere was a mixture of methane and hydrogen. The pressure and temperature during deposition 
were 3000 Pa and 0 600°C, respectively. Synthesis of CNTs can be performed on silicates with a layered and 
spatial structure [4-6]. We base on our previous work [7] in which the suspensions of silicates were 
deposited on a polished Si wafer. This time we prepared bulk samples of zeolite and montmorillonite (see 
Figs. 1 to 3). The initial minerals are shown as well. The metal impregnated samples were prepared by 
immersing the silicates into an aqueous solution of Fe(NO3)3 · 9H2O with different concentrations: 0.4 M, 
0.04 M and 0.004 M/100 g of silicate. The synthesis time in the hot filament (HF) CVD reactor was 30 
minutes. The quality and morphology of carbon deposited on silicates and the growth of CNTs within the 
matrix were examined by scanning and transmission electron microscopies and Raman spectroscopy. 
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Fig. 1 Sample of silicate – zeolite (left). The sample comes from the volcanic ash rock from Nižný Hrabovec, 
Slovakia. The main constituent is zeolite – clinoptilolite. 

Fig. 2 Sample of silicate – montmorillonite (right), 
its parent rock bentonite. Bentonite used for 
isolating montmorillonite comes from Stará 
Kremnička, Jelšový potok in the Kremnica 

Mountains, Slovakia 

Fig. 3 Zeolite plate (left) obtained by grinding  
the parent rock, and ferrous montmorillonite  

(right) prepared by sedimentation from an 
aqueous suspension 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.  RESULTS 

Nanocomposites based on carbon nanotubes and silicates were obtained on both types of substrates. SEM 
measurements showed images of carbon nanotube bridges and networks in nanocomposites. Figures 4 and 
5 show CNTs grown on Fe-zeolite. SEM micrographs confirmed a high catalytic efficacy of the Fe-zeolite 
which is probably brought about by the structure of zeolite that allows anchoring of Fe3+ catalytic particles 
in the pores and prevents their migration from the sample. High density of CNTs was observed in the whole 
volume of zeolite. Figure 6 shows a TEM image of multi-walled CNTs grown on zeolite. One can see 
particles of the catalyst at the tips of the CNTs. The resolving power of TEM is not satisfactory to show 
single carbon layers but based on the thickness of the wall and on Raman measurements it is evident that 
the CNTs are of multi-walled type. In some places of the deposit the surface of CNTs is covered by “scurfs”, 
see Fig. 7. The phases of amorphous carbon and graphite were identified by Raman spectroscopy.  

Cross-bridging of the particles of the catalysts by carbon nanotubes was observed also in the case of the 
nanocomposite based on montmorillonite. Since in the case of montmorillonite the catalyst particles can be 
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located not only on the outer surface but also in the interlayer spaces of the mineral, its catalytic efficacy is 
enhanced. In the montmorillonite-based matrix probably also clumps of Fe and Fe3+ catalytic particles are 
formed, which gives rise to the growth of bundles of carbon nanotubes (see Figs. 8 to 10). The carbon 
nanotubes in CNTs + zeolite and CNTs + montmorillonite nanocomposites are fixed and the matrices are  
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Fig. 10 Core of the bundle 

cross-bridged by the nanotubes. Both base and tip 
growth modes were observed on in situ created 
nanocomposites. 

CONCLUSION 

Silicates – zeolite and montmorillonite – were used in 
the synthesis as substrates for immobilizing the 
catalytic particles of iron ions. We studied the 
mechanism of nanocomposite formation and CNTs 
growth on catalytic particles, the influence of the type 
catalytic support upon the morphology, quality and 
structure of the final nanocomposite, especially of 

carbon nanotube bridges. The length of nanotube bridges was in a range from several nm to nearly 10 μm. 
Diameters of the grown MWNTs were in a narrow range but the nanotubes contain also other forms of 
carbon. Nanocomposites based on CNTs + zeolite and CNTs + montmorillonite were produced in situ by HF 
CVD. Base growth and tip growth modes were observed on in situ created nanocomposites. TEM and 
Raman measurements showed the presence of amorphous carbon and graphite on the surface of MWNTs. 
Formation of carbon nanotube bridges and grids in the material can provide a promising way to produce 
new nanocomposites – fibrous nanocomposites.  
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Abstract 

This work describes the application of oxo-derivatives of fullerene C60 and pristine fullerene as a 
nanocomposite in polymerous nanofibres. In this work we used oxo- fullerene derivative, of which 
preparation was presented by the authors of the State office for nuclear safety (Prague) on Nanocon 2009 
and on Nanocon 2010 [1, 2]; there was presented its application in vivo as a radioprotective agens. With 
respect to wild spectrum of potential utilization of unique chemical, structural a electron properties of 
fullerene we investigate its another possible technical application as nanocomposite in polymer nanofibres. 
The nanocomposite polymer nanofibers were produced by needle-less electrospinning method. Polyvinyl 
alcohol, polyurethane a polyvinyl butharate were used as polymers. Thermal resistance of obtained 
nanofibres without and with nanocomposites was tested by simultaneous thermogravimetric analysis and 
differential thermal analysis (TGA/DTA). The retarding influence of fullerene and its derivative on the 
course of the thermal decomposition of nanofibres is discussed. 

Keywords: Fullerene C60, Derivative of C60, Nanocomposites, Polymer nanofibres, TGA, DTA 

1.  INTRODUCTION 

Fullerenes C60, molecules composed of 60 carbon atoms in the form of hollow sphere, are very 
interensting and nowadays all over the world studied nanomaterial [3]. Fullerenes C60 can be also 
incorporated into other amaizing nanomaterial – electrospun nanofibers. The production of such 
nanocomposite material where the matrix is presented by polymer nanofibers and “reinforcement” is 
presented by C60 is done by electrospinning technology. The technology uses electrostatic forces for 
self-organization of polymer solution/melt into a nanofibrous layer as is generally known [4]. Presently, the 
most of electrospinning techniques used for production of nanofibrous materials is based on capillary 
electrospinning. On the other hand, the electrospinning from free surface (or almost free surface) of liquid 
was named as a needleless electrospinning by Yarin [5]. However before that, the needleless modification 
for continuous production of nanofibers was patented [6, 7] and it is generally known as NanospiderTM 
technology now. 

The materials originated thanks to connection of carbon nanoparticles (fullerenes or nanotubes) and 
electrospun nanofibers are also in the center of the scientific researches, it is for example described in [4, 8-
10]. Althought the most of these publications presents nanofibrous materials electrospun from capillary 
electrospinners. A preparation of polymer solution with integrated nanoparticles C60 is fundamental for 
composite nanofibers production by needleless electrospinning. The solution preparation can be enhaced 
by ultrasound if it is necessary [9]. 
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2.  ELECTROSPUN NANOFIBERS PREPARATION 

For the presenting contribution, there were chosen three different polymer materials as a matrix for 
fullerene and as “blind” samples. These polymers were polyvinyl alcohol (PVA, Slovácké chemické závody, 
Mw approximately 60 000 g/mol; polymerization degree approximately 1100, 16 wt% water solution), 
polyurethane (PUR, Larithane LS1086 aliphatic elastomer based on 200g/mol, linear polycarbonated diol, 
isophorone diisocyanate and extended isophorone diamine, 30 wt% dimethylformamid solution), polyvinyl 
buthyral (PVB, Kuraray, Mowital B60T, Mw approximately 60 000 g/mol).  Polymer solutions described 
above were prepared from these polymers with and without C60 and derivative C60 addition. The 
derivative C60 was prepared using peracetic acid and subsequent hydrolysis (follow only “C60oxi”) 
according to the method that we described in [1, 2]. Electrospun by needleless electrospinning method was 
used. A distance between a grounded collector and a drop of the solution on the top of a charging metal 
cylinder was 10 cm. The surface density of all these samples was approximately 2 gm-1. The nanofibrous 
layers were collected on spun-bond material for subsequent better separation. 

Basic PVA water solution (10 wt.%) plus crosslinking agents (glyoxal 2,5 wt.% and phosphoric acid 2,5 wt.% 
of PVA) were electrospun and subsequently crosslinked at 140°C for 10 minutes. It was the “blind” sample. 
The basic PVA solution plus addition of water solution of 0,1 wt.% C60oxi was also prepared. Thus the final 
electropun PVA nanofibers contain 1wt% of C60oxi. Used voltage for electorspinng was 23kV. After 
electrospinning was the same crosslinking process as for the blind sample. There were used device Couptiss 
Ultra Sons HS30 with power 30 W and frequency 30 kHz (Calemard, France).  

Basic PUR solution used for electrospinning of the blind sample had 10 wt.% in DMF. The basic PUR solution 
plus addition of 0,1 wt.% of C60 was also prepared. Thus the final electropun PUR nanofibers contain 1wt% 
of C60. Solutions with C60 mixed one minute by sonication to completely separate agglomerates of 
nanotubes inside the solutions. Used voltage for electorspinng was 26kV.   

Basic PVB solution used for electrospinning of the blind sample had 10 wt.% in acetic acid and ethanol in 
1:2 ratio. The basic PVB solution plus addition of 0,1 wt.% C60oxi was also prepared. Thus the final 
electropun PVB nanofibers contain 1wt% of C60oxi. Solution with C60oxi was mixed one minute by 
sonication to completely separate agglomerates of nanotubes inside the solutions. Used voltage for 
electorspinng was 22kV. Examples of produced nanofibrous materials are presented in Fig 1.  

3.  MEASURING 

A change of thermal stability of the produced nanofibrous materials was assessed at Fire rescue service of 
Czech republic, by means of TGA and TG-DSC methods. These methods are based on measurements of 
weight loss and relaxed-consumed thermal energy depending on used temperature and time. The tests 
were performed according to accredited methods, apparatus STA 1500 THASS. The used degradation 
medium was air, used temperature regime went from 25°C to 550°C and sample-heating rate was 
10°C/minute. 
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Fig. 1 Scanning electron images of PVB electrospun nanofibers; blind sample on the left side and sample 
with C60oxi on the right side. 

4.  CONCLUSIONS 

The results, which are listed in Table 1, showed that the samples with addition of C60oxi have significantly 
higher thermal resistance. A change of the thermal decomposition of nanofibers is evident from the curves 
of TGA and TG-DSC (see Fig 2) for nanofibers without and with addition of C60oxi. The main exoeffect 
characterizing thermal decomposition of PVA blind sample is supressed after addition of C60oxi. Also the 
begiining of thermal decomposition shifted of 90°C. The polymer solution preparation before the 
electrospinning has an influence on thermal stability of final nanofibers. The result was shown mainly for 
PUR nanofibers with and without C60.  

Table 1 Thermal characteristics of nanofibers based on PVA with and without C60oxi.  

Material 
The temperature of 
the sample weight 

loss start [��C] 

Temperature 
maximum peak of 
the first exoeffect 

[�C] 

Thermal 
decomposition of 

color (the first 
exoeffect/ total) 

[mW] 
 

PVA  (blind sample) 220 310 70/92 
PVA - C60oxi 

(solution without crosslinking 
agents; fullerenes were mixed 

firstly only with water) 

310 450 50/75 

PVA - C60oxi 
(solution withou crosslinking agents) 

260 450 54/84 

PVA - C60oxi 
(with crosslinking agents) 250 350 13/75 
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Fig. 2 Thermal analysis graphs presenting blind sample of PVA nanofibers on the left side and PVA 
nanofibers with addition of C60oxi. 

For the PVB nanocomposite - nanofibers with addition of C60oxi, thermal decomposition of color 
(exothermic reaction) was calculated from the TGA and TG-DSC measurements. The exothermic reaction 
was 20% higher for PVB blind sample in comparison with PVB nanofibers with C60oxi addition. 
Decomposition temperature is lower in PVB nanofibers blind sample (see Table 2). 

Table 2 Interpretation of the test results from PVB and PUR nanofibers measurements. 

Nanofibers 
Temperature of the 

decomposition 
beginning [��C] 

∆m/∆t 
[mg/min] ∆H [kJ/kg] 

1. PVB - C60oxi 337 0,15 -2374 
2. PVB – blind sample 315 0,07 -2822 
3. PUR – blind sample 237 0,17 2625 
4. PUR - C60 
(mixing in polymer solution) 

275 0,15 3908 

5. PUR - C60 
(mixing in solvent at first)  

288 0,14 -2641 

∆m/∆t – average rate of the sample weight loss 
∆H – thermal decomposition of color (∆H < 0 exothermic reaction, ∆H > 0 endothermic reaction) 

The thermal testing of PUR nanofibers confirmed that the resulting effect (thermal resistance) of prepared 
composite nanofibers also depends on the method (polymer, solvent, nanoparticles, conditions and so on) 
of solution for electrospinning preparation. As it was mentioned before, dimethylformamid was used as a 
solvent for PUR for electrospinng. In one case, the fullerenes were incorporated into the final polymer 
solution (PUR and DMF) by ultrasound enhacement (see Table 2 – sample No. 4). In the second case, the 
fullerenes are mixed with DMF at first and then PUR is added (see Table 2 – sample No.5). The curves 
characterizing the decomposition by endoeffect (PUR without C60) and by exoeffect (PUR with C60) are 
shown in Fig 3. In the both cases, when PUR contains nanoparticles C60, the initial temperature of the 
decomposition increases. 
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Fig. 3 Thermal analysis graphs presenting blind sample of PUR nanofibers on the left side and PUR 
nanofibers with addition of C60 (mixing in solvent at first). 

Several alternatives polymer-fullerene bounds are described in literature [3]. It is depending on the fact 
whether the fullerene reacts with a functional group of polymer chain additionally, or the fullerene 
molecule is a part of the polymerization process. A linking of fullerene can be realized at the ends, on the 
sides, star-like, or between polymer chains. An interaction between functional groups of polymer and 
fullerenes based on donor-acceptor process can be realized too. Also an exfoliating nanocomposite 
arrangement of polymer and fullerenes is not excluded here. However the authors of the contribution are 
not able to precisely define how is the fullerene C60 and C60oxi bound to the basic polymer of prepared 
nanofibers. Nevertheless the inhibitory effect of fullerene C60 or its derivative C60oxi was detected during 
the nanocomposite nanofibers thermo-oxidative degradation. This was probably due to interaction with 
the radicals generated by degradation of the polymer and the ability of fullerene to trap this reactive 
species. The scavenger effect of fullerene was also confirmed in the work [2] with the same fullerene 
derivative, in role of radioprotector. 
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Abstract 

If carbon black (CB) concentration increases in polymeric matrix, the composite sharply changes its 
electrical properties (conductivity, permittivity). When the CB content reaches the percolation value, the 
composite is transformed from insulating into conducting state due to continuous CB network formation in 
polymer matrix. CB agglomeration is strongly influenced by particles distribution. This work deals with 
homogeneity and anisotropy of electrical properties both in normal and planar direction respectively in CB 
– PS (polystyrene) composites. Electric field was used for stimulation of anisotropy of CB agglomerations. 
CB for our samples was cleared of absorbed water and partially of residual ions. Plate composite samples 
were prepared from solution of PS in toluene. After toluene evaporation up to constant weight aluminium 
contacts were deposited onto both upper and bottom sample surface respectively. Sheet resistance, 
respectively volume resistivity was measured by Van der Pauw, respectively ASTM D257-66 method at 
room temperature. Impedance analysis was carried out in the frequency region from 10-1 Hz to 108 Hz. 
Impedance analysis in planar direction was carried out in temperature region from 0 °C to 100 °C. The 
results of dielectric measurements were interpreted in terms of complex permittivity components when 
the sample was substituted by parallel circuit of resistance and capacitance. For sheet measurements the 
new quantities (proportional to complex permittivity) were defined and used. 

Keywords: carbon black, polymer composites, impedance analysis 

1.  INTRODUCTION 

If electrical conductive filler (carbon black (CB)) is used for polymer composite material preparation, the 
resulting sample electrical properties can change from insulator to conductor. When the percolation 
concentration of CB is reached, the continuous bulk network structure is formed in the composite. 
Conductivity dependence on CB concentration shows the sharp rise [1] (percolation threshold). 
Conductivity can change in the magnitude of several orders due to continuous CB network formation in the 
composite. The composites of conductive polymers with fullerenes are intensively studied for solar cells 
applications [2]. Also, the network in the bulk increases the viscosity [3] of the composite. CB network 
formation is affected by many parameters as kind of polymer [2], properties of carbon black [4] (density, 
surface area, composition), ion concentration [5, 6], pH value, external electrical field [5, 7, 8], gravitational 
field (when the sedimentation takes place). The composites with CB with lower concentration of ions show 
higher electrical conductivity and more fine structure than composites with usual CB [6]. In electric field 
carbon black particles tend to form the chains according the force lines of external field [5, 8]. . In the layer 
samples of CB – polymer composites prepared from solution the CB network structure depends also on 
time of evaporation of the solvent CB [5]. CB agglomerates are seemed to be smaller and form more fine 
structure. Their electrical conductivity is higher in comparison with the samples evaporated quickly. Both 
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magnitude and mechanism of conductivity depend on CB concentration. Electrical conductivity of the 
samples with lower CB content is smaller and shows non-ohmic behaviour in comparison with the samples 
with higher CB concentration [6]. Non-ohmic behaviour was detected by V-A curves and by the frequency 
dependences of imaginary part of complex permittivity in logarithmic scale. Both curves are linear for the 
samples with higher CB loading. It was suggested that CB agglomerates are separated by thin polymer 
layer. Therefore, the mechanism of conductivity is not ohmic but probable quantum tunnelling or 
breakdown takes place. 

The measurement of electrical or dielectric properties is very sensitive method for detection of conductive 
network or CB agglomerates formation. On the other hand, the actual measured values are strongly 
affected by many external (contact between electrode and CB, arrangement of measurement condenser, 
frequency, voltage etc.) and internal (connection of CB particles) conditions. CB agglomerates are created 
due to Van der Waals forces randomly (without external field) in the bulk with unlike diameters and mutual 
contacts. Therefore, in principle, the material is not homogeneous and isotropic (if an external field is 
applied during the sample preparation). This work deals with inhomogeneity and anisotropy of CB – PS 
(polystyrene) composite layers. 

2.  SAMPLE PREPARATION 

Five samples with CB concentrations 1, 3, 5, 6 and 7% were prepared from the solutions of 3 g of PS 
(granulated solid) in toluene and corresponding amount of CB. Before mixing, CB was dried on the hot plate 
HP 01 at 120 °C up to constant weight. For pulverisation and homogenisation the rotational homogenizer 
IKA (speed 20000 rpm for 2 min.) and 
ultrasonic homogenizer Sonopuls UW 
3200 (Bandelin with the power 40 W for 
the time 2 x 1 minutes) were used. 
During pulverization and homogeni-
zation the composite had to be cooled 
because the temperature of the non-
cooling sample rose up to 50°C after 
mechanical pulverisation and up to 70°C 
after ultrasonic homogeni-sation. Then 
the liquid composite PS –CB – toluene 
was coated directly into the Petri dishes 
with diameter 70 mm. After toluene 
evaporation up to constant weight the 
plate samples with the diameter 40 mm and the thickness from 0,05 to 0,3 mm were broken up. 

3.  ELECTRICAL MEASUREMENT 

For electrical measurements the contacts were prepared by the method of vacuum evaporation deposition 
of aluminium in the form for Van der Pauw method measurement (Fig. 1b) and after that for three 
electrode system (ASTM) measurement (Fig. 1a). The electrode arrangement according Fig. 1a allows the 
measurements both in normal and planar direction respectively. Bulk resistivity �� (ohm.m) was evaluated 
using the formula (Eq. 1): 

Fig. 1 Electrode arrangement for electrical measurements  
by ASTM (a) and Van der Pauw (b) method. D1=25 mm, 

D2=30 mm, D=40 mm. 
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where U (V), I (A), D1 (m), t (m) are measuring voltage, current, guarded 
electrode diameter, sample thickness and where electric field was applied 
between guarded (G) and unguarded (U) electrodes.  Guard electrode (g) 

increases homogeneity of electric field. If external field is connected onto the electrodes (G) and (g), the 
surface resistance Rsur can be evaluated according the formula (Eq. 2): 

 

 

 
Resistivity obtained from sheet resistance was measured by Van der Pauw method (Fig. 1b). RABCD is defined 
as the portion UCD/IAB, where IAB, is the current flowing between contacts A and B and UCD is the potential 
difference measured between C and D points. We used four possible connections and commutated electric 
current and we obtained 8 values for evaluating the resistivity (Eq. 3). The sheet resistivity was calculated 
according the formula: 

In alternate electric field the measured values of impedance Z and phase .  were transformed to parallel 
capacity C and resistance R and expressed by the terms of complex permittivity �F = �´- i �´´, where real part 

�´ represents relative permittivity �r and 
imaginary part �´´ represents dielectric losses. 
In electrode arrangement according Fig. 1 real 

and imaginary components can be expressed by the 
formulae (Eq. 4, Eq. 5), G is angular frequency and �0 is 
permittivity of vacuum (8,856 10-12 F/m). If Rdc is 
dominant, the plot of log �´´ versus log f is linear with 

the slope -1. All measurements were carried out by the RCL meter Fluke PM 6306, LCR HiTester Hioki 3522-
50 and LCR meter Agilent 4284A. 

4.  RESULTS AND DISCUSSION 

Pulverised and dispersed CB particles in a solution intensively tend to agglomerate to form the larger 
particles due to Van der Waals forces. Intensity of this attraction is proportional to the interaction area. 
Therefore homogeneity and structure of composites depend on quality of CB pulverisation and dispersion. 
On the sample surface the planar structure was observed on AFM electrical potential pictures (Fig. 2, 
Fig. 3). The CB agglomerates are projected to electrical potential peaks. We can compare the samples with 
different CB concentrations. The concentration, distribution and heights of the peaks reflect the 
concentration, distribution and diameter of CB agglomerates. It is clear that the inhomogeneity is more 
visible on the samples with lower concentration of CB.   
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Fig. 5 Optical microscope picture of the chain structure of the composite with 1 % CB prepared  
in electric field 280 V/cm. Transmission, Magnification 200. 

 

Fig. 2 AFM electrical potential (horizontal dimensions and scale values are given in brackets) 
 for the samples (from left) with 0 % CB (10x10 �m, 0,843 V, 2,951 V), 1 % CB (10x10 �m, -0,949 V, -0,053 V, 

0,844 V) and 3 % CB (20x20 �m, -1,269 V, -0,387 V, 2,043 V). 

 

Fig. 3 AFM electrical potential (horizontal dimensions and scale values are given in brackets) 
 for the samples (from left) with 5 % CB (10x10 �m, 0,791 V, 2,007 V, 3,223 V), 6 % CB (20x20 �m, -1,45 V, 

0,105 V, 1,661 V) and 7 % CB (20x20 �m, 1,299 V, 4,083 V, 6,867 V). 

The samples prepared from solutions can be expected to be inhomogeneous in normal direction due to CB 
sedimentation during solvent evaporation. This expected behaviour was not observed. The optical 
microscope observations in dark field of the fracture surface show practically reciprocal results (Fig. 4 ). 
Somewhat higher concentration of CB is seemed to be in upper surface of the sample. Also there are 
differences between the structures of CB in polymer in upper and bottom surface layers. Upper surface 
image shows more agglomerated structure than bottom one. On the other hand, the bottom surface 
structure is more fine agglomeration. We believe that it corresponds with higher time of the solvent 
evaporation due to more diluted solution of PS was used. This observation is in a good agreement with our 
previous results [5], where the composite solutions in covered Petri dishes required longer time of solvent 
evaporation. 

                           
Fig. 4 Optical microscope pictures of the fracture composite upper (left) and bottom (right) surfaces  

of the sample with 6 % CB. Dark field. Magnification 600. 
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Fig. 7 Conductivity (S/m) of the sample with 7% 
CB as a function of measuring voltage. Thickness 

of the samples was 0,3 mm. 

Fig. 8 Dependences of  relative permitivity   
of the composites on frequency with  

denoted CB loading 

Electrical properties of the samples in planar direction are reasonably affected by the structure and 
anisotropy of CB in polymer matrix. When electric field is applied, CB tends to form the chains. But the 
electrical conductivity is very small for the CB concentration 1% due to separation of the chains by polymer 
(Fig. 5). The reasonable increase of conductivity (decrease of resistivity) was detected for the samples with 
3 % CB (Fig. 6). Resistivity of both samples with 1% CB and 3% CB is lower for those ones prepared 
(evaporated) in electric field 280 V/cm. Note that percolation theory gives the percolation concentration of 
CB about 16 %. Chains formation of CB in electric field reasonably decreases the percolation concentration. 
Resistivity difference due to application electric field is about one order in magnitude for the samples with 
1 % CB and about two orders in magnitude for the samples with 3 % CB. Also Fig. 6 shows that the 
resistivity decreases with measuring voltage. The slope of the decrease expressed by the fraction of 
resistivity measured at 0,5 V and 2 V increases from the value 1,06 for 1% CB to 2,6 for 7% CB (Fig. 7).  

These results reflect non-ohmic charge transport in 
the composite. We suggest electron hopping or 
quantum mechanics tunnelling mechanism of charge 
transport between CB agglomerates through the thin 
insulating layer between them.  
The impedance – phase response is more complicated 
because space charge polarisation in CB agglomerates 
takes place too. It is reflected in the frequency 
dependences of complex permittivity components 
(Fig. 8, Fig. 9). Real part (relative permittivity) 
monotonically decreases with increasing frequency. 
Imaginary part �´´(eps´´)(in logarithmic scale) shows 
the linear behaviour with the slope -1 for the 
frequencies lower than 1 kHz for the samples with 
1% CB. The samples with higher content of CB behave 
linearly for the frequencies lower than 10 kHz. We 
believe that this frequency corresponds with CB 
agglomerates diameters and mutual connections 
between them. 

Fig. 6 Resistivity (ohm.m) of the samples with 1% 
and 3% CB prepared without el. field and in 

electric field 280 V/cm as a function of measuring 
voltage. Thickness of the samples was 0,3 mm. 
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5.  CONCLUSION 

The samples of CB – PS composites prepared by 
evaporation of toluene in the form of thin plates show the 
similar electrical properties as bulk ones. Electrical 
conductivity, relative permittivity and dielectric losses 
sharply rise with increasing CB content. The measuring 
voltage dependence of conductivity and impedance 
shows to non-ohmic mechanism of charge transport 
inside and between CB agglomerates. Also, the frequency 
dependences of the complex permittivity components 
show to space charge polarization. There are differences 
between the bulk resistivity, surface resistivity and sheet 
resistivity in magnitude, but their dependences on CB 
concentration and measuring voltage are qualitative 
same. Therefore the charge transport mechanism is the 
same in both normal and planar direction respectively. 

Homogeneity of the samples is given by pulverization and 
distribution of CB particles in polymer and by level of their 

agglomeration. These phenomena were observed on optical microscope and AFM pictures. It was shown 
that quick toluene evaporation results to quick agglomeration of CB. Application of electric field during 
toluene evaporation results to chain structure of CB agglomerates and increases electric conductivity.     
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Abstract 

Graphene is a potential candidate for use in future nanodevices. The interest in this two-dimensional 
material lies not only in the fact that it is the thinnest material that has ever been made by scientists, but 
also that it has proven to be extremely strong and tough. Graphene is a nearly transparent material that 
conducts electricity faster that any other substance at room temperature. So graphene can be used in 
application such as ultrahigh-speed transistors and transparent electrodes. Practically, large-area single-
layer graphene is hard to obtain via the adhesive tape, mechanical cleavage and chemical exfoliation 
methods. On the other hand, the chemical vapor deposition (CVD) or thermal processing of silicon carbide 
are very frequently used for the growth of a few-layer graphene possessing large single-crystalline domains 
with uniform thickness down to a single graphene layer. We present our results of the atomic force 
microscope (AFM) surface analysis of graphene layers prepared by different methods. We compared 
surfaces of exfoliated graphene, graphene grown CVD on copper foil and graphene prepared by high 
temperature annealing of SiC. The CVD grown graphene layers were characterized electrically. We 
measured the sheet resistance of the layers in the presence of gate voltage applied on the bottom 
electrode realized by the conducting silicon substrate isolated by the silicon oxide layer. 

Keywords: atomic force microscopy, graphene 

1.  INTRODUCTION 

Graphene, the monolayer of carbon, is very interesting material for his mechanical and electrical properties 
[1]. It can be prepared by different ways. The first method of graphene layer preparation known as 
exfoliation was published by A.K. Geim and K.S. Novoselov in 2004 [2]. Exfoliation is very simple technique 
to prepare high quality graphene, but the graphene “flakes” are very small (the largest has tens μm in 
length). For preparation of our samples was used modified tape method. Next method of graphene 
preparation is growth by chemical vapor deposition (CVD) on copper foil and then transfer to suitable 
substrate (frequently silicon substrate isolated by the silicon oxide layer) [3-5]. Another method is a high 
temperature annealing of SiC [6]. This method could be major for preparing electronic devices. 

2.  AFM ANALYSIS OF THREE TYPES OF GRAPHENE 

For scanning and surface analysis of graphene samples we used atomic force microscope (AFM) Ntegra NT-
MDT with NSG10 silicon tip (radius 10 nm) in semicontact mode. 

2.1  Samples for study 

First sample was prepared by the exfoliation method. We used SPV224P foil which leaves very small 
residuum of glue from tape. This sample consists from few layer graphene “flakes” (monolayer flakes 
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wasn’t found on the surface of the sample) on silicon substrate that was coated with 300 nm silicon oxide 
for better optical contrast of graphene on it.  

The second sample was prepared by CVD on copper foil. The graphene layer was transferred from copper 
foil to silicon substrate with 100 nm thick silicon oxide (for temperature measurement was used another 
sample with 300 nm thick silicon oxide). 

Last sample was prepared by high temperature annealing of 4HSiC. This sample was prepared in argon 
atmosphere at temperature 1550 ºC for 10 minutes. 

2.2  AFM scans and roughness analysis of prepared samples 

As it is known the roughness of graphene highly affects the electrical properties of graphene. The smoother 
graphene layer the larger mobility of charge carriers. For this reason we decided to measure roughness of 
the surface of prepared samples by AFM. 

It was very hard to find suitable place for scanning on the exfoliated sample, because of very small 
dimensions of few layer exfoliated graphene. The thinnest flakes that we found on sample were 5 nm thick. 
That corresponds to 12 atomic layers. Surface scan of this “flake” is shown in Fig. 1. Root mean square 
roughness of the sample was 0.79 nm. That is comparable to roughness of silicon oxide layer on silicon wafer. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1 AFM scan of exfoliated graphene 

The second scanned sample was CVD graphene. The edge of graphene consists of many impurities and 
residues of photoresist with respect to technique of preparation. Graphene layer was really one atom thick 
which had been confirmed by Raman spectrum and by the thickness measurement that was made by AFM 
scan of graphene edges. The scan of central part of graphene is shown in Fig. 2. As we can see the surface 
of CVD graphene is rougher than in the case of exfoliated graphene. It is confirmed by the roughness 
analysis as well. Root mean square roughness of the sample was 8.58 nm. We supposed that it was caused 
by larger roughness of cooper foil used for deposition and by contamination during transfer process. 

The surface of the last sample prepared by high temperature annealing of 4HSiC is shown in Fig. 3. We find 
several places on sample where we can see typical step-like structure. That corresponds to off-axis 
orientation of material of substrate. Root mean square roughness was 2.78 nm. 
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Fig. 2 AFM scan of CVD graphene 

 
Fig. 3 AFM scan of 4HSiC 

3.  ELECTRICAL CHARACTERIZATION OF CVD SAMPLE 

For the electrical measurements we used two samples prepared by CVD method. The sample with 300 nm 
thick silicon oxide layer was used for temperature measurement and another sample with 100 nm thick 
oxide was used for gated measurement. 

3.1  Temperature measurement 

We measured sheet resistance of the graphene sample in dependence on temperature in the close-cycle 
helium cryostat by Van der Pauw method. The results of our measurement are shown in Fig. 4. The shape 
with a local minimum is similar to the result presented in [7] for CVD graphene sample with lower mobility. 
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Fig. 4 Sheet resistance vs. temperature of CVD graphene 

3.2  Sheet resistance vs. gate voltage 

We measured the sheet resistance of the graphene layer prepared by CVD in the presence of gate voltage 
applied on the bottom electrode realized by the conducting silicon substrate isolated by the 100 nm thick 
silicon oxide layer. The sheet resistance was measured by Van der Pauw method (positive contact of the 
gate voltage source was connected to the silicon substrate). 

 
Fig. 5 Sheet resistance vs. gate voltage of CVD graphene 

The linear relation of sheet resistance vs. gate voltage has not been expected. We supposed that we 
measured only part of the known lambda-shaped characteristics connected with the Fermi level position in 
the graphene band structure. When we wanted to increase the gate voltage to confirm our hypothesis, the 
oxide layer was broken down. 
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CONCLUSIONS 

We presented a comparison of the surface topology of the exfoliated graphene, the CVD grown graphene 
and the graphene prepared by SiC temperature annealing. The exfoliated graphene has the smoothest 
surface which enables its generally known very good carrier mobilities. The roughness of graphene on SiC 
at single step was relatively small but the size of the step is only several hundreds of nanometers. Currently 
the CVD grown graphene is mostly used for electronic device preparation. The roughness of our CVD grown 
sample was the largest among studied samples. It determines its non optimal electrical characteristics. We 
performed the basic electrical measurements of the CVD graphene resistance. We plan to realize more 
detailed electrical measurements and to use the AFM lithography for graphene nanoribbons preparation. 
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Abstract 

Multiwall carbon nanotubes (MWCNT) network called “Buckypaper” was made by the vacuum filtration 
method from MWCNT aqueous suspension. In this way we created multi-wall carbon nanotube (MWCNT) 
networks featured by randomly entangled pure nanotubes. These networks were applied as gas sensors for 
organic vapors of ethanol and heptane, polar and nonpolar solvents respectively. The gas response was 
investigated by electrical resistance measurements. The surface sensitivity and selectivity was then 
modified by low-temperature reactive surface plasma treatment in different gases. With plasma treatment, 
we first created the functional groups on the nanotubes surface and latter etch them. These processes 
changed surface selectivity for detection of organic vapors. The results showed that the MWCNT network 
electrical resistance increased when exposed to organic solvent vapors. This is reversible process, when 
removed from the vapors. Therefore, the MWCNT networks show the potential to be used as improved 
sensing elements for sensitive and selective organic vapor detection in near future. 

Keywords: carbon nanotube network, sensor, buckypaper, electrical resistance, plasma treatment 

1.  INTRODUCTION 

Single-wall carbon nanotubes (SWCNTs) and multi-wall carbon nanotubes (MWCNTs) show remarkable 
sensitivity to the change of chemical composition of the surrounding environment. This property is 
favourable for their use in the form of membranes [1], adsorbents [2] or gas sensors [3,4,8] and pressure 
sensors [9,10]. Gas and vapor adsorption as well as desorption usually proceeds at high rates and amounts 
[5]. The molecules are adsorbed on the carbon nanotube (CNT) surface by van der Waals attracting forces, 
which leads to remarkable changes in CNT electrical resistance. A smart application of this principle can 
eventually lead to development of CNT-based electrochemical biosensors and gas sensors with a useful 
ability to detect various gases and organic vapors. Conductivity measurement is then a simple and 
convenient method to register CNT response to vapor adsorption/desorption.  

Previous research [6,7] found that physisorbed molecules influence the electrical properties of isolated 
CNTs and also inter-tube contacts. The resistance of macroscopic CNT objects like aggregates or network 
structures used in gas sensors is predominantly determined by contact resistance of crossing tubes, rather 
than by resistance of CNT segments. Here, the tubes are much shorter than sensor dimensions and inter-
tube contacts act as parallel resistors between highly conductive CNT segments.  

The dominating process influencing macroscopic resistance is probably gas or vapor adsorption in the space 
between nanotubes, which forms non-conductive layers between the tubes. This process decreases both 
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the quantity and quality of contacts between nanotubes and consequently increases macroscopic 
resistance [3].  

Functionalizing the carbon nanotubes with a number of functional groups is known to increase their 
chemical reactivity and can be used as a starting point for further chemical modification.  Several methods 
such as chemical, electrochemical , polymer wrapping, and plasma treatment have been applied to modify 
the CNT surface. The functionalization of CNTs can be made by using hydrogen, nitrogen, ammonia, O2/Ar, 
O2, CF4, or SF6  plasmas. [11] 

The present work describes resistive gas sensors prepared in a simple way from MWCNTs. Their sensitivity 
to saturated vapors of two different organic solvents are tested. Finally, reversibility of 
adsorption/desorption cycles is tested for acetone.  

2.  EXPERIMENTAL 

The purified MWCNT are produced in a high-yield catalytic process based on chemical vapor deposition 
were supplied by Bayer MaterialScience, Germany (diameter 5-20 nm, length 1-10 μm, purity >99% and 
number of walls 3-15. The MWCNT aqueous paste was prepared using a mortar and pestle (0.5 g of 
MWCNT and 7 5 ml of deionized water), then homogenized using Dr. Hielscher GmbH apparatus (ultrasonic 
horn S7, amplitude 88 μm, power density 300 W/cm2, frequency 24 kHz) for 2 hours and the temperature 
of ca 50°C. Then were added 3 ml Triton X-100 and 1-M aqueous solution of NaOH for adjusted pH to the 
value of 10. The dispersion was homogenized using Dr. Hielscher GmbH apparatus (ultrasonic horn S7, 
amplitude 88 μm, power density 300 W/cm2, frequency 24 kHz) for 1 hour and centrifuged for 15 min at 
3000 rpm. The sediment was removed. 

MWCNT networks, “Buckypaper” (MWCNT-N), were prepared by dispersion vacuum filtration thought 
polyurethane submicron size porous membrane. The formed disk-shaped network was washed several 
times by deionized water and methanol in situ, then removed and dried between filter papers at RT. The 
resulting buckypaper was cut in the shape of strips. The strips were treated by plasma. Was used RF (radio 
frequency) O2, CO2, N2, H2, Ar, SO2 and CF4 plasma and pressure 50 pa. 

The strips made of CNT networks were exposed to the vapors of two different solvents ethanol and 
heptane. The chosen solvents are characterized by their polarity. The specimens were exposed to saturated 
vapors of solvents at defined experimental conditions: 25 °C, atmospheric pressure and 6 minute 
adsorption/desorption cycles.   

3.  RESULTS 

Fig. 1 represents SEM analyses of upper surfaces of prepared CNT networks. The surface of CNT networks is 
very smooth, clean without fragments in the space between the network. 
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Fig. 1 SEM analyses of CNT networks made  
by vacuum filtration 

Fig. 2 The sensitivity of Multiwall carbon nanotubes network exposed to vapors of two different 
organic solvents and treated by plasma in seven gases at 50pa and 3 minutes 

 

 

 

 

 

 

 

 

 

 

Fig. 2 represents the change of sensitivity of CNT networks treated by seven different gases. The 
modification creates different functional groups on multiwall carbon nanotube surface. Each functional 
group has different affinity for polar and nonpolar organic vapors represent by ethanol and heptane.  

The typical adsorption/desorption behaviour of CNT network exposed to/disposed from organic vapors is 
presented in Fig. 3. The graph illustrates a time-dependent change of parameter S representing sensitivity 
of the nanotube networks. The curves show specific course of adsorption/desorption, with an obvious 
on/off effect. An initial sharp increase in sensitivity is followed by a slower phase. Simultaneously, 
desorption is represented by a rapid decrease reaching a constant value in some cases, in others followed 
by further, slower decrease. The sensitivity is defined by eq. 1 where Ra represents specimen resistance in 
air and Rg resistance of the specimen exposed to gas/vapor, ΔR stands for the resistance change. 

aa

ag

R
R

R
RR

S �
�

	
�              (1) 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

489 

Table 1 presents properties of tested organic solvents. Hildebrand solubility parameter, It, and pressures, 
pi, and saturated vapor volume fractions, xi. It was found that xi has the similar value for both solvents so 
the sensitivity depends on their polarity. 

Table 1 Properties of tested organic solvents: Hansen solubility parameters, Id, Ip, Id total Hildebrand 
solubility parameter, It, saturated vapor pressures, pi, and corresponding volume fractions, xi, at 25°C 

Solvent 
δd  

[Mpa1/2]  

δp  

[Mpa1/2]  

δh  

[Mpa1/2]  
δt [Mpa1/2]  

pi  

[kPa]  

xi    

  [vol. %]  

Heptane 15.3 0 0 15.3 6.13 6.0 

Ethanol 15.8 8.8 19.4 26.5 7.86 7.1 

Fig. 3 Represents response to three consecutive cycles in saturated vapors of ethanol measured in 6-minute 
intervals. Experimental data also demonstrate good reversibility of adsorption/desorption processes. 

 
Fig. 3 Three adsorption/desorption cycles of Multiwall carbon nanotubes network  

exposed to vapors of ethanol. 

CONCLUSIONS 

Multiwall carbon nanotubes were used to prepare CNT network (buckypaper) by vacuum filtration method. 
Their response to adsorption/desorption cycles were determined as a change of macroscopic resistance. 
The response to adsorption/desorption was measured as a change of resistance. The surface of buckypaper 
was treated by RF plasma in seven gases atmosphere, by this way was change of affinity for polar and 
nonpolar organic vapors. The lowest response was 7.86 % in SO2 plasma and highest 13.20 in CF4 for 
ethanol. The lowest response was 11.00 % in O2 plasma and highest 14.44 in Ar for heptane. The sensitivity 
is not so higher because it is surface modification. In the future work will be treated the pristine multiwall 
carbon nanotube in powder state for better results. CNT network has good sensitivity and assumed 
selectivity defined by pressures of saturated vapors of used organics solvents.  Finally it was found that 
measured response has good reversibility.  
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Abstract 

Carbon nanotubes (CNTs) are molecular-scale tubes of graphitic carbon with outstanding properties. They 
are among the stiffest and strongest fibers known, and have remarkable electronic properties and many 
other unique characteristics. In our experiment, CNTs were synthesized using plasma enhanced chemical 
vapor deposition on the silicon wafer with patterned iron catalytic layer. If the catalyst is only located in 
certain areas (patterned), then nanotubes grow only in those areas. The arrays with freestanding carbon 
nanotubes were created. It is possible to apply this method of CNTs preparation in many areas, such as 
sensor-based applications. For example, thanks to the CNTs dimensions is possible to increase the surface 
in capacitance pressure sensors that are one of the most using in microelectronic devices for pressure 
sensing. The novel MEMS structure was designed to be utilized as capacitance pressure sensor. The most 
applicable topology of the MEMS structure was chosen by means of electrostatic models analysis. There 
were proposed five structures and the best solution was selected the “chessboard” structure, since it 
provides the suitable capacity for the sensor. The computing model supposes geometric symmetry 
of created CNTs arrays, thanks to that it was necessary to find only two dimensions (width of CNTs array 
and gap between those arrays). The very first laboratory results measured on fabricated structures show 
very accurate values which correspond with simulated results.  

Keywords: Micro-Electro-Mechanical System (MEMS), capacitive sensor, carbon nanotubes 

1.  INTRODUCTION 

The pressure sensors are very important microelectronic devices. We are able to recognize several types of 
them mostly divided due to their function principles. The major problem of capacitive pressure sensor is 
small electrode surface which has influence on the capacitance value. The CNTs utilization gives us the 
possibility to increase the electrode surface.  

Carbon nanotubes (CNTs) are molecular-scale tubes of graphitic carbon with outstanding properties. They 
are among the stiffest and strongest fibers known, and have remarkable electronic properties and many 
other unique characteristics. For these reasons they have attracted huge academic and industrial interest, 
with thousands of papers on nanotubes being published every year. The diameter of a nanotube is on the 
order of a few nanometers (approximately 50 000 times smaller than the width of a human hair), while 
they can be up to several millimeters in length [1] [2]. 

Several techniques have been developed to produce nanotubes in sizeable quantities, including arc 
discharge, laser ablation, high pressure carbon monoxide and chemical vapor deposition (CVD). Most of 
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Fig. 1 The structure of capacitive pressure sensor. 

these processes take place in vacuum or with process gases. Large quantities of nanotubes can be 
synthesized by CVD methods; advances in catalysis and continuous growth processes are making CNTs 
more commercially viable. 

2.  THEORY 

The capacitive sensor consists of two high-doped silicon electrodes with multi-wall carbon nanotubes 
(MWCNTs) arrays. Usually, for pressure measurement, one electrode is anisotropically etched to obtain 
a sensitive membrane and the other one is solid. Between both parts of the body of the sensor there is an 

insulating spacer made of a double-
sided sticky tape for first tests. Its 
thickness depends on the required 
distance between electrodes i.e. the 
main factor for its thickness is the 
CNT length. For non-detachable 
connection an anodic bonding 
technology will be used by a SIMAX® 
glass disc. The structure of the device 
is shown in Fig. 1. 

3.  SIMULATIONS 

3.1  Simulation of membrane performance 

Membrane area and thickness was optimized by an ANSYS simulation of membrane performance for 
different shape and dimensions (Fig. 2). The goal of the simulations was to find out sufficient sensor 
sensitivity for pressure range 0 – 300 kPa. 

Fig. 2 ANSYS simulations of membrane performance. 

3.2  Electrostatic models analysis 

The most applicable topology of the MEMS structure was chosen by means of electrostatic models analysis 
[3]. The analyses proceed using of MatLAB software. There were proposed several structures and the best 

SIMAX glass 
(dielectric layer) 

Solid electrode 

Gold contacted pad Pressure influence 

Elastic electrode 

CNTs array 
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solution was selected as the “chessboard“ structure as shown in Fig. 3, since it provides the suitable 
capacity for the sensor. The other analyses of structures were comb structure, pyramid structure and 
chimney structure. The last two structures were discarded firstly, because of the possible fabrication 
problems with substrate preparation or non-ability to control of CNTs growth (pyramid structure). 

The proposed “chessboard“ structure consists of the top and bottom plates forming together the designed 
pressure sensor. Since the capacity of the sensor depends on the area of the plates, the CNTs were added 
to increase the overall capacity. Each patch of the plates serves as substrate for CNTs growth. The plates 
with nanotubes change their capacity according to applied pressure. It is due to the columns of nanotubes, 
which are more or less fitted together depending on applied pressure. 

 
Fig. 3 The principle of the selected structure “chessboard“. 

To find out the optimal dimension of these arrays and the gap between them, we created a model for 
calculation of the electric field. The model supposes geometric symmetry of created CNT arrays, thanks to 
which it was possible to find only two dimensions (width of the CNT array and the gap between those 
arrays). The result of the simulation is shown in Fig. 4. 

 

 

 

 

 

 

 

 

 

Fig. 4 Result of optimization proportions for CNT array. 
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4.  PREPARATION OF SENSING LAYER 

The sensing layer consists of nanometers grid. In our experiment, CNTs were synthesized using plasma 
enhanced chemical vapor deposition on the silicon wafer with patterned iron catalytic layer. If the catalyst 
is uniformly distributed, nanotubes grow everywhere on the substrate. If the catalyst is only located in 
certain areas (patterned), then nanotubes grow only in those areas. Iron catalytic layers with defined 
shapes and dimensions were prepared for carbon nanotubes growth. Various dimensions of these shapes 
were fabricated to monitor influence of catalytic layers. There were produced shapes from 100 nm to 10 
μm dimensions. 

The typical deposition conditions were: flow rates of argon, methane and hydrogen QAr = 1000 sccm, 
QCH4 = 50 sccm and QH2 = 200 to 300 sccm, respectively, microwave (mw) power of 400 W, substrate 
temperature 900 to 1100 K, deposition time 1 minute. Thin CNTs with a diameter of about 100 nm were 
standing vertically perpendicular to the substrate due to a crowding effect. A detailed study of the 
preparation of catalytic layer and the microwave torch for deposition of CNTs and their characterization 
were published in Ref. [4] [5]. 

The detail of four different dimensions of testing catalytic layers is shown in Fig. 5. 

 
Fig. 5 The detail of photolithographically patterned catalytic layer. 

5.  RESULTS AND DISCUSSION 

For first tests there is an insulating spacer made of a double-sided sticky tape between both parts of the 
body of the sensor. Its thickness depends on the required distance between electrodes, i.e. the main factor 
for its thickness is the CNT length. For the full function of the sensor, the encapsulation of the body of the 
sensor should be solved. Suitable solution can be utilization of anodic bonding with a thin SIMAX® glass disk 
as an insulator layer [6]. Both parts of the sensor are connected with help of a special controlled nanostep 
holder. 

The monitoring and measurement of the capacity value will be observed by AD 7745 circuit, which 
represents capacity-to-digital converter (CDC).  So the capacity is measured directly from the device inputs. 

Fig. 6 show the analysis’s of the produced CNTs array and practical realizations of the capacitive sensor. 
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Fig. 6 SEM and AFM analysis’s of the CNTs array and practical realization of the capacitive sensor. 

From the production process perspective, we are able to reproduce this process, including influencing the 
nanotube length. The length can be influenced by the deposition time. We managed to prepare 
freestanding nanotubes that are perpendicular to the surface base. We are now trying to deal with an 
essential problem - the instability of individual nanotubes. In principal the nanotubes "twist", which is 
unwanted effect. Ideally, the nanotubes should form a vertical field to the base area. If we succeed, it is 
possible to apply this method of CNTs preparation in many areas, such as sensor-based applications [7] [8] [9]. 

6.  CONCLUSION 

The paper describes possible applications of freestanding carbon nanotubes in MEMS technology. The most 
applicable topology of the MEMS structure was chosen by means of electrostatic models analysis. The 
analyses proceed using of MatLAB software. There were proposed several structures and the best solution 
was selected as the “chessboard“ structure since it provides the suitable capacity for the sensor. The 
simulation results helped to define real dimensions of the sensor plates for sensor fabrication. Carbon 
nanotubes were used as well. The overall capacity increased, because the area of the final sensor 
construction increased too. 
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Abstract 

This paper deals with the problematic of microsensors for electrochemical detection of species in aqueous 
solutions, where the main problem is reduction of geometrical size of the electrodes in comparison to 
standard electrodes resulting in lower current response. In this paper there was fabricated thin film 
substrate of working microelectrode on silicon substrate. Direct grown deposition of multiwalled carbon 
nanotubes (MWCNTs) over microelectrode substrate was done using thermal CVD to increase the active 
size of the electrode. Electrode surface was characterized optically using scanning electron microscopy 
resulting in relative good and homogenous surface. Then the electrode was tested as a working electrode 
of three-electrode electrochemical system against standard reference and auxiliary electrode. Heavy metal 
ions of lead were used as analysed species for electrochemical properties characterization using differential 
pulse voltammetry and compared to commercial carbon based working electrode. Obtained results 
confirmed our presumption that direct grown MWCNTs based working electrode could be used for 
electrochemical analysis. The main advantage of this solution is in future possibilities of MWCNTs 
functionalization for bioanalysis of proteins, thiols, etc. 

Keywords: sensor, electrode, carbon nanotubes, MWCNTs, thermal CVD, growth 

1.  INTRODUCTION 

Fast and accurate detection of species in environment is one of the most discussed problems in these days. 
In general the samples need to be collected and then analysed in laboratories using big laboratory 
equipment. Recently many research works in the field of measurement systems that could be used for fast 
on-field analysis were reported. Such system usually use electrochemical methods for detection of species 
dissolved in water solutions which could be miniaturized easily using sensor systems [1-4]. 

Miniaturized sensor systems, usually just three-electrode systems, could be fabricated using several 
techniques. One of the cheapest methods is use of thick film technology, where the electrodes are 
fabricated using pastes based on precious metals such as gold, platinum, silver or some special pastes 
based on carbon or Ag/AgCl mixtures that are screen-printed on polymer or ceramic substrates [5-7]. More 
complicated methods usually use thin film techniques to obtain more integrated miniaturized 
electrochemical systems or electrodes [8-11]. 

The main problem of electrode systems miniaturization is reduction of geometrical size of the electrodes in 
comparison to standard electrodes resulting in lower current response. This problem could be solved by 
creation of some 3D structure on the geometrically reduced electrode which could increase the active size 
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Fig. 1 Working electrode design. 

of the electrode several times. 3D structure could be fabricated using several methods. The easiest way is 
to prepare high porous structure on the electrode surface as a mixture of active electrode material with 
some, usually polymer binder, that could be screen-printed, drop-coated, dip-coated, etc. on the electrode 
substrate [5, 12-15]. Next possibility is to grow nanostructures in a form of nanotubes, nanowires, 
nanopillars, quantum dots, etc. directly on the electrode substrate using process of anodization [16-20] or 
grown vertically aligned CNTs directly on the electrode substrate using CVD techniques [21, 22]. Electrode 
systems with nanostructured electrodes could be also used as a base for intelligent sensors [23, 24]. 

In this work we fabricated thin-film silicon substrate for working microelectrodes of electrochemical 
sensors. The substrate was used for synthesis of direct-grown vertically aligned multiwalled carbon 
nanotubes (MWCNTs) as an active electrode material. Fabricated electrodes were examined optically using 
scanning electron microscopy and electrochemically on the detection of heavy metal ions in acetate buffer 
solution employing differential pulse voltammetry (DPV). Obtained results were compared with commercial 
CNTs based electrochemical sensor. 

2.  ELECTRODE DESIGN 

Electrode was designed to be used as a 
working electrode of a three-electrode 
system for electrochemical analysis of 
species dissolved in aqueous solutions.  The 
diameter of the electrode is 3 mm and the 
silicon substrate size is 25 x 5 mm. Working 
electrode design is shown in the Fig. 1. 

3.  EXPERIMENTAL 

3.1  Electrode fabrication 

Electrode substrates on silicon wafer were fabricated using lithography and standard thin-film technology. 
The base for silicon microelectrodes is monocrystalline N-type 4” Si wafer with <100> orientation and the 
thickness of 525 �m (ON Semiconductor). Wafer is doped with antimony and its resistivity is 0.005 �.cm. 
The wafer surface is covered with thermal oxide with a thickness of 1.5 �m, which is used as a dielectric 
layer. On the places where the MWCNTs should grow, the surface oxide is etched using slow oxidizing 
etchant (HF + NH4F in ration 6:1). The positive PMMA photoresist was used as etchant resistive layer. 
300 nm thick layer of tantalum were then sputtered on the etched spaces (electrodes) to ensure better 
adhesion of lately deposited MWCNTs. Then on the tantalum layer was evaporated 5 nm thick catalyst 
layer of iron. Fabricated electrode substrate is shown in the Fig. 2. 

Prepared substrates were then cut to separate microelectrodes and used as the substrate for thermal CVD 
grown of vertically aligned MWCNTs. Substrate was placed in quartz boat and put in the center of 
horizontal furnace equipped with quartz glass tube (1000 mm long) terminated with flanges as it is 
schematically shown in the Fig. 3. 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 

Electrical
non-conductive 
protecting layer

Electrode (CNTs)

Electrical conductive 
substrate (Si)

Contact
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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). 

Finally the electrodes were washed and then insulated using PMMA dissolved in acetone based lacquer 
according to Fig. 1.  

 

 

 

Fig. 2 Fabricated electrode substrate. 

 

Fig. 3 Scheme of thermal CVD furnace. 

Successfully fabricated electrodes with deposited MWCNTs where analysed optically using SEM (TESCAN, 
Czech Republic). SEM micrographs of fabricated electrode with different scale are shown in the Fig 4.  

  

Fig. 4 SEM micrographs of fabricated electrode. 

 

 

Gas outlet Gas inlet
Ar, H2, C2H2

800°C

Electrode Si substrate
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Fig. 5 DPV response of fabricated Si electrode to 
Pb ions (inset: calibration curve). 

3.2  Chemicals 

All of used chemicals were purchased from Sigma Aldrich (St. Louis, USA). Acetate buffer solution (PH 5.4) 
was prepared by mixing 0.2M CH3COOH and 0.2M CH3COONa. A stock solution of Pb(C2H3O2)2�3H2O with an 
initial concentration of 10 mmol/l was prepared using acetate buffer solution mentioned above. The heavy 
metal samples were then prepared by diluting the stock solution. All solutions were prepared using 18MΩ 
redistilled and deionized water (taken from Direct-Q Water Purification System, Millipore). 

3.3  Experimental method 

All measurements were done employing differential pulse voltammetry (DPV) in range of the potential 
from -1 to 0 V with scan rate of 25 mV/sec using PalmSens handheld potentiostat/galvanostat (Palm 
Instruments BV, Netherlands). The device was connected to a personal computer for measurement setup 
and response evaluation. 

Electrochemical experiments were carried out in a 8 ml voltammetric cell at room temperature (25°C), 
using a three-electrode configuration electrochemical system with the standard Ag/AgCl reference 
electrode type 6.0726.100 and platinum auxiliary electrode type 6.0343.000 (both from Metrohm, 
Switzerland). 

4.  RESULTS AND DISCUSSION 

MWCNTs have grown successfully on the previously prepared silicon working electrode substrate using 
thermal CVD as is shown in the section 3.1. From the SEM images shown in the Fig. 4 is clear that uniform 
homogenous layer of MWCNTs was obtained after fabrication process optimization. Fabricated electrodes 
were characterized electrochemically and optically using SEM, as is shown in the chapter 3.1. 

Electrochemical characterization was carried out in acetate buffer solution employing differential pulse 
voltammetry. The detected matters were lead ions. Sample of DPV response of fabricated electrode in a 
three-electrode system against standard commercial electrodes is shown in the Fig. 5. 

From the Fig. 5 is clear that the current response to 
lead ions addition is good and the electrode could be 
used for lead ions detection with relative good 
linearity as is shown in the inset in the Fig. 5. 

Fabricated MWCNTs based working electrode was 
compared with working electrode from commercial 
sensor DS 110CNT (DropSens, Spain). For better 
evaluation the calibration curves were recounted to 
current density corresponding to geometrical size of 
each electrode. The reason for recounting to the 
current density is that the output current response is 
equal to active size of the electrode according to 
Cottrell equation. The calibration curves comparison 
for lead ions (Pb2+) detection of both electrodes is 
shown in the Fig 6. 
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Fig. 6 Calibration curves of fabricated MWCNTs based electrode 
and MWCNTs based working electrode from DS 110CNT type 

commercial sensor comparison on the lead ions detection. 

Fig. 6 shows that with considering of 
the results recounted to the current 
density, the sensitivity of fabricated 
electrode with direct grown MWCNTs 
to lead ions is on higher concentrations 
almost two times higher than the 
sensitivity of working electrode from 
commercial DS 110CNT type MWCNTs 
based sensor. The linearity of our 
electrode is little bit worse than the one 
from the commercial sensor. , the 
detection limit was successfully tested 
up to 5 �mol/l of lead ions. 

CONCLUSIONS 

In this work we fabricated MWCNTs based working microelectrodes for electrochemical sensors on thin-
film silicon substrate. Direct-grown multiwalled carbon nanotubes as an active electrode material were 
successfully synthesized on the silicon substrate using thermal CVD. Fabricated electrodes were examined 
optically using scanning electron microscopy resulting in relative good and homogenous layer of MWCNTs 
and compared with MWCNTs based working electrode from DS 210CNT commercial sensor on 
electrochemical detection of lead ions in a three-electrode system using differential pulse voltammetry. 

Obtained results shown in chapter 4 confirmed the suitability of fabricated electrode for electrochemical 
analysis. Considering of the results recounted to current density, the sensitivity of fabricated electrode with 
direct grown MWCNTs to lead ions was on higher concentrations almost two times higher than the 
sensitivity of working electrode from commercial DS 110CNT type MWCNTs based sensor. The linearity of 
our electrode is little bit worse than the one from the commercial sensor. , the detection limit was 
successfully tested up to 5 �mol/l of lead ion 

In the future experiments there will be prepared another set of MWNTs based working electrodes on 
silicon substrate using different underlay and tested for mechanical adhesion to the electrode surface. Then 
the electrode material will be functionalised to be able to detect various biological matters to be used as a 
working electrode of biosensors. 
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Abstract 

Nanofibrous filtration materials penetrate into industrial applications, and thus requirements for measuring 
their properties quickly and effectively increase. These materials are characterized by high square density 
and small size of pores, and therefore their filtration features are excellent. Concerning nanofiber textiles, 
problems with permeability and mechanic hardiness occur. This report deals with an optical measurement 
of features of nanofibrous filtration materials, and with visualization of the filtration process. This 
visualization enables to determine the efficiency of filtration, and filter homogeneity not only in global ratio 
but even in small areas of the filters. It enables to reveal a slight damage of the filtration textile. For this 
purpose, a new water-filtration measuring setup was proposed and constructed. The filtration material is 
mounted into optically transparent place in the setup. Laser sheet is directed into this place as in case of 
Particle Image Velocimetry. Seeding particles which are in water are passing through the filter in the laser 
light, and scattered light on the particles is scanned by special camera. The seeding particles serve for 
measuring the filtration efficiency, and also for the visualization of the filtration process. Pictures from the 
camera are analyzed by special software which calculates an approximate ratio of particles in front of 
filtration material and behind it. Other signals as pressure drop and flow are processed by CompactDAQ 
system. All that data are basis for filtration features of the filtration materials determination. 

Keywords: Nanofibers, nanofibrous filtration materials, water filtration, optical measurements 

1.  INTRODUCTION 

Nanofibrous textile is made from particular nanofibers arranged one over another. This material can serve 
as a filtration material. The most common technology of production is electro-spinning of polymer solution. 
Nanofibrous materials are characterized by very small pores and high surface density. Therefore their 
filtration characteristics are excellent. Site mechanism and thus size of pores is the key factor for water 
filtration. Water is slowed down less by such thin fibers, because the flowing water is sliding on nanofibers. 
Pressure drop on a nanofibrous membrane is smaller due to this sliding. Concerning nanofibrous textiles, 
problems with permeability and mechanic hardiness occur in comparison with microfibrous textiles. 
Nanofibrous filters can replace membrane filters in case of water filtration. Permeability of membranes is 
very low, and membranes need high pressure drop. [1] 

Nanofibrous filtration materials penetrate into the industrial applications, and thus requirements for 
measuring their properties quickly and effectively increase. For this purpose a new water-filtration 
measuring setup was proposed and constructed. Construction of the measuring setup proceeded from 
older filtration setup. [2] Visualization was tested on the older setup. Water is seed up by traced particles, 
which serve to two main purposes. They are used for measuring filtration efficiency, and also for 
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visualization of filtration process. Seeding particles which are in water are passing through the filter in the 
laser light, and scattered light on the particles is scanned by a special camera. The filter is mounted in an 
optical transparent place. This method is similar to Particle Image Velocimetry. [3] The efficiency of 
filtration and homogeneity of efficiency are analyzed from pictures made by the camera. 

The size of bacterium is about one micrometer, and therefore particles about this size are would be used 
for testing nanofibrous materials. Filtration efficiency can be calculated only form scattered light intensity 
because of their size. 

2.  DESCRIPTION OF WATTER-FILTRATION SETUP 

Setup was made according to scheme in Figure 1. A part of setup with filter is dipped in glass water tank to 
prevent a light refraction. Right-angled bends are located in the setup. Horizontal part of the setup in front 
of the filter is 15 times longer than the diameter of pipe. Honeycomb and screen are placed behind the first 
bending and 10 cm behind the filtration material. It is made to straighten velocity profile of flowing water in 
front of the filter.  

 

Fig. 1 Scheme of water-filtration setup. 

Submersible pump is pumping water into the setup and the water is coming back into the 112 liter tank 
through filtration material. Control of flow is realized by manual ball valves. Filtration material is mounted 
between two glass pipes Ø = 8 cm. Automatic air-escape valve is mounted on every elevated place in the 
setup. The highest pressure can be 100 kPa. Maximum flow can be set on 40 l/min, but only with minimum 
pressure. Area in vicinity of filtration material is illuminated by laser sheet. The laser sheet is made from 
semiconductor laser diode of the power of 50 mW, and the wave length of 532 nm (green color). Filtration 
process is recorded by industrial camera Pike F-210B/C. Resolution of its CCD chip is 1920 x 1080 px. Lens 
Nikon 50 mm with aperture F1,8 is mounted on the camera. Information about flow and pressure drop is 
processed by measuring cards of National Instruments CompactDAQ. Signals are software filtered and 
evaluated by UMA software. Whole setup is shown in Figure 2. 
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Fig. 2 Picture of water-filtration setup. 

3.  EXPERIMENT 

Microfibrous material is tested with using of S-HGS particles and nanofibrous textile is tested with using of 
PSP particles detailed describe in Table 1 and Table 2. Every measuring is 10 min long. Pictures and 
information about pressure drop and flow are saved every second to the PC. 

Table 1 Overview of used traced particles. 
Name of tested particles Main diameter Dispersion Density Shape Mark 
30 mg, silver coated hollow glass spheres 10 μm 2 - 20 μm 1,4 g/cm³ spherical Dantec S-HGS 
10 mg, polyamide particles 5 μm 1 - 10 μm 1,03 g/cm³ non-spherical Dantec PSP 

Table 2 Overview of used filtration materials. 
Name Technology Surface weight Diameter of fibers Specific surface Thickness Material 
Microfibers melt blown 15 g/ m2 1,01 – 2,5 μm -/- m2/g 5 μm polypropylene 
Nanofibers nanospider 1 g/ m2 50 – 500 nm 6 – 60 m2/g units of μm polypropylene 

Recording is performed in darkened laboratory. Lens aperture is set on maximum F1,8. Time of exposition 
is set on 15 ms for S-HGS particles. PSP particles are smaller and have less shiny surface, therefore they 
scatter less light. Time of exposition is set on 25 ms for these particles. Sensitivity of CCD chip is set on 600 
in both cases. 

4.  PROCESSING OF PICTURES 

Pictures are processed by multifunctional software ImageJ 1.44. As output data, ratio of light intensity in 
front of the filter and behind it is received. Other output data are in form of a ratio of number of particles. 
Image analyze is made in selected areas (Figure 3b). Light reflections complicate image analyze (Figure 3d). 
Due to light reflections, the reference image (Figure 3a) is subtracted from the other pictures before image 
analyze. Pictures are JPG type with 8 bit depth in grey-scale. 
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Fig. 3 a) Microfibrous textile without seed particles (reference picture), b) textile with traced particles S-
HGS in chosen evaluation areas, d) picture after threshold, e) nanofibrous textile with seed particles PSP. 

4.1  Analyze and counting of particles 

Filtration efficiency EF is calculated according to formula 1. We need to know number of particles behind 
the filter G1 and in front of it G2. [1] 
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Pictures are converted to black/white type with using suitable threshold before analyzing particles (Figure 
3c). Table 3 shows how the analyzing of particles is sensitive to chosen threshold for S-HGS particles. Ratio 
of particles is very stable with threshold 25 to 50. Optimum is chosen in the middle of the stable threshold 
range on 35 and for PSP particles on 25 (Figure 3d). Software counts black points in the chosen areas. A 
number of particles can be filtered according to size and circularity. 

Table 3 A ratio of number of particles depending on chosen threshold. 
Shutter = 15 ms, gain = 600 
Circularity = 0,1 – 1, size = all 
Threshold Ratio of particles 

20 0,72 
25 0,70 
30 0,70 
35 0,68 
40 0,70 
45 0,70 
50 0,70 

a b 

c d 
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4.2  Analyze of light intensity 

Penetration of particles P is countable either from number of particles (1) or from the ratio of light 
intensity. (2) I1 represents an average light intensity in the area behind the filter and I2 represents an 
average light intensity in the area in front of the filter. These light intensities are calculated from the 
pictures with particles (Figure 3b). I1R and I2R mean an average light intensity without particles (reference 
light intensity Figure 3a).                        
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Light intensity does not depend only on the number of particles. The most important factors are: number, 
shape and surface of particles, position of particles in relation to light source, power and wave length of 
laser light source. Lightness of picture also depends on sensitivity and exposure duration of a camera, 
aperture of lens and light absorbing of water and glass. The majority of these factors are constant in time 
and they can be eliminated by reference picture.  

4.3  Summary of measured data 

Graphs in Figure 4a and Figure 4b describe evolution of filtration efficiency in time. Homogeneity of 
filtration in Figure 4c is described on the graph of filtration efficiency depending on length across of filter 
diameter. 

We compare a filtration efficiency which is calculated on the basis of number of particles and light intensity. 
We can observe nearly same values of efficiencies at beginning of measuring. A difference of 10 % is 
noticeable at the end of measuring in case of S-HGS particles. In case of PSP particles, we can observe 
nearly same difference during the whole measuring. The cause could be a wide range of particle sizes. 
Bigger particles are displayed by more pixels on the picture. Nanofibrous material is more effective than 
microfibrous textile. 

 
Fig. 4 a, b) Graphs of the filtration efficiency depending on time, c) graph of the filtration efficiency 
depending on length across of filter diameter with use of microfibrous material and S-HGS particles. 
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Fig. 4 a, b) Graphs of the filtration efficiency depending on time, c) graph of the filtration efficiency 
depending on length across of filter diameter with use of microfibrous material and S-HGS particles. 

CONCLUSION 

The results show that this optical method is auspicious for measuring filtration efficiency and homogeneity. 
When bigger particles than 5 micrometers in diameter are used, the filtration efficiency from numbers of 
particles can be calculated easily. If the particles are smaller than 5 micrometers, they are not shown as 
points, but they merge in a cloud. In this case the efficiency can be calculated only from light intensity. 

The ratio of number of particles and light intensity is not the same. It is caused by many factors, which 
influence light intensity scattered on seed particles. It is necessary to analyze the factors and determine a 
formula of filtration efficiency depending on ratio of light intensity in front of and behind the filter. 
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Abstract 

Currently, emphasis is put on anticorrosion protection of metallurgical products during transportation to 
the place of destination. Short-period anticorrosion protection of metallurgical products is usually done 
using boiled oil. This does not provide sufficient protection in the corrosive environment with an 
environmental corrosion aggressiveness of C5 for the period of 3 to 6 months. A new tendency in the 
protection of metallurgical products consists of using thin organic transparent paint systems containing 
nanosized pigments. These coatings also contain a low volume of VOC compounds. The included 
anticorrosion pigment increases not only corrosive resistance, but also, to a certain degree, mechanical 
properties. The requirements for the anticorrosion protection are met by a range of active pigments. One 
of them is zinc phosphate which is among the most used non-toxic Anticorrosion pigments. 

This contribution includes the assessment results of the distribution of pigment nanoparticles in the paint 
system as a result of the application technique on steel substrate. For paint system application, the 
application techniques by brush, spray and applicator blade were used. A transparent paint system based 
on an alkyd resin containing nanoparticles within 6 – 9 % was used on steel substrates with various surface 
treatments. It follows from the results of laboratory tests that the corrosion resistance of the paint system 
containing nanosized pigments depends on the application technique used.  

Keywords: application technique, nanoparticles, pigment, paint system 

1.  INTRODUCTION 

Anticorrosion protection of metallurgical products puts more and more emphasis on coating composition 
protective layer thickness. Currently, the anticorrosion protection of steel tubes is carried out using boiled 
oil in most companies. The actual boiled-oil anticorrosion protection does not provide anticorrosion 
protection for products during transportation of tubes to the environments with high corrosion 
aggressiveness (C5). The optimal solution consists in choosing a paint system containing nanopigments. The 
pigment contained in the paint system allows using in the environments with high corrosion 
aggressiveness. Zinc phosphate is currently among the most used non-toxic anticorrosion pigments 
providing good anticorrosion protection. [1] 

The actual application technique of the paint system substantially influences corrosion resistance of the 
paint systems, which causes formation of clusters of nanoparticles and their sedimentation. 
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2.  EXPERIMENTAL MATERIALS 

A special paint system based on alkyd resin with contents of 6 – 9 % wt per cent of the anticorrosion 
pigment of zinc phosphate ZP10 was used as experimental material. The sizes of the pigment particles 
ranged within 40 – 200 nm. 

The pigment particles were milled to the required size using the water mill WATER JET MILL constructed 
within the research of the Department of Nanostructures at the Institute of Physics at the Faculty of Mining 
and Geology - VŠB-TU Ostrava. The photographic documentation of nanoparticles distribution (see fig. 1) 
was taken using a Philips XL30 Series device in the laboratory of electron microscopy at the 
Nanotechnology Centre, VŠB-TU Ostrava, and a chemical analysis of ZP10 particles (see fig. 2) was also 
carried out.  

    

Fig. 1 The ZP10 particles in nanosizes – left: clusters of particles, zoom 2500×, right: zoom 5000× 

    

Fig. 2 a) SEM snapshot (SE) of the ZP10 nanoparticle zoomed 2000 ×, b) chemical analysis of ZP 10 using the 
EDAX method (O = 33.05 %, P = 16.73 % and Zn = 50.22 %). 

The paint system containing 6 – 9 % of pigment particles was applied onto the steel substrate STANDARD. 
The surface of the substrate was pre-treated by grinding. The substrate did not feature any stuck impurities 
visible with naked eye. [2]  

The application of the paint system was carried out using three application methods. The resultant size of 
the wet layer ranged from 30 to 50 μm. After application, the samples were left in the air for 2 hours in 
order to cure and subsequently they were put into the oven and they were curing at a temperature of  
80 °C for 6 hours. [2]  
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3.  EXPERIMENTAL TESTS 

Then the paint system applied on the substrate underwent the following experimental tests: 
1) Corrosion test in artificial atmospheres – salt spray test according to ČSN EN ISO 9227 
2) Nanoindentation test of the paint system surface 

3.1  Corrosion Test in Artificial Atmospheres – Salt Spray Test According to ČSN EN ISO 9227  

The samples with the applied paint system were put into a corrosion chamber with the maximum exposure 
period of 96 hours. The samples were exposed without any failures, with a failure of the paint system by a 
cut. The assessment was carried out in the intervals of 0 hours, 24 hours, 48 hours, 72 hours and 96 hours. 
The assessments for the specific intervals are mentioned in the tables 1, 2 and 3. 

Table 1 The assessment of degradation of the paint systems applied by brush 

The assessment of degradation of the paint systems applied by brush 
Exposure 

in a 
corrosion 
chamber 

Blistering 
grade 

Rusting 
grade 

Delamination/ 
corrosion 

along the sect. 

Blistering 
arend the 

section 

0 h 0(S0) Ri0 (S0) 0/0 0(S0) 
24 h 3(S2) Ri1 (S2) 1/0 0(S0) 
48 h 5(S2) Ri1 (S2) 1/1 2(S2) 
72 h 5(S2) Ri2 (S3) 1/1 2(S3) 
96 h 5(S3) Ri3 (S4) 2/2 3(S3) 

Table 2 The assessment of degradation of the paint systems applied by pneumatic spraying 

The assessment of degradation of the paint systems applied by pneumatic 
spraying 

Exposure 
in a 

corrosion 
chamber 

Blistering 
grade 

Rusting 
grade 

Delamination/ 
corrosion 

along the sect. 

Blistering 
arend the 

section 
0 h 0(S0) Ri0 (S0) 0/0 0(S0) 
24 h 4(S2) Ri0 (S0) 1/0 0(S0) 
48 h 5(S2) Ri1 (S2) 1/0 4(S2) 
72 h 5(S3) Ri3 (S4) 1/1 4(S3) 
96 h 5(S3) Ri4 (S4) 2/2 5(S3) 

Table 3 The assessment of degradation of the paint systems applied by an applicator blade 

The assessment of degradation of the paint systems applied by an applicator 
blade 

Exposure 
in a 

corrosion 
chamber 

Blistering 
grade 

Rusting 
grade 

Delamination/ 
corrosion 

along the sect. 

Blistering 
arend the 

section 

0 h 0(S0) Ri0 (S0) 0/0 0(S0) 
24 h 2(S2) Ri0 (S0) 1/1 0(S0) 
48 h 3(S2) Ri1 (S1) 2/2 2(S2) 
72 h 3(S2) Ri1 (S1) 2/3 2(S2) 
96 h 3(S2) Ri3 (S2) 3/3 2(S3) 
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It follows from the obtained results recorded in the tables 1, 2 and 3 that the paint system containing 
nanoparticles of zinc phosphate applied by the technique using an applicator blade resisted the corrosion 
chamber for a period of 96 hours. However, after 48 hours, the first failures like small blisters visible only 
when zoomed were evident. On the other hand, the best results of the cut test were achieved by the 
application technique of pneumatic spraying. Delamination and a corrosion attack along the cut occurred as 
late as after 72 hours of exposure to the corrosion chamber. 

The figures show the photographic documentation for 24 hrs and 72 hrs of exposure after the corrosion 
test in the corrosion chambers, see fig. 3, 4 and 5. 

 
Fig. 3 The photographic documentation of the paint system applied by the brush technique which was 

exposed to the corrosion chamber after 24 and 72 hrs. 

 
Fig. 4 The photographic documentation of the paint system applied by the pneumatic spraying technique 

exposed to the corrosion chamber after 24 and 72 hrs. 
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Fig. 5 The photographic documentation of the paint system applied by the applicator blade technique 

exposed to the corrosion chamber for 24 and 72 hrs. 

3.2  Nanoindentation Test of the Paint System Surface 

The nanoindentation test was carried out using the Triboindenter TI950 nanoindentation system in the 
laboratory of the Center of Advanced Innovation Technologies, VŠB – TU Ostrava. Nanoindentation was 
carried out at both static and dynamic loads of the “indentor” into the upper layer of the paint system.  
Resultant mechanical properties were included into the graphs 1 and 2. The distribution of nanoparticles 
were taken by the Philips XL30 Series device in the laboratory of electron microscopy at Nanotechnology 
Center, VŠB-TU Ostrava. The photographic documentations of the distribution and cluster  
of nanoparticles are shown in the fig. 6 and 7, depending on the used application technique.  

 
Graph 1 Surface layer hardness of the paint system at the static action of the indenter 
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Graph 2 Paint system surface layer hardness at the dynamic action of the indenter 
 

   
Fig. 6 The photographic documentation of coating layer section (left: brush, right: pneumatic spraying) 

A – substrate material, B – paint system 

 

Fig. 7 The photographic documentation of the coating layer section by the applicator blade 
A – substrate material, B – paint system 

CONCLUSION 

There is a new tendency in the development of anticorrosion protection of steel structures consisting  
of using paint systems containing pigment nanoparticles. The actual dimensions and contents  
of nanoparticles, however, do not guarantee the corrosion resistance of a paint system. In order to work 
properly, it is necessary to take into account not only the actual substrate material, on which the paint 

A A 

A 

B B 

B 
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system is applied, but also the actual application technique. The influence of the selected technique is,  
in this instance, important. 

As far as corrosion is concerned, the paint system applied by technique using the applicator blade showed 
enhanced corrosive resistance to corrosion action in the environment with the corrosion aggressiveness C5 
and it resisted for about 16 months. Other techniques resisted to the corrosion environment with the 
corrosion aggressiveness C5 for about 8 months. 

The selected technique of paint system application proved to influence clustering of pigment nanoparticles. 
The application of the paint system using the applicator blade showed a higher hardness  
of the top layer due to equal distribution of pigment nanoparticles in the coating composition. 
Sedimentation and clustering was lower with this technique compared to the techniques of brush 
application or spraying. 

Based on the results it can be concluded that the respective paint systems applied onto the substrate 
material fulfil short-period anticorrosion protection. However, the suitable application technique and 
adjustment of nanoparticle clustering can extend the anticorrosion protection. 
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Abstract 

Conductive polyaniline (PANI) is nowadays in the forefront of the interest because of its very good electrical 
conductivity combined with other beneficial properties such as light weight and low cost. Not only PANI in 
the powder form, but also PANI thin films are widely investigated, because they can be used in wide field of  
applications, for example as sensors or antistatic and anticorrosive coatings. This work deals with the 
morphological and structural changes of PANI films after their exposure to higher temperatures. PANI was 
prepared from anilinium sulfate by its chemical polymerization using ammonium peroxodisulfate. During 
the polymerization process, PANI films were coated on glass slides. Changes, caused by exposition of PANI 
thin films to elevated temperatures (80, 100 and 120°C), were studied by Raman microscopy and atomic 
force microscopy. Thanks to these methods the morphological and structural changes in PANI thin films 
were revealed. It was observed that increase of temperature influences the color of PANI thin films, which 
passes from green (room temperature) to blue color (120°C). The color change and differences in Raman 
spectra may indicate the transition of PANI to its nonconductive form.  

Keywords: Polyaniline film, conducting polymer, Raman microscopy, atomic force microscopy, thermal 
degradation 

1.  INTRODUCTION 

Conductive polymers are nowadays extensively studied, because they have wide use in many applications. 
Polyaniline (PANI) which is one of the most common conductive polymers is in the front of the interest 
because of its good electrical conductivity combined with other beneficial properties such as light weight, 
low cost, excellent environmental stability and reversible acid-base switching of its electrical conductivity 
[1]. These properties are used in many applications such as anticorrosion and antistatic coatings [2], 
electrodes for batteries [3], sensors [4-6], etc. PANI exists in two basic forms, the blue pernigraniline form 
which converts during polymerization to the green protonated emeraldine form [7]. 

Many physicochemical properties of PANI are also studied by using thin polymer layers. Any surface in 
contact with reaction mixture becomes coated with thin PANI film, thickness of the film depends on the 
reaction conditions [8]. The possible arrangement of PANI polymer onto the glass slide is shown in Fig. 1.  

For the practical utilization of PANI film, it is very important to know the stability of PANI film under the 
various conditions as well as its degradation mechanism. This study is focused on the effect of thermal 
treatment on the morphology and structural changes of thin PANI films produced in situ on glass slides. 
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Two experimental techniques, Raman spectroscopy and atomic force microscopy (AFM), were used in this 
study. Raman spectroscopy provides information about molecular vibrations, which are specific to the 
chemical bonds and symmetry of molecules. Such kind of information can be used for sample identification 
or to determine the changes in the sample structure.   
 
 

 
 
 

 
 
 
 
 
 
 
 

Fig. 1 Optimized atomistic model containing three PANI oligomers anchored on the glass surface.  
Looped PANI chains exhibit lower potential energy than straight ones 

In this study the AFM was used for observation of the changes in the surface topography of the thin PANI 
films caused by their exposition to elevated temperatures. AFM provides 3D images of the surface 
topography characterized by high resolution, which even enable imaging of single atoms. Its outstanding 
advantage is its ability to acquire an image of almost any type of surfaces, including polymers, ceramics, 
composites, glass, and biological samples.  

2.  EXPERIMENTALS 

2.1  Preparation of thin polyaniline film 

PANI thin films were prepared using simple oxidative chemical polymerization of the solution of aniline in 
concentrated sulfuric acid by strong oxidizing agent at room temperature. The method is based on the 
mixing of two solutions: i) aniline solution in sulfuric acid which serves as cationic source, and ii) solution of 
ammonium persulfate in distilled water which serves as an oxidizing agent. After the mixing of both 
solutions the polymerization of the aniline proceeds what is signalized by the green color of the reaction 
solution, the time of the polymerization was 35 minutes. PANI thin films were deposited onto the surface of 
the glass slides by their rinsing into the reaction mixture.  

Prepared thin films were thermally treated in the oven (Memmert, model 100-800) at three different 
temperatures 80, 100 and 120°C. One glass slide with PANI thin film was left as a control sample without 
exposure to elevated temperature. 

2.2  Raman spectroscopy 

Raman spectra of the thin PANI films were measured using a Smart Raman Microscopy System XploRATM 

(HORIBA Jobin Yvon, France). Raman spectra were acquired with 532 nm excitation laser source, 100x 
objective and using 1200 gr./mm grating in the range from 80 to 2000 cm-1.  
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Fig. 2 Photo of the four PANI films used in this study A - 
room temperature, B - 80°C, C - 100°C and D - 120°C 

2.3 Atomic force microscopy 

The surface topography of the sample before and after the thermal treatment (120°C) was studied using 
atomic force microscope SolverNext (NT-MDT) operated in semicontact mode, the PPP-NCHR probe 
(Nanosensors) was used. 

3.  RESULTS AND DISCUSSION 

The change in color of PANI films as a result of their thermal treatment at 80, 100 and 120°C is evident in 
Fig. 2. It can be seen that the color change in samples B, C, D depends on the temperature. The green color 
of control sample A, converts to blue color of the sample D, which was exposed to 120°C, whereas the blue 
color may indicate the presence of deprotonated form of PANI or aniline oligomers [9]. 

Registered Raman spectra of PANI thin films, sample A, B, C and D, are shown in Fig. 3. Raman spectrum of 
the PANI thin film, which was not exposed to high temperature shows characteristic band for C-C stretching 
vibration of the benzenoid ring at  1621 cm-1 
and characteristic band for stretching vibration 
of >C=N- at 1498 cm-1 [10]. Band at position 
1600 cm-1 corresponds to C=C stretching 
vibration in the quinonoid ring [11]. The 
presence of the benzenoid and quinonoid 
characteristic bands depends on the laser 
excitation wavelength [12]. The band at 1335 
cm-1 provides information about ‘protonation 
band’ characteristic of the C-N+• stretching 
mode [10]. The band at 1172 cm-1 corresponds 
to the C-H bending vibration of the 
semiquinonoid rings [13]. Band at 810 cm-1 

corresponds to benzene ring deformations. Remaining two bands at positions 425 and 516 cm-1 correspond 
to  out-of-plane deformations of the rings [15]. 

After the exposure of PANI thin films to elevated temperatures, the Raman spectra show changes which are 
the most evident at Raman spectrum of the PANI thin film exposed to 120°C. The band at 1621 cm-1 is 
shifted to 1615 cm-1 and its intensity decreased with the temperature. To the contrast intensity of the band 
at position 1590 cm-1 increased with the temperature. New band appears at position 1556 cm-1, which may 
be assigned to N-H deformation vibration in semiquinonoid structures [15]. Band at 1470 cm-1 is dominating 
to all spectrum and is assigned to C=N from quinonoid ring. Intensity of the bands at 1324 cm-1 as well as at 
1262 cm-1 drastically decreases, which may be due to decrease in number of quinonoid rings in the 
structure [9]. New band with maxima centered at 1220 cm-1 is caused due to the presence of C-N stretching 
vibration. Decrease in intensity of the band appearing at 1164 cm-1 which corresponds to the deformation 
vibrations of the C-H groups on the quinonoid ring, confirms the decrease in the number of this groups. 
Broad structural band at positions 745, 778 and 813 cm-1 corresponds to vibrational modes of substituted 
aromatic rings [9]. Bands at 418 and 530 cm-1 correspond to out-ofplane deformations of the ring [14].  

 

 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

519 

Fig. 3 Raman spectra of the PANI film measured at the room 
temperature and after exposure to 80, 100 and 120°C. 

The character of the surfaces of 
studied samples evaluated using 
AFM revealed no significant 
changes in surface topography 
after thermal treatment of the 
samples. Comparison of 3D 
images shows that the surface of 
PANI thin film exposed to 120°C 
is smoother (see Fig.4). 

 

 

 

 

 

 
 

 
 

 
Fig. 4 AFM images of PANI films A – room temperature and B – 120°C. 

CONCLUSIONS 

Although the AFM did not prove significant changes in the morphology of the surface of the PANI thin film 
after exposure to 120°C, Raman spectroscopy found out structural changes. Amount of the quinonoid rings 
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in the PANI thin film decreased with the temperature increasing, whereas less number of the quinonoid 
rings means that PANI converts to the PANI base, which is the nonconductive form of the PANI. This 
conclusion is confirmed by color change of the samples under heat treatment. 
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Abstract 

The present study was undertaken to improve photocatalytic efficiency of TiO2 powder by silver doping 
and/or particle size reduction through mechanical ball milling. A planetary ball mill was employed to reduce 
the particle size of TiO2 powders to nanoscale and silver loading to TiO2 powders. Silver nitrate was used as 
silver source to obtain about 1% Ag load. Slurry taken from ball mill was separated by centrifugal separator 
into nano and micro sols. Separated nanosol was taken into the furnace to be dried at 103 °C and calcined 
at 400° C for 1 hour to assist silver loading. X-Ray powder diffraction (XRD) was employed to identify the 
crystalline phases present in the powders produced. XRD results revealed that doped TiO2 powders were 
consisted of only anatase phase of TiO2. Changes in lattice parameters of TiO2 structure after doping were 
determined also by XRD. Scanning Electron Microscope (SEM) and particle size analyzer were used for 
examining the size reduction effect of ball milling process. Photocatalytic performance of the powders was 
evaluated by Methylene Orange (MO) test under UV light illumination using UV-Spectrophotometer. 

Keywords: Titanium dioxide, photocatalysis, silver doping 

1.  INTRODUCTION 

Due to its relatively high photocatalytic activity, biological and chemical stability, low cost, non-poisonous 
and long stable life, TiO2 has been used widely as a photocatalyst [1-4]. In a photocatalytic reaction, the 
photocatalyst titanium dioxide generates an extremely strong oxidizing power that oxides harmful 
substances and eliminates them by decomposition into carbon dioxide, water and other small molecules 
when it is exposed to a light source [3-6]. Different synthesis methods of photocatalytic materials are still 
considered as the areas of great research interest for the decontamination or degradation of various kinds 
of organic and inorganic pollutants. There are a number of factors that the effectiveness of photocatalytic 
performance such as phase composition, level of crystallinity, crystal size and surface properties and these 
properties are affected by the production techniques and by the preparative conditions [7-9].  

The basic research and industrial development of high-efficiency TiO2 photocatalyst are still attractive 
topics due to their prospective importance, and existing problems are still hard to solve although TiO2 has 
been investigated for over two decades [10-12]. One main obstacle on application of TiO2 is low 
photocatalytic efficiency and one of the common ways to enhance the efficiency is to load noble metal or 
non-metal on the surface of TiO2 powder without preventing the reaction on photocatalyst surface [13-15]. 
Many different metals and non metals were tried to be doped into the structure with different methods. 
The TiO2 crystalline powder is relevant as well, since it has been observed that anatase, or at least a mixture 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

522 

composed mainly by anatase, appears to be much more active with respect to brookite and rutile, the 
other two crystalline modifications of TiO2 [5].  

The present study was undertaken to produce silver loaded photocatalytic TiO2 powder by mechanical ball 
milling. Ball milling is an effective process for mechanical milling [16-18]. The final product contains nano-
scale crystalline particles produced through modification process using micron-sized starting material.  

In this study, a planetary ball milling was used for preparation of silver photocatalytic TiO2 powders. Ball 
milling was performed for 1 hour and the powders were filtered and dried for characterizations. X-Ray 
powder diffraction (XRD) was employed to identify the crystalline phases present. Scanning Electron 
Microscope (SEM) and particle size analyzer were used for examining the size reduction effect of ball 
milling with various milling time.  Photocatalytic activity of the pure and ball-milled TiO2 powders was 
investigated to assess the decomposition of methylene orange (MO) in aqueous solution. 

2.  EXPERIMENTAL PROCEDURE 

2.1  Powder Preparation 

Silver loaded nano-sized photocatalytic TiO2 powders were prepared by ball milling from commercial 
photocatalytic TiO2 (NT-22, Nano Co.) powders. The physical and chemical properties of the commercial 
TiO2 are listed in Table 1. Silver nitrate (AgNO3) was used as silver source. Firstly 0.1 M solution of AgNO3 
and 1% (w/v) solution of sodium carbonate (Na2CO3) were prepared separately [19]. 10 gr of TiO2 powder 
was placed into a 500 ml of zirconia jar with 100 ml water. 4.6 ml of silver nitrate solution, then 5 ml of 
sodium carbonate was also added into ball mill jar [19]. Powder to ball ratio was 1:15 during milling process 
and zirconia balls with 5 mm diameter was used as milling media as well as the zirconia jar. Milling was 
performed for 1 hour with 5 minutes interval and reverse rotation. Same procedure was applied for 9.2 ml 
silver nitrate and 10 ml of sodium carbonate to see the effect of silver amount on photocatalytic activity.  

Table 1 Chemical and Physical properties of TiO2 powder used in this study. 

 

 

 

 

 

 

After milling, solution was taken into centrifugal separator and separated for 10 minutes with 1500 rpm. By 
centrifuge large and heavy particles were settled down. Remaining powders were taken into drying oven 
which was operating at 103 °C. After drying, powders were calcined at 400 °C for 1 hour for removal of the 
organics and diffusion of the doping material.   

2.2  Characterization 

Prepared TiO2 powders were characterized by an X-Ray diffractometer (Rigaku Geigerflex-DMAK/B) in order 
to investigate the phases present after milling process. Each sample was scanned from 20 to 90° 2θ at a 
rate of 2º min-1 by 0.02º increments continuously. The microstructural morphology of the powders was 

Component Value 

Crystallinity 

TiO2 content (wt%) 

Specific Surface Area (m2/g) 

Particle Size (μm) 

Appearance Density (g/cc) 

Anatase 

> 98.7 

101.5 

1 ~ 1.5 

0.30 ~ 0.35 
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observed with a scanning electron microscope, SEM (Nova NANOSEM 430). Elemental analysis by SEM was 
also used to detect any contamination from milling media and also to observe presence of silver. The 
average particle size was measured using a particle size analyzer (Malvern Mastersizer 2000).  

2.3  Photocatalytic Activity Measurements 

Photocatalytic activity of the TiO2 powders loaded by ball milling was determined using an aqueous MO 
solution. The MO concentration in the aqueous solution was kept constant at 10 mg/l. A 100 ml quantity of 
the MO solution and 0.1 g of pure or loaded TiO2 powder was mixed to obtain a suspension. Prior to photo-
irradiation, the suspension was magnetically stirred at constant stirring rate of 500 rpm in the dark for 30 
minutes to allow the TiO2 powders to absorb the MO solution and to establish absorption-desorption 
equilibrium. Then the suspension was irradiated by a 100 W UV lamp (UVP Co., 360 nm). Analytical samples 
were taken from the suspension under Uv radiation at after 30 and 60 minutes. The UV-vis absorption rates 
of the samples were measured at the wave-length of 449 nm, using a UV-vis spectrophotometer (SINCO 
Co., S-3100). The change of MO concentration in solution was calculated after 60 minutes of UV irradiation.  

3.  RESULTS AND DISCUSSION 

Fig. 1 shows XRD patterns of the pure and Ag loaded TiO2 powders. All peaks of the powders indicate the 
characteristic diffraction peaks of anatase TiO2 (JCPDS #21-1272) before and after ball milling. The crystal 
phase of TiO2 did not change after 1 hour of milling and by addition of silver. A small decrease in the peak 
intensities with ball milling indicating particle size refinement observed. Silver peaks cannot be detected in 
XRD data because amount of silver in powder was too small for XRD analysis. Any contamination effect by 
impurity also was not detected in XRD analysis during the mechanical milling process. It can be said that the 
ball milling do not bring any phase transformation or impurity effect for for 1  h ball milling duration with 
300 rpm in this system. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 XRD patterns of the starting TiO2 and Ag loaded TiO2 powders. 

Unitcell software was used in order to calculate changes in lattice parameters. The software is a 
leastsquares refinement program which retrieves unit cell constants from experimental diffraction data. 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

524 

Table 2 Lattice Parameters of starting TiO2 and Ag loaded TiO2 powders 

 

 

 

 

 

The change and increase on c parameter and cell volume can be attributed to silver loading, since it is 
known that atomic radius of silver is too large to incorporate into titanium dioxide structure and it has to 
distort the structure while doping.  

Fig. 2 shows the microstructural morphology of TiO2 before and after ball milling. TiO2 powders in this study 
have mostly spherical morphology. Starting powders show irregular agglomerated particle distribution in 
Fig. 2(a), while the ball milled powders show homogeous and well-dispersed particle distribution in Fig.2(b) 
and Fig 2(c). Fig 3. shows EDX analysis revealing low amount of silver within titanium dioxide powders.  

Fig. 2 SEM micrograph of (a) Starting TiO2, (b) - (c) Ag loaded TiO2 

 
Fig. 3 EDX analysis for loaded TiO2 powders 

The variation of average particle size of TiO2 before and after ball milling is shown in Fig 4. The average 
particle size decreased with ball milling. A homogeneous particle size distribution is observed after milling. 

(Å) TiO2 TiO2/Ag 

a 3.78384 3.78477 

c 9.50494 9.51400 

Cell Volume 136.0866 136.2830 

                                            (a)                                                 (b)                                                (c) 
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Fig. 5 shows the comparison on decomposition rate of MO by loaded and unloaded TiO2 powders.  Two of 
the samples showed photocatalytic activity with UV irradiation, however, when the amount of Ag load is 
increased, photocatalytic activity is inhibited. Excess amount of silver may be coated on the surface of TiO2 
powders and due to this Ag layer, photocatalytic activity is affected detrimentally. Ag loaded powders 
decomposed nearly 65% of MO, while unloaded TiO2 powders decomposed only 44% of MO within 60 
minutes of UV-irradiation. Powders containing high amount of Ag did not compose any MO after 60 
minutes of irradiation (Fig.6). Therefore, it can be said that low amount of silver loading by ball mill is a 
practical way to increase photocatalytic activity TiO2 powders. 

 

 

 

 

 

 

 

 

 

 

 

4.  CONCLUSION 

Silver loaded TiO2 powders were prepared by mechanical ball milling. Silver can be loaded on TiO2 without 
any contamination or phase transformation by using planetary ball mill. As amount of silver loading 
increases, the photocatalytic activity of TiO2 powders decreases. Low amount Ag loaded TiO2 powders 
showed better photocatalytic activity in decomposition of MO in aqueous solution then the starting 

Fig. 5 % Decomposition of MO for loaded and 
unloaded powders after 60 minutes 

Fig. 6 Absorbance spectra for loaded and unloaded 
powders after 60 minutes 

Fig. 4 Average particle size distribution for milled and non milled powders. 
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powders. Therefore, the ball milling is one of the economic and practical ways to load silver on TiO2 and 
silver loading enhances the photocatalytic activity of TiO2.  
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Abstract 

Heterogeneous photocatalysis is a new promising alternative method of removing of organic compounds 
especially from water by using an irradiated dispersion of titanium dioxide. This field is in the foreground of 
an increasing interest of basic as well as applied research. This paper is focused on testing photocatalytic 
activity with a manganometric titration. 

Keywords: Titanium dioxide, potassium permanganate, hydrogen peroxide, photocatalytic activity 

1.  INTRODUCTION 

1.1  Photocatalysis 

Photo-catalysis is photochemical reaction. The acceleration of this reaction is escorted by present the 
catalyser. Photochemical reaction is inviting absorption of lights by materials, which molecules absorbed 
energy are broken up to radicals, ions or atoms.  

In actual time is a photo activity of nano particle TiO2 in front of scientific interests, on the score of hers 
general using in the area of innovate environment. Titanium dioxide belongs to mostly used photo-
catalysers. Photo-catalytically an effect of TiO2 by the instrumentality of UV radiation at the normal 
temperature makes it possible to oxidative decomposing of organic structures and also bacillus. [1] The 
result of these effects is broken of all organic materials to elemental inorganic components. The 
superhydrophily induced by photo-catalytically way is the next important property of TiO2. It offers a lot of 
possibilities of practical application. 

Photo-catalytically reactions are exploited on cleaning of waters, air act. This technology is able to prevent 
contaminate of outside wall of buildings and also to compared way tunnels, to prevent misting of frontal 
glass and driving mirror at the cars and next undesirable effectswith grow black glass covering of lamps in 
moto. [2] 
 
 
 
 
 
 
 
 
 
 

Fig.1 Schematic diagram of the mechanism for the photocatalytic 
action of nano-structured TiO2  [3] 
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When a semiconductor, such as TiO2 absorbs a photon of energy 
that is equal to or greater than its band gap width, anelectron (e-) 
may be promoted from the valence band (VB) to the conduction 
band (CB) thus generating an  

Electron vacancy – ‘‘hole’’ (h). The electron and the hole can 
migrate to the catalyst surface where they participate in redox 

reactions with different species adsorbed on catalyst surface. Holes can react with surface-bond H2O or OH- 
to produce the hydroxyl radical OH- whereas electrons during reaction with oxygen cangenerate 
superoxide radical anion O2

-. Thehydroxyl radicals (OH-) and superoxide radical anions (O2
-) are supposed to 

be the primary oxidizing species in the photocatalytic oxidation processes.[4] 

1.2  Principe of manganometric method 

An electron is generated when an acidic solution is irradiated in the presence of titanium dioxide.  This 
electron reacts with molecular oxygen and forms 
superperoxide ion which transforms into 
hyperperoxide ion and then forms hydrogen 
peroxide which is decomposed by the present 
electron. [5] 

A process with a similar principle to the one used in a manganometric determination of hydrogen peroxide 
concentration where H2O2 reacts  with KMnO4 at room temperature in a solution acidified by H2SO4 and 
forms a manganate salt was designed based on this theory. The O2 molecule is released during this reaction 
and the autocatalysis by manganate ions occurs.  

Hydrogen peroxide forms as a bi-product 
of a radical reaction during the irradiation 

of the acidic solution of potassium permanganate with the addition of photoactive titanium dioxide and 
immediately reacts with the present KMnO4. The decrease of permanganate is then determined by 
titration by hydrogen peroxide and the percentage of degradation of KMnO4 is calculated from the 
volume of hydrogen peroxide used during the titration.  The effect of permanganate concentration as 
well as the amount of TiO2 was observed in this research.  

2.  EXPERIMENT 

2.1 Materials  

Titanium dioxide photocatalyst (P25, 80% anatase, 20%rutile, specific surface area of 50m2.g-1) was 
supplied Degusa Co. Hydrogen peroxide (H2O2), potassium permanganate p.a. (KMnO4), sulphuric acid 
(H2SO4) were purchased fromLach - Ner, s.r.o. (Czech Republic). Deionized water was used throughout. 

For filtration was used glass filter (por size 0,2 – 2 μm). 

2.2 Light source  

Light source was used a lamp from Bandelin Co. D – 69168 Wieslich,type N – 36 K. It gives radiation with 
wavelengths 254nm with performance 4x6 W.  

�	 �C� bcb hehTiO 332 (1) 
�� �C� H + OH2OHh b3  (2) 

 OH �C� 	� OHh b3 (3) 
�� C� RRh b3 (4) 

	
	 C� 22 OOecb (5) 

�C� 		
22 OOe     (6) 

222 OHHOOHO C�C�� �	
    (7) 

			 ��C�C� OHHOOHOHe )( 2222  (8) 

OHMnOHMnOOH 2
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Fig. 3 Graph of different concentration KMnO4 after the 
irradiation UV 

2.3 Procedures 

Testing was conducted on a Petri dish. The Petri dish 
was added 10 ml potassium permanganate solution, 
10ml of sulfuric acid and a few drops manganese 
sulphate (catalyst) and a defined amount of 
titanium dioxide. At certain time intervals was 
tested by loss of potassium permanganate titration 
of hydrogen peroxide. 

The results were evaluated by percentage of 
degradation.  
 

V0 volume of hydrogen peroxide before UV irradiation 

V1volume of hydrogen peroxide after UV irradiation 

Also, an experiment was performed with potassium permanganate (0, 1 g.l-1), when a solution was filtrated 
after UV irradiation. This test was a reference test. After the filtration solution of permanganate, absorption 
was measured.  

A0absorption of potassium permanganate before UV irradiation 

A1absorption of potassium permanganate after UV irradiation 

3.  RESULTS 

3.1 Effect of concentrationKMnO4 

Particles of TiO2 were dispersed in 
ultrasonic homogenizer (Bandelin, 
Sonopuls HD 3200). TiO2 (0,1g) was 
added to a solution of potassium 
permanganate (0,1 g/l; 0,5g/l; 1g/l). 
Degradation of KMnO4 was observed 
by a titration of hydrogen peroxide. 
Amount test substances were 10ml 
KMnO4 and 10ml H2SO4. Irradiation 
time was 0, 5, 10, 20 and 40 min. 

Lowest concentration of TiO2 degrades 
half KMnO4 after 1,5 min, 
concentration 0,5 g.l-1 after 10min and 
concentration 1 g.l-1 after 10min. 

3.2 Effect of concentrationTiO2 

Different amount of TiO2 (0,1g; 0, 01; 0,001g) was tested on the solution potassium permanganate with a 
concentration 0, 1 g.l-1. 

100
0

10
4

�
	

�
V

VVPDKMnO  (10) 

Fig. 2 Schema of experiment 
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Radiation was transformed by the 
biggest weight TiO2 largely on 
hydrogen peroxide and a rate of 
decomposition KMnO4 is maximal for 
the intensity. Curves don’t show large 
deviations. 

It can come to reduction of formation 
of hydrogen peroxide by the weight 
0,001g TiO2. Energy will be used for 
degradation of dirt and it will be not 
absorption. It is obvious that the use 
of the incident radiation would be 
enough on the weighed 0, 01 grams of 
TiO2. 

3.3  Titration versus filtration  

We can see in graph comparison two 
real curves. During the filtration may 
change action of incident light. This 
may affect the result. 

 

 

 

 
 
 

 
 

3.4 Decomposition of potassium permanganate by UV radiation 

It was tested the influence of 
potassium permanganate solution 
without the addition of titanium 
dioxide. The test was used for two 
solutions of potassium permanganate 
at concentrations 0; 1; 0, 5; 1 g/l. 
Potassium permanganate decays 
without TiO2. Therefore it was 
performed a correction. It can be 
assumed that both production of 
H2O2 and decomposition KMnO4 are 
in parallel. 

Fig. 4 Graph of different concentration TiO2after the irradiation 
UV 

Fig. 5 Curves for two different methods of measure 
photocatalytic activity 

Fig. 6 Decomposition of potassium permanganate by UV 
radiation without TiO2 
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Fig. 7 Decomposition of potassium permanganate by UV 
radiation without TiO2after a correction 

 

Therefore the model of kinetic was proposed. The kinetic of the degradation rate is described by first order 
reactions.  Reactions are characterized then the rate is directly proportional by concentration only one of 
the reactants. The concentration of reactants is decreasing exponentially with time.[6-8] 

The reaction rate constant is k= (k1+k2).  

k1the reaction rate constant of KMnO4 

k2the reactionrate constant  development of H2O2 and the 
disintegration of KMnO4 

k the reaction rate constant ofthe experiment  

To correct were used the calculated 
constants k2, which were substituted back 
into equations of lines of concentration. 
Decomposition of potassium permanganate 
is not a linear function of time, but has an 
exponential course. 

4.  CONCLUSIONS 

This method has several advantages 
compared to other methods. The evaluation 
of photocatalysis is faster using this method, 
then by using methods based on 
decolorisation of dyes. It is not necessary to 
separate TiO2 particles since their presence 
doesn’t affect the titration. 
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Abstract 

The pilot plant experiment with photocatalytic TiO2 coating and its influence on dust concentration in 
stable environment is performed in two identical mechanical ventilated sections of piggery. In one of the 
sections, the walls and ceiling were painted with the photocatalytic TiO2 coating (experimental section), the 
other section remained free from any coat in order to serve as the reference section. The concentrations of 
volatile dust particles in the form of fractions sized up to 10 μm (PM10), up to 2.5 μm (PM2,5) and up to 1 μm 
(PM1) were measured at regular intervals and compared with the concentrations of volatile dust particles in 
the reference section (without TiO2 coating).  

It was found that PM10 and PM2.5 fractions not show a significant differences in their representation in 
experimental and reference section of stable. The concentration of the PM1 fraction was not the same (in 
spite of the same illumination in both sections). The measurable differences in their concentration were up 
to 15%. It was also performed measuring influence of spectral composition of light sources on the effect of 
TiO2 coating. We expect effect of photocatalytic TiO2 coating on reduce dust concentration in the stable. 
These experiments were carried out mainly in the laboratory. The measuring of dust concentration in both 
sections of the stable was carried out with measurable differences the concentration of dust particles, 
especially in the PM1 fraction. It seems that the effect of photocatalytic TiO2 coating on dust depends on 
the appropriate spectral composition of light sources. 

Keywords: photocatalytic TiO2, dust, piggery, spectral composition of light sources 

1.  INTRODUCTION 

Given that the issues of environmental pollution continue to be of topical interest, tools and procedures of 
its elimination have been sought intensively. Considering that agriculture in general is a significant source 
of environmental contamination, particularly ammonia, it is also an important source of dust in general; or 
to be more specific, atmospheric aerosol which contains a mixture of liquid as well as solid particles (sized 
tens of microns) of various sizes and origin. Atmospheric aerosol concentration at any given place shows 
high variability and depends both on atmospheric conditions and on applied technology. The question of 
what type of technology would be suitable in respect of aerosol concentration value is more important in 
closed buildings where the effect of atmospheric conditions is considerably suppressed. Various stables 
used for breeding and fattening livestock can be mentioned as a typical example of such buildings. In this 
environment, higher concentrations of dust in the air of the stables have a direct impact on the health and 
utility of animals bred in the stable. Therefore an effort has been developed to reduce the amount of dust 
in the building. The use of the photocatalytic TiO2 coatings of inside walls to reduce the dustiness in terms 
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of the smallest dust fraction PM1 may be one of possible ways. This smallest dust fraction seems to exhibit 
a somewhat different mechanism of interaction between the particles and the stall environment than dust 
particles of the sizes PM2.5, PM10 and larger. In general, quantifying the effect of aerosol concentration and 
type on the environment is somewhat more complicated given the properties of aerosols [1,2,3].   

2.  MATERIAL AND METHODS 

The pilot plant experiment was done in the experimental stable for pig fattening at the Institute of Animal 
Science (IAS) farm in Netluky, in the period between May 2010 and October 2010. Two identical stable 
sections were available (experimental section, reference section), each with an almost the same number of 
animals. Measurements of environmental dustiness formed part of the complex verification. 
Concentrations of standard fractions PM10 and PM2.5 were measured. Gravimetric methods and on-line 
measurement systems (Microdust Pro and Dusttrak) were used for this purpose. The measurements were 
done always for 24 hours in order to capture concentration amplitudes of the measured fraction. Light 
value of the monitored stable sections was also measured. This value represents the mean illumination 
value in lx (lux) for 24 hours. Given discussions in the media where speculations were found regarding the 
harmful nature of nanoparticles for humans, which are released to the environment from the products 
used, fraction PM1, i.e. particles with the aerodynamic diameter up to 1 μm, was added to the 
measurement. These particles approach the sizes of nanoparticles, being classified at the borderline of the 
term dust. Thus it can be hypothesized that PM1 concentrations should be higher in the experimental stall 
than in the reference one. 

The laboratory experiment was done at the end of the pilot plant experiment at the shared laboratory for 
measurement of ammonia emissions and greenhouse gases of the Research Institute of Agricultural 
Engineering (RIAEng) and the Czech University of Life Sciences in Prague (CULS). Its scope and focus were 
partially initiated by the results of the pilot plant experiment. Two identical containers were used for the 
laboratory experiment. The first container – experimental – contained a surface with the photocatalytic 
TiO2 coating and a replaceable source of light. The other container – reference – had no such surface and 
was lighted in the same way and using the same type of light source as the experimental container. For a 
more detailed description of the containers see, for example, [7]. The same amount of pig semi-liquid 
manure was placed on the bottom of the containers. Both containers were equipped with forced air 
flowing provided using an external fan. The air flowing speeds in the containers and in the stable were 
similar. Two different linear fluorescent lamps were used as the source of light; the lamps were 30 cm long 
but showed different spectral compositions of the emitted light – the first linear fluorescent lamp with the 
“daily light“ color and the second one with UV-A 30% and UV-B 5%. Lamps of the same type as in the 
laboratory were used in the stable in order to enable us to compare the effect of their different spectra. 
The light spectrum of the lamps was analyzed in detail using a spectrophotometer with the UV 
measurement range (capable of measuring light wavelengths from 250 nm). 

Almost identical conditions were created in both parts of the verification procedure (in pilot plant 
experiment and in the laboratory) to allow for comparative measurements, with an emphasis laid on 
demonstrating the effect of the photocatalytic TiO2 coating and the light source spectrum on dust 
concentration levels at the monitored place. The only rather significant difference was shown by 
experimental arrangement in the laboratory where the stable climate was created using liquid manure in 
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experimental containers equipped with forced air flow. Here the dust particles (PM10, PM2.5 and PM1) were 
determined using the same methodology as in the pilot plant experiment. 

3.  RESULTS AND DISCUSSION 

Although due to time requirements, partial experiments in the laboratory and in the stable were repeated 
only three times, the results of the laboratory and pilot plant measurements are not contradictory, which 
for now may provide evidence of good choice of experimental methodology and interpretation of the 
results obtained. Given that the measurement values may be affected also by other factors, Tab.1 is 
included, which provides a summary of measurement conditions for the pilot plant experiment. 

Table 1 Measurement conditions in the both section of the experimental stable for pig fattening 

Date Group Airflow Pigs Temp. Relative 
humidity 

Air 
pressure 

Illuminance 

m3.h-1 ks kg/ks °C % hPa lx 

11.05. Ref. 2 986,0 90 69,8 18,9 68,4 
972,8 

103,6 

Exper. 3 045,9 81 80,5 19,5 68,9 105,4 

02.06. Ref. 3 426,6 87 59,8 19,5 65,6 
975,0 

107,4 

Exper. 3 644,3 83 72,6 19,6 67,5 111,3 

05.10. Ref. 2 675,8 81 76,2 19,8 67,3 
977,0 

88,9 

Exper. 2 696,3 89 77,4 19,6 65,2 95,0 

Measured concentrations of PM10 and PM2.5 dust fractions are shown in Tab. 2. It follows from the table 
that the difference in dustiness concentrations in both sections is up to 10 % and cannot be used to 
determine the effect of the photocatalytic TiO2 coating in the experimental section on the observed dust 
fraction concentrations. Similar results were achieved also during laboratory measurements for both light 
sources used, with the only difference in the values of the dust concentrations mentioned. It can be 
deduced that the spectrum of the light sources has no direct impact, through action of the coating effect, 
on any change of dust concentration values for both measured fractions. Measured differences reached 
only several percent, thus well within the uncertainty limits of reported measurement results. 

Table 2 Concentrations of PM10 and PM2.5 dust fractions (μg.m-3) 

Date Reference section Experimental section Index 

PM10 PM2,5 PM10 PM2,5 PM10 PM2,5 

11.05. 169 82 156 75 0,923 0,915 

02.06. 132 127 130 127 0,985 1,000 

05.10. 186 80 196 85 1,054 1,063 

Similar conclusions can also be derived from the evaluation of emission of observed dust fractions in the 
pilot plant experiment. No significant differences in dust production were found. This fact may indicate that 
the wall surface with the photocatalytic TiO2 coating had no effect on changed emissions of observed 
fractions. Important information follows from Tab. 3 regarding the portion of net dust production, i.e. only 
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of the part formed directly in the observed building. The portion of 61.3 % – 65.7 % was found for fraction 
PM10, while for fraction PM2.5 it reached 74.5 % – 76.8 %. These values thus indicate that more particles 
sized up to 2.5 μm keep being formed in both measured sections of the stable than those sized up to 10 
μm. This finding is in accordance with several years of experience and with results of dustiness 
measurements in buildings used for pig breeding, done by the measurement group of IAS [5, 6]. 

Table 3 Emission of dust fractions (mg.pig-1.day-1) 

Date Section Imission  (μg.m-3) Emission (mg.pig-1.day-1) Net share 

gross net % 

PM10 PM2,5 PM10 PM2,5 PM10 PM2,5 PM10 PM2,5 

11.05. Ref. 
58 19 

134,6 65,3 88,4 50,2 65,7 76,8 

Exper. 140,8 67,7 88,4 50,5 62,8 74,5 

02.06. Ref. 
52 31 

140,3 64,7 89,3 46,3 63,6 76,2 

Exper. 139,8 65,6 88,8 48,8 63,5 74,5 

05.10. Ref. 
72 70 

147,5 63,4 90,4 47,6 61,3 75,0 

Exper. 142,5 61,8 90,2 43,3 63,3 76,5 

A somewhat different situation was found for PM1 dust fraction. The measured values showed that unlike 
the initial hypothesis, value of PM1 fraction lower by 16.7 % was recorded in the experimental section of 
the stable compared to the reference section (Tab. 4). Similar results were found also based on laboratory 
measurements while the decrease of PM1 concentration in the experimental container was somewhat 
smaller using a regular light source. As this finding of PM1 dust concentration differences between the 
experimental and the reference section are new in all complex verifications the photocatalytic TiO2 coating 
in the stable environment done since 2009, this phenomenon cannot be explained without further 
measurements. Therefore considerations have been given to the measurement of positive and negative 
ions, triboelectric voltage of wall surfaces, dust sedimentation measurement and measurement of 
electrostatic voltage of the vertical section in both measured sections of the stable. 

Table 4 Concentrations of PM1 dust fractions (μg.m-3) 

Date Reference 
section 

Experimental 
section 

08. 06. 22 18 

22. 06. 21 17 

13. 07. 20 17 

27. 07. 21 18 

Average 21,0 17,5 

index  0,833 

-∆ % 16,7 
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It should be noted that the laboratory experiments were done when the measurements of pilot plant 
experiment had been finished. The results were used also to modify the laboratory experimental 
methodology, especially because the original assumption of laboratory verification methodology regarding 
the effect of the coating on concentrations of individual dust fractions did not take into account the effect 
of the dust fraction size on its behaviour in the atmospheric aerosol which the dust particles are part of 
(this methodology stemmed from dust fraction measurements in the stall environment undertaken since 
the beginning of complex verification of the photocatalytic TiO2 coating in 2009). The aerosol is a complex 
mixture of various particles as described, for example, in [2,3]. Its characteristics cannot be explained only 
by direct mechanical interactions among the particles. It can be noted that larger dust particles (larger than 
10 μm) move usually by the action of gravitation and inertia forces. The motion of lighter particles 
(especially those smaller than 1 μm) resembles Brownian motion in the given environment, while the 
borderline that separates these different ways of particle motion in the given environment is about 2 μm. 
Individual properties of aerosols and thus also of their components were defined quite exactly, for 
example, in [3], which makes it possible to better describe the processes that take place in them. This is 
also why no simple and clear explanation can be currently provided for the minimal differences in PM10 and 
PM2.5 concentrations between the experimental and reference stable sections. The active surface of solid 
particles of PM1 dust fraction is much larger compared to the surface of the bigger dust particles PM10 and 
PM2.5, for dust samples of the same mass. This may also be one of the reasons why in both cases, thus 
during pilot plant and laboratory measurements, the smallest dust fraction did show a change in its 
concentration. Currently, this result is still burdened with significant error, also due to the small number of 
repetitions. This is why further pilot plant measurements are being prepared to verify this result (effect of 
the photocatalytic TiO2 coating on reduced dust concentration in the stable). The aim of these 
measurements will be to confirm or disprove the effect of the photocatalytic TiO2 coating on dustiness in 
the stable environment. 

4.  CONCLUSION 

Influence of photocatalytic TiO2 coating on dust particles PM10, PM2.5 and PM1 in the stable environment 
show following: 

� Change in PM10 and PM2.5 dust concentrations does not depend on the spectral composition of the light 
sources used to illuminate the surfaces with the photocatalytic TiO2 coating. 

� Results of the measurements and observations admit that the used photocatalytic TiO2 coating (in 
interaction with spectral composition of the light sources) may have an effect on changes in PM1 dust 
concentrations. 
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Abstract 

This paper presents results of experiments with the photocatalytic TiO2 coating – in reduction of NH3, CH4 
and N2O concentration and microbiological contamination in a stable environment. Experimental 
measurements were performed in a laboratory and simultaneously in a pig house of experimental farm. 
The laboratory tests are conducted in the plexiglass containers with pig liquid manure samples from pig 
house, active area with photocatalytic TiO2 coating and with the source of radiation. Monitoring of gaseous 
emission and microbiological contamination changes depend especially on the radiation source. The partial 
results of laboratory tests are used for optimalisation of pilot plan experiment. The pilot plant experiment is 
performed in two identical mechanical ventilated sections of the pig house. In one of the sections, the walls 
and ceiling were painted with the photocatalytic TiO2 coating and effect on indoor air quality (gases 
concentration, microbiological contamination of air and areas, air temperature and humidity) is regularly 
monitored.  

The results of laboratory measurements show a reduction emission of monitoring gases between 4 % - 21 
%. Quantitative microbiological determination of the number of colony-forming units of thermotolerant 
Coliform Bacteria, Escherichia Coli and Enterococci is demonstrated by the disinfecting efficiency of TiO2 - 
the number of microorganisms decreased by up to 3 log orders. A similar trend was found for 
measurements at the experimental farm to that for laboratory experiments in terms of the values of the 
quantities observed.  

Keywords: Photocatalytic TiO2, gaseous emission, Thermotolerant Coliform Bacteria, Escherichia Coli, 
Enterococci, air quality, pig house 

1.  INTRODUCTION 

Agriculture is a significant source of environmental pollution. Ammonia (NH3), methane (CH4), carbon 
dioxide (CO2), nitrogen oxides (NOx) are among the gases emitted from agriculture that pose great 
environmental concern. High concentrations and emissions of agricultural air pollutants are related to 
human and animal health and ecological damage [4, 8]. For instance, more than 80 % of world ammonia 
production, which inter alia contributes to the acidification of water and soil, is set down just to the 
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agricultural sector [6]. Therefore an effort has been developed to keep seeking new ways to reduce the 
production of pollutants created as by-products of especially animal production. 

Titanium dioxide (TiO2) is used in the various applications, fox example, to create self-cleaning building 
materials [3], to destroy bacteria and viruses [10], but also to elimination of environmental pollutants 
[5,14]. Many authors [1,2,9,12] concentrate on using TiO2 as a photocatalyst for removing NOx gases from 
the atmosphere. The other researchers [11,15] describe photo-oxidation of NH3 over TiO2.  

One of the aims of describe experiments is testing of Czech commercially available photocatalytic TiO2 
coating for improving the welfare of bred animals and verification of its potential in reducing the negative 
impact of animal production on the environment.  

2.  MATERIAL AND METHODS 

Monitoring of the influence of photocatalytic TiO2 coating on the gas concentration and microbiological 
contamination of the air was started in summer 2009. Experiments were conducted in the laboratory and 
also in the pilot conditions. 

Laboratory measurements have been going on at the shared laboratory for measurement of ammonia 
emissions and greenhouse gases of the Research Institute of Agricultural Engineering (RIAEng) and the 
Czech University of Life Sciences in Prague (CULS) since August 2009. One of the main aims of these 
measurements was to obtain more detailed information for optimization of the pilot plant experiment. 
Samples of the pig liquid manure were measured in two identical experimental plexiglass containers. For a 
more detailed description of an laboratory container see, for example [13]. The same amount of 
homogenized sample of pig liquid manure was placed into every container; thus identical input material 
was available in both contoiners for every individual measurement. At the same time, a plasterboard wall 
coated according to the manufacturer’s instructions with two layers of the coating material DETOXY COLOR 
Interior (photocatalytic TiO2 coating) was placed in one of the containers. A light source represented by a 
linear fluorescent tube was also inserted in this container. The other container contains no plasterboard 
wall or a light source and was used as references container.  

Continuous measurement of ammonia (NH3), methane (CH4), and nitrous oxide (N2O) emissions was 
performed pursuant to approved RIAEng methodology, using the gas analyzer 1312 Photoacoustic Multi 
Gas Monitor with 1309 The Multipoint Sampler. Temperature and air humidity and pressure were 
continuously measured during all laboratory experiments. The light spectrum of the used fluorescent tubes 
and the lighting intensity was controlled throughout the experiments. 

Microbiological qualitative parameters are evaluated by means of determining indicator organisms in the 
pig liquid manure – numbers of Thermotolerant Coliform Bacteria, numbers of Escherichia Coli and 
numbers of Enterococci.  

Pilot plant experiment (testing of photocatalytic TiO2 coating at the experimental farm) has been going on 
since July 2009. Testing of the photocatalytic TiO2 coating DETOXY COLOR Interior was done in two identical 
sections of the masonry experimental swine fattening station, at the Institute of Animal Science (IAS) farm 
in Netluky. There are 6 pens in every section, divided in two rows. The manipulation corridor is found 
between the rows; the floor is of the all-grid type. Underpressure ventilation is applied in the section. Air is 
sucked into the section through side slots with ventilation flaps and exhausted through two exhaust fans 
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located in exhaust shafts in the section ceiling. The liquid manure is collected in the subgrid pit, discharged 
from the fattening station once a week. The section capacity is 90 pigs and its area amounts to 77 m2. The 
pigs in both sections are fed with moist feeding mixtures of identical composition. In the first, experimental 
section, one layer of concentrated penetration material ROKOGRUND SILIKÁT was applied in accordance 
with the manufacturer’s instructions on the walls and ceiling, having the total area of 189 m2, and then the 
coating material DETOXY COLOR Interior layer (14.5 L per experimental section). The other section 
remained free from any coat in order to serve as the references.  

The analyzer 1312 Photoacoustic Multi Gas Monitor with 1309 The Multipoint Sampler was used to 
measure the concentrations of observed gases, the Aseko system was used to measure at selected series of 
pilot plant measurements. The sensors of Aseko system were adjusted using the analyzer 1312. 
Temperature, humidity, air pressure and lighting intensity were observed in both sections; air conditioning 
parameters were determined and the weight of the pigs was checked at regular intervals.  

The environment of the experimental and references section was monitored at regular intervals by 
determining the degree of microbial contamination, and composition of microflora of the surfaces and 
atmosphere. For the tests, the methods of area scraping and methods of air extraction were fixed. 
Contamination of the walls and fences is determined by means of the wiping method using cotton swabs 
from the area of 10 cm2. Samples in the transport medium are subsequently processed and cultivated on 
selective media. The number of microorganisms in the air was defined by the active air suction with an 
aeroscope and the microorganismes were retained in agar-media in Petri dish. By this procedure, the 
required decrease of bacteria and mildew in the inner environment could be evaluated. Closed dish were 
further incubated according to the observed microorganismes. Quantitative and qualitative determination 
of microorganisms in both sections of the stable cultivation techniques were evaluated and determined 
number of colony forming units (CFU) was applied for the 1m3 (CFU/m3) or 10 cm2 (CFU/cm2) area of the 
swab sampling method. The colonies of microorganismes were counted after 72 hours of incubation period 
at temperature of 30° C for determination of total number of microorganismes, after 24 hours at 
temperature of 37° C for determination of Coliform Bacterias, after 18 – 24 hours of incubation period at 
temperature of 43° C for determination of Thermo-resistant Coliform Bacterias and subsequent a 
cultivation of Escherichia Coli  was done for 2 hours at temperature of 37° C. The colonies of Enterococcus 
were first cultivated for 4 hours at temperature of 36° C and then for 24 – 44 hours at temperature of 43° 
C. Yeasts and mildews were cultivated by incubation at 25° C for a period of 5 days.  

3.  RESULTS AND DISCUSSION 

All values measured in the laboratory experiments were statistically processed. NH3, CH4 and N2O 
emissions of both laboratory containers were one of the main laboratory measurement outputs observed. 
The 16 series of laboratory measurements to determine the concentrations of the observed gases have 
been performed, while at least 3 repetitions were done in every series. Individual measurements were 
performed using the same methods, and every individual measurement lasted 5 days at the minimum. The 
light source used was the main variable. Three different linear fluorescent tubes were gradually tested. Two 
commonly used ones – one linear fluorescent tube with the “daily light“ colour, one linear fluorescent tube 
with the “cold white” colour, and the third one with UV-A 30% and UV-B 5%. Average reduced emissions of 
the observed gases were found in experimental container compared to references container 17 % for NH3; 
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11 % for CH4; and 9 % for N2O. The highest reduction was achieved using the tube with the addition of UV 
rays.  

Liquid manure samples were taken at selected measurements to determine microbiological contamination, 
thus after 24, 48 and 72 hours. Considering the length of any particular measurement, the 4th or even 5th 
collection was also performed – as a rule, the last collection was taken at the end of the given 
measurement. Quantitative microbiological determination of the number of CFU of Thermotolerant 
Coliform Bacteria,  Escherichia Coli and Enterococci is demonstrated by the disinfecting efficiency of TiO2. 
The number of microorganisms in experimental container decreased compared to references container by 
2 - 3 log orders (depending on the type of the linear fluorescent tube used). Differences in the dry mass 
values and pH values between the experimental and references container were not statistically significant 
(PJ0.001) during individual measurements. The liquid manure dry mass ranged between 4.4 % - 8.9 %. The 
pH value during the whole time of the laboratory measurements ranged between 6.7 – 7.9. 

The values of temperature, air pressure and relative humidity were measured continuously and registered 
in both continers for the whole course of the laboratory measurements. The differences between the 
observed quantities were not statistically significant (PJ0.001), any possible influence of the 
aforementioned results by these quantities is thus minimal. The situation was similar in the measurement 
of air flow velocity above the observed liquid manure samples; the value of the velocity did not exceed 0.2 
m.s-1 in any of the measurements. 

Pilot plant experiment (testing of photocatalytic TiO2 coating at the experimental farm) has been going on 
since July 2009. All values measured in the pilot plant experiment were statistically processed. During the 
whole pilot plant experiment, 34 measurements were made. Every individual measurement lasted 24 hours 
at the minimum. The linear fluorescent tubes with an addition of UV rays were installed in the experimental 
segment in the second year of pilot plant experiment. The air temperature, air pressure, air relative 
humidity and air flow rate were observed in both sections, the differences between the observed quantities 
were not statistically significant (PJ0.05), any possible influence of the aforementioned results by these 
quantities is thus minimal. 

The differences in production of observed gases between experimental and references section are shown 
Table 1. The results of microbiological analysis are show in Table 2 and Table 3.  

Table 1 The differences in production of observed gases 

Monitoring gas 
Gas production 

(kg.animal-1.year-1) 

Experimental section References section 

NH3 3.46 3.89 

CH4 4.71 5.12 

N2O 0.28 0.29 
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Table 2 The average numbers of microorganisms in stable air 

Microorganism 
Numbers of microorganisms 

(CFU/m3) 

Experimental section References section 

Total Amount of Microorganisms 1.3 x 103 8.6 x 104 

Yest and Moulds 5.7 x 103 4.5 x 104 

Coliform Bacteria 1.2 x 102 3.2 x 103 

Enterococci 6.2 x 102 3.8 x 103 

 
Table 3 The average numbers of microorganisms on the walls and the mulds of stable 

Microorganism 
Numbers of microorganisms 

(CFU/10 cm2) 

Experimental section References section 

Total Amount of Microorganisms 6.7 x 103 8.2 x 104 

Yest and Moulds 2.4 x 103 3.6 x 104 

Coliform Bacteria 3.2 x 102 1.6 x 103 

Enterococci 1.4 x 103 2.8 x 104 

The growth inhibition of observed microorganisms was during the pilot plant verification of the 
photocatalytic TiO2 coating found out as lower than during the laboratory tests. At the same time, during 
the pilot plant experiment, a lower decrease of concentration and subsequently of air pollution of observed 
gases was recorded. This fact could be influenced by many factors (placement of light sources, higher 
uncertainty of measured observed quantities, etc.). Always considered must be the general influence of the 
specific conditions of animal production on the course of any similar experiments. In pilot plant and 
operational conditions, the realization of unavoidable technological operations and  summary of other 
outer and inner factors of contamination of he air with the pollutants is constantly renewed in the presence 
of the animals bred and that with various intensity during not only 24 hours cycle but also during whole 
fattening batch. It is possible to simulate this state to a certain degree in the laboratory environment. Even 
with periodical replenishment of freshly collected samples, the decrease of contamination of the air with 
pollutants in time is observed in the laboratory experiments. Already the actual laboratory conditions also 
at the same time eliminate occurrence of bacteria which optimum temperature of grow is between 37 – 43 
oC, thus the ideal environment for them is the intestine of the animals bred. So quite often happens that 
technologies and measures for improving air quality which in other sectors, respectively under laboratory 
conditions, show good results, after application in terms of animal production are far from these results, it 
is needed to take some additional action  to modify the technology appropriately, etc. 

Regarding the above mentioned it is not possible to say definitively that the achieved results were 
influenced only by the application of the photocatalytic TiO2 coating. For final confirmation or negation of 
the primary hypothesis saying that the application of coating positively influences the chosen quality 
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parameters of the stable microclimate and subsequently also the environment round the farms, it is 
necessary to realize other pilot plant experiments. 

Other authors [7] achieved better results in their pilot plant experiment of TiO2 effect on emissions from 
animal production. This may be caused by, but not limited to, using another type of the lighting source in 
the stall buildings or using another type of the photocatalytic TiO2 coating. The results comparison with the 
works of another authors dealing with the same issue is not currently possible (reason is the small number 
of publications appeared referring to use photocatalytic TiO2 coatings in agriculture). 

4.  CONCLUSION 

Pilot plant testing of photocatalytic TiO2 coating for elimination gaseous emissions and microbiological 
contamination in stable environment during a two-year study show following: 

� Average reduction of gas production (kg.animal-1.year-1) 12 % for NH3,  9 % for CH4, and 4% for N2O 

� Average reduction of the number of microorganisms (Total Amount of Microorganisms, Yest and 
Moulds, Coliform Bacteria, Enterococci) 1 log order 

Costs associated with pilot industrial verification of TiO2 were EUR 1 180. These costs include the purchase 
of coating materials, their application, purchase of linear tubes with UV-A 30% and UV-B 5% and costs 
associated with operation of the tubes during 6 months, or the difference between the costs associated 
with operation of normal linear tubes and costs of operation of linear tubes with UV-A 30% and UV-B 5% 
(energy consumption of these tubes is higher). It should be noted that especially the technical aspect of 
verification of this method used under the conditions of animal production was the priority of our 
contribution. Not only the investment costs but also operational costs for a longer time period (2 year and 
more) should be assessed and compared with the benefit of the verified technology in order to evaluate 
economic return of emission reduction using coating materials with TiO2. Such a benefit can be expressed 
as reduced emissions of the observed gases from agricultural activities, and furthermore any improvement 
in the health condition of the bred animals, as well as an increase of live weight increments (as a 
consequence of improved stable microclimate). 
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Abstract 

Layers of Pd nanoparticles on n-InP seem to be good structure for monitoring hydrogen concentration in 
the air. Generally, energetic barrier, called Schottky barrier, is formed on the interface between metal and 
semiconductor. This barrier is lowered by the presence of hydrogen and this influences the amount of 
current which flows through the structure. Pd was chosen for its ability to dissociate hydrogen molecules to 
single atoms. This fact is further enhanced by nanoparticle form of this metal because of its high surface-to-
volume ratio. Pd nanoparticles were prepared in colloid solution stabilized by AOT. The layers were 
prepared by electrophoretic deposition through the mask of polystyrene spheres. 
Electrophoreticdeposition lies in acceleration of particles in electric field in the direction towards the InP 
wafer. SEM measurement showed that particles in colloid solution are separated and after deposition they 
form small aggregates on InP. The size of these aggregates depends on the time of deposition. The I-V 
characteristics were measured and from these data Schottky barrier height and ideality factor were 
calculated. The morphology of layers was monitored by SEM. 

Keywords: Palladium, InP, nanoparticles 

1.  INTRODUCTION 

The interface of n-type InP and Pd nanoparticles has very good rectifying characteristics with high Schottky 
barrier and ideality factor close to 1. Because of high catalytic activity of Pd which is further enhanced by 
nanoparticle form of Pd (high surface-to-volume ratio), this structure can be used as hydrogen sensor [1]. 
Hydrogen is dissociatedon Pd nanoparticles and single hydrogen atoms are adsorbed on InP surface where 
they create dipole layer which lowers Schottky barrier.  

Method of interface preparation is very important in the sense of quality of rectifying properties of 
structure and height of Schottky barrier which is theoretically given by the difference of metal work 
function and electronic affinity of semiconductor. In practice, the Schottky barrier is lower than this 
difference because of Fermi level pinning which is explained by electronic states in band gap induced by 
disorder of atoms on the interface [2]. We can partly eliminate these unwanted states by method of 
preparation. It was proved that Schottky barrier is lower when the structure is prepared by high energetic 
means of deposition (e.g. thermal evaporation) [3]. Preferable method of interface fabrication is 
electrophoretic deposition with measured Schottky barrier height of 0.85 eV [1] what is higher when 
compared to 0.55 eV obtained by using thermal evaporation [3]. 

We tried to prepare Pd nanoparticles on InP by electrophoretic depositionthrough the mask of polystyrene 
spheres to obtain periodic arrangement and we wanted to investigate the properties of these structures. 
This paper refers about preparation of these layers and their morphological characterizations by SEM. 
Current-voltage characteristics were also measured. 
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2.  MATERIALS & METHODS 

2.1  Preparation of Pd nanoparticles 

Pd nanoparticles are prepared in colloid solution. This solution is formed by reverse micelles with water 
inside in isooctane environment. In these micelles reduction of palladium (II) chloride by hydrazine occurs 
[4]. 0.05M palladium (II) chloride and 1M hydrazine water solutions were prepared. Equal amounts ruled by 
parameter ω0, defined as a ratio of molar concentration of H2O and AOT in final isooctane solution, ω0= 
[H2O]/[AOT], were added to two equal amounts of 0.1M AOT/isooctane solution. AOT (sodium 1,4-bis(2-
ethylhexoxy)-1,4-dioxobutane-2-sulfonate) plays a role of surfactant here. Parameter ω0 controls the size of 
the nanoparticles. Here, ω0=5. Chemicals were purchased from Sigma-Aldrich. 

In the end, these AOT/isooctane solutions, the first with palladium salt, the second with hydrazine, were 
mixed. SEM (JEOL-JSM7500f) observation of solution deposited on TEM grid showed that nanoparticles are 
separated and about 10 nm size with less than 10% dispersion. 

2.2  Preparation of monolayers of polystyrene microspheres 

Layers of polystyrene spheres (100 nm and 500 nm in diameter) were prepared from their solution [5]. This 
solution was spread on water surface where the spheres createda monolayer. Then InP wafer (Wafer 
Technology LTD., crystallographic orientation 100, carrier concentration ≤1016 cm-3) was gripped in a 
tweezer, immersed in water, and by pulling the wafer out of water the layer of polystyrene spheres sticked 
on the wafer surface. Layers of spheres 100 nm and 500 nm diameter were prepared and observed in SEM. 

2.3 Electrophoretic deposition 

The full-area ohmic contact on one side of the wafer was made by obtrusion of molten Gallium and then by 
application of conductive silver colloid paint. Electrophoretic deposition was performed in a teflon cell with 
two electrodes (Fig.1.). On the bottom electrode the InP waferwith polystyrene spheres is mounted (on the 
side with full-area ohmic contact). The colloid solution of Pd nanoparticles is placed between electrodes. 
The polarity on the sample was negative, because it was found that the quality of layers is better in the 
sense of Schottky barrier height and sensitivity to the presence of hydrogen [6] The applied voltage was 50 
V for 30 min with 1:1 stop-go voltage interrupter at 10 Hz frequency. 

 
Fig. 1 Schematic drawing of the cell for electrophoretic deposition 
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Fig.2 SEM image of monolayer of polystyrene 
spheres with hexagonal arrangement. White bar 

corresponds to 1 μm. 

The deposited layers were observed in SEM and then 
the layer of polystyrene spheres was peeled off by a 
Scotch tape. Then the layers with only Pd 
nanoparticles were observed in SEM again. I-V 
characteristics were measured using Keithley Source-
Measure Unit 236. 

3.  RESULTS AND DISCUSSION 

In Fig.2 we can see InP wafer with deposited 
polystyrene spheres of size 500 nm. Monolayer of 
this spheres made hexagonal arrangement. 
Calculated area of holes amongthe spheres is 0.003 
μm2 for 100 nm spheres and 0.075 μm2 for 500 nm 
spheres. These holes are large enought to let the 
particles get through and settle on the wafer. In the 
solution, there is approximately 1016 Pd particles. 

After the electrophoretic deposition, SEM observations revealed that the particles settled on the InP wafer 
and also on the polystyrene spheres which were non-conductive and that was the reason we supposed that 
no particles would be localized on the spheres. Sample in SEM showed less charging than the sample with 
plain polystyrene spheres what indicated that the surface is conductive. On Fig.2 we can see 100 nm resp. 
500 nm polystyrene spheres and deposited Pd nanoparticles over them and in the holes between 
polystyrene spheres.  

Fig.3 SEM image of Pd nanoparticles deposited on polystyrene spheres of size 100 nm (left image) and 
500 nm (right image). White bars correspond to 100 nm. 

Pd nanoparticles created small aggregates when deposited on InP surface. Size of these aggregates grows 
with the time of deposition. The Pd particles settle probably selectively to the nearness of previously 
settled Pd particles because lines of force of electric field aredenser at surfaces with high curvature. In 
these areas is higher gradient of field a therefore higher force which drives the particles toward surface. In 
Fig.4 we can see aggregates made of Pd nanoparticles. 
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When we removed a layer of polystyrene spheres, we observed in SEM that Pd nanoparticles remained on 
the wafer and they created a net structure ruled by the previous presence of polystyrene spheres (Fig.5). 

On these structures, contact from graphite colloid paint was made 
for I-V measurement. In Fig.5, we can see I-V curve of this 
structure. Very poor diode characteristics with high ideality factor 
about 2.8 were observed. It indicates that other mechanism than 
thermionic emission occurs here. It is well known that Pd 
nanoparticles deposited by electrophoretic deposition shows very 
good rectifying characteristics [6] and from this point of view the 
different behavior of structures deposited through mask of 
polystyrene spheres suggests that probably the surface of InP was 
disturbed during the process of deposition. 

 

 
Fig.5 SEM image of Pd nanoparticles deposited through polystyrene mask. White bar corresponds to 1 μm 

(on the left). I-V characteristics of these structures (on the right). 

CONCLUSIONS 

The structures of Pd nanoparticles were prepared by electrophoretic deposition through the mask of 
polystyrene spheres of diameters 100 nm and 500 nm. Pd nanoparticles were prepared by reverse micelle 
technique. Current-voltage measurement showed that the Schottky barrier was poor and the ideality factor 
suggested that another carrier transport than thermionic emission occurred in this structure. 
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Abstract 

In this work, colloid solutions of metal Pt, Pd and Pt/Pd alloy nanoparticles by reverse micelle technique in 
isooctane were prepared. Layers of the nanoparticles on InP and GaN substrates using electrophoretic 
deposition were prepared. Different coating of semiconductor surface under different polarity of electrical 
field during electrophoretic deposition was investigated. Metal nanoparticles in the colloid and deposited 
metal nanoparticles were characterised by SEM. Schottky diodes were fabricated by application of colloidal 
graphite on nanoparticle layer. Diodes made with colloidal graphite exhibited better characteristics, than 
diodes with contacts made by other methods (evaporating, electrolysis). Diodes exhibited excellent 
current–voltage rectifying characteristics, the difference between forward and reverse current at 1 V was 
greather than 5 orders of magnitude. Schottky barier height of 1.03 eV was calculated for GaN–Pd structure 
and 0.78 eV for InP–Pd structure. A rapid increase in current under the flow of mixture of hydrogen in 
nitrogen was observed and measured for different hydrogen concentration range between 5 ppm and 
1000 ppm. 

Keywords: Metal nanoparticles, reverse micelle, electrophoretic deposition, Schottky diodes, hydrogen 
detection 

1.  INTRODUCTION 

Nanoparticles have many applications today. One of them is utilization layers of palladium or platinum on 
semiconductors surfaces as sensors of hydrogen, which were reported in [1]. These nanostructures have 
attributes similar to Schottky diodes, it means there exists a Schottky barrier between metal nanoparticle 
and semiconductor. Presence of higher concentration of hydrogen leads to dissociation of molecular 
hydrogen on the catalytic surface of nanoparticles. Hydrogen ions form an electric dipole layer on the 
interface between metal nanoparticle and semiconductor surface which leads to changes of effective work 
function of the metal. This change leads to decrease in Schottky barrier height which can be measured as 
an increase in current of diode.  

In this work, the layers of palladium (Pd), platinum (Pt) and bimetallic alloys of platinum and palladium 
(Pt/Pd) nanoparticles on InP and GaN are made and the measurements in hydrogen containing atmosphere 
are showed. The obtained results should be useful for finding new efficient hydrogen sensors.  
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2.  EXPERIMENT 

2.1  Preparation of metal nanoparticles 

The metal nanoparticles were prepared by the reverse micelle technique [2]. 0.1 M solution AOT in 
isooctane was prepared and divided into two half. To one half was added water solution of metal salt, to 
other half was added 1.1 M water solution of hydrazine as a reducing agent. These two solutions of reverse 
micelles were mixed and the micelles due to mutual collisions were exchanging their contents. The seeds of 
the metal particles were created and particle grew to assize of reverse micelle. In the case of platinum 
nanoparticles 0.1 M hexachloroplatinic acid (H2PtCl6) was used as a dilution of metal salt and the growth of 
nanoparticles was linked with turning to brown colour. This colour change took about half an hour. In case 
of palladium nanoparticles 0.05 M palladium chloride (PdCl2) was used and colour change representing 
nanoparticle growth took just several minutes. For a nanoparticles composed of both metals a dilution 
containing 0.05 M PdCl2 a 0.025 M H2PtCl6 was used. The chemicals PdCl2, H2PtCl6, hydrazine, AOT 

and isooctane were purchased from Sigma–Aldridge Company, USA. 

2.2  Fabrication of layers of nanoparticles 

InP wafers were purchased from Wafer Technology, UK, GaN wafers were purchased from Kyma 
Technologies, USA. The wafers were provided with a whole area ohmic contact on one side by spotting 
molten gallium with a tin rod and chafing it with a piece of cotton wool. The contacted side was affixed to 
one electrode in the cell for electrophoretic deposition (EPD). Second electrode was placed 1 mm above 
the surface of semiconductor wafer. The EPD cell was filled with colloid solution of metal nanoparticles in 
isooctane. A DC voltage 100 V keyed at 10 Hz with 50 % duty cycle, as described in Ref. 3, was applied via 
5 MΩ serious resistance. The EPD cell with the wafer was washed by isopropanol after deposition. 
Isopropanol removed the remains of the isooctane colloid solution.  

Different duration of EPD and application of both positive and negative potential on semiconductor wafer 
during EPD were studied. The layers of nanoparticles were characterised by scanning electron microscope 
JEOL JSM–7500F, electrical measurements were made by Keithley Source–Measure–Unit 236. 

3.  RESULTS AND DISCUSSION 

The SEM image of Pt nanoparticles in the film prepared on an InP substrate by electrophoretic deposition 
from colloid solution is seen in Fig. 1(a-d). Duration of deposition was one hour on samples showed on Fig. 
1(a) and Fig. 1(b). Duration of deposition was 15 hours and eight hours on samples showed on Fig. 1(c) and 
Fig. 1(d), respectively. Samples showed on Fig. 1(a) and Fig. 1(c) were prepared by EPD with positive electric 
potential placed on the electrode with InP wafer. On the contrary, samples showed on Fig. 1(b) and Fig. 
1(d) were prepared by EPD with negative electric potential placed on the electrode with InP wafer. Positive 
potential on InP wafer leads to only a finite density of nanoparticles on the surface of wafer practically 
independent on duration of deposition whereas negative potential leads to higher density of particles on 
the surface strongly dependent on duration of deposition. It can be explained by positive charge of 
nanoparticles prepared by the reverse micelle technique with parameters mentioned above. Using the EPD 
with positive potential on semiconductor wafer can be prepared a layer of organic material from reverse 
micelle solution (mostly AOT and reverse micelles with no nanoparticles [3]) with several mutually isolated 
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nanoparticles. Using the EPD with negative potential on InP wafer can be prepared surface partially covered 
by a layer of metal nanoparticles which were studied further. 

The current–voltage (I–V) characteristics between Schottky contact prepared on the deposited layer and 
the whole area ohmic contact prepared on the opposite side of wafer were measured. Diodes with good 
rectifying properties were obtained for all six combinations of nanoparticles (Pt, Pd, Pd/Pt) and 
semiconductor wafer (InP, GaN). The I–V characteristics of diodes made by colloidal graphite contact on the 
layer of Pt nanoparticles on GaN wafer are shown in Fig. 2. All characteristics were measured at room 
temperature. Both diodes show very good rectifying character, the difference between forward and 
reverse current at 1 V was greater than 5 orders of magnitude. The biggest difference between current in 
air ambience and in the flow of blend hydrogen in nitrogen was observed for small both reverse and 
forward bias.  

 
Fig. 1 SEM image of InP surface with Pt nanoparticles deposited a) one hour with InP wafer on positive 

electrode during EPD, b) one hour with InP wafer on negative electrode during EPD, c) 15 hours with InP 
wafer on positive electrode during EPD, and d) eight hours with InP wafer on negative electrode during 

EPD. The scale 100 nm is shown with the bright bar at the bottom of each image. 

The forward current–voltage characteristic can be expressed as: 
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Fig. 2 Current–Voltage characteristics of two 
diodes made on layer of Pt nanoparticles on GaN 

wafer measured in air ambience and in the flow of 
0.1 % H2 in nitrogen. 

Fig. 3 Current changes of a diode made on Pt 
nanoparticles on GaN after alternative 

exposure to the flow of the blend hydrogen 
in nitrogen and to a) air, b) nitrogen or c) 

vacuum. 

where L  is the ideality factor, BK  the Schottky barrier height, **A  the Richardson constant (9.24 AK-2cm-2 

for InP), k  the Boltzmann constant, e  the elemental charge and T  the absolute temperature. From the 
straight part of semi–log I–V characteristic can be Schottky barrier height calculated. Table 1. shows 
Schottky barrier heights for all six combination of nanoparticles and semiconductors. An approximately 
0.2 eV difference between barrier heights of diodes on InP and GaN semiconductor is given by the 
difference between electronic affinities of this two semiconductors. 

Table 1 Schottky barrier heights of diodes made on the layer of Pt, Pd and Pt/Pd alloy nanoparticles on InP 
and GaN wafer. 

structure
barrier 
height structure

barrier 
height

InP-Pd 0.78 eV GaN-Pd 1.03 eV
InP-Pt 0.60 eV GaN-Pt 0.81 eV

InP-Pt/Pd 0.76 eV GaN-Pt/Pd 1.09 eV  

Current changes of one diode made on Pt nanoparticles on GaN after alternative exposure to the flow of 
the blend hydrogen in nitrogen at forward bias 0.1 V are shown in Fig. 3. When the ambience changed from 
air to 0.1 % H2 in N2 the current increased wery fast to a value more than 70000 higher than the original 
one. By defining the response time and the recovery time as the times for reaching 50% of the final steady 
state current, the response time is equal to about 37 s and the recovery time in the air ambience is equal to 
about 6 s. Slower recovery development was observed in pure nitrogen ambience and in vacuum. It 
suggests that an oxygen from the air is necessary for fast removing of hydrogen from diode surface. 

Current changes of the same diode as above after alternative exposure to the flow of hydrogen/nitrogen 
mixture at forward bias 0.1 V depending on hydrogen concentration are shown in Fig. 4. Quick response 
and high changes in current can be observed for all concentration of hydrogen in the range between 
56 ppm and 1000 ppm. 

Lower concentration of 6.7 ppm was measured on diode made on the layer of Pd/Pt alloy nanoparticles on 
surface of InP wafer as it is shown on Fig. 5. The change of current was slow but still measurable. 
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SUMMARY 

Colloid solutions of Pd, Pt and Pd/Pt alloy nanoparticles in reverse micelles in isooctane were prepared. The 
layers of these nanoparticles on surfaces of n–type InP and n–type GaN single crystalline wafers were 
prepared by electrophoretic deposition. Nanoparticles on the surface were coalesced in small clusters 
when the semiconductor wafer was connected to a negatively charged electrode during EPD. Diodes 
prepared by colloidal graphite contacts were made on the nanoparticle layer. Diodes showed excellent 
rectifying character with high Schottky barrier heights and they were very sensitive to presence of 
hydrogen in ambience. Measurable changes of current were observed when diodes were placed to several 
ppm of hydrogen in nitrogen ambience. 
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Fig. 5 Current changes of a diode made on Pt/Pd 
alloy nanoparticles on InP after alternative 

exposure to the flow of the blend hydrogen in 
nitrogen and to air depending on concentration of 

hydrogen in nitrogen. The diode was forward 
biased with 0.1 V. 

Fig. 4 Current changes of a diode made on Pt 
nanoparticles on GaN after alternative exposure 

to the flow of the blend hydrogen in nitrogen and 
to air depending on concentration of hydrogen in 

nitrogen. The diode was forward biased with 
0.1 V. 
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Abstract 

A humidity sensor consists of a capacitor and two metallic electrodes. A moisture sensitive layer of 
tantalum pentoxide with thickness below 100 nm inserted between the electrodes serves as a dielectric. 
The electrode based on Ta/Ta2O5 layers could be used as a gate in MOSFET. During the anodic oxidation is 
created an oxide layer on the surface of a metal electrode. Under the influence of an electric field, oxygen 
ions migrate in the direction towards tantalum electrode and tantalum ions towards the electrolyte. This 
diffusion process take place until the electromotive force, created by the gradient of ions, is in the 
equilibrium with the outer voltage. 

As the main criteria for comparison of three tested electrolytes was taken the reaction on humidity. The 
reproducibility of the response is in relative scale good, but not in absolute. The electrolytes were: i) 
ammonium citrate in water; ii) ammonium citrate in glycerol; iii) ammonium tart rate in glycerol. The 
oxidation was optimized in several parameters – the voltage, the time and the layer thickness. The 
dependence of the film thickness on the applied voltage was described by an empirical equation. The 
results showed that the optimized working conditions produce the same outcome for all used electrolytes. 

Keywords: Tantalum pentoxide, dielectric, anodic oxidation, humidity sensor 

1.  INTRODUCTION 

The dielectric is critical for humidity measurement in humidity sensors [1].A capacitive humidity sensor 
includes a capacitor with two metallic electrodes. A moisture sensitive layer of tantalum pentoxide inserted 
between the electrodes serves as a dielectric. In common humidity sensors of this kind, polymer film is 
used as the dielectric layer. Some of humidity sensors are using oxides layer on a metal like aluminum, 
tantalum etc, or a combination of these layers, as a dielectric in a capacitor. The electrode based on 
Ta/Ta2O5layers could be used as a gate in MOSFET under the interdigital structure [2]. According to the 
technology is final dielectric either homogeneous, and nonporous (used only as a dielectric for separation 
of a capacitor), or inhomogeneous and porous by purpose. For creation of homogeneous is usually 
employed tantalum pentoxide layer prepared by anodic oxidation or by thermal oxidation. Another 
extreme is oxide layer, which is completely porous. In the case of introducing the porous layer to humidity, 
the water molecules are adsorbed, therefore is changing the capacity of the layer [1-3]. 

The process of anodic oxidation is explained with a following mechanism. On the surface of a metal 
electrode of humidity sensor is created a tantalum pentoxide layer after the tantalum electrode is dipped 
into the electrolyte. The intensity of an electric field in the Ta2O5 layer is very high, even up to 10^7 V/cm. 
Under the influence of this field, oxygen ions migrate in the direction towards tantalum electrode and 
tantalum ions towards the electrolyte. This diffusion process take place until the electromotive force, 
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created by the gradient of ions, is in the equilibrium with the outer voltage. After that is the oxidation 
process stopped. This method is used for very accurate and reproducible thickness of Ta2O5 layer. The 
thickness depends only on the applied voltage [2]. 

2.  EXPERIMENTAL 

For anodic oxidation of tantalum was designed and created a direct current voltage source. Maximum 
voltage is 48 V, maximum current is 25 mA. Optimal current density is 1 mA/cm2 in galvanostatic mode. 
Anodic oxidation took place for 1 hour in the SIMAX beaker with different electrolytes. The temperature of 
the electrolyte was controlled. The set temperature was 25 °C with the deviation of 0.5 °C. The electrolyte 
was stirred during the process by electromagnetic stirrer for better distribution of the heat and stabilization 
of the solution’s homogeneity. Negative electrode was created by an alumina plate with sputtered gold. 
Positive electrode was created by tantalum plate. Both electrodes (the alumina plate with gold and the 
tantalum plate) were before and after this deposition washed by water and dried for 1 hour at the 
temperature of 50 °C. The thickness of the layer after deposition was measured by Tencor Alphastep 200 
Profilometer. 

Electrolytes used for experiments were: 

a) Solution of ammonium citrate in water – the solution was prepared by dissolving 30 g in 1 l of 
distilled water and after a period of homogenization was filtrated and used for anodic oxidation. 

b) Solution of ammonium citrate in glycerol – the solution was composed from 1% neutral ammonium 
citrate in 90% glycerol solution (the rest – 10 % - was water). This solution was prepared by dissolving 
12.43 g ammonium citrate in 121 ml of distilled water. After filtration was the solution completed 
with glycerol to 1 l. 

c) Solution of ammonium tartrate in glycerol – the solution was composed from 1% neutral ammonium 
tartrate in 90% glycerol solution (the rest – 10 % - was water). This solution was prepared by 
dissolving 12.43 g ammonium tartrate in 121 ml of distilled water. After filtration was the solution 
completed with glycerol to 1 l. 

3.  RESULTS AND DISCUSSION 

3.1  Anodic oxidation 

The final color of deposited Ta2O5 varied according to the thickness o the layer. The film thickness of 
prepared samples was in the range between 100 and 600 nm. There was prepared a scale covering this 
range. The thickness was easily recognized by a different color. The color range was from blue to grey. The 
typical thickness gained after 1 hour by the voltage of 48 V was deep violet with thickness of around 200 
nm. The typical dependency of the voltage and current on the time are pictured in Fig. 1. 
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Fig. 1 Dependency of the voltage (▲) and current (●) on the time. 

After an initiation of the procedure (usually around 1 min), the anodic oxidation took place. There was no 
evidence of stating the equilibrium between the electromotive force and the outer voltage. For the film 
thickness was obtained an empirical formula: 

Where d is the thickness in nm and U is the applied voltage in V. Eq. 1 is valid 
only in the studied voltage range (from 10 to 48 V) and applied design of apparatus for anodic oxidation. 

3.2  Tantalum pentoxide layer testing 

As the main criteria for comparison of three tested electrolytes was taken the reaction on humidity. In the 
Fig. 2 are summarized the changes in capacity of the dielectric layer prepared by anodic oxidation in water 
solution of ammonia citrate. The reproducibility of the response is in relative scale good, but not in 
absolute. The next two electrolytes based on glycerol possessed almost the same results. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 The reaction on the humidity of 60 %. Different curves represent different samples. 

)82.0(67.39 ���� Ud



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

558 

4.  CONCLUSIONS 

In the comparison of three tested electrolytes wasn’t best or worst one. Therefore the main outcomes of 
this work are optimized conditions for anodic oxidation of tantalum and an empirical description of 
tantalum pentoxide film thickness. The next step of our work will be optimizing the reproducibility of the 
layer properties. 

ACKNOWLEDGEMENTS 

This work was financially supported by the Grant Agency of the Czech Technical University in Prague, 
grant No. SGS11/149/OHK2/3T/12. 

LITERATURE 

[1] K.J. Balkus, L.J. Ball, M.E. Gimon-Kinsel, J.M. Anthony, B.E. Gnade: Sensor Actuat B-Chem, 42, 67 (1997). 

[2] E. Comini, C. Baratto, G. Faglia, M. Ferroni, A. Vomiero, G. Sberveglieri: Prog Mater Sci, 54, 1 (2009). 

[3] M. Caldararu, C. Munteanu, P. Chesler, M. Carata, C. Hornoiu, N.I. Ionescu, G. Postole, V. Bratan: Micropor Mesopor Mat, 
99, 126 (2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

559 

MORPHOLOGY AND DIELECTRIC PROPERTIES OF POLYMER DISPERSED LIQUID CRYSTALS WITH 
MAGNETIC NANOPARTICLES 

Natália TOMAŠOVIČOVÁa, Zuzana MITRÓOVÁa, Oleksander KOVALCHUKb,c, Ladislav TOMČOd, Olga 
GORNITSKAc, Vladimir BYKOVb, Tatjana KOVALCHUKe, Igor STUDENYAKf, Peter KOPČANSKÝa 

a Institute of Experimental Physics, Slovak Academy of Sciences, Watsonova 47, 040 01 Košice, Slovakia, 
nhudak@saske.sk 

b Institute of Physics, National Academy of Science of Ukraine, 46, Prospekt Nauky, 030 28 Kyiv, Ukraine 
c National Aviation University, Institute of Inovative Technologies, 1, Cosmonaut Komarov str., 030 58 Kyiv, 

Ukraine  
d Faculty of Aeronautics, Technical University, Rampová 7, 041 21 Košice, Slovakia 

e V. Lashkaryov Institute of Semiconductor Physics, National Academy of Science of Ukraine,  
45, Prospekt Nauky, 030 28 Kyiv, Ukraine 

f Uzhgorod National University, 46, Pidhirna str., 880 00 Uzhgorod, Ukraine 

Abstract 

Polymer dispersed liquid crystals (PDLCs) are currently considered as promising materials for specific 
applications such as creation of window blinds controlled by electric field, fog simulators, UV protective 
glasses, etc. The samples consisted of liquid crystal 6CHBT dispersed in polyvinyl alcohol and doped with 
spherical or rod-like magnetic particles showed significant changes in the effective value of the permittivity 
in the frequency range 0.1 Hz - 106 Hz. In this frequency range the conductivity of PDLC has two 
components: the ions in LC and the electrons in polymer. The presence magnetic particles in PDLC increases 
the ion component of the conductivity as well as the electron component of the conductivity. 

Keywords: magnetic nanoparticles, polymer matrix, liquid crystal, PDLC 

1.  INTRODUCTION 

The large scale study of dispersions of nematic liquid crystal in a polymer matrix (PDLC) started after 
publications [1, 2], where it was shown that these systems can be used to create electro-optical devices of a 
new type [3]. Wide spread of these systems in display technology is limited by two important factors: the 
rather high (as compared to homogeneous systems) value of voltage, for example, for transition from a 
state with a strong light scattering into the transparent one, as well as more longer times of transition from 
one state to another (especially when the voltage is turned off). Therefore, the PDLCs are currently 
considered as promising materials for specific applications such as creation of window blinds controlled by 
electric field, fog simulators, UV protective glasses, etc. In all these devices, the mechanism providing 
control of PDLC optical properties is of fundamental importance. It is known [4] that, when electric field 
acts on PDLC, the electric field inside droplets of liquid crystal can be significantly lower than the external 
electric field due to effects of polarization. This fact principally leads to controlling voltages that are 
significant in their magnitude (tens and even hundreds of volts). Polarization effects can be ignored if using 
the magnetic field for controlling the electro-optical properties of PDLC. Due to relatively low anisotropy of 
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the diamagnetic susceptibility of liquid crystal, magnetooptical effects in PDLC are possible in the case of 
sufficiently strong magnetic fields that can be practically realized only in a few research laboratories over 
the world. The effect of magnetic field can be significantly enhanced by introducing the magnetic particles 
into The effect of magnetic field can be significantly enhanced by introducing the magnetic particles into 
PDLC. To have no influence on the light scattering, these particles should possess dimensions that are 
shorter than the light wavelengths, and their concentration must be relatively low. It is clear that for these 
purposes the magnetic nanoparticles are best matched, and great success in their manufacturing 
technology was presently achieved. The analysis of publications has showed that the effect of magnetic 
nanoparticles on the properties of homogeneous liquid crystal was extensively investigated [5-8], but only 
few data for magnetic nanoparticles influence on the properties of PDLC were obtained. In our opinion, the 
properties of PDLC with the magnetic nanoparticles will be to a large extent determined by the fact how 
the magnetic nanoparticles act on the structure and dielectric properties of this matrix. The purpose of this 
work was to investigate this influence. 

2.  MATERIAL AND METHODS 

The samples of PDLCs have been prepared by the following method. Liquid crystal (6CHBT, i.e. 4-trans-4'-n-
hexyl-cyclohexyl-isothiocyanatobenzene) of amount 0.05 ml was added to 5 ml with 10% polyvinyl alcohol 
(PVA). This mixture was stirred at 10,000 rpm for 1 min. A creamy white emulsion was obtained. It was let 
to degas and a thin bead was placed on a slide. After the water evaporation, we got a thin film. This 
technique was also used for preparation of the PDLC films doped with various kinds of magnetic particles. 
The sample thickness was 50 μm. The structure of the films was investigated by using the scanning electron 
microscope JSM-35 with the accelerating voltage 35 keV. To eliminate the effect of charging the surface, 
before the measurements a graphite film was deposited onto the surface of the PDLC film. The phase 
diagrams of the samples were obtained using the polarizing microscopy. Obtained results are summarized 
in Tab.1.  

Table 1 Temperature of the phase transition from nematic to isotropic phase during heating and cooling of 
the liquid crystal 6CHBT doped with spherical or rod-like magnetic nanoparticles and 6CHBT liquid crystal 
dispersed in PVA doped with spherical or rod like magnetic particles. 

6CHBT with volume concentration of nanoparticles   Φ=2×10-3 

Type of nanoparticles Nematic → Isotropic Isotropic → Nematic 

Spherical 43°C – 43.2°C 43.1°C – 42.9°C 

Rod-like 43.2°C – 43.4°C 43.3°C – 43.+°C 

PDLC with volume concentration of nanoparticles   Φ=2×10-3 

Type of nanoparticles Nematic → Isotropic Isotropic → Nematic 

Spherical 43.7°C – 44.7°C 44.5°C – 43.4°C 

Rod-like 44.5°C – 45.6°C 44.8°C – 43.3°C 
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Fig. 1 Transition from nematic to isotropic phase observed under polarizing microscope in PDLC with 
magnetic nanoparticles. 

Fig.1 shows the transition from nematic to isotropic phase observed under polarizing microscope in PDLC 
with magnetic nanoparticles. Dielectric measurements were performed using the oscilloscope method [9, 
10] at the temperature close to 293 K. We applied to the sample the alternating voltage of a triangular 
shape with the amplitude value 0.25 V. The range of measuring signal frequency was within 0.1 to 106 Hz. 
The PDLC film was placed between two glass plates covered with a transparent layer of ITO. To improve the 
electrical contact, a small amount of 6CHBT was deposited onto the surface of electrodes. 

3.  RESULTS AND DISCUSSION 

Fig. 2 shows the frequency dependence of dielectric films PDLC (1), PDLC with spherical magnetic 
nanoparticles (2) and PDLC with rod-like magnetic nanoparticles (3). The obtained data suggest that the 
greatest difference among the samples in the εʹ value is observed at the frequency f <102 Hz. Within this 
frequency range, the εʹ value sharply increases for all samples. As was shown in [11, 12], the sharp increase 
in the components of the permittivity (real and imaginary part) is caused by redistribution of the electric 
field due to near-electrode processes. For non-uniform electric field, the εʹ value can be considered as the 
effective one. From these results, we can conclude that the spherical and rod-like magnetic nanoparticles 

influence most significantly on the 
parameters of the near-electrode area. 
For this frequency range, the influence 
of the near-electrode area is the most 
essential. In [11, 12], it was shown that 
redistribution of the field in the near-
electrode area is the most pronounced 
in liquids. Therefore, an analysis of Fig. 2 
data demonstrates that the introduction 
of magnetic nanoparticles into PDLC 
leads to the increase in the amount of 
liquid crystal in the near-electrode area. 
The main reason for the change of 
dielectric properties of PDLC, when 
introducing the magnetic nanoparticles, 
is a change in the parameters of the 
near-electrode area. The comparison of 
the εʹ value for three types of the 

Fig. 2 Frequency dependence of the effective value of the 
permittivity for the PDLC films: pure (1), with spherical 
magnetic nanoparticles (2) and with rod-like magnetic 

nanoparticles (3). The film thickness was 50 μm. The amplitude 
value of the voltage of measured signal is 0.25 V. The 

temperature was 293 K 
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Fig. 3 Frequency dependence of the conductivity for the 
PDLC films: pure (1), with spherical magnetic nanoparticles 

(2) and with rod-like magnetic nanoparticles (3). Lines 
indicate the regions where the conductivity depends on the 

frequency in accordance with a power law. 

samples measured at frequencies f > 102 Hz shows that for these frequencies only small change in the εʹ 
value is observed. This indicates that when phases are separated, as a result of polymerization, a part of 
magnetic nanoparticles goes into the polymer, but most of them remain in the liquid crystal droplets.  

Fig. 3 shows the frequency dependence of conductivity for films of PDLC (1), PDLC with spherical magnetic 
nanoparticles (2) and PDLC with rod-like magnetic nanoparticles (3). It follows that this frequency range can 
be separated into three sections. For frequencies f < 102 Hz, the conductivity is almost independent of 
frequency. Such behaviour is characteristic for ion conductivity in liquid crystals. The presence of the 
magnetic nanoparticles in the liquid crystal droplets leads to the increase in the ion conductivity of the 
liquid crystal. Comparison of the σi value for the films of PDLC (1), PDLC with spherical magnetic 
nanoparticles (2) and PDLC with rod-like magnetic nanoparticles (3) (Fig. 3) shows that due to the 

introducing the magnetic nanoparticles 
into PDLC, the σi value is increased by 
more than one order. And in the case of 
rod-like magnetic nanoparticles, the 
change of σi is approximately 1.2 times 
higher than that in the case of spherical 
magnetic nanoparticles. The increase in 
σi with introducing the magnetic 
nanoparticles is most likely caused by 
changes in the conductivity of the liquid 
crystal, and the shape of nanoparticles 
has no special meaning in this case. The 
obtained experimental data do not 
allow to determine which of the 
mechanisms providing the change in the 
σi value is the main one. To solve this 
problem, additional experiments must 
be carried out. This is not an aim of this 
work and will be a subject of our further 
studies.  

As follows from Fig. 3, at frequencies f > ·103 Hz for all samples, the electron conductivity depends on the 
frequency in accord with the power law  

s
DCe AG�� ��                                                                                   (1) 

where σDC is DC conductivity (f = 0), ω = 2πf is angular frequency, A is constant value for this process of 
changes in the conductivity and s is the exponent that characterizes mainly the transfer of charge carriers. 
The dependence (1) is characteristic for charge transfer in disordered solids, where the hopping process is 
inherent to charge carriers (mainly electrons) being in electric field and changing one stable state for 
another. It can be assumed that for PDLC films the conductivity that obeys relation (1) is caused by electron 
transfer in the polymer film. As noted above, the most important parameter characterizing the charge 
transfer process (1) is the s value. Fig. 3 shows that for the PDLC films s = 0.67 ± 0.03. For the PDLC with 
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spherical magnetic nanoparticles, s = 0.26 ± 0.03, and for PDLC with rod-like magnetic nanoparticles, s = 
0.23 ± 0.03. 

It enables one to conclude that the magnetic nanoparticles change the electrical properties not only of 
liquid crystal droplets, but also the polymer (PVA). It is seen from Fig. 3 that the doping with magnetic 
nanoparticles effect on the electron conductivity in the polymer is less than on the ion component in liquid 
crystal. But the influence of the magnetic nanoparticles shape on conductivity changes is more clearly 
expressed in this case. In contrast to σi, the σe value for PDLC with rod-like magnetic nanoparticles is more 
than 1.8 times higher than that for PDLC with spherical magnetic nanoparticles. If to compare the effect of 
magnetic nanoparticles on σi and σe values one can draw the following conclusions. At the presence of 
magnetic nanoparticles, the σi value increases 25 times, while the maximum change in σi (for f = 106 Hz) 
equals 15 for PDLC with rod-like magnetic nanoparticles; i.e., the presence of magnetic nanoparticles in 
PDLC has a greater effect on the magnitude of the ion component of conductivity than on the σe value. 
Since σi is caused by liquid crystal conductivity and σe is caused by conductivity of polymer, this comparison 
allows to suggest that, after separation of the phases, most of the magnetic nanoparticles is located in the 
liquid crystal droplets. Within the total frequency range, the conductivity can be represented as a sum of 
the ion conductivity in liquid crystal σi  (its value does not depend on the frequency) and the electron 
conductivity in polymer σe:  

s
DCi AG��� ���                                                                                          (2) 

By using the equation (2), one can describe the frequency dependence in the transition parts, too.  

4.  CONCLUSIONS 

Due to doping PDLC with magnetic nanoparticles, the most significant changes in the effective value of the 
permittivity were observed for frequencies f < 102 Hz. These changes may be caused by an increase in the 
amount of liquid crystal in the near-electrode area. The conductivity of PDLC within the frequency range 0.1 
– 106 Hz has two components: the ion one σi caused by transfer of ions in liquid crystal and electron one σe 
caused by transfer of electrons inside polymer. The ion component of conductivity does not depend on 
frequency, and it is the main component for frequencies f < 102 Hz. The determining contribution of the 
electron component is observed for frequencies f > ·103 Hz. This component of conductivity is characterized 
by the power dependence on the frequency. The shape of the magnetic nanoparticles does not practically 
influence on the change in the value of conductivity (in the case of rod-like magnetic nanoparticles, the 
change of σi  is approximately 1.2 times higher than that for spherical magnetic nanoparticles). At the 
presence of magnetic nanoparticles, the maximum change in the electron component of conductivity is 
equal to 15. In this case, for the rod-like magnetic nanoparticles, the change of σe value is 1.8 times larger 
than that for the spherical magnetic nanoparticles. The presence of magnetic nanoparticles in PDLC leads 
not only to a change in the conductivity value, but also to a decrease in the exponent for the dependence 
σe(f) from 0.67 ± 0.03 for the PDLC to 0.26 ± 0.03 for the PDLC with spherical magnetic nanoparticles and 
0.23 ± 0.03 for the PDLC with rod-like magnetic nanoparticles. The smaller change of the σe value than the 
σi value when introducing magnetic nanoparticles into PDLC may be caused by the fact that, when phases 
are separated, the most of magnetic nanoparticles passes to the liquid crystal in the process of structure 
formation. 
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Abstract 

This contribution presents the production of polymer-coated iron oxide magnetic nanoparticles carrying 
functional groups on their surface and their basic characterization. The preparation of polymer-coated 
nanoparticles was carried out by a two-step process. In the first step, magnetite (Fe3O4) nanoparticles 
were prepared by a co-precipitation method from the solutions of FeCl2.4H2O and FeCl3.6H2O using 
aqueous solution of NaOH. In the second step, obtained magnetic nanoparticles were coated with polymer 
using emulsion polymerization at high surfactant to monomer ratio. Methyl methacrylate (MMA) and 
acrylic acid (AAc) were used as comonomers, sodium dodecyl sulfate (SDS) as a surfactant and potassium 
persulfate (KPS) as an initiator. 

Keywords: magnetic nanoparticles, iron oxide, polymer coating, carboxyl groups 

1.  INTRODUCTION 

In recent years, considerable attention has been paid to iron oxide magnetic nanoparticles due to their 
unique magnetic properties (superparamagnetism, high coercivity, low Curie temperature, high magnetic 
susceptibility, etc.), non-toxicity, biocompatibility and low cost of production, which allows their usage in 
various nanotechnology applications in a broad range of disciplines. Magnetic ferrofluids and data storage 
led to the integration of magnetic nanoparticles in a numerous of commercial purposes [1]. Today, 
magnetic nanoparticles are also important in biomedical applications (e.g. magnetic bioseparation [2], 
magnetic target drug delivery [3], hyperthermia [4], magnetic resonance imaging [5], magnetofection [6], 
etc.). These particles have an ability to interact with various biological molecules in different ways due to 
their superparamagnetic properties, high specific area and wide choice of surface functionalization. Their 
surface can be easily modified through the creation of few atomic layers of organic (polymer) or inorganic 
(metal or oxide) surfaces, suitable for further functionalization with various bioactive molecules [7, 8]. In 
separation processes, particles would simply separate the target biomolecules with a single magnet instead 
of centrifugation or precipitation [9].  

There are many different methods to prepare Fe3O4 nanoparticles such as mechanical grinding, laser 
ablation, chemical co-precipitation, hydrolyzation, microemulsions, etc. Among these, the chemical co-
precipitation may be the most promising one because of its simplicity, productivity and low cost in the 
production process. This method can produce fine, high-purity, stoichiometric particles of single and 
multicomponent metal oxides. Furthermore, if process conditions such as solution pH, reaction 
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temperature, stirring rate, solute concentration and surfactant concentration are carefully controlled, oxide 
particles of the desired sizes and shape can be produced [10, 11]. A great variety of polymers with hydroxyl, 
carboxylate, carboxyl, styrene or vinyl alcohol groups have been used in magnetic nanoparticles 
production. Coating or encapsulation of particles with polymers is the oldest and simplest method of 
magnetic particles preparation. Other methods include e. g. suspension, dispersion or emulsion 
polymerization [9]. 

This work is focused on the preliminary results of the two-step preparation process of polymer-coated iron 
oxide magnetic nanoparticles carrying carboxyl groups on their surface and their short characterization 
using SEM and FTIR.  

2.  EXPERIMENTAL 

2.1  Materials 

Ferrous chloride tetrahydrate (FeCl2.4H2O, 99%), ferric chloride hexahydrate (FeCl3.6H2O, 99%), 
tetramethylammonium hydroxide (TMAOH), sodium dodecyl sulfate (SDS) and acrylic acid (AAc) were 
obtained from Merck (Czech Republic) and used as received. Sodium hydroxide (NaOH), sulfuric acid (98%) 
and methanol were purchased from Penta (Czech Republic). Potassium persulfate (KPS) was obtained from 
Sigma-Aldrich (USA). The main monomer methyl methacrylate (MMA) was purchased from Fluka 
(Germany) and was purified by distillation before use. Milli-Q water (Millipore, USA) deoxygenated with 
bubbling N2 for 10 min was used during particles preparation. 

2.2  Preparation of iron oxide magnetic nanoparticles 

Method previously published by Zhu et al. [12] and later by Sayar et al. [13] was chosen for the iron oxide 
magnetic nanoparticles preparation. Nanoparticles were prepared by co-precipitation of Fe2+ and Fe3+ 
salts solution and NaOH solution using 
peristaltic pump. Our reaction 
apparatus can be seen in Fig. 1. It 
consists of a flat bottom flask, an 
overhead stirrer (IKA-Werke, Germany), 
a heating circulator (Julabo, Germany) 
and a peristaltic pump (Heidolph, 
Germany). Two silicone tubes were 
used for transport and mixing of 
reagents. Two samples of magnetite 
nanoparticles were prepared with 
different molar ratio of Fe2+:Fe3+. First 
Fe2+:Fe3+ =1:1 marked as sample 1 and 
second Fe2+:Fe3+ = 1:2 marked as 
sample 2. In the both cases, 25 mL of 
aqueous solution containing Fe2+ and 
Fe3+ salts in a total concentration of 
1.25 M was mixed with 25 mL of 5 M 

Fig. 1 Reaction apparatus used for the iron oxide nanoparticles 
preparation. 1 – Heating circulator, 2 – Reactor, 3 – Stirrer, 

 4 – Ferrous and ferric solution, 5 – NaOH solution, 6 – Peristaltic 
pump 
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NaOH solution. The precipitate was added drop wise into 35 mL of water at 80°C and the resulting mixture 
was stirred continuously for 2 hours. Prepared magnetic nanoparticles were then stabilized by the slow 
addition of 1.7 mL of 25 % TMAOH. 

2.3  Preparation of polymer coated magnetic nanoparticles 

Previously produced iron oxide nanoparticles were coated with polymer. It was achieved by emulsion 
polymerization at a high surfactant to monomer ratio as described by Sayar et al. [13]. MMA and AAc were 
used as comonomers with a weight ratio of 9/1. The surfactant and monomer concentrations were 9.33 
and 6.34% wt, respectively. In the polymerization procedure, surfactant was added to 50 mL of previously 
10 min ultrasonically dispersed iron oxide nanoparticles suspension (2% wt) and 10 min dispergation was 
repeated. Then, the comonomer mixture was added to the dispersion and the system was mixed in an 
ultrasonic bath for 40 min in order to ensure dispersion of the Fe3O4 nanoparticles and the monomers. 
Prior to polymerization, mixture was transferred to the 250 mL Schott Duran reactor, initiator KPS was 
added and the system was shaken at constant temperature 65 °C for 24 h. After this time period, the 
coated magnetic nanoparticles were washed 
three times with mixture of methanol and 
water to remove the surfactant and the 
unreacted monomers and then three times 
with pure water with the help of a magnet. 
Then these particles were immersed in 0.1 
M of H2SO4 solution for 48 h to separate the 
nanoparticles, which were not coated with 
the polymer. After 48 h polymer-coated 
nanoparticles were further washed with 
milli-Q water. Samples of polymer-coated 
magnetite nanoparticles were marked as 
sample 1PC and sample 2PC. 

2.4  Characterization of prepared magnetic nanoparticles 

Scanning Electron Microscopy (SEM, model Mira II LMU, TESCAN, Czech Republic) was used to determine 
an approximate particle size of prepared nanoparticles. For SEM analysis, samples were placed on 
aluminium foil (thickness 0.25 mm, GoodFellow, UK) previously electrochemically polished. To study the 
molecular structure of Fe3O4 nanoparticles and their composites Fourier Transform Infrared Spectroscopy 
(FTIR, model Impact 400, Nicolet, USA) was utilized. The FTIR spectra were recorded using KBr pellet 
technique. 

3.  RESULT AND DISCUSSION 

The motivation of our work is to prepare iron oxide based magnetic nanoparticles carrying carboxyl groups 
on their surface which enable further functionalization by streptavidin. Magnetic nanoparticles coated with 
streptavidin then allow the attachment of nucleic acid molecules. For this purpose, two-step preparation 
process of iron oxide magnetic nanoparticles bearing –COOH surface groups, including simple co-
precipitation method and surface modification by emulsion polymerization, can be advantageous.  

Fig. 2 Demonstration of magnetic properties of prepared 
iron oxide nanoparticles dispersed in water 
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Fig. 3 Illustration of the colour of magnetite particles alone  
(a) and of those coated with the polymer (b) 

In this study, preparation of polymer- coated iron oxide magnetic nanoparticles was investigated. Influence 
of Fe2+:Fe3+ ratio in the initial mixture on the nanoparticles size and success of polymer coating were 
evaluated. All prepared samples of iron oxide magnetic nanoparticles revealed the magnetic properties in 
water suspension when external magnetic field was applied. It can be seen in Fig. 2. After drying, black and 
brownish-black powders were obtained for uncoated and coated magnetite particles, respectively (see 
Fig.3.).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 SEM micrographs of produced iron oxide magnetic nanoparticles:  
a – sample 1, b – sample 1PC,c – sample 2, d – sample 2PC 
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The SEM analysis provided information about size and shape of resulting iron oxide magnetic nanoparticles. 
Obtained micrographs are shown in Fig. 4. The average particle size values of all produced magnetite 
samples are listed in Table 1. It was observed, that the nanoparticles of all prepared samples have particle 
sizes below 20 nm. Bigger particles were obtained in the case of molar ratio Fe2+:Fe3+ =1:1 (sample 1). 
However, the difference was not too significant. The change in particle sizes before and after polymer 
coating was also almost negligible. The produced nanoparticles were generally spherical in the shape and 
both type (uncoated and coated) tend to form agglomerates, as can be seen in the Fig. 4. 

Table 1 Average particle sizes of all samples of iron oxide magnetic nanoparticles  

Sample Particle size (nm) Sample Particle size (nm) 

1 11.3 1PC 12.4 

2 8.9 2PC 9.5 

Fig. 5. shows vibrational spectra of magnetite particles alone and of those coated with the polymer. The 
fingerprint of Fe3O4 occurs mainly at 580 cm–1, where a strong, sharp peak corresponds to Fe–O stretch of 
the magnetite nanoparticles. Broad absorption above 3000 cm–1 typically stands for the stretch vibration 
of O–H bonds in hydroxyl groups; in this spectrum, this vibration can be explained by residual moistness in 
KBr and particles. Small narrow peak at 3315 cm–1 can be assigned to surface and bulk OH groups in 
magnetite. The presence of polymer in the blend was successfully confirmed by means of FTIR; 
characteristic vibration bands of PMMA appear at 1726 cm–1 for C=O and at 1440 cm–1 C–O groups. The 
doublet just below 3000 cm–1 is the well-known sign of the methyl groups (C–H stretching in CH3), while 
shoulders at about 1300 and 1450 cm–1 are associated with C–H symmetric and asymmetric stretching 
modes, respectively. At 1240 cm–1, the torsion of the methylene group (CH2) can be found and the 1150 
cm–1 band corresponds to vibration of the ester group C–O. Absorption of magnetite at the spectrum of 
the composite particles can be found at around 3315 and 580 cm–1. Absence of any other significant 
absorption bands indicates good purity of the prepared composite. 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5 Vibrational spectra of magnetite nanoparticles alone and of those coated with the polymer 
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4.  CONCLUSIONS 

Magnetic nanoparticles of iron oxide were prepared by two-step process. In the first step, magnetite 
nanoparticles were produced by co-precipitation of Fe2+ and Fe3+ salts solution with NaOH solution and in 
the second step, formed magnetite nanoparticles were coated with the polymer using emulsion 
polymerization. Resulting samples of nanoparticles were analyzed utilizing SEM and FTIR. It was found that 
prepared nanoparticles revealed the magnetic properties in water suspension when external magnetic field 
was applied, that particles were generally spherical in shape and have particle size below 20 nm and that 
they tend to form agglomerates. The presence of the polymer in the nanoparticles blend was confirmed by 
means of FTIR spectroscopy. 
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Abstract 

The objective of this contribution is to prepare the biological magnetic nanoparticles (magnetosomes) as a 
product of biomineralization process of magnetotactic bacteria Magnetospirillum sp.AMB-1. at various 
conditions of cultivation. By adding of higher amount of Wolfe's vitamin solution (WVS) or or ferric quinate 
(FQ) the mean diameter of magnetosomes is increasing. Sample cultivated at normal condition (NP) shows 
no coercivity and behaves superparamagnetically. The increasing of coercivity (6.5 Oe for WVS and 20 Oe 
for FQ) may be caused by higher value of shape anisotropy and reveals stronger magnetic correlations 
between particles of magnetite chains. The low values for coercivity is connected with the fact that 
magnetosomes are still single-magnetic domain particles.  The found values for the specific rate absorption 
(SAR) of  949 W/g for NP, 911 W/g for FQ and 890 W/g for WVS  at 10 kA/m are comparable to values 
found for similar sample. From obtained values of SAR it can be said that only small differences exist in 
samples prepared various conditions. 

Keywords: Bacterial magnetic nanoparticles, magnetosomes, Magnetospirillum Magnetotacticum sp. AMB-1 

1.  INTRODUCTION 

Magnetic nanoparticles offer a diverse range of applications not only in technical but also in medical 
applications (targeted drug delivery, hyperthermia, imaging methods, etc.). The sensitive area such as 
medicine can be managed successfully requires detailed preparation and characterization of magnetic 
nanoparticles for bio-applications. It is now handling the preparation of particles in a laboratory process 
called the biomineralization in magnetotactic bacteria (MTB). They create in their body the chains of 
magnetic crystals called magnetosomes [1]. 

The magnetosomes mineral phase consists of single crystals of either the ferrimagnetic iron oxide, 
magnetite (Fe3O4), or the iron sulfide, greigite (Fe3S4). The size of magnetosome crystals, regardless of 
whether they consist of magnetite or greigite, depends on the species of MTB and generally ranges from 
35–120 nm. This is the size range where magnetite crystals are expected to be limited to a single magnetic 
domain. This means that each crystal is a tiny permanent magnet [2, 3]. Magnetic properties of MTB have 
been a subject of growing interest in recent years. 

The advantage of these bacterial particles [4] based on iron particles is the uniform morphology and narrow 
size distribution and also the fact that they closed the cytoplasmic membrane (bilayer containing 
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phospholipids and proteins) [5], preventing mutual aggregation of particles and provides biocompatibility, 
respectively binding of bioactive substances. 

The aim of this work was isolation of magnetosomes from MTB and characterization of magnetosomes in 
terms of morphological, magnetically, and also hyperthermical properties with a view of bio-applications.  

Techniques for the isolation and purification of magnetosome particles from Magnetospirillum sp. AMB-1 
are based on combination of centrifugation and the magnetic separation [6]. Owing to the presence of the 
enveloping membrane, isolated magnetosome particles form stable, well-dispersed suspensions in water 
solution of HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonicacid).  

Magnetization measurements of the prepared magnetosomes suspension were carried out by SQUID 
magnetometer of Quantum Design in magnetic field up to 6 Tesla. 

2.  MATERIALS AND METHODS 

Bacterial magnetosomes were synthesized by biomineralization process of magnetotactic bacteria 
Magnetospirillum strain AMB-1. The bacteria are a Gram-negative α-proteobacterium that is more oxygen-
tolerant bacteria and produced magnetite - Fe3O4 particles. Magnetospirillum Magnetotacticum sp. AMB-1 
was grown microaerobically at 25°C in grown medium for a period of 10-14 days. A microaerobic condition 
was establishing nitrogen, using copper as a reducing agent, and was subsequently dispersed into culture 
tubes for a period of 1 h. The detailed description of the cultivation process of the bacteria is given in our 
previous contribution [6]. In order to improve cultivation process the culture medium was changed by 
adding more amount FQ (ferric quinate) and more amount WVS (Wolfe's vitamin solution) comparing to 
normal culture medium.  

For the isolation of the magnetosome particles from bacterial body, we have used the modified method 
described by Karen Grünberg et al. [10]. For the isolation of magnetosomes approximately 100 ml cell 
culture of Magnetotacticum Magnetospirillum suspended in 100 ml of 20 mM HEPES-4 mM EDTA, pH 7.4, 
was split up (disrupted) by signification. The unbroken cells and the cell debris were removed from the 
sample by centrifugation (30 min, 9000 rpm). The cell extract was placed on magnet (NdFeB-magnets, 1h). 
The black magnetosomes sediment at the bottom of the tube and the residual contaminating cellular 
material was retained in upper part tube. The residual contaminating cellular material was decanted. To 
eliminate the electrostatically bound contamination, the magnetic particles were rinsed first with 50 ml of 
10 mM HEPES-200 mM NaCl, pH 7.4, and subsequently with 100 ml of 10 mM HEPES, pH 7.4. After removal 
of the cell extract from the magnets, the magnetic particles were flushed with 10 mM HEPES buffer. The 
magnetosome suspension (black sediment) was centrifugated (18000 rpm, 30 min). After centrifugation the 
cell extract was placed on the magnet for 30 minutes. The magnetic particles were sediment at the bottom 
of the tube, whereas residual contaminating cellular material was retained in upper part tube. The last 
procedure was repeated ten-times to obtain well purified magnetosomes. 

3.  RESULTS AND DISCUSSION 

Typical electron micrograph of magnetosomes on surface obtained by SEM technique for prepared samples 
NP, FQ and WVS are shown in Figure 1a, 1b and 1c, respectively. For evaluation of different preparation 
conditions the size distributions of magnetosomes (from 100 particles) according to SEM photographs were 
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prepared. The mean diameter of magnetosome prepared estimated from the size distribution of 
magnetosomes obtained by cultivation at normal culture (NP), more amount Wolfe's vitamin solution 
(WVS) and containing more amount ferric quinate (FQ) was estimated as to be 47 nm, 52 nm and 58 nm, 
respectively. Very important fact was that cultivation process after adding WVS was shortening to 3-5 days 
and another fact that number of magnetosomes around the mean diameter was increased and distribution 
is narrower. Adding more quantity of FQ into the culture medium cultivation process was extended roughly 
21 days. It was observed increased number of magnetosomes in part of higher and lower size of 
magnetosomes this causing distinct changed of size distribution and size of magnetosomes is more 
uniform. Increased amount solution of FQ at the cultivation medium cause averaging size of obtained 
magnetosomes and mean size diameter is moved to greatly higher value. 

 

 

 

 

 

 

 

Fig. 1 Scanning electron micrograph of magnetosomes.NP (a), FQ (b) and WVS (c). 

Magnetization measurements of the prepared magnetosomes suspension were carried out by SQUID 
magnetometer of Quantum Design. The curves of field dependence of magnetization at 293 K are reported 
on Figure 2 for small magnetic field to show the hysteresis of samples. These curves shows that no 
hysteresis loop exists at room temperature on suspension of magnetosomes prepared at normal condition 
(NP) and this suspension behaves superparamagnetically. Small increase of hysteresis is observed for 
sample WVS (Hc = 6.5. Oe) and for sample FQ (Hc = 20 Oe) what means that these samples shows 
ferromagnetic behavior. The reason may be caused by higher shape anisotropy, resulting in a higher 
coercivity for samples with higher mean diameter. The larger Hc value reveals stronger magnetic 
correlations between particles of magnetite chains. 

 
Fig. 2 Magnetization of the suspension of magnetosome versus magnetic field at 293 K obtained under 

normal condition (NP), with more amount WVS (Wolfe's vitamin solution) and FQ (ferric quinate). 
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The heating effect of a solution with 
magnetosomes is a result of absorbing 
energy from the alternating magnetic field 
and converting it into heat. This 
phenomenon can set two ways mainly: (1) 
hysteresis losses during reversal of 
magnetization; and (2) relaxation losses 
accompanying demagnetization. Thermal 
energy from a hysteresis loss depends on 
the type of the remagnetization process. 
Over certain portions the magnetization 
curve is irreversible and energy of the 
magnetic field is dissipated into the 
medium with each flux-reversal cycle in 
the form of heat. It is known that 
hysteresis losses strongly depend on the 
size of magnetic particles. Second 
mechanism of the heating effect is 
associated with a lag between the field and 
magnetization due to the relaxation nature 
of the magnetization process in ferrofluid. 
There are two mechanisms by which the 
magnetization of a ferrofluid may relax 
after removing the applied magnetic field: 
the Brown and the Neel one. When both 
mechanisms act simultaneously, the 
mechanism of the shortest relaxation time 
being dominant. 

In order to study heating characteristics of 
samples with magnetosomes the heating 
system consisted of sine wave power 
oscillator, an induction coil (solenoid with 
length of 78 mm and self-inductance Lo = 
15.6 �H in air). Quality factor of this empty 
coil was Qo =121 at frequency f = 750 kHz. 
The detailed description of measuring 
arrangement is given in our previous 
articles [7]. A glass tube containing the sample was thermally isolated by a layer of material from the 
solenoid winding supported on a plastic sleeve. The volume of sample equals about 0.8 cm3. The change of 
temperature in this time was recorded with the help of a thermocouple with accuracy of 0.01 K. 
Hyperthermic measurements were performed at a frequency of f = 750 kHz vs the AC-field amplitude in the 
range of 0–2.5 kA m	1 (Figure 3). The slope of the curve T(t) is a measure of the power release in a unit 

Fig. 3 SAR values for the sample at f =508 kHz calculated 
with the aid of Eq. (3) for samples NP, FQ and WVS. 
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volume. From the fitting of the function (�T/�t) = (H/a)n to the experimental data the parameters a and n 
were determined which depend on several factors such as particle permeability, conductivity, size, shape 
and distribution. The observed Hn–law-type dependence of the temperature increase rate, (∆T/∆t)t=0, on 
the amplitude of the magnetic field indicates the presence of superparamagnetic and partially 
ferromagnetic particles in the magnetic fluids studied since n > 2. The small amount of ferromagnetic 
particles causes energy losses associated with hysteresis and superparamagnetic particles cause energy 
losses associated with relaxation.  

On the basis of the obtained relation (∆T/∆t)t=0 = (H/14063)2.16 the SAR values were calculated. The SAR is 
defined as the amount of heat released by a unit weight of the material per unit time. It can be calculated 
from the expression 
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where CS is the specific heat of the sample.  

The results reported in [8] confirm an often-used rule that a heat deposition rate of 100 mWcm-3 in tissue 
will suffice in most circumstances for hyperthermia therapy. The values for SAR showed that for using of 
magnetsome-based magnetic fluids in hyperthermia therapy the magnetic field intensities, HAC, greater 
than 2.5 kA/m are needed for all samples. 

The SAR data normalized with respect to the magnetite mass contents in the samples, mFe can be 
calculated from the expression: 
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where � is the density of the sample and CP M Cwater = 4.18 [J�K-1�g-1] is the sample specific heat capacity. The 
values of mFe=0.003144, mFe=0.002341 and mFe=0.002954 [gFe�cm-3

sample] for sample NO, FQ and WVS, 
respectively, were obtained for the concentration of the magnetite grains in the ferromagnetic fluids. The 
found values for the SAR of  949 W/g for NP, 911 W/g for FQ and 890 W/g for WVS  at 10 kA/m are 
comparable to values found for similar sample. From obtained values of SAR it can be said that only small 
differences exist in samples prepared various conditions. The existence of biocompatible phospholipidic 
membrane around magnetosomes and the obtained SAR values show that magnetosomes may be 
considered as good materials for the biomedical applications in hyperthermia.   

4. CONCLUSION 

From obtained results it can be concluded that the chains of magnetite behaves superparamagnetically for 
sample cultivated at normal condition and display partly ferromagnetic properties at room temperature for 
sample WVS and FQ. The increasing of coercivity for sample WVS and FQ is connected with higher shape 
anisotropy for samples with higher mean size diameter.  As specific steps involved in magnetosome 
biomineralization process are still under dispute, our contribution showed that the changes of cultivation 
conditions can change the duration of process, morphology of magnetosome and consecutively the 
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magnetic properties. So this type research can offer some useful information to understand the 
biomineralization process. From hyperthermia experiment it can be seen that condition of sample 
preparation changes the specific absorption rate. As coercive force is increasing for sample FQ and WVS it 
would be normally to obtain higher values for SAR but our experiment show that SAR value for sample FQ 
and WVS are smaller as for sample NP prepared at normal condition. It seems that the main reason for 
heating process is the rotation of all chains and not only relaxation or hysteresis processes in consequence 
of large value of magnetocrystalline anisotropy due to magnetosome arranged in chains. 
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Abstract 

Magnetic nanoparticles are widely used as contrast agents in MRI or mediators for cancer magnetic 
hyperthermia as it was reviewed in many papers [1]. Also their application as carriers for genes or other 
active molecules have a great potential for in vitro transfection of cells in presence of high gradient 
magnetic field by technique known as magnetofection [2]. Combination of this technique by any other 
method for permeabilization of cell membrane, like elektroporation, may increases the probability of 
delivery and incorporation of active molecules into the cells. 

In our contribution we have computationally designed and modeled flow-through device for combined 
magnetic separation and targeting of magnetic particles into the cells with magnetofection and 
electroporation. As sources of high-gradient magnetic field we have used small neodymium magnets and 
Maxwell coils locally modulated by presence of pure iron straps electrodes. We have evaluated threshold 
velocities of flowing water as fluid media for capturing of two types of magnetic particles and also the 
mean capture time of their motion. Simulations were done for superparamagnetic particles with 
parameters of commercially available nanoparticles nanomag®-D and microparticles MagSense. 

Keywords: Magnetic nanoparticles; magnetic separation and targeting; electroporation; magnetofection. 

1.  INTRODUCTION 

Effective transfection of cells by functionalized macromolecules is one of the key problems in the field of 
biomedicine and biotechnology. Besides biological targeting, attention is focused also on physical 
techniques, when specificity is ensured by localized application of physical forces, whether mechanical, 
electrical or magnetic, photonic or thermic effects. 

Magnetofection [2], technique when superparamagnetic particles with reversibly bonded effective 
compound, macromolecules, are focused to the target place by magnetic field with high gradient and 
intensity, is promised in vivo and in vitro method for targeting of effective compounds. Magnetofection by 
itself supports cell transfection, but not by cell membrane permeabilization and traction compounds into 
the cells, but accumulation of complexes magnetic particle-effective compound to the cells surface. Its 
combination with other technique, like electroporation, could efficiency even increase. For pores formation 
during electroporation are used short high intensity electric pulses. Pores remain opened order of hundred 
milliseconds to several seconds. 
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2.  MODEL OF MAGNETIC SEPARATOR COMBINED WITH ELECTROPORATION 

2.1  Basic description 

Own separator consists of channel, by which carried fluid media with magnetically labeled cells by 
superparamagnetic microbeads and magnetically labeled functional macromolecules by superparamagnetic 
nanoparticles are flowing through. There are located electrodes above and below the channel, on which 
short high intensity electric pulses are applied, which generate electric field able to create pores in 

membrane of cells localized in the 
channel (i.e. to take place 
electroporation; Fig. 1). 

These electrodes are designed so that 
to modulate external magnetic field by 
localized increasing of magnetic field 
gradient on bottom part of channel in 
order to catch first labeled cells 

presenting in media and after their 
electroporation also capture 
magnetically labeled macromolecules, 
which are admitted to flowing system 
after electroporation. 

This order of steps will ensure 
production of surface of cells on the 
bottom of the channel which 
membrane is permeabilized and 
subsequently their covering by the 
surface of functional macromolecu-les, 
so the transfection can take place. For 
assuring localized perturbation of 
magnetic field (Fig. 3) we have chosen 
as bottom electrode material pure iron 
(i.e. ferromagnet increasing magnetic 
field) and the bottom electrode has 
shape of parallel stripes perpendicular 
to the direction of flow in channel (Fig. 
1). By bottom electrode can pass before 
and after electroporation current which 

can induce additional localized perturbation of magnetic field. Upper electrode has plate shape parallel to 
upper face of channel and is made from diamagnetic copper and does not affect magnetic field in the 
channel. The part of separator is also source of external magnetic field with sufficient intensity and 
gradient, that is perturbated by bottom pure iron electrode. We have chosen as this external source firstly 
two small permanent magnets and secondly coils. In the first case it were two neodymium (NdFeB) 
magnets located parallel with magnetization in common axis, so that channel with the electrodes were 

Fig. 1 Electric field in the channel after application of electric 
pulse on electrodes (side view), obtained by finite element 

method analysis (FEM). Inlet and outlet of channel is from left 
to right. 

Fig. 2 Source of magnetic field for separator and location of 
channel. (a) two small neodymium (NdFeB) bar magnets, (b) 

Maxwell coils. 
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parallel with upper and below faces of magnets, below their symmetry plane (Fig. 2). In the second case we 
use two coils known as Maxwell coil, which can generate uniform gradient near the center when the coils 
are separated by √3 times the radius and the current passes in the opposite direction (Fig. 2). Bottom face 
of channel with bottom electrode was tightly above upper face of bottom magnet, or in the case of coils on 
the upper margin of bottom coil. Reason was to ensure as high as possible intensity and gradient of 
magnetic field in the channel. 

2.2 Simulation of motion of superparamagnetic particles in magnetic field 

A calculated trajectory of particle submerged in fluid media in the channel and external magnetic field can 
be deduced from the equation of motion involving a magnetic force and a viscous-drag force: 

where m, Vp and D are mass, volume and diameter of 
magnetic particle, respectively. vp and vf are particle 
and fluid media velocity, ηf is dynamical viscosity of 
fluid media ambient, and Mp is magnetization of 

superparamagnetic particle. In our model we suppose that external magnetic field B is zero in the z-
dimension, so it is a planar magnetostatic problem. Another simplification is that we assume fully 
magnetically saturated superparamagnetic particles, i.e. magnitude of Mp equals saturation magnetization 
and has direction of external magnetic field in every moment. 

Sources of magnetic field in our 
simulations were modeled by finite 
element method (FEM) using FEMM 
(David Meeker, 2008). In first case we 
use two 1cm × 1cm bar NdFeB magnets 
with magnetic energy product 40 
MG.Oe, and magnetization on common 
axis and spacing 1 cm. In the second 
case, Maxwell coils had inner diameter 
2 cm and spacing 1.73 cm. Each one 
consisted of 10,000 turns of copper 
wire with diameter 0.125 mm with 
current 0.1 A passing by each turn. 

Parameters for particles were set from 
the specifications of commercially 
available nanoparticles nanomag®-D 
(micromod Partikeltechnologie GmbH, 
Germany) and microparticles 
MagSense (MagSense Life Sciences, 
USA), which are shown in the Table 1. 

Trajectory calculations for each type of superparamgnetic particle and magnetic source in our separator 
were done numerically using MATLAB (The MathWorks, 2007) [3, 4]. 

 

Fig. 3 Magnetic field in the channel of separator in the field  
of two NdFeB magnets. 
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Table 1 Specifications of used particles 

Particle Diameter 
Density Saturation Magnetization 
[g·cm-3] [emu·g-1] a [A·m-1] b 

Nanomag®-D 130 nm 3.0 67 2.01 × 105 

MagSense 1 μm 2.5 50 1.25 × 105 

aIn cgs emu quoted by manufacturer. 
bEstimated as product of quoted Saturation Magnetization and Density, in SI. 

 

 

 

 

 
 

3.  RESULTS AND DISCUSION 

The magnetic forces are volumetric; therefore, the required fields and field gradients to exert certain 
torque and force on magnetized object increase rapidly as the object gets smaller. For example, the 
required field gradients to generate a 1 pN force on a spherical superparamagnetc particle fully 
magnetically saturated with saturation magnetization 2.01 × 105 A·m-1 are 10 and 4300 T/m for spheres of 
diameter 1 μm and 130 nm, respectively. Another important outcome is that, whereas magnetic force is 
volumetric, the fluid drag forces are dependent on the cross-sectional area (or in the case of a sphere in 
laminar flow, on the diameter) For this reason, as the size of the particles gets smaller, the required 
magnetic field gradient to control the position of the particle inside a flowing fluid media becomes larger. 
For comparison, the drag forces on spherical particles with diameter 1 μm and 130 nm in water as laminar 
flowing fluid media with relative velocity 10-3 m·s-1 are 9.5 and 1.2 pN, respectively. 

For another comparison, gradients inside modeled channel on major part of channel height in direction 
perpendicular to the bottom face of channel were 50 and 2.3 T/m in the case of NdFeB magnets (Fig. 3) and 
Maxwell coils, respectively, as the sources of external magnetic field, so the magnetic forces acting on the 
spherical superparamagnetic nanoparticles and microparticles were relatively small in comparison with 
drag forces, depending on size of particles and external magnetic field source. But gradient in close 
neighborhood of bottom pure iron electrodes in the channel reached levels of 900 and 130 T/m in the cases 
of permanent magnets and Maxwell coils, respectively, and have reaching distance from 50 to 100 μm (Fig. 
3) what allowed to hold tightly particles, that have already been captured by the bottom electrodes to the 
bottom surface of the channel.  

 

 

 

 

 

 

 

Fig. 4 Trajectories of superparamagnetic particles: (a) nano- nanomag®-D and (b) microparticles 
MagSense; in the channel with flowing fluid media (water) in the x-axis direction with mean flow 

velocity <vf> in the magnetic field of two NdFeB magnets. × marks initial position and ○ final position. 
tmean – mean capture time of 100 particles and tmax - movement time of the slowest particle. 
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External magnetic field can be used to induce forces on magnetized object and control its orientation and 
position. In our simulations we have tried to use magnetic field to capture magnetic particles moving in 
flowing fluid media on the surface of the channel. Efficiency of this process depends on the size of used 
magnetic particles. Particles are in fluid media dragged by the flow and fact that they will be captured in 
the channel or taken away depends also on the velocity of the flow and intensity and gradient of used 
external magnetic field. In the case of used NdFeB magnets was threshold velocity of the flow for effective 
capturing of microparticles 5 × 10-3 m·s-1 and nanoparticles 10-4 m·s-1, when the particles were captured 
along the whole channel. Trajectories in the channel of both types of particles in the case of NdFeB 
magnets as the external magnetic field source are shown on Fig. 4. In the case of using Maxwell coils was 
capturing less effective due to less magnitude of gradient of magnetic field. Then threshold velocity of the 
flow for capturing of microparticles and nanoparticles was 10-4 m·s-1 and 5 × 10-6 m·s-1, respectively. 

We have described efficiency of particles capturing by time needed to move of particle from its random 
initial position in the channel and flowing media to its bottom surface (by capturing) or out area of channel 
(due to drift). Mean capture time for 100 particles and movement time of the slowest particle are shown 
for both types of particles and both cases of external magnetic field sources together with threshold 
velocities of fluid media flow in the Table 2. 

In our work we have computationally designed and modeled flow-through device for combined magnetic 
separation and targeting of magnetic particles into the cells with magnetofection and electroporation. 
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Table 2 Capturing of superparamagnetic particles in the channel 

Particle 

External Magnetic Field Sources 
NdFeB Magnets Maxwell Coils 

vf,t 
a tmean tmax vf,t 

a tmean tmax 

[m·s-1] [s] [s] [m·s-1] [s] [s] 
Nanomag 1 ×10-4 21.80 63.70 5 ×10-6 572.0 1520.0 
MagSense 5 ×10-3 0.54 1.49 1 ×10-4 22.9 55.5 
1 cm long channel between two parallel plates, with above copper electrode and bottom pure iron 
parallel strap electrodes located in the external magnetic field source. Through the channel flows 
carried fluid media with magnetic particles. 
aThreshold velocity of fluid media flow (water) for effective magnetic capturing of particles. 
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Abstract 

Magnetoferritin is a biomacromolecule, which consists of a spherical protein shell of external diameter 
12 nm, with an inner cavity of approximately 8 nm diameter. Iron is stored within this cavity as a particles 
of the Fe3O4, Fe2O3. Magnetoferritin may have considerable importance as a biocompatible ferrofluid, with 
many possible biomedical and industrial applications based on its magnetic properties. Here we present 
detailed experimental study of synthesis and characterization of morphological and magnetic properties of 
magnetoferritin with various iron loading per protein molecule in the range from 300 to 3000. Synthesis 
was made by addition of increments of Fe(II) to anaerobic solutions of apoferritin, at pH = 8.6 and 65 °C, 
followed by stoichiometric amounts of the oxidant. Product was determined spectrophotometrically. The 
amount of iron was measured at λ = 450 nm and the content of protein was detected by modified Bradford 
method at λ = 595 nm. The structural characterization of the inorganic cores was determined by TEM and 
X-ray diffraction. Hydrodynamic diameter of the nanoparticles was determined by non-invasive back scatter 
technology by Zeta sizer. The results obtained from TEM and Zeta seizer shows increasing the diameter 
with the iron loading. Magnetic properties were investigated by a SQUID magnetometer. The magnetic 
measurements show superparamagnetism of prepared magnetic particles without hysteresis at room 
temperature. 

Keywords: Ferritin, Magnetoferritin, Magnetic nanoparticles, Superparamagnetism 

1.  INTRODUCTION  

While the core of naturally occurring ferritin is comprised of the hydrous iron oxide ferrihydrite, the 
ferrimagnetic core of magnetoferritin is comprised of the iron-oxide ferrite magnetite, Fe3O4, or 
maghemite, γ-Fe2O3, or an intermediate composition. Ferritin, a protein naturally occurring in bacteria, 
fungi, plants, invertebrates and vertebrates including humans, is characterized by an ability to sequester 
and store iron in a bioavailable form [1, 2]. Chemically, the protein is a quaternary structure of 24 
polypeptide units assembled into a spherical shell having an internal cavity about 8-10 nm. In naturally 
occurring ferritin, the cavity contains up to 4500 iron atoms as a mineral core of the hydrous iron oxide 
ferrihydrite which is paramagnetic at room temperature. In 1992, it was shown that the cavity of 
apoferritin, the empty form of the protein, can be used as a confined reaction vessel to synthesize 
nanoparticles of non-native compounds [3]. The first of these was maghemite, a ferrimagnetic iron oxide (γ 
-Fe2O3). The resulting material has been, for this reason, named ‘magnetoferritin’ [3–5]. Magnetic 
nanoparticles grown in these biological moulds are usually rather homogeneous in size, free from 
aggregation and soluble in water. Other important advantages, especially for applications, are their 
biocompatible character [6] and the possibility to process them in order to fabricate complex 
superstructures [6] and even ordered crystals [7, 8].  
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The paper presents detailed experimental study of synthesis and characterization a bioinorganic magnetic 
molecule – magnetoferritin 

2.  MATERIALS AND METHODS 

Synthetic ferritin, i.e., magnetoferritin was derived from equine spleen apoferritin (Sigma – Aldrich) using 
the synthesis scheme (fig.1). Aqueous solutions of Me3NO (0,07 M) and 0,05 M buffer solution AMPSO (3-
[(1,1-Dimethyl-2-hydroxyethyl)amino]-2-hydroxy-propanesulfonic acid) buffered to pH 8.6 with 2 M NaOH 
were prepared. The buffer was deaerated for 30 min with nitrogen. Then 1.5 μM  solution of apoferritin 
(AF) in AMPSO was prepared and continued with deaeration for a further 30 min then it was hermetically 
enclosed and placed in a preheated (65 °C) water bath on magnetic stirrer until the contents were allowed 
to reach equilibrium. For the synthesis of magnetoferritin 0.1 M ferrous ammonium sulfate was prepared 
with deaerated water. Gentle stirring was continued and aliquots of Fe(II) and Me3NO were added 
dropwise to the reaction solution using syringes. In general, each addition of Fe(II) was followed by a 
stoichiometric aliquot of Me3NO (3Fe(II):2Me3NO) and the solution left for 15 min before repeating the 
stepwise procedure. Samples with different theoretical loadings from 300 to 3000, Fe atoms/protein 
molecule were prepared. Finally it was dialyzed against distilled water for 24 hours to remove free ions 
from reaction solution.  

 

 

 

 

 

 

 

 

Fig. 1 The scheme of the synthesis. 

Product was determined spectrophotometrically (UV-Vis spectrophotometer SPECORD 40, Analytik Jena). It 
was determined the loading of iron amount per molecule (number N). The amount of iron was measured 
after HCl/H2O2 induced oxidation of Fe(II) to Fe(III) and an addition of 1% ammonium thiocyanate by 
absorption measurement of the thiocyanate complex at λ = 450 nm. The content of protein was detected 
by modified Bradford method at λ 595 nm. The morphology and size distribution of the samples were 
determined with the transmission electron microscopy (TEM Tesla BS 500). The sample was dropped on a 
copper grid and dried on the air. The hydrodynamic diameter was studied by dynamic light scattering 
method and the isoelectric point using Laser Doppler velocity by the measuring Zeta potential on Zetasizer 
nano Malvern Instrument. Here, the fluctuations in the scattered light are analyzed to detect the diffusion 
of the molecules and deduct their hydrodynamic size. The magnetic properties of the samples were 
performed with a SQUID magnetometer (Quantum Design MPMS 5XL) up to 6 T in the temperature range 
2.0 - 295 K. For all temperatures and fields, were measured both the signal of the solution containing 
magnetoferritin (samples B-G) and the signal of the solution containing apoferritin (sample A - the empty 
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protein shells) with the same protein concentration. After subtraction of the second signal from the first, 
we thus obtain magnetization values due only to the magnetoferritin cores. 

3.  RESULTS AND DISCUSSION 

3.1  Analytical methods 

The figure 2 indicates a highly monodisperse sample of apoferritin and magnetoferritin with only one 
oligomeric species present in solution. For the magnetoferritin samples are evidence of a broad 
distribution. The distribution of the hydrodynamic diameter increases by the number N. 

 

 

 

 

 

 

 

Fig. 2 Typical volume size distribution of samples (A) and (D) obtained by dynamic light scattering (DLS) 
measurements 

The sphere that is formed by apoferritin is approximately 12 nm in diameter (Tab. 1). This is a rather large 
protein, yet despite its unusual structure it follows the size predictions for globular proteins quite well. The 
hydrodynamic size is growing with the increasing of number N. The sample with higher Fe loading (Sample 
G) shows aggregation of molecules due to magnetic force between nanoparticles in protein shell. Sample H 
in the table 1 represents native horse spleen ferritin. It is applied because of comparison with synthesized 
magnetoferritin. 

Table 1 Summary of analytical measurements 

TEM examination of the samples revealed crystals of different size. Fig 3 shows increasing of the spherical 
magnetic nanoparticles encased in the protein shell with the increasing of number N in the range from 2 
nm to 12 nm. The black spots correspond to the iron oxide cores.  

 

 

 

Sample (A) (B) (C) (D) (E) (F) (G) 

Number N  0 320 485 540 1250 1937 3023 

Hydrodynamic 
 diameter (nm) 

11.76 13.95 13.16 18.40 16.25 24.13 655; 4600 
(aglomer) 
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(B)                            (E)                           (F) 
 

 
 

 

 
Fig. 3 The TEM images of the samples (B), (E) and (F). 

The size distribution histogram shows that in the sample (B) are 18% particles with the diameter 2 nm, 48% 
with 4 nm and 24% with diameter 6 nm. In the sample (E) it is following: 4 nm – 48%, 5 nm – 58%, 6 nm – 
14%. The figure 2 shows, that the particles of the sample (F) are clustered after drying on the copper grid.  

 

 

 

 

 

 
 

Fig. 4 The electron diffaction of the samples (B) and (E). 

Electron diffraction patterns were measured on selected areas of all samples. Illustrative examples are 
shown in figure 4 Electron diffraction identified the crystals formed in the reactions to be crystalline 
magnetite. This conclusion was confirmed by X-Ray Diffraction analysis. 

3.2  The stability evaluation 

The isoelectric point (IEP) is defined as the point of zero zeta potential. For a sample which is 
electrostatically stabilized, the IEP is often the point of least stability due to the repulsive forces being 
weakest. This may be important when considering the shelf life of a product, as normally the sample needs 
to be away from the IEP. Figure 5 shows, as illustrative example, the plot of the zeta potential of the sample 
(E) measured as a function of pH. As titration reagent was used 0.01 M HCl. The isoelectric point of the 
samples is at pH 4.52, it is consistent with the results published by S. T. Silk and E. Breslow [9], who get the 
IEP for ferritin and apoferritin equal 4.58 ± 0.02. In addition, the plot can be used to predict that the sample 
should be stable at the extremes of pH. 
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3.3  Evaluation of magnetic properties 

The magnetic measurements show 
superparamagnetism of prepared magnetic 
particles without hysteresis at room 
temperature. The thermomagnetic curves (Fig. 6) 
measured after cooling the sample in zero field 
(ZFC) and under the presence of the 
measurement field (FC) show superparamagnetic 
blocking behavior with the blocking temperature 
Tb around 25 K for samples with the low number 
N (samples B, C, D, E). For higher number N the 
blocking temperature is smeared due to 
aggregation of the particles. The magnetization 

loops measured below Tb (Fig. 1) show the hysteresis with coercive field from 16 to 36 kA/m depend on the 
iron loading. The magnetization undergoes a slow approach to saturation. Clearly, magnetization at 6 T is 
not yet saturated at fields which we can achieve. This result needs a further investigation.  

 

 

 

 

 

 
Fig. 6 The magnetization – field dependencies measured at 2 K. 

 

 

 

 

 

 

Fig. 7 The ZFC-FC curves measured at 10 mT. 

4. CONCLUSIONS 

We prepared and characterized magnetoferritin with various iron loading per protein molecule. Size 
distribution analysis (TEM, DLS) shows spherical nanoparticles with particle size distribution from 2 to 12 
nm, and hydrodynamic diameter from 11 to 25 nm. The determination of isoelectric points is important in 
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Fig. 5 A plot of the zeta potential of the sample (E) 
measured as a function of pH. 
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understanding the stability of colloidal dispersions. Magnetoferritin was characterized by the combination 
of three light scattering techniques. The combination of the information of the size, and the charge may be 
employed to control and ultimately produce better nanotechnology products in the future. In addition, its 
biological compatibility may allow its use for biomedical applications. The magnetic measurements show 
superparamagnetism of prepared magnetic particles without hysteresis at room temperature and the 
hysteresis with coercive field from 16 to 36 kA/m depend on the concentration of the magnetic 
nanoparticles below Tb (at 2 K). The thermomagnetic curves measured after cooling the sample in zero field 
(ZFC) and under the presence of the measurement field (FC) show superparamagnetic behavior with the 
blocking temperature Tb around 25 K for samples with the lower loading of Fe. For higher loading of Fe the 
blocking temperature is smeared due to aggregation of the particles. 
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Abstract 

Manufacturing technology of vitreous enamel coatings allows their use in various industrial areas. We meet 
glass-ceramic products every day, e.g. in mechanical engineering, civil engineering, restoration works as 
well as in the food industry. The possibility of using glass-ceramic coatings also occurs in the field of 
medicine, especially in dental implantology. Vitreous enamel coatings have great resistance to aggressive 
and corrosive environments, surface abrasion, long-lasting service life and chemical stability. They must not 
contain any harmful substances if intended for using in contact with food and drinking water. Vitreous 
enamel coatings are formed by vitreous inorganic compounds which, together with clay or kaolin and other 
compounds, improve their properties during heat processing and form a coating with properties of 
adhesion to metal surfaces. Bio-active ceramics, which are used for implantation purposes, partly meets 
the character of vitreous enamel coating containing the same chemical elements due to its chemical 
composition. The resultant compatibility between the biological environment and the protective coating is 
provided by cell cultures. Small dimensions of particles, above all of the clay and kaolin compounds, are one 
of the effects acting on cultivation of cell cultures. This contribution includes initial experimental work 
comprising a study of the influence of input material sizes intended for production of biologically 
appropriate glass-ceramic coating on the cultivation and growth of cell cultures. 

Keywords: Vitreous enamel coating, particles, bioactivity, cell cultivation, clay, kaolin 

1.  INTRODUCTION 

The technology of vitreous enamel coating manufacturing increases the possibilities of using it in the 
industrial areas in which it can be applied. Glass-ceramic coatings are used in various technical areas, e.g. in 
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mechanical engineering, civil engineering, restoration work, in the food industry and newly in medicine 
and, to be specific, in dental implantology. Dental implantology using glass-ceramic coatings is a newly 
expanding area. Vitreous enamel coatings have various positive properties, such as good resistance to 
aggressive, corrosive environments, surface abrasion, long-lasting service life and chemical stability. Since 
enamel coatings do not contain significantly harmful substances, there is the possibility of their application 
in the so-called biological environment. Vitreous enamel coatings are formed by vitreous inorganic and 
chemical compounds which, under heat processing, form coatings with properties of adhesion to metal-
based surfaces. In the group of the so-called “bio-active ceramics”, which is often used for implantation 
purposes, there is a mutual interaction in the composition of vitreous enamel coatings containing the same 
chemical elements. The resultant compatibility between the biological environment and the protective 
coating is provided by cell cultures. Using of clay and kaolin materials as input compounds can influence the 
actual cultivation of cell cultures.  

2.  VITREOUS ENAMEL COATING 

Vitreous enamel coatings have positive properties which can be used in contact with the biological 
environment. If compared to the chemical composition of vitreous enamel coatings and bio-active glass, 
one can find consistency in contents of the same oxide compounds.  

Chemical composition of the vitreous enamel coating: 

SiO2, P2O5, CaO, CaF2, B2O3, Na2O, Al2O3, K2O, CoO, MnO… 

Chemical composition of the bio-active glass:   

SiO2, P2O5, CaO, CaF2, B2O3, Na2O [5] 

The common characteristics of bio-active materials are the formation of bio-active hydroxycarbonate 
apatite (HCA) on glass surfaces, which provides relation with a live tissue. The formation of the apatite layer 
on glass surfaces is not limited only to the glasses having Ca and P. Production of this HCA layer is also 
conditioned by the presence of the separated surface layer rich in SiO2, which allows catching of calcium 
and phosphor. With respect to meeting the conditions for hygienic harmlessness and properties of vitreous 
enamel coatings, which are close to the bio-active ceramics, there is the possibility of their use in contact 
with a live organism. [5]  

3.  EXPERIMENTAL MATERIALS 

Substrates of test samples for experimental work included pure titan Ti-ISO 5832-2 and titan alloy Ti6AI4V-
ISO 5832-2. The surfaces of the pure titan samples were mechanically ground and brushed. The Ti6AI4V 
titan alloy test samples were made by turning without any other mechanical surface treatments. All 
samples were cut from rod material with a diameter of 8 mm and length of 3 mm. The samples were being 
degreased at a temperature of 25 °C and pH 9.44 for 5 minutes. Rinse was being carried out by immersion 
into a water bath at a temperature of 22.3 °C and pH 8.27 for 1 minute. Then enamel slurry was applied in a 
common way and with the respective amount of micron-sized clay and nano-sized finely ground clay. The 
samples were being dried at a temperature of 100 °C for 5 minutes. Burning was carried out in an oven at 
temperatures of 820 to 840 °C for a period of 8 to 12 minutes, accompanied by formation of enamel 
coating with subsequent cooling in the air. 
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Kinds of clay and kaolin compounds used in the enamel suspension: 


 MIC finely ground clay 


 MIC common clay  


 Calcined  kaolin T3, T4 

The photographic documentation of the samples was taken with a scanning electron microscope (SEM). 
The following snapshots of the individual surfaces were taken with a device Philips XL30 Series in the 
Laboratory of Electron Microscopy at the Nanotechnology Centre, VŠB-TU Ostrava. 

The surface of the samples from pure Ti was further mechanically treated by grinding and brushing (see Fig. 
1). The samples from the Ti6AI4V alloy turned by parting (cutting-off) without any other mechanical 
treatments of the surface (see Fig. 2). 

4.  EXPERIMENTAL WORK 

Measuring of the roughness parameters of the samples with glass-ceramic coating was carried out using a 
touch profilometer MITUTOYO SURFTEST SJ – 301, according to ČSN EN ISO 4287. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The height of Rz unevenness is defined as a mean value from the absolute values of the heights of the five 
highest profile projections and the depths of the five deepest hollows. The value of this roughness 
parameter can have a positive influence on adhesion of cell cultures and their further cultivation. The basic 

Graph 1 - Rz of the preliminary glass-
ceramic coating on pure Ti 

Graph 2 - Rz of the preliminary+surface 
glass-ceramic coating on pure Ti 
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glass-ceramic coating containing finely ground clay MIC showed the highest average value Rz on the sample 
from pure Ti. The clay compounds of the undercoat + surface coat showed higher average values of Rz 
compared to the kaolin compounds used. The highest average value Rz (14.414 μm) was found on the 
glass-ceramic compound using the clay compound of common clay MIC. Finely-ground clay had the average 
value Rz 11.192 μm on the under + surface glass-ceramic coatings. Lower RZ values were found on the 
glass-ceramic coatings where kaolin compounds had been used; these values resulted in a smoother 
surface compared to the used clay compounds. The kaolin compound, the one marked T3, featured the 
lowest average value Rz 2.38 μm. A higher average value, Rz 4.579 μm, was measured with the kaolin 
compound marked T4. 

 

 

 

 

 

 

 

 

 

It is evident from the graph 3 that the highest average values of the roughness parameter Rz were reached 
by the glass-ceramic coating applied on the Ti6AI4V alloy. The value of the RZ parameter was 18.61 μm on 
the basic glass-ceramic coating containing finely ground clay MIC. The glass-ceramic coating containing the 
kaolin compounds T3 and T4 showed substantially lower average Rz values; see graph 3. The highest 
average values of the Rz roughness parameter were obtained with the under + surface glass-ceramic 
coatings with the MIC common clay compound, 16.154 μm. The average value of the Rz roughness 
parameter (12.412 μm) was obtained with the glass-ceramic coating containing MIC finely ground clay. The 
Rz roughness parameter average values of 3.21 μm and 6.314 μm were reached when the kaolin 
compounds marked T3 and T4 had been used; see graph 4. 

4.1  Application of Cell Cultures on Selected Glass-Ceramic Coatings 

The cell cultures with the type designation MG-63 (20 000 b/ml) were applied onto prepared samples with 
the glass-ceramic coating in the Biological Centre of the Academy of Sciences of the Czech Republic in Nové 
Hrady. An SEM microscopic analysis was also carried there. The cell cultures applied onto the enamel titan 
samples were left in a sterile environment for 72 hours in order to cultivate. Subsequently, the aimed 
microscopic analysis SEM was carried out for the purpose to determine the appropriateness of the glass-
ceramic coating for life of cell cultures. 

4.2  Assessment of the SEM Microscopic Analysis  

Evaluation of the SEM analysis and SEM snapshot were made in the Biological Centre of the Academy of 
Sciences of the Czech Republic, Nové Hrady. 

Graph 3 - Rz of the preliminary glass-
ceramic  coating on  Ti6Al4V alloy 

Graph 4 - Rz of the preliminary+surface 
glass-ceramic coating on Ti Ti6Al4V 
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The basic glass-ceramic coating with finely-ground clay on the Ti6AI4V alloy. 

 

 

 

 

 

 

 

 

The cell culture on the examined sample is sufficiently distributed and adhered to the surface. Fig. 3 and 4 
show close contacts among cells providing metabolic exchange (signal transfer and signalization) and also 
long, rough contacts providing surface examination carried out by a cell.  

Preliminary glass-ceramic coating with the kaolin compound T4 on pure Ti 

 

 

 

 

 

 

 

 

The snapshots 5 and 6 show a perfectly distributed – confluent – layer. They also show cytoplasmic 
extensions with perfectly defined cell spaces. The cell culture on the examined sample is sufficiently 
distributed and adhered to the surface of the examined sample. 

The under and surface glass-ceramic coatings with the kaolin compound T4 on the Ti6AI4V alloy 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 SEM snapshot – cell culture, 
zoom 3000x [1] 

Fig. 4 SEM snapshot – cell culture, 
zoom 5000x [1] 

Fig. 5 SEM snapshot – cell culture, 
zoom 3000x [1] 

Fig. 6 SEM snapshot – cell culture, 
zoom 5000x [1] 

Fig. 7 SEM snapshot – cell culture, 
zoom 3000x [1] 

Fig. 8 SEM snapshot – cell culture, 
zoom 5000x [1] 
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The snapshots 7 and 8 show remnants of dead cells of pathologic character. These snapshots show a very 
bad condition of the cell culture applied onto the respective material. The examined surface does not show 
any marks of cell cultivation. Cell adherence is moribund here. 

5.  CONCLUSION 

The assessment of the examined samples, as far as the SEM analysis is concerned, showed successful 
results on the Ti6AI4V titan alloy with the applied preliminary glass-ceramic coating with finely-ground clay. 
This combination of selected materials showed a cultivation of MG-63 cells of very high quality and 
distribution and adherence of the confluent layer across the whole surface of the applied vitreous enamel 
coating was recorded on it. The cultivated cell culture showed growth of quality cytoplasmic extensions 
which are the initial mark of life of the actual cell and also a signal for other successful cell division. Quality 
results were also obtained with the combination of the used substrate material of pure titan and applied 
preliminary vitreous enamel coating containing the kaolin compound T4. Experimental samples with these 
glass-ceramic coatings also showed live and cultivated cell culture, which was sufficiently adhered with 
cytoplasmic extensions. These results indicate appropriateness of vitreous enamel coatings for further 
research in bio-compatibility and properties of these materials. Relatively rich cultivation and adhesion of 
cell cultures occur. For these practical reasons, vitreous enamel coatings have a high potential for use in 
dental implantology.  
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Abstract 

This paper describes manufacture of ultra-grained titanium, its structure and properties. Ultra-grained 
titanium has higher specific strength properties than ordinary (coarse-grained) titanium. Ultra-grained 
titanium was produced by the ECAP process. The research it self was focused on physical base of 
strengthening and softening processes and developments occurring at the grain boundaries during the 
ECAP process at half-hot temperature. Strength of ultra-fine grained titanium varies around 960 MPa, grain 
size around 300 nm. 

Keywords: Ultrafine-grain titanium, ECAP process  

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 Rp at low density � 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 [1, 2]. 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 [3, 4]. Titanium is at present preferred to stainless steels and cobalt alloys namely 
thanks to its excellent bio-compatibility [5]. Together with high biocompatibility of Ti its resistance to 
corrosion evaluated by polarization resistance varies around the value 103  R/�m [6]. For these reasons 
pure titanium 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 [7]. That’s why it is appropriate to use for 
dental implants rather fine-grained Ti instead of coarse-grained Ti. Use of ultra-grained concerns numerous 
fields including medicine [8]. Bulk ultra-grained 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.  

2.  MECHANICAL PROPERTIES OF DENTAL MATERIALS  

Ultra-grained titanium is characterized by exceptional mechanical properties, among which high ultimate 
strength and high yield value are of utmost importance. Strength properties of ultrafine-grained titanium 
must have the following values:  Rm ! 1000 MPa,  Rp0,2  ! 850  MPa. Apart from the strength, another 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

595 

important properties 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/�) varies around 70 to 120 
(N·m/g), for the alloy Ti6Al4V it varies around 200 (N·m/g), and for (n)Ti it is possible to predict the values 
RmN����OPQ��RS
dental materials: steel AISI 316L - Rm ����TU��R·m/g), cobalt alloys Rm ����VTQ��RS
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 [9]. At present only few 
companies in the world manufacture commercially bulk nano-materials. 

2.1  Materials of dental implants  

The use of endosseous implants for replacing missing teeth became possible, only when scientists found a 
suitable material such as titanium that could integrate with human bone. The materials used for 
implantation must have some specific characteristics such as immunity to corrosion, bio-compatibility, 
strength, damage tolerance and capacity for joining with bone and other tissues (osseointegration). 

CP Titanium 

Commercially pure Titanium is the first material found that combines the most favorable mechanical and 
physical properties for successful use in dental implants. It is immune to corrosion by body fluids,acids and 
oxygen, it is bio-compatible, hard enough to withstand the forces of chewing and osseointegrates well with 
the jawbone. Titanium also is almost completely nonmagnetic and is extremely strong for its weight. The 
majority of dental implants are made of commercially pure titanium which ~99% titanium and small 
amounts (0.18-0.40%) of oxygen with trace amounts of iron, carbon, nitrogen, and hydrogen. The 
concentration of carbon and iron determines the grade of the alloy (1-4).  

Titanium alloy (Ti-6Al-4V or grade 5 titanium). 

Recently there is increased use of this titanium alloy containing 90% Titanium, 6% Aluminum and 4% 
Vanadium. It is believed to offer better strength and fracture resistance with similar osseointegration 
performance as commercially pure titanium. 

Zircon  

Dioxide of zirconium (ZrO2) is a new type of material used by some manufacturers of dental implants. 
Zirconium is a metal with similar biocompatibility properties with titanium. Zircon implants are to be used 
when there are more aesthetic requirements such as for restoring front teeth but they are much more 
expensive than titanium ones. The Zircon type of dental implants can offer better aesthetic results because 
the color of the implant components is completely white and no metal is visible through the ceramic 
restoration affecting the tooth color 

2.2 Types and size of dental implants  

The average width for standard implants ranges from 3.5 to 4.5mm but several factors can make necessary 
the use of different width implants. The dentist must evaluate properly the condition of the patient's jaw 
(width and depth of jawbone, bone density) and the position of the missing tooth in the mouth and in 
relation to the adjacent teeth. 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

596 

Narrow form implants (small diameter) 

The implant must not disturb the roots of the natural teeth on its sides. If the empty space is not wide 
enough, the dentist may decide to use narrower implants to allow adequate space from adjacent roots for 
better osseointegration of the implant. Narrow implants are also known as mini dental implants and their 
diameter varies from 1.8 to 3.5mm.  

Wide form implants (large diameter) 

 Back teeth (molars and premolars) have to withstand much more load than the rest of the teeth during 
chewing. If there is enough healthy jawbone in the area, the dentist may prefer to use wide form implants 
for better stability and force distribution. Wide platform dental implants range between 4.5 - 6.0mm in 
diameter. 

Shorter implants 

 If there is close proximity with a facial nerve, a shorter implant has to be used to avoid the risk of nerve 
damage (often used for front teeth). The use of shorter types of dental implants is also recommended in 
some special cases for the upper jaw to avoid damage to the sinus.  

The use of smaller diameter implants (mini dental implants / MDI) has increased significantly over the 
recent years. Many dentists promote the use of small diameter implants because they involve less surgical 
time making them a simpler and low cost solution. Patients seeking for affordable implants must be aware 
that small diameter implants are designed to be used only under certain circumstances that do not allow 
the use of standard width implants. They are not made to substitute standard implants and only a small 
number of narrow width implants are approved by FDA for long term use. 

3.  TECHNOLOGY FOR MANUFACTURE OF ULTRA-FINE GRAINED TITANIUM  

The main objective of experiments was manufacture of ultra-fine grained 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 ECAP technology. The 
output was ultra-grained titanium with strength about 1050 MPa. The obtained ultrafine-grained titanium 
was further processed by technology (of rotation forging) and drawing to the shape suitable for dental 
implants.  

4.  STRUCTURE AND PROPERTIES OF TITANIUM 

Commercially pure titanium (CP) bars and sheets were used in this study. 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 rolling direction. The 
specimens were deformed at room temperature with different initial strain rates. After testing, the 
deformed specimens (in order to preserve the microstructure Fig. 1- 3) 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 titanium are given in the Table 1-3. 
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Fig. 1 Initial microstructure of titanium Fig. 2 Microstructure of titanium after cold 
rolling ( deformation e = 46 %) 

 
 

 

Table 1 Chemical analysis of commercially pure titanium (CP), (weight %) 

N O C Fe Al Cr Ti 

0,004 0,068 0,008 0,03 0,01 0,01 Rest. 

 

Table 2 Mechanical properties of CP titanium after annealing 649 Co/1 hour (ASTM E8) 

     Tensile strength                           Yield strengh                    Elongation                   Reduction of area 
               [ MPa]                                       [ MPa]                               [ %]                                       [ %] 

                 365                       212     51  71 

 

Table 3 Initial hardness of commercially pure Ti and hardness after cold rolling 

Hardness Initial sample Sample after cold rolling 

                   
HV30 

    1   2          1               2               3                 4                 5                  6 

    128 128        140           139           131             200             202               205 
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a)                                                                             b) 
Fig. 3 Microstructure of CP titanium after: a) cold deformation 98 %; b) annealing 670°C / 2 hour 

5.  OBTAINED RESULTS AND THEIR ANALYSIS  

Semi products from individual heats were processed according to modified programs by the ECAP 
technology and then drawn to a wire. Wire diameter varied about 5 - 8 mm [10,11].  ECAP technology and 
drawing was made in variants: 

a) 8 passes ECAP at a temperatures of 280 oC; with annealing between individual passes. 

b) Rotation re-forging to a diameter of 10 mm (cold forming: e = 2.2). 

c) The following technology of drawing was realised at increased temperatures. 

The samples for mechanical tests and for micro-structural analyses were prepared from individual variants 
of processing. On the basis of the results, 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 grained titanium after 
application of the ECAP process is shown in the Fig. 4, 5 and Fig. 6, 7. The structure was analyzed apart from 
light microscopy also by the X-ray diffraction. Table 4 summarizes the obtained basic mechanical 
properties.  
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Fig. 4 Microstructure of titanium after                           Fig. 5 Microstructure of titanium after 

2 passes ECAP                                                             4 passes ECAP 
 

    
Fig. 6 Microstructure of titanium after                             Fig. 7 Microstructure of titanium after 

6  passes ECAP                                                               8  passes ECAP 

Table 4 Mechanical properties titanium after ecap and drawing 

Forming processed 
 

Rm 

[MPa] 
A 

[%] 
E 

[GPa] 
dz 

[nm] 

ECAP  (8 passes) 
 

960 
 

12 
 

100 
 

100 to 300 
 

Drawing (Dd = 6 mm) 1030 to 1050 9 100 100 to 300 
 

CONCLUSION 

Technology of manufacture of ultrafine-grained titanium was proposed and experimentally verified. Grain 
refinement in input materials was obtained using the ECAP process. In conformity with the Hall-Petch, 
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relation the strength properties of titanium increased significantly as a result of grain refinement. The 
obtained mechanical properties correspond with the declared requirements. Ultrafine titanium has higher 
specific strength properties than ordinary titanium. Strength of ultrafine – grained titanium after drawing 
varies around 1030 to 1050 MPa, grain size around 100 to 300 nm.  
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Abstract 

Corrosion behavior and cytotoxicity testing of magnesium alloys with nominal composition Mg5Y4Nd 
(WE54) and Mg4Y2Nn1Sc1Mn (WES) and different way of processing were investigated. The WE54 and 
WES alloys contain several types of nano-sized precipitates of transient and stable phases that influence 
corrosion degradation in the EMEM medium. Corrosion behavior is more influenced by larger structural 
components (oxide particles and eutectic on grain boundaries) than by the nanoparticles. Spreading of 
MG63 cells in all extracts is relatively good. Spreading index values reach or exceed 0.7. Viability index 
diminishes with time slightly for the WE54 extracts, but the values after 24 hours exposure do not drop 
below 0.5. The extract of the WES alloys in both conditions (as received and heat treatment T5) is cytotoxic. 

Keywords: Corrosion, cytocompatibility, Mg alloys, nano-sized precipitates 

1.  INTRODUCTION 

Degradable implants invoke an increased interest as repeat surgery increases costs of the health care and 
further patient morbidity [1,2]. Magnesium-based implants have the potential to serve as biocompatible, 
osteoconductive, degradable implants for load-bearing applications. The weakness of pure Mg is its low 
strength and poor corrosion resistance especially in human body environment compared to the bone 
properties. An appropriate alloy composition can improve corrosion resistance, mechanical properties and 
manufacturing of magnesium-based materials [3, 4]. Rare earth elements in combination with a small 
amount of zirconium alloyed to Mg are recently investigated as prospective materials for temporary 
implants [5, 6]. Precipitation hardening of Mg-rare earth alloys leading to microstructure with nano-scaled 
precipitates oriented in the Mg matrix changes mechanical properties and corrosion rate essentially [7]. 
The alloy production technology influences the final product properties, too. The aim of the work was the 
corrosion behavior investigation of magnesium alloys with various rare earth combination and way of 
processing and cytotoxicity testing.  

2.  EXPERIMENTAL PROCEDURE 

2.1 Materials 

Chemical composition of studied alloys, their processing and heat treatment are given in Table 1. 
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Table 1 Composition of studied alloys (in wt.%) and their processing way  
Alloy 

notation 
Nominal 

composition 
Y Nd Sc Mn RE Mg Way of processing 

WE54T4 Mg5Y4Nd 4.75-5.5 1.5-2.0 - - 1-2 rest T4  (525 oC/8 h )     
WE54T6 Mg5Y4Nd 4.75-5.5 1.5-2.0 - - 1-2 rest T6(T4+200 oC/24 h)    

WE54PM400 Mg5Y4Nd 4.75-5.5 1.5-2.0 - - 1-2 rest Powder metallurgy, 
extruded at 400 oC 

WESAC Mg4Y2Nn1Sc1Mn 3.71 2.12 1.28 1.1  rest As received 
WEST5 Mg4Y2Nn1Sc1Mn 3.71 2.12 1.28 1.1  rest T5    (200 oC/5 h) 

The WE54 alloy investigated was supplied by Magnesium Elektron Ltd. The nominal composition is 
guarantied by the supplier as follows (in wt. %): 4.75 - 5.5 Y, 1.5 – 2.0 Nd, 1.0 – 2.0 heavy RE (Yb, Er, Dy, Gd) 
and minimally 0.4 Zr [8]. Two heat treated WE54 alloys conventionally cast and one prepared by powder 
metallurgy (PM) method were investigated. The cast alloy was T4 treated (solution treatment at 525 °C for 
8 h) or T6 treated (T4 + aging at 200 °C for 24 h), notation WE54T4 and WE54T6 respectively. The PM 
material was prepared from the supplied material by gas-atomization using  Ar + 1 % O2, sieved powder 
(~30 μm) was consolidated at 400 °C by hot extrusion to bars of ~15 mm diameter and slowly cooled to 
room temperature. The alloy marked as WES was studied in as-received state (WES AC notation) as well as 
after the T5 treatment (aging at 200 oC for 45 hours) (WES T5 notation). 

2.2  Experimental methods 

Microstructure of Mg alloys analysis 

Microstructure of all alloys was investigated by means of optical metallography (LM), scanning electron 
microscopy (SEM), transmission electron microscopy (TEM) and electron diffraction (ED).  

Immersion test 

Disc-shaped specimens (8 mm in diameter, 3 mm thick) for immersion test were machined from all studied 
alloys. All samples were ground with SiC emery papers of up to 2000 grid and then cleaned in alcohol for 5 
min, dried in air and sterilized by UV radiation. Four discs from each alloy (7 0.28 g) were immersed in 
EMEM solution (28 ml, pH = 7.2, 37oC) without BFS (bovine fetal serum) and shaken (60 rpm) for 5 days. 
EMEM solution consist of 200 mg/l CaCl2, 400 mg/l KCl, 97.7 mg/l MgSO4 (anhydrous), 6 800 mg/l NaCl, 140 
mg/l NaH2PO4, 2 200 mg/l NaHCO3 + amino acids and vitamins. Specimens were taken out after 3 or 5 days 
and rinsed in alcohol. 

Corrosion surface layers characterization 

Both surface layer top-views and cross-sections of the corrosion layers were examined by LM and SEM. 
Energy dispersive X-ray analysis (EDX) was used for the chemical analysis of the corrosion layers. Corrosion 
layers cross-sections perpendicularly to the corroded surface were prepared. The embedded samples were 
grinded and mechanically polished with diamond suspension in a water free lubricant. The specimens were 
then etched by 2% Nital etchant. 

Cytotolerance test 

BFS was added into the resulted extracts and spreading and viability of MG63 cells (supplied by Sigma, 
collection ECACC) were determined by time lapse micro cinematography using Olympus IX51 microscope in 
air atmosphere with 5% CO2 at 37oC during 24 hours. Spreading index value after the 1 hour in the extracts 
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and time dependence of viability index were determined. Cell spreading index is defined as the ratio of the 
spread cells number to the total cells number and viability index as the ratio the vital cells number to the 
total cells number. 

3.  EXPERIMENTAL RESULTS AND DISCUSSION 

3.1  Structure of alloys 

The structure of both WE54T4 and WE54T6 consist of equiaxed grains with the size of (130 ± 10) μm and 
(102 ± 8) μm respectively (Fig. 1).  Smaller grain size in the WE54T6 is most probably caused by a recovery 
of sub-grains that were introduced by quenching of the specimen after the T4 treatment into water at RT.  

  
Fig. 1 Microstructure of WE54T6 alloy (LM) Fig. 2 D019 and Cbco phase prismatic plates in 

WE54T6 specimen. TEM image, zone [0001]α-Mg 

Fine prismatic plates of the metastable D019 (hexagonal structure 63/mcc, a M 2aMg, c M cMg) and of the C-

base centered orthorhombic (Cbco, a M 2aMg, b M � �Mghkl 0110d8 , c M cMg) phases precipitated during aging 

at 200oC in a dense triangular arrangement (Fig. 2). SEM images of PM prepared WE54 after extrusion at 
400oC are in Fig. 3 and 4, respectively. Alloy structure consists of long fibers elongated in the direction of 
extrusion, with the size of fibers in the transverse direction of (5.6 ± 0.9) μm. Oxide lines are located along 
fibers with an oxide size of tenth of μm. The fibers are composed of cells surrounded by a phase containing 
more of heavy elements than the α-Mg matrix solid solution in cell interiors.  

  
Fig. 3 SEM images of WE54 alloy prepared PM  

after extrusion (longitudinal orientation) 
Fig. 4 SEM images of WE54 alloy prepared PM  

after extrusion (transverse orientation) 

This is confirmed by TEM image (Fig. 5) and ED [9].  Analysis of the ED pattern from this area can be 

consistently indexed on the base of the stable Mg5Gd-type phase (fcc, a M � �Mghkl 0110d8 ) that is observed 
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in WE alloys [10, 11]. Some particles of another stable phase of the Mg41Nd5- type (bct, a = 1.47 nm, c = 
1.03 nm) were identified in cell interiors. The obtained ED patterns do not exclude existence of some other 
metastable phases known to precipitate in WE43 and WE54 alloys, namely D019, Cbco and β1 phase (fcc, a = 
0.74 nm), as they have plane spacing values very near to those of the stable β phase. Structure of the 
WESAC alloy is shown in Fig 6. Grain boundaries are decorated by eutectics of the α-Mg and fcc phase with 
structure isomorphous with the Mg5Gd (fcc phase) containing a mixture of Y and Nd instead of Gd. A dense 

  

Fig. 5 TEM image of WE54PM400 Fig. 6 Grain boundary eutectic in WES alloy 

dispersion of metastable Cbco phase (prismatic platelets of 40 nm diameter, 5 nm thickness) in a triangular 
arrangement precipitates in the matrix along the boundary eutectics during the T5 heat treatment (Fig.7). 
Very thin basal plates containing Y and Mn (thickness about 1 nm) and Mn2Sc basal discs (diameter of 20 
nm, thickness of 5 nm) were observed in the matrix, too. 

  
Fig. 7 TEM image of the WEST5 alloy Fig. 8 Corrosion morphologies  

(view perpendicular to surface) 

3.2  Surface corrosion layers characterization 

The morphology of the corroded surface is shown in the SEM images - Figs. 8, 9. Two morphologically 
distinguishable regions are characteristic for almost all samples. The first is an area with more or less 
smooth surface (Fig. 8) and the second an area with ragged surface covered by small globular particles (Fig. 
9). Formations with holes in the middle resembling volcanoes occur with different frequencies on all 
surfaces (Fig. 8 and 9). Corroded surfaces of the WES alloys are the most rough. Cross-sections of the 
corrosion layers formed in 5 days are shown in Figs. 10, 11 and 12. The boundary between the corrosion 
layer and the alloy are not comparably smooth, the corrosion process is more localized at some places. The 
WE54T4 and WE54T6 alloys corrode inside grains (Fig. 10). A preferential corrosion along grain boundaries 
was not observed. A different corrosion mechanism for the T4 state and the T6 state is not visible 
qualitatively. In contrast, a significant difference between the cast alloys (WE54T4, WE54T6) and the alloy 
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prepared by powder metallurgy (WE54PM400) was observed. The interface between the alloy prepared by 
powder metallurgy and its corrosion layer consists of steps (Figs. 11), which indicates that the corrosion 
process is influenced by the fibrous structure and by the presence of oxide particles arranged in rows. Fig. 
12 shows a cross-sectional view of WESAC after corrosion test. The Mg matrix is mainly attacked, while the 
dendritic phase is relatively protected. 

  
Fig. 9 Corrosion morphologies  

(view perpendicular to surface) 
Fig. 10 Corrosion morphologies of WESAC sample 

(view perpendicular to surface) 

  

Fig. 11 Cross-sectional view of WE54PM400 sample 
after corrosion (backscatter electron) 

Fig. 12 Cross-sectional view of WESAC sample after 
corrosion (LM) 

Corrosion layers are inhomogeneous in the PM material as clearly seen in Fig. 11. A different chemical 
composition at different locations of the layers was confirmed by energy dispersive X-ray analysis. The 
results indicate that the corrosion layers consist mainly of Mg, O, Y, C, Ca and a small amount of Cl, S and 
Na.  Some spectra show a very high fraction of Mg and O and a small fraction of other elements. A stronger 
Y and Ca signal was detected in other measurements. It should be noted that it is not possible to detect 
hydrogen with EDX and that the signal comes from a material volume of several micrometers in size. 
Measurement results confirmed influence of microstructure on corrosion behavior. To determine influence 
of alloying and heat treatment other experimental approaches are planned to be used in future.  

3.3  Cytotolerance test 

Spreading index of MG63 cells determined after the first exposition hour is shown in Fig. 13. MG63 cells 
were placed only into the EMEM+BFS instead into the extract in the control test. Spreading of MG63 cells in 
all extracts is relatively good; the spreading index values reach or exceed 0.7. However, they are lower than 
the values in the control test. Spreading index for the WE54 alloy extracts gradually decreases in the 
sequence of WE54T4, WE54T6 and WE54PM400 states. The values for both states of the WES alloy are 
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almost identical and comparable with the value for the WE54 in the T6 condition. The time dependence of 
cells viability in the range of 0-24 hours is shown in Fig. 14. Viability index diminishes with time slightly for 
the WE54 extracts. Viability index decreases with a rate increasing in the sequence of WE54T4, WE54T6 
and WE54PM400, but the values after 24 hours exposure do not drop below 0.5. The extract of the WES 
alloys in both conditions (AC and T5) is cytotoxic. The viability indexes lie below 0.5 even at the experiment 
beginning and fall to 0.2 after 24 hours.  

  
Fig. 13 Spreading index of MG63 cells in extracts of 

studied alloys 
Fig. 14 Time dependence of viability index for MG63 

cells in extracts of studied alloys 

CONCLUSIONS 

The investigated WE54 and WES alloys contain several types of nano-sized precipitates of transient and 
stable phases that influence corrosion degradation in the EMEM medium. Corrosion behavior is more 
influenced by larger structural components (oxide particles and eutectic on grain boundaries) than by the 
nanoparticles.  

Spreading of MG63 cells in all extracts is relatively good. Spreading index values reach or exceed 0.7, 
however, they are lower than the values in the control test. 

Viability index diminishes with time slightly for the WE54 extracts. Viability index values decrease with a 
rate increasing in the sequence of WE54T4, WE54T6 and WE54PM400 but the values after 24 hours 
exposure do not drop below 0.5. The extract of the WES alloys in both conditions (AC and T5) is cytotoxic. 
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Abstract 

Cytotoxicity of CdSe/ZnS core-shell quantum dots  with long chain amine capping agent (fluorescence at 
490nm; 520nm; 560nm and 600nm)  was studied against different species of cyanobacteria (Synechocystis 
PCC 6803 and IS-7)  and  heterotrophic bacteria (S. aureus  and  E.coli) as well as  natural  assemblages of  
marine microorganisms. QD affects the electron transport related to energetic metabolism both in 
phototrophic and heterotrophic bacteria. To explain  these results  one take into account  the physico-
chemical  properties of QD in connection with the  ultrastructural differences between Gram-negative  and 
Gram-positive bacteria and with the cellular localization of main energetic processes, respiration and  
photosynthesis. 

Keywords: Cyanobacteria, marine microbial populations, heterotrophic bacteria, dehydrogenase activity, 
resazurine 

1.  INTRODUCTION 

Semiconductor nanocrystals or quantum dots (QD) are known to show desirable characteristics leading to 
major advances in different domains (medical diagnostics, targeted therapeutics, microbiology, molecular 
and cell biology etc.,)(1-5)  one main tasks in Microbiology being   the  study of  their  cytotoxic effects (6-
31)  The aim of this paper is to investigate  the cytotoxicity of CdSe/ZnS core-shell quantum dots  with long 
chain amine capping agent (fluorescence at 490nm; 520nm; 560nm and 600nm) against different species of 
cyanobacteria (Synechocystis PCC 6803 and IS-7), heterotrophic bacteria (S.aureus  and  E.coli ) as well as 
natural  assemblages of  marine microorganisms. 

2.  MATERIALS AND METHODS  

2.1  Dichlorophenol indofenol (DCPIP) microplate assay.  

In order o study the possible effect of different QD on natural assemblages of populations, natural sea 
water was supplemented with yeast extract and peptone 1% to promote cell growth and multiplication. 
The populations thus obtained after 24 hours of incubation in dark at 18ºC were used as biological material 
for the following experimental set up: i) 200 μL of natural assemblages of populations have been added in 
all wells (1-6/A-D) with the exception of blank (column 7- blank) where 200 μL of distilled water was 
instead; ii) different amount of QD have been added at time zero, as follows:  100 pg, 200 pg, 500 pg and 
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1000 pg were added in columns 2,3,4 and 5, respectively;  iii) after one hour of incubation DCPIP was added 
in all wheels (1-7/A-D).  

2.2  Resazurine microplate assay.  

The experiments were done on Synechocystis PCC 6803 one of the most studied cyanobacterium (32) and  
on one of our isolate from  mesothermal  spring, Obanul Mare (Romania), the unicellular cyanobacterium 
called so far IS-7 (Sarchizian and colab., manuscript in preparation). The strains were cultivated as 
previously   reported (33), harvested in late exponential growth, re-suspended in either fresh growth 
medium (BG11) (plate assay) or in saline solution (quantitative DCPIP measurements) at OD750nm of 1 unit. 
Preliminary experiments were done on plates to screen for inhibitory effects on resazurine reduction when 
different QD concentrations were incubated different time with cyanobacterial suspension. The following 
experimental set up (Figure 2): i) 200 μL of cyanobacterial culture have been added in all wells (1-9/A-D) 
with the exception of blank (column 10) where 200 μL of distilled water was instead; ii) 200 pg QD  (A- 483 
nm; B- 522 nm; C-559 nm; D-609 nm) have been added at different  time in each wells with the exception 
of blank(column 10)  and control (column 1) in order to incubate the cells in the presence of the same 
amount of QD (200pg QD/200μl cell suspension)  for different periods before  the  resazurin addition :24 h, 
23, 22, 21, 20, 19, 18 and zero hours in columns 2,3,4,5,6,7,8 and 9, respectively; then iii)  resazurin was 
added in all wells (1-7/A-D).  

2.3  Gross dehydrogenase activity  

Gross dehydrogenase activity following incubation of cells in the presence of QD (200pg QD/ 200μL) was 
measured (Helios spectrophotometer) in dark and in light following the reduction of DCPIP at 600nm in the 
presence of  lipophilic electron carrier phenazine methosulphate (PMS - 0.1mM final concentration).  

2.4  The citotoxicity of QD against heterotrophic bacteria  

The citotoxicity of QD against heterotrophic bacteria was done using standard method (34).  

2.5  CdSe/ZnS core-shell quantum dots  

CdSe/ZnS core-shell quantum dots with long chain amine capping agent (fluorescence at 483nm; 522nm; 
559nm; and 609nm) were produced by Evident Technologies. 

3.  RESULTS AND DISCUSSIONS  

The study of marine microorganisms is under huge increase in the last two decades (35) and our ongoing 
interest is related to their dynamics related to nutrients and pollutants (36-40), including different type of  
nanoparticles. 

As one can see in figure 1 clear differences in the ability of  natural assemblages of marine microorganisms  
to reduce DCPIP appear at 30 minutes after DCPIP  addition (and 90 minutes of incubation in the presence 
of QD) when the decrease in blue color in control (columns 1 and 6)  as a result of DCPIP reduction is 
evident when compared with either blank (column 7) or with the reactions occurring in the presence of QD 
at given concentrations. The inhibitory effect of 609 QD is visible even at the smallest concentrations in our 
experiments 0.5pg QD/μL bacterial suspension (2/D). 
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Fig. 1 DCPIP reduction by natural assemblages of marine microorganisms after 30 minutes 
 of its addition to microorganisms previously incubated with different concentration of QD  

(see materials and methods for details). 

The inhibitory action of these QD against natural assemblages of marine microorganisms, composed of 
many different cells belonging to different microbial species concerns the problem of the fate of these 
nanoparticles in marine ecosystems, including the effect on different biological  components performing  
specific task in that environment. The quantity  of QD  used in these preliminary experiments is not very 
low (pg/μL) but the inhibitory effect become evident in relatively short time , one hour after the addition of 
QD to the samples. In this respect, special attention is focused in this paper on the interaction between QD 
and cyanobacteria for longer periods of time, as these oxygenic phototrophic prokayotes are major 
contributors in aquatic environments to organic matter synthesis, carbon dioxide consumption and 
molecular oxygen production. 

In light (Figure 2) and in darkness (Figure 3), in Synechocystis PCC 6803 the first differences were obtained 
at 3 hours after the addition of resazurin when column 9 (QD addition just before resazurine) shown a 
slight change in color as a result of resazurin reduction for all type of QD (483nm; 522nm; 559nm; and 
609nm), these differences being more evident after 7 hours of reaction (results not shown). More 
differences between the effects of QD incubated together with cyanobacteria either in light or in dark 
appeared after 24 hours. In light, at 24 hours of incubation in the presence of resazurine in column 1 and 9 
the reduction is more advanced then at 7 hours, whereas very low changes in color are visible in other 
wells, arguing that in light with all types of QD the suppression of metabolic activity by these nanoparticles 
is very severe.  
 

Fig. 2 Resazurin reduction (pink color) by Synechocystis PCC 6803 incubated in light with 200 pg QD/ 200μL 
cell suspension (A- QD:483nm; B- QD:522nm; C-QD:559nm; D-QDE:609nm), for different periods of time 

(see Materials and methods for details). 
 

Time zero: light 24 hours : light 
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B 
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1 3 2 6 4 5 9 7 8 10 
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Fig. 3 Resazurine reduction by Synechocystis PCC 6803 incubated in darkness with 200 pg QD/200μL cell 
suspension (A- QD:483nm; B- QD:522nm; C-QD:559nm; D-QDE:609nm), for different periods of time (see 

Materilas and methods for details). 

In darkness after 24 hours in column 1 and 9 the reduction is more advanced then at 7 hours; moreover 
different degrees of reduction are visible in other wells arguing that even in longer incubation times in 
darkness with all types of QD the ability to reduce resazurin to its pink, semi reduced form (resorufin) is 
present in all experimental conditions. This is an important difference as compared with light incubation, 
suggesting that the cytotoxicity of these QD against Synechocystis PCC 6803 is stronger in light than in 
darkness. Up to our best knowledge this is the first report concerning the higher citotoxicity of QD against 
cyanobacteria in light  than in darkness, results which suggest that the interactions between photosynthetic 
cells and QD is stronger in light than in darkness. 

However, taking into account the reduction of resazurin by Synechocystis PCC 6803 in the absence of QD 
(column 1 A-D in all figures) one can see that, after 24 hours, the reduction in light is practically complete 
(there is any pink color visible, suggesting that resazurin has been reduced to its incolor form) as compared 
with dark conditions where the control (column 1 A-D in figure 3) is pink, resazurin being (half) reduced to 
resorufin. In light (figure 2 column 1 A-D) it is visible the color of cyanobacterial suspension (blue-green) 
whereas in darkness the color of cyanobacterial suspension is masked by the pink resorufin, suggesting that 
this cell permeable redox substance  can be reduce also inside the cell by  photosynthetic electron 
transport. 

Taking into account the well known higher chemical reactivity in light of these semiconductor nanoparticles 
(14, 15) one can think that this higher reactivity could be involved in the higher cytotoxicity of these QD in 
light. Whether or not there is an interaction of QD in light with the photosynthetic metabolism of the intact 
cyanobacterium is another interesting question. One can think that  QD located at cell wall or cell 
membrane should interact with the thylakoids, membranes located inside the cytoplasm, via an unknown 
mechanism or/and because of very small diameters 4-6 nm of these QD their entry inside the cytoplasm 
could be taken into account, as well. 

In connection with these assumptions, there are several reports concerning interaction between QD and 
photosynthesis. In vitro, it was experimentally demonstrated excitation energy transfer from the CdSe/ZnS 
quantum dots to the phycobiliprotein complexes isolated from the cyanobacterium Acaryochloris marina 
(24) and in vivo it was shown that the adsorption of CdSe/ZnS quantum dots on eukaryotic photosynthetic 
microorganism, the green alga Chlamydomonas sp. inhibits algal photosynthesis (41). Further research is 
needed to deeper understand the interactions between photosynthesis occurring in prokaryote or 
eukaryote and QD or other nanoparticles. 
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3.1  Gross dehydrogenase activity  

Preliminary experiments shown that after 21 hours of incubation in darkness or in light with all the 4 types 
of QD used in these experiments at a concentration of 1 pg QD/ 1 μL   the ability of either Synechocystis 
PCC 6803 or IS-7 to reduce DCPIP alone or in the presence of PMS is completely abolished, showing the 
cytotoxic effect of these QD in theses experimental conditions. 

Following these results, new experiments have been designed to measure the cytotoxic effect -if any- at 
shorter incubation time, namely one or two hours. The incubation of cell suspension with QD  were 
performed in light as well as in darkness in order to further test the  interaction in light as compared with 
the dark incubation, as suggested by  microplate assays done with resazurin. Incubation of Synechocystis 
PCC 6803 cultures in darkness together with QD for one or two hours   induces interesting effects on the 
ability of these cells to reduce DCPIP in the presence of PMS (tables 1 and 2). As one can see in table 1 a 
stimulation of DCPIP reduction occurs in Synechocystis PCC 6803 incubated in darkness with QD as 
compared with the control (no QD). 

Table 1 The effect of QD on DCPIP (via PMS) reduction by Synechocystis PCC 6803 incubated in darkness 

darkness Control  QD 483nm QD 522nm QD 559nm QD 609nm 

One hour 100% 380% 260% 1300% 1500% 

Two hours 100% 1000% 460% 800% 1180% 

In table 2 there are presented the quantitative results concerning DCPIP reduction in the presence of PMS  
by  the unicellular cyanobacterium IS-7 cell, incubated in darkness for 1 or 2 hours with the four types of 
QD, The signification of these results remains to be elucidated. 

Table 2 The effect of QD on DCPIP (via PMS) reduction by IS-7 incubated in darkness 

darkness Control  QD 483nm QD 522nm QD 559nm QD 609nm 

One hour 100% 68% 73% 92% 91% 

Two hours 100% 60% 62% 71% 65% 

Interestingly, Incubation in light of Synechocystis PCC 6803 or IS-7 cultures together with QD for one or two 
hours totally abolish the ability of these cells to reduce DCPIP in the presence of PMS (results not shown), 
arguing once again the higher cytotoxicity of QD in light than in darkness in these cyanobacteria. 

3.2  The citotoxicity of QD against heterotrophic bacteria. 

In order to study the interaction between QD and intact bacterial cell one question concerns the detection 
of any bactericide effect of the selected QD. In the next tables there are presented the inhibition of 
bacterial growth both dakness and in light for two species, Staphylococcus aureus (table 3) and Escherichia 
coli (table 4) 
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Table 3 The effect of CdSe/ZnS QD on the growth of Staphylococcus aureus in darkness and in light (the 
diameter of inhibitory growth zone is expressed in mm)  

  1μg QD 1,5 μg QD 2μg QD 

 light dark light Dark  light Dark  

483 0 2 mm 0 2 mm 2 3 mm 

522 0 0 0 0 0 0 

559 2 1 mm 2 1 mm 2 2 mm 

609 2 2 mm 2 2 mm 3 3 mm 

As one can see, the degree of inhibition is higher in darkness than in light in the Gram- pozitive 
Staphylococcus aureus as  well as in Gram- negative Escherichia coli .It is difficult to explain why in darkness 
QD cause in these heteotrophic bacteria a stronger inhibition of growth  than in light whereas in darkness 
QD cause in cyanobacteria ,Synechocystis PCC 6803 and IS-7 a lower inhibition of DCPIP reduction, at short 
time level (1-2 hours of incubation); however, at similar times of incubation (24 hours), the DCPIP reduction 
is compety abolished.  

The inhinbition of growth in darkness is higher in Escherichia coli than in Staphylococcus aureus. However, 
to understand these differences and to search for  the mechanism(s) of interactions  there is the need to 
use more appropriate experimental designs and analytic methods. 

Table 4 The effect of CdSe/ZnS QD on the growth of Escherichia coli in darkness and in light (the diameter 
of  inhibitory growth zone is expressed in mm)   

 1μg QD 1,5 μg QD 2μg QD 

 light dark light Dark  light Dark  

483 1 2.5 mm 1 3 mm 2.5 7 mm 

522 0 2 mm 1 3 mm 1 3 mm 

559 1 3 mm 2 3 mm 3 3.5 mm 

609 1 3 mm 1 3.5 mm 3.5 3.5 mm 

Control experiments were carried out with toluene only or with inactivated QD ( suspended in water for  2 
days, when no fluorescence was visible at the microscope) showed no growth inhibition thus further 
arguing that, in these experimental conditions, QD themselves are responsible, directly or indirectly, for the 
reported results.  

When it comes to the mechanism(s) responsible for the inhibitory effects of QD no original experiments 
have been done but, in agreement with the literature, one could think that the interactions between cells 
and QD causes the production of reactive oxygen species (ROS) (6, 11, 12) but other mechanism(s) could 
also be involved. One important task in all these experiments concerns the physical relationship between 
QD and different microbial populations, with special emphasis on the position of QD towards cell wall and 
cell membrane. It seems logically to assume that the first site of interaction between these nanoparticles 
and cells is at the level of cell wall; however cell wall has rather different structure in Gram- negative 
bacteria (including cyanobacteria) and Gram-pozitive bacteria. The physical access of QD at the external 
face of the cell membrane (toward cell wall) is still an open question as well as the ability-if any- of these 
CdSe/ZnS core-shell quantum dots (with long chain amine capping agent) with dimensions in the range of 
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few nanometers to pass through the intact (or previously damaged!) cell membrane to enter the 
cytoplasm. 

4.  CONCLUSIONS  

The main conclusions obtained  all four type of QD used in these experiments (1pgQD/μL culture) are: 

1. In light, QD  totally  inhibit the gross dehydrogenase activity  both in Synechocystis PCC 6803 and IS-7 
even after one hour of incubation. Up to our best knowledge this is the first report on higher toxicity 
of QD against cyanobacteria incubated  in light as compared with dark incubation. 

2. In darkness, 1-2 hours of incubation  with QD induce  in Synechocystis PCC 6803 a strong increase in 
grosss dehydrogenase activity (from 260% to 1000%!) whereas in IS-7 occurs a decrease to  60-90 %. 

3. In darkness, the inhibition of growth measured in the presence of CdSe/ZnS (1μg - 2μg in difusimetric 
method) is higher than in light, both in Escherichia coli (Gram- negative) and  in Staphylococcus aureus  
(Gram - positive). 
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Abstract 

Original vermiculite and acidified vermiculites (formed at two different concentrations of hydrochloric acid 
solutions) were used as matrixes for precipitation and growth of silver nanoparticles. The precursor of silver 
for the Ag-vermiculites was silver nitrate solution. The vermiculite structure was studied by Infrared 
spectroscopy (IRS) and X-ray diffraction (XRD) analysis. The XRD patterns showed decrease in intensity of 
basal diffractions and disorder of vermiculite layered structure in dependence on the concentration of acid 
solution used on the vermiculite. Morphology of vermiculite flakes was studied using the scanning electron 
microscope (SEM). Measurement of the specific surface area (SSA) showed significant increase at 
vermiculites after acid treatment. The content of silver determined by X-ray fluorescence (XRF) analysis was 
lower at acidified vermiculite samples than at original vermiculite. The antibacterial effect of prepared Ag-
vermiculite materials was studied on the Gram-positive (Enterococcus faecalis) and the Gram-negative 
(Pseudomonas aeruginosa) bacteria. The minimum inhibitory concentration (MIC) of the Ag-vermiculites 
confirmed that the possibility to inhibited bacterial growth depends on the concentration of silver in 
suspension and on the time of action. 

Keywords: vermiculite, silver, characterization, specific surface area, antibacterial activity 

1.  INTRODUCTION 

The clay mineral vermiculite belongs to the 2:1 planar hydrous phyllosilicates. The structure of 2:1 
phyllosilicates consists of two tetrahedral sheets with composition of [T4O10]m- where T = Si4+, Al3+, Fe3+ and 
one octahedral sheet situated between tetrahedral sheets with composition of [MA6]n- where M = Al3+, Fe3+, 
Fe2+, Mg2+ and A = O2- or OH-. The negative charge of the layers resulted from the tetrahedral substitution 
of Si4+ and octahedral substitutions is compensated by hydrated exchangeable cations Mg2+, Ca2+, K+ and 
Na+ in the interlayer space [1, 2, 3]. The acid treatment of clay minerals published several authors [4, 5, 6, 
7]. Madejová et al. [5] described FT-IR study of seven smectites after treatment with HCl at various 
concentrations and conditions. They found that the rate of dissolution of smectites increases with the 
octahedral substitution of Mg or Fe for Al and with temperature and acid concentration. The effect of 
grinding for vermiculite treatment with HCl studied Maqueda et al. [6]. Authors observed differences at 
specific surface area between ground (720.26 m2. g-1) and unground (504.28 m2. g-1) vermiculites after 
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subsequently acid treatment. In the case of ground sample only amorphous silica with some iron-
oxohydroxide appeared. Steudel et al. [7] studied bentonites, hectorite and vermiculite reactions with HCl 
and H2SO4. Preparation of silver-clay mineral using AgNO3 solution as source of silver and testing their 
antibacterial activity published several authors [8, 9, 10]. Valášková et al. [10] compared montmorillonite 
and vermiculite as matrix for silver nanoparticles preparation and concluded that content of silver at 
vermiculite was higher than at montmorillonite. The silver/montmorillonite and silver/vermiculite showed 
good inhibitory effect against Gram-positive and Gram-negative bacteria tested. Tokarský et al. [11] using 
molecular modelling simulated studies possible ways of silver growth on the clay substrates. At this work, 
original vermiculite and vermiculites after treatment with HCl were used as matrixes for silver-vermiculite 
preparation. The prepared materials were studied for antibacterial activity against Gram-positive and 
Gram-negative bacteria. 

2.  MATERIALS AND METHODS 

2.1  Materials 

Vermiculite from Brazil in the size fraction < 40 μm was used as starting material named as the sample V.  
The fraction was obtained by milling in a planetary mill for 20 min and sieving by a sieve with pores size less 
than 40 μm. From the results of elemental analysis was calculated the half unit cell composition of 
vermiculite (Si3.12Al0.88)(Mg2.32Fe3+

0.48Ti0.05)O10(OH)2K0.23Ca0.15Na0.07.  

Hydrochloric acid, HCl 37% (fy Vitrum, CZ) was used for acid treatment of vermiculite. Silver nitrate, AgNO3 
(fy Mach chem., CZ) with the purity of 99.99 % was used as source of silver.  

2.2  Methods 

The elemental composition of V and the content of silver were 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 from INEL equipped with a curved position-
sensitive detector CPSD 120 (reflection mode, Ge-monochromator, CuKα1 radiation) in ambient 
atmosphere under constant conditions (2000 s, 35 kV, 20 mA). The Infrared (IR) spectra were obtained by 
Fourier transformed infrared spectroscopy (IRS) on a Nicolet 6700 in the spectral range 4000 – 400 cm-1. 
The specific surface area (SSA) measurement was performed with the Sorptomatic 1990 Instrument 
(Thermo Electron Corporation, USA) using nitrogen as adsorbing gas. The images and elemental maps of 
samples were performed by Scanning electron microscopy (SEM) on PHILIPS XL-30 equipped with energy 
dispersive spectrometer EDS.  

2.3  Sample preparation  

Acidified vermiculites (samples named as Va) were prepared from V and aqueous solution of HCl at two 
concentrations of 0.5 mol. dm-3 and 1.0 mol. dm-3 (samples named as Va05 and Va1) by mixing for 14 h at 
room temperature and then 10 h at 80°C. Obtained dispersions were centrifuged, washed with distilled 
water until it was Cl- free and dried at 70°C for 24h.  

Samples with silver were prepared using the stirring the samples V, Va05, Va1 for 24 h with the 0.1 mol.dm-

3 aqueous solution of AgNO3 (at the rate 1 g of vermiculite to 10 ml of solution). Then the samples were 
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Fig. 1 The XRD patterns of basal diffractions 
from 1.5° to 10° 2Θ of V (a), VAg (b), Va05 (c), 

Va05Ag (d), Va1 (e) and Va1Ag (f). 

centrifuged, washed with distilled water until it was NO3- free and dried at 70°C for 24 h. Prepared samples 
with silver were marked according to the  vermiculite samples as VAg, Va05Ag and Va1Ag.  

2.4  Antibacterial test 

The antibacterial activity of the samples was examined using two different experimental bacterial strains. 
The Gram-negative (G-) represented the bacteria Pseudomonas aeruginosa (P. aeruginosa, CCM 1960), the 
Gram-positive (G+) represented the bacteria Enterococcus faecalis (E. faecalis, CCM 4224). The minimum 
inhibitory concentration of sample (MIC), as the lowest concentration of sample that completely inhibits 
bacterial growth, was determinated by the broth dilution method [12]. The bacterial suspension was 
prepared by twenty hour cultivation at glucose broth. The density of glucose suspension used was for E. 
faecalis (1.1 * 109 cfu ml-1) and P. aeruginosa (1.1 * 109 cfu ml-1). The detailed procedure of antibacterial 
test published Valášková et al. [10].  

3.  RESULTS AND DISCUSSION 

3.1  Silver content 

Quantity of silver at sample VAg was 5.6 wt. %. This amount was rapidly reduced when acidified 
vermiculites were used. The content was lower at sample Va05Ag about 66 % (1.9 wt. %) and at sample 
Va1Ag about 89 % (0.6 wt. %).  

3.2  Structural characteristics 

The XRD patterns of samples (Fig. 1) showed the 
changes of the vermiculite structure after acid and 
silver nitrate treatments.  The interlayer spacing 
d(001) = 2.30 nm of V increased to d(001) = 2.60 nm 
at Va05. The two values d(001) = 2.60 nm and d(001) 
= 3.12 nm at Va1 (Figs. 1a, 1c, 1e) indicate change of 
the interstratifications of layers and water molecule 
domains. A significant changes are evident in the 
changes of intensity of the basal (001) vermiculite 
diffraction d(001) = 1.42 nm. The relative intensity 
100 % of V decreased to 15.4 % at Va05 and to 6.3 % 
at Va1 (Figs. 1a, 1c, 1e). 

Silver nitrate treatment of vermiculite samples 
resulted in disappearance of the basal diffractions 
d(001) = 2.30 nm and d(001) = 1.24 nm. In 
comparison to the sample Va05, only at sample 
Va05Ag the intensities of both diffractions decreased 
to 52 %  and 63.6% and also an interlayer space 
decrease to d(001) = 2.37 nm and to d(001) = 1.11 
nm, respectively,  (Figs. 1c, 1d). The sample Va1Ag 
showed collapse of layered structure (Fig. 1f).  
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Fig. 2 The IR spectra from 4000 to 2400 cm-1 and from 1800 to 
400 cm-1 of V (a), VAg (b), Va05 (c), Va05Ag (d), Va1 (e) and 

Va1Ag (f). 

The considerable changes of the basal diffractions of vermiculite are due to the acid action on vermiculite 
structure. Protons penetrate into the vermiculite layers and attack the OH groups what leads to 
dehydroxylation and dissolution of the central atoms and also the interlayer cations (Mg, Ca, Na, K) left 
from the interlayer space [6]. 

The IR spectra of samples with marked characteristics bands which were changed after modifications are 
showed in Fig. 2. The band at wavelength 3367 cm-1, belongs to the stretching vibrations of water O-H 
groups, was shifted to 3381 cm-1 at Va1 (Fig. 2e).  

The noticeable shift for stretching 
vibrations of Si-O-Si band at 958 cm-1 

[13], was detected after acid treatment 
(Figs. 2c and 2e). The shift of band to 
1055 cm-1 demonstrated the presence 
of amorphous silica and the position at 
962 cm-1 signifies that some Si is still 
fixed in vermiculite structure [5].  

The band at 734 cm-1 of tetrahedral Si-O 
bending vibrations was shifted to 754 
cm-1 at Va05 and to 792 cm-1 at Va1. 
The next change was at band detected 
at 404 cm-1 and assigned to the bending 
vibrations of Si-O-M (M = Si, Mg, Al, Fe) 
[14]. This position shifted to 425 cm-1 at 
Va05 and to 433 cm-1 at Va1.  

The change at these two positions (734 
and 404 cm-1) to lower numbers also 
corresponds to absorption bands of 
amorphous silica [5].   

3.3  Specific surface area changes 

Results of SSA measurement showed increase in SSA after vermiculites acid treatment. The SSA of V 
increased from 14 m2. g-1 to 149 m2. g-1 at Va05 and to 665 m2. g-1 at Va1. After reduction of silver the SSA 
values decreased to 120 m2. g-1 at the sample Va05Ag (decrease about 20 % in comparison to the sample 
Va05) and  to 570 m2. g-1 at AgVa1(decrease about 14 % compare to the SSA of Va1).  

3.4  Particle morphology and elemental maps 

The change at vermiculite flakes morphology was observed at the SEM images of samples (Fig. 3). The 
lamellar vermiculite morphology was disturbed into the needle-shaped particles at acidified vermiculite 
samples as well as after reduction of silver probably due to the changes in the surfaces as evidenced by the 
results of measuring the SSA. The SEM image of the sample Va1Ag (Fig. 4) shows homogeneous distribution 
of silver at this sample.  
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Fig. 3 SEM images of samples V (a), VAg (b), Va05Ag (c) and Va1Ag (d). 

  
Fig. 4 SEM image of sample Va1Ag and an elemental map of Ag (magnification 2000x). 

 
Table 1 Results of antibacterial test of prepared materials after 24 h. 

 Pseudomonas aeruginosa Enterococcus faecalis 
Dilution (%) V VAg Va05Ag Va1Ag V VAg Va05Ag Va1Ag 

10 + - - - + - - - 
3,33 + - - + + - - + 
1,11 + - - + + + - + 
0,37 + - + + + + + + 
0,12 + + + + + + + + 

0,041 + + + + + + + + 
0,014 + + + + + + + + 

control + + + + + + + + 
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3.5  Antibacterial test 

Results of antibacterial activity testing (Tab. 1) showed that original V had no effect on bacteria growth. The 
all tested samples with silver content affected bacterial growth. Activity was different according to the 
tested sample or the type of bacteria. The sample VAg had better effect against P. aeruginosa (MIC = 
0.37%) than against E. faecalis (MIC = 3.33 %). The Va05Ag had the same positive effect against both 
bacteria strains (MIC = 1.11%).  The poor antibacterial effect showed the sample Va1Ag (MIC = 10%).  

4.  CONCLUSION 

The acidified vermiculites with silver were prepared and characterized. The layered structure of vermiculite 
after exposure to acid disturbed and the specific surface area increased. Strong acid concentration caused 
the creation of amorphous silica. The content of silver was reduced at samples prepared from acidified 
vermiculites. The antibacterial effect observed after 24 h showed that both bacteria P. aeruginosa and E. 
faecalis were sensitive to the samples with silver at the MIC value ranged from 10% to 0.37 %. 
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Abstract 

Biosynthesis of nanoparticles using microorganisms is a noticeable method due to reduced use of Energy 
and expenses as well its environmental adaptation properties. It attracts many researchers as bio-method 
based producing procedures were brought forth for discussion. Use of microorganisms in nanotechnology 
is one of the most important aspects of the discussion. Native Lactobacillus of Iran derived from some local 
dairy products was used in this study. Nanoparticles Formation of Titanium in some aspects was observed 
during the study. 

Keywords: Biosynthesis, titanium nanoparticles, Lactobacillus, metal reduction, TiO2 

1.  INTRODUCTION 

Microorganisms are organisms that have a length less than 10 microns and study with microscope. They 
use organic and inorganic nutrient that are available in the environment for metabolism and other vital 
processes. Researches have shown that such living systems are capable synthesis both of metallic and 
nonmetallic nanoparticles.  [2], [5]. 

Physical and chemical methods for nanoparticle formations are inefficient in using of material and energy 
and they have low output. In the case of bio-methods, it is vice versa and these methods are important due 
to their environmental consistency and reduced use of Energy and expenses [2]. Application of 
microorganisms is one of the most conspicuous methods through the various bio-methods of nanoparticle 
production [3], [7], [8], [11].Bacterial cells are living under difficult situations and this survival ability is one 
of the most important factors. Their growing in presence of high concentration of metals may be because 
of specific tolerance mechanisms. These mechanisms include efflux system, solubility variation by changing 
redox potential of metal ions, extra-cellular combination and precipitation, and failure in transportation of 
special metal systems [2], [12]. Bacteria species that do not tolerate high concentrations of metal also can 
be used as convenient microorganisms [10], [9], [6]. 

 Binoj Nair and T. Pradeep (2002) and K.Prasad (2007) showed that lactobacillus derived from dairy 
products is able to produce nanoparticles of gold, silver and titanium [4], [2]. Moreover, lactic acid bacteria 
existing in whey also are able to produce pure nanoparticles of either both metals or alloy of both 
[2].Microorganisms exude hydrolytic enzymes to use macromolecules of organic polymers as nutrients, 
such enzymes break down polymers of big molecules into small under-units to penetrate plasmatic 
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membrane [1]. Amino, carboxyl, and sulfhydryl are main groups of exuded enzymes that are able to reduce 
such metals like AU3+ to Au0 [5], [9], [13]. Hydroquinone is also another kind of exudation which acts as 
electron transporter between surroundings and Cell [3]. Role of this material in metal reduction is clear 
now. Hydrocarbons are also other kinds of electron donors. Microbial-based technology presents an 
economic alternative for today’s mining, and mineral and waste water treatment industries, at a time when 
high grade mineral resources are being depleted, energy costs are increasing, and adverse environmental 
effects are becoming more apparent as a result of conventional technologies. Production of titanium 
nanoparticles using microorganisms is preferable compare with physical and chemical methods due to 
immunity and decreasing of cost and energy. So the aim of this study is producing titanium nanoparticles by 
100 different strains of Iranian native lactobacillus in order to identify the best strain. Likewise, 
nanoparticle production is variable in different genus, species and strains of bacteria. Therefore, main 
object of this study is investigation of titanium nanoparticle production using 100 varieties and strains of 
native lactobacillus of Iran to determine the best of which produces nanoparticle. Since, such bacteria are 
derived from dairy products; they can be used safely in industry. 

2.  MATERIAL AND METHODS 

Strains 

The Microorganisms was bacterial strains that derived and have been kept by Dr. Maryam Ebrahimi from 
traditional dairy products of Iran.  

Culture 

Each strain was cultured in two tubes that filled by 40 ml of prepared MRS broth medium according to 
manufacturer instructions (Hi-media Company). Then 20 ml TiO2 (Carlo Erba) solution was added to first 
tube and stirred for half an hour by magnetite stirrer. In second tube distilled water just added. Then tubes 
incubated in CO2 incubator at 37°C. Second tube considered as a control. 

Spectrophotometry 

The UV–Visible spectra of samples were measured on CECIL 9200. Spectrophotometry experiments was 
carried out by the times 0, 24, 48, 72 and 120 after incubation of the strains. In the following order, first, 
one fiftieth (1/50) diluted solutions with concentration of equal 1 was prepared from first tube (bacteria 
culture plus TiO2), second tube (bacteria only) and culture medium. Then these solutions were exposed to 
the spectrums with wave lengths of 350-900 nm with the scale of 50 and amount of adsorbed spectrum 
was measured next. Adsorption charts are shown in fig. 6. Second tube has been assumed as blank for first 
one. 

X-ray, AFM, and SEM 

Samples were delivered to the relating labs to perform the experiments 72 hours after incubation. The 
Titanium nanoparticles were characterized by Scanning Electron Microscopy (LEO 440i) and Atomic Force 
Microscopy (DME-DS-95-50E). Analysis of Titanium Nanoparticles with XRD was prepared using the 
procedure used by K. Prasad and et al. 
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Fig. 1 Color changing of surrounding  
after 72hours 

Fig. 3 Two-Dimensional picture of nanoparticles 
 by AFM after 72 hours 

Fig. 4 Superficial chart from determined part of 
Fig.3 that presenting titanium nanoparticle size is 

about 150 nm. 

Fig. 2 Bulk and nanoparticle formation after  
under control drying 

3.  RESULT AND DISCUSSION  

100 strains of native lactobacillus were investigated 
through which strain C6M1 and C6M2 have been selected 
as the best strains during the research. Titanium dioxide 
exposing to the bacteria was reduced and nanoparticles of 
titanium formed. Solution color changed from light brown 
to dark brown in samples of capable strains, whereas the 
incapables demonstrated no color changing as well the 
solutions of second tube as controls (fig. 1).  

Black rigid particles of Titanium consist of nanoparticles 
and bulk pieces observed after drying of solutions under 
controlled situation *(fig. 2). Fig. 3 is demonstrating shape 
and size of nanoparticles And Fig. 4 is superficial charts of determined part of Fig. 3 presenting titanium 
nanoparticle size which is 150 nm. This figure also shows that such nanoparticles are in shape of sphere. 
Three-dimensional simulated picture of fig.3 specified in fig.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Three-dimensional simulated picture of fig.3 
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Fig. 7 Two-Dimensional picture of aggregated nanoparticles that 
took by SEM microscope 

UV analysis is being applied to determine concentration of a variant in a solution. Every analytic item has its 
own adsorbing pattern. 

Fig.6 shows the adsorption diagram of Tio2, Blank as Bacteria only and Sample as Bacteria and TiO2 
mixture. Differences in adsorption diagram of the strains in different states demonstrating a material is 
different from bacteria and TiO2 which are nanoparticles of titanium. 

*Bulk particles was formed under dark wet condition for 72 hour .Gold coating method used for preparing SEM 
samples to scan and a drop of first tube Supernatant that was located on Aluminum pieces and let it to dry, applied to 
AFM analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It can give more information about the shape and surface structure of the particles by X-ray diffraction 
(XRD) technique that using an X-ray diffract meter (STOE Power diffraction system) with over a wide range 
of Bragg angles (20° ≤ 2θ ≤ 50°). According to Fig.8 generated picks are belong to Titanium pattern. [4] 

 This Matter is demonstrating us that Titanium existing in medium. Furthermore, represent extracellular 
Lactobacillus-mediated Biosynthesis of Titanium Nanoparticles in MRS-broth Medium. 

 

Fig. 6 Adsorption diagram of Tio2, C6M2 (B) (Bacteria only) and C6M2 
(S) (Bacteria and TiO2) 
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Fig. 8 X-Ray diagram from Supernatant of sample 
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Abstract 

A domestic microwave oven was adapted for development of a fast one-pot microwave assisted 
solvothermal synthesis with the aim of preparation of hybrid Ag/ZnO fillers for prospective medical 
application. Various hierarchical structures were synthesized in a very simple manner in low-temperature 
green process. Zinc acetate and silver nitrate were used as sources of Zn2+ and Ag+. Polyvinylpyrrolidone 
(PVP), glucose, hexamethylenetetramine (HMTA), and aqueous ammonia were used as various reduction 
and precipitation agents in water solution in this explorative study. The scanning electron microscopy 
(SEM) and X-ray diffraction (XRD) characterization reveal hexagonal structure of ZnO particles with the size 
up to 1μm combined with silver spheres with the diameter about 200 nm. In order to evaluate application 
potential of prepared materials zone diffusion test was used testing of their antibacterial activity. PVA films 
containing 5 wt.% of various Ag/ZnO hybrid fillers were prepared by solution casting method. Specimens 
8 mm in diameter were tested against Gramm positive and Gram negative bacteria in a standard agar 
diffusion test. All samples exhibit strong antibacterial activity against Staphylococcus aureus as a 
representative strain of Gramm-positive bacteria, with a mean diameter between 14 and 23 mm of 
inhibition zone. On the other hand, no measurable extent of diffusion zone diameter was observed in test 
against Gramm-negative Escherichia coli.  

Keywords: microwave, hybrid ZnO/Ag, antibacterial 

1.  INTRODUCTION 

Over the past decade, there has been a growing demand of new antimicrobial agent due to the emergence 
of antibiotic-resistant strains such as Community-Acquired Methicillin-Resistant Staphylococcus Aureus 
(CA-MRSA) and Hospital-acquired Methicillin Resistant Staphylococcus Aureus (HA-MRSA). The large 
increase in the number and occurrence of antibiotic-resistant bacterial strains has prompted a renewed 
interest in the use of silver as an antimicrobial agent in last ten years, although far lower propensity of 
bacteria to develop resistance to inorganic antimicrobial is still a matter of controversy [1, 2]. In fact, silver 
salts, complexes and the metal itself have been exploited, mostly empirically, for their medical properties 
by many cultures over the centuries [3]. Recently, the rapid development of nanotechnology accompanied 
with emerging of new synthesis routes for nanoparticles production has further extended biomedical 
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applications of silver. The most common method for producing silver nanoparticles is chemical reduction of 
silver salts dissolved in water with reducing agents such as citrate, glucose, ascorbate, etc. [4-6]. Silver 
possess a broad range of antimicrobial activity against bacteria, fungi, protozoa and certain viruses, 
including antibiotic-resistant strains [7]. Concerning antibacterial activity, Gram-positive bacteria have been 
shown less susceptible to Ag+ than Gram-negative [8]. Zinc oxide (ZnO) is another versatile inorganic 
material that has been only recently shown to exhibits antibacterial activity, especially against Gram-
positive bacteria (Staphylococcus, Streptococcus, Enterococcus) [9]. Up to now, various different 
approaches have been applied to synthesize ZnO structures, such as thermal evaporation method [10], 
hydrothermal process [11], non-aqueous approach [12], chemical vapour deposition [13], gas condensation 
[14], microwave heating [15], etc. All of the above reviewed facts inspired us to evolve an idea of Ag/ZnO 
hybrid filler, which should combine enhanced activity of silver and ZnO against Gram-negative and Gram-
positive bacteria, respectively. According to the literature survey, preparation of Ag/ZnO hybrid filler has 
already been reported using various synthetic routes [16-18]. However, only one work is devoted to the 
preparation of Ag/ZnO particles using microwave polyol synthesis under argon atmosphere [19] In this 
work, we adopted microwave-assisted hydrothermal synthesis for rapid preparation of Ag/ZnO sub-micron 
particles, taking advantage of microwave synthesis over conventional heating.  

2. EXPERIMENTAL 

2.1  Materials 

All chemicals with the purity of analytical grade were used as received without further purification: zinc 
acetate dihydrate (Zn(CH3COO)2.2H2O; PENTA), silver nitrate (AgNO3; PENTA), polyvinylpyrrolidone (PVP) 
((C6H9NO)n, Mw ~ 40.000; Sigma-Aldrich), glucose (C6H12O6; Natura), hexamethylenetetramine (HMTA) 
(C6H12N4; Sigma-Aldrich), aqueous ammonia (NH3; PENTA), and polyvinyl alcohol (PVA) (Mw ~ 40.000, 
degree of hydrolysis 98.0 – 98.8 mol%; Fluka). Demineralized water with a conductivity of 15.0 μScm-1 was 
used in all experiments.   

2.2  MW-synthesis of Ag/ZnO particles 

A domestic microwave oven (CWR-TECH, 1150W/230V-50Hz) was modified by drilling a hole on the ceiling 
for open vessel hydrothermal synthesis with external cooler. In a typical synthesis, the precursor solutions 
of zinc and silver were prepared by dissolving 10.8g of zinc acetate dihydrate Zn(CH3COO)2.2H2O and 0.7g of 
silver nitrate AgNO3 in 80 ml and 20 ml of water, respectively. Obtained solutions were mixed together in a 
250 ml reaction flask and placed into the microwave oven cavity. The flask was connected to an external 
condenser with dropping funnel. After 2 minutes of MW-irradiation, precipitation agent (HMTA, aqueous 
ammonia) was added quickly together with either growth modification agent (PVA), or reduction agent 
(glucose) through the dropping system and irradiated for further 3 or 12 minutes, depending on 
experiment. After that, the system was left to cool down naturally. Finally, the particles were collected by 
microfiltration and washed thoroughly several times by demineralised water. 
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Table 1 Starting chemicals used in the MW-synthesis of Ag/ZnO particles 

expt no. mass of       
Zn salt [g] 

mass of       
Ag salt [g] 

mass of    
PVP [g] 

mass of 
glucose [g] 

mass of 
HMTA [g] 

volume of 
ammonia 

[ml] 

Aa 10.8  0.7 1.74 - 6.9 - 

Bb 10.8 0.7 1.74 - 6.9 - 

Ca 10.8 0.7 - 2.954 - 14.55 

Db 10.8 0.7 - 2.954 - 14.55 

Ea 10.8 0.7 1.74 2.954 - 14.55 

Fb 10.8 0.7 1.74 2.954 - 14.55 
a synthesis time (2+3) minutes. b synthesis time (2+13) minutes. 

2.3  Characterization methods 

The as-synthesized ZnO/Ag particles were characterized for crystal phase identification by powder X-ray 
diffraction (XRD) using a PANalytical X´Pert PRO X-ray diffractometer (PANalytical, The Netherlands) in the 
diffraction angle range 2θ 25-75° with Cu Kα1 radiation (λ = 1.540598 Å). The particle size and morphology 
were investigated by scanning electron microscope Vega II/LMU (Tescan, Czech Republic) operating at 
acceleration voltage 10 kV. 

2.4  Testing of antibacterial activity 

In order to test antibacterial properties, PVA films containing 5 wt% of as-prepared Ag/ZnO hybrid filler 
were prepared by a casting method as follows: 2.1 g of PVA powder was dissolved in 40 ml of water at 60°C 
under vigorous stirring. Obtained solution was divided into seven parts, six of them were mixed together 
with 0.148 g of corresponding filler and casted onto Petri dish. One sample was prepared without filler as a 
blank. The dispersions were allowed to dry in air freely until the water evaporated and film formed.  

The antibacterial properties of the filers were assessed by using the agar diffusion test. Round specimens (8 
mm in diameter) were cut from prepared films and placed on the surface of an individual nutrient agar 
plate, where bacterial solution (108 CFU mL-1) of chosen microorganisms (Staphylococcus aureus CCM 
4516 and Escherichia coli CCM 4517 as representatives of Gram-positive and Gram-negative bacteria) had 
been swabbed uniformly. After 24 h incubation at 37 °C, the dimensions of the inhibitions zones were 
measured in five directions and the average values were used to calculate the circle zone inhibition area. 

3.  RESULTS AND DISSCUSION  

Representative SEM images of prepared Ag/ZnO powders in Figure 1, Samples A, C and E were selected for 
the sake of brevity, as there were no significant differences in particle shapes and sizes between samples 
exposed 5 and 15 minutes to microwave radiation. The unique capability of back-scattered electron 
detector (BSE) to give material contrast resolution was used with advantage to distinguish between ZnO 
and Ag particles based on the differences between their atomic numbers. Figure 1A shows ZnO well 
defined truncated hexagonal prisms capped by a disc at the bottom (grey) with base dimensions of about 
0.8 μm and spherical Ag nanoparticles (white) with diameter in the range mainly of 100-200 nm.  
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Fig. 2 XRD patterns of selected AG/ZnO hybrid filler, 
samples A, C and E 

Fig. 1 SEM images of  of samples A, C and E 

In accordance with Yu., et al., the particle shape may be explained by surface adsorption of HMTA during 
particle growth process [20]. In contrast to sample A, samples C and E in Figure 1 differs in several 
aspects. ZnO particles are still of a hexagonal symmetry, but twinned and much less conical than material 
A. Moreover, the dimension of prisms is about two times smaller and length/diameter ratio is slightly 
bigger. PVP does not seem to play any important role in the synthesis. The most distinct feature of 
sample C and E comparing to sample A is that no bright material contrast can be observed. This finding 
suggests that silver does not create individual particles in form separated from ZnO, but is rather 
incorporated in ZnO crystal structure as a dopant or the prisms are coated by unresolved thin silver layer 
dusted of very fine nanoparticles.   

XRD patterns of selected Ag/ZnO fillers are 
shown in Figure 2. All peaks can be 
assigned to the standard hexagonal 
structure zinc oxide (JCPDS no. 01-079-
0207) and face-centered-cubic silver 
(JCPDS no.01-087-0720). No other 
crystalline phase was found. Both 
crystalline (metallic) silver and ZnO are 
manifested in the XRD pattern of the 
sample A. Composition of crystalline phase 
was evaluated as 34 %wt of Ag and 66 %wt 
of ZnO according to the intensity of 
observed lines. On the other hand, XRD 
patterns of sample E and C reveal only 
peaks assigned to the standard hexagonal 
structure zinc oxide and no peaks related 
to the face-centered-cubic silver. This fact 
confirms information obtained from BSE 
images on Figure 1(C,E) where material 
contrast did not highlight silver particles, i.e. 
silver is not present in crystalline phase 
separately from ZnO particles. However, it does not mean, that silver is not present at all.  
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Fig. 3 Result of agar diffusion zone test for all prepared 
fillers. 

Antibacterial activity of prepared fillers 
was characterised by standard diffusion 
zone test on agar plates. Despite its 
simplicity, the standard diffusion test 
represents relevant first choice that gives 
to a certain degree indicative results and 
serves well as preliminary stage for more 
sophisticated antibacterial tests. The 
results are summarised in Figure 3. All 
samples exhibits excellent antibacterial 
activity against Staphylococcus aureus. 
Sample A, precipitated by HMTA, shows 
slightly bigger inhibition zone diameter 
than those precipitated by ammonia. 
Contradictory to our expectations 
according to literature survey, none of the 
sample evinced inhibition zone outside of 

the test specimen footprint on the agar plate when tested against Escherichia Coli [21-23]. However, it 
should be pointed out, PVA dissolved during the test and the blank sample almost disappeared and its 
footprint was colonised by bacteria, hence its zone diameter was set to zero. In case of all other samples 
that contained the filler, contact inhibition was observed, as the specimen footprints were not colonised 
after dissolving of PVA, although no extended “halo” zone around the specimen was observed. 
Therefore, zone diameter in size of the original specimen was set as the result against E. coli.  
The mechanisms by which silver inhibits bacterial growth have recently begun to be understood. It is 
thought that silver atoms bind to thiol groups (-SH) in enzymes and subsequently cause the deactivation of 
enzymes. Also, denaturing of the DNA molecule by Ag+ after its enter the cell has been suggested [24]. Both 
most widely accepted mechanisms assume diffusion of silver ions. As can be seen in Fig. 1, the material 
contains relatively large metallic silver particles that cannot assure diffusion gradients large enough to 
deliver silver to the surrounding agar in sufficient concentration. Similarly for the other materials it is 
expected that the silver is covalently bond in the material and does not dissolve too much. On he other 
hand, the mild observed effect on bacteria is in accordance with gentle approach to the tissues of the 
patient required in case of prospective medical application. Concerning the second component of the filler, 
several studies suggested that active oxygen generated from powder along with Zn2+ cations eluted from 
powder, as well as the mechanical destruction of cell membrane by ZnO nanoparticles may be responsible 
for enhanced antibacterial activity of ZnO [25]. Elution of active, although unidentified, species from tested 
materials is proved well by its effect on S. aureus which is sensitive to ZnO. 

4.  CONCLUSION 

Ag/ZnO hybrid hybrid filler was synthesized by a rapid and facile method open vessel hydrothermal using 
microwave heating. Two sets of samples were prepared at different reaction time, 5 and 15 minutes, using 
different precipitation and growth directing agents. Characterization of samples by SEM and XRD revealed, 
that the synthesis is completed after 5 minutes. Morphology and particle size is mainly influenced by the 
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choice of precipitation agent. Furthermore, in presence of ammonia, no individual silver particles were 
observed. Prepared powder samples were incorporated into PVA matrix and proved antibacterial 
performance against Staphylococcus aureus and, to a less extent, against Escherichia coli. 
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Abstract 

The preparation and characterization of new antibacterial organovermiculites was investigated. The 
structures and antibacterial effects of the chlorhexidine diacetate (CA)/natural Mg-vermiculite (CA/MgVER) 
and the chlorhexidine diacetate/cation exchanged vermiculites (CA/ZnVER, CA/CuVER and CA/AgVER) were 
compared. The vermiculite structures were characterized according to the X-ray diffraction (XRD) patterns. 
The antibacterial activity of prepared organoclays against Gram-positive bacteria (Enterococcus faecalis) 
and Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa) was evaluated by finding the 
minimum inhibitory concentration (MIC) that completely inhibited bacterial growth in different time 
periods.  

Keywords: vermiculite, chlorhexidine diacetate, intercalation, antibacterial effect 

1.  INTRODUCTION 

Modifications of clay minerals continue to attract much attention. There are a lot of oportunites for usage 
modified clay minerals in a wide range of industrial and enviromental areas as a filler in plastics, paints, 
fireproof materials and also in clinical treatments, for example as a carriers of drugs [1, 2]. 

The clay minerals were also used for preparation of antibacterial Ag/compounds [3, 4]. The large surface 
area and layered structure of clay minerals are very important for their modification. The 2:1 silicate layer 
of  vermiculite consists of the MgO2(OH)4 octahedra sheet bounded by two tetrahedral sheets of silica. An 
isomorphic substitution of Al3+ instead of Si4+ in tetrahedra generates net negative charges on the 
vermiculite layers which are balanced by some interlayer hydrated cations (Na+, K+, Mg2+, Ca2) in the 
interlayer space between 2:1 layers [5–9]. These interlayer cations can be exchanged with antibacterial 
anorganic and/or organic ions and give rise to resulting antibacterial material [10].  

Chlorhexidine acetate is a bisbiguanide antiseptic and disinfectant which is bactericidal or bacteriostatic 
against a wide range of Gram-positive and Gram-negative bacteria [11].   

The structures and antibacterial effects of the chlorhexidine diacetate (CA)/natural Mg-vermiculite 
(CA/MgVER) and the chlorhexidine diacetate/cation exchanged vermiculites (CA/ZnVER, CA/CuVER and 
CA/AgVER) were compared . 
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2.  EXPERIMENTAL 

Materials 

Natural Mg-vermiculite (MgVER) from Letovice (Czech Republic) was ground in a planetary mill for 20 min, 
then passed throught a 0.045 mm sieve and the size fraction under 40 μm was utilized for experiment. The 

crystallochemical formula (Si3.13Al0.87) (Mg2.53Fe �3
45.0 Al0.02) O10(OH)2 (Mg0.19K0.01Ca0.02) was calculated from the 

result of the elemental chemical analysis 

The cation exchange capacity (CEC) MgVER was 140 cmol(+)/kg. Further used chemicals were in analytic 
quality from Sigma Aldrich company: copper dichloride (CuCl2), zinc chloride (ZnCl2), silver nitrate (AgNO3), 
chlorhexidine diacetate (C22H30Cl2N10·2C2H4O2) and ethanol as a solvent. 

Modifications 

The MgVER was converted into the ZnVER, CuVER and AgVER using cation exchange procedure from 1.0 M 
aqueous solutions of their corresponding salts ZnCl2, CuCl2 and AgNO3, respectively. Solutions of 
chlorhexidine diacetate (CA) in ethanol with the concentration of CA were prepared accordant with the CEC 
of vermiculite. The solutions of CA were mixed with the MgVER, ZnVER, CuVER and AgVER and then were 
stirred and heated (6h, 75°C). After centrifugation samples were dried for 24 h at 80°C and labeled as 
CA/MgVER, CA/ZnVER, CA/CuVER and CA/AgVER. 

Analytical methods 

The XRD patterns were performed on the samples using the X-ray diffractometer INEL equipped with a 
curved position-sensitive detector CPSD 120 (reflection mode, Ge-monochromatized, CuKα1 radiation). The 
measurements were taken in ambient atmosphere (25°C, 43% of humidity) under constant conditions 
(2000 s, 35 kV, 20 mA). The samples were fixed in a flat rotation holder and measurement was proceeded 
for 1500 s. 

Antibacterial test 

The minimum inhibitory concentration (MIC) of prepared samples was determined by their lowest 
concentration that completely inhibits bacterial growth. The dilution and cultivation were preceded on the 
microtitration plate with 96 hollows. The first set of hollows on plate contained 10% (w/v) 
organomontmorillonites and organovermiculites water dispersion. These dispersions were further diluted 
by a threefold diluting method in glucose stock in such maner, that second to seventh set of hollows 
contained sample dispersed in concentration of 3.33%, 1.11%, 0.37%, 0.12%, 0.041% and 0.014%. The eight 
set of hollows contained pure glucose stock as check test. A volume of 1μl of glucose suspentions of  E. 
faecalis CCM 4224 (1.1x109 cfu ml-1), E. coli CCM 3954 (1.3x109 cfu ml-1) and P. aeruginosa CCM 1960 
(1.2x109 cfu ml-1), provided by Czech collection of microorganisms (CCM), was put into hollows. Bacterial 
suspensions was after the elapse of 30, 60, 90, 120, 180, 240 and 300 min and then during 5 days always in 
24 h interval transfered from each hollow to 100 μl of the fresh glucose stock and bacteria were incubated 
in termostat at 37°C for 24 and 48 h. Antibacterial activity was evaluated by turbidity, which is display of 
bacterial growth [12]. 
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3.  RESULTS AND DISCUSSIONS 

X-ray diffraction analysis 

The XRD patterns (Fig. 1) show the interlayer space values that are given by the (001) basal reflection. The 
d(001) = 1.43 nm of natural MgVER did not change after substitution of Mg2+ for Ag+ and Zn2+ at AgVER and 
ZnVER, respectively, and only a small change to the d(001) = 1.27 nm in CuVER was observed. A week 
intercalation of CA into interlayer space can be assumed only at natural MgVER as it can be observed 
according to new reflection with d = 2.13 nm at CA/MgVER. The XRD patterns demonstrate mounting CA to 
the surface of the silicate layer  rather than CA in the interlayer of vermiculite.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 XRD patterns for selected samples: MgVER and CA/MgVER, AgVER and CA/AgVER, ZnVER and 

CA/ZnVER, CuVER and CA/CuVER. 

Antibacterial assessment 

An antibacterial effect of samples was monitored against Gram-positive Enterococus faecalis bacteria and 
Gram-negative Escherichia coli and Pseudomonas aeruginosa bacteria. The effect of MICs was evaluated 
after  30 min, 60 min, 90 min, 120 min, 180 min, 240 min, 300 min, 1 d, 2 d, 3 d, 4 d and 5 d. Three groups 
of antibacterial activities were compared (Table 1). The first group includes MIC values determined after 
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the effect of organovermiculites on the bacteria strains observed for 30 min. The second group includes 
MICs which were effective after 1 day (24h) and the last group shows MICs after 5 days (5d). We have come 
to conclusion that CA/MgVER are a less efficient than CA/ZnVER, CA/CuVER and CA/AgVER from 
comparison of obtained results. The prepared organoclays of CA/MgVER showed no antibacterial activity in 
short time period of reacting (30 min). Antibacterial effect was showed after 1 day of reacting and the best 
result was obtained with Escherichia coli. Very resistant bacteria Pseudomonas aeruginosa showed no 
antibacterial effect even after 5 days of reaction. On the other side CA/ZnVER, CA/CuVER, CA/AgVER 
samples proved good antibacterial activity against all of bacteria in short time. The CA/AgVER had the best 
antibacterial effect. The CA/ZnVER show the lowest antibacterial action against tested bacteria.  

Table 1 MICs (% w/v) of the organovermiculites on the bacteria strains. 

Sample 

Enterococus faecalis 
MIC 

Escherichia coli 
MIC 

Pseudomonas 
aeruginosa 

MIC 
30 

min 24 h 5 d 30 
min 24 h 5 d 30 

min 24 h 5 d 

CA/MgVER > 10 0.37 0.37 > 10 0.041 0.041 >>10 >10 >10 
CA/AgVER > 10 0.37 0.014 3.33 0.014 0.014 3.33 0.12 0.12 
CA/ZnVER > 10 0.37 0.041 3.33 0.014 0.014 >>10 > 10 > 10 
CA/CuVER 3.33 0.37 0.014 3.33 0.014 0.014 3.33 1.11 0.12 

4.  CONCLUSIONS 

1. The XRD revealed that natural Mg-vermiculite slightly intercalated CA. Other prepared Ag-, Zn- and Cu-
vermulites did not intercalate CA and the CA has to be outside an interlayer space.  

2. The natural CA/MgVER showed lower antibacterial effect against all bacteria than other samples. The 
CA/AgVER had the best antibacterial effect against tested bacteria. 

3. The cation exchange led to the monoionic cation occupation in the interlayer and improvement of 
antibacterial activity of vermiculite  The organics antibacterial materials blocked between the layers 
appear to be less active than these materials tied on the surface of layers. 
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Abstract 

Ag/ZnO submicro particles were prepared by microwave assisted synthesis and coated with a 
polycondensate of L-lactic acid to enhance their compatibility with living organism and further 
processability for medical device preparation. The coating process was carried out by using the method of 
oil-in-water emulsification and solvent evaporation under reduced pressure. The effect of poly (L-lactic 
acid) molecular weight and carboxyl functionalization on properties of the resulting particles was studied in 
this work. Prepared systems were characterized on particle by scanning electron microscopy and 
thermogravimetry. Moreover, antibacterial activity against Gram positive and Gram negative bacterial 
strains were investigated by testing in liquid bacterial suspension of Gram negative and Gram positive 
bacterial strains. The results show a significant effect of polymer matrix on coating process as well as good 
antibacterial activity of the Ag/ZnO particles, which is reduced due to the polymer coating treatment. 

Keywords: polylactic acid, Ag/ZnO particles, microwave synthesis, coating, antibacterial properties 

1.  INTRODUCTION 

The steady growing field of nanotechnology demands a design of new composite materials, which can 
exhibit new functionality [1]. Currently considerable attention has been paid to antibacterial protection of 
various materials, including polymers, used in a medical field [2]. One of the routes of polymer 
antimicrobial protection is their modification with compounds possessing the desired property [3]. 

Polymer nano and sub-micro particles have found number of applications in the medicine, pharmaceutical 
industry, agriculture, and environmental engineering. One of such promising applications deals with 
preparation of polymer micro-particles with a bioactive compound, which is subsequently released in a 
controlled way, protected against external conditions and/or compatible with surrounding environment [4].  

Synthesis of both Ag and ZnO (nano)particles has been investigated by several authors [5]. Various efforts 
of their integration into a field of biomaterials, including polymers, have been also reported – especially in 
case of Ag particles. However, preparation of a polymer nanosystem brings noticeable processing 
difficulties, which can lead to loss of “nano” features including particles agglomeration and reduction of 
antimicrobial activity. One of the possibilities how to sustain desired properties is preparation of hybrid 
modifiers, which combine good processability with demanded biological characteristics for given 
applications.  
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Fig. 1 Apparatus for synthesis of Ag/ZnO 
particles 

One of the solutions how to employ inorganic particles into the mentioned fields is their compatibilization 
with biological systems. This can be done by a deposition of a thin layer of a selected biologically suitable 
polymer on the particle’s surface.  

This work introduces preparation of a new hybrid inorganic-organic system based on Ag/ZnO particles 
prepared by microwave-assisted synthesis and biodegradable polymer, polylactic acid (PLA). The main 
attention is paid to investigation of the PLA matrix (molecular weight, chemical functionalization) effect on 
coating process and of Ag/ZnO particles, morphology of the resulting systems as well as antibacterial 
activity.  

2.  EXPERIMENTAL  

2.1 Materials 

Purum grade of Zinc acetate dihydrate (ZnAc) and silver nitrate (AgNO3) were supplied by Penta (Prague, 
Czech Republic). L-Lactic acid (LA), acetone, methanol (all analytical grade) were bought from IPL Lukes 
(Uherský Brod, Czech Republic). Polyvinylpyrrolidone (PVP, Mw~ 40,000 g/mol), polyvinyl alcohol (PVA 8-88, 
Mw~ 67,000 g/mol, hydrolysis degree 88 mol. %), hexamethylenetetramine (HMTA, purum grade) and tin 
(II) octoate (~ 95 %) (Sn(Oct)2) were purchased from Sigma-Aldrich (Steinheim, Germany). All chemicals 
were used as received.  

2.2 ZnO/Ag particles preparation 

Microwave assisted synthesis of Ag/ZnO particles was proceeded in an apparatus presented in Fig. 1. A 
modified microwave oven (CWR-TECH, 1150W) was used as a heating source of the apparatus consisting of 

flask, defoamer, external condenser, and dropping 
system. A typical procedure of synthesis of the 
particles procedure was as follows: 100 ml a water 
solution containing ZnAc (11 wt. %), AgNO3 (0.7 wt. %) 
and PVP (0.7 wt. %) was placed in 250 ml flask, which 
attached to apparatus (Fig. 1) subsequently. Then 
reaction mixture was heated for 10 min at maximum 
power. After that 50 ml of HMTA (12 wt. %) water 
solution was added quickly through the dropping 
system and the synthesis was carried out for another 3 
min. The reaction product was left to cool down to 
room temperature. The particles were collected by 
filtration and washed with distilled water several 
times. Finally, the product in form of grey powder was 
dried for 24 hours at 40 °C.  

2.3  Poly (L-lactic acid) (PLA) preparation 

The preparation of the PLA was carried out through direct polycondensation of LA and it has been 
described elsewhere [6].   A typical procedure was as follows: 50 ml of LA was added into a double necked 
flask (250 ml) equipped with a Teflon stirrer. The flask was then placed in an oil bath heated by magnetic 

Externally controlled 
microwave reactor

Condenser and 
dropping system
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stirrer with heating and connected to a laboratory apparatus for distillation under reduced pressure. The 
dehydration step followed at 160 °C, reduced pressure 15 kPa for 4 hours. After that, the reactor was 
disconnected from the vacuum pump and the relevant amount (0.5 wt. %, related to initial mass of the 
reactants) of the catalyst (Sn(Oct)2) was added dropwise under continuous stirring. The flask with 
dehydrated LA/CA/catalyst mixture was connected back to the source of vacuum (100 Pa) and the reaction 
continued up to 48 hours at the temperature 160 – 180 °C. The resulting product was allowed to cool down 
at room temperature and then dissolved in acetone. The polymer solution was precipitated in a mixture of 
chilled methanol/distilled water 1:1 (v/v). The obtained product was filtrated, washed with methanol and 
dried at 45 °C for 48 hours. The dissolving-precipitation procedure was repeated three times. Variation of 
reaction conditions allows preparation of PLA´s with various molecular weights (see ref. 6). Incorporation of 
carboxyl groups is described in our previous work in detail [7]. The basic characteristics of the prepared PLA 
matrices are shown in Table 1.  

Table 1: Characteristics of PLA matrices used for the coating of Ag/ZnO particles 

Designation Characteristics 

PLA 1 Mw =  7,500 g/mol, Mw/Mn = 1.6* 

PLA 2 Mw = 18,000 g/mol, Mw/Mn = 2.7* 

PLA 3 Mw = 35,000 g/mol, Mw/Mn = 2.0* 

PLA 4 Mw = 27,000 g/mol, Mw/Mn = 2.2*, functionalized with COOH groups,  
acidity number 30.0 mgKOH/g 

* determined by gel permeation chromatography 

2.4  PLA coating of Ag/ZnO particles 

Micro- and submicro-particles of Ag/ZnO coated with PLA 1-4 (Table 1) were prepared by the oil-in-water 
emulsion solvent evaporation technique. This method was carried out in the following way. Firstly, the 400 
mg of polymer was dissolved in 4 ml of chloroform. The resulting concentration of polymer in chloroform 
was 100 mg/ml. Secondly, the polymer solution was emulsified in water solution of various surfactant 
systems (emulsifying agent, PVA 8-88) under continuous stirring with homogenizer DI 18 basic (Yellow line 
by IKA, Belgium) at stirring speed of 24,000 rpm. The mixture was stirred for 5 min and during this period 
the forming emulsion was cooled with ice. The ratio between water solution of surfactant and chloroform 
solution of PLA was identical in all experiments (4:1). Subsequently, the obtained emulsion was 
ultrasonicated by ultrasonic probe (HIELSCHER UP 400S, Germany) for 5 min (cycle 0.5; amplitude 35%). At 
last, the prepared emulsion was transferred into the Erlenmeyer flask, stirred, and the organic solvent was 
evaporated from the emulsion under reduced pressure which finally led to the formation of particle 
suspension. After solvent removal the suspension was centrifuged three times to remove the emulsifier.  

2.5  Characterization methods 

Efficiency of the coating process and morphology of the resulting particles were observed by scanning 
electron microscope (SEM) (VEGA II LMU, TESCAN, Czech Republic). The microscope was operated in high 
vacuum mode at the acceleration voltage of 10 kV. A thin layer of Au/Pd was sputtered on all specimens 
before SEM analysis.  



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

643 

Another technique used in this study was thermogravimetry (TG). Thermal behaviour of the PLA coated 
Ag/ZnO particles was investigated by SETARAM SETSYS EVOLUTION 1200 system (Caluire, France). The 
samples were examined under helium atmosphere (30 ml/s) from ambient temperature to 600 °C  
(10 °C/min). Alumina cup was used in this study, thus second run was considered in presented TG curves.  

Antibacterial properties of the prepared systems were investigated against Escherichia coli and 
Staphylococcus aureus in a following way: 0.1 g of the sample (in form of dry powder) was introduced into 
a test tube containing 10 ml of a bacterial suspension in sterile physiological solution (108 CFU/ml) and 
vigorously homogenized for 1 min at 2000 rpm on laboratory shaker IKA MM3 (Staufel, Germany). The test 
tube was incubated at 37 °C for 24 hours. Homogenization procedure of the suspension was repeated after 
2, 4, 8 and 24 hours of the incubation. Inoculated physiological solution without presence of a sample was 
incubated simultaneously and used as a blank. The inhibition of a bacterial growth (BI) was determined by 
absorbance measurements at wavelength 650 nm. Sterile physiological solution was used as a reference. 
Each experiment was repeated three times. Antimicrobial activity was evaluated according Eq.1: 

                                             100(%)
0

0 *
	

�
A

AA
BI PLA                                                                             (1) 

where AS is absorbance of bacterial suspensions containing the sample and A0 represents a result of blank 
(bacterial suspension without sample presence).  

3.  RESULTS AND DISCUSSION 

SEM pictures of Ag/ZnO particles before and after coating with investigated PLA matrices are shown in Fig. 
2. Fig. 2 (a) reveals morphologies of both ZnO (hexagonal-like shape) and Ag crystals. The latter are 
characteristic by noticeable dimension difference (smaller than ZnO crystals by a factor of five) resulting 
from its crystal lattice structure. Significantly brighter response was observed for Ag particles due to using 
of back-scattered electron detector. Generally, coating treatment of Ag/ZnO particles led to formation of 
PLA-Ag/ZnO particles with diameters varying from 1 to 5 �m. Effect of PLA molecular weight can be noticed 
in Fig. 2 b-d. While low Mw PLA 1 (7,500 g/mol, see Table 1) provides particles with relatively spherical 
shape, deformed formations were observed in case of PLAs with Mw 18,000 (PLA 2) and 35,000 g/mol (PLA 
3), respectively.  This is evident especially in case of PLA 2 in Fig. 2 c. It could be a consequence of 
increasing hydrophobic nature of PLA matrix, which is enhanced by rising Mw. On the other hand, bright 
spots in SEM pictures reveal a presence of uncoated Ag particles, which seem to be more sensitive to 
incompatibilities of the core particle and polymer coat.  This supposition could be confirmed by the results 
obtained for PLA 4 (Fig. 2 e). PLA 4 was intentionally functionalized with carboxyl groups. It increases its 
hydrophilicity and compatibility with the coated particles consequently. Thus, occurrence uncoated Ag 
particles is significantly smaller in comparison with PLA 1-3.  
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Fig. 3 TG curves of Ag/ZnO particles coated with PLA 1 (A), PLA 2 (B), 
PLA 3 (C) and PLA 4 (D). Pure PLA matrix (PLA 3) (without Ag/ZnO 

particles) is shown as a curve (E). 

 

Fig. 2 SEM pictures of Ag/ZnO particles before (a) and after coating with PLA 1 (b), PLA 2 (c), PLA 3 (d)  
and PLA 4 (e) 

The effect of PLA matrix on encapsulation efficiency was studied by using thermogravimetry. It avails the 
fact that a polymer matrix decomposes at noticeably lower temperatures that inorganic ZnO and Ag. Figure 

3 shows TG curves of PLA- 
Ag/ZnO particles and their 
derivatives are presented in Fig. 
4. In addition, TG curve of pure 
PLA 3 is depicted in Fig. 3 as an 
example of the effect of metals 
and metallic compounds on 
thermal stability of PLA matrix, 
which is known to be strongly 
affected. In this case an onset of 
a mass loss of PLA 3 was shifted 
about almost 40°C towards 
lower temperatures due to 
presence of ZnO, which initiates 
polymer decomposition reaction. 
Other factors influencing 
thermal stability of PLA are low 
molecular fragment and catalyst 
residuals. 

While the mass loss of pure PLA (curve E) was 100 %, solid residuals were detected in case of PLA-Ag/ZnO. 
Its amount is directly connected with encapsulation efficiency. The highest content of encapsulated Ag/ZnO 

 

10 �m 

a b c 

d e 
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Fig. 4 Derivative TG curves of PLA-Ag/ZnO 
particles. Description of curves 

corresponds to Figure 3 

particles was detected for PLA 2 and PLA 3 (14.52 and 14.16 %). The sample with PLA 1 contained slightly 
lower amount of inorganic component (12.38 %). The 
lower encapsulation efficiency (content of encapsulated 
Ag/ZnO particles per mass unit of the polymer) was 
observed for PLA 4 (7.53 %). On the other hand, it is also 
necessary to consider uncoated particles, which can 
apparently increase encapsulation efficiency. As indicated 
in Fig. 2 (b-c), they are not present inside of PLA-Ag/ZnO 
particles.  

Figure 4 shows an effect of PLA matrix on their thermal 
decomposition process. It can be noticed that the 
increasing Mw leads to increasing temperature of TG curve 
inflection point, which represents the greatest rate of 
change on the weight loss curve.  It can be also noticed 
that rising Mw of PLA enhances thermal stability of the 
polymer (coat of Ag/ZnO particles). In addition, more 
complex structure lead to multistep decomposition 
process as can be observed in case of curve C. Carboxyl 
functionalization of PLA (PLA 4, curve D) provides the 
highest thermal stability from the investigated PLA 
matrices.  

The morphology of the PLA-Ag/ZnO particles significantly influences antimicrobial activity of the system 
(Table 2). Uncoated Ag/ZnO particles proved strong activity against both Gram negative (Escherichia coli) 
and Gram positive (Staphylococcus aureus) bacterial strains. Inhibition of Ag/ZnO particles were over 90 % 
in both cases. When the particles are coated with PLA matrix their inhibition activity is reduced due to 
entrapment in the hydrophobic PLA matrix. However, there are some uncoated particles left (see Fig. 2), 
which are responsible for antimicrobial action of the systems. This is obvious in case of PLA 1-Ag/ZnO. 
Inhibition activity was significantly reduced for PLA 4-Ag/ZnO, which had provided particles with the best 
quality from the shape and amount of uncoated Ag/ZnO particles point of view. SEM study (Fig. 2) also 
reveals that the observed antimicrobial activity could be predominantly attributed to Ag formations  

Table 2 Antimicrobial activity of Ag/ZnO particles coated with PLA samples (Average from three 
independent experiments presented, standard deviation was up to 10 % in all cases) 

Sample 
Inhibition of bacterial growth (%) 

Escherichia coli Staphylococcus aureus 

PLA 1-Ag/ZnO 75 69 

PLA 2-Ag/ZnO 44 58 

PLA 3-Ag/ZnO 49 52 

PLA 4-Ag/ZnO 31 35 
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4.  CONCLUSIONS 

The effect of PLA matrix on morphology, thermal and antimicrobial properties of PLA-coated Ag/ZnO 
submicro particles was investigated in this work. It was found that characteristics of PLA coat (molecular 
weight and chemical functionalization) have significant influence on efficiency of the encapsulation process 
from the viewpoint of resulting PLA-Ag/ZnO systems morphology and residues of uncoated core particles. 
These also affect antimicrobial activity of the Ag/ZnO particles, which is reduced with increasing coating 
quality of PLA. Carboxyl functionalization of the polymer was found to be important in the coating 
procedure. 
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SEASONAL VARIATION IN CHEMICAL COMPOSITION  
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Abstract 

Submicron aerosol particles in the size fraction PM1 were collected in Brno in winter and summer of 2009. 
Aerosols were analysed for both selected inorganic (ions, metals) and organic components (PAHs, hopanes 
and steranes, monosaccharide anhydrides, monocarboxylic acids). Special attention was paid to analysis of 
organic molecular markers to identify the major emission sources of aerosols.  

Local traffic in summer and coal and wood combustion during household heating in winter were identified 
as the main emission sources of aerosols. Secondary aerosol components formed a significant part of 
aerosol during the whole year. 

Keywords: Submicron aerosol, chemical composition, emission sources 

1. INTRODUCTION  

Atmospheric aerosols play an important role in a wide range of adverse impacts ranging from 
environmental problems to health damage [1]. A large number of epidemiological studies have consistently 
established a strong relation between adverse health effects and aerosol concentration in ambient air [2,3]. 
In addition, it also appears that the fine (Da < 2.5 μm, PM2.5) and submicron (Da < 1 μm, PM1) particles are 
of higher relevance than the coarse fraction. Detailed characterization of chemical composition of aerosols 
in urban areas is of prime significance for a realistic exposure assessment as well as for source 
apportionment. 

2.  EXPERIMENTS 

Aerosol particles in the size fraction PM1 were collected in Brno at balcony on the first floor of the Institute 
of Analytical Chemistry faced to Veveří Street. Aerosols were sampled every day for 24-hours over two 
weeks in winter (10.–24.2.) and summer (3.–17.8.) of 2009. Over the first week of both campaigns, the 
aerosols were collected using a high-volume sampler (DHA-80, Digitel, 30 m3 h-1) on cellulose-nitrate filters 
(150 mm diameter, 3 μm, Sartorius). In parallel, the aerosols were sampled on 47 mm Teflon filters 
(Zefluor, 1 μm, PALL Corporation) using a low-volume sampler (1 m3 h-1), consisting of a NILU filter unit 
(type 9633) and a Teflon coated aluminium cyclone inlet (URG-2000-30EH). To avoid interferences of 
gaseous pollutants (NH3, NO2, HNO3, HONO, SO2, O3, HCl, VOCs, …), an annular diffusion denuder [4] was 
placed between the cyclone and the NILU filter unit. During passing of air through the denuder, the gaseous 
interferences were efficiently removed by their collection onto a solid absorbing layer (i.e., mixture of 
Na2SO3 and activated charcoal) while aerosols passed through the denuder without any change. During the 
second week of both campaigns, the aerosols were collected using the HV sampler on quartz fibre filters 
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(150 mm diameter, Whatman QM-A). To remove organic contaminants, the quartz filters were burned at 
500°C for 24 hours before sampling. 

Mass concentrations of collected aerosols were determined by weighing filters, using a microbalance (±1 
μg; M5P, Sartorius). Filters were equilibrated before weighing for 48 hours in air-conditioned room under 
constant conditions (temperature 20 ± 1 °C, relative humidity 50 ± 3 %). 

Exposed cellulose-nitrate filters with collected aerosols were digested in nitric acid at microwave device 
UniClever (Plazmatronika) and extracts were analysed for 15 selected metals (Al, K, Ca, Fe, Mn, Zn, Cu, Pd, 
Cd, Ba, As, Pb, V, Ni, Sb) employing an ICP-MS (7500 CE, Agilent). 

Exposed teflon filters were extracted with deionized water under ultrasonic agitation and extracts were 
analysed using an ion chromatography (ICS-2100, Dionex) for the content of 6 anions (nitrate, sulfate, 
nitrite, fluoride, chloride, oxalate) and 5 cations (NH4

+, Na+, K+, Ca2+, Mg2+). 

The quarter of quartz filter was extracted with dichloromethane under ultrasonic agitation. The extract was 
derivatized with the silylation mixture (MSTFA + 1% TMCS, pyridine). The derivatized sample was then 
analyzed by GC/MS (Agilent, 7890A, 5975C) for monosaccharide anhydrides (MAs) [5]. The second quarter 
of the filter was extracted with methanol under ultrasonic agitation, the extract was derivatized with 
BF3/methanol and analyzed by GC/MS for monocarboxylic acids (MCAs). Remaining half of quartz filter was 
extracted with mixture of dichlormethane - hexane (1:1) under ultrasonic agitation. The extract was then 
fractionated by flash chromatography on a silicagel column using different solvents and obtained fractions 
were submitted to GC/MS analysis and selected particulate compounds (i.e., PAHs, hopanes and 
cholestane) were determined. 

Small parts of untreated filters (1 cm2) were analysed for organic carbon and elemental carbon (OC/EC) by 
thermal-optical transmission method (Thermal/Optical Carbon Aerosol Analyzer; Version 6.4, protocol 
EUSSAR 2, Sunset) at Czech hydrometeorological institute in Prague. 

3. RESULTS AND DISCUSSION 

Mean mass concentrations of PM1 aerosols as well as mean concentrations of OC and EC in winter (i.e., 
13.0, 4.7 and 1.5 μg/m3, respectively) were slightly higher than those during summer campaign (i.e., 11.6, 
3.8 and 1.0 μg/m3, respectively), however, season differences in the concentrations of other particulate 
compounds were mostly much higher (Fig. 1). 
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Fig. 1 Mean concentrations of PM1 aerosol components during winter and summer campaign 2009 in Brno. 

Main aerosol components (i.e., OC, EC, ions and metals) formed together 77.9% (winter) and 56.8% 
(summer) of PM1 mass (Fig. 2). OC was the aerosol component with the highest concentration both in 
winter and summer campaign. Analysed particulate ions contributed especially in winter season 
significantly to mass of PM1 aerosols (41.5%) while in summer their contribution to PM1 mass decreased to 
19.6%. Particulate nitrate, sulfate and ammonium formed the main part of analysed ions during both 
seasons. The concentration of sulfate was nearly the same both in winter and summer campaign while the 
concentration of ammonium and especially nitrate in summer campaign strongly decreased as a result of 
their volatility. The concentrations of analysed metals as well as sum of all metals were small in comparison 
with the concentrations of other particulate compounds. The highest mean concentrations in winter 
campaign were found for lead and potassium originated from combustion of wood and coal. High 
concentration of calcium in summer indicates contribution of resuspension to PM1 aerosol composition. 

The comparison of relative contributions of various aerosols components to the PM1 mass both in winter 
and summer campaign is shown in Fig. 2. High contribution of nitrate (in winter mainly), sulfate and 
ammonium ions to total mass of collected aerosol confirms important contribution of secondary aerosols 
to the composition of PM1 aerosol during the whole year. 
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Fig. 2 Relative contribution of main particulate components to chemical composition of PM1 aerosols 

during winter and summer campaign 2009 in Brno. 

PAHs (retene, perylene, benzo[e]pyrene and polycyclic aromatic hydrocarbons according to EPA list from 
fluorene up to benzo[g,h,i]perylene), MAs (monosaccharide anhydrides; levoglucosan, mannosan, 
galactosan), H-S (hopanes and sterane; 17α(H),21β(H)-hopane, 22RS-17α(H),21β(H)-homohopane, 
17α(H),21β(H)-norhopane and ααα (20R)-cholestane) and MCA (C7 – C20 saturated monocarboxylic acids, 
palmitoleic and oleic acid) were analysed as representatives of organic compounds in PM1 aerosols (Fig. 3).  
Levoglucosan, known as marker of biomass burning, was the most abundant organic compound in PM1 
aerosol in winter (220 ng/m3) while during summer campaign the highest mean concentrations were found 
for oxalic acid (86 ng/m3) and palmitic acid (53 ng/m3). The concentrations of PAHs, H-S and MAs were 
higher in winter, which indicates biomass (especially wood) and coal burning during household heating as 
their main sources. High concentration of retene (marker of conifer wood combustion) in winter proves 
burning of wood as important winter emission source. Disproportion between R- and S-isomers of 
17α(H),21β(H)-homohopane indicates different emission sources of aerosols. Much higher concentrations 
of R-isomer than S-isomer in winter identifies the emissions from coal combustion as significant winter 
emission source while similar concentrations of R- and S-isomers in summer proves local traffic as 
important summer emission source of aerosols. Equal winter and summer concentrations of ααα (20R)-
cholestane that originates solely from traffic proves comparable contribution of traffic to PM1 aerosol 
composition. Higher concentrations of monocarboxylic acids in summer than in winter results probably 
from enhanced microbial activity in soil and during summer season. 
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Fig. 3 Mean concentration of PM1 organic compounds during winter and summer campaign 2009 in Brno. 
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Abstract 

The especially inhalation chamber is constructed for chronic exposure studies of small animals to 
nanoparticles under strictly controlled conditions in frame of project „Study of transport of inhalated nano-
sized particles (Pb, Cd) and their allocation in organs“. The inhalation chamber builds from a glass and 
stainless steel and makes possible long-term inhalation procedures (up to 60 days, 24 hours/day) with up to 
four discrete groups of mice population (up to 60 individuals each) or of rats population (up to 20 
individuals each) under controlled illumination, temperature, relative humidity, doses (0.5 x 106 - 5 x 106 
particles/cm3) and size (10-60 nm) of nano-sized particles which are synthesized via aerosol route in a hot 
wall tube flow reactor using metal organic precursors.  

Keywords: Inhalation chamber, chronic exposure studies of small animals, long-term inhalation procedures 

1.  INTRODUCTION  

It is known that, fine particulate matters with a diameter of less than 2.5μm, in particular, have adverse 
effects on human health. Although humans have been exposed to airborne nano-sized particles (NSP,<100 
nm) throughout their evolutionary stages (nano-sized materials occur naturally from combustion processes 
such as forest fires and volcanoes), the industrial revolution have increased dramatically this exposure due 
to anthropogenic sources such as combustion engines, power plants, and many other sources of thermo 
degradation. The recently rapidly developing field of nanotechnology is likely to become yet another 
important source for human exposures to NSP by different routes, i.e., inhalation, ingestion, dermal or even 
injection.  

With respect to potential of health effects of NSP (e.g. Maynard, 2006) we can generalize that:  


 the nano-sized particles have a higher inflammatory potential per given mass than larger 
particles, which are chemically the same  


 NSP generated under certain occupational conditions can elicit severe acute lung injury  


 composition of particles, and specifically surface chemistry plays a decisive role in addition to 
particle size (Shvedova et al. 2004, Monteiro-Riviere et al. 2005). 

There is also the evidence from animals and human studies for translocation of inhaled NSP into the blood. 
Once NSP have been translocated to the blood circulation, they can be distributed throughout the body, 
where the liver is the major distribution site via uptake but also the other organs can be targeted (e.g. 
Geiser et al., 2010). Some nanoparticles are small enough to get inside cells (Li, et al., 2003; Oberdorter, et 
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al., 2004), and can produce neurotoxicity by generating free radical-induced oxidative stress and by altering 
gene expression (Rahman et al., 2009).  

There is plentiful literature on nanoparticle-cell interaction studies in vitro. In most of these studies the 
nanoparticles to cell ratio was far beyond 1000:1, which largely exceeds any realistic conditions (Geiser et 
al., 2010). It is the reason why in vivo data for inhaled nanoparticles is particularly important. In spite of 
this, a searching in the scientific database Scopus since 2006 using the keywords "nanoparticles" and 
"inhalation" brings more that 6000 papers, but only 294 publications deal with keyword „inhalation“, and 
19, 78, 91 and 14 publications respectively, deal with inhalation of silica, titanium oxide, carbon and silver.  

Surprisingly negligible interest is given to nanoparticules emitted within technological processes outside to 
environment, inclusive of Pb and Cd (elements, oxides) which are abundantly present in ambient particles 
(e.g. Alvarez et al., 2004). 

2.  EXPERIMENTS 

The frame of upcoming experiments:  


 construction of the especially inhalation chamber for chronic exposure long-term studies (up to 60 
days, 24 hours/day) of small animals to nanoparticles under strictly controlled conditions 
(illumination, temperature, relative humidity) 


 instrumentation for production of nanoparticles (10, 20 and 60 nm) of Cd, Pb (elements and/or 
oxides) at concentrations (0.5, 1 and 5 x 106 particles/cm3) for inhalation experiments which are 
synthesized via aerosol route in a hot wall tube flow reactor using metal organic precursors 


 concentration of particles and particle size distribution will be measured by SMPS model 3934, TSI, 
and optical aerosol spectrometer Welas 2000, Palas  


 particle characterization (morphology, crystallinity and spatial distribution of composition) will be 
performed with HRTEM - JEOL 3010, XRD - Philips JXA 50A or XPS 


 spot scan transmission electron microscopy (energy filtering TEM) will be used for study of nano-
sized particles in single mice organs 


 level of Pb and Cd in single mice organs will be measured using atomic absorption spectrometry (AAS)  


 evaluation of toxicological effects will be carried out on the basis of comparison of experimental and 
control groups of mice in the following indices: 

* metallothioneins (MT) in organs detected by electrochemical methods 

* reduced and oxidized glutathione (GSH/GSSG) detected by HPLC-ED 

* biomarkers of free radical damage in the organs detected by spectrophotometric methods 

o products of lipid peroxidation - malondialdehyde (TBARS- thiobarbituric acid reactive 
substances) 

o carbonyl derivates of proteins (protein oxidative damage) 

* antioxidant defenses as biomarkers of oxidative stress detected by spectrophotometric methods 
(superoxide dismutase - SOD, catalase - CAT, glutathione peroxidase - GPx, glutathione 
reductase – GR, ceruloplasmine) 
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* hematological profiles in mice after Pb, Cd nano-size particles exposures 


 data synthesis and extrapolation of results from “mice” inhalation studies with particles to humans  
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Abstract 

Vermiculite and bentonite belong to clay minerals, which thanks to their properties have broad industrial 
applications. Their structure may additionally serve as a suitable matrix for anchoring metal oxide 
nanoparticles, e.g. titanium dioxide (TiO2). Due to the photocatalytic properties of TiO2 induced by UV 
irradiation, the composites could be used for industrial purposes, such as additives to paints and 
construction materials, removal of organic pollutants from air and water, etc. Generally, nanoparticles may 
bring number of advantages related to their nano-dimension, however when released into environment 
they may pose several risks. Diminishing the environmental risks of nanoparticles can be achieved by their 
anchoring onto the surface of a suitable matrix. “Eco – friendly” character of developed nanocomposites is 
an important attribute and one of the tested parameters is acute toxicity to freshwater species of 
phytoplankton – green algae Desmodesmus subspicatus. The planctonic algae are important primary 
producers and play significant role in aquatic environment.  

The work deals with acute toxicity assessment of the prepared vermiculite/TiO2 and bentonite/TiO2 
composites according to the OECD 201 on algal growth inhibition test. The composites were prepared by 
hydrolysis of titanyl sulfate and analyzed using combination of analytical techniques (XRFS, Raman 
spectroscopy) allowing for chemical and phase characterization of the samples. Based on experimental 
toxicity data can say that the composites assessed not showed of inhibition of algal growth.  

Keywords: vermiculite, bentonite, TiO2, aquatic toxicity, Desmodesmus subspicatus. 

1.  INTRODUCTION 

Titanium dioxide (TiO2) is considered as the most suitable photocatalyst for decomposition of many organic 
pollutants in water and air. It can be used in various processes such as the degradation of oil spills in 
surface water systems and degradation of harmful organic contaminants as herbicides and pesticides [1]. 
The photocatalytic activity of TiO2 is influenced by its crystal structure, particle size, specific surface area 
and porosity. It was found, that TiO2 nanoparticles have a large specific surface area, and good 
photocatalytic properties because the reactions catalyzed proceed on the TiO2 surface [2, 3]. However, TiO2 
nanoparticles are of considerable concern in relation to their potential toxicity. Several studies have shown 
that isolated TiO2 nanoparticles have several toxic effects and therefore may pose environmental risk. 
Decrease of environmental risks of nanoparticles can be achieved by their anchoring to a suitable solid clay 
matrix [4]. Clay minerals, because of their low permeability, play an important role, as physical barriers, for 
the isolation of metal – rich wastes; but chemical barrier too, as a consequence of the ability of some types 
of clay minerals to adsorb heavy metals and to avoid their environmental dispersion. In this sense, the 
adsorption of heavy metals by clay minerals is quite well documented in the specialized literature. The 
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fixing of the TiO2 nanoparticles on the surface of clay matrix enables to obtain nanocomposites, which have 
photocatalytic properties after exposure of UV light. These properties are given by photodegradation 
processes on surface of nanoparticles (on which nanoparticles of TiO2 are securely anchored) [5]. 

The goal of the study was to assess the acute toxicity of two prepared composites on model aquatic 
organism. Determination of acute toxicity was performed according to the OECD 201 on algal growth 
inhibition test. Two clay minerals – vermiculite (VE) and bentonite (BE), were selected as a matrix for 
anchoring of TiO2 nanoparticles. The vermiculite/TiO2 (VETI) and bentonite/TiO2 (BETI) composites were 
prepared by a simple synthesis method using titanyl sulfate (TiOSO4). These composites were further 
characterized using X-ray fluorescence spectroscopy (XRFS) and Raman microscopy.experimental  

1.1  Samples preparation and characterization 

The vermiculite used in this work was achieved from Letovice (Czech Republic) and the bentonite was 
obtained from Ankerpoort NV (Maastricht, Netherland). For the preparation of VETI and BETI a simple 
synthesis was used. Firstly, 30g of VE (BE) clays was mixed with appropriate volume of TiOSO4 Precheza a.s. 
Přerov (Czech Republic) to give 20 wt.% of TiO2 in the final composite. Prepared suspension was stirred for 
24 hour at a constant temperature of 23 ± 2°C. After this period the mixture was heated to 80°C and stirred 
for 5 hour, and then the 90 min long hydrolysis using 150 ml of distilled water accomplished the synthesis 
of the VETI and BETI composites. The prepared composites were washed several times with distilled water. 
The obtained samples were dried at 105°C. 

Chemical composition of studied samples was determined using XRFS SPECTRO XEPOS (SPECTRO Analytical 
Instruments, Germany) equipped with 50 W Pd X-ray tube. The samples were prepared in form of fusions 
for this measurement.  

Raman spectroscopy provides information about molecular vibrations, which allows determining phase 
composition as well as identification of the sample. This technique is nowadays used in many applications. 
Smart Raman Microscopy System XploRATM (HORIBA Jobin Yvon, France) was used for this measurement. 
Raman spectra were acquired with 532 nm excitation laser source, 50x objective and using 1800 gr./mm 
grating in the range from 100 to 1000 cm-1.  

1.2  Determination of acute toxicity of VETI and BETI composites 

Algal toxicity tests on aquatic autotrophic organisms have an essential a role in evaluating newly developed 
materials introduced into practice. These tests especially serve for testing of potential effects to aquatic 
organisms. 

The determination of acute toxicity of aqueous suspensions of VETI and BETI composites were performed in 
accordance with the OECD 201. Freshwater green algae (Desmodesmus subspicatus) were used as 
detection organism. According to the OECD 201 the pH value of prepared aqueous suspension of VETI and 
BETI (both 10 wt.%) has to fall within the physiological range of 8.1 ± 0.2 and was adjusted using NaOH       
(1 mol/dm3). These experiments were conducted in duplicate and run in parallel with two controls (algal 
medium and algal cells without tested samples). Samples were incubated for 72 hour at constant 
temperature 23°C ± 2°C and under constant aeration and light conditions [6]. Algal cells density was 
measured using light microscope Olympus CX31 and Bürker counting chamber. The obtained data were 
processed using Microsoft Office Excel 2003. 
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2.  RESULTS AND DISCUSSION 

Chemical composition of VE and BE clays and the prepared VETI, BETI composites was determined by XRFS 
and the results are presented in Table 1. Chemical analysis of the VE and BE clays revealed that the 
dominant oxides are MgO, Al2O3, SiO2. The VETI and BETI composites were prepared with presumed final 
TiO2 content 20wt.%. Although the proportion of both matrices (VE and BE) was set to give 20 wt.% of TiO2 
in final composite, this value was not achieved especially at composite VETI12. This could be caused by the 
fact that not all TiO2 particles were anchored on the matrix and were washed out at composite preparation 
during the decantation step. 

Table 1 Chemical composition of VE, BE and VETI, BETI composites 

Analyte (wt.%) VE BE VETI12 BETI12 
MgO 24.220 3.108 10.990 2.232 
Al2O3 12.090 18.430 7.222 13.950 
SiO2 33.730 54.890 40.350 46.290 
P2O5 <0.001 <0.001 <0.001 <0.001 
SO3 0.022 0.309 3.875 3.675 
K2O 0.028 0.588 0.015 0,354 
TiO2 0.235 0.141 13.660 18.280 

Fe2O3 6.522 3.625 4.912 2.298 
LOI (%)* 20.100 14.000 17.000 10.700 

                   * Loss on Ignition 

Raman spectra of the composites BETI12 and VETI12 are shown in Fig.1. Only one characteristic band of 
anatase is clearly detectable at 161 cm-1 for BETI12 and 168 cm-1 for VETI12 as is evident on Fig. 1 [7]. Other 
three characteristic bands are not clearly visible because of fluorescence background of the clay [8]. 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Raman spectra of VETI12 and BETI12 composites 

Table 2 shows the experimental results of acute toxicity testing of samples using Desmodesmus 
subspicatus. Growth inhibition of green algae was not proved for prepared VETI and BETI composites. Both 
composites stimulated the growth of the Desmodesmus subspicatus. Stimulatory effects for composites 
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VETI and BETI were: 13.39 % for VETI12, 7.78 % for BETI12, therefore all the samples may be considered as 
inert to the freshwater green algae. Due to this finding we can assume that these materials should not pose 
risk to freshwater phytoplankton when used for applications such as water treatment. Nonetheless, further 
toxicity assessment on other water organisms from different trophic levels should be performed. 

Table 2  Toxicity results of the VETI and BETI composites to green algae Desmodesmus subspicatus 

Algae Sample 
Average stimulation of   algae 

growth [%] 

Desmodesmus 
subspicatus 

VETI12 13.39 

BETI12 11.78 

CONCLUSIONS 

Peaks centered at positions 161 cm-1 for BETI12 and 168 cm-1 for VETI12 observed using Raman microscopy 
demonstrated the presence of anatase phase of TiO2 in the studied samples. It was found, that both VETI 
and BETI composites did not have any inhibitory effects on Desmodesmus subspicatus growth. The extent 
of stimulation effect obtained for both composites are comparable, 13.39% for VETI composite and 11.78% 
for BETI composite.  
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Abstract 

Solid fuel combustion systems produce smoke emission, which are of health and environment concern to 
authorities and public. The particles in emission have long residence time in the atmosphere and may be 
associated with adverse health effects due to their penetration and deposition in the lower respiratory 
tract and their enrichment in potentially harmful components (e.g. heavy metals, POPs). The production of 
engineered nanoparticles has become an important sector of nanotechnology and both number of types 
and quantity of production increased significantly. Consequently, the investigation of possible health 
effects of nanoparticles started and nowadays it is a concern of several research projects.  

The measurement of nanoparticles creation during combustion in small output automatic boiler was 
realized. Distribution of particles was measured in the range 5 nm to 250 nm by FMPS spectrometer. It 
results from the experiment that during the combustion of coal, mainly larger nanoparticles (60 to 200 nm) 
are produced, and second, narrow maximum is at very fine fraction. The most represented fraction totally 
are nanoparticles with the size of about 6 nm. On the cross profile of the sampling places the nanoparticles 
are not distributed proportionally. It results from comparing the concentration of nanoparticles taken from 
two different places in the dilution tunnel, that at the end of the dilution tunnel the concentration of 
particles is approximately half that of behind the boiler. The active supply of fuel does not influence the 
total concentration of originating particles but the concentration of the smallest fraction under 6 nm is 
increased.   

Keywords: nanoparticles, emission, combustion, small output furnaces  

1.  INTRODUCTION 

At present, there is frequent discussion about problems related to nanotechnologies, nanoparticles, 
nanotoxicity, etc., concerning the areas of variances in the dimensions and concentrations of particles. 
Laws of conventional physics are in nano-scale combined with laws of the micro-world which leads to the 
behaviour of nanomaterials which may differ from the behaviour of the same materials in macro-scales. In 
professional literature, there are discussions about nanoparticles as particles where at least one dimension 
is smaller then one hundred nanometres [1]. These small particles are used for the development of 
materials and equipment with new properties. The greatest development of modern nanotechnologies has 
been reported during the last 15 years and their positive contribution to society is undisputed.  However, 
possible risks brought by “nano” issues are not often mentioned, including risks for the environment and 
for people’s health. 

However, it is necessary to take into consideration the fact that nanoparticles are also part of most natural 
processes and they have been present for a long time.  Particles with microscopic dimensions originate 
during fire, the erosion of earth, the eruption of volcanoes and other natural phenomena. In addition to 
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intentionally produced and naturally occured nanoparticles, it is possible to define the third area of the 
creation of nanoparticles as the undesired creation of small particles from anthropogenic activities 
(combustion, braking processes, friction, abrasion and degradation of materials, etc.). One potentially 
important source of nanoparticles are combustion processes using solid fuel, mainly combustion of coal in 
thermal power plants and the combustion of solid fuel in local combustion facilities. This ratio is supported 
by the existing economic situation because people have started to return to solid fuels with increased ash 
material content. From the viewpoint of the environment, the combustion of coal is a significant source of 
pollution and the history of industrial development is joint with the issue of contamination of the 
environment caused by the combustion of coal. Ensuing is the relationship between measuring methods 
and the level of knowledge about the harmful effects of emissions. In the past the monitoring of air 
pollution was limited to the measurement of the content of sulphur dioxide and solid particles, followed by 
the measurement of nitrogen oxide, and later a series of research studies have dealt with emissions of 
other pollutants. At present, during the monitoring of emissions from combustion, attention is paid to the 
following groups of substances: SO2, NOX, solid particles, volatile organic compounds (VOC), polyaromatic 
hydrocarbons (PAH) and other persistent organic pollutants (POPs) and toxic heavy metals. An interesting 
category is the solid particles when in emissions we ascertain their total content, but in imissions, only fine 
fractions of particulate matter (indicated as PM10 

a PM2,5) are measured. Some studies also show that the 
existing trend, based on the continuously increasing importance of fine fractions, will continue and will 
probably extend into the area of nanoparticles.   

Nanoparticles, thanks to their small size, are present in the air for a long time, and with small size of 
nanoparticles there can be sedimentation only after their mutual coagulation or catching on other particles 
or solid surfaces.  Many studies prove that some toxic metals and organic pollutants are concentrated on 
small particles [6] and this trend will probably continue to nanoparticles. Then, they could have a significant 
impact on human health (negative influence on cardio-vascular and respiratory systems of human body). 
The respiratory system represents the easiest way for nanoparticles to enter the human body where, after 
concentration, they may have a toxic and fibrogenous effect, and also other ways of exposure cannot be 
ignored. Moreover, in recent times, in relation to emissions and the production of nanoparticles, it is 
possible to observe discussions about the possible mutual interaction of such small particles with DNA, RNA 
and proteins [2,3]. Many studies, sometimes with controversial results, deal with the extend at which 
nanoparticles are toxic.  Nevertheless, it is possible to state now that nanoparticles can represent a serious 
risk for the human body [4], and even if nanoparticles from combustion remain in the environment for a 
long time, their combination by intentionally prepared nanoparticles may result in a synergic effect. For the 
above-mentioned reasons, the importance increases for control of small sources without the advanced 
technology for the cleaning of emissions.  For these reasons, described experiments were performed.   

The objective of the work was a pilot study containing measurements of emissions of nanoparticles from 
the automatic boiler C-100 (Benekov, CZ) combusting brown coal. 

2.  EXPERIMENTAL 

The measurement of nanoparticles from the combustion process does not represent an easy task because 
it is the procedure demanding for instrument equipment, and because the overall approach and 
performing of measurements requires both an overview and a sense for detail.  For small combustion 
sources this is twice as valid, because complications related to the measurement of nanoparticles are 
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combined with difficulties of measurement of small boilers. This is caused by the character of such small 
particles, including the possibility of their mutual influence and their behaviour which differs from common 
particulate matter; their high concentrations in combustion gases from the boiler and the consequent 
necessity to use series dilution of emissions. Other complications arise from the complex composition of 
matrix (emissions), including risk of condensing of the liquid phase and the necessity to recalculate 
emissions to standard conditions (content of oxygen).  

For measurement of nanoparticles in the ambient air and waste gas, highly sensitive devices are used 
which, due to used principles of measurement, can be used for the measurement of emissions of 
nanoparticles from small combustion sources only in combination with the diluting system. The most used 
procedure is the dilution by pre-filtered atmospheric air [5], which is, due to the great difference between 
measured values and the background (concentration of nanoparticles in the filtered air), an acceptable 
procedure. The problem is the homogeneity of the diluted mixture and the issue of the separation of 
nanoparticles by coagulation or by absorption on walls of the sampling train. 

In realized experiment we focused on finding the distribution of nanoparticles originated from coal burning 
after optimising of the combustion in the automatic boiler C-100 with the output 100 kW. Brown coal was 
used as fuel (North Bohemian mines, Bílina mine), size nut #2, and during the combustion process the 
boiler was set for the output of 90 kW. The dosing frequency of the fuel was set for period 15 seconds (15 s 
fuel dosing, 15 s timeout). The measurement was performed with the reference content of oxygen 10 %. 
Fig. 1 shows the arrangement of the experiment. One of the objectives was to evaluate whether the 
concentration of nanoparticles is influenced by the sampling train and to what extent. For this reason, a 
complex measuring system with two distant sampling points was used (see Fig. 1), with one point in front 
of the dilution tunnel and the second point at its end. 

Measurement in front of the tunnel: The first sampling place was located about 2 m behind the boiler.  The 
measurement was performed in a tunnel with the diameter of 180 mm.  

Measurement in the tunnel: The second sampling place was at the end of the diluting tunnel with a 
diameter of 150 mm. Due to the dilution, in the tunnel is a lower concentration of solid particles and 
because of the controlled output of exhaust ventilator the emissions are at a stable velocity.  The velocity 
of the combustion gases was set within the range 5 to 6.5 m/s according to the required under-pressure 
and dilution.  During the sampling the air velocity in the dilution tunnel was almost constant. In the dilution 
tunnel the concentrations of CO2 and CO, TOC, NOX, SO2, O2 were measured as well. 
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Fig. 1 Experiment – nanoparticles analysis 

Because the dilution ratio of combustion gases/air behind the boiler (Sampling point 1) and in the dilution 
tunnel (Sampling point 2) was not sufficient, the combustion gases were further diluted by means of the 
diluting device (see Fig 2). The resulting dilution factor was adjusted by the flow rate of the filtered diluting 
air and the flow rate from the dilution tunnel. The dilution in the dilution tunnel was set for 1.7 by using the 
concentration of carbon dioxide as reference value and in the dilution device the dilution ratio was 1:123 
(realized on the basis of measurement of passed volumes). A spectrometer FPMS 3091 (TSI) was used for 
the analysis of nanoparticles distribution. The characteristic data of particles are given in the form of the 
mode diameter (MD) as the most frequent size of a particle population and the total number concentration 
(TNC) as the total amount of particles over the overal measured range. The particle distribution graphs is 
organized by following way: the channel width, which is the represented particle diameter (dp) range, is 
plotted on a logarithmic scale against the total number concentration that is calculated from the measured 

number of particles (dN) 
divided by the logarithm of 
channel width (dlog(dp), 
where dp is the mobility 
diameter). After ignition of the 
boiler and the achievement of 
the set output, the dilution 
equipment was set for the 
suitable dilution ratio whereby 
the concentration of measured 
nano particles was within the 
range of measurement of the 
device.  

                                               Fig. 2 Dilution equipment 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

663 

The automatic boiler was tested on site. The lab infrastructure allows repeatable test conditions by use of 
an accurate platform scale to measure the burn cycle. The experiment lasted several hours. Samples were 
taken over stabilized cycles. On both sampling places a cross profile was measured – off-take of a sample of 
combustion gases on the sides and in the middle of the tunnel. Silicone rubber tubes were used (inside 
diameter 5 mm) to take the samples. Various lengths of sampling tubes were tested, as well as the 
influence of the length of the tube on the file concentration and distribution of particles. In addition, the 
influence of the switching of the worm (supply of fuel) on the change of distribution and concentration of 
nanoparticles was monitored. 

3.  RESULTS 

First of all combustion gases were taken from the sampling point No. 2. On the basis of the comparison of 
the concentration cross profile in the dilution tunnel it was found that the concentration of nanoparticles is 
not constant in the cross, and gradually increased from one side to the other. This phenomenon is more 
significant for the sampling point No.1 which can be explained by better mixing of combustion gases with 
the air in the dilution tunnel. The overall concentration of nanoparticles recalculated on the standard 
content of the oxygen and normal conditions varies within the range 5.06x106 to 6.25x106 particles per cm3. 
The detailed allocation of combustion gases was ascertained also at the sampling point No. 1. The total 
concentration of nanoparticles in combustion gases in this location varied within the range 9.13x106 to 
1.32x107 particles per cm3 (Tab. 1). The concentration of nanoparticles in combustion gases was 
significantly influenced also by the length of the silicone rubber tube. In the sampling point No.2 samples 
were taken by a shorter silicone rubber tube (1.5 m) (DT s1a, DT s2a, DT s3a), which was followed by the 
approximately three times higher loss of particles on the inner surface of the tube. Modus remained in 
both cases approximately the same.  

Table 1  Exhaust gases in sampling points 1 and 2, total concentration of particles and modus 

 

In sampling point 1 (before dilution tunnel) and sampling point 2 (in the end of dilution tunnel) were 
measured the cross profile in 3 points (Bs4 – Bs5 and DTs1 – DTs3). Values from DTs1a – DTs3a were 
measured with shorter (1.5 m) tube. The histograms have two the most frequent fractions which are 
expressed by modus. 

During measurement we met the problem of condensing of burnt gases in the silicone rubber tube on the 
output of the dilution tunnel. This problem will be resolved in the future. Within the analysis of the 
distribution of particles and the total concentration, the influence of the switching of the dosing equipment 
of the fuel was monitored. The dosing equipment of the fuel was switching at 15 second intervals and 

Output CO NOx SO2 TOC CO2
Total 

concentration 
(dN/dlog Dp)

Modus (the 
most frequent 

fraction)
[kW] [mg/m3N] [mg/m3N] [mg/m3N] [mg/m3N] [g/m3N] [#/cm3] [nm]

B s4 87 77.95 0.46 7.11 5.24 0.73 1.37E+07 6 ; 124
B s5 86 80.21 0.52 8.38 7.17 0.84 1.32E+07 6 ; 143
B s6 85 76.15 0.57 7.71 6.61 0.84 9.13E+06 6 ; 130

DT s1a 91 15.03 0.81 6.9 0.6 0.92 1.57E+07 6 ; 93
DT s2a 89 30.85 0.66 7.34 2.21 0.89 1.75E+07 6 ; 107
DT s3a 89 50.95 0.61 7.87 2.85 0.88 1.84E+07 6 ; 107
DT s1 71 18.65 1.49 13.2 9.33 0.17 5.06E+06 6 ; 102
DT s2 84 11.16 1.74 6.2 0.28 0.79 6.25E+06 6 ; 102
DT s3 84 63.99 0.49 7.66 2.34 0.88 5.95E+06 6 ; 100

Boiler

Sampling 
point 1

Sampling 
point 2
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approximately at these intervals a change in the size of the most frequently occurring fraction was 
monitored (modus). During the dosing of the fuel the allocation of nanoparticles and their concentration 
remained similar, only the concentration of the smaller fractions significantly increased.  It is not yet 
possible to explain the reason for this phenomenon (Fig. 3). It resulted from the histogram that the most 
represented nanoparticles are with the size under 6 nm and within the range 60 to 200 nm. 

Fig. 3 Histogram of nanoparticles distribution from sampling point 1 (Bs5) during switch on fuel dispenser 
(left) and switch off fuel dispenser (right) 

4.  CONCLUSIONS 

It results from the experiments that during the combustion of coal in automatic boiler mainly larger 
nanoparticles (60 to 200 nm) are produced, but the most represented narrow fraction are nanoparticles 
with the size of about 6 nm. On the cross profile of the sampling places the nanoparticles are not allocated 
proportionally, even at the second sampling place where a sufficient dilution and mixing with air and the 
proportional allocation of nanoparticles was expected. It results from comparing the concentration of 
nanoparticles taken from two different places that at the end of the dilution tunnel the concentration of 
particles recalculated to CO2 content  is approximately half that of directly behind the boiler, i.e. particles 
are probably caught on the walls of the dilution tunnel or are separated by coagulation. The active supply 
of fuel does not influence the concentration of originating particles but the concentration of the smallest 
fraction under 6 nm is increased. It is necessary to consider the measured values are relative due to 
possible losses in the measuring and dilution route. 

It was found that after passing through the dilution tunnel, there was a decrease in the measured 
concentrations of nanoparticles approximately by half, however, the distribution profile remained 
practically unchanged. Similarly, the distribution profile remained unchanged in the case of passing through 
a longer tube (8 m), but compared with the short tube (1.5 m) the concentration of nanoparticles 
decreased by three times. So, it seems that even if the existing level of measurement enables the 
performing of qualitative measurements (relative distribution of particles), the determination of absolute 
concentrations is still at most semi-quantitative only.  

 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

665 

ACKNOWLEDGEMENT  

This poster was elaborated within the project „Innovation for Efficiency and Environment“ (project 
registration number CZ.1.05/2.1.00/01.0036), supported by Research and Development for Innovations 

Operational Programme (RDIOP, OP VaVpI in Czech). 

LITERATURE 

[1]  Topinka, J: Je nutné studovat možná rizika nanomateriálů pro lidské zdraví? Vesmír [online]. 2011, č. 90. 
http://www.vesmir.cz/clanek/je-nutne-studovat-mozna-rizika-nanomaterialu-pro-lidske-zdravi 

[2]  Nohavica, D: Respirační a kardiovaskulární problémy související s nanočásticemi. [online]. 2009.  
http://www.nanocon.cz/data/nanocon2009/sbornik/Lists/Papers/028.pdf 

[3]  Lawton, J: Novel Materials in the Environment: The case of nanotechnology. [online]. 2008, č. 27. http://www.official-
documents.gov.uk/document/cm74/7468/7468.pdf 

[4]  The appropriateness of existing methodologies to assess the potential risks associated with engineered and adventitious  
products of nanotechnologies. EUROPEAN COMMISSION [online]. 2006,  
http://ec.europa.eu/health/ph_risk/committees/04_scenihr/docs/scenihr_o_003b.pdf 

[5]  Nussbaumer, T: Aerosols from Biomass Combustion. [online]. 2001. http://www.ieabcc.nl/publications/aerosols.pdf 

[6]  Ross AB, Jones JM, Chaiklangmuang S, Pourkashanian M, Williams A, Kubica K, Andersson JT, Kerst M, Danihelka P, Bartle 
KD: Measurement and prediction of the emission of pollutants from the combustion of coal and biomass in a fixed bed 
furnace FUEL 81 (5): 571-582 Sp. Iss. SI, MAR 2002 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

666 

THE CONDUCTIVE ADHESIVE JOINS UNDER THERMAL SHOCKS 

Ivana BESHAJOVA PELIKANOVA a 

a depth. of Elektrotechnology, Faculty of  Electrical Engineering, CTU in Prague, Technická 2, 166 27 Praha 6, 
Czech Republic, pelikano@fel.cvut.cz 

Abstract 

The work is focused on joins realised by electrically conductive adhesives. Electrically conductive adhesives 
are used as alternative to soldering technology. Lower curing temperature is main advantage of adhesives. 
But electrical and mechanical parameters are worse than for solders. Investigation of electrically conductive 
adhesives with added nanoparticles is realized to try improvement of their electrical and mechanical 
properties. The influence of thermal shocks on properties of joins realized by electrically conductive 
adhesives were analyzed. The temperature during thermal ageing is changed from room temperature to 
temperature below freezing point. Electrical resistance and non-linearity of current voltage characteristic 
were measured. Mechanical strength was measured too.  

Keywords: Electrically conductive adhesive, accelerated ageing, non-linearity of I-V characteristic  

1. INTRODUCTION 

Electrically conductive adhesives are used as alternative to soldering for realization of electrically 
conductive joins. Electrically conductive join do not be created by method of soldering in some cases. An 
example is conductive joins in LCD displays where the jointed components can be damaged by high 
temperature during soldering process. Curing temperature of adhesive is much lower than melting point of 
solder. Curing temperature of adhesives is lower than 200°C. Two component adhesives cannot be cured at 
enhanced temperature. There is possible to cure adhesive at room temperature.  

Electrically conductive adhesives with functional silver component are most widely used. Electrically 
conductive adhesives have worse electrical and mechanical properties in comparison with solder generally. 
Therefore the great attention is paid to investigation of electrically conductive adhesives at the present 
time. Experiments with adhesives with addition of nanoparticles are carried out. Aim of experiments is 
improvement of properties of joins realised by electrically conductive adhesives. 

The accelerated ageing testing is used for estimation of lifetime and reliability of electrical devices. 
Accelerated ageing at enhanced temperature is applied most frequently. But electrical devices are exposed 
to low temperatures under freezing point too. Electrical devices in automobile are typical examples of such 
devices. Changes of temperatures during operating time can cause and propagate the defect in conductive 
joins. That defect influence electrical and mechanical properties of joins. 

2. SAMPLES PREPARATION 

An example of tested sample is shown in fig 1. PCB for tested samples was designed for joining of SMT 
resistors by electrically conductive adhesive. Material of PCB is FR4 with cooper layer. The resistors 0R0 
(resistor with “zero” resistance) were used. Real value of resistance is around 16 m�. Seven resistors are 
joined to one PCB. Electrically conductive adhesives were deposited to PCB by device for inject deposition. 
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Fig. 1 PCB with SMD resistors connected by adhesive Fig. 2 Detail of adhesive joins in cross section 

Used device enable the adjusting of required quantity of adhesives by regulation of pressure and time of 
acting pressure on cartage with adhesive. Detail of adhesive join in cross section is shown in fig. 2. 

Samples were subjected to temperature cycling. One cycle include the exposition of samples at low 
temperature (190°C) during 5 second and stabilization at room temperature during 10 minutes. That 
process was repeated cyclically. Temperature was changed between two values with steep gradient.   

Four types of electrically conductive adhesives were tested. All adhesives were isotropic. Producer of 
adhesives is AMEPOX Company. One of adhesives was double component adhesive and other three were 
single component adhesives. Elpox ER 55MN is single component, electrically conductive, silver filled, 
epoxy-phenolic base resin adhesive. Adhesive is cured 20 minutes at 150°C. ECO SOLDER AX 20 is single 
component electrically conductive adhesive filled by silver. This adhesive is designed for replacement of 
traditionally tin-lead solder pastes. Adhesive is cured at 150°C and have extremely short curing time (5 – 10 
minutes). ELECTRON ER 48 is single component, electrically conductive, silver filled lacquer. Lacquer is 
cured 30 minutes at 140°C. ELPOX 656 S is double components, silver filled epoxy conductive adhesive. 
Adhesive is cured 60 minutes at 140°C.  

3. MEASURED PARAMETERS AND THEIR MEASUREMENT 

3.1  Electrical resistance 

Measurement of electrical resistance is relatively simple and quick method for testing of quality of 
electrical joins. Resistance of joins with electrically conductive adhesives is low value in order of tens m�. 
For measurement of such low values is necessary to use of four point method. Outer two terminals are 
current terminals and inner two are voltage terminals. Samples were fed by AC signal with frequency of 1 
kHz. The level of feeding signal must be low to prevent of heating of electrical join.  

3.2  Non-linearity of current voltage characteristic 

Electrically conductive adhesive is material with non homogeneous structure. Conductive particles (silver 
for example) are dispersed in isolative matrix. Thus, mechanism of conductivity in such structure is 
complicated. Distortion of feeding AC sinusoidal signal arises by passing through the non homogeneous 
structure. Distorted signal contain non zero higher harmonics.  

The method of measurement of intermodulation distortion was used for evaluation of non linearity of I-V 
characteristic. Block diagram of method is shown in fig. 3. If tested electrical component is connected to 
two generators with frequencies f1 and f2, intermodulation signal is generated by non linearity of 
component. Frequency of that signal is given as:  
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Fig. 4 Measurement of compressive  
force 

21 fmfnf ����                                                                                                                                       (1) 

where frequency f1 = 150 kHz, frequency f2 is ranged from 4.1061 MHz to 4.1066 MHz, n and m are positive 
integral numbers representing multiplies of frequencies and n = 2 and m = 1. Intermodulation product of 
third order of harmonics of voltage was evaluated by spectrum analyzer.  

 

 

 

 

 

 

 

 

3.3  Mechanical strength 

PCB and joined electrical component can have different 
coefficient of linear expansion. Mechanical stress is arisen at 
temperature changes. Mechanical stress leads to cracks. The 
compressive force necessary to pull off of SMD resistors from 
PCB was measured.  

Principle of measurement is shown in fig. 4. Increasing 
defined force is pushed on resistor until do not separated 
from PCB. Samples for mechanical testing were special 
modification. Gaps on PCB under the resistor are drilled for 
passing of spine of measuring device. 

4. RESULTS AND DISCUSSION 

4.1 Electrical resistance 

Electrical resistance was measured for each join 
between PCB and resistor separately. That means the 
14 measurement was realized on one samples PCB with 
7 resistors. Dependence of resistance on number of 
temperature cycles for all measured adhesives is shown 
in fig. 5. Values for adhesives ER 55MN and ER 48 are 
small in comparison with others. Graph for detailed 
analysis of adhesives with low resistance is shown in 
fig. 6.  

 

Fig. 3 Scheme of measurement of non linearity of I-V characteristic 

Fig. 5 Dependence of electrical resistance 
on temperature cycling 
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Dependencies of resistance have increasing tendency 
according the expectation. Difference is in gradient of 
decrease of dependence for separate adhesives. 
Lowest decrease of values of resistance during 
temperature cycling we can observe at adhesive ER 
55MN. Value of resistance change about 27% after 100 
cycles compared to beginning of cycling. Highest 
change of resistance is at double component adhesive 
ER 656 S. Value of resistance after 100 cycles is 
approximately 25 times higher than value at the 
beginning of cycling. 

4.2  Non-linearity of current voltage characteristic 

Intermodulation distortion was measured not for each 
join separately but for system of two adhesives joins, 
SMD resistor and cooper path on PCB. The dependence of non linearity of I-V characteristic expressed in 
voltage of third harmonics on temperature cycling is shown in fig. 7. Values of voltage for adhesives ER 48 
and ER 55MN are shown in more fine scale in fig. 8. Values for ER 55MN are multiplied by 10 in that graph. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Increasing tendency of dependence is expected. Such tendency is possible to observe for adhesive ER 48. 
Very low value of voltage is at the start of cycling. Rapid increasing come after first 20 cycles. Values of 
voltage for adhesives ER 55MN and AX 20 are increased first and then are stabilized after certain number of 
cycles. Value of voltage after approximately 50 cycles is higher 3 times (ER 55MN) and 4.5 times (AX 20) 
compared to beginning of cycling. Values changed minimally with next cycling. Specific behavior has 
adhesive ER 656 S. Value of voltage rapidly increase during first 40 (almost 300 times). After next cycles the 
values are decreasing. Value of voltage after 100 cycles is reached almost starting value. 

 

Fig. 6 Detail of dependence of electrical 
resistance on temperature cycling for small 

values 

Fig. 7 Dependence of third harmonics voltage  
on temperature cycling 

Fig. 8 Detail of dependence of third harmonics 
voltage on temperature cycling for small values 
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4.3  Mechanical strength 

The dependence of force necessary to pull off of resistor 
on number of temperature cycling is shown in fig. 9. 
Force is decreased with higher numbers of cycles. Force 
is almost same at beginning of cycling for all three single 
component adhesives. Values of force at beginning is 
ranged between 10 N and 15 N. More than double value 
of force is necessary to separate of resistor connected 
to PCB by double component adhesive ER 656 S at start 
of cycling. Force is decreased about to half value after 
first 20 cycles and then is changed not very 
dramatically. Small changes of force with number of 
cycles we can observe for adhesives AX 20 and 
ER 55MN. Big decreasing of force with increased 
number of cycles is occurred for adhesive ER 48. 
Resistor was break away by weight of spine soon after 
beginning of cycling.  

5. CONCLUSION 

The behaviour of adhesives during temperature cycling does not same at all tested electrically conductive 
adhesives as indicate analysis of results. That fact is possible to observe at results from measurement of 
non linearity of I-V characteristic. Method of non linearity measurement is very sensitive to structural 
changes in material. Temperature cycling at low temperature is leading to stabilisation of structure after 
few cycles probably. It indicate the result of non linearity for adhesive AX 20 and ER 55MN especially. 
Specific behaviour indicates the results for double component adhesive ER 656 S. 

Mechanical test for force measurement is destructive method in comparison with measurement resistance 
and non linearity. Thus new samples are necessary for each measurement. That causes the certain 
fluctuation of values of force in dependence on temperature cycling probably. 
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Fig. 1 The photo of experimental device 

THE INFLUENCE OF PLASMA TREATMENT ON ADHESIVE QUALITY OF SILVER NANOPARTICLES 
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Technical university of Liberec, Studentská 2, Liberec 460 01 
Centre for Nanomaterial Research, Palacký University, 17, Listopadu 50, Olomouc 

Abstract 

Textile materials have high porosity, high interior surface, along with high strength and structure flexibility 
therefore they are important from technical point of view. Textile materials are ideal carriers of 
nanoparticles whereas catalytic or barrier effect of these nanoparticels can be synergic advanced. The 
immobilization and fixation of this on textile surface are the main problems in application. 

Plasma technology performed under atmospheric pressure is used to modify the chemical structure and 
also topography of the surface of the material. Fields of application can be: desizing, funcionalizing, and 
design of surface properties of textile fibers.  

Dielectric barrier discharge is broadly used for atmospheric pressure treatment of large movable materials. 
Surfaces of textile fibers can be modify with dielectric barrier discharge without modifying the bulk 
properties. 

The influence of plasma treatment on sorption of silver nanoparticles from liquid on textile was tested in 
this study. The samples were treated by diffuse coplanar surface barrier plasma discharge (DCSBD). 
Changes in chemical structure were observed by FT-IR. 

Nanoparticles were applied on surface from the solution. The antibacterial effect of silver was tested 
against Escherichia coli. The surface of fibres with nanoparticles was observed by scanning electron 
microscope (SEM).  

Keywords: textile materials, silver nanoparticles, plasma treatment,  

1.  EXPERIMENT 

Fibers were treated by 
means of the plasma source 
of Diffuse Coplanar Surface 
Barrier Discharge (DCSBD). 
Model of used equipment is 
DSCBD A4-LIN, which means 
that is device with linear 
displace working at 
atmospheric pressure. The 
power of generated discharge 
was 300 W and frequency 15 
kHz (figure 1). 

Before plasma treatment 
fibers were rinsed twice in isopropyl alcohol. Fibers were exposed to plasma ranging from 3 to 30 seconds. 
In this case the air was the operational gas. 
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Nanoparticles were applied on surface from the solution. The antibacterial effect of silver was tested 
against Escherichia coli.  

The structure and the appearance of fibres surfaces were observed with using of scanning electron 
microscope (SEM) on device VEGA. The alternative method to value fibre surface is infrared spectroscopy. 
For this analysis we used device FT-IR Spectrometer One by Perkin Elmer – ATR Technique on ZnSe crystals. 

2. RESULTS 

2.1  SEM results 

Morphological changes in the surface of the fibers after the application of plasmas in air are not visible. 
Influence of plasma no significant morphological changes in the fibers (figure 2). 

Figure 3 shows the influence of plasma on the adhesion of silver nanoparticles on the fiber surface. The 
plasma modified fibers are trapped more particles of silver. 

 

 

 

 

 

 

 

 

 
Fig. 2 Cotton  a) plasma untreated  and  b) plasma treated 30s 

 

 

 

 

 

 

 

 

 

Fig. 3 Cotton with silver  a) plasma untreated  and  b) plasma treated 30s 

 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

673 

2.2 FTIR results 

Measurement was done by use of FTIR (PERKIN-ELMER). Primary objective of experiment was to describe 
changes of chemical bonds and formation of new chemical groups after the treatment. 

There were found no expressive changes of chemical structure in this case. 

 
Fig. 4 The influence source of plasma on chemical changes in the structure of cotton fabric 

The antibacterial effect results 

The antibacterial effect of silver was tested against Escherichia coli. The figure 5 shows a sample containing 
the antibacterial effect of silver. 

 
Fig. 5 The antibacterial effect a) plasma treated with silver and b) plasma untreated without silver 

3. CONCLUSION 

Plasma modification increased the amount of silver on the fiber surface. These particles mounted on the 
surface increased antibacterial activity against Estericha coli. The results show a positive effect on the 
plasma increase the amount of silver nanoparticles and an increase in antibacterial effect. 
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Abstract 

Nanostructured nickel oxide layers (thickness cca 100 nm) were prepared by bombardment of nickel foil 
with ion beam created from a mixture of argon and oxygen. Different volume ratios of argon:oxygen 
mixture were used, ranging from 4:1 to 1:3. Composition of the resulting layers was analyzed by RBS, 
morphology by AFM and main crystal orientation of the sample by XRD. The electrophysical properties 
(resistivity, concentration of charge carriers) were measured by four point Van der Pauw technique and Hall 
measurement respectively. Prepared samples were characterized in as-deposited state and after annealing 
with varying temperature of treatment.  

Chemical composition (i.e. stoichiometry) of the as-deposited samples with different argon:oxygen ratio 
was related to their electrophysical parameters. Hall measurements are showing majority charge carriers to 
be electrons - surface concentration (0.5 - 2.3) x 1021 m-2 - suggesting prevailing metallic conductivity. 
Resistivity of the sample is increasing with higher amount of oxygen in gas mixture. The as-deposited layer 
is almost amorphous with no visible grains on AFM. 

Comparison of the as-deposited and annealed sample is presented. Annealing of the sample causes 
reorganization accentuating several crystalline orientation planes hence suggesting polycrystalline 
structure is formed. Annealing process also leads to significant increase of the layer transmittance. 

Keywords: Nickel oxide, Ion Beam Sputtering, Van der Pauw 

1.  INTRODUCTION 

Nickel oxide due to its interesting electric and magnetic properties is a extensively studied material. 
Catalytic activity of Nickel oxide makes it promising material as a functional sensor layer for gas sensors [1]. 
Various preparation techniques are used for fabrication, such as pulsed laser deposition [2,3], atomic layer 
epitaxy [4] or magnetron sputtering [5]. Properties of prepared structures were studied with conclusion 
that that the preparation method and the deposition parameters play an important role in the physical 
properties of metal-oxide based gas sensors. Our research is aimed at preparation and characterization of 
the NiO layers prepared by ion beam sputtering. 

2.  PREPARATION 

Samples were prepared by Ion Beam Sputtering (IBS). 1 mm thick nickel foil (99,99%) was bombarded by 
ion beam composed of a mixture of argon and oxygen.   

Different ratios of Ar : O2 were used - 4:1, 3:1, 2:1, 1:1, 1:2, 1:4, and the test sample was prepared using 
pure oxygen. However, the utilization of oxygen as an only gas significantly reduces the lifetime of the 
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Fig. 1 The resistivity of the as-deposited 
samples with different mixture ratios 

cathode wire (Tungsten), from tens of hours to tens of minutes. The substrates were Si (1 0 0) and glass 
plates. Samples were annealed at 400°C and 600°C in air for 5 hours.  

Extraction voltage:      25 kV 

Ion beam current:        400 mA (without secondary emission) 

The layer thickness: ~  100 nm.  

3.  RESULTS AND DISCUSSION 

3.1  RBS characterization 
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Composition of the prepared nanolayer was measured by the RBS (Rutherford Back-Scattering) technique. 
Measurement was performed using an incident beam of the 2 MeV alpha particles with a nominal current 
10 nA and a fluence 5 mC. 

Samples were deposited on the silicon substrate and thin PE foil as well. The PE foil enabled to analyze O 
presence and its content; at the NiOx/Si samples the low O content was not possible analyze due to high 
background from thick Si buffer.  

The RBS analysis confirms that oxygen is incorporated into the Ni layer. The incorporation proceeds during 
the sputtering using a mixture of argon and oxygen. 

3.2  Resistivity 

Resistivity of the prepared samples was measured by 
the 4-point Van der Pauw method. For this 
measurement, samples were deposited on the glass 
substrate (15x15 mm).  

The resistivity of the as-deposited samples (fig. 1) shows 
that the oxygen concentration in the gas mixture leads 
to an increase in resistivity of the NiOx layer. Lower 
oxygen concentration, however, does not significantly 
influence NiOx resistivity. Major charge carriers were 
measured to be electrons with surface carrier 
concentration (0.5 - 2.3) x 1021 m-2. It suggests prevailing 
metallic behavior of the deposited NiOx layers. Annealing 
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for 5 hours at 600°C causes a significant increase in the resistivity (see table) : the resistivity of the annealed 
sample is almost 6 orders higher  than that for the as-deposited one. 

Table 1 Results from resistivity measurements of the annealed samples 

Ratio Ar:O2 As-deposited 400°C for 5 h 600°C for 5 h 

2:1 48.56 Ω 4.08 MΩ 9.17 MΩ 

1:2 56.42 Ω 1.99 MΩ 2.50 MΩ 

3.3  Surface 

  
Fig. 2 Comparison of the as-deposited and annealed sample (600°C) for the ratio 1 Ar : 2O2 

Observed parameters were: 

Table 2 AFM results - observed parameters 

 Ratio Ar:O2 RMS Roughness Grain size 

As-deposited 2:1 0.58 nm 25-35 nm 

600°C for 5h 2:1 3.4 nm 30-60 nm 

As-deposited 1:2 0.23 nm 20-25 nm 

600°C for 5h 1:2 5.85 nm cca 40 nm 

AFM shows uniform grain formation after the annealing. The structure transformation correlates 
with observed change of electrical properties. 

3.4  Structure 

 

 

 

 

 

 

 

 

Fig. 3 XRD results for the ratio Ar:O2 – 1:2 
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XRD measurements show quasi-amorphous structure of the as-deposited samples. After annealing the 
deposited layers become polycrystalline: several strong NiO XRD peaks appear in the spectra of the 
annealed samples. 

4.  SUMMARY 

Ion beam sputtering was exploited for fabrication of the NiO layers. Effects of the gas ratio and the post-
deposition annealing on structure and electrical properties of the layers have been studied. It was found:  


 As-deposited layers compose mainly of amorphous nickel oxide. Higher content of oxygen results 
in higher resistivity of the as-deposited layer. 


 High-temperature annealing induces abundant growth of the nickel oxide grain in the layers. 
The layer produced with higher content of oxygen includes uniform NiO grains with size of about 
40 nm. In contrast the NiO layer produced with lower oxygen content includes various NiO grains 
with size range of 30–60 nm. 


 There is evident correlation between structure and electrical properties: the sample containing 
larger grain (deposited with lower oxygen content) possesses higher resistivity. 

This study shows the attractive opportunity of the ion beam sputtering method to produce NiO with 
controlled nanostructure which is very important for sensoric application of the material. 
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Abstract 

A study of the magnetocaloric effect (MCE) effect (using the direct method) and microstructure (using 
atomic force microscopy) has been carried out on the single crystals and melt-spun alloys of NdCo5 

intermetallic compounds. The statistical model was proposed to explain and estimate of the value MCE, 
caused by the rotation of the magnetization vector of the melt-spun alloys. 

Keywords: Magnetocaloric effect, melt-spun alloys, atomic force microscopy 

1. INTRODUCTION 

Recently, the study of the magnetocaloric effect (MCE) of the well known RCo5 (R -rare-earth element) 
compounds have been significant interest in its possible exploitation in magnetic refrigeration and 
crycooling systems. The ferrimagnetic  rare-earth Co - rich intermetallics  exhibit the strong exchange 
interaction between the two magnetic sublattices (R and Co), and a strong magnetocrystalline anisotropy 
provided by the rare earth 4f electrons. Due to these characteristics, some of these compounds have been 
used as high-coercivity permanent magnets (e.g., SmCo5 compounds) that have high temperature stability. 
In addition, RCo5 compounds have a wide variety of magnetic phase transitions, which makes them an 
object of significant attention of researchers. The giant values of the rotating MCE of the NdCo5 compounds 
in the spin-reorientation region have been found for the first time by S.Nikitin et al [1]. The NdCo5 
compound possesses the high values of the magnetic anisotropy energy and magnetic moment. The NdCo5 
compound demonstrates two spin-reorientation regions at TSR1=245 K and TSR2=285 К. Investigations of the 
influence of the size factor on the MCE of NdCo5 in the spin-reorientation region are of great interest. 

2.  EXPERIMENTAL DETAILS 

The original NdCo5 alloy was produced by the induction melting method in an argon atmosphere. The 
synthesis method allowed us to get coarse-grain ingots. The samples were received from the alloys and 
were authenticated by the methods of x-ray structural and x-ray phase analyses, as well as by optical 
metallographic methods. 

At the first stage of the sample authentication, the x-ray diffraction structural analysis of the alloys was 
performed. The diffractgrams were taken with the DRON-3M using К -Cu radiation. The analysis of the 
diffractgrams of the NdCo5 alloys confirms that the object of study is characterized by the hexagonal CaCu5 
- type structure (P6/mmm). The x-ray phase analysis showed that the alloy does not contain second phases; 
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i.e., it is a single-phase alloy. The melt-spun alloys were received using the method of rapid quenching, on a 
fast-rotating copper disk with a linear rotation speed of 15 m/s. As a result of fast cooling, the scale-like 
nanostructure presented in Fig. 1 was received. The nanostructure of the melt-spun NdCo5 alloy was 
investigated using the methods of atomic force microscopy (AFM).The MCE was measured by a direct 
method. A temperature change of a sample under adiabatic magnetization was determined by the copper-
constantan thermocouple. The measurements were taken in the temperature range of 280-700 K in a 
constant magnetic field of up to H=18.5 kQe.   

3. RESULTS AND DISCUSSION 

The images of the surface of the melt-spun NdCo5 alloy, received using the AFM methods, are presented in 
the Figs.1. As we can see from these images, the grains with the linear size of 100 nm were formed as a 
result of fast cooling of the liquid alloy.  

 
Fig. 1 The AFM image of the microstructure of the melt-spun NdCo5 alloys. 

Fig. 2 shows the temperature dependence of the magnetocaloric effect MCE measured in the NdCo5 single 
crystal along booth the hexagonal c-axis and the a-axis which lies in the basal plan. One can see that the 
MCE values strongly differ from each other. The giant MCE values caused by the rotation of the 
magnetization vector were observed in the spin-reorientation transition (SRT) range. It was caused by the 
high values of the magnetic anisotropy energy [2] and spin-reorientation transition [3], in the area of which 
we observed a considerable change of the anisotropy constant values with temperature.  A giant rotating 
magnetocaloric effect of 1,6 K, caused by rotation of the magnetization vector was discovered in the NdCo5 
single crystal for the first time by S.Nikitin et al [1]. The measurements of the MCE on the melt-spun alloys 
of the NdCo5 compound were carried out (see Fig. 2) in order to determine the influence of the 
dimensional factor on the MCE value and on the temperature of magnetic phase transition. As it is seen 
from Fig. 2, the MCE of the melt-spun alloys is significantly lower than the MCE measured on the NdCo5 
single crystal along the a-axis, but at the same time it is significantly higher than the MCE measured along 
the c-axis. An attempt was undertaken to explain the nature of these phenomenon using the obtained 
results. Based on these results, we can to assume that the total MCE is determined by the average MCE 
value of all separate nano-dimensional grains with different orientations of the c-axes. In order to describe 
and to estimate the MCE value of the melt-spun NdCo5 alloys, a statistical model was proposed. It 

0.5х0.5 μm 1х1μm 
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describes the temperature dependence of the MCE magnetic material, which consists of a large number of 
grains with different orientation of the magnetic moment. If all directions of the hexagonal c-axis of the 
nano-dimensional grains in space are equally possible, then the density of the possibility in all directions is 
the same and equal to:  
 

where � - the angle between the vector of the magnetic field H and hexagonal c-axis, . - the angle 
between the projection of the vector of the magnetic field H on the basal plane and the a-axis. Therefore, 
the average MCE value of a magnetic material of this kind may be found as the mathematical expectation 
value of the function of the MCE value distribution from the direction easy axis of nanoparticles in space in 

relation to a magnetic field, i.e. ),( .��T .The function ),( .��T  can be determined by the 
approximation of the MCE angle dependences from [1]. The results of the calculations are shown in Fig. 2 
by the solid line. 

Fig. 2 The MCE of the NdCo5 single crystal measured along the c- and a-axes,  
the MCE of the melt-spun NdCo5 alloy, and the calculated average MCE value. 

The graph shows that the curve calculated as the average MCE value (solid black line) well coincides to the 
experimental data received on the melt-spun NdCo5 alloys (Fig. 2). This confirms that the MCE of the melt-
spun alloys is determined by the average value of separate nano-dimensional grains, and the melt-spun 
alloys are isotropic magnetic materials. Besides, based on the conducted analysis, we can conclude that the 
grain size of ~100 nm is not sufficient to significantly influence the MCE value in the spin-reorientation 
region. 
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4.  CONCLUSIONS 

The investigations of the MCE and the nanostructure of the melt-spun NdCo5 alloys were carried out. It was 
shown that the melt-spun NdCo5 alloys are isotropic magnetic materials, and the MCE of the given alloys is 
determined by the average MCE value of different grains. 
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Abstract 

Single beam optical trap (also known as optical tweezers) is created by a laser beam that is tightly focused 
by microscope objective with high numerical aperture. A dielectric particle in water medium is then 
dragged by optical forces to place of the highest optical intensity, i.e. to the laser beam focus. Photonic 
force microscopy (PFM) is a technique that utilizes optical tweezers for confining the local probe, usually a 
dielectric particle of a sub-micron diameter. I.e. PFM belongs to the of large family of scanning probe 
microscopy (SPM) techniques. We have used fluorescently labeled polymer sphere in order to conveniently 
measure the distance between the particle center and the focal point of the laser beam. To make the 
measurement more precise, we have measured two-photon-fluorescence, which is quickly decreasing with 
the probe-focus distance. Standard PFM setup was enhanced by acousto-optical deflectors in order to 
generate two traps by a time-sharing technique – two probes were held in two different places by rapid 
switching of the trap positions. Therefore, the probes were not able to escape from the trapping region 
during short time of trap inactivity. By scanning the surface with probes separated several micrometers, we 
measured profile almost two times faster than using classic technique. We were able to obtain surface 
topography of microscope cover slip covered with objects as small as 60 nm in diameter.  

Keywords: photonic force microscopy, scanning probe microscopy, two-photon fluorescence, time-sharing 
traps 

1.  INTRODUCTION 

1.1  Optical trapping 

Optical trapping is a popular technique widely used in medical science[1], microbiology or surface 
analysis[2-4]. It utilizes optical forces originating in a laser beam to confine or manipulate particles of sizes 
between tens of nanometres to tens of micrometres that are soluted in liquid medium (usually water). 
While the radiation pressure pushes microparticles in the direction of light propagation, the gradient forces 
originating in strong beam inhomogeneity tend to pull dielectric objects of higher refractive index than 
surrounding medium to places of the highest optical intensity. These forces reach upto hundreds of pN and 
they can be used to three-dimensional fixation of particle position. 

The most popular experimental set-up is so-called single beam trap (SBT), where high gradient of optical 
intensity is created by a strongly focused laser beam with microscope objective with high numerical 
aperture[5]. In this case, the scattering and gradient forces  create an equilibrium position located slightly 
beyond the focal point of the laser beam. For a slight deflection of the particle from this equlibrium 
position, forces can be considered as a Hookean spring and approximated by Fj = –Wj.�xj, where Wj is the 
trap stiffness and �xj is the particle deflection. Trap stiffnesses are generally different in each of the 
coordinate axes. Thus, with proper particle position detector, it is possible (after calibration of the optical 
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forces) to use the SBT to perform precise measurement of piconewton-sized forces[6,7], or, in this 
application, to perform surface relief measurements. The main advantage of using optical forces instead of 
the mechanical cantilever for holding the probe is the possibility to measure surfaces which can not be 
accessed directly, e.g. hollows and cavities. 

Position sensing can be performed many ways, including quadrant photodiode placed in back focal plane of 
the condenser lens[8], video particle tracking using pattern detection techniques[9], or mapping the 
fluorescent intensity[10]. The first two methods are slightly difficult to use in PFM, since we want to map 
reliefs of rough samples and the probe image or interference pattern are disturbed by the surface 
inhomogeneities. For such reason, we decided to use a fluorescently-bulk-dyed polystyrene sphere as a 
probe and a photomultiplier tube (PMT) as a position detector. Since we used the near-infrared laser to 
trap the probe and red fluorescent dye, the two-photon-fluorescence (TPF) took effect in this case. The 
distance between the probe and focus of the laser beam directly corresponds with the TPF intensity. Since 
the optical trapping requires strongly focused laser beam, the TPF signal (directly proportional to the 
square of optical intensity) drops fairly quickly with the distance from the focus. Utilizing this effect is more 
sensitive than employing single-photon-fluorescence for the task. The TPF position sensing does not 
distinguish between lateral and axial displacement of the probe from equilibrium position. However, the 
lateral forces in the SBT are about five times higher than axial ones in a common set-up, so the unwanted 
crosstalk can be considered negligible. The usage of this position detection method is limited by so-called 
photobleaching – irreversible photochemical changes to the fluorescent dye, which causes exponential 
decay of the TPF signal in time. Speed of scanning is therefore crucial parameter of PFM with TPF position 
detector. 

1.2  Photonic force microscope 

PFM is based on SBT with the probe position detection system that is completed with some sort of sample 
positioning mechanism. Because high precision movement of the sample is necessary, the most convenient 
devices are piezostages with some loop-back control, which can reach positioning repeatability in the order 
of units of nanometers. The probe is in contact with measured surface and pulled from the equilibrium 
position hundreds of nanometers away (but still held firmly in the optical trap). The axial distance between 
the probe and the trap changes with lateral movement of the sample, as the probe copies the surface 
relief. By recording TPF level, it is possible to measure this distance and, thus, the height changes of the 
sample surface. Since it is necessary to calibrate the position-signal function, three-dimensional movement 
of the sample is essential. 

To omit the unwanted photobleaching effect, we have to minimize measurement time. One of the 
possibilities is to use two probes simultaneously and connect scanned areas during post-processing of 
experimentally obtained data. It is possible to trap several particles into traps created by laser beam 
divided with diffraction optical element or more sophisticated computer generated hologram. However, it 
is difficult to distinguish between position signals from particular probes by using these techniques. 
Therefore, we employed so-called time-sharing traps using acousto-optics deflectors (AOD). Position of the 
SBT is switched between two positions so rapidly, that the particle is not capable of escaping from trapping 
region by Brownian motion. The critical condition for switching frequency can be expressed as [11] 
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where k is Boltzmann constant, T is temperature of the medium, a is probe radius, X is probability of 
particle not escaping further than na distance from the trap for the time 1, when it is not confined by the 
laser beam, and L is viscosity of the water medium. In our case, sufficient repeating frequency was 200 Hz. 

2.  EXPERIMENT 

2.1  Description of apparatus 

The apparatus was built around upright microscope Olympus BX50. Optical trap is created by strongly 
focused infrared beam coming out of all-solid-state Nd:YAG laser (Nd:YVO4, Spectra Physics T20-B100-
106Q; �=1053 nm, maximal power 4W). The laser beam with diameter 2 mm is deflected by acousto-
optical deflector (Isomet 1205C-2-804A) and expanded by two telescopes (2.75 mm x 8 mm and 60 mm x 
180 mm) to overfill the entrance aperture of microscope objective. The objective is infinite distance oil 
immersion type with high numerical aperture (Olympus Ach 100x, N.A. 1.25 Ph). The measured surface is 
attached to the top side of the sample chamber filled with mixture of water, probes and spacers. Spacers 
are bigger polystyrene spheres (diameter 15 �m) that are used to define sample thickness. As a probes, we 
have used red dyed polystyrene microspheres of 200 nm and 820 nm in diameter (R200 and R800, Duke 
Scientific).  

Fig. 1 Experimental apparatus. See text for close description  
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The red fluorescent has maximum excitation at 542 nm (nearly half of the trapping laser wavelength) and 
emits red light at 612 nm. The excited light is collected by the objective again and passes dichroic mirror, IR 
blocking filter and tube lens to PMT (R1527, Hamamatsu). Sample chamber is connected to three-axis 
nanopositioning stage P517.3C (Physik Instrumente) equipped with capacitive sensor. The sample position 
can be set with precision upto 5 nm laterally and 1 nm axially in closed loop operation. Whole experimental 
procedure is computer controlled. Piezostage was moved via 18-bit DA card (custom made at ÚPT AV ČR, 
v.v.i.), AOD and PMT were served by multifunction AD/DA card Computer Boards (PCI-DAS 4020/12). All the 
measurement software was written in Microsoft Visual C/++ to achieve maximal efficiency and speed of 
time critical operations. 

2.2  Experimental procedure 

The procedure is based on the single probe PFM measurement [12]. Two polystyrene probes are confined 
in two time-shared optical traps separated by 2.5 �m and they are in contact with the measured surface all 
the time during scanning. In the beginning, two time-sharing traps are created by switching the diffraction 
grating on AOD with 200 Hz frequency. After trapping two probes into both traps, the probes are pushed 
from the equilibrium position more than 0.5 �m by the measured surface. Then, the measurement 
procedure follows, during which PMT signals from particular probes are strictly resolved . The 
measurement procedure can be summarized in following steps: 

1. Vertical calibration. The sample is moved 500 nm vertically with 20 nm steps and TPF levels are recorded. 

2. Circumference scan No. 1. The active region’s border is scanned with the probe for future elimination 
of photobleaching. Both TPF level and exact time is recorded in each point of circumference. 

3. Area scan. The whole active region is scanned and averaged value from several tens of TPF values are 
recorded from each point. 

4. Circumference scan No. 2.  

After those steps postprocessing of the measurement takes place. The fluorescent photobleaching is 
supposed to have exponential character. Interpolated value of photobleaching constant is acquired for 
each point of measured surface and TPF value for each point of surface is re-calculated for the same time 
t0. Finally, the vertical calibration is recalculated to t0 and areas scanned by both probes are concatenated 
to the final surface profile. 

2.3  Experimental results 

 

 

 

 

 

 

Fig. 2 Estimated resolution of the method. Series of 4 vertical scans with 1 nm step over 25 nm was 
performed and resolution bettern than 10 nm was obtained 
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Fig. 3 Example of vertical calibration of the probe position to TPF signal level 

 
Fig. 4 Two circumference scans with the first probe.  

The photobleaching decay of TPF signal level is clearly visible 

  

 
Fig. 5 Result of PFM scan of cover slip with dried clusters of polystyrene spheres of diameter 200 nm. The 
probe used for the scan was R800 (Duke Scientific) with nominal diameter 820 nm. Partial scan from two 

probes (left part of image) were concatenated into resulting image of larger area. Partials scans were 
overlapping, probes' distance was 2 �m. 
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CONCLUSIONS 

Scanning probe microscope with two optically held local probes was used to scan surface with submicron 
details. Simultaneous trapping was performed by time-sharing technique. The surface profile was obtained 
by measuring probes' axial position via two-photon fluorescence excited by the trapping laser beam. This 
way of particle position detection is sensitive enough to get surface details with 10 nm resolution. The 
advantages of PFM over techniques employing mechanical cantilever is possibility to measure profiles of 
transparent surfaces without direct mechanical access (cavities) and surfaces of soft biological samples – 
the optical forces are two orders of magnitude lower than that of AFM probe. Disadvantage is that 
measuring probe is disturbed by Brownian motion which disables acquisition of surface topology with 
higher precision. 
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Abstract 

We present techniques oriented to improvement of precision in incremental interferometric 
measurements of displacements over a limited range where the atmospheric wavelength of the coherent 
laser source is either directly stabilized to a mechanical reference or is corrected to fit to the reference. This 
may represent a reduction of uncertainty linking the laser wavelength not to indirectly evaluated refractive 
index but to the setup mechanics which cannot be completely eliminated. Here we suggest an approach 
where the traditional interferometers are replaced by a passive Fabry-Perot cavity with position sensing 
using an intracavity transparent photodetector..  

Keywords: Refractometry, nanopositioning, interferometry, nanometrology 

1.  INTRODUCTION 

Interferometric measuring techniques with a highly coherent laser source have 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. The overall concept is based on a 
highly stable laser source with stabilized optical frequency representing a standard of wavelength which is 
consequently seen as an elementary length counted by an interferometer. Further improvement of 
resolution of an interferometer below this length element 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]. The reproducibility of their absolute frequencies is another goal in metrology and is limited to 2.1 
x 10-11, resp. 9 x 10-12 [2]. A conversion of a stable frequency into a precise wavelength relies on the value of 
speed of light which is under vacuum conditions defined physical constant. In the laboratory environment 
the value of the refractive index of air has to be considered. The search and effort for a more precise 
interferometric measuring tool includes highly stable laser sources, reduction of noise, better optics, higher 
resolution through optical and electronic techniques, linearization, etc. [3,4,5,6] Obviously, when 
measurement has to be performed on air – in the routine laboratory measurements – the refractive index 
of air represents a major source of uncertainty.  
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In the laboratory environment where the calibrations and comparisons of interferometers are performed 
interferometric refractometer is necessary. The simplest configuration is a differential interferometer 
measuring with high resolution the difference between an air and vacuum path within defined distance of 
an evacuated cell [7, 8]. Other approaches of refractometer design are trying to be compact and at the 
same time to find a more precise way of measurement where the value of refractive index is available on-
line or at least more often than once the cell is evacuated and filled again. The systems include movable 
triangular cells, flexible cells that could be elongated, and some others arrangements [9, 10]. 

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. 
Furthermore, there are always thermal gradients present in the air – mainly in the vertical direction. The 
sensors, primarily thermal, can be placed close to the beam -however, not directly into the laser beam. 
Moreover, only selected points can be measured. Laser beam of the refractometer can be again placed only 
close to the measuring path. 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 [11, 12, 13]. 
The most precise laboratory techniques seem to be those exploiting optical frequency comb synthesis [14, 
15, 16]. The limiting factor seems to be the stability of the atmosphere around the beam path. The practical 
limit for determining the refractive index of air is determined by the thermal gradients and air fluctuations 
that can be avoided depending on the application.  

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 [17, 18, 19, 20].  Thus, the limits of 
this indirect determination of the refractive index are primarily given by the configuration of the measuring 
setup, by the air flow and stability of atmospheric conditions close to the laser beam rather than by the 
precision of sensors measuring temperature, etc. or the formula itself. 

The effort has been focused to combine the distance measuring interferometer and the refractometer into 
one instrument which could evaluate the influence of the refractive index of air during the measurement or 
directly compensate for it. There were arrangements presented where a complex set of two separate 
interferometers evaluate the refractive index of air and measure the distance [21]. This system can 
compensate for the refractive index but is unable to overcome the problem of the determination of the 
refractive index in the laser beam axis. A method linking the wavelength of the laser source to the 
mechanical length of some frame or board was proposed by [22]. Authors suggest using a set of two 
identical interferometers where one is fixed in the length and serves as a reference for the laser 
wavelength. Other approaches represent completely different methods for determination of the refractive 
index of air, for example through the speed of sound at ultrasonic frequency range [23, 24]. Also, the 
control of the refractive index which is kept constant was suggested [25]. 

2.  COUNTER – MEASURING INTERFEROMETER 

To get the information about the actual value of the refractive index of air directly in a tracking 
refractometric regime together with interferometric measurement of displacement means to assemble at 
least two interferometric systems. They may be placed next to each other or they may share the beam 
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path. Merging these two instruments results in an arrangement where the displacement is measured as an 
overdetermined quantity, for example from two directions in a countermeasuring setup (Figure 1). 

The approach we present here combines the mechanical referencing of the interferometer itself with 
referencing of the laser wavelength. The mechanical referencing simply cannot be avoided so we at least 
link another source of variations (refractive index) to another (mechanical). Displacement measuring 
interferometer and refractometer are not clearly divided which beam measures the refractive index of air 
and which one the displacement. From one point of view it may be a question which length from the two 
measured in Figure 1 should be the correct one. From another one it is not possible to say, both are 
relevant or the stability of the frame may is the key parameter. The solution presented here suggests 
measurement in one axis that is the measurement axis both for evaluation of the refractive index of air and 
the measured length.  

Fig. 1 Principal schematics of the inteferometric system with two countermeasuring Michelson 
interferometers. Ia, Ib: interferometers, M: movable flat mirror, F: fiber-optic light delivery from a single 

laser source, B: baseplate, La, Lb: displacements measured by the interferometers. 

Stabilization of wavelength on air over the measuring range means real trekking of the refractive index 
fluctuations. There is a clear limit of laser tuning range which limits the range of the refractive index 
variations. Considering temperature the greatest source of its change the drift over 1K needs laser 
frequency tuning approx. over 1 GHz. This is a maximum of single frequency He-Ne laser with homodyne 
detection scheme, two-frequency He-Ne with heterodyne interferometer performs even less. 
Semiconductor lasers, e.g. those with external cavity could offer more [26, 27, 28].  

Much more attractive can be the chance to keep the laser frequency stabilized some traditional way and to 
do the compensation of the refractive index drift through on-line calculation. In this case the absolute 
length of the measuring range, resp. the air measuring beam path in both interferometers must be known. 
Drift of the sum value (La + Lb) when used to derive the control signal for wavelength locking is enough, no 
matter how large it is in the absolute value. To recalibrate the measured displacement from either left or 
the right interferometer keeping the laser frequency constant we need to know the relative change of the 
wavelength. 

3.  CAVITY – BASED ARRANGEMENT 

The principal configuration in Figure 1 with a flat mirror interferometer needs both interferometers fixed to 
a reference frame – baseplate made of material with low thermal expansion. The same way the moving 
mirror thickness counts as well contributing to the overall length measured over the given range. A flat, 
solely reflecting mirror made of the low thermal expansion material as well looks like a pure solution. 
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Sensitivity to the straightness of its motion is a significant disadvantage introducing cosine errors. Non-
equal lengths La and Lb produce different errors measured by both interferometers. 

The configuration with the stabilization of the laser wavelength can be seen also as a de facto standing-
wave interferometer. To put it together directly this way might be an attractive option either simply with 
two couterpropagating beams or in a cavity-like setup. This approach needs a component able to track the 
interference maxima and minima along the beam axis. In [29, 30, 31] 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 (Figure 2).  

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. In this case the approach of laser optical frequency control over a specific 
range is the only option. The tuning range has to cover the entire range of possible variations of the 
refractive index of air. 

Fig. 2 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. 

4.  INTRACAVITY PHOTODETECTOR 

The transparent photodetector when deposited in a form of a thin film on a glass substrate contribute to 
the measuring length in a negligible way, the glass substrate on the other hand has to follow the need of 
small thermal expansion coefficient. We designed a detector as photoresisitive silicon coating with 
conductive electrodes on both sides. This reduces the losses while only the silicon layer is in the beam path. 

The design of the photodetector was driven by the effort to reduce not only losses introduced into the 
cavity but also to reduce reflections from all its surfaces. A setup of a fused silica substrate, active silicon 
layer and a set of antireflection coatings was proposed and optimized for minimum reflectivity as a whole 
system. Arrangement of the detector is in Figure 3. 



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

692 

Fig. 3 Arrangement of the transparent photodetector. AR: antireflection coatings, Si: silicon layer, S: fused 
silica substrate, E: Titanium electrodes, W: wiring. 

The front AR coating was a traditional one designed for a glass surface and air environment. AR1 consists of 
a system TiO2/SiO2 (dispersion n(SiO2)=1.458+4300/λ2, n(TiO2)=2.22+63500/λ2, where λ is wavelength and n 
refractive index). The resulting coating has three layers in a configuration: Fused Silica | 27nm TiO2 | 62nm 
SiO2 | 13nm TiO2 | 195nm SiO2 | Air. Calculated residual reflectivity for the visible spectral range is in Figure 4. 

 

 

 

 

 

 

 

Fig. 4 Calculated residual reflectivity of the front AR coating optimized for two wavelengths, 
 532 and 1064 nm. 

The rear surface incorporates the active photosensitive Silicon layer with refractive indices n(532nm) = 4.73 
and n(1064nm) = 3.69. The layer is enclosed by dielectric layers maximizing transmissivity. The optimum 
configuration proved to be two layers of TiO2 which forms together with the optimized thickness of the 
active layer. The front AR coating could have been optimized for more than one wavelength, so we decided 
for 532 nm, output radiation of frequency-doubled Nd:YAG DPSS laser and its fundamental wavelength, 
1064 nm. The coatings including the active layer did not allow such multiwavelength design so we focussed 
on the 532 nm visible wavelength. This coating was designed in a configuration: Fused Silica | 45nm TiO2 | 
28nm Si | 49nm TiO2 | Air. The thickness of the active layer reflected the intention to have its optical 
thickness smaller than �/4 to be able to resolve the discrete maxima of the standing wave. The real 
thickness is also a result of the optimization of the reflectivity. All the TiO2 and SiO2 layers were deposited 
by electron-gun evaporation in a vacuum chamber and the Silicon active layer by PECVD technology at 
13.56 MHz in the mixture of Silan and Hydrogen. The calculated transmissivity spectrum of this set of 
coatings is in Figure 5 and a measured spectral transmissivity of the whole photodetector is in Figure 6. 
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Fig. 5 Calculated transmissivity of the system of layers including the active photosensitive Silicon layer 
optimized only for 532 nm wavelength. 

 

Fig. 6 Resulting transmissivity of the whole transparent photodetector with an optimum  
of minimal losses at 532 nm. 

Experimental verification of the properties of the standing-wave intra-cavity detection within a passive 
Fabry-Perot cavity will be tested in the visible spectral range which allows easier adjustment and better 
longitudinal resolution thanks to shorter wavelength. Near-infrared region promises on the other hand a 
chance to reduce losses even further and to operate the cavity with higher finesse and improve the 
sensitivity of feedback loop controlling the laser wavelength. 

To prove the overall principle we assembled first the most simple configuration from Figure 1 on as 
baseplate made of “0” grade Zerodur. We applied the tracking of the refractive index of air through laser 
optical frequency tuning in a feedback control loop. The experiment was designed to compare the laser 
detuning with values of refractive index measured indirectly by evaluation through traditional Edlen 
formula. A set of sensors monitoring temperature, humidity, pressure and content of the carbon dioxide 
was inserted into the thermal controlled box. 

The experiment has been performed in a static regime with the movable mirror in a fixed position in the 
center position between the two interferometric units [32, 33]. Thermal control of the environment inside 
allowed continuous rise and fall of the refractive index. The thermal shift causing associated shift of the 
refractive index was ca. 1 deg. C, the limiting factor being the mode-hop free tuning range of the He-Ne 
laser source. The overall relative change in the optical path expressed through laser tuning over 900 MHz 
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was 9.2 x 10-7. The value to compare with was the change of the refractive index 8.7 x 10-7 evaluated 
through indirect measurements of the parameters of atmosphere and calculation using Edlen formula. 
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CHARACTERIZATION AND FIELD EMISSION PROPERTIES OF FIELDS OF NANOTUBES  
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Abstract 

There is currently considerable interest in the development of field-emitting cathodes, for a variety of 
potential microelectronic and sensoric applications. In particular, much effort is being devoted to the 
fabrication of CNTs arrays as field emitters for use in NEMS pressure sensors.  We study a possibility of 
using the cold emission principle in pressure sensors. And we found that it may be possible.  

Keywords: field emission, nanotubes 

1.  MOTIVATION 

Most of the research in this area has focused on the deposition of metal cones onto silicon substrates using 
photo-lithographic techniques, although a variety of other possible fabrication methods have been 
proposed [1]. The high conductivity, sharp tips and long, narrow shape of carbon nanotubes suggested to a 
number of groups that they might make useful field emitters, and some quite promising results have been 
achieved [2]. 

In thermionic emission and photoemission electrons are given sufficient energy to overcome the potential 
barrier at the metal surface. In field emission (also called as cold emission) the barrier is deformed so 
strongly that unexcited electrons can leak out through it.  

A physical representation of the field emission is very important. The field emission or Fowler Nordheim 
tunneling is the process whereby electrons tunnel through a barrier in the presence of a high electric field. [3] 

The motivation behind these studies is to explore the possibility of using individual nanotube field emitters 
in cathode ray tubes or as electron emitters in NEMS pressure sensors. In this application is used a two 
electrodes configuration. A schematic illustration of measuring method is shown on Fig. 1. 

 

 

 

 

 

 

 
 

Fig. 1 Schematic illustration of the method to measure the field emission properties. 
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Fig. 2 Schematic illustration of a measuring 
instrument. Fig. 3 A Measuring instrument for cold emission. 

2.  MEASURING INSTRUMENT 

For a current measuring of cold emission was created a simple measuring device. Schematic figure of this 
instrument is shown on Fig. 2. A final construction of this device is shown on Fig. 3. On this instrument are 
silicon electrodes which are glued with electronic conductive lacquer. 

The self-measuring of the cold emission has to be realized in vacuum chamber on pressure about 10-3 Pa. 
In lower pressures is appeared an ion emission [4].  

Measuring workplace is shown below. The workplace consists of the vacuum chamber containing the 
measuring instrument with measured samples, turbo-molecular pump, sources and nanomanipulator with 
controlling electronics. Measuring devices are connected via GPIB and USB to the computer. 

Fig. 4 Measuring workplace for cold emission. 

3.  EMITING ELECTRODES 

In our experiment, CNTs were synthesized using plasma enhanced chemical vapor deposition on the silicon 
wafer with patterned iron catalytic layer. The typical deposition conditions were: flow rates of argon, 
methane and hydrogen QAr = 1000 sccm, QCH4 = 50 sccm and QH2 = 200 to 300 sccm, respectively, 
microwave (mw) power of 400 W, substrate temperature 900 to 1100 K, deposition time 1 minute. Thin 
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CNTs with a diameter of about 100 nm were standing vertically perpendicular to the substrate due to a 
crowding effect. A detailed study of the microwave torch for deposition of CNTs and their characterization 
were published in Ref.[5], [6]. 

Fig. 5 The edge of carbon nanotubes field. 

4.  RESULTS 

At first, electrodes without nanotubes were measured to exclude the possible emission from silicon 
electrode without nanotubes. In this measurement, the potential was set up to 150 V and no emission 
current was appeared. 

Measurements were performed for two electrode distances - 100 μm and 80 μm. For both distances were 
obtained several times the same results. The basic dependency was measured by the emission current in 
dependence on the applied voltage. Graphs of these dependences are shown below. 

Fig. 6 The measured emission current 

Measurements with carbon nanotubes were performed in voltage 10 V. At higher voltage was observed 
degradation of nanotubes. 
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Fig. 7 Current emitted from degraded carbon nanotubes. 

The voltage range of 10 V to 15 V there was nanotube array degradation (Fig. 7), but degradation of 
emission properties was not critical.  

The voltage range of 15 V to 20 V was already observed a significant reduction in emission. 

A voltage in the range of 20 V to 25 V was observed (Fig. 8) as early as the complete destruction of 
structures with carbon nanotubes, the samples at voltages above 21 V stopped current emission. 

 

 

 

 

 

 

 

 

 
Fig. 8 Permanent destruction of carbon nanotubes. 

Samples were checked after measurement and if they were permanent loss of emission characteristics, the 
field of carbon nanotubes loss was observed. 

5.  CONCLUSION 

This article describes a preparation of cold emission measuring and construction of cold emission 
measuring instrument. By measuring has been shown that it is possible to use carbon nanotubes field in 
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NEMS pressure sensors. There were found working potential value and the measured emission current 
values for the two electrode distances. It was verified that the chase of distance greatly affects the resulting 
emission current and the root of this principle used in combination with a silicon membrane that has been 
counted and made for another pressure sensor [7]. 
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Abstract 

During a measurement by scanning probe microscopy (SPM) an image artifacts can appear in a 
measurement data. The source of image artifacts during an SPM measurement could be in parts of the SPM 
tool:  mechanical system, piezoelectric crystal, scanner electronic. However, the main source of image 
artifact is the probe tip geometry and properties of the sample. For example, probe wearing, which occurs 
during the contact measurement on a sample with a hard surface, could result in heavy probe shape 
change, causing probe-related image artifacts.   Measurement could appear problematic on a sample with 
periodical relief structure (e.g. gratings with sub 10 μm periodicity) prepared in hard materials (e.g. silicon), 
when the structure height is greater than about 500 nm. In this case, probe can easily get struck during the 
scanning, on the hard surface as well as at the high aspect ratio relief structure, causing image artifact thus 
reducing measurement quality. This contribution describes a methodology for hard surface sample 
treatment, so the probe-related artifacts should be minimized. We used a thin polymer film coatings and 
the SPM image artifact analysis of such modified samples with emphasis on the measurement quality and 
the probe wearing. 

Keywords: scanning probe microscopy, atomic force microscopy, hard surface samples measuring, image 
artifacts, polymer coatings. 

1.  INTRODUCTION 

The scanning probe microscopy (SPM) is one of basic and universal methodology for nano and 
microtechnology research [1,2]. It allows imaging of surface topography down to atomic level, also offers a 
wide range of information about investigated material (mechanical, tribological properties). This technique 
is based on interaction of sharp tip (probe) on cantilever with the sample surface during scanning. The 
surface information is transmitted by means of deflection of the cantilever. During measurement, the 
probe tip is the direct contact (contact mode) with the sample material and it wears. The possible wear 
mechanisms of probe tip include adhesive wear, abrasive wear low cycle fatigue and tribochemical wear 
[3,4]. Probe wear may increase the tip radius thus reduce the image resolution. In some case when a 
measured sample contain sharp features with size smaller or comparable to probe tip radius, the measured 
topography image of the sample then consist of combination of the tip shape and the sample surface, 
referred as tip-related artifacts [5,6]. When the probe is on contact with a hard surface (e.g. silicon) there is 
increased wearing of the probe tip mainly due to low cycle fatigue and abrasive wear (depending on the 
measurement condition). Then the SPM measurement on a sample with high aspect ratio micro features 
prepared in hard materials could be even more problematic, due to probe tip wear. On top of that sample 
with complex microstructures require series of measurement on different part of the sample to fulfill its 
analysis, which means a few tip landing procedures (low cycle fatigue wear) and scans (abrasion wear). All 
this can increase probe wearing greatly and will consequently introduce image artifacts, thus reducing 
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measurement performance over time [7]. There is different approach how to reduce probe wearing as is 
changing mechanical properties of the scanning probe tip e.g. coating probe tips with DLC layers, by use of 
tip made of monolithic ultrananocrystalline diamond (UNCD) [8], or by use of different type of lubricant 
coatings as PFPE, PFPTES [9]. We have tried different approach of reducing probe tip mechanical wearing. 
The methodology arisen from practical experience with a contact SPM measurement on the thin organic 
layers (such as polymethylmetacrylate - PMMA). The idea is based on sample treating with organic polymer 
coating so the probe related image artifact and probe wearing should be minimized. 

2.  EXPERIMENT 

2.1  Test Samples 

For experiment the sample containing different types of microstructure patterns (such as diffraction 
grating, blazed grating ...) was prepared. The base material for the sample was chosen monocrystalline n-
type silicon crystallographic orientation (100). The micro features on the sample were prepared by the CF4 
based plasmatic etching of the silicon through soft etching mask made of PMMA layer. The remaining 
etching mask was removed using chemical solvents (Chloroform, Acetone) and to remove residues the 
oxygen plasma cleaning was used. The depth of prepared relief micro features in silicon was 1190 nm. This 
value was obtained using the profilometry device (Taylor-Hobson taylstep). 

2.2  Measurement 

The measurement of testing pattern went on the atomic force 
microscope (AFM) brand Pacific nanotechnology. Contact mode 
Single-crystal silicon probes with symmetric tip (SICON-W, 
AppNano) were used for study. According to the manufacturer 
AppNano comp. the probe were made of 0,01-0,025 Ωcm N-type 
Si (100). The length of cantilever on the probe is 450 μm. Tip 
height is 14 - 16 μm. The nominal tip radius is less than 10nm. In 
the first part of the experiment took place a measurement on the 
uncoated sample. Before stress measurement on the test 
sample, the probe tip shape was characterised, on for this 
purpose designated testing pattern TGG1 see Fig.1b (NT-MDT, 
Moscow) [10]. This was followed by the stress measurement on 
five different features on the testing sample with micro-relief 
structures etched in Si. After stress measurement went 
characterization of probe tip shape on testing pattern TGG1 and 
TGT1 (NT-MDT, Moscow, see Fig.1a,b) [10]. The entire 
measurement procedure was repeated with new probe for the 
testing sample coated with layer of polymethylmetacrylate 
(PMMA). NanoRule+ software (Pacific nanotechnology) was used 
to characterize tip and evaluate the tip radius.  

 

Fig. 1 The SPM probe shape 
characterization tests a) TGT1; b) 

TGG1. [10] 

a) 

b) 
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2.3  Sample coating 

Polymer coating was prepared by the spin coating from the 1% wt. solution of the PMMA (Mw = 950k) in 
Anisole. The choice of PMMA for sample treatment was based on good experiences with AFM 
measurement on its layers. Its part played also its easy availability and some experience of its thin layer 
deposition.   

Coating parameters were as follows: 


 Spin speed: 8000 rpm 


 Spin acceleration: 1200 rps-2 


 Spin time: 20 s 


 Temp. : 24°C 

Immediately after coating, the sample was placed on a hot plate for drying and hardening of the coated 
layer (150°C; 300s). 

3.  CONCLUSIONS 

It can be concluded from the results of measurement and its evaluation that the layer of polymer film 
applied to the sample with micro relief structure has a positive effect on the measuring probe wearing (see 
Table 1.). The wearing of the measuring probe is about five-times lower when the PMMA layer is applied on 
the sample than if is not (see Fig.2). This fact can be explained by reduced probability of probe breaking 
when the tip approach to the sample surface treated with polymer layer. The reason is quite simple 
because the polymer layer, even so it is very thin, is much softer and pliable then the hard surface of 
silicon, so the probe won’t break so often. During the scanning the probe is again in contact with polymer 
interlayer so the probe wearing is greatly reduced. With regard to resolution and conservation of 
information about the original sample relief structure, the relief height is maintained at a very good rate as 
well as information about a lateral dimension of relief structures. However, at the bottom of relief 
structures some small deformation might appear, this could cause some troubles especially when 
measured elements are of smaller sizes (>1 μm). It should be also realized that by the sample coating we 
give up the opportunities of obtaining some certain information, such as the original surface roughness, 
material contrast etc. If is necessary to maintain the sample conductive for certain types of measurement, 
polymer coating such as PMMA is not appropriate as well. The advantage is that the layer of PMMA is 
relatively easy to remove by chemical or plasmatic way and the original structure and material can be 
restored. 

Table 1 Evaluation of the AFM measurement  

TGG1 grating YY�= 6 ��m TGG1 
Tip radius * a b h Tip radius ** 

Sample [nm] [�m] [�m] [nm] [nm] 
without polymer coating > 20  3.040 3.074 1185 747 

with polymer coating  > 20  2.437 3.605 1203 148 
* probe shape before measurement 
** probe shape after measurement 
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Fig. 2 Image of TGG1 testing pattern showing the probe tip shape changes after a sets of measurements on 

a) uncoated sample; b) polymer coated sample 
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Abstract 

The application of the electric field for supporting the migration of the iron nanoparticles through the 
ground is relatively new idea, which was studied for the first time by A. Adamse in his dissertation thesis 
(2006) with quite inconsistent results. If the electric field is applied to the underground, several 
mechanisms can be involved in it. These mechanisms (electroosmosis, electrophoresis, electromigration 
and electrolysis) can affect the migration of the iron nanopraticles and except that it can afford other 
positives. For example increasing in efficiency of the contamination dissociation and releasing of 
contaminant allocated in the ground pores to ground water. There will be presented results of the 
laboratory columns tests on the poster focused on testing the influence of the electric field on migration of 
the iron nanoparticles in the sandy ground. 

Keywords: nanoiron, migration, electric field 

1.  INTRODUCTION 

The positive influence of the electric field on migration of the iron nanoparticles through the ground was 
studied for the first time by A. Adams [1]. If the electric field is applied to the underground, several 
mechanisms can be involved in it. 

1.1  Electroosmosis 

The electroosmotic flow (EOF) is caused by ionization of silanolls groups species on the inner side of 
capillary (if pH>7). As the consequence of these ionization has the inner side of capillary negative charge, 
which attracts cations from the solution and they can migrate towards cathode. Because the capillary has 
small size, anions are taken with cations towards cathode too (if the mobility of EOF is bigger than anions 
mobility) [2]. This process can help to remove the contamination from the ground pores to groundwater, 
where it can be decomposed more effectively by reactions with nanoiron.  

The resultant flow Q as the consequence of electroosmosis is described by equation: 

ΔEAkQ e�    where ke is coefficient of electro-osmotic conduction, ΔE is applied gradient of voltage, and 

A is surface of cross section. 

1.2  Electrophoresis 

The migration of colloids and macromolecules induced by the electric field is called electrophoresis. These 
principles are used with separation methods to divide agents with different mobility in direct electric field, 
where charged molecules (ions) with different electrophoretic mobility are separated. If the separation 
proceeds in capillary, the electroosmosis has impact too [4]. Generally is very complicated to define the 
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Fig. 2 Block scheme of column test. 

influence of electrophoresis to the nanoiron migration, thanks to nanoiron´s varied particle size distribution 
and surface charge. 

The force Fe affected the charged particle is described by equation: 

where q is particle charge and E is intensity of electric field [1]. 

1.3  Electromigration 

The electromigration means the motion of agents with nonzero charge (e. g. Fe2+ or OH-) towards electrode 
with opposite charge. The resultant flow Jjm is described by equation: 

where uj
* is effective ions mobility, cj is molar ions concentration and E is electric 

potential [1]. 

1.4  Electrolysis 

Electrolysis means the physical-chemically process induced by the flow of the electric current through liquid 
with chemical changes on electrodes. The electro conductive liquid contains mix of positive and negative 
ions created by the electrochemical dissociation. The positive and negative ions migrate towards negative 
(resp. positive) electrode and chemical reactions between ions-electrode, ions-ions and ions-liquid there 
happen.  

2.  LABORATORY TESTS AND RESULTS 

In the first stage of tests, focused on study of electrokinetic´s influence on migration of the nanoiron, were 
carried out the static experiments, which can prove the functionality of this method. The horizontal 
oriented glass cylinder was used with electrodes on both ends connected to the electric DC source.  

The water suspension with dispersed nanorion 
with concentration  54 mg/l was applied to the 
cylinder (retro-spectively confirm by measuring 
on ICP-OES). To increase the electric conductivity 
of water was dissolved the NaCl (final 
concentration 0,5 g/l). Results of these tests were used to design the optimal column test.  

Static tests prove partial migration of nanorion towards positive electrode. However the influence of 
electrokinetics on migration of nanoiron was not so dominant to prevent from noticeably reduce the 
sedimentation at vertical oriented cylinder with positive electrode at upward. 

The column experiments with ground were realized at next stage of laboratory tests. Vertically oriented glass 
cylinder filled by ground with flow of the water against gravity there was used [4]. Electrodes were placed at 
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the ends of column. Ground environment was simulated by silicic sand (effective porosity 39%, filtration 
coefficient 1×10-3 m/s), gravel filter was used at the bottom of the column (high 3 cm). The nanoiron 
suspension was applied continually by peristaltic pump. Samples of output water for measuring of nanoiron 
concentration were taken during the test. Block scheme of the experimental setup is described on Fig. 2. 

Two tests with short columns (length 10 cm) were performed at the first step to prove the influence of the 
electrokinetics mechanism on migration of the nanoiron at a flow column set up: column K1 – without 
electric current; column K2 – with direct electric current (positive electrode was placed on the top of the 
column to accelerating the migration of the nanoiron). Parameters of these tests are in Tab. 1. The main 
criterion was the visual observation of the nanoiron migration through columns. Approximately two times 
more rapid migration of the nanoiron was observed when the electric current was applied and the 
measuring of total iron concentration in output water confirmed this observation. 

Table 1 Parameters of column tests 1 and 2. 

Column 
identification 

DC source 
(V/mA) 

Column 
length  
(cm) 

Pore 
volume (ml) 

Nanoiron 
batching time 

(min) 

Flow 
(ml/min) 

Fein 
(mg/l) 

K1 0 10 316 126 75,7 28 
K2 10V/2,6mA 10 285 63 75,7 65 

Similar configuration for next column tests was done with longer glass cylinder (34 cm) and the change of 
electrodes polarity to migration of the nanoiron was tested. In column K5 the positive electrode was used 
in the bottom of column to reduce the migration of the nanoiron (positive electrode could attract the 
nanorion with negative surface).  In column K6 the electrodes was connected reversely with the positive 
electrode at the top of the column. Parameters of these tests are in Tab. 2. Graphs of total iron 
concentration in output columns water and distribution of iron in ground are in Fig. 3. Total balance of 
injected nanoiron is in Tab. 3. 

Table 2 Parameters of column tests 5 and 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Comparison of column tests 5 and 6: normalize concentration of total iron in output water. 

Column 
identification 

DC source 
(V/mA) 

Column 
length  
(cm) 

Electrodes 
polarity 

upper/bottom 

Pore 
volume (ml) 

Nanoiron 
batching 

time (min) 

Flow 
(ml/min) 

Fein 
(mg/l) 

K5 30V/7,6mA 28,8 - / + 720 251 73,3 578 
K6 30V/7mA 29,3 + / - 665 243 74,4 344 
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Table 3 Comparison of column tests 5 and 6: balance of nanoiron 
 
 
 
 
 
 

 
Fig. 4 Comparison of column tests 5 and 6: distribution of injected nanoiron in columns ground. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Visual comparison of the nanoiron migration for column test 5 and 6 (V0 = pore volume). 
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Column  
identification 

 Amount of 
injected 

nanoiron (g) 

Nanoiron in 
column 

ground (g) 

Nanoiron in 
output 

water (g) 
K5 10,4 10,38 (99,8%) 0,02 (0,2%) 
K6 6,2 4,9 (79%) 1,3 (21%) 
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3.  SUMMARY 

At the first stage of laboratory tests were performed experiments in static configuration which proved 
partial migration of the nanorion towards positive electrode. However the influence of electrokinetics was 
not so dominant to prevent from noticeably reduction of the sedimentation at vertical orientated cylinder 
with positive electrode at upward. The absence of ground in static tests could be responsible for negative 
results, because without ground there are no capillaries where the electroosmosis processes could happen. 

Two experiments with short columns (length 10 cm) were performed at the beginning of column tests with 
the ground (one column with electric current and one column without). The aim of these experiments was 
to prove the influence of electrokinetics mechanisms to migration of the nanoiron. Approximately two 
times more rapid migration of the nanoiron was observed when the electric current was applied and the 
measuring of total iron concentration in output water confirmed this observation. 

The influence of changed electrodes polarity on migration of the nanoiron was investigated at the next 
stage of column tests with longer columns (34 cm) and with higher input concentration of the nanoiron. For 
column with a positive electrode at the bottom was not observed the migration of nanoiron outside, 
neither after 25th pore volume. For the next column with reversed polarity (negative electrode at the 
bottom) the first iron nanoparticles could be observed at 5th pore volume. And at the end of the 
experiment (for 28th pore volume) the output concentration of nanoiron was on 55% of input 
concentration.  

Applied iron nanoparticles had negative charge of surface, so the negative electrode at the input of column 
caused repulsion from the electrode’s surface which decreased the tendency of the nanoiron to the 
sediment. At the reversed polarity nanoparticles were attracted and their migration was decelerated. 

Results of laboratory tests prove positive effect of the electric field to improve the aggregation stability of 
the nanoiron to increase their migration in ground. 
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Abstract 

The technological applications of nanoparticle self-assembly require a high level of control. We have 
prepared high quality voluminous domains of several hundred cubic micrometers of gold nanorod (GNR) 
supracrystals through the surfactant driven self-assembly. As the GNRs have interesting anisotropic 
plasmonic properties, composites based on ordered GNRs are supposed to be very promising materials 
with respect to plasmon coupling and interactions with light. Our single domains of ordered arrays are large 
enough to allow probing of optical properties by microspectrometer. In this work we present experimental 
study by correlated Raman microscope/SEM measurement. We utilize Raman microscope and correlate the 
data to SEM images to explore the surface-enhanced Raman spectroscopy (SERS) activity of differently 
oriented GNRs domains by using porphyrin (TMPyP) as a model biomolecule incorporated into the GNRs 
supracrystal. The SERS signal can be used as a probe of the coupled plasmonic field inside the oriented 
domains which is still a challenge to both simulations and near-field optical measurements. 

Keywords: gold nanorods, SERS, self-assembly, porphyrin 

1.  INTRODUCTION 

The excitation of surface plasmons at metallic nanoparticles by light, denoted as localized surface plasmon 
resonance (LSPR), attracts a great deal of attention in both theoretical and experimental research. Recently, 
a number of important applications exploit the strong spatial localization of light and interactions of LSPRs, 
e.g. SERS, surface plasmon tweezers, molecular-specific biological sensing, metamaterials, and other [1, 2]. 

The close approach of two nanoparticles results in interaction of their LSPRs. This near-field interaction 
between nanoparticles is highly distance- and geometry- dependent. Experimental investigations of 
plasmon coupling necessitate fabrication of the nanorods arrays and periodically repeating sets. Particularly 
for study of collective phenomena at gold nanorods, such as plasmon coupling, a need to prepare 3D 
samples asks to utilize different strategy than, for example, electron beam lithography. 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[2]. 

Funston et al. [3] obtained experimental spectra for LSPR interactions between gold nanorods pairs in 
different geometries where they have documented plasmon LSPR coupling very clearly. A number of 
research groups launch effort to prepare well-arranged three-dimensional gold nanorods (GNR) supra-
crystalline materials. The main problem consists in averseness of gold nanorods from “optically interesting” 
size range (below 60 nanometers in length) to self-arrange – in contrast to easy “crystallization” of longer 
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gold nanorods. We have exploited the basic principles described in work of Akbulut et al. [4] and we have 
obtained the high quality domains with area of several hundred square micrometers [5]. 

SERS as an extremely sensitive detection technique for small quantities of molecules (even for single 
molecule detection) provides many bioanalytical and biomedical applications [6]. Cationic porphyrins and 
their derivatives are good example of highly SERS-active biomolecules [7]. Biological importance of 
porphyrins includes applications in photodynamic therapy of cancer, antiviral treatments, molecular 
biology, specific sensing of DNA sequences, selective cleavage of nucleic acids and transport of 
oligonucleotides into the cells [8] Molecular resonance of porphyrins in visible region causes an efficient 
fluorescence, process competitive to resonance Raman scattering (RRS), which complicates Raman 
measurement. SERS spectroscopy provides unique possibility how to measure Raman spectra of highly 
fluorescent porphyrins due to efficient fluorescence quenching. 

2.  MATERIAL PREPARATION 

2.1  Gold nanorods synthesis 

Monodisperse nanorods samples were synthesized by seeded-growth method in the presence of silver 
nitrate [8]. This method was chosen because it leads to the best possible yield of nanorods (up to 99%). 
Moreover, 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) complexated 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. In described SERS experiment we utilize GNRs with longitudinal LSPR at 700nm. The 
dimensions of the rods are approximately 20 x 60 nm (Fig. 1-2). 

 
Fig. 3 Absorption spectrum of GNRs solution 

used for SERS substrate 

 
Fig. 4 FE-SEM micrograph representing GNRs  

used for the experiment 

2.2  Preparation of GNRs supracrystals with TMPyP 

Direct approach to assembly of the metallic nanoparticles into well-ordered supra-crystalline materials 
demands preparation of highly monodisperse populations of these particles. The condition of very high 
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Fig. 5 Structure of porphyrine used 
(TMPyP) 

uniformity in population of nanoparticles seems to be a crucial factor in preparation of three-dimensional 
closely-packed arrays of the gold nanorods with length below 60 nanometers. Such GNRs arrays exhibit 
multiple plasmon coupling effects between the GNRs both in a plane and in the depth – this effectively 
widens the plasmonic response all over the visible region [3]. 

The domains of aligned GNRs deposited on glass substrate were prepared by controlled drying of a small 
amount (20 μl) of concentrated GNR solution. The concentrated solution was prepared by centrifugation, 
four-fold increasing the amount of GNRs whereas the amount of excess CTAB was washed out. Before any 
usage, the as prepared concentrated solution was checked by absorption spectroscopy, to see that the 
GNRs had retained their quality. 

 

 

 

 

 

 

 

 

 

 

 

The TMPyP (5,10,15,20-Tetrakis(1-methyl-4-pyridiniumyl)-21H,23H-porphine) porphyrine (Fig. 3) is 
positively charged and was chosen because it is known to easily interpenetrate the nanoparticle solvating 
layers and adsorb at their surfaces. In case of this work the TMPyP was introduced into the concentrated 
GNR solution prior to the drying process. The amount was set such as the final concentration of TMPyP in 
whole volume used (20 ul) equaled 10-6M. After the drying process, the samples were ready for SERS 
measurement. A blank sample containing no traces of TMPyP was used before every measurement to 
check that no other signal interferes with the main TMPyP bands in the SERS spectrum. 

3.  CORRELATED RAMAN MICROSCOPE/SCANNING ELECTRON MICROSCOPE STUDY 

We utilized Raman microscope and correlate the measured spots with SEM images take from the same 
sample area. This allows to  explore SERS activity of different domains using TMPyP (Fig. 3) as a SERS probe. 
In this work we want to show the immediate effect of the interparticle distance in the colloidal crystal on 
SERS signal. During the drying process it is possible to freeze the GNR self-assembly to obtain domains of 
rods spaced approximately 8 nm from each other (Fig. 4 - A). The final crystalline phase consists of close 
packed GNRs, around 2 nm from each other (Fig. 4 - B). 
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Fig. 6 A FE-SEM micrograph of the measurement location. Areas of loose-packed GNRs (A - mean 

interparticle distance ~8 nm) and close-packed GNRs (B - mean interparticle distance ~2 nm) can be easily 
distinguished. 

 
 

 
 
 
 
 

 
 
 
 
 
 

 
 
 

 
 

 

Fig. 7 SERS signal from spots of loose-packed GNRs (blue) and close-packed GNRs (red). The main two 
bands of TMPyP are highlighted. 

For simplicity, an area of the deposited crystal, where both the close packed and loose-packed GNR crystal 
were present, was selected. It can be clearly seen on the SERS signal from the two spots (Fig. 4 A-B), that 
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the loose-packed GNR domain produce more intensive surface enhancement (Fig. 5), which is with 
agreement with the works on the effectiveness of plasmon field coupling in dependence on interparticle 
distance. 

4.  INSTRUMENTAL SETUP 

SERS spectra were measured by Raman microspectrometer LabRam HR800 (Horiba Jobin-Yvon). A 632.8nm 
He-Ne laser excitation was used. Laser power on sample was 0.05 mW with spot size estimated as 1.2 μm. 
Spectra were integrated for 1 minute in 1 second acquisitions. SEM images were acquired by JEOL JSM-
7500f FE-SEM utilizing upper secondary electron detector and the 2kV probe energy. 

5.  CONCLUSION 

In this work we have shown the dependence of SERS enhancement of GNR supracrystals on minute 
changes in the crystalline form, i.e. the change in interparticle distance. The results are consistent with 
recent research on LSPR coupling and we believe that the SERS signal could give an interesting overall 
information of the plasmon field behavior in such colloidal crystal of anisotropic plasmonic particles. 

ACKNOWLEDGEMENTS 

This work has been supported by the Czech Ministry of Education, Youth and Sports in the framework of 
the Research Plan MSM0021620835 and by the Grant Agency of the Academy of Science of the Czech 

Republic, project KAN401220801. 

LITERATURE  

[1] MAYER, K.M., HAFNER, J.H. Localized Surface Plasmon Resonance Sensors. Chem. Rev. 2011, 111, 3828–3857  

[2] HALAS, N.J., LAL, S., CHANG, W-S., LINK, S., NORLANDER, P. Plasmons in Strongly Coupled Metallic Nanostructures. Chem. 
Rev. 2011, 111, 3913–3961 

[3] FUNSTON, A.M., NOVO, C., DAVIS, T. J., MULVANEY, P. Plasmon Coupling of Gold Nanorods at Short Distances and in 
Different Geometries. Nano Letters 9, 16511-1658 (2009) 

[4] AKBULUT, M., GODFREY ALIG, A. R., MIN, Y., BELMAN, N., REYNOLDS, M., GOLAN, Y., ISRAELACHVILI, J., Forces between 
surfaces across nanoparticle solutions: Role of size, shape, and concentration. Langmuir 23, 3961-3969 (2007) 

[5] NOVOTNÝ, F., PROŠKA, J., RICHTER, I., FIALA, P., Preparation of Metallo-Dielectric Diffractive and Plasmonic Structures via 
Self-Assembly. Advances in Optical Materials, OSA Technical Digest (CD),  
http://www.opticsinfobase.org/abstract.cfm?URI=AIOM-2009-AThA2 

[6] KNEIPP, K., MOSKOVITS, M., KNEIPP (Eds.), H. Surface-enhanced Raman scattering: physics and applications. Topics Appl. 
Phys. 103, Springer-Verlag, Berlin Heidelberg, 2006. 

[7] PROCHÁZKA, M., ŠTĚPÁNEK, J., TURPIN, P.-Y., Bok SERRS of free base porphyrin in laser-ablated colloids: evidence for three 
different spectral porphyrin forms.  J., J. Phys. Chem. B 2002; 106, 1543 

[8] KADISH, K., SMITH, K.M., GUILARD (Eds.), R. Handbook of porphyrin science: with applications to chemistry, physics, 
materials science, engineering, biology and medicine, World Scientific Publishing, Singapore, 2010 

[9] NIKOOBAKTH, B., EL-SAYED, M. A., Preparation and growth mechanism of gold nanorods using seed-mediated growth 
method. Chem. Mater. 15, 1957–1962 (2003) 

  



21. – 23. 9. 2011, Brno, Czech Republic, EU 

 
 

715 
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Abstract 

This paper deals with the synthesis of europium oxide nanoparticles and the SEM characterization of 
europium oxide deposited on semiconductor wafers. The motivation is to prepare high quality nanolayers. 
Europium oxide thin film would be attractive for use in many nanoscale application i.e. ultraviolet-
photoactive optical coating, electroluminescent display, and optical data storage. 

Europium oxides nanoparticles were prepared in colloids solution. A typical preparation is as follows; to the 
solution of europium chloride is added trioctyl phosphine oxide (TOPO) solution which is bound to the 
surface of nanoparticles. The prepared colloids contain nanoparticles with the size distribution of 50-
100 nm in diameter.  

Prepared nanoparticles were characterized by localized surface plasmon resonance, by photoluminescence 
spectroscopy and using electron microscope. The morphology of the deposited layers was observed by 
JEOL JSM 7500F scanning microscope  

Keywords: metal nanoparticles, nanolayers, colloid solution  

1.  INTRODUCTION  

Europium oxide (Eu2O3) is the stable sesquioxide of the Eu3+ ion, which is exploited as a phosphorescence 
agent in light-emitting compounds. The optical properties of Eu2O3 originate from the Eu3+ ion absorption, 
whose primary fluorescent peak resides at 612nm. The core optical transitions are unaffected by the size or 
surface morphology of the materials. [1], [2] 

2.  MATERIALS AND METHODS 

2.1  Materials, chemical method 

Reagents were purchased from Sigma Aldrich or Penta and used as received. 

A typical preparation is as follows. All reactions occurred at room temperature. To a solution of 5 . 10-3 M 
EuCl3 . 6H2O in methanol is added an equal amount of 5 . 10-3 M trioctyl phosphine oxide (TOPO) solution. 
The TOPO binds to the surface and has three functions. First, it prevents particle agglomeration Second, the 
TOPO achieves electrical passivation. And third, the ratio of TOPO to Eu+ ions may be used to control the 
particle size in the nanometer range. The solution is stirred for 10 min before the nanocrystals are 
precipitated by the addition of a controlled amount of 5 . 10-2 M methanolic NaOH solution. The pH is 
monitored while the NaOH is introduced, a final pH is between 5.5 and 6. [3], [4], [5] 
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Fig. 2 Nanoparticles characterized by SEM 

 
Fig. 1 Absorbance and PL spectrum of Eu2O3 nanoparticles 

2.2  Characterization of prepared particles 

Prepared colloids of metal nanoparticles were characterized by absorption and by photoluminescence 
spectrum. Fig. 1 illustrates absorbance (red line) and photoluminescence spectrum (black line) of prepared 
Eu2O3 nanoparticles. Metal nanoparticles were spherical of various diameters. These diameters were 
determined by scanning electron microscopy. The colloid solutions contained nanoparticles with the size 
distribution of 50-100 nm in diameter. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 shows photo of nanoparticles observed by scanning electron microscope (using STEM mode).   

 

 

 

 

 

 

 

 
 

2.3  Preparation of nanolayers 

We studied thin films of metal nanoparticles deposited from colloid solutions on semiconductor surfaces. 
Wafers of 1 mm thickness were lapped to 0.5 mm and polished by chemical-mechanical means.  

Layers of nanoparticles, which consist of the metal core and the surfactant shell, were deposited by 
electrophoresis on polished wafers with dimensions about 10 × 10 mm2. 
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  a) 

 
 b) 

 
 c) 

 
 d) 

Fig. 3  Morphology of deposited nanolayer was observed by scanning electron microscope  a) nanolayer 
deposited at bias voltage 50V on the negative electrode; b) nanolayer deposited at bias voltage 106V on the 

negative electrode; c) nanolayer deposited at bias voltage 50V on the positive electrode; d) nanolayer 
deposited at bias voltage 106V on the positive electrode. 

The method of electrophoretic deposition of nanoparticles takes place in the cell. The cell consists of non-
conductive the bottom part; there is the bottom electrode in the middle where is fixed the substrate. The 
second part of cell is formed conductive upper part which serves as a second electrode. It´s filled the space 
between electrodes with colloid solution and then the cell is connected to the power voltage. In the cell, 
it´s created an electric field in which the particles are deposited on the substrate. [6] 

3.  EXPERIMENTAL RESULTS 

In this work, we studied the influence of conditions of the electrophoretic deposition. At first, it was 
observed influence of electrode polarity to morphology of deposited nanolayers. When the positive voltage 
was applied to bottom electrode, the organic surfactant was deposited in preference. In the other case, the 
metal nanoparticles were deposited. Next, we studied the influence of magnitude of applied voltage. 
Surface was filled and created clusters evenly if we used higher voltage for deposition. Fig. 3 illustrated 
coverage of surface depending on applied voltage and electrode polarity. 
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CONCLUSIONS 

The colloid europium oxide nanoparticles were prepared in the range 50-100 nm and characterized by 
absorbance and photoluminescence spectroscopy. The thin films were prepared by the electrophoretic 
deposition on the silicon wafers. The morphology of the layers was observed by JEOL JSM 7500F scanning 
microscope. This work demonstrated dependence the quality of deposited nanolayers on electrode polarity 
and applied voltage. 
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Abstract 

In our laboratory we focus on optically transparent thin films such as nanocrystalline diamond (NCD) and 
ZnO nanostructures with size too small to be visualized in optical microscope and the optical absorption 
edge in the ultraviolet region. In this contribution we summarize how to evaluate the optical absorption 
edge and the defects in the band gap of these wide band gap nanocrystalline semiconductors. Optical 
spectroscopy belongs to the most important methods applied to characterize thin films. Photothermal 
deflection spectroscopy (PDS) in near ultraviolet (300‒400 nm), visible (400‒700 nm) and near infrared 
regions (700‒2000 nm) are particularly useful for study of the wide band gap semiconductors deposited as 
thin layers on glass substrates. 

Keywords: wide band gap semiconductors, optical spectroscopy, nanocrystalline materials 

1.  INTRODUCTION 

Recently, our PhD. student Neda Neykova reported on hydrothermal growth of large area, high quality, 
single crystalline zinc oxide (ZnO) nanocolumns perpendicularly oriented towards the substrate (glass or 
ZnO coated glass). [1] ZnO nanostructures such as columns, needles, nanorods or hedgehog-like structures 
have attracted a great interest, because they can provide opportunities to develop novel properties and 
explore possible new phenomena. [2] ZnO is a direct band gap semiconductor with the optical absorption 
edge in near UV region. One of the curious features of the literature on ZnO thin layers is the remaining 
substantial disagreement as to the value of its band gap  [3]. This is partly due to the fact that the optical 
properties of ZnO depends on the crystallographic orientation, stress or the presence of dopands. 
Moreover, the absorption coefficient of the polycrystalline ZnO evaluated from the standard T&R or 
ellipsometric measurements are usually an overprediction due to the optical scattering.  

Our PhD. students Oleg Babchenko and Marian Varga grow nominally undoped NCD films with submicron 
grain size on a wide range of substrates using the microwave plasma enhanced chemical vapor deposition 
(MW CVD) [4 - 6] Nanocrystalline diamond  (NCD) thin layers are relatively smooth showing most of the 
diamond excellent properties such as optical transparency in wide range (indirect band gap 5.5 eV, 
225 nm), excellent mechanical properties, bio-compatibility, chemical inertness and stability of the 
functionalized surface. [7 - 10]. Optical absorbance of NCD films plays an important role in many 
applications we are developing, e.g. planar optical waveguides or photonic crystals. [11]  Previous studies 
have showed usefulness of photothermal deflection and spectrally resolved photocurrent spectroscopy to 
estimate sub-gap defect density. In particular, an onset of absorption at about 0.8 eV in undoped films is 
attributed to transitions from π to π states introduced into the band gap by the high amount of sp2 bonded 
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carbon at the grain boundaries. Moreover it has been reported that the incorporation of nitrogen leads to a 
strong absorption in the whole energy spectrum, as a result of the increasing number of sp2 carbon atoms. 
[12] We have already shown that in selected NCD films grown under optimized conditions the non-diamond 
carbon can be reduced by the post-deposition chemical etching and cleaning. [13] In this contribution we 
summarize how to evaluate the optical absorption edge and the defects in the band gap of the wide band 
gap nanocrystalline semiconductors.  

2.  EXPERIMENTAL 

2.1  Hydrothermal synthesis of ZnO nanostructures 

The synthesis of a dense layer of up to several μm long ZnO structures was performed using a simple two-
step process proposed by Greene. [14 , 15] First step was nucleation of the cleaned glass substrates by spin 
coating with zinc acetate dihydrate C4H6O4Zn.2H2O (Sigma Aldrich) dissolved in pure ethanol. Thus, the 
coated substrates were annealed at 200°C in air. The second step was growth of ZnO nanorods employing 
the hydrothermal reaction. The nutrient solution was composed of 1:1 ratio zinc nitrate hexahydrate 
Zn(NO3)2.6H2O (Fluka) and hexamethylentetramine (HMTA, Sigma Aldrich) dissolved in 100ml deionized 
water. The chemicals were used without further purification. During the ZnO nanostructural growth, the 
substrate was mounted upside-down on a polytetrafluoroethylene (PTFE) sample holder. The reaction was 
carried out at constant temperature of 85 °C for 3 hours. After the reaction termination, the solution 
containing the immersed samples, was cooled to room temperature. Subsequently, the sample  was 
removed from the solution and abundantly washed with solution of ethanol and de-ionized water in order 
to eliminate the residual salts, and finally dried in air. 

2.2  Microwave plasma enhanced CVD NCD growth 

Nanocrystalline diamond thin layer was grown on 10x10 mm2 large and 0.7 mm thick fused silica substrate 
(UQG Optics). [16] Substrate was seeded applying ultrasonic agitation in a water based diamond powder 
suspension (powder from NanoAmando, New Metals and Chemicals Corp. Ltd., Kyobashi).  The typical 
seeds density after such process is in range up to 1011cm-2. Nanocrystalline diamonds (NCD) films were 
grown in microwave plasma enhanced CVD system (AIXTRON P6, 2,54 GHz) from a methane/hydrogen gas 
mixture. The parameters during the deposition process were next: 1 % of methane in hydrogen at total gas 
pressure 50 mbar, the microwaves power 2,5 kW and the substrate temperature 600°C, as measured by 
optical pyrometer. NCD films were grown for 3 hours with the growth rate about 150 nm/h. The process 
was finished by 10 min hydrogen plasma treatment.  After the deposition samples were treated in RF 
oxygen plasma reactor for 3 min (300 W, 13,56 MHz). 

2.3  Photothermal deflection spectroscopy (PDS) 

Photothermal deflection spectroscopy (PDS) is allows to measure directly the heat released by a weak 
optical absorption of smooth as well as rough thin layers. [17]  Our PDS setup, see Fig. 1. consists of    the 
150 W Xe lamp and a Actor Research Corp. SpectraPro 275 monochromator equipped with three gratings 
blazed at 300 nm (600 g/mm), 750 nm (300 l/mm) and 1250 nm (150 l/mm) as light sources.. The amplitude 
is modulated at  7 Hz  by the mechanical chopper placed at the output slit of the monochromator. The Xe 
lamp, monochromator and the mechanical chopper are placed on the separate table to eliminate the 
mechanical vibrations on the table used for the measurement. A part of the light  is reflected by the 
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sapphire beam-splitter (B) towards auxiliary detectors D1 and D2 by the fused silica plan-convex lens (L1, 
f=10 cm) and the Al mirror (M1). The auxiliary detectors provide the signal for two lock-in amplifiers 
referenced to the frequency of the mechanical chopper. The monochromatic light is focused on the sample 
(S) by the spherical Al mirror (SM, f=12 cm) after passing through the diaphragm (C). The sample (S) is 
slightly tilted towards the incident light (the angle of incidence about 10°) to allow the reflectance 
measurements. The transmitted light is focused by the fused silica plan-convex lens (L3, f=5 cm) onto the 
detector (D3) and the reflected beam is focused onto detector  by the lens (L4). The lenses (L3) and (L4) are 
identical and the detector (D3) is movable (can rotate around the sample S) to be used both for 
transmittance as well as reflectance measurements. The detector (D3) consists of the integrating sphere 
equipped with the Si and InGaAs photodiodes connected to the lock-in amplifier referenced to the 
frequency of the mechanical chopper.   

The laser beam from the He-Ne laser (L, 632 nm, 2mW) is adjusted by the flat mirror (M2) and focused by 
the glass lens (L2, f=6 cm) parallel to the sample (S) immersed in fused silica cell with transparent liquid 
(CHCl3) and periodically heated by the monochromatic light. The CHCl3 is transparent in the spectral range 
270‒2000 nm (4.6‒0.6 eV) and has a a relatively high index of refraction n=1.45 as well as a high sensitivity 
of the index of refraction towards temperature (dn/dT=6x104/K). The thermal waves originating du to the 
optical absorption in the thin film and spreading in liquid cause the oscillation of the laser beam passing 
through the liquid in the vicinity of the thin film parallel to the surface. The amplitude of the laser beam 
oscillations measured by the position detector (D4) and lock-in amplifier referenced to the chopper 
frequency is proportional to the optical absorption of the monochromatic light in the thin film.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 1 The photo and schematic optical paths of the PDS setup: flat mirrors (M1 and M2), detectors (D1-D4), 

focusing lenses (L1-L4), beamsplitter (B), diaphragm (C), spherical mirror (SM), laser (L) and sample (S) in 
fused silica cell. 
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The PDS spectra are normalized on the incident light intensity by measuring the background spectrum using 
the black thin film coating on the same substrate. Since the black thin film corresponds to the total optical 
absorption of the incident light, the ratio of both spectra gives the absolute values of the optical absorption 
in the measured thin film.  

3.  RESULTS AND DISCUSSION 

Fig. 2 compares the optical absorption of a dense layer of ZnO nanorods  grown on glass substrate with as 
grown about 450 nm thick NCD layer grown on fused silica glass. The ZnO absorbs heavily in the UV region 
above 3.3 eV (at wavelengths below 375 nm) whereas NCD layer is highly transparent even at 4.5 eV 
(275 nm). The optical absorptance A is related to the optical absorption coefficient α and film thickness d by 
a simple formula  

 

In the above formula we suppose that the layer is thick enough so the transmittance approaches zero in the 
region above the optical absorption edge in the near UV region where A reaches its maximum. The formula 
neglects the dispersion of the index of refraction and  optical multireflections. Nevertheless, during the PDS 
the samples were immersed in the transparent liquid with a relatively high index of refraction and 
therefore the reflectance of ZnO/glass or ZnO/liquid interface was about  ((2.3-1.45)/(2.3+1.45))2≈0.045, 
where 2.3 is an estimate of the ZnO index of refraction at the optical absorption edge. [18] It should be 
noted, that the absorptance of ZnO in Fig. 4 saturates at 95%  at 3.5 eV and thus our PDS setup provides a 
very good absolute values of the optical absorptance.  

The optical absorption coefficient as a function of the photon energy E in direct band gap semiconductor 
with the band gap energy Eg. follows the formula 

gEEE 	~)(  

From the above formulas follows 
22 /)(~))max(/1(log dEEAA g		  

The band gap energy Eg can be estimated by the linear extrapolation of the function log2(1-A/(max(A)) 
plotted as a function of E, see Fig. 3. In our particular sample we evaluated the band gap energy to be 
3.39 eV (365 nm). 

The optical absorption below the fundamental optical absorption edge is dominated by the defect states. In 
the case of ZnO the dominant defects are either Zn interstitials or oxygen vacancies leading to n-type 
conductivity of the nominally undoped material [19]. In our sample the defect-related optical absorption as 
well as the free carrier absorption in NIR region is relatively low, indicating the high optical quality of the 
hydrothermally synthesized ZnO microstructures. In the as grown NCD the dominant defect states are 
mostly related to the non-diamond carbon at grain boundaries. [20-22]. 

The spectrum shown in Fig. 2 represents the as grown NCD before the post-deposition chemical etching 
and cleaning and having a relatively high non-diamond content. The local maxima at 1.2 and 1.7 eV are 
related to the interference fringes and the NCD film thickness 450 nm. It should be noted  that to the PDS 
signal contribute all electronic transitions, including the transition between localized states in all carbon 
phases   (diamond,  amorphous  carbon  and  graphite)  which  are  present  in  the  material.  Some  highly 

� �dAA 	�	 exp)max(/1
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Fig. 3 The evaluation of the direct band gap energy Eg = 3.39 eV 
(365 nm) in ZnO. 

 absorbing graphite inhomoge-
neities (black spots) can 
significantly enhance the PDS 
signal. However, in this case 
the  PDS spectra are not  be 
modulated in NIR region by 
the interference fringes. 
Moreover, our previous 
studies have shown that the 
non-diamond carbon can be 
significantly reduced by the 
post-deposition chemical 
etching, the optical absorption 
below the diamond band gap 
energy must be at least in 
some samples related to the 
non-diamond carbon at grain 
boundaries.   The microscopic 
detailed analysis of the origin 

of the sub-band gap absorption in NCD remains on open question. Therefore, we plan to perform a series 
of measurements to investigate the PDS and photocurrent spectra as a function of deposition conditions 
and grain size. A very helpful experiment to locate the carbon phases in NCD would be a SNOM monitoring 
of Raman spectra from inside the nanodiamond grain at grain boundaries which may be available at our 
Institute in 2012.  

4.  CONCLUSIONS 

We applied the photothermal 
deflection spectroscopy  to analyze 
the optical absorption edge of two 
wide band gap nanocrystalline 
semiconductors ZnO and NCD as 
well as the defect-induced localized 
states with the photoexcitation 
energies below the energy of the 
electronic transitions between the 
valence and the conductivity bands. 
The optical absorption spectrum of 
ZnO clearly shows the optical 
absorption edge in near UV region 
at 3.39 eV and a low defect-related 
optical absorption in the visible and 
near infrared region. We can thus 

Fig. 2 The comparison of the optical absorption of  hydrothermally 
synthesized ZnO and as grown MW CVD grown NCD layers. The PDS 

spectra were measured with samples immersed in CHCl3. 
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conclude that the white appearance of the ZnO nanorods is due to the simultaneous effects of the low 
optical absorption (high transparency) and strong scattering making ZnO nanorods an ideal optical diffuser 
in the visible and near IR regions. There is a question if the sub-band gap absorption in NCD is dominated by 
the non-diamond carbon at grain boundaries or by the localized defect states inside the grains. The 
experimental evidence support the model in which the sub-band gap optical absorption in as grown NCD 
originates from the non-diamond carbon located at grain boundaries.  
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Abstract 

The Mössbauer study is target to valence of Fe-doped phase and its changes during preparation by mixing 
with NaAlH4 and charging and discharging cycles. The 2 mol % FeCl2·4H2O powder was contained in the as-
mixing material. The dry milled sample did not transformed during the milling in the protective 
atmosphere. The significant change was approved in the firstly hydrogenation step only. The analysis shows 
FeClO which released the most significant component in the dehydrogenation and hydrogenation steps. 
The amount of FeClO was decreased with the all following step of hydrogenation and dehydrogenation. The 
fine paramagnetic particles of iron oxides were detected and their amount increased influenced of gas 
impurities. The longer period of heat treatment shows the agglomeration of iron oxides and their magnetic 
effect.  

Keywords: Mössbauer spectroscopy, hydrogen absorbing materials 

1.  INTRODUCTION 

Although the system has been known now for a long period, even the role of doped phase was unclear until 
recently. NaAlH4 based complex hydrides are promising materials for hydrogen storage and there are many 
activities in the field of improvement their re-hydrogenation properties. Additives of transition metal 
moderate the working temperature; kinetics of dehydrogenation and do not changed the hydrogen storage 
capacity [1-3]. The capacity of NaAlH4 catalyst by 5 mol. % FeCl2 is 4.65 wt. % (1st thermolysis) and 2.13 wt. 
% (2nd thermolysis) [1, 2]. Thermal decomposition of this material is work at around 100°C and 
hydrogenation at 120°C/150 bar of H2. Iron ions observed by Mössbauer spectroscopy explained role of 
doping Fe(OEt)2 which formed the nanoscales particles and transformed into Fe-Al-alloy during the re-
hydrogenation steps [2]. Three types of synthesis are commonly used for the metal doping: (i) ball-milling 
or wet chemical reaction presynthetized metal and hydride, (ii) ball-milling of precursors under the 
hydrogen, (iii) the telemetrically monitored process of ball-milling, hydrogenation, and doped by metal [4]. 
An in-situ X-ray diffraction analysis was used the commercially-available furnaces to study the 
decomposition of NaAlH4 and Na3AlH6 [5].  

2.  EXPERIMENTAL DETAILS 

The samples were prepared by dry milling of presynthesized pure AlNaH4 and 2 mol % FeCl2·4H2O powders 
in argon atmosphere and in air. After the milling in Ar the powder was sealed in a plastic bag capsule filled 
by Ar. The X-ray diffraction (XRD) and Mössbauer spectroscopy (MS) were applied for characterization of 
the structure. 
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The X-ray powder patterns were collected on X’Pert diffractometer and CoKα radiation with qualitative 
analysis by HighScore® software and the JCPDS PDF-4 database. For a quantitative analysis HighScore plus® 
with Rietveld structural models based on the ICSD database was applied. This method was limited in this 
area: (i) markedly reduction of signal influenced by argon in capsule; (ii) possibility of determination of 
amount of amorphous phase and (iii) detection limit. 57Fe Mössbauer spectra were measured using 57Co/Rh 
source in standard transmission geometry with detection of 14.4 keV γ rays. The hydrogenation and 
dehydrogenation were measured in pure hydrogen in the gas&vacuum furnace supplied by the 5N 
hydrogen atmosphere or connected to a dynamic vacuum (10-2 Pa) produced by a rotary pump. The 
velocity scale was calibrated with a standard α-iron foil at room temperature. Isomer shifts δ are given 
relative to α-Fe at room temperature. The computer processing of the spectra was done using CONFIT 
package [6] which yielded intensities I of the components (atomic fraction of Fe atoms), their hyperfine 
inductions Bhf, isomer shifts δ, quadrupole splittings ΔEQ, and quadrupole shifts εQ. 

Fig. 1 Transmission Mössbauer spectra of the NaAlH4+2 mol. % FeCl2 prepared in Ar (left) and in air (right). 

 
Fig. 2 Comparison of XRD diffractograms of the as-prepared sample and the sample after 2.5 hours milling 

in air. 

3.  RESULTS AND DISCUSION 

The phase analyses of the samples mixing in the argon atmosphere and in the ambient atmosphere were 
investigated by XRD and MS. They are confirmed presence of precursors in the case of sample prepared in 
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argon and additional impurities in the samples prepared in air. The XRD analysis shows the AlNaH4 phase 
only and the MS showed Fig 1 the presence of tree components. Two main components can be recognized 
in the spectrum of the sample milled in Ar. The first component – doublet with δ=1.15 mm/s and ΔEQ=2.32 
mm/s – can be ascribed to FeCl2 in agreement with [7] and the second component – doublet with δ=0.31 
mm/s and ΔEQ=0.99 mm/s – represents of FeOCl [8]. The same first component FeCl2 was recognized in the 
sample prepared in the air. The two components represents impurities were recognized by doublets with 
parameters: δ=0.14 mm/s and ΔEQ=0.6 mm/s and δ=0.4 mm/s and ΔEQ=0.75 mm/s to similar Fe(III) and 
Fe(III-II) iron oxides. 

Table 1 The MS parameters of powder prepared in the air.  

 Fe (II-III) Fe(III) 

Time of 
milling 

I [atomic 
fraction] 

δ [mm/s] ΔEQ [mm/s] I [atomic 
fraction] 

δ [mm/s] ΔEQ [mm/s] 

As 
prepared* 

0.47±0.01 0.40±0.01 0.79±0.01 0.23±0.01 0.14±0.01 0.64±0.01 

0.5 hour 0.30 0.47 0.72 0.7 0.18 0.56 

1 hour 0.33 0.5 0.63 0.67 0.17 0.55 

2.5 hours 0.31 0.5 0.7 0.69 0.16 0.56 

* FeCl2 - I = 0.2; δ=1.15 mm/s and ΔEQ=2.32 mm/s. 

The significant differences of samples milled in each atmosphere were investigated by XRD. The amount of 
all crystalline phases was falling down with the milling time of sample milled in argon. In the 2.5 hours 
milled sample were the amorphous phase detected only. The presence of ambient atmosphere during the 
milling caused the forming of Na2CO3 and increasing of amorphous phase (Fig.2). These results were 
partially confirmed by MS. The parameters of doubled of argon milled sample did not changed but the 
parameters of air exposed sample changed significantly (Table 1). The doublets in the first milling step have 
following parameters: δ=0.17 mm/s and ΔEQ=0.55 mm/s and δ=0.5 mm/s and ΔEQ=0.63 mm/s (Fig.3). These 
values are close to Fe(III) and Fe(III-II) in iron oxides and they probably represent paramagnetic iron bearing 
oxides spread in the matrix. The disappearing of the doublets of iron chloride and iron oxychloride can be 
explained by their further oxidation during milling and/or by a chemical reaction with sodium alanate. 

 
Fig. 3 Transmission Mössbauer spectra of the NaAlH4+2 mol. % FeCl2 after milling 2.5 hours in Ar (left) and 

in air (right). 
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4.  CONCLUSIONS 

The doped sodium alanate hydride has to been protected during the mixing, milling and storing. This 
material chemically reacts with gaseous CO2 in ambient atmosphere and the Na2CO3 phase is formed. The 
results of MS show that the original FeCl2 phase is oxidized and/or chemically reacts to new iron oxide 
phases. The degradation of material was recognized in the cases of exposition of material in the air: (i) the 
mixture was preparing in the air; (ii) the powder was removed from protective atmosphere ambient 
atmosphere and (iii) the sample was in contact with impurity in protective gases.  

The Mössbauer study shown in material prepared in the protective argon atmosphere FeClO and FeCl2 
phases. The iron chloride phase is transformed to the FeClO in the first steps of heat treatment and its 
parameters not changed significantly during the long period of rehydrogenation and dehydrogenation. 
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Abstract 

Nanosized γ-Fe2O3 is one of the most remarkable iron(III) oxide polymorph with extensive applications in 
practice. However, its exploitation in nanosized form is limited by presence of parasitic magnetic 
phenomena emerging if the size of γ-Fe2O3 nanoobjects falls below a certain threshold value. One of them 
is a spin canting negatively reflecting in a capability of these nanoobjects to be easily controlled by an 
external magnetic field. Knowledge of all parameters affecting spin canting may shed light into 
understanding of this parasitic phenomenon, thus enabling its prevention. For a study of spin canting, in-
field 57Fe Mössbauer spectroscopy is widely recognized as the most powerful experimental tool allowing 
qualitative and quantitative determination of the degree of this phenomenon. In this work, we study the 
parameters having an impact on spin canting phenomenon occurring in the two γ-Fe2O3 nanoparticle 
systems exhibiting different average particle size and particle size distribution. It turns out that the spin 
canting phenomenon significantly depends on the temperature and its thermal evolution is influenced by 
average particle size and particle size distribution of a γ-Fe2O3 nanoparticle assembly. For smaller 
nanoparticles, diminishing of spin canting is assisted by collective magnetic excitations. Moreover, we 
propose a statistically-based procedure testing the nature and site-occurrence of spin canting phenomenon 
in the studied γ-Fe2O3 nanoparticle systems. The presented approach, combining physical and statistical 
methods, could bring a more sophisticated picture of spin canting phenomenon in all magnetic 
nanosystems. 

Keywords: Gamma-Fe2O3, maghemite, spin-canting, in-field 57Fe Mössbauer spectroscopy, regression 
models. 

1.  INTRODUCTION 

Nanomaterials are interesting for their physico-chemical properties that are diametrically distinct from 
those exhibited by their bulk counterparts [1]. Among these nanomaterial’s properties, magnetic 
characteristics significantly attract the attention of the scientific community due to a variety of practical 
fields where magnetic nanomaterials can be exploited. Formally primarily used in areas of magnetic 
recording and storage of information (i.e., magnetic pigments in recording media), some of these magnetic 
nanomaterials have been found effective in medicine improving diagnostic procedures (e.g., contrast 
agents in nuclear magnetic resonance) and/or giving rise to new treatment methods (e.g., labeling and 
magnetic separation of cells, targeted drug delivery, magnetic-field assisted hyperthermia, etc.) [2, 3]. 
Beside this, they have been used as modeling systems for theoretical studies explaining significant 
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magnetic phenomena occurring in “nanoworld” (e.g., superparamagnetism, quantum tunneling of 
magnetization, etc.) [4]. 

Iron oxides, especially Fe2O3 and Fe3O4 (magnetite), belong to the most remarkable magnetic nanomaterials 
[5]. Beside their application-promising magnetic properties such as superparamagnetism, they are notable 
for their appealing biochemical properties, mainly nontoxicity, biodegradability, and biocompatibility [5]. 
This classifies them as one of leading agents in the fields of medicine where utilization of external magnetic 
field is highly required for diagnostic and/or treatment purposes. We distinguish 4 structural forms of 
crystalline iron(III) oxide [5]: (i) α-Fe2O3 (i.e., hematite); (ii) β-Fe2O3; (iii) γ-Fe2O3 (i.e., maghemite); and (iv) ε-
Fe2O3. They all have the same chemical properties, however, their physical properties markedly differ. For 
practical purposes, nanosized γ-Fe2O3 is the most application-suitable Fe2O3 polymorph as it can be used in 
all above-mentioned fields. However, its exploitation in nanosized form is limited by presence of parasitic 
magnetic phenomena emerging if the size of γ-Fe2O3 nanoobjects falls below a certain threshold value [6]. 

A spin canting is one of these parasitic phenomena; it negatively reflects in a capability of nanoobjects to be 
easily controlled by an external magnetic field [4, 6]. It is governed by finite size effects (presence of defects 
or vacancy in the crystal structure) and surface effects (increasing number of atoms present in the surface 
layers on decreasing the nanoparticle size). The spin canting has a static and dynamic character and causes, 
along with other factors, unsaturated values of magnetization in relatively low applied magnetic fields. For 
a study of spin canting, in-field Mössbauer spectroscopy is widely recognized as the most powerful 
experimental tool as it allows to qualitatively and quantitatively determine the degree of this phenomenon 
[4, 6]. From the intensity of the 2nd and the 5th spectral lines, it is possible to derive an angle reflecting a 
degree of spin canting. 

In this work, we study parameters influencing spin canting, particularly average size of nanoparticles in 
their assembly and temperature. To do so, we used two samples made up of γ-Fe2O3 nanoparticles with 
different average particle size and particle size distribution. In order to shed light into the occurrence and 
nature of spin canting in γ-Fe2O3, employing a statistical theory of regression models, we have constructed 
a model allowing evaluating the degree of spin canting at both crystallographically non-equivalent sites in 
the γ-Fe2O3 crystal structure. It turns out that a combination of physical and statistical methods could bring 
a more sophisticated picture of spin canting phenomenon in all magnetic nanosystems. 

2.  EXPERIMENTAL AND METHODS 

In this work, spin canting phenomenon has been studied for two nanoparticle systems of γ-Fe2O3 origin, 
denoted as the Sample A and Sample B. The Sample A is a commercially-synthesized γ-Fe2O3 powder which 
has been bought from Nanophase Technologies Corporation (U.S.A.) under the name NanoTek® Iron Oxide 
(Product No. Fe-0800-007-025). For study of spin canting, the Sample A has been used as-received without 
any further chemical modification. On the contrary, the Sample B has been prepared following the 
synthetic (mechanochemical) route published by Lu and co-workers [7]. This synthetic procedure has been 
modified with respect to the reaction yield. For the preparation of the Sample B, following precursors have 
been used: (i) iron(II) chloride tetrahydrate (FeCl2·4H2O – 99 %); (ii) iron(III) chloride hexahydrate 
(FeCl3·6H2O – 99 %); (iii) potassium chloride (KCl – 99.5%), and (iv) potassium hydroxide (KOH – 99%). All 
precursors have been bought from Sigma Aldrich Company (U.S.A.) and used as received without any 
further chemical modification. For the synthesis, mixed powders of 1.35 g FeCl3·6H2O, 0.50 g FeCl2·4H2O 
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Fig. 1 Particle size distribution for the Sample A and B derived from mathematical analysis of TEM 
images (left) and Mössbauer spectra of the Sample A and B recorded at a temperature of 5 K and in 

zero applied magnetic field (right), where δ (± 0.01 mm/s) is the isomer shift, ΔEQ (± 0.01 mm/s) 
represents the quadrupole splitting and Bhf (± 0.3 T) denotes the hyperfine magnetic field. 

and 3.90 g KCl were ground in a mortar at room temperature for 30 minutes; this resulted in an yellow 
paste. Subsequently, 1.22 g of KOH powder has been added in to the reaction mixture followed by grinding 
at room temperature for another 30 minutes; the color of the mixture changed from yellow to dark brown. 
Finally, the sample has been ultrasonificated and washed by double deionized water to remove Cl- ions. To 
dry the sample, it has been left under air atmosphere at room temperature. 

Transmission electron microscopy (TEM) images were obtained using a JEM2010 microscope operated at 
200 kV with a point-to-point resolution of 1.9 Å. X-ray powder diffraction (XRD) experiments were 
performed with a PANalytical X´Pert PRO instrument (CoKα radiation) equipped with an X´Celerator 
detector. 

Zero-field Mössbauer spectra of the Sample A and B have been recorded at 5 K in a constant acceleration 
mode with a 50 mCi 57Co(Rh) source. The values of the isomer shift are reported with respect to -Fe. In-
field Mössbauer measurements were performed in a constant acceleration mode when the sample was 
placed in a cryomagnetic system (Oxford Instruments) at a temperature of 5, 100, 200, and 300 K and 
exposed to an external magnetic field of 5 T, applied parallel to the direction of the X-rays (i.e., parallel 
experimental setup). 

3.  RESULTS AND DISCUSSION 

3.1  Evaluation of spin canting by in-field Mössbauer spectroscopy 
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Before Mössbauer measurements, structural, size and morphology characteristics and phase composition 
of both samples have been checked by XRD, TEM, and Mössbauer spectroscopy. XRD patterns of both 
samples (not shown) contain only traces of γ-Fe2O3 (diffraction peaks with accordance with the JCPDS card 
No. 19-0629) without any detectable admixtures of other Fe2O3 polymorphs and/or starting precursors; for 
both samples, the lattice parameters a = b = c were found to be equal to 8.3277(5) and the crystal structure 
has been refined within the P4132 space group. From TEM images, we observed that both samples are 
composed of spherical-like nanoparticles; for the Sample A, the diameter of γ-Fe2O3 nanoparticles ranges 
from 5 to 80 nm whereas for the Sample B, γ-Fe2O3 nanoparticle diameter varies from 1 to 5 nm. The 
average particle diameter was found to be ~22 nm and ~3 nm for the Sample A and B, respectively, in 
accordance with the average values of coherent domains derived from XRD pattern employing the Scherrer 
formula [8]. Both samples exhibit different particle size distribution; while lognormal distribution function is 
used to describe particle size distribution of the Sample A, the Gaussian distribution function is applied for 
the Sample B (see Fig. 1). 

Moreover the sample purity was evaluated by Mössbauer spectroscopy. At 5 K, the zero-field spectrum of 
both samples consists of one asymmetric sextet with hyperfine parameter values close to those frequently 
reported for γ-Fe2O3 [5]. The deconvolution of the recorded Mössbauer spectra of both studied samples 
has been performed on the basis of analysis of respective Mössbauer spectra collected at the same 
temperature and in an external magnetic field of 5 T, enabling to distinguish the two spectral components 
typical for γ-Fe2O3 (one component for tetrahedral sites - Sextet A - and one for octahedral sites - Sextet B - 
in the spinel crystal structure of γ-Fe2O3) [5, 6]. Again, there are no signs of presence of other Fe-bearing 
phases; both samples are single phased of γ-Fe2O3 origin based on XRD and Mössbauer spectroscopy results. 

To get a deeper insight into understanding of spin canting phenomenon, in-field 57Fe Mössbauer 
spectroscopy (IFMS) has been exploited. It is well known that for Fe3+-containing compounds like γ-Fe2O3, 
IFMS conveys important information on orientation of Fe atomic magnetic moments (μ) inside 
(nano)materials, i.e., it can monitor orientation behavior of μ in external magnetic fields. To do so, for both 
samples, we have measured Mössbauer spectra in 5 T at temperatures of 5, 100, 200, and 300 K (see Fig. 
2). At 5 K in-field Mössbauer spectrum of both samples can be mathematically deconvoluted with two 
sextet components, reflecting the presence of two crystallographically nonequivalent (tetrahedral and 
octahedral) sites. For an ideal ferromagnetic (F) and ferrimagnetic (FI) (nano)material and in parallel 
experimental setup, zero values of intensities of the 2nd and 5th resonant lines (A2,5) are expected due to 
alignment of μ to the direction parallel or antiparallel with respect to the orientation of external magnetic 
field (Bext). If A2,5 are not zero, it implies a non-complete alignment of μ inside F and FI (nano)material and 
thus presence of spin canting phenomenon [4, 6]. The more intense A2,5 are, μ are more disordered which is 
reflected in a higher degree of spin canting. Looking at in-field Mössbauer spectra of both samples at 5 K, 
we can deduce that spin canting is more pronounced for Sample A than for Sample B, conforming thus its 
dependence on particle size. As the temperature rises, spin canting phenomenon progressively decreases 
due to its dynamic character. With an increase in temperature, transverse component of μ increases due to 
enhanced fluctuations of μ. When the temperature is sufficient enough, transverse component of μ 
overcomes an anisotropy barrier separating two different spin canted states of μ. As the temperature 
increases, spin canting becomes a relaxation phenomenon, thus vanishing at a certain temperature. As it is 
evident from Fig. 2, the degree of spin canting decreases in a different manner for both samples. In the case 
of Sample A, spin canting completely vanishes at temperature higher than 200 K whereas for the Sample B, 
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spin canting is not detectable at temperatures higher than 100 K. This implies that the dynamic character of 
spin canting is dependent on particle size and particle size distribution; the smaller the particles are the 
more rapidly spin canting fades away with temperature. In addition, the dynamic character of spin canting 
is empowered by collective magnetic excitations that dominate the magnetic behavior of nanoparticle 
system at temperatures close to its blocking temperature. This is clearly evident for the Sample B for which 
collective magnetic excitations affect more drastically the spin canting phenomenon. In this case, the 
presence of collective magnetic excitations is reflected by non-Lorentzian resonant lines bent towards the 
spectrum center [4, 6]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 Representative Mössbauer spectra of the Sample A (left) and B (right), recorded at various 

temperatures and in an external magnetic field of 5 T oriented in a parallel direction with respect to the 
propagation direction of γ-rays. 

Note that spin canting phenomenon occurs in different degree at both γ-Fe2O3 crystal sites. It is evident 
that spin canting is dominant at octahedral (B) sites in comparison to its degree at tetrahedral (A) sites. 
However, there have been certain studies reporting that spin canting occurs at the same degree at both 
sites of γ-Fe2O3 crystal structure [6]. To confirm our fitting model, we employ a statistical theory of non-
regression models. 
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3.2  Spin canting assessed by non-linear regression models 

In order to shed light into the occurrence and nature of spin canting phenomenon in γ-Fe2O3 nanoparticles, 
we have constructed a non-linear regression model enabling to quantify the exact estimates of Lorentzian 
curve describing the γ-rays resonance in the Mössbauer effect [9]. To do this, we have only considered the 
region at the velocity scale where the 2nd sextet line is likely to occur. For γ-Fe2O3, 2 Lorentzian curves are 
used, one for tetrahedral sites and one for the octahedral sites. The proposed model is then in the form of 

� �Y f β  

where Y is the observation vector (i.e., experimental data) and f(β) is the weighted sum of the 2 Lorentzian 
functions given by 
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with unknown parameters β = (β0,…,β8)’. Here, β0 is the weight coefficient reflecting the portion of 
individual Lorentzian curves in their sum. Thus, the precise knowledge of β0 along with β2 and β6 
(intensities of individual Lorentzian curves) enables to quantify the degree of spin canting phenomenon at 
individual γ-Fe2O3 crystallographic sites. 

In the case of the Sample B, we get β0 ≈ 0.768, β2 ≈ – 0.038 and β6 ≈ – 0.089. Based on these derived 
values of function parameters, we can deduce the spectral intensity of the 2nd line of the 2 sextets for γ-
Fe2O3 samples. Comparing the intensity value of the 2nd sextet line with the intensity value of the 3rd 
sextet line for the 2 sextets, it turns out that spin canting is more pronounced at the octahedral sites for the 
Sample B. Employing analogous mathematical procedure for the Sample A, we also find that at the 
octahedral sites, the spin canting manifests itself in a higher degree compared to that derived for the 
tetrahedral sites. This also implies that for both samples, the spin canting phenomenon is rather a 
manifestation of surface effects than finite-size effects although the impact of finite-size effects on the spin 
canting cannot be unambiguously excluded at this stage. 

Exploiting the theory of non-linear regression models for the weighted sum of the Lorentzian functions 
provides precise determination of unknown function parameters including the weight coefficient. This 
mathematical procedure can be further improved by using the multi-stage regression models with 
constrains [10] as this approach enables to impose relevant conditions on individual parameters of a given 
fitting function. This would allow to describe the nature of spin canting more correctly for both studied 
samples. 

CONCLUSIONS 

We have shown that spin canting phenomenon, being a parasitic effect in γ-Fe2O3 and thus limiting its 
applications in certain fields, significantly depends on the temperature. As the temperature rises, spin 
canting vanishes due to its dynamic character. It turns out that the temperature evolution of spin canting 
phenomenon is affected by average particle size and particle size distribution of γ-Fe2O3 nanoparticles in 
their assembly. Moreover, its fading is assisted by collective magnetic excitations that become dominant as 
the temperature approaches the blocking temperature characteristic of particular γ-Fe2O3 nanoparticle 
system. Based on the statistical analysis employing theory of non-linear regression models, we 
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demonstrate that spin canting occurs in different degree at individual crystallographic sites of γ-Fe2O3, 
being more pronounced at the octahedral sites. The presented approach, combining physical and statistical 
methods, could thus bring a more sophisticated picture of spin canting phenomenon in all magnetic 
nanosystems. This would require exploitation of multi-stage regression models to construct a more precise 
model. However, our study does not unambiguously confirm if the temperature evolution of spin canting at 
both γ-Fe2O3 crystallographic sites has similar character or if at one site, spin canting diminishes more 
rapidly than at the other site with the rise in temperature. This needs a further investigation with more γ-
Fe2O3 nanoparticle assemblies having different average particle size. 
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Abstract 

Surface-enhanced Raman spectroscopy (SERS) is a powerful technique which could compete in sensitivity 
with fluorescence spectroscopy while retaining the specificity of Raman spectroscopy. Enhancement of 
Raman signal by several orders of magnitude can be achieved when molecules are adsorbed on (or in 
proximity to) metal nanoparticles or nanostructured metal surfaces, referred to as SERS-active substrates.  

We have obtained SERS-active substrates with high reproducibility using self-assembly of polystyrene 
microspheres. These surfaces consist of highly ordered metal nanobowls with sharp edges which 
significantly contribute to high enhancement of the local electromagnetic field. Periodic arrays of close-
packed nanobowls of various sizes were fabricated and their functionality was confirmed by measuring 
SERS spectra of methylene blue. 

Keywords: SERS, nanobowls, reproducible SERS substrates, self-assembly, methylene blue 

1.  INTRODUCTION 

Major disadvantage of Raman spectroscopy, very small cross section of Raman scattering, can be overcome 
by considerable enhancement of the local electromagnetic field due to excitation of localized surface 
plasmon resonances in metal colloidal particles or nanostructured metal surfaces [1]. This effect, surface-
enhanced Raman scattering (SERS), has great potential for applications in biology, medicine and diagnostics 
but commercial fabrication of the so-called SERS-active substrates remains a challenge.  

Large enhancement factors and reproducibility are two main requirements for high-quality SERS substrates. 
However, these features seldom coincide. While in the first two decades after the discovery of SERS in the 
70’s, maximum enhancement was the most desired feature, now it is generally believed that reproducibility 
is the key factor for future commercialization of SERS-active surfaces because it allows quantitative 
analysis. Periodicity of these systems is an elegant way to obtain high reproducibility and homogeneity of 
enhancement over the whole surface. 

In the past years, a great advance has been made both in fabricating novel types of reproducible surfaces 
and designing their optimal shape and size using computer simulations of their interactions with incident 
light. Fabrication methods and obtained SERS-active surfaces have been reviewed in detail [2, 3].  

A bottom-up approach based on self-assembly is particularly advantageous thanks to its low cost and the 
possibility to create large surfaces (i.e. compared to lithographic methods). Moreover, optical properties of 
these periodic structures determined by their characteristic dimensions can be easily tuned by the size of 
individual particles. Using self-assembled silica or polystyrene templates, surprisingly versatile periodic 
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SERS-active surfaces can be obtained. Metal triangles fabricated by nanosphere lithography [4] and (metal) 
film over nanosphere (FON) substrates introduced by R. Van Duyne [5] appear to be the most widely known. 

Higher enhancement factors are expected on surfaces containing sharp features. Open shell nanostructures, 
such as “nanobowls”, have been shown to display large enhancement at the edges of the open apertures [6]. 
By depositing a 300 nm thick silver film over a self-assembled monolayer of spheres via thermal evaporation, 
peeling the structure off with a tape and subsequent removal of the template, ordered array of metal 
nanobowls has been created and its functionality as a SERS substrate has been verified [7]. 

In this paper we report on the fabrication of periodic array of gold nanobowls obtained by magnetron 
sputtering using hexagonally ordered polystyrene (PS) spheres as a template and confirm SERS activity of 
this substrate. 

2.  EXPERIMENTAL 

2.1  Materials and methods 

Aqueous dispersions (10 wt %) of PS microspheres with diameters (535 ± 16) nm and (920 ± 23) nm, 
respectively, were purchased from microParticles GmbH (Berlin, Germany). They were mixed with ethanol 
(1:1 v/v) and carefully deposited on water surface using a glass pipette. The close-packed microspheres 
formed compact monolayer with hexagonal order at the water-air interface. The obtained monolayer was 
then transferred onto cleaned glass substrates (approx. 1 x 1 cm) and left to dry at room temperature.  

Thin gold layers (20 or 40 nm in thickness) were prepared by magnetron sputtering deposition on the PS 
templates in Cressington 208HR high-resolution sputter coater.  

Poly(dimethylsiloxane) (PDMS) was purchased as Sylgard® Elastomer Kit 184 from Dow Corning. Curing 
agent was mixed with polymer base at a ratio 10 (polymer):1.5 (curing agent), stirred and degassed by 
centrifugation at 30 000 g. The mixture was then poured over glass substrates (approx. 1 x 1 cm) and left to 
cross-link for 1 day. The PS monolayer was then pressed onto PDMS by metalized side and peeled off with 
it (stamping).  Polystyrene spheres were dissolved in toluene. 

Obtained substrates consisting of PDMS covered with gold nanobowls were, after drying, dipped in solution 
of methylene blue (pH 3,6, concentration 10-4 – 10-7 M) for 11 hours and then dried in nitrogen flow.  

2.2  Characterization 

Obtained samples were characterized by scanning electron microscope (SEM) JEOL JSM-7500.  

SERS spectra of methylene blue (MB) were measured on Raman microspectrometer LabRam HR800 (Horiba 
Jobin Yvon) using 633 nm excitation (He-Ne laser) of power 0,2 mW and accumulation time 1 x 60 s. 

3.  RESULTS AND DISCUSSION 

PS spheres deposited on the water surface formed hexagonal close-packed monolayer of good crystalline 
quality for both sphere sizes used (535 nm and 920 nm). After drying on a glass substrate, the spheres were 
sputtered with a thin layer of gold. Sputtering, unlike thermal evaporation, enables the metal particles to 
penetrate into regions “shadowed” by the PS spheres and to coat a region exceeding the upper half of the 
sphere. Fig. 1 shows SEM micrograph of a self-assembled monolayer of PS spheres with diameter of 920 nm 
sputtered with 20 nm of gold.  
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Fig. 2 Schematic illustration of the fabrication of 
gold nanobowls from gold-sputtered PS spheres 

Fig. 3 SEM micrograph of gold-coated PS spheres  
(40 nm of gold) peeled off with PDMS. 

Fig. 4 SEM micrographs of gold nanobowls  
(40 nm of gold). 

 
Fig. 1 SEM micrographs of a self-assembled monolayer of PS spheres 920 nm in diameter sputtered with 20 

nm of gold (tilting angles: (a) 0°, (b) 45°). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fabrication steps leading to gold nanobowl array are 
schematically illustrated in Fig. 2. Firstly, the gold-
coated monolayer was turned upside-down by 
pressing into PDMS layer and removing the glass. 
Peeling the spheres off the glass substrate did not 
significantly disturb the hexagonal ordering (see 
Fig.3). Secondly, the PS spheres were dissolved in 
toluene leaving ordered array of go ld nanobowls in 
PDMS (see Fig. 4). 

To evaluate the potential of this structure as a SERS-
active substrate, we dipped the samples containing 

ordered arrays of nanobowls (diameter 920 nm, 20 
nm of gold) into MB solutions of different 
concentrations. High-quality SERS spectra of MB 
were obtained for concentrations down to 10-7 M (Fig. 5). 
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Peak positions in the measured spectra correspond to those previously reported on gold substrates 
obtained by physical sputtering [8], but the detection limit in our case is at least one order of magnitude 
lower. 

 
Fig 5 Measured SERS spectra of MB for very low concentrations: top - 10-6 M, bottom - 10-7 M. 

CONCLUSION 

In this paper, we described a facile technique for the fabrication of periodic arrays of metal nanobowls 
using self-assembled polystyrene microspheres as templates. These open shell structures display very 
strong enhancement of the local electromagnetic field around the sharp edges which gives rise to the SERS 
effect. Moreover, periodicity of this structure ensures that it is highly reproducible. It is the combination of 
these two features what makes periodic arrays of nanobowls such a promising SERS-active substrate. Our 
method of fabrication is advantageous because of its low cost, high throughput and the possibility to easily 
tune the optical response of the metal array by choosing a template with appropriate dimensions.  

High quality SERS spectra of methylene blue were measured on the obtained surface down to 
concentrations 10-7 M. 
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Abstract 

Cytocompatibility has a priority in primary screening tests of biocompatibility providing information on the 
cell biology sensitivity for further analysis. The purpose of biodegradable implants is to support tissue 
regeneration and healing by material degradation and a concurrent implant replacement through the 
surrounding tissue. Biodegradable metals as magnesium have an advantage over existing biodegradable 
materials in load bearing applications. In particular, metals which consist of human body trace elements are 
promising candidates for temporary implant materials. An improvement in mechanical properties and in 
corrosion resistance of Mg is necessary to ensure a good integrity of temporary implants. These 
requirements can be fulfilled by means of a proper composition of an Mg alloy and by the treatment 
leading to nano-sized precipitation structure. Mg alloys envisaged for biodegradable implants are soluble or 
degradable in bio-solutions, for example in cell cultivation media.  

Microstructure of squeeze cast magnesium-rare earth base alloys (rare earth – Y, Ce, Gd) with the low 
addition of Sc or Zn was investigated by optical and transmission electron microscopy and tensile tested at 
room temperature. Cytocompatibility of the alloys was studied by the time lapse cine micrography. The 
alloys without cytotoxicity, with cytotolerance and without serious cell damage were found. 

Keywords: cytocompatibility, Mg alloys, nano-sized precipitates 

INTRODUCTION 

Degradable metallic biomaterials are proposed in the last decade for some specific applications, including 
paediatric, orthopaedic and cardiovascular applications [1, 2]. They should disappear via corrosion after 
providing structural support for a certain time. Density of magnesium alloys (1.7–2.0 g/cm3) is close to that 
of natural bones and the compressive strength, tensile strength and Young modulus are much higher than 
those of biodegradable polymers [3]. Magnesium is essential to human metabolism and an incidence of 
hyper-magnesium is rare. A serious disadvantage of pure Mg is its fast corrosion in bio-liquids leading to 
hydrogen release into the tissue. An improvement due to proper alloying elements is necessary to 
decelerate the degradation process and to keep sufficient mechanical integrity of temporary implant. 
Additionally, alloying elements and their corrosion products must not be toxic. Especially an alloying of Mg 
by an appropriate amount of rare earth elements (including Y and Sc) is known to reduce corrosion process 
essentially [4, 5]. Furthermore, Mg–rare earth systems render age hardening attained by strong obstacles 
to both basal and non-basal slip. Not only the volume fraction but also the arrangement, the orientation 
relationship and aspect ratio of the precipitates affect the mechanical and creep properties (e.g. [6, 7, 8, 9, 
10, 11]). 
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Microstructure of four Mg alloys with various rare earth amount and other solutes has been investigated in 
this work with respect to nano-sized particles of precipitated phases and MG63 cell behavior in extracts of 
these alloys in DMEM was monitored by means of time lapse micro cinematography. 

1.  EXPERIMENTAL PROCEDURE 

All investigated alloys were squeeze cast starting from pure materials and Mg-Mn master alloy. The Gd, Y, 
Ce, Sc and Zn were stirred into the molten master alloy under a protective gas atmosphere (Ar–1% SF6). All 
alloys exhibit a very low porosity due to the high pressures applied (about 130 and 50 MPa). Cast materials 
were pushed out to a plate preheated to 200oC and slowly cooled. The alloy compositions are listed in the 
Table 1. Tensile tests were performed at room temperature in Instron testing machine with a constant 
initial deformation rate of 1*10-4 s-1. 

Table 1 Composition of studied alloys (in wt.%), proof stress Rp0.2 and ultimate tensile stress Rm  

alloy Gd Y Ce Sc Zn Mn Mg Rp0.2 [MPa] Rm [MPa] 

G10SM 9.6 - - 0.9 - 1.3 rest 156 193 

YSM - 3.9  0.7 - 1.1 rest 123 195 

CSM - - 2.8 0.9 - 1.1 rest 99 145 

YZM - 3.9 - - 1.2 1.1 rest 140 176 

Disc-shaped specimens (8 mm in diameter, 3 mm thick) machined from all four studied alloys were 
sterilized by UV radiation. Four discs from each alloy (70.28 g) were immersed in agitated DMEM solution 
(60 rpm, ~28 ml, pH = 7.2, 37oC) without BFS (bovine fetal serum) for 5 days. BFS was added into the 
resulted extracts and spreading and viability of MG63 cells (supplied by Sigma, collection ECACC) was 
determined by time lapse micro cinematography performed using Olympus IX51 microscope in air 
atmosphere with 5% CO2 at 37oC during 24 hours.  

Microstructure of as cast alloys was investigated by means of optical metallography, transmission electron 
microscopy and electron diffraction (JEOL JEM 2000FX and Phillips 200CM microscopes).   

2.  EXPERIMENTAL RESULTS AND DISCUSSION 

2.1 Microstructure and mechanical properties 

same grain size was determined in the as cast G10SM alloy. No dendrites were revealed in the G10SM alloy 

alloy, respectively. Rationally oriented disc-
grain interiors of the YZM alloy.  

Grains in the CSM alloy are separated by grain boundary eutectic consisting of the stable Mg12Ce phase 
(body centered tetragonal structure, a = 0.596 nm, c = 1.039 nm) and solid solution of Ce, Sc and Mn in Mg 
(Fig.1). The Mn2Sc phase particles (hexagonal structure P63/mmc, a = 0.503 nm, c = 0.827 nm) together 
with the Mg24Y5 stable phase particles (body centered cubic structure, a = 1.12 nm) decorate grain 
boundaries of the YSM alloy. Also in the G10SM alloy the grain boundary eutectic consisting of the stable 
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Mg5Gd phase (face centered cubic structure, a = 2.23 nm) and α-Mg solid solution and Mg5Gd particles 
coexist at grain boundaries. No distinct grain boundary decoration was observed in the YZM alloy.  
 

Fig. 1 Grain boundary eutectic in CSM alloy Fig. 2 Mg12Ce particles arranged into ribbons along 
[0001] direction in grain interiors of CSM alloy 

Fig. 3 Mn2Sc particles in YSM alloy Fig. 4 Rod-like arrangement of cbco phase particles  
in G10SM alloy 

 

Basal discs-shaped particles of the Mg12Ce phase 
(diameter 7 150 nm, thickness 8 – 16 nm) arranged 
into ribbons parallel to [0001] direction were found 
in grain interiors of the CSM alloy – Fig. 2. Much finer 
basal discs (diameter 10-30 nm) of the Mn2Sc 
compound exist irregularly distributed in the YSM 
alloy. They are imaged as “half-moons” in Fig. 3. 
These particles in the same orientation to the matrix 
are observed also in the G10SM alloy, but their 
number density is lower. Two types of transient 
phases are present in the G10SM grain interiors. The 
phase with a higher volume fraction is the c-base 
centered orthorhombic phase (a = 0.641 nm, b = 2.23 
nm, c = 0.52 nm) rationally oriented to the α-Mg solid 

Fig. 5 Long period stacking structure 18R in YZM 
alloy (grey areas in the middle and left top corner) 

together with thin basal plates in between 
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 solution lattice (Fig. 4). This transient phase is well known to precipitate as prismatic plates in Mg-Gd 
binary alloys [12] and in Mg-Y-Nd alloys [9]. Particles are arranged into rod-like shape 7 300 nm long and 7 
40 nm wide. The second phase in the form of very thin hexagonal plates parallel to basal planes of the α-
Mg is very rare. The plates have 7 250 nm in diameter and are only several nanometers thick. They have a 
higher concentration of Gd and Mn than the matrix. Similar thin plates were also detected in the as cast 
Mg5Gd1Sc1Mn alloy [13]. Contrary to the studied as cast YSM alloy these tinny plates precipitate in a high 
grain interiors. The phase with a higher volume fraction is the c-base centered orthorhombic phase (a = 
0.641 nm, b = 2.23 nm, c = 0.52 nm) rationally oriented to the α-Mg solid solution lattice (Fig. 4). This 
transient phase is well known to precipitate as prismatic plates in Mg-Gd binary alloys [12] and in Mg-Y-Nd 
alloys [9]. Particles are arranged into rod-like shape 7 300 nm long and 7 40 nm wide. The second phase in 
the form of very thin hexagonal plates parallel to basal planes of the α-
250 nm in diameter and are only several nanometers thick. They have a higher concentration of Gd and Mn 
than the matrix. Similar thin plates were also detected in the as cast Mg5Gd1Sc1Mn alloy [13]. Contrary to 
the studied as cast YSM alloy these tinny plates precipitate in a high number density during high 
temperature heat treatment of this alloy [10]. Beside a dense arrangement of the very thin hexagonal basal 
plates (containing Y, Zn and Mn in the YZM alloy, diameter from hundreds to thousands nm, thickness 
several lattice spacings) the microstructure of the YZM alloy shown in Fig. 5 is characterized by disc-shaped 
18R long period stacking structure. Similar particles with 18R long period stacking structure were observed 
in MgZn alloys with rare earth [14, 15]. The crystallographic structure of 18R phase particles in the 
Mg8Y2Zn0.6Zr alloy was determined as a base centered monoclinic having ordered Y and Zn atoms in its 
unit [15]. 

Different microstructures found in the investigated alloys influence their mechanical properties. The values 
of proof stress Rp0.2 and ultimate tensile stress Rm are listed in Table 1. Apart from the CSM alloy all other 
alloys exhibit pronounced precipitation hardening. The high proof stress value in the G10SM alloy is caused 
by a triangular arrangement of the cbco phase prismatic plates which is the most effective obstacle 
arrangement for basal dislocations slip. Basal discs of the Mn2Sc phase existing in the G10SM and YSM 
alloys are weaker obstacles for basal slip and consequently hardening in the YSM alloy is less pronounced 
than in the G10SM alloy. The very thin hexagonal basal plates have a negligible influence on mechanical 
properties of the G10SM alloy due to their low number density but can improve the proof stress of the YZM 
alloy because their aspect ratio (ratio diameter to thickness) is extremely high and the number density is 
there much higher.  Mechanical properties of the cast G10SM alloy are nearly comparable to the 
commercial Mg-Y-Nd alloy WE43 improved by a special heat treatment. The values reported in [16] are 
Rp0.2 = 172 MPa and Rm = 220 MPa. This alloy was used as degradable cardiovascular stent material in the 
first clinical human trials [17]. 

2.2 MG63 cell behavior 

Spreading index defined as the ratio of the spread cells number to the total cells number after the first hour 
of exposition is seen in Fig. 6 together with results of control experiment, in which MG63 cells were placed 
into the DMEM solution only instead into the extract. Spreading of MG63 cells proceeds relatively well in 
the extracts even though not as well as in the control medium. Spreading index values after the 1.hour 
exposition in the extracts of the G10SM, YSM and CSM alloys are similar. An insufficient value below 0.5 
was obtained in the extract of the YZM value.  
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Fig. 6 Spreading index of MG63 cells in extracts 
of studied alloys 

Fig. 7 Time dependence of viability index for 
MG63 cells in extracts of studied alloys 

 

Fig. 7 shows the time dependence of cells viability in the range 0 – 24 hours. Viability index is defined as the 
ratio of the vital cells number to the total cells number. The extract of the G10SM alloy causes no 
cytotoxicity for the MG63 cells, a cytotolerance without serious cell damage was found.  Viability index 
diminishes with time very slightly for the CSM extract, but its value does not decrease below 0.8 after 24 
hours of experiment. The extract of the YSM alloy was found slightly cytotoxic, nevertheless viability index 
remains over 0.5 after 24 hours. The extract of the YZM alloy is cytotoxic, the viability index lies below 0.4 
even at the experiment beginning and falls to zero after 24 hours. Mg–1Y, Mg–1Zn alloy extracts (extracted 
72 hours in DMEM) studied in [18] indicated no significant toxicity to osteoblasts (MC3T3-E1), whereas Mg-
1Mn alloy induced serious toxic effect with viability of MC3T3-E1 cells <0.5 at the Mn concentration equal 
to 1.8 ± 0.5 μM/l. The alloys studied in this work have similar content of Mn comparable to concentration 
of Mn in binary alloy studied in [18], but the viability of MG63 cells in the studied alloys differs 
considerably. The cytotoxic effect of the YZM alloy can not be simply explained by the toxic effect of Zn 
concentration either, as this does not exceed significantly the concentration of Mg–1Zn in [18]. It was also 

influence the MG63 cells viability. It is rather the microstructure and the corrosion processes connected 
with it, which control the parameters of extracts and behavior of cells. The study of corrosion mechanisms 
in selected Mg-rare earth alloys in bio-fluids is now in progress. 

3.  CONCLUSIONS 

Squeeze cast Mg alloys investigated contain several types of nano-sized precipitates of transient and stable 
phases that influence mechanical properties and corrosion degradation in the DMEM medium. 

MG63 cells spread relatively well in DMEM extracts of the G10SM, CSM and YSM alloys but insufficiently in 
the YZM extract. 

The G10SM alloy exhibit a good cytotolerance without a serious cell damage for the MG63 cells, the CSM 
and YSM alloys have sufficient and reasonable cytotolerances. The YZM alloy shows a distinct cytotoxicity 
for the MG63 cells.  

Good mechanical properties of the G10SM alloy caused by the triangular arrangement of the nano-sized 
cbco phase prismatic plates and simultaneously a good cytocompatibility rank the alloy to those potential 
biodegradable materials for load bearing implants worth of further testing.  
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