TANGER Ltd.
The Czech Society for New Materials and Technologies
Regional Centre of Advanced Technologies and Materials
Materials Research Society of Serbia
Norsk Materialteknisk Selskap

2015

®

7th International Conference on Nanomaterials - Research & Application

CONFERENCE PROCEEDINGS

October 14th - 16th 2015
Hotel Voronez I, Brno, Czech Republic, EU

© 2015 TANGER Ltd., Ostrava
ISBN 978-80-87294-63-5

NANOCON 2015

Conference Proceedings

Different Authors
October 14th - 16th 2015 Hotel Voronez I, Brno, Czech Republic, EU
Issued by:

TANGER Ltd., Keltickova 62, 710 00 Ostrava, Czech Republic, EU

Edition:

1st Edition, 2016

Number of pages:

670

CONTENT

NANOCON 2015

SESSION A - NANOMATERIALS FOR ELECTRONIC, MAGNETIC AND OPTIC APPLICATIONS.
CARBON NANOSTRUCTURES, QUANTUM DOTS. ........................................................................................... 12
EXPERIMENTAL STUDY OF PIB-BASED CVD GRAPHENE TRANSFER EFFICIENCY ...................................................... 13
BOUŠA Milan, KALBÁČ Martin, JIRKA Ivan, KAVAN Ladislav, FRANK Otakar

STRAIN ENGINEERING OF THE ELECTRONIC STRUCTURE OF 2D MATERIALS .......................................................... 19
del CORRO Elena, PEÑA-ÁLVAREZ Miriam, MORALES-GARCÍA Ángel, BOUŠA Milan, ŘÁHOVÁ Jaroslava,
KAVAN Ladislav, KALBÁČ Martin, FRANK Otakar

MECHANICAL PROPERTIES OF EPOXY NANOCOMPOSITES ..................................................................................... 25
ELDESSOUKI Mohamed, SHADY Ebraheem, GOWAYED Yasser

SELF-ORGANIZED TITANIUM DIOXIDE NANOTUBE LAYERS: INFLUENCE OF REPETITIVE ANODIZATIONS .............. 33
MACAK Jan, SOPHA Hanna, KNOTEK Petr

CALCULATIONS OF NANOCRYSTALLINE DIAMOND-COVERED WAVEGUIDES BASED ON AMORPHOUS SILICON ... 39
JIRÁSEK Vít, PRAJZLER Václav, REMEŠ Zdeněk

EXPERIMENTAL AND THEORETICAL COMPARATIVE STUDY OF MONOLAYER AND BULK MoS2 UNDER
COMPRESSION ......................................................................................................................................................... 45
DEL CORRO Elena, MORALES-GARCIA Ángel, PEÑA-ALVAREZ Miriam, KAVAN Ladislav, KALBAC Martin, FRANK Otakar

SPECIFICATION OF EMISSION COLOUR OF Li-DOPED ZnO COLLOIDS...................................................................... 51
PETRUF Kristián, PANÁK Ondrej, DRŽKOVÁ Markéta, NĚMEC Petr

POLYPROPYLENE / GRAPHITE COMPOSITES AND THEIR THERMAL STABILITY ........................................................ 57
LANG Jaroslav, TOKARSKÝ Jonáš, PEIKERTOVÁ Pavlína, MAMULOVÁ KUTLÁKOVÁ Kateřina

POLYMER COMPOSITE NANOFIBERS ....................................................................................................................... 63
GRÉGR Jan, KUŽELOVÁ-KOŠŤÁKOVÁ Eva, NEVYHOŠTĚNÝ Stanislav, HAVLÍČEK Karel

NANOMECHANICAL TESTING OF AN A-C:N NANOLAYER PREPARED BY ION BEAM ASSISTED DEPOSITION ON
Ti6Al4V ALLOY.......................................................................................................................................................... 68
VLCAK Petr, SEPITKA Josef, HORAZDOVSKY Tomas, JIRKA Ivan, GREGORA Ivan, NEMEC Michal

MONOLAYERS OF PLATINUM NANOPARTICLES PREPARED BY DIP-COATING......................................................... 73
ČERNOHORSKÝ Ondřej, GRYM Jan, YATSKIV Roman, PHAM Viet Hung, HUDRY Damien, DICKERSON James H.

GROWTH OF SILICON NANOWIRES BY THERMAL ANNEALING OF THICK GOLD CATALYTIC LAYER ON SILICON
SUBSTRATE UNDER DIFFERENT ATMOSPHERES ...................................................................................................... 79
ŠPERKA Jiří, JAŠEK Ondřej, ZAJÍĆKOVÁ Lenka, HAVEL Josef

INFLUENCE OF THE NUCLEATION PROCESS ON THE PROPERTIES OF BORON DOPED DIAMOND FILMS
DEPOSITED ON STRUCTURED SILICON .................................................................................................................... 85
BEHÚL Miroslav, VOJS Marian, MICHNIAK Pavol, MARTON Marián, ŘEHÁČEK Vlastimil, WANG Dong, HERZ Andreas,
SCHAAF Peter, REDHAMMER Robert

INFLUENCE OF UNDERLAYER ON CRYSTALLOGRAPHY AND ROUGHNESS OF ALUMINUM NITRIDE THIN FILM
REACTIVELY SPUTTERED BY ION-BEAM KAUFMAN SOURCE ................................................................................... 89
GABLECH Imrich, SVATOŠ Vojtěch, PRÁŠEK Jan, HUBÁLEK Jaromír

CHARACTERISATION OF SURFACE AND BULK PROPERTIES OF POLYMER-LIKE THIN FILMS PREPARED USING
PECVD ON VARIOUS SUBSTRATES ........................................................................................................................... 94
KELAR Lukáš, BURŠÍKOVÁ Vilma

HYDROGEN-TERMINATED DIAMOND SURFACE AS GAS SENSING LAYER WORKING AT ROOM TEMPERATURE .. 100
DAVYDOVA Marina, KULHA Pavel, BABCHENKO Oleg, KROMKA Alexander

STUDY OF MECHANICAL PROPERTIES OF NANOSTRUCTURED POLYMER COATINGS PREPARED USING PLASMA
ENHANCED CHEMICAL VAPOR DEPOSITION.......................................................................................................... 105
BURŠÍKOVÁ Vilma, HOMOLA Vojtěch, PEŘINA Vratislav

EFFECTIVE SIMULATION APPROACH FOR STUDY OF CARBON NANOTUBE MECHANICAL PROPERTIES ............... 111
SVATOŠ Vojtěch, NEUŽIL Pavel, HRSTKA Miroslav, HUBÁLEK Jaromír

LAYERED SILICATE AS A MATRIX FOR GRAPHENE.................................................................................................. 116
KULHÁNKOVÁ Lenka, TOKARSKÝ Jonáš, ČAPKOVÁ Pavla, MAMULOV KUTLÁKOVÁ Kateřina, PEIKERTOVÁ Pavlína,
NEUWIRTHOVÁ Lucie, BEŇO Jaroslav, STÝSKALA Vítězslav

COMPARISON OF THE CATALYTIC EFFICIENCY OF NATURAL AND SYNTHETIC MONTMORILLONITES FOR THE
GROWTH OF CARBON NANOTUBES ...................................................................................................................... 122
HUBEŇÁK Michal, JESENÁK Karol, KADLEČÍKOVÁ Magdaléna, KOLMAČKA Michal, BREZA Juraj, KUCHTA Ľubomír

THE APPLICATION OF THE SCANNING SPREADING RESISTANCE MICROSCOPY FOR THE MEASUREMENT
OF THE SURFACE CONDUCTIVITY OF POLYPROPYLENE / GRAPHITE COMPOSITES ............................................... 126
VILÍMOVÁ Petra, PLAČEK Tomáš, TOKARSKÝ Jonáš

MECHANICAL PROPERTIES OF ACRYLONITRILE BUTADIENE STYRENE THERMOPLASTIC POLYMER MATRIX
WITH CARBON NANOTUBES .................................................................................................................................. 132
VÁCHA Jan, BORŮVKA Martin

ELECTRO-MECHANICAL TRANSDUCER BASED ON CARBON NANOTUBE NETWORK / POLYSTYRENE LAMINATE
FOR DEFORMATION DETECTION ........................................................................................................................... 138
SLOBODIAN Petr, KOVAR Michal, OLEJNIK Robert, MATYAS Jiri

ANALYSIS OF CARBON NANOWALS PREPARED BY HOT FILAMENT CHEMICAL VAPOUR DEPOSITION ................. 143
MICHNIAK Pavol, MARTON Marián, BEHÚL Miroslav, REDHAMMER Robert, VANKO Gabriel

INFLUENCE OF H2O2 TREATMENT ON MORPHOLOGICAL AND PHOTOLUMINESCENCE PROPERTIES OF
HYDROTHERMALLY GROWN ZnO NANORODS ...................................................................................................... 149
YATSKIV Roman, GRYM Jan

EFFECT OF SiO2 NANOPARTICLES ON THE MECHANICAL / PHYSICAL PROPERTIES OF SiO2 MICROPARTICLES
MIXTURES .............................................................................................................................................................. 153
ZEGZULKA Jiří, JEZERSKÁ Lucie, HLOSTA Jakub, ŽÍDEK Martin, NEČAS Jan

TUNING THE PROPERTIES OF IRON OXALATE PRECURSOR FOR ELONGATED MAGNETIC PARTICLES .................. 159
KOZAKOVA Zuzana, KURITKA Ivo, MACHOVSKY Michal, BAZANT Pavel

STUDY OF MECHANICAL PROPERTIES OF STEEL AND SELECTED TYPES OF NON - FERROUS ALLOYS AFTER
APPLICATION OF THE DRECE PROCESS .................................................................................................................. 163
HILŠER Ondřej, SALAJKA Michal, RUSZ Stanislav

DIAMOND COATED ALGAN/GAN HIGH ELECTRON MOBILITY TRANSISTORS - EFFECT OF DEPOSITION
PROCESS ON GATE ELECTRODE ............................................................................................................................. 168
VANKO Gabriel, IŽÁK Tibor, BABCHENKO Oleg, KROMKA Alexander

MICROWAVE-ASSISTED SOLVOTHERMAL SYNTHESIS AND CHARACTERIZATION OF NANOSTRUCTURED
Cu2SnS3 ARCHITECTURES ....................................................................................................................................... 174
MACHOVSKY Michal, MASAR Milan, PASTOREK Miroslav, URBANEK Pavel, KURITKA Ivo

SIMULATION OF ELECTRON TRANSPORT IN HELICENES........................................................................................ 178
ŠMARHÁK Jiří, VOVES Jan

SESSION B - INDUSTRIAL AND ENVIRONMENTAL APPLICATIONS OF NANOMATERIALS ................................. 182
OXIDIC SHIELD AND ITS INFLUENCE ON THE REACTIVITY AND MIGRATION OF AIR-STABLE IRON
NANOPARTICLES .................................................................................................................................................... 183
PEŠKOVÁ Kristýna, ČERNÍK Miroslav, RIBAS David, BENITO José, MARTI Vicens, PARMA Petr, LACINOVÁ Lenka,
ZBOŘIL Radek, FILIP Jan

ACTIVATED CARBON NANOFIBRES FROM GUM KONDAGOGU FOR REMEDIATION OF TOXIC METALS ............... 189
VELLORA THEKKAE PADIL Vinod, WACŁAWEK Stanisław, ČERNÍK Miroslav

PHOTOACTIVE NANOCOMPOSITES OF ZINC OXIDE / CLAY TYPE .......................................................................... 196
TOKARSKÝ Jonáš, MAMULOVÁ KUTLÁKOVÁ Kateřina

RHEOLOGICAL APPROACH FOR AGRICULTURAL HYDROGELS ............................................................................... 202
KRATOCHVÍLOVÁ Romana, KLUČÁKOVÁ Martina, SEDLÁČEK Petr, SMILEK Jiří, KRÁČALÍK Milan

SORPTION PROPERTIES OF GRAPHEN OXIDE AND STYRENE COMPOSITES FOR SR-85 AND CS-137..................... 207
BRYNYCH Vojtěch, KOLÁŘOVÁ Markéta, POSPĚCHOVÁ Jana, TOLASZ Jakub, ŠTENGL Václav

MEMBRANE SURFACE MODIFICATION BY NANOSILVER FOR BIOFOULING RESTRICTION .................................... 213
DOLINA Jan, DLASK Ondřej, LEDERER Tomáš, DVOŘÁK Lukáš

TESTING OF A NANOFIBROUS TEXTILE BY SUBMICRON MONODISPERSE PARTICLES IN A LASER SHEET ............. 219
BÍLEK Petr, HRŮZA Jakub

PREPARATION AND TiO2 COATING OF NANOSIZED MAGNETIC PARTICLES .......................................................... 226
SOLNY Tomas, PTACEK Petr, BARTONICKOVA Eva, SVAVA Daviðsdóttir, RAJAN Ambat

DEVELOPMENT OF DEVICE FOR PARALLEL STRUCTURED NANOFIBERS YARNS PRODUCTION ............................. 231
Shynkarenko Andrii, Klápšťová Andrea, Krotov Anton

A NEW GAS PHASE PHOTOCATALYTIC REACTOR FOR CO2 CONVERSION: OPTIMAL PHOTOREDUCTION
CONDITIONS WITH TiO2 P25 PHOTOCATALYST ..................................................................................................... 236
HUO Pengwei, RELI Martin, MATĚJOVÁ Lenka, ŠIHOR Marcel, OBALOVÁ Lucie, KOČÍ Kamila

CATALYTIC ACTIVITY OF COBALT IMPREGNATED ON ORDERED MESOPOROUS SILICA MATERIALS IN N2O
DECOMPOSITION ................................................................................................................................................... 242
KUBOŇOVÁ Lenka, FRIDRICHOVÁ Dagmar, PEIKERTOVÁ Pavlína, MAMULOVÁ KUTLÁKOVÁ Kateřina,
KOZUBOVÁ Světlana, JIRÁTOVÁ Květuše, OBALOVÁ Lucie, COOL Pegie

INFLUENCE OF SINTERING CONDITIONS ON RESISTANCE OF METALLIZATION FOR SILICON SOLAR CELLS ......... 249
MOJROVÁ Barbora, BUCK Thomas

ELECTRICAL AND OPTICAL PERFORMANCE OF INAS / ALSB / GASB SUPERLATTICE PHOTODETECTOR ................ 255
HOSTUT Mustafa, TANSEL Tunay, ERGUN Yuksel, KILIC Abidin, AYDINLI Atilla

SELF-ORGANIZED TiO2 NANOTUBE ARRAYS AND THE MECHANISM OF TUBE GROWTH ...................................... 260
PŘIKRYLOVÁ Kateřina, DRBOHLAVOVÁ Jana, PYTLÍČEK Zdeněk, SVATOŠ Vojtěch, HUBÁLEK Jaromír

OPTIMIZATION OF SELF-ORGANIZED GROWTH OF NANOPOROUS ANODIC ALUMINA TEMPLATES FOR
CAPACITOR APPLICATION ...................................................................................................................................... 265
LEDNICKÝ Tomáš, MOZALEV Alexander

WIRE SPINNER FOR COAXIAL ELECTROSPINNING ................................................................................................. 270
VALTERA Jan, BILEK Martin, VYSLOUZILOVA Lucie, KOMAREK Jiri, SKRIVANEK Josef, SOUKUPOVA Julie, ZABKA Petr,
LUKAS David, BERAN Jaroslav

BIOCIDAL EFFICIENCY ON CONSORTIUM ALGAE AND BACTERIA OF NANOFIBER TEXTILES DOPED BY BIOCIDE
SUBSTANCE ............................................................................................................................................................ 276
RYPAROVÁ Pavla, RÁCOVÁ Zuzana

NANOSIZED POLYMERIC FIBRES FOR SOLID-PHASE MICROEXTRACTION SORBENTS............................................ 282
ANTOŠ Vojtěch, HRABÁK Pavel, KOMÁREK Michal, STUCHLÍK Martin, BOBEK Jiří

INITIAL STUDY OF STRUCTURE OF NANOFIBER TEXTILES AND THE CREATION OF ITS MODEL ............................. 287
HAVRLÍK Michal, SVESHNIKOV Alexey

MODELING OF NANOFIBERS INTERACTION WITH THE ENVIRONMENT................................................................ 292
KLICMANOVÁ Iveta, SVESHNIKOV Alexey

VERIFICATION OF THE MATHEMATICAL MODEL OF THE ROD ELECTRODE IN THE ELECTROSPINNING
PROCESS................................................................................................................................................................. 296
KOMÁREK Jiří, VALTERA Jan, SOUKUPOVÁ Julie, VYSLOUŽILOVÁ Lucie, SKŘIVÁNEK Josef, ŽABKA Petr,
BERAN Jaroslav, LUKÁŠ David

NANOFIBERS WITH MAGNETIC PROPERTIES ......................................................................................................... 302
HAVLÍČEK Karel, KUŽELOVÁ-KOŠŤÁKOVÁ Eva, GRÉGR Jan, KEJZLAR Pavel

PLASMA SURFACE ACTIVATION OF HIGH DENSITY POLYETHYLENE AT ATMOSPHERIC PRESSURE ....................... 309
DVOŘÁKOVÁ Hana, ČECH Jan, ČERNÁK Mirko, SŤAHEL Pavel

WETTABILITY ENHANCEMENT OF POLYMERIC AND GLASS MICRO FIBER REINFORCEMENT BY PLASMA
TREATMENT ........................................................................................................................................................... 315
TREJBAL Jan, ŠMILAUER Vít, KROMKA Alexander, POTOCKÝ Štěpán, KOPECKÝ Lubomír

IMPROVEMENT OF GLASS WETTABILITY USING DIFFUSE COPLANAR SURFACE BARRIER DISCHARGE AND
GLIDING ARC CONSIDERING AGING EFFECT .......................................................................................................... 321
Štěpánová Vlasta, Slavíček Pavel, Valtr Miroslav, Buršíková Vilma, Stupavská Monika

A LUMINESCENCE STUDY OF PLASMA TREATED ALUMINA POWDERS ................................................................. 327
MORÁVEK Tomáš, RÁHEĽ Jozef

IMPACT OF NATURAL NANOADDITIVES SiO2 AND TiO2 ON THE QUALITY OF MACHINING PROCESS FLUIDS
AND BACTERICIDAL PROPERTIES ........................................................................................................................... 331
BAKALOVA Totka, SVOBODOVÁ Lucie, ROSICKÁ Petra, COUFALOVÁ Adéla, VOLESKÝ Lukáš, BORŮVKOVÁ Karolína

SILVER INHIBITION EFFECT OF NANOPARTICLES ON SPECIFIC MOLD GROUP GROWTH ...................................... 337
RÁCOVÁ Zuzana, RYPAROVÁ Pavla

CHARACTERIZATION OF HYDROGELS FOR DIFFUSION EXPERIMENTS................................................................... 342
LAŠTŮVKOVÁ Marcela, SMILEK Jiří, KLUČÁKOVÁ Martina, SEDLÁČEK Petr

SPECIFIC PERMEABILITY OF NANOPOROUS ALUMINA MEMBRANES STUDIED BY DIFFUSION CELL
TECHNIQUE ............................................................................................................................................................ 348
SMILEK Jiří, KYNCLOVÁ Hana, SEDLÁČEK Petr, PRÁŠEK Jan, KLUČÁKOVÁ Martina

STUDY OF NANOPOROUS ALUMINA MEMBRANES BY ELECTROCHEMICAL METHOD .......................................... 354
KYNCLOVÁ Hana, SMILEK Jiří, PRÁŠEK Jan, KLUČÁKOVÁ Martina, SEDLÁČEK Petr, HUBÁLEK Jaromír

EXTRACTION OF CELLULOSE NANOCRYSTALS AS A POTENTIAL REINFORCING MATERIAL FOR POLY(LACTIC
ACID) BIOCOMPOSITES .......................................................................................................................................... 360
BORŮVKA Martin, LENFELD Petr

IMPREGNATING EMULSION CONTAINING NANOPARTICLES (TiO2, SiO2 AND ZrO2) REDUCING WEAR AND
IMPROVING THE HYDROPHOBIC PROPERTIES OF VARIOUS SURFACES ................................................................ 366
VOLESKÝ Lukáš, BORŮVKOVÁ Karolína, BAKALOVA Totka, KOVAČIČ Vladimir, LOUDA Petr

ALKYL CHAIN MODIFIED GOLD NANOPARTICLES FOR CATALYSIS ......................................................................... 373
ŘEZANKA Michal, PETRŽÍLKOVÁ Michaela, STIBOR Ivan

MULTIBAND ANTENNA MADE OF FLEXIBLE POLYMER SUBSTRATE PRINTED WITH SILVER NANOPARTICLES
USING INKJET PRINT TECHNOLOGY - A FEASIBILITY STUDY................................................................................... 377
MATYAS Jiri, OLEJNIK Robert, SLOBODIAN Petr, MUNSTER Lukas, KRCMAR Petr, STEININGER Andreas

PHYSICO-MECHANICAL PROPERTIES OF EPOXY RESIN FILLED WITH RICE HUSK PARTICLES ................................. 382
FIJALKOWSKI Mateusz, ADACH Kinga, KROISOVÁ Dora

RARE EARTH ELEMENTS OXIDES NANOPARTICLES FOR IONIZING RADIATION ATTENUATION ............................ 388
NEVYHOŠTĚNÝ Stanislav, GRÉGR Jan

SESSION C - BIONANOTECHNOLOGY, NANOMATERIALS IN MEDICINE.......................................................... 393
NANOPARTICLES BASED ON STAR-SHAPED CARBOXY-TERMINATED POLYLACTIDE AND CHITOSAN FOR
CONTROLLED RELEASE APPLICATIONS .................................................................................................................. 394
DI MARTINO Antonio, KUCHARCZYK Pavel, SEDLARIK Vladimir

NEW ALIGNED MICROFIBERS FOR TISSUE ENGINEERING ..................................................................................... 399
LUKÁŠEK Jan, STRNADOVÁ Kateřina, KRABICOVÁ Ilona, ŘEZANKA Michal, STIBOR Ivan

STUDY OF NANOPARTICLES FORMED BY CATIONIC MICELLES AND HYALURONAN ............................................. 404
PILGROVÁ Tereza, PEKAŘ Miloslav

FLUORESCENCE STUDY OF MICROVISCOSITY OF HYALURONAN HYDROGELS CONTAINING HYDROPHOBIC
NANODOMAINS DURING FOURTEEN DAYS OF AGEING ........................................................................................ 408
HOLÍNKOVÁ Petra, MRAVEC Filip, PEKAŘ Miloslav

INORGANIC SILICA NANOFIBERS IN A ROLE OF BIOACTIVE COMPOUND CARRIER ............................................... 413
ROTKOVÁ Jana, TOMÁNKOVÁ Hana, RYSOVÁ Miroslava

STUDY OF SILICA-BASED ELECTROSPUN NANOFIBERS AS A SCAFFOLD FOR HUMAN BONE MARROW
MESENCHYMAL STEM CELLS ................................................................................................................................. 419
SYROVÁ Zdeňka, MAZEL Tomáš, CHUDOBA Josef, RYSOVÁ Miroslava, POLÁKOVÁ Dáša, PYTLÍK Robert

FUNCTIONALISATION OF POLYAMIDE NANOFIBRES BY TANNIN FROM OAK BARK EXTRACT AND TESTING
OF ITS PH DEPENDENT STABILITY .......................................................................................................................... 424
KŘÍŽOVÁ Hana, WIENER, Jakub

HYBRID SILICA NANOFIBERS WITH AG IONS FOR BIOMEDICAL APPLICATIONS .................................................... 430
VEVERKOVÁ Ivana, LOVĚTINSKÁ-ŠLAMBOROVÁ Irena

TESTING OF COLLAGENASE COVALENTLY LINKED TO CHITOSAN NANOFIBERS FOR BIOMEDICAL
APPLICATIONS........................................................................................................................................................ 435
SLOVÁKOVÁ Marcela, SRBOVÁ Jana, MUNZAROVÁ Marcela, DVOŘÁKOVÁ Petra, BÍLKOVÁ Zuzana

BIOGENIC AND SYNTHETIC AMORPHOUS SILICA - COMPARE AND INTERACTION WITH BACTERIAL SYSTEMS.... 442
FIJALKOWSKI Mateusz, ADACH Kinga, MAREŠOVÁ Helena, KROISOVÁ Dora

BIOCOMPATIBLE AND BACTERICIDAL COATINGS ON TITANIUM BASED IMPLANT MATERIALS BY USING
OF PCO AND APCVD............................................................................................................................................... 448
BEIER Oliver, PFUCH Andreas, SCHMIDT Jürgen, SPANGE Sebastian, FRIEDRICH Louis

PREPARATION OF SMOOTH POLYETHYLENE AND POLYETHYLENE / ORGANO-VERMICULITE SURFACE .............. 454
PAZOURKOVÁ Lenka, DROBÍKOVÁ Klára, RELI Magda, SIMHA MARTYNKOVÁ Gražyna

GROWTH AND DIFFERENTIATION OF HUMAN OSTEOBLAST-LIKE CELLS ON Ti-6Al-4V ALLOY MODIFIED
WITH ANODIZATION .............................................................................................................................................. 460
DOUBKOVA Martina, BACAKOVA Lucie, PARIZEK Martin, VANDROVCOVA Marta, MUSILKOVA Jana, LISA Vera,
GABOR Roman, MARVAN Jaroslav

GROWTH OF HUMAN ADIPOSE-DERIVED STEM CELLS ON Ti-6Al-4V ALLOY WITH VARIOUS SURFACE
MODIFICATIONS .................................................................................................................................................... 466
KROČILOVÁ Nikola, BAČÁKOVÁ Lucie, PAŘÍZEK Martin, HAVLÍKOVÁ Jana, MOTARJEMI Hooman, MOLITOR Martin,
GABOR Roman, MARVAN Jaroslav

DETECTION OF PROTEINS BY SPRI METHOD ......................................................................................................... 472
SVOBODA Radek, LESŇÁK Michal, ŠIGUTOVÁ Radka, PIŠTORA Jaromír

ON-CHIP ELISA ON MAGNETIC PARTICLES: ISOLATION AND DETECTION OF SPECIFIC ANTIBODIES FROM
SERUM ................................................................................................................................................................... 477
SVOBODOVA Zuzana, KRULISOVA Pavla, CERNA Michaela, JANKOVICOVA Barbora, BILKOVA Zuzana

CLAY MINERALS AS HOST MATRICES FOR DIFFERENT ANTIMICROBIAL AGENTS: THEORETICAL STUDY .............. 483
HLAVÁČ Dominik

GROWTH OF ESCHERICHIA COLI ON NANOCRYSTALLINE DIAMOND .................................................................... 489
JURKOVÁ Blanka, KOZAK Halyna, ARTEMENKO Anna, UKRAINTSEV Egor, BERANOVÁ Jana, KONOPÁSEK Ivo,
KROMKA Alexander

BARRIER EFFECT OF DLC THIN FILMS FOR POTENTIAL APPLICATION IN BIOMEDICINE ........................................ 495
HÁJKOVÁ Pavlína, VOLESKÝ Lukáš, ČMELÍK Jiří

AMINE FUNCTIONALIZED CARBON NANOPARTICLES GRAFTED BIOPOLYMER FOR CELL ADHESION AND
PROLIFERATION ..................................................................................................................................................... 500
ŽÁKOVÁ Pavlína, SLEPIČKOVÁ KASÁLKOVÁ Nikola, SLEPIČKA Petr, ŠVORČÍK Václav

CHARACTERISATION OF MAGNETIC PARTICLES - DNA INTERACTION FOR IMOBILISATION OF VIRUSES
AND THEIR SUBSEQUENT IDENTIFICATION BY ZETA POTENTIAL AND PARTICLE SIZE ANALYSES ......................... 505
XHAXHIU Kledi, HADDAD Yazan, KOPEL Pavel, ADAM Vojtěch, KIZEK Rene, ZITKA Ondrej

STRUCTURAL AND VIBRATIONAL STUDIES OF FATTY ACIDS-FUNCTIONALIZED IRON OXIDE NANOPARTICLES
VIA ALKALINE CO-PRECIPITATION ROUTE ............................................................................................................. 511
HERRERA W. T., RAMOS Guivar Juan A., GONZÁLEZ J.C., BAGGIO-SAITOVITCH E. M.

STUDY OF THE ANTIBACTERIAL ACTIVITY OF COMPOSITES STEVENSITE / ZnO .................................................... 520
DĚDKOVÁ Kateřina, MAMULOVÁ KUTLÁKOVÁ Kateřina, MATĚJOVÁ Kateřina, KUKUTSCHOVÁ Jana

ANTIMICROBIAL HYBRID NANOLAYERS PREPARED BY SOL-GEL METHOD ............................................................ 525
EXNAR Petr, LOVĚTINSKÁ-ŠLAMBOROVÁ Irena, VEVERKOVÁ Ivana, DANILOVÁ Iveta

SESSION D - MONITORING AND TOXICITY OF NANOMATERIALS .................................................................. 530
NANOREG HIGHLIGHTS: CURRENT ACHIEVEMENTS AND FURTHER CHALLENGES IN RISK ASSESSMENT
AND RISK MANAGEMENT OF MANUFACTURED NANOMATERIALS ...................................................................... 531
Danihelka Pavel, Sikorová Lucie, Bernatíková Šárka, Topinka Jan, Lach Karel

PREPARATION AND ANTIMICROBIAL ACTIVITY OF NUCLEOBASE-CONJUGATED CdTe / ZnSe CORE / SHELL
QUANTUM DOTS ................................................................................................................................................... 537
MOULICK Amitava, CIHALOVA Kristyna, MILOSAVLJEVIC Vedran, KOPEL Pavel, ADAM Vojtech, HEGER Zbyněk,
KIZEK Rene

WHAT IS THE FEEDBACK OF SEWAGE MICROORGANISMS TO NANOSTRUCTURES? ............................................ 542
SVOBODOVÁ Lucie, ROSICKÁ Petra, COUFALOVÁ Adéla, JANOUŠEK Tomáš, SVOBODA Přemysl, LEDERER Tomáš,
NOVÁK Libor

ANALYSIS OF NANOPARTICLES RELEASED FROM THE CAR BRAKES ...................................................................... 548
ŠVÁBENSKÁ Eva, ROUPCOVÁ Pavla, SCHNEEWEISS Oldřich

METAL AND CARBON-BASED PARTICLES / CLUSTERS IN THE PERIPHERAL T - CELL LYMPHOMA
IN THE LUNGS ........................................................................................................................................................ 553
ČABANOVÁ Kristina, BIELNIKOVÁ Hana, DVOŘÁČKOVÁ Jana, DĚDKOVÁ Kateřina, KUKUTSCHOVÁ Jana

CARBON NANOMATERIALS THERMAL DEGRADATION: POTENTIAL RISK OF NANOWASTE COMBUSTION .......... 558
DANIHELKA Pavel, HASE Veronika, SCHREIBEROVÁ Lenka, LACH Karel, FILIPI Bohdan

SUITABILITY OF LYOPHILIZED POLYMERS BASED ON CMC FOR CELL PROLIFERATION ......................................... 565
BORŮVKOVÁ Karolína, WIENER Jakub, KAMINSKÁ Marta, KOLÍNOVÁ Marcela

SELENIUM NANOPARTICLES AND EVALUATION OF THEIR ANTIMICROBIAL ACTIVITY ON BACTERIAL ISOLATES
OBTAINED FROM CLINICAL SPECIMENS ................................................................................................................ 571
HEGEROVA Dagmar, CIHALOVA Kristyna, DOSTALOVA Simona, KOPEL Pavel, ADAM Vojtech, KIZEK Rene

SESSION E - ADVANCED METHODS OF PREPARATION AND CHARACTERIZATION OF NANOMATERIALS ......... 578
IDENTIFICATION OF METALLOPORPHYRIN-CONTAINING COORDINATION POLYMER PARTICLES BY SURFACEENHANCED RAMAN SCATTERING THROUGH SURFACE METALLIZATION ............................................................. 579
SUN Yu, CARAVELLA Alessio

MOLECULAR SIMULATION OF ELECTROSPINNING ................................................................................................ 585
JIRSÁK Jan, MOUČKA Filip, NEZBEDA Ivo

EFFECT OF THE ALUMINIUM SURFACE MORPHOLOGY ON THE BARRIER TYPE ANODIC FILM GROWTH ............. 591
KOLÁŘ Jakub, SVATOŠ Vojtěch, HUBÁLEK Jaromír, MOZALEV Alexander

SYNTHESIS OF GOLD NANOPARTICLES VIA CHEMICAL REDUCTION METHODS .................................................... 597
ZHAO Jingyue, FRIEDRICH Bernd

IN SITU XPS CHARACTERIZATION OF DIAMOND FILMS AFTER AR+ CLUSTER ION BEAM SPUTTERING ................. 605
ARTEMENKO Anna, BABCHENKO Oleg, KOZAK Halyna, UKRAINTSEV Egor, IZAK Tibor, ROMANYUK Oleksander,
POTOCKY Stepan, KROMKA Alexander

CONTRIBUTION TO SYNTHESIS OF ZnO NANOPARTICLES BY UV IRRADIATION-ASSISTED PRECIPITATION .......... 611
PRAUS Petr, TOKARSKÝ Jonáš, SVOBODA Ladislav

THE EFFECT OF CALCINATION ON THE STRUCTURE OF INORGANIC TiO2 NANOFIBERS........................................ 617
KEJZLAR Pavel, KOVÁŘ Radovan

INFLUENCE OF THE SURFACE MORPHOLOGY AT SPECIFIC SURFACE AREA OF MICROFIBRES MADE FROM
POLY (L-LACTIDE) ................................................................................................................................................... 621
MACAJOVÁ Eva

MAGNETIC PROPERTIES AND INTERPARTICLE MAGNETIC INTERACTIONS IN POWDER SAMPLES
OF MAGNETITE AND MAGNESIUM OXIDE MIXTURES ........................................................................................... 626
VÍTKOVSKÁ Nikola, LUŇÁČEK Jiří, ŽIVOTSKÝ Ondřej, JANDAČKA Petr, DVORSKÝ Richard

EFFECT OF LASER IRRADIATION ON KEVLAR FABRIC TREATED WITH NANOPOROUS AEROGEL ........................... 631
VENKATARAMAN Mohanapriya, MISHRA Rajesh, WIENER Jakub, ŠTĚPÁNKOVÁ Marie, ARUMUGAM VeeraKumar,
MILITKY Jiri

MOLECULAR ORGANIZATION AND CONFORMATIONAL CHANGES OF HUMIC ACIDS IN DEPENDENCE
ON THEIR CONCENTRATION IN VARIOUS AQUEOUS SOLUTIONS ......................................................................... 639
KLUČÁKOVÁ Martina, VĚŽNÍKOVÁ Kateřina

THERMODYNAMIC ANALYSIS OF Cu(II) AND Pb(II) ION BINDING TO HUMIC ACIDS ISOLATED FROM
DIFFERENT ORIGINS AND STRUCTURAL CHARACTERIZATION USING FTIR AND 13C NMR SPECTROSCOPY .......... 645
TURKEOVA Irena, ENEV Vojtech, KLUCAKOVA Martina

QUANTUM DOT-BASED FLUOROSENSOR FOR DETERMINATION OF Cu(II) AND Pb(II) IONS ................................ 650
ŘEZÁČOVÁ Lenka, RYBÁKOVÁ Stanislava, LUBAL Přemysl

SCANNING THERMAL MICROSCOPY OF THERMOELECTRIC PULSED LASER DEPOSITED NANOSTRUCTURES ....... 655
VANIŠ Jan, ZELINKA Jiří, ZEIPL Radek, JELÍNEK Miroslav, KOCOUREK Tomáš, REMSA Jan, NAVRÁTIL Jiří

RESEARCH ON STABILITY OF BIOPOLYMERS BY MEANS OF LIGHT SCATTERING TECHNIQUES ............................. 660
KALINA Michal, MICHALICOVÁ Petra, SEDLAČEK Petr, KRATOCHVÍL Zdeněk, SMILEK Jiří, KLUČÁKOVÁ Martina,
PEKAŘ Miloslav

SURFACE MODIFICATION OF POLY-L-LACTIC ACID BY GOLD SPUTTERING AND SUBSEQUENT ANNEALING ........ 666
JURIK Petr, SLEPICKA Petr, KOLSKÁ Zdenka, RIMPLEOVA Silvie, SVORCIK Vaclav

SESSION A - NANOMATERIALS FOR ELECTRONIC, MAGNETIC
AND OPTIC APPLICATIONS. CARBON
NANOSTRUCTURES, QUANTUM DOTS.
Chairmen
Prof. Ing. Eduard HULICIUS, CSc.

Institute of Physics of the AS CR, Czech Republic, EU

RNDr. Ing. Martin KALBÁČ, Ph.D.

J. Heyrovsky Institute of Physical Chemistry of the AS CR, Czech
Republic, EU

Ing. Oldřich SCHNEEWEISS, DrSc.

Institute of Physics of Materials of the AS CR, Czech Republic, EU

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

EXPERIMENTAL STUDY OF PIB-BASED CVD GRAPHENE TRANSFER EFFICIENCY
BOUŠA Milan1,2, KALBÁČ Martin1, JIRKA Ivan, KAVAN Ladislav1, FRANK Otakar1
1J.Heyrovsky

Institute of Physical Chemistry of the AS CR, v.v.i., Prague, Czech Republic, EU
milan.bousa@jh-inst.cas.cz
2Department of Inorganic Chemistry, Faculty of Science, Charles University in Prague, Prague, Czech
Republic, EU

Abstract
The transfer of graphene prepared by Chemical Vapor Deposition (CVD) from metal catalyst to target substrate
is an important step in preparing desirable nanoscale structures in various fields of science, and thus searching
for fast, cheap and clean method attracts great interest. Investigation of mechanical properties of graphene,
which are crucial for applications in flexible electronics, performed on bendable synthetic materials, requires a
transfer technique using polymers soluble in aliphatic solvents harmless for target polymer substrates. In this
study we explore a dry technique using polydimethylsiloxane (PDMS) as stamping polymer and
polyisobutylene (PIB) layer as graphene-support polymer. After the transfer PDMS is peeled off and PIB is
dissolved in hexane, hence this method fulfils the above mentioned prerequisite. The effectiveness of this
transfer was examined by scanning electron microscopy, optical microscopy and Raman microspectroscopy
including micro-mapping, and finally by X-ray photoelectron spectroscopy. With all methods carried out, it was
found that this sort of stamp-technique is suitable for a high precision transfer of small grains of CVD graphene
onto polymer substrates with large yields and similar purity compared to poly(methylmethacrylate) (PMMA)based transfer methods. However, it introduces substantial quantity of surface discontinuities, and therefore
this is not a proper method for large scale applications.
Keywords: Graphene, chemical vapor deposition, transfer, polymer
1.

INTRODUCTION

Graphene [1], a layer of sp2 carbon atoms covalently bonded in an array of regular hexagons, possesses many
unique properties ranging from the highest thermal conductivity, large optical transparency, extreme carrier
mobility to superior mechanical properties [2-5]. However, commercial applications for high quality graphene
are still in its infancy [6], since they depend on reliable methods of its large scale preparation and transfer.
Chemical vapor deposition [7] is indeed the method of choice, allowing the growth of graphene with single
crystal domains with lateral sizes in millimeter range [8] and promising even larger ones on metal catalysts
with uniform single crystalline surfaces [9]. Nevertheless, such kind of metal-assisted growth necessitates
a transfer step onto a desired, usually dielectric substrate for the final application. At least, until a proper growth
method directly on the dielectric substrate is found. Most of the currently utilized transfer methods employ
a sacrificial polymer layer, usually polymethylmetacrylate (PMMA) [10]. In general, a thin polymer layer is spincoated onto the graphene resting on the metal sheet, which is subsequently etched away, the graphenepolymer stack is washed in water and left floating on its surface, scooped up from it with the target substrate
(“fished”), and finally the polymer is dissolved in an appropriate solvent (in the case of PMMA usually by
acetone) and/or cleaned thermally (~300°C). While this method is simple and capable of transferring largearea samples, there are several drawbacks. Firstly, PMMA reacts slightly with the metal etchants leaving
insoluble residues which plague the transferred graphene [11]. Secondly, the fishing method is inappropriate
for transferring onto hydrophobic substrates. And finally, some applications require polymeric substrates however, thicker than the sacrificial layer, or processed in a different way - and hence the final step of sacrificial
polymer dissolution/annealing has to be modified in order not to damage the target polymer. To this end,
a transfer technique using a thermal-release tape can be used [12] but its price is too large to be used
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commercially on a large scale at the moment. An alternative solution consists in employing a different polymer
than PMMA, which could be soluble in less aggressive solvents, like short aliphatic or alicyclic hydrocarbons
or alcohols. In this way, the problems with PMMA residues can be solved simultaneously [11]. Regarding the
wet “fishing” technique, which is not suitable for hydrophobic substrates, a dry “stamping” method can be used
instead. There, a chunk of PDMS is placed on the graphene-sacrificial polymer stack before the metal-etch
step and then peeled off mechanically after the placement onto the target substrate.
In the present work, we have tested a dry procedure using a PDMS stamp and polyisobutylene (PIB) as the
sacrificial polymer to transfer graphene grown on Cu foil onto polymeric substrates (PMMA with a thin layer
of SU8 photoresist for a better optical contrast). The transferred samples were characterized by optical and
scanning electron microscopies, Raman spectroscopy and X-ray photoelectron spectroscopy. The results
show a viability of this method, however, with a set-back of fragmentation of the transferred samples into
smaller grains.
2.

EXPERIMENTAL

Graphene was grown on copper foils as detailed in [13]. In brief, a copper foil was heated to 1273 K and
annealed for 20 min under a flow of 50 sccm of H2. Then, 1 sccm of methane was introduced into the chamber
for 3-30 min. Afterwards, the sample was cooled down to room temperature.
Fig. 1 shows a scheme of the of the dry transfer method using PIB as support polymer. Initially, CVD graphene
on Cu was treated in oxygen plasma (100 W, 40 s, 30 ml.min-1 O2 flow) from one side to remove any unwanted
carbon, i.e., mostly the underside graphene layer. Afterwards, PIB (Mw ~ 500000, Sigma Aldrich) dissolved in
hexane (HPLC grade, Sigma Aldrich) drop was spincoated (2700 rpm, 30 s, concentration 60 mg.ml-1 PIB in
hexane) on the top of graphene-copper sample. After several minutes of hexane evaporation, PDMS (Sylgard
184 silicone elastomer) stamp was attached to the support polymer and gently pressed to remove all remaining
air from bellow it. Copper was than etched by FeCl3 (Sigma Aldrich) water solution, several times washed in
DI water, dried, stamped on a target substrate and heated up to 333K under vacuum to increase an adhesion
between the graphene and the substrate . The PDMS stamp was peeled off carefully and the remaining PIB
layer was dissolved in hexane at 323 K.

Fig. 1 Scheme of the PIB-assisted transfer procedure
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Raman spectra were measured by Labram HR spectrometer (Horiba Jobin-Yvon) interfaced to an Olympus
BX-41 microscope with a 100x objective. Ar-Kr (Coherent Innova 70C Spectrum, 514 nm) laser was used for
the excitation. The Raman spectrometer was calibrated by the F1g line of Si at 520.5 cm-1. The G and 2D peaks
were fitted by Lorenzian lineshapes. Scanning electron microscopy (SEM) images were obtained using a
Hitachi field-emission-scanning electron microscope S-4800 and optical images were acquired by industrial
microscope Arsenal. The XPS experiments were carried out using an ESCA 3 Mk 2 spectrometer (VG) with a
hemispherical analyzer in fixed transmission mode, using a pass energy of 20 eV. The photoelectrons were
excited by the Al Kα1,2 radiation (1486.6 eV). The pressure during an experiment was of the order of 10−9 mbar.
The spectra were approximated by a weighted sum of Gaussian and Lorentzian functions.
3.

RESULTS AND DISCUSSION

Examples of CVD graphene samples with different growth times, transferred onto a PMMA substrate using the
PIB-assisted method are shown in Fig. 2. The transfer obviously preserves the general grain shapes
(cf. Fig. 2a and b - before and after transfer, resp.), however, it leads to a marked fragmentation of the grains
(cf. Fig. 2c and d). Statistical analysis of the grains after transfer gives their average lateral dimensions
of ~ 9.7 ± 4.1 µm.

(a)

(c)

(b)

(d)

Fig. 2 Scanning electron microscope (a), (c), (d) and optical image (b) of graphene on copper (a), (c) and
after transfer (b), (d) on PMMA polymer
More detailed information about the transferred graphene samples can be provided by Raman spectroscopy,
especially measured as spatial maps to obtain enough data for statistical treatment. Fig. 3a shows an example
of a Raman spectrum after the transfer to a PMMA substrate. The main Raman features of graphene, the G
and D modes are clearly visible and they correspond to a monolayer graphene, as evidenced by the narrow,
single lineshape 2D mode, and the large ratio between 2D and G mode intensities [14]. The potential defectinduced D mode is overlapped by a Raman mode of PMMA, but upon a careful subtraction of pure PMMA
spectra (not shown) we found that the D mode is barely visible even for the highly fragmented samples. It
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means that apart from the edges visible in the optical microscope, which might or might not give rise to a D
band depending on their orientation and light polarization [15], the interior of the grains is essentially defectfree. Raman maps of one representative grain are shown in Fig. 3b and selected correlations of the fitted G
and 2D band parameters from the map pixels are shown in Fig. 3c.

(a)

(b)

(c)

Fig. 3 (a) Raman spectrum of graphene transferred onto the PMMA substrate. G band at ~1580 cm-1 and 2D
~2700 cm-1 band are labeled, a possible D band at ~1350 cm-1 is overlapped by a mode belonging to the
PMMA and is barely visible due to low amount of defects in the graphene structure. All other bands (marked
by asterisks) belong to subjacent polymer. (b) Optical image (left, 100x objective) of the mapped graphene
flake and maps (20x12.8 μm) of the full width at half maximum (FWHM) of the G mode (middle) and position
of the 2D mode (left). Scale bar is 5 µm (c) Correlations of fitted Raman parameters of the G and 2D bands
of the flake from (b). Red and green arrows indicate theoretical directions of values’ distribution caused by
doping (slope of 0.7) and strain (slope of 2.5) [refs 18,19], respectively.
An important finding from Figs. 3b and 3c lies in a quite high homogeneity of the parameters of the Raman
features (see also Table 1). Both the G and 2D band positions (~1584 and 2697 cm-1, resp.) are close to
frequencies found for almost strain- and doping-free suspended graphene (1582 cm-1 for the G band) [16] and
their dispersion is even lower than 1 and 3 cm-1 for the G and 2D bands, respectively. Similarly the width of
the G band (17.7 ± 1.65 cm-1) shows a homogeneous layer with low charge doping [17]. The correlation of the
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G and 2D band positions confirms the relatively low scatter of the values with a slightly more pronounced effect
of doping than strain on their dispersion, where the distribution of the data points follows a slope of ~ 1
(compare to red and green arrows in Fig. 3c) [18,19], however, the influence of neither strain nor doping is not
large.
Table 1 Statistics of selected fitting parameters from the Raman mapping from Fig. 3
Fitted parameters, cm-1
Average value
Standard deviation

Position G

FWHM G

Position 2D

1583.9

17.7

2696.8

0.88

1.65

2.73

According to the photoelectron spectroscopy (XPS) there are some differences between the spectra of the
graphene transferred by various techniques (including dry transfer) on silica and highly ordered pyrolytic
graphite (HOPG, not shown here). The line shape of C 1s spectrum of dry-transferred graphene (full width at
half maximum, asymmetry of the spectrum) is very close with the shape of C 1s spectra of HOPG. The C 1s
spectra of graphene transferred by other methods are much broader and more asymmetric. This difference
can be explained by (i) polymer remnants, (ii) occurrence of sp2 defective carbon atoms [20] and (iii) the C 1s
binding energy shifts with increasing number of graphene layers [21] (cf. distribution of wrinkles and folds,
which are clearly visible on SEM and optical images), respectively. These possible effects are difficult to
separate. However, together with observed lowest O/Si ratio in the stamped graphene, XPS results point to a
very small amount of oxidized carbon atoms and in the same time to a very high amount of ordered carbon
atoms forms in the sample.
4.

CONCLUSION

In this work the graphene dry stamp transfer technique was examined through the use of various
characterization methods. By optical and scanning electron microscopy it was monitored that it is possible to
transfer graphene grains by this process but with a fragmentation of the product, which is mainly due to applied
pressure on the graphene/support polymer “sandwich” during the transfer. Distribution of fragmented grain
sizes in the sample is relatively narrow and during larger set of transfer experiments minor differences showed
up, thus the grain size can be adjusted and optimized. Also, by the XPS measurements, it can be presumed
that this method does not contaminate the product by the remnants of polymers from the transfer process and
resulting graphene consists from well ordered and minimally oxidized carbon atoms. An analysis of the Raman
maps of the transferred graphene flakes showed a significant homogeneity in position and width of the main
(G and 2D) Raman modes, as well as low number of the defects inside the grains. Finally, low influence of the
strain could be explained by the presence of a higher number of the large cracks and wrinkles as well. This
method can be used in the case when fast, cheap and relatively clean transfer of the graphene is needed,
however, it is a very limited technique for the use in the large-scale applications.
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Abstract
The research on graphene has attracted much attention since its first successful preparation in 2004. It
possesses many unique properties, such as an extreme stiffness and strength, high electron mobility, ballistic
transport even at room temperature, superior thermal conductivity and many others. The affection for graphene
was followed swiftly by a keen interest in other two dimensional materials like transition metal dichalcogenides.
As has been predicted and in part proven experimentally, the electronic properties of these materials can be
modified by various means. The most common ones include covalent or non-covalent chemistry,
electrochemical, gate or atomic doping, or quantum confinement. None of these methods has proven universal
enough in terms of the devices’ characteristics or scalability. However, another approach is known mechanical strain/stress, but experiments in that direction are scarce, in spite of their high promises.
The primary challenge consists in the understanding of the mechanical properties of 2D materials and in the
ability to quantify the lattice deformation. Several techniques can be then used to apply strain to the specimens
and thus to induce changes in their electronic structure. We will review their basic concepts and some of the
examples so far documented experimentally and/or theoretically.
Keywords: 2D materials, graphene, electronic structure, strain engineering, mechanical properties
1.

INTRODUCTION

With the isolation of a single layer of graphene [1], a whole new world of two-dimensional (2D) materials
opened up [2]. They all possess specific, often unique properties, dramatically different from the properties of
their bulk progenitors. Among others, graphene is the strongest [3] and thermally most conductive [4] material
known, with exceptional electrical conductivity and transport characteristics even at room conditions [5].
Graphene is a zero band-gap semiconductor. The other 2D materials span the whole range of electronic
characteristics, from the isolating hexagonal boron nitride, via semiconducting to metallic transition metal
dichalcogenides [6]. In many of these materials, their electronic structure changes with the decreasing number
of layers, e.g. bulk MoS2 is an indirect band-gap semiconductor, while its monolayer counterpart has a direct
band-gap [7]. And similarly to graphene/graphite, most of the single layer materials have better mechanical
properties compared to the bulk.
Considering all the above mentioned characteristics of 2D materials, it is straightforward to imagine their future
applications in various fields, especially in optoelectronics. However, there is one particular feature of the 2D
materials, which makes their prospective high-tech utilization even more appealing - but complicating in the
same time - the ease of manipulating their electronic structure by external perturbations. In the following text,
we will briefly review first the prerequisite for the strain engineering, namely the mechanical properties of 2D
materials and how the imposed strain can be monitored, then the basic concepts of manipulating the electronic
structure in graphene and transition metal dichalcogenides (TMDC), especially in MoS2 (as the most
scrutinized 2D material apart from graphene).
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MECHANICAL PROPERTIES

In spite of its extreme stiffness, strength and strain to failure, it is very difficult to conduct standard mechanical
tests of graphene due to its monoatomic thickness and the associated arduous handling [8]. Therefore, most
of the so far recovered values of various mechanical properties have been obtained through indentation tests
of graphene suspended over holes (Fig. 1) and successive modelling. The first such experiment on exfoliated
graphene yielded Young’s modulus of 1 TPa, intrinsic strength of 130 GPa, axial breaking strength of 42 Nm1, and in-plane stiffness of 340 Nm -1 [3]. The typical fracture forces for these samples suspended over circular
holes with diameters of 1-1.5 μm were ~1.7 μN [3]. The same kind of experiment carried out on graphene
grown by chemical vapor deposition (CVD) showed the dominant role of grain boundaries in these samples
(Fig. 1e-f), which resulted in the decrease of the fracture loads to ~100 nN, hence more than an order of a
magnitude lower than for single-crystalline exfoliated samples [9]. Finally, the indentation experiment was
repeated on exfoliated graphene, but this time bombarded by Ar ions inducing a random distribution of
vacancy-type defects (Fig. 1a-d) [10]. As expected, the fracture force dropped quickly to ~0.6 μN as the defects
appeared. However, counterintuitively, the value of Young’s modulus increased up to the defect content of
~0.2 %, and started to decrease only after reaching this threshold. The initial increase in Young’s modulus was
explained in terms of a dependence of the elastic coefficients on the momentum of flexural modes predicted
for two-dimensional membranes [10].

Fig. 1 Experimental setup of indented graphene suspended over holes [10]: (a) Device geometry and
scheme of the nanoindentation set-up, which uses an AFM tip for mechanical testing, (b) Irradiation set-up,
where the defects are induced by the incoming argon ions (red), (c) optical microscopy image of exfoliated
graphene contacted by a gold electrode deposited on an array of wells (scale bar: 15 μm), (d) AFM image
(top view) of a graphene sheet covering several circular wells (green line length: 2.7 μm). (e-f) AFM phase
images of a CVD graphene grain before and after an indentation measurement [9]: (e) indentation takes
place at the center of this grain as shown by the arrow, (f) the region is torn along grain boundaries after
indentation (scale bars: 200 nm). Reprinted by permission from Macmillan Publishers Ltd: Nature Physics
[10] and Nature [9], © 2015 and 2011, resp.
Raman spectroscopy is the mostly used method for monitoring the lattice deformation in graphene and other
2D materials [11]. In general, Raman spectroscopy assesses the phonons, which soften upon tension and
harden upon compression. Hence the shifts in frequencies of the peaks in Raman spectra reflect directly the
strain level [8,12], and through a further analysis of the results, stress can be obtained too [13]. Most of the
experiments conducted so far on graphene include biaxial tension (e.g., in pressurized bubbles on holed
substrates), hydrostatic compression, or uniaxial tension or compression on graphene supported by polymeric
beams [8]. Apart from the strain level, these experiments can provide Grüneisen parameters of the measured
phonons. In the case of uniaxial strain, the lattice orientation of the studied samples can be easily obtained
20

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

through the G band splitting [8,14]. Additionally, out-of-plane deformation (buckling) during uniaxial
compression can be assessed and quantified [15]. On the other hand, the analysis of the spectra is often
complicated due to charge transfer (e.g., from the substrate), which affects the Raman spectra too [16]. In
some specific cases, the effects of strain and doping can be disentangled via a careful analysis of several
parameters of the Raman peaks [17], however, a care has to be taken to analyze larger sets of data for that
purpose and preferably to avoid drawing conclusions based on the acquisition of a single spectrum.
3.

STRAIN ENGINEERING IN GRAPHENE

Mechanical stress is known to offer different ways of manipulating the electronic structure of graphene [8,18].
Band-gap opening is surely the mostly discussed trait in this direction, however, it has been a subject of many
disputes in the literature [19]. In spite of early optimistic reports on the possible band-gap opening [20], later
tight-binding and density functional theory calculations showed that in monolayer (1L) graphene it is almost
impossible to induce a permanent band-gap by the sole application of uniaxial strain [19,21]. The crucial point
of the calculation lies in the proper sampling of the strained Brillouin zone, which shows indeed a “gap” at the
K points, but no real band-gap at the Dirac points (Fig. 2a) - the K points and the Dirac points do not coincide.
When the sampling is scarce, this fact can be (and was) missed. In spite of the infeasibility of band-gap opening
by pure axial strain, the theory predicts that a combination with either shear strain [21] or periodic corrugations
[22] can decrease the needed strain level to more reasonable values, however, still above 10%. Even lower
strain levels should be sufficient to induce band-gap opening in bilayer graphene, again with a simultaneous
application of inhomogeneous or out-of-plane stress [23]. It should be noted that no such band-gap opening
has been unequivocally evidenced in an experiment yet. A possible indication of a band-gap opening has been
reported in uniaxially strained bilayer graphene with inhomogeneities (Fig. 2c) induced by sandwiching the
sample between polymer layers [24].

Fig. 2 (a) Fictitious band-gap at K point in 1L graphene at 1% uniaxial strain while no band appears in the
DOS [19]. © IOP Publishing & Deutsche Physikalische Gesellschaft. CC BY-NC-SA. (b) A sketch of possible
strain engineering of graphene by substrate patterning [25]: substrate (S) patterned with folds (F), trenches,
dots and wells (A), upon which rests a graphene sheet (G). Reprinted with permission of APS, © 2009. (c) A
sketch of possible band-gap opening in inhomogeneously strained bilayer graphene, monitored by Raman
spectroscopy [24].
Further possible utilization of strain engineering of the electronic structure of graphene lies in the creation of
localized structures, e.g. through substrate patterning, to achieve direction-dependent tunneling, beam
collimation or quantum confinement (0D or 1D) [25]. Strain is also predicted to induce pseudomagnetic gauge
fields exceeding 10 T [26]. Experimentally, this effect was documented using scanning tunneling microscopy
on graphene nanobubbles grown on Pt(111) surface, which showed Landau levels corresponding to
pseudomagnetic fields greater than 300 T [27].
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STRAIN ENGINEERING IN TRANSITION METAL DICHALCOGENIDES

Strain engineering in TMDCs represents a different task compared to graphene, owing to the 3D structure of
their individual layers. Hence manipulating the positions of individual atoms within the cells readily influences
the potentials, bond strengths and superpositions (overlaps) of atomic orbitals (e.g., 3p for S and 4d for Mo),
which are directly responsible for most of the partial density of states in the material. Recently, several
theoretical and/or experimental works appeared showing the influence of strain on the band structure of MoS2,
clearly demonstrating the importance of the strain orientation on the band-gap change [28-34]. Monolayer and
bilayer MoS2 samples were subjected to small uniaxial tensile strains (up to 2%) through bending of their
polymeric substrates [29]. The direct optical gap of monolayer MoS2 redshifted alongside with the decreasing
of the intensity of the corresponding photoluminescence band, and the transition to an indirect band-gap
appeared at ~1.3% of strain [29]. Under hydrostatic conditions, the band-gap energy in monolayer MoS2 was
shown first to increase, and then at ~ 10-19 GPa to decrease and to change to an indirect band-gap [30,32].
The transition to a metallic state is predicted to take place at pressures higher than ~ 60 GPa [32]. On the
other hand, as we have shown recently [33], direct out-of-plane compression results a quick transition from
direct to indirect band-gap (at ~ 0.5 GPa) and the transition to a metallic state happens at 2-3 GPa. The band
gap energy decreases almost linearly with the increasing stress [33].
MoS2 offers another interesting asset, which might find its use, e.g., in photovoltaics - exciton funneling.
Wrinkles in few layer MoS2 (Fig. 3a) were shown to induce such effect, namely the funneling of photogenerated
excitons from flat regions of the sample to the wrinkles [28]. The wrinkles serve as traps with a local
confinement potential for excitons. A model based on a gradually, non-uniformly strained monolayer MoS2 has
been predicted to generate a so-called broad-spectrum solar energy funnel (Fig. 3b), working on a similar
principle [35].

Fig. 3 (a) Wrinkles in a few-layer MoS2 on an elastomeric substrate. Reprinted with permission from [28]. ©
2013 American Chemical Society. (b-f) Schematics of introducing inhomogeneous strain and classifying
funneling mechanisms [35]: (b) Inhomogeneously strained membrane ribbon with varying width. The two
electrodes mechanically impose a vertical displacement on the central region of the membrane. (c) Setup for
elastic strain-engineered artificial atom (not drawn to scale). (d-f) Three solar energy funnelling mechanisms
arising from a different band bending and exciton binding profile in the strain-engineered semiconducting
membrane. Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics [35], © 2012.
5.

CONCLUSION

As we have outlined, strain engineering has an unprecedented ability to manipulate the electronic structure of
2D materials to almost any extent. On the other hand, majority of the works are still theoretical or, if
experimental, not yet with the repeatability needed for a serious application. Yet the first works and concepts
promise an even brighter future for low-dimensional materials.
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Abstract
Nanocomposites with exceptional properties are promising materials that gain a market share during the
current years. Multi-walls Carbon nanotubes (MWCNTs) can be used as a filler for polymeric matrix; however,
their attractive forces lead to their agglomeration and affect the properties of the final nanocomposite.
Therefore, the surface of the MWCNTs is functionalized in this work using carboxylic and amino functional
groups. The functionalized MWCNTs are added at different weight fractions to an epoxy matrix to manufacture
nanocomposite plates and coupons of the nanocomposite are tested in tension to evaluate the tensile moduli
and strengths. Scanning electron microscopy was used to evaluate the topological and the surface properties
of the nanocomposites. Results indicate an initial increase in the mechanical properties of the nanocomposites
at low proportions of the f-MWCNTs followed by a decrease at higher proportions.
Keywords: Carbon nanotubes functionalization; Crack propagation; Elastic modulus; Epoxy
nanocomposites

1.

INTRODUCTION

Carbon nanotubes (CNTs) are considered as a macromolecular form of carbon with unique properties and a
high potential for practical applications [1]. CNTs consist of only carbon in hexagonal shapes that can be
considered theoretically as graphene sheets rolled into seamless cylinders [2]. Although the higher specific
surface area of CNTs leads to higher area of interface for stress transfer, it induces strong attractive forces
between CNTs causing agglomeration. Single wall carbon nanotubes (SWCNTs) have larger SSA than multiwalls carbon nanotubes (MWCNTs) which have much larger diameter and several concentric walls. Therefore,
MWCNTs demonstrate better dispersibility and smaller interface for stress transfer [3]. Though, the stress
transfer between concentric walls is transferred by relatively weak Van der Waals forces and hence they are
less efficient concerning the mechanical properties [3]. Stirring and sonication have been reported as effective
and widely used method for dispersing nanotubes in resins [4], [5]. The pulsed ultrasound used in sonication
technique separates the agglomerated CNTs and disperse them in the matrix.
Another challenge is getting sufficient interfacial bonding between CNTs and polymer matrix which directly
influence the mechanical properties of nanocomposites. Previous researches showed that this interfacial
bonding can be improved by functionalizing the CNT-surface by grafting chemical groups (e.g., amino- or
glycidyl-) to enable covalent bonding between nanotubes and epoxy in order to enhance the interfacial stress
transfer. The effect of functionalization process on mechanical properties has been examined theoretically [6]
and experimentally [7]-[9] in previous works. Therefore, the smoothness of the CNTs surface and the lack of
functional positions on that surface, activating the CNTs became one of the important topics in recent research.
Activating the surface of the CNT targets their existing defects, end caps, and sidewalls, as well as the hollow
interior [10]. The functionalization of single wall carbon nanotubes (SWCNTs) was performed using noncovalent strategies [11], [12] as well as covalent strategies [1], [10], [13], [14]. Functionalization of the CNT
through amidation and esterification of the nanotube-bound carboxylic acids found some applications in the
literature [15].
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This work tries to address the low dispersion problem of pristine CNTs and the lack of covalent bonding
between the CNTs and the matrix. Therefore, MWCNTs are activated with carboxylic groups and functionalized
with amino-groups that interact with the crosslinking agent during curing the epoxy resin. The functionalized
CNTs are introduced to the epoxy matrix at different concentrations and their effects on the mechanical
properties of the produced nanocomposite are tested. Scanning electron microscopy (SEM) is used to
investigate the surface topology to explore how cracks distribute in sample’s cross section.
2.

EXPERIMENTAL

2.1.

Materials

MWCNTs was purchased from Shenzhen Nanotech. Port Co., China. The MWCNTs have a diameter range
of 40-60 nm, a length range of 5-15 µm, and a purity higher than 95%. The ash content is less than or equal
to 0.2% wt, the amorphous carbon is less than 3% wt and the specific surface area range is 40 - 300 m2/g.
Diglycidyl ether of bisphenol A (DGEBA), known commercially as EPON 828, was used as epoxy resin and
was purchased from Miller-Stephenson. Glycolitic polypropyleneoxide triamine (Jeffamine T-403) was used as
the curing agent. The curing agent was purchased from Hunsman Co. and has a molecular weight of 440
g/mol.
2.2.

Sample Preparation

Carboxylic groups were grafted to the MWCNTs surfaces following the acidification scheme shown in Fig. 1.
The acidification reaction was performed by dispersing 5 g of MWNTs in 480 ml of Sulfuric acid and 160 ml of
Nitric acid. The mixture was stirred for about 30 minutes with magnetic stirrer after which it was tip sonicated
for one hour at 200 watt. The sonication process worked in four intervals of 15 minute each, stirring with a
glass rod between these intervals was performed to check the consistency of the mixture. The mixture was
stirred for 2.5 hours after sonication to have 4 hours of total acidification time.
H H
H

H H
H

H
H
H

H

H H

H

H
H H

25% H2SO4
C

-

OH

Sonication

+
HH

75% HNO3

O

HH

H

H

H
H

H

H

HH

H
H

HH

Fig. 1 Schematic representation for the acidification reaction of pristine CNT
After this acidification, the mixture was decanted in a big flask with 3 L of distilled water to dilute the mixture.
After cooling down, the mixture was centrifuged using International Equipment Company (IEC) instrument at
5000 rpm for 7 min. After completing the centrifugation, a 50 ml of Hydrochloric acid was add to the purified
CNTs to allow more oxidization and acylation of the carboxylic acid groups on the surface of the carbon
nanotubes. The mixture was stirred for 15 minutes then the mixture was diluted with water and prepared for
another cycle of centrifuging for 7 minutes at the same 5000 rpm speed.
Amidification of the MWNT-COOH was carried out, as shown in Fig. 2 by placing the modified nanotubes in
thionyl chloride (SOCl2) for 24 h at 70 ̊C with continuous stirring to convert the carboxylic acid surface groups
into acyl chloride groups. The mixture was left to cool down to room temperature, after which a separation
process of the excess SOCl2 was performed by centrifuging for 7 minutes. The precipitated solid MWNT was
washed with anhydrous tetrahydrofuran (THF). Jeffamine was added to the resultant solid and the mixture was
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stirred at 90 ̊C under a nitrogen atmosphere for 72 h and the excess T-403 was washed with ethanol as eluent.
The mixture was centrifuged again to remove the excess liquid. The precipitated solid was dissolved in
chloroform for 5 minutes under mild sonication and left for 72 h allowing the nanotubes without enough
functionality to precipitate and the dispersed ones to stay mixed in the upper solution which was taken and
dried to be used in producing the nanocomposite.
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Fig. 2 Amidification reaction between the carboxylic group and Jeffamine T-403
Nanocomposites were manufactured by distributing functionalized and non-functionalized carbon nanotubes
within a host polymer. Based on the target weight fraction, an amount of functionalized nanotubes was weighed
taking into account that the required percentage should be from pure nanotubes. The amount was dispersed
in a proportional amount of Jeffamine T-403 by continuous stirring for 15 minutes after which the appropriate
amount of Epon 828 was added and stirred for another 15 minutes. The mixture was casted in a Teflon mold
which was placed in an oven to cure at 85 ̊C for 2 h then at 125 ̊C for 3 h. Four weight fractions were used to
manufacture the nanocomposite samples (0.5, 1, 1.5 and 2 wt. %). In addition, neat epoxy samples were
prepared and tested as a benchmark. The samples were prepared by mixing Epon 828 and Jeffamine T-403
with 100:42 weight ratio and following the same procedure mentioned above.
3.

CHARACTERIZATION

3.1.

Thermal Gravimetric Analysis

Pristine and activated CNTs samples were tested on Thermal Gravimetric Analyzer (TGA) Q500 manufactured
by TA Instruments. The analyzer has a high-precision balance with a pan to carry the sample. The pan is
placed in an electrically heated oven equipped with thermocouples to accurately measure the temperature.
The analysis is conducted by gradually raising the temperature from room temperature up to 1000 ̊C in a rate
of 10 ̊C/min under purging of Nitrogen gas at 60 ml/min.
3.2.

Tensile Testing

Tensile testing was carried out following the American Standards for Testing and Materials (ASTM) D-5026.
Samples were cut into coupons with 90 mm length and 10 mm width. Sample dimensions were measured at
five different locations and averaged. Edges in the length direction were polished to eliminate the effect of
micro-cracks typically resulting from cutting. Three samples were tested for each data point. Tensile tests were
carried out on a computerized Instron tester (Instron 5565 universal testing machine) equipped with an
advanced video extensometer (AVE) with 60mm field of view (FOV) lens. Before conducting the tensile test,
four dots were marked on each sample to allow measuring the longitudinal and lateral strains using the video
extensometer. The machine cross-head speed was set at 2.5 mm/min and the gage length was 50.73 mm
following the ASTM standard. The structural dimensions for each sample (gage length, average width and
average thickness) were input into the machine and the stress strain curve was obtained for each sample.
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Surface Topology

Scanning electron microscopy was used to observe the surface topology of selected samples using
a TESCAN VEGA TS 5130 scanning electron microscope (TESCAN s.r.o., Czech Republic). The samples
were placed on a holder that allows the study of their cross section, then sputter-coated with gold using SCD
030 auto sputter coating device (Balzers Union FL 9496 Balzers).
4.

RESULTS AND DISCUSSION

4.1.

Functionalization of the CNTs

The procedure for activating the surface of the carbon nanotubes in this study depends on targeting the MWNT
defects, end caps, and sidewalls and causing more of these defects during the sonication. Exposing the
nanotubes to the strong acid mixture for long time (4 hours in total) with sonication allows the acids to oxidize
the defects and to purify the mixture from the amorphous carbon, the residues of the catalysts, and the soot
that exist in the pristine CNTs. This process leads to a functionalized surface with attached carbonyl groups.
After activating the surface of the CNTs with carbonyl groups the CNTs got better dispersion in the solution
with the evidence of the color change that gets the solution into dark black color. To collect the CNTs from the
solution, it is required to centrifuge the mixture where the centrifugal forces allow splitting the mixture in two
phases with the solid CNTs at the bottom and the liquid acid filling the rest of the volume. The collected CNTs
were washed with distilled water to decrease their acidity. After their washing with water, the CNTs mixture is
centrifuged and the pH of the solution was noticed to increase after each cycle of washing and centrifuging
implying the removal of the acid. The CNTs went through five cycles of washing and centrifuging and the pH
of the mixture increased from 0.83 at the beginning and increased to about 3.83 after these
5 washing cycles. With the increase in the mixture’s pH the CNTs were found to be harder for separation with
centrifuging which implies a change in the surface nature of the CNTs after the acidification process. The
obtained mixture of CNTs dispersed in water was placed in the oven at 120 C for about 12 hours to evaporate
the liquid and to have dry functionalized carbon nanotubes suitable for further processing.
After processing the obtained CNTs according to the amidification procedure described in the procedures
section, the samples were tested for their activation yield using the TGA. Samples of the pristine CNTs and of
the CNTs that were functionalized with Jeffamine T-403, were tested.

Fig. 3 TGA test results for pristine CNT and CNTs functionalized with Jeffamine T-403
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As Fig. 3 shows, the weight loss of the pristine CNTs sample did not significantly change until about 700 ̊C
whereas the weight of the functionalized sample started to decrease at a temperature of around 180 ̊C and
continued to decrease until it reached about 65% of its original weight. By comparing the two curves, the
change in the behavior of the functionalized sample can be attributed to the loss of the functional groups that
were added during the processing of the CNTs. The amount of the functional groups can be estimated by
about 34% of the total weight of the nanotube.
4.2.

Epoxy Nanocomposites

Samples of functionalized CNTs showed good dispersion in the epoxy matrix that was inspected visually by a
monotone dark color of the sample, whereas some samples of pristine CNTs showed inhomogeneous
distribution with agglomeration of the filler at different spots of the sample. Preparation of the pristine CNTs
samples required more stirring and mixing to enhance their distribution in the epoxy matrix which is judged by
the homogeneity of the sample color. The good dispersiblity of the functionalized CNTs in the epoxy matrix
can be attributed to the polarity of the matrix [7] that has compatibility with the functionalized CNTs more than
the pristine CNTs.
The produced samples were tested for their mechanical properties using the tensile tester where the tensile
modulus was calculated as the slope of the stress/strain curve in the elastic region. Fig. 4 shows the value of
the elastic modulus (E) for the epoxy nanocomposites with different concentrations of the functionalized CNTs.
Error bars represent the standard deviation of the results within each weight fraction. The measured modulus
for the neat epoxy (0% CNTs) was about 2.7 ± 0.14 GPa which is in a close agreement with the reported
values of 2.6 GPa [3]. The general trend for the elastic modulus tends to increase with the addition of the CNTs
although it increases to a certain limit then starts to decrease. The maximum value of the modulus as measured
for the produced samples was found at weight fraction (φ) = 0.5% of the functionalized CNTs. The elastic
modulus reached a value of 3.8±0.8 GPa at this concentration which represents an increase of about 40% of
the modulus of the neat epoxy. The measured elastic modulus for the nanocomposites with φ=1% is also
higher than the measured value for the neat epoxy and relatively lower than the measured value at 0.5%.
These results are in agreement with some published experimental findings that report an increase of the
modulus until 0.5% [16] or 1% [17] weight fractions, although the papers that reported a decrease after 1% did
not apply concentrations below this value. It is noticeable that the deviation of the readings at φ=1% is lower
than that at φ=0.5% which allows us to conclude that the decrease of the elastic modulus of the nanocomposite
generally starts after reaching a CNTs concentration beyond 1%.

Fig. 4 Tensile modulus (E) of Epoxy nanocomposites with different weight fractions (φ) of CNTs
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As the weight fraction increases beyond the 1% wt, the tensile modulus decreased to reach a value that is
almost equals to the measured modulus of the neat epoxy at CNTs concentration of 2%. Gojny et al. [3]
explained this behavior by the attractive forces that increase with increasing the concentration of the CNTs
and results in agglomeration of the CNTs which reduces the homogeneity of their distribution in the epoxy
matrix.
The Poisson’s ratio (ν) of the tested samples was evaluated according to the extension in the axial and the
transverse directions as recorded by the video extensometer. The change of Poisson’s ratio as a function of
the CNTs weight fraction is shown in Fig. 5. It can be noticed from this figure that there is no specific trend for
the relation between the Poisson’s ratio and the concentration of the CNTs. There is also no significant change
the values and the ambient increase at high weight fractions cannot be significantly considered because of the
large deviation in the results of these samples.

Fig. 5 Poisson’s ratio (ν) of Epoxy nanocomposites with different weight fractions (φ) of CNTs
The cross-sections of the broken samples (after
their tensile test) were examined under the SEM.
It can be seen in the SEM photographs shown in
Fig. 6 that the crack propagates through the
nanocomposite (Fig. 6a and Fig. 6b) samples in a
different manner than the neat epoxy (Fig. 6c and
Fig. 6d). There are notches that can be observed
frequently in the nanocomposite sample as circled
in Fig. 6a and they are more clear when bigger
magnification is applied as shown in Fig. 6b.

Fig. 6 SEM pictures for the CNTs/epoxy |
(a and b, with magnification of 2 kx) and for
neat epoxy (c and d, with magnification 20 kx)
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These crack notches may be attributed to the existence of the nanotubes at these positions where the stress
distribution changes and higher stress concentration lead to the behavior observed in Fig. 6b. The neat epoxy
samples, on the other hand, did not show such position for change in stress distribution as can be seen in
Fig. 6c or at higher magnification shown in Fig. 6d.
5.

CONCLUSION

Carbon nanotubes can be functionalized under strong acid conditions with the aid of sonication that helps
creating more positions on the surface that are ready for oxidation. The amidification of the activated CNTs
was possible with about 34% loading of functional groups. The introduction of the polar groups to the surface
of the CNTs allows better dispersion in the polar epoxy matrix and which impacted the mechanical properties
of the produced epoxy nanocomposite samples. The elastic modulus of the nanocomposites was found to
increase with about 40% of the neat epoxy modulus at a CNTs concentration of 0.5%. The modulus tends to
decrease by increasing the concentration of the CNTs which might be attributed to their agglomeration at
higher concentrations. The impact of the CNTs existence in the nanocomposite was observed by the SEM
pictures where notches were observed in the crack paths revealing stress concentration spots around the
CNTs.
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Abstract
In the present work we report on the influence of repetitive anodization cycles upon the dimensions and
morphology of self-organized TiO2 nanotube layers. Electrolytes based on ethylene glycol (containing water
and NH4F) and widely used Titanium thin foils as substrates were utilized. These substrates were repetitively
anodized, a total 3 times, and the resulting layers were removed and analyzed after each anodization step.
Investigations by SEM show that, overall, nanotubes within nanotube layers produced by the repetitive
anodization on one identical substrate, grow so that the tube diameter becomes gradually smaller. In addition,
investigations carried out by AFM and mechanical profilometry show that repetitive anodization lead to
significant smoothing (or polishing) of initially coarse substrates - this aspect is somewhat surprisingly not
discussed in the existing literature. As a result, before each new anodization step, the nanotube layers grow
on gradually smoother substrates with positive implications on the overall nanotube layer uniformity.
Keywords: Titanium dioxide; Nanotubes; Anodization; Roughness, Smoothening
1.

INTRODUCTION

Self-organized TiO2 nanotube layers have attracted enormous scientific attention in past decade, as they
represent a material with manifold applications - for an overview, several comprehensive reviews are available
[1-3]. In addition, they display interesting morphological features compared to their nanoparticulate
counterparts, which make them a suitable candidate for a range of other applications, not necessarily related
with photo-catalysis or dye-sensitized solar cells which are typical applications for TiO2 nanoparticles. For the
anodization itself, a variety of different electrolytes combined with optimized anodization conditions were
applied over the past 10 years, which yielded nanotubes with different lengths and diameters. This electrolyte
range included the use of aqueous electrolytes [4,5], glycerol based electrolytes [6,7], and ethylene glycol
electrolytes [8] with NH4F instead of HF. Within the development of new tube geometries and aspect ratios,
efforts have been carried out to alter morphologies of TiO2 nanotubes, for example to produce nanotubes as
double layers by subsequent anodization steps in two electrolytes [9]. By repetitive anodizations, highly
ordered TiO2 nanotube arrays were also achieved by removing the nanotubes after the first anodization of the
Ti foils, and applying a second anodization step [10,11]. From some pioneering reports exploring the influence
of crystallographic orientation of titanium substrates on the growth characteristics [12, 13] and the growth rate
[14], it has become evident, even though there is no direct study devoted to this aspect that the quality and
uniformity of the nanotube layers must arise from the quality and homogeneity of the substrate. In particular,
it appeared to matter strongly for the oxide growth rate (oxide in the form of nanotubes [15] or flat anodic layers
[16]), whether the substrates were as-received rough foils or electropolished substrates.
To date, there has been no published work that would explore dimensional or morphological differences
between nanotube layers grown by repetitive anodization of identical initial substrates, whether on foils, sheets
or artificially produced layers (by sputtering, or evaporation), and regardless of how smooth they are. In
addition, there is no work that would report on the roughness of the regular substrates used for anodization titanium thin foils - and how the roughness changes upon the anodization. In order to provide more insight into
these issues, sets of experiments have to be carried to out.
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Therefore in this work we investigate dimensional and morphological changes of nanotube layers grown by
repetitive anodizations of identical starting titanium substrates. In addition, we investigate roughness changes
of these substrates between multiple anodization steps.
2.

EXPERIMENTAL

Titanium foils (Sigma-Aldrich 0.127 mm thick, 99.7 % purity) were first degreased by sonication in isopropanol
and acetone, then rinsed with isopropanol and dried in air. The anodization setup consisted of a 2 electrode
configuration using a platinum foil as the counter electrode, while the titanium foils (working electrodes) were
pressed against an O-ring of the electrochemical cell, leaving 1 cm2 open to the electrolyte. Electrochemical
experiments were carried out at room temperature employing a high-voltage potentiostat (PGU-200V, IPS
Elektroniklabor GmbH). Electrolytes based on ethylene glycol containing 1.5 vol% deionized water and 88 mM
NH4F were used. All electrolytes were prepared from reagent grade chemicals. Before the initial use, all
electrolytes were aged for 9 hours by anodization of blank Ti substrates at 60 V under the same conditions as
for the main anodization experiments. Titanium foils were anodized for different times, after sweeping the
potential from 0 V to 60 V with a sweeping rate of 1 V/s. After anodization, the titanium foils were rinsed and
sonicated in isopropanol and dried. The structure and morphology of the TiO2 nanotubes was characterized
by a field-emission electron microscope (FE-SEM JEOL JSM 7500F). Dimensions of the nanotubes were
measured and statically evaluated using proprietary Nanomeasure software. For each condition used in this
work, we calculated average values and standard deviations from at least 3 different locations on 2 samples
of each condition, with a high number of measurements (n≥ 100). Removal of the nanotube layers between
anodization steps was carried out by applying a cathodic step of -5 V for 2 minutes in 1M H2SO4, followed by
cleaning of surface by sonication in isopropanol. The surface topography was measured using Atomic Force
Microscope (AFM, Solver Pro M, NT-MDT; Russia) on the area of 5x5 µm and using SSC-01 mechanical
profilometer (RMI, CZ) on the length scale 500 µm, with the step of 0.5 µm. The raw data from the profilometer
were corrected for the long-distance deflection of the material's surface by the 2nd order polynomial function.
3.

RESULTS AND DISCUSSION

Fig. 1 demonstrates a typical current behavior, when anodizing one Ti substrate, three subsequent times in a
row at 60 V in ethylene glycol (containing 88 mM NH4F and 1.5 vol% DI water). It has to be noted that for the
each following anodization step, the previously grown nanotube layer was removed first. As one can see from
Fig. 1, the C-V curve for the 1st anodization follows the typical behavior reported in earlier papers [17,18].
Briefly, at the beginning of the anodization, when the potential is swept to 60 V, the current strongly increases
due to an oxide layer that is spontaneously formed at the surface of the titanium. Once the final potential is
reached, a fast current density decay is recorded. During the following period, where the current density
proceeds through its first minimum, small pores start to grow randomly in the oxide layer, and shortly after the
current density increases due to an increase of the active area, until a maximum number of pores is formed.
This stage corresponds to a maximum in the current density. Subsequently, the tubes expand in length, and
the current density slowly decays towards a steady-state.
However, this typical behavior has not yet been seen for currents recorded during the 2nd and 3rd anodization.
They show considerably different features, as there are no current peaks observed anymore. Instead, the
current gradually increases and levels-off during the sweeping, and once the final potential (60 V) is reached,
it begins to drop and gradually decrease. In addition, the current recorded during the 1st anodization are higher,
in particular during the sweeping period. This is interesting and to the best of our knowledge, this significant
deviation has not been previously reported and discussed. It appears as if the surface of Ti in this initial period
undergo different morphological changes then usual (as described above). One possible explanation for this
can be that the 2nd and 3rd anodization step begins with the Ti surface, with billions of small dimples imprinted
on it, after the previous anodization, and the initial rough surface originating from rolling of the surface becomes
smoother. Even though, some rolling lines in Ti can be still imprinted on its upper surface before 2nd or 3rd
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anodization, the oxide growth proceeds on a smoother and smaller surface area. In addition, the pore formation
on the surface is directed by the dimples imprinted in the Ti and presumably it takes also shorter times for the
main nanotube growth to begin, compared to the case, when initial rough foils are used.

Fig. 1 Current density - voltage curve (left) and current density transients (right) recorded during 3 repetitive
anodizations of one identical Ti substrate in ethylene glycol (containing 88 mM NH4F and 1.5 vol% DI water).
The inset in the right part shows a zoom of the initial 30 minutes of the current density transient
It can be expected, that these differences must have an influence on the resulting structure and dimensions of
the nanotube layers. Fig. 2 shows SEM images of the nanotube layers grown as in Fig. 1. Even though it may
not appear on first impressions, but by a thorough inspection of the layers and statistical analyses, interesting
dimensional changes are observed.

Fig. 2 SEM images of self-organized TiO2 nanotube layers prepared after 1st (a), 2nd (b) and 3rd (c)
anodization of Ti, as in Figure 1. Images show top-view (left column), tube bottoms (middle column) and
cross-sections (right column). All scale bars represent 1 µm
As given in Table 1, a trend towards smaller tube diameters can be observed with increasing number of
anodization steps. For example, the inner diameter evaluated from nanotubes prepared during the 1st
anodization is ~ 170 nm, while the inner diameter from nanotubes prepared during the 3rd anodization is ~ 155
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nm. This cannot be explained by an increase in the conductivity of electrolytes, as we reported previously [19],
since for each anodization step we utilized an aliquot of a larger electrolyte volume prepared at once, and
having the same aging time (9 hours). This phenomenon must have its origin in the different starting quality
and uniformity of Ti thin rolled foils as substrates.
Table 1 Dimensions of self-organized TiO2 nanotube layers shown in Fig. 2
Anodization

Inner tube diameter (nm)

Tube length (mm)

First

170.5±21.9

10.1±0.9

15

Second

158.3±15.7

17.9±1

24

155±17.9

12±1

21

Third

Duration (hrs)

In the next step, we focused on the Ti substrates themselves. In order to analyze their roughness before
anodization and after all anodization steps, profilometric measurements were carried out over relatively long
distances of 500 µm. This is such a length scale, that it is significantly larger compared to the scale traceable
by AFM within reasonable experimental time. Representative results are shown in Fig. 3 that provides
roughness profiles of investigated surfaces in the parallel direction (red line), to rolling lines imprinted on
surfaces or in the perpendicular direction (black line) to rolling lines. The root mean square (RMS) value
evaluated here, according to ISO standard [20], is a statistical representation of roughness deviation. As one
can see from decreasing RMS value with each anodization step, the original and very rough Ti surface
becomes with each individual anodization step increasingly smoother, independent of the direction of the
rolling lines.

Fig. 3 Roughness profiles obtained by profilometry on Ti substrates (thin rolled foils) before and after all
three anodization steps. Surfaces were obtained upon anodization shown in Figs. 1 and 2. RMS = Root
Mean Square = statistical representation of the roughness deviation. Nanotube layers were quantitatively
removed from the surfaces before these measurements
Finally, we performed AFM analyses of small spots (5x5 µm) on the anodized surfaces in order to see their
local roughness. Fig. 4 shows representative AFM images showing the obtained topography of these surfaces.
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The Z scale (on the right side of each image) provides roughness information which in fact represents the
information about the depth of the dimples compared to the rest of the area. As one can see from these images,
not only the overall roughness decreases (as shown in Fig. 3), but also the local roughness (that stems from
dimples in the substrates owing to the tube growth) decreases. It should be pointed out that due to its high
initial roughness, non-anodized Ti thin rolled foils cannot be measured by AFM. Moreover, as there are no
dimples (that stem from the tube growth), such an image would not fit to the sequence shown in Fig. 4.

Fig. 4 Topography of identical Ti substrate after all three anodization steps. Measured by AMF on the area of
size 5x5 µm. Nanotube layers were quantitatively removed from the surfaces before these measurements
Last, but not least, when looking at the nanotube layer macroscopically, e.g. under an optical microscope or
by SEM at very low magnification, one recognizes indeed significant improvement of the uniformity and flatness
of the nanotube layers. Some occasional defects in the nanotube layers, such as cracks and local thickness
variations (due to grain boundaries of Ti substrates [12-14] and metallurgical defects of Ti) become absent
with every additional anodization step. The results presented are not exclusively obtainable just for ethylene
glycol based electrolytes, however, as they represent the classical and widely used electrolytes in the field.
4.

CONCLUSION

In this work, we demonstrated that the repetitive anodization of Ti substrates in ethylene glycol based
electrolytes lead to i) gradual changes of the nanotube dimensions, and ii) significant smoothing of the Ti
substrates used for anodization. These two features are reflected also in an improved overall homogeneity of
the nanotube layers after each anodization of identical initial substrates. These findings might be important for
cases, where ultrafine nanotube layers need to be produced and utilized for further applications.
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Abstract
Nanocrystalline diamond (NCD) thin films are suitable biointerfaces having excellent stability due to their
hardness and chemical inertness. NCD coatings on planar waveguides (PWG) in the IR region allow to design
optical sensors sensitive to absorbers like proteins or other biomolecules. In this contribution, we present a 2D
model of a multi-layer PWG developed under FEM (finite element method) simulation software Comsol
Multiphysics. The model is based on the modified wave equation solved in the frequency domain and includes
optical absorption in the materials. Prior to these simulations, calculations of optical modes were performed in
order to design a suitable single-mode PWG with the NCD/a-Si:H/glass heterostructure. It was found that for
the single-mode PWG working in the narrow region of 1550-2000 nm the silicon thickness must be 150-320
nm. Shorter wavelengths are excluded due to the optical absorption of both amorphous silicon and diamond.
It was found that in order to keep a reasonable signal attenuation, the NCD film must be prepared with the
optical absorption coefficient lower than 10 cm-1, being a technical challenge. Dependencies of the signal
attenuation on the NCD film thickness, absorbing layer height, its absorption coefficient and exciting
wavelengths are presented.
Keywords: Nanocrystalline diamond, amorphous silicon, optical waveguides, FEM simulations
1.

INTRODUCTION

Conventional photonics IR materials such as ZnS, ZnSe and Ge, suffer from the disadvantage of being brittle
and having low chemical resistance. On the other hand, nanocrystalline diamond (NCD) thin films are now of
interest in photonics and micro/nanophotonics structures because of their low absorption and scattering in the
IR region, combined with unique properties like high thermal conductivity, large Young’s modulus and high
stability under extreme operating conditions and harsh environments [1-3]. In addition, strength of the chemical
or electrostatic bonds at the diamond/organic interfaces provides a substantial advantage over other
materials [3].
Recent advances in fabrication of diamond films by MW-enhanced chemical vapour deposition of
nanocrystalline and/or ultrananocrystalline structures [4] enabled to prepare acceptably smooth surfaces with
good optical properties [5]. Homogeneous initial surface termination, covalent and non-covalent immobilization
of different functional moieties as well as the subsequent grafting of larger (bio)molecules onto previously
functionalized nanodiamond have been successfully established [6].
Although waveguiding capabilities of NCD films were recently experimentally confirmed [1], their high optical
absorption and optical scattering is still not favourable to use the NCD as a waveguiding material, especially
in the visible region. However, a suitable planar optical waveguide (PWG) with low optical absorption, low
optical scattering and sufficiently high index of refraction coated by NCD film could be used as a (bio)-chemical
sensor. After exposing to the organic vapours or liquid solutions (e.g. proteins and other biomolecules), the
adsorbate layer may result in light attenuation in the PWG.
In this paper, we present a theoretical model of light propagation in a multi-layer PWG based on the NCD/aSi:H/glass heterostructure. Here, hydrogenated amorphous silicon (a-Si:H) is considered as a waveguiding
material, deposited on a glass substrate and coated by NCD film as a functional layer. NCD has sufficiently
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lower refractive index (~2.34) than a-Si:H (~3.64) in the optical region of interest that it will not affect the
waveguide mode structure, although it will affect light attenuation. After designing basic geometrical
dimensions by simpler calculations, a more comprehensive 2D model in Comsol Multiphysics software was
used to calculate light propagation in the suggested PWG heterostructure.
2.

WAVEGUIDE STRUCTURE AND COMPUTATIONAL DETAILS

The suggested waveguide structure is schematically depicted in Fig. 1.

Fig. 1 Structure of NCD/a-Si:H/glass optical planar waveguide with adsorbate layer (red colour)
A non-absorbing glass with the index of refraction 1.5 was considered in calculations as a substrate. Onto this
substrate, hydrogenated amorphous silicon and nanocrystalline diamond film are deposited, respectively.
The modified dispersion equation

2πh f
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n 2 − ns2
2
n 2f − neff
= arctan  p fs eff
2

n 2f − neff


2
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 + arctan  p
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(1)

with
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n 2f
ns2

,

p fc =

n 2f
nc2

,

(2)

was used for calculations of guided optical modes and the estimation of silicon thickness for single-mode PWG.
The refractive indices ns, nf, and nc in the equations (1,2) and Fig. 1 state for the substrate (glass), waveguiding
core (silicon) and cover (NCD), hf is the core thickness and m is the integer number.
Light propagation through the single-mode waveguide structure was simulated by the finite-element method
(FEM) in Comsol Multiphysics, under the RF module. Under the assumption of non-magnetic media and timeharmonic waves

~
E( x, y , z , t ) = E( x, y , z ) cos(ωt + ϕ )

(3)

~

the electric field phasor E can be solved using the equation

~
~
∇ × (∇ × E) − k 0ε r E = 0

(4)

where k0 = √(ωε0μ0) is the wavenumber of free space with corresponding permittivity μ0 and permeability ε0, εr
= (n-ik)2 is the relative permittivity specific for the particular material; n and k are the real and imaginary parts
of its complex refractive index; ω is the angular frequency, t is time, and φ is the phase angle. The model is
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constructed in 2 dimensions (x, y), x being the propagation direction, but the z-components of both electric and
magnetic fields come from the solution as well, since it is assumed that

~
~
E( x, y, z ) = E( x, y ) exp(−ik z z )

(5)

where kz is the out-of-plane wavenumber.
In order to precisely calculate propagation of the electromagnetic wave, a 1 μm-thick air layer was added
above the NCD film. The glass substrate had also the thickness of 1 μm. It was found that increasing the
thickness of these two layers did not change calculation results. The free triangular computational mesh
contained 200-300 000 elements.
Boundary conditions on the top and bottom of the PWG were set as “Perfect electric conductor”, which sets
the tangential electric field to zero. The boundary type “Port-numeric” was set at the left-hand side (excited
port) and the right-hand side (output port) of the structure. Prior to solving for the electromagnetic field in the
PWG, mode analysis was done on both input and output ports in order to calculate the effective mode index
and corresponding out-of-plane wavenumber. Then, the equation (4) was solved for the TE0 mode. Attenuation
of the optical signal in the waveguide was calculated from the 21 component of the S-matrix (provided by
Comsol) as

A = 20 log S 21

(6)

where S21 is defined as

Power delivered to output Port
Power incident on input Port

S 21 =

(7)

In the equations (1,2) and in the FEM simulations we used the same optical properties as listed in Table 1.
The refractive index for 2000 nm was extrapolated from the evaluated wavelength dependence of the
absorption coefficient from PDS measurements [7,8].
Table 1 Real (n) and imaginary part (k) of refractive index and corresponding absorption coefficient of
considered materials
material

n

k

α,cm-1

Ref.

λ = 1550 nm
a-Si:H

3.650

6 x 10-6

0.49

[7]

NCD

2.336

7.5 x 10-4

47.1

[5]

0.094

[7,8]

6.28

[5]

λ = 2000 nm
a-Si:H
NCD

3.

3.640
2.330

1.5 x 10-6
1x

10-4

RESULTS

Calculations of guided modes for two wavelengths are shown in Fig. 2.
According to these results, the single-mode propagation condition in the wavelength range 1550-2000 nm is
fulfilled for the silicon layer thickness of 150-320 nm. For the subsequent FEM simulations, the thickness was
fixed to 280 nm, fulfilling the single mode propagation for both wavelengths, while the NCD thickness and
adsorbate properties varied.
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Fig. 2 Effective index of refraction (neff) for individual guided transverse electric (TE) and transverse magnetic
(TM) optical modes in dependence on the silicon layer height (hf) for the excitation wavelength 1550 nm (a)
and 2000 nm (b)
Contours of electric field phasor transverse component for the TE0 mode and 50 nm thick NCD film are shown
in Fig. 3.

~

Fig. 3 Contours of electric field phasor E z (V/m) component for TE0 mode
(neff = 3.025) calculated by FEM. hf = 280 nm, hc = 50 nm, λ = 2000 nm
The propagation of the EM field into glass and air is apparent.
Simultaneously, this fact enables to realize the optical sensor
for substances adsorbed onto the NCD film. However, the signal
attenuation of the PWG itself, especially due to the optical
absorption of the NCD film, must be assessed first.
The dependence of signal attenuation on the NCD thickness is
asymptotic, as can be seen from Fig. 4.
While the attenuation for 2000 nm excitation wavelength is
acceptable (0.4-3.3 dB/cm), it is quite large for 1550 nm (2-19
dB/cm), as obviously given by the increasing absorption
coefficient of NCD for lower wavelengths.
Last, the sensing properties were calculated after placing the
adsorbate layer with different absorption coefficient (the
imaginary part of refractive index) and height on the NCD film.
The real part of refractive index of the adsorbate was arbitrarily
42
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set to 1.5. It was found that its variation in the range 1.5-2 did not change substantially the calculation results.
The calculated attenuations for the excitation wavelength of 2000 nm are shown in Figs. 5, 6.
4.0

attenuation, dB/cm

attenuation, dB/cm
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Fig. 5 Dependence of signal attenuation in PWG on
the absorption coefficient of the adsorbate with the
height of 5 nm. hf = 280 nm, hc = 50 nm,
λ = 2000 nm

Fig. 6 Dependence of signal attenuation in PWG on
the adsorbate layer height (hads) for two values of its
absorption coefficient. hf = 280 nm, hc = 50 nm,
λ = 2000 nm

As expected, for the 10 times lower height (5 nm) of the adsorbate layer in comparison with the NCD height
(50 nm), the attenuation becomes sensitive to the adsorbate when its absorption coefficient is larger than
absorption of NCD by at least an order of magnitude. The attenuation is < 10 dB/cm when the adsorbate
absorption coefficient is < 1000 cm -1. The response to the adsorbate layer height is almost linear, as can be
seen in Fig. 6. Using the linear fit (not shown) the slopes 8.9·105 dB·cm -2 and 8.3 ·105 dB·cm -2 for the
absorption coefficients 6.28 cm -1 and 62.8 cm -1, respectively, were found. It means that the slope is directly
proportional to the absorption coefficient.
For the very thin NCD films with low absorption coefficient, optical scattering on the randomly rough NCD
surface (individual grains) has to be taken into account in simulations. The calculations in this way are in
progress.

4.

CONCLUSIONS

The FEM simulations in Comsol Multiphysics were found a useful tool for designing a multi-layered planar
optical waveguide as an optical sensor. The extension of simulations to more realistic and variable photonic
structures in three dimensions is straightforward. The planar optical waveguide with an optical channel of 280
nm-thick layer of amorphous silicon and a cover/sensing 50 nm thick nanocrystalline diamond film operating
at the wavelengths of 1550-2000 nm has been investigated. It is concluded that the NCD film must be of good
optical quality, with the absorption coefficient < 10 cm-1. The calculated signal attenuation of an arbitrary
adsorbate on the top NCD film had a nearly linear response to the adsorbate layer height in the range of 0-20
nm. The slope of this response was directly proportional to the adsorbate absorption coefficient.
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Abstract
Recently, a new family of 2D materials with exceptional optoelectronic properties has stormed into the scene
of nanotechnology, the transition metal dichalcogenides (e.g., MoS2). In contrast with graphene, which is a
zero band gap semiconductor, many of the single layered materials from this family show a direct band-gap in
the visible range. This band-gap can be tuned by several factors, including the thickness of the sample; the
transition from a direct to indirect semiconductor state takes place in MoS2 when increasing the number of
layers from 1 towards the bulk. Applying strain/stress has been revealed as another tool for promoting changes
in the electronic structure of these materials; however, only a few experimental works exist for MoS2. In this
work we present a comparative study of single layered and bulk MoS2 subjected to direct out-of-plane
compression, using high pressure anvil cells and monitoring with non-resonant Raman spectroscopy;
accompanying the results with theoretical DFT studies. In the case of monolayer MoS2 we observe transitions
from direct to indirect band-gap semiconductor and to semimetal, analogous to the transitions observed under
hydrostatic pressure, but promoted at more accessible pressure ranges (~25 times lower pressure). For bulk
MoS2, both regimes, hydrostatic and uniaxial, lead to the semimetallization at similar pressure values, around
30 GPa. Our calculations reveal different driving forces for the metallization in bulk and monolayer samples.
Keywords: MoS2, High Pressure, Raman Spectroscopy, DFT Calculations, Optoelectronic Properties
1.

INTRODUCTION

Recently, 2D materials are attracting great attention due to their exceptional properties and the possibility of
tuning them by several factors. Specifically, single layer molybdenum disulphide (1L-MoS2), presents
remarkable optoelectronic properties, occasionally different from those in the bulk precursor [1]. Strain
engineering [2] has been revealed as a promising method to modify the electronic properties of MoS2, and a
number of works, mainly theoretical, have appeared. Interestingly, strain may change the band-gap, but the
strain direction and sign must be considered since only certain strain regimes lead to its closure. For instance,
some theoretical works found in the literature predict that (i) biaxial in-plane strain has larger effect on the
band-gap energy than uniaxial in-plane tension [3,4], (ii) for biaxial strain the effects are larger under the tensile
regime in comparison with the compressive one [5], (iii) in the case of uniaxial in-plane stress the preferred
direction for tuning the band-gap is the yy [6]. Additionally, in specimens with two or more layers, the straintuning gains another degree of freedom through the modification of the interlayer coupling [4,5,7].
Experimentally, small uniaxial strains (up to 2% of tension) were applied to 1L-MoS2 via bending of their
polymeric substrates and monitoring the changes with Raman spectroscopy [8,9] and photoluminescence
[10,11]. It was observed that the direct optical gap of 1L-MoS2 redshifted and the transition to an indirect bandgap took place at ~1.3% of strain. Concerning high pressure experiments using a diamond anvil cell we find
recent works in both bulk [12-14] and monolayer [15,16] MoS2, all of them exploring the hydrostatic regime.
Photoluminescence measurements under pressure carried out in single layered samples showed the
disappearance of the A peak with pressure, revealing an increase of the direct band-gap energy leading to the
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electronic transition from direct to indirect band-gap semiconductor at ~23 GPa [15]. In another recent study
this transition is theoretically predicted as well as the semiconductor-semimetal one at ~68 GPa [16]. Bulk
MoS2 was subjected to hydrostatic compression and monitored with Raman spectroscopy and in-situ resistivity
measurements; under these conditions the semiconductor to semimetal electronic transition, via an
intermediate state, was observed (10 and 19 GPa, respectively) [12]. Interestingly, similar high pressure
experiments using X-ray diffraction as characterization technique [13,14] observed abrupt discontinuities of
the lattice parameters evolution at ~20 GPa (range of the semiconductor-metal transition observed in [12]),
associated with a structural transition from the 2Hc to the 2Ha phase.
In this work, monolayer and bulk MoS2 specimens are directly compressed along the out-of-plane direction up
to 5 GPa using a gem anvil cell, in absence of pressure media, i.e. non-hydrostatic conditions, as previously
reported [17], and the sample evolution is characterized with non-resonant Raman spectroscopy (488.0 nm).
For the monolayer sample, according to the evolution of the Raman spectra, we could conclude that the
transition from direct to indirect band-gap semiconductor takes place immediately after closing the anvil cell
when the stress is increased ~0.5 GPa, while the metallization (to a semimetal) occurs at stress as low as 2.8
GPa; these results are confirmed by means of theoretical density functional theory (DFT) studies. In the case
of bulk MoS2 no discontinuities were observed in the Raman spectrum evolution, indicating no electronic
transition in the achieved pressure range; as was also confirmed by DFT calculations, which showed a
semiconductor to metallic transition at ~30 GPa. The comparison between previous hydrostatic pressure
studies and our non-hydrostatic experiment reveals a clear difference for the case of the 1L-MoS2, while the
electronic properties of the bulk samples seem to change analogously regardless the pressure conditions. Our
thorough theoretical analysis will shed some light to these phenomena revealing the efficiency of direct out-ofplane compression for tuning the electronic properties of this material.
2.

METHODS

2.1.

Experimental details

The MoS2 samples are placed on Inconel discs and directly compressed in a moissanite (SiC) anvil cell and
the pressure is estimated from the Raman shifts of the optical phonons of moissanite. The high pressure device
is coupled to a LabRAM HR spectrometer (Horiba Jobin-Yvon) using the 1800 grooves/mm gratings. For the
sample excitation we used an Ar/Kr laser (488.0 nm). A 50× objective was used, providing a laser spot of about
1 μm in diameter. The laser power on the sample was kept below 0.5 mW to avoid sample damage.
2.2.

Theoretical calculations

First-principles calculations were carried out using DFT formalism implemented in VASP code, as already
reported [17]. All-electron projector augmented wave (PAW) pseudopotentials represent the core electrons,
while the valence electrons are explicitly treated using plane waves of cut-off 420 eV. The Perdew, Burke, and
Ernzerhof (PBE-GGA) functional is used to solve the Khon-Sham equations. A well-converged Monkhorst and
Pack k-points set (8x8x2 and 12x12x1 for bulk and monolayer, respectively) was used for the Brillouin zone
sampling. This grid was increased to evaluate the electronic band structures. The hydrostatic pressure is
defined as p= -dE/dV, and for bulk systems is easily implemented by changing the lattice parameters using a
scale factor. To include the non-hydrostatic conditions on the bulk structure we change the c lattice parameter
keeping constant the a and b parameters as constraints. On the other hand, the implementation of hydrostatic
pressure in the monolayer configuration is done by the modulation of S-S distance and the a lattice parameter,
while the uniaxial pressure is considered just by changing the S-S distance, keeping the a and c lattice
parameters constant. The equivalent stress acting on the cell is obtained for both directions z and x(=y). The
ratio between the in-plane and out-of-plane stress is in good agreement with previous experimental results
using moissanite anvil cells [18].
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RESULTS AND DISSCUSION

Fig. 1 shows the evolution of the Raman spectra of monolayer and bulk MoS2 with increasing uniaxial
pressure. The broadening and blue-shift of the whole spectrum with increasing pressure can be observed.
Interestingly, in the case of 1L-MoS2 two additional contributions appear at pressures above 2 GPa, which are
not observed in the case of bulk. As already reported, the appearance of these extra peaks indicates an
electronic transition, maybe also structural, in monolayer MoS2 under compression [17]. These extra peaks
were also observed in bulk samples subjected to hydrostatic pressure, but at higher pressure conditions (~20
GPa) [13] than the ones achieved in this work. Such difference might indicate that in the case of the bulk
sample there is no electronic transition promoted by pressure up to 5Gpa; but for a deeper insight of the
changes under stress, the spectra are analysed as a sum of Lorentzian contributions, depicted in Fig. 1.

Fig. 1 Raman spectra of a) monolayer and b) bulk MoS2 under uniaxial pressure
In Fig. 2 we present the peak position of the two normal modes, the E‘ (E2g) in-plane vibration and the A1‘ (A1g)
out-of-plane vibration in monolayer (bulk) MoS2, as a function of increasing uniaxial pressure. For the
monolayer specimen, Fig. 2a, we observe that the data follow a three trend behaviour, especially visible in the
case of the A1‘ band. At the first steps of compression, up to 0.5 GPa, the modes’ frequencies suddenly upshift;
however, when the pressure is continuously built up to 2 GPa, they remain almost unaltered. From
approximately 2 GPa we start to witness a continuous upshift with pressure with coefficients of 2.8 and 5.0 cm1/GPa, for the E‘ and the A ‘ bands, respectively. The three region behaviour shown by the monolayer is
1
indicating the occurrence of two electronic transitions in the pressure range achieved: direct band-gap - indirect
band-gap semiconductor - semimetal [17]. These electronic changes are confirmed by DFT calculations,
depicted in Fig. 3a. At 0.8 GPa the indirect band gap (form the K point of the valence band (VB) to the Γ point
of the conduction band (CB)) is smaller than the direct one at Γ; and at 2.8 GPa, both the VB at K and the CB
at Γ touch the Fermi level indicating a semimetal state. It must be noted that the same kind of sample subjected
to hydrostatic conditions undergoes electronic transitions at ~25 times higher pressure conditions, these
transitions implying a slightly different evolution of the electronic dispersion curves with pressure [16]. This
interesting fact, explained later on, demonstrates the efficiency of uniaxial compression for promoting
electronic transitions in this kind of 2D materials.
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Fig. 2 Frequency of the A and E bands as a function of pressure for a) monolayer and b) bulk MoS2
In contrast, the bulk MoS2 crystal, Fig. 2b, shows a continuous upshift with pressure, following two polynomial
functions with a first coefficient of 3.5 and 6.6 cm-1/GPa, for the E2g and the A1g bands, respectively. This
continuous upshift with pressure indicates the absence of electronic transitions in the pressure range from 0
to 5 GPa, as it is confirmed by the electronic dispersion curves shown in Fig. 3b. Bulk MoS2 is an indirect
band-gap semiconductor at normal conditions, from the Γ point of the VB to the Γ-K region of the CB
(sometimes designated as the Q point); as the stress increases, the CB moves downwards in energy with
higher rate than the VB moves upwards, thereby gradually closing the band-gap. The semimetallization is
reached above 30 GPa, when the VB at K and the CB at Γ-K reach the Fermi level (differently to the
semimetallic phase in 1L-MoS2). A previous work concerning bulk MoS2 under hydrostatic conditions [12]
explores wider pressure ranges, but it must be mentioned that in the 0-5 GPa range the behaviour shown in
[12] is very similar to the one presented here under uniaxial pressure: a continuous trend of the Raman shifts
and analogous evolution of the electronic dispersion under pressure; moreover, the reported pressure
threshold for the metallization is very similar to the theoretically predicted here for uniaxial conditions.

Fig. 3 Electronic dispersion curves of a) monolayer and b) bulk MoS2 at different pressure values
Such a complex behaviour observed for different samples (bulk or 1L) under different conditions (uniaxial or
hydrostatic) was never observed before and a complete set of theoretical calculation were performed in order
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to shed some light to these phenomena. The evolution of the band-gap energy was evaluated as a function of
several parameters (S-S intra- and interlayer distance, S-Mo-S angle, S-Mo distance) and it was revealed that
the driving force for the metallization in the case of bulk samples is the interlayer S-S distance (between S
atoms of adjacent MoS2 layers), for both hydrostatic and uniaxial conditions. According to this, in Fig. 4a we
present the band-gap energy (Egap) as a function of the S-S interlayer distance: the gap closes when adjacent
layers are pressed closer, with the same rate regardless the pressure regime. This indicates that pressure
causes the approaching of MoS2 layers in a similar way under both hydrostatic and uniaxial conditions, thus
explaining why the metallization pressure is similar in both regimes. The case of 1L-MoS2 is more complex, as
commented before, the evolution of the electronic dispersion curves with pressure is different for each regime
and, therefore, the electronic transitions take place at quite different pressures thresholds. Moreover, when
analysing the evolution of the band-gap energy with mentioned parameters of the atomic configuration no
direct correlation between the individual parameters and band-gap evolution can be observed, hence it is their
combination which matters. In the same time, the evolution of the intralayer S-S distance (between S atoms
within one MoS2 layer) with pressure points to the most crucial difference between the two regimes (Fig. 4b).
The uniaxial conditions lead to an efficient closure of the band-gap when decreasing the S-S intralayer
distance. Additionally, our theoretical study reveals that, while the monolayer becomes gradually less
compressible under hydrostatic conditions, the compression is almost linear under uniaxial stress. At
compression (along z) of ~15%, the stress needed under each regime differs by a factor of more than 4.

Fig. 4 Evolution of the band-gap energy as a function of the S-S distance under hydrostatic (black circles)
and uniaxial (red squares) stress conditions. a) Bulk MoS2, indirect band-gap energy as a function of the
interlayer S-S distance. b) Monolayer MoS2, direct and indirect band-gap energy as a function of the
intralayer S-S distance (empty and filled symbols, respectively).
4.

CONCLUSIONS

The evolution of the Raman spectrum with uniaxial pressure for single layer and bulk MoS2 is presented; first,
the monolayer specimen shows additional Raman peaks at high pressures not detected in the bulk, and
second, the frequencies of the normal modes follows a three region behaviour in the case of the monolayer
but a shows a continuous increase in the bulk sample. These results indicate that monolayer MoS2 experiences
two electronic transitions in the pressure range from 0 to 5 GPa, not observed for the bulk sample. DFT
calculations confirm the existence of a direct to indirect band-gap transition and the semimetallization of 1LMoS2 at 0.5 and 2 GPa, respectively, and predict the semimetallization of bulk MoS2 at ~ 30 GPa, so confirming
the absence of electronic transitions in the pressure range achieved. Our theoretical calculations also provide
useful information to understand the different behaviour found in monolayer and bulk under hydrostatic and
uniaxial pressure; while in the bulk sample the driving force to get the semimetallic phase is the interlayer
distance, in single layered specimens the decrease of the S-S intralayer distance seems to play a key role for
the electronic change.
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SPECIFICATION OF EMISSION COLOUR OF Li-DOPED ZnO COLLOIDS
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Abstract
Zinc oxide is a versatile material with many applications. Doped nanosized zinc oxide is capable of exhibiting
fluorescence. The emission colour of such doped nanoparticles is dependent on the selected dopant, ratio of
dopant to zinc oxide, and size of the nanocrystal or aggregate. In this work, we present zinc oxide colloids with
different emission colours, and a method of evaluation of the obtained colours. The first step is the preparation
of the precursor which is done according to Spanhel’s and Anderson’s sol-gel method [L. Spanhel, M.A.
Anderson, J Am Chem Soc, 113, 2826, 1991]. The second step is the condensation process of the precursor
with various concentrations of lithium hydroxide to form the ZnO colloid. The optical properties were studied
using UV-VIS spectrophotometry and fluorescence measurements. The relative spectral intensities of
emission were recalculated into CIExyY and CIELAB colorimetric models to determine the colour of
fluorescence in a correct way.
Keywords: Zinc oxide, lithium hydroxide, fluorescence, colorimetry, nanoparticles
1.

INTRODUCTION

Zinc oxide nanoparticles can be obtained by several approaches [1-5] which can lead to uniform morphology
and size of nanoparticles [6]. Most solution-based methods use zinc salts dissolved in water or alcohols in
which these salts undergo a hydrolysis process [7]. A lot of researches are aimed at ZnO quantum dots for
their three-dimensional confinement of carrier and photon. This allows continuous tuning of optoelectronic
properties and improvement of device performance as well.
ZnO colloids or films can exhibit different emission colours depending on the doping and particle size. The
results of fluorescence measurements therefore might show a broad band with one peak [7], several discrete
peaks of different magnitudes [8, 9], or even peaks with shoulders which broaden the emission band [10].
Typically, the colour of fluorescence is specified only by the maximal peak of emission or subjectively with the
naked eye of the observer in an undefined environment.
Colorimetry explains the difference of colour as difference in colour attributes in corresponding colour space
[11-13]. Thus, the colorimetric description serves as an objective tool for colour comparison. Classically,
CIExyY and CIELAB colorimetric models are used for reflective materials or displaying devices. Both these
models are standardized by CIE (Commission Internationale de l'Éclairage), where the chromaticity diagram
CIExyY serves as a colour mapping solution for additive mixing, and CIELAB space provides a more
perceptually uniform representation of colour attributes. In case of objective specification of samples' colour,
spectral representation of the colour stimuli in the visible region is converted to these models that
mathematically describe the resultant colour of the sample.
In this study, we present application of colorimetric methods for objective colour evaluation of ZnO colloids
doped with lithium (allowing to tune the emission colour [14]). These methods are applicable to each type of
colloid or film and could therefore contribute to more exact evaluation of colour throughout the chemistry of
fluorescent compounds.
2.

EXPERIMENTAL

Materials and conditions. Zinc acetate dihydrate ((CH3COO)2Zn.2H2O, 99.0 %, hereinafter ZnAc) and lithium
hydroxide monohydrate (LiOH.H2O, 98.0 %, hereinafter LiOH) were purchased from Sigma-Aldrich. Anhydrous
ethanol (99.8 %, max. 0.003 % H2O, hereinafter EtOH) was purchased from VWR. Compounds were used as
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received without further purification. Temperature in the laboratory was maintained between 20-25 °C and the
relative humidity under 40 %.
Precursor. Precursor solution Zn4O.6H2O (hereinafter precursor) was prepared similarly to Spanhel’s and
Anderson’s sol-gel method [6]. ZnAc powder was put into a round-bottomed flask with EtOH. The powder of
ZnAc is not dissolving autonomously in EtOH, thus the flask is first put for 10 minutes into ultrasound bath. At
low concentrations of ZnAc, the solution will turn clear. Afterwards the evaporation process is initiated and kept
at a constant ratio of evaporation for 3 hours. The resultant precursor is then refilled with fresh EtOH to 25 mM
to maintain the ZnO colloids without any turbidity.
Condensation. Solution of LiOH was prepared before the condensation process in different concentrations
shown in Table 1 and the range of pH was between 9.5 and 12.5. Clear LiOH solutions were obtained by
processing them in ultrasound bath. All samples of LiOH solutions were afterwards put onto a magnetic stirrer
and stirred vigorously for a day.
Table 1 Concentration of LiOH solution for condensation
Sample
cLiOH (mM)

A

B

C

D

E

F

G

H

I

100.0

80.0

62.5

50.0

45.5

42.6

39.8

28.4

25.0

Measurements and conditions used. Conductometry and pH measurements were performed via 3540 pH
& Conductivity Meter from Jenway. UV-vis spectrometry was performed on Specord 210 (Analytic Jena).
Emission spectra (excitation at 340 nm) were measured with 1 nm resolution and constant photomultiplier
voltage using Luminescence Spectrometer (Aminco Bowman Series 2).
Evaluation. The resultant colloids were evaluated with UV-vis spectrophotometry and using fluorescence
measurements. For colour determination the obtained results from fluorescence measurements were
recalculated to CIExyY and CIELAB colorimetric models.
The trichromatic values of a selfluminous object, essential for any colour evaluation, are obtainable from
spectral radiance factor according to the Equation 1 [11, 12]:

X = k ∑ φλ (λ ) x(λ ) ∆λ; Y = k ∑φλ (λ ) y(λ ) ∆λ;
λ

λ

Z = k ∑φλ (λ ) z (λ ) ∆λ

(1)

λ

- Where ϕλ is spectral radiance factor, x, y, and z are the trichromatic functions of standard observer and k is a
constant. Trichromatic values then serve as an input in calculation of chromaticity coordinates in CIExyY and
CIELAB space [11, 12].
The intensity of light emission is dependent on the concentration of colloids and the voltage on the
photomultiplier. Photometric evaluation would require calibration of the signal intensity by a standardized light
source [11]. Since the intensity of recorded light is relatively low, computed colours would be evaluated as very
dark. Due to these reasons we applied a slightly different approach. Parameter k in Equation 1 allows to
normalize trichromatic values. For calculation of trichromatic values of all prepared colloids a kF constant was
applied, by which the emission maximum of sample A after 144 hours was normalized to value equal to 1. The
computation of L* (lightness), a*, b*, C*ab (chroma), and h*ab (hue) parameters in CIELAB space requires the
trichromatic values of colour stimuli to be divided by a corresponding trichromatic value of a white point (due
to the extent of calculation see [11, 12]). In our case, calculation of the white point used D65 standard illuminant
with a constant kD65, by which the maximum of D65 relative spectral power distribution was normalized to value
equal to 1. Spectral data of D65 standard source and 2° observer’s colour matching functions in 1 nm resolution
were used [12].
The evaluation of colour change is mainly focused on dominant wavelengths, which were calculated from the
x and y chromaticity coordinates [11, 12] in CIExyY space, and on hue in CIELAB space.
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RESULTS AND DISCUSSION

Condensation process and development of photoluminescence in the colloids is a matter of a few hours or
days. All colloids start fluorescing in the blue region. Growth of the particles and their extent of doping leads
to shifts of the emission colour towards the red region resulting in colours as cyan, green, and yellow. Growth
of nanoparticles in colloids can be observed in UV-vis spectra shown in Fig. 1. The band gap is shifting during
the growth to lower energies.

a)

b)

c)
Sample F

Sample I

Absorbance (a.u.)

Sample A

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Fig. 1 Absorbance spectra of samples a) A, b) F, and c) I over time
Subjective specification of colloid colour is highly sensitive to the environment in which one is attempting to
perform it. The second factor is the subjective perception of the observer which again can lead to different
results of colour description. Taking images with a camera is an issue as well; this is because the settings of
the white balance and the exposition time can alter the resultant colour and intensity of the colloids’ colour.
Therefore, objective characterisation of the particular colloid’s colour using a standardized colorimetric model
seems to be advantageous.

Fig. 2 Colloids under UV light illumination at 365 nm after 144 hours of stirring
In Fig. 2, the fluorescence of the colloids under UV-light exposure is shown. Each image is taken through a
cut-off filter to cut the reflexion of UV light under 400 nm from the glassware. This is also an important task
due to the alteration of the resultant colour of colloids. Also, turbidity of the colloids affects the emission
intensity and the colour of the colloids. In Chyba! Nenalezen zdroj odkazů., samples A to E are turbid to
various extents; observed with the naked eye, samples D and E showed highest turbidity among the samples.
Change in colour of fluorescence during the growth of particles is shown in Fig. 3. Here, one can see different
kinetics of the growth according to the concentration of LiOH into which the precursor was poured.
Fluorescence can be observed first in colloids with the lowest concentration of LiOH (close to precursor : LiOH
1 : 1 ratio). The growth of the nanoparticles is an ongoing process due to the Ostwald ripening [15] causing
changes in emission colour of colloids.
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Fig. 3 Normalized fluorescence spectra of samples a) A, b) F, and c) I over time
Using the peaks of emission spectra of colloids only is not sufficient for colour evaluation. For example, in
sample A one can see mainly a discrete peak, in other samples a more pronounced shoulder is forming at
approx. 550 nm, and in sample I it already reaches the intensity level of the peak at approx. 500 nm. For
clearer colour description where the whole spectrum is considered into the colour evaluation, CIExyY model
can be used. From this model, one can find the dominant wavelengths of emission. These dominant
wavelengths are compared with the peak maxima determined from fluorescence spectra in Fig. 4. Due to the
process of particle development, the individual peak maxima do not show clear shifts in colour (as illustrated
in Fig. 4a). After recalculating the spectral intensities through the CIExyY model, the colour change is smoother
and also shows a shift to higher values of wavelengths (Fig. 4b).

Fig. 4 Shifts of a) wavelength of peak maxima and b) dominant wavelength in all colloids over time
Fig. 5a shows the resultant colloids’ colours after 144 hours of synthesis. From Fig. 5b it is obvious that the
colour changes over time in samples A, F, and I do not occur to the same extent. In sample A, the dominant
wavelengths are situated within a small interval of change, which means that the colour is more or less the
same throughout the synthesis. Sample F already shows a slight shift of colour toward yellow. On the other
hand, in the case of sample I, the colour change from cyan to yellow clearly occurs.
The CIELAB results depict the changes in three attributes as shown in Fig. 6a, where L* is the lightness, a*
represents the greenness-redness and b* the blueness-yellowness of the colour stimuli. In this study,
parameter b* is of highest importance and Fig. 6b shows that the colour of colloids is significantly changing
from blue region to yellow whereas parameter a* changes only slightly and L* shows a decreasing trend with
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decreasing concentration of LiOH. Lightness of samples D and E is lower than expected (according to the
tendency) due to their high turbidity.
0.9
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Fig. 5 CIExyY colorimetric model showing a) trichromatic positions of all samples after 144 hours of stirring
and b) colour changes in time of samples A, F and I where the start of the synthesis process is at the lowest
values of Y; for a clearer view, the volume of CIExyY space for Y > 0 was not rendered
L*

a)

c)

b)
L*
a*
b*

I
*
+a
+a*

h*ab (°)

F

200
180
160

−

+b*

240
220

Magnitude

A

260

+
−b*

120
1

−a*

G
H
I

D
E
F

A
B
C

140

−

Samples

2

4

8

24

48

72

144

Time (h)

Fig. 6 CIELAB values of a) samples A, F, and I with their change in time in CIELAB colour space, b) of all
samples after 144 hours of stirring, and c) hue h*ab parameter of all samples over time
The colour change over time can be visualised also through hue parameter h*ab (Fig. 6c). In contrast to the
evaluation in CIExyY colour space (see also Fig. 4c), the extent of hue change after 144 hours in sample A is
comparable to that of sample I. Although the CIELAB colour space is more perceptually uniform, the magnitude
of change in hue (namely for samples A and B) could be influenced by certain nonuniformities in blue part of
CIELAB colour space [11].
4.

CONCLUSION

We have successfully synthesised ZnO colloids and measured their fluorescence in the visible region of the
spectra. The evaluation shows that the colour of fluorescence can be described with several colorimetric
methods which give a better understanding of the colour change than a simple reading of spectra. These
models give the opportunity to compare the results of fluorescence of ZnO and other fluorescent compounds
in clearer and more accurate manner.
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Abstract
Thinning fossil fuel deposits and increasing emphasis on ecological aspects of human activity call for new
technology solutions. Energy industry and electronics industry search for novel materials and power sources.
In electronics, the power source size is often a limiting parameter. In search of high density power sources
carbon materials like nanotubes, graphene, graphite, etc. known for high electrical conductivity, thermal and
chemical stability and good mechanical properties are often utilized. These materials are ideal for use in
composite electrodes. Polymers in such composites serve to improve mechanical properties and handling,
e.g. moulding. Addition of photoactive semiconductors can help with disposal of the polymer after the use. This
paper presents a study of compression molded samples of polypropylene (PP) / graphite composites and their
thermal stability. The graphite served as filler for the PP matrix and also as a substrate for MeOx particles,
where Me stands for Ti and Zn. TiO2 and ZnO functionalized graphite particles were further used as a filler of
PP. The graphite and functionalized graphite content in the PP composites was 75 wt%. The samples were
characterized by X-ray diffraction, Raman spectroscopy and measurement of Martens hardness (HM). The
highest HM value was exhibited by composite containing large grain graphite (denoted as PP/GRA1). The HM
was affected by thermal treatment (170 °C for 1 h). The HM of the composites containing graphite fillers
increased, while in case of the composites containing functionalized graphite fillers the decrease in HM was
observed.
Keywords: Composite, polypropylene, graphite, thermal stability
1.

INTRODUCTION

Properties of the polymer composites are useful in wide range of applications for instance energy industry [1],
as flame retardant [2], packaging [3], medicine [4]. The use of TiO2 and ZnO nanoparticles as polymer fillers
can lead to remarkable properties of the resulting composite (photodegradation of pollutants [5], antibacterial
surfaces [6]). The polymers containing TiO2 nanoparticles showed decrease in emissions during their disposal
by incineration. The effect of photoactive nanoparticles on gradual decomposition of polymer composites is
being studied. The use of graphite as polymer filler usually increases the conductivity of the composite. The
aforementioned facts show positive effect of various metal oxide and graphite fillers on the properties of the
composite material. The improved mechanical and other properties can be utilized in specific applications. The
applications depend on the filler that was used. Present study is focused on polypropylene (PP) / graphite
composites where graphite served as filler for the PP matrix either in pure state or functionalized by TiO2 and
ZnO nanoparticles. The prepared samples were characterized with X-ray diffraction and Raman spectroscopy
methods and the Martens hardness of the material was determined. Special attention was paid to thermal
changes in the material because thermal stability is important in many practical applications (car industry,
machine parts).
2.

EXPERIMENTAL PART

2.1.

Preparation of samples

Four fillers were used in experiment. Two of the fillers were pure graphite and the other two were
nanoparticle/graphite composites. Grinded graphite (denoted as GRA1) and natural graphite (denoted as
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GRA2). According to the results of our previous research focused only on graphite-based fillers, different
graphites were chosen for each nanoparticle. Therefore, GRA1 and GRA2 served as substrate for TiO2 and
ZnO, respectively. TiO2 and ZnO on graphite substrates were prepared by hydrothermal method and after
drying the resulting material containing 50 wt% of TiO2 or ZnO was calcined at 500 °C for 1 h. These fillers
were denoted as GRA1Ti and GRA2Zn. For more information the reader is referred to the Czech Patent
Application PV 2013-973 [7].
Granulated PP was mixed with MAH-g-PP (maleic anhydride grafted PP) and resulting mixture was dissolved
in xylene under vigorous stirring at 130 °C. Then the filler was added (75 wt%) and left to react in contact for
3 h. After 3 h the mixture was transferred to acetone in order to precipitate the polymer composite. Further,
this product was rinsed with acetone, dried at 60 °C, and disintegrated in high speed disintegrator (29 000
rpm, for 5 min). Finally, prepared powder composite was compression molded at 180 °C under the pressure 8
MPa for 5 min. Composites were denoted as PP/filler, i.e. for example PP/GRA1 is composite containing
grinded graphite GRA1.
Samples were thermally treated in Memmert laboratory oven at 170 °C for 1 h.
2.2.

Characterization of samples

The structure of the samples was determined using X-ray diffraction (XRD) analysis. Bruker D8 Advance
diffractometer (Bruker AXS, Germany) equipped with a fast position sensitive detector VǺNTEC 1 was used.
XRD analysis was performed in reflection mode under CoKα irradiation (λ = 1.7889 Ǻ) and the phase
compositions of samples were determined using database ICDD PDF-2 (2004 release).
For Raman spectroscopy analysis was used Raman microscope XploRATM (HORIBA Jobin Yvon, France)
equipped with 532 nm excitation laser source, 50×objective and using 1200 groove / mm grating.
Martens hardness (HM) of all samples was measured using hardened steel ball indentor with diameter ¼”
(6.35 mm) under the load 100 N. ZWICK ZHU 2.5 hardness testing machine was used.

3.

RESULTS AND DISCUSSION

Structural changes were examined by XRD and Raman spectroscopy. Measured Raman spectra of the
samples PP, PP/GRA1, PP/GRA2, PP/GRA1Ti, and PP/GRA2Zn are compared in Fig. 1. Spectrum of the
pure PP corresponds to the typical polypropylene spectrum with its characteristic bands. In the other prepared
samples these bands are not clearly visible, probably due to the higher intensity of the graphite matrix.
Presence of the PP is confirmed only by the broad structured band (2800-3000 cm-1), which belongs to the
symmetric and asymmetric C-H vibrations of CH2- and CH3- groups [8]. The band is most intensive in the PP
spectrum, thus it is obvious that other less intensive bands are not observed.
In the spectrum PP/GRA1Ti presence of TiO2 was proved. In measured points both forms of TiO2 (anatase
and rutile) were observed. Rutile was measured only in one of the measured points, thus is present in minority
in the sample and only the spectrum with the anatase form is shown in the Fig. 1, as the typical spectrum of
the sample. Presence of the anatase is proved by the band at 145 cm-1, which is the main anatase band [9].
In the spectrum of PP/GRA2Zn bands typical for the ZnO presence were observed (e.g. 99 cm-1) [10].
Bands belonging to the graphite structure are present at 1330, 1584 and 2714 cm-1, these bands respectively
correspond to the disorder band (D band), graphitic band (G band) and 2D (G’) band [11,12]. D band specifies
the level of disturbance in the sample and its increasing intensity is in good correlation with the increasing
intensity of the structured band under 3000 cm-1 (main PP band).
In the XRD patterns (Fig. 2) presence of the main components of the fillers and also of the polymer matrix PP
was identified. It was observed that the diffraction lines of PP are diminished in samples with photoactive fillers.
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Fig. 1 Raman spectra of prepared samples PP (a), PP/GRA1 (b), PP/GRA2 (c), PP/GRA1Ti (d) and
PP/GRA2Zn (e) before thermal treatment

Fig. 2 XRD pattern of prepared samples PP (a), PP/GRA2Zn (b), PP/GRA1Ti (c), PP/GRA2 (d), and
PP/GRA1 (e) before thermal treatment. 1 - α-polypropylene, 2 - graphite, 3 - ZnO, 4 - TiO2
Table 1 Comparison of Martens hardness (HM) values for samples before and after thermal treatment
at 170 °C for 1 h
HM
Sample
25 °C

170 °C (1h)

PP

31

490

PP/GRA1

548

653

PP/GRA2

378

405

PP/GRA1Ti

191

146

PP/GRA2Zn

269

224
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Results summarized in Table 1 revealed that pure PP and composites containing GRA1 and GRA2 fillers
showed increase in HM after thermal treatment while in case of composites containing photoactive fillers the
HM values decreased.
Raman spectra of all prepared composites and pure PP after thermal treatment at 170 °C for 1 h are compared
in Fig. 3. Spectrum of the pure PP is similar to the spectrum of PP before thermal treatment and no significant
changes were observed. Only small increase of the background is visible. In the spectra of composite samples
the broad structured band under 3000 cm-1 is not clearly visible in most measured points and the diminished
intensity of this band is the only change in the spectra of PP/GRA1 and PP/GRA2 samples after thermal
treatment.
Same as in previous case (see Fig. 2) the presence of anatase form of TiO2 was confirmed in the sample
PP/GRA1Ti. This spectrum exhibits high fluorescent background and therefore, even the bands of graphite
structure have low intensity and the PP band was not clearly identified. Also in the sample of PP/GRA2Zn the
background is high and the graphitic bands are less intensive. Moreover, no bands corresponding to the zinc
presence were detected in the spectrum PP/GRA2Zn.

Fig. 3 Raman spectra of samples PP (a), PP/GRA1 (b), PP/GRA2 (c), PP/GRA1Ti (d), and PP/GRA2Zn (e)
after thermal treatment at 170 °C for 1 h
Comparison of XRD patterns of samples before (Fig. 2) and after (Fig. 4) thermal treatment showed no
significant structural changes. The most notable one is broadening of reflection at position ~ 17° 2θ for
PP/GRA1 sample (Fig. 4e). Loss of sharpness of the reflection suggests partial loss of crystallinity of PP.
XRD analysis as well as Raman spectroscopy did not prove existence of significant structural changes after
thermal treatment of the composites. Some of the samples showed increase of fluorescence background
thanks to the high signal intensity of graphite over signal of PP and therefore it was not possible to observe
any changes of PP structure.
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Fig. 4 XRD pattern of samples PP (a), PP/GRA2Zn (b), PP/GRA1Ti (c), PP/GRA2 (d), and PP/GRA1 (e)
after thermal treatment at 170 °C for 1 h. 1 - α-polypropylene, 2 - graphite, 3 - ZnO, 4 - TiO2
4.

CONCLUSIONS

Polypropylene-based composites containing grinded and natural graphite either in pure state or functionalized
by TiO2 and ZnO nanoparticles were successfully prepared and their thermal stability was tested by heating at
170 °C for 1 h. While in case of pure polypropylene and composites with grinded and natural graphite fillers
the Martens hardness increased after thermal treatment, in case of composites containing graphite fillers
functionalized by TiO2 and ZnO nanoparticles the opposite trend was observed. X-ray diffraction analysis and
Raman spectroscopy showed no significant structural changes after thermal treatment. Therefore, it can be
concluded that temperature 170 °C applied for 1 h caused structural changes on the surface of samples but
not in the whole volume. Taking this into consideration, the prepared composites can be recommended for
applications where the working temperatures is lower than 170 °C or the exposition time to temperature 170 °C
is shorter than 1 hour.
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POLYMER COMPOSITE NANOFIBERS
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Abstracts
Polymer composite nanofibers are formed from a polymer with inorganic nanoparticles. We deal with
parameter combinations of nanoparticles, polymers, and solvents for the following electrospinning. Factors
studied are the surface properties, size, crystallinity, density and toxicity of nanoparticles. Furthermore, we
study changes in viscosity and in electrical resistance with increasing concentration of nanoparticles in
solution. Polymeric composite nanofibers can be used, for example, for attenuation of the effects of ionizing
radiation, magnetic sensors, biomarkers and so on.
Keywords: Composite nanofibers, inorganic nanoparticles
1.

INTRODUCTION

Composite nanofibers are presented as polymeric nanofibers with inorganic particles. If we want the resulting
product to have the best mechanical and other properties, we provide the means for synergy of surface of
nanoparticles with a polymer. It is therefore a mutual option for a chemical bond, or at least the effective action
of intermolecular forces. From the physicochemical point of view we need the surface energy of polymer,
particles and solvents to be close values and not to differ too much to have even distribution of posts forming
surface energy. For our own technology, we must observe a number of variables such as the size and the
crystallinity of the nanoparticles. Furthermore, we have to study the changes in viscosity and electrical
conductivity with increasing solids content of nanoparticles in the spinning solution.
Composite nanofibers of this type are addressed by many authors, in our work we are trying to achieve the
highest concentrations of inorganic particles in the resulting fiber products. With generally similar issues dealt
to a large extent Barakat [1], who formulated, that it is possible to prepare nanofibers electrospinning of
colloidal solutions without much influence on the chemical composition of nanoparticles. In this work, however,
greater amount of inorganics than the amount by weight of polymer solids is used. Li Wang [2] performed
electrospinning successfully using PA66 with 5 - 7.5% montmorillonite. Kai Shen [3] generated bicomponent
fibers with 2.5% hydroxyapatite nanoparticles. Marx [4] prepared PAN nanofibers containing Au for biosensors,
which could also be covered by another layer of Au. Sheikh [5] prepared PUR nanofibers with 7-10% copper
nanoparticles. Heikkila Pirjo [6] studied the incorporation TiO2 nanofibers into PEO nanofibers. Many authors,
eg.: Mincheva [7] dealt with the introduction of magnetic nanoparticles into PVA or other polymers. Ye [8]
generated semiconductive nanofibers by incorporating the Pb2+ ions in polymeric nanofibers and their
subsequent reaction with H2S.
2.

EXPERIMENTAL

Within our own experiments we used mainly polyvinyl butyral - PVB and polycaprolactone - PCL. As inorganic
substances we tested acetylacetonates of Fe3+, Cr3+, Al3+, Co3+ Cu2+ and Co2+, tungstates of Sr, Ba, Zr, Ce,
Pr, Hf, Pb and Bi and oxides - CeO2 , Fe2O3 and Fe3O4. The spinning experiment was performed by
electrospinning from the needle, tip and a wire, followed also by AC electrospinning. Spinning conditions
(voltage, distance, concentration) were set according to the optimum values for pure polymers. For testing and
illustration of the products, FE SEM Carl Zeiss Jena Plus Ultra and the VEGA-3 TESCAN were used. Detecting
the presence of particles in the fibers was determined by thermogravimetry TGA 500 TA Instruments. Control
of viscosity of the solutions was performed using a rotational viscometer Haake Rotovisco 1 ThermoScientic.
The electrical conductivity of the solutions was checked with InO Lab pH / Cond 720-Maneko probe.
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RESULTS AND DISCUSION

In all experiments, we succeeded in reproducibly preparing the nanofibers. As a proof of a perfect wetting of
the solid nanoparticles in the spinning solution, the particles were completely trapped in the polymer structure
- coated with a layer of polymer fibers. We tried to produce crystalline inorganic particles, smaller than the
estimated diameter of the fibers (Fig. 1, 2).
At lower concentrations of acetylacetonates (1 part acetylacetonate to 2 parts of polymer), the resulting fibers
are generally smooth and the hue of the corresponding basic color of acetylacetonate in solution (Fig. 3).
Except the acetylacetonates of divalent metals (Cu2+, Co2+), which produced nanofibers with quickly formed
crystals. Trapped crystals then formed inhomogeneities in fiber dimensions exceeding several times the
diameter of nanofibres of polymer (Fig. 4).
The spinning solutions were homogenized using ultrasound probe just before spinning experiments. In some
cases, however, particles have continued to agglomerate and relatively large bizarre inhomogeneities
appeared in the resulting nanofibers (Fig. 5, 6, 7, 8). SEM images - Chemical Contrast - show regular
distribution of the particles in the fibers (Fig. 9).
It is important to realize, that the inorganic particles usually had a high density. Therefore, at a relatively high
weight content of the nanoparticles in the fibers, the volume filled by the particles is quite low. Densities of
used oxides were about 5 g/cm3, the densities of used tungstates were over 7 g/cm3 (Fig. 10). From the
perspective of manufacturing of reinforced plastics in the macro scale, to complement the functional properties
of the reinforcement, volume of the fillers should be higher than 30%. This, however, means more than 70%
by weight of particulate content.
Another problem in the formation of polymer composite nanofibers is the sedimentation of particles in solution
due to high density and therefore low stability of these solutions. Sedimentation rate according to Stokes
equation is proportional to the density difference between the particle and the environment and the square of
their radius. It is then inversely proportional to the viscosity of the environment. The viscosity of the spinning
solutions should theoretically be increased with increasing volume fraction of the particles according to the
Einstein relation. Because particles are not of spherical shape and the same size, the influence on viscosity is
greater. We found that the spinning solution containing 10 wt% of Fe3O4 (2 vol%) had a viscosity of about 24%
higher than the pure solution of the PVB. According to Einstein's equations, this increase should be about 5%.
Shapes of Fe3O4 nanoparticles (Fig. 1) are octahedral with a certain size distribution. It is possible to achieve
the slowest sedimentation of particles by smaller particle size.

Fig. 1 SEM image of nanoparticles of Fe3O4
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The inorganic nanoparticles can also influence the electrical conductivity of spinning solutions. Some of our
other experiments with incorporating higher concentrations of metal nanoparticles into nanofibers were
unsuccessful. Tested compounds are namely good conductors of electricity, with 10% by weight of Fe3O4, the
electrical conductivity of the solution more than doubled. Still we managed to prepare quality nanofibers without
changing the electrical spinning conditions.

Fig. 2 SEM image of nanoparticles of zirconium tungstate

Figs. 3, 4 SEM image PVB nanofibers with Fe3+ and Cu2+ acetylacetonates
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Figs. 5, 6 SEM image of PVB nanofibers with Bi3+ and Pr3+ tungstates

Figs. 7, 8 SEM image of PVB nanofibers with Bi3+ tungstates

Fig. 9 SEM image of PVB nanofibers with Fe3O4 nanoparticles - chemical contrast
66

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

Fig. 10 Relation of weight and volume fraction of nanoparticles depending on their density
4.

CONCLUSION

In our experiments, we verified that it is possible to prepare composite polymeric nanofibers with a higher
content of inorganic nanoparticles. The condition for the creation of quality nanofibers is perfect wetting of solid
nanoparticles by spinning solution. It is important to homogenize the spinning solution just before the
electrospinning. Solid nanoparticles should have dimensions as small as possible to prevent sedimentation
during the electrospinning process.
Resulting composite nanofibers will be used in biomedical fields, and in the formation of semiconductor and
magnetic sensors and also as a material for attenuating the effects of ionizing radiation (X-ray and gammaray).
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Abstract
It is well known that carbon-based materials have large variance in hardness. There are several methods for
modifying the properties and improving the hardness of carbon-based layers. We applied ion beam assisted
deposition for preparing a-C:N nanolayers on Ti6Al4V alloy. A Hysitron TI 950 TriboIndenter™
nanomechanical test instrument was used to assess the depth profiles of the mechanical properties on
modified titanium substrates. Two methods were employed in the measurements: a) quasistatic partial unload,
and b) dynamic Continuous Measurement of X (CMX). We obtained comparable results from both methods.
The average nanoindentation hardness increased from HIT ~ 5GPa for a reference sample to HIT ~ 8.6 GPa
for a sample coated by an a-C nanolayer, and to HIT ~ 11.5 GPa for a sample coated by an a-C:N nanolayer.
The average storage modulus of the sample coated by a-C:N increased from E´~130 GPa (reference sample)
to E´~155 GPa. The storage modulus of the sample coated by the a-C nanolayer was less than the storage
modulus of the titanium substrate.
Keywords: Nanolayer, Nanohardness, Nanoindentation
1.

INTRODUCTION

This paper deals with an investigation of the mechanical properties of Ti6Al4V alloy coated by amorphous
carbon nanolayers, with nitrogen incorporation (a-C:N) and without nitrogen incorporation (a-C). This titanium
alloy has many advantages (e.g. high tensile strength, biocompatibility, low elastic modulus), but it has poor
tribological properties [1, 2]. Carbon-based layers are often used for improving the friction behavior of titanium
alloys [3]. The well-known large variance in hardness of low friction carbon-based materials can be modified
by ion bombardment during the deposition process. There are several deposition methods, for example,
plasma enhanced chemical vapor deposition (PECVD), filtered cathode vacuum arc deposition (FCVA), and
ion beam assisted deposition (IBAD) [4, 5]. The properties of carbon-based materials depend on the type of
bonding between the atoms and on the chemical composition, which is influenced by the deposition conditions.
We applied nitrogen ion beam assisted deposition to prepare a-C:N nanolayers on Ti6Al4V alloy. The chemical
composition and the C-C bonds of a-C:N nanolayers were investigated by glow discharge optical emission
spectroscopy (GDOS) and by Raman spectroscopy. The mechanical properties of the modified Ti6Al4V
samples were investigated by nanoindentation testing. In our work, we present hardness improvement to the
reference titanium alloy. The results of two methods for measuring the mechanical characteristics are
evaluated.
2.

EXPERIMENTAL PART

The substrates polished on one side were made of Ti6Al4V titanium alloy in the form of a cylinder 20 mm in
diameter and 8 mm in height. The substrate roughness after polishing was Ra = 0.02 µm. The substrates were
cleaned in organic solvents by means of ultrasound. The deposition of a-C:N nanolayers proceeded by electron
beam evaporation of a carbon tablet with simultaneous nitrogen ion bombardment. The deposition of a-C
nanolayers proceeded by electron beam evaporation of a carbon tablet without ion bombardment. The
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thickness of the nanolayer was measured by a thickness monitor located in the vacuum chamber, and was
approximately 100 nm. The a-C:N nanolayers were irradiated with nitrogen ions with energy of 700 eV for
structure modification. Both electron beam evaporation and nitrogen ion bombardment were carried out in the
apparatus which is presented schematically in Fig. 1.

Fig. 1 Schematic representation of the apparatus for ion beam assisted deposition
The chemical composition was measured by means of glow discharge optical emission spectroscopy (GDOS).
The Raman spectra were measured using a Renishaw RM 1000 Raman microscope with Ar laser excitation
at 514.5 nm.
The TI 950 TriboIndenter® nanomechanical instrument [Hysitron Inc., Minneapolis, USA] in the dual head
setup was used for depth profiling of the modified samples. The partial unload function and Continuous
Measurement of X (CMX) were applied to the samples. The partial unload approach requires elastic-plastic

A = C 0 h 2 + C1 h 1 + C 2 h1 2 + C 3 h 1 4 + C 4 h 1 8 + C 5 h1 16

,

(1)

deformation during gradual force cycles in order to analyze each unloading segment according to the Oliver &
Pharr method (Fig. 2). Automated analysis plots the depth profile as discrete datasets. Being a dynamic
approach, CMX enables continuous dynamic measurements during quasistatic penetration (Fig. 3.). Thus, a
continuous depth profile can obtained based on nanoDMA analysis. The data were processed by standard
polynomial tip area function characteristics for the standard Berkovich shape of a 3-sided pyramid:
where C0 = 24.5, C1 = 5350.82, C2 = -1.5891E+5, C3 = 1.3072E+6, C4 = -2.9643E+6, C5 = 1.8198E+6. The
values of the constants C0-5 were obtained from nanoindentation of the fused silica [6]. The partial unload load
function was composed of 33 loading and unloading segments with increasing peak force, followed by 50% of
unload. Each unloading segment is analyzed for elastic modulus and hardness, and can be plotted versus the
depth, resulting in a depth profile of the mechanical properties. The begin and peak force were set to Pmin =
15 μN and Pmax = 3000 μN, respectively. A small dynamic force oscillation is continuously superimposed on
a quasistatic force during loading. The harmonic force and displacement signal is analyzed according to
standard nanometric dynamic mechanical analysis, which gives a variety of mechanical parameters such as
hardness, storage modulus, loss modulus, etc. (Fig. 3). The begin and peak force were set to Pmin = 15 μN
and Pmax = 3000 μN, respectively. The begin and peak dynamic force were set to Pmin = 12 μN and Pmax =
170 μN, respectively. The frequency was f = 85 Hz. A matrix of 4x4 indents with separation of 5 μm between
each indent was applied to each sample for each nanoindentation setup.
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Fig. 2 Partial unload load function

Fig. 3 Continuous Measurement of X

3.

RESULTS AND DISCUSSION

A quantitative analysis of the GDOS measurements showed the elemental concentrations of carbon and
nitrogen in the a-C:N nanolayer. The carbon concentration ranges from 50 to 70 at%, and the nitrogen
concentration ranges from 30 to 50 at%.

Fig. 4 Raman spectra of amorphous carbon nanolayer bombardment with nitrogen ions (a-C:N) and
without ion bombardment (a-C)
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The Raman spectra in Fig. 4 have one main peak located at ∼1500 cm−1. The spectra were decomposed by
fitting to three Gaussian curves. The Raman spectra in Fig. 4 have a DLC (diamond-like carbon) character;
that is, they are composed of the D peak (disordered graphitic carbon - peak 2 at ∼1400 cm-1) and the G peak
(graphitic carbon - peak 3 at ∼1565 cm-1). A small significant peak 1 at ∼1100 cm-1 has been associated with
nanocrystalline diamond. The results indicate that the a-C:N and a-C nanolayer have a predominantly graphitic
character. The ratio of the integrated areas under the peak 1, 2 and 3 is 2.7 for the a-C:N nanolayer and 3.1
for the a-C nanolayer. The correlation with the nanoindentation hardness results shows that the
nanoindentation hardness increases as the ratio of the integrated areas decreases, which is in agreement with
the literature [7].
We obtained the depth profiles of the mechanical properties represented by storage modulus E´ and
nanoindentation hardness HIT (Fig. 5 and 6). The reference sample has a gradient of the mechanical properties
to the contact depth of hc ~ 6 nm. A similar trend was observed for the a-C:N sample at shallow indentation
depths (Fig. 5). This could result from the mechanical preparation of the surface or tip area function calibration.
The results in Fig. 5 and 6 show that the two nanomechanical testing methods (quasistatic partial unload and
dynamic Continuous Measurement of X) provide comparable trends and values of the mechanical
characteristics. The minimum indentation depth at which we are able to obtain the mechanical properties of
both methods are limited by the sharpness of the tip and by the roughness of the sample surface. The values
of E´ and HIT are calibrated from hc ~ 8 nm and from hc ~ 25 nm, respectively.

Fig. 5 Depth profiles of the storage modulus. Left - Partial unload results. Right - Continuous Measurement
of X. Values of E´ are calibrated from depths of hc = 8 nm. The grey rectangle demarcates uncalibrated data

Fig. 6 Indentation hardness, the values of HIT are calibrated from depths of hc = 25 nm. The grey rectangle
demarcates uncalibrated data
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The maximum values of the storage modulus E´ = 130.7 GPa and of the nanoindentation hardness HIT = 11.5
GPa were measured on the a-C:N sample at contact depths of hc ~ 8 nm and hc ~ 26 nm, respectively. The
a-C sample had maximum storage modulus values of E´ = 100 GPa and nanoindentation hardness values of
HIT = 8.6 GPa at a contact depth of hc ~ 92 nm and hc ~ 37 nm, respectively. Both measured layers have
greater indentation hardness than the reference sample in the whole depth profile. The maximum indentation
hardness of the reference sample is HIT ~ 5 GPa. The a-C:N sample has higher values of HIT than the a-C
sample to a contact depth of hc ~ 77 nm. HIT of the a-C:N has a sharply decreasing trend with increasing hc,
whereas the depth profile of HIT of the a-C sample has a constant trend. The results show that the CMX method
gives a large number of points and lower variance values than quasistatic partial unload. The large number of
points provides reliable information on the trend change of the measured characteristics. This may be
advantageous for measurements of a nanolayers, multilayered structures and structures with a variable
gradient of mechanical characteristics.
4.

CONCLUSION

Two methods were employed in measurements of the mechanical characteristic of a-C:N and a-C nanolayers
on a Ti6Al4V substrate: a) quasistatic partial unload, and b) dynamic Continuous Measurement of X (CMX).
The results showed that the two methods give comparable trends and values of the measured characteristics.
The CMX method provides a large number of points and lower variance values than quasistatic partial unload.
This may be advantageous for measurements of multilayered structures and structures with a variable gradient
of mechanical characteristics. We obtained an increase in nanoindentation hardness from HIT ~ 5 GPa for the
reference sample to HIT ~ 8.6 GPa for a sample coated by a-C nanolayer, and to HIT ~ 11.5 GPa for a sample
coated by a-C:N nanolayer. The average storage modulus of the sample coated by a-C:N increased from
E´~130 GPa (reference sample) to E´~155 GPa.
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Abstract
Platinum is a transition metal known for its catalytic properties, which are further enhanced when employed in
a nanoparticle form. We have recently shown that a monolayer of Pt nanoparticles deposited on semiconductor
substrates forms high quality Schottky diodes, which were used in sensitive hydrogen sensors with a detection
limit of 1 ppm of H2 in N2. Preparation of ordered monolayers of Pt nanoparticles is essential for the
understanding of the behaviour of such an interface. To obtain a hexagonal closed-packed nanoparticle array,
we prepared Pt nanoparticles stabilized by oleylamine and oleic acid with a narrow size distribution and uniform
shapes. A monolayer prepared by dip-coating of Si substrate in the suspension containing Pt nanoparticles
showed hexagonal arrangement within separate domains with the surface coverage up to 90%. The increase
of the surface coverage with increasing withdrawal speed of the dip-coating process was observed.
Keywords: Pt nanoparticles, oleylamine, dip coating, self-assembly

1.

INTRODUCTION

Pt is a transition metal well-known for its superb catalytic properties. In the nanoparticle form, these catalytic
properties are further enhanced by their large active surface. We have recently developed hydrogen sensors
based on the graphite/semiconductor Schottky diodes, where the sensing properties were achieved by the
deposition of a Pt nanoparticle monolayer between the semiconductor and graphite [1-6]. The principle of this
sensor is as follows: hydrogen molecules are dissociated into single atoms which adsorb on the
metal/semiconductor interface and lower the Schottky barrier. This systematic reduction of the Schottky barrier
causes the increase of current, which is thus related to the hydrogen concentration. The variation of the
Schottky barrier height is generally described by two mechanisms: (a) a fraction of single hydrogen atoms is
stored in Pt nanoparticles and forms Pt hydride, which causes lowering of the work function of Pt nanoparticles
resulting in the decrease of the Schottky barrier height [7]; (b) a fraction of hydrogen atoms is adsorbed on the
semiconductor surface - hydrogen atoms are polarized and create a dipole layer which reduces the Schottky
barrier [8].
Until now we prepared the layers of Pt nanoparticles by electrophoretic deposition from their nonpolar colloid
suspension stabilized by AOT surfactant. AOT is suitable for the electrophoretic deposition because it induces
particle charging [9], which helps nanoparticles to move in the applied electric field during the electrophoretic
deposition process. Although we have prepared monolayers with a high coverage, these monolayers lacked
long-range ordering because of the size and shape polydispersity of the AOT-based Pt nanoparticles. To
describe this system in detail, it is essential to prepare monolayers with a high degree of arrangement. Pt
nanoparticles synthetized in the presence of oleylamine and oleic acid show a narrow distribution of sizes and
uniform shapes [10]. We prepared these nanoparticles and deposited their monolayers on Si substrates by
dip-coating.
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Fig. 1 Schematic representation of the setup for dip-coating. Substrate is clamped to the holder which is
attached to computer-controlled stepper motor

2.

MATERIALS AND METHODS

2.1.

Preparation of Pt nanoparticles

The suspensions of Pt nanoparticles were prepared by following the procedure described by Wang et al. [10].
0.2 g of platinum(II) acetylacetonate (Pt(acac)2) was mixed with 1-octadecene (10 ml), oleic acid (1ml), and
oleylamine (1ml). The suspension was boiled in Argon atmosphere for 30 min with gradual increase of
temperature to 120°C. Within this time, the suspension turned from pale yellow to light brown. During the next
30 min of gradual increase of the temperature to 200°C, the suspension changed color to dark brown. The
resulting suspension was further treated by the centrifugation process: 12 ml of the suspension was mixed
with 30 ml of ethanol and centrifuged. The pellet was redispersed in another 40 ml of acetone and stored for
further use. Before the experiment, Pt nanoparticles were centrifuged one more time and redispersed in nhexane.
2.2.

Preparation of a monolayer

Dip coating was performed on the system using a holder to which n-type epiready (100) Si substrates were
attached. The movement of the holder was controlled with a stepper motor. The velocity of the motion in vertical
direction was fully computer-controlled using LabView. Before dip-coating, the Si substrates were cleaved to
the size of 4 × 0.6 cm and cleaned in organic solvents. After the cleaning procedure, the substrates were
mounted to the holder and immersed into the suspension containing Pt nanoparticles. When the samples were
extracted from the suspension, they were let dry in air.
The size of the Pt nanoparticles was analyzed with JEOL JEM 1400 transmission electron microscope (TEM)
operating at 120 kV. The size distribution of Pt nanoparticles was calculated from the thresholded TEM images
in the ImageJ software. The electrophoretic mobility and hydrodynamic diameter measurements were
performed on a Malvern Zetasizer Nano ZS. The surface topology and homogeneity of the deposited films of
nanoparticles were examined by scanning electron microscopy (SEM) in Hitachi 4800. For the estimation of
the coverage, the procedure including the thresholding of SEM images in ImageJ and the integration of pixels
in Matlab were employed. The dependence of the coverage on the withdrawal speed was fitted in Origin.
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20 nm
(a)

(b)

Fig. 2 (a) TEM images of nanoparticles prepared in the presence of oleic acid and oleylamine. The white
bar represents 20 nm. (b) Distribution of sizes estimated from the analysis of TEM images

3.

RESULTS AND DISCUSSION

For the TEM measurements, a dilute suspension was dropped onto the copper grid and let dry. The TEM
image of Pt nanoparticles (Fig. 2a) shows that the nanoparticles have nearly spherical shape with a minority
having an elongated rod-like shape. The size of Pt nanoparticles obtained from the analysis of TEM images is
2.34 ± 0.43 nm (Fig. 2b). The measured size from TEM image correlates with the size measured by DLS
(Fig. 3). A moderately higher value of the diameter measured by DLS is probably given by the thickness of the
capping agent surrounding the platinum nanoparticle.

Fig. 3 DLS spectra shows the peak corresponding to the nanoparticles of the size of 3.1 nm

The monolayers obtained by the dip-coating method are shown in Fig. 4. The nanoparticles are hexagonally
arranged within separate domains, which is typical for the deposition of spherical nanoparticles by the dipcoating process [11]. The spacing between the nanoparticles in the monolayer is approximately 2 nm, which
is the distance comparable with the chain length of the molecule of oleylamine (~2.3 nm [12]). Because the
size of the Pt nanoparticles is comparable with the interparticle distances, they have a large space to move
and assemble into ordered arrays, when compared with the formation of Pt nanoparticles prepared in AOT
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colloid suspensions (interparticle distances ~ 1 nm, nanoparticle diameter ~ 8 nm) studied in our group
previously. At low withdrawal speeds, the monolayer was formed by discrete 2D islands separated by voids.
Higher withdrawal speeds led to the filling of these voids and the monolayer became more compact. At the
fastest withdrawal speeds (> 0.3 mm/s), the formation of the second layer was observed.

(a)

(b)

(c)

(d)

Fig. 4 SEM images of monolayers prepared by dip-coating with various withdrawal speeds: (a) 0.1 mm/s;
(b) 0.2 mm/s; (c) 0.3 mm/s; (d) 0.5 mm/s. The white bar represents 100 nm

We also studied the dependence of the coverage on the withdrawal speed while other parameters of the dipcoating (the submersion time, the solution composition, the concentration and temperature, and the substrate
cleaning procedure) were fixed. If the substrate moves upwards at the velocity , a liquid is entrained by the
substrate. The reason for entraining is the viscosity of the liquid where molecules close to the substrate
follow the substrate motion and entrain their neigbours. Opposite forces to the viscous force are gravitational
force and surface tension [13]. The equillibrium among these forces leads to the formation of a meniscus. The
suspension above the meniscus forms a thin film. The evaporation of this film leads to the nanoparticle
selfassembly via attractive capillary immersion forces.
In Fig. 5, the dependence of the coverage on the withdrawal speed estimated from SEM figures is shown.
The increasing coverage with the increasing withdrawal speed was observed. This dependence was found to

be
√ . This dependence is typical for high withdrawal speeds and high suspension viscosities, where the
relation between the thickness of the deposited layer and the withdrawal speed is derived from balancing the
viscous drag
/ and the gravity force
[14]:

√

(1)
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Fig. 5 Dependence of the coverage
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is the liquid density,

is the gravitational acceleration and

/

.

on the withdrawal speed v estimated from SEM images. The data
were fitted by the equation (1)

CONCLUSION

The synthesis of Pt nanoparticles in the presence of oleic acid and oleylamine produced nanoparticles with
the size of approximately 2.3 nm with polydispersity less than 20%. These nanoparticles were successfully
assembled to a monolayer with hexagonal arrangement within separate domains. A high coverage was
achieved, which makes these layers promising for the preparation of Schottky barriers with a well-defined Pt
nanoparticle interlayer. The increase of the withdrawal speed led to higher coverages. At the withdrawal speed
of 0.5 mm/s almost a full monolayer was obtained and small islands of the second layer appeared.
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Abstract
Silicon nanowires (Si NWs) were grown from Si wafer upon thermal annealing in the presence of catalytic gold
layer. The Si substrate coated with 100 nm thick Au sputtered layer was thermally annealed at 1000 °C for 60
min in argon and hydrogen atmosphere at 8 kPa. The influence of argon and hydrogen atmospheres on the
growth of Si NWs was investigated. It was found that by using the hydrogen atmosphere we were able to grow
Si NWs, while the growth in argon atmosphere was sporadic. The catalytic layer morphology and composition
were examined using atomic force microscopy and laser desorption-ionization time of flight mass spectrometry,
while nanowire structure was observed through scanning electron microscope and energy dispersive X-ray
spectroscopy.
Keywords: Nanowires, Silicon, Gold, Eutectics, Surface processes.
1.

INTRODUCTION

Nanotubes and nanowires are widely studied nanostructures in the field of basic and applied research. Among
nanowires, silicon nanowires have many possible applications in electronics, such as solar cells or lithium
battery anodes. Several methods of Si NWs growth have been reported since the first publication on their
growth was published [1]. Si NWs can be fabricated through both ‘top-down’ and ‘bottom-up’ approaches. Si
NWs have been already successfully grown by chemical vapor deposition (CVD) using various catalysts under
different atmospheres depending on the process [2]. We have shown in our previous publications [3, 4] that
growth of nanostructures is strongly influenced by catalyst thickness and deposition parameters such as
hydrogen content. These effects, such as size of precursor nanoparticles and their distribution, are very strong
not just during the growth but especially during annealing phase before deposition [5]. Growth of Si NWs have
been studied using silane (SiH4) diluted in hydrogen and gold as the catalyst [6, 7, 8]. Epitaxial growth of Alcatalyzed Si NWs was studied via a vapor-solid-solid (VSS) mechanism in silane/argon gas mixture [9].
Disilane/helium gas mixtures with gold catalyst have been used for the Si NWs growth, too [10]. The Si-free
atmospheres can be also suitable for the growth, if hydrogen etches exposed silicon regions to provide silyl
radicals in the vapor phase [11]. This effect results in CVD-like mode. The most frequently used catalyst for Si
NWs growth is gold in the form of thin catalytic layer, several nanometers. The Au-Si phase diagram is the
eutectic type with the eutectic temperature of 363 °C and the eutectic composition of 19 % Si [12]. The heating
of silicon covered by gold to the temperatures above the eutectic point resulted in the formation of Au-Si alloy.
Small Au-Si droplets are formed instead of a homogenous layer during further annealing. Larger droplets grow
at the expense of smaller, an effect known as Ostwald ripening [13].
In this paper, we focus on Si NWs growth from Si wafer upon thermal annealing in the presence of thick
catalytic gold layer.
2.

EXPERIMENTAL

2.1.

Preparation of gold catalytic layer

The gold catalytic layer, with the thickness of 100 nm, was prepared by magnetron sputtering (Bal-Tec Sputter
Coater SCD 050, gold target purity 99.99 %) on Si (100) wafer (51 mm in diameter and 0.28 mm in thickness).
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Before loading into the sputter-deposition chamber, the silicon substrate was cleaned with ethanol in an
ultrasonic bath and dried with a nitrogen flow. The gold-coated silicon wafer was broken into 10 × 10 mm
squares that were used for the growth of nanowires.
2.2.

Synthesis of nanowires by thermal annealing

The thermal synthesis of Si NWs proceeded in the centre of horizontal furnace which consists of quartz glass
tube (1 m long, inner diameter 45 mm and hot zone length of 150 mm) terminated with flanges The temperature
inside the furnace was measured by the type S thermocouple. The gas flow rate was controlled by electronic
flow meter and the whole system was evacuated by a rotary pump. The annealing was done in the following
sequence. The whole experimental setup was at first evacuated to avoid the air impurities during the annealing
(ultimate pressure 5 Pa) and the quartz tube was purged for 5 min in advance with chosen gas (hydrogen or
argon). During the annealing and cooling, the gas flow rate was kept constant 220 sccm corresponding to 8
kPa pressure in the furnace. The temperature was continuously increased up to 1000 °C in 25 °C/min rate.
After reaching the maximum temperature the chamber was held at 1000 °C for 60 min. After the annealing,
the furnace was cooled down to room temperature in about 5 hours with exponential temperature decay.
2.3.

Characterization techniques

Synthesized nanostructures were characterized using scanning electron microscopy (TESCAN MIRA3) to
study the morphology and structure. Energy-dispersive X-ray spectroscopy analysis (Oxford Instruments) on
the micro-scope was employed to reveal the chemical composition of the structures. Curved field reflectron
time-of-flight mass spectrometer (CFR TOF MS, AXIMA, Kratos Analytical, Manchester, UK) equipped with a
nitrogen laser (337 nm) from Laser Science Inc. (Franklin, MA, USA) was used to acquire mass spectra of
gold catalytic layer before annealing. The repetition modes of experiments were performed at a frequency of
10 Hz and a pulse time width of 3 ns. The laser fluency was 60 mJ per pulse and maximum laser power was
20 mW while the irradiated spot size was ∼150 µm in diameter. Mass spectra in laser desorption ionization
(LDI) mode i.e. without any matrix were measured after the pressure dropped below 10−4 Pa. Positive ion
spectra were recorded either in linear or reflectron modes from at least 50 laser shots [19]. Internal mass
calibration was done in both ionization modes using gold clusters. The roughness of gold catalytic layer has
been evaluated using Thermomicroscopes Autoprobe CP Research Atomic Force Microscope on square area
with dimensions of 30 × 30 µm.
3.

RESULTS AND DISCUSSION

3.1.

Composition and morphology of sputtered gold catalytic layer

Fig. 1 Example of LDI mass spectra in
two mass ranges as generated from gold
catalytic layer showing formation of gold
clusters. The integer numbers indicate the
number of gold atoms in Au+ clusters

80

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

Although, the gold purity should be simply related to the target composition (purity 99.99 %) in the sputter tool,
the LDI-TOF mass spectroscopy was employed in order to verify the purity of gold catalytic layer. A limited
number of pulses (50) dispersed in raster was used in order not to ablate gold layer and avoid the penetration
to the silicon substrate. LDI-TOF mass spectra showed that via laser ablation of the sputtered catalytic gold
layer only gold clusters Aum (m=1-50) were generated and no contamination has been found except sodium
and potassium as common impurities. An example of mass spectra demonstrating the presence of pure gold
clusters is given in Fig. 1. The roughness of the sputtered gold layer on the silicon substrate was obtained by
using the AFM and evaluated by Gwyddion software [20]. Calculated root mean square surface roughness
was 1.6 nm.

3.2.

Surface morphologies after thermal annealing in different atmospheres

No droplets or wires were observed after annealing in vacuum. Large Au-Si droplets with mean diameter of
approximately 8 µm and of various shapes were created under argon atmosphere (Fig. 2a). The annealing in
the hydrogen atmosphere led to the growth of smaller Au-Si droplets with the mean diameter of approximately
5 µm and even smaller, tens of nanometers, droplets were also found on the substrate (Fig. 3a). The surface
area EDX scan (Fig. 4) together with the EDX elemental analysis at three different spots (Fig. 2b) of the
sample annealed in argon reveals that the small droplets are mostly composed of gold, silicon and oxygen.
The elemental surface composition on the sample at various places differs considerably. Small content of gold
was found in the droplet-free places (Table 1).
Table 1 Elemental composition obtained by EDX analysis at three different places on the sample annealed
in argon (Fig. 2b)
Spot
1 (spectrum 3)
2 (spectrum 4)
3 (spectrum 5)

Au [%]
84
0.4
1

Si [%]
5
87
84

O [%]
8
8
10

C [%]
3
4
4

The surface area EDX scan (Fig. 5) performed on the surface on layer annealed in hydrogen confirms that the
droplet is composed mainly of Au with small amount of silicon. Oxygen signal suggests that there could be
some reaction of Si with residual oxygen during or after annealing and possible oxidation of Au-Si droplet [8,
18] and we cannot exclude possibility that the nanowires are partially composed of silicon oxide.

Fig. 2 Gold layer on Si after 60 min annealing in argon at 1000 ◦C. (a) Overview SEM image (SE mode). (b)
Image with highlighted spots which were used for EDX analysis
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Fig. 3 Gold layer on Si after 60 min annealing in hydrogen at 1000 ◦C. (a) Overview SEM image (SE mode).
(b) Cross section of broken sample with Si NWs (SE mode). (c) Low magnification image (SE mode). (d)
BSE image with highlighted embedded gold nanoparticles inside Si NW.
3.3.

Properties of grown silicon nanowires and influence of gas atmosphere on their synthesis

There was no growth of Si NWs under vacuum.
On the contrary, the sample annealed in argon
exhibited small amount of randomly distributed
Si NWs, which detailed analysis has revealed.
Dense curved Si NWs were found on the sample
after hydrogen annealing (Fig. 3b). The length of
the Si NWs is up to several micrometers, while
the diameter ranges from 20 nm to 100 nm. The
growth of the Si NWs proceeds from the smaller
Au-Si-O droplets as can be found on the Fig. 3c.
Similar effect was already observed and
explained in the case of the annealing in argon
atmosphere [18]. It was described that the super
saturation is directly related to the diameter of
the Au-Si-O droplet and determines the growth
of Si NWs. Small gold nanoparticles with
diameter of around 20 nm (Fig. 3d) have been
observed uniformly encapsulated in bulk of some
Si NWs.

Fig. 4 EDX-SEM surface mapping after annealing in argon: (a) Si, (b) Au, (c) O, (d) C
82

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

Fig. 5 EDX-SEM surface mapping after annealing in hydrogen: (a) Si, (b) Au, (c) O, (d) C
This entrapping of smaller Au nanoparticles is considered to be resulted from the super saturation of Au and
SiOx [18]. The Si NWs growth in hydrogen atmosphere can be explained as follows: Reactive hydrogen heated
to 1000 °C can react with solid silicon and locally create various silicon compounds, so the growth can proceed
like during standard CVD [13]. This can be one reason for rapid growth of Si NWs in hydrogen atmosphere
and slower growth in argon. Another aspect is local cooling of the surface. The overcooling is critical to initiate
the preferential unidirectional nanowire growth [18]. The cooling depends on thermal conductivity of gas used.
Hydrogen has approximately ten times higher thermal conductivity than argon which can be another reason of
different rate of Si NWs growth in these two gases.
4.

CONCLUSIONS

We investigated the Si NWs growth in argon and hydrogen (at pressure of 8 kPa) during one hour long thermal
annealing (1000 °C) of 100nm thick gold catalytic layer deposited on silicon. During the annealing, the gold
layer reconstructs and forms together with silicon droplets with various diameters. The size of the droplets
strongly depends on the gas atmosphere. The significant growth of nanowires, from 100 nm thick gold layer,
was observed after annealing in hydrogen, but not in argon. This can be explained by different reactivity and
thermal conductivity of these gases.
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Abstract
We report here on the preparation and characterization of polycrystalline boron doped diamond (BDD) thin
films grown on structured silicon substrates using hot filament chemical vapor deposition (HFCVD) method.
The BDD layers were grown in CH4 / H2 gas mixture with trimethylboron (TMB) addition. Before diamond
depositions, different nucleation processes were applied (diamond nanoparticles in deionized water or
methanol, with/without oxygen plasma treatment). Layers with thicknesses from 0.2 to 1 μm were deposited
at varied ratios of B / C and CH4 / H2 in the CH4 / H2 / TMB gas mixture. Scanning electron microscopy (SEM)
was used to analyze the samples. Oxygen plasma pretreatment was found as crucial for successful coating of
the whole silicon pillars by diamond film including the bottom part. For some of the pretreatment methods (i.e.
short nucleation time, < 5min), the HFCVD process resulted in formation of BDD caps on the top of silicon
pillars.
Keywords: Boron doped diamond, reactive ion etching, black silicon, chemical vapor deposition
1.

INTRODUCTION

The highest hardness and thermal conductivity, chemical inertness, corrosion resistance, biocompatibility,
wide electrochemical potential window, low electrochemical background current and optical transparency are
the main reasons of wide use of diamond in industry and interest in research including electrochemistry [1].
At the end of the twentieth century, production of boron-doped diamond by chemical vapor deposition (CVD)
was invented and new applications of diamond have been found [2]. Boron doping leads to better conductivity
that has positive impact mainly on the current density, sensitivity and selectivity of the BDD electrodes used
for electrochemical applications. Nowadays, the most perspective electrochemical applications of BDD are the
treatment and disinfection of waste water, production of strong oxidizers, bioelectrochemical, electrocatalytical,
spectroelectrochemical, and electroanalytical applications [3], [4]. Electrochemical reactions perform mostly at
the interface between electrolyte solutions and the electrodes surfaces. Therefore, the modification of the
electrode surface morphology is a key factor, which may be used to increase the active electrode area and
radial diffusion on the edges of structures. When the size of the electro - active area is scaled down, the mass
transport to the active element will be enhanced by hemispherical diffusion causing the microelectrode to
approach a steady - state limiting current [6]. On the other hand, an enlargement of the diamond - based
sensors active area by increase of the surface - to - volume ratio leads to an increase of sensitivity and
selectivity [7]. Yoshimura et al. [8] published the fabrication method of diamond nano - honeycomb structures
by using oxygen plasma etching. They observed that by increasing the electrode area the double - layer
capacitance increased by factors up to 400.
In our previous work we were focused on nucleation process of diamond layers only by bias enhanced
nucleation in HF CVD [10], [11]. We found that this technique is possible to be used only on conductive and
not complicated (cutting tools, flat Si substrates, etc.) 3D substrates. In this study, nucleation parameters of
structured and black silicon substrates, such as the process time and solution used in ultrasonic seeding of
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diamond nanoparticles were optimized. Moreover, deposition parameters of HFCVD (i.e. B / C and
CH4 / H2 ratio) were optimized to meet the requirements for electrochemical applications including high power
electrochemical applications like waste water treatment, where a strong adhesion of BDD to silicon substrate
is necessary.
2.

EXPERIMENTAL PART

Structured N - type 525 µm thick silicon (100) wafers were prepared at Ilmenau University of Technology.
Process of structuring consisted of UV lithography and reactive ion etching (RIE) including Bosch technology.
In the UV lithography process, a testing mask was used. Etching was realized by Bosch process with SF6 and
C4F8. The etching speed was 0.8 µm / min. Three series of wafers with specific depths (5 µm, 6.5 µm and
17 µm) were prepared. Etching depth as well as the quality of structures were controlled by a tactile
profilometer (Dektak) and scanning electron microscopy (SEM). Black silicon samples were prepared using
etching and passivation during structuring. Next steps including cutting of wafers to obtain substrates with area
of 1x1 cm2, nucleation of substrates and deposition of BDD were done at Slovak University of Technology.
Three different types of nucleation process were used before deposition of BDD. Each one was based on
ultrasonic seeding of diamond nanoparticles [12]. In the first case (Nucleation type 1), the samples were
nucleated in an ultrasonic bath in a solution of 50 mg nanodiamond powder with diameter <10 nm
(CAS No. 7782 - 40 - 3, Sigma Aldrich) and 1 000 ml demineralized water (18 MΩ) for 5 or 40 minutes,
respectively. In contrast to that, the substrates employed in ‘Nucleation type 2’ were first treated in oxygen
plasma before the ultrasonic seeding to obtain hydrophilic character of the surface. The third type of nucleation
(Nucleation type 3) was the same as the first type, only the demineralized water was replaced by methanol.
The nucleated substrates were subsequently overgrown with BDD using HFCVD apparatus in a CH4 / H2 gas
mixture with addition of TMB at process pressure of 3 000 Pa for 120 min. B / C ratios were set up to
4 000 ppm, 8 000 ppm and 10 000 ppm, respectively and the ratio of CH4 / H2 was 1 or 2%. Substrate
temperature (700 °C ±50 °C) was monitored during the growth process by an infrared pyrometer. Samples
were analysed by SEM JEOL 7500F under tilted angle view at 45 degrees.
3.

RESULTS AND DISCUSSION

Fig. 1 shows scanning electron micrographs of BDD layers deposited on the silicon pillars (Fig. 1a - b) and on
the black silicon (Fig. 1c - d) using different nucleation procedures and times. In the case of 40 min nucleation
and 2 % CH4 / H2 ratio growth, comparable results showing full and homogenous covering of silicon substrate
with BDD for all types of nucleation were observed. In the case of 5 minutes nucleation, only after nucleation
type 2, full and homogenous covering of silicon substrates with BDD was observed. This phenomenon
indicates that, only the silicon substrates treated by oxygen plasma before nucleation process are hydrophilic
enough for the water nucleation solution. In the case of silicon pillars array in combination with the Nucleation
type 1, only BDD caps on the top of pillars were observed. These structures were observed only on the pillars
with diameter less than 5 µm and their presence has been probably caused by a spontaneous growth of the
diamond on the edges which usually occurs in case of insufficient or no nucleation. The phenomenon may be
interesting for production of P - N junctions with unique properties. As we can see in Fig. 1c - d, a change of
the CH4 / H2 ratio from 1% to 2% increased the size of diamond grains as well as the thickness of BDD layer.
In the case of black silicon substrates, the quality of covering with BDD was also significantly influenced. This
indicates that the presence of a higher amount of carbon species in the gas mixture causes a faster growth.
The average diamond layer thickness was 200 nm for 1% CH4 / H2 ratio and 600 nm for 2% CH4 / H2 ratio in
the case of silicon pillars. The SEM images did not show an influence of the variation in B / C ratio on the
covering and homogeneity of substrates by BDD thin films. The silicon structures with a diameter less than
500 nm were often damaged during the etching process (Fig. 2a). Additional degradation of the thinnest
structures could be caused by the impact of ultrasonic waves during the nucleation process (Fig. 2b).
Therefore, a non - ultrasonic nucleation process should be investigated for thin structures with diameter less
than 1 µm in future experiments. In Fig. 2d the boron doped diamond grown at the bottom of the comb
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structures with distance of 1 µm is shown. In the case of 17 µm etching depth, only an insufficient covering by
BDD was achieved.
b) 40 min
2 µm

c) 1% CH4
1 µm

d) 2% CH4
1 µm

Nucleation type 3 Nucleation type 2 Nucleation type 1

a) 5 min
2 µm

Fig. 1 SEM images of BDD - coated (B / C = 10 000 ppm) Si structures with different nucleation types and
times (tn). Column a), b) BDD on Si pillars, CH4 / H2 = 2%, tn = 5 min. and 40 min. respectively. Column c), d)
cross - section of BDD grown on black silicon, tn = 40 min., CH4 / H2 = 1% and 2% respectively. Scale bar for
each SEM images are shown on the top of column.
a) clean Si

c) BDD at the top

10 µm

2 µm

d) BDD at the bottom
200 nm

17 µm depth

6.5 µm depth

5 µm depth

10 µm

b) Si covered by BDD

Fig. 2 SEM images of BDD - coated Si structures with different etching depths (i.e. 5, 6.5, 17 µm for first,
second and third row, respectively) and with parameters B/C = 10 000 ppm, CH4 / H2 = 2% and nucleation
time = 40 min. Column a) Si pillars before BDD deposition, b) Si pillars (2 - 5 µm) with 10 µm gap, c) top of
pillars with diameter of 1 µm and 1 µm gap, d) detail of BDD at the bottom of the comb structures. Scale bar
for each SEM images are shown on the top of column.
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CONCLUSION

Summarizing the experimental results, we can assume a good possibility of boron doped diamond thin films
deposition on the structured silicon wafers with various structures types and etching depths. All of the
substrates nucleated for 40 min and deposited with 2 % CH4 / H2 ratio were homogenously overgrown by high
quality continuous BDD. A positive impact of the silicon substrates pre - treatment in oxygen plasma on the
BDD homogeneity was observed and led to reduction of nucleation time to 5 minutes. Furthermore, we
obtained microcrystalline diamond caps grown on the top of the silicon pillars which are interesting for a future
research and could find interesting applications e.g. in photonics.
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Abstract
This paper deals with deposition of aluminum nitride layer on different underlayers namely silicon (100),
amorphous thermal silicon dioxide, and titanium (001). The aluminum nitride layer was deposited using 3-grid
radio frequency inductive coupled plasma (RFICP) Kaufman ion-beam source which provides slow deposition
rate with low energy of plasma ions. This possibility leads to high homogeneity and very smooth surface.
Titanium layer was deposited by argon plasma at low energy of 200 eV to attain the highly oriented c-axis
layer. The aluminum nitride was sputtered on substrate which was heated to 350 °C. The nitrogen plasma only
at energy of 500 eV was used. It was observed the aluminum nitride deposited on thermal silicon dioxide has
the highest root mean square of roughness (RRMS) = 1.49 nm and the lowest intensity of X-ray diffraction in
Bragg-Brentano focusing geometry (XRD-BB). The aluminum nitride deposited on silicon (100) shows higher
intensity of XRD-BB and the lowest RRMS = 0.48 nm. Although the RRMS = 0.66 nm of aluminum nitride thin film
deposited on titanium (001) underlayer was obtained, the highest intensity of XRD-BB was observed.
Azimuthally averaged intensity of pole figures obtained using parallel beam setup represents the information
about misorientation of individual crystallites. These analyses were performed for aluminum nitride layers
deposited on titanium (001) film and silicon (100) wafer. Misorientation determined from full width at half
maximum (FWHM) of the pole figures was of about 0.5° lower for aluminum nitride thin film deposited on
titanium underlayer than one deposited directly on silicon substrate without silicon dioxide.
Keywords: Aluminum Nitride, Titanium, c-axis orientation, Kaufman ion-beam source, reactive sputtering,
AFM, XRD

1.

INTRODUCTION

Aluminum nitride (AlN) has attracted considerable huge attention as a piezoelectric layer in numerous MEMS
devices such as actuators, sensors, and transducers [1,2]. The significant advantage of AlN film is its
compatibility with CMOS technology [3]. Because the AlN is not ferroelectric material it does not require poling
unlike the lead zirconate titanate (PZT) as another CMOS technology compatible piezoelectric material [4].
Aluminum nitride shows other extraordinary properties such as dielectric properties connected to wide bandgap, mechanical stiffness, high elasticity, high thermal conductivity, and low thermal expansion coefficient [5].
There have been published a number of papers dealing with the optimizing of its piezoelectric behavior. The
characterization of piezoelectric material is important to be performed under the conditions of selected
application [6]. For example the piezoelectric coefficient of aluminum nitride thin film is dependent on its surface
roughness and grain size. Furthermore, the crucial parameter affecting AlN thin film properties and growth is
a suitable underlayer [7]. In most microdevices, there are many materials which are suitable to be used as a
bottom electrode for subsequent deposition of AlN film due to their hexagonal orientation for growth of wurtzite,
e.g. Al (111), Pt (001), Ti (001), and Mo (110). The titanium electrode is also ideal because the lattice mismatch
with aluminum nitride is comparable [5].
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The conventional methods of AlN layer deposition are sputtering (e.g. radio frequency magnetron sputtering
or ion-beam assisted deposition), metalorganic chemical vapor deposition (MOCVD), plasma enhanced
chemical vapor deposition (PECVD), molecular beam epitaxy (MBE), and atomic layer deposition (ALD) [2,8].
In this paper, the aluminum nitride layer is deposited by ion-beam reactive sputtering which concludes to
smoother layer than other conventional sputtering techniques. Three various possible underlayers for AlN thin
film are investigated in terms of crystallographic orientation, average crystallite size, misorientation of individual
crystallites, and roughness of layer surface.

2.

EXPERIMENTAL

2.1.

Deposition Processes

All depositions of AlN were performed on pieces of silicon wafer (20 x 20 mm) substrates (P-type with the (100)
crystallographic plane parallel to surface and resistivity 6-12 Ω.cm) with different types of underlayer. AlN
deposition was performed on silicon substrate with native oxide only, silicon substrate with 1 µm thick thermal
silicon dioxide , and on titanium layer with (001) crystallographic plane parallel to the surface sputtered on
silicon substrate (100) covered by 1 µm thick thermal silicon dioxide as mentioned below.
Before the sputtering deposition process, the silicon substrate with native oxide only was dipped in standard
buffered oxide etchant (49% HF + 40% NH4F in the 6:1 volume ratio) for 1 minute to remove native oxide.
Substrates with thermal silicon dioxide were cleaned in the standard piranha solution (96% H2SO4 + 30% H2O2
in the 3:1 volume ratio) for 3 minutes, rinsed in deionized water and dried with compressed nitrogen.
The RFICP Kaufman ion-beam source with 3-grid focused ion optics was used for deposition. A titanium target
with a purity of 99.995% and argon gas with a purity of 99.9996% were used for titanium deposition. Aluminum
nitride was reactively sputtered by pure nitrogen plasma without presence of argon. The purity of nitrogen was
99.9999% and the purity of aluminum target was 99.995%. The sputtering chamber was pumped down to a
pressure of 5⋅10-9 mbar before start of deposition process.
2.2.

Diagnostics methods

SmarLab (Rigaku) X-ray diffractometer (XRD) with a linear D/tex detector was employed to perform
crystallography analysis in Bragg-Brentano focusing geometry. Pole figure analysis was performed with
parallel beam setup. The surface topography and roughness (RRMS) of deposited layers were determined using
Atomic Force Microscopy (AFM) Dimension Icon (Bruker) in the ScanAsyst® mode.

3.

RESULTS AND DISCUSSION

3.1.

Titanium underlayer

Deposition of 100 nm thick titanium underlayer was performed on amorphous thermal silicon dioxide with very
low energy of ions (200 eV), and low deposition rate of 0.04 Å/s. From X-ray diffractogram (Fig. 1a) it is clear
that only (001) preferential crystallographic orientation of the crystallites was obtained. Full width at half
maximum (FWHM) of diffraction peak was 0.45°. Average crystallite size of 21 nm was calculated according
to Scherrer equation. Smooth titanium surface topography of 0.55 RRMS and its corresponding profile are
depicted in Fig. 1b and Fig. 1c respectively.
As the high deposition temperature (up to 400 °C) of subsequent films is required the deposited titanium layer
was exposed to 2 hours annealing peak process in vacuum chamber pumped down to 5⋅10-7 mbar with heating
and cooling rate of 5 °C/min up to 400 °C. X-ray diffractogram of annealed thin film (see Fig. 2) confirms that
the peak of (001) crystallographic plane is without any changes.
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Fig. 1 XRD and AFM diagnostics of titanium thin film deposited by argon plasma low energy ions (200 eV);
a) X-ray diffractogram showing titanium (001) preferential crystallographic orientation; b) surface topography
of Ti layer deposited on thermal silicon dioxide; c) surface profile corresponding to the surface topography
measurement shown in b).

Ti (001)

Intensity (a.u.)

without annealing
after annealing

30

35

40

45

2θ (°)
Fig. 2 X-ray diffractogram of titanium (001) before and after 2 hours annealing up to 400 °C
3.2.

Reactive sputtering of aluminum nitride

Aluminum nitride was deposited on three different underlayers with different crystallography: Si (100) with facecentered cubic lattice, the amorphous silicon dioxide and titanium (001) with hexagonal close-packed structure
with cell parameters very similar to aluminum nitride. To ensure the same deposition conditions, the sputtering
onto all three layers were done simultaneously in one process. Thickness of deposited AlN layer was 200 nm
and deposition rate was 0.17 Å/s. During this process the substrate was heated up to 350 °C. Energy of
bombarding nitrogen ions was set to be 500 eV. XRD and AFM analyses of this layer are shown in Figs. 3a,
3b and 3c.
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Fig. 3 XRD and AFM analyses of deposited AlN layers by pure nitrogen plasma with substrate heated to
350 °C; a) X-ray diffractograms of AlN thin film deposited on different underlayers showing only presence of
(001) preferential crystallographic orientation; b) surface topography of AlN thin film layer deposited on Ti
(001) underlayer and AlN thin film deposited directly on silicon wafer (100); c) surface profiles corresponding
to the AFM surface topographies shown in b).
In Fig. 3a, the highest diffraction peak of
aluminum nitride layer (FWHM = 0.266°;
crystallite size = 32.8 nm) deposited over
titanium underlayer is evident. This layer has
smooth surface with RRMS = 0.66 nm (see
Fig. 3b and 3c). The lowest peak (see Fig. 3a)
and the highest RRMS = 1.49 nm was achieved
for aluminum nitride layer (FWHM = 0.262°;
crystallite size = 33.3 nm) deposited on thermal
amorphous silicon dioxide (see Figs. 3b and
3c). Aluminum nitride layer (FWHM = 0.252;
crystallite size = 34.9 nm) deposited directly on
polished silicon wafer (100) without native
oxide has higher peak (see Fig. 3a) than
previously mentioned layer and the smoothest
surface with RRMS = 0.48 nm (see Figs. 3b and
3c).
The pole figure orientation analysis of (001)
crystallographic plane was performed for

Fig. 4 Azimuthally averaged intensity profiles extracted
from pole figures for AlN (001) crystallographic plane
deposited on Ti (001) underlayer and for AlN (001)
crystallographic plane deposited directly on silicon
wafer (100) without silicon dioxide
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aluminum nitride on silicon and titanium underlayers to determine misorientation of individual crystallites. From
the azimuthally averaged intensity of pole figure (see Fig. 4), it is clear the misorientation of AlN crystallites on
titanium underlayer is lower (FWHM = 4°) than on silicon (100) substrate without silicon dioxide (FWHM =
4.5°).
4.

CONCLUSION

In this paper, the influence of underlayer material on deposited aluminum nitride crystallography and
roughness is described. In case of silicon dioxide underlayer, the lowest diffraction peak and the highest
roughness of 1.49 nm was reached. Despite of deposition on the pure silicon wafer (100) the aluminum nitride
thin film grows in c-axis direction. This layer has the lowest roughness of 0.48 nm and slightly higher intensity
of diffraction peak than the layer deposited on silicon dioxide. Aluminum nitride layer deposited over titanium
underlayer has the highest diffraction peak and negligibly higher roughness of 0.66 nm. On the other side,
aluminum nitride layer deposited on titanium layer has according to the pole figure 0.5° smaller misorientation
(FWHM = 4°) compared to the aluminum nitride layer deposited directly on pure silicon wafer (FWHM = 4.5°).
Titanium underlayer proves to be excellent as bottom electrode due to its lattice parameters similar to
aluminum nitride lattice which is obvious from azimuthally averaged intensity obtained from pole figure of (001)
plane diffraction.
ACKNOWLEDGEMENTS
Research described in this paper was financed by the National Sustainability Program under grant
LO1401. The work was also carried out with the support of the CEITEC Nano Core Facility under the
CEITEC - open access project, ID number LM2011020, funded by the Ministry of Education, Youth
and Sports of the Czech Republic under the activity „Projects of major infrastructures for research,
development and innovations”. For the research, infrastructure of the SIX Center was used.
REFERENCES
[1]

[2]

[3]
[4]
[5]
[6]

[7]
[8]

POLLA, D. L. a FRANCIS, L. F. Processing and characterization of piezoelectric materials and integration into
microelectromechanical systems. Annual Review of Materials Science, 1998, vol. 28, pp. 563-597. ISSN 00846600.
SARAVANAN, S. et al. Surface Micromachining Process for the Integration of AlN Piezoelectric Microstructures.
SAFE 2004, 7th Annual Workshop on Semiconductor Advances for Future Electronics. 2004. 9789073461437.
Veldhoven, the Netherlands public.
ABABNEH, A. et al. c-axis orientation and piezoelectric coefficients of AlN thin films sputter-deposited on titanium
bottom electrodes. Applied Surface Science, 2012, vol. 259, pp. 59-65. ISSN 0169-4332.
JACKSON, N. et al. Flexible-CMOS and biocompatible piezoelectric AlN material for MEMS applications. Smart
Materials and Structures, 2013, vol. 22, no. 11. ISSN 0964-1726.
DOLL, J. C. et al. Aluminum nitride on titanium for CMOS compatible piezoelectric transducers. Journal of
Micromechanics and Microengineering, 2010, vol. 20, no. 2. ISSN 0960-1317.
AL AHMAD, M. a PLANA, R. Piezoelectric Coefficients of Thin Film Aluminum Nitride Characterizations Using
Capacitance Measurements. Ieee Microwave and Wireless Components Letters, 2009, vol. 19, no. 3, pp. 140142. ISSN 1531-1309.
IRIARTE, G. F. et al. Influence of substrate crystallography on the room temperature synthesis of AlN thin films by
reactive sputtering. Applied Surface Science, 2011, vol. 257, no. 22, pp. 9306-9313. ISSN 0169-4332.
FIGUEROA, U. et al. Production of AIN films: ion nitriding versus PVD coating. Thin Solid Films, 2004, vol. 469,
pp. 295-303. ISSN 0040-6090.

93

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

CHARACTERISATION OF SURFACE AND BULK PROPERTIES OF POLYMER-LIKE THIN
FILMS PREPARED USING PECVD ON VARIOUS SUBSTRATES
KELAR Lukáš, BURŠÍKOVÁ Vilma
Department of Physical Electronics, Faculty of Science, Masaryk University, Brno, Czech Republic, EU,
kelar@physics.muni.cz

Abstract
The aim of the present work was to deposit thin polymer-like films fulfilling several criteria in order to enable
their industrial application as protective coatings on various materials, for example plastic substrates.
Therefore the films have to be stable, wear resistant with good adherence to the substrate materials and they
have to be resistant against mechanical damage. The thin films presented in this work were prepared from
mixture of hexamethyldisilazane and nitrogen using plasma enhanced chemical vapor deposition technique.
The silicon, glass and polycarbonate substrates were plasma treated in low pressure glow discharge using
hydrogen or nitrogen discharge in order to increase the adhesion of the coatings to the substrates. An extended
study of surface free energy on polycarbonate was carried out in order to find the optimum substrate surface
treatment process before deposition of thin film. Once the process of pre-treatment was optimized, large
number thin films was prepared with various mechanical and surface properties.
Keywords: PECVD, polycarbonate, glass, mechanical properties, TDS, XPS, HMDSZ
1.

INTRODUCTION

Recently, there is a great industrial interest in the development of multi functional thin wear and scratch
resistant coating deposition techniques [1-3]. One of the prospective industrial application areas is the use of
theses techniques for development of protective coatings for plastics for example polycarbonates [4].
Polycarbonate (PC) substrates compared to glasses offer several advantages (fracture resistance, low weight,
low cost, easy manufacturing etc.), however, their use is limited to relatively non-abrasive and chemical free
environments, because of its low hardness, low scratch resistance and low resistance to aggressive chemical
environments.
Plasma-chemical methods using radio-frequency discharges in mixture of organosilicon or organosilazane are
often used to deposit protective coatings on plastic substrates [4-6]. Hard-coatings such as amorphous
diamond-like carbon (a-C:H or DLC) deposited directly onto plastics may have performance problems when
the system is subjected to stresses produced by mechanical or thermal effects. Polymer-like films prepared
from organosilicon or organosilazane precursors may exhibit high hardness, high wear resistance and low
friction coefficient similar to DLC coatings as well as good adhesion to polymer materials, low internal stress
and high fracture toughness close to the properties of polymer materials. Silicon and nitrogen incorporated
amorphous hydrogenated carbon materials have a great potential for solving some of the major drawbacks of
pure DLC films, because they present reduced residual internal stress, high hardness, high deposition rates
and good adhesion to PC. In the present work hexamethyldisilazane (HMDSZ) precursor was used to modify
the properties of amorphous diamond-like carbon coatings.
2.

EXPERIMENTAL PART

The films were prepared by means of plasma enhanced chemical vapor technology (PECVD) using low
pressure r.f. glow discharge. The deposition reactor used consisted of glass cylinder 310 mm in diameter, 210
mm height, closed by two stainless steel flanges. The diameter of the graphite electrodes was 150 mm and
distance between them was 55 mm. The bottom electrode was capacitively coupled to the r.f. generator
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working on frequency 13.56 MHz [6]. The vacuum system consisted of rotary pump and diffusion pump. The
working pressure depended on the gas mixture used and was kept around 17 Pa. Minimum pressure achieved
by diffusion pump was 0.1 Pa. The flow rate of the hydrogen was kept at 0.7 sccm, the flow rate of the HMDSZ
ranged from 0 to 0.4 sccm. The applied power was 50 W. The negative self-bias voltage changed from -100
to -250 V. The samples were prepared onto crystalline silicon, glass and polycarbonate substrates placed on
the bottom electrode of the reactor. The atomic composition of the prepared films was studied using X-ray
photoelectron spectroscopy technique.
A Fischercope H100 instrumented indentation tester was used to study the indentation response of the
prepared films. Several different testing conditions were used in order to find the optimum procedure allowing
the suppression of the substrate influence. The loading period of 20 s was followed by a hold time of 5s, an
unloading period of 5 s and finished after holding the minimum load for 5 s. The tests were made for several
different indentation loads in order to study the composite mechanical properties of the film/substrate system
from near surface up to film-substrate interface. The applied load varied from 1 to 100 mN. Each test was
repeated at least 9 times in order to minimize the experimental errors.
The internal stress was calculated from measurements of a bending curvature of single crystal silicon (111)
strips coated with the studied films using the Stoney formula. The samples were subjected to heating with
heating rate of 2 K/min. The temperature dependence of the bending curvature was determined using X-ray
diffraction technique for both heating and cooling process. The films on silicon substrates were annealed in
the laboratory furnace Classic Clare 4.0. The furnace chamber was evacuated by turbomolecular pump down
to minimum pressure of about 10-5 Pa. The studied samples were subjected to heating with constant heating
rates in the rage from 2 to 10 K/min [7]. The mass spectrometer Pfeiffer Vacuum Prisma 80 was set in order
to follow the evolution in time of 8 specific masses. These specific masses are associated to the ions originated
from desorbed gas mixture.
3.

RESULTS AND DISCUSSION

A large set of films was prepared in order to find the optimum amount of HMDSZ in the gaseous deposition
mixture enabling to prepare hard film with enhanced adhesion and minimized compressive stress. In order to
extend the study on protective coatings deposited on polycarbonates, the surface treatment of polycarbonate
was studied and optimized first to enhance the adhesion between the substrate and the deposited films. The
hydrogen plasma treatment with 1 sccm of hydrogen and at applied power of 50 W lasting 1 minute was found
to be the more effective. The total surface free energy was increased from 34 mJ/m2 to 61 mJ/m2. This value
did not decrease even after 3 hour of storage. The time between the treatment and the film deposition was
around 30 minute. The deposition conditions are listed in Table 1. For these depositions polycarbonate, glass
and silicon substrates were used. In order to determine the composition of the deposited thin films, XPS
analyses were carried out on samples prepared on silicon. On the basis of the XPS measurements it was
found that carbon in these films is predominantly bonded to nitrogen, evidenced particularly by the broadened
silicon peak towards higher energies. Both single and double bonds with nitrogen atoms occurred. On the
other hand, carbon bonds to silicon can be considered as minor. From the asymmetry of the oxygen peak
towards higher energies it is possible to assume the existence of numerous bonds with silicon, which is also
evidenced by the silicon peak asymmetry. It can be concluded that the layer contains a large amount of silicon
suboxides. In Table 1 there are presented the results on film composition obtained from XPS measurements.
These coatings were prepared at the same flow rates of hydrogen and methane while increasing the HMDSZ
flow rate. The dependence of deposition rate vdep on the HMDSZ flow rate QHMDSZ was approximately linear
and it is possible to describe with the following formula: vdep= (13 + 98.QHMDSZ)nm/min. The film thickness was
in the range from 500 to 1400 nm depending on the deposition time.
The mechanical behavior was studied using instrumented indentation method. This method enables the
determination of the so-called universal hardness HU, which is the measure of the indentation resistance
against plastic and elastic deformation. Comparing the universal hardness values, HU, of the uncoated and
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coated PC substrates, it was found that by depositing the protective films, the hardness near the surface of
the sample increased more than by one order of magnitude. Thin film hardness ranged from 15 to 22 GPa and
the elastic modulus between 80 and 140 GPa. The dependence of the film hardness on the HMDSZ flow rate
is given in Fig. 1 and the dependence of the film elastic modulus on the HMDSZ flow rate is given in Fig. 2.
Both the hardness and elastic modulus have decreasing tendency with increasing amount of HMDSZ precursor
in the deposition mixture. However, both values are more than one order of magnitude higher, than that of the
polycarbonate substrate (H = 0.2 GPa, E = 3 GPa).
Table 1 Summary of the varied deposition parameters (flow rate of HMDSZ QHMDSZ and negative self bias
voltage Ub ) and the resulted film atomic composition obtained by XPS analysis. The deposition power
P was 50 W, the flow rate of methane was kept at 2.7 sccm, the flow rate of hydrogen was kept
at 0.7 sccm
Sample

QHMDSZ

Ub

C

Si

O

N

[sccm]

[sccm]

[at%]

[at%]

[at%]

[at%]

N1

0.00

-260

81.7

0.4

10.6

7.3

N2

0.15

-216

79.5

2.4

13.4

4.7

N3

0.19

-201

68.8

6.8

16.8

7.6

N4

0.19

-160

69.1

7.1

16.6

7.2

N5

0.37

-249

59.6

9.6

22.1

8.8

N6

0.37

-213

64.0

8.4

19.7

7.9

N7

0.40

-195

57.2

11.0

21.5

10.2

N8

0.15

-206

71.5

5.2

16.9

6.3

The films prepared in this series generally presented relatively high internal stress. It had compressive
character and ranged from -0.6 to -1.2 GPa. The thermal desorption experiments showed, that the annealing
decreases the internal stress, the internal stress after annealing at 500 oC decreased to values near to 0 GPa.

Fig. 1 The dependence of the film hardness on the flow rate of hexamethyldisilazane HMDSZ
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Fig. 2 The dependence of the film elastic modulus on the flow rate of hexamethyldisilazane HMDSZ
The thermal stability and the internal stress of films deposited on single crystal silicon substrate were studied
using thermal desorption spectroscopy and X-ray diffraction technique, respectively. The relatively low
compressive stress of the as-deposited films decreased during heating. The decrease in compressive stress
with temperature was accompanied by desorption of H2O, OH, CO and CO2. Fig. 3 shows the temperature
dependence of hydrogen and hydrocarbon fragment desorption. The desorption peak around 550 oC
corresponds to the start of the decrease in compressive stress. Further heating caused an increase in tensile
stress and decrease in hardness and elastic modulus. These films were not delaminated or cracked after
heating, however, during indentation testing showed less resistance against indentation induced cracking, than
as-deposited films or films heated up to temperatures below 500 oC.
Fig. 3 present the desorption curves of several m/Z ratios for sample N8.

Fig. 3 Results of thermal desorption spectroscopy obtained on sample N8. The graph illustrates the
temperature dependence of the desorption of carbon based species from the sample
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The surface topography was studied on films deposited on silicon substrates. The films deposited with low
amount of HMDSZ were very smooth and their roughness was almost the same as the roughness of the
substrate. When the amount of the HMDSZ content increased in the deposition mixture, then some small
organosilazane particles started to incorporate into the amorphous matrix and the surface roughness of the
films increased. The values of surface roughness for sample in Fig. 4 were Ra = 3.7±0.5 nm (Ra is average
roughness) and Rq= 10.3±0.7 nm (Rq is root mean square roughness].

Fig. 4 AFM image of the sample prepared with HMDSz flow rate of 0.4 sccm
4.

CONCLUSION

Plasma polymer films were prepared from mixture of methane, hydrogen and hexamethyldisilazane using low
pressure r.f. discharges. Optimum deposition condition for deposition of smooth, hard, wear resistant thin films
suitable for protection of the polycarbonate substrates were found. These films prepared under optimum
conditions exhibited excellent fracture resistance and low intrinsic stress. The prepared films have all the
properties needed for excellent protective coatings including high hardness, low friction coefficient, excellent
chemical and thermal stability and transparency in the visible spectrum.
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Abstract
Since the world has become industrialized, as a consequence, there is an increasing demand for gas sensors.
Nanocrystalline diamond (NCD) films were grown on the commercially available sensor product consisted of
a built-in microheater, a platinum temperature sensor, and a pair of Pt interdigitated electrodes using
microwave plasma enhanced chemical vapor deposition process. We investigated the effect of fluorine- and
hydrogen-terminated diamond surface on the gas sensing properties at room temperature. The gas sensing
properties diamond-based sensor were measured by the changes of electrical resistance to various volatile
organic compounds (C6H6, C3H6O, isopropylalcohol) and relative humidity. The comparative sensing
performance of hydrogenated diamond surface shows improvement in sensitivity toward benzene, acetone,
isopropylalcohol and humid air in contrast to fluorinated diamond surface, where the surface conductivity was
suppressed. The sensor functionality was explained by the surface transfer doping effect.
Keywords: Diamond, gas sensor, response, sensitivity
1.

INTRODUCTION

The demand of gas sensors has been increased extensively due to increasing industrialization which leads to
increase the level of air pollution. Diamond has found wide practical applications in many industrial sectors
thereby it has attracted considerable interest. Apart from variety of diamond application, due to the possibility
of tailoring diamond surface by various atomic terminations, many recent efforts have been made to utilize
diamond as a gas sensor [1-5]. It is known that the hydrogen-terminated diamond shows p-type surface
conductivity even in undoped diamond [6, 7]. This surface also shows hydrophobic properties, positive charge
and negative electron affinity (NEA). On the other hand, hydrophilic properties, positive charge and positive
electron affinity (PEA) are obtained by oxygen-terminated diamond surface. Fluorine (F) termination of
diamond surfaces has been investigated also [8-12] and has recently been employed as an alternative to
oxygen and hydrogen termination in drug delivery and other biomedical applications [10]. These surfaces are
negatively charged and super hydrophobic [8]. However, despite its potential application to a number of fields,
the gas sensing properties of the F-terminated diamond surface remarkably are not known.
In this work we performed nanocrystalline diamond (NCD) films grown on the fully-integrated sensor substrate
of the intrinsic NCD layer/metal IDEs/insulating substrate. We investigate room-temperature gas sensing
behavior of H- and F-terminated NCD layer to various volatile organic compounds (C6H6, C3H6O,
isopropylalcohol) and relative humidity. The influence of the NCD sensor operation temperature on the
sensitivity and gas sensing mechanism is discussed.
2.

EXPERIMENTAL

The deposition of nanocrystalline diamond layer was carried out on the commercially available sensor product
consisted of a built-in microheater, a platinum temperature sensor, and a pair of platinum (Pt) interdigitated
electrodes with a 15 μm width. The NCD growth proceeded in two steps: i) seeding 20 min and ii) microwave
plasma-enhanced chemical vapor deposition (PECVD). Diamond layers were grown by pulsed-linear antenna
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microwave plasma-enhanced CVD (Roth&Rau AK 400) [13]. The process conditions were the following: gas
pressure 0.1 mbar, microwave power 1700 W, methane (CH4) gas flow 5 sccm, and different ratios of carbon
dioxide (CO2) and hydrogen (H2) gas flow. The flow of H2 gas was changed from 25 sccm to 100 sccm and
the CO2 flow rate varied between 20 sccm and 30 sccm. During the deposition process the substrate
temperatures was maintained at 470°C. After the PECVD deposition, the samples were exposed to pure
hydrogen plasma for 5 min to induce a p-type surface conductivity [1, 7] and thereafter, cooled down to the
room temperature. The replacement of hydrogen termination with fluorine (F2) was provided by 100 W radio
frequency (RF) plasma maintained reactive ions in CF4 (Phantom LT Reactive Ion Etch (RIE) System, Trion
Technology). The total gas pressure was 150 mTorr and the duration 30 s.
The resulting morphology of each structured NCD film was characterized by scanning electron microscopy
(SEM, Raith e_LiNE). The diamond character of the sensor element was confirmed by UV-Raman
spectroscopy (Renishaw In Via Reflex Raman spectrometer, 442 nm excitation wavelength).
The sensing characteristics were measured as DC voltage drop on the sensor, using precise sourcemeter
Kethely 2401, with constant current of 1µA flowing through the sensitive layer. A custom LabView program
was used which allowed the temperatures and gas-flow rates to be automatically controlled by a computer
[14]. Prior to the measurements, the sample was mounted in a gas-flow apparatus, and the chamber was
flushed with dry nitrogen gas (N2) for 15 min to stabilize the output characteristics. Then, the specific testing
volatile organic compound (acetone, benzene, isopropylalcohol) was injected into the chamber through the
inlet port, and the change in the resistance of the sensors was investigated as a function of exposure time.
3.

RESULTS AND DISCUSSION

Fig. 1a shows surface morphology of fully-integrated sensor substrate coated with hydrogenated NCD films.
The top view depicts the presence of relatively smooth and continuous diamond film with amorphous carbon
shell at the diamond. Moreover, the NCD primarily grew on the IDEs as was proved in our previous study [3].
The Raman spectrum (Fig. 1b) is characterized by three strong contributions: the peak characteristic for
diamond centered at 1330 cm-1 (D- peak), disorder peak at 1365 cm-1 (D- band) disorder peak and the broad
band at approximately 1590 cm-1 attributed to the non-diamond phase (G- band), i.e., sp2-bonded carbon
atoms [13].

Fig. 1 SEM image of NCD coated fully integrated sensor substrate on micro-hotplate with Pt IDEs with
separation of 15 µm (a) and Raman spectrum of NCD film (b). The sharp peak at 1330 cm-1 proves the
diamond character of the deposited films
Fig. 2 displays the resistance response of the hydrogen- and fluorine- terminated NCD surface to relative
humidity (RH) and to various volatile organic compounds (VOCs) measured at 25°C. As illustrated in Fig. 2a,
the response (the change in the resistance) of the F-terminated diamond based gas sensor was negligible.
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The curves for relative humidity (50%), isopropylalcohol (0.6%), benzene (1.5%), and acetone (4%) exhibit a
slight increase in resistance (Fig. 2). However, quite dynamic response (decrease in the resistance) is
observed for the H-terminated diamond surface for all tested VOCs. Moreover, as illustrated in Figs. 2c and
2d, the sensor response of H-terminated diamond surface is the highest for benzene and acetone in
comparison to the rest VOCs (Figs. 2a, 2b). These results suggest that the surface termination of NCD film
has a great influence on the gas sensing performance.
It should be also noted, that a variation or shifting of the “starting” resistance value was observed. The origin
for this difference can be attributed to several factors, e.g., low quality ohmic contacts, memory effects of the
surface state of NCD, etc. A technological optimization is still required for achieving better reproducibility and
device reliability.

Fig. 2 Time dependence of resistance of fully-integrated sensor substrates coated with H-terminated and/
or F-terminated NCD: with 50% of relative humidity (a), 0.6% of isopropylalcohol (b), 1.5% of benzene (c),
and 4% of acetone (d) measured at room temperature
The electrical sensitivity of H-terminated NCD surface to various concentrations of VOCs proves that the HNCD surface is electrically active and an electronic interaction between surface and its vicinity occurs (Fig. 2).
It can be seen that our H-terminated NCD sensor shows response to all tested VOCs in contrast to Fterminated diamond surface. However, this response is too low for industrial uses. Decrease in the response
value can be explained due to the low operating temperature (25°C) dissociation of a large molecule, such as
e.g. benzene [15]. The improvement in the sensor design such as increasing surface-to-volume ratio may
increase the sensor response.
The basic model for the change of surface conductivity (resistance) of H-terminated diamond surface on the
gas type has been well discussed by other works [1, 2, 16]. In general, when oxidizing or reducing agents
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(gases) appear in the atmosphere, the charge exchange between the diamond and adsorbed molecules
causes an increase or a decrease in the resistance. This mechanism could be interpreted by widely established
the surface transfer doping mechanism of the H-terminated diamond [17, 18]. Because the surface conductivity
of diamond relies on the presence of an adsorbed water film on the H-terminated diamond surface, the surface
resistance decrease at first (Fig. 2). Based on the surface transfer doping model, the sensitivity of the Hterminated NCD to NO2 and NH3 gases was confirmed and explained by other group [2]. In the same manner
we explained the increase of the surface conductivity of H-terminated NCD upon exposure to phosgene and
humid air [19].
According to the above mentioned mechanism, since the benzene is reducing agent, the surface resistance
should be increased; however in our case the decrease of surface resistance was observed (Fig. 2c). This
behaviour can be explained by the presence of carbon composites on diamond film which can also lead to an
increase of the resistance. Another possible mechanism may be similar as reported by Gurbuz et al. for
detection of benzene and toluene [15]. The concept of this mechanism was the dissociation of H2 into hydrogen
atoms and subsequent diffusion through the Pt catalyst (Pt IDEs) causing a change in the work function and a
subsequent change in the resistance.
For a deeper insight into theories mentioned above further experiments are required for elucidation of the
mechanism.
4.

CONCLUSION

The nanocrystalline diamond film was used as the functional layer of a semiconductor gas sensor where Pt
electrodes were buried beneath the diamond film. We observed that the fluorinated NCD functional layer did
not show almost any response toward testing gases, whereas the H-terminated NCD exhibited the sensitivity
towards VOCs such as benzene, acetone, and IPA. Moreover, the highest room temperature sensor response
was found for benzene and acetone. The gas sensing mechanism was explained and attributed to: i)
dissolution of gas molecules and their subsequent chemical reactions in the adsorbed water layer on the Hterminated NCD, and ii) dissociation of H2 into hydrogen atoms and subsequent diffusion through the Pt
catalyst. We can conclude that these results are promising for practical industrial applications in which small
and simple H-NCD sensors can be used as gas sensors at room temperature.
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Abstract
The aim of the present work was to deposit transparent polymer SiOxCyHz protective coatings from
hexamethyldisiloxane/oxygen mixtures in capacitively coupled glow discharge. The coatings prepared under
dusty plasma conditions showed nanocomposite character. Complex characterization of the local mechanical
properties was carried out on the prepared samples from nano to microscale using indentation techniques.
The coatings were very elastic, they exhibited high elastic recovery and low plastic deformation even at
indentation depths approaching the coating thickness.
Keywords: PECVD, hexamethyldisiloxane, mechanical properties, nanoDMA
1.

INTRODUCTION

The aim of the present work is to develop a method for transparent protective coating deposition on the
surfaces of plastics such as polycarbonates, having a high level of abrasion resistance and improved
resistance against cracking under exposure to thermal and mechanical stresses. Among the various
techniques used for preparation of transparent scratch-resistant coatings the plasma chemical methods have
received a great deal of attention by researchers and have been extensively reported in the literature [1-8].
Plasma chemical methods are generally using a mixture of hard-coating precursors (e.g. organosililicon or
organosilazane mixtures with oxygen in the case of transparent coatings) in a high-frequency or corona
discharges. The product is deposited directly on a plastic substrate in form of a very thin film. The physical and
chemical properties of the resulting films depend strongly on the process parameters, such the frequency,
coupling type, applied power, bias voltage, precursor type, the power per unit monomer mass flow, and
whether or not an oxidant is added. Thus using the plasma chemical vapor deposition (PECVD) method, thin
films with a wide range of mechanical properties can be produced from hard inorganic SiO2-like to soft polymerlike SiOxCyHz films properties just varying the plasma conditions. Moreover, under specific conditions films with
special structures, such nanocomposite SiOCH or nanocomposite SiO2-containing diamond-like carbon films
may be prepared.
The main objective of the present work was to deposit protective films in capacitively coupled radiofrequency
discharges from hexamethyldisiloxane (C6H18Si2O - HMDSO) oxygen mixtures. These types of films are of
particular interest in various applications because they exhibit a number of desirable properties: good
adherence to polymer substrates, rate, good transparency to visible radiation, good thermomechanical stability
etc. relatively high deposition
2.

EXPERIMENTAL

The studied films were deposited by PECVD from a mixture of HMDSO (C6H18Si2O) and oxygen. The ratio of
HMDSO flow rate QHMDSO and the total flow rate q (q=QHMDSO/(QHMDSO+ QO2)) ranged from 0 to 0.95. The
HMDSO flow rate QHMDSO varied from 0 to 20 sccm, the oxygen flow rate QO2 was varied from 3 to 11 sccm.
The substrates were silicon wafers a polycarbonate plates. The capacitively coupled plasma was generated
in a parallel plate reactor using an r.f. generator working at frequency of 13.56 MHz. The applied power P
varied from 50 to 150 W and the negative bias voltage ranged from -10 to -300 V.
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The elemental composition, thickness and density, were determined using nuclear analytical methods, RBS
(Rutherford backscattering spectrometry) and ERDA (elastic recoil detection analyses). The conventional
ERDA with 2.5MeV alpha projectiles was used for hydrogen estimation. For a detailed analysis of recorded
experimental spectra the codes GISA 3 and SIMNRA 6.06 were used [9-11].
The instrumented indentation technique was used to study the mechanical properties of the films. The samples
were measured by means of Fischerscope H100XYp microindentor. The selected samples were measured on
Hysitron TI 950 nanoindentor. The modulus mapping capability was applied to obtain quantitative maps of the
storage and loss stiffness and the storage and loss modulus. The modulus mapping combines the in-situ
imaging capabilities with the ability to perform nanodynamic mechanical analysis. During the imaging process,
the system continuously monitors the dynamic response of the sample to the oscillating load as a function of
the position. Therefore, at each image pixel (typically 256×256 pixels), the storage and loss moduli are found
if the geometry of the indenter is known. At the same time, one can also gain information about the sample
surface morphology. The morphology of the film surface and the indentation prints were studied by MIRA 3
scanning electron microscope made by Tescan and by atomic force microscope Ntegra Prima NT-MDT.
Table 1 Summary of the deposition conditions for selected samples. QO2 is the oxygen flow rate, QHMDSO is
the HMDSO flow rate, P is the applied power, Ub is the corresponding negative bias voltage, p is the
deposition pressure. The deposition time was 60 minutes
Sample

QO2 [sccm]

QHMDSO[sccm]

P [W]

Ub [V]

p [Pa]

VI43

6.3

0.5

50

-49

41

VI47

5.0

2.4

50

-107

27

VI60

6.0

1.2

50

-134

27

VI61

8.2

0.7

50

-138

32

VI65

11.0

3.5

50

-36

44

VI68

6.9

3.1

75

-177

33

VI72

6.7

0.6

75

-203

30

VI75

3.9

2.3

75

-140

25

VI77

3,6

3,0

25

-20

22

RESULTS AND DISCUSSION
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Fig. 1 The dependence of the atomic composition on the flow rate ratio q (on the left) and the dependence of
oxygen and carbon to silicon ratios on the flow rate ratio q (on the right)
A large number of depositions were carried out in a wide range of deposition conditions in order to find the
deposition process parameters for preparation of coatings with optimum hardness, elastic modulus, fracture
toughness and good adhesion to polycarbonate substrates. In Table 1 the summary of characteristic
deposition parameters are listed for selected samples. In Fig. 1 the composition and the oxygen and carbon
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to silicon ratio dependences on the HMDSO-to-oxygen flow rate ratio q (q=QHMDSO/(QHMDSO+ QO2))
obtained by means of combined RBS/ERD analysis are illustrated.
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8
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2
0
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-50
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75W
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10
0
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Ub [V]

-150

-100

-50

Ub [V]

Fig. 2 The dependence of the hardness (on the left) and the elastic modulus on the bias voltage (on the
right) for to applied powers 50 and 75 W
The deposition conditions suitable for nanocomposite film preparation were achieved due to a relatively high
HMDSO to oxygen flow rate ratio, which led to the creation of dusty plasma because of the relatively low
applied power [9]. The composite character of the produced film improved its mechanical stability. Examples
of the nanocomposite structure are shown in Fig. 3 and Fig. 4.

Fig. 3 Example of topography image (on the left) obtained using AFM imaging of nanocomposite film, map of
the work of adhesion in mJ/m2 (in the middle) and the stiffness map in N/m (on the right)

Fig. 4 Example of 2x2 µm2 topography image (on the left) of nanocomposite film [RMS (root mean square
roughness) = 0.9 nm, Ra (average roughness) = 0.6 nm], storage modulus map on the same area (in the
middle) and detail of storage stiffness map (on the right) on area of 500x500 nm2
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Fig. 4 shows the modulus mapping results carried out on nanocomposite film. The maps were obtained using
a diamond Berkovich indentor with a scanning rate of 0.2 Hz, oscillation frequency of 200 Hz, contact force of
4 µN, oscillation amplitude of 2 µN, and displacement amplitude around 1 nm.
The local mechanical maps in Fig. 4 show that the storage modulus as well as storage stiffness of the
amorphous matrix is higher than that of the amorphous siloxane particles. The loss modulus and loss stiffness
values for both particles and matrix were negligible. That agrees with the quasistatic nanoindentation results,
where the elastic and viscoelastic response of the coating was dominating. In Fig. 5 the results of
microindentation tests carried out for several indentation depths on coatings deposited on two different
substrates, single crystalline silicon and polycarbonate, are compared. The indentation loads ranged
from 10 to 100 mN.
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Fig. 5 (on the left) Examples of the hardness dependences on the maximum indentation depth for films
deposited on silicon substrates (top) and on polycarbonate substrates (bottom). (on the right) The
dependence of elastic modulus on the maximal indentation depth for coatings on substrates (top) and on
polycarbonate substrates (bottom). The dashed lines are only guides for eyes. The coatings deposition
conditions are given in the Table 1.
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Fig. 6 (on the left) Examples of loading/unloading curves for coatings deposited on polycarbonate samples.
(on the right) Examples of differential hardness (in GPa) dependence for coatings on polycarbonate
samples. The differential hardness was calculated as the derivative of the load function with respect to the
increasing contact area. The deposition conditions of the selected coating are given in Table 1.
The nanocomposite samples were able to withstand indentations with relatively large loads and indentation
depths approaching half of the film thickness without significant plastic deformation. Moreover, the film showed
high extent of anelastic (viscoelastic) recovery. This is illustrated in Fig. 6, which shows the loading/unloading
curves obtained on nanocomposite coatings deposited on polycarbonate. Although the maximum indentation
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depth approaches the film thickness, the irreversible indentation work is very low compared to the elastic
reversible indentation work. Moreover, there was in each case a significant anelastic recovery, thus the
indentation prints faded away after a short time.
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Fig. 7 (on the left) The dependence of the hardness on the indentation depth for coatings on polycarbonate
substrates. (on the right) The dependence of elastic modulus on the indentation depth for coatings on
polycarbonate samples. The deposition conditions of the selected coating are given in Table 1.

Fig. 7 shows the dependences of the measured hardness and elastic modulus on the indentation depth for
coatings deposited on polycarbonates. Because the hardness and elastic modulus of the films are an order of
magnitude higher than that of the substrate, it is difficult to find enough low indentation load to measure the
film material parameters directly. Therefore the apparent (or composite) material parameters were measured
at several indentation depths to study the effect of the substrate on the measured values. From the obtained
dependence of apparent material parameters on the indentation depth it was possible to estimate the film
parameters. Moreover, the tests at larger indentation depths gave information about the crack and
delamination resistance of the prepared coatings. The coatings presented in Fig. 7 were able to withstand the
indentation without cracking or delamination even when the indentation depth approached the film thickness.
4.

CONCLUSION

Thin films with a wide range of mechanical properties were produced from hard inorganic (SiO2 like) to soft
polymer-like (SiOxCyHz films) properties just by varying plasma conditions. The sample set contained hard
(SiO2 like) films with hardness reaching 9 GPa and elastic modulus reaching 70 GPa, as well as soft SiOxCyHz
films with hardness around 0.2 GPa and elastic modulus around 3 GPa. The organosilicon plasma polymer
films prepared under optimum conditions exhibit several desirable properties: good adherence to polymer
substrates, a relatively high deposition rate, good transparency to visible radiation, good thermomechanical
stability, high elasticity and excellent fracture toughness. Some of the films were grown under dusty plasma
conditions. These films showed nanocomposite character, which improved the film's mechanical stability;
however, the particles embedded in the amorphous SiOxCyHz matrix also increased the film’s roughness. On
the other hand, high roughness and low surface free energy improved the hydrophobic character of the film’s
surface. The nanocomposite films exhibited high elasticity, they were able to withstand indentation tests with
depths approaching the film thickness with negligible plastic deformation on both single silicon and
polycarbonate substrates, without cracking or delamination.
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Abstract
We present effective and simplified methodology to simulate and investigate mechanical properties of vertically
aligned multiwall carbon nanotubes (MWCNTs). Unlike conventional solutions, we considered nanotube as a
beam with a fixed end and a free end, allowing us to employ the mechanics of beam used as cantilever.
Considering the atomic force microscopy (AFM) force-distance measurement as possibility to experimental
determination of CNTs mechanical properties, we simulated the interaction of carbon nanotube structure with
AFM cantilever at the applied force. We investigated the effect of inner and outer radius, different values of
Young’s modulus, and various lengths of MWCNTs. The presented methodology is a significantly quick
simulation approach providing validated information about MWCNTs mechanical behavior.
Keywords: Multiwall carbon nanotubes, mechanical properties, Young’s modulus, beam, AFM
1.

INTRODUCTION

The physical properties of carbon nanotubes (CNTs) have been predicted to be outstanding and to have high
potential for wide spread application since their discovery [1]. Mechanical properties of CNTs are exceptional
and crucial, for instance, in the field of flexible electronics (electronic paper, wearable displays, smart gloves
and so on) [2-5]. It was estimated earlier by Yu et al. that CNTs have extremely high Young’s modulus in the
range of hundreds of GPa or even higher [6,7]. However, experimental verification of predicted value still
remains unsolved. The experimental evaluation of these properties has become to be a challenging task due
to circumstances such as small CNTs diameter, and difficulties with CNTs manipulation. Nevertheless
numerous different methods (especially using atomic force microscopy (AFM) often combined with
nanoindentation) have been reported [2-7]. The atomic force microscope (AFM) has been used later and the
stiffness was derived from tip-tube interaction force curve [8]. Furthermore the scientists have combined AFM
technique with an independent determination of CNT structure obtained by using thin carbon grid membranes.
In the development of these measurement methodologies the simulation is necessary tool. There has been
published many approaches to do so, often considering the different point of views.
The presented approach is significantly quick, simply, simulation providing validated information about CNTs
mechanical behavior. The study of CNTs behavior is done for different CNTs geometries and different CNTs
tensile modulus (Young’s modulus). This solution could help in development of more effective experimental
measurement of CNTs mechanical properties.
2.

SIMULATION METHODOLOGY

The mechanical properties simulation is based on the fact that the CNT structure is considered as beam with
one fixed end and one end free. The methodology of the simulation is described below. The bending can be
simulated using the following differential equations (1, 2):
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X
XEND, YEND
FX
F

FY

Y

Fig. 1 Schematic representation of interaction of AFM cantilever and CNT structure. Horizontal bent structure
represents the CNT while the bar represents the cantilever

EI

d2y
dx 2

=M ,

(1)

d 2M
= Fx δ ( y − Yend ) + F y δ (x − X end ) ,
dx 2

(2)

with boundary conditions (3) of:
x =0 =

y

dy
dx

0

=0
x =0

M

x = X end

=0,

(3)

where E, I and M are Young’s modulus, moment of inertia of the nanotube under scrutiny and moment of
bending. For a hollow cylindrical beam with outer and inner radius R1 and R2, respectively, the moment of
inertia I can be calculated by the following equation (4):

(

)

1
I = ∫∫ y 2 dxdy = π R14 − R 24 ,
4
S

(4)

In order to solve the differential equations (1, 2), the coordinates

( X end , Yend ) of the free end have to be known

first. Since this condition is not fulfilled, another constraint that the length of the nanotube keeps unchanged is
applied this equation (5) where L is length of CNT structure.
X end

∫
0

2

 dx 
1 +   dx = L
 dy 

(5)

The differential equations are then solved by the iteration method. Following the roadmap given below, the
coordinates of the free end are obtained at an applied force F.
1)
For a given Xend, the Yend value is estimated and the differential equation is then solved using AdamsMoulton’s method.
2)
Output Yend and input Yend are compared. If the relative error is greater than predefined value, new
Yend through bisection method is estimated and step 1 is repeated. Once the relative error is within the
predefined range, step 3 is applied.
3)
Based on the Xend and Yend, the length of the bent CNT by Gauss quadrature rule is calculated. If the
relative error is greater than a predefined value, another Xend is estimated and step 1 is repeated.
Otherwise, Xend and Yend are recorded.
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( X end , Yend ) at the given force, the applied force is increased by a predefined step-value; a pair

of new free coordinates is calculated using the same method.
In AFM, the curve obtained is force against sample displacement, which is equal to (6):

Z = ( L − X end ) + Yend sin θ + kF

,

(6)

where k is the spring constant of the cantilever. Analytically, the hollow tube deflection D can be described by
the mathematical formula:
D=

3.

FL3
.
3EI

(7)

RESULTS AND DISCUSSION

The method was verified by running a number of simulations with one quantity as parameter. We have also
used this method to empirically created relationship between the CNT cantilever interaction and CNT
mechanical parameters to help us later with derive those parameters.
3.1.

The interaction between cantilever and CNTs

As we explained above, the simulation is done to be used in future to help the actual measurement and
determination of CNTs mechanical properties. The Fig. 2 shows the interaction between a cantilever and CNTs
as it would be result in case of performing the force spectrum measurement. The parameter of CNTs is length
of 30 µm length and diameter of 30 µm and 300 nm, respectively. The Young’s modulus of CNT was assumed
to be 500 GPa.

Fig. 2 The simulation of force distance curve formed by interaction between CNT and AFM cantilever. The
CNT structure with parameters: length and diameter of 30 µm and 300 nm, respectively. The Young’s
modulus of CNT was assumed to be 500 GPa.
3.2.

Various CNTs parameters

First we simulated cases with constant CNT length of 30 µm, inner (100 nm) and outer (200 nm) diameter and
E as parameter (see Fig. 3). Important result from this simulation was finding that the first derivative of the
bending in origin (first contact with the cantilever) is linearly proportional to the amplitude of Young’s modulus.
Constant CNT inner and outer diameters, Young’s modulus and variable length L (see Fig. 4). Here we
observed that the slope during the first contact (initial force) is linearly proportional to 1/L3. Finally we have
simulated constant CNT length and its Young’s modulus with variable outer and inner diameter keeping the
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wall thickness constant (see Fig. 5). Here we observed that the force is linearly proportional to the cube of
CNT outer radius. All results are corresponding to the Eq. (6) thus verifying the simulation model was created
correctly.

Fig. 3 The force-distance simulation where the Young’s modulus of CNT is a parameter. The length of CNT
is 30 µm, inner and outer radius is 100 nm and 300 nm respectively. The interaction is assumed to be with
one CNT in contact at once.

Fig. 4 The force-distance simulation where the length of CNT is a parameter. The Young’s modulus of CNT
is set to be of 500 GPa. The interaction is assumed to be with one CNT in contact at once.
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Fig. 5 The force-distance simulation where the outer diameter of CNT is a parameter. The length of CNTs is
50 µm. The Young’s modulus of CNT is set to be of 500 GPa. The interaction is assumed to be with one
CNT in contact at once as it was in all previous cases.
4.

CONCLUSION

In this paper, we proposed the effective simply way to simulate the mechanical properties of vertically aligned
multiwall carbon nanotube. The method is based on consideration of nanotube structure as a cylinder beam
with one end fixed. We simulated the CNTs with different inner and outer radiuses, respectively, different
lengths, and different values of Young’s Modules. The method we proposed could be seriously employed for
experimental determination of the mechanical properties. In case of using this simulation methodology, the
measurement supposes to be simply and effective with significant results.
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Abstract
Montmorillonite was found to be useful matrix for the direct preparation of graphene sheets from conducting
polyaniline in the interlayer space of montmorillonite. Oxidative polymerization of the solution of anilinium
sulfate by ammonium peroxydisulfate in the presence of montmorillonite particles led to the formation of
polyaniline chains both on the surface (revealed by SEM analysis) and in the interlayer space of
montmorillonite (proved by a combination of X-ray diffraction analysis and molecular modeling). SEM analysis
also showed that superfluous polyaniline created an independent cluster between montmorillonite particles.
Such prepared powder material was pressed into tablets using pressure 400 MPa and these tablets were
calcined in dynamic argon atmosphere at temperature 1400°C for 1 hour. X-ray diffraction analysis revealed
that calcination induced phase transformation of montmorillonite into cristobalite and mullite preserving the
layered structure and thus creating good conditions for formation of graphene from polyaniline chains between
the silicate layers.
Keywords: Montmorillonite, polyaniline, nanocomposite, calcination, graphene
1.

INTRODUCTION

Composite materials based on graphene form an interesting group of materials which have great application
significance [1]. In literature, attention is given to composites of graphene/polymers [2,3] or graphene/metal
oxides [4,5] type. Composites of graphene/non-oxide inorganic matrix type are less common, although they
offer a variety of preparation options. One example how to use the structure and composition of the inorganic
matrices for the formation of graphene sheets is the thermal decomposition of SiC [6,7]. The main problem in
the preparation of graphene-containing nanocomposites is not the actual production of the graphene sheets,
but the even distribution of graphene sheets in different matrices. In present work, this problem was solved by
intercalation of polyaniline (PANI) into the interlayer space of phyllosilicate. Montmorillonite (MMT), an easy
expandable layered silicate, has been chosen as the most convenient silicate matrix for the preparation of
PANI/MMT intercalate, i.e. the precursor for the preparation of graphene/silicate nanocomposite. The
PANI/MMT intercalate has been subsequently transformed (via high pressure and high temperature treatment)
to graphene/aluminosilicate nanocomposite containing graphene sheets adherent to aluminosilicate layers.
Hitherto, in the literature has not been published a method for the preparation of graphene/silicate composite
based on phyllosilicates. The main advantage of this technology is the low price of input materials.
2.

MATERIALS AND METHODS

2.1.

Materials and preparation of samples

Na-montmorillonite (MMT) with basal spacing ~ 1.24 nm and structural formula (Al2.85Mg0.71Ti0.02Fe3+0.42) Si8
O20 (OH)4 with layer charge ~ 0.7 el. per unit cell was purchased from Ankerpoort NV, Netherland. Aniline,
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ammonium peroxydisulfate and sulfuric acid were used as received from Lach-Ner, Czech Republic. The
aniline solution in sulfuric acid and ammonium peroxydisulfate were added into aqueous suspension of
montmorillonite (MMT) particles (size fraction ˂ 40 μm) at room temperature. Although the polymerization of
aniline was completed within 40 minutes (blue colour of suspension turned into dark emeraldine
green - conduction form of PANI), the suspension was stirred for 6 hours. The green solid was collected on a
filter by rinsing with distilled water. Resulting powder was dried for 48 hours at 40 °C in a kiln and denoted as
PANI/MMT. Pure PANI was prepared in a similar way. The aniline solution in sulfuric acid was mixed with
ammonium peroxydisulfate, then the reaction mixture was stirred for 1 hour and the green solid was collected
on a filter by rinsing with distilled water. Resulting powder was dried for 48 hours at 40 °C in a kiln and denoted
as PANI. Prepared samples were pressed into square tablets using ZWICK 1494 press at room temperature,
without any lubrication and binder. Applied pressure was 400 MPa. Controlled pressing (i.e controlled speed
of compaction, time, increase and decrease of pressure) was used. Size of each tablet was 28×28 mm and
the thickness was 2.708 mm (PANI) and 2.039 mm (PANI/MMT), respectively. Tablets pressed from PANI and
PANI/MMT powder were calcined in the furnace of the DIL 402 C/7 dilatometer (Netzsch GmbH, Germany)
under the following conditions. The heating and cooling rate was 15 K·min−1 with 1 hour long delay at the
maximum temperature 1400 °C; protective 99.999% Ar atmosphere with the constant flow rate 20 ml·min−1
was used. Non-calcined samples remained denoted as PANI and PANI/MMT and calcined samples were
denoted PANI_1400 and PANI/MMT_1400.
2.2.

Characterization of structure

Morphology of samples was observed by scanning electron microscope PhilipsXL30 (SEM) equipped with
energy dispersive X-ray spectroscope (EDS) and transmission electron microscope Jeol JEM-2010 (TEM).
For SEM analysis, samples were coated with an Au/Pd film and the images were obtained using a secondary
electron detector. For TEM analysis, samples were dispersed in water. LaB6 crystal was used as a source of
electrons. Accelerating voltages applied to obtain the images from SEM and TEM were 25 kV and 160 kV,
respectively. In order to investigate the texture, MMT and PANI/MMT samples were analyzed using
combination of X-ray powder diffraction (XRPD) analysis and molecular modeling. X-ray diffraction analysis
was carried out in reflection mode using Bruker D8 Advance diffractometer equipped with Co tube (Kα =
0.17889 nm) and fast position detector VǺNTEC 1. For the force field calculations using Universal force field
[8] as implemented in Materials Studio modeling environment (MS), the model of MMT crystal structure was
built according to data published by Tsipursky [9] and Méring [10]. The model was built under the periodic
boundary conditions as a 6a × 3b × 1c supercell. Layer charge of the MMT structure arising from the octahedral
substitutions was compensated by Na+ cations and/or PANI chains prepared as dimers of protonated
emeraldine salt with charge +4 el. Various space arrangements of the interlayer content (i.e. PANI chains, Na+
cations, H2O molecules) were prepared and optimized and basal spacings of the models optimized in
MS/Forcite module were calculated in MS/Reflex module. Calculated and experimentally obtained values were
compared in order to find the most probable arrangement of molecules in the interlayer space. Presence of
graphene was confirmed using Raman microscope HORIBA XploRATM equipped with 532 nm excitation laser
source, with 50× objective and using 1200 mm grating.
2.3.

Conductivity measurements

For DC conductivity measurement we constructed special measuring apparatus using DC POWER SUPPLY
HY 3003 D-2, Programmable DC POWER SUPPLY BK PRECISION 9120, pA-meter KEITHLEY 6487.
Precision of DC voltage source was 2 ± 10-3 V. DC conductivity has been measured in two perpendicular
directions, in the tablet plane (σ↔; Fig. 1a) and in orthogonal direction to tablet plane (σ↓; Fig. 1a), because
due to anticipated orientation of flat MMT particles (as a consequence of pressure; Fig. 1b) higher conductivity
in the in-plane direction was expected. Flat Cu electrodes were used for the measurements. The electrodes
were polished before each measurement using a special paste.
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Fig. 1 Schematic illustration: (a) conductivity measurements in two perpendicular directions, (b) ordering of
MMT particles in tablet during the pressure
3.

RESULTS AND DISCUSSION

SEM observation revealed the formation of PANI chains on the surface of MMT particles (compare Figs. 2a
and 2b) and showed clusters of superfluous PANI between MMT particles (Fig. 2b). EDS analysis confirmed
presence of PANI in PANI/MMT sample (40.2 wt.% of carbon and 15.44 wt.% of nitrogen). TEM observation
of PANI/MMT sample (Fig. 2c) showed that MMT particles are fully covered by PANI but the resolution is not
sufficient for direct observation of PANI in the interlayer space of MMT and only weak exfoliation of MMT can
be recognized by the naked eye. Nevertheless, changes in basal spacing of MMT were confirmed by XRPD
analysis (Fig. 3). Elongated grains of pure PANI can be seen in Fig. 4d and knowing their shape helped us to
understand the reason of anisotropy in conductivity observed for tablets pressed from pure PANI (see the
discussion of results listed in Table 1).

Fig. 2 SEM images of (a) pure MMT and (b) PANI/MMT composite. TEM images of (c) PANI/MMT composite
and (d) pure PANI
Comparison of XRPD patterns of MMT and PANI/MMT samples (Fig. 3) showed that intercalation of PANI and
high pressure applied during preparation of tablets resulted in good ordering of MMT particles. The fact that
the PANI/MMT structure is homogeneously intercalated was proven by much narrower profile of basal
reflection while the the strong texture (caused by high degree of preferred orientation of MMT particles parallel
with the surface of tablet; see Fig. 1b) was proven by the 00l/hk-band intensity ratio. XRPD pattern of pressed
PANI/MMT tablet showed the basal spacing d001 = 1.285 nm. Calculated value d001 = 1.281 nm obtained from
the model agreed well with experimental results and revealed parallel arrangement of PANI chains in the MMT
interlayer space (Fig. 4). XRPD pattern of PANI/MMT_1400 showed to the destruction of silicate layers and
revealed high-temperature phases (mullite, cristoballite) developed during calcination at 1400 °C. Moreover,
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graphite was also observed in this sample (Fig. 3). Cristobalite phase exhibited strong texture, i.e.
cristobalite(101) planes were preferentially oriented perpendicular to the direction of pressure as same as
MMT(001) planes before calcination (see Fig. 1b). Type of texture in PANI/MMT_1400 sample was close to
PANI/MMT sample because the MMT(001) planes are transformed into cristoballite(101) planes. Top and side
views on these two planes (Fig. 3) shows their similarity. Therefore, layers of PANI chains adherent to the
silicate sheets were not destroyed and the formation of graphene sheets can occure. Wide and little intense
“reflection” located around ~ 15° 2θ suggested the presence of amorphous carbon.

Fig. 3 XRPD patterns of pure MMT (red), dried PANI/MMT (green), and PANI/MMT_1400 (blue). 1 - MMT, 2
- illite, 3 - α-quartz, 4 - mullite, 5 - cristobalite, 6 - graphite 3R-polytype. Top and side views on (a) MMT(001),
and (b) cristobalite(101) planes are on the right

Fig. 4 Optimized model of PANI/MMT structure having d001 = 1.281 nm and monolayer arrangement of PANI
chains. Water molecules and Na+ cations attracted by OH groups in octahedral sheets of MMT structure are
located close to hexagonal cavities in MMT tetrahedral sheets.

Fig. 5 Raman spectra of (a) PANI_1400, and (b) PANI/MMT_1400 samples
Raman spectra of PANI_1400 and PANI/MMT_1400 samples are shown in Fig. 5. Both spectra showed the
disorder band (defects in the samples; ∼1350 cm−1) and the graphitic band (orderliness of carbon structure;
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∼1600 cm−1). More intensive disorder bands revealed the predominance of defects in carbon structure [11,12].
Characteristic bands of PANI chains were not observed in these calcined samples which is understandable.
Presence of amorphous carbon (in agreement with XRPD analysis) was revealed by the broadness of bands.
The most interesting finding was made in Raman spectrum of the PANI/MMT_1400 - new intensive band with
maxima centered at 2701 cm−1 (see Fig. 5b). This band is generally ascribed to 2D overtone of graphite but
its high intensity is typical for graphene [12-15].
Conductivities measured in two perpendicular directions (see Fig. 1) and anisotropy factor α (i.e. the ratio σ↔
/ σ↓) are listed in Table 1. In case of uncalcined samples, PANI exhibited higher conductivity in both directions
than PANI/MMT but the α value is higher for PANI/MMT suggesting higher anisotropy of this sample due to
the arrengement of MMT particles serving as an insulator in the direction of pressing (Fig. 1). Lower but still
distinct anisotropy in case of PANI can be explained by the shape of PANI grains as formed in pure state
(Fig. 2d). Similarly to MMT particles, these elongated grains also tend to preferential orientation under external
pressure during the preparation of tablets. Table 1 also showed strong influence of calcination on conductivity.
While PANI_1400 became isotropic, a dramatic increase in conductivity was observed in case of
PANI/MMT_1400. The in-plane conductivity σ↔ reached 693.41 S m-1 suggesting the formation of graphene
sheets between the aluminosilicate layers. Decrease in anisotropy (α is low, but not negligible) can be
explained by phase transition of MMT into mullite and cristobalite as proven by XRPD analysis (Fig. 3).
Table 1 Electrical conductivities in two perpendicular directions (σ↓,σ↔) and anisotropy factor (α = σ↔ / σ↓)
for uncalcined and calcined tablets pressed from PANI and PANI/MMT powder samples
calcination
T (°C)

σ↓

σ↔

α

(S·m-1)

(S·m-1)

(-)

PANI

uncalcined

0.102

3.50

34

PANI_1400

1400

1.76

1.81

1

PANI/MMT

uncalcined

0.0007

0.03

43

PANI/MMT_1400

1400

78.67

693.41

9

sample

4.

CONCLUSIONS

New material with high electrical conductivity has been prepared by the intercalation of layered silicate MMT
with PANI, subsequent pressing the powder intercalate into tablets using high pressure 400 MPa and
calcination of these tablets at 1400 °C in an inert dynamic atmosphere. Three different types of carbon were
found by XRPD analysis and Raman spectroscopy in this material: amorphous carbon, graphite and graphene.
We assume that clusters of superflouos PANI chains located between MMT particles were transformed into
amorphous carbon while PANI chains forming layers on the MMT surface turned into graphite, and PANI
chains in the interlayer space of MMT were transformed into graphene. No graphene was found in calcined
tablet prepared from pure PANI. This suggests an important role of the MMT interlayer space where PANI
chains can form the monolayers which are during the calcination transformed into graphene sheets.
Conductivity measurements showed that while calcined PANI tablet loses the conductivity, PANI/MMT tablet
become much more conductive and in the direction parallel to silicate layers the conductivity reached the value
693 S · m-1. This unique method of preparation has one very important advantage which is the low cost of all
materials used. However, further research is necessary and dependence of various calcination conditions,
different clays, and PANI / clay ratios on the resulting conductivity will be studied.
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Abstract
We demonstrate the synthesis of two composites consisting of carbon nanotubes and clay mineral
montmorillonite. Synthetic and natural montmorillonites were examined as a matrix for synthesis of carbon
nanotubes by hot filament chemical vapour deposition. Synthesis of carbon nanotubes on natural forms of
montmorillonite but also on its synthetic form can only be achieved by incorporation of a catalytic phase.
We have observed that there is no significant difference between natural and synthetic forms of montmorillonite
as for the final carbon phase. In both cases the surface of the mineral is covered by a dense network of carbon
nanotubes.
Keywords: Carbon nanotubes, montmorillonite, chemical vapour deposition
1.

INTRODUCTION

Synthesis of carbon nanotubes (CNTs) on minerals provides new fibrous nanomaterials which could be used
as ceramic reinforcement [1-3]. In the presented work we follow up our optimized method of catalytic synthesis
of nanocomposites based on CNTs and minerals [4-7]. We examine synthetic and natural montmorillonite used
as a matrix for in situ synthesis of CNTs in a hot filament chemical vapour deposition reactor (HF CVD). The
aim of the present work is to compare the catalytic efficiency of these two matrices for the growth of CNTs.
2.

EXPERIMENTAL MATERIALS AND TECHNOLOGY

Two different types of montmorillonite (MMT) - natural and synthetic - were used as substrates for CNTs
synthesis. Natural MMT was isolatedfrom bentonite. Bentonite comes from Stará Kremnička, Jelšový potok in
the Kremnica Mountains, Slovakia[8].The size of particles wasbelow 2 µm.The samples taken from natural
MMT were impregnated by iron from an aqueous solution of Fe(NO3)3. Synthetic MMT was prepared by 6 day
lasting hydrothermal synthesis in an autoclave (Lampart, Hungary) with a volume of 1 litre at a temperature of
300 °C and pressure 8.8 MPa. The starting compounds were aluminium nitrate, magnesium nitrite, ferric nitrite
and amorphous silicon dioxide with particles of 5 to 50 nm in size (Aerosil, Evonik Industries, France). The
ratios of SiO2, Al2O3, MgO and Fe2O3 in the prepared product were 4 : 1 : 0.6 : 0.1. Synthetic MMT contained
5 wt% of Fe2O3. Synthetic MMT has a markedly higher content of iron than natural MMT. A sample taken from
synthetic MMT was divided for use in two experiments. The first part was destroyed by milling in a common
laboratory achate dish, while the second part was impregnated by iron in an aqueous solution of Fe(NO3)3.
Suspensions of the minerals were deposited on a siliconsubstrate(1 cm × 1 cm, ON Semiconductor Ltd.,
Czech Republic) by a micropipette and dried first at room temperature and then in a drier at 110 °C. Synthesis
of CNTs was carried out in the HF CVD reactor. The working atmosphere was a mixture of methane and
hydrogen. The precursors are activated by five tungsten filaments heated up to 2200 °C. The pressure and
temperature during deposition were 3000 Pa and approx. 600 °C, respectively, and the synthesis time was 25
minutes. The quality and nature of carbon deposited on the silicate and nanocomposite were examined by
scanning electron microscopy (JEOL, Japan) and Raman spectroscopy (HORIBA Jobin Yvon, France).
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RESULTS

Products of synthesis in the HF CVD reactor are shownin Figs. 1, 2 and 3. Figs. 1 and 2 show nanotubes
grown on natural and synthetic MMT impregnated by ferric ions, mostly by trivalent atoms Fe(III) [5]. The
surfaces of the minerals are covered by non-aligned CNTs with various diameters and shapes. The length of
single CNTs varies in a wide range, the longest CNTs have lengths from 20 to 30 μm and diameter from 5 nm
to approx. 120 nm. SEM observations cannot confirm unambiguously that CNTs do not penetrate the interlayer
spaces of MMT. A significant result of this study is that iron atoms which are part of the structure of
montmorillonite did not show catalytic activity in the synthesis of CNTs on the amorphous substance obtained
by milling of synthetic MMT (see Fig. 3). The degree of mechanical destruction was verified by
X-ray diffraction.
The results imply that synthesis of CNTs on both forms of MMT can only be achieved by artificial incorporation
of a catalytic phase. This result could be expected also for other types of phyllosilicates. MMT has the ability
to multiply its volume by water swelling. The existence of negative charge on the stack of MMT has the
consequence that the colloidal particles of MMT in aquatic sediments behave as anions with ion exchange
properties, thus in an aqueous solution of ferric salts MMT can be enriched with iron ions, hereby providing a
matrix containing the Fe3+ (as well as Fe2+) catalyst for the formation of nanocomposites. Based on our
experimental knowledge we conclude that the catalytic activity of the silicates for synthesis of CNTs is not
related solely to the ion exchange mechanism.

4.

CONCLUSION

The surface of natural and synthetic montmorillonite was covered by a dense network of randomly oriented
CNTs. One could observe various types of CNTs. They exhibit different shapes, diameters and lengths. On
the surface of some CNTs one could also see impurities- probably amorphous carbon. Synthesis of CNTs on
the natural forms of MMT but also on its synthetic form can only be achieved by incorporation of a catalytic
phase. No significant difference has been observed between natural and synthetic forms of montmorillonite
compared as for the final carbon phase.The iron atoms which are part of the structure of montmorillonite did
not show catalytic activity in the synthesis of CNTs, not even after degrading this structure by milling.

Fig. 1 The surface of natural montmorillonite additionally enriched with iron after carbon deposition on the
silicate. Right - detail view, CNTs are incorporated into the mineral layer
and create a 3D network
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Fig. 2 SEM images of synthetic crystalline MMT additionally enriched with iron after synthesis
of CNTs. Right - detail view, randomly oriented CNTs with various shapes and lengths

Fig. 3 SEM images of synthetic MMT destroyed by milling.
The absence of CNTs after its exposure in HF CVD reactor is obvious
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Abstract
Electrically conductive composites with polymeric matrix (CPCs) and carbon based filler are the promising
group of synthetic materials combining excellent mechanical properties of nonconductive matrix and electrical
properties of conductive filler. These materials find application in many fields of interests such as an
electromagnetic interference shielding, electro-optical devices, electrostatic discharge or signal transfer used
in aerospace, marine, and automotive industries. Conductivity of CPCs can be positively or negatively
influenced by many factors, such as change in external conditions, amount of conductive filler, etc. In this work,
the changes of conductivity of CPCs with polypropylene matrix and conductive graphite filler are presented.
Polypropylene/graphite (PP/graphite) composite was prepared via blending granulated PP, maleic anhydride
grafted PP (MAH-g-PP) and natural graphite (either 65, 70 or 75 wt.%). It is obvious that the conductivity
increases with increasing amount of conducting filler. The most conductive sample was thermally treated at
170°C for 1 hour or exposed to UV irradiation for 1 and 24 hours. The macroscopic conductivity disappeared
and the changes in local current on the surface were studied using scanning spreading resistance microscopy
(SSRM). SSRM shows that after the thermal treatment and UV irradiation the conductive areas disappeared
and only residual current on the edge of the graphite particles was detected. Positive as well as the negative
changes of conductivity of composites have a great influence on their further application.
Keywords: Polymer composite, polypropylene, graphite, conductivity, scanning spreading resistance
microscopy
1.

INTRODUCTION

Conducting polymer composites are the promising group of synthetic materials which consist of nonconductive
polymer matrix and conductive filler. These materials combine exceptional properties of both component and
find application in many industrial fields such as an aerospace, automotive or medicine [1-3]. The carbon
materials (i.e. graphite, carbon fibers or nanotubes, and carbon black) are widely used as the conductive fillers.
Carbon fillers exhibit excellent electrical properties like a high conductivity and charge mobility. On the other
side polypropylene (PP) is the thermoplastic polymer offering electrical and chemical resistance at higher
temperatures and excellent mechanical properties. PP can be modified with graphite filler reinforcements to
yield specific properties [4-8]. MAH grafted PP (MAH-g-PP) is suitable for improving interfacial adhesion
between the carbon filler and PP [9].
Scanning spreading resistance microscopy (SSRM) is a useful technique based on atomic force microscopy
(AFM). SSRM is used to study the changes in the surface conductivity of materials in the nanometer scale and
localize the conductive and nonconductive components or areas of the sample surface [10-13]. It operates in
contact mode and the measurements take place at the constant bias voltage applied between the conductive
tip and the conductive measured sample (Fig. 1). The current flowing between the tip and sample surface is
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measured simultaneously when the tip scans the surface. SSRM offers two dimensional imagining of local
current distribution and appropriate images of contact topography. With respect to the nature of sample, the
quality of the resulting images depends mainly on the value of the bias voltage applied between the tip and
the sample, on the choice of the type of conducting layer on the tip, and on the probe with appropriate stiffness
of the cantilever.

Fig. 1 The principle of SSRM measurement
Conductivity is the fundamental property of this material and may be positively or negatively affected by many
factors. The main aim of this work is to describe the influence of the filler amount and the changes of external
conditions on the conductivity of PP/graphite composites and to show the SSRM as a suitable technique for
the characterization of the surface conductivity.
2.

EXPERIMENTAL

2.1.

Materials and preparation of the samples

The commercial grade PP used as the polymer matrix was supplied from Yung Chia Chemical Ind., Co., Ltd.,
Taiwan. The natural graphite powder in the form of flakes was purchased from Graphite Týn s.r.o., Czech
Republic.
The PP/graphite composites were prepared at the Tsinghua University, China. A certain amount of granulated
PP and MAH-g-PP (15 wt.%) was mixtured and transferred into the round bottom flask with the 300 ml of
xylene. The mixture was dissolved by slowly heating to the temperature 130 °C. Then, a definite amount of the
natural graphite (65, 70, 75 wt.%) was added. Three hours later, the mixture was transferred into acetone
where composite started to precipitate. After the precipitation, composite was washed for three times with
acetone and dried at 60 °C. The high speed disintegrator was used for the grinding the coarse-grained mixture
in to the powder. The obtained powder mixture was molded in 10x10x1.5 mm bar with a hot press at a
temperature 180°C and pressure 8 MPa for 5 minutes.
2.2.

Thermal and UV treatment

Samples were either thermally treated at temperature 170 °C for 1 hour (sample denoted as
PP/graphite_170/1) in the laboratory drier Memmert UNE 300 or irradiated by UV light for 1 or 24 hours
(samples denoted as PP/graphite_UV/1 or PP/graphite_UV/24) using the lamp Narva LT 36W/073 Blacklight
blue containing UVB component. After heating the sample PP/graphite_170/1 was free-cooled to the room
temperature.
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Measuring methods

The special measuring apparatus (Fig. 2) was used for the measurement of macroscopic electrical
conductivity. The measuring Cu-electrodes with triangular cross section were 47 mm apart and the conductivity
of the samples has been measured by static applied voltage (1.000 ± 0.001 V) in DC regime. The conductivity
was calculated from the mean value of electrical current passing through the sample. Obtained data were
registered and processed in the original homemade software prepared in LabVIEW.

Fig. 2 Experimental apparatus for measuring the DC conductivity. (1) sample, (2) Cu-electrodes (distance 47
mm); (3) flexible insulator; (4) voltage terminals; (5) weights to ensure a constant load; (6) measuring card;
(7) PC+ software
Local current maps of PP/graphite were obtained using SolverNEXT (NT-MDT) atomic force microscope (AFM)
operated in the mode of SSRM. During SSRM constant bias voltage + 5 was applied between the measured
conductive PP/graphite composite and conductive tip. SSRM was performed in contact mode with the contact
probes with gold-coated tip CSG10/Au (NT-MDT).
The surface morphology was studied using the same SolverNext (NT-MDT) AFM operated in tapping mode
with noncontact probes NSG30 (NT-MDT).
The images of morphology and local current maps were evaluated using Gwyddion software.
3.

RESULTS AND DISCUSSION

3.1.

Measurement of macroscopic and surface conductivity

Electrical conductivity of conducting polymer
composites can be influenced by many factors such
as shape and size of filler particles, amount and
distribution of the filler in the matrix, changes of the
external conditions. The macroscopic electrical
conductivity of PP/graphite composites as a
function of graphite content can be seen in Fig. 3.
It is obvious that increasing amount of graphite filler
caused increasing of conductivity. The maximum
conductivity (149.5 S/m) were observed for the
sample containing 75 wt.% of graphite. Therefore,
only this most conductive sample was thermally
and UV treated. After the thermal and UV treatment
the negligible values of current (< 1·10-5 A) were
measured.

Fig. 3 Electrical conductivity values of PP/graphite
nanocomposites for different content of graphite filler
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The changes in the surface conductivity of PP/graphite composites at the nanometr scale were studied by
SSRM. All results can be seen in Fig. 4. Fig. 4a shows the local current distribution of the original PP/graphite
(75 wt.%), i.e. before the thermal and UV treatment. On this typical local current map the visible continuous
conductive areas with the maximum of current about 50 - 80 nA can be observed.
After the modification (thermal treatment or UV irradiation) these areas disappeared and only the residual
current is detected (Fig. 4c, 4e, 4g). The maximum of measured current (≈ 16 - 19 nA) are determined on the
edge of the graphite particles, but these areas are extremely separated by regions of very low current. It means
that the thermal treatment and UV irradiation caused the changes of the surface resulting to decrease of the
surface conductivity.
The morphology of the surface measured simultaneously in contact mode can be seen on Fig. 4b, 4d, 4f, 4h.

Fig. 4 AFM contact mode images of PP/graphite nanocomposite with 75 wt.% of the graphite. Original
PP/graphite sample - a) local current map, b) morphology; PP/graphite_170/1 sample - c) local current map,
d) morphology; PP/graphite_UV/1 sample - e) local current map, f) morphology; PP/graphite_UV/24 sample g) local current map, h) morphology
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Measurement of morphology

Contact mode is characterized by a strong sample-tip interaction and in the case of PP/graphite composites it
provided images with many visible artefacts (Fig. 4b, 4d, 4f, 4h). Therefore, more suitable AFM tapping mode
was chosen for the imaging of the morphology. The results of tapping mode scanning are presented in Fig. 5.
The flakes of natural graphite can be clearly seen for all samples and comparing with pristine PP/graphite
composite no significant changes in the surface morphology were observed.

Fig. 5 AFM semicontact images show the surface morphology of PP/graphite nanocomposites with 75 wt.%
of the graphite, a) original PP/graphite sample, b) PP/graphite_170/1 sample, c) PP/graphite_UV/1 sample,
d) PP/graphite_UV/24 sample
4.

CONCLUSION

Electrical conductivity of composites consisting of polypropylene (PP) matrix and graphite filler (PP/graphite
composites) in dependence on the amount of the graphite filler and changes of external conditions was studied
in this work. The PP/graphite composites were prepared and macroscopic conductivities of all these samples
were measured and compared. The highest conductivity was observed for the sample containing 75 wt.%
graphite which was subsequently thermally treated at the temperature 170 °C for 1 hour or UV irradiated for
1 and 24 hours. After these modifications the macroscopic conductivity disappeared. The decreasing of
surface conductivity at the nanometer scale was detected using SSRM. Comparison of local current maps
and images of morphology showed that the decrease in conductivity was caused by disappearing of
conductive areas on the surface of modified samples. Present results clearly demonstrate that SSRM is a
highly suitable technique for characterization of the conductivity and localization of the conductive and
nonconductive areas of the solid samples.
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Abstract
This paper examines the mechanical properties of the composite of thermoplastic polymer matrix with carbon
nanotubes. As the basic polymer matrix was used acrylonitrile butadiene styrene (ABS) to which were added
the nanoparticles in a given percentage by weight in the form of nanotubes. Composite was injected into the
Arburg injection molding machine. For evaluation were measured harness, impact and tensile test. These tests
are compared with polymeric materials without added nanofiller. In conclusion is evaluated and compared
influence on the mechanical properties of polymer matrix with carbon nanotubes and without fillers.
Keywords: Carbon nanotubes, nanocomposites, mechanical properties
1.

INTRODUCTION

In the past ten years, extensive research and development have been carried out in the field of polymer
composite production. On an industrial scale, melt processing has become the method of choice to incorporate
color pigments or fillers. Nowadays, a wide variety of melt compounding technology is available which is
applicable to polymer-CNT composite production [1]. Carbon nanotubes have a many properties (mechanical
and physical) that make them attractive for use in a broad spectrum of applications, especially as filler for
nanocomposites. There are two kinds of carbon nanotubes: single-walled carbon nanotubes (SWCNTs) with
one graphene layer and multi-walled carbon nanotubes (MWCNTs) with many graphene layers wrapped onto
themselves, see Fig. 1. They can be produced in various ways such as chemical vapour deposition (CVD)
laser ablation, arc discharge, solar energy and molten salt electrolysis. The nanotubes are often with more or
less impurity (metal catalytic particles, amorphous carbon, etc.) depending on the synthesis method used. The
SWNTs are often in bundles of tens to hundreds of single SWNT. The MWNTs were reported to have lower
mechanical performance than the SWNTs, but can be produced in much larger quantity and at a lower cost.
They are individual in general and longer than the SWNTs. The MWNTs are also more rigid because their
section is much larger compared to that of the SWNTs. Generally, an individual carbon nanotube is in a
macromolecular structure with nanosized
diameter and micrometer length. The diameter
range for the SWNTs is between 0.4 and 5.6
(nm) [2], while that for MWNTs it is from
several (nm) to several hundred (nm). The
length of SWNTs was reported from several
(mm) to several ten (mm), while that of
MWNTs can be much longer up to several mm
or even cm. Their morphology depends very
much on the production method and the
treatment (for example, for dispersion
purpose) before being put into the matrix [1].
Fig. 1 Schematic diagrams of carbon nanotubes: singleIn this work are MWCNT used as a filler in
wall SWCNT (left) and multi-wall MWCNT (right) [3]
acrylonitrile butadiene styrene polymer matrix
and
examined
the
effect
on
the
nanocomposite using tensile test, hardness, flexural and impact test. Morphology is being examined using
electron microscopy (SEM).
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2.

MATERIAL AND EXPERIMENTAL

2.1.

Material

For injection molding was used PLASTICYL ABS 1501 is a conductive masterbatch based on acrylonitrile
butadiene styrene loaded with 15% of Nanocyl’s MWCNTs (NC7000™). The masterbatch was used as the
parent matrix from which mixed polymer blends. There was chosen 1, 2 and 5 weight ratio of carbon
nanotubes. For mixing was used pure ABS with trade name ABS Magnum 3404 from Resinex Company. The
result of surface resistivity of ABS without MWCNTs is 1 x 1013 Ohm⋅cm, melt flow index is 6.6 g/10min
2.2.

Machine and mould

For injection molding was used standard column-mounted injection machine ARBURG 270S 400-100.
Injection moulding technological parameters had to ensure partly samples production and there was necessary
to avoid nanotubes structure degradation, too. It was crucial to set proper plastication and injection moulding
parameters (see Table 1) mainly with regard to thermal and shear loading. Aggregate TA3 was used for
injection mould tempering. Temperature of melt was 260 (°C). Injection rate was 30 (cm3/s) and size of holding
pressure 600 (bar). Holding pressure time for the samples was 10 (s). For production testing samples for
tensile and impact test was used injection mould with central ejector which had exchangeable plates according
to requirements and individual ISO standards. The mould has cooling channels both on the part of die and part
of punch and it was tempered on the temperature 60 (°C) for both sides of injection mould.
Table 1 Injection moulding parameters
Barrel Temperature (°C)

Injection
Speed

Mold
Temperature

Holding
pressure

Zone 5

Zone 4

Zone 3

Zone 2

Zone 1

cm3/s

(°C)

bar

260

255

255

245

230

30

60

600

2.3.

Tensile test, hardness, flexural test, impact test

Measure Multipurpose Hounsfield H10KT tensile machine with the sensor head measuring power up to 10 (kN)
was used to perform measurement of tensile and flexural properties of test samples. The measurement
procedure for tensile properties was in accordance with standard ČSN EN ISO 527-1, 2 and for flexural
properties was in accordance with standard ČSN EN ISO 178. Measurements were taken to the point of test
specimen breakage. The loading speed for tensile test was 50 (mm/min) and for flexural test was (10mm/min).
Shore test was used for evaluation the hardness. The value is subtracted from the scale of hardness after
15 seconds. Measurements were carried on the Shore D hardness test machine. The measurement procedure
was carried out according to standard ČSN EN ISO 868. The tip has a cone shape, type D for harder type of
materials.
Izod method has been chosen to determine the impact properties of test samples. Measurements were carried
on impact test machine CEAST Resil impactor 6967.000. The measurement procedure was in accordance
with standard ČSN EN ISO 180/A. Nominal energy of hammer was 2.75 (J).
3.

RESULT AND DISCUSSION

Composite Plasticyl ABS 1501 in the form of granulates was after drying processed by injection moulding
technology to produce testing samples which were evaluated on surface and volume resistivity. At composite
processing there was presumption that distribution of the carbon nanotubes is homogenous as it is written in
[4- 10]. We can see fracture surface of test specimen after cryogenic freezing and after fracture on Fig. 2.
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.
Fig. 2 The homogeneous dispersion of nanotubes in ABS matrix with 5% wt. ratio MWCNT [4]
With regard to fact melt flow index MVR decrease from 36 cm3/10min for pure material to 1 cm3/10min for 5 %
wt. ratio MWCNT, were pressure parameters during filling phase and pressure phase for commonly adjusted
temperature conditions at injection quite too high: holding pressure was 600 bars. Adjusted technological
parameters for testing samples production were tried out, and were chosen from several testing variants of the
technological parameters and they had to ensure partly samples production and there was necessary to avoid
nanotubes structure degradation mainly with regard to temperature and pressure (shear) loading of composite
melt. Samples for analysis were taken from the batches after stabilizing of injection moulding parameters [4].
Due to the higher viscosity of composite was necessary to increase the melt temperature of 230 °C to 260 °C.
The structures not degrade at this temperature. The production parameters were the same for all polymer
blends.
Measurement of tensile, flexural, hardness, impact and impact test were performed on 10 specimens for 1, 2,
5 % weight ratio of carbon nanotubes and pure ABS. The resulting values of tensile test we can see in Table 2.
The tensile strength of ABS without carbon nanotubes as fillers is 40.12 MPa, with 1 % wt. ratio CNT´s is 45.28
MPa, 2 % wt. ratio CNT´s is 46.24, 5 % wt. ratio CNT´s is 46.25 MPa. The loading speed was 50 mm/min. The
measurement procedure was in accordance with standard ČSN EN ISO 527-1, 2.
Table 2 Tensile strength of pure ABS and ABS with MWCNT
ABS

Pure polymer

1 % wt. of
CNT´s

2 % wt. of
CNT´s

5 % wt. of
CNT´s

Tesile strenght [Mpa]

40.12

45.28

46.24

46.25

We can see increase young modulus on Table 3 and Fig. 3. The increase of flexural modulus we can see on
Table 4 and Fig. 4. Due to the continually decreasing cost of a CNT perhaps be in the future use of these
fillers to improve the mechanical properties.
Table 3 Young’s Modulus of pure ABS and ABS with MWCNT
ABS

Pure polymer

1 % wt. of
CNT´s

2 % wt. of
CNT´s

5 % wt. of
CNT´s

Young’s Modulus [Mpa]

2532.314

2882.695

3377.025

3888.561
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Table 4 Flexural modulus of pure ABS and ABS with MWCNT
ABS

Pure polymer

1 % wt. of
CNT´s

2 % wt. of
CNT´s

5 % wt. of
CNT´s

Flexural modulus
[MPa]

2100

2441.45

2502.47

2742.65

4500

Young´s Modulus [MPa]

4000
3500
3000
ABS
2500
2000
1500
1000
Neat polymer

1 % wt. of
CNT´s

2 % wt. of
CNT´s

5 % wt. of
CNT´s

Fig. 3 Comparison of young´s modulus of pure ABS and ABS with MWCNT

3000

Flexural modulus [MPa]

2500
2000
1500
ABS
1000
500
0
Neat
polymer

1 % wt. of
CNT´s

2 % wt. of
CNT´s

5 % wt. of
CNT´s

Fig. 4 Comparison of flexural modulus of pure ABS and ABS with MWCNT
Hardness test by Shore-D showed an increase from 71.84 [-] for pure material to 74.28 [-] for ABS with 5%
MWCNT, see Table 5. The impact strength showed a decrease from 15.142 for pure ABS to 3.322 for ABS
with 5% MWCNT, see Table 6 and Fig. 5. From results, we see an increase in tensile strength. We also reduce
the ductility, resulting in increased hardness and brittleness of the final composite.
135

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

Table 5 Hardness Shore-D of pure ABS and ABS with MWCNT
ABS

Pure polymer

1 % wt. of
CNT´s

2 % wt. of
CNT´s

5 % wt. of
CNT´s

Hardness [-]
Shore D

71.84

72.97

74.37

74.28

Table 6 Impact test - IZOD method of pure ABS and ABS with MWCNT
ABS

Pure polymer

1 % wt. of
CNT´s

2 % wt. of
CNT´s

5 % wt. of
CNT´s

ain [kJ/m2]

15.142

9.513

7.1

3.322

16
14

ain [kJ/m2]

12
10
ABS
8
6
4
2
0
Pure polymer

1 % wt. of
CNT´s

2 % wt. of
CNT´s

5 % wt. of
CNT´s

Fig. 5 Comparison of impact strength of pure ABS and ABS with MWCNT
4.

CONCLUSION

The evolution of composites with thermoplastic and carbon nanotubes is a constantly progressing process that
will be influenced by expanding number of application possibilities. The results showed increase of tensile
strength, young's modulus and hardness. Elongation of test specimens and Izod impact notched strength has
decreased. Molecular structure of polymer becomes denser. A carbon nanotube has integrated into the chain
of a macromolecule. With increase of content of CNT we can presume increase in not only mechanical, but
also electrical properties. Due to the continually decreasing cost of a CNT perhaps be in the future use of these
fillers to improve the mechanical properties. Influence of change of processing parameter on mechanical
properties will be examined in the near future.
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Abstract
A new type of polystyrene (PS)/carbon nanotube (CNT) network laminate is introduced as an electrically
conductive composite material; with favorable properties as electro-mechanical signal transducer capable to
detect applied mechanical strain. In course of its fabrication a non-woven polystyrene membrane made by
electro spinning was used as filtering mesh for CNT aqueous dispersion. Produced semi-product like filtering
membrane with entrapped carbon nanotubes was stuck using solvent of PS on polystyrene test specimen.
The electrical resistance of final laminate is sensitive to tensile strain when elongation leads to increase of
macroscopic electrical resistance. Test specimens were then tested in the course of monotonic strain growth
and also when loading/unloading cycles were imposed. Changes in resistance were found to be reversible,
reproducible and deformation can by monitored in real time. Finally, sensitivity to strain can be quantified by
means of a gauge factor, GF, which defines sensitivity of strain gauge as a relative resistance change divided
by the applied strain. Measured GF for PS/CNT laminates reaches relatively high values, compared with ones
of commonly used metallic strain gauges, serving for values of around 13 and applied tensile deformation in
range 0.1-0.6 %. These experimental results are really promising serving for real practical application of this
principle in course of polymeric based strain gauges or as an integrated PS/CNT units into polystyrene based
constructions for their so called “health monitoring”.
Keywords: Carbon nanotubes networks, CNT, polystyrene, strain gauge, electro-mechanical transducer
1.

INTRODUCTION

It was found that interconnected carbon nanotube (CNT) structures like carbon nanotube networks, so called
Buckypapers, are capable to detect their deformation by change of macroscopic electrical resistance [1-3]. In
the case of the CNT entangled network, the resistance response to deformation is governed by nanotube
interactions. The decisive role is played by local resistance in nanotube contacts and the straightening and
buckling of nanotubes what change the number of contacts between nanotubes, rather than the change of
intrinsic piezoresistive properties of individual CNT [2]. Polymeric strain sensitive sensors can by manufactured
when such CNT active element are incorporated into a polymer matrix or may optionally serve as a structural
element for health monitoring of polymeric products or structures made of polymeric materials. The published
data show that the electrical response to strain or stress is sufficient and the sensing can be performed in real
time [1-7]. Moreover, the deformation process is reversible although some irreversibility is also measured as
a hysteresis loop in cyclic loading tests, or as a residual resistance which remains after specimen unloading
[1-7].
In this paper we prepared polymer nanocomposite which consists of multi-walled carbon nanotube (MWCNT)
entangled network and polystyrene matrix by innovative procedure when the non-woven polyurethane filtering
membrane and the carbon nanotube filtration cake are integrated by compression moulding. Prepared CNT/PS
composites are strain sensitive by their change of macroscopic electrical resistance. Electro-mechanical
behavior was studied under elongation and elongation/relaxation cycles.
2.

EXPERIMENTAL

Polystyrene (PS) non-woven membrane for filtration of nanotube dispersion was prepared by electrospinning
from a commercial polymer (Krasten 137, Kaucuk-Unipetrol Group). The polymer was dissolved in a mixture
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of methyl isobutyl ketone and dimethylformamide with the volume ratio 3:1 and PS concentration 15 wt. %. PS
nanofiber layer was manufactured using the laboratory apparatus SPIN-LAB (SPUR a.s., Czech Republic)
equipped with a electrospinnig needles electrode and a steel planar collecting electrode. Electrospinning was
carried out under the following conditions: electric voltage 75 kV temperature 20-25°C, relative humidity 25-35
%. To produce final PS non-woven filters, the prepared nanofiber porous layer (thickness of about 1 mm) was
subjected to hot pressing under 0.6 MPa and temperature 80°C.
Purified multi-walled carbon nanotubes (MWCNT) produced by chemical vapor deposition of acetylene were
supplied by Sun Nanotech Co. Ltd., China. According to the supplier, the nanotube diameter is 10-30 nm,
length 1-10 μm, with a purity of ∼90% and (volume) a resistivity of 0.12 Ωcm. Further details on the nanotubes
were obtained by means of the transmission electron microscopy (TEM) analysis presented in our paper [8].
From the corresponding micrographs the diameter of individual nanotubes was determined to be between 10
and 60 nm, their length from tenths of micron up to 3 μm. The maximum aspect ratio of the measured
nanotubes is thus about 300. The multi-wall consists of about 15-35 rolled layers of graphene.
In order to prepare entangled CNT network on the supporting PS filter, a vacuum-filtration method was used.
The nanotubes (0.3 wt.%) were dispersed in water with dissolved sodium dodecyl sulfate (SDS) and
1-pentanol with concentrations 0.1M and 0.14M, respectively, by sonication with UZ Sonopuls HD 2070 kit.
Consequently, an aqueous solution of NaOH was added to adjust the pH at value of 10. The thickness of the
non-woven PS filter was typically 0.5-0.8 mm and the thickness of MWNT entangled network, according of the
amount of dispersion filtered, was from 0.02 to 0.26 mm. Finally, carbon nanotube network/polystyrene
laminate for the tensile extension/resistance tests was prepared from CNT network on the supporting PS filter
and PS dog-bone shaped specimen made according to the standard EN ISO 3167. At the first step, the CNT
network on the supporting PS filter was compression moulded at processing temperature 190 °C (well above
the glass transition temperature (Tg) of used PS). At this process, fibres of PS filter are melted and filter is
transformed into PS thin film with interlocked carbon nanotubes network. At the second step MWNT/PS thin
film composite stripe cut (length 30 mm and width 5 mm) is fixed on PS dog-bone shaped specimen using 20
wt. % solution of PS in butanone. Two electrical contacts were fixed to the stripe by silver colloid electroconductive paste (Dotite D-550, SPI Supplies) and the electrical resistance was measured lengthwise during
7 consecutive tensile loading/unloading cycles. Resistance was measured by the two-point technique using a
multimeter (Sefram 7338).
3.

RESULTS AND DISCUSSION

Fig. 1 Part a) SEM analyses of PS non-woven filtrating membrane prepared by technology of electrospinning
(Vega LMU, produced by Tescan Ltd.). Part b) TEM analyses of used multi-walled carbon nanotubes
(MWCNT) (JEOL JEM 2010)
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The upper surface of the PS non-woven filtrating membrane produced by SEM is presented in Fig. 1a). PS
fibres are straight with smooth surface and submicron sizes with the average diameter of 0.6± 0.3 µm. The
pores between them have an average size of about 0.5 µm and its porosity is about 0.9. TEM micrograph in
Fig. 1b) gives a detail view of used nanotubes which are not very good quality with a large number of defects
in its structure. On the other hand they are relatively cheap.
The pores of PS non-woven filtrating membrane allow partial infiltration of MWCNT into the filter at the
beginning of filtration. It can be documented by SEM analysis of profile view of cut thought PS filter/MWCNT
structure where arrow indicates filtration direction, see Fig. 2a). Then the pores are filled with nanotubes, the
filter cake (pure nanotube entangled network) is formed above the filter surface. SEM analyses of upper
surface of the MWCNT network is presented in Fig. 2b). MWCNT network is a porous (porosity ~ 0.67) and
electrically conductive structure (conductivity ~ 11.9 S/cm) created by entangled nanotubes with electrical
conductive junctions between them. The electrical conductivity of the MWCNT network is predominantly
determined by the contact resistance in junctions of crossing nanotubes, rather than by resistance of MWCNTs
itself. The CNT network on the supporting PS filter was compression moulded when PS non-woven filtrating
membrane was melted forming PS thin film with interlocked carbon nanotubes network, see Fig. 2c).

Fig. 2 Part a) SEM analyses of profile view of cut thought PS filter/MWCNT structure where arrow indicates
filtration direction. Part b) SEM image of the surface of entangled MWCNT network. Part c) SEM analyses
demonstrating the transformation of PS non-woven filtrating membrane into form of PS thin film with
interlocked carbon nanotubes network.
Finally, MWNT/PS thin film composite stripe cut was fixed on PS dog-bone shaped specimen using 20 wt. %
solution of PS in butanone, Fig. 3. This electro-mechanical transducer was exposed to strain in apparatus
applying creep tensile load. Strain/resistance values were counted after 20 s of loading/unloading cycles.

Fig. 3 Dog bone shape of PS specimens with the fixed stripe of PS/MWNT thin film composite
Strain-electric experimental data are presented with the help of the percentage of relative resistance change:

∆R R − R0
=
R0
R0

(1)
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where R0 is the electrical resistance of the measured sample before the first elongation, and R is the resistance
while elongating. And strain:

ε=

L − L0

(2)

L0

where L0 represents initial length of PS specimen.

Fig. 4 Part a) Resistance change vs. strain for MWCNT/PS composite in loading/unloading. Part b) Seven
loading/unloading cycles MWCNT/PS composite

Fig. 5 Dependence of the sensitivity of strain gauge, Gauge factor, GF, on applied strain
Examples of practical measurement are presented in Fig. 5 parts a-b). It represents resistance change on
applied strain for MWCNT/PS composite during loading/unloading in one cycle and during seven consecutive
loading/unloading cycles. The resistance of the MWCNT/PS gauge increase by deformation and decrease
during unloading. The resistance change for maximal elongation 0.55 % was measured to be 8.85 %. Process
is reversible although some irreversibility as a hysteresis loop and residual resistance after unloading can be
observed. Stabilized cyclic regime is reached after the first loading/unloading cycle, see Fig. 5 part b. The
sensitivity of strain gauge can be defined as the relative resistance change divided by the applied strain by
means of a gauge factor (GF):

GF =

∆R / R0

(3)

ε

GF presented as strain dependence in Fig. 5 reaches values around 13 and is independent on applied strain
in range 0.1-0.6 %. This value is relatively high comparing with conventional materials usually used for
construction of strain gauges such as metal foil strain gauges (GF ~ 2-5) or Copper (GF ~ 2.5).
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CONCLUSION

The MWCNT/PS strain sensitive nanocomposite was prepared by the innovative procedure when the nonwoven polystyrene filtering membrane and the carbon nanotube filtration cake were bonded by the
compression molding finally sticking on PS dog-bone shaped test specimen by PS based glue. The SEM
observation indicates the penetration of carbon nanotubes into the nonwoven polystyrene filtering membrane
and their tight bonding after the compression molding. The mechanical testing reveals that straining of the
network leads to change of its macroscopic electrical resistance and MWCNT/PS strain sensitive
nanocomposite is relatively sensitive to strain and changes are reversible. Thus, the testing indicates a good
potentiality of the composite composed of electrically conductive entangled carbon nanotube network
embedded in a polystyrene matrix as elements for strain detection or as an active part of sensing structural
composites.
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Abstract
Carbon nanowalls (CNW) thin films are very promising for various electrochemical and energy storage
applications. Its high surface area, porosity and good electrical conductivity make it an ideal electrode material
for electrochemical sensors, supercapacitors and batteries or for ohmic contacts of GaN transistors. In this
work, hot filament chemical vapour deposition (HFCVD) technique was used to grow CNW on silicon
substrates using various gas flows of methane and hydrogen. Raman spectroscopy and SEM were used to
perform the structural and morphology characterization of the prepared samples. The ID / IG ratio calculated
from Raman spectra and its dependence on the CH4 / H2 ratio is described and discussed. We found that, the
size and disorder of the multi-layer graphene structure of the deposited CNW thin films is strongly affected by
the methane to hydrogen ratio.
Keywords: Carbon Nanowalls, HF CVD, Raman spectroscopy

1.

INTRODUCTION

In the past few years, a great interest of researchers in different carbon nano-materials, such as graphene [1],
diamond [2-7], boron doped diamond [8-12], fullerenes [13] and carbon nanotubes (CNT) [14-16] has arisen.
Due to its nano- to micro- sized crystalline structure, carbon nanomaterials have interesting properties such
as a large surface area and high aspect ratio and are a promising material for many applications [17-19]. The
recent developments led to synthesis of carbon nanowalls (CNW), material with a multi-layered graphene
structure [20]. CNW are intensively studied for use as electrodes for electrochemical sensors and energy
storage [21]. For CNW production, different methods based on chemical vapour deposition (CVD) e.g. hot
filament (HF CVD) [22], micro-wave (MW CVD), direct-current plasma enhanced (DC PECVD), etc. are used
[23, 24]. However, correlation between the deposition conditions and the growth and structure is not sufficiently
described yet. Furthermore, the correlation between obtained structure and application properties are not
available.

2.

EXPERIMENTAL

The depositions of CNW were performed using double bias HFCVD reactor described previously [25] on Si
(100) substrates. The substrates were firstly cleaned in acetone, isopropyl and deionized water ultrasonic bath.
The CNW were deposited for 30 minutes in CH4/H2 gas mixture, where the methane flow was constantly set
up to 15 sccm and the hydrogen flow was varied from 0 to 300 sccm. Depositing pressure was 500 Pa. The
gases were activated by five 0.7 mm thick tungsten filaments heated to about 2300 °C and substrate
temperature was about 760 °C. Distance of the substrates from heated filaments was 10 mm. Characterization
of the as deposited CNW thin films was done using SEM (JEOL 7500f) and μ-Raman spectroscopy (Dilor
system working with He-Ne laser of 632.817 nm wavelength) at room temperature.
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RESULT AND DISCUSSION

The SEM images of CNWs deposited with various methane-to-hydrogen ratios Fig. 1 show homogenous
layers of nanosized curled multi-layer graphene flakes with slightly different sizes. All of the experiments
performed resulted into depositions of such curled, tenths of nanometers sized, more or less disordered and
crystalline carbon nanowalls, instead of Fig. 1d with high hydrogen flow. The thickness of the as grown layers
varied from 1.5 to 6 µm.

Fig. 1 SEM pictures of Carbon Nanowalls grown with different gas flow a) CH4 / H2 = 15 / 0,
b) CH4 / H2 = 15 / 60, c) CH4 / H2 = 15 / 225, d) CH4 / H2 = 15 / 300 sccm

All of the deposited carbon nanostructure Raman spectra (Fig. 2) show bands which can be assigned to
graphitic materials. The G-band at 1 580 cm-1 belongs to in-plane sp2 vibrations of hexagonal carbon lattice,
while the D and D’ bands at 1 330 and 1 620 cm-1 represent disorder induced state of the graphitic planes.
It describes the disorder state in the sp2 hybridized material, created by finite size structure and the different
orientations of the graphitic domains, defects, grain boundaries and edges [26, 27]. The strong D-band peak
and D′-band peak suggest a more nanocrystalline structure and presence of graphene edges [26]. It is
important to notice that the second order resonance is an evidence for a well ordered structure in the materials
and is confirmed by 2D band (at 2 667 cm-1), D+G band (2 920 cm-1), 2D’ band (3 240 cm-1) [28]. The 2D-band
is symmetric, but with a much larger full-width at half-maximum (FWHM) compared to 34 cm-1 for single-layer
graphene. The broader 2D band is in agreement with multi-layer graphene structures without AB stacking of
3D graphite.
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Fig. 2 Raman spectra of CNW deposited with different hydrogen flow (CH4/H2 - 15/H2)
During the deposition process, individual graphene sheets do not continue to grow vertically without defects.
Instead many defects cause the termination and re-nucleation of graphene sheets making the grown graphene
nanowalls to consist of many small graphene domains of tens of nanometers in size. Edges of these
nanometer sized graphene domains break the hexagonal symmetry required for 2D-band Raman scattering.
Therefore, the 2D-band intensity is lower and FWHM much higher than that of single layer graphene sheet.
The disorder of such nanostructured CNW layer is high and the calculated ID / IG ratio is about 2. Fully grown
nanowalls consist of curling graphene due to internal stress induced by defects in the multi layered graphene
walls. Without the guidance of a flat surface like the growth of few-layer graphene on the copper surface, the
growth of standing graphene nanowalls relies on diffusion of carbon species from 3D space. The incoming
carbon species find favorable spots to nucleate new graphene, while defects cause graphene growth to
terminate [29].
The degree of disorder becomes lower with increasing hydrogen flow. We think that, in case of high methane
concentrations, the flow of the activated carbon species from the hot filament region towards the substrate is
too high and the space around growing CNWs is saturated. Therefore, the re-nucleation and termination speed
of graphene crystals is too high, resulting in a growth of nanosized curled CNWs. The dependence of the ID /
IG ratio and there from calculated approximate crystallite size La of the CNW is showed in Fig. 3. Decreasing
the CH4 concentration in the gas mixture led to a growth of larger CNWs and to a lower ID/IG ratio. When the
CH4 concentration was higher, the G and D’ maxima joined together to create a broad peak, which means less
crystalline nature indicating amorphous content. On the other side, when the CH4 / H2 ratio reached 15 / 300
sccm and the relative amount of methane was too low, no CNW were grown indicating a very high etching
speed of the sp2 phase located on the CNW edges. Although this way deposited structures are also sp2
bonded, graphene edges were not allowed to grow due to the continuous etching by atomic hydrogen. Thus
we can assume that only by changing the methane-to-hydrogen ratio it is possible to grow CNW structures
from small sized with higher amorphous phase to several times larger with much lower content of amorphous
phase and better crystal quality. Hence, the degree of porosity of deposited CNW layers can be considered as
easily controllable during the deposition process. This result can be taken as important for the application of
CNW layers in electrochemistry, where for example catalytic metal nanoparticles very often have to be located
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inside the thin film used as an electrode. With such a controllable porosity also the size and amount of
nanoparticles might be influenced more accurately.
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Fig. 3 Influence of hydrogen gas flow to ID / IG ratio and La size
4.

CONCLUSION

Homogenous and well ordered CNW of different size and structure were deposited on Si substrates by HFCVD.
Curled multi-layer graphene nanowalls properties were directly influenced by deposition conditions. The
Raman spectroscopy suggested few- to multi- layer (2 to 10) graphene sheets structure. The calculated
crystallites sizes of about tenth to hundreds of nanometres were in well agreement with the SEM observations.
The level of disorder was significantly influenced by relative methane concentration. When the CH4
concentration was too high, the G and D’ Raman maxima joined together to create a broad peak, which means
less crystalline nature indicating more amorphous content. On the other side, when the CH4 / H2 ratio was too
high and the relative amount of methane was too low, no CNW were grown indicating a very high etching
speed of the sp2 phase located on the CNW edges. Obtained results indicate that only by changing the
methane-to-hydrogen ratio it is possible to grow CNW structures from small sized with higher amorphous
phase to several times larger with much lower content of amorphous phase and better crystal quality.
Furthermore, the porosity of deposited CNW layers can be considered as easily controllable during the
deposition process allowing better modification possibilities for applications in electrochemistry.
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INFLUENCE OF H2O2 TREATMENT ON MORPHOLOGICAL AND PHOTOLUMINESCENCE
PROPERTIES OF HYDROTHERMALLY GROWN ZNO NANORODS
YATSKIV Roman, GRYM Jan
Institute of Photonics and Electronics, Prague, Czech Republic, EU

Abstract
We report photoluminescence properties of hydrothermally grown ZnO nanorods (NRs) before and after
hydrogen peroxide (H2O2) treatment. The H2O2 treatment introduces oxygen related defects and thus
enhances chemisorption processes in ZnO NRs. These effects amplify interactions between the gas species
and adsorbed oxygen and thus can influence sensing properties of ZnO NRs.
Keywords: ZnO nanorods, photoluminescence, H2O2 treatment
1.

INTRODUCTION

Nanostructures such as nanorods and nanotubes show interesting physical properties and are promising for
the next generation of electronic and photonic devices. ZnO nanorods with a large band gap of 3.37 eV at
room temperature, an exciton binding energy of 60 meV, and a large surface-to-volume ratio show great
potential for optoelectronic applications [1]. To grow high quality of ZnO nanorods gas phase methods are
often used [2]. However, these techniques require high temperatures, sophisticated equipment, and a catalyst,
which is a potential source of impurities. Solution-based methods, in contrast, use low growth temperatures
and allow for the large scale production. However, the low temperature growth results in a high density of
native defects, which strongly affect physical and optical properties of ZnO nanorods. Photoluminescence
spectroscopy (PL) is commonly used to evaluate the optical quality of semiconductor materials. A typical PL
spectrum of ZnO nanorods contains excitonic lines in the UV region and a broad band in the visible region.
The red, orange, yellow, and green broad bands are attributed to a variety of native defects such as oxygen
vacancies (VO), zinc vacancies (VZn), oxygen interstitials (Oi), zinc interstitials (Zni), and clusters formed by two
point defects [3]. Nevertheless, a controlled introduction of defects can be useful for specific applications such
as gas sensors or UV photodetectors [4, 5]. In this work we demonstrate that both the excitonic line and the
visible broad band of the ZnO NRs can be easily tuned by applying hydrogen peroxide (H2O2) treatment. The
H2O2 treatment introduces more oxygen-related defects and thus enhances chemisorption processes in ZnO
nanorods.
2.

EXPERIMENTAL RESULTS AND DISCUSSION

Vertical arrays of ZnO nanorods were grown on a seed layer, consisting of electrophoretically deposited ZnO
nanoparticles, by low temperature hydrothermal method. Details of the ZnO nanorod growth and of the seed
layer preparation were described in our previous work [6]. The PL spectra of the ZnO NRs were measured
with a set-up comprising a He-Cd laser (325 nm) as an excitation source, a grating monochromator Jobin Yvon
THR 1000, a closed cycle He optical cryostat, and a GaAs photomultiplier detection system. The PL spectra
were recorded at 4 K and room temperature (RT). Scanning electron microscopy (SEM) and X-ray diffraction
(XRD) were applied to study morphological and structural properties of the ZnO NRs, respectively. The ZnO
NRs grew preferentially along the c-axis with the length of 1.5 µm and diameter of 30-70 nm [4,6]. The as
grown ZnO NRs were treated by dipping in boiling 5%,10%, and 20% H2O2 for less than 30 s. After the
treatment, the samples were immediately rinsed with deionized water and dried with argon. Fig. 1 shows the
morphology of ZnO NRs before and after the H2O2 treatment. The morphology of the ZnO NRs does not change
at low H2O2 concentrations below 5%. Larger concentrations result in the etching of the NRs, and above 10%
the morphology of the NRs is significantly affected.
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Fig. 1 SEM images of the as grown ZnO NRs (a); and after 10% (b), and 20% (c) H2O2 treatment
The room temperature PL spectra from the as grown ZnO NRs consisted of the excitonic emission band with
the maximum at 3.24 eV and of the broad composite band consisting of three sub-bands peaked at 2.2 eV,
2.06 eV, and 1.8 eV. The origin of the yellow emission band (2.2 eV) in the hydrothermally grown samples at
low temperature was attributed to oxygen interstitials or the presence of Li impurities [3], or due to Zn(OH)2
groups attached to the surface of ZnO NRs [7]. To verify the origin of the yellow band we annealed the ZnO
NRs in air (red line in Fig. 2). After annealing the yellow band was strongly suppressed due to the desorption
of hydroxyl groups from the NR surface. At the same time the intensity of the red band luminescence (1.8 eV)
was increased. The increase of the red band emission can be explained by the lattice disorder along the caxis of the ZnO NRs [8]. The emission at 2.06 eV is probably due to the transition from the conduction band
to a specific defect level (oxygen vacancy - zinc interstitial cluster). The peak at 1.68 eV is related to the second
order diffraction of the near band-gap emission.
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Fig. 2 RT PL spectra from the ZnO NRs: (a) as grown, (b) annealed in air at 500°C for 1 hour
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The excitonic luminescence at low temperature was dominated by two peaks; the first peak at 3.36 eV is
attributed to an exiton bound to a shallow donor, and the second peak at 3.24 eV is associated with a shallow
donor-shallow acceptor transition (nitrogen compounds present in the growth solution are most likely the
source of shallow acceptors) [3]. As presented in Fig. 3, after the H2O2 treatment, we observed the intensity
decrease of the excitonic line and the intensity increase of the broad composite band. The ratio between the
intensity of the excitonic line (NBE -near-band edge emission) and the broad composite band (DLE - deep
level emission) is frequently used as an indication of the optical quality of ZnO NRs.

12
4K
(a)
(b)
(c)

PL Intensity (a.u.)

10
8
6
4
2
0

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
Energy (eV)
Fig. 3 4K PL spectra obtained from ZnO NRs: as grown (a); after 10% H2O2 treatment (b); and after 20%
H2O2 treatment (c)
As shown in Fig. 4, after the H2O2 treatment the I(NBE)/I(DLE) ratio significantly decreases. This decrease is
related to the generation of more oxygen related defects in ZnO NRs. In our previous paper we demonstrated
a strong correlation between the concentration of oxygen related defects (related to the morphology variation
of the ZnO NRs) and the sensitivity of the graphite/ZnO NR hydrogen sensor [9]. More oxygen related defects
enhanced the chemisorption processes in ZnO nanorods and therefore yielded improved sensing properties
of the gas sensor. The H2O2 treatment is an alternative way of tuning the gas sensor properties.
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Fig. 4 The INBE/IDLE ratio as a function of the H2O2 concentration
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CONCLUSION

The effect of hydrogen peroxide treatment on the optical properties of ZnO NRs was investigated by PL
spectroscopy. The room-temperature emission spectra of as grown ZnO NRs comprised an excitonic emission
band with the maximum at 3.24 eV and a broad composite band consisting of three sub-bands peaked at 2.2
eV, 2.06 eV, and 1.8 eV. The yellow emission at 2.2 eV was shown to be given by the Zn(OH)2 group attached
to the surface of ZnO NRs. At 4 K the yellow emission is quenched and the spectra in the visible region are
dominated by the orange emission (2.06 eV). The H2O2 treatment resulted in the etching of the ZnO NRs when
the concentration of H2O2 was larger than 5%. The H2O2 treatment increases the concentration of oxygenrelated defects on the NR surface. A strong correlation between the NBE-to-DLE intensity ratio in the 4K PL
spectra and the H2O2 treatment was found. With increasing H2O2 concentration the DLE band dominates at
the expense of the NBE emission. Oxygen-related defects enhance the chemisorption processes on the
surface of semiconductor oxides and are responsible for their high sensitivity towards various gases. The H2O2
treatment thus enables to tune the gas sensing properties.
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Abstract
Mechanical/physical properties are the most important parameters that determine the ease with which silica
powders can be handled, stored, transported and processed. Because of silica powders have wide range of
its application from pharmaceutical industry, printer toners and electronic parts to application in cancer
treatment. Due this fact the silica belongs to highly studied substances across different fields. This is a material
with a huge potential and very unique mechanical/physical properties of SiO2 powders which make them very
attractive. In this paper, friction properties, compressibility factors and flowability of SiO2 microparticles with
nanoparticles addition have been investigated. For this purpose a several mixtures with different amount of
nanosilica were prepared and characterized. Experimental work was performed by the Freeman Technology
FT4 Powder Rheometer, CPS DC24000 Disk Centrifuge and laser particle size analyzer Cilas 1190 in
Laboratory of Bulk Materials in Ostrava. Also a basic characterization such as SEM images, shape analysis
etc. of the raw input material was made. The first results show that additions of nanoparticles influences all
studied parameters. This study make a significant contribute to the valorization “dry-coated fine particles”
theory, which is based on guest-host contacts.
Keywords: Silica, nanoparticles, rheological properties, flowability, compressibility
1.

INTRODUCTION

The application of nanotechnology in processes related to bulk materials has registered significant growth in
recent years [1]. Using a simple admixture to modify the surface of micro-particles with nano-particles is
considered an effective way of improving the fluidity of the mixture (powders) without the need for solvents or
fillers (binders) in the use of many types of equipment, including a conical screen mill (Comil), magnetically
assisted impaction coater, etc. [2, 3, 4]. Also often talked about here is an improvement in the other properties
of standard materials, both mechanical and physical, as well as e.g. thermal [5, 6]. This information could make
it interesting to study whether the admixing of different concentrations of nano-silica might influence the
mechanical/physical properties (flowability, angle of internal friction, wall friction, compressibility) of micro-silica
powder, as shown below. The aim of this paper therefore is to characterize and compare the micro-particles
of a SiO2 sample and the nanoparticles of a SiO2 mixture. Four mixtures were prepared with increasing
proportions of the nanoparticles of SiO2 in the sample, i.e. 0.5, 1.0, 1.5 and 2 %. The samples were tested in
terms of their bulk and friction properties in a powder rotational Rheometer. An analysis of selected measured
data is the content of individual sections.
2.

MATERIALS AND METHODS

Micro- and nano- particles
Micro-silica is a commercially available material. This is an amorphous form of silica. It is used as filling
material, as a filter, performance additive, etc. [7]. To carry out a morphological assessment, SEM photos of
microsilica, nanosilica and mixtures containing 1 % nanosilica were obtained (Fig. 1, A-C).
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Fig. 1 SEM photos, A - Microsilica, B - Nanosilica, C - Surface of microparticle with nanoparticles
Aerosil® is a commercially available product of colloidal silicon dioxide (SiO2), which is produced by the hightemperature hydrolysis of silicon tetrachloride in an oxygen flame gas [8]. Aerosil® consists of highly dispersed,
amorphous silica, the characteristics of which can be changed by the right reaction conditions. These changes
do not affect the amorphous form or content of silica. What is changed, however, is the size of the particles,
specific surface area, hydrophilic nature and density. Aerosil® is designated with the number 200, which
indicates the specific surface area (m2.g-1).
Particle size distribution
The particle size analyzer CPS Disc Centrifuge DC24000 was used to measure particle sizes in the range of
0.01 micron to 40 microns. The system is most effective with particles between 0.02 and 30 microns. The
analyzer measures particle size distribution using centrifugal sedimentation within an optically clear spinning
disc that is filled with fluid. Sedimentation is stabilized by a density gradient within the fluid, and the accuracy
of the measured sizes is ensured through the use of a size calibration standard known before each test. The
concentration of particles for each size is determined by continuously measuring the turbidity of the fluid near
the outer edge of the rotating disc. Also used for measuring particle size distribution was the particle laser
analyzer CILAS 1190 within the range of 0.4 µm - 2500 µm [9]. Given the properties of SiO2, the wet mode of
measurement was chosen.
Bulk properties
The device used for measuring the bulk properties was the FT4 Powder Rheometer. FT4 is a universal powder
tester, combining patented blade methodology for measuring flow energy with a range of shear cells, wall
friction modules and other accessories for measuring bulk properties [10]. The methodologies allow flow
energy to be measured in relation to many variables and all packing states, the shear properties of consolidated
or unconsolidated powders, bulk properties - bulk density and compressibility. The above properties allow the
powder samples to be comprehensively characterized for the extreme packing and environmental conditions
that occur in everyday processing.
Angle of internal friction
The rotary shear module for measuring friction parameters consists of a vessel containing the sample powder
and a shear head to cause normal and shear stress. The blades of the shear head sink into the mass powder
and the front face of the head starts to apply normal stress to the surface of the powder bed. The shear head
moves downwards until a sufficient and stable pressure is applied between the head and powder bed. Then
the shear head starts to rotate slowly and thus cause shear stress within the bulk mass. The shear plane is
formed just below the end of the blades. Since the powder bed prevents the rotation of the shear head, the
shear stress in the measuring plane increases until slippage occurs. Then, the maximum value of transferred
shear stress is recorded.
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Compressibility
Compressibility is measured as the change in volume or density, respectively, depending on a normal load.
The data obtained are quantified by expressing the percentage of compressibility for a normal load of 15 kPa
applied by the module, which is part of the FT4 Powder Rheometer.
Wall friction angle
The wall friction angle is the angle at which bulk material begins to slide over the bed. The wall friction
coefficient varies with the size of normal pressure. It strongly depends on the type and surface of the contact
material. The measurement is based on the same principle as measuring the angle of internal friction. Only
the shear head does not have shear blades, but a circular plate representing the contact material.

3.

RESULTS AND DISCUSSION

Laser diffraction particle size distribution of micro-silica was carried out using Cilas 1190 using the wet mode.
The results are given in Table 1. The data consists of the average values from five measurements.
Table 1 Particle size distribution of microsilica
Microsilica

d10, [μm]

d50, [μm]

d90, [μm]

Mean

56.2

117.2

191.2

Min. value

55.1

115.9

189.0

Max. value

58.2

119.0

195.1

The laser analyzer is also equipped with an instrument for particle shape analysis. The results of several
parameters for samples of nanosilica and microsilica are given in Table 2.
Table 2 Shape analysis of nano- and micro- silica
Material

Nanosilica

Microsilica

Sphericity

0.7

0.5

Heywood circularity factor

1.0

1.2

Elongation

0.16

0.25

Convexity shape factor

0.9

0.7

Shape

The Heywood Circularity Factor (HCF) is the ratio between the perimeter of the particle and the perimeter of a
circle with the same area. The closer the shape of the particle is to the ideal circle, the closer HCF equals 1.
Nanosilica consists of extremely small spherical particles (see Table 2), unlike microsilica, where angular
particles can be seen. The parameter of elongation is useful for acicular or needle-like particles. Microsilica
particles have a higher elongation parameter. The convexity shape factor is the ratio between the convex
polygon perimeter and the perimeter and suggests the possibility of wedging particles. A value close to 1
approximates a spherical shape [11].
The resulting values of the particle size distribution of the nanosilica of Aerosil® are shown in Fig. 2.
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Relative Particle Number

100

Diam. Range,
[μm]
0.4981 - 0.3374
0.3374 - 0.2286
0.2286 - 0.1548
0.1548 - 0.1049
0.1049 - 0.0710
0.0710 - 0.0481
0.0481 - 0.0326
0.0326 - 0.0221
0.0221 - 0.0150
0.0150 - 0.0101

50

%
Fraction
0.01
0.06
0.76
6.7
22.11
20.58
0.24
0.0
0.0
49.34

0
0.02

0.05

0.07

0.1

0.3

Particle diameter, [μm]

Fig. 2 Particle size distribution of silica nanoparticles
Aerosil® 200 contains a substantially larger fraction of nanoparticles in the range of 10 - 15 nm (greater
representation in the number of particles observed in the sample) and furthermore a fraction with larger
particles of around 70 nm, which logically corresponds to a volumetric greater representation (lower
representation in the number of particles observed in the sample).
The data obtained from measuring the angle of internal friction, compressibility and wall friction for all of the
prepared mixtures is shown in Fig. 3. The results of several parameters such as cohesion, bulk density,
compressibility at different pressures for all samples of nanosilica and microsilica are given in Table 3.
According to the flow function (ff > 10) all mixtures are in the mode of free-flowing materials, expect for a
mixture with 0.5 % nanoparticles, which falls under easy-flowing mode [12]. The chart shows that with an
increasing amount of nanosilica, the angle of internal friction, compression factor and the wall friction angle
slightly increase. This trend demonstrates also values in Table 3.

Angle of Internal Friction
Microsilica
0.5 % nanoparticles
1.0 % nanoparticles
1.5 % nanoparticles
2.0 % nanoparticles

16
14
12
10

Shear Stress (Kinematic), [kPa]

Shear Stress (Incipient), [kPa]

18

Wall Friction Angle
9

8
6
4
2
0

0

Microsilica
0.5 % nanoparticles
1.0 % nanoparticles
1.5 % nanoparticles
2.0 % nanoparticles

8
7
6
5
4
3
2
1
0

4

8

12

16

20

24

28

0

Applied Normal Stress (Incipient), [kPa]

2

4

6

8

10

12

14

Applied Normal Stress (Kinematic), [kPa]

Fig. 3 Angle of internal friction and wall friction angle for different concentrations of nanosilica
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Table 3 Flowability, compressibility and friction tests results for different mixtures
Microsilica

0.5 %
nanosilica

1.0 %
nanosilica

1.5 %
nanosilica

2.0 %
nanosilica

Cohesion, [kPa]

0.374

0.796

0.535

0.422

0.337

Unconfined Yield Strength, [kPa]

1.34

2.90

1.97

1.60

1.32

Major Principle Stress, [kPa]

27.9

26.8

27.2

26.9

28.0

Flow Function ff, [-]

20.9

9.23

13.8

16.8

21.1

Angle of internal friction, [°]

31.5

32.4

33.0

34.4

36.1

Bulk Density, [g/cm ]

1.91

1.71

1.69

0.973

0.955

Compressibility at 10 kPa [%]

3.22

5.63

6.02

7.46

12.2

Compressibility at 15 kPa [%]

3.62

6.15

6.75

8.43

13.4

Wall Friction Angle, [°]

26.3

28.7

30.9

30.7

31.7

Material

3

The reason may be a high degree of aggregation of nanoparticles. Acting between the nanoparticles of silica
are London-van der Waals forces, which occur as a result of their temporary and fluctuating dipole nature due
to the deformation of electron density [13]. These interactions are inversely proportional to the sixth power of
the particle radius.
It is for this reason that this force becomes important for nanoparticles, whose natural tendency is aggregation.
This is why it is very difficult to isolate primary Aerosil nanoparticles in a dry system. This will probably lead to
only a partial (slight) separation of the primary nanoparticles that adhere to the surface of the microsilica and,
on the contrary, to an increase in the overall roughness of the surface thanks to the discontinuity of the cover
of the entire surface area. This will increase the angle of internal friction and wall friction. A partial separation
of the primary particles of Aerosil® will probably occur due to the negative triboelectric charge on its surface.
Siloxane (Si-CH3) and silanol (Si-OH) groups are created during the production of fumed silica - Aerosil® [14].
These groups tend to generate the aforementioned negative triboelectric charge. This negative charge on the
surface can cause the mutual repulsion of particles of nanosilica. Interactions with micro SiO2 can therefore
also exist. For a more efficient separation of primary nanoparticles (effective guest-host contacts) in dry
systems, it is probably necessary to use external energy (strong mechanical vibrations, noise), which would
help overcome their inter-particle interactions.
4.

CONCLUSION

The results presented in this article show a change in the mechanical and physical properties of the
microparticles of powdered silica due to the incorporation of the nanoparticles of silica Aerosil® 200. In all
samples containing 0.5 - 2 % silica nanoparticles, a slight increase in the angle of internal friction, wall friction
and the compression factor was observed. This fact highlights the very difficult isolation of primary
nanoparticles and their natural tendency to agglomerate into larger clumps in the dry mode due to London-van
der Waals forces. The probable unnoticed adhesion of a minority portion of nanoparticles to the surface of
microsilica can cause surface imperfections (low number of quest-host contacts) and this increases the above
mechanical and physical properties.
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TUNING THE PROPERTIES OF IRON OXALATE PRECURSOR FOR ELONGATED MAGNETIC
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Abstract
Iron (II) oxalate dihydrate was investigated as a possible candidate for the preparation of elongated magnetic
particles. In order to prepare 1-dimensional nanostructures with high aspect ratio, three kinds of synthesis
were employed for the preparation of this precursor. It was shown that microwave solvothermal synthesis
utilizing pressurized reactor provides desired structure without the use of any surfactant in short synthesis
times and uses low cost and relatively low toxic reactants.
Keywords: Magnetic materials, Solvothermal synthesis, Microwave synthesis, Thermal decomposition
1.

INTRODUCTION

Preparation of iron oxide nano- and submicro-structures with prolonged shape gets great attention due to their
unique properties resulting from the shape anisotropy [1,2]. However, most of the methods proposed for
nanostructures synthesis, such as solvothermal and hydrothermal, results in the formation of spherical or
polyhedral shaped particles [3-8]. Among the synthetic routes that support growth in a certain direction,
“precursor syntheses” are interesting from technological point of view since these methods are simple, cost
effective and enable large-scale production [9]. Methods that utilize organometallic precursors that decompose
at relatively low temperature appear to be the most suitable for both, laboratory and practical use [1]. For this
purpose, ferric and ferrous oxalates seem to be proper candidates due to their preferred growth in one
dimension at suitable conditions thus forming rod-like structures [1,10-12]. Conversion of precursor into the
final product is a topotactic reaction thus forming particles preserve the shape given by the precursor [1].
However, tuning the shape of particles and obtaining of particles with high aspect ratio is usually conditioned
by the use of surfactants [1]. We performed a synthesis of iron oxalates by various routes and showed that
particles aspect ratio can be tuned without a use of any surfactant. Iron(II) oxalate was prepared by a
conventional heating, microwave-assisted synthesis at atmospheric pressure utilizing external cooler and also
microwave solvothermal synthesis utilizing pressurized reactor.
2.

EXPERIMENTAL PART

Iron(II) oxalate was prepared by conventional heating, with the assistance of microwaves as a source of energy
at atmospheric pressure and by solvothermal method utilizing microwave pressurized reactor.
2.1.

Materials and Methods

All the chemicals used within experiments were purchased from Penta Ltd. and were used as-received without
further purification. Ammonium iron(II) sulfate (Mohr's Salt) served as a source of Fe2+ ions. 20 mmol of
(NH₄)₂.Fe(SO₄)₂.6H₂O (or alternatively 2 mmol) was dissolved in mixed solvent consisted of ethylene glycol
and deionized water in a ratio 3:1. Similarly, 20 mmol (or 2 mmol) of oxalic acid were dissolved in a mixed
solvent of the same composition. After the complete dissolution, two prepared solutions were mixed together
and the synthesis was performed immediately. The first synthesis was performed by a conventional heating
on a hot plate at 100 °C and the duration of half an hour. The second type of the synthesis utilized microwaves
as a source of energy. The synthesis was performed at 100 °C for 30 minutes and atmospheric pressure. For
this reaction, common domestic microwave oven (Hyundai) was used; however, the top of the oven was
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modified in order to enable the insertion of an external cooler. The last kind of synthesis proceeded also due
to the action of microwaves; however, pressurized reactor was used instead of open-vessel system. Total
volume of reaction mixture (60 mL) was sealed into a PTFE liner of a volume 100 mL and heated at 100 °C
for 30 minutes in CEM MARS 5 microwave reactor. After the synthetic steps, obtained yellow precipitate was
filtered and washed with deionized water several times and obtained precursor was dried before the thermal
decomposition. Synthetized oxalate precursor was sealed into the glass tube in order to provide stoichiometric
amount of oxygen involved in the system. Glass tubes were inserted into the Muffle oven and heated at 400 °C
for 60 minutes. After the cooling down, black powder was collected.
2.2.

Characterization Techniques

Crystalline composition of prepared precursor and magnetic particles were was confirmed by X-ray diffraction
(XRD, PANalytical X׳Pert PRO) with CuKα1 radiation (λ=1.540598 Å). Particle size and morphology were
studied by scanning electron microscopy (SEM, VEGA\\LMU, Tescan).
3.

RESULTS AND DISCUSSION

Crystalline composition of prepared precursor as well as of a final product was studied by X-ray diffraction and
resulting diffraction patterns can be seen in Fig. 1. The crystalline phase of precursor was determined as
ferrous oxalate dihydrate. Material obtained after the decomposition step has all of the diffraction peaks
attributed to magnetite (or maghemite, difficult to distinguish by XRD). For clear arrangement, only one material
was chosen for representation before and after the decomposition step, concretely material prepared by
reaction in pressurized microwave reactor at a reactants dosage of 20 mmol. However, the crystalline
composition of other precursors were confirmed as iron oxalate dihydrate and the final product as magnetite
or maghemite, too.

Fig. 1 XRD patterns of prepared iron(II) oxalate dihydrate
precursor and magnetite obtained by its decomposition
Morphology of iron(II) oxalates prepared by different methods were studied by scanning electron microscopy
and resulting images can be seen in Fig. 2. First of all, the variation of particle size and, especially, of the
aspect ratio can be observed for materials prepared at different conditions. The conventional synthesis without
the use of microwaves led to the formation of irregular shaped particles at lower concentration of Mohr salt
and oxalic acid (Fig. 2a); however, if the concentration was increased by 10 times, rod-like particles started to
form although it is evident that the sample homogeneity is not sufficient (Fig. 2b). Similar results were obtained
also after the application of microwaves at atmospheric pressure at lower concentration of reactants (Fig. 2c),
nevertheless, at higher reactants dosages, rod-like particles with an average size of 5 μm and diameter of
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about 1-2 μm were obtained (Fig. 2d). When pressurized reactor was used instead of the system with reflux
cooler, the needle-like particles were formed (Fig. 2e, f). These particles are quite uniform in shape and size,
their length reaches several tens of micrometers and their diameter is in nano-dimensions. Moreover, lover
concentration of reactant provides particles with clearly higher aspect ratio (Fig. 2e).

Fig. 2 SEM images of prepared iron(II) oxalate dihydrate precursors
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CONCLUSION

Iron (II) oxalate dihydrate serving as a precursor for magnetic particles was prepared by various synthetic
routes. The firs type was conventional method when the reactants were heated on a hot plate at 100 °C for
30 minutes. This type of synthesis led to the formation of quasi rod-like shape particles with irregular size and
organization. Second type of synthesis was performed with the assistance of microwaves; other reaction
conditions were kept unchanged. At the higher dosage of reactants, quite uniform rod-like particles were
formed, however, the diameter of these particles was in submicrometric dimensions instead of nanodimensions. Third type of synthesis was also microwave assisted, however this procedure employed
pressurized reactor instead of the atmospheric-pressure system with a reflex cooler. Obtained oxalates have
needle-like shape with nano-sized diameter and they are uniform in size and shape. Moreover, at low
concentrations, particles with high aspect ratio are formed without the use of any surfactants.
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Abstract
The article describes the influence of an unconventional forming method, such as DRECE, on the resulting
mechanical properties and structure of tested materials. In the laboratories of the Technical university of
Ostrava we have prototype equipment DRECE for production of very fine grained or nanostructured materials
in the form of metal strips. The research is focused on perspective materials, mainly on non - alloyed steels
and on selected types of non - ferrous alloys. Material after application of the DRECE process has diametrically
increased mechanical properties (Ultimate strength, Yield strength, Hardness, etc.). Ultra ‐ fine ‐ grained
(UFG) or nanostructured materials represent a new generation of advanced materials exhibiting unique and
technologically attractive properties due to dimension and relationship outcomes. Possibilities of
nanostructured materials to change many technologies are almost unprecedented.
Keywords: DRECE method, Steel DC01, EN AW 3003, EN CW 508L, Tensile test, Structure
1.

INTRODUCTION

Nanostructured materials are defined as solids having microstructural features in the range of 1 - 100 nm in at
least one dimension [1].
The grain size of polycrystalline materials plays a major role in dictating many critical properties including the
strength and resistance to plastic flow. In general, materials with small grain sizes have several advantages
over their coarse-grained counterparts because they have higher strength and other favorable properties
including a potential for use in superplastic forming operations at elevated temperatures. This significance was
recognized several years ago and led to the concept of nanocrystalline materials which were discussed in
detail in an early review [2, 7, 9].
A possible avenue for microstructure refinement of metals is the use it is appropriate to mention that many of
the modern ideas of severe plastic deformation (SPD - a principle that is of thermomechanical processing
involved in virtually all as old as metalworking itself [3, 7]. It is important to note that the shape of the sample
is retained in SPD processing by the use of special tool geometries which effectively pre- vent free flow of the
material and thereby produce a significant hydrostatic pressure which leads to a high density of lattice
dislocations and consequent grain refinement [2, 11].
2.

THE DRECE PROCESS

Large plastic deformation is an eﬃcient tool for reducing the grain size of metals down to the ultrafine - grain
regime or even to nanosizes in alloys. A large number of severe plastic deformation (SPD) processes have
already been proposed for grain refinement, some of which are continuous processes. One continuous SPD
process is equal - channel angular pressing and Conform (ECAP - Conform), in which a sheet is pressed
through a die with the help of rotating wheels. It is expected that continuous SPD processes will be introduced
into industrial production, thus it is important to study the transformation of material properties in such
processes [4, 5, 8].
Our department presently features of DRECE machinery for forming metal plates with dimensions of 58 × 2 ×
1000 mm. It is also possible to use a smaller thickness of sheets, by adapting the pitch deformation zone using
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distance washer placed under the pressure rollers. We further studied the effect of the passes by DRECE tool
on the final microstructure and mechanical properties of these materials [5, 6, 8, 10, 11].
The entire DRECE equipment is shown in Fig. 1.

Fig. 1 The DRECE equipment
3.

EXPERIMENTAL MATERIALS

We tested effect of the DRECE process (ferrous and non - ferrous materials) on the final properties, see
Chapter 2.
3.1

Steel DC 01

Thin sheet metal made from non - alloyed steel of enhanced quality and cold - rolled according to ČSN EN
10131. The sheet metal is suitable for medium drawing, cold - forming, varnishing, deep - drawing. Rimmed
steel has a tendency to age after cold - rolling. Chemical composition of the steel DC 01 is presented
in Table 1.
Table 1 Chemical composition of the steel DC 01

Element

C

Mn

Al

P

S

% by
mass

0.10

0.43

0.02

0.03

0.03

3.2

Aluminium alloy EN AW 3003

Typical chemical composition of this type of Al alloy is presented in Table 2.
Table 2 Chemical composition of the aluminium alloy EN AW 3003

Element

Si

Fe

Cu

Mn

Zn

Al

% by
mass

0.60

0.70

0.20

1.50

0.10

rest.

3.3

Brass EN CW 508L

Chemical composition of the brass is presented in Table 3.
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Table 3 Chemical composition of the brass EN CW 508L

Element

Sn

Al

Zn

Mn

Si

Fe

Cu

% by
mass

0.43

0.15

34.2

0.45

0.10

0.06

rest.

4.

MECHANICAL PROPERTIES

Mechanical properties were obtained in cooperation with the VÚHŽ Dobrá a.s. research institute. These are
presented mainly for better evaluation of the actual technological tests. Mechanical properties of studied
samples were tested by Vickers hardness method on the HPO 250 testing device and tensile test on the Inova
TSM 50 testing machine was realized.
Summaries the results of the mechanical properties of low carbon steel, aluminium alloy and brass are
presented in Tables 4 - 6.
Table 4 Mechanical properties of the steel DC01
Mechanical properties of the steel DC 01
Rp0,2 [MPa]

Rm [MPa]

A80 [%]

HV10 [-]

Initial state

173

311

50

93

DRECE 2×180°

370

391

22

122

DRECE 4×180°

382

411

16

135

DRECE 6×180°

390

415

15

136

Table 5 Mechanical properties of the aluminium alloy EN AW 3003
Mechanical properties of the aluminium alloy EN AW 3003
Rp0,2 [MPa]

Rm [MPa]

A80 [%]

HV5 [-]

Initial state

115

131

22

41

DRECE 2×180°

135

163

10

52

DRECE 4×180°

152

173

14

60

DRECE 6×180°

152

171

13

61

Table 6 Mechanical properties of the brass EN CW 508L
Mechanical properties of the brass EN CW 508L
Rp0,2 [MPa]

Rm [MPa]

A80 [%]

HV5 [-]

Initial state

238

350

48

93

DRECE 2×180°

305

392

44

127

DRECE 4×180°

375

450

14

150

DRECE 6×180°

361

438

14

160

Average values of hardness from five measurements were calculated. As it can be seen from these tables the
values rapidly increase from the 1st to 4th passes. After the 4th pass the value of hardness stays nearly the
same.
It may be assumed from this dependence, that the biggest increase of mechanical properties caused by
dislocation strengthening in the course of plastic deformation occurs till the 4th pass and subsequent passes
do not contribute substantially to further increase of strengthening.
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METALLOGRAPHIC ANALYSIS

Metallographic analysis was made on light microscope NEOPHOT 2. After usual metallographic preparation
the samples were chemically etched.

a)

b)

c)

d)

Fig. 2 Structure of the steel DC 01, a) initial state, b) after 2nd pass, c) after 4th pass, d) after 6th pass

a)

b)

c)

d)

Fig. 3 Structure of the EN AW 3003 alloy, a) initial state, b) after 2nd pass, c) after 4th pass, d) after 6th pass

a)

b)

c)

d)

Fig. 4 Structure of the brass EN CW 508L, a) initial state, b) after 2nd pass, c) after 4th pass, d) after 6th pass
Figs. 2 - 4 shows microstructures of the tested materials.
Micro-structure of investigated steel in initial state is formed by slightly elongated ferrite grains and by fine
perlite particles. As it is evident from the above photos of micro - structures of the verified low - carbon steel
DC01 small refining of structure occurred during the DRECE process (Fig. 2).
Fig. 3 shows micro - structure of samples of the brass. This microstructure consists of grains in agreement
with the fact that this material was formed before the DRECE processing.
Microstructures of EN AW 3003 alloy samples are shown in Fig. 4. As it can be seen from these micrographs,
refining of grains after each pass was only small. From the reason deformation of materials we can presume
creation of sub - grains which will be studied with application EBSD method.
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CONCLUSION

The obtained results of experimental verification of structure refining by DRECE process have confirmed
suitability of this technology for production of UFG structure in low - carbon steel, which leads to substantial
increase of mechanical properties. Substantial increase of yield strength Rp0,2, ultimate strength Rm and
hardness HV10 (HV5) was achieved, which opens up much broader possibilities of its use for manufacture of
high strength machine components (value of the given steel grade is increased).
The equipment DRECE is at the stage of verification and future works will verify influence of technological
parameters on the increase of efficiency of SPD process for obtaining the UFG (NC) structure in steels and
non - ferrous metals, but for verifying of technology influence on the final formed materials structure must be
tested on an electron microscope (TEM, EBSD methods).
The important thing is maintaining a reasonable degree limit of plasticity (elongation) of the material after
application of the DRECE process. It may be assumed from dependence mechanical properties on number of
passes, that the biggest increase of hardness caused by dislocation strengthening in the course of plastic
deformation occurs till the 4th pass and subsequent passes do not contribute substantially to further increase
of strengthening.
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Abstract
We studied the influence of the diamond deposition on the degradation of Schottky gate electrodes (i.e. Ir or
IrO2) and on the electrical characteristics of AlGaN/GaN high electron mobility transistors (HEMTs). Thermally
stable Schottky gate electrodes are necessary to withstand high temperatures and aggressive conditions
(>95% hydrogen-containing plasma) during diamond chemical vapour deposition (CVD) process. In present
study, the diamond films were selectively deposited on the AlGaN/GaN circular HEMT by focused (ellispoidal
cavity reactor) and linear antenna (surface wave) microwave plasma at different temperatures from 400°C to
1100°C. The preliminary results on electrical measurements on the diamond-coated c-HEMTs showed
degraded electrical properties comparing to c-HEMTs before deposition process, which was attributed to
degradation of the Ir gate electrodes even at temperatures as low as 400°C. On the other hand, metal oxide
gate electrode layer (IrO2) can withstand diamond CVD process even at high temperatures (~900°C) which
make it suitable for fabrication of all-in-diamond c-HEMT devices for high-power applications.
Keywords: GaN HEMT, CVD diamond, iridium oxide, thermal stability, IV characteristics
1.

INTRODUCTION

High temperature (HT) stable electronic devices potentially working in harsh environments have been currently
investigated. They are important not only for safety and aerospace research but also for research in different
industrial sectors. Recently, the fabrication technology of Si based devices is currently well developed, but the
mechanical, chemical, thermal and electronic properties of Si are limited. Only wide bandgap semiconductors
like SiC, group of III-Nitrides (III-N) or diamond are capable to work in extreme conditions. In the case of GaNbased field effect transistors (FETs) of high performance or working at high temperatures, the highly efficient
thermal management has to be solved in order to suppress the self-heating effect of the device [1-2].
The heat dissipation strongly affects the device characteristics. It was shown that in the AlGaN/GaN
heterostructures the thermal impedance is strongly determined by the substrate material. Recently, instead of
sapphire and Si (which are commonly used as the substrates for AlGaN/GaN devices and have thermal
conductivity of 0.34 and 1.3 W/cmK), the use of SiC or single-crystalline diamond (SCD) substrates with
thermal conductivity of 3.50 and 23 W/cmK, respectively, are preferred [3]. Both SiC and SCD substrates in
combination with the AlGaN/GaN heterostructures make these devices favorable for high-power electronic
applications [3]. However, SCD substrates of reasonable dimensions are very limited and still too expensive.
Therefore, the trend is to grow diamond films on GaN without deteriorating its electronic properties. The
diamond films can act as a passivation layer, a functional absorption layer or as a stress engineered layer due
to different thermal expansion coefficients of diamond and GaN [4].
One of the most important factors in enhancing the electrical performance of AlGaN/GaN HEMT is the
formation of Schottky contacts with high Schottky barrier height (SBH), low leakage current, and good thermal
stability at high power performance. In order to increase the SBH and reduce the reverse leakage current,
several kinds of metals with a high work function (Pt, Ni, Pd, and Au) were widely used as gate electrodes.
However, those metal films react with AlGaN forming metal gallides at an elevated temperature (>600°C) [5].
The interfacial reaction of the metal contact with AlGaN often led to the degradation of the Schottky
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characteristics. However, during the diamond deposition, the Schottky contacts must withstand not only high
temperatures (>700°C) but also aggressive conditions (>95% hydrogen plasma). Therefore, various
investigations using rare-earth metals, alloy, and multilayer systems have been carried out.
For example, the Ir-based contacts showed lower contact resistance and the fabricated HEMTs revealed
improved transconductance, breakdown voltage, saturated drain-source currents, and better rf performance.
The edge acuity of the Ir-based contacts also remains excellent for standard anneals at 850°C for 30 s [6].
Preliminary thermal stability tests of the Ir-based contacts at 300°C for 300 h showed no significant change in
the contact resistance or morphology [6].
Moreover, IrO2 has more excellent thermal stability at high temperature, and therefore, it is expected that it
could be used as the gate electrode for an AlGaN/GaN HFET with large SBH and good thermal stability [7].
By comparison of output I-V characteristics of C-HEMTs with the both as deposited Ir and IrO2 gates (after
storage tests carried out at temperature of 450°C for 24 h), IrO2 gate-based c-HEMT exhibited higher saturation
currents which was explained by higher 2DEG concentration in the channel. The thermally IrO2 layers are
highly promising as the based HEMT gate electrodes, while they are able to withstand rapid thermal annealing
(RTA) at temperatures 800÷850°C for 30 s [8]. Thus, such layers seem to be also capable to withstand the
diamond CVD process.
In this article, we studied the influence of the diamond deposition process on the Schottky gate electrodes (i.e.
Ir and IrO2) and electrical characteristics of AlGaN/GaN c-HEMTs for further fabrication of all-in-diamond cHEMT devices working at high-temperatures/high-powers [9].
2.

EXPERIMENTAL PART

The AlGaN/GaN heterostructures for HEMT fabrication were grown by metal-organic chemical vapor-phase
deposition (MOCVD) system on a silicon substrate. The thickness of the AlGaN barrier layer and the GaN
buffer layer was 20 nm and 4 µm, respectively. The aluminum mole fraction of the AlGaN is nominally 0.25.
The defined AlGaN/GaN heterostructure is encapsulated with a very thin (2nm) GaN layer. We have proposed
a circular topology of HEMT (c-HEMT [10]) to rapidly evaluate the impact of used gate layers on the transport
properties of these devices. The circular- or square-gate HEMTs are very attractive as sensing devices mainly
for pressure sensors [11 and high-power devices with suppressed current collapse and gate-lag effect [12]. In
our experiments, circular source/drain ohmic contacts were formed using Nb/Ti/Al/Au metallic system, alloyed
at 850°C for 35 s [13]. Iridium electron beam evaporation and lift-off were carried out subsequently to form 15
nm thick ring gate contacts in the second step [14]. Beside iridium, the IrO2 was also studied as Schottky gate
electrodes. For this purpose, the Iridium ring gate contacts were annealed in O2 ambient using RTA at 700°C
or 800°C for 1÷5 min.
The diamond coating were deposited by focused microwave chemical vapour deposition system (MWCVD)
[15] using selective area nucleation process [16]. In order to suppress the spontaneous nucleation [17],
optimized deposition conditions were used: microwave power 2 kW, process pressure 40 mbar, gas mixture
of 5% CH4 and 1.5% CO2 in H2, deposition temperature 580÷610°C and total time 6 h [18]. In addition, for
experiments on the thermal stability of the metal oxide gate electrode layer (IrO2) the deposition temperature
was varied from 600°C to 1100°C controlled by the MW power and pressure (up to 4 kW and 70 mbar,
respectively). For a comparison, the c-HEMTs with Ir gate contacts were also exposed to linear antenna
MWCVD system [19, 20] at deposition temperature 400°C. The other process parameters were as follows:
microwave power 2x1700 W, pressure 0.1 mbar, gas mixture 2.5% CH4 and 10% CO2 in H2, deposition time
15 h.
The samples were analyzed by optical microscopy, scanning electron microscopy (Tescan MIRA3 FEG-SEM)
and Raman spectroscopy (Renishaw InVia Reflex Raman spectrometer with the excitation wavelength of 442
nm). Moreover, an HP 4145B semiconductor parameter analyzer was employed to measure the Schottky gate
and dc transistors characteristics.
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RESULTS AND DISCUSSION

Fig. 1 shows the output characteristics of AlGaN/GaN c-HEMTs without and with diamond coating (approx.
400 nm in thickness) for Ir gate electrode with lengths varied from 40 up to 160 µm. Diamond films were grown
by selective area deposition [16,18]. Concerning the influence of diamond CVD on the gate electrodes we
observed followings: the c-HEMT transistors were still functional after the diamond deposition for 6 hours at
600°C. However, their output characteristics decreased (e.g. by 10÷15 mA at VDS = 8V). We attribute this to
degradation and/or peeling off the iridium gate electrode from the substrate (see Fig. 1c). We have considered
possible reasons of this effect. Iridium has high melting point (approx. 2450°C), thus high temperature even
up to 1500°C cannot affect its properties. We propose that Ir can degrade at much lower temperatures due to
its film character at low thickness (no more bulk material) and presence of hydrogen plasma. Similar
dependence was observed for nickel thin film. Even though the high melting point of nickel (~1450 °C), the Ni
is melting at significantly lower temperatures (700 °C, plasma annealing) due to thin metal layer [21, 22]. Thin
metal layers can form also droplets due to de-wetting of metal atoms, their surface migration, and clustering.
It is believed that two dominant mechanisms are responsible for the conversion of metal film into clusters when
treated with hydrogen plasma. The first mechanism is that of plasma etching during which the hydrogen plasma
etches the metal film from top to bottom, producing metal particles. The other mechanism is called plasmaenhanced coalescence, where the hydrogen plasma etching only provides the “cracking” of the metal film. It
was found out that the dominant process at hydrogen rich microwave plasma treatment is not the plasma
etching, but the plasma-enhanced coalescence mechanism [22].

Fig. 1 Output characteristics of AlGaN/GaN HEMTs without (a) and with (b) diamond coating (Note: labels
S1-S5 correspond to different gate lengths; i.e. S1: Lg = 160 µm, S2: Lg = 140 µm, S3: Lg = 100 µm, S4: Lg
= 60 µm, S5: Lg = 40 µm). Fig. 1c) shows the top-view optical images of c-HEMTs after diamond deposition
in focused MW plasma at different magnifications (the whole diameter of one circular-HEMT structure is
480 µm)
In our case, more dominant is the thermally induced stress during the heating up to deposition temperature
and cooling down to room temperature which lead to bending of the substrate due to different thermal
expansion coefficient of materials (Si, GaN and diamond) [4,23]. This bending of the substrate with
combination of low adhesion of thin metal layer could result in peeling off the Ir gate electrodes. The effect is
proportional, i.e. higher the deposition temperature will results in higher thermally-induced stress (i.e. bending
of the substrate). Therefore, we also investigated the influence of diamond deposition on the c-HEMTs gate
electrode for low deposition temperatures (~400°C). Diamond films were grown by linear antenna plasma
MWCVD system. Due to unique construction and plasma characteristics [19] this deposition systems allows
diamond growth at temperatures as low as 250°C [24, 25]. However, its disadvantage for covering of
AlGaN/GaN HEMTs by thick diamond layer (>2÷5 µm) lies in the very low growth rates (~5÷50 nm/h, [24]).
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Nevertheless, it was found out that even at low deposition temperature of 400°C the Ir gate contacts revealed
changes - bubble-like clusters were formed on the gate area (see Fig. 2 white/yellow ring). Moreover, these
changes affect also the c-HEMTs electrical properties.

Fig. 2 Optical images of c-HEMTs after diamond deposition in linear antenna MW plasma at different
magnifications (the whole diameter of one circular-HEMT structure is 480 µm)
Due to application of Ir as gate electrodes was not successful, further we focused on the study of IrO2. IrO2
based Schottky gate electrodes were formed by rapid thermal annealing of Ir at 700÷800°C for 2÷5 min. After
diamond deposition at 700°C for 4 hours the IrO2 gate contacts revealed unchanged/undamaged morphology
(Fig. 3a). By increasing of deposition temperature to (>900°C) the electrical properties of gate electrodes are
getting worse probably due to the diffusion of hydrogen atoms into GaN layer. Nevertheless, for 1000°C no
visible degradation or delamination of IrO2 from the substrates was observed. We suppose that the degradation
of c-HEMTs is related to damage the 2DEG by diffusion of hydrogen atoms deep into the semiconductor bulk
during deposition process [26]. Similar effect was observed on Pt/NiO ring gate based Schottky diode hydrogen
sensors [27], where the transient characteristics of the sensors showed a longer response time due to a longer
diffusion path for hydrogen. Additional analysis by SIMS and XPS to confirm our considerations are under
progress.

Fig. 3 Optical images of c-HEMTs with metal oxide Schottky gate electrodes after diamond growth in
focused MW plasma deposited at different temperatures. (Inset figures show detailed view of the transistor.
The whole diameter of one circular-HEMT structure is 480 µm)
4.

CONCLUSION

Diamond films were selectively deposited on AlGaN/GaN circular high electron mobility transistors by focused
(ellipsoidal cavity reactor) and linear antenna (surface wave) microwave plasma at different temperatures
varied from 400°C to 1100°C. Different effect of diamond deposition process on the degradation of the Ir or
IrO2 Schottky gate electrodes and on the electrical characteristics of transistors was found. Compared to cHEMTS without diamond, the diamond-coated c-HEMTs exhibited degradation of Ir electrodes and change of
transistors characteristics due to diamond CVD process. Even low temperature (400°C) was employed, still a
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visible deformation of Ir gate electrodes was observed. In contrast to this, the IrO2 electrodes withstand the
diamond deposition conditions for much higher temperatures (700÷900°C). For 1100°C, electrical properties
degraded while no significant change of IrO2 Schottky gate electrodes was observed. We suppose that the
degradation of c-HEMTs is related to damage the 2DEG by diffusion of hydrogen atoms deep into the
semiconductor bulk during deposition process. Based on our observations we propose that IrO2 are good
candidates for fabrication of thermally stable and high SBH gate contacts. Further outlooks are fabrication of
all-in-diamond c-HEMT devices for high-power applications.
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Abstract
The ternary Cu-Sn-S system, as an important I-IV-VI group semiconductor with small or mid band-gap, have
attracted great attention owing to broad application in photovoltaic devices and H2 evolution under visible light
irradiation. In this contribution, Cu2SnS3 nanostructures were successfully synthesized by microwave-assisted
solvothermal route in a short time, using CuCl2.2H2O, SnCl2.2H2O and thiourea as starting chemicals. The
influence of solvent on structure, morphology and optical properties of the as-prepared samples were
characterized by using X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-vis diffuse
reflectance spectroscopy, and Raman spectroscopy. The morphology of products can be tuned from flowerlike to sphere-like by using diethyleneglycol instead of ethyleneglycol as a solvent, while the cubic crystal
structure remain unchanged.
Keywords: Microwave, solvothermal, synthesis, Cu2SnS3, nanostructure
1.

INTRODUCTION

In recent years, Cu2SnZnS4 (CTZS), a member of qarternary metal chalcogenides group, has received a lot of
attention due to its low band gap energy and high absorption coefficient, which makes it suitable candidate for
application as an absorbing layer in thin film solar cells (TFSC) [1,2]. The renew interest stems from an
increased pressure towards sustainable and safe manufacture of TFSC. In this respect, Cu2SnZnS4 (CTZS)
has emerged as a promising alternative to prevailing Cu(In,Ga)(S,Se)2. Whereas Indium, Galium and Tellur
are rare elements thus limited and expensive, Copper, Tin, Zinc and are naturally abundant, relatively cheap
and environmentally benign elements. CTZS is structurally closely similar to CIGS, maintaining the octet rule
when replacing the trivalent In/Ga with a bivalent Zn and IV- valent S [3,4]. However, the synthesis of CZTS is
challenging task as it shows rather complex structure and requires very controlled growth conditions in order
to suppress the formation of zinc blend (ZnS) and Cu2SnS3 (CTS) secondary phases. CTS is a p-type
semiconductor with a direct band gap in the range 0.95- 1.3 eV depending on crystal structure and level of
impurities, and absorption coefficient greater than 104 cm-1. Various physical, chemical, or physico-chemical
synthesis routes have been applied for preparation of CTS in either thin film form, or other solid forms such as
polycrystalline microparticles and nanocrystals [5-8]. Herein, we present facile and green route for preparation
of CTS adopting microwave-assisted solvothermal synthesis method. By using simply chemicals and solvents,
various polycrystalline architectures were successfully synthesized in 10 minutes.
2.

EXPERIMENTAL PART

2.1.

Materials and Methods

Copper chloride, (CuCl2.2H2O), Tin chloride, (SnCl2.2H2O) were both purchased from Penta (Czech Republic).
Thiourea (CH4N2S) was purchased from Sigma Aldrich All chemicals were used as received without any further
purification. Diethyleneglycol (DEG) and Ethylene (EG) (Penta, Czech Republic) were used as solvents. In a
typical synthesis, 0.2 mmol of CuCl2.2H2O, 0.1 mmol of SnCl2.2H2O, and 0.3 mmol of Thiourea were dissolved
in a 50 mL of either DEG or EG, respectively. Then, prepared solutions were mixed together in a 250 mL
reaction bottle flak, transferred into the microwave oven cavity (microwave open vessel system MWG1K-10
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RADAN, Czech Republic; 1.5 kW, 2.45 GHz; operated in a continuous mode with the temperature monitored
by an industrial contactless thermometer) and exposed to microwave radiation for 10 minutes. After that, the
system was switched off and left cools down naturally. Resulted black precipitate was washed thoroughly with
distilled water, collected by filtration and dried in a vacuum oven at 60 °C overnight.
2.2.

Characterization Techniques

Crystalline phases of prepared powders were characterized by the X-ray diffractometer X´Pert PRO X-ray
(PANalytical, The Netherlands) with a Cu-Kα X-ray source (λ = 1.5418 Å) and the operation voltage and current
maintained at 30 kV and 20 mA, respectively, in the diffraction angle range 20-90° 2θ. The morphology was
investigated by scanning electron microscope Nova NanoSEM (FEI Company) at accelerating voltage 5
kV. Optical properties of prepared materials were characterized by lambda 1050 spectrophotometer (Perkin
Elmer) in reflectance mode, in the range from 0.6 to 4.2 eV. Specularly and diffusely reflected light were
recorded using integrating sphere with the diameter of 150 mm.
3.

RESULTS AND DISCUSSION

Fig. 1 shows powder X-ray diffractograms of samples prepared in DEG and EG. For both samples, diffraction
peaks at angles 2θ = 28.45°, 32,97°, 47.31°, 56.13°, 58.87°, 69.14°, 76.39°, 78.75°, and 88.05°, corresponding
to the (111), (200), (220), (311), (222), (400), (331), (420), (422), and (511) planes can be found. CTS has
been reported to exist in a number of crystal structures including cubic, tetragonal, monoclinic, or triclinic.
In our study, experimental data matched well with standard file pdf-2-entry 01-089-2877 for cubic Cu2SnS3
crystal structure. No peaks characteristic for secondary phases or impurities were observed.

Fig. 1 XRD patterns of prepared Cu2SnS3 in DEG (a) and EG (b) as well as standard data for the pure
phase of cubic structure (pdf-2-entry 01-089-2877)
The morphology of samples as observed by SEM is shown in Fig. 2. It can be clearly seen, that morphology
of powders change significantly with solvent used. Uniform sub-micron spheres (Fig. 2a) were formed when
DEG was used as a solvent. High resolution image (Fig. 2b) reveals, that these spheres are aggregation of
nanocrystals. However, when used DEG as the solvent instead of EG, flower-like morphology was obtained
as shown in Fig. 2c. These flowers composed of entangled sheets with thickness of about 30 nm as can be
seen from high resolution image in Fig. 2d. UV-vis diffuse reflectance spectroscopy was used to reveal the
energy structure and properties of the as prepared Cu2SnS3 samples (Fig. 3). It can be seen that both
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structures have steep absorption edge in the visible range with a bang gap about 1.35 eV. Moreover, flowerlike architecture possesses lower reflectance than its sphere-like counterpart.

Fig. 2 Morphologies of Cu2SnS3 as observed in SEM. Sphere-like morphology (a,b) obtained
using DEG and flower-like morphology (c,d) obtained using EG as the solvent

Fig. 3 UV-vis diffuse reflectance spectra of Cu2SnS3 samples synthesized in DEG and EG
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CONCLUSION

In this work, microwave-assisted solvothermal synthesis route was developed for preparation of Cu2SnS3 cubic
phase structures in a very short time. By simply changing the solvent from EG to DEG, the morphology of
sample changed from flower-like to sphere-like sub-micron polycrystalline aggregates consisting of
nanocrystals with dimension of about 20 nm. This can be attributed to increase of synthesis temperature from
the 170 °C to the 210 °C due to the different boiling temperature of solvents used. Based on the optical
properties measurements, the band gap and absorption coefficient of prepared morphologies are estimated to
be 1.35 eV. Preliminary results suggests, that as prepared nanostructured Cu2SnS3 architectures are potential
candidates for application as absorbing layer in thin films solar cells.
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Abstract
Helicenes attract attention as simple models for screw-shaped biomolecules, such as proteins and nucleic
acids. Recently, they have been recognized as potential building blocks in nanomaterial sciences and the
interest in their chemistry and physico-chemical properties has remarkably increased. Thus, helicenes
represent an attractive objective for further research in various branches of chemistry and nanoscience. For
mechanical and electrical simulation of helicenes we used Atomistix ToolKit licensed by QuantumWise. It is
combining DFT and NEGF for ab initio and semi-empirical calculations of structure and electron transport. We
simulated molecular mechanics and basic electronic properties of [49] helicene structure in standalone and
two electrode configuration. Electron density and electron transmisivities of this structure has been analyzed.
Keywords: Helicene, carbon nanostructure, transmisivity
1.

INTRODUCTION

Helicenes are polycyclic aromatic compounds comprised of ortho-fused benzene rings. The chemistry of
helicenes has attracted persistent attention due to their unique structural, spectral and optical features. Steric
repulsion of the terminal benzene rings forces the molecule to adopt a helical non-planar shape. Thus
helicenes are inherently chiral, while lacking chiral centres. The non-superimposable clockwise and
counterclockwise helices represent an example of helical chirality. Their twisted shape offers applications in
nanoscale molecular machinery as ‘springs’ or ‘pawls’. [1] Further applications of helicenes can be found in
the fields of non-linear optics and circularly polarized luminescence [2]. The unique structure of functionalized
helicenes make them very stable towards acids, bases as well as being stable at high temperature. These
type of molecules are considered as potentially useful in new materials such as discotic liquid crystals [3] or
conjugated polymers [4]. Study of helical compounds is an active field of research in supramolecular chemistry
due to their self-assembly and physicochemical properties [5]. During the last two decades, enormous
advancement has been accomplished in understanding of the helicenes chemistry, which have been
tremendously exploited in a variety of domains. Today, helical core effectively forms a design element in the
development of chiroptical materials [6], photochromic materials [7], sensors [8], molecular level devices [9],
organic electronics [10], NLO materials [11] etc. The most astounding feature is that helicenes (by virtue of
their inherent chirality) are obvious choices for eliciting certain biological activities. In particular, investigation
of the interactions of nucleic acids with small molecules is an active area of research insofar as the drug design
in anticancer therapy is concerned [12, 13]. Moreover helicenes possessing inherent chirality have attracted
attention owing to their extraordinary electronic and optical properties [14]. Directional electron transport
properties of helicenes and potential charge-trapping properties make them ideal molecular components for
nano-scale electronic materials. Recently, the theoretical formalisms that help in understanding, at an atomistic
level, the role of the intermolecular forces in electron transport mechanism and in nonlinear optical response
of π-conjugated organic systems under various packing densities and different external field conditions have
been revisited by several authors [15, 16].
2.

MODEL AND METHOD

We were approaching by the same way as in our previous articles. [17] We used the Atomistix ToolKit
simulation software with Virtual NanoLab user environment from QuantumWise [18, 19, 20]. We selected the
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proper structure, placed the carbon atoms in the original positions and passivated all the free bonds with
hydrogen atoms. In order to reach thermodynamical equilibrium of the system, optimized atom positions are
computed by molecular mechanics technique. We used embedded Brenner`s quick optimizer to optimize
geometry of the chemical bonds so as the maximal component of interatomic forces was less than 10-5 eV/Å
after the optimization. For electrical properties calculation we used semi-empirical Extended Hückel self
consistent field (EH-SCF) method for nanoscale devices [21] in two terminal device mode. The simulated
system is divided in two electrodes (source and drain) and the central region. Due to the used method, we
need to extend the electrodes into the structure. In order to consider the electrodes as a bulk region, there is
also a need to have enough space in the central region for both electrode extensions. In order to shorten
simulation time, we used only [49]helicene structure shown on Fig. 1 (which is not periodic over assumed
distance) while the first three and last three turns are considered as a part of respective (source, drain)
electrodes. We also requested symmetrical structure of central region for invariant analysis. Considering
periodicity of electrodes this makes two turns ([13]helicene) for effective central region (channel). The terminal
two hydrogen atoms on both ends are, for purposes of periodic elongation of electrodes, removed after
molecular mechanics optimization.

Fig. 1 Stick model of [49]helicene used as channel with two periodically extended electrodes. Figure is
depicting result of Brenner's molecular mechanics optimization to maximal energy of interatomic forces
of 10-5 eV/Å

3.

NUMERICAL RESULTS

The set of results for molecular mechanics (Fig. 1) gives us a chiral structure with constant interpitch distance
of 2 Å. This value may be disputed because neutral [n]helicene molecule should have interpitch distance
around 3.75 Å. However, the overall molecular mechanics calculation by these means is giving us a rough
picture about [49]helicene molecule. While in center are forces pressing atoms closer to each other, on edges
there are steric repulsive forces pulling ends of molecule out. The complex interaction leads to twisting and to
fact that single turns do not overlap with each other.
As for the electronic transport properties, we analyzed electron density (Fig. 2) and transmission spectra
(Fig. 3). The electron density analysis shows that electron density is highest around central helix, formed by
energy levels associated with inner carbon atoms, and is decreasing as a function of distance from center of
the structure while shape of isosurfaces follows the shape of helix. The transmission spectra shows high
transmission peak around Fermi energy level if zero bias voltage applied. For small bias voltage applied
(Fig. 3 right) there is decrease of transmisivity around Fermi energy level and peak splits in two which roughly
follow energy levels corresponding to applied bias voltage.
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Fig. 2 Electron density isosurface for value 0.79 [-]
The transmission spectrum is disturbed by fact that for simulated 2 Å interpitch distance is presumably stronger
interaction between particular turns and it creates higher total energy of system. This can be taken as a case
where helicene molecule is forced to be compressed (e. g. by electrostatic forces or mechanical means) in a
sensor. The electron density may change during this process and create measurable changes in channel (e.
g change in current flowing through).

Fig. 3 Transmission spectra. Left: Zero bias. Right: Detail for 0, 0.2 and 0.4 V bias voltage
4.

CONCLUSIONS

Based on our results, van der Waals force between particular turns of helicene need to be taken into account
by more appropriate molecular mechanics method (e. g. DFT-D, dispersion corrected DFT) performed to give
more reliable values of interpitch distance. Even though the simulated structure contains only 299 atoms, the
visible tendency of these larger structures is to have roughly the same stability as smaller helicenes. The
electronic transport properties exhibit possible dirac point near fermi level similar to 2D graphene structures.
This implies possible utilization for inter-layer vias to connect different layers of (e. g.) graphene sheets with
specified electronic transport properties (e. g. spin polarization). Moreover, electron density is periodic by
nature of helicene molecule and therefore it can be used for compilation of oscillators for HF applications. The
fact that electrons are with high probability localized in helical shape at the center of molecule is also interesting
considering that there are benzene aromatic rings delocalizing electrons along the whole molecule. The
combination of de-localized and localized electrons may imply use in quantum computing applications as well.
Although this work is only a brief insight into helicene structure and electrical transport properties it shows that
these molecules are stable and can form greater structures usable in electronics and other branches. This
implies future use of these structures (e. g. as very sensitive sensors of mechanical strain or acceleration).
Most important stays to say that there are already developed methods for these structures to be prepared by
growth from chemical precursors which implies possible study by experimental means.
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Abstract
Nanoscale Zero Valent Iron (nZVI) can be protected from rapid oxidation by various methods including the use
of organic or inorganic molecules. A simple oxide layer allows long-term storage of nZVI on contact with air,
as well as safe delivery and simple manipulation. On the other hand, the protection is so good that simple
dilution in water cannot deactivate the protective layer and the nanoparticles must be activated prior to their
application. The activation process involves preparing concentrated nZVI/water slurry (20% wt.) and leaving it
for 48 hours. In the present research, three types of particles with different oxide shell thicknesses were
compared in order to assess their reactivity with Cr(VI) as a representative contaminant. The results showed
a diminution in the reduction capacity of Cr(VI) with increasing shell thickness. The activation process was
able to create irregularities in the protective oxide shell with a thickness of <3.4 nm and to significantly improve
Cr(VI) reduction.
Keywords: nZVI, nanoiron, reductive processes, remediation
1.

INTRODUCTION

The presented research is performed in the framework of the EU FP7 project entitled NANOREM “Taking
Nanotechnological Remediation Processes from Lab Scale to End User Applications for the Restoration of a
Clean Environment”, which aims to develop new types of iron nanoparticles for the remediation of the
groundwater. The nanoparticles should be air-stable but not require storage in an inert atmosphere or as water
slurry. This greatly simplifies the handling of the material prior to remediation (transport and storability). The
pyrophoric properties of the original nanoparticles are suppressed by stabilizing their surface with an inorganic
shell, which prevents rapid oxidation on contact with air. The characteristics show that such a layer has a
thickness of a single nm and has no influence on the Fe0 content. Laboratory tests show that the reactivity of
the particles and their ability to migrate are negatively affected by the thickness of the oxide shell. Due to a
gradual breakdown of the inorganic oxide shell and the subsequent exposure of the reactive surface to air,
stable nZVI particles demonstrate a delay in the onset of the reactivity and their capacity is lowered as well.
The present work describes a new method for recovering the reactivity of nZVI particles protected by an oxide
layer and to enhance their properties. Three types of nZVI particles with different oxide shell thicknesses were
tested for their reactivity and migration properties before and after the activation process. The nanoparticles
with the thinnest oxide layer and activated in water show the best reactivity and migration.
2.

MATERIALS TESTED

Zero-valent iron nanoparticles with different oxide layer thicknesses, named STAR 400 and STAR 197, were
compared with commercial NANOFER 25P (hereafter referred to as 25P). The STAR particles are air-stable
because their surface is stabilized by an oxide layer; unlike 25P particles, which are pyrophoric because they
have no tailored surface modification leading to rapid oxidation on contact with air (flammable iron).
Suspensions of 25P were prepared from powdered products in distilled water with a ratio of 1: 4 (20% water
slurry) using an LD 05 laboratory dispersing unit (NanoIron s.r.o.) in a nitrogen atmosphere immediately prior
to application. Similarly, the STAR suspensions were prepared as 20% water slurry dispersed with a
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homogenizing and dispersing device (MICCRA D-9 ART Prozess & Labortechnik GmbH & Co. KG) at 11,000
rpm for two minutes. To recover the reactive surface of the iron particles prior to their application, a simple
activation process was investigated. The 20% nZVI slurry was aged for 48 hours at room temperature without
any additional shaking. After 2 days the activated nZVI slurry was dispersed for two minutes as it is done for
the slurry preparation. The storage solution can then be diluted to the final concentration for subsequent
experiments.
3.

LABORATORY TEST METHODOLOGIES

Batch experiments
Batch tests with a model contaminant (hexavalent chromium) were designed to determine the reactivity of the
nZVI samples in activated and unactivated states. The reactivity tests with Cr(VI) (initial concentration of 50
mg/L) were performed in 100 hermetically closed bottles with different amounts of nZVI to obtain a final
concentration of 0.1, 0.25, 0.5, 2.0, 2.5, 4.0 and 8.0 g/L. The solution was left to react for 24 hours with a
bottom-up rotation every 60 s to avoid particle settling. The decrease in the concentration of Cr(VI) and
changes in the pH and ORP were monitored using a spectrophotometer (DR3900) and multimeter (WTW 343i),
respectively. The 24 h reaction time was chosen since the preliminary batch tests showed that Cr(VI) depletion
took place mainly within the first 2 h.
The reactivity tests with chlorinated hydrocarbons (CHCs) were carried out with real polluted water from an
industrial site. The tests were carried out in 250 ml glass reagent bottles with a Teflon septum. To prevent
volatilization, the sample containers were prepared separately for each measured time. In this case the tests
were performed only with STAR 197 (concentration of 2 g/L) with or without activation. The sample was placed
in a vertical revolving shaker and subsequently analyzed at specific times for CHC content by GC/MS (Varian
3800/Saturn 2800), pH and ORP (WTW 343i). The natural rate of volatilization of the sample was evaluated
based on analysis of the control samples without nZVI.
Column experiments
For the column tests, a 2 m long column with an inner diameter of 2.5 cm was used. The column has a vertical
orientation and was washing against the direction of gravity. The column was filled with sand with a grain size
smaller than 1 mm. A funnel was used to fill the column as homogeneously as possible and the sand was
compacted by vibrating. In order to reduce the oxidation processes the column was flushed with nitrogen and
saturated with degassed water. Washing of the column was provided by two peristaltic pumps: a circulation
pump (PCD825, Čerpadla Kouřil) providing the main water flow in the system (the water also passes through
a MAD-02 degasser, REGOM INSTRUMENTS s.r.o.) and a dosing pump (PCD21, Čerpadla Kouřil) for
continuous dosing of the aqueous nZVI suspension from a stirred tank, which was purged with argon to
suppress the oxidation of nZVI. The concentration used for the experiment was 10 g/L. The concentration of
iron in the column was monitored through measurement of magnetic susceptibility, which is significantly higher
for zero-valent iron than for cationic forms. A scanner was specially designed for this measurement. Every 10
minutes the column was scanned and the content of nZVI was evaluated. The pressure was also monitored
on the input of the column.
Nanoparticle characterization by electron microscopy
For electron microscopy characterization, the samples were prepared in a glove box in a nitrogen atmosphere
with air locks (Jacomex 2P) keeping the oxygen concentration below 5 ppm. The samples were suspended by
mixing vigorously in absolute ethanol. For the SEM studies (Gemini ultra plus, Zeiss) the samples were
deposited and led to evaporate over standard pins. For the TEM studies (Philips CM30, operating at 300 kV)
a droplet was placed on a 300 copper mesh grid with a supporting film made of holey carbon (Agar Scientific,
S147-3). Pyrophoric samples were transferred to the microscope in a liquid nitrogen flask to reduce contact
with oxygen. Detailed nZVI surface observation was performed using a HRTEM (TITAN) operating at 300 kV.
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RESULTS

The TEM images of the unactivated (UA) and activated (A) nZVI samples were used to determine the thickness
of the oxide layer (Fig. 1). For UA 25P nanoparticles, a uniform and thin oxide layer around 1.8 nm thick was
observed. The oxide stabilization process produces a uniform layer with significantly a thicker oxide layer of
3.4 nm for UA STAR 197 and 6.5 nm for UA STAR 400, respectively. The activated nanoparticles (A 25P) only
displayed minor changes, except perhaps for the fact that the oxide layer appeared to be slightly more distorted
with some detached oxides accumulated in zones in the outer shell. However, substantial changes in the oxide
shell morphology were found for A STAR 197 nanoparticles. The surface revealed numerous irregularities
caused by the dissolution and loss of large shell zones. In the case of A STAR 400, the nanoparticles still
contained a uniform oxide shell with just a few discontinuities, but with a clear reduction in their thickness.

AFTER ACTIVATION
Reactivity recovered. Inorganic shell seems
heterogeneous and partially detached
BEFORE ACTIVATION
Inorganic shell seems to be
homogeneous.

Fig. 1 TEM images of the three types of nanoparticles before and after activation
The changes in the Fe(0) content during the activation process are insignificant, which is consistent with the
low presence of aging oxides in the TEM observation (Table 1). In other cases, highly concentrated slurries
(200 ZVI g/) with or without a very low stirring speed together with a high pH have shown a very similar
behaviour (Sarathy, 2008; Liu 2006). In contrast, if the slurries had a low concentration, low pH, significant
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stirring speed or a significant presence of oxygen, the loss of Fe(0) was dramatic at similar aging times (Kim
2010; Xie 2012, Liu and Zhang 2014, Liu 2015). These results are very relevant since they indicate that the
nZVI was not sacrificed during the activation process.
Table 1 Zero valent iron content of the tested irons before and after activation
% wt

NF 25P

NF STAR 197

NF STAR 400

UA

87±1

78±1

50±1

A

86±1

77±1

50±1

Batch tests
The concentration trends of Cr(VI) as a function of the nZVI
concentration for the studied nanoparticles are shown in
Fig. 2. As it can be seen, the Cr(VI) removal was linearly
proportional to the amount of nZVI applied. The slope varied
with the type of nZVI and depended on the activation
process. The highest reactivity of 25P nanoparticles revealed
very little differences between the activated and the
unactivated state. On the contrary, the surface stabilized
nanoparticles in the unactivated state, UA STAR 197 and
400, showed very low reactivity compared to NF 25P.
However, once activated, these nanoparticles experienced a
significant improvement in reactivity. In the case of A STAR
197, the removal capacity of Cr(VI) increased nearly five
times more than in the case of UA STAR 197, reaching
values slightly above half the reactivity of the 25P
nanoparticles. For A STAR 400, the increase was also
considerable since the reactivity improvement was more than
three times higher than in the case of UA STAR 400. The
observed differences in reactivity can be explained mainly by
the characteristics of the oxide layer (Fig. 1).
The time required for successful activation was evaluated to
be between 24 and 120 hours. Table 2 shows that activation
for longer than 48 hours has no significant influence on the
reactivity of STAR 197 with Cr(VI), which has been previously
observed for other ZVI samples [2, 4, 5, 7]. This increase was
related to an oxide layer removal mechanism, either by
dissolution [3, 6, 7] or by detachment [2, 5].

Fig. 2 Concentration tests of activated and
unactivated NF 25P, STAR 400 and 197

Table 2 Study of the optimal activation time for STAR 197 nanoparticles
concentration of Cr(VI)[%]

pH

ORP [mV]

blank

100

4.9

221

Activation 0h

95.4

5.6

-13

Activation 24h

44.9

9.5

109

Activation 48h

31.4

10.3

39

Activation 72h

28.3

10.4

-46

Activation 96h

26.5

10.4

79

Activation 120h

21.7

10.5

45
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The oxide shell protects the nZVI during storage and transport, but prior to application the activation process
disintegrates this layer and opens the surface for additional treatment. In general, the reactivity and migration
properties of nZVI can be improved by additional surface modification with e.g. carboxymethyl cellulose (CMC).
This additive was tested on A STAR 197 (Fig. 3) and compared with a sample without additional modification
and with UA STAR 197.
A similar decrease in Cr(VI) concentration after a reaction time of 2 hours was determined for both of the A
STAR particles (with and without CMC). In the case of CMC modification, a slight prolongation of the reaction
time was observed, but after 24 hours the Cr(VI) concentrations were the same for both samples. Therefore,
the influence of CMC on the reaction of STAR 197 nanoparticles with Cr(VI) contamination is negligible.

Fig. 3 Results of the batch test of STAR 197 with and without CMC treatment
Column tests
The migration properties of the activated and unactivated samples of STAR 197 and the sample modified by
CMC were compared. The samples were tested in a long column (2m long, inner diameter 30 mm) with the
Fe0 concentrations measured by magnetic susceptibility. The activation process significantly improved the
migration properties of STAR 197, as shown in Fig. 4, where the Fe0 concentration (determined by frequency
change) is measured through almost the whole of the column. The CMC modification worked as well as the
activated nanoparticles.

Fig. 4 Longitudinal profile of Fe0 in columns after 2 hours of injection for STAR 197 in different states of
preparation, unactivated (UA), activated (A) and modified by CMC (CMC)
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CONCLUSIONS

The results of the performed tests showed that the applied activation process increases the performance of
surface modified nZVI particles mainly from the point of view of reactivity and migration. The process of
activation leads to a breakdown and slimming down of the oxide shell allowing electron transfer without losing
the appreciable quantity of ZVI (Fe0 content). Further surface modification with CMC brought no significant
improvement to the properties of the samples compared to the activation process.
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Abstract
Activated carbon (AC) from gum kondagogu (GK), a natural tree gum, was prepared by a
carbonization/chemical activation process. The nanocomposite fibres contain AC, poly vinyl alcohol (PVA) and
GK, which were fabricated by electrospinning. The system and the process parameters of the electrospinning
were optimised to obtain smooth and uniform AC-GK/PVA composite nanofibres. The composite nanofibres
with a mean diameter of 250±55 nm were obtained after cross-linking with heat treatment. Hydrophobic
composite nanofibres of AC-GK/PVA were created using methane plasma treatment. Various microscopic and
spectroscopic characterization techniques were used to characterize the composite nanofibres. The
adsorption efficiencies of both AC-GK/PVA and GK/PVA composite nanofibres were tested on toxic metal
contaminants (Pb2+, Cd2+, Cu2+, Ni2+, Zn2+, total Cr and As) in an aqueous solution and were assessed
quantitatively using ICP-AES and ICP-MS. The renaissance and reusability of the composite nanofibres for
consecutive operation were evaluated. The large surface area to volume ratio, extremely high stability, multifunctional groups and increased hydrophobic character of the prepared AC-GK/PVA composite nanofibres
were found to be the key factors for the high adsorption/removal of toxic metals contaminant from the aqueous
environment.
Keywords: Activated Carbon; Gum Kondagogu; Electrospun carbon nanofibres; Removal of toxic metals
1.

INTRODUCTION

Activated carbons (ACs) are known to be the most efficient adsorbents applicable to the removal/adsorption
of environmental contaminants such as toxic heavy metals, gases and organic compounds. Due to their
extremely high surface area and small pore size, they express large adsorption capacities, fast adsorption
kinetics and easy regeneration [1-4]. The most commonly used precursors for AC production are organic
materials that are rich in carbon and low in inorganics and ash content [5]. There have been many attempts to
obtain low-cost ACs from agricultural wastes such as wheat, corn straw, stones (e.g. olive, apricot, cherry,
peach), sugarcane bagasse, wood (e.g. birch), husks (e.g. almond, sunflower, coconut, nuts), seeds (e.g.
grape, rapeseed) or residues (e.g. cotton, olive, oat, rice) [2, 6-8]. From previous studies, the quality and
characteristics of activated carbons are not only dependent on the physical and chemical properties of the
starting materials but also on the preparation conditions and activation process [9, 10].
Exudate gums are hydrocolloids with complex molecular structures that are hydrophilic in nature and are
extracted from trees. They have been used in food, pharmaceutical, adhesive and textile industries to stabilize
emulsions and/or enhance thickening [11]. The important tree gums available in the markets are gum Arabic,
gum Karaya, gum Tragacanth (GT) and gum Kondagogu (GK). Extensive research has been carried out on
various aspects of these tree gums including their availability, molecular weight distribution, chemical
structures and food and non-food applications [12, 13].
Heavy metals such as Pb, Cd, Cu, Ni, Zn, Cr and As pose a threat to our environmental due to inappropriate
waste disposal and inadequate human usage. Adsorption and filtration are the commonly used methods for
removal of these contaminants from the aquatic system. In the present article, we report on the preparation
and characterization of AC from natural tree gum (Kondagogu) using a chemical activation method.
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Furthermore, the AC-GK/PVA membrane was fabricated by electrospinning and was explored for the
removal/adsorption of toxic metals from water.

2.

EXPERIMENTAL

2.1.

Materials and methods

GK was supplied by the DK enterprises (Hyderabad, India), poly vinyl alcohol (PVA, Mw 88,000, degree of
deacetylation 88%), HCl, HNO3, H2SO4, NaOH and NH4OH were purchased from Sigma-Aldrich (USA). Deionized water (Milli Q) was used in all of the experiments. Commercial AC was also procured from SigmaAldrich (USA).
The standard stock solutions of Pb, Cd, Cu, Ni, Zn, Cr and As (1.0 g L−1) were prepared by dissolving the
appropriate amounts of their corresponding nitrate or chloride salts in de-ionized water. The pH of the metal
solution was adjusted to a preferred value with 0.1M of HCl and NaOH, respectively. The GK powder was
purified by dissolution, filtration and dialysis as reported earlier [13].
2.2.

Preparation of AC from GK

The AC was prepared by carbonization and chemical activation using GK power. The dried powder (GK) was
carbonized at 400 0C for 1 h in a muffle furnace (Fischer Scientific, USA) in order to produce charcoal. The
charcoal was then subjected to impregnation in a NaOH solution (by a weight ratio of 4:1, NaOH to GK
charcoal) at 90 0C for 24 h. In order to determine the optimum conditions for AC production, the resulting
sample was activated in a muffle furnace at various activation temperatures (400 - 800 0C) and activation times
(30 - 120 min.).
2.3.

Characterization of AC

The morphology of AC was analyzed by SEM (ZEISS, Ultra Plus, Germany), the functional groups by ATRFTIR (NICOLET IZ10, USA), and surface properties by XRD (Philips PW 3020, Holland). The specific surface
area using BET (Brunauer-Emmett-Teller), as well as total pore volume and average pore diameter were
determined by Barrett-Joyner-Halenda (BJH) analysis using nitrogen adsorption and desorption techniques
(Autosorb iQ, Quantachrome, Florida, USA). The samples were placed in an automatic surface area analyzer
(Micrometrics ASAP 2000) which measures the adsorption/desorption of nitrogen gas at 77 K. The BET
surface areas of the samples were calculated using N2 adsorption data at 77 K in the relative pressure range
of 0.05 to 0.25 with the help of the software. In the calculations, the cross-sectional area of the nitrogen
molecule was taken to be 0.162 nm2. The total pore volume of the adsorbed amount of N2 was taken at a
relative pressure greater than 0.98, assuming a liquid molar volume of N2 to be 34.65 cm3/g at 77 K.
The average pore diameter, D is calculated from the equation below
D = (4) X (Pore volume) / BET Area
The adsorption efficiency and removal capacity of the produced AC were determined by measuring the iodine
number and methylene blue number [14, 15] and these results were compared with commercially available
activated carbon.
2.4.

Preparation of electrospinning mixtures of AC, GK and PVA

The GK/PVA blend solution was electrospun as reported earlier [16]. Briefly, an aqueous solution of PVA (10
wt %) was prepared by heating at 90 0C for 5 h. The PVA solution was mixed with the GK solution (1 wt %) so
that the PVA/GK weight ratio in the mixture was 80/20. Then, AC (1 wt %) was added into the mixture and the
final solution was mixed thoroughly for 6 h in a magnetic stirrer for complete dissolution. The viscosity and
conductivity of the mixture were determined before electrospinning.
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Electrospinning

The electrospinning was carried out using a Nanospider device (Elmarco, NS IWS500U, Liberec, Czech
Republic). The details of the electrospinning conditions were as follows: spinning electrode width of 500 mm,
spinning distance of 130-280 mm, substrate speed of 0.015-1.95 m/min, voltage of 0-55 kV and process air
flow of 20-150 m3/h. The electrospun nanofibres were cross-linked upon heat treatment at 130 0C for 1 h in an
oven and were cooled to room temperature. Later, methane plasma treatment was carried out to create the
hydrophobic membrane in a plasma reactor (BalTec Maschinenbau AG, Switzerland).
2.6.

Adsorption study of heavy metals from an aqueous solution

Samples of the membrane (GK/PVA or AC-GK/PVA) (50 mg) were immersed into 100 mL of the metal solutions
(100 mg L−1) in 250 mL conical flasks. The samples were kept for 2 h at a temperature of 25±2 0C in an orbital
shaker at 200 rpm (Innova-43, New Brunswick Scientific, USA). The content was then centrifuged for 5 min at
10,000×g and supernatant was collected and subsequently filtered through a 0.45 μm filter. The metal
concentrations were analyzed by using ICP-MS (NexION 300 Q, PerkinElmer, USA) or ICP- AES (Optima
2100 DV, Perkin Elmer, Waltham, MA, USA).
3.

RESULTS AND DISCUSSION

3.1.

Proximate Analysis and Characterizations

The results of the proximate analysis of GK and AC-GK prepared from GK by the chemical activation process
are given in Table 1. The high content of fixed carbon (20.0±0.1 wt %) and the volatile content (70.0+1.1 wt %)
of GK make it a good precursor for the preparation of AC, similar to other materials used for the preparation
of AC, as reported in the literature [2, 6-8].
Table 1 Proximate and ultimate analysis of GK and AC-GK)
Sample

Proximate analysis (wt %)

Ultimate analysis (wt %)

Moisture

Volatile

Fixed
Carbon

Ash

C

H

N

O

GK

5.7±1.2

70.0±1.1

20.0±0.1

4.3±0.3

55.6±0.8

8.2±0.3

0.8±0.1

35.4±0.8

AC-GK

8.0±1.2

16.5±1.1

70±0.5

5.5±0.4

76.5±1.1

3.1±0.5

2.3±0.6

18.1±0.4

Fig. 1 SEM pictures of (A) GK, showing irregular particle sizes and (B) AC-GK, indicating the pores on the
surface
Table 2 presents the BET surface area, total pore volume and average pore diameter of purified GK and ACGK.
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Table 2 BET surface area, total pore volume and average pore diameter of GK and AC-GK
Sample

BET surface area (m2/g)

Total pore volume
(cm3/g)

Average pore diameter
(nm)

GK

4.05

0.025

24.6

AC-GK

750

0.358

1.9

The FTIR spectra of the GK, AC-GK, commercial AC and AC-GK/PVA membranes are presented in Fig. 2.
A broad absorption peak of GK at 3300 cm-1 can be observed, which is attributed to O-H stretching functional
groups and the peak at 1720 cm-1 corresponds to C=O functional groups. The GK also shows two adsorption
peaks at 1240 cm-1 and 1030 cm-1, which represent C-O stretching functional groups. For activated carbon,
most of the functional groups disappeared during the carbonization and activation process due to heating of
the sample. The bands appearing at 1380 cm-1 and 1595 cm-1 are ascribed to the formation of oxygen
functional groups like highly conjugated C=O stretching in carboxylic groups, and carboxylate moieties,
respectively [13]. The -OH, -COO- and C=O groups presented in the AC-GK/PVA electrospun membrane can
be attributed to high adsorption efficiency towards heavy metals.

Fig. 2 ATR-FTIR spectrum indicating various functional groups present in GK, AC-GK, commercial AC and
AC-GK/PVA electrospun membranes
The XRD profile of AC-GK in
Fig. 3 shows an absence of
sharp peaks in the spectrum of
AC, revealing the amorphous
nature of the AC, which is an
advantageous property of well
defined adsorbents.

Fig. 3 XRD profile of AC-GK,
indicating amorphous nature
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The SEM images of electrospun PVA/GK and AC-PVA/GK nanofibres after heat and methane plasma
treatment are presented in Fig. 4 (A & B), respectively.

Fig. 4 SEM pictures of (A) electrospun GK/PVA fibres and (B) plasma treated AC-GK/PVA nanofibres used
for metal adsorption studies
The GK/PVA blend solutions were electrospun as reported earlier [16]. In the present work, the AC particles
were dispersed in a GK/PVA solution and successfully electrospun to produce nanofibres. It has been reported
earlier that Gum Arabic has been the subject of interest as a dispersant for carbon nanotubes [17]. The plasma
treatment modifies the surface by grafting hydroxyl (-OH), carbonyl (-C=O), and carboxylate (-COOH) groups
[18].
3.2.

Heavy metal adsorption onto GK/PVA and AC-GK/PVA nanofibre membranes

The aqueous mixtures of heavy metals were used to determine the competitive metal adsorption capacity of
both GK/PVA and AC-GK/PVA nanofibres (Table 3). A pH of 5.0 was selected as the optimum pH for the
adsorption of multiple metal ions onto the nanofibres. The adsorption capacity of AC-GK/PVA follows the order
Pb > Cd > Ni > Cu > Zn > As > Cr at 20±2 0C and time of contact of 2 h. The adsorption capacity of AC-GK/PVA
nanofibres is much higher than GK/PVA nanofibres towards the metal ions, as presented in Table 3.
Table 3 Heavy metal adsorption capacity (mg g-1) of AC-GK/PVA and GK/PVA nanofibres as determined by
ICP-MS at pH (5.0±0.1) and temperature 20±2 0C
Adsorption Capacity ( mg g-1)

Heavy metals

AC-GK/PVA nanofibres

GK/PVA nanofibres

Pb

98.2±1.5

70.2±1.2

Cd

94.5±1.2

60.4±1.5

Ni

90.2±1.0

55.1±0.8

Cu

84.5±0.8

42.6±0.6

Zn

72.5±0.6

34.4±0.5

As

40.2±0.5

25.8±0.5

Cr

28.5±0.4

15.5±0.4

Previous studies on heavy metal biosorption showed that pH was an important factor affecting the adsorption
process. Various nanofibre membranes based on synthetic/natural polymers such as
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polyacrylonitile/polypyrrole core/shell nanofibres, chitosan nanofibres, polyacroylonitile nanofibres,
poly(acrylo-amidino ethylene amine) nanofibres, iron functionalized PVA nanofibres and gum karaya/PVA
nanofibres were used for the removal of various different metal ions from water and it was demonstrated that
the adsorption capacity depends on the functional groups present on the nanofibre membrane and the solution
pH [19-23]. In the present work, acidic groups present in the GK polymer were responsible for the adsorption
of heavy metals from water. In addition, multiple functional groups such as: carboxyl, hydroxyl, acetyl and
cabonyl, high surface area, pore specific volume and mean pore diameter, strongly depend upon the total
acidity of the surface including the functional groups. As reported in the literature, acidic functional groups such
as the carboxyl group induce a negative charge on the AC surface and oxygen atoms of these functional
groups donate their single pair of electrons to the metal ions, which consequently increases the cation
exchange capacity of the membrane [24, 25]. Protons in the functional groups of the AC-GK/PVA membrane
are exchanged with the metal ions. The chemical interaction (bond) between the metal ions and the surface
acidic functional groups of the AC-GK/PVA is mainly responsible for the higher adsorption of various metal
ions compared to GK/PVA nanofibres (Table 3).
4.

CONCLUSIONS

Activated carbon was successfully prepared from a natural gum kondagogu using a chemical activation
process. The BET surface area, pore volume and average pore diameter of the prepared AC-GK was
compared with the values of commercial activated carbon. Electrospun nanofibres of GK/PVA and AC-GK/PVA
were prepared and used for the adsorptive removal of multiple toxic metals from water. GK was found to be
an effective dispersion medium for AC. Ion exchange and functional group interactions and the high surface
area of the AC-GK/PVA nanofibres compared to GK/PVA nanofibres were the major advantages for the
multiple adsorption of heavy metals from water.
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Abstract
Photoactive nanomaterials are of considerable interest to the scientific community for many years and their
importance increases with increasing environmental pollution. This study is focused on ZnO/clay photoactive
nanocomposites where ZnO nanoparticles are the photoactive components and the clay serves as a cheap
and chemically stable matrix on which the ZnO nanoparticles are anchored. Anchoring nanoparticles on the
matrix is often used method allowing easier handling of the nanocomposite (clay particles are of micrometric
sizes) in comparison with pure nanoparticles. Moreover, nanoparticles anchored on the matrix do not represent
such an environmental and healts risks (due to the reduced mobility) as pure nanoparticles. Two clays were
used in this study: kaoline KKAF and Moroccan clay ghassoul, unique mixture of stevensite and sepiolite, from
Jebel Ghassoul deposit in Morocco. Photoactive nanocomposites were prepared from ZnCl2 and NaOH
precursors using a simple hydrothermal method. Resulting samples were dried and calcined at 600 °C for 1 h.
The precursors:clay ratios were chosen so that the nanocomposites contained 50 wt.% of ZnO.
Nanocomposites were characterized using X-ray powder diffraction, UV-VIS diffuse reflectance spectroscopy,
and scanning electron microscopy techniques. Photodegradation activities were evaluated by discoloration of
acid orange 7 aqueous solutions under UV irradiation. Sizes of crystallites and band gap energies were
determined. Mutual comparison of the properties of both nanocomposites and also the comparison with pure
ZnO nanoparticles were carried out.
Keywords: Photodegradation activity, ZnO, clay, nanocomposite
1.

INTRODUCTION

ZnO nanoparticles (NPs) exhibiting excellent photodegradation activity are widely studied and used
nanomaterial. ZnO NPs are prepared using various precursors (ZnCl2+NaOH [1], Zn(NO3)2+NH3 [2],
Zn(Ac)2+LiOH [3], etc.) either in pure form [4,5] or anchored on suitable matrix [1,6,7,8]. Because of potential
health and environmental risks of free ZnO NPs [9] the anchoring on solid crystalline matrix is very reasonable
way how to obtain material in which the NPs retain their photoactivity and lose the mobility. In addition, matrix
larger than NPs allows easier handling of resulting material. Clays are very suitable for this purpose, especially
for their low cost, wide availability, chemical stability, and surface charge which facilitates anchoring of the
NPs. Two clays were studied in this work. The first one, kaolin, is not used as often as other clays (mainly
smectites) in composites of NP/clay type. The second one, Moroccan clay ghassoul, is used for the very first
time as a matrix for NPs. Ghassoul [rasul] (GHA), unique mixture of stevensite and sepiolite, comes from the
only known deposit in the world, Jbel Ghassoul in Morocco. In Maghreb and Middle-East it has been used for
centuries as a natural soap but for other scientists than geologists remained unknown until the 20th century
[10]. Only in the last decade GHA attracted interest of Moroccan, Spanish and French materials engineers.
GHA was found to be very good adsorbent of metal and organic cations [11,12] and can be also used for the
preparation of cordierite ceramics [13]. Nanotechnology centre in Ostrava is the first Czech scientific institute
where the use of GHA as a matrix for NPs is studied. Present work is focused on the comparison of ZnO/KA
and ZnO/GHA photoactive nanocomposites. X-ray powder diffraction, UV-VIS diffuse reflectance
spectroscopy, and scanning electron microscopy techniques were used for the characterization. Sizes of
crystallites and band gap energies were determined. Photodegradation activities of nanocomposites were
evaluated by discoloration of Acid Orange 7 aqueous solutions under UV irradiation. Nanocomposites were
compared each other and also with pure ZnO NPs.
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2.

MATERIALS AND METHODS

2.1.

Preparation of the samples
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ZnO NPs were prepared by mixing ZnCl2 and NaOH (Lach-Ner, Czech Republic) aqueous solutions (molar
ratio of Zn2+: OH− = 1:5) and stirring at 40 °C for 30 min. ZnO/KA and ZnO/GHA nanocomposites were prepared
by addition of the solutions into the aqueous suspension of KA KKAF (LB MINERALS, Czech Republic) and
GHA (Morocco), respectively, followed by stirring at 100 °C for 5 h. The precursors/clay ratio was chosen so
that the nanocomposites contained 50 wt.% of ZnO. Resulting solid phase was washed with distilled water and
dried at 105 °C for 24 h. According to our previous experience [14], one half of each sample was calcined at
600 °C for 1 h in order to increase the photoactivity. Dried and calcined samples are identified by numbers 1
(i.e., 105 °C) and 6 (i.e., 600 °C).
2.2.

Characterization methods

X-ray powder diffraction (XRPD) patterns of all samples pressed in a rotational holder were recorded in
reflection mode under CoKα irradiation (λ = 1.7889 Ǻ) using the Bruker D8 Advance diffractometer (Bruker AXS,
Germany) equipped with a fast position sensitive detector VǺNTEC 1. Phase composition of the samples was
evaluated using the ICDD PDF 2 Release 2014 database.
UV-VIS diffuse reflectance spectroscopy (DRS) was used for a qualitative description of the differences in the
band gap shift. Samples were placed in a 5.0 mm quartz cell and the spectra were registered using
spectrophotometer CINTRA 303 (GBC Scientific Equipment, Australia) equipped with a reflectance sphere.
Band gap energies (Eg) of the samples were evaluated using method described by Kočí et al. [15].
The morphology of samples was observed on a scanning electron microscope (SEM) Hitachi SU6600 (Hitachi
Ltd., Japan) using SE (secondary electrons) mode. Accelerating voltage 5 kV was used. Elemental
composition of the samples was determined using energy dispersive X-ray spectroscopy (EDS).
Photodegradation activity of the samples was evaluated by the discoloration of Acid Orange 7 (AO7) aqueous
solution. In the first step, the suspension containing 0.05 g of the sample, 65 ml of demineralized water and 5
ml of the AO7 aqueous solution (c0 = 6.259 × 10−4 mol / dm3) was stirred in the dark for 1 h in order to achieve
the adsorption equilibrium. In the second step, the suspension was exposed to UV irradiation (UVP pen ray
lamp, 365 nm) for 1 h. The extent of AO7 photodegradation was evaluated by the change in the intensity of
absorption maximum of AO7 (480 nm) using CINTRA 303 UV-VIS spectrometer.
3.

RESULTS AND DISCUSSION

Fig. 1 XRPD patterns of pure kaolin KKAF (a) and ghassoul (b) used for the preparation of nanocomposites.
C - clinoenstatite, K - kaolinite, M - muscovite, Q - quartz, Se - sepiolite, St - stevensite
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Composition of clays used for the preparation of nanocomposites was determined by XRPD analysis and the
results are shown in Fig. 1. One can see that both clays contain admixtures. Dominant phase of KA, i.e.,
kaolinite (Al4Si4O10(OH)8; PDF number 75-1593), is accompanied by two other phases, muscovite
(Al3Si3O10(OH,F)2; PDF number 7-0042) and quartz (SiO2; PDF number 85-0798); see Fig. 1a. In case of
kaolinite only two main, the most intensive reflections are marked. Remaining unmarked reflections in Fig. 1a
belong also to kaolinite. Intensity of reflections in the XRPD pattern of GHA (Fig. 1b) is relatively low in
comparison with KA suggesting lower crystallinity of this clay. Four phases - stevensite (Mg3Si4O10(OH)2; PDF
number 25-1498), sepiolite (Mg4Si6O15(OH)2; PDF number 13-0595), clinoenstatite (MgSiO3; PDF number 840652), and quartz - were identified.

Fig. 2 XRPD patterns of all prepared samples: (a) ZnO/GHA_6, (b) ZnO/GHA_1, (c) ZnO/KA_6, (d)
ZnO/GHA_1, (e) ZnO_1, (f) ZnO_6. K - kaolinite, M - muscovite, Q - quartz
Fig. 2 show XRPD patterns of all dried and calcined samples. Presence of ZnO
(PDF number 70-2551) was confirmed in all of them and for individual ZnO
reflections also Miller indices are presented. In all samples, ZnO has hexagonal
(wurtzite) structure which is shown in Fig. 3. Dried and calcined samples of the
same type are mutually not very different. The only significant difference can be
found in case of ZnO/KA_1 and ZnO/KA_6 samples: after the calcination,
diffraction peaks belonging to the kaolinite completely disappeared. This is
caused by dehydroxylation of kaolinite sheets and subsequent phase
transformation of crystalline kaolinite into amorphous metakaolinite at
temperatures higher than ~ 450 °C [16,17].
Calcined samples exhibit narrower and more intensive ZnO reflections. This can
be attributed to better crystallinity and larger crystallite size of ZnO after the
calcination. ZnO crystallite sizes (Lc) were calculated according to the (101) ZnO
diffraction peak (2θ = 42.36 °) using formula introduced by Scherrer [18].
Lanthanum hexaboride (LaB6) was used as a standard and calculated Lc values
are listed in Table 1. While for ZnO/GHA composites the Lc values are smaller
than for other samples, the Lc values for ZnO/KA and ZnO NPs are similar.
Table 1 shows that for all samples the calcination at 600 °C for 1 h led to higher
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Fig. 3 Hexagonal
(wurtzite) structure of
ZnO having lattice
parameters: a = 3.24927
Å, b = 3.24927 Å, c =
5.20544 Å, α = 90 °, β =
90 °, γ = 120 °
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photodegradation activity. The most significant increase in photodegradation activity, more than 50 %, was
observed in case of ZnO/KA composite. One can see that photodegradation activities of dried composites are
lower than of dried ZnO NPs and after the calcination both ZnO/KA and ZnO/GHA composites exhibit higher
photodegradation activity than calcined ZnO NPs. However, taking into account that composites contain only
50 wt.% ZnO, the photodegradation activity of composites is in fact significantly higher than of ZnO NPs even
before the calcination. Anchoring of NPs on clay matrix prevents agglomeration of NPs and, therefore, larger
surface of ZnO is available for the photodegradation process. KA was found to be more suitable matrix for
ZnO NPs than GHA. Photodegradation activity of ZnO/KA_6 sample reaches 95 % while in case of
ZnO/GHA_6 the photodegradation activity is 63 %. Table 1 also shows that Eg values are lower for calcined
composites than for calcined ZnO NPs. ZnO/KA_6 sample exhibits the lowest Eg which is in good agreement
with the highest photodegradation activity.
Table 1 Photodegradation activity (PA), size of ZnO crystallites (Lc) and band gap energy (Eg) values for all
prepared samples
samples

PA
(%)

Lc
(nm)

Eg
(eV)

ZnO_1

56

26.7

3.20

ZnO_6

60

44.2

3.18

ZnO/KA_1

45

30.5

3.18

ZnO/KA_6

95

46.2

3.07

ZnO/GHA_1

42

20.8

3.25

ZnO/GHA_6

63

23.0

3.16

SEM images of ZnO/KA_6 and ZnO/GHA_6 composites show the morphology of the samples (Fig. 4). It can
be clearly seen that ZnO has a “desert rose” crystal habit common for ZnO prepared from ZnCl2 [19]. Further
it seems that ZnO NPs on GHA surface create rather separate islands, round and closed, while the areas of
KA are covered by continuous layer. This could be one of the reasons causing the difference in PA.

Fig. 4 SEM images of (a) ZnO/KA_6 composite, and (b) ZnO/GHA_6 composite. EDS analysis of ZnO/KA_6
(point X1) and ZnO/GHA_6 (point X2) revealed chemical composition of the samples
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EDS and XRPD results are in good agreement. Both analyses confirmed presence of ZnO in nanocomposites
and revealed differences between used clays. Presence of Al in ZnO/KA_6 sample corresponds with
aluminosilicate phases in KA, while presence of Mg in ZnO/GHA_6 sample corresponds with
magnesiumsilicate phases in GHA (compare Figs. 1 and 4).
4.

CONCLUSIONS

Two clays, kaolin KKAF and ghassoul, mixture of stevensite and sepiolite, were studied as matrices for
photoactive ZnO nanoparticles. It was found that ZnO/clay nanocomposites exhibit higher photodegradation
activity than pure ZnO nanoparticles. Calcination at 600 °C for 1 h led to further increase in the
photodegradation activity reaching 95 %, 63 %, and 60 % for ZnO/kaolin, ZnO/ghassoul, and pure ZnO
nanoparticles, respectively. Taking into account that the same amount of pure ZnO nanoparticles and
nanocomposites was used for the photodegradation experiments and that nanocomposites contain only 50
wt.% of ZnO, it can be concluded that these clay-based nanocomposites exhibit significantly higher
photodegradation activity than pure ZnO nanoparticles. Silicate nature of clay matrices allows an easy use of
the composites in building materials (mortars, plasters) but other applications, like wastewater treatment, can
be also considered.
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Abstract
A soil in region of Czech Republic and Austria is continuously losing its natural property to retain water in its
structure. Most of the water which comes from rains just goes through the soil into the groundwater and
agricultural lands suffer by the lack of humidity. One of the reasons of this strange soil behaviour is caused by
decreasing amount of organic soil matter. Solution of this problem can be found in application of
superabsorbent polymers enriched by addition of active substance based on humic acids. This system of
controlled released preparation is able to retain more water in the ground together with sustainable supply of
humic acids which are important part of organic soil matter. Rheological properties of samples superabsorbent
polymers enriched by humic acids were determined to prove if they are able to resist certain mechanical
mechanical stress which they will have to hold out after agricultural application.
Keywords: Superabsorbent, Hydrogel, Controlled release, Fertilizer, Rheometry, Swelling
1.

INTRODUCTION

Many researchers are trying to solve the problem with continuous increasing degradation of agricultural lands.
The ground is still more and more devastated mainly because of its wasteful cultivation and excessive
fertilization. These facts have big impact on the loss of soil organic matter. The solution of these problems can
be found in application of humic substances which constitute the most ubiquitous source of soil organic matter
in nature [1]. They have important role in soil fertility such as stimulating plant growth, enhancing the resistance
of crops, improving soil structure and increasing soil retention of water and fertilizer [2].
The most important fraction of humic substances are humic acids [3]. There is a very complex way of their
dissolution in the water solution which affects their transport from soil into the herbal body [4]. Research of
humic acid’s transportation is very important mainly because of our understanding of their function in nature
[4 - 7]. They are able to diffuse themselves through various environment moreover they can work as a transport
vehicle for other compounds [7]. The application of humic acids into the environment is very important
especially for their ability to form water-soluble complex in reaction with metals [8 - 11].
Superabsorbent polymers are loosely crosslinked, three dimensional networks of flexible polymer chains that
carry dissociated, ionic groups which cause their ability to absorb large quantities of water and other aqueous
solutions without dissolving by solvation of water molecules via hydrogel bonds.
Superabsorbent polymers have a wide range of usage. In the field of agriculture and environmental protection
they are very often used as a water hanger during a dry season nowadays. In contrary they avoid to decay of
plants’ root system in the time of heavy rains. There is a new trend in a field of superabsorbent polymers and
it is an incorporation of fertilizers into the gel structure. This can be consider as a functional system which
allows controlled release of substances that support growing and maturing of plants. Such mechanism solves
the problem with flushing of fertilizers into deep underground water and avoids to overferilize of ground as well
[12, 13].
In this work, novel superabsorbent material for agricultural and environmental application was reported. The
properties of specific superabsorbent polymers are extremely important for selecting a material for a given
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application. Here will be discussed method of characterizing superabsorbent polymers using rheological
techniques to probe their mechanical response. Further, there will be comparison of their swelling behaviour.
2.

EXPERIMENTAL

2.1.

Materials

Six different samples of superabsorbent polymers based on acrylic acid were used in this work. All of them
have a certain addition of NPK fertilizer. Some of them have also an addition of humic substance in a form of
commercial lignohumate. Furthermore the samples also differ in a content of acrylamide in the structure. There
was big effort to avoid presence of acrylamide in the structure of superabsorbent because of its toxicity.
Accurate representation of these selected substances can be found in Table 1.
Table 1 Composition of superabsorbent samples
sample

A

B

C

D

E

F

NPK [%]

1

10

1

10

1

10

lignohumate

no

no

yes

yes

Yes

yes

acrylamide

yes

yes

no

no

Yes

yes

These samples were prepared in cooperation with Amagro, s.r.o. company and their composition will not be
specified in more details because of the intellectual property protection.
2.2.

Swelling measurements

Monitoring of swelling behavior was carried out by very simple method, sometimes referred to as “tea bag”
method. 0.5 g of each sample was immersed in excess distilled water of volume 200 mL at room temperature
for 24 hours to reach the swelling equilibrium. Swollen samples were then separated from unabsorbed water.
Water absorbency in distilled water of the superabsorbent composite Q, was calculated using the following
equation:

Q=

m − m0
, [g/g ]
m0

(1)

where m0 and m are the weights of the dry sample and swollen sample, respectively. Q is calculated as grams
of water per gram of dry sample. On the Fig. 1a) is displayed xerogel of superabsorbent polymer before
immersion to the excess of distilled water. On the b) there is a swollen gel after 24 hours in the water.

a)

b)
Fig. 1 a) Xerogel of superabsorbent polymer; b) Swollen suberabsorbent polymer
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Viscoelastic measurements

The viscoelastic experiments of the fully swollen superabsorbent
polymer particles were carried out in Anton Paar Physica MCR 501
rheometer (see Fig. 2) partially according to a previously reported
method [14]. The measurement was done at 30 ± 2 °C using a
parallel plate system (PP25-SN6375, 1 mm diameter) at 1 mm gap.
Viscoelastic measurements, oscillation - frequency sweep and strain
sweep, were performed for each sample and the obtained values of
moduli G´and G´´ were compared. Storage modulus G´ is
proportional to the extent of the elastic component and loss modulus
G´´ is rational to the extent of the viscous component of the system.
The strength of materials is measured by the magnitude of tan δ (the
ratio G´´/G´), where δ is a phase angle.

3.

RESULT AND DISCUSSION

Swelling behaviour of all superabsorbent samples were determined
by the measurement of water absorbency. The results show that all
samples exhibit very good swelling properties, as it is displayed on
Fig. 3. The results revealed some interesting findings. The samples
differed from each other by special composition that is shown in
Table 1. There is a significant negative effect on superabsorbent
swelling properties caused by the higher content of NPK in the
Fig. 2 Anton Paar Physica MCR
structure of sample. These samples B, D and F reflect much lower
501
ability to absorb surrounding water and they were not followed to the
further testing. Samples with an addition of lignohumate swelled
significantly better than samples without lignohumate. That is caused by hydrophilic character of lignohumate.

244,70

268,16
197,30
156,84

131,17
103,55

A

B

C

A

D

E

F

Fig. 3 Water absorbency Q of SAP samples, [g/g]
Viscoelastic studies of these swollen superabsorbent samples were determined by means of the rheological
method. Determination of the linear viscoelastic region was performed by strain sweep experiments. Loss
modulus and storage modulus are independent of the stress amplitude as it is displayed on Fig. 4. The storage
modulus was always larger than the loss modulus at the linear viscoelastic region.
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Fig. 4 Example of measured viscoelastic properties of the superabsorbent

Fig. 5 Example of measured viscoelastic properties of the superabsorbent

Values of tan δ are plotted in Fig. 5. As is mentioned before, tan δ is the ratio of G´´/G´, where is a phase
angle. If the value of tan δ is larger than 1, it means G´´ is higher than G´, the system behaves like a liquid. In
contrary, if the value of tan δ is smaller than 1, it means G´´ is smaller than G´, the superabsorbent exhibits
solid-like behaviour. Accordingly, the strength of the interaction or network structure is basically measured by
the magnitude of tan δ. The smaller the tan δ is, the stronger the interaction becomes. There are results which
show that the strength of the superabsorbents inversely correlates with their water absorbency.
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CONCLUSION

Novel superabsorbent composites for agricultural and environmental usage were developed and investigated.
There were several samples with various composition compared. The result of our experiments showed that
we are able to prepare superabsorbent polymers of various swelling behaviour. Storage modulus obtained
from viscoelastic measurements indicated that an increase in swelling capacity led to a decrease in gel
strength. Used samples of superabsorbent polymers behave as viscoelastic solids. Because the polymer
network is crosslinked, the gel network consists of one very large branched polymer which spans the entire
gel. These samples exhibit huge potential to become one of the modern forms of fertilizer which can provide
matrix for sustainable controlled release system.
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Abstract
In the presented work, new composite nanomaterials, based on graphene oxide and styrene, have been
developed for the retention purpose. 85Sr and 137Cs represent two of the main fission products being present
in radioactive wastes from nuclear power cycle. The graphene oxide samples were prepared from natural
graphite using high intensity cavitation field in a pressurized (6 bar) batch-ultrasonic reactor. Graphene oxide
polystyrene composite was synthesized using direct emulsion polymerization of styrene in the presence of
graphene oxide at 90 °C. The basic method used for the evaluation of nanomaterial retention properties was
batch sorption methodology, based on a contact of solid material with a tracer solution under defined boundary
conditions (solid/solution ratio, time, solution composition as pH and ionic strength).
Keywords: Graphene oxide, sorption, radionuclides
1.

INTRODUCTION

Any activity that produces or uses radioactive materials generates radioactive waste. Disposal of radioactive
waste is a complex issue, not only because of the nature of the waste, but also because the need to solve the
problem not to burden future generations. Cesium is one of the most important nuclides. The reasons for this
are following: the isotope 137Cs has high gamma radiation and half-life 30.08 years. The isotope 135Cs has very
long half-life of about 2.3 million years. The isotope belongs to the group of isotopes in nuclear waste that are
present for the very long time scales and can be conveyed far from the containment. Another important
radioisotope in nuclear waste is strontium. The isotope 90Sr belongs to mid-lifed isotopes with the half-life of
29 years. Cesium is chemically very similar to potassium as strontium is similar to calcium. They both can then
penetrate into the living organism and expose it to internal irradiation. Therefore it is necessary to prevent
migration of these radionuclides to the biosphere and develop progressive retention techniques.
Graphene oxide (GO), a two dimensional carbon material with large specific surface area has been studied
extensively as catalyst, material for hydrogen storage/production [1], gas sensors [2] or electronics [3]. In
recent years there were studies about utilization of GO and its modification as the sorbent for several
contaminants. GO without any modification was utilized by Cai et al. for the sorption of an organic matter [4]
and by Gopalakrishnan et al. for the separation of several heavy metals - Pb(II), Ni(II) and Cr(VI) [5]. Li et al.
studied sorption of U(VI) on GO [6]. The interaction of GO with actinides including Am(III), Th(IV), Pu(IV),
Np(V), U(VI) and typical fission products Sr(II), Eu(III) and Tc(VII) were described by Romanchuk et al. [7].
Several authors modified the GO to increase its sorption properties. The composites of GO with natural
materials as chitosan or chitin were utilized for the separation of Cr(IV) [8], [9] or dyes remazol black and
neutral red [10]. Chen et al. synthesized GO-TiO2 composite for the sorption of 60Co [11]. Several authors
studied sorption of radionuclides on different GO composite materials - Cs(I) on magnetic prussian blue/GO
encapsulated in calcium alginate microbeads [12], Cs(I) and Sr(II) on magnetic GO [13], Co(II) and Sr(II) on
GO-magnetite [14]. Recently, there were several studies about synthesis and sorption properties of composites
of GO with polymers. Zhou et al. synthesized polysiloxane-GO gel as an effective sorbent for Pb(II) and Cd(II)
[15]. Zhao et al. functionalized a surface of GO with polydopamine for separation of U(VI) from aqueous
solutions [16].
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Retention processes of key important radionuclides Cs(I) and Sr(II) were studied within this study. GO
polystyrene composite was synthesized using the direct emulsion polymerization of styrene in the presence of
GO [17]. This nanomaterial could be effective adsorbent for remediation of waters contaminated by
radionuclides or for reprocessing of nuclear waste.
2.

MATERIALS AND METHODS

High resolution scanning electron microscopy (HRSEM) analysis was conducted on a FEI Nova NanoSEM
scanning electron microscope equipped with an Everhart-Thornley detector, Through Lens detector and
accelerating voltage 1-30 kV. The sample was deposited on the silicon chip substrate 5x5 mm.
Diffraction patterns were collected with diffractometer Bruker D2 equipped with conventional X-ray tube (Cu Kα
radiation, 30 kV, 10 mA). The primary divergence slit module width 0.6 mm, Soller Module 2.5, Airscatter
screen module 2 mm, Ni Kbeta-filter 0.5 mm, step 0.00405°, a counting time per a step 1 s and the LYNXEYE
1-dimensional detector were used. The range of measurement is from 5° to 90° 2Theta.
Qualitative analysis was performed with the DiffracPlus Eva software package (Bruker AXS, Germany) using
the JCPDS PDF-2 database. For quantitative analysis of XRD patterns we used Diffrac-Plus Topas (Bruker
AXS, Germany, version 4.1) with structural models based on ICSD database. This program permits to estimate
the weight fractions of crystalline phases and mean coherence length by means of Rietveld refinement
procedure.
2.1.

Preparation of sorption materials

The graphite was exfoliated with the effect of high intensity ultrasound and delaminated graphene nanosheets
were used for graphene oxide [18] preparation by improved Hummers method [19]. H2SO4 (60 ml), H3PO4 (10
ml), graphene (1 g), and KMnO4 (3 g) were mixed in a round-bottom flask. The mixture was then heated to
40 °C and stirred for 6 h, affording a pink, dense suspension. The suspension was then poured onto a mixture
of ice and 30% H2O2 (200 ml), and the pink suspension quickly turned bright yellow. The product was purified
by dialysis (Spectra/Por 3 dialysis membrane) and centrifuged. Purified GO product was obtained as a brown,
honey-like suspension. The oxidation was quantitative when the theoretical yield was assumed to equal the
starting graphite mass. The elemental analysis of prepared GO showed an overall composition of C 48.8 %,
H 2.1% and O 49.1% (impurities from natural graphite: SiO2 1%, K2O 3.2%, CaO 0.6%, TiO2 1.3%, CuO 1.5%,
ZnO 1.5%). The content of carboxylic group -COOH in the graphene oxide was increased by reaction with
monochloroacetic acid [20].
Graphene oxide polystyrene composite was synthesized using direct emulsion polymerization of styrene in the
presence of graphene oxide at 90 °C [17]. Hydrothermal conditions were maintained in stainless steel stirred
autoclave. The graphene oxide was dispersed in 400 ml distilled water. After that argon gas was used for 10
minutes to purge oxygen from the solution. Styrene (30 ml) and divinylbenzene (1 ml) were added into solution.
The solution was under constant stirring and heating until the reaction temperature reached to 91 °C, after that
12 ml solution of sodium 4-styrenesulfonate (4.00 g of sodium 4-styrenesulfonate in 100.0 ml water) was
added. After 3 min the 24 ml solution of sodium 4-styrenesulfonate (4.00 g of sodium 4-styrenesulfonate in
100.0 ml water) and 1 ml of the solution of potassium persulfate and sodium bicarbonate (1 g K2S2O8 and 3.5
g NaHCO3 in 100 ml water) was added. The reaction mixture is continuously stirred and heated. After 85 min
a mixture of 6 ml styrene, 0.15 ml divinylbenzene, 24 ml of water, 24 ml solution of sodium 4-styrenesulfonate,
and 3 ml of the solution of potassium persulfate and sodium bicarbonate were added; heating and stirring
continuous next hour. The obtained sample was centrifuged 10 minutes at 10 000 rpm. The main fraction was
filtered off and dried at 60 °C.
2.2.

Sorption experiments

The sorption properties of produced nanomaterials were evaluated by batch sorption experiments, based on
the contact of solid material with tracer solution. The volume of the solution was 1.5 ml and the mass of the
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sorbent was 0.01 g. The salts CsCl and SrCl2 were used as carrier for radionuclides 137Cs and 85Sr,
respectively. In the case of the kinetics experiments the concentration of CsCl or SrCl2 was 2·10-5 mol/L. These
solutions were spiked by 137Cs or 85Sr. The contact time was 24 hours unless otherwise specified. Sorption
experiments were carried out at 24 °C under atmospheric conditions. After the adsorption of radionuclides, the
suspension was filtered and an aliquot of the supernatant was measured on the gamma spectrometer (EMPOS
MC1256) using NaI(Tl) detector. The volume of measured aliquot was 0.5 ml.
The sorption experiments were described by the distribution coefficient (Kd) and percentage of the sorption.
The definition of Kd is following:
Kd

mass
volume

∙

ml/g ,

(1)

where cmass is the concentration of the sorbate adsorbed onto the solid phase, cvolume is the concentration of
the sorbate in solution, V [ml] is the volume of the liquid phase and m [g] is the mass of the sorbent.
Langmuir (2) [21] and Freundlich isotherm (3) [22] were utilized for evaluation of the sorption data. The cation
exchange capacity was determined by Langmuir isotherm:
e

L ∙ max ∙ e

! L∙ e

mg/g ,

(2)

where qmax is the maximum sorbate uptake (mg/g), KL is the coefficient (L/mol), ce is the equilibrium
concentration of the solute (mg/L) and qe is the adsorbed amount of the sorbate on the sorbent (mg/g).
Freundlich isotherm is defined as
$

e

"F ∙ #e% , mg/g ,

(3)

where KF ((mg/g)/(mg/L)1/n) and n are characteristic constants related to the adsorption capacity and the
adsorption intensity, respectively. The experimental data were fitted in program SciDAVis 0.2.4 that uses the
nonlinear least-squares Marquardt-Levenberg algorithm for fitting.
3.

RESULTS AND DISCUSSION

As can be seen from the Fig. 1, the polystyrene has two diffraction lines with high intensity, first at 10.3º an
second at 18.5º. There are not any GO lines in the GO-polystyrene. The reason is that concentration of GO is
too low for detection by this method. The intensity of the two diffraction lines in polystyrene is different in GOpolystyrene, which suggest that one crystal lattice is preferred.

Fig. 1 X-ray diffraction patterns of the prepared samples with polystyrene and GO-polystyrene
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Fig. 2 Scanning electron microscopy observations of the prepared materials: polystyrene (a) and
GO-polystyrene (b)
The Fig. 2 (a) demonstrates the morphology of polystyrene - spherical particles with diameter of 100-200 nm.
The Fig. 2 (b) demonstrates the morphology of and GO-polystyrene. The polymer and GO form an
interconnected bulk network as the GO is uniformly dispersed in the polystyrene matrix.
Table 1 Sorption of Cs and Sr on polystyrene and GO-polystyrene
Cs(I)

Sr(II)

%(Cs)

pH

%(Sr)

pH

polystyrene

5.0

3.4

16.6

3.2

GO-polystyrene

90.2

4.8

98.4

5.3

The Table 1 demonstrates the sorption of Cs(I) and Sr(II) on polystyrene (it was prepared by the same method
like the composite material only without adding of GO) and on the composite material GO-polystyrene. The
results demonstrate that sorption of selected radionuclides is on the pure polystyrene very low - only 5.0 % for
Cs(I) and 16.6 % for Sr(II). On the other side, the sorption on GO-polystyrene is very high - 90.2 % for Cs(I)
and 98.4 % for Sr(II). Therefore the modification of polystyrene by GO increases the sorption properties.

Fig. 3 Dependence of the sorption of Cs(I) (left) and Sr(II) (right) on contact time; V =1.5 ml; m=0.01 g;
temperature 24 ºC
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The Fig. 3 demonstrates that the sorption kinetics of GO-polystyrene is very fast for both radionuclides. The
Cs(I) reach maximum after 2 hours, the Sr(II) reach maximum after 1 hour. The pH of equilibrium solution for
Cs(I) was around 5.0 and for Sr(II) pH was around 5.5.

Fig. 4 Experimental data and Langmuir and Freundlich isotherms of Cs(I); V =1.5 ml; m=0.01 g;
temperature 24 ºC
The Fig. 4 demonstrates the experimental data and Langmuir and Freundlich isotherms of Cs(I). The Table 2
demonstrates the parameters of Langmuir and Freundlich models of Cs(I) adsorption on GO-polystyrene. As
can be seen in Table 2, the adsorption of Cs(I) on GO-polystyrene can be better fitted by Langmuir model
(R2=0.990) compared to Freundlich model (R2=0.977). The maximum adsorption capacities (qmax) of
GO-polystyrene calculated from Langmuir model at pH 4.0 and temperature 24 ºC were 0.026 mg/g for Cs(I).
Table 2 Parameters for Langmuir and Freundlich models of Cs(I) adsorption on GO-polystyrene at temperature
24 ºC
Langmuir model

Freundlich model

qmax [mg/g]

KL [L/mol]

R2

KF [(mg/g)/(mg/L)1/n]

n

R2

0.026

43032

0.990

0.243

3.39

0.977

4.

CONCLUSION

Nanocomposite material GO-polystyrene have been successfully prepared by the direct emulsion
polymerization of styrene in the presence of GO. The results (Table 1) demonstrates that GO-polystyrene has
enhanced sorption properties for Cs(I) and Sr(II) than polystyrene alone. The SEM (Fig. 2) demonstrates the
morphology of GO-polystyrene - spherical polystyrene particles with diameter of 100-200 nm covered by GO.
The Langmuir isotherm better fit experimental data than Freundlich isotherm as demonstrated on Fig. 3. The
maximum sorption capacity of Cs(I) was determined from Langmuir isotherm – 0.026 mg/g.
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Abstract
Membrane biofouling limits widespread using of membrane technology in different fields. Several ways how to
restrict this negative effect and achieve improving in long-term membrane filtration performances have been
tested so far. Membrane modification by silver in the nanometre size-range can be a promising option for
achieving high and long-term membrane permeabilities as well as antimicrobial features. Commercially
available ultrafiltration membrane NADIR® UP 150 (commonly used for wastewater treatment) was modified
by nanosilver. Modification methods were based on i) diffusion of silver together with its subsequent reduction,
and ii) silver-doped nanofibers. Changes in permeabilities, antimicrobial properties, silver leaching and contact
angles of modified membranes were examined.
While the membrane modified by diffusion method revealed higher permeabilities with demineralized water as
well as diluted activated sludge, membrane modified through silver-doped nanofibers showed lower
permeabilities, when comparing to unmodified one. The results of filtration tests well corresponded with contact
angles which showed higher hydrophilic character of membranes modified through diffusion method. Both
modified membranes also exhibited strong antimicrobial features and low silver leaching over time.
Keywords:
1.

Antibacterial properties, fouling, membrane modification, nanofibers, nanosilver, wastewater.

INTRODUCTION

Beside the numerous advantages of membrane technology, the most serious problem is fouling of the
membrane surface [1]. It leads to a decrease in system hydraulic performance and an increase in operational
costs. There are several ways to minimise membrane fouling and improve long-term membrane performance.
One of the options is modification of the original membrane surface. Such modification reduces mutual
hydrophobic interactions between the membrane surface, microorganisms and compounds present in the
feed, thereby reducing membrane biofouling [2]. Modification using silver nanoparticles is a promising option
for the restriction of biofouling. Silver nanoparticles have the potential to achieve the required long-term
membrane permeability and antimicrobial properties. Both silver ions and silver nanoparticles have proven
antibacterial properties as well as great potential for the development of strong hydrophilic membranes [3];
hence membranes containing silver nanoparticles have a great asset in wastewater treatment [4].
The main goal of this study was, therefore, to modify a commercially available ultrafiltration membrane, and to
determine changes in membrane characteristics caused by modifications. Two modification techniques
involving silver nanoparticles were used, i.e. functionalization through diffusion of silver ions, followed by their
reduction and entrapment through heating (diffusion method); and fixation of silver-doped nanofibres
(nanofibre method). Following modification, changes in filtration performance under different conditions as well
as surface properties, silver leaching and antimicrobial properties were assessed.
2.

MATERIALS AND METHODS

2.1.

Membrane modification

a) Diffusion method: PES NADIR® UP150 membrane was soaked in 3.5% (wt.) silver nitrate and leached for
4 h at room temperature while stirring at 50 rpm. The membrane was then rinsed with demineralised water
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and the silver reduced by soaking in a 2% (wt.) ascorbic acid for 2 h. The membrane was again rinsed with
demineralised water, and then heated for 2 h at 70°C while mixing at 50 rpm. Modified membrane was stored
in demineralised water.
b) Nanofibre method: Polyurethane nanofibres were prepared based on ref. [5] using a free surface
electrospinning device [6]. Heat-pressure lamination of the nanofibres onto the original membrane surface was
performed using an Oshima Mini Press (OP-450GS) (Oshima, China). Pressure was set at 0.02 bar and the
temperature kept within a range of 95-100°C to avoid structural changes to the nanofibres.
2.2.

Filtration tests

Filtration performance of modified membranes was assessed using a LabUnit M10 laboratory-scale cross-flow
filtration unit provided by Alfa Laval (Sweden), which allows for the testing of two membranes in parallel.
Three different filtration tests were carried out: A) Test with demineralized water at different transmembrane
pressures (TMP), ranging from 0.3 to 1.95 bar; B) Test with wastewater treatment plant (WWTP) effluent
withdrawn from secondary clarifier and used as the feed for filtration. The cross-flow volumetric flux was set at
3 L·min-1 and backwashing was conducted for 120 s. every 24 h. The retentate, and part of the permeate were
recirculated back into the feed tank. Suspended solids in the feed were maintained at a stable concentration
by adding new ratio of WWTP effluent (i.e. 200 mL·h-1 corresponding with flow of permeate discharged). This
test lasted 72 h; C) Test with increased suspended solids content in feed of filtration unit (250 mg·L-1) due
to the activated sludge addition and lasting 60 h. To evaluate changes in the retention of organic compounds,
chemical oxygen demand (COD) was also determined. Hence, effluent from actual WWTP was filtered through
an Amicon 8050 cell (EMD MilliPore), and COD concentration in feed and permeate was measured using the
Hach-Lange cuvette test (LCK 414).
2.3.

Silver leaching

Released silver from the modified membranes during filtration in LabUnit M10 (TMP 1.0 bar, cross-flow
volumetric flux 3 L·min-1) was measured. Samples were taken at 0, 30, 120, 240 and 480 minutes and stabilised
with 1% (wt.) nitric acid. To evaluate the total silver concentration on the surfaces, membranes were soaked
for 24 h in 15% (wt.) nitric acid at stirring of 100 rpm. Silver concentration was measured using an Optima
2100 DV (Perkin Elmer) ICP-OES.
2.4.

Surface visualization and wettability

A Carl Zeiss ULTRA Plus scanning electron microscope (SEM) was employed to visualise the cross-sections
of membranes at 2,500x magnification. The SEM was equipped with a secondary electron detector, employed
to analyse the chemical composition of the membrane surface, and a built-in energy dispersive X-ray (EDX)
detector (Oxford instruments), which was used to determine the amount of silver bound to the membrane
surface.
Surface wettability (i.e. hydrophobicity or hydrophilicity) of the modified membranes was assessed based on
contact angles determined using the See System E portable computer-based device (Advex Instruments,
Czech Republic).
2.5.

Antimicrobial test

For each membrane, 4 cultivation tests, based on colony forming units (CFU), were undertaken for increasing
contact time between the microorganisms and the membrane. First, 100 mL of 100-times diluted municipal
WWTP effluent containing around 4.3·103 of bacteria was filtered through each membrane. After filtration, the
membranes were stored on a wet cell for the appropriate contact time (i.e. 0, 3, 6 or 24 h) and then placed
onto an agar cultivation plate for 30 minutes. The membrane was then removed and the agar plate cultivated
in accordance with the method ČSN EN ISO 6222 (75 7821) [7].
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3.

RESULTS AND DISCUSSION

3.1.

Membranes modification

The results obtained from SEM are shown in Fig. 1. SEM images of membrane modified by diffusion method
showed no significant changes in cross-section morphology (Fig. 1-B) while structure of nanofibre layer onto
the surface is evident (Fig. 1-C). Compression of original active membrane layer and its “replacing” for
nanofibre layer is obvious when compared with reference (unmodified) membrane (Fig. 1-A).
A

B

C

10 µm

10 µm

10 µm

Fig. 1 Cross-sections visualised by SEM under magnification of 2,500x: A) unmodified membrane; B)
membrane modified by diffusion method; and C) membrane modified by silver-doped nanofibres
3.2.

Filtration tests

a) Test with demineralized water: The main purpose was to determine the changes in membrane
permeabilities caused by modifications. Firstly, dependence of flux on the applied TMP only with demineralized
water was determined. This test was conducted in parallel set-up with modified and unmodified membranes.
The highest permeability over all tested TMP was found for membrane modified by diffusion method (Table
1). Membrane modified by silver-doped nanofibers achieved the lowest permeability. These findings
correspond with contact angle measurement (section 3.4). Significantly lower permeabilities for membrane
modified by silver-doped nanofibres could be likely caused by process conditions during lamination used for
fixation of nanofibers on membrane surface.
Table 1 Permeabilities over TMP applied, including reference membrane
Membrane / Pressure [bar]

0.3

0.9

1.45

1.95

Diffusion

797

700

667

801

Reference

636

542

547

523

Silver-doped nanofibre

198

459

429

431

Reference

271

529

512

526

b) Test with wastewater treatment plant effluent: During this test, the permeability difference was in favour
of membrane modified through diffusion method as its gradual increase was observed. Although the initial
permeability of this membrane was about 10% lower compared to reference membrane, about 5% higher
permeability was reached at the end of test. Backwashing was also more effective for this membrane as
showing higher tendency towards surface foulant removal. Significant differences were observed for
membrane modified by nanofibers. The maximum negative difference was almost 50% of unmodified
membrane. The permeability difference for membrane modified by nanofibres improved greatly over the latter
stages reaching about 10% lower permeability than reference membrane. The subsequent sharp change in
permeability was likely caused by the removal of part of the fouling layer prior to backwashing. Furthermore,
no significant improvement in organic compounds removal compared to reference membrane was observed
for membrane modified by nanofibers. Only slight improvement in COD removal efficiency (feed COD: 25.6 ±
0.2 mg·L-1) was found for membranes modified by diffusion method (Table 2).
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Table 2 Mean COD removal of modified and reference membranes, as feed used actual WWTP effluent
Modification method

COD removal eff. [%]

Reference

29.7 ± 4.5

Diffusion

33.5 ± 1.6

Nanofibre

32.7 ± 3.5

c) Test with increased suspended solids content
After ending the filtration test with WWTP effluent, suspended solids in the feed were increased
(from 20 mg·L-1 to 250 mg·L-1) through activated sludge addition. This filtration test lasted 60 h and
backwashing was performed twice. It is clear that the permeabilities of membranes modified by diffusion
method were higher in comparison with reference membrane, similarly as in the previous filtration tests. After
60 h, the permeability of membrane modified by diffusion method was about approx. 30% higher than the
unmodified membrane. In the case of membrane modified by silver-doped nanofibers, significantly lower
permeabilities compared to reference membrane were observed (Fig. 2).

A

B

Fig. 2 Permeability difference (in %) of modified membranes (K) compared to original membrane (K0) in the
test with activated sludge addition (approx. 250 mg·L-1 of suspended solids in the feed)
3.3.

Silver leaching

Dispersive X-ray energy (EDX) analysis performed after pre-leaching test by soaking the membranes in
demineralized water revealed that membrane modified through diffusion method contained 2.9% of bound
silver (silver content was calculated from all detected elements present on the surface). Results of silver
leaching test proved the stability of bound silver on the membrane surface as the silver loss reached only 1.8%
of the total amount of bond silver after 8 h. For membrane modified by silver-doped nanofibres, the surface
contained 19.5% of silver. Silver leaching implied a decline in amount of bound silver, 1.4% of total bound
silver after 30 minutes, and 3.2% at the end of this test. Detailed results and silver leaching kinetics are
displayed in Table 3. Furthermore, the presence of silver was also confirmed by microscopic analysis carried
out after the 3rd filtration test. From the SEM images, it was evident that large silver particles were washed out,
and only the small silver particles remained in the surface monolayer. Chemical analysis conducted by
dispersive X-ray energy (EDX) showed homogenous distribution of silver nanoparticles on the membrane
surfaces even after ending filtration tests (Fig. 3).
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Table 3 Silver leaching (c(Ag); mg·m-2) and silver loss (%) of total silver present over time (t)
Diffusion method

Nanofibre method

c(Ag) [mg·m-2]

Silver loss [%]

c(Ag) [mg·m-2]

Silver loss [%]

0.0

<0.07

0.0

<0.07

0.0

0.5

0.34 ± 0.09

0.7

23.1 ± 0.6

1.4

2.0

0.42 ± 0.17

0.8

38.2 ± 1.1

2.3

4.0

0.79 ± 0.19

1.5

46.2 ± 3.3

2.8

8.0

0.92 ± 0.32

1.8

52.9 ± 4.7

3.2

Total silver

50.34 ± 4.02

-

1638.1 ± 17.0

-

t [h]

A

B

25 µm

25 µm

Fig. 3 Distribution of silver nanoparticles (AgLα) on the surfaces before (A), and after (B) filtration for
membrane modified by diffusion method
3.4.

Changes in wetting properties

The average contact angle of hydrophilic reference membrane was 66.6±10.2° while for membrane modified
by diffusion method reached 52.6±2.6°, indicating its higher hydrophility. Higher hydrophility was caused by
silver nanoparticles as already proved [8]. For membrane modified though nanofibres, average contact angle
reached 80.6±3.2° mainly due to hydrophilic behaviour of polyurethane nanofibres. The results of contact angle
measurement also well corresponded with the results of filtration tests (section 3.2).
3.5.

Antimicrobial features

Antimicrobial cultivations revealed that the bound silver to the membrane surfaces exhibited positive effect
towards microorganism’s inhibition; thus restricted the growth of microorganisms on modified membranes. The
results for different contact times with membranes are summarised in Table 4. Obvious antimicrobial effect
was mostly observed already after 3 h, while unmodified membrane showed no inhibition.
Table 4 CFU of modified membranes after different contact times
Reference membrane

Diffusion membrane

Nanofibre membrane

CFU [-]

Inhibition [%]

CFU [-]

Inhibition [%]

CFU [-]

Inhibition [%]

0

>1000

-

>1000

-

>1000

-

3

>1000

-

492

89

402

91

6

>1000

-

156

96

71

98

24

>1000

-

34

99

73

98

Contact time [h]

The strongest inhibition, i.e. least CFU at contact time of 24 h exhibited the membrane modified by diffusion
method, simultaneously having highest permeabilities. Differences between modified membranes for various
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contact times were, however, only negligible. The strongest inhibition after the shorter contact time (3 h) was
observed for membrane modified by nanofibers likely due to the highest silver content (Table 3).
4.

CONCLUSION

Commercial PES ultrafiltration membrane was modified through different procedures based on the silver
nanoparticles immobilisation on membrane surface to restrict biofouling.
Conducted modifications led to changes in original membrane filtration characteristics. Compared to
unmodified membrane, higher permeabilities in different filtration tests were observed for membranes modified
by diffusion method. In contrast to that, the membrane modified by silver-doped nanofibers exhibited generally
lower permeabilities in all filtration tests i.e. with demineralized water, WWTP effluent as well as activated
sludge addition. The permeabilities corresponded with the results of surface contact angle measurements.
Modifications also led to stable silver nanoparticles fixed to the membrane surface exhibiting low silver loss
during the leaching test. Furthermore, modified surfaces exhibited strong antimicrobial features towards growth
of microorganisms taken from actual WWTP effluent.
In general, membranes modified by diffusion method achieved the best results in conducted tests. Hence,
membrane modified by this technique is promising for further testing.
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Abstract
This paper deals with testing of a nanofibrous filter by submicron monodisperse polystyrene particles of several
sizes. The nanofibrous materials made by the electrospinning technology are very potential as a liquid filters.
During the development of new filters it is necessary to determine reliably one of the most important parameter
- filter efficiency. In this article the filtration efficiency is measured on the basis of the visualization of a filtration
process. A laser sheet is aimed to the place where a filter mounted is. A digital camera records the flow in the
laser sheet and by an image analysis the local filtration efficiency is calculated. The experiments were carried
out on the water filtration setup including the filtration chamber with an optical access. The bubble point test is
used for determination of the maximum, medium and minimum pore size of the filtration textile. The information
about pores is compared to the local filtration efficiency and pressure drop of a nanofibrous textile tested by
submicron monodisperse particles.
Keywords: Nanofibrous filter, water filtration, flow visualization
1.

INTRODUCTION

Filtration of water is an important process which influences almost every branch of industry. The filtration is
performed by several methods, where the most used for drinking water is ultra filtration by fibrous filters, fine
sieves and membranes. The nanofibrous filtration textile is a recently developed filter with several benefits
compared to the membranes. The nanofibrous membrane is composed from fibers smaller than one
micrometer. The most discussed and performed fabrication of nanofibrous filters is an electrospinning.
The advantages of the electrospinning lay in its versatile and cheap mass production. The principle is to draw
of a fiber by electrostatic forces. For industry the Nanospider method is often used. The nanofibers are
electrospinned from a free surface of a polymer solution. The polymer solution represents the positive
electrode and a grounded target is the negative electrode [1, 2].
PES/PET filtration material was tested in work of Homaeigohar et al. [3]. The filter was made from a PES
nanofibrous net forced on a PET microfibrous support layer. The PES nanofibrous layer was treated by heat
because of interfiber adhesion of the individual nanofibers. The filtration material was tested by micron and
submicron polystyrene particles (with size of the particles below and above one micron). The retention
performance of the filter was determined in several time durations, where the mass concentration of a feed
suspension was 0.35 g/liter. A permeate was then examined after each experiment to determine the filtration
efficiency. Pressure drop and flow rate were also measured during the experiments. If the size of the feeding
particles was closer or higher to the average pore size of the filter, the membrane rejected the particles without
significant decrease of flux. But if the size of the particles was lower, the filter was clogged with dramatic rise
of a pressure drop. This was caused by packing of the particles together and blocking the pores of the filter.
The surface of the nanofibrous layer was covered by a relatively dense cake. The nanofibrous filter
demonstrated high efficiency during filtration of micron particles and has a potential to be used in pretreatment
applications.
Nanofibres were also used in a food processing to remove bacteria and yeast cells, where their size is from 3
to 12 microns [4]. A dead end filtration during constant flow rate was performed with beer. It was revealed that
the yeast in beer forms soft cakes and the pressure drop is not so significant, so the use of nanofibrous
materials in beverage processing is promising.
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In this article a nanofibrous filter layer supported by a microfibrous layer was tested by submicron
monodisperse artificial particles. The experiments were carried out on the water filtration setup including
the filtration chamber with an optical access. The filtration process was visualized and the filtration efficiency
was determined. The bubble point test was used for determination of the maximum, medium and minimum
pore size of the filtration textile. The information about pores was compared to the local filtration efficiency and
pressure drop.
2. EXPERIMENTAL SETUP
The filtration process is visualized in the experimental setup, which allows an optical access to the place,
where a tested filter is situated. The experimental setup measures pressure drop and flow rate and it is possible
to take away samples of water in front of and behind the tested filter. The scheme of the filtration setup is
shown in Fig. 1. The flow rate can be set from zero to 10 liters per minute and the pressure drop can reach
almost 50 kPa. The inner square shaped cross section of the filtration channel is 5 cm large and the channel
is 50 cm long. The flow rate can be controlled on the constant value by a PI controller. The laser sheet is 1
mm thick and 60 mm wide and it is generated by a cylindrical 10° angle Powell lens. Wavelength of the laser
beam is 532 nm and the maximum power achieves 98.2 mW. The power was measured by LabMaster Ultima
v. 2.35 with mounted attenuator 1:1000. The camera was used Pike 210B/C with lens Samyang 35 mm, F1.4.
The resolution of the camera was set to 960 x 540 pixels and images are scaled in 16 bit of grey value and
saved in RAW format.

Fig. 1 Scheme of the filtration setup
3.

EXPERIMENTS

3.1.

Materials

The local filtration efficiency was measured on the basis of visualization of a filtration process in a laser sheet.
Cleaned tap water was seeded by artificial particles 0.28, 0.42 and 0.69 µm large. As the seeding particles the
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monodisperse polystyrene microspheres obtained from Polysciences Europe GmHb were used. Polystyrene
has very optimal optical and mechanical properties, its mass density is 1050 kg/m2 and relative refractive index
of light is 1.5983.
As a tested filter the nanofibrous textile made by the technology electrospinning was used. The electrospinning
generates nanofibres by electrostatic forces from a polymer solution. The basis weight of the nanofibrous
textile was measured by a precise scale. The material of the nanofibrous textile is polyamid and the basis
weight is 0.34 g/m2. The microfibrous support textile was made of polypropylene. The nanofibrous web was
deposited on the support microfibrous polypropylene textile and hot calendered, Fig. 2. Another microfibrous
polypropylene textile protects the nanofibrous web from the front.

b

a

Fig. 2 a) Sample of a tested filter: Seals, stainless steel screen, nanofibrous web on polypropylene support
(blue), protecting polypropylene textile (red), seals, b) Clogged nanofibrous textile by polystyrene particles
after the experiment
3.2.

Visualization of a filtration process

During the filtration the camera records images of the filtration process and the images are saved to a PC.
There the images were offline processed in the software ImageJ [5]. In the image behind a tested filter
the evaluative areas are created to calculate local mean grey value. The local grey value is transform to
the local mass concentration through a calibration constant. The mass concentration in front of a tested filter
is known, it is the concentration of the prepared suspension: in this paper 100 µg per liter. More about
the optical method for visualization and evaluation of a filtration process is in [6].
The flow rate was actively controlled and set on the constant value 0.3 liters per minute. Three experiments
with the nanofibrous textile and with three different seeding particles were about 10 minutes long. The image
analysis was carried out in the software ImageJ, where the global filtration efficiency was calculated.
3.3.

Bubble point test

The bubble point test was carried out on the setup, which allows measuring the pressure drop and flow rate
according to the norm: ASTM F316-A3. According to this test it is possible to observe the size of “flow pores”.
The flow pore is defined as a space or tunnel, which connect both sides of the tested membrane.
The measurements were done on the device Macropulos 55. The size of investigated samples is 19.6 cm2,
the range of detectable pore sizes is 0.3 - 200 µm and the range of pressures is 0 - 0.6 MPa. The flow rate is
increased step by step and the pressure drop was measured. The curve of flow rate versus pressure drop was
measured on a dry sample at first, Fig. 3. The same curve was measured again on a wet sample (the sample
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is covered by a mineral oil). The first bubble point (the highest pressure during zero flow rate on the wet
sample) signalizes the value of the pressure for the maximum pore size. The mean flow pore size was
calculated from the pressure, where the wet curve crosses the half dry curve (all values of the flow rate for the
dry curve are divided by two). It says in a fact that the half of the all pores in a filter is full of oil and the value
expresses median of pore size. The dry curve is divided by 10 also and the intersection with the wet curve
determines the pressure drop, from which 90 % pore size is calculated. It means that 90 % of all pores are
smaller than this pore size. The maximum pore size is 15.45 µm, the mean pore size is 1.24 µm and the 90 %
pore size is 2.46 µm. More information about bubble point test can be found in [7].
Dry sample (0,1 flow)
Wet sample
2 + 0,019x
y = 4E-07x3 - 0,0002x2 + y0,244x
= 0,001x
+ 62,215
R² = 0,9964 R² = 0,9985

Pressure drop [kPa]

Dry sample
Dry sample (0,5 flow)
y = 0,0001x3 + 0,0181x2 + 0,1487x
R² = 0,9987

y = 0,0007x3 - 0,0814x2 + 3,6353x + 8,5214
R² = 0,9994

y = 0,0002x2 + 0,0074x + 0,1627
R² = 0,9985

Air flowrate [l/min]

Fig. 3 Relation between airflow rate and pressure drop for dry and wet sample (mineral oil, 49.9 mN/m)
4.

RESULTS

The pictures of the filtration process at the beginning of the experiments are shown in Fig. 4 - 6. We can see
the inlet side of the filter, outlet side and the filter is placed in the middle. The inlet area is brighter due to
the higher mass concentration, which is constant 100 µg per liter. The outlet area is brighter the more seeding
particles pass through the filter. The 0.28 µm seeding particles pass through the nanofibrous textile very easily.
The nanofibrous textile is very thick and the filtration efficiency is low, not higher than 10 %. The particles
0.42 µm are passing through the filter mainly by several holes. The filtration efficiency is around 50 %. The
particles 0.69 µm are separated very well. The filtration efficiency is higher than 90 % and the outlet area is
almost dark indicating low concentration of the seeding particles.
The pressure drop versus time increases in case of all particle sizes, Fig. 7. The curves have linear character
and the angular coefficient is the highest for the largest particles 0.69 µm and the smallest for the smallest
particles 0.28 µm. This is caused by clogging of the fine nanofibrous web by bigger seeding particles and by
creating of a filtration cake. The smallest particles are not trapped by the filter so easily and they mainly pass
through. Very interesting are shapes of pressure courses. For bigger particle size pressure drop increases
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constantly but for small particle size (0.28 µm) the curve shape is more irregular. This shape shows that the
particles captured inside the membrane are released again during the filtration process.

foreside

filter

backside

filtration
channel

Fig. 4 Filtration process, water was seeded by 0.28 µm monodisperse polystyrene particles

Fig. 5 Filtration process, water was seeded by 0.42 µm monodisperse polystyrene particles
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Fig. 6 Filtration process, water was seeded by 0.69 µm monodisperse polystyrene particles

Fig. 7 Graph of pressure drop versus time for 3 types of the seeding particles
The maximum, mean and minimum pore size was compared to the filtration efficiencies. The mean pore size
is 1.24 µm, approximately two times higher than seeding particles 0.69 µm. According to the visualization of
a filtration process the filtration textile is able to catch most of the 0.69 µm large particles. This is probably
caused by the effect, where at the same time two particles are forced to pass through a pore in a filter.
The particles stick in the pore and cannot pass to the clean side of the filter. It is possible to say that flow pores
inside the membrane are three-dimensional like an irregular tunnel. Thanks to this, the nanofibrous textile is
able to separate even two times smaller particles than the mean pore size is. The same effect was found in
other works [3].
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CONCLUSION

The paper deals with a testing of a nanofibrous filter by submicron monodisperse particles on the basis of
visualization of a filtration process. The method visualizates the whole filtration process by a laser sheet and
a digital camera. By an image analysis it is possible to determine the local filtration efficiency versus time. On
the images of the filtration process the local places with lower or higher filtration efficiency are seen. This was
caused by non-uniform nanofibrous web, which includes places with lower or higher mass filling. The filtration
efficiency for several sizes of seeding particles was compared to the maximum, mean and 90 % pore size
measured by the bubble point test. It is obvious that the filtration textile is able to separate most of the particles,
if their size is much smaller than the mean pore size. If the particle size is very small (less than the half value
of the mean pore size), the filtration efficiency decreases very significantly. In the next experiments the
nanofibrous filter will be tested by the particles larger than the mean pore size of the filter.
Another result of the paper is that the visualization method can serve as a verification method for the common
used bubble point test. The bubble point test works on a different physical principle than the visualization of a
filtration process. By the visualization of a filtration process it is possible to detect the weak places in a filtration
material. The weak spots are in a fact the maximum pores.
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Abstract
Nano-sized iron oxide particles such as maghemite γ-Fe2O3, hematite α-Fe2O3 and magnetite Fe3O4 are well
known for their multiple applications such as; medicine, catalysis, sensors, memory devices and electronics.
In photocatalytic properties, these particles play important role as holder for photocatalytic compounds, such
as co-dopped TiO2. In order to maintain high surface area of such photocatalytic compounds and to get easy
and economic process of restoring photocatalysts from the cleaning system utilizing their magnetic behaviour,
these particles are used for also preparing core-shell catalysts. In present study, the nanosized iron oxide
particles are synthetized by precipitation of Mohric salt (NH4)2Fe(SO4)2·6H2O with sodium hydroxide solution
and later in the process they are coated with nanosized TiO2. XRD, SEM and pH measurements are used in
this study.
Keywords: Nanosized Iron oxide particles, TiO2, core-shell catalyst, Mohric salt
1.

INTRODUCTION

Formation of nano-sized iron oxides particles (ionp) such as maghemite γ-Fe2O3, hematite α-Fe2O3 and
magnetite Fe3O4 is of great interest for their multiply use for industrial applications. These applications include
their use in vitro in medicine [1], multiple catalysis tasks [2], sensors development [3], and memory devices
and electronics parts [3,4]. Among many advantageous properties of these nanoparticles such as high surface
volume, ease of surface modification and adsorption properties, the magnetization behavior plays significant
role for their application.
The importance of the ionp is reflected in several studies for synthetic methods. The preparation and tailoring
of the ionp were developed with methods including coprecipitation, microemulsion, laser pyrolysis and
hydrothermal synthesis [5, 6]. The most common technique is coprecipitation where ferrous and ferric salts in
water solutions have been reported to produce quite uniformed particles with ranging size between 10nm to
150 -200 nm [7, 8, 9]. The coprecipitation is kinetically driven process, influenced by chemical reaction rate,
therefore to monitor chemical reaction and control of produced iron oxides and size distribution together with
their magnetic properties is of great interest. Moreover, in recent times the TiO2 coating of such particles plays
a role in production of easily magnetically separable powdered photocatalysts. This work depicts the
production of nanosized magnetic particles using the precipitation of solution of mohric salt and sodium
hydroxide. Prepared particles are covered with Isopropyltitanium alkoxide and sintered in furnace for 3 hours
in temperature of 360°C. SEM, XRD and pH titration curves are discussed in this study.
2.

SYNTHESIS PROCEDURE

For synthetizing and covering of magnetic particles following chemicals were used in this study.
Purchased from Sigma Aldrich: (NH4)2Fe(SO4)2·6H2O pure, NaOH p.a., Titanium Isopropoxide (TIPP) 99.5%
purity, H2SO4 96 % purity, isopropanol 99.7% purity and demineralized water.
2.1.

Preparation of magnetic nanoparticles

For preparing the magnetic particles, earlier described method was used [10]. Stock solution of Mohric salt
was prepared with concentration of 0.03 mol·dm-3. The yellow to orange colored solution was stabilized adding
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droplets of sulfuric acid to reach pH ≤ 3 resulting in transparent colorless solution. Stock solutions of NaOH
was prepared with concentration of 0.1 mol·dm-3. For reaction apparatus consisting of three necked flask with
thermomether, heater and bubble cooler was used.
For preparation of magnetic particles 150 ml of stock solution of Mohric salt were added to three necked flask,
the flask was closed and heater and cooler were turned on. When heated solution started to boil, stock solution
of NaOH was added stepwisely, measuring the volume of basis solution added. After each step, sample of
solution from apparatus was taken and cooled down to 25°C in water bath in order to measure pH. When first
magnetic particles appeared, these were collected for the XRD analysis and the reaction was stopped after
reaching pH ≥ 10.
2.2.

Covering of magnetic particles using TiO2

Prepared magnetic particles were magnetically separated from the solution and directly covered by TIPP using
the mass ratio of particles and TIPP 1:3. Calculated amount of TIPP was mixed with 10 ml of isopropanol and
prepared magnetic particles were added to the solution. After that, the solution was ultrasonified in sonication
bath for 20 minutes and then heated to 45 - 50°C for 1 hour.
After evaporation of solvent from solution the beaker with solution was placed into the crucible and temperature
was elevated to 360°C with heat ramp of 10°C per minute and temperature threshold was set to 180 minutes
after reaching 360°C. Cooled particles were analyzed by XRD and SEM to verify if, the coating was successful.
3.

RESULTS

3.1.

Measurement of pH

Fig. 1 depicts the measurement of pH upon addition of sodium hydroxide.
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Fig. 1 Measurement of pH
Relative volume of hydroxide added Vr is used in the Fig. 1 for constructing the titration curve. Two points are
marked, where the magnetic particles were collected for the XRD analysis. Equation below depicts the relative
volume evaluation.
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Va stands for volume of hydroxide added, Vt stands
measurement.
3.2.

Vr =

Va
Vt

for total volume of added hydroxide in

XRD analysis

Fig. 2 shows the XRD spectra of two samples and TIPP coated. pH of solution when first magnetic particles
were formed was 6.2 and second sample was taken when pH was 10.1. XRD of coated particles is marked as
TIPP coat. Coating of particles formed at pH 10.1 was performed only due to the fact, that XRD revealed only
magnetite pure phase presented in sample. Drop in quality of XRD measurement is believed to be caused by
probability, that part of the TiO2 presented on the surface of magnetic particles can be presented in amorphous
phase.

TIPP coat.
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Fig. 2 Measurement of pH
3.3.

SEM analysis

Fig. 3 SEM analysis of prepared samples
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On Fig. 3 the comparison of developed nanoparticles of Magnetite and magnetite coated by TIPP can be
observed. Prepared magnetite particles are round shape with mean particles diameter around 0.1 µm.
After coating of particles the size distribution changes creating the flake shaped particles with higher size
distribution than prepared magnetite nanoparticles. Different magnification is used in the figure.
4.

DISCUSSION

In Fig. 1 the region of formation of magnetic particles can be observed in pH region of 5.0 - 9.5. This
corresponds to the formation of first magnetic particles in sample with pH 6.2. With increasing amount of
hydroxide added, the color of solution turned from dark orange through dark green to black. At the end of the
synthesis, the solution was clear with sedimenting black particles, highly attracted by magnetic forces.
Concerning the anaerobic conditions in boiling solution with cooler, the Fe(OH)2 is formed by reaction of
hydroxide with Mohric salt solution at pH region 6.0-8.0. Consumption of OH- groups can be attributed to the
formation of inverse spinel orientated magnetite Fe3O4 from the pre-hydroxylated Fe(OH)2, which was
responsible for the dark green color of solution during the synthesis in pH region of 6.0 - 8.0. Darker the color
was higher amount of magnetite was produced in the solution concerning the results from XRD analysis.
XRD analysis evidenced the proposed mechanism of magnetite formation revealing other system phase as
Goethite (Fe(OH)2) and magnetite phase existing together early in the precipitation process, as could be seen
on pH 6.2 XRD result. The Goethite was consumed later in the process in transformation to the magnetite pH
10.1. When TIPP coating was applied to the prepared magnetite particles (pH 10.1), after sintering process
the evidence of anatase formation on the magnetite surface is showed in both XRD and SEM analysis.
Magnetite phase with anatase coating can be found despite of low quality of XRD results which could be
partially caused by possible formation of amorphous TiO2 phase over the magnetite.
SEM analysis was done to estimate if the surface morphology of prepared coated magnetic particles was
changed. Magnetite particles were found to form round shaped clusters with average size distribution around
0.1 µm. After coating of particles with TIPP the higher size distribution was observed with particles covered by
TiO2, which was confirmed by SEM -EDS analysis.
5.

CONCLUSION

Preparation of high purity particles of magnetite can be accomplished by slow precipitation of Mohric salt
solution with sodium hydroxide solution in pH region above 10.0 in anaerobic conditions. Other phase
presented during reaction was Goethite, which disappeared due to the consumption of hydroxyl groups for the
formation of magnetite (Fe3O4). Simple process for coating of magnetite particles was verified resulting in
formation of the anatase TiO2 layer on their surface. Higher size distribution and change in the surface
morphology of particles after TIPP coating is observed. There is possibility, that partially amorphous phase of
TiO2 is formed on the surface using sintering at 360°C in this process.
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Abstract
Nowadays production of parallel structured nanofibers is widely evolving and is gaining popularity in various
fields. This research is about the development of a modified device to produce nanofiber yarn with high quality
oriented fibers. The main requirements of the device are to simplify the production of homogenous nanofibers
and allow possibilities to change parameters of the experiment. This article describes the design process of
the device in accordance with the technological requirements, its construction and prototyping. The article also
includes an overview of the main disadvantages of existing device and the advantages of the modified device.
The main feature of the developed device is the precise control of the rotational speed of the collecting element.
This is done in order to make the collecting fibers process in precise parallel form. The modification of collecting
element also allows changing the parameters of the nanofibers collection process. Using this device it will be
able to test new materials for the production of nanofibers. The device tested with several materials and
positive results are achieved.
Keywords: Nanofibers, oriented structure, electrospinning, prototyping, device design.
1.

INTRODUCTION

Electrospinning is a technology to produce nanofibers. This technology allows the production of various
nanofibers or microfibers. The electrostatic forces acting on the polymer solution causes the production of
nano or micro fibers [1]. This article deals with the production of parallelized nanofibers by the electrospinning
technology from the polymer solution. To achieve an oriented structure of the resulting layer, it is necessary to
use special collector. Using the rotating carousel is very simple and recognized method [2]. Some researchers
have previously worked on this device but performance tests in the laboratory have large amounts of
disadvantages. Considering its disadvantages, it was necessary to construct a modified device which would
allow for a greater range of materials spinnability and improved quality of oriented layers.
This device is only part of a huge project for the production of complex structures of nanofibers. One of the
main objectives is to provide a parallel strand of nanofibers.
2.

PREVIOUS RESEARCH

The first experiments with a rotating collective head were carried out using a device assembled from some
improvised material. The main task was to transfer the voltage to the rotating bars. After successful
experiments and the obtained nanofibers samples, it was decided to continue with the experiments in this
direction. Nanofibers were produced from this device, but the device was not stable, the contact with bars was
not permanent and the speed of rotation was not high enough for the necessary experiments. The distance
between the bars on the head were fixed, but that's not enough for testing with a variety of polymers solutions.
To change the speed it was necessary to change the gearbox or use a different engine. All these operations
take up a tremendous amount of time and they require financial expenses, but even when a new device is
made, it should be noted that the device could be used with fixed parameters for a specific polymer solution.
Due to the instability of the device and the complexities of changes in the parameters of the experimentation
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it was pretty hard to conduct a series of experiments under the same conditions and to collect the necessary
amount of data for statistical analysis.
Based on the above, it was decided to develop a working prototype of the device, which would take into account
the shortcomings of the previous model, namely to ensure a stable contact with the bars, have a stable and
controlled rotational speed of the collective head, provide the possibility of changing the distance between the
bars, as well as to position this head in the space so as to ensure further operation to collect nanofibers from
bars.
3.

HARDWARE

First of all, a 3D model of the future product (Fig. 1 (a) (b)) is created. As the main goal at this stage is to
create a working prototype, it was decided to make most of the details on the 3D printer.

(a)

(b)

Fig. 1 (a) 3D model of developed device, (b) Inside view
To manufacture the majority of spare parts 3D printer Dimension SST 768 was used. The ABS plastic is used
as printing material. 3D printing technology has been selected because it is relatively fast and high quality way
to manufacture parts of complex shape.
Design feature of the new model of the device is that the majority of units are easily replaceable, upgrading
and changes of construction is possible to produce quickly and without making big design changes. This is
due to the reason that it is a first prototype and during the experimentation may break or may need upgrading
for a particular function. For example, if we want to change the engine and a new motor has a different mount
from the previous one - we can print only a small converter, not a whole body where our engine fixed.
To transfer voltage brushes are used which are pressured by a spring to a rotating shaft and attached to the
rotating collective head. Even though they rub out with the passage of time, but provide a stable contact. This
brush can be easily changed. If a method of transferring the voltage to the shaft for any reason ceases to
satisfy us, the modular design of the device makes it possible to replace one part without redoing the entire
device.
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Based on the knowledge from previous experiments, an important parameter is the speed of rotation of the
head with bars. There have been many experiments at low speed (one rotation per minute), but there is no
research for the higher speed. To maintain the stability and positioning accuracy of the rotation a stepper motor
SH1603-5240 is used, working together with the driver HY-DIV168N. This combination allows obtaining 6400
steps per 360 degrees. As the controller at the present stage Arduino Mega 2560 r3 board is used. Based on
technical description it is capable of speeds 3.3 rpm. But to increase the speed it was decided to add a gear
assembly. Transfer ratio was 1: 4. This greatly increased the speed of rotation without any loss in the positional
accuracy of the head. The next step involves the automatic collection of the resulting nanofibers from the
rotating head. It was necessary to do this to ensure accurate positioning of the bars relative to the collective
unit. This problem was solved by the establishment of optical sensors in the lower part of the device (Fig. 2).

Fig. 2 Position of optical sensors
An important feature of this new model is a quick change heads with different distances between the bars.
Replacing the head takes less than one minute. This increases the number of various experiments and using
different types of polymer solutions. During the development of the rotary head, special attention is given for
the aerodynamic of the bars, that can occurs the high speed airflow. As sometimes this flow can destroy the
resulting nanofibers. Previously, flat bars were used, which are replaced in the new device with cylindrical
bars.
4.

SOFTWARE

The main idea for the manufacturing of the device is that any possible parameters for experimentation can be
changed. This will increase the number and variety of tests with different parameters, on the same device with
minimal downtime. Currently this devise is programmed for working in test-mode to debug and fix all possible
problems [3].
5.

EXPERIMENTAL PART

Functional prototype was tested in the laboratory and its performance was compared with the existing device.
Oriented structures were obtained from two polymers solutions.
5.1.

Material

The first experiment: Polyvinylidene fluoride (PVDF; Kynar 720) was obtained from Arkema. Polyethylene
oxide (PEO; Mw 900 000) was obtained from Sigma Aldrich. Dimethylacetamide (DMAC) from Penta. Polymer
solution was prepared from PVDF and PEO (at ratio 10:1) dissolved in DMAC at 60°C. Concentration of
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solution was 16,7% by weight. The second material: Polyvinyl alcohol (PVA; Mw 60 000) was obtained from
Sigma Aldrich. Polymer solution was prepared from PVA dissolved in distilled water (concentration was 12%).
5.2.

Electrospinning

Electrospinning was carried out from a polymer solution, heated at60°C. The solution is pushed from the
syringe to a opposite charge rotation collector for 10 minutes. The voltage on the needle was set at 20 kV
negative and on the collector as4 kV positive. The speed of rotation of the collector was 200 rev./min, collector
was powered by DC Regulated Power Supply (model RXN-302D-3). The distance between the end of the
needle and the collector was 20 cm. All experiments were carried out at 23°C and relative humidity of 60%.
For PVA electrospinning the voltage on the needle was set as 15kV negative and on the collector as4kV
positive. Other conditions were kept similar same as for the PVDF/PEO solution.
5.3.

Characterization

Oriented electrospun fibers were coated with gold using sputter coating and their morphology including fiber
diameter was observed under scanning electron microscopy (SEM; TescanVega 3SB Easy Probe).
6.

RESULTS

In this research, two experiments are conducted using this new device. The morphology characteristics of
result oriented structures obtained from PVDF/PEO and PVA solutions were studied by SEM. Image analysis
are shown in Fig. 3.

(a)

(b)

Fig. 3 Image analysis: (a) PVA layer, (b) PVDF layer
The averages electrospun fibers diameters and parallelized percent age of fibers are summarized in Table 1.
Table 1 The averages electrospun fibers diameters and parallelized percent age of fibers
Sample
PVA
PVDF/PEO

Fiber diameter [nm]

% of parallelized fibers

280±68

92

3185±260

75

The diameters of fibers this novel device are compared with the production of two different technologies. The
first layer was made by classical method for producing nanofibers by roller electrospinning - Nanospider. The
second was from the previous device and the third was from the modified device. As we can see on the Fig. 4,
the novel method is the able to produce highly parallelized structure. All experiments were carried out from a
solution of PVDF/PEO under the conditions described in the previous experiment.
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(a)
(b)
(c)
Fig. 4 Image analysis: (a) PVDF/PEO Nanospider layer, (b) PVDF/PEO layer from original device (c)
PVDF/PEO from the novel device
7.

CONCLUSIONS

The new device showed very promising results for future research related to parallelized nanofiber production.
Both the polymer solutions showed high degree of parallel fibers as compared to older techniques. The
possibilities to change parameters in this novel device could be very beneficial for the researchers working
with different solution to test on laboratory scales. The device is a great improvement to the older versions for
production the parallel nanofiber webs. The device will be further tested with different solution of polymers in
future.
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Abstract
In this work, a new gas phase photocatalytic reduction system was designed to convert CO2 into fuels. The
optimal conditions (such as humidity, initial concentration of CO2 and the placement of powder photocatalyst
in the reactor) for CO2 photocatalytic reduction were systematically investigated with the commercial
photocatalyst TiO2 Evonik P25 in the homemade gas phase reactor. Methane (CH4) and hydrogen (H2) were
the main products. Also carbon monoxide (CO) was detected. The photocatalytic reduction rate was
decreasing with increasing dilution of CO2 by Helium. The humidity is the key role for the CO2 photocatalytic
reduction as the source of needed H+ and hydroxyl radicals, the best value of relative humidity was
experimentally set to 51.8% leading to the highest yields of all products (CH4, H2 and CO). In addition, the
photocatalytic conversion was also influenced by the different placement of photocatalyst, the perfectly spread
sample which possessed more effective gas-solid contact showed higher conversion than that of piled one.
Keywords: CO2 reduction, Photocatalysis, TiO2
1.

INTRODUCTION

CO2, as one of the important carbon sources which is low cost and abundant at the atmosphere and also one
of the greenhouse gases causing the global warming, is more and more attracting the interest of many
researchers. Especially, it is used to transform into the useful fuels and other chemicals, which was widely
studied in recent years. However, it is well known that CO2 is very stable and inert molecule, thus, it is very
hard to transform CO2 from the thermodynamic point of view. Many efforts were devoted to high conversion
efficiency of CO2, such as catalytic hydrogenation, electrocatalysis, photocatalysis, thermolysis, biocatalysis,
etc [1,2]. Recently, photocatalytic conversion has become the hot research topic because of its similarity with
the natural photosynthesis, which belongs among environmental friendly, mild and easy to control reactions.
Therefore, many photocatalysts were designed for the use for the conversion of CO2, such as oxide and sulfide
semiconductor, carbon-based materials, etc. [3-5]. And along with the intensive study of carbon dioxide
conversion, the new photocatalysts are being found and used to improve the efficiency. However, the
photoreactors are also another crucial factor for limited conversion efficiency of CO2. Many researchers
designed different photocatalytic reactors for conversion of CO2, such as monolith reactor, optical fiber reactor,
fixed bed reactor, annular batch reactor, etc. [6,7]. Wu et al. [8] used the optical fiber reactor to transform CO2
to methanol, and the highest conversion rate reached with NiO/InTaO4 photocatalyst. Muhammad Tahir and
NorAishah Saidina Amin [9] adopted the monolith photoreactor to photoreduction of CO2, and the major
product was CO with the Cu/In co-doped TiO2 photocatalyst and H2 as reductant. The photoreduction results
showed the monolith photoreactor for CO production was 12-times higher than the cell-type photoreactor.
Yuan et al. [10] transformed CO2 into fuels using the optical fiber monolith reactor; the new reactor effectively
improved the conversion of CO2 to methanol. Cheng et al. [11] built a novel twin reactor and used it for
conversion of CO2 to CH3OH with mixture of CO and CO2 as the feed, the result showed remarkably increased
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conversion of carbon dioxide. Our group designed various stirred batch annular reactors, which were used for
photocatalytic reduction of CO2 towards possible fuels such as CH4, CO, CH3OH, etc. [12-16].
Although there were many investigations focused on CO2 conversion with different photocatalysts, most of the
reactors contain both liquid and gas phase, or only liquid, or gas with sacrificial agent. In this work, we designed
a pure gas phase photocatalytic reactor for CO2 conversion to fuels, and the optimal conditions for the CO2
conversion were investigated in the presence of commercial catalyst TiO2 P25 which is considered as the
standard photocatalyst and it is also well known photocatalyst for degradation of pollutants.
2.

EXPERIMENTAL

2.1.

Materials

TiO2 P25 was purchased from Sigma-Aldrich (Prague, Czech Republic); A supercritical fluid-grade CO2 was
obtained from SIAD Technical Gases, CZ.
2.2.

Photocatalytic reduction of CO2

The scheme of the photocatalytic reduction system is depicted on Fig. 1, and it mainly contains five parts:(1)
the mass flow controller; (2) humidity adjustment; (3)photoreactor; (4)GC analysis; (5)pressure test. The
photocatalytic reduction processes of CO2 can be described as follows: first, the flow of CO2 gas and/or carrier
gas (such as He) was controlled by the Sierra mass flow controllers which allows us to obtain different
concentration of CO2 in the reactor; second the CO2 or the mixed gas is being saturated by water vapor by
passing through the deionized water which could adjust the humidity of the gas in the reactor; 100 mg of TiO2
P25 was spread on the glass at the bottom of reactor, the outlet valve of reactor was adjusted to control the
gas flow so all the air was removed from the reactor; after 20 minutes the reactor was sealed and pressurized
to above 1.3 atm. The photocatalytic reduction of CO2 started by turning on the UV lamp and the reaction time
was 24 hours. Gas samples were discontinuously taken and immediately analyzed on GC/BID. Among the
detected products was CH4, H2 and CO.

Fig. 1 The schematic description of gas phase photocatalytic reduction of CO2
3.

RESULTS AND DISCUSSION

3.1.

Characterization of TiO2 photocatalyst

According to information from producer, specific surface area of TiO2 Evonik P25 photocatalyst was
50 m2 g -1, band gap energy was 3.38 eV, sample contained 80 wt.% anatase and 20 wt.% rutile with crystallite
size of 25 and 54 nm, respectively.
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The influence of different concentration of CO2 on photocatalytic reduction

The production of one reaction is greatly limited by the initial concentration of reactant, thus the influence of
different initial concentration of CO2 (different concentration of CO2 was obtained by diluting by helium) on
products yields was investigated, the results are showed in Fig. 2. According to the results, it can be clearly
found that the yield of H2 is the higher than those of CH4 and CO in every photocatalytic reduction process.
Also it possesses highest yield of all products (CH4, H2 and CO) at 100% initial concentration of CO2 in the gas
phase reactor. The results are in agreement with the report from Lo et al. [17] who investigated photocatalytic
reduction different concentration of CO2 (diluted with N2) with acidic photocatalyst (TiO2/SO42−), and the yields
of CO and CH4 were enhanced with increasing the initial concentration of CO2, but the H2 was used as
reductant in this photocatalytic reduction process. Moreover, it can be seen that the yield of CH4 is also high
when the initial concentration of CO2 is around 31% or 20%, but the H2 is much lower compared to initial
concentration 100% of CO2. This result is corresponding with the work published by Akhter et al. who has
chosen the concentration 20% of CO2 as initial concentration for the reaction [18]. Based on experimental data
pure carbon dioxide was used for further experiments.
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Fig. 2 The influence of different CO2 concentration on photocatalytic reduction
3.3.

The influence of different humidity on the photocatalytic reduction of CO2

It is well known that the CO2 can be transformed into the organic compounds and O2 molecules via the natural
photosynthesis. Therefore the artificial photocatalytic reduction CO2 must meet the similar requirements and
only after that CO2 can be transformed into the so much desired fuels. Especially, the humidity, which offers
the necessary reductant, is seriously important for the conversion of CO2 under the light irradiation, thus the
influence of different humidity in the reactor for CO2 conversion was investigated. The results are shown in
Fig. 3. It can be clearly found that the conversion rate of CO2 was critically limited by the humidity. Apparently,
the order of all the products yield (H2, CH4 and CO) is decreasing in order of humidity as follows ~51.8% >
~69.7% > ~29.2%. The reason may be due to that the low humidity possesses small amount of H2O molecules
which could not offer enough reductant for photocatalytic reduction of CO2; the high humidity contains more
H2O molecule, but the H2O molecule is the polar molecule which could be adsorbed on the surface of TiO2
and inhibit the proceeding of photocatalytic reduction CO2, thus the CO2 conversion efficiency was decreased
at high humidity. Specially, the conversion of CO2 with the humidity at 51.8% is obviously higher than that of
~69.7% and ~29.2%, indicating that the humidity around ~51.8% is the best one for the CO2 conversion in our
home-made photocatalytic reduction reactor. The results are well in agreement with the paper published by
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Rani et al. They have tested various amounts of relative humidity ranging from 0 to 100% for the photocatalytic
reduction of carbon dioxide with co-catalyst (Cu, Pt) sensitized TiO2. The highest yields of both products,
methane and hydrogen, were obtained in the presence of 55% of relative humidity [19].
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Fig. 3 The influence of different humidity for photocatalytic reduction of CO2
3.4.

The influence of TiO2 P25 placement on photocatalytic reduction of CO2

The catalytic efficiency of gas-solid phase reaction is mainly relied on the gas-solid contact [20], which mean
the shape and/or placement of catalysts is important to gas-solid reaction under the same conditions, the
effective gas-solid contact could possess better adsorption of reactant. Actually, the different shapes and/or
placement of the catalysts could obtain different surface properties (such as surface area, different surface
groups, etc.) which limited the surface reaction sites of catalysts for gas-solid phase reaction, thus the effective
gas-solid contact can offer more reaction sites and the catalytic rate will be enhanced. In terms of this reason,
the different placements of P25 for photocatalytic reaction of CO2 were investigated. The results are shown in
Fig. 4. Fig. 4 (a and b) shows that P25 was dispersed and piled onto the glass, respectively. It was
experimentally confirmed that the products yield in the presence of dispersed P25 were higher than in presence
of the piled P25 under the same conditions. The reason could be attributed to more effective gas-solid contact
of the dispersed sample between CO2 and P25, therefore there were more active, easily reached reaction sites
and also higher photons absorption. Therefore the yields of CH4, H2 and CO were 11.0 μmol/gcat., 100.9
μmol/gcat. and 2.5 μmol/gcat. after 24 h of irradiation, respectively. And the yields in the presence of piled sample
were lower because the piled P25 photocatalysts possesses smaller gas-solid contact between CO2 and P25
and of course lower ability to absorb photons, resulting in lower amount of active sites available for the
photocatalytic reduction process itself. Even though specific surface area is not the most decisive property for
the rate of photocatalytic reduction of CO2 if two different photocatalysts are being compared, but in case of
the same material higher specific surface area leads toward higher reaction rate. This was for example
confirmed by, Zhang et al. who reported various nanoporous polymer monolith-supported Degussa P25
photocatalysts with different specific surface area and compared to powder P25. All the photocatalysts were
tested for the photocatalytic degradation of Rhodamine B and the results confirmed that the reaction rate is
increasing with increasing specific surface area [21].
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Fig. 4 The influence of different P25 placements for conversion CO2
4.

CONCLUSION

In summary, we successfully built a gas phase reactor for the photocatalytic reduction of CO2. The influencing
factors were investigated in order to find optimal reaction conditions. It was found out the photocatalytic
reduction rate was decreasing with increasing dilution of CO2 by Helium. Also the humidity strongly influences
the CO2 photocatalytic reduction. Based on the experimental data the best value of humidity was set to 51.8%
which exhibited highest conversion rate under the same conditions. In addition, different placements of
photocatalyst and its influence on the photocatalytic reduction of CO2 was investigated. The highly dispersed
sample showed much higher conversion rate than the piled one. Finding the optimal conditions for a new
reactor is a beginning for further work focused on better understanding the reaction mechanism of the
photocatalytic reduction of carbon dioxide.
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Abstract
Three different ordered mesoporous silica materials, such as MCM-41, Al containing MCM-41 (mass ratio Si/Al
= 10) and SBA-15, were prepared. In a next step, cobalt (5-8 wt%) as an active metal for redox reactions, was
introduced by the impregnation. The prepared catalysts were characterized by AAS, EDX, N2 physisorption,
XRD, DR UV-Vis spectroscopy, Raman spectroscopy, TPR-H2 and their catalytic properties were evaluated
for N2O decomposition and reduction. The catalysts showed poor activity in N2O decomposition while the use
of reducing agent (carbon monoxide) was beneficial for their catalytic activities. The lowest catalytic activity
showed Co/Al-MCM indicating that the aggregated CoxOy species present in this catalyst were inactive and
not beneficial for the catalytic activity.
Keywords: Mesoporous ordered silica; Aluminum; Cobalt; Impregnation; N2O decomposition
1.

INTRODUCTION

The exceptional activity of noble metals (such as Au, Rh or Ru) for the catalytic reactions such as N2O
decomposition [1, 2, 3] has been studied. However, due to the excessive cost of noble metals, the interest is
paid to the use of transition metal oxide catalysts [4]. The range of papers dealing with the catalytic
performance of mesoporous silica materials modified with cobalt has been published [5, 6, 7, 8, 9, 10].
The metal site isolation can be achieved by simple deposition of the metal precursor using wet impregnation.
However, the impregnation method often results in catalysts with broader distribution of metal species and
lower degree of dispersion or bulk oxide. Metal acetylacetonate (acac) complex such as VO(acac)2 was used
for the wet impregnation of vanadium on hexagonal mesoporous silica (HMS) as reported by Bulanek and coauthors [11]. The similar approach was applied in our study. As reported in the papers [12, 13], the adsorption
of Co(acac)2 complexes leaded to the precipitation of cobalt oxides on alumina surface. On the other hand,
the stability of Co(acac)2 was beneficial to form a high loading of cobalt on silica surface.
Aluminum is known as an element generating acid sites by substitution of Si by Al in the silica structure.
Aluminum can enhance the dispersion, localization and stability of metal nanoparticles (such as Fe, Ru, Rh or
Au) on silica surface such as SBA-15 or SiO2 extracted from the natural clay [3, 14].
To our knowledge, the catalysts prepared by impregnation of Co(acac)2 on ordered mesoporous silica
materials (MCM-41, MCM-41 with incorporated aluminum and SBA-15) and tested in N2O catalytic
decomposition and reduction by using CO as the reducing agent have not been reported yet. The aim of the
paper is to find the relation among physicochemical properties of cobalt deposited on different supports and
the performance of these materials in the above mentioned catalytic reactions. The main interest is focused
on the differences in (i) textural and structural properties of catalysts supports, (ii) crystalline phase, (iii)
coordination and oxidation state of cobalt cations and (iv) reducibility of catalysts.
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MATERIALS AND METHODS

Synthesis of mesoporous silica supports
MCM-41 material was prepared by a direct interaction between an ionic, positively charged surfactant and a
negatively charged silica source in a basic environment. The synthesis of MCM-41 was performed according
to [15] by using cetyltrimethylammonium bromide (C16TMABr), ammonia (30 wt% solution of NH3 in H2O),
tetraethyl orthosilicate (98 % TEOS) and water.
Synthesis of Al-MCM-41 was done according to [16]. Sodium hydroxide (NaOH), cetyltrimethylammonium
bromide (CTABr, C16H33(CH3)3NBr), tetraethylorthosilicate (TEOS), aluminum sulphate (Al2(SO)4∙18H2O), and
deionized water were used.
SBA-15 material was prepared by use of block copolymeric surfactant that interacts with the positively charged
silica source in acid medium. SBA-15 was synthesized as described in [17] in acidic conditions using
polyethyleneoxide-polypropyleneoxide-polyethyleneoxide copolymer (EO20PO70EO20), hydrochloric acid (37 %
HCl), tetraethyl orthosilicate (98 % TEOS) and water.
Preparation of catalysts
The calcined silica support was dried in an oven at 200 °C in the air atmosphere. The appropriate amount of
Co(acac)2 was dissolved in ethanol. Afterwards, the calculated amount of support was added to the solution
which was stirred at 80 °C till ethanol slowly evaporated. Finally, the formed suspension was dried in the oven
at 120 °C and calcined at 550 °C with a heating rate of 1 °C.min-1 in the period of 12 h.
The prepared catalysts are designed as: (i) Co/MCM, (ii) Co/Al-MCM, and (iii) Co/SBA.
Characterization techniques
The metal loadings were determined by an electron dispersive X-ray (EDX) analyzer XL30 Phillips and by an
atomic absorption spectrometer (AAS) Spectr AA880 (Varian). For AAS analysis, the catalysts were dried,
dissolved in 3 ml HCl and heated up.
Textural properties of the samples were determined by nitrogen sorption measurements at -196 °C using a
QuadraSorb SI MP Station. Prior to the measurements, the samples were degassed under vacuum at 200 °C
for 16 h. The mesopore diameter was determined from the maximum of pore size distribution curve of BJH
method. The microporosity was evaluated by t-plot method using de Boer for oxidic silicas.
The XRD patterns in 2θ range from 10 to 80° were recorded under CoKα irradiation (λ = 1.789 Å) using the
Bruker D8 Advance diffractometer (Bruker AXS) equipped with a fast position sensitive detector VÅNTEC 1.
Measurements were carried out in the reflection mode, powder samples were pressed in a rotational holder,
goniometer with the Bragg-Brentano geometry in 2 θ range from 5 to 60°. Phase composition was evaluated
using database PDF-2 Release 2011 (International Centre for Diffraction Data).
Diffuse reflectance UV-Vis spectra of the powder samples were recorded in the range 190 - 900 nm
(11111 - 50000 cm-1) at room temperature on the Cintra 303 equipped with a diffuse reflectance attachment.
Raman spectra were measured by Smart Raman Microscopy System XploRA™ (HORIBA Jobin Yvon,
France). Raman spectra were acquired with 532 nm excitation laser source, and 2400 groove/mm grating in
the range 150 - 1100 cm-1. Raman spectra were acquired at each of at least 5 points.
Temperature programmed reduction by hydrogen (TPR-H2) was carried out on AutoChemII 2920 on the
powder samples of the grain 0.160-0.315 mm. The TPR runs were performed in the flow of 10 vol% H2/Ar
(50 ml.min-1) with the heating rate 20 °C.min -1in the temperature range 25-1000 °C. The hydrogen
consumption was monitored by thermal conductivity detector (TCD).
The cobalt standards CoO (Alfa Aesar, CAS: 1307-96-6, purity 95 %), Co3O4 (Alfa Aesar, CAS: 1308-06-1,
purity 99.7 %) and CoAl2O4 (Alfa Aesar, CAS: 12672-27-4, Co 39-41 %) were applied.
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Catalytic tests
The catalytic tests were performed in an integral fixed bed stainless steel reactor of 5 mm internal diameter in
the temperature range from 390-450 °C under atmospheric pressure. The catalyst bed contained 0.1 g of
catalyst with a particle size of 0.160-0.315 mm. The weight hourly space velocity (WHSV) of 60 000 l h-1 kg-1
(GHSV = 15648 h-1) was applied. The feed introduced to the reactor contained (i) 0.1 mol% N2O in nitrogen
and (ii) 0.1 mol% N2O and 0.1 mol% CO in nitrogen. A gas chromatograph equipped with a thermal conductivity
detector (TCD) (Agilent Technologies 7890A) and the chromatographic column ShinCarbon Micropacked
(dimension: 2 m x 0.53 mm, oven program: 100 °C for 2 min then 40 °C/min to 250 °C for 1 min) was used for
N2O analysis.
3.

RESULTS AND DISCUSSIONCharacterization of catalysts

Theoretical and experimental Si/Al ratio, initial loadings of Co(acac)2, theoretical concentration of Co and final
concentrations of Co and Al determined by EDX and AAS analyses are displayed in Table 1. AAS measured
the bulk concentration of cobalt and is more precise than EPMA measuring only surface concentration of
cobalt. The concentration of cobalt determined by AAS is considered for further comparison of catalysts.
Table 1 Initial concentrations of Co(acac)2 and final concentrations of Al and Co in the catalysts
Sample

Final Al conc.a

Si/Al

Initial Co (acac)2 conc.

Theor. Co conc.

Final Co conc.

-

mmol.g-1

wt %

wt %

-

1.7

10

6.7b, 5.2c

9.7b

1.7

10

6.9b, 7.4c

-

1.7

10

4.7b, 7.7c

wt %
Co/MCM

-

Co/Al-MCM

17a

4.1

Co/SBA

-

a

Theoretical Si/Al ratio. Si/Al are mass ratios.

b

EDX analysis, c AAS analysis.

The evaluated textural properties of prepared catalysts are summarized in Table 2. The Co/MCM has the
highest surface area whereas Co/SBA has the highest mesopore diameter with the presence of micropores in
the mesopore structure.
Table 2 Results of textural properties of Co-impregnated catalysts
Sample

SBET

Smicro

m2.g-1
Co/MCM

Vmicro

m2.g-1

Vtotal,
p/p0 = 0.99-1.0
cm3.g-1

cm3.g-1 nm

1256

-

1.03

-

2.8

Co/Al-MCM

605

-

0.46

-

2.7

Co/SBA

569

172

0.76

0.08

5.7

dpore

The Co spinel phase was surely detected in Co/Al-MCM catalyst. XRD patterns of other catalysts are noisy for
the determination of Co spinel phase. Due to the similar reflection angles and intensities in XRD, it is not
possible to distinguish between Co3O4 (PDF number 65-3103), CoAl2O4 (PDF number 03-0896) and Co2AlO4
(PDF number 02-1410). As depicted in Fig. 1, the peak of amorphous SiO2 at the maximum 2Θ = 27 ° is the
most apparent in Co/SBA catalyst.
The DR UV-Vis spectra are used for the characterization of the nature and the coordination of cobalt oxide
4T (P)
species. Triplet absorption bands at around 15550, 17094, 19120 cm-1 are assigned to 4A2(F)
1
transition of Co(II) species in tetrahedral coordination geometry, see Fig. 2 [18, 19, 20].
The absorption band at 13642 and 23310 cm-1 are attributed to non-specified oxide CoxOy, as it is obvious in
Fig. 2 [20, 21]. These bands are evident in Co/Al-MCM.
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Raman spectroscopy is much more sensitive for the detection of small crystalline clusters than XRD analysis
[22]. Fig. 3 shows Raman spectra of Co-impregnated catalysts where five bands at 194, 479, 520, 612, and
682 cm-1 are clearly visible. According to the literature [23], these bands correspond to symmetric vibrational
modes F2g, Eg, F2g, F2g, and A1g and predict the formation of microcrystallites of Co3O4. The measured Raman
spectra of cobalt standards Co3O4, CoO and CoAl2O4 are shown in Fig. 4. By comparison of the spectra, the
determination of Co3O4 and/or CoO is difficult due to their similar spectra as well as the position of the bands
in Co-impregnated catalysts could be affected by the presence of supports. The phase CoAl2O4 is not present
in the catalysts by comparison of Figs. 3, 4 as well as Co2AlO4 and NaCo2O4 are not present, according to the
literature [24].
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Fig. 1 XRD patterns of catalysts A) Co/MCM, B)
Co/SBA and C) Co/Al-MCM. The phases are: 1 cobalt spinel, 2 - amorphous SiO2

Fig. 2 DR UV-vis spectra of catalysts A) Co/SBA,
B) Co/MCM and C) Co/Al-MCM
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Fig. 3 Raman spectra of Co/SBA
(a), Co/Al-MCM (b), Co/MCM (c)
catalysts

Fig. 4 Raman spectra of the
standards Co3O4 (a), CoO
(b), and CoAl2O4 (c)

Fig. 5 TPR-H2 profiles of Coimpregnated catalysts

The results from TPR-H2 of Co-impregnated catalysts and cobalt standards are summarized in Table 3. The
TPR profiles are depicted in Fig. 5. The low-temperature reduction peaks (25-500 °C) correspond to the
reduction of CoIII → CoII and/or CoII → Co0 in cobalt oxides [25]. The highest amount of easily reducible cobalt
species was present in Co/Al-MCM indicating that the sintering of Co particles into aggregates was favored in
this catalyst. The high-temperature reduction peaks (530-1000 °C) are assigned to Co2+ ions interacting
strongly with the support and to the reduction of surface Co silicate [10, 26]. The broad second reduction peak
with Tmax 709 °C in the catalyst Co/Al-MCM indicates less uniform cobalt ion distribution in the silica framework
[9]. Compared to that, Co/MCM and Co/SBA catalysts showed significant shift of Tmax to higher temperature
indicating higher reduction stability of these catalysts.
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Table 3 The results from TPR-H2 experiments and catalytic tests
Sample

Tmax

25- 1000°C

H2 consumed

25- 500°C

H2 consumed

25- 1000°C
-1

N2O

TOF

decomposition

reduction

XN2O

XN2O

%

%

h-1

°C

mmol.gsample

Co/MCM

310, 894

0.12

1.01

2

17

254

Co/Al-MCM

335, 709

0.29

1.47

4

13

125

Co/SBA

495, 855

0.21

0.97

5

37

359

CoO

464

16.16

-

-

-

-

Co3O4

400

19.50

-

-

-

-

397, 977

2.63

4.59

-

-

-

CoAl2O4

mmol.gsample

-1

N2O

Catalytic activity in N2O decomposition and reduction
The Co-impregnated catalysts were tested in N2O decomposition. The N2O conversion (XN2O) at 450 °C was
in the order: Co/SBA > Co/Al-MCM > Co/MCM which indicates no catalytic activity in N2O decomposition for
all catalysts.
The rate determining step of catalytic decomposition of N2O (Eq. 1) is supposed to be the reduction of active
sites to remove adsorbed oxygen species which remain on the surface after dissociation of N2O molecule.
N2O → N2 + ½ O2

(1)

Therefore, reducing agent (such as carbon monoxide) could facilitate desorption of oxygen species and hence
the rate of N2O decomposition (Eq. 2).
N2O + CO → N2 + CO2

(2)

The reducing agent increased the activity (XN2O at 450 °C) which was in the order: Co/SBA > Co/MCM > Co/AlMCM. The catalytic activity expressed by TOF (turnover frequency) as the number of N2O molecules reacting
in unit time per active cobalt site defined by AAS [27] was at 450 °C in the order: Co/SBA > Co/MCM > Co/AlMCM reflecting the highest activity of Co/SBA catalyst. The Co/SBA catalyst does not differ from Co/MCM
from the point of view of the coordination and oxidation state of cobalt assigned to surface Co(II) species in
tetrahedral coordination geometry. Therefore, the reason for higher activity can be due to different particle size
of cobalt and its dispersion on silica supports. The Co/Al-MCM differs from the others indicating the presence
of aggregated CoxOy species which showed up to be inactive and not beneficial for the catalytic N2O
decomposition and reduction even though the reducibility below 500 °C was the highest for Co/Al-MCM.
4.

CONCLUSIONS

The impregnation method was applied for the deposition of cobalt on three different mesoporous silica
supports: MCM-41, MCM-41 with aluminum incorporated into the silica framework (Al-MCM-41) and SBA-15.
The presence of tetrahedral Co(II) was detected for all prepared catalysts, however, the presence of
aggregated crystalline CoxOy species was analyzed by XRD, DR UV-Vis and TPR-H2 in Co/Al-MCM. There is
no clear determination by Raman spectroscopy of CoO or Co3O4 crystalline phase.
The catalysts showed no activity in the reaction of N2O decomposition whereas the use of reducing agent
(carbon monoxide) increased their catalytic activities. However, N2O conversion did not exceed 37 % at 450°C
in the case of Co/SBA. The lowest catalytic activity showed Co/Al-MCM indicating that aggregated CoxOy
species on the surface of Co/Al-MCM were inactive and not beneficial for the catalytic activity.
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Abstract
Contact formation is one of the significant steps, which have to be optimized in the production of silicon solar
cells with high efficiency based on N-type substrates. In this work a comparison of the effect of various sintering
conditions on the contact formation process was done. Contacts were screen printed on passivated boron
doped P+ emitters using two pastes for front-side metallization from different producers. Two different
temperature profiles were compared at an atmospheric concentration of O2. The influence of the
O2 concentration on resistance was investigated for one profile. Resistance changes during firing were
measured simultaneously with the temperature using Rapid Thermal Processes (RTP) modified to in-situ
resistance measurement.
Keywords: Silicon solar cell, metallization, contacts formation
1.

INTRODUCTION

Solar cell metallization is one of the major efficiency limiting and cost determining steps in solar cell processing.
Two main loss mechanisms are related to the metallization, optical shading losses and electrical series
resistance losses. There are lots of different methods of producing solar cell metallization depending on cells
structure. However, the most of producers of silicon solar cell used metallization based on screen printing and
contact firing using RTP process due to its simplicity, high throughput, and a price. Due to the short firing
cycles used, sintering kinetics gain a huge impact on the microstructure formation. [1, 2, 3, 4].
1.1.

Process of contact formation

Usually the screen printing metallization comprises back contacts printing and drying, front contacts printing
and drying, and firing. The printed contacts are dried to obtain higher stability of the print by eliminating humidity
before firing. High temperature during firing is necessary to open an antireflection (ARC) and passivation layer
(e.g. silicon oxide SiOX, silicon nitride SiNX) and to support the reactions in the course of firing. The silver mass
transport and viscous flow of the glass is crucial for the contact formation. The simplified model of contact
formation is shown in the Fig. 1. During the firing, the organic ingredients of the paste are thermally
decomposed, the glass frit melts and wets the wafer surface. The antireflection and passivation layer is etched
by the fluidized glass frit, which gets into direct contact with substrate. In the process, excess silver (Ag)
particles as well as etched Si are dissolved in the glass frit. During the peak zone, where the wafer is heated
within seconds up to peak temperature υpeak typically ranging between 800 °C to 950 °C, the actual contact
formation occurs. The cooling is usually as fast as the heating process. Upon cooling down from the firing
peak, the excess Si contained in the glass frit recrystallizes epitaxially on the substrate, and crystallites start
to grow randomly on the Si surface to form an electrical contact with the emitter. At optimal firing conditions
the crystallites grow in epitaxial relation with Si. Finally the glass frit layer solidifies as a quasicontinuous layer
above the Si and the interface crystallites. The current conduction in the solar cell proceeds via small silver
crystallites and colloidal precipitates, which are formed in the interface layer between the silver track and the
silicon during the short firing step and via the sintered silver tracks [1, 4, 5, 6, 7, 8].
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a)

b)

c)

d)

e)

f)

Fig. 1 Simplified model of contact formation: a) schematic cross section of Ag thick film paste on [100] Si
after combustion of organics; b) glass etches through SiNX layer; c) redox reaction between Si and glass,
lead (Pb) is formed; d) liquid Pb starts to melt Ag; e) Ag - Pb melt reacts with Si, inverted pyramids are
formed; f) on cooling down Ag recrystallises on (111)-Si planes [5]
1.2.

In-situ resistance measurement

The measurement of the contact resistance during the firing step (in-situ resistance measurement) has a high
potential to examine the ongoing sintering and reaction processes and this is the reason why the RTP furnace
modified for an in-situ resistance measurement was used. Other important advantages of using the RTP
furnace were direct gas flow control and temperature control. The resistance was measured using four point
method. Two molybdenum alloy probing wires were encapsulated in a ceramic guide jacket and contacts the
paste spots on the substrate from the top. K-type thermocouples contacted the sample from the front and rear
side to control the temperature during the process. The course of resistance was recorded for temperature
above ca. 300 °C [7, 8, 10].
2.

EXPERIMENTAL

2.1.

Sample preparation

For this experiment were used (154 × 154 mm2) industrial N-type mono-Si substrates with crystallographic
orientation [100], and with base resistivity ρN-Si in the range 2,5 - 3 Ω∙cm. The saw damage removal was done
in a sodium hydroxide (NaOH) solution, and the subsequently texturing in a solution of the mixture of potassium
hydroxide (KOH) and hydrogen peroxide (H2O2). The emitter was created by atmospheric pressure diffusion
using boron tribromide (BBr3) as a source. The resulting sheet resistance of emitter was measured by four
probe method and it was RSheet = 75 Ω / sq on the average. The emitter depth was measured using
Electrochemical-Capacitance-Voltage measurement and it was ca. demitter = 0.6 µm. As the passivation and
ARC coating an uniform 70 nm thick dielectric layer of SiO2-SiNX was deposited.
The experiment were used two commercially available pastes (named A and B) for fine-line front side
metallization from various producers. The testing structure was created by 4 mm × 1 mm screen printed spots
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at 50 mm distance. This structure was chosen due to simply positioning of measuring contacts. After the
printing the wafers were dried at 200°C for 10 minutes.
2.2.

Firing conditions

In this experiment were used two different temperature profiles, Profile 480 and Profile 400 (see the Fig. 2),
which were varying in the first temperature υH. In case of the Profile 480 the first temperature was set up to
υH = 480 °C with a heating rate 10 °C / sec. The second temperature was set up to υpeak = 800 °C with
a heating rate 2 °C / sec. An immediate cooling then took place with a cooling rate of 10 °C / sec down
to 100°C.
The Profile 400 differed from the Profile 480 in the first set up temperature υH = 400 °C and in a heating rate,
which was 8,33 °C / sec. The second temperature was set up to υpeak = 800 °C with a heating rate 2,5 °C / sec.
The process of cooling was identical with the Profile 480.
The firing was done in an atmosphere of N2 / O2 gas mixture. The composition of the process gas was changed
using an O2 concentration between 21 % and 0 % keeping the total gas flow constant. The required
concentration of O2 was achieved by controlling the variation of the O2 concentration in the N2 atmosphere.
The O2 concentration at the first measurements for both profiles was coincident with the concentration in the
atmosphere (21 % O2). Afterwards it moved downwards to 10 %, to 5 %, and finally to 0 %. In case of the
Profile 400 only the measurements with 21 % O2 were done.

Fig. 2 Used temperature profiles
3.

RESULTS AND DISCUSION

The examples of resistance changes for Profile 480 are presented in the Fig. 3 in case of paste A, or in the
Fig. 4 in case of paste B. The dependence of resistance on the temperature for both pastes in case of using
Profile 400 is presented in the Fig. 5. From resistance dependence on temperature it is obvious that the
resistance was alternating between conductive state and insulating state during firing. On the beginning there
was no conductive connection between testing spots, because they were separated from the substrate by
deposited SiO2-SiNX layer. The burning through the dielectric layer at temperature υBT is indicated by the first
conductive state, when melted glass is able to conduct current. The temperature υBT is dependent of O2 content
in the process atmosphere and the temperature profile (see Fig. 3, Fig. 4, and Fig. 5).
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Examples of resistance dependence on the temperature and the O2 content are shown in the Fig. 3. It is
evident, that at reduction of O2 concentration the first insulating state became shorter and the temperature υBT
decreased from 525 °C (for 21 % O2, Fig. 3a) to 519 °C (for 10 % O2), to 513 °C (for 5 % O2) and finally to
465 °C (for 0 % O2, Fig. 3b). In case of paste B (see examples in the Fig. 4) the reduction in time of the first
insulating state was more significant compared with paste A (Fig. 3). The reduction of O2 concentration
changed the temperature υBT from 665 °C (for 21 % O2, Fig. 4a) to 491 °C (for 10 % O2), respective to 494 °C
(for 5 % O2) and finally to 398 °C (for 0 % O2, Fig. 4b). Between 750 °C and 800 °C fluctuations occurred
between insulating and conductive state in case of all samples. These fluctuations were most probably caused
by reaction processes at the interface and formation of silver precipitates.

a)

b)

Fig. 3 The dependence of resistance on the temperature and the content of O2 for the paste A

a)

b)

Fig. 4 The dependence of resistance on the temperature and the content of O2 for the paste B
From the comparison of resistance dependence in the Fig. 3a) and in the Fig. 5a) (paste A), respectively the
Fig. 4a) and the Fig. 5a) (paste B) it is obvious, that the reduction of the first target temperature υH had a
bigger impact on the resistance profile of the paste B. Time necessary to burning through the SiO2-SiNX layer
became longer in both cases. Simultaneously the temperature υBT decreased from 525°C to 480 °C for paste
A, and from 665°C to 368 °C for paste B. Up to 630°C the paste B became conductive and no further insulating
state was found.
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a)

b)

Fig. 5 The dependence of resistance on the temperature using Profile 400.
4.

CONCLUSION

The contact formation of silver fine-line front side contacts screen printed on P+ doped Si with of SiO2-SiNX
passivation layer was observed by in-situ contact resistance measurements. It is clear that in-situ resistance
measurements proved to give insight in the kinetics of contact formation and showed differences in the contact
formation process for different O2 concentrations and temperature profiles. The temperature required for
burning through the dielectric layer could be determined from the resistance profile.
The resistance profile of the paste B depended more on the O2 content and the first target value υH than the
profile of the paste A. The temperature υBT decreased by reduction of O2 content from 525 °C to 465 °C in
case of paste A, and from 665 °C to 398 °C in case of paste B. The reduction of the first target temperature υH
from 480 °C to 400 °C extended the time and decreased the temperature υBT required for the burning through
the ARC and passivation layer.
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Abstract
We report on electrical and optical performance of InAs/AlSb/GaSb type-II superlattice photodetectors. The
detector structure is designed to operate in the MWIR domain with a cut-off wavelength of 4.3 µm at 125 K.
The photodiode exhibits a dark current density of 1 x 10-10 A/cm2 with a corresponding differential resistance
area product (RoA) of 6 x 106 Ωcm2 at 77K and zero bias. We analysed dinamic resistance are product (RdA)
vs inverse temperature curves in each operating temperature range. The results show that the SL photodiode
reveals diffusion limited behaviour at high temperatures and becomes generation-recombination (GR) limited
below 125 K. Such results are discussed with extracted minority carrier lifetimes from J-V curve fitting..
Keywords: Superlattice, dark current, detectivity, GaSb/InAs Infrared detectors
1.

INTRODUCTION

Minority carrier lifetimes are highly important parameters for understanding of carrier transport and improve
the detector performance. Temperature dependent of dark current measurement is one of the efficient way to
determine the minority carrier lifetimes. Identification of dominant current mechanism in each operating
temperature may enable to extract the minority carrier lifetimes from the dark current measurements. Here we
present electrical and optical performance of InAs/AlSb/GaSb based type-II SL N-structure photodiodes
operating in the mid wavelength infrared range (MWIR). Depending on the configuration of the constituent
alloys of InAs, AlSb and GaSb in the superlattice period, superlattice band structure may be adjusted in order
to improve the overlap of carriers and HH-LH splitting energies to suppres the Auger recombination. The new
photodetect or of N-structure is aimed to design for this purpose. N-structure is a pin photodiode with a unipolar
electron barrier.

Fig. 1 (Color Online) (a) Schematic representation for the grown structure, (b) conduction and valance band
profiles for the InAs/AlSb/GaSb T2SL “N” structure, (c) electron and hole confinement under reverse bias
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The layer configurations and energy band alignment of the structure is shown in Fig. 1 (a) and (b) respectively.
Thin AlSb layers are placed in between InAs and GaSb layers. Under reverse bias AlSb barrier pushes carriers
towards GaSb/InAs interface to increase electron and hole wave function overlap enhancing type-II optical
transition (Fig. 1(c)). Compairing to standard InAs/GaSb superlattice detectors, the overlap of carriers is
increased by about 25% with N-structure design [1]. The specific detectivity was measured as 3x1012 Jones
with cut-off wavelengths of 4.3 µm at 79 K reaching to 2x109 Jones and 4.5 µm at 255 K [2].
In this study, we report current density-voltage (J-V) characteristics of InAs/AlSb/GaSb based type-II SL Nstructure photodiodes. Dominant current mechanisms are analysed from temperature dependence of RdA as
a function of temperature (77-271 K). We then report the estimated minority carrier lifetimes used by Shockley
Formula to at different temperatures.
2.

DEVICE STRUCTURE

The superlattice photodiode was grown by commercially (IQE Inc. USA) with molecular beam epitaxy. First a
100 nm GaSb buffer layer is deposited on unintentionally p-type doped (100) GaSb substrate followed by a 20
nm lattice matched Al0,4Ga0,6As0,04Sb0,96 buffer layer. 1000 nm thick p-type GaSb:Be (p=1 × 1017 cm-3) bottom
contact is grown on the buffer layer. The p-i-n detector structure consists of 9/2/8.5 MLs) of InAs/AlSb/GaSb
SL layers as 90 periods of p-region with GaSb:Be (p=1.5 × 1017 cm-3), 60 period of i-intrinsic region and 40
periods of n-region with InAs:Te (n=5 × 1017 cm-3). The device is terminated by 20 nm InAs: Te n-contact
(n=5×1017 cm-3). Standard lithography was used to define square mesas with different dimensions. The
fabrication details is given by elsewhere [3]. Single pixel photodetectors were fabricated by 400x400 and
500x500 µm2 square mesas. Ti and Au metalization were performed as ohmic contacts. Sample was bonded
to a chip carrier for I-V characterizations.
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Fig. 2 (Color online) Responsivity spectrum of N-Structure at 125 K. Inset shows Varshni fit for band gap
energy extracted from optical response spectra for different temperatures
3.

RESULTS AND DISCUSSION

In this work we anaysed optical and electrical performance of InAs/AlSb/GaSb based type-II SL N-structure
photodiodes. For minority carrier calculations we define the band gap energy of the SL structure from
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responsivity spectra. Responsivity spectra are measured in the temperature range 79-255 K with cut-off
wavelengths of 4.2-4.9 µm [3]. Fig. 2 shows responsivity spectrum of the photodiode at 125 K. The device
gives 0.375 A/W peak response with a 50% cut-off wavelength (λc) at 4.3 µm. Inset in the figure shows the
obtained band gap energies from responsivity spectra fitted with Varshni’s parameters. For electrical
performances, current density-voltage (J-V) characteristics of InAs/AlSb/GaSb based type-II SL N-structure
photodiodes are measured at different temperatures [1,2].

Fig. 3 (Color Online) Dark current density and RdA characteristic as a function of applied bias at 77K
Fig. 3 shows dark current density and RdA product performance as a function of applied bias masured at 77
K. Dark current density and dynamic resistance at zero bias are measured as 1.1×10-10 A/cm2 and 1.05×106
Ωcm2, respectively. Results show that the detector structure promises for excellent thermal imaging capability
operating at 77 K.
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Fig. 4 RdA vs inverse temperature (1000/T) for N-structure with fitted diffusion and GR components
Fig. 4(b) shows the RdA vs inverse temperature (1000/T). Data are taken at reverse bias of 100 mV. The
photodetector shows diffusion limited behaviour (Arrhenius type) with associated activation energy (Ea) of 270
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meV at high temperatures (271-125 K) while, at low temperatures (below 125 K), the photodetector shows
generation-recombination (GR) limited behaviour (Ea~Eg/2). The J-V curves are fitted by using Shockley
Formula [3, 4] in order to identify the dominant dark current mechanism in each operating temperature range.
Fig. 5 shows the measured dark current fitted by calculated diffusion and GR components of dark current at
150K. Minority carrier lifetimes are extracted from current density-voltage measurement (J-V) curve
quantatively at different temperatures as given by elsewhere [3]. The estimated minority carrier lifetimes are
shown in Table 1. At 87 K temperature, minority carrier lifetime is limited by GR mechanism with an estimated
recombination lifetime of 15 ns, and diffusion lifetime 1 ns respectively. At 190 K, the minority carrier lifetime
is limited by diffusion mechanism with an increased diffusion and GR lifetimes of 110 ns and 60 ns respectively.
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Fig. 5 (Color online) Experimental JExp. (solid line) and modeled JDIFF (yellow dot), JGR (green dot) and JTOT
(pink dot) total modelled dark current densities versus voltage of N-structure SL photodiode at T = 150 K
Table 1 Minority carrier lifetimes at various temperatures

4.

T (K)
87

Diffusion Lifetime (ns)
1

GR Lifetime (ns)
15

150

1

50

190

110

60

CONCLUSION

Temperature dependence of RdA characteristics is analysed in InAs/AlSb/GaSb based T2SL N-structure.
Deduced from J-V curve-fitting, minority carrier lifetimes have been calculated in the temperature range 87190 K. Diffusion lifetime is estimated as 1ns in temperature range 87-150 K and gradually increased to 110ns
at 190 K, while GR lifetimes are increased from 15 to 60ns with temperature range 87- 190K. At 77K and under
-0.1V bias voltage, the dark current density is measured as 2x10-9 A/cm2 and corresponding dynamic
resistance area product (RA) is determined as 4x105 Ωcm2. Temperature range 190-125 K, the dark current
density reveals diffusion-limited behavior (Arrhenius type). In lower temperature range (125-87 K), the
dominant mechanism starts to become generation recombination (GR).
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Abstract
TiO2 nanotubes are highly promising for application in various fields. Many publications are concerned with
nanotubes prepared by the anodization of titanium foil. This work presents TiO2 nanotube arrays fabricated by
the anodic oxidation of thin titanium layer. Titanium layer is sputter-deposited on silicon wafer with thermal
SiO2 layer. Nanotubes were prepared in organic electrolyte containing water and different amounts of
ammonium fluoride. The influence of different amount of ammonium fluoride is observed by scanning electron
microscopy (SEM). Removing initial oxide barrier layer plays a significant role in successful preparation of
nanotubes. Under optimized conditions, i.e. a good balance between oxidation and etching during anodization,
nanotube arrays with uniform configuration are obtained.
Keywords: Titanium dioxide, nanotubes, growth mechanism, anodic oxidation

1.

INTRODUCTION

TiO2 is one of the most studied material in various research and application fields. It is known to be nontoxic,
environmentally friendly, corrosion-resistant material, frequently used in paint, white pigments or sun-blockers.
The key functional properties are almost unique ionic and electronic behaviour of this oxide. TiO2 is a widebandgap semiconductor (Eg≈3 eV) in all its crystal forms which make it suitable for its use in photovoltaic solar
cells [1] and for photocatalytic reactions [2]. Photogenerated electron pairs (electrons and holes) can be used
for water splitting or potentially for the treatment of drinking water from persistent organic pollutants [3,4]. Also
this material is highly promising in applications in electrochromic devices [5], antifogging [6], self-cleaning [7],
biomedical [8-10] and smart-surface coatings [8] or sensors [11].
The TiO2 nanostructures could be fabricated by various methods such as sol-gel [3], hydrothermal,
solvothermal [12] anodic oxidation [13] or using template [14]. Among these methods, electrochemical anodic
oxidation (AO) has become one of the most popular because of its high controllability of fabrication parameters
and especially ability to fabricate 1D TiO2 nanostructures. High purity Ti foils are usually used and anodized in
fluoride containing electrolytes. Shapes and dimensions (e.g. nanotube lengths of several hundreds of µm)
can be varied by thicknesses of anodized foils and electrolyte compositions [14]. Despite the large number of
publications on anodized titanium foil, there are only few studies devoted to the anodization of titanium thin
films deposited on silicon or conductive glass substrates. However AO of thin films is challenging because of
one key problem, i.e. to find a balance between oxidation of titanium and chemical dissolution of TiO2 during
AO. By changing the electrolyte composition and varying anodization voltage, different shapes of defect-free
nanostructures can be obtained [5].
Main aim of this study is to fabricate TiO2 nanotubes (NTs) using thin titanium film sputter-deposited on silicon
wafer and to review the current state of art of the growth mechanism leading to the formation of anodized TiO2
NTs in fluoride containing electrolyte.
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Titanium (99.99%, Porexi, CZ), ethylene glycol (C2H6O2, p.a., Penta, CZ) and ammonium fluoride (NH4F,
Reidel-de Haen, DE). Deionized water was obtained from Millipore RG system MilliQ (Milipore Corp., USA).
All chemicals were used as purchased without any purification.
2.2.

Preparation of TiO2 NTs

A titanium film of 1 µm thickness was sputter-deposited onto silicon wafer with 1 µm of thermal SiO2. Before
AO, this substrate was consecutively immersed into acetone, isopropylalcohol, and deionized water to remove
the impurities and then dried by compressed air. The AO was realized in the system with controlled circulation
of electrolyte in two-electrode configuration and using power supply controlled by LabView program. The
substrate operates as a working electrode and the gold tube was used as a counter electrode. The potential
was kept constant during the whole AO and different values in the range of 10-60 V were tested. The changing
current during AO was monitored. The electrolyte solution was prepared from ethylene glycol containing
ammonium fluoride (0.3-1.4 wt%) and deionized water (2 vol%). The anodized titania was rinsed with deionized
water and dried in air.
3.

RESULTS AND DISCUSSION

During the preparation of titania nanostructured surfaces by direct AO of Ti thin layer, we identified three
different phases (I.-III.) of the anodization process as can be seen in Fig. 1, which represents current vs time
plot for anodization at 20 V. During the first few seconds, a high value of current is detected meaning the Ti
started to be oxidized to Ti4+ ions at the surface while releasing electrons into electrolyte solution (Eq.1). The
effect of electric field leads to the dissociation of water into OH- and O2- anions (Fig. 2). Both of these ions
recombine with Ti4+ and create either titanium hydroxide (Eq.2) or TiO2 (Eq.3) in simple single process. Titania
is further produced when the titanium hydroxide releases water by condensation reaction (Eq.4).

Ti → Ti 4 + + 4e −

(1)

Ti 4+ + 4OH − → Ti (OH ) 4

(2)

Ti 4+ + 2O 2− → TiO2

(3)

Ti(OH ) 4 → TiO2 + 2 H 2 O

(4)

After a complete creation of initial titanium oxide barrier layer, the current quickly drops to a local minimum (I.).
In order to maintain the oxidation process, the ions (O2-, OH-, Ti4+ and F-) have to pass through the high
resistance barrier layer. Fluoride anions attack the barrier oxide layer under the influence of the electric field
generating the small dimples unregularly over the whole surface. This step results in formation of F- rich layer
at the metal-oxide interface. Thus the main role of fluorides is to maintain a thinner barrier layer by chemical
etching of the oxide layer (Eq.5). In addition, they participate in complexation of Ti4+ species at the oxideelectrolyte interface (Eq.6). In the second stage (II.), the current slowly increases due to the creation of pores.
Once the titanium layer is fully oxidized, the current drops steeply close to the 0 A and stays constant (III.).

TiO 2 + 6 F − + 4 H + → TiF62 − + H 2 O

(5)

Ti 4+ + 6 F − → TiF62 −

(6)
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Fig. 1 Current vs time plot for AO of thin titanium layer. The I.-III. numbers highlight the different stages
during AO

Fig. 2 Schematic illustration of TiO2 NTs growth
The titania nanostructured surfaces were characterized by SEM - see Fig. 3 which shows the topography of
TiO2 anodized at 20 V in ethylene glycol based electrolyte containing different amounts of ammonium fluoride
and 2 vol% of water. The shape of nanostructures strongly depends on the balance between Ti oxidation and
dissolution. Namely, the nanoporous structure is visible only in Fig. 3A because of lower concentration of
fluoride ions in the electrolyte. In this case, electrochemical oxidation of Ti dominates in the process and titania
NTs are blocked by the surface layer consisting of Ti(OH)4 or TiO2. Unblocked freestanding NTs were fabricated
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in the electrolyte solution containing 1.2 wt% NH4F (Fig. 2B). NTs in Fig. 3C are prepared in electrolyte
containing more ammonium fluoride (1.4 wt%). These free standing nanotubes are clearly visible, but the
fluoride content should be decreased, because the etching process was very intensive.

Fig. 3 TiO2 surfaces created in electrolyte containing: A) 0.3 wt% NH4F, B) 1.2 wt% NH4F
and C) 1.4% NH4F
We observed that the achievement of nanotubes by oxidation of ultrathin titanium layer at higher voltage is
very difficult due to the competition between etching and oxidation processes. When the anodization voltage
is increased, the amount of fluoride ions has to be increased from the anodization beginning in order to fully
etch the initial barrier layer and to form unblocked NTs.
4.

CONCLUSION

The present work demonstrates a method for direct anodic transformation of Ti thin layer deposited on silicon
wafer into nanotubular TiO2 array. Simple AO in electrolyte containing ethylene glycol and NH4F allows the
controlled fabrication of ordered and highly regular TiO2 NTs. The explanation of NTs growth mechanism,
analysis of anodization curves, and SEM characterization of resulting nanostructures enables us to better
understand how the NTs creation can be controlled. Fabricated TiO2 NTs have very good potential for future
sensing, biomedical or photocatalytic applications, mainly in advanced degradation of persistent organic
pollutants in drinking water, etc.
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Abstract
High-voltage nanoporous anodic films grown on aluminium in certain organic electrolytes are of increasing
interest for potential applications as nanotemplates to electrical capacitors and, more generally, as models for
investigating self-organized growth of anodic oxides at the frontier conditions. The major difficulty associated
with this technology is that the process of pore nucleation and growth over a large-area aluminium substrate
needs optimization and adaptation to the specific technological conditions applied to aluminium substrates as
the surface finishing pre-treatments. In this work we have studied the impact of important pre-treatment
technologies for Al foils, such as high temperature annealing and electrochemical polishing, on the pore
nucleation and growth during galvanostatic formation of nanoporous anodic alumina templates in aqueous
solutions of citric acid. It was revealed that the self-organized pore nucleation and growth is strictly dependent
upon the anodizing setup, anodizing variables, surface morphology and crystalline structure of aluminium foils,
which are additionally affected by the conditions of vacuum annealing and electropolishing pre-treatments.
The findings are useful for growing well-ordered nanopores for non-lithographic formation of metal and metaloxide nanostructures for advanced capacitor application.
Keywords: Anodizing, citric acid, porous anodic alumina, nanostructure, capacitor
1.

INTRODUCTION

Anodic oxidation of aluminium and the growth of porous anodic alumina (PAA) films in acidic electrolytes have
been intensively investigated over the last few decades focusing primarily on mechanical toughness and
chemical stability of aluminium. In the recent years, with the development of nanotechnology, the new wave
of interest has arisen towards application of PAA for forming a range of self-organized nanoporous templates
in a facile and cost-effective way. PAA films having self-ordered versatile structure have also been proposed
as support substrates for increasing the surface area of active layers employed in chemical sensors, electrical
capacitors, rechargeable batteries, solar cell etc. [1-5]. Formation of PAA in citric acid at high anodizing
potentials, often exceeding 300 V, gives the oxide cells approaching the micrometer range [6,7]. Nowadays,
study and development of such large nanostructures are of importance for the development of advanced nonlithographic microfabrication techniques. However, a uniform growth of self-organized PAA films in citric acid
has been a challenge due to the lack of knowledge about the right combination of technological, electrical and
electrolytic conditions for pore nucleation and growth in this acid.
In the present work, we have studied the effects of aluminium structure and morphology on the anodizing
behaviour of aluminium and the growth of alumina pores in 0.05 M citric acid and the effect of annealing and
electropolishing pre-treatments. Further, through optimization of self-organized growth of the nanoporous
anodic alumina films we have demonstrated potential application of citric-acid-made PAA as a template for
nanostructuring metals and dielectrics for advanced capacitor applications.
2.

MATERIALS AND METHODS

2.1.

Aluminium anodization in citric acid

An aluminium foil of 99.999 % purity and 100 µm thickness (Goodfellow) was used as the initial material. The
foil was cut into square pieces of about 2 cm × 2 cm. Four types of aluminium structures were obtained by
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combining various treatments: as rolled, annealed, electro-chemically polished, and a combination of annealed
and electrochemically polished samples. All samples were first washed in ethanol, acetone and distilled water.
Then, part of them was annealed in a vacuum at 550 °C for 5 h to allow the material to relax and recrystallize.
The electrochemical polishing was done in a mixture of perchloric acid and ethanol (1:4 v:v) at 2-5 °C at 20 V
for 1 min. The samples were then anodized in 0.05 M citric acid (Sigma-Aldrich) aqueous solution at constant
current densities of 1 to 10 mA⋅cm-2 at starting electrolyte temperature of 22.5 °C ± 0.5 °C. The anodization
was performed in a specially designed PTFE two-electrode cell having a 10-mm protecting ring as described
elsewhere [9]. The potential-time responses during galvanostatic anodizing of aluminium foils were recorded
until a steady-state pore growth occurred, which is associated in the classical model with a relatively constant
potential on the anodizing curves [10]. After anodizing, the oxide film was selectively removed from each
sample by immersion in a hot (approximately 65 °C) water solution of 0.2 M chromium trioxide and 0.42 M
phosphoric acid for 1.5 h. The treated, anodized (anodic alumina) and etched (residual aluminium substrate)
samples were observed in a Tescan Mira II field emission scanning electron microscope (SEM).
2.2.

Nanostructured substrate preparation

For nanostructured template preparation, the as-rolled aluminium foil of 1 cm × 3 cm size was used. A PAA
film was prepared by a two-step anodization technique [4] in 0.6 M citric acid aqueous solution. The first
anodization was conducted with the initial potential sweep of 0.5 V⋅s-1 up to 300 V. After reaching the potential
limit, the sample was anodized potentiostatically for 20 h in a stirred electrolyte at temperature of 23.5 °C.
Then, the oxide layer was dissolved in the selective etchant at 70 °C for 1.5 h. The second anodization was
conducted under the same anodizing conditions but it lasted only 5 min. The pore widening was performed in
the same selective etchant of alumina at 60 °C for 27 min, after which the sample was immediately washed in
distilled water.
3.

RESULTS AND DISCUSSION

3.1.

Aluminium anodization in citric acid

Fig. 1 shows potential-time responses for anodizing the as-rolled, annealed and polished aluminium foils at
various formation current densities (as measured) in 0.05 M citric acid. As seen, the anodizing behaviour of
the as-rolled samples differs substantially from a classical model. The usual galvanostatic anodizing in acidic
electrolytes is associated with the increase in peak and steady-state potentials with increasing the current
density [11]. This behaviour is demonstrated in the inset graph (Fig. 1) of galvanostatic anodizing of aluminium
foil in phosphoric acid.

Fig. 1 Potential-time responses of (A) as rolled, (B) vacuum annealed aluminium foils during galvanostatic
anodizing in 0.05 M citric acid. (C) shows the comparison of galvanostatic anodization at 10 mA⋅cm-2 for
various foils. The inset shows a classical galvanostatic anodizing behaviour of aluminium foil in 0.4 M
phosphoric acid acid
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The increase of current density normally leads to thickening the alumina barrier layer, enlarging the oxide cells
and increasing the pore diameter; these all being associated with increasing the anodizing potential. During
the galvanostatic anodization, the first linear rise of the potential is related to the growth of a compact anodic
layer. When critical conditions are reached, the pore formation occurs and the potential begins to retard, which
indicate the transformation of the compact oxide film into a porous anodic layer. After a period of the pore
nucleation and competition, the film growth turns usually into the steady-state regime which is characterized
by a relative constant potential after the initial peak. The steady-state regime in acidic electrolytes is commonly
accompanied by the porous layer growth over the whole aluminium surface area.
Contrary to the classical model [8], anodizing in the citric acid shows the tendency of increasing potential with
decreasing the current density. The formation potential increased enormously at the lowest current density
while the highest current resulted in the lowest potential. The same unexpected tendency was observed also
for the annealed samples, additionally to the systematic rise in the formation potential. The rise of formation
potential leaded at the lowest current density (1 mA⋅cm-2) to plasma electrolytic oxidation (PEO), which is
characterized by intense generation of spark discharges and gas evolution. Furthermore, for the polished
samples, except the 10 mA⋅cm-2 case (Fig. 1C), anodizing at other current densities resulted in undesirable
PEO, which prevented pore growth. Moreover, PEO appeared to be the only outcome of the annealed and
polished sample anodizing at the selected current densities (shown only for 10 mA⋅cm-2 in Fig. 1C).
This counterintuitive behaviour can be explained through a detailed analysis of the SEM images (some
examples of the as rolled foil anodized images are shown in Fig. 2) demonstrating the as anodized porous
alumina layer and the development of concave imprints of the alumina cells in the residual aluminium. At the
lowest current density (1 mA⋅cm-2), the pore nucleation as well as pore growth are greatly hindered, resulting
in the large compactly anodized (pore-free) area. With increasing the current density the pores nucleate over
the whole sample surface. This phenomenon is shown in detail on the graph of pore-free area vs. current
density in Fig. 2C. We suggest that the main reason for this phenomenon is the hindered field-assisted
dissolution caused by the low anodizing current density. In the case of weak and diluted citric acid, the applied
current density (1 mA⋅cm-2) is not sufficient to achieve critical conditions for pore formation over the whole
surface. Thus, pores nucleate and growth only in the area where the local current density is sufficient to
stimulate oxide dissolution. The role of field-assisted dissolution can be further explained by comparing the
anodizing behaviour of the differently treated aluminium foils (Fig. 1C).

Fig. 2 SEM images of the as-rolled foils anodized as in Fig. 1A before (row A) and after (row B) selective
alumina dissolution. The graph (C) shows the pore-free area vs. anodized current density curves (as
measured) for the as-rolled and annealed foils anodized as in Fig. 1A-B. The scale bar is 1 µm
The annealed foils exhibited the potential increase in the nucleation and steady-state stage. We suggest that
the origin of this increase is the enhanced chemical stability of the annealed foils leading to the suppressed
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field-assisted dissolution. The anodizing responses of the annealed foils were similar to those of the as-rolled
foils in the initial stage, representing the nucleation of pores. However, the peak representing pore competition
was weak and the steady-state potential was considerably higher. This reveals that pore growth is less
favorable compared with the as-rolled foils, leading to the smaller pore population and larger cell size
(illustrated in Fig. 2C).
In case of the polished foils, the main potential increase during the initial stage is the consequence of smoother
aluminium surface, resulting in the decrease in pore nucleation sites (micro-/nano- defects like cracks, pits,
etc.), which may work as preferable centers enhancing the effect of field-assisted dissolution. Thus, during the
initial stage, the pore nucleation is mostly hindered and the compact oxide layer growth is preferred.
3.2.

Nanostructured substrate preparation

The findings show that the growth of a uniform porous layer depends on the aluminium surface morphology
as well as on the anodizing conditions. Thus, for uniform growth, the as-rolled aluminium foil and 0.6 M citric
acid were selected to enhance the oxide dissolution ability of the electrolyte. The main feature of the alumina
templates for application in capacitor fabrication is the enlargement of active surface area by 3-D
nanostructuring and thus increasing the capacitance per apparent surface area compared with a planar
capacitor having the same thickness of dielectric on a smooth substrate.
Furthermore, a low aspect ratio of the pores is more favorable for making the anodizing technology compatible
with standard microfabrication processes. The PAA prepared by the two-step anodization method to achieve
homogeneous and well-ordered pores is shown in Fig. 3A. Subsequent pore widening was applied to enlarge
pore diameters from 150 nm up to 600 nm. As a result, a porous anodic template (shown in Fig. 3B) with the
thickness of 800 nm and the pore aspect ratio of 1.5 was obtained.

Fig. 3 SEM cross-section images of porous anodic alumina formed in 0.6 M citric acid at 300 V by the twostep anodization, (A) as anodized, (B) after pore widening
3.

SUMMARY AND CONCLUSIONS

The findings of this work revealed the abnormal anodizing and pore formation behaviour of aluminium in the
diluted citric acid electrolyte. The decrease in measured current density results in increasing the formation
potential, cell sizes and in reducing substantially the pore population density. This phenomenon is additionally
influenced by the high temperature annealing and electrochemical polishing. We proposed a straight-forward
explanation based on the field-assisted dissolution which is in both cases inhibited by the material morphology
or structural changes in comparison with the untreated foils. At the specific anodizing conditions, it is possible
to achieve, for the first time, the growth of a hybrid anodic film composed of a compact layer and a porous
alumina layer. The findings are useful for forming well-ordered alumina nanopores without external techniques
for non-lithographic fabrication of metal and metal-oxide nanostructures for advanced electrical and optical
applications.
The proposed approach delivers new possibilities and challenges into the vast field of aluminium anodization
and utilization of anodizing techniques [12-14]. The present results are of vast importance for the development
of aluminium anodizing processes for use in future nanodevices, where PAA films can be utilized as templates
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or supporting substrates, especially, for novel thin film capacitors [15] with 3-D nanostructuring, aiming to
enlarge the film active area and increase the final device capacitance without raising the original device
dimensions. This research is in progress now, the results to be reported in due course.
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Abstract
The paper focuses on the problematic of coaxial electrospinning with a wire spinning electrode. Despite
the wide usage of wire spinner in the industrial sector, only basic research has been made in the field of
possible coaxial technology application. In the paper, the new concept of the wire spinner, reflecting the
polymeric two-layer formation, is introduced. The design is supported by electrostatic analysis of the problem
using FEM method. The manufactured testing device was experimentally verified and the results were
evaluated. The electrospinning process stability and the final product were analysed and the potential of the
application was discussed.
Keywords: Wire electrode, core/shell nanofibers, coaxial electrospinning, electrostatic analysis
1.

INTRODUCTION

Out of the many ways of producing nanofibers [1], an electrospinning is the most widely used technology. It is
mainly because of its wide range of materials spinnable by the electrospinning process. Basically, there are
two types of electrospinning technologies: the DC electrospinning, using bi-polar set-up [2], and recently
published AC electrospinning, where only one electrode run by alternate current is needed [3]. For each of
these methods a variety of spinnerets can be used, based on the required type of nanofibers produced or on
the productivity of the device [1]. Out of these different spinnerets designs, few of them have been used in the
industrial sector, while others remain in the laboratory scale usage. First type of spinneret with the potential of
industrial usage, invented by Jirsak et al, is based on the cylinder rotating in the polymeric solution [2]. Another
one is based on the usage of wire spinner [4].
The advanced application of electrospinning technology is related to the production of core/shell nanofibers.
These fibres consist of core and shell polymer of different properties. These nanofibers have a high potential
of use in a tissue engineering to replace damaged tissue or as materials for a drug delivery system [5].
Production of such fibres requires formation of double polymer droplet/layer. During the electrospinning, where
the Taylor cones and polymeric jets are formed, the outer polymer layer creates the shell of the fibre, while the
inner one is drawn into the fibre as its core.
The first equipment for production of core/shell nanofibers using needless technology with potential use in the
industrial sector was developed at Technical University in Liberec and patented in 2009 [6]. This equipment
called “weir spinner” uses the principle of the overflow thin polymer two-layer over the edge of spinning
electrode. Forward et. al. introduced the coaxial wire electrospinning from a free surface of polymer solution
in 2013 [7]. The metal wire electrodes are wading through the polymer two-layer. The thin polymer bicomponent film is created on the wire and formed to core/shell nanofibers by applied high voltage. The
advantage of the wire spinner is based on its simple design and optimal distribution of electric intensity over
the wire length. Thanks to relatively low diameter of used wires, the electrical intensity concentrated on the
wire surface reaches high values under relatively low voltage applied. There were several studies of using
wires of different properties and shapes [8]. Introducing of the coaxial fibre production to the wire spinner brings
several challenges related to the polymer solutions dosage to the wire and with a homogeneous distribution
of polymer two-layer throughout the electrospinning process. However, further study and analysis verified by
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carried out experiments can contribute to the successful implementation of the coaxial production to the wire
spinner technology. This will broaden the usage of the wire spinner technology in the nanofiber production.
2.

TESTING DEVICE

In order to study and test the electrospinning process, a testing device with the wire electrode was designed
and manufactured. The device was designed for a low-scale laboratory production of nanofibers and fully
reflects the requirements for variability of main parts of the device for different experiments. The scheme of
the designed wire testing spinner is shown in the Fig. 1. This concept is based on integrated winding system
for winding a wire electrode 1. This electrode is connected to the positively charged power source. At the
certain distance from the wire electrode, there is a collector 2, connected to the negatively charged power
source.
The key part of the device is a system for applying of the polymer solution on the wire. This is performed by
the static polymer dosing cartridge 3. This subsystem provides the required amount of dosed polymer solution
to be applied on the wire that is drawn through the cartridge. In order to optically control the process of polymer
application, the cartridge is made of transparent material. The cartridge with two inputs provides the application
of two polymer solution, creating the double polymer layer. The double-polymer layer, drawn out from the
cartridge is then electro-spun in the active zone. This zone is placed in between the pulleys and under the
collector, and is characterised by high electric intensity on the polymer surface that enables the start of the
electrospinning process. The position of the wire in the active zone is guided by the dosing cartridge on one
side and a guiding part 6 on the other side. The polymer solution for the core (Pc) and the shell (Ps) is
transported to cartridge inputs in hoses from external peristaltic pumps. By control of the amount of dosed
polymer, the thickness of the polymer layer on the wire can be regulated.

Fig. 1 The scheme of the wire spinner, 1: Wire electrode (+U), 2: collector (-U), 3: Polymer solution (s)
dosing cartridge, 4: Driven pulley, 5: Step motor, 6: Wire guide, 7: Covers, 8: Friction brake, 9: Free pulley
The winding system of the device enables winding the wire of variable diameter and material from a freely
rotated pulley 9 to the driven pulley 4. The winding speed can be regulated within certain range by means of
step motor controlling system 5. The required wire tension during the winding process is provided by means
of friction brake 8, placed on the top of the freely rotated pulley 9. The designed system enables winding of
stored bobbin of wire with wire diameter up to 0.5 mm. Furthermore, by replacing of guide parts with bigger
inner diameter, this can be extended accordingly. The case of the part enables to test the electrospinning
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process in vertical or horizontal position. In order to provide optimal condition for electrospinning, the pulley
parts and the dosing cartridge and guide part is covered by covers 7. The active electrospinning zone in
between these covers is then 150 mm wide.
3.

THEORETICAL ANALYSIS

In order to predict the behaviour of the designed electrospinning device, the electrostatic analysis was carried
out. For this purpose, the software Autodesk Simulation Mechanical was used. This tool enables to calculate
the electric potential and electric intensity distribution over the parts in the model using the finite element
method. The 2-D cross section of the analysed model of the wire spinner is shown in the Fig. 2a. This model
consists of the wire spinner covered by circular parts representing the polymer films, the plate collector and
the outer space describing the surrounding air. Material properties are defined by the dielectric constant ԑr,
see the Table 1. Selected parts of the model are subjected to appropriate boundary condition definition: the
positive electrical potential on the surface of the wire part, the negative electrical potential on the surface of
the collector part and the zero electrical potential on the outer boundary of the air part. The values of defined
voltage on each electrode during the analysis are listed in the Table 1.
Table 1 Boundary condition definition and material properties of the model parts
Part of the model

Voltage [kV]

Dielectric constant [-]

Size [mm]

-15

106

Diameter Dw=0.48

Collector (steel)

15

106

Rectangle 150x10

Outer boundary of air

0

1

Square 450x450

Polymer - core

-

20

Dc= 0.53

Polymer - shell

-

20

Ds=0.67

Electrodes distance

-

-

H=150

Wire (steel)

Results of the electrostatic analysis of the 2-dimensional model of the wire spinneret are shown in the Fig. 2.
The Fig. 2b shows the electric field distribution and the Fig. 2c describes the distribution of the electrical field
strength E.

-U
AIR
H

Ds
Dc
D w (+ U)

U0
a)

b)

c)

Fig. 2 a) The 2-D wire spinner model layout in the software environment Autodesk Simulation Mechanical.
b) Results: Voltage distribution (half-model) c) Results: Electric field strength (detail of the wire electrode)
According to theory of electrospinning, the condition for the start of the electrospinning process is a reaching
of the critical electrical field strength Ec on the polymer surface. In the electrostatic problem, the electrical
intensity is a function of the surface curvature. However, according to the theory of wave [9], this is further
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affected by wavelength. Results of the electrostatic problems are therefore approximate approach to the
problem, neglecting the dynamic effects of the solution in the electric field.
Using the described model, the influence of various parameters on the electric intensity E was analysed.
Results of these analyses are shown in the graphs in the Fig. 3.

a)

b)
Fig. 3 Results of the electrostatic analysis a) Dependency of Max. Electric Intensity Emax on the electrode
potential difference ∆U (under constant electrode distance H=150 mm) b) Dependency of Max. Electric
Intensity Emax on the shell polymer diameter Ds (H=150 mm, ∆U=30 kV)

4.

EXPERIMENT

Experiments were carried out using the above described manufactured testing device. In preliminary tests,
only the shell polymer was applied in order to set the optimal winding and dosing parameters. In the next step,
experiments with the polymer two-layer composed of core and shell polymer solution were carried out. These
experiments were based on results obtained from initial non-coaxial tests. The critical value of voltage Uc, the
critical value of the electric field strength Ec and the distance between adjacent polymer jets corresponding
with the characteristic wavelength λ were investigated during our experiments.
Material used for our experiments was a water-soluble Polyvinyl alcohol (PVA, Sloviol R16, Chemicke zavody
Novaky, SK). For the shell material was prepared a solution of 12 wt.% PVA in DI water. The solution of 4 wt.
% PVA dissolved in DI water was prepared as the core material. The Prussian Blue [Fe4[Fe(CN)6]3] was added
to the core solution for better observation of coaxial electrospinning and for an analyse of the core/shell
structure. The wire electrode was connected to a positively charged (+ 35 kV) a high voltage source (Spellman
Sl100). The plate collector was connected to the negatively charged (-30 kV) high voltage source (Spellman
Sl100). The optimal winding speed of the wire for maintaining of a homogeneous polymer two-layer and a
complete electrospinning of polymer solutions was 7 mm/s. Polymer solutions were dosed at constant rate of
9 ml/h (the shell solution) and of 3 ml/h (the core solution). The electrospinning was carried out at ambient
temperature 23°C and at a relative humidity 31 %. Core/shell nanofibers were collected on the Spunbond
nonwoven (Pegas Nonwovens, CZ), located under the plate collector.
For the detail observation of the process of the polymer solution application and also the Taylor cone and
polymeric jet formation, the high speed camera Olympus i-SPEED 3 was used. The track of Taylor cone and
double polymer jet formation was recorded at the rate 2000 and 5000 frame per second with the image
resolution 1280x1024, resp. 804x600 pixels. For this purpose, the ultra-high performance light source Olympus
ILP-1 was used. The image from the high speed camera is shown in the Fig. 4a. The image in the Fig. 4b
shows the active zone of wire spinner recorded by an HD camera.
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There was a significant reduction of the feed rate in case of coaxial electrospinning. The reason was, that it is
more demanding to maintain the uniform polymer two-layer throughout the coaxial electrospinning process. A
sensitive dosing ensures easier process control. Many polymer jets were observed during coaxial
electrospinning process. Polymer jets occurred throughout the length of the wire electrode and over its entire
perimeter, see (Fig. 4 a, b).

Fig. 4 Experiments
results
a) An image from
high speed camera
with highlighted
wavelength λ
b) An image of wire
spinner
(undisclosed plate
collector is placed at
the left vertical side
of the picture) from
HD camera

b)

a)

5.

DISCUSSION

Experiments verified that the optimal configuration of this wire spinner for coaxial electrospinning is in the
vertical direction, were the wire is wounded from the bottom pulley upwards vertically. In this configuration it is
possible to apply the double polymer layer onto the wire electrode. The winding speed and the amount of
polymers dosed into the feeding chambers are crucial parameters for setting up the optimal condition for
coaxial electrospinning. With the aim to produce as thin polymeric film as possible, it was observed that very
thin films are more likely to be turned into droplets when the high voltage is applied. This may reflect to the
theory of Rayleigh instability. The average value of λ, evaluated from the high speed camera track is 13 mm.
However, seldom jets with a lover value occurred in the track too. Polymer jets were formed on the wire layer
in all direction (not only in the direction towards the collector as was expected). This effect (clearly seen in the
Fig. 4b) may relate to relatively equal value of intensity over the whole perimeter of the polymer on the
electrode. This phenomenon was present also in other experiments, where the metal wire was replaced by PA
monofilament of the same diameter. Due to the poor conductive properties of this material, the electric charge
was distributed over the electrode through the polymer layer only. The stability and number of polymeric jets
in the active zone remained approximately equal to the tests with a metal wire. Reaching the critical value of
electric intensity Ec on the polymer surface closer to collector can be achieved by a proper setting of the
electrodes voltage difference. According to analysis results (see Fig. 3a), the maximal electric intensity on the
polymer surface depends linearly on the applied voltage.

274

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

The Morphology of a produced nanofibrous layer was observed using scanning electron microscope (SEM)
Tescan Vega 3 SB (Tescan, CZ).The core/shell structure of produced nanofibers was investigated using SEM
Phenom G2, (FEI, USA). The diameters of nanofibers were measured with the image analysis software NIS
elements 3.0. The average diameter values of nanofibers was 570,86±215 nm.
6.

CONCLUSION

The presented work illustrates complete analysis of coaxial electrospinning process related to a wire spinner.
It describes the design of wire spinneret supplemented with the analysis of electrostatic field and strength of
corresponding system. Carried out experiments proved the ability of application of double polymer layer on the
wire electrode, that is considered as an important precondition for the coaxial electrospinning process. It can
be concluded, that the presented system enables creating of homogenous double polymer film that can be
then electrospun into core/shell fibers and collected on the collector. However, the optimal dosing and winding
parameters requires sensitive setting defined carefully for particular polymers. Despite the complexity of proof
of the core/shell structure of nanofibers, the analysis of the nanofibers suggests the core/shell nanofibers in
the material from performed experiments.
Thanks to its design, a wire spinner technology may find its potential in industrial sector. However, further
research regarding an increase of productivity of presented technology may be beneficial. Application of the
wire spinner for an AC electrospinning and further analysis of possible method for proof of the core/shell
nanofibrous structure will be therefore the subject of upcoming research in this field.
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Abstract
That article is focused on the biocidal effect of nanofiber textiles based PVA enriched by agents with potential
(copper, diamond and biocide) to limit the growth of consortium consists of algae and bacteria. It was proved
that the basic PVA (solution and nanofiber textiles) has not any effect against the growth. The biocidal addition
causes the inhibition the growth of consortium bacteria and algae.
Keywords: Algae, nanofiber textile, PVA, biocide

1.

INTRODUCTION

The first visible organisms on building constructions are algae [1]. Algae have been most studied to connection
with the building structures because they occur on coatings on a building stone or external envelope of building
and create biofilms. Algae on building stone cause degradation by their metabolites and water retention, which
is especially problematic in freezing cycles. Algae are commonly found in consortium with algae, which also
alone degrade building materials. Classical protective treatments are carried out by conventional organic and
inorganic substances which have efficiency depence in the time and on environmental conditions.
Algaecide protection of building materials haven’t still used regularly or systematic. The protection treatments
are more focused on all microorganisms in general. The used biocidal compounds are commonly chosen from
next groups: metal, complex compounds, organic compounds or quaternary ammonium salt.
There are several studies focused on possibility to use nanotechnology for that purpose. Nanotechnology is
one of the most cross-disciplinary dynamic developing field of science. The great interest is focused on the
study of the production and application of nanofibers in last 15 years [2-3]. Produced nanofibers can reach
smaller diameters, thereby is increased their high specific surface area [4].

2.

APPLIED MATERIAL AND EXPERIMENTAL METHODS

Model organism
The model organisms were used a consortium which is occurred in the Czech Republic. The consortium was
obtained from a building surface in Brno in Czech Republic as a smear by a sterile swab and by the adhesive
tape. The microorganism were cultivated into a BBM medium [5] at temperature 20 ± 3°C under light condition
(2.5 kLux; with dark/light cycles 8 / 16 hour) during 14 days. They have been shaking by three times a day for
2 minutes. The aliquot from this culture was used for next experiments.
The microorganisms were isolated and after that it was identified. The consortium was composed from algae
and bacteria. The bacteria were identified on basis their metabolic activity by use a commercial kit (PlivaLachema, Czech Republic) and by microscopy observation. The algae were identified by microscopy
observation. There were identified following bacteria: Burgohorderia cepacia (0.8-1.0 x 1.6-3.2 μm, G-),
Sphingomonas paucimobilis (0.7 x 1.4 μm, G-), Sphingomonas multivorum and these kinds of algae:
Aphanothece stagnina, Chroococcus bacillaris, Botrychloris cumuli.
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Preparation of nanofiber textiles
The tested nanofiber textiles were prepared by electrospinning technology at the Center for Nanotechnology
in Civil Engineering at the Czech Technical University in Prague. There was used polyvinyl alcohol as a basic
polymer in these experiments. The basic polymer solution for electrospinning was composed of 375 g 16%
PVA (16R Sloviol, Fichema, Czech Republic), 3 g 85% H3PO4 (P-lab, Czech Republic) and 4.4 g of Glyoxal
(Merck, USA). The biocidal nanofiber textileswere prepared with addition of supplement ions of copper
(CuSO4⋅5H2O), nanoparticle of diamond (with a diameter of 5 nm) and commercial biocide Lignofix E-Profi
(Stachema, Czech Republic). The samples are specified in Table 1.
The nanofiber textiles were prepared by using a cylinder rotating electrode on device Nanospider LB 500
(Elmarco, Czech Republic) on spunbond textiles, which was prepared from polypropylene with antistatic
properties. The setup of device was: rotation of the electrode was 10 Hz, a fabric speed was 5 Hz and a voltage
was setup on 81.3 kV. The conditions during spinning were: relative humidity 40 %; temperature 27 °C.
All the nanofiber textiles were prepared as a single layer membrane. The nanofiber textiles were subsequently
stabilized by heat for 10 minutes at 140 °C [6]. The each aliquot of a basic polymer solution was kept for the
other experiment to evaluate efficiency of biocidal agents incorporated into the nanofiber textiles.
Table 1 Prepared samples of nanofiber textile and concentration of supplement in electrospinning polymer
solution
Name of sample

Added supplement

Concentration of supplement in nanofiber textile (wt %)

PVA

None

0

PVA-Cu

Ions of copper (CuSO4⋅5H2O)

1

PVA-ND

Nanoparticles of diamond

1

PVA-Bi

Biocide (Lignofix E-Profi)

1

Algae essay of biocide efficiency polymer solution
The consortium of algae and bacteria had been inoculated into 20 ml of the BBM medium in volume 5 ml
(7 days incubation basic consortium). The biocide agents had been added into the solution composed of the
BBM medium, microorganism and samples. The samples were 1 ml of each polymer basic solution (Table 1)
or nanofiber textiles from same solution, which had 50 mm in a diameter and had immersed into the medium
BBM with consortium. The growth of consortium was under light condition and the temperature was 20 ± 2 °C
and it was shaken three times every day for 2 minutes. The evaluation of biocide properties was by measuring
optical density in range from 200 to 800 nm, which correspond to the growth of microorganism.
Algae essay of biocide efficiency nanofiber textiles
The consortium of algae and bacteria had been inoculated on the BBM agar into the Petri dishes in volume
500 μl. The samples (Table 1) had cut from nanofiber textiles as a a circular sample with 20 mm in a diameter.
The experiment was monitored for 14 days after inoculation and the evaluation were made by measuring of
halo effects around the nanofiber textile.
3.

RESULTS AND DISCUSION

Evaluation of anti-algae properties of nanofiber textiles are conducted by determination of concentration of
microorganism in liquid media or as a halo effect around the sample on nutrient agar plate. The algae are
coexisted together with bacteria and cooperated and therefore we measured whole absorbance spectrum (200
- 800 nm). The concentration is proportional to optical density. There are two significant peaks; the first one is
around 300 nm and second one is around 635 nm.
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The evaluation of biocidal properties nanofiber textiles on consortium algae and bacteria were measured by
changing growth curves in significant peak. The first peak is around 300 nm and second one is around 635 nm.
There is shown changing concentration of carbon in the peak of 300 nm [7] and it is evaluated as a change of
the concentration of the bacteria and algae together. The alone algae have two significant peaks, the first one
is around 480 nm and it is peak of change chlorophyll b and second one is around 680 nm and it is the peak
of chlorophyll a [8]. The peak around 480 nm is hidden between other metabolic substances and it is unusable
for this measuring. The peak of chlorophyll a is moved back into 635 nm for used consortium.
The nanofiber textiles treatment have same nanostructure after heat as before this type of stabilization. This
stabilization can develop problem with biocide treatment which is degraded in upper temperature as
a commercial biocide Lignofix E-Profi. The other way of stabilization is by using methanol, which damages
nanofiber structure. The nanofibers stabilized by methanol are changing their diameter and the textiles look
like membrane and the last way is by using of guanidine aldehyde [9]. The last mentioned method made
insoluble nanofiber. The results are shown in graph below.
Table 2 Size of halo on the Petri dishes with consortium covered by a sample of a nanofiber textile
Name of sample

Size of halo around sample (mm)

Biofilm on nanofiber textile

PVA

0

strong growth

PVA-Cu

0.80 - 1.20

without growth

PVA-ND

0.05 - 0.10

weak growth

PVA-Bi

0.90 - 1.50

without growth

Alone PVA has not any biocide properties, phosphoric acid has only change pH of a polymer solution, but
glyoxal has some biocide properties. In literature [10-11] are reported biocide properties of glyoxal from
concentration 38 mmol / l. The efficiency against algae is stated from 149 mmol / l [10]. The influence on
growth of bacteria is sited in range 40 - 400 mmol / l and concrete situation is following: the concentration in
range 46-339 mmol / l causes inhibition of cell dividing [11], the concentration from 500 mmol / l inhibits cell
breathing [12]. The prepared nanofiber textiles have up to 7.3 wt % of glyoxal in nanofibers and after
recalculation it means that the concentration is up to 1.25 mmol / g. The samples used in experiment were in
range from 20 to 50 mm and weight per square meter was 3.1 g / m2 and it emerged, that we used up to
0.620 mmol in the presented experiments. This used value is under toxic limit for bacteria and algae and it is
corresponding with no biocide properties of the PVA solution and the PVA nanofiber textiles.
The next nanofiber textiles is based on PVA solution doped copper ion, the concentration of copper in nanofiber
was 1 wt % [13-14]. Copper serves as an essential component in metabolic processes of algae, playing vital
function in electron transport and various enzymes system (amine oxidase, cytochrome c oxidase) [15]. But
on the other hand copper is one of the most toxic heavy ions for algae and it is potential inhibitor of
photosynthesis [16-17]. A slight increase in a endogenous Cu2+ concentration could interfere with various
metabolic pathway causing inhibition of photosynthesis and it leads to deleterious effects at physiological,
biochemical and structural levels [18-22]. In literature is reported that range 0.46 - 3.17 mg / l Cu to cause 20
- 70 % inhibition of growth after 96 h [23]. The samples from nanofiber textiles PVA-Cu had incorporated
approximately 24.18 mg of Cu2+ in a solution experiment and 9.672 mg Cu2+ on an agar plate experiment, the
result showed slight leaching effect on an agar plate and it is corresponding with stadium of culture in a
stationary stage. The experiment with 1 ml of solution of PVA-Cu is corresponding with 50 mg / l of Cu2+, the
result showed decrease of growth algae and bacteria during first three day, but after it the copper was
consumed or accumulated and the concentration of microorganism became growth. The 72 hour toxic limit is
depending on composed of consortium [15].
The commercial biocide Lignofix E-Profi is composed of quarter ammonium salt, tebukonazol, propikonazol
and so on. This solution is high toxic for water organism as algae [24]. The nanofiber textiles doped by these
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solutions are slowly leached from the nanofiber and keep concentration of biocide in the solution, same result
is shown in the agar plate experiment.
Nanofiber textiles prepared origin from the PVA-ND solution had shown biocide activity until seven days, the
same solution have high efficiency and it corresponded with the agar plate experiment, where is only a low
halo effect. It is shown the strong binder between nanofiber and nanoparticles. Chithrani et al. reported that
the reactivity of nanoparticles is depending on the size of particles more than on their concentration [25]. The
size of nanoparticles is influenced by the type of preparation [26]. The nanoparticle of diamond interacted with
cell wall and damaged by this way the cell [27].

Fig. 1 Optical density at 298 nm, the curve are equivalent as a growth algae and bacteria together

Fig. 2 Optical density at 635 nm, the curve are equivalent as a growth algae
4.

CONCLUSION

We prepared nanofiber textiles doped biocide solution which has biocidal properties in first day in the solution,
same results were shown in plate experiments. These properties are depending on used concentration of
biocide and on consecutive leaching of it. This way of treatment is one possibility how to protect facades
against biodegradation in the future.
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NANOSIZED POLYMERIC FIBRES FOR SOLID-PHASE MICROEXTRACTION SORBENTS
ANTOŠ Vojtěch, HRABÁK Pavel, KOMÁREK Michal, STUCHLÍK Martin, BOBEK Jiří
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Abstract
Solid phase microextraction (SPME) has been established as a convenient method of sample preparation in
organic analytical chemistry since its introduction by Pawliszyn in the nineties of the 20th century. Recently,
first attempts are reported on the preparation of SPME sorbents by electrospun nanofibres, in contrast to
routinely applied sol-gel techniques. The intention of using electrospun fibres geometry is to enhance the
sorbent sensitivity and capacity. In this work, polyetherimide (PEI) electrospun nanofibres were prepared from
PEI 15 % solution in DMF/THF 80:20 using a needle electrospinner and SPME steel core as electrode under
10 kV. Adhesion between steel core and polymeric coating was optimized to obtain thermally stable
PEI/PDMS SPME fibre assembly. Final laboratory-made SPME fibres were characterized by SEM and TGA
and their analytical performance (in determination of hexachlorocyclohexanes - HCH by headspace-SPME
GC/MS) was compared with commercially available SPME fibres.
Keywords: Solid phase microextraction, nanofibres, electrospinning, polyetherimide, hexachlorocyclohexanes
1.

INTRODUCTION

SPME is a modern analytical technique for sample introduction into chromatographic systems. It combines
extractive sorption (preconcentration) of targets to be quantified with ongoing heat desorption and sample
injection to the chromatographic system. All the above mentioned steps could be conducted automatically by
an autosampler. Thin fibers of various polymers, which are compatible with autosampler operation, are
available e.g. from Supelco. Polydimethylsiloxane (PDMS), divinylbenzene (DVB), polyacrylate (PA) or
polyethyleneglycol (PEG) are the most often used polymers, with the film thickness ranging from 7 to 100 µm.
This polymeric coating is a part of a plunger tip, which is hidden in a syringe and could be exposed during
sorption/desorption. Usual length of a plunger tip is 10 mm and its diameter is 0.1 mm. SPME fibre is either
exposed in the liquid sample phase (“direct immersion” SPME) or, as in the case of volatile or semivolatile
analytes, could be exposed in the headspace above the liquid sample (“headspace” SPME).
Commercially available SPME fibres are rather inaccessible in higher quantities. Therefore, with the era of 3Dprinters, the lab-made and lab-coated SPME fibres come into a question. In the field of nanofibres, analytically
successful preparation of electrospun assemblies was announced for polyamide (Bagheri and Aghakhani
2012), polyacrylate-polyethylene glycol copolymer (PA-PEG) (Bahgeri et al. 2014) and polyetherimide (PEI)
(Bahgeri et al. 2014).
In our study, the latter (PEI) polymer has been selected as a potentially suitable material for steel core SPME
fibres produced by needle electrospinning, whereby a lab-made SPME plunger was rotated inside the stream
of freshly produced PEI nanofibres. Prepared electrospun SPME PEI fibres has been characterised by
termogravimetry (TGA) and scanning electron microscopy (SEM). In the last step, the optimized electrospun
PEI fibres were compared under differing gas chromatograph (GC) injection temperatures for the
hexachlorocyclohexanes (HCH) determination via headspace SPME.
2.

MATERIALS AND METHODS

Lab-made SPME fibre assemblies were produced from stainless steel capillary and wire 304H supplied from
Teseco and VeroClear RDG810 3D-printer polymer (Fig. 1). PEI was obtained from Sigma-Aldrich (melt index
18g/10 min (337 °C/6.6kg)) and it was dissolved overnight in the mixture of DMF/THF 85:15 into 15 % w/w
solution. This solution was pumped into the electrospinner needle with the flow of 0.5 ml per min. The collector
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electrode was subjected to 15 kV voltage and it was placed to the distance of 15 cm from the needle. SPME
plunger has collected the freshly produced nanofibres at the speed of rotation of 50 rpm under 25 °C and a
relative humidity of 38 %.

Fig. 1 Left up: stainless capillary and wire, plastic parts; right up: final assembly of lab-made SPME fibre;
Down: Chemical structure of PEI
3.

APPARATUS AND EQUIPMENTS

Appearance of PEI fibres was documented with SEM microscope (Tescan Vega 3) (Fig. 2). Mass loss of
produced SPME PEI fibres was tested with TGA Q500 (Thermo) (Fig. 3). Performance of lab-made SPME
PEI fibres was tested with gas chromatograph and mass spectrometer (Thermo Trace 1310, TSQ 8000 Triple
quadrupole MS). Automatic handling of prepared water samples was performed by an autosampler (PAL LHXxt), which worked in headspace operation mode (ie. samples were heated and shaken before fibre exposure).
The gas chromatograph was equipped with a capillary column VF-5MS (of 30 m length, 0.25 mm thickness
and 0.25 μm stationary phase thickness). Temperature program of the chromatographic oven started at
120 °C, graduating firstly by 12 °C·min-1 to 250 °C, secondly by 35 °C·min-1 to final temperature of 300 °C,
which was held for 1 min. SPME fiber was exposed for 50 min under 70 °C. For the desorption step, a PTV
injector was operating under 200 or 250 °C for 1 min. For each tested fibre, ten water samples spiked with the
same concentration of HCH standard (2.5 µg·l-1 of each HCH isomer) were prepared. The first manufactured
SPME fibre was tested with the same extraction temperature (250 °C) as commercial fibre. The other
manufactured fibre was tested with lower extraction temperature of 200 °C. Conditioning of the SPME fiber
was also done in PTV injector immediately after the transfer of HCH on the column. Flow rate of the helium
carrier gas was adjusted to 1 ml.min-1.
4.

RESULTS AND DISCUSSION

A nanostructured PEI SPME fibres were successfully prepared in the lab-scale (Fig. 2). Diameters of produced
fibres were between 300 and 600 nm. Polymer adhesion to the SPME plunger was sufficient with no polymer
loss during test operations. Thermal stability of PEI was comparable to that of PDMS fibres (up to 400 °C,
Fig. 3 and Fig. 4). On the other hand, PEI fibre has lower affinity towards HCH (Fig. 5), about 60.5 % of that
of PDMS fibre. Therefore, higher limit of quantification would be achieved, if this fibre would be utilized for
complete validation of method for HCH determination with SPME. Fig. 5 shows, that 2 selected PEI fibres
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differed significantly in affinity towards HCH and that the one subjected to lower injection temperature kept its
affinity, whereas the one subjected to higher injection temperature lost its capacity quickly.

Fig. 2 Pictures by SEM microscope (Tescan Vega 3) of electrospun PEI fibres

Fig. 3 Mass loss of lab-made PEI SPME fibres
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Fig. 4 Mass loss of commercial SPME fibre, 60 μm PDMS/DVB phase

Fig. 5 Comparison of lab-made and commercial SPME fibres, GC/MS signal after SPME injection
5.

CONCLUSION

We report our first results on performance of lab-made SPME assemblies prepared from electrospun PEI.
Limited data were gathered concerning analytical performance of prepared fibres. Supelco PDMS/DVB fibres
shown higher affinity towards HCH than our lab-made PEI SPME fibres. However, aromatic target analytes
would probably have better sorption properties. We see lab-making of SPME fibre as a viable approach for the
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supply of sufficient quantity of SPME fibre assemblies for large environmental studies. In ongoing research,
we will focus on more detailed characterization of prepared fibres, kinetics of sorption on fibres, on
electrospinning of fibres with smaller diameter and on other thermally stable polymers suitable for
electrospinning (polyamide as an example).
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Abstract
Today, many scientists study properties of nanofiber textiles. These properties are determined by the unique
structure of nanotextiles and, therefore, it is necessary to know exactly how the structure of the fabric looks
like. Nowadays, a few models are used, but they are inaccurate. The lack of an appropriate model of nanofiber
textile was the main motivation of this research.
For our study we have chosen nanotextiles made of two polymers: PVDF (polyvinylidene fluoride) and PUR
(polyurethane). The nanotextiles were produced at Czech Technical University in Liberec by NS 4S1000U
device using Nanospider technology.
In this research, the structure of the fabrics was analyzed using an electron scanning microscope Tescan
Maia 3. Two sets of the experiments have been carried out. In the first experiment the surface structure of the
samples was studied. Photos created by SEM were analyzed using program Atlas and image editor GIMP. In
this set of the experiments the initial parameters for the creation of a digital 2D model of a single layer have
been determined (fiber size distribution, pore size and curvature of the fibers). In the second set of the
experiments cross sections of nanofiber textiles were made in order to study the inner structure of the fabric.
This information allows evaluation of the total number of 2D layers in the model and, thus, is very important
for future creation of a 3D model of the fabric.
Keywords: Polymer, SEM photography
1.

INTRODUCTION

In today's world, new composite materials with unique properties find a constantly growing range of
applications. Nanotextiles are one of the relatively young materials. They are nonwoven fabrics which are
usually manufactured using electrospinning method [1]. Recently, a great interest for the integration of
nanofiber textiles in many branches of industry and scientific disciplines has been shown. For example,
nanotextiles have found an application in medicine or engineering. In some cases, they are used as protection
against biological pests [2]. Applications of a fabric mainly depend on its properties and properties greatly
depend on the nanotextile structure. Today, the structure of the fabric is mainly studied by electron scanning
microscope (SEM) because the fabric is composed from very fine fibers. Their diameter lies between 50 and
1000 nm [3]. There are numerous publications which describe the basic parameters of the surface of the fabric,
such as the radii of the fibers, their orientation or size of the pores between the fibers [1]. In order to predict
the properties of the textile, it is necessary to know the structure of the surface, but the inner structure of the
textile is even more important. There exist a few studies that try to describe the inner structure or to construct
its numerical model [4,5]. However, these studies are still at the beginning and therefore they are not sufficient.
Another issue not addressed by existing models is the interconnection of individual layers in the 3D model.
The main goal of this paper is an analysis of the structure of nanofiber textiles, especially the comparison of
the inner structure with the surface structure. In this study the basic parameters of the fabric are determined
and on the basis of this information the exact number of layers in the fabric is calculated. This information is
crucial for the future establishment of an accurate digital 3D model of the nanotextile.
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MATERIALS AND METHODS

In this work we used nanofiber textiles produced at Czech Technical University in Liberec on NS 4S1000U
device using Nanospider technology. We have chosen two types of polymers for the production of textiles. The
first one was PVDF (polyvinylidene fluoride) and the second one was PUR (polyurethane). These polymers
have been chosen based on their properties and applicability for civil engineering. PVDF shows good
resistance to acids and halogens. PUR is commonly used in constructions, mainly as insulating foams and
sealants gels. Parameters of the technological process of the fabrics production are shown in Table 1.
Table 1 Parameters of the fabrics production

Polymer

Speed of motion
[mm . min-1]

The distance
between the
electrodes [mm]

Voltage
[kV]

Width of electrodes
[mm]

Ambient
temperature
[°C]

Ambient
humidity[%]

PVDF

10, 50

177

35

0.6

24

55

PUR

10, 50

175

40

0.6

23

40

3.

RESULTS

In the first phase of the experiment we have determined the weight per square meter, so called grammage of
the fabrics. Individual samples were cut into rectangular shapes with approximate size of 10 x 10 cm. These
samples were weighted with accuracy of tenth of milligrams. Afterwards the samples were scanned and their
area was measured using an image editor GIMP 2. For each fabric several samples have been analyzed by
this method in order to get higher statistical accuracy. The weight per square meter was determined by a
gravimetric method using the formula
&'

(
'

,

(1)

where m stands for the mass of sample and s is the area of the sample. The obtained results are summarized
in Table 2.
Table 2 Weight per square meter of the used nanotextiles
Polymer

Weight of the sample* [g]

Area of the sample* [m2]

Weight per square meter* [g . m-2]

PVDF 10

0.227

0.00702

32.34

PVDF 50

0.065

0.00877

7.45

PUR 10

0.096

0.00775

12.39

PUR 50

0.007

0.00734

0.97

*Average value
In the next phase of our research, the surface of fabrics was analyzed using SEM. We have determined fiber
diameters, their orientation with respect to the direction of movement of the substrate, and the size of the pores
between the fibers. Subsequently, we studied the inner structure of the textiles. In order to do this we made a
cut through the fabric and analyzed it in microscope. Several methods of producing a cut have been tried,
including scissors and breaking the sample in liquid nitrogen. The best results were achieved with a simple
razor blade. Razor blade created a precise edge through the fabric which enabled clear observation of the
inner structure. We measured the thickness of the textile and analyzed its inner morphology. Comparison of
the photographs of the surface structure of a sample with the structure of its cut shows, that these structures
are very similar (see Fig. 1). This is a key information for the preparation of a numerical model for simulations.
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Fig. 1 Comparison of surface structure (left) with cross-cut structure (right) for PVDF 10 sample
The usually used model of nanotextile is a multilayer structure, where 2D-layers are separated by gaps [4, 5]
(see Fig. 2). Consequently, it is important to determine the structure of each layer and the thickness of the
gap. Unfortunately, because SEM pictures are not clear enough it is difficult to determine which fibers lie in the
first layer, closest to the viewer. This fact significantly complicates the reconstruction of the morphology of the
first layer of the textile. However, as mentioned above, the surface structure of the nanotextile is very similar
to the structure of the cross-cut. Using this fact we derived a formula, which expresses the area S occupied by
each layer:
,
)*) +-∗/

,

(2)

here Stot stands for the total surface area of the sample, G is the weight per square meter (grammage), ρ is
the density of polymer, and D is the thickness of the cut. This information is very useful in determination of the
structure of 2D-layers. One can take a SEM photo of the nanotextile and start to emphasize fibers with red
color until he reaches the area predicted by formula (2) (see Fig. 3). It is also possible to calculate the number
of layers:
0

1

,

1232

∗4∗-

,

(3)

where d is the thickness of the layer without the imaginary gap (see Fig. 2).

Fig. 2 On the left side: the multi-layered structure of the nanotextile. On the right side: graphical separation
of the first layer (red) from the surface structure visible on SEM photographs. Green fibers belong to
underlying layers
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Fig. 3 The colored first layer of nanofiber textile PUR 10
This calculation was performed for all four types of fabrics and the results are presented in Table 3.
Table 3 Structural parameters of nanotextiles.
Sample

Thickness of the cut
[um]

Diameter of fibers [um]

Number of
layers

Thickness of each layer
[um]

PUR 10

47.425

0.442

49

0.970

PUR 50

8.047

0.325

8

1.050

PVDF
10

136.900

0.197

252

0.542

PVDF
50

84.28

0.325

69

1.985

4.

CONCLUSION

Properties of nanotextiles depend significantly on their structure. In this work we take the first steps to
construction of numerical model of this structure. We compare the surface morphology with the inner structure
and find them very similar. Using this information we develop a method allowing to calculate the number of
layers in the textile. We also derive a formula, which is very important for determination of the structure of each
layer - it shows how many fibers should be included into the first layer. Without this information it is not clear
which fibers correspond to the first layer, because SEM photos do not provide information about the depth of
visible elements and the fibers are intertwined in a very complex way. In the future, this information will be
used to create a complete 3D model of the nanotextile structure. Such model is crucial for any successful
simulation of its physical, chemical and biological properties.
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Abstract
Nanomaterials change our life. Every day they find applications in new branches of technology. At the same
time, some branches of technology, like civil engineering, are rather conservative and do not accept new
approaches lightly. Nanotextiles exhibit a number of qualities that make them a promising material for civil
engineering applications. They can potentially play a role of filters, protective layers, armature and others.
Properties of the nanotextiles can be significantly influenced by parameters of technological process. Pure
experimental search of the optimal technological parameters to achieve the desired properties of the final
material can be very tedious. Thus, a theoretical dependence of the properties of the nanotextile on parameters
of the technological process must be established. Two independent tasks must be solved for this: the
dependence of nanotextile structure on technological parameters, and determination of physical, chemical or
biological properties of a nanotextile of a given structure. In this paper we discuss steps necessary for the
solution of the second task.
Nanotextile is a material with extremely large porosity, which makes standard macroscopic models
for the description of its properties inappropriate. Thus, any successful model must be based on the specific
structure of the nanotextile. After the structure is known the next step is to understand all important interactions
between nanofibers and the environment. The set of such interactions depend on the problem under
consideration. Finally, the properties of the material should be determined as a numerical solution of the
corresponding 3D model.
Keywords: Van der Waals, DLVO potential, Monte Carlo simulations
1.

INTRODUCTION

Nowadays there exist a lot of theories allowing a successful modeling of physical properties of macroscopic
materials, e.g. [1]. However, when applied to modeling of micro- and nano- materials, these theories predict
the results quite different from the observed in the experiments. This fact is explained by structure of such
materials, and new types of their interactions with the environment. Good example of such interaction is
provided by van der Waals forces. In macroscopic sample the volume, where van der Waals forces are
important, is limited by very thin layer close to the surface of the sample. The volume of this layer is negligible
in comparison with the total volume of the sample. This is the reason why normally van der Waals force is not
taken into account when modeling physical properties of macroscopic substances. On the other hand, consider
a nanotextile composed of nanofibers with diameter small than 1 µm. The diameter of such fibers is
comparable with the characteristic range of van der Waals interaction. Consequently, the effective volume of
space influenced by this force is comparable with the volume of the fiber, and, thus, with the volume of the
sample itself. In other words, unique structure of nanotextiles ensures their much stronger interaction with the
environment in comparison with standard macroscopic materials. Even relatively thin layer of nanotextile can
potentially provide a level of protection of a substrate, comparable with much thicker layer of standard
protective material [2].
Every successful simulation of physical properties of a nanomaterial must take into account its structure. There
are different methods to determine this structure. Sambaer et al. analyze SEM photos of nanotextiles in order
to determine size distribution of fibers and pores [3, 4]. Other method is based on analysis of a structure of a
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cross-section of textiles [5, 6]. Both mentioned methods allow to create a 2D model of one layer of nanotextile.
The three-dimensional model is obtained by creation of a sandwich-like structure.
However, determination of the microscopic structure of the material is not enough to perform the simulation.
The correct set of physical interaction has to be chosen, and the choice depends on the specific problem which
has to be solved.
2.

INTERACTIONS WITH NANOFIBERS

As mentioned above, the understanding of interactions between the nanofibers and the environment is very
important for the successful description of their properties. In macroscopic world we usually neglect some
interactions (van der Waals forces, dipole interactions etc.). However, at micro- and nano-scales this is not
possible anymore, because such forces can have a substantial influence on the resulting properties.
The specific set of interactions which should be taken into account depends on the problem
under consideration. For example, Sambaer et al. study filtering properties of nanotextiles [7]. Small particles
flowing with the air through the filter interact with nanofibers and can be caught by several types of attractive
forces. In this case, the most important interactions between nanofibers and the particles are hydrodynamic
forces of different kind: drag force, lift force, adhesion force, and friction force.
On the other hand, civil engineering applications assume different modes of interaction of nanotextiles with the
environment, and, thus, require different set of basic forces. One of the most promising applications of
nanotextiles in civil engineering is protection of a surface of construction material from the aggressive influence
of the surrounding. In this situation the nanotextile is attached to the surface of the protected material. For
example, a well-known problem with plasters is a washout of small stones by rains. Even a relatively thin layer
of hydrophobic nanotextile applied to the surface of the plaster can protect it from this danger.
The physics of protective layers is somewhat different from the physics of filters. In filters the main mechanism
of transport of air, particles or humidity is convection, while in protective layers the main role is played by
diffusion. Also, the time scale of the corresponding processes is larger, so that weaker interactions like van
der Waals forces can exhibit themselves.
2.1.

Van der Waals force

Van der Waals force is the weakest type of interaction between neutral atoms and molecules. In this type
of interaction such neutral atoms are attracted to each other due to spontaneous origination of dipoles because
of chaotic motion of electrons around the atomic nuclei. There exist several possibilities for the formation of
such dipoles, which lead to different sub-types of van der Waals forces: London dispersion force, interaction
of permanent and induced dipoles [8].
Peridynamics is a method of analysis of influence of van der Waals forces on mechanical behavior
of nanofibers. In this methods all interactions are treated as long-range interactions. The analysis shows that
existence of van der Waals forces may increase the strength and stiffness of nanofiber net [9]. Bobaru used
polyethylene fibers with molecules aligned along the axis of the fiber. Atoms along the fibers are connected by
covalent bonds, while neighbor polymer chains are attracted by van der Waals forces (Fig. 1). Eyring kinetic
theory of fracture was applied and the analysis was performed with the help of Monte Carlo method [10]. The
rate of bond breakage is given by

 − U + βσ 
p& = τ exp

 kT


(1)

U is activation energy of the bond, β is the activation volume for the bond, σ is the external stress
responsible for bond fracture, τ is thermal vibration frequency of the bond, k and T stand for Boltzmann
where

constant and absolute temperature respectively [11].
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Fig. 1 Peridynamics method: generating a new node in a direction that remains inside the con (left], the
resulting optical network (right) [9]
With the help of this model Bobaru estimates influence of molecular mass, rate of deformation and temperature
on strength of polyethylene fibers.
2.2.

DLVO potential

Recently, Derjaguin, Landau, Verwey, Overbeek (DLVO) model has found wide application in simulation
of interactions between electrically charged particles in dielectric liquid. This theory can be applied
to interactions of non-organic nanoparticles with nanofibers, but also to description of motion
of microorganisms. Below is the main equation used to calculate a potential

U between two balls with radius

a and charge Z separated by distance r . The influence of the environment is described by permeability ε ,
concentration of ions n , and temperature T . These basic equation can be modified in many ways [12].
 exp(κa )  exp(−κr )

r
 1 + κa 
2

β U ( r ) = Z 2 λB 

λB =

(2)

e2

(3)

4πε 0εk BT

κ 2 = 4πλB n

(4)

β −1 = k BT

(5)

Kaledin et al. studied glass microfibers covered with nanofibers of aluminium oxide and hydroxide. The fibers
had length of 250 nm and diameter of 2 nm. The whole system looks like a cylinder with very rough surface. It
was found, that such connection creates a strong electrical field, which can attract nano- and micro-particles
from distance of 0.3 mm in several seconds. However, the electrical field in this experiment is by order of
several magnitudes stronger than predictions of DLVO model. The resulting field can attract different particles,
such as viruses, bacteriophages, bacteria or latex spheres. These unwoven materials absorb submicron
particles using their natural electrical charge from much larger distances than their geometrical size [13].
3.

CONCLUSION

In order to simulate physical properties of nanotextiles three general steps must be performed. The first step
is analysis of the problem and determination of the basic physical interactions important for the studied
phenomena. The second step is to choose a corresponding mathematical model of the physical force. This
step is very important and many researches are working on improvement and modifications of existing models
to make them applicable to wide variety of situations. Finally, an appropriate numerical scheme has to be
chosen, such as Monte Carlo method. The results also depend on the geometrical structure of the material.
To estimate the influence of the structure on the properties of nanotextiles one can perform simulations using
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same numerical method and expressions for the potential, but assuming different geometrical structures of the
material. Example structures for such calculations include chaotic network of straight lines, solid volume with
large number of spherical holes of different sizes, sandwich structures etc.
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Abstract
The paper deals with verification of the mathematical model of electrospinning devices. The model enables to
simulate the electric field strength and voltage with using the finite element method. The simulation could be
used mainly in the design of the spinning device for electrospinning process. Boundary conditions introduced
into the mathematical model were obtained from an experiment on the functional model. The experiment was
based on the Taylor’s theory of the critical potential. Thanks to the FEM analysis it was found the value of the
critical field strength and the place where the critical field strength appears on the polymer drop. The analysis
results were compared with analytical calculation. The presented mathematical model can facilitate
development of the electrospinning devices. The model could be used for design optimisation of the spinning
electrodes as well as the design of the whole electrospinning apparatus. Moreover, the model might be applied
for setting of optimal technological parameters for producing modern nonwoven textile products.
Keywords: Electrospinning, electrostatic analysis, critical field strength, spinning electrode
1.

INTRODUCTION

Electrospinning is a relatively simple method for production of ultra-fine fibers (nanofibers) with a diameter
ranging from a few hundred nanometers to below a micrometers, known since the beginning of the 20th century
[1], [2]. Polymer solution is delivered through spinning electrode usually connected to the positive high voltage
source and it is drawn and elongated by electric forces formatting nanofibers [3]. They are collected on the
oppositely charged collector placed in defined distance from the spinning electrode.
There are a large number of materials and process parameters affecting the electrospinning process. This
article is focused on the investigation of the influence of a rod electrode protrusion above a plate on the
electrospinning process. The plate has a role of an electrical shielding and a maintaining of the homogeneous
electric field. An experiment with two plate apparatus was carried out. A critical value of the applied voltage Uc
and the critical field strength Ec were investigated. The electrospinning starts with reaching this critical value
[4].
2.

ANALYTICAL CALCULATION OF THE CRITICAL POTENTIAL AND THE CRITICAL FIELD
STRENGTH

In 1964 Taylor published work which dealt with mathematical modelling of the cone shape formed by the fluid
drop under the influence of an electric field [5]. This characteristic drop shape is now known as the Taylor
cone.
The electrospinning occurs when overcoming a certain critical field strength. The equation describing critical
field strength required to form the Taylor cone on the free liquid surface was formulated by Lukas in 2008 as

EC =

4

4γ ρ g

ε2

,

(1)
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where γ denotes a surface tension, ρ a liquid mass density, g a gravitational acceleration and ε a permittivity
of air [4].
To achieve the desired value of Ec, a certain value of potential difference between the electrodes is necessary
to be set. The required value of potential difference can vary depending on the electrodes geometry, material
and the device configuration. The influence of the rod electrode protrusion above the plate on the
electrospinning process was researched and presented by Taylor in 1969 [6]. Based on the experiment with
the two-plate apparatus, Taylor formulated the equation of the critical potential difference

V K2 =

4H 2  2L 3
−  (1.3 π R γ )(0.09 ) .
 ln
L2  R 2 

(2)

The distance between plates H, the protrusion of the rod electrode L and the outer radius R are expressed in
cm, surface tension γ is expressed in mN/m. The factor 0.09 is inserted to give the prediction in kilovolts.
Geometry of the apparatus can be seen in Fig. 1 left.
3.

EXPERIMENT

The aim of the experiment is to examine the influence of protrusion of the rod electrode above a plate on the
start of the electrospinning process. With respect to the Taylor´s analysis, the experiment with axisymmetric
geometry of the two-plate apparatus was set up. The steel rod electrode 2 with the outer diameter of 5 mm
was protruded above a steel plate 3 with the outer diameter of 400 mm and the thickness of 2 mm. This plate
was placed at a defined distance under a disc collector 1 with the same size. The reason for choosing the
equal size of the plates was creation of a homogeneous electrical field for the experiments. The electrode was
connected to the high voltage 5 source and positively charged. The collector was connected to the 5 source
and negatively charged. A polymer drop 4 of the volume 0.05 ± 0.02 ml was applied on the top of the electrode
2 by a syringe. The apparatus was placed in the grounded protective box 6. The scheme of the experimental
apparatus is shown in the Fig. 1 left. The real experimental apparatus is shown in the Fig. 1 right. The
distance h between the collector 1 and the electrode 2 was kept constant 150 mm during the whole experiment.
The protrusion L of the rod electrode 2 above the plate 3 was changed.

Fig. 1 Experimental apparatus
The object of this experiment was to obtain values of the critical potential for various protrusions of the rod
electrode. When the potential difference reaches the critical value, the first jet appears on the polymer drop,
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as it is shown in the Fig. 2. The experiment was carried out on the device that has been designed by Taylor
apparatus. It was done in order to verify the accuracy of measured data according to equations which Taylor
presented in 1969 [6].
The water-soluble polyvinyl alcohol (PVA, Sloviol R16, Chemicke zavody Novaky, SK) was used for the
experiments. A solution at concentration 12 wt. % was prepared dissolving in DI water. A surface tension γ of
PVA solution was 40 mN/m and a liquid density ρ was 1000 kg/m3. The experiments were carried out at
ambient temperature 22 °C and at a relative humidity 28 %.
Values of the critical potential were determined for 6 different settings of the rod electrode protrusion. In the
first step the distance L was set. Then the polymer drop was applied on the top of the electrode. In the following
step the required potential difference was set. The voltage was switched on for 10 seconds and the formation
of Taylor cone was observed. After that the remained polymer drop was removed from the rod electrode. This
process was repeated. The value of the input potential difference has been increased until the value of the
critical potential was found. Values of the determined critical potential are shown in the Table 1.

Fig. 2 Polymer drop with a polymer jet
Table 1 Measured values of the critical potential
Protrusion L [mm]

10

20

35

50

75

100

Electrode potential [kV]

38.5

30.5

22.5

20

16

13.5

Collector potential [kV]

25

18

15

12

10

10

Potential difference [kV]

63.5

48.5

37.5

32

26

23.5

4.

ELECTROSTATIC ANALYSIS

For solving electrostatic tasks, the software Autodesk Simulation Multiphysics was used. The simulation
mechanical software provides fast and flexible tools for calculation of boundary value problems by means of
the finite element method (FEM). The mathematical model can simulate a charge distribution in an electrostatic
field. The aim of the analysis was to verify the mathematical model of the electrospinning device. The
verification was based on the assumption of the constant critical field strength on the polymer drop for all
settings of the rod electrode protrusion.
Thanks to the axial symmetry of the two-plate apparatus, the mathematical model can be solved as a twodimensional task with axial symmetry. The 2D geometry of the FEM model was created according to the
dimensions of the two-plate apparatus described in the experiment. In the mathematical model, the geometry
of the polymer drop was defined by means of spline corresponding with the drop image that was taken during
the experiment and with respect of the applied solution volume 0.05 ml, as it is shown in the Fig. 3. The
material properties of apparatus parts were defined in the model by the relative permittivity. The critical states
of electrospinning were described in the mathematical model by applied voltage corresponding to
experimentally determined values of the critical potential. The applied voltage of the collector and the electrode
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was set in the model accordingly. The grounded protective box, was defined as a cylinder with outer diameter
of 800 mm and the applied voltage of 0 V on its outer boundary.

Fig. 3 Defining of the polymer drop
For the simulation the Electrostatic Field Strength and Voltage type of the analysis was selected. The voltage
distribution over the model is illustrated in the Fig. 4. The electric field strength distribution is illustrated in the
Fig. 5. In the detailed view the point of maximum electric field strength on the polymer drop can be observed.
The place with highest electric field strength is mainly influenced by the surface curvature of the drop. The
analysis shown in the figures is for the 10 mm protrusion of the rod electrode.

Fig. 4 Distribution of applied voltage

Fig. 5 Distribution of the electric field strength with a detailed view
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RESULTS AND DISCUSSION

Measured values of the critical potential from the experiment are shown in the Table 1. The Fig. 6 illustrates
the dependence of the critical potential difference based on the electrode protrusion. The experimental results
are compared with the analytical calculation (2).

Critical potential difference [kV]

70
60
50
40
30
20
10
0
0

10

20

30
40
50
60
70
Electrode protrusion [mm]

analytical calculation

80

90

100

experiment

Fig. 6 Dependence of the critical potential difference based on the rod electrode protrusion

Critical field strength [kV/mm]

From the presented results it can be observed that the experimental and the analytical results have a similar
character. The critical potential decreases while the electrode protrusion increases. However, there is a
difference in the level of the potential difference. Analytical calculation is approximately 33% higher in
comparison to experimental results. Dependence of the critical field strength based on the electrode protrusion
is illustrated in the Fig. 7.
4
3
2
1
0
0
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Electrode protrution [mm]

analytical calculation

80

90

100

simulation

Fig. 7 Dependence of the critical field strength based on the rod electrode protrusion

300

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

In this case, the analysis results are compared with the analytical calculation based on the formula (1). The
analysis results represent the maximal value of the electric field strength on the polymer drop. The value of
the critical field strength by the analytical calculation (1) depends only on a polymer and therefore remains
constant. The difference between the analysis results and analytical calculation is maximally 25%.
6.

CONCLUSION

In order to verify the mathematical model the experiment was carried out on the two-plate apparatus with the
rod electrode. The used technology consists in production nanofibres by using the rod electrode, so called
electrospinning from free liquid surface. However, the mathematical model can be applied to other
technologies of nanofibers production that uses the principle of electrospinning as well. The model is able to
simulate a charge distribution in an electrostatic field. The knowledge obtained from the analysis can be used
in the design of spinning devices, the design of new shapes of electrodes or their optimization. The model can
also be applied in the search for optimal technological conditions for electrospinning process.
Dependence of the critical potential difference and the critical field strength compared in this study have a
similar character. However, there is a difference in the level of compared dependencies. It may be due to the
different experiment conditions. For future work, it would be appropriate to carry out additional experiments
that would examine the effect the ambient environment (e.g. humidity) or boundary conditions such as the
diameter of the plate or the distance of the grounded protective box from the spinning device have on the
critical potential.
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Abstract
The work aims to explain and demonstrate the possibility of preparing nanofibers with specific magnetic
properties.
Described is the preparation of ferrite nanoparticles and magnetic nanofibers by using appropriate methods.
Emphasis is placed on preparing quality spinning solution, the choice of effective methods of spinning and
thorough characterization of the products obtained. They also described the preparation of magnetic
nanofibers with a very high content of solid ferrite particles in a polymer matrix. Achieved results show
interesting magnetic properties of nanomaterials that are applicable in various fields including medicine and
industry.
Keywords: Magnetic nanoparticles, magnetic nanofibers, electrospinning
1.

INTRODUCTION

Magnetic nanoparticles respectively nanofibers are not used only in industry but also in a much softer industry
- biomedicine. Is important prepare such substances whose toxicity is not harmful to human health and the
environment, but also needs to efficiently and effectively operate on the biological part of the body where they
are to be used.
For correct function of nanosubstances is needed ensure a number of important aspects i.e. stabilization, the
correct size and shape, magnetic characteristics and safety. What is important is the subsequent analysis,
which shall be subject to ready products, so as to detect any deviations from the above mentioned features.
The aim was to prepare magnetic nanofibers various technological processes and also to explore the potential
concentration of MNP (magnetic nanoparticles) in these fibers. Elements of which can be magnetic
nanoparticles and magnetic nanofibers thus prepared are many, but only a few meet. In terms of toxicity and
subsequent treatment can be considered only those that can be used for safe work in the laboratory and which
possess properties that meet the end-use and processing.
Expert articles which focus on the preparation of magnetic nanofibres usually prepare these nanofibers only
one way (usually by means of electrostatic spinning from the needle) and a small range of concentrations of
MNP (e.g. articles [1], [2], [3], [4]).
2.

MAGNETIC NANOPARTICLES AND NANOFIBERS

If the diameter of the magnetic nanoparticles reduce to a certain size, so true that can exhibit
superparamagnetic properties, which are very interesting in terms of scientific and practical applications. [5]
The magnetic properties of ferrites are directly related to the distribution of cations over the tetrahedral and
octahedral positions in the lattice. Because the magnetic moments of the ions are arranged in parallel in each
of sublattices and anti-parallel between two sublattices, then the difference between the magnetic moments of
sublattices gives the total magnetic moment on the ferrite crystal. [6]
In preparing magnetic nanofibres is needed to reach a sufficient dispersion of the magnetic nanoparticles in
the polymer matrix and to select a suitable method of fabrication of nanofibers. Generally, the distribution of
NP in the nanofibers is strongly dependent on many factors (dispersion of the particles in the polymer solution,
applied voltage, ambient conditions etc.) and the method of spinning. Due to the high ratio surface / volume,
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the magnetic NP tends to agglomerate (the reduction of the energy). This problem can be solved by using the
stabilizers. [1], [2]
3.

EXPERIMENTAL PART

3.1.

Preparation of nanoparticles CoFe2O4

Preparation was performed by two processes - coprecipitation and sol-gel method. For comparison the
properties was purchased ferric oxide Fe3O4 (size 50 nm) from Sigma-Aldrich.
With coprecipitation of ferric chloride hexahydrate FeCl3.6H2O was dissolved in 25 ml water and mixed with
25 ml of cobalt chloride hexahydrate CoCl2.6H2O. The solution was dropped into 500 ml of NaOH of pH = 12.
2 FeCl3 + CoCl2 + 8 NaOH → CoFe2O4 + 8 NaCl + 4 H2O

(1)

After addition of isopropanol, the mixture was brought to a reaction temperature of 80 °C. The resulting
precipitate was dried overnight at 100 °C and subsequently annealed at 600 °C for 10 hours in an electric
furnace. [7]
In the sol-gel method was determined as follows. Cobalt nitrate hexahydrate Co(NO3)2.6H2O and ferric nitrate
nonahydrate Fe(NO3)3.9H2O were first separately dispersed in deionized water and stirred for another half an
hour. To each dispersion was added a chelating agent, citric acid and the mixture was reacted with vigorous
stirring for about half an hour. Both solutions were mixed together and stirred for 15 hours on
a magnetic stirrer. The pH was then adjusted to 8.5 by addition of dilute ammonium hydroxide. The mixture
was then heated in a fume hood to a temperature, when the spontaneous reaction to start in phase gel.
Co(NO3)2.6H2O + 2Fe(NO3)3.9H2O + 8NH4OH → CoFe2O4 + 8N2O + 44H2O

(2)

The final heat treatment for the smallest particle size was carried out in a furnace at 250 °C for 10 hours. [8]

B

A

Fig. 1 A) Photo of nanopowder Fe3O4, B) SEM image of a nanopowder CoFe2O4 from coprecipitation C)
SEM image of CoFe2O4 nanopowder from sol-gel method, D) SEM image of nanopowder Fe3O4
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Preparation of nanofibers by electrospinning from the rod

Equipment for the spinning from the rod is consists of a metal rod, which is charged by the positive voltage
source (in my case was chosen always 24 kV) and the collector on which are collect nanofibers. A drop of the
polymer solution is inserted on top of the rod, where after the delivery voltage starts to run to the spinning
process.
This technology was primarily used as a primary test whether the polymer solution suitable for spinning and to
determine the highest possible concentrations, which should in nanofibres foothold and there were constant.
To determine whether the magnetic nanofibers are toxic to organisms, it has been used as the polymer PCL
(polycaprolactone) alone does not show toxicity - on these products cytotoxicity assays were performed as in
the case of untied MNP.
Spinning solutions (all spinning methods) were prepared so, that the first was weighed precalculated amount
of ethanol, respectively of chloroform to which was added the appropriate ferrite powder and to the resulting
mixture was added polymer. PVB (polyvinylbutyral) in ethanol concentration was always 10%. Final mixture
was allowed to ultrasound for 30 s.

Fig. 2 A) SEM image of nanofibers 1:1 PCL(14%):Fe3O4, B) SEM image of 1:2 PVB:Fe3O4
Table 1 Overview TGA results for higher concentrations of ferrite nanofibres from rod
A sample of nanofibers

Weight of the residue / sample
weight [mg]

Weight percent w [%] Fe3O4 in a
sample

2:1 Fe3O4:PVB

4.5570 / 6.7680

67.33

3:1 Fe3O4:PVB

7.6720 / 10. 6510

72.03

9:1 Fe3O4:PVB

6.2210 / 7.2760

85.50

3.3.

Preparation of nanofibers by AC electrospinning

The basic components of the device include: AC power supply, transformer and spinning electrode. This is
a "brushless" fiberizing apparatus, where the emerging fibers are collected on a rotating drum respectively
winding it on a longer non-conducting rod. At work, it is necessary to keep the distance from the device larger
than the distance flashover - may cause an electric shock, which in this case is for a man to death.
The spinning process was carried out under normal laboratory conditions and parameters have been set by
during spinning. Dispensing the solution into the electrode ranged from 15 to 20 ml / s, the voltage was set at
30 kV and frequency 50 Hz.
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Fig. 3 A) Photo of nanofibers 1:1 CoFe2O4:PVB, B) clear PVB, C) SEM image of nanofibers 1:2 Fe3O4:PVB
Table 2 TGA overview of results for the magnetic nanofibers from AC electrospinning
A sample of nanofibers

Weight of the residue / sample
weight [mg]

Weight percent w [%] Fe3O4 in a
sample

1:2 Fe3O4:PVB

3.1880 / 9.3350

34.15

1:2 CoFe2O4:PVB

2.1750 / 9.0940

23.91

1:1 Fe3O4:PVB

4.3700 / 8.3720

52.20

1:1 CoFe2O4:PVB

2.7430 / 7.4190

36.97

3.4.

Preparation of nanofibers on NanospideruTM

To prepare magnetic nanofibres on this device has been used stationary string electrode with a diameter of
0.5 mm stretched between two fixed points. The principle of the whole process is similar to other
electrospinning methods, except that there is also charged collector. On the string is supplied positive voltage
and the collector is charged negatively. Due to the high potential difference occurs in the formation of
nanofibres from polymer solution. This solution is applied on the movable tray, where emerging fibers are
captured on a spunbond sliding along the collector. [9]
The internal temperature in the process was constant 24.5 ° C and the ambient temperature was around 25 °C.
Inside the device does not exceed humidity the value of 18% RH at an air flow 45.2 m3 / hour. The distance of
the electrodes was 176 mm, the speed of retraction spunbond nanofibers 27 mm / min was adjusted according
to the coating thickness needed and the solution dispenser was moving at 180 mm / sec. Value of the positive
voltage supplied to the string was 60.3 kV, electrical current 0.025 mA, and the overall electrical voltage
between the electrodes was about 70 kV.

Fig. 4 (Left) the basic diagram of the device NanospideruTM with the string spinning electrode,
(Right) SEM image of nanofibres 1:1 Fe3O4: PVB
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Table 3 TGA overview of results for the magnetic nanofibers from NanospiderTM
A sample of nanofibers

Weight of the residue / sample
weight [mg]

Weight percent w [%] Fe3O4 in
a sample

1:1 Fe3O4:PVB

1.8520 / 4.5210

40.96

1:1 CoFe2O4:PVB

0.6736 / 3.7150

18.13

3.5.

FTIR spectroscopy

FTIR spectroscopy was carried out for a variety of concentrations of Fe3O4 in the PVB to determine whether it
is possible using this method to determine the concentrations of ferrites in nanofibres.
The wave number band from 500-700 cm-1 is observed vibration Fe-O bonds, which of course increase with
increasing concentrations of this component in the fibers. In the range 1050-1200 wave numbers cm-1 is
located on deformation vibrations of the C-CO (in the plane). The range of 1200-1290 cm-1 shows the
suppression of the passage of infrared radiation with increasing concentrations of Fe3O4. Neighbourhood
around a wave number of 1400 cm-1 is characteristic of the deformation vibration of C-H bonds in the
hydrocarbon chain.
On the basis of the individual spectra it is therefore possible to infer a rising trend Fe3O4 concentration in the
PVB fibers according to how a given magnetic nanofibers was prepared (as the concentration of Fe3O4).
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Fig. 5 The FTIR spectrum of magnetic nanofibres and pure PVB (from dr. Müllerová, KCH, TUL)
4.

RESULTS AND DISCUSSION

Sample of magnetic nanofibres from individual spinning processes are significantly different, whether it is the
structure and orientation of the fibers or the volume content of ferrite nanoparticles. For each method it was
possible to observe a number of differences in the course of spinning and a different way of formation of the
fiber itself. Basic overview of the structure of nanofibres was provided by SEM (from Ing. Kejzlar, KMT and
Doc. Košťáková KNT, TUL) and an overview of the amount of all past MNP solution into nanofibers was
provided by TGA (from Ing. Stuchlík, KCH, TUL).
The basic method for preparation of nanofibres was rod. Magnetic nanofibers exhibit a size of tens of
nanometres and spreading ferrites (especially in the case of Fe3O4) in the whole volume of the fibers. For all
methods for spinning seems better Fe3O4 than CoFe2O4, primarily due to the aforementioned particle
agglomeration of the cobalt ferrite. When creating the nanofibres from the rod can be achieved a relatively
large volume fraction of ferrite but only provided that the dope will suit its viscosity. In this method were
prepared from PCL nanofibers.
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Magnetic nanofibers prepared for AC electrospinning are organized into denser units and arise are a number
of defects. During spinning was possible to observe a delayed response of fibers to the magnet after its
attaching to these longer fibers. Most likely take some time before an arrangement of magnetic domains
nanoparticles toward the magnet and thus this phenomenon can be observed.
If Nanospider be regarded as the greatest advantage of its high productivity (approximately 3 g / min).
Significant difference was during the spinning of individual solutions with Fe3O4 as CoFe2O4, when in the
second case, there was a significantly higher creation of nanofibres in the process. This is because the fibers
formed don’t carry so much MNP as in the case of Fe3O4, which also follows from the results of TGA.
5.

CONCLUSION

The aim of this work was to develop a magnetic nanofibers different methods of spinning processes and
appropriately be characterized using the available assays.
It was worked with a total of six different methods of spinning, with different concentrations of magnetic
powders of Fe3O4 and CoFe2O4 and the resulting nanofibers were analysed primarily to determine the structure
and volume fraction MNP.
Each method provides various kinds of magnetic nanofibres with different parameters, which depended on the
incorporated magnetic nanoparticles, which were prepared in the laboratory or purchased for comparison.
The possibility of using such a nanofiber in everyday life is numerous. Cannot be excluded their application in
medical areas, when not on the basis of simpler cytotoxicity tests demonstrated significant toxicity to living
cells.
This theme offers in the future a number of additional questions and possible experiments and therefore will
continue to be pursued in further research and development in this area.
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Abstract
High density polyethylene (HDPE) is often used industrial polymer because of its good mechanical properties
as high flexibility and tensile strength, high chemical resistance, easy processing and low price. Low surface
energy of HDPE causes its low adhesion to printings, coatings and adhesives, what limits its industrial use.
The aim of this work is to improve wettability of HDPE surface while bulk properties are kept. Atmospheric
Diffuse Coplanar Surface Barrier Discharge (DCSBD) operated at frequency 50 kHz in ambient air was used.
The main advantages of this plasma source are possibility to operate it at atmospheric pressure, high power
density and good its good applicability in-line processes. Surface properties of samples were analyzed via
sessile drop contact angle measurement and calculation of surface energy and its γAB and γLW components
using Owens, Wendt, Rabel and Kaelble model (OWRK). Exposure time was 1.5 - 20 s and distance between
samples and electrode was 0.1, 0.2 or 0.3 mm. Obtained results show that the surface energy of treated HDPE
depends not only on exposition time but also on distance between the sample and the electrode. The best
results were obtained for 10 sec treatment at the lowest distance between sample and electrode. Surface
energy increased up to 72 mJ/m2 compared with 38 mJ/m2 of untreated HDPE. Aging tests proved only weak
decrease in surface energy during first 720 min after the plasma treatment.
Keywords: Atmospheric pressure plasma, Surface modification, Contact angle, HDPE, DCSBD
1.

INTRODUCTION

High density polyethylene (HDPE) is widely used material for a broad range of industrial applications. The
main reasons are: low cost, high chemical resistance, good mechanical properties (high flexibility, high tensile
strength and ease of material processing), and high recycling potential [1]. Therefore this material has a great
potential to be used in biomedicine, microelectronics, car industry, agriculture and for production of composites
[2, 3].
The drawback of HDPE as a material is the extremely low surface energy of unmodified HDPE. This results in
low wettability and poor adhesion of printing inks, coatings, adhesives and metals to the surface of HDPE [4].
For numerous applications, where high surface energy is necessary, the surface modification of HDPE is
necessary, i.e. the surface energy of HDPE has to be increased. The increase of surface energy is usually
performed by wet chemical treatment (etching or introduction of hydrophilic functional groups) [2, 5, 6]. Beside
wet chemical treatment the UV-light curing, electron/ion beam irradiation, X-rays, γ-rays, lasers or plasma
treatment can be used for surface modification [3, 7].
Plasma treatment is a versatile method for surface modification of polymers. It enables tailored modification of
various surface properties without affecting the bulk properties of material. The plasma treatment enables
increase of surface energy polymers, creation of specific functional groups on the treated surface, modification
of hardness, roughness and degree of cross-linking of surface layer of polymers [8].
Low-pressure discharges (radio frequency and glow discharge) are the most common methods used for
plasma modification of polymers [9, 10, 11]. Standard plasma treatment time using low-pressure methods is
in the range of minutes. As the processing gases following gasses or their mixtures are used: rare gases (He,
Ar), reactive gases (O2, CO2, N2, NH3). Recently there is an effort to replace the low-pressure discharge
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methods with the methods utilizing atmospheric pressure discharges, i.e. various jets, atmospheric pressure
glow discharge (APGD) and dielectric barrier discharges (DBDs) [12, 13, 14, 15, 16]. These discharges do not
require expensive vacuum systems and therefore makes the modification process cheaper and also faster
because of higher concentration of active species. The typical treatment time of a few seconds and common
use of air as processing gas make the atmospheric pressure discharges promising candidates for industrial
‘in-line’ applications.
The aim of this work is the optimization of conditions for plasma treatment of HDPE, in order to achieve a high
surface energy of HDPE in short treatment time without use any additional chemical activation or grafting
[17,18]. The so-called Diffuse Coplanar Surface Barrier Discharge (DCSBD) was used for the plasma
treatment of HDPE surface. The DCSBD was operated at atmospheric pressure in air. The DCSBD plasma
source and treatment conditions were chosen to ensure the applicability for ‘in-line’ industrial processes.
The influence of the distance between sample and the DCSBD electrode was studied. To determine the
optimal treatment conditions three different distances between electrode and sample were tested: 0.1, 0.2 and
0.3 mm. The sessile drop method was used to measure the static contact angle of water (and diiodomethane)
on untreated and plasma treated HDPE surface. Atomic force microscopy (AFM) was used to study the
changes of surface morphology.
2.

EXPERIMENTAL

High density polyethylene plates with the dimensions of 25×95 mm2 and thickness of 2 mm were used as
substrates in this study. Surface energy of untreated HDPE was 38 mJ/m2. In order to model the real industrial
manufacturing process the samples were not cleaned before plasma treatment. Therefore the HDPE surface
was not ‘analytically clean’ during the measurement of surface properties.
The HDPE samples were plasma-treated using so-called Diffuse Coplanar Surface Barrier Discharge
(DCSBD) [19] at atmospheric pressure conditions in ambient air. The DCSBD plasma source is made of two
systems of parallel electrodes (with IDT geometry) embedded in flat dielectrics (Al2O3 ceramic), see Fig. 1.
The DCSBD plasma source produces visually diffuse thin layer (0.3 mm) of plasma with power density of
4.5 W/cm2. The active discharge area of DCSBD was 20×8 cm2 and the discharge was generated using sinewave high voltage with the frequency of 50 kHz. The treatment times were chosen in the range from 1.5 s up
to 20 s and the distance between the sample and the electrode was set at 0.1, 0.2 and 0.3 mm.

Fig. 1 Schematic picture of DCSBD electrode
Wettability and surface energy of HDPE were investigated using the static contact angle (CA) measurement
utilizing the sessile drop method. The CA of two standard liquids (water and diiodomethane) was measured
using the See system (Advex Instruments). Surface energy and its components were calculated using the
standard Owens, Wendt, Rabel and Kaelble model (OWRK):

(1 + cosθ )γ l

(

)

= 2 γ sLW γ lLW + γ sAB γ lAB ,

Where LW represents the Lifshitz-Van der Waals component and AB represents the acid-base component of
the total surface energy γ and θ represents the measured contact angle of liquid l on the solid surface s.
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Total surface energy γ is then calculated as the sum of LW and AB components of surface energy:

γ = γ LW + γ AB
Contact angles for each sample and test liquid were measured eight times and first measurement was
performed within five minutes after the plasma processing in order to reduce the effect of so-called ‘aging
effect’. Surface morphology of untreated and plasma treated HDPE samples were studied using atomic force
microscope (AFM) NTEGRA Prima using the semi-contact mode. The scanned area was 5×5 µm and the
resolution of scanned area was 512x512 points with scan rate of 0.5 Hz.
3.

RESULTS AND DISCUSSION

The wettability of HDPE was significantly improved by DCSBD plasma treatment. In Fig. 2 the dependence of
water contact angle (WCA) on plasma treatment time is given for three different distances between sample
and electrode, i.e. 0.1, 0.2 and 0.3 mm. Water contact angle decreases with increasing time of activation and
the most significant decrease of WCA occurred during the first 3 seconds of plasma treatment. For longer
exposure times the saturation of the plasma treatment effect occur and the WCA changes only slightly. The
lowest WCA were obtained in the saturated part of CA dependence. The WCA of 56°, 32° and 19° were
achieved on plasma treated HDPE surface for the sample-to-electrode distance of 0.3, 0.2 resp. 0.1 mm. This
shows the significant influence of the sample-to-electrode distance on the achieved minimum value of WCA.
The best result, i.e. the WCA of 19° was obtained for plasma treatment using the distance of 0.1 mm and
treatment time of 15 s. Surface energy of plasma modified HDPE was at this point 72 mJ/m2.

Fig. 2 Dependence of water contact angle on plasma treatment time for tree different distances between
sample and electrode 0.1, 0.2 and 0.3 mm, reference WCA value on plasma untreated HDPE was 90°
Surface properties of plasma modified polymers exhibit the so-called ‘aging effect’ (ref). This means that the
WCA decreases in time after the plasma treatment due to the post-plasma surface reactions with gases of
ambient atmosphere and due to the molecular mobility (reorientation and diffusion of plasma-created functional
groups) [20]. In Fig. 3 the WCA is given as a function of the time after plasma treatment. The dependences of
WCA on treated HDPE surface are given for the samples treated in three different sample-to-electrodes
distances (0.1, 0.2 and 0.3 mm). The treatment time was 15 s in all cases. The changes of WCA were relatively
small. This means that the increase of wettability of plasma treated HDPE using DSCBD was stable at least
in the range of hours, which is more than enough time for the subsequent processing of treated HDPE material
in the majority of industrial applications.
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Fig. 3 Aging of HDPE treatment in ambient air during first 720 minutes after DCSBD plasma treatment,
reference WCA value on plasma untreated HDPE was 90°
Plasma treatment of polymers is commonly associated with the changes of morphology and roughness of
treated surfaces [21]. It was reported that the increase of wettability after plasma activation could be interpreted
also as a consequence of surface roughness induced by the plasma treatment [21, 22]. In Fig. 4 the
comparison of the surface morphology is given for plasma untreated and plasma treated HDPE samples
(treatment time 15 s, distance 0.1 mm from electrode).

Fig. 4 Surface morphology of untreated HDPE (left) and plasma treated HDPE (treatment time 15 s, distance
0.1 mm from electrode)
The surface of plasma untreated HDPE samples exhibit high surface unhomogeneity and roughness and the
plasma treatment does not affect the surface morphology significantly. Owing to that the connection between
the changes of surface morphology and the increase of surface wettability after plasma treatment can not
confirmed in our case, most likely due to the inherent high surface roughness of tested HDPE samples.
4.

CONCLUSION

Major improvement of HDPE wettability was achieved after plasma treatment of HDPE in DCSBD at
atmospheric pressure performed in ambient air. We have found a strong dependence of the plasma treatment
effect on the distance between the sample and the surface of DCSBD plasma source (electrode). The minimum
value of water contact angle was achieved for the smallest distance between sample and electrode. Excellent
value of water contact angle 19° was achieved for distance 0.1 mm, where the typical water contact angle of
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plasma treated HDPE usually does not decrease bellow 30° to 35°. The AFM measurements confirmed that
surface roughness after the plasma treatment was not changed.
So we can conclude that the described technology of HDPE modification based on DCSBD plasma source is
applicable in industry for HDPE surface modification. This conclusion is based on the following findings: The
high surface energy of HDPE was achieved at atmospheric pressure in ambient air processing conditions with
processing time in order of seconds and without mechanical deterioration of treated surfaces.
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Abstract
Plasma treatments were used to modify surface properties of polyethylene terephthalate (PET) and glass micro
fibers, to improve their wettability. PET fibers, having diameter of 400 µm, and glass fibers (ø14 µm) were
exposed to low pressure oxygen plasma. A direct horizontal optical method was used for contact angle
measurements on fiber surfaces submerged into distilled water. Surface morphology changes before and after
treatment were characterized by scanning electron microscopy. Finally, cement paste specimens reinforced
with PET and lime-based mortars reinforced with glass fibers were made and after 28 days of mixture curing
tested by four-point bending tests. After oxygen plasma treatment contact angles decreased by 60 % on PET
fibers and by 25 % on glass fibers in comparison with untreated fibers. Next, SEM images revealed the
significant surface damages of PET fibers and minor damages of glass fibers. Both four-point tested samples
reinforced with treated fibers exhibited the maximum bending strength loss about to 10 to 20 percent compared
to samples with untreated reinforcement. The samples reinforced with untreated PET fibers exhibited the
deflection-softening, while the samples with plasma treated fibers deflection-hardening.
Keywords: Plasma Treatments; Cool Oxygen Plasma; Wettability; Contact Angle; Micro Fibers
1.

INTRODUCTION

Usage of man-made micro fibers to reinforce bulk material properties become a common in majority of industry
fields. A small bulk property improvement has strong impact in civil engineering due to mass production [1].
Fiber-reinforced materials exhibit good mechanical properties, e.g. high mechanical resistance (abrasion,
impact resistance), ductility, water resistance etc. [2, 3]. The main task of the micro fiber addition is the
distribution of shrinkage into several small cracks in the case of materials based on shrinking binders (mainly
lime and cement), and to prevent the single crack openings after linear elastic response in the case of loaded
samples [1]. In the civil engineering, the micro fiber reinforcement (MFR) is the most often used for
a) production of watertight concretes and concretes exposed to risk of steel reinforcement corrosion (absence
of cracks disallows water penetration), and b) for production of large-scale construction exposed to
temperature or moisture changes, dynamic loads, point loads (MFR provides a compactness - hence usability
- of materials after the crossing the material loading capacity) [4].
MFR can be classified by fibers material, diameter, tensile strength and their modulus of elasticity. As material,
polymeric or glass can be used. Both polymeric (in particular PET, PVA, PP) and glass MFRs have high tensile
strength equal to about hundred or even thousands MPa. Their diameter is equal to tens or hundreds
micrometers. Other characteristic property is low ratio of diameter to length (and related high specific surface
enabling better stress transferring from matrix to fibers) and favorable cost [5, 6]. Polymeric and glass fibers
reveal low surface wettability (hydrophobicity). On the other hand, MFR requires good adhesion between the
fiber surface and matrix. To improve the mechanical strength of reinforced materials, adhesion between the
fiber surfaces and matrix must be ensured [7].
The mechanical strength can be modified by fiber surface treatment by mechanical, chemical and physical
methods [8, 9, 10, 11]. Currently, the newly introduced plasma treatment becomes popular as progressive
physical method. The low pressure plasma treatment represents a universal, efficient and eco-friendly
alternative for surface modifications. Plasma can be defined as ionized gas (composed of electrons, ions, and
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neutral species). The mechanism for plasma surface modification relays on surface atoms replacement by
oxygen atoms and formation of polar groups. The presence of polar or functional chemical groups enhances
the reactivity with the matrix based on cement or lime binder (both contain water).
In the present work we report on the modification of polyethylene terephthalate (PET) and glass fibers by
oxygen plasma treatment. The influence of plasma treatment on contact angle, fiber morphology and loading
tests of composite materials reinforced with such modified fibers is studied.
2.

MATERIALS AND METHODS

2.1.

Micro fibers

Two different types of fibers were used: PET and glass. The PET fibers (made by Spokar in the Czech
Republic) having diameter equal to 400 μm were chopped to about 10 to 15 mm length from original length of
1200 mm. The glass fibers AntiCrack HD (made by Cem-Fil® in Spain) had diameter 14 μm and length of 12
mm. These fibers having industrial water flushable sizing were primary made for reinforcement of concrete or
mortars to avoid shrinkage crack formation during hardening. Fiber properties are summarized in Table. 1.
Table 1 Basic fiber parameters

2.2.

Fiber

Tensile strength
[MPa]

Modulus of
elasticity [GPa]

Density [kg/m3]

Diameter [µm]

Length [mm]

PET

~ 650

~ 10

1340

400

10-15

Glass

3500

72

2680

14

12

Cement matrix with PET fibers

Portland cement (CEM I 42.5 R, Radotín in the Czech Republic) was used for the production of the tested
cement matrix specimens in a macro scale. All cement mixtures had the same water to cement ratio equal to
0.4. Fiber amount in the reinforced samples was 2 wt. % of the cement paste. Three sample types were
prepared: cement paste without reinforcement (labeled as CR) as the reference material, the mixture
containing untreated fibers (CF), and the mixture containing plasma treated fibers (CFP).
2.3.

Lime-based matrix with glass fibers

Lime (CL 90, Tmaň in the Czech Republic) and metakaolin (PKH, Nové Strašecí in the Czech Republic) were
used for the production of lime-based matrix specimens. All lime-based mixtures had also the same water to
binder (lime and metakaolin) ratio equal to about 1.16. Three sample types were prepared: reference material
without reinforcement (LR), and two reinforced mixtures with untreated (LF) and plasma treated (LFP) fibers.
Fiber concentration was 2.25 wt. % of the mixture. Composition of all mixtures is summarized in Table 2.
Table 2 Weight concentrations of individual components in the studied mortars
Mixture

Lime CL
90 [wt. %]

Metakaolin
PKH [wt. %]

Sand
ST2
[wt. %]

Sand
STJ25 [wt.
%]

Water [wt.
%]

Plasticizer
[wt. %]

MFR
[wt. %]

Glass
fiber types

LR

14.54

4.85

35.85

22.29

22.47

0

0

-

LF

14.15

4.72

34.90

21.70

21.90

0.38

2.25

untreated

LFP

14.15

4.72

34.90

21.70

21.90

0.38

2.25

treated

2.4.

Plasma surface modifications

To improve the wettability of PET or glass fibers, oxygen treatment in inductively coupled plasma system
(13.56 MHz Femto PCCE, Diener electronic GmbH) was done. Plasma treatment process parameters were:
total power 100 W, total gas pressure 110 Pa, 17 sccm O2 flow, and the exposition time 8 min.
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Contact angle measurement

Direct horizontal method allowing contact angle measurement on fiber submerged in liquid (distilled water)
was used. Both, as received and treated PET and glass fibers, were placed vertically into a distilled water.
One part of the fibers was anchored to a bottom of a funnel, second part was protruded above the water level.
The contact angle value was averaged from 6 independent measurements. Water adhering on fiber surfaces
was documented by a DSLR camera having APS-C sensor and Tamron lens with 300 mm focus. A special
optical setup allowing the focus on the fiber and its enlargement was located between the camera and
observed fiber. The exposed fiber was illuminated by LED. The images were imported into Allplan 2015
software where the contact angle was evaluated. The scheme of the optical system is illustrated in Fig. 1a and
image captured by DSLR is shown in Fig. 1b.

a) Optical system

b) Fiber captured by DSLR

Fig. 1 Scheme of optical system and image captured by DSLR
2.6.

SEM

Scanning electron microscope (Zeiss Merlin, Carl Zeiss Microscopy GmbH) was used for surface analysis. To
eliminate surface charging, the investigated fibers were overcoated by thin gold layer using a plasma sputtering
(BOC Edward Scancoats Six). The sputtering process parameters were: deposition time 40 s, sputter voltage
1.3 kV, electric current 35 mA, total gas pressure 26.6 Pa. The thickness of gold layer was ca. 10 nm as
measured by Veeco DekTak 150.
2.7.

Four-point bending tests

For each mixture type (cement and lime-based), five prismatic specimens were tested after 28 days of curing.
Lime-based mortars were stored for 28 days at room temperature and relative humidity of about 65 %, while
the cement pastes were stored in water bath. The specimen dimensions were equal to 40 × 40 × 160 mm. The
testing was carried out using a press Heckert FP 100. The bending tests were displacement-controlled at a
constant rate of 0.3 mm/s. Two shift sensors Essa were used for displacement monitoring. The span between
supports (the diameter was equal 11 mm) was 120 mm and 60 mm between the movable supports that loaded
the specimens.
3.

RESULT AND DISCUSSION

Contact angle measurements revealed 66.5 ± 13.5° on untreated PET fibers. In the case of untreated glass
fibers, the contact angle was equal to 78.9 ± 9.0°. After oxygen plasma treatment, the measured contact angles
decreased to 24.0 ± 2.0° and 57.9 ± 7.0° for PET and glass fibers, respectively. Contact angle measurements
clearly confirm the perceptible improvements of fiber hydrophilicities, as shown in Fig. 2.
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Fig. 2 Contact angle measured on PET and glass fibers
The influence of the oxygen plasma treatment on the surface morphology of PET and glass fibers is shown in
Fig. 3. The SEM images show significant changes of PET fibers. Untreated PET fibers had smooth planar
surface, while oxygen treatment reveals damage (etching) of the surfaces. On the other hand, glass fiber
surface morphology was not modified by the plasma treatment.

Fig. 3 SEM images of PET and glass fibers before and after the oxygen plasma treatment
Force-displacement diagrams are shown in Figs. 4 and 5. The maximum load-bearing capacity of cement
pastes was equal to 2.90 ± 0.39 kN, 4.03 ± 0.28 kN and 3.56 ± 0.53 kN, respectively for CR, CF and CFP
pastes (Fig. 4). In the linear phase of load-deflection curves, the maximum load-bearing capacity was the
same as for CR and CF. On the other hand, CFP response parameter was equal to 2.66 ± 0.36 kN.

Fig. 4 Force-displacement diagrams of cement samples
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Fig. 5 Force-displacement diagrams of lime-based samples
The maximum load-bearing capacity of lime-based mortars was equal to 1.16 ± 0.06 kN, 2.08 ± 0.19 kN and
1.66 ± 0.12 kN, respectively for LR, LF and LFP mortar. The loss of maximum flexural strength of CFP
(compared with CF) and LFP (compared with LF) is probably caused by fiber surface damage.
As observed, the oxygen plasma treatment significantly modified the PET fibers. In the first assumption, the
fiber adhesion seems to be enhanced due to hydrophilic properties (see contact angle measurements). Next,
the surface was also etched (roughened) which may additionally enhance the required adhesion. This
phenomenon was expected according with other studies. [7] However, mechanical properties of such modified
PET fibers may be degraded due to i) this surface damage or ii) thermally initialized modifications during the
ion bombardment. Surface damage on plasma treated fibers was not so apparent in the study dealing with a
treatment of PVA (polyvinyl alcohol). [12]
In contrast to the treated PET fibers, hardly seen morphological changes of glass fibers were observed after
their plasma treatment. As expected, the glass fibers were resistant to oxygen plasma. To better understand
the force-displacement measurements we should notice that the surface of commercially delivered glass fiber
is modified by a sizing layer. This layer has to make the fiber less hydrophobic and suppress their clustering
(gluing) in water suspensions. Thus, after 8 min treatment we can expect that the sizing layer was removed.
Conclusive results describing exactly plasma treatment effects on interfaces adhesion must be execute in the
next steps of experiments, for example by pullout tests according with other studies. [13]
Reinforced cement pastes and lime-based mortars were influenced by fiber treatments. The dependence
between the force and displacement followed a linear-brittle behavior in case of CR and LR, whereas fiber
reinforced samples (CF, CFP, LF and LFP) exhibited the post linear multiple cracking behavior.
Main difference between the CF and CFP samples is assigned to the force-displacement response after first
cracking. The CF samples exhibited the deflection-softening behavior, while CFP samples exhibited deflectionhardening. This phenomenon is not understand. As above indicated we assume that the fiber tensile strength
decreased after plasma treatment (weight loss and surface damage). Similarly, the loss of maximum flexural
strength of LFP compared with LF is probably caused by removing (modifying) the sizing layer by oxygen
plasma, as discussed above. Both reinforced materials exhibited slow material softening after crack
localization.
4.

CONCLUSION

The low temperature oxygen plasma treatment of PET and glass micro fibers increased the fiber wettability
and provided better adhesion between fibers and reinforced matrix. Contact angles decreased about 60 % and
25 % for PET and glass fibers, respectively. Based on SEM, the PET fibers revealed surface damages after
the plasma treatment. Bending tests pointed out changes on flexural response of both reinforced samples (i.e.
cement pastes and lime-based mortars) with treated fibers in comparison with the same samples reinforced
with original fibers. Cement pastes reinforced with treated PET fibers exhibited the deflection-hardening
behavior, while the pastes reinforced with untreated PET fibers exhibited the deflection-softening. Both cement
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pastes and lime-based mortars reinforced with plasma treated fibers showed maximum flexural strength loss
up to 10 to 20 percent probably due to significant fiber surfaces damage.
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IMPROVEMENT OF GLASS WETTABILITY USING DIFFUSE COPLANAR SURFACE BARRIER
DISCHARGE AND GLIDING ARC CONSIDERING AGING EFFECT
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Abstract
Increase of surface wettability on glass was observed after atmospheric pressure plasma treatment using two
different plasma sources. First used plasma source was Diffuse coplanar surface barrier discharge (DCSBD)
and second was commercial gliding arc. Standard microscopic cover glasses were used as a substrate.
Examined parameters were water contact angle, aging effect of plasma treatment, and surface roughness.
Different exposure times (10 s, 20 s) of plasma treatment were examined. The influence of plasma treatment
on surface roughness was investigated. Aging effect of plasma treatment was faster on glass treated with
gliding arc, than on glass treated with DCSBD. Therefore DCSBD is a more suitable device for plasma
treatment of glass than gliding arc.
Keywords: Plasma treatment, glass, surface wettability, DCSBD, gliding arc
1.

INTRODUCTION

Glass is commonly used in building, automotive, and consumer industry. Processing of glass consists of many
operations, for example gluing, printing, coating, etc. Good adhesion of glass surface is important for these
operations. Surface properties of glass play a critical role in applications, for example the increase of surface
roughness is an undesirable effect.
Plasma treatment can change surface properties, enhances wettability [1], improves adhesion and cleanness
[2] of glass substrate. Dielectric barrier discharge (DBD) plasma treatment can be used as pre-treatment of
glass for preparation of hydrophobic films [3]. Plasma cleaning of polymeric fibres before coating is described
in literature [4]. Applications of biomolecule attachment on plasma modified glass are known [5].
The aim of this study is to compare the plasma treatment of soda-lime glass with DCSBD and with gliding arc.
Soda-lime glass was chosen for its homogeneity and small initial roughness. Both plasma discharges, DCSBD
and gliding arc, operate at atmospheric pressure and air is used as a carrier gas. The benefit of DCSBD is a
large discharge area and plasma homogeneity. Gliding arc has a higher temperature of produced plasma. The
parameters which were observed were contact angle, aging effect of plasma treatment, and surface
roughness.
2.

EXPERIMENTAL

2.1.

Material

Standard cover glasses (Corning, Sigma-Aldrich) were used for experiments. It was soda-lime glass with
dimensions 22 × 44 mm and thickness 0.16-0.19 mm.
2.2.

Plasma sources

Special type of dielectric barrier discharge so-called Diffuse coplanar surface barrier discharge (DCSBD) [6]
at atmospheric pressure has been used for plasma treatment. The DCSBD was developed by the working
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group of Prof. Černák at the Department of Physical Electronics. This type of discharge has already found
application in treatment of metals [7-9], rabbit fibres [10], glass [11], low-added-value materials [12], etc. The
DCSBD operates at the frequency of 15-50 kHz in ambient air with discharge power in the range 100-600 W.
Power of 400 W and frequency of 15 kHz were used in present work. The discharge area is 8 × 20 cm and
effective area of plasma, produced by the DCSBD, is 160 cm2. Thickness of plasma generated from this
discharge is about 0.3 mm.
Gliding arc Plasma APC 500 (Diener Electronics, Germany) was a second type of plasma source used for
surface modification. It is a commercial plasma source. This plasma source [13] operates at generator
frequency 40 kHz and discharge power is approx. 500 W. The high voltage generator produces voltage up to
10 kV. Corona head is formed by two electrodes. The air flow stretches the arc out of the electrode area.
Treatment width is approx. 50 - 60 mm. This device is to be used on non conductive surfaces. The gliding arc
is not stable in time. The plasma filaments are still moving, because of air flow inside of the discharge, and
therefore the produced plasma is not so homogeneous as DBD.

Fig. 1 DCSBD discharge unit producing homogeneous plasma
Fig. 2 Commercial gliding arc - Plasma APC 500
2.3.

Instrumentation

Surface Evaluation Energy System (See System) was used for drop shape analysis. See System device was
developed in Advex Instruments [14], which is a spin-off company of Masaryk University. This device is a
portable computer-based instrument for contact angle measurement and surface energy determination. The
software enables the calculation of the surface energy on the basis of the most often used models. Deionized
water was used for contact angle measurements and used drop volume was 1 μl. Ten measurements of
contact angles were done for each sample.
Atomic force microscopy (AFM) images were measured by Accurex IIL TopoMetrix (Bruker) device with probe
head operated in contact regime. Tip MSCT-EXMT-A1 (Veeco) with the toughness k = 0.05 N m-1 was used.
Scanning velocity of the tip was 20 μm/s and resolution of resultant images achieved 500 × 500 px. Dimensions
of analysed area were 10 × 10 μm. The surface topography was measured under room temperature and
ambient atmosphere. Parameters Ra and RRMS were used to quantify the surface roughness. AFM images
were analyzed using the Gwyddion software [15].
3.

RESULTS AND DISCUSSION

3.1.

Wettability measurements

Plasma treatment of glass resulted in the significant increase of the surface wettability. Contact angle
decreased from the original value of 43° (Fig. 3) to almost zero value, immediately after plasma treatment.
Plasma modified glass was totally hydrophilic, that sessile drop was immediately flat. Therefore value < 10°
for contact angle is written in Table 1 for samples measured (a) immediately after treatment and (b) 1 day after
treatment. Contact angles were measured directly after plasma treatment and than 1 day, 4 days, 7 days, 11
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days, and 14 days after plasma treatment. Glass samples were aged in ambient air. All values of contact
angles are listed in Table 1.
Table 1 Comparison of aging effect for plasma treatment with a) DCSBD, b) gliding arc
0 day

1 day

4 days

7 days

11 days

14 days

DCSBD 10 s

< 10°

< 10°

10.5±1.7°

25.9±2°

DCSBD 20 s

< 10°

< 10°

12.5±3.6° 24.4±1.2° 23.1±1.1° 24.8±1.5°

ARC 10 s

< 10°

< 10°

31.0±2.3° 33.4±1.5° 39.1±1.8° 39.3±1.8°

ARC 20 s

< 10°

< 10°

31.7±1.7° 34.4±2.6° 38.7±3.3° 40.0±1.8°

21.0±0.9° 22.1±1.2°

Fig. 3 Water contact angle of untreated glass sample
The contact angle 4 days after plasma treatment is 3 times bigger for plasma treatment with gliding arc (31.5°)
than for plasma treatment with DCSBD (10.5°), as can be seen in Fig. 4.

DCSBD

ARC

10 s

20 s

Fig. 4 Water contact angles of plasma treated glass samples - 4 days after treatment - depending on the
type of discharge (DCSBD, gliding arc) and treatment time (10 s, 20 s)
Contact angles 14 days after plasma treatment are presented in Fig. 5. After 14 days, the contact angle of
DCSBD plasma treated glass (22.1°) increased to the half value for the original contact angle of untreated
glass. While contact angle of glass treated with gliding arc is close to the original value of untreated glass, after
14 days.
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DCSBD

ARC

10 s

20 s

Fig. 5 Water contact angles of plasma treated glass samples - 14 days after treatment - depending
on the type of discharge (DCSBD, gliding arc) and treatment time (10 s, 20 s)

Effect of longer plasma treatment time (20 s) was negligible. Aging effect of 20 s plasma treated glass was
almost the same as aging effect of 10 s plasma treated glass.
Increase of wettability after plasma treatment was proved for both discharges. However the wettability change
was more stable in time for DCSBD plasma treatment.

3.2.

AFM measurements

Values of RRMS for plasma treated glass were in range 1.8 - 5.7 nm, while value of RRMS for untreated glass
reached 1.9 nm. RRMS roughness is slightly higher for plasma treated glass with gliding arc (4.1 - 5.7 nm), than
for glass treated with DCSBD (1.8 - 3.1 nm). Calculated parameters Ra and RRMS are listed in Table 2.

Table 2 Values of surface roughness for plasma modified and untreated glass
Ra [nm]

RRMS [nm]

untreated

1.2

1.9

DCSBD 10 s

1.4

1.8

DCSBD 20 s

2.2

3.1

ARC 10 s

2.4

4.1

ARC 20 s

3.7

5.7

Cross-sections of glass surface treated with different discharges are presented in Fig. 6. Roughening effect of
glass treated with DCSBD (10 s, 20 s) is almost negligible. A small increase of surface roughness on glass
treated with gliding arc (10 s, 20 s) was observed. We can conclude that surface roughness was only slightly
affected with plasma treatment.
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Fig. 6 Cross-sections of glass surface treated with different type of discharges (DCSBD, gliding arc)
for various treatment times (10 s, 20 s)
4.

CONCLUSION

The plasma treatment of glass using two different types of discharges was studied. Contact angle
measurements proved increase of wettability after plasma treatment with both discharges. Plasma treated
glass was totally hydrophilic after plasma treatment. Contact angle decreased from the original value of 43° to
unmeasurable value, glass surface was so hydrophilic immediately after plasma treatment. Shorter time of
plasma treatment (10 s) was sufficient for wettability change. Aging effect of plasma treatment was investigated
using the contact angle measurements. One day after treatment no wettability change was observed. The
contact angle after 4 days was 3 times bigger for plasma treatment with gliding arc than for plasma treatment
with DCSBD. After 14 days, the contact angle of DCSBD plasma treated glass increased to the half value for
the original contact angle of untreated glass. While contact angle of glass treated with gliding arc was after 14
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days close to the original value of untreated glass. Aging effect of plasma treatment was more obvious on
glass treated with gliding arc, than with DCSBD. The influence of plasma treatment on surface roughness was
investigated. Surface roughness of glass was only slightly affected with plasma treatment. A small increase of
roughness was obvious on glass treated with gliding arc. Effect of glass hydrophilization was proved for both
discharges. However, the wettability change was more stable in time for DCSBD plasma treatment. The results
indicate that DCSBD plasma is more efficient for the improvement of hydrophilicity than gliding arc.
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A LUMINESCENCE STUDY OF PLASMA TREATED ALUMINA POWDERS
MORÁVEK Tomáš, RÁHEĽ Jozef
Masaryk University, Faculty of Science, Department of Physical Electronics, Brno, Czech Republic, EU

Abstract
The sintering of plasma pre-treated alumina sub-micron powders results in finer microstructure of final
ceramics. This highly interesting and potentially useful result motivates us to study the microscopic changes
on plasma treated alumina powders. In this paper we present the study of luminescence produced by thermally
stimulated plasma treated alumina powders, to extend the portfolio of standard surface diagnostic tools
specializing primarily at chemical and topological changes. We found that luminescence signal is exceedingly
sensitive to plasma treatment. The comprehensive set of experiments implies that the emitted light is produced
chiefly by the process of thermoluminescence. Hence the emitted light is the direct consequence of plasma
assisted electron trapping in the material, rather than the outcome of chemical reactions.
Keywords: Alumina, DCSBD, thermoluminescence, sub-micron powder
1.

INTRODUCTION

Our previous work had shown that plasma pre-treatment of alumina powder has a positive effect on the
microstructure of resulting sintered ceramics [1]. Standard set of surface diagnostic techniques (FTIR, Raman,
XPS, SEM) were used to identify the novel chemical groups introduced to powder surface by plasma, which
may be responsible for the effect. Nevertheless one must bear in mind, that chemical changes (detectable by
these techniques) may have only limited influence on the processes taking place at very high temperatures
required for ceramics sintering (1200 - 1600°C). It is therefore of interest to extent the so far used surface
diagnostic technique by measurements of thermally stimulated light emission of plasma treated samples, which
can be attributed either to chemiluminescence (CL) or to thermoluminescence (TL) effect
Chemiluminescence accompanies certain types of exothermic chemical reactions, usually of oxidative nature.
It is commonly used for the detection of traces of hydrogen peroxide [2] and monitoring the oxidation stability
of polymers [3,4,5]. The measurements of chemiluminescence (CL) typically consist of heating the substrate
(isothermally or with steadily increasing temperature) followed by the detection of spectrally unresolved light.
Thermoluminescence (TL) caused by thermal detrapping of electrons accompanied by emission of light can
also play an important role. The TL phenomenon is frequently employed in dosimetric applications [7,8]. The
specific feature of TL is that its presence cannot be detected by above mentioned standard set of surface
diagnostic tools (i.e. FTIR, Raman, XPS, SEM). The aim of this work is to identify the magnitude and main
contributor to the detected thermally induced light emission.
2.

EXPERIMENTAL

2.1.

Plasma source

Non-thermal plasma generator of Diffuse Coplanar Surface Barrier Discharge (DCSBD - Fig. 1) was used for
plasma treatment of alumina sub-micron powder. It consisted of a screen-printed array of coplanar strip-like
electrodes (1.5 mm electrode width, 1 mm inter-electrode spacing) on the bottom side of a 96% purity Al2O3
plate with the thickness of 0.6 mm.. The active plasma area of DCSBD unit was 8×20 cm2. The electrode was
cooled by circulating transformer oil, which also provides an additional electrical insulation. The system was
powered by 14 kHz sinusoidal high-voltage of up to 20 kV peak-to-peak amplitude. By increasing the driving
voltage, a thin layer (about 0.3 mm) of low temperature non-equilibrium plasma consisting of H-shaped
microdischarges emerges on the upper surface of the ceramics plate [9].
327

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

Fig. 1 Schematics of DCSBD setup. Only a reduced number of electrodes is shown for the sake of clarity
2.2.

Material

Plasma treatment was carried out on the sub-micron alumina powder Taimicron TM-DAR (Taimei Chemicals
Co.,Ltd., 99.995% purity) with surface area of 13.7 m2/g and primary particle size of 150 nm. Prior to the
treatment, a small amount (approximately 1 g) of alumina powder was poured through a sieve on the surface
of discharge ceramics (plasma area). The thin powder layer was covered with the shield glass plate. Alumina
powder was treated in DCSBD operating in atmospheric pressure ambient air at input power of 400W for
1 minute.
2.3.

Measurement

Luminescence experiments were performed on the photon-counting instrument Lumipol 3 manufactured by
the Polymer Institute of Slovak Academy of Sciences, Bratislava, Slovakia. The measurements of glow curves
(dependence of intensity on temperature) were done in a nitrogen flow of 25 ml/min. The weight of each sample
was 80.0 ± 0.5 mg. The instrument dark count rate was 1-5 counts/s at 50 °C, spectral range of instrument
was 290-630 nm.
3.

RESULTS

The results shown in Fig. 2 illustrate
the compelling difference between
plasma treated and non-treated
alumina sub-micron powders at both
qualitative and quantitative levels.
Plasma treatment gave rise to two
major peaks with maxima at 103 and
143 °C, while the non-treated sample
exhibited only monotonic rise with the
peak maximum located beyond the
range of our measuring apparatus.
The question at hand is: "What is the
nature of the peaks created by plasma
treatment - chemiluminesence or
thermoluminescence?"
Theory of thermoluminescence (TL)
gives the following relationship
between the peak maxima and heating rates
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;
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Fig. 2 Difference between the glow curves of plasma treated
and non-treated alumina sub-micron powder (β=10°C/min)
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where Tmax denotes temperature corresponding to the peak maximum, β heating rate, E trapping energy, k
Boltzman constant and s the frequency factor [10].
We have therefore performed a set of luminescence measurements with various heating rates β to see the
expected shift of peak maximum Tmax when the heating rate is changed. Fig. 3a shows that indeed Tmax
increases with increasing β. This corresponds well to typical observations of TL curves [11]. In order to verify
the applicability of TL model on Fig. 3a data, we plotted the left hand side of Eq. 1 (relationship between Tmax
and β) as a function of 1/Tmax. The resulting set of points shown in Fig. 3b exhibits the predicted linear
dependence. Therefore the trapping energy E could be determined from the plot slope (Table 1). The
comparison of our data with the results of other authors has to be carried out with caution, since most of the
reported TL glow curves are measured at high heating rates of 2 or 4°C/s. However the highest heating rate
achievable by Lumipol 3 (device used in this work) was only 45°C/min (0.75°C/s). In Fig. 2b we have therefore
extrapolated our linear fit to the regions of heating rates up to 7.5°C/s. For heating rate of 4°C/s the measured
Tmax would be 144°C (first peak) and 188.3°C (second peak). The position of the second peak is in good
agreement with TL study of Al2O3:C, where the peak maximum was located at 190°C [12,13].

a)

b)

Fig. 3 (a) Glow curves of plasma treated alumina sub-micron powder for various heating rates; (b) Linear
dependence verifying the consistency with TL theory (i.e. Eq. 1)

Table 1 Peak positions and their calculated trap energy. (* extrapolated data)
Tmax [°C]

Peak position

Trap energy

β = 10°C/min

β = 4°C/s

E [eV]

1st peak

104

144*

0.08

2nd peak

144

188*

0.14

Thermal stimulation of alumina sub-micron powder in range 30-300°C results in emission of light detected by
photomultiplier detector. Plasma pre-treatment of alumina sub-micron powder causes a substantial increase
of detected emission signal. Furthermore, the glow curve of treated alumina sub-micron powder exhibits a
completely different shape to untreated powder. Two distinct peaks appeared in the region of 104 and 144°C.
Our further experiments attributed these plasma induced peaks to the thermoluminescence effect, i.e. to an
increase of electrons trapped in excited states of alumina powders. The existence of such electrons cannot be
directly detected by standard surface diagnostics methods. Their role and importance for the processes of
powders sintering or ceramic processing in general is still an open question.
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Abstract
An understanding of machining process fluids (types, compositions, operational conditions, lubricating and
cleaning effect) is important for maximizing machining process efficiency by reducing heat generation,
improving surface roughness, stabilizing the machining process, and increasing the operating life.
Contamination by bacteria or even fungi is the weak point of these liquids. The uninhibited growth of bacteria
may lead to poor lubricating properties and higher material oxidization; moreover, the presence of endotoxins
in a shop floor atmosphere is the consequence of bacterial activity. Thus, biocide chemicals are added to
process fluids in order to prevent the bacterial growth. The biocides maintain the efficiency of the process
fluids; however, they are injurious to the operators (potential carcinogenic compounds). Natural nanoadditives
are a modern way of increasing the biocidal effects. Nanoadditives added to the process fluids have a positive
effect on the machining process by reducing the friction coefficient resulting in a reduction of wear of the cutting
tool. Nanoadditives can also enhance the bactericidal effect by reducing bacterial respiratory rates and viability.
Keywords: Natural nanoadditives; machining process fluids; tool wear reduction; bactericidal properties.
1.

INTRODUCTION

Process fluids are important for effective machine cutting as they improve heat transfer away from the cutting
surface, stabilize the machining process, extend the life of the cutting tool and improve product surface quality.
Another problem that must be solved is the resistance to bacterial attack (bacteria or fungi), which may produce
spores or endotoxins [1]. Biocidal components are frequently classified as hazardous, can produce highly
unpleasant odours and cause allergic reactions and/or induce respiratory and skin problems [2], and have a
huge ecotoxicological impact on the environment [3].
The use of nanoadditives in the form of nanoparticles (NPs) is highly efficient due to their high chemical and
biological activity [4, 5]. Nanomaterial toxicity can be caused by a range of factors. It has been shown that their
physicochemical properties (small size, shape, charge, and chemical composition) could lead to unique toxic
effects in living systems that are difficult to predict [4, 6]. The biocide attributes of metal NPs, especially NPs
based on SiO2 or TiO2, with dimensions smaller than 100 nm can interact easily and in a high rate (due to
their large surface area) with biological material [7-10].
The aim of our work was to enhance machining process efficiency, especially by stabilizing the machining
process, and increase the operating life and biological resistance (especially against bacterial attack)
of process fluids during metalworking. Our goal was to introduce nanoadditives (SiO2 or TiO2) to reduce the
friction coefficient and enhance the bactericidal effect by reducing bacterial activity.
2.

MATERIALS AND METHODS

2.1.

Chemical composition of the process fluids

The chemical composition of the process fluids was measured in the Mass Spectrometry laboratory of the
Institute of Chemical Technology in Prague, Central Laboratories. Qualitative analysis of the fluids was
performed using static headspace gas chromatography-mass spectrometry at elevated temperatures.
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Characterization, size, morphology and application of the nanoparticles

Both of the tested NPs, titanium oxide (TiO2, anatase, 99.5%, product #: 7910DL) and silicon oxide (SiO2,
99.5%, product #: 6807NM) were supplied by ‘SkySpring Nanomaterials’, Inc., Houston, USA. The size of the
particles was determined using a Zeiss Ultra Plus ultra-high-resolution field emission scanning electron
microscope equipped with an Oxford Instruments EDS + WDS + EBSD microanalytic system, resolution: 1 nm
@ 15 kV, 1.7 nm @ 1 kV, magnification 12x to 1000000x, with the possibility of 3D-imaging using a fourquadrant AsB detector. Samples were deposited with a thin layer of gold.
Energy dispersive X-ray spectrum analysis is an analytic technique used for elementary analysis or chemical
characterization of the sample. The primary electron interact with surface of the sample create several emitted
signals including x-ray spectrum. The spectrum observed by EDS - detector is characterized for each element.
Distribution of elements was measured by SEM - EDS analysis whit line mode (parameters of scanning were
voltage15kV, distance 7 - 7.5 mm).
The NPs were added in powder form at a concentration of 100 mg/L to a 5% solution of the cutting fluid. It was
necessary to mix the suspension (5% solution of the cutting fluid + NPs) while preparing and it was agitated
by shaking. A total of 25 L of the suspension was prepared.
2.3.

Semi-industrials testing of milling

Semi-industrial testing of milling (pilot tests) was carried out in the Laboratory of Particle Technologies and
Processes at the Technical University of Liberec. Conventional face milling has been selected as the
machining process type. The experiments were carried out on an FNG 32 milling machine using a single
workpiece. A Narex 2460.12 cutter tool was used, with a diameter of 63 mm, carbide indexable inserts ISO
SNUN 120412; 8230 milling indexable cutting insert. The substrate material (8230) is cemented carbide
produced from fine-grained tungsten carbide with 10% cobalt content. Physical vapour deposition coating
forms multilayer (the coating consists of multilayers based on TiN [lower internal stresses] with a layer based
on TiAlN [characterized by higher abrasion resistance]). A material of steel 16MnCr5 was used during
machining process, EN 10084-94 chemical composition (hm. %) steel 16MnCr5 (C 0.14 - 0.19; Mn 1.10 - 1.40;
Si 0.17 - 0.37; Cr 0.80 - 1.10; P max 0.035; S max 0.035).
2.4.

Microorganism respiratory rate

No foreign bacteria were added to the samples of process fluids, only the natural presence of bacteria due
to the milling was tested. Substrate utilization by microorganisms was estimated from their respiratory rate
using a Micro-Oxymax respirometer (Columbus Instruments, USA). Consumption of O2 was measured
in hermetically sealed 250 mL flasks containing 100 mL of media cultivated at 40 ± 2 °C, to simulate elevated
temperatures when processing, under aerobic conditions and shaken continuously for two days.
3.

RESULTS

3.1.

Chemical composition of the process fluids

Basic measurements were taken to determinate the chemical composition of the process fluids. Process fluid
(PF 1) composed of one oxygen molecule and various amines (19 substances; pH 9.04) which can be toxic to
the human body with proven carcinogenic effects, and can reduce the capacity of the blood to carry oxygen
leading to respiratory distress, headache and dizziness. Process fluid (PF 2) is mainly composed
of oxygenated organic compounds comprising glycols and higher alcohols (4 substances; pH 9.58); PF 2 does
not contain substances that have carcinogenic or mutagenic properties and has no major negative impacts on
the human body.
3.2.

Size and morphology of the nanoparticles

TiO2 NPs (Fig. 1a), size 10 - 25 nm, white nanopowder, specific surface area 50 - 150 m2 / g, morphology: flat
texture of the surface with smooth edges. SiO2 NPs (Fig. 1b), size 15 - 20 nm, porous white nanopowder,
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specific surface area 640 m2 / g, morphology: porous and nearly spherical (SkySpring Nanomaterials, Inc.,
Houston, USA).

a)

b)

Fig. 1 SEM images of (a) titanium dioxide (TiO2) NPs; (b) silicon dioxide (SiO2) NPs
3.3.

Semi-industrial testing of milling

The experiment was conducted for duration of 3 hours, with the milling indexable cutting insert being replaced
every hour. The milling was carried out on a machine where the continuous mixing of NPs was not ensured;
moreover, the 3rd hour of milling was conducted the next day (i.e. after 24 hours; this was to simulate a
situation where the machine stops and starts after a specific time).
Figs. 2 - 4 show the effects of the semi-industrial testing of milling on replaceable milling indexable cutting
insert using a 5 % solution of pure PF1 (with no NPs), with NPs of SiO2 or TiO2. Figs. 5 - 7 shows the same
effect using a 5 % solution of PF2 (pure, with SiO2 or TiO2).
The graphs below show the measurements of the distribution of elements on the surface of the milling
indexable cutting insert using a process fluid with and without NPs. The initial distribution of elements is shown
in Figs. 2 - 7 (left on the graph), where the functional coating mainly consists of elements of titanium (yellow
line) and aluminium (green line) and the substrate is formed by elements of wolfram (blue line), carbon (red
line) and silicon (purple line).

Fig. 2 The distribution of elements, PF1 with no NPs, the impact on milling indexable cutting insert

Fig. 3 The distribution of elements, PF1 with NPs of SiO2, the impact on milling indexable cutting insert
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Fig. 4 The distribution of elements, PF1 with NPs of TiO2, the impact on milling indexable cutting insert

Fig. 5 The distribution of elements, PF2 with no NPs, the impact on milling indexable cutting insert

Fig. 6 The distribution of elements, PF2 with NPs of SiO2, the impact on milling indexable cutting insert

Fig. 7 The distribution of elements, PF2 with NPs of TiO2, the impact on milling indexable cutting insert
The milling indexable cutting insert are worn during the milling, resulting in a change in the distribution
of elements on the surface of the milling indexable cutting insert i.e. elements under the coating are revealed
as shown in Figs. 2 - 7 on the right of the graph. There is significant change in the surface modification for the
pure process fluid (without NPs); elements of wolfram and (carbon or silicon) appear abundantly on the graph
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and they form the core of the milling indexable cutting insert. Material loss of the milling indexable cutting insert
(surface modification) is minimal when using SiO2 and TiO2 NPs and the distribution of elements is unchanged
throughout the graph. As regards to the comparison of process fluids, the PF1 has better machining properties
(in the presence of NPs has more stable mechanical properties).
3.4.

Microorganism respiratory rate

The pH and specific conductivity of the process fluids with and without NPs was almost constant during the
measurements, with a change in the range of 2 % for pH and 5 % for conductivity; and so these parameters
did not influence the biocidal properties. Table 1 summarizes the data obtained from the respiratory
measurements (O2 consumption). The data are recalculated separately for each hour and process fluid type
in order to compare with the control sample with no NPs (indicated in the table in italics).
Table 1 Comparison of total O2 consumption (%) in process fluids after milling separately for each process
fluids type, with respect to samples with no NPs indicated in italics
PF1
Length of experiment

No NPs

SiO2

TiO2

[hours]

[% of control]

[% of control]

[% of control]

0

100.00

46.59

87.50

1

100.00

42.04

73.40

2

100.00

81.14

74.44

3

100.00

99.00

105.50

Length of experiment

No NPs

SiO2

TiO2

[hours]

[% of control]

[% of control]

[% of control]

0

100.00

39.85

75.38

1

100.00

75.18

44.97

2

100.00

81.01

61.00

3

100.00

97.42

107.84

PF2

The addition of SiO2 or TiO2 to the process fluids caused a reduction in bacterial activity during the first few
minutes of exposure to the NPs (i.e. 0 hours of the experiment). The SiO2 NPs have a higher biocidal effect
(reduction of 53.4 % for PF1; reduction of 60.1 % for PF2) than TiO2 NPs (reduction of 12.5 % for PF1;
reduction of 24.6 % for PF2).
However, the biocidal effects of both NPs decrease with increasing time of milling in both process fluids (PF1
and PF2). Moreover, no effect was measured after 3 hours of the experiment. Neither of the NPs have any
biocidal effect on reducing bacterial activity in the semi-industrial testing of milling on the machine where the
continuous mixing of NPs was not ensured or when the machine is stopped and started after a specific time
(no agitation leads to significant aggregation and sedimentation of NPs, which in turn leads to significant loss
of biocidal properties).
4.

CONCLUSION

The addition of nanoadditives (SiO2 or TiO2 in a size of 10 - 25 nm) to the process fluids has a positive effect
on the machining process, resulting in an increase in operating life. Nanoparticles reduce the friction coefficient
leading to a significant reduction of wear of the milling tool; material loss of the surface modification of the
milling indexable cutting insert is minimal.
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The addition of SiO2 or TiO2 to process fluids caused a reduction in bacterial activity during the first few hours
of the experiment, with a significant reduction for SiO2 of up to 60.1 %. However, no differences were measured
after 3 hours of the experiment as a consequence of no agitation of the process fluids with NPs. Ensuring
consistent agitation during real milling is a major challenge that must be overcome if high efficiency of the NPs
is required.
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Abstract
The article is focused on comparison of inhibition effect of two types of silver nanoparticles and silver ions on
mold growth on surfaces of building materials. Nanoparticles of silver are product of different producers
prepared by different way (e. g. chemical to mechanical). We used typical mold mixture of commonly occurring
fungal species in middle Europe especially in the middle of Czech Republic including Trichoderma, Penicillium,
Alternaria, Paecilomyces. They were isolated from samples taken in the air exposition. But the mold, used in
experiment, were received from a Czech Collection of Microorganisms (CCM). It is not proved that type of
biodeteriogens in the air correlates with isolated species on buildings facades. Tested building materials were
gypsum and wooden based. Presented results show that protection against mold by silver nanoparticles and
ions is not universally applicable protection for all tested materials.
Keywords: Mold, silver, nanoparticles, gypsum, wood
1.

INTRODUCTION

The mold are widely spread all over the world in many parts in human life. Presented study is focused on
building board material commonly used for construction e. g. crawl space.
A crawl space is one type of foundations of building providing access to the wiring and piping distribution
systems. In other words, a narrow space between the ground and the outer side of the floor structure, which
is formed the establishment on foot, drilled micropiles or on footings without plate. Crawl space is thermally
insulated and the height should be at least such that there was possible movement of people “crawling with”
which makes the minimal width of hollow 600 mm. After installing the pipe of 450 mm. This space is used, as
already mentioned above, such place for distribution of technical networks in the home that are then
permanently accessible. In our conditions crawl space is used mainly in cases where pride in building complex
subsoil compared to e. g. the Anglo-American and Nordic countries, where the foundation using the crawl
space considered as a common solution. The reasons to choose that type of foundations are follows:
•
Material savings and a smaller range of excavation work
•
Crawl space can lead pipe, which then remains permanently accessible. It makes them easier to
maintain. Moreover, in case of an accident of these networks damages are smaller
•
Insulation from the ground is interrupted bridges rising water from the soil and thermal bridges the
foundation structure towards the object. It also eliminates the problem of solving radon levels.
The main problem with that construction is in missing tradition in the middle of Europe. There is also a technical
problem in Crawl space - moisture, which presents better condition for mold growth - including a cavity size
and air circulation [1,2,3,4].
Metals are commonly used as antimicrobial agents either in cases of rehabilitation or prevention. Silver has
been used since the middle Ages as having a broad spectrum of activity against microorganisms, and also
because it is not known to induce resistance [5, 6]. Silver is used as ionic compounds such as silver nitrate
AgNO3 or as nanoparticles NAg zero valence. Silver nanoparticles are studied predominantly in the form of
nanocomposites, which are formed by dispersing the nanoparticles in the polymer matrix as the polymer matrix
is often used based substances nylon [7], polyester [8], polymethyl methacrylate [9], polyvinyl alcohol, etc.
[10]. More published studies biocidal effects of silver are directed to the effect against bacteria than against
microscopic or wood-decaying fungi [11, 12].
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MATERIALS

There were used three types of substances as a possible protection against mold growth. All of them were
silver based. First of them was a dispersion silver nanoparticles (sigma Aldrich USA, size 10 nm, SNAg). The
second one was also silver nanoparticles prepared by another way according to US Patent (size 10 nm, UNAg).
The third silver protection was consisted of silver nitrate (P-lab, Czech Republic, AgNO3). These substances
were blended with sterile distilled water to the final concentration 10 ppm. That solutions were using as a
coating on building materials.
Building materials used during
experiment were commonly used
material for construction of crawl
space. All of them were board
materials, one group was plaster
based and the second group of
used materials was wooden
based (Fig. 1). There is a Table 1
with the complete list of used
materials.
For the experiment there was
used commercial Czapek-Dox
agar
(Fluka,
Sigma-Aldrich,
Switzerland)
as
a medium
suitable for mold cultivation.
As a model organisms was used
a typical mold mixture of
Fig. 1 Used building board materials before treatment application
commonly
occurring
fungal
species
in
middle
Europe
especially in the middle of Czech Republic including Trichoderma, Penicillium, Alternaria, Paecilomyces
received from before study (unpublished data). They were isolated from samples taken in the air exposition.
But the molds used in experiment were received from a Czech Collection of Microorganisms (CCM).
Table 1 Used building board materials and pH of used building board materials
Sample

Material

Width (mm)

pH

1

solid spruce wood

20.0

5.5

2

plasterboard

12.5

7

3

impregnated plasterboard

12.5

7

4

construction plasterboard

12.5

7

5

oriented strand board

18.0

5

6

oriented strand board

16.0

4.5

7

vignetted

22.0

5

8

vignetted

15.0

4.5

9

gypsum fiberboard

10.0

9

10

gypsum fiberboard

15.0

7.5

11

particleboard

16.0

4.5

12

solid spruce wood

10.0

5.5

13

cement-bonded particleboard

18.0

10
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METHODS

The first part of experiment consisted of weight and pH measurement of individual samples. Each material
was represented by six samples and commercial liquid kit (MERCK, Germany) to get pH.
In next part there were used glass Petri dishes with diameter 18.5 mm, one for each material. A solution of
Czapek-Dox agar (Fluka Analytical, Sigma Aldrich, Switzerland) in volume 100 ml was poured into a sterile
dish and let to harden. 1 ml of inoculum mixture of was applied to the agar surface and was evenly triturated.
The thus prepared plates were placed in an incubator at 25 ± 3 °C for 24 hours to activate mold growth.
The sterilization of samples was done as UV exposure, each side for 30 minutes, to eliminate mold on surface
before experiment. Treatment solution was applied as a coating by synthetic brush. The first pair of samples
was treated by a coating of solution silver nanoparticles (SNAg), next one also by solution with silver
nanoparticles (UNAg) and the last pair was treated by silver nitrate solution (AgNO3). There were placed a
group of samples of one material in one dish. In the center was placed sample without any treatment as a
control. Around the circumference there were placed next six samples of the same material they were given
so that each pair of samples are treated the same way.
Prepared dishes with all samples were placed in an incubator at 25 ± 3 °C for three weeks. The growth on
sides and top was monitored and the photo documentation was taken.
4.

RESULTS

The main part of experiment consisted of mold growth observing on the surface of samples (Fig. 2). For the
quantification and comparison there was used a scale. The scale consists of following 5 grades:
•
1 - surface of sample without any visible mold growth
•
2 - weak mold growth on sides of sample
•
3 - strong mold growth on sides of sample
•
4 - weak mold growth on top surface of sample
•
5 - strong mold growth on top surface of sample

Fig. 2 Samples of gypsum fiberboard at the end of experiment; in the center was placed sample without any
treatment as a control, around the circumference samples treated by a coating of solution silver
nanoparticles (SNAg - II, III, UNAg - IV, V) and silver nitrate solution (AgNO3 - VI, VII)
The mold growth is evaluated by presented scale in Table 2.
There was measured pH of tested materials, obtained values are summarized in Table 1. As expected gypsum
based materials exhibited higher pH.
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The results of observing mold growth correspond also with the pH value of material. Weaker mold growth was
observed on materials with higher pH. The weakness mold growth was registered on samples treated by
AgNO3 and UNAg. The strongest mold growth was shown on samples without any treatment. So it could be
said each of used treatment solution has at least partially antifungal effect. Then there was observed the
change of weight of materials during experiment. The materials were not dried before treatment, but all of
specimens increased their weight in relation to the rising moisture. The moisture increased thanks to coating
by solution and moisture absorption of agar. Weight gains, which are related to material absorptivity are shown
in Fig. 3.
70%
60%
50%
40%
30%
20%
10%
0%

Fig. 3 Sample weight gains expressed as a percentage of the initial weight

Table 2 pH used materials and mold growth on surface of used materials; 1 - surface of sample without any
visible mold growth, 2 - weak mold growth on sides of sample, 3 - strong mold growth on sides of
sample, 4 - weak mold growth on top surface of sample, 5 - strong mold growth on top surface
of sample
Sample

Material

Without any treatment

SNAg

UNAg

AgNO3

1

solid spruce wood

2

2

4

4

2

plasterboard

4

4

4

4

3

impregnated plasterboard

3

4

3

4

4

construction plasterboard

4

4

4

4

5

oriented strand board

4

5

4

5

6

oriented strand board

3

4

3

4

7

vignetted

2

5

4

4

8

vignetted

2

4

4

3

9

gypsum fiberboard

4

4

3

3

10

gypsum fiberboard

4

5

4

3

11

particleboard

4

4

4

4

12

solid spruce wood

4

4

4

4

13

cement-bonded particleboard

2

2

2

2
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CONCLUSION

Presented study is focused on inhibition effect of two types of silver nanoparticles and silver ions on mold
growth on surfaces of building materials. Tested treated materials were exposed to ideal condition for mold
growth. There was used typical mold mixture of commonly occurring fungal including Trichoderma, Penicillium,
Alternaria, Paecilomyces. Tested building materials were gypsum and wooden based. There were also
measured weight and pH of tested materials. Presented results show that protection against mold by silver
nanoparticles and ions is not universally applicable protection for all tested materials. And it is necessary to
carry out next experiment to find ideal concentration for different material and found better application then
painting.
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CHARACTERIZATION OF HYDROGELS FOR DIFFUSION EXPERIMENTS
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Abstract
Our research is focused on foliar fertilizers and their impacts on plant grow. These experiments are realized in
agarose hydrogels (blank agarose hydrogels and agarose hydrogel with addition of potassium lignohumate).
Used materials (hydrogels and isolated plant cuticles) were characterized by basic physical chemical
instrumentations (rheology, scanning electron microscopy, mercury intrusion porosimetry and
stereomicroscopy). Mentioned methods are able to characterize behavior of hydrogels. Rheology enables to
determine the mechanical properties of hydrogels. Hydrogel materials must be modified for some trials;
otherwise it wouldn’t possible to measure it. Lyophilisation was used for modification of hydrogel, because dry
hydrogels (xerogels) are more appropriate for aforementioned instruments. Scanning electron microscopy and
stereomicroscopy were used to determine the surface of hydrogels. Mercury intrusion porosimetry was used
for determination of hydrogels pores for both types. It was considered, from obtained experimental data, that
this material doesn’t significantly affect the diffusion processes.
Keywords: Hydrogels, agarose, potassium lignohumate, lyophilisation
1.

INTRODUCTION

The plant uptake is discussed theme for many years over the world [1], [2]. The numerous of works are focused
on the uptake of mineral ions, fungicides, pesticides etc. Root absorptions of nutrients were replaced by foliar
fertilizers, which become the new method uptake of plant and it becomes one of the most widespread
applications of fertilizers in the world. Absorption by living leaf cells of any foliar applied chemical (mineral
nutrients, growth regulators, pesticides, antibiotics) must be processes through transcuticular penetration [3].
Leaves uptake is studied through an isolated top and/or bottom part from plant leaves - cuticles. It is the first
limiting barrier, which it has the many important functions (respiration, regulation of water, regulation of ions,
penetration of nutrients, etc.). The permeability of cuticle membrane for ions, herbicides, and pesticides has
been discussed in several papers [4]-[6]. Foliar uptake of active ingredients is a complex process and it is
depending on leaf surface characters of plant, physicochemical properties of the chemicals, types going to
change of structure or properties of cuticles [7]. Important role for nutrients absorption plays concentration of
the additives as well as environmental conditions. Wang and Liu f7] summarized the major progress of foliar
fertilization especially during the last 15 years and they wanted to clarify pesticide uptake into plant foliage and
influence of adjuvants.
Two isolation methods - chemically and enzymatically - were used to obtain of plant cuticles. Enzymatically
isolation methods (EIM) were demonstrated by Chayen [8] and Hohl [9]. They have used pectin enzymes as
macerating agents in anatomical and cytological studies. Further, Orgel work [10] tried to develop a simplified
cuticle isolation procedure, which it is based on the usage of commercially available pectin enzymes.
Chemically isolation methods (CHIM) were demonstrated by Holloway and Baker [11], where they used zinc
chloride-hydrochloric acid solution. Solel and Edgington [12] were inspirited by these isolation methods and
they used isolated cuticles for his transcuticular movement of fungicides.
Our research is focused on the study of diffusion of potassium lignohumate through plant cuticles and
determination of diffusion coefficients. These experiments can be realized in agarose hydrogels and their using
in different transport models - stationary or non-stationary diffusion, diffusion pair, Stokes diaphragm cells etc.
Stokes diaphragm cells were used by work Smilek, Sedláček and Klučáková [13]-[16], when they studied of
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mobility of ionic dyes with humic acids in hydrogels and role carboxyl groups in humic acids and their binding
of charged organic compounds.
Diffusion experiments, which we use for our studies, are focused on agarose hydrogels. For our purpose it is
very important, if hydrogels materials have not influence on the rate of diffusion processes. For the
characterization of agarose hydrogels we used rheology, scanning electron microscopy (SEM), mercury
intrusion porosimetry (MIP) and stereomicroscopy.
2.

EXPERIMENTAL

2.1.

Materials and methods

2.1.1. Agarose, preparation and lyophilisation
Agar is a nature material, which it is obtained from seaweeds (Floridae and Gelidium). Structure of agar is
formed by polysaccharides agarose and enzymes agaropektinase. Our hydrogels which are used for diffusion
experiments are based on this polysaccharide - agarose. Agarose is the nature polysaccharide formed by
linear repeats units D-galactose and 3,6-anhydro-L-galactopyrane galactose [17]. Behavior of agarose is
characterized by high ability of gelation and his molecular weight is about 120 000 Da. Agarose has very good
gelation behaviors and it enables to form three dimensions net. Agarose is very good soluble in hot water
(approximately 85 °C). During cooling of agarose occurs its solidification (30 - 40 °C) to the formation of semisolid gel material [18]. Our experiments are based on clear 1 wt. % agarose gel and 1 wt. % agarose gel with
lignohumate 1 wt. %. For same methods we need dry form of hydrogels (xerogels), which is prepared by
lyophilisation by -115°C.
2.1.2. Rheology
Rheology characterize mechanical and viscoelastic behaviors of materials For determination of mechanical
behaviors of agarose hydrogels, it was used two simple oscillation test (frequency sweep and strain sweep).
Geometry for the measurement was used plate-to-plate system with diameter 40 mm (titanium). Tests were
realized by Rheometer AR-G2 (TA Instruments), Inc. Frequency sweep test was set following parameters:
frequency of oscillation between 20 - 0.01 Hz and amplitude of deformation was constant on the value 0.1 %.
Strain sweep was set on the parameters: amplitude of deformation was change in range 0.01 % to 200 % and
frequency of oscillation was constant on the value 1 Hz. Experiments were realized at 25 °C. Maximal force
applied on the sample during compression was 5 N.
2.1.3. Mercury intrusion porosimetry
Mercury intrusion porosimetry (MIP) is the method based on injection of mercury in pores and cavities of
material and determination of pores distribution. This method enables to determine size of pores, total pore
volume, apparent density or specific surface. Lyophilized agarose hydrogel was measured by Poromaster 60
by pressure between 0.2 - 50 psi.
2.1.4. Scanning electron microscopy
Scanning electron microscopy (SEM) is used for observation of object surface. Great advantage is large depth
of focus. Lyophilized sample of hydrogels were measured on ZEISS EVO LS 10 and input current has been
set on the value 10 kV. Images were made for the enlargement 23 - 6 000 multiple.
2.1.5. Stereomicroscopy
Stereomicroscopy enables to observation samples with different enlargement in three dimensions. This
microscope works with lower magnification and large working distance. It is enable to perceive depth and
contrast of sample structure. This method enables to obtain new observation on the xerogels surface.
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3.

RESULTS AND DISCUSSION

3.1.

Rheology

For comparison of mechanical properties, it was used rheology, 1 wt. % agarose hydrogel and 1 wt. % agarose
hydrogel with 1 wt. % lignohumate. From different results would be possible to deduce that the change of
mechanical properties of hydrogels influence the transport properties. Mechanical properties were evaluated
from complex elastic module G’ and loss module G’’. Frequency sweep test (Fig. 1 left) indicates that 1 wt. %
agarose hydrogel with lignohumate has more rigid structure in comparison with clear agarose hydrogel, but
the differences aren’t significant. Both agarose materials held by them viscoelastic character with
predominance of elasticity (G’ ˃ G’’) in whole measurement frequency range. It is typical for hydrogel materials.
Difference in elastic and viscose module for agarose hydrogel without lignohumate is about 3 000 Pa and for
agarose hydrogel with lignohumate is 6 000 Pa. Lignohumate has influence on mechanical properties of
prepared hydrogels. Structure of hydrogel from mechanical properties is a more rigid and earlier subject to
degradation. This fact can influence value of measured diffusion coefficients, because we can wait less of
diffusivity soluble compounds in hydrogel.

Fig. 1 Frequency sweep test (left) and strain sweep test (right)
Oscillation test (Fig. 1 right), at lower strain deformation of internal net of agarose hydrogel able to resist
applied stress - modules are independent on strain deformation. For 1 wt. agarose hydrogel without
lignohumate is linear viscoelastic area in range 0.01 - 4 % strain deformation and for 1 wt. % agarose hydrogel
with 1 wt. % lignohumate is linear viscoelastic area in range 0.01 - 1 %. We can say that force of binding is
stronger for clear agarose hydrogel than for agarose hydrogel with lignohumate.
3.2.

Mercury intrusion porosimetry

Fig. 2 Distribution of size pores of agarose hydrogel without lignohumate and with lignohumate
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This method enables to determine of distribution of pores size of 1 wt. % agarose hydrogels without
lignohumate and with 1 wt. % lignohumate. Values of size of pores in diffusion materials play important role in
transport processes. Different of pore sizes would result different rate of active material transport in hydrogels.
On the graph (Fig. 2) is illustrated of running of distribution curve - blue curve shows running of pores for clear
agarose hydrogels and brown curve of pores distribution shows us running for agarose hydrogels with
lignohumate. A shift is insignificant from the scale. From measurement we can claim, that size of pores is same
for both types of hydrogels, also diffusion of lignohumate isn’t influence steric effect of net hydrogel.
3.3.

Scanning electron microscopy

Hydrogel materials were characterized with scanning electron microscopy (SEM) and this method enable to
obtained differences in morphology in both types of hydrogels. This method should illustrated internal structure
of agarose materials without respectively with lignohumate.

Fig. 3 Images for 1 wt. % agarose hydrogels (left) and for 1 wt. % agarose hydrogel with 1 wt. %
lignohumate (right). A picture taken with 500-fold magnification and measure 20 µm

Fig. 4 Cross section for clear agarose hydrogel (left) and agarose hydrogel with lignohumate (right). A
picture taken with 6 000-fold magnification and measure 2 µm (left) and 3 µm (right)
From the pictures (Fig. 3) is evidently any difference in internal structures, but their difference in cross section
is characterized by Fig. 4, where it is seen rough structure for agarose hydrogel with lignohumate and smooth
surface for agarose hydrogel without lignohumate. On the cross section of hydrogels we can see, that structure
of agarose hydrogel with lignohumate is fragile than clear agarose hydrogel. This method demostrated very
important information about differences of material, but in terms diffusion processes play any role.
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Stereomicroscopy

Lyophilized and cuted agarose samples were studied on steremicroscopy, when was obtained pictures of
1 wt.% agarose hydrogel and 1 wt. % agarose hydrogel with 1 wt. lignohumate. Results of measurement were
three dimension pictures ilustrated of morphology of xerogel surfaces. Hydrogels have differences in their
surface, it is possible see in Fig. 5. Hydrogels prepared from 1 wt. % agarose have smoother surface and no
more ragged than hydrogel with 1 wt. % lignohumate.

Fig. 5 Three dimensions images of hydrogels, 1 wt. % agarose hydrogel (left) and 1 wt. % agarose hydrogel
with 1 wt. % lignohumate (right)
4.

CONCLUSION

Diffusion experiments are based on transport medium on the base agarose hydrogels, when we studied their
properties and differences. For the characterization we used four methods and thought them we obtained
important and interesting knowledge. Method of rheology revealed the mechanical properties of hydrogels and
dates point out rigid structure for agarose hydrogels with lignohumate. These data point out influence of
diffusion soluble matters. Other measurements showed, than difference in structure isn’t so great to influence
of diffusion processes. From mercury intrusion porosimetry was obtained, than pore size is very similar and
structure of surface is almost same. Greater differences were on surface, it was showed on scanning electron
microscopy and stereomicroscopy. From SEM was found, that agarose hydrogel with lignohumate have rough
surface than clear hydrogel and his surface is quite ragged. These properties haven’t any influence on diffusion
properties.
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Abstract
The permeability and barrier properties of various solutes were studied through nanoporous alumina
membranes by diffusion cell technique. Fabricated membranes were characterized by basic physic-chemical
methods. The accurate thickness and roughness was determined by profilometry, the distribution of pores and
pore size was detected by mercury intrusion porosimetry, textural properties were studied by scanning electron
microscopy and specific surface area by BET analysis. The specific permeability was compared by
determination of fundamental diffusion parameters such as diffusion flux and break-through time (lag time).
Results show, that the penetration ability and other important parameters such as thickness and the distribution
of pores are strongly dependent on experimental setup within preparation of nanoporous alumina membranes.
The most important parameters which influenced the final properties of membranes are time of anodization,
type of electrolyte, applied voltage and current density.
Keywords: Nanoporous alumina membrane; diffusion; permeability; potassium chloride; preparation of
nanoporous membranes
1.

INTRODUCTION

1.1.

Nanoporous alumina membranes

Nanoporous membranes are frequently used in sensorial applications for their unique properties - chemical
stability, semitransparency, insolubility, inertia, biocompatibility and high ordered arrangement with large
surface area [1, 2]. Membranes are extensively utilized for specific attaching of molecules from solution.
Therefore, membranes are modified by various biomolecules or covered by metal layers [3]. Metal layers
deposited on alumina surfaces can serve as electrodes for detection in nanopores or as matrix for attaching
of molecules. Attaching of biomolecules into the nanopores and subsequent binding of compatible molecules,
cause blockage of pores and change the measured signal [4]. Due to possibility to control morphology of
nanopores (length and diameter) [5], alumina membranes are used for filtration purposes or for sorting of
various substances [6, 7]. For these reasons it is necessary to know diffusion properties of membranes.
Perusal of the relevant recent literature shows these is lack of information related to diffusional characterization
of alumina membranes. Due to this fact, it is required to realize general characterization of alumina membranes
with various thicknesses and pore diameters.
Nanostructured membranes based on anodic aluminium oxide with highly organized nanopores
(nanocolumns) are studied because of their unique physical properties [8] and wide range of potential
applications. Anodic aluminium oxide can be utilized in optical, electronic or electrochemical branches as a
tool for sensoring of gases, biosensors, catalysis, and selective separation of molecules, filtration or purification
[9].
The physical properties of anodic alumina oxide membranes are strongly influenced mainly by the morphology
of the final product. The change of physical-chemical properties such as permeability can be driven during the
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anodization process [10]. The main parameters which are able to influence the permeability are pore size
(alumina membranes obtained by anodization method have nanopores with diameter in range from 4 nm to
250 nm), thickness (in the range 1 - 200 µm) and density of pores (typically 109 - 1012 pores/cm2). Dimensions
of pores can be easily controllable by changing of procedure conditions (current density, time of anodization,
type of electrolyte or applied voltage) [1].
1.2.

Permeability of nanoporous membranes

Growing interests about the usage of nanoporous membranes in sensor technologies is given mainly by their
specific permeability for different solutes. This permeability is influenced primary by shape and size of
nanopores in alumina membranes and also by the size of diffusing solutes. One of the most important facts
for practical usage of anodic alumina oxide nanoporous membranes is the detailed knowledge of their transport
(permeability) properties. Methodology, usually used for the determination of these fundamental penetration
parameters, is well known and described in literature.
Kipke and Schmid [11] studied the diffusion processes realized through alumina membranes with pore size in
range 20 - 200 nm. Organic dye crystal violet (C.I. 42555) encapsulated in the micelles of sodium dodecyl
sulfate (SDS). They used horizontal diffusion cell (Franz diffusion cell) for the realization of the transport
experiments. They observed absolutely no influence of the pore width on the delivery speed. Romero et al.
[12] studied the penetration of sodium chloride through nanoporous membranes based on alumina. They
studied mainly the interactions between diffusing probes (low molecular ionic compounds) with alumina
membranes.
In this study, the permeability of different alumina membranes was determined by the change of concentration
of chosen diffusing probes through membranes. Potassium chloride as a representative of low molecular ions
compounds and methylene blue as a representative of basic organic dyes were chosen as a suitable diffusion
probes. The change of concentration of potassium chloride was determined by conductivity measurements
and the change of methylene blue (C.I. 52015) was measured by UV-Vis spectroscopic measurements.
Methylene blue, as cationic organic dye, was chosen purposefully, because the authors have wide experience
with the usage of this dye for penetration experiments. Further papers [13-15] studied the mobility of methylene
blue through hydrogels samples with addition of humic acids. This cationic dye is able to interact with anionic
supramolecular humic acids and fundamental diffusion parameters such as effective diffusion coefficient,
break-through time (lag time) and sorption capacity of agarose hydrogel with/without addition of humic acids
can be calculated.
2.

EXPERIMENTAL PART

2.1.

Materials and methods

Aluminium foil (99.999 %, Goodfellow, UK), sulphuric acid (H2SO4, 96 % p.a., Penta), oxalic acid ((COOH)2,
p.a. Penta, CZ), absolute ethanol (p. a., Penta, CZ), perchloric acid (HClO4, 70 % p.a., Penta CZ) , phosphoric
acid (H3PO4, 84 % p.a., Penta CZ), chromium trioxide (CrO3, p., Penta, CZ), chloric acid (HCl, 35 % p.a.,
Penta CZ), copper chloride dihydrate (CuCl2.2H2O, p.a. Penta CZ). Deionized water (18.2 MΩ) was obtained
from Millipore Synergy UV system (Merck Millipore Corp., USA). All chemicals were used as purchased without
any purification.
2.2.

Fabrication process of alumina membranes

Self-assembled nanoporous alumina membranes are produced by anodization of aluminium foil with high
purity (99.999 %) performed in acidic solution. Production process consists from three main parts: pretreatment, anodization and postreatment. Pre-treatment include rinsing in acetone for decreasing and
electrochemical polishing in mixture of perchloric acid and ethanol under the voltage 20 V [16]. After that, flat
aluminium foil is prepared for anodization step. Then, polished aluminium film is transformed by anodization
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to nanoporous alumina (Al2O3) with the hexagonally ordered nanopores perpendicular to the surface.
Anodization is made as two-step. During the first anodization nanopores grow disorderly. Therefore, alumina
created in the first step is etched away and the aluminium sample with small dimples is obtained. During
second anodization, the nanopores grow in bases of dimples and newly created alumina with ordered structure
is obtained. Experimental conditions strongly influence morphology of resulted membranes. Diameter of
nanopores depends on type of acidic solution (oxalic acid, sulphuric acid, phosphoric acid), concentration of
solution and value of voltage. Electrolyte solution has to be cooled because anodization is highly exothermic
process. The length of nanopores is mainly determined by time of process. The last fabrication process is
postreatment. During this step, the non-anodized aluminium is dissolved in hydrochloric acid and copper
sulphate. At the end, bottom part of nanopores is dissolved and nanoporous alumina membrane is obtained
[17]. If the barrier layer etching is longer than it is necessary, the solution penetrate into nanopores and
nanopores are etched and expanded from the inside. Pore diameter is usually in range from 4 nm to 250 nm
and thickness from a few micrometres to tens of micrometres [1].
2.3.

Characterization of nanoporous alumina membranes

First of all, alumina membranes were characterized by fundamental physical-chemical methods. The exact
thickness of membranes was measured by profilometry (DektakXT, Bruker), the measurement of roughness
was performed by elipsometry (Uvise, Horina JobinYvon). Homogeneity, shape and the pore size was studied
by scanning electron microscopy (Tescan FE MIRA II LMU with detectors EDX and WDX). Applied voltage
during SEM measurements was 12.5 kV, magnitude was 100 000×. Specific surface area values were
determined by using a Quantachrome NOVA 2200 analyser (Quantachrome Instruments). The samples were
degassed and evacuated. The evacuated chamber with sample was filled by pure nitrogen. The measurements
were repeated three times. The penetration experiments were realized in the water-jacketed horizontal
diffusion cells (PermeGear, Inc.).
Potassium chloride (> 99.0 wt. %, Sigma Aldrich®) was used as suitable diffusion probes without further
purification. The cell volumes were 50 cm3 in each compartment of diffusion cell. All experiments in diffusion
cells were realized at constant temperature 25°C. The temperature was controlled and maintained at constant
value by circulating water bath. The stirring of both solutions (acceptor and donor compartment of diffusion
cell) was arranged by magnetic stirrer (constant rate 350 rpm).
Table 1 Experimental setup for preparation of alumina membranes
Alumina membranes

Applied voltage

Anodization solvent

Time of anodization

Sample 1

40 V

oxalic acid

20 hours

Sample 2

40 V

oxalic acid

6 hours

Sample 3

20 V

sulfuric acid

8 hours

3.

RESULTS AND DISCUSSION

3.1.

Thickness and roughness of alumina membranes

The thickness of alumina membrane can be varied by changing of experimental conditions during preparation
of membranes. The highest impact on the thickness of alumina membrane has the applied voltage and the
time of anodization. If we will compare sample 1 (40 V, oxalic acid, 20 hours) with sample 2 (40 V, oxalic acid,
6 hours), it is obvious, that the thickness of alumina membranes increase with increasing time of anodization.
The roughness of alumina membranes can be varied especially by changing of anodization solvent. Sample 4
was prepared by anodization process in sulfuric acid instead of other samples, which were prepared by
anodization in oxalic acid. Sample 3 have lower roughness (at least 6×) in comparison with all other samples.
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The knowledge of roughness is one of the most important parameter for the accurate description of diffusion
processes.
Table 2 Thickness and roughness of alumina membranes
Alumina membranes

Thickness (µm)

Roughness (µm)

Sample 1

160 ± 5

3.4

Sample 2

43 ± 2

4.4

Sample 3

103 ± 2

0.5

3.2.

Scanning electron microscopy of alumina membranes

Nanoporous alumina membranes were characterized by scanning electron microscopy to determine the
morphology and mainly the distribution of pores. The main purpose for this characterization was to determine
the influence of anodization solvent for the morphology of fabricated membranes.

Fig. 1 Scanning electron microscopy of nanoporous alumina membranes anodized in oxalic acid (left) and
sulfuric acid (right)
It is obvious, that the alumina membranes anodized in oxalic acid (Fig. 1 on the left) dispose higher pore size
in comparison with alumina membranes anodized in sulfuric acid (Fig. 1 on the right). But the differences in
pore size are not so significant. The barrier properties of alumina membranes are influenced mainly by
distribution of pores. Density of pores for alumina membranes anodized in oxalic acid is much higher in
comparison with membranes anodized in sulfuric acid (see Fig. 1)
3.3.

Ionic permeability tests

Simple through-diffusion experiments in diffusion cells were performed in order to evaluate permeability of the
prepared membranes for model low-molecular ions. Break-through curves, determined for the diffusion of
potassium chloride, are presented in Fig. 2. Obviously, structural differences of the tested membranes resulted
in a correspondingly altered barrier properties. Regression of the linearly increasing part of a breakthrough
curve provides two important parameters which allow evaluation of membranes’ transport properties in a
quantitative way.
Slope of the increasing part of the breakthrough curve represents a major experimental outcome as far as the
membrane permeability is concerned. Furthermore, the slope should be crucially affected by the structure of
the material, mainly its porosity. This expectation was experimentally confirmed. The slope increases with
specific surface area of the membranes as it is shown in Fig. 3 - i.e. with their increasing microporosity.
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Fig. 2 The change of conductivity as the time function. Break-through curves determined for the diffusion of
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Fig. 3 The slope increases with specific surface area of the membranes
4.

CONCLUSION

Specific permeability of nanoporous alumina membranes was studied by diffusion of potassium chloride in
horizontal diffusion cells. Penetration ability of potassium chloride through membranes is strongly dependent
on the specific surface area (the linear increase of the slope of the break-through curve with increasing specific
surface area was observed). The permeability is also strongly dependent on the pore size and the distribution
of pores in the structure of membrane. This expectation was experimentally confirmed by correlation of images
from scanning electron microscopy with diffusion experiments (the slope of the break-through curve is the
lowest for membrane anodized in sulfuric acid. This sample disposes totally different distribution of pores in
comparison with samples anodized in oxalic acid).
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Abstract
Nanoporous alumina is useful material for development of electrochemical sensors including filtration,
molecule sorting and subsequent detection. Big advantage of alumina is possibility to reliably control size of
nanopores and membrane thickness. For sensorial utilization, it is necessary to know diffusion properties of
membranes and their permeability of various substances. Therefore, membranes with different pore diameter
and thickness were prepared by two step anodization and modified by deposition of gold layers which serve
as electrodes. Thereafter, their influence on changes of electrochemical impedance spectra was studied and
compared in dependency on membrane morphology.
Keywords: Nanoporous membrane, anodization, alumina, gold layer, diffusion, electrochemical impedance
spectroscopy

1.

INTRODUCTION

Nanostructured membranes find application in many branches as catalysis, fuel cells, optics, electronics,
fabrication of nanomaterials, filtering and purification purposes and especially sensorial applications [1-4].
Anodic oxidation is well established process and alumina membranes are widely used in construction of
biosensors due to relatively low cost production, advantageous properties and excellent reproducibility. The
most useful properties of anodic alumina are chemical stability, inertness, insolubility, high surface area and
self-assembled highly ordered hexagonal arrangement. Nanoporous alumina contains nanopores with
controllable diameter in range 10 - 200 nm and thickness in micrometers [2]. Nanopores in alumina are
uniform, parallel and perpendicular to the surface of membrane [5, 6]. Many types of sensors containing
alumina are based on attaching of substances in nanopores and subsequent detection of pore blockage by
electrochemical impedance spectroscopy [7]. For these purposes, nanopores are often modified by various
biomolecules e.g. DNA probes, antibodies, oligonucleotides etc. [8-11]. Membranes are also covered by thin
layers of metals which are used for attaching of molecules (gold) [12]. Metal layers deposited on the membrane
also serve as sensing electrode utilized for electrochemical detection of substances [13] or electrodes for
detection of blockage of nanopores in the case of both sides coverage. Generally, membranes are modified
by metals using thermal evaporation and sputtering methods. Unfortunately, the upper metal layer negatively
affects diameter of nanopores and their permeability. Thicker layer even block nanopores completely. Despite
of this problem, metal layer have to be sufficiently conductive to serve as electrode. Therefore, it is necessary
to find optimal ratio between diameter of nanopores and thickness of metal layer. In this study, we covered
alumina membranes by thin gold layer and observed changes in nanopores diameters. Changes in impedance
spectra between electrodes separated by alumina membrane before and after gold covering were also
investigated. Kipke at al. studied similarly changes in impedance spectra in dependency on various membrane
thickness and variable pore diameters [14].
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MATERIALS AND METHODS

Nanoporous alumina fabrication
Nanoporous alumina membranes were fabricated by two step anodization method (Fig. 1) of pure aluminium
foil (99.0 %, Goodfellow, UK). The resulted morphology of membrane is dependent on set up of experimental
conditions. Thickness of resulted membrane is dependent on time of the second anodization and thickness of
anodized aluminium foil. Diameter of nanopores is controlled by type of acidic electrolyte such as applied
voltage, time of anodization and temperature of solution.
At the beginning, aluminium foil was rinsed in acetone and then in demineralized water for degreasing of
surface. The first anodization was performed in 0.3 M oxalic acid (COOH)2 under the anodization voltage of
40 V or 60 V. Electrolyte solutions were tempered to a 5°C and stirred because anodization is highly
exothermic process. The first anodization lasted 3 hours to substitute electrochemical polishing which is
considerably problematic in the case of large scaled samples. The nanoporous alumina created during the first
anodization was etched away in mixture of phosphoric acid (H3PO4) and chromium trioxide (CrO3) because
alumina obtained during this step is highly disordered and non-perpendicular to the surface. The aluminium
sample with residual dimples after the first anodization was obtained. The second anodization was done under
the same conditions as the first step and the time of process took 15 hours in all cases. The time of process is
important for thickness of final membrane. The subsequent step was etching of non-anodized aluminium in
mixture of chloric acid (HCl), copper chloride dihydrate (CuCl2.2H2O). The last part of fabrication was etching
of barrier layer at the bottom of nanopores and the opening of nanopores. The homogeneity and morphology
of fabricated alumina membrane were evaluated by scanning electron microscope (Tescan MIRA II, CZ).

Fig. 1 Fabrication process of nanoporous alumina membranes
In subsequent step, part of fabricated alumina membranes were coated with thin gold layers with thickness of
25 nm on the both sides of membrane by ion beam sputtering method. Nickel chromium layer with thickness
of 5 nm were used as adhesion layer. The gold modified membranes were contacted by wires on the both
sides for possibility to engage gold layers in measurements as electrodes. All types of membranes were placed
into homemade Teflon potting cell and potted using acrylic resin ViaFix (Struers) to define the area of
membrane 5 mm in diameter. In this way, four types of alumina membranes were obtained (two pure alumina
membranes and two membranes modified by gold).
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Measurements
The measurements were performed using µAUTOLAB III/FRA2 in connection with NOVA 1.10. software
(Metrohm Autolab, NL). Three-electrode cell with Pt auxiliary electrode and Ag/AgCl/3M KCl reference
electrode and glassy carbon working electrode (all Metrohm AG, CH) were used for experiments. In the second
part of study, gold layers on the both sides of membranes were used as working electrodes. The impedance
spectroscopy was measured in a frequency range from 500 kHz to 0.1 Hz and amplitude of 20 mV.
Electrochemical characterization of membranes was done in 0.1 M potassium chloride (KCl) solution. The
sample was placed into home-made diffusion cell which consists of two beakers separated by nanoporous
alumina membrane.
3.

RESULTS AND DISCUSSION

Two types of nanoporous alumina membranes were successfully made by two step electrochemical anodic
oxidation under the similar experimental conditions. In this way, membranes with various pore diameters have
been obtained (Fig. 2). Part of fabricated membranes were covered by thin gold layers on the both sides,
contacted by wires and potted into acrylic resin to define reproducible area of samples. The dimensions of
samples, thickness of gold layers and anodization conditions are listed in the table below (Table 1).

Fig. 2 Fabricated alumina membranes: sample 1 (left) and sample 2 (right)
Table 1 Dimensions of prepared membranes and fabrication conditions
Anodization

Pore diameter

Pore length

Modification

Sample 1

(COOH)2, 40 V

40 nm

75 µm

-

Sample 2

(COOH)2, 60 V

70 nm

75 µm

-

Sample 3

(COOH)2, 40 V

40 nm

75 µm

5 nm NiCr/25 nm Au

Sample 4

(COOH)2, 60 V

70 nm

75 µm

5 nm NiCr/25 nm Au

Measurements were performed in the cell consisting of two beakers with 0.1 M potassium chloride separated
by alumina membrane in various electrode arrangements. Initially, efficiency of nanopores filling by electrolyte
was evaluated. Despite of fact that anodic alumina is hydrophilic material several tests of nanopores filling by
electrolyte were made before impedance characterization. It was very important to determine ability of solution
to penetrate into nanopores. Impedance measurements were performed three times in one week intervals.
The first measurements were carried out immediately after placing into the diffusion cell and rinsing into the
electrolyte. The next measurements were performed after one and two weeks dipping. The differences were
not observed in these time-dependent measurements. The influence of application of high voltage (600 V) on
electrodes placed on the both sides of membrane was also tried. It was expected better filling of nanopores by
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electrolyte after high voltage application. However, no changes in impedance measurements were observed.
Therefore, excellent fulfilment of nanopores was considered.
A several type of electrodes arrangements considering to the membrane were suggested. Firstly, three
standard electrodes were placed on the one side of membrane and changes in measured impedance spectra
were observed when working and reference electrodes were separated by alumina membrane (Fig. 3). In all
measurements, alumina membranes caused slight increasing of impedance values especially in the field of
local maxima of impedance curve when the electrodes are separated by alumina membranes. Increasing is
larger in the cases of sample 1 and sample 3 as a result of smaller nanopores in membrane. It is obvious;
change is most evident at high frequencies of impedance spectra while the diffusion part of impedance is
unchanged.

Fig. 3 Detail of impedance measurements with standard commercial electrodes
Analogical experiments were performed in the next part. However, standard commercial working electrode
was replaced by thin gold layer deposited on the membrane (Fig. 4). Moreover, in this case increasing of
impedance values in the part of local maxima (charge transfer resistance) is a more significant and achieved
hundreds of ohms. Differences are again significantly greater in the case of sample 3. Nanopores in sample 3
are more blocked by deposited gold layer because initial size of nanopores was smaller (40 nm in diameter).
Generally, electrodes deposited on the membranes have substantially higher impedance than standard
electrode (area of electrode considered) because electrode is formed by thin gold layer.
All measurements were performed on three samples of one type and reproducibility of measurement was
good. All measurements were performed three times.
Differences between impedance spectra for individual membranes were also compared. Unfortunately, the
impedance changes are very small in the first part of study (using standard electrodes).
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Fig. 4 Detail of impedance measurements involving gold layer deposited on membrane as working
electrodes
4.

CONCLUSION

Two types of nanoporous alumina membranes with different morphology were made by two-step anodization
method and characterized by scanning electron microscopy. Subsequently, part of fabricated membranes was
modified by deposition of thin gold layers on the both sides. Deposited layers were designed to serve as
electrodes for future detection of substances in nanopores. The influence of placing of alumina membrane
between working and counter electrodes on impedance measurement was observed. Electrodes placed on
membrane surface were also involved in measurements and proved bigger changes in impedance spectra.
These electrodes unfortunately had higher impedance values because are form by thin layer of metal. It is
obvious, thicker layer has better conductivity but cause more blocked nanopores. In the future studies, optimal
ratio in nanopores size and thickness of deposited layers will be investigated.
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Abstract
Usage of plant source-based stiff fillers as reinforcement material in polymer composites has attracted
significant interests of researchers during last few decades. The crystalline parts of the semicrystalline
cellulose chains represent the most highly potential bio based reinforcing agents for polymers. This paper
covers the extraction of cellulose nanocrystals (CNCs) from commercial microcrystalline cellulose (MCC) and
their polylactic acid (PLA) nanocomposite films preparation by solvent casting. The nucleation effect of CNCs
on PLA matrix crystallization was investigated. The production of biodegradable nanocomposites based on
cellulosic biomass waste suggests the possibility of using these new bio-nanocomposites in industrial and
environmental friendly applications.
Keywords: Cellulose nanocrystals, biodegradable, biopolymer, nanocomposites
1.

INTRODUCTION

During the last years constantly increasing demands of modern society to products made from renewable and
sustainable resources that are biodegradable, non-petroleum based, carbon neutral, and have low
environmental, animal/human health and safety risks [1]. Cellulose is the most common organic compound
affecting the Earth's surface, meets the above mentioned requirements and finds its application in many
branches of the modern industry. Existence of the cellulose as structural member of plant cell-walls was firstly
detected by Ansalm Payen in the 1838. Cell-wall represents the functional structure for every kind of plants
[2]. Mankind uses the natural cellulose based materials (wood, hemp, cotton, flax, etc.) for thousands of years
and their use in various spheres of the industry continues till today (timber industry, paper, textiles, etc.) [1].
Materials in plant and animal kingdom are entirely based on composite principle. These natural composites
were created during millions and millions of years of evolution for a specific purpose, a specific strain and the
desired function, with ingeniously crafted structure [3]. However, properties, functionality, durability and
uniformity, which are required for the new generation of cellulose based materials and engineering
applications, cannot be achieved using these traditional materials. With a view to sustainable development is
so necessary evolution both science and technology [1]. Plant fibers are reinforced by helically arranged semicrystalline microfibrils of cellulose. Cellulose is a polysaccharide with unique but simple structure. It is a linear
macromolecule consisting of D-anhydroglucose (C6H11O5) repeating units joined by β-1.4-glycosidic linkages
(Fig. 1.).

Fig. 1 Examples of cellulose-synthesizing organisms and cellulose chemical structure
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Degree of polymerization is around 10 000. Each microfibril is a string of cellulose crystallites, linked along the
chain axis by amorphous domains [4]. Crystalline regions considerably predominate and are called cellulose
nanocrystals (CNCs). These crystals are essential reinforcing element that nature synthesizes to strengthen
all the supporting structures of trees, plants and algae’s. Although it is exclusively plant material, it can be
synthesized by some marine creatures (tunicates) and even produced by certain types of bacteria called
Gluconacetobacter xylinus (reclassified from Acetobacter xylinum). Extraction of cellulose to nano dimensions
can eliminate a major cause of defects associated with the hierarchical structure and thus creating a new plant
based reinforcing element, that opens the imaginary door for future generation of "green" nanocomposites [1].
Cellulose nanocrystals (or whiskers) occur as high
aspect ratio rod-like nanoparticles (Fig. 2). Their
geometrical dimensions depend on the origin of the
cellulose and hydrolysis conditions. The most
commonly used extraction method is hydrolysis
using concentrated acids (hydrochloric, sulphuric,
hydrobromic, phosphoric, etc.). Extraction process is
based on penetration of amorphous regions by
hydronium ions, followed by hydrolytic cleavage of
the glycosidic bonds and releasing individual CNCs
after mechanical treatment [5]. Additionally have
been recently reported other promising extraction
processes, such as selective TEMPO oxidation [6],
enzymatic hydrolysis treatment [7], and treatment
with ionic liquids [8].

Fig. 2 TEM of freeze-dried cotton CNCs [9]

Desired property for a reinforcement fiber in composite system is certainly high stiffness. For determination of
the axial modulus of CNCs have been used both theoretical and experimental strategies. Eichhorn et al. [10]
summarized some obtained values of cellulose crystal modulus. Reported have been values in the range 100160 GPa. In comparison with other conventional construction materials (Table 1), moreover, when one takes
into account the low density (1.5 g cm-3) of the cellulose, the value of specific modulus (Young's modulus /
density) is significantly high [10]. The main cause of failure in the processing of the nanocomposite is
inhomogeneous dispersion and distribution of CNCs in the polymer matrix. There is strong tendency of CNCs
to agglomerate and form clumps and interconnected networks due to hydrophilic nature (omnipresence of
hydroxyl groups on the surface) and because of the formation of additional hydrogen bonds between
nanoparticles [5]. To avoid irreversible agglomeration of CNCs during composite processing and improve the
potential of mechanical reinforcement, adsorption of polyethylene oxide (PEO) onto CNCs was performed.
The nucleation effect of PEO-adsorbed CNCs on PLA matrix crystallization was investigated.
Table 1 Moduli of engineering materials compared to cellulose [10]
Modulus (GPa)

Density (Mg m-3)

Specific modulus (GPa Mg-1 m3)

Aluminium

69

2.7

26

Steel

200

7.8

26

Glass

69

2.5

28

Crystalline cellulose

138

1.5

92

Material

2.

EXPERIMENTAL METHODS

An extraction process is shown in Fig. 3. Initial cellulose material for extraction of CNCs was cotton
microcrystalline cellulose (MCC). Material was purchased from ZIBO ZIMAO TRADE CO., LTD (China). Used
extraction conditions was based on work of Ioelovich [11]. The initial MCC was mixed with deionized water
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(DIW) in a lab glass, and then was slowly added highly concentrated sulphuric acid (H2SO4) to obtain required
final concentration of acid from 55 to 60 wt. % and acid/cellulose ratio from 8 to 10. To prevent burning of MCC
due to exothermic reaction between acid and water, reaction was carried out at cooling in ice bath. The glass
with solution was then placed into water bath having temperature from 45 to 55℃ and heated at stirring for 45
to 60 min. Hydrolytic reaction was then terminated by pouring the suspension into tenfold of deionized water.
The solid phase has been separated from the liquid by series of centrifugation in a laboratory centrifuge at
3200 g for 10 minutes. After each series followed replacement of the supernatant above sediment and
replacing it with deionized water until pH 6 was reached. The suspension was then placed into ice-cold
ultrasonic bath at 80% power for 10 minutes. Obtained aqueous suspension of CNCs were stored in
refrigerator.

Fig. 3 CNCs extraction procedure (in alphabetical order)
Extracted particle size analysis was conducted by Dynamic light scattering (DLS) using Zetasizer Nano ZS
(Malvern, UK). Method of PEO adsorption onto CNCs was adopted from procedure described in the literature
[12]. PEO with two different molecular weights (Mw= 200,000 g/mol and Mw= 400,000 g/mol) were obtained
from Sigma Aldrich. The concentrated CNCs/DIW suspension was transferred to glass beaker to reach desired
concentration. After that, required amount of PEO was added to reach 2 wt. %. Final solution was stirred for 2
hours with magnetic stirrer at ambient temperature. The control CNCs a PEO adsorbed CNCs (PEO-A-CNCs)
were then freeze dried. Further than both control CNCs and PEO-A-CNCs were homogenously re-dispersed
in chloroform and PLA (Ingeo™ 3251D, NatureWorks, USA) was added to reach desired 5 wt. % concentration
of CNCs. The solution was maintained at ambient temperature under stirring until PLA was completely
dissolved. Finally was applied sonication 60% output power for 10 min and resulting materials were then
vacuum-dried in an oven for two days at 60°C. Study of crystallization was conducted by differential scanning
calorimetry (DSC) (DSC 1/700, Mettler Toledo). The samples amount was 15 mg and analysis run at 10 °C
min-1 heating/cooling ramp in one heating-cooling cycle in a nitrogen atmosphere (flow rate 50 ml.min-1). From
resulted thermograms we studied effect of unmodified CNCs and modified PEO-A-CNCs on crystallization of
PLA and thermal properties such as exothermic peak cold crystallization and premelting temperature (TPCC),
endothermic peak melting temperature (TPm), peak melt crystallization temperature (TC), cold crystallization
and premelting enthalpy (∆HCC1, respectively ∆HCC2), fusion enthalpy (∆Hf), melt crystallization enthalpy (∆HC)
and degree of crystallinity (χC). The crystalline fraction χC (%) of PLA nanocomposite samples can be
calculated based on the enthalpy value of a 100 % crystalline PLA from the following equation [13]:

χ C (%) =

∆H f − ∆H CC
∆H 0f ⋅ Wm

× 100

(1)

where ∆Hf0 is melting enthalpy of totally crystallized PLA sample (∆Hf0 = 93 J g-1) [4] and W m is PLA matrix
weight fraction in the nanocomposite sample (W m=0.95).
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RESULTS AND DISCUSSION

Based on investigations have been found ideal conditions for extraction of CNCs from cotton MCC (Table 2).
Samples treated with lower concentrated H2SO4 (< 55 wt. %) showed micro-scale particles under optical
microscope investigations. This phenomenon could be addressed to strong lateral contacts between CNCs
that is hard to break with diluted acids and crystallites than remained intact. Higher concentrated H2SO4
(> 60 wt. %) hasn´t been investigated due to dissolution of MCC in acid and formation of low crystalline
amorphous ellipsoidal nanoparticles that is described elsewhere [11]. Lower treatment temperatures further
than resulted in longer extraction times and higher temperatures resulted in burning of samples. Average
spherical hydrodynamic diameter obtained from dynamic light scattering (DLS) measurements of samples has
been found to be 220±42 nm. This number could be assigned to average length of extracted CNCs. The
interaction of solvent molecules and agglomeration must be taken into account with DLS analysis. Since DLS
is suitable analysis for spherical particles measurements, for rod-like CNCs larger dimensions has been
probably found. This proposition will be compared in future investigations with AFM or TEM analysis that
provides an estimation of the projected area.
Table 2 Ideal CNCs extraction conditions
H2SO4 concentration
55 - 60 wt. %

H2SO4/cellulose
ratio
8 - 10

Treatment
temperature
45 - 55°C

Treatment time
40 - 60 min

Ultrasonication
time
10 min

In the DSC measurements an distinct exothermic peak of amorphous PLA can be found, related to the cold
crystallization above Tg, and an endothermic peak, relate to the melting. When PLA is recrystallized prior to
measurement, the exotherm in the DSC curve is not present. Recrystallized PLA products also carry a huge
advantage compared to amorphous products, related to higher mechanical properties and heat deflection
temperature (HDT). The resulted degree of crystallinity (χC) from DSC heating and cooling scans (Fig. 4) is
shown in Table 3. Compared with pure PLA, addition of unmodified CNCs (5 wt. %) (e.g. PLA/CNCs-5 ) rise
value of χC from 8.6% to 18.1%. Slightly increased value of χC=19.2% compare to PLA/CNCs-5 (18.1%) has
been calculated for samples with surface modified CNCs by adsorption of lower molecular weight PEO
(Mw= 200,000 g/mol) (e.g. PEO2) marked as PLA/PEO2-A-CNCs-5. On the other hand nanocomposite samples
marked as PLA/PEO4-A-CNCs-5, where CNCs were surface modified by adsorption of higher molecular weight
PEO (Mw= 400,000 g/mol) (e.g. PEO4) significantly increased value of χC from 8.6% to 40.5%. In DSC heating
scans exothermic peak of cold crystallization (∆HCC1) was not presented for PLA/PEO4-A-CNCs-5 samples and
thus can be postulated that samples were recrystallized prior to measurements. This could be addressed to more
homogeneous dispersion and distribution of CNCs in the polymer matrix where CNCs works as bio based
nucleation agents. After adsorption of PEO molecular chain on CNCs surface, works as steric hindrances and
prevent formation of aggregates during processing.

Fig. 4 DSC heating (left) and cooling (right) scans
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Table 3 Thermal parameters of PLA, PLA/CNCs and PEO adsorbed CNCs nanocomposites
∆Hf (J g-1)

∆HCC1 (J g-1)

∆HCC2 (J g-1)

PLA

35.6

26.9

0.7

-

8.6

PLA/CNCs-5

36.2

18.2

2.1

4.2

18.1

PLA/PEO2-A-CNCs-5

34.6

15.3

2.3

8.9

19.2

PLA/PEO4-A-CNCs-5

36.6

-

0.8

25.9

40.5

Material

4.

∆HC (J g-1)

χC (%)

CONCLUSION

In this work renewable, sustainable and bio based stiff cellulose nanocrystals (CNCs) have been extracted
from microcrystalline cellulose (MCC). The effect of ideal conditions on extraction process has been studied:
H2SO4 concentration (55 - 60 wt. %), H2SO4/cellulose ratio (8 - 10), treatment temperature (45 - 55°C),
treatment time (40 - 60 min) and ultrasonication time (10 min). Average spherical hydrodynamic diameter
obtained from dynamic light scattering (DLS) measurements has been found to be 220±42 nm.
Nanocomposites based on unmodified and modified CNCs and PLA matrix have been prepared. Nucleation
effect CNCs on PLA matrix crystallization were investigated. To avoid irreversible agglomeration of CNCs
during composite processing and improve the potential of mechanical reinforcement, adsorption of
polyethylene oxide (PEO) onto CNCs surface was investigated. Study of crystallization was conducted by
differential scanning calorimetry (DSC). The crystallization rate calculated from DSC scans was strongly
increased by addition of both unmodified and modified CNCs. Compare with pure PLA, degree of crystallinity
for PLA/CNCs-5 samples increased from 8.6% to 18.1%. Slightly increased value 19.2% was observed for
PLA/PEO2-A-CNCs-5 samples reinforced with modified CNCs by adsorption of lower molecular weight PEO2
(Mw= 200,000 g/mol). Most promising results has been found for PLA/PEO4-A-CNCs-5 samples modified by
adsorption of higher molecular weight PEO4 (Mw= 400,000 g/mol). Degree of crystallinity was significantly
increased compare with pure PLA from value 8.6% to 40.5%. Adsorption of higher molecular PEO molecular
chain on CNCs surface avoid irreversible agglomeration during processing due to steric hindrances, improve
homogeneous dispersion and distribution of CNCs in the polymer matrix and significantly increase crystallinity
degree of nanocomposite.
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Abstract
The basic component of an impregnating liquid is methyl-silicon resin. An aqueous emulsion was formed using
a suitable solvent (e.g. xylene) and water. The emulsion had to be further thickened to increase the viscosity
of the resulting solution. The silicone component can be very effectively transported deep into the structure of
the material via a carrier solvent of water and a residual solvent. To increase the utility properties (hydrophobic
and antisoiling) of the emulsion nanoparticles were also added to the emulsion. The protective layer is
developed on the basis of nanotechnology. Due to their nanometric dimensions (10 - 30 nm), nanoparticles
can penetrate into the porous structure of the substrate. A thus prepared impregnating emulsion was applied
onto the various substrates e.g. polycarbonate, automotive paint and a geopolymer material. The treated
samples were further tested for changes in contact angles (changes in hydrophobic properties), abrasion
resistance by means of tribological tests, and resistance to elevated temperatures.
Keywords: Hydrophobic, treatment, silicon, abrasion resistance, nanoparticles, transparent
1.

INTRODUCTION

Hydrophobic impregnation is widely used for example for impregnation of textiles, lenses, and facades, etc. Its
purpose is to provide water repellent properties to the substrate and also to promote its regeneration. The type
of hydrophobic agent affects the quality of the modifications. These modifications can be made by applying a
film-forming compound or compounds that repel water and have a high surface tension. The used compounds
are e.g. hydrocarbons, silicates, fluorosilicates, fluorocarbonates and others. [1-4] Nanoparticles are also
widely used for the hydrophobization of the surfaces of various materials. [5] The network of nanoparticles of
silicon dioxide (SiO2) is highly resistant to mechanical wear and has a high UV stability. Products with
nanoparticles of silicon dioxide are also resistant to chemicals and gain a hydrophobic character. [6, 7]
Nanoparticles of titanium dioxide (TiO2) can be applied to materials or products which are suitable for
photocatalysis, protective layers, preservation, cosmetic applications and carriers in catalysis. [8, 9] The
content of zirconium oxide (ZrO2) in materials has a visible effect on their microstructure and mechanical
properties (flexural strength, hardness). The addition of ZrO2 nanoparticles into products or materials increases
the barrier properties and stabilizes the product. [10]
2.

MATERIALS AND METHODS

2.1.

Materials

2.1.1. Impregnating emulsion
An aqueous emulsion of methyl-silicon resin was mixed together with Adeps Lanae (lanolin) or 1-hexadecanol
in a defined ratio. Both emulsifiers can be used separately or together. We then added the nanoparticles of
metal oxides (TiO2, SiO2 and ZrO2) to the emulsion during mixing. All of these nanoparticles can be used
separately or together. All of the tested nanoparticles, titanium oxide (TiO2, anatase, 99.5%, product #:
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7910DL), silicon oxide (SiO2, 99.5%, product #: 6807NM) and zirconium oxide (ZrO2, 99.9%, product#: 8512QI)
were supplied by ‘SkySpring Nanomaterials’, Inc., Houston, USA.
2.1.2. Tested substrates
The influence of the impregnating emulsion on utility properties was tested on various materials. The
substrates selected for testing were car paints, glass, polycarbonate and geopolymer.
2.2.

Structure and morphology characterization

The structure was determined using scanning electron microscopy - Zeiss Ultra Plus ultra-high-resolution field
emission scanning electron microscope equipped with an EDS + WDS + EBSD microanalytic system
(resolution: 1 nm @ 15 kV, 1.7 nm @ 1 kV, magnification 12x to 1000000x, possibility of 3D-imaging by the
use of a four-quadrant AsB detector; Oxford). Samples were deposited with a thin layer of gold. A light optical
microscopy was also used for the structure characterization.
2.3.

Measurement of transparency

The testing of transparency of layers self-hardened at an ambient temperature was performed using a Hazegard dual device from the company BYK. This device provides haze and transmission measurements
according to ISO 13468 (compensated method) and ASTM D1003 (non-compensated method).
2.4.

Measurement of abrasion resistance

The measurement of the friction coefficient was performed using a CETR UMI Multi-Specimen Test System Scratch Tester (load 2N, speed of moving pin- 4 mm/sec, duration of the experiment - 1000 sec).
2.5.

Wettability measurements

Wettability was measured by contact angle measurements. The equipment used for measuring the contact
angles of liquids was a surface energy evaluation system known by the acronym See System. Another test
consisted of immersing the sample with a defined mass (sample previously dried to a constant weight) into a
defined volume of liquid (water) for a defined time. The absorption of liquid was determined from the weight
gain.
3.

RESULTS AND DISCUSSION

This study was focused on modifications of aqueous emulsions of methyl-silicon resin used for the surface
treatment of porous materials. The purpose of this emulsion is to impart a hydrophobic character onto the
materials. The resulting emulsion is suitable for use in paints (car paints), glass, plastics and others. The
emulsion forms a film on the surface of the substrate, whereby smoothing out the surface of the substrate.
This prevents debris from settling in uneven areas, which greatly contributes to protecting against scratching
when the substrate is cleaned or washed. Only selected properties will be mentioned for the tested substrates.
3.1.

Polycarbonate and glass

The surface of the polymer is quite porous and therefore has a tendency to collect dust and other contaminants.
The purpose of this layer is to smooth out the surface and to increase the hydrophobicity and abrasion
resistance, while creating an antistatic layer that prevents the accumulation of dirt on the surface of the
polymer. Polycarbonate was impregnated with an emulsion made from methyl-silicon resin with Adeps Lanae.
Untreated samples of laboratory glass were selected for testing due to the need to increase hydrophobicity
and reduce soiling. The coating of the glass samples needed to be completely transparent.
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3.1.1. Contact angle measurement [θ]
Table 1 and 2 Average values of the contact angle (from 10 measurements)
Sample - polycarbonate

[θ]

Sample - glass

[θ]

Without treatment

84.6 ± 1.48

Without treatment

43.42 ± 1.48

Pure emulsion

84.4 ± 2.11

Pure emulsion

81.50 ± 2.40

Emulsion with SiO2

85.9 ± 3.21

Emulsion with SiO2

82.28 ± 4.21

Emulsion with SiO2+ZrO2

80.8 ± 1.65

Emulsion with SiO2+ZrO2

88.18 ± 3.65

Emulsion with ZrO2

88.1 ± 3.85

Emulsion with ZrO2

81.13 ± 2.52

Emulsion with TiO2

88.7 ± 2.98

Emulsion with TiO2

79.41 ± 3.99

3.1.2. Measurement of transparency - ASTM
Table 3 and 4 Average values of transparency (from 10 measurements)
Sample - polycarbonate

Sample - glass

Without treatment

100±0.15

Without treatment

100±0.15

Pure emulsion

100±0.10

Pure emulsion

100±0.10

Emulsion with SiO2

100±0.15

Emulsion with SiO2

100±0.22

Emulsion with SiO2+ZrO2

100±0.21

Emulsion with SiO2+ZrO2

100±0.31

Emulsion with ZrO2

100±0.19

Emulsion with ZrO2

100±0.08

Emulsion with TiO2

100±0.31

Emulsion with TiO2

100±0.15

3.1.3. Antistatic effect (polycarbonate)

Fig. 1 The antistatic effect of the impregnating emulsion left) untreated sample, right) treated sample
3.1.4. Abrasion resistance

Fig. 2 Results of friction coefficient measurements
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Automotive paint

Impregnating emulsion containing various emulsifiers was applied to samples of automotive paint. The effect
of the emulsifier on the final properties of the treated surfaces was examined.
3.2.1. SEM analysis

Fig. 3 The difference in the structure of the surface left) before and right) after applying the impregnation
(magnification 10 000x)
3.2.2. Contact angle measurement [θ]
Table 5 The average values of the contact angles (from 10 measurements)
Sample

[θ]

Untreated sample

64.99 ± 3.11

Emulsion with 1-hexadecanol

91.88 ± 2.42

Emulsion with Adeps Lanae

87.89 ± 3.20

Emulsion with a combination of both emulsifiers

68.01 ± 2.25

Emulsion with 1-hexadecanol +SiO2

78.40 ± 1.42

Emulsion with 1-hexadecanol +TiO2

79.09 ± 2.53

Emulsion with 1-hexadecanol +SiO2+ZrO2

79.64 ± 2.62

Emulsion with a combination of both emulsifiers +SiO2

70.60 ± 1.53

Emulsion with a combination of both emulsifiers +TiO2

71.18 ± 2.42

Emulsion with a combination of both emulsifiers +SiO2+ZrO2

83.02 ± 3.29

3.2.3. Abrasion resistance

Fig. 4 Results of friction coefficient measurement
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Geopolymer

The tested substrate was BAUCIS L 160 (purchased from České lupkové závody, a.s), which is a light gray
geopolymeric binder based on fire clay. Alkalinisation was performed using a sodium solution.
3.3.1. Contact angle measurement [θ] and measurement of water absorption
*Samples weighing 15 g were immersed in 500 ml of water for 48 hours.
Table 6 The average values of the contact angle

Table 7 Water absorption*

Sample

[θ]

Sample

[%]

Without treatment

47.64 ± 1.63

Without treatment

76.05

Pure emulsion

103.18 ± 3.84

Pure emulsion

17.71

Emulsion with SiO2+ZrO2

105.39 ± 3.85

Emulsion with SiO2+ZrO2

17.03

Fig. 5 The hydrophobicity effect of the
impregnating emulsion left) untreated sample,
right) treated sample

Fig. 6 left) pure emulsion, right) emulsion with
nanoparticles

3.3.2. Behaviour of samples under elevated temperatures (LOM) - magnification 40x
The resistance of layers of the impregnating emulsion to elevated temperatures was also tested.

Fig. 7 200°C left) untreated sample, middle) pure emulsion, right) emulsion with nanoparticles

Fig. 8 500°C left) untreated sample, middle) pure emulsion, right) emulsion with nanoparticles
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Fig. 9 700°C left) untreated sample, middle) pure emulsion, right) emulsion with nanoparticles

Fig. 10 900°C left) untreated sample, middle) pure emulsion, right) emulsion with nanoparticles
4.

CONCLUSION

The use of a hydrophobic (water-repellent) treatment can significantly reduce the absorbency of a treated
material (water rolls into balls that quickly run off the surface), whereby reducing soiling of the surface. This
can lead to a significantly extend life and functionality of the treated material. Due to the high resistance of this
silicone emulsion to weathering, sunlight and high temperatures this impregnation has a considerable service
life.
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ALKYL CHAIN MODIFIED GOLD NANOPARTICLES FOR CATALYSIS
ŘEZANKA Michal, PETRŽÍLKOVÁ Michaela, STIBOR Ivan
Technical University of Liberec, Liberec, Czech Republic, EU, michal.rezanka@tul.cz
Abstract
Attachment of organic molecules is usually accomplished through the thiol functionality, but it would be
desirable to have alternatives. Herein we would like to report preparation of gold nanoparticles with diameter
of a few nanometers and their modification by alkyl chains. Such functionalization was achieved by direct
attachment of organic moieties present in organo-tin compounds. The modified nanoparticles are expected to
be more stable than the thiolated ones thus providing broader field of use in the catalysis of chemical reactions.
Keywords: Gold, nanoparticles, alkyl, catalysis
1.

INTRODUCTION

In last few years, reports on gold-based catalysts have increased significantly, because various organic
transformations can be performed under mild conditions with high regio- and chemo-selectivities. [1] Bulk gold
metal is considered inactive, however, gold in the form of nanometer size particles possesses a higher surface
to volume ratio and this leads to high chemical reactivity. The extent of these properties depends strongly on
the size, morphology, and nanoparticle stabilization, and is therefore linked to the nanoparticles’ synthesis
conditions. [2]
There also arises a need to prepare gold nanoparticles (AuNPs) modified with suitable ligand on their surface,
which can be subsequently exchanged with alkyl chain. One of the possibilities is to prepare
triphenylphosphine-stabilized AuNPs. [3]
Common approach how to modify AuNPs is to functionalize them with thiol-based ligands. [4] However, thiolbased ligands are not very stable under oxidation condition, which is a great disadvantage if the AuNPs are to
be used to catalyze chemical reactions. Therefore it is better to use the ligands attached to the particles by CAu bond. This type of monolayer on gold surface has also better permeability, which is an absolute requirement
for the high catalytic activity of AuNPs.
C-Au bond functionalization of AuNPs has been done through carbon atoms of a terminal acetylene moiety [5]
and of alkyl groups. [6] Even before these recent developments, it was discovered [7] that treatment of cleaned
gold surfaces with solutions of covalent trialkylstannyl tosylates, trifluoroacetates, and triflates in organic
solvents under ambient conditions leads to self-limiting growth of organic monolayers with distinctly different
properties. These monolayers are more resistant to heat and to oxidative agents, less ordered, and more
permeable. It was further found that the number of leaving groups such as tosylate is unimportant and that
tetraalkylstannanes and dialkylstannadiyl ditosylates also produce the same monolayers as trialkylstannyl
monotosylates. n-Butyl and n-octadecyl monolayers were also prepared via the solution deposition of nbutylmercury tosylate (C4H9HgOTs) and n-octadecylmercury tosylate (C18H37HgOTs) on Au, followed by a
thermal annealing cycle for Hg removal. [8]
Herein we would like to report for the first time the preparation of butyl modified AuNPs by modification of
nanoparticles with organo-tin compounds.
2.

RESULTS AND DISCUSSION

At the outset, triphenylphosphine-stabilized AuNPs were prepared according to Hutchison et al. [3] procedure
in a good yield. Attachment of ligands was confirmed by 1H-NMR (in CDCl3), where protons from
triphenylphosphine appeared in aromatic region (Fig. 1).
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Fig. 1 1H-NMR (in CDCl3) of triphenyslphosphine-stabilized AuNPs
A pilot study of the ligand exchange of triphenylphosphine AuNPs was done by dodecanethiol. [4] Product was
characterized by TEM and 1H-NMR. TEM did not indicate any aggregation possibly occurred during the
process (Fig. 2a). Aromatic signals are not present in 1H-NMR while aliphatic signals appeared (Fig. 2b),
which indicates successful completion of ligand exchange.

50 nm
a)

b)

Fig. 2 Characterization of dodecanethiolated AuNPs a) by TEM; b) by 1H-NMR

50 nm
a)

b)

Fig. 3 Characterization of butylated AuNPs a) by TEM; b) by 1H-NMR
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Similarly, dibutyltin ditosylate was used for introducing butyl group attached to gold directly by C-Au bond.
However, this reaction led only to degradation of reactants. Therefore toluene was used as a solvent and the
reaction yielded butyl-AuNPs, which was characterized by TEM and 1H-NMR. Average diameter of AuNPs is
3 nm and butyl signals are present in aliphatic region in NMR (Fig. 3).
3.

EXPERIMENTAL

3.1.

Triphenylphosphine-stabilized AuNPs

Procedure according to Hutchison et al.(3) started from 750 mg of HAuCl4 . 3 H2O yielded 273 mg of
triphenylphosphine-stabilized AuNPs.
3.2.

Dodecanthiolated AuNPs

The procedure for preparation of dodecanthiolated AuNPs was adapted from literature. [4] Briefly: A mixture
of triphenylphosphine-stabilized AuNPs (10 mg) and octadecanethiol (11 µl, 45 μmol) dissolved in CHCl3 (30
mL) was stirred for 24 h at 55 °C. After removal of the solvent, the crude product was dissolved in i-PrOH and
purified by gel chromatography on Sephadex LH-20 with i-PrOH as eluent.
3.3.

Butylated AuNPs

The procedure for preparation of butylated AuNPs was adapted from literature. [4] Briefly: A mixture of
triphenylphosphine-stabilized AuNPs (10 mg) and dibutyltin ditosylate (26 mg, 45 μmol) dissolved in toluene
(30 mL) was stirred for 24 h at 55 °C. After removal of the solvent, the crude product was dissolved in i-PrOH
and purified by gel chromatography on Sephadex LH-20 with i-PrOH as eluent.
4.

CONCLUSION

Triphenylphosphine-stabilized gold nanoparticles were prepared and ligand exchange to butyl group was
achieved by reaction with dibutyltin ditosylate. The modified nanoparticles are expected to be more stable than
the thiolated ones thus providing broader field of use in the catalysis of chemical reactions.
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Abstract
This research paper describes a feasibility study regarding the use of inkjet printing for designing a flexible
microstrip antenna. Our prototype antenna is printed, using a specially prepared ink based on silver
nanoparticles with diameter ranging from 50 to 200 nm, on a plastic substrate PET (Polyethylene
terephthalate). Nanoparticles and flexible PET substrate are used to achieve very advanced parameters in
four frequency bands of 1.4 GHz, 3.1 GHz, 5.1 GHz and 6 GHz. These properties could be confirmed in our
measurements.
Multiband antennas of this type may find use in many portable devices like cell phones, where it would be
possible to implement the antenna on the cover in the form of printing, thus yielding important benefits with
respect to size and weight. The inkjet printing technology onto flexible polymer substrates serves another wide
range of applications, namely those with high demands on flexibility, like for instance wearable technologies.
Keywords: Antenna, inkjet print, PET substrate, nanoparticles

1.

INTRODUCTION

Virtually all contemporary portable electronic devices communicate with their environment using passive
antennas.
This communication may be directed to a user or to exchange information among devices, in case of M2M
(Machine to Machine) communication. As a consequence, these so-called passive antennas are widely used
and we encounter them in mobile phones, tablets, radios, laptops, GPS devices, and even inside wireless
sensors.
In principle, passive antennas can be made from a variety of materials. Obviously, a key requirement on the
material is good electrical conductivity. Traditionally rigid materials were used for antennas, but recently flexible
materials have attracted much attention, as these have several practical advantages. Currently so-called
micro-strip antennas are used, built from metallic materials like copper foils, or copper and silver sheets; atop
various substrates such as FR-4 or ceramic [1-5]. Different types of antenna, such as those using a meander
stainless steel construction combined with plastic cover, may be found as well. Clearly, the choice of the
conductive material has a decisive influence on the electrical antenna parameters. Currently used materials
achieve very useful parameters in this respect, but antennas pre-fabricated from these materials are very
complicated to embed into a polymer substrate [6].
The aim of the research presented in this paper is to explore novel ways of manufacturing antennas that better
lend themselves for integration on a flexible carrier.
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EXPERIMENTAL STUDY

Our approach was to create an antenna by means of an inkjet printer, specifically we chose a Dimatix DMP
2800, using a specially prepared conductive ink based on concentrated stabilized silver nanoparticles. The
dispersion was synthesized using a solvothermal precipitation method. In order to remove any organic
residuals from the synthesis process, the silver nanoparticles were washed by ethanol and stored in a stable
dispersion solution. Micrographs using scanning electron microscopy (FEI Nova NanoSEM 450) showed
spherical or polyhedral particles with and diameter span of 20-200 nm (Fig. 1). The next step was the
preparation of the silver nanoparticles layer. Nanoparticles were dispersed in deionized water using ultrasound
homogenizer UZ Sonoplus HD 2070. To achieve good dispersion of the nanoparticles, 0.1 ml of a dispersion
stabilizer solution was added to 10 ml of dispersion fluid, and then 25 % of nanoparticles were added to the
prepared dispersion solution. A cartridge type DMP 2800 was filled using the prepared ink. After the printing
process the antenna was dried in a vacuum oven at 120 °C for 20 minutes. In this way an antenna was
successfully produced on the PET substrate.
3.

RESULTS AND DISCUSSION

The silver printed part of the antenna was connected by means of electrically conductive silver paste with a
semi-rigid coaxial cable with an impedance of 50 Ω. This semi-rigid coaxial cable has a gold-plated micro SMA
connector. The joint in the layer of silver nanoparticles is connected by means of the electrically conductive
silver paste. Primarily, the main task of the silver paste is to minimize signal loss during transmission between
the coaxial line and the actual microstrip antenna. This method of jointing was chosen because PET substrates
do not allow tin soldering; the method proved to be efficient, quick and perfectly acceptable for experimental
measurements.
The measurements of the antenna were performed using the R&S spectrum analyzer in anechoic chamber
(Fig. 2) capable of measuring within a bandwidth of 9 kHz to 7 GHz. For our experimental measurements this
range is sufficient. The following graph depicts the performance of the measured antenna. The graph in (Fig. 4)
represents the S11 parameter. The impedance of the printed antenna had been matched for frequencies of
1.4 GHz, (-3.55 dB), 3.1 GHz, (-6.89 dB), 5.1 GHz, (-21.2 dB) and 6 GHz, (-6.94 dB). The measured
parameters show that the antenna indeed operates in multiple frequency bands so that it is justifiably called a
multi-band antenna. Due to the involved tolerances the performance of the antenna could not be predicted
prior to the printing; the precise values were determined during the actual testing phase. There are many
parameters that can greatly affect the efficiency of the antenna. For example, the homogeneity of the printed
layer has a great impact on the quality of the resulting microstrip antenna [7]. On average, achieving a very
compact thin layer by means of inkjet printing is rather difficult. This issue can be reduced by thorough
preparation of the electrically conductive ink so that the particles used create the best possible homogeneous
structure as can be seen in microscopic images by SEM (Fig. 1). The size of the PET substrate is 5 x 4 cm
(Fig. 3), while the total weight of the antenna is 0.52475 g.
Low weight (0.52475 g) of the flexible silver antenna is a very important factor for the portable devices and
also for wearable electronics. However, this inkjet print method can be applied for price tags on the RFID base
as well, since similar antennas are in use there. Currently, the main limitation for a large-scale application of
our method is the quite high price of the silver inkjet, as described above.
In the future the technology of inkjet printing of the antenna will be applied to integrate antennas in flexible
portable displays. On the back side of the display (in this case the display will also serve as the substrate)
there will be enough space to print, with the inkjet print technology using silver nanoparticles, more than one
antenna for the next generation mobile networks. This may turn out very useful, as more antennas will be
required in future communication technologies such as MIMO 4x4. In these cases it will be extremely
advantageous if the weight of the antennas can be reduced merely to the weight of the silver ink.
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Fig. 1 SEM microscopy of the silver ink structure on the PET substrate. (a) detail (scale of 5 µm) (b)
overview (scale of 20 µm)

Fig. 2 Measurement of the antenna’s parameters in an anechoic chamber

(a)

(b)

Fig. 3 (a) A picture of the antenna made using the inkjet print technology (b) dimensions of the produced
antenna in mm
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Fig. 4 S11 impedance of the proposed printed flexible multiband antenna
4.

CONCLUSION

The aim of this research was to test the functionality of silver ink based on silver nanoparticles for the
construction of a passive microstrip antenna. The measurements on our experimental prototype of such an
antenna proved that this technology can indeed be used for the preparation of a multiband antenna operating
in the bandwidth of frequencies 1.4 GHz, 3.1 GHz, 5.1 GHz and 6 GHz. Such antennas excel in low weight,
high flexibility and easy integration, and therefore suggest themselves for many embedded applications. One
of these is wearable electronics where antennas need to be integrated into flexible textile materials. Portable
telecommunication devices, such as mobile phones, on the other hand, may benefit from the ability to print the
antenna directly on polymer substrate, where the PET covers belong to, as well. Replacing the currently used
antennas based on copper foils or metallic strips will save space and reduce weight.
Moreover, the required distance between the antennas would be maintained, for instance in MIMO systems
where the distance of λ/2 for end users of communication devices must be observed. The requirement of the
distance of λ/2 among individual antennas puts high demands on the mechanical design of the antenna and
its miniaturization in order to optimize the use of the limited physical space of the device for which the antenna
is to be implemented.
The majority of widespread technologies, e.g. UMTS or LTE, operate at frequencies for which we have shown
the feasibility of producing a customized antenna made of silver nanoparticles.
The next step of our research will be the optimization of the design of the antenna shape to reach the required
frequencies.
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Abstract
The paper describes an influence of rice husk particles as a filler in a common epoxy resin from the point of
view of mechanical properties with the emphasis on the effect of silicon dioxide nanoparticles. The utilised filler
has a diameter ranging from 1 to 100 micron. Rice husk particles are a natural composite system composed
from organic matrix (cellulose, hemicellulose, lignin) reinforced with amorphous silicon dioxide nanoparticles.
This typical composition provides specific parameters of rice husks like strength, hardness and mechanical
barrier to the surrounding environment. The optimised composition of the designed composite system was 10
g of rice husk particles added to 1 kg of epoxy resin ChS - Epoxy 520. Rice husk particles in an epoxy resin
composite system express an excellent adhesion. The system was evaluated from the point of view
parameters like strength, Young modulus, hardness and density. All these parameters show analogous value
of the parameters like unfilled epoxy resin. The coefficient of friction shows lower value in case of optimised
composition (1 phr) in compare to unfilled epoxy resin. The wear rate (the weight loss of the samples) after
adding the filler was increased at 75%. Optimised sample composition was tested for water absorption that
was same as in unfilled epoxy resin although the organic particles were present in this epoxy system. The
wear rate was positively influenced by the presence of a rice husk filler in a case when other fillers like pigments
were added to an epoxy matrix. The described system has a potential to be used in the building industry.
Keywords: Composite, rice husk particles, epoxy resin matrix, silicon dioxide nanoparticles
1.

INTRODUCTION

Synthetic resins are among materials widely used for impregnation, casting and gluing and in flooring in the
construction industry. Some of the most common fillers in this polymer field are inorganic-powder-based
particle fillers aimed at decreasing the cost of polymer systems. Unlike thermoplastic polymers, reactoplastics
are not generally filled by natural fibrous fillers such as coconut, bamboo and flax fibres. The use of natural
particle fillers is usually also intended to save on the polymer matter.
Until recently, rice husks have been overlooked as a material. Their current use is associated with the socalled 3R effect - reducing, reusing, and recycling [1]. Not only are rice husks one of the largest agricultural
wastes, globally amounting to approximately 680 million tons per year, but they also posses huge material
potential related to the presence of biogenic silicon dioxide nanoparticles in amorphous form. Silicon dioxide
nanoparticles, created within the plant as a result of a range of biochemical processes and photosynthesis and
owing to the presence of orthosilic acid, are firmly connected to the organic matrix based on cellulose,
hemicellulose, lignin, pectin and other substances. Silicon dioxide is excreted by the plant primarily onto the
husk surface and provides the plant with many advantages such as reinforcement and barrier functions. The
size of nanoparticles detected within the plant is around 20 nanometres [2, 3].
Particles of rice husks, suitably milled and integrated into polymers, may therefore represent an interesting
kind of natural filler which is not going deteriorate the original properties of epoxy resin while providing it with
new ones to increase its usability in specific fields as well as traditional commercial areas [4, 5, 6].
2.

EXPERIMENTAL PART

2.1

Materials

The particle filler used were milled rice husks of Asian rice (Oryza sativa) imported from the Khánh Hóa region
in Vietnam. The husks have a characteristically high content of silicon dioxide. The size of particles after milling
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was between 1 and 100 μm, with the particle filler sieved after milling to the required size [4, 5]. A ChS Epoxy
520 epoxy resin (a low-molecular epoxy resin prepared by a reaction between Bisphenol A and Epichlorohydrin
without modifying components) hardened by the hardener P11 (Diethylenetriamine) in a mass ratio of 100:11
as specified by the manufacturer DCH - Sincolor, a.s. was used to form a polymer matrix. This resin is used in
many branches of industry for impregnation, moulding, casting and gluing and is also suitable for producing
cements, adhesives and screed materials [7].
2.2

Methods

The characterization of the input material - rice husks - in terms of describing their surface and chemical
composition and localizing silicon dioxide was conducted using a Carl Zeiss Ultra Plus scanning electron
microscope with EDX analysis, and the same technique was used to evaluate the size of the particles and
assess adhesion between filler particles and the epoxy matrix. Before microscopic analysis, a thin coat of
platinum was vapour-deposited onto the specimens. The filler particles were acquired by milling rice husks
without prior treatment in a CryoMill Retsch nanomill [4]. The compound (epoxy - rice husk particles) was
homogenized after adding the P11 hardener for between 2 and 3 minutes at 40-60 rpm. The compound was
subsequently left to harden for 48 hours at regular laboratory temperature and a relative humidity of 50 to 60%.
All tests were conducted on hardened specimens after 10 days.
The following tests were selected to determine the value of chosen mechanical parameters: a tensile and
compression test (testing instrument P 100 - LabTest II, temperature 23 ± 2 °C, relative humidity approx 60%),
a Shore D/15 hardness test, a Charpy impact test - the values determined at standard temperature 23 ± 2 °C,
relative humidity approx. 60%, an absorptivity test and the determination of density using the immersion
method. The coefficient of friction was evaluated in a CSM ball-on-disc tribometer, with a 100Cr6 steel ball, at
a load of 15 N with 20,000 friction cycles at a linear speed of 0.1 m/s under standard laboratory conditions.
The wear rate of specimens tested was determined via a tribological measuring method as a specimen’s
weight loss after 20,000 cycles. The optimum amount of filler was determined based on the above tribological
and wear-rate measurements. Specimens of three selected systems - an unfilled epoxy resin as a standard
material, an epoxy resin with 1 phr of filler as a material of optimum composition, and an epoxy resin with 10
phr of filler as an overfilled system for comparison - were used for all subsequent measurements.
2.3

Results and discussion

The microscopic and chemical analysis of rice husks showed that silicon dioxide is present predominantly on
the surface of husks. The structure and chemical composition, i.e. the presence of silicon dioxide, of the surface
are clearly visible in Figs. 1 and 2.

Fig. 1 SEM image of the rice husk surface (A), cross section of rice husk (B)
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Fig. 2 EDX analysis showing the distribution of elements typical of the composition and structure of rice
husks: carbon, oxygen, silicon
Milled particles used as filler thus contain parts of both organic and inorganic nature. The size of particles
obtained through milling in the nanomill is between 1 and 100 micrometres, with the content of silicon being
around 12 wt%. The shape of the particles is irregular [4, 5]. Previous experiments showed that the presence
of filler particles significantly affects resistance to wear determined by tribological measurements. The
explanation for this resistance is that the inorganic phase represented by silicon dioxide acts as a hard particle
contributing to a reduced coefficient of friction and increased resistance to wear. In comparison, the organic
parts formed by cellulose, hemicellulose and lignin which firmly bind silicon dioxide together are soft and have
no effect on mechanical parameters. The explanation for the behaviour of this filler is in keeping with the
interpretation of the influence of hard particles in polymers - they transfer part of the load, thus protecting the
soft polymer against wear. The adhesion of filler particles to the epoxy resin is good and so is the homogeneity
of their distribution within the epoxy resin [6, 8, 9]. For testing mechanical parameters were selected three
systems - of a non-filled epoxy resin, an epoxy resin filled optimally for achieving wear resistance and an epoxy
resin overfilled with the filler. These three systems selected from a wide range of epoxy filling options are
intended to provide evidence of the influence of the amount of filler - none, optimal, excessive - in terms of
achieving wear resistance parameters. Fig. 3 shows the tribological behaviour and wear resistance of tested
samples.

Fig. 3 Graph showing the relationship between: (A) the coefficient of friction and the amount of filler under
the conditions specified above, (B) the amount of filler and its influence on wear rate
Due to the influence of filler particles on increased wear resistance additional information needs to be provided
with regard to their effect on mechanical parameters and also the behaviour of the system in the presence of
water. The tensile and compression strength tests show the typical behaviour of the particle filler. When the
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tensile strength limit was evaluated with respect to the presence of a certain amount of filler, this limit was
found to be significantly lower - see Fig. 4A - while the limit of compression strength was reduced slightly see Fig. 4B. The tensile strength test results in a slight increase in the modulus of elasticity while the
compression strength test slightly reduces it. These differences do not need to be considered as significant in
terms of material properties. Although the filler particles used have good adhesion to epoxy resin, mechanical
parameters do not increase remarkably because the filler have not the reinforcing character.

Fig. 4 Graph showing the relationship between: (A) the tensile strength limit and the amount of filler, (B) the
compression strength limit and the amount of filler
The Shore D/15 hardness values of the systems analysed do not significantly differ - see Fig. 5A, not even in
the case when dry specimens were compared to ones directly exposed to water - see Fig. 5B.

Fig. 5 Relationship between the hardness of: dry specimens (A), soaked specimens (B)
The density of the composite system with required optimum wear resistance properties increases very slightly
- see Fig. 6A. However, the impact toughness behaviour changes significantly. The filled systems show
remarkably reduced values - see Fig. 6B. The influence on this reduction in impact toughness is due to the
presence of filler particles which might act as tension concentrators in this case.
With regard to water absorption by the composite system with a particle filler both the optimized composition
and unfilled resin have the same properties. The absorption rate is high when filler rates increase to values
such as 10 phr - see Fig. 7A. The desorption graph clearly shows that water was not completely removed from
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the system after the specified period of measurement of 6 days (144 hours), neither in the case of the unfilled
resin nor in the optimally filled one - see Fig. 7B.

Fig. 6 Graph showing the relationship between: (A) the density of each specimen and the amount of filler,
(B) impact toughness determined using the CHARPY method and the amount of filler

Fig. 7 Relationship between amount of absorbed (A), amount of desorbed (B) water in time for each
specimen with various amounts of filler

Fig. 8 Influence of pigments on the coefficient of friction in a composite system (A), influence of filler and
pigments onto wear resistance (B)
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The use of pigments in epoxy resin leads to a slight increase in the coefficient of friction and reduced wear
resistance - see Fig. 8. Adding a rice husk filler to the epoxy resin with pigment, on the other hand, increases
wear resistance - see Fig. 8B. These results were obtained by adding 1 phr of pigment - aluminium bronze
and titanium white and a subsequent addition of 1 phr of particles from milled rice husks to the epoxy resin.
3.

CONCLUSION

On the basis of the obtained results it was determined that milled rice husk particles between 1 and 100
micrometres in size containing 12 wt% of silicon added to a ChS Epoxy 520 epoxy resin in the amount of 1
phr (1 gram of filler + 100 grams of resin) result in a reduction in the coefficient of friction by approximately
10% and an increase wear resistance by 75%. The overall comparison of the selected mechanical parameters,
the coefficient of friction and an increase in wear resistance clearly shows that the content of filler optimized in
terms of wear resistance does not lead to significant changes in mechanical parameters with the exception of
reduced tensile strength and impact toughness. Particles from milled rice husks behave as a non-reinforcing
filler and, in the case of impact toughness, the concentrators of tension. Water absorption in the system with
1 phr of filler was the same as in the unfilled epoxy resin. The filler does not significantly alter the mechanical
parameters designed by the producer of the resin while increased wear resistance appears as a new property
as a result of the presence of silicon dioxide nanoparticles stored in the organic matrix of rice husks that have
good adhesion to the epoxy matrix. The presence of particles of milled rice husks has a positive influence of
increased wear resistance even when another phase in the form of selected pigments was present.
ACKNOWLEDGEMENTS
The paper was supported in part by the project OP VaVpI „Innovative products and environmental
technologies“, registration number CZ.1.05/3.1.00/14.0306. The results of this project LO1201 were
obtained through the financial support of the Ministry of Education, Youth and Sports in the
framework of the targeted support of the "National Programme for Sustainability I" and the OPR&DI
project Centre for Nanomaterials, Advanced Technologies and Innovation CZ.1.05/2.1.00/01.0005.“
Authors would like to express thanks to Mr. Luňák for his help with the mechanical testing.
REFERENCES
[1]

YAFEI SHEN, PEITAO ZHAO, QINFU SHAO. Porous silica and carbon derived materials from rice husk pyrolysis
char. Microporous and Mesoporous Materials, Vol. 188, 2014, pp. 46-76.

[2]

CURIE, H. A., PERRY, C. C. Silica in Plants: Biological, Biochemical and Chemical Studies. Ann Bot. Vol.12,
2007, pp.1383- 1389.

[3]

FIJALKOWSKI, M ADACH, K., KROISOVÁ, D. Distribution and Characterizatin of Biogenic Silicon Dioxide
Nanoparticles in Equisetum arvense, Equisetum hyemale, Hordeum vulgare and Oryza sativa L. In: SENM´2015
Conference Proceedings, 23th - 25th 2015, Lodz, Poland.

[4]

Patent application PV 2014 - 595 from 2 nd September, 2014.

[5]

Utility model CZ 27491.

[6]

KROISOVÁ, D., ADACH, K., FIJALKOWSKI, M. Natural Organic - Inorganic Material Utilized as a Filler in
Polymer Systems. In: NANOCON Conference Proceedings, 5th - 7th November 2014, Brno, Czech Republic,
Tanger Ltd. ISBN 978-80-87294-53-6.

[7]

Technical and application sheet. ChS Epoxy 520 - DCH - Sincolor a.s..

[8]

ROUT, A., SATAPATHY, A. Analysis of Dry Sliding Wear Behaviour of Rice Husk Filled Epoxy Composites Using
Design of Experiment and ANN. Procedia Engineering, Vol. 38, 2012, pp 1218-1232.

[9]

SINHA, S. K., BRISCOE, B. J. Polymer Tribology. Imperial College Press. London, 2009.

387

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

RARE EARTH ELEMENTS OXIDES NANOPARTICLES FOR IONIZING RADIATION
ATTENUATION
NEVYHOŠTĚNÝ Stanislav, GRÉGR Jan
Technical University of Liberec, Liberec, Czech Republic, EU

Abstract
Following up on a previous research, the aim of the work is to further investigate the possibility of using rare
earth elements compounds in polymer matrix for ionizing radiation attenuation. Having proven the effectivity,
the focus is primarily on the proper preparation and characterization of the materials and the effect on the
stability of polymer solution and it's suitability for needleless electrospinning. The investigated materials in this
case were the oxides of lanthanum, cerium, praseodymium, neodymium, gadolinium, holmium, erbium, thulium
and lutetium. The methods of characterization used were solution conductivity measurement, x-ray
fluorescence analysis, scanning electron microscopy, energy-dispersive x-ray spectroscopy and
sedimentation time measurement in combination with Tyndall's effect.
Keywords: Attenuation, lanthanides, heavy metals, nanomaterial, electrospinning
1.

INTRODUCTION

In our previous research, we have proven the ability of rare earth elements compounds (namely tungstates)
to attenuate ionizing radiation. The measurement of gamma radiation attenuation by composite nanomaterial
composed of polymeric fibrous matrix with incorporated nano and micro particles of inorganic compounds was
done using a ČEZ Gamabeta set with radioactive americium 241 as a source of radiation. We came to
a conclusion, that nanoparticles in the matrix in combination with larger agglomerates have a greater
attenuation capability than bulk material, which does not correspond with Beer-Lambert's law. During our
experiments, we utilized mostly extraordinary materials, not normally used for attenuation purposes.

Fig. 1 Praseodymium tungstate particles in polymeric nanofibers, chemical (left)
and topological (right) contrast
As to material preparation, the particles were first ultrasonically dispersed in the polymer solution while keeping
their concentration at 10 wt%. At this concentration, the inorganic additives did not affect the DC
electrospinning process stability. Successful experiments were also made with higher weight concentrations
of up to 50 wt%. The powders were usually only treated by calcination, which was necessary for the production
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of tungstates. Some were also additionally processed in a cryomill, which resulted in a decrease of mean
particle diameter. In some cases however, a slight increase in particle size was observed. It has been
accounted to stronger agglomeration tendencies of finely milled particles. Overall, the milling showed as
generally beneficial, but not necessary.

Fig. 2 Gamma radiation attenuation by a composite of polymer and heavy metal tungstates
The created materials had even distribution of particles in the material. A quite fast sedimentation and
agglomeration were observed, due to the nature of the fine powders. Viewed under an electron microscope, it
was visible, that apart from large agglomerates (several micrometers in diameter), much smaller particles were
also scattered throughout the structure. Particles of all sizes were securely held in place by the polymer, which
formed a layer on the whole surface of the individual particles. That means users will not come in contact with
loose particles.
Due to the results obtained, we started focusing on rare earth elements oxides and tungstates. Those were
chosen due to the attenuation ability being the function of atomic number, as well as density. Important factor
is also the size of the individual particles in the polymer matrix. Our previous research has shown that because
of the characteristics of nano and micro particles, the aggregation and therefore sedimentation (an undesired
effect, but present also due to the high density) both occur at quite high rate, even in the viscous polymer
solution. We found it however to be no obstacle for the production process - electrospinning from the dispersion
of insoluble particles in polymer solution.
2.

NEW MATERIALS

Because the research has proved the effectivity of combination of traditional attenuation materials like bismuth
and lead with lanthanides, the further investigation is focused on the lanthanides themselves. Compared to
other chemicals, lanthanides are scarcely used with only about 18 000 tons produced annually. About 85 % of
the production is used in manufacturing catalysts and glass. Only a minor part of the production is used for
more perspective areas, such as phosphors and magnets. Lanthanides are almost insoluble and practically
unavailable in the biosphere. They are also not known to form any biological molecules. For these reasons,
the elements and most of their compounds are classified as having low toxicity.
The materials were obtained from Crytur s.r.o. with further origin unknown. Crytur is a manufacturer of
monocrystals for use as i.e. scintillation detectors, detectors for electron microscopy and laser rods. The quality
of material was therefore supposed very high. The materials used were the oxides of rare earth elements
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lanthanum, cerium, praseodymium, neodymium, gadolinium, holmium, erbium, thulium and lutetium. The mass
attenuation coefficients of the compounds are visualized in the plot below. The peaks in the plots fill the area
between 40 and 70 keV energy of gamma/x-ray radiation. While bismuth and lead would cover the attenuation
on higher energies around 100 keV, it is desirable for the lower energies to be covered as well.

Fig. 3 X-Ray Mass attenuation coefficient (according to NIST; for elemental media)
2.1.

Chemical composition

The composition of the materials was further investigated by means of energy dispersive x-ray analysis. The
analysis confirmed the purity of the materials supplied by Crytur s.r.o. Analysis was performed using the Zeiss
ULTRA Plus scanning electron microscope with Oxford Instruments EDS. The results show the heavy metal
and oxygen ration to be as given without traces of other elements. It also indicates these are not hydrates of
any sorts.
The materials were further investigated using x-ray fluorescence analysis (XRF). After the EDS analysis, the
XRF analysis did not provide us with any new information. However, we could observe the spectra change
when irradiating the sample with X-ray in atmospheric conditions, as opposed to EDS in a vacuum chamber.
XRF analysis has usually shown a high content of other elements (usually other lanthanides with higher and
smaller atomic numbers) in our samples, but having the results from EDS already, it was clear those are only
interferences. However, they proved the capability of the powered chemical to disperse the X-ray radiation.
The EDS analysis confirmed the oxides to be La2O3, CeO2, Pr6O11, Nd2O3, Gd2O3, Ho2O3, Er2O3 and Lu2O3.
3.

PHYSICAL PROPERTIES CHARACTERISATION

Along with EDS analysis, the general observation and dimensions measurement were made using a scanning
electron microscope. The measurement has, as expected, shown a significant number of larger agglomerates.
However, it was possible to distinguish the small grains those were composed of. The smallest grains were
usually only several nanometers and were observed in case of cerium, praseodymium, neodymium,
gadolinium and erbium, for which the grain size was under 100 nm. The largest agglomerates for all the
samples were about 10 μm.
While EDS provides good information about the particle dimensions and shapes, it only provides those for dry
environment. For better understanding of how the powders will react in aqueous environment, a special
apparatus has been constructed. This device consisted of 1 m long glass tube with an inner diameter of 8 mm.
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On one end of the tube is a piece of a rubber hose, compressed with a pusher. Basically, this apparatus was
a large capacity burette without the volume scale. Dispersions of particles were prepared by ultrasonically
dispersing 2 g of the sample powders in 100 ml of distilled water for 1 minute. These dispersions were then
transferred into the apparatus and were left to settle. The velocity of particles during the sedimentation was
calculated using Stokes law for sedimentation.
B-C98DEF G-EHIJHK L×N×4 ;

(1)

O×P

Using the formula (1), the time for particles of various sizes and densities to settle was calculated. Using the
calculated values, we then tested the presence of submicron particles in the calculated distance from water
surface in the tube. The tests were performed with a simple, yet informative Tyndall's effect - shining a laser
beam through the dispersion. A LED laser with a wavelength of 405 nm was used to get the maximum amount
of light diffraction in the dispersion. Using this simple method, we were able to confirm the presence of
submicron particles in all the samples and a presence of nanoparticles (under 100 nm) in the majority of
samples, namely in gadolinium, neodymium, praseodymium, erbium, cerium and lutetium oxides.

Fig. 4 Gadolinium oxide particle and grains
Another advantage of using this method was the homogenization of the dispersion. Using a thinner glass tube,
about 15 ml of each sample was extracted from the top portion of the apparatus and transferred into a glass
vial for further measurements, i.e. dimensions measurement using a Zeta-sizer. Also, by loosening the pusher
at the end of the apparatus, it is possible to draw out the desired amount of dispersion containing mainly the
coarser particles and separate those from the finer ones. By evaporation the water, several fractions of the
original sample were obtained. The coarsest one is then processed by grinding to reduce the particle size
before it is added back to the rest of the particles. The middle fraction is fit to be used as is. The finest particles
are mainly suited for analytical purposes, due to a very low yield of the method.
Table 1 shows the specific sedimentation times and velocities for gadolinium oxide particles. Density of the
oxide is 7.41 g/cm3. For lower densities, the sedimentation times are longer, for higher densities they are
shorter. Densities of all the samples were quite high, staring with lanthanum and praseodymium oxides with
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6.5 g/cm3, up to lutetium oxide with its density of 9.42 g/cm3. A similar table was created for each individual
oxide and Tyndall's effect was then investigated in the corresponding section of the sedimentation apparatus.
Table 1 Sedimentation times and velocities for Gd2O3 particles
d

v [m/s]

1m

10 cm

100 µm

3.6E-02

28.08

seconds

2.81

seconds

10 µm

3.6E-04

46.80

minutes

4.68

minutes

1 µm

3.6E-06

78.00

hours

7.80

hours

100 nm

3.6E-08

10.83

months

1.08

months

10 nm

3.6E-10

90.28

years

9.03

years

To be used for our purpose, it is also important to know the solubility of the oxides. Because solubility readily
affects a conductivity of the solution, which affects the stability of the solution for electrospinning, the main
factor in fact needed to be measured was the conductivity of a solution. The measurements were performed
after sonically dispersing the particles, just before the dispersion was transferred into the sedimentation
apparatus, using the Vernier LabQuest 2 with a conductivity probe set to the lowest measurement range. When
measured, the conductivity for distilled water was found to be 5.1 ± 0.1 μS/cm. The values for individual
dispersions ranged from 6.0 ± 0.1 μS/cm for cerium oxide to 11.2 ± 0.1 μS/cm for praseodymium oxide. The
results indicate the solubility of the materials is extremely low to none and therefore would not affect the
conditions of electrospinning. For comparison, the conductivity of similarly prepared sodium chloride solution
would be over 12 000 μS/cm.
4.

CONCLUSION

After investigating the properties of obtained materials, it was concluded these are suited to be used in further
experiments. From previous experience, it was clear what properties should the material posses in order to
provide the functionality and not disturb the manufacturing process. Almost all the samples were found to
contain a small amount of nanoparticles, which provide increased functionality of the resulting composite
material. Powders were found to contain an average amount of larger particles and agglomerates, which are
necessary for the proper functionality of the material. Generally, the methods and criteria mentioned above
should provide the necessary information to mark the material as suitable for use in this specific application.
Ideally, the toxicity of the material should be as low as possible; otherwise the material may pose a threat to
the user and/or the environment.
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NANOPARTICLES BASED ON STAR-SHAPED CARBOXY-TERMINATED POLYLACTIDE
AND CHITOSAN FOR CONTROLLED RELEASE APPLICATIONS
DI MARTINO Antonio, KUCHARCZYK Pavel, SEDLARIK Vladimir
Centre of Polymer Systems, University Institute, Zlin, Czech Republic, EU

Abstract
In this work chitosan based nanoparticles were prepared and modified by a star-shaped carboxy-terminated
polylactide (S-PLA) in order to reduce the doxorubicin burst effect in physiological solution.
S-PLA was prepared by polycondensation reaction using pentetic acid as a core molecule and methansulfonic
acid as catalyst and linked to chitosan backbone through coupling reaction. Afterwards, chitosan-(S-PLA)
modified nanoparticles loaded with doxorubicin were prepared by polyelectrolytes complexation method using
dextran sulphate sodium salt as polyanion.
Results show nanoparticles with diameter in the range 100-200 nm, spherical shape and ζ-potential between
27-35 mV. The presence of (S-PLA) side chain does not influence the encapsulation efficiency of the drug but
strongly reduce the initial burst effect compared with unmodified chitosan.
Keywords: Burst effect, drug delivery, chitosan, polylactide, doxorubicin
1.

INTRODUCTION

The controlled release of bioactive molecules from polymeric nanoparticles has attracted the attention of many
researches in the last years [1]. Different controlled release systems have been prepared to obtain predesigned
release profiles. In many formulations an initial large amount of drug is released immediately upon placement
in the release medium [2]. This phenomena known as “burst effect “ not only cause an initial high level of drug
delivery but also reduce the lifetime of the device. One of the most difficulties related to the burst is that the
intensity is hardly predictable. In some cases burst effect could be a goal, in particular in pulsatile delivery
where loaded molecules can be released rapidly upon changes in environmental conditions such pH,
temperature or ionic strength [3]. Different physical, chemical or processing parameters regarding the carrier
and the loaded drug can cause the initial burst. To prevent it several technologies are available like surface
extractions, coating or modification, but all of them involves additional costly steps which also results in
reduced drug loading or introduction of additional materials [3].
In this work doxorubicin (DOX) was chosen as model drug as widely used in anticancer therapy. To reduce
the initial burst, chitosan (CS) was modified with star-shaped carboxy-terminated polylactide (S-PLA). S-PLA
was prepared by polycondensation reaction using pentetic acid as a core molecule, methansulfonic acid as
catalyst and subsequently linked to CS using EDC as activator [4]. Nanoparticles were prepared by
complexation method using dextran sulfate (DS) as polyanion (CS / DS weight ratio: 2) and characterized in
terms of dimension and ζ-potential by dynamic light scattering (DLS) and morphology by transmission electron
microscopy (TEM) . The effect of the S-PLA side chain on DOX encapsulation and release in physiological
solution at 37 ˚C was analyzed and compared with unmodified CS.
2.

MATERIALS AND METHODS

2.1.

Materials

Low molecular weight chitosan (D.D 75-85%); N-hydroxy-succinimide; doxorubicin hydrochloride 98.0102.0%, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride, commercial grade, N,N-
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diethylformamide 99%, dimethyl sulfoxide in deuterated form (DMSO-d6), pentetic acid (PA) (N,N-Bis(2bis(carboxymethyl)amino]ethyl)glycine, ≥99.5% ), methanesulfonic acid (MSA, ≥95%) and hydrochloric acid
(HCl, 30% for trace analysis) supplied by Sigma Aldrich. The solvents acetone, ethanol, methanol, indicator
phenolphthalein, potassium hydroxide, (all analytical grade) were bought from IPL Lukes, Uhresky Brod, Czech
Republic. Chloroform CHCl3 (HPLC grade) was purchased Chromspec, Brno, Czech Republic. L-lactic acid
(L-LA, 80% water solution), was purchased from Merci s.r.o., Czech Republic, Tetrahydrofuran (HPLC grade)
was purchased from Chromservis, Czech Republic. All chemicals were used as obtained without further
purification.
2.2.

Star shaped carboxy-terminated PLA preparation, characterization and grafted to CS

S-PLA was preparing by polycondensation reaction as reported in a previous work [4]. The concentration of
terminal -COOH groups was determined by titration in dichloromethane with 0.01 M KOH ethanol solution
using phenolphthalein as indicator. The -COOH concentration was obtained according with Eq. 1:
 (a − b )* N 
CCOOH = 

m



(1)

Where a and b are the volume (ml) for titration of sample and blank, respectively, N the normality of KOH
(mol/l) and m the sample weight (g).
Molecular weight of the product was characterized by GPC (Agilent HT-GPC 220) equipped with a dual
detection system (refractive index and viscometric detector).
The copolymer (CS-(S-PLA)) was prepared according with the procedure reported in published work [5].
2.3.

Doxorubicin loaded CS and CS-(S-PLA) nanoparticles preparation, characterization
and release studies

Solutions of CS-(S-PLA) and CS (3 mg/ml) in acetic acid aqueous solution (1% v/v) were separately prepared.
DOX (1 mg/ml; V=1 ml) was dissolved in water and added to 1mg/ml aqueous solution containing DS and
stirred for 3h. Afterwards, the resulting solution was added dropwise to CS and CS-(S-PLA) under vigorous
stirring.
Dynamic light scattering (Nano ZS Malvern) and TEM (JEOL 2O10F) analysis were used to investigate the
dimension, ζ-potential and morphology of the nanoparticles in preparation media.
DOX encapsulation efficiency (EE) was determined by UV-Vis spectrophotometer (Cary 300 Varian) at 480
nm. The amount of drug entrapped was calculated from a calibration curve, obtained by measuring the
absorbance at known concentration. EE was calculated as follows:
 Dt − Df 
EE = 
 × 100
 Dt 

(2)

Dt = Total amount of drug (mg/ml); Df = Amount of drug untrapped (mg/ml).
The effect of S-PLA side chain on DOX release rate was evaluated and compared with unmodified CS in
physiological solution at 37o C. 10 mg of each samples was suspended in 10 ml of media and at predetermined
time intervals, 1ml was withdrawn and replaced with fresh buffer to maintain the total volume. The percentage
of drug released (DR) was detected by UV-Vis spectrophotometer at 480 nm and calculated by the following
equation

 Dt 
DR =   × 100
 D0 

(3)

Where Dt represents the amount of drug released at a time t (mg) and D0 the amount of drug loaded (mg). All
studies were done in triplicate.
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3.

RESULTS

3.1.

S-PLA and CS-(S-PLA) characterization

In Table 1 the values of CCOOH titration and molecular weight of PLA and S-PLA are reported.
Table 1 Characterization of PLA and S-PLA in terms of molecular weight and concentration of carboxylic
groups
COH (mmol/g)

CCOOH (mmol/g)

CCOOH/COH

Mn (g/mol)

Mw (g/mol)

D

PLA

0.346

0.346

1

2900

4700

1.6

S-PLA

0.284

0.979

3.45

1900

4000

2.4

The values reported in Table 1 shown S-PLA CCOOH/COH ratio > 1 due to the higher number of -COOH groups
compared to PLA. Molecular weight (Mw) of both products is comparable while a higher polydispersity (D) is
presented in S-PLA due the reaction with PA.
CS-(S-PLA) characterization was carried out by FTIR-ATR (NICOLET 320 FTIR, ZnSe crystal, 64 scan and
4 cm-1 resolution). The spectra shown two distinctive features which confirmed that reaction occurred; a new
peak at 1636 cm-1 ascribed to amide bond between CS and S-PLA and a more intense at 1407 cm-1 (C-N
stretching).
3.2.

Nanoparticles characterization

In Table 2 dimension and ζ-potential of loaded and unloaded CS and CS-(S-PLA) nanoparticles are reported.
Table 2 Diameter and ζ-potential of CS and CS-(S-PLA) based nanoparticles loaded and unloaded with
DOX in preparation media
Diameter (nm)

ζ-potential (mV)

CS

130 ± 32

+35 ± 0.9

CS-DOX

151 ± 26

+31 ± 0.5

CS-(S-PLA)

162 ± 43

+27 ± 0.7

CS-(S-PLA)-DOX

176 ± 31

+22 ± 0.3

As reported in Table 2 nanoparticles show a diameter in the range 100-200 nm (Table 2) with a slight increase
in dimension after drug loading. ζ-potential of all formulations falls in the range 23-35 mV (Table 1). The
presence of drug slightly decreases the ζ-potential, probably through a shielding effect.

a)

b)

Fig. 1 TEM micrographs of unloaded a) CS and b) CS-(S-PLA) nanoparticles in preparation media
TEM micrographs reported in Fig. 1 show nanoparticles in solution with spherical shape and correspondence
with values for diameter reported in Table 2.
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DOX encapsulation and release studies

DOX was loaded into nanoparticles during the preparation. Generally, the drug carrying capacity of the
nanoparticles is defined in terms of EE. In this case pH 5.5 represents an optimal value for CS and
CS-(S-PLA) dissolution and surface charge. Both systems, CS and CS-(S-PLA), demonstrated EE of 85% and
80%, respectively; meaning that around 200 µg of DOX per mg of carrier was loaded. It indicates that S-PLA
side chain slightly influence the loading with a decrease in EE of only 5%. However, the EE is high and fully
comparable to other polymeric and not nanoparticles systems reported in literature [6-7].

Fig. 2 Release kinetic trend of DOX from CS and CS-(S-PLA) in physiological solution at 37 ˚C
In Fig. 2 DOX release profiles from CS and CS-(S-PLA) are reported. As can be seen in almost two days up
to 80 % of the drug was released from both systems while almost 90% in 50 h from CS and in 120 h from CS(S-PLA). As DOX release from these systems occurs by diffusion following swelling, the presence of the
hydrophobic chains could retard the medium intake in the core system slowing the diffusion of the drug towards
the surface and consequently prolonging the release time. The main effect of S-PLA side chain was more
enhanced in the first 0.5 h and 1 h after contact with the media where the intensity of burst effect was reduced
up to 30% compared with unmodified CS.
4.

CONCLUSIONS

In this study, nanoparticles made by grafting star-shaped carboxy-terminated PLA to CS backbone were
prepared. S-PLA was synthetized by polycondensation and subsequently linked to CS through coupling
reaction between amino group of CS and carboxylic group of PLA. Nanoparticles were obtained by
complexation technique using DS as polyanion. The average size of CS and CS-(S-PLA) nanoparticles felt in
the range 100-200 nm and the ζ-potential between 27-35 mV suggesting good stability in preparation media.
The presence of PLA side chains do not affect the encapsulation efficiency of DOX, which is between 80-85%
corresponding to 200 µg per mg of carrier. In vitro release studies showed a sustained and controlled release
of DOX where up to 90% released in 2 days in CS and in almost 5 days in case of CS-(S-PLA) Additionally,
release profile demonstrated significant reduction of the burst effect in the first 30 minutes in presence of SPLA and a reduction of the release rate in the first 12 h more than 50% compared to unmodified CS.
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Abstract
The present work deals with preparation and subsequent modification of aligned polycaprolactone microfibers
made by new semiautomatic drawing technique. This advanced scaffold for tissue engineering combines 3D
architecture, large surface area-to-volume ratio, alterable conductivity which closely imitates native
extracellular matrix and actively modulating cell functions. New synthetic approach has been chosen for
derivatization of aligned polymer fibers, which lack any surface functional groups for immobilization of
biomolecules, grow factors or specific amino acid sequences. To overcome this drawback the thin conductive
polypyrrole layer was applied on the polycaprolactone fibers by chemical oxidative polymerization from the
solution. Thus, in the one simple synthetic step we can modify original fibers with various functional groups
presented in the β-position of the pyrrole. Our future goal is to functionalize microfibrous surface with
cyclodextrin units using highly efficient copper free click reaction. Finally we gain an aligned microfibrous
scaffold covered by immobilized cyclodextrin macrocycles that allow inclusion of proteins during cell cultivation.
These nonbonding interactions are relatively weak but the cumulative effect makes them efficient in the
complexation of various neutral or ionic molecules. Moreover better environment for cell adhesion and
proliferation is being provided.
Keywords: Polycaprolactone, polypyrrole, tissue engineering, drawing, cyclodextrin

1.

INTRODUCTION

Nanotechnology is a rapidly emerging cross-discipline program that manipulates assorted synthetic and
naturally occurring materials in nanoscale dimensions. Large surface area-to-volume ratio of nanomaterials
enables revolutionary advances in almost every field of research [1]. There is currently a great variety of
nanomaterials available used in many applications. Among them, nanofibers found their use in drug delivery,
biomedical and biotechnological applications, sensors, batteries and tissue engineering.
Nanofibrous scaffolds mimic the nanodimensional features of the native extracellular matrix (ECM), which in
turn directs numerous aspects of cellular organization and survival. ECM has two main components:
polysaccharides and fibrous proteins. As such, nanofibrous constructs have been used extensively as potential
tissue engineering platforms. It is generally hypothesized that a close imitation of the ECM by nanofibers will
provide environmental or physical cues to cells due to features including high surface area-to-volume ratio,
alterable porosity, and three-dimensional architecture.
For specific tissue engineering applications, such as controlling the guidance and alignment of nerve cell
growth, the most common approach is to use aligned electrospun fibers rather than randomly orientated fibers
[2]. Many studies have proved that neurons cultured on aligned electrospun fibers have longer neurite lengths
than those on random fibers [3]. These results are intuitive because topographical cues come from the scaffold
features rather than material chemical properties. Also, enhanced neurite outgrowth has been observed on
aligned conducting nanofibers using external electrical stimulation.
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There are several methods available for the fabrication of aligned nanofibers: electrospinning [4], rotary jet
spinning [5], self-assembly [6], sol-gel methods [7], supersonic drawing [8], melt-drawn protocols [9] and fiber
drawing [10]. The latter process is a technology of mechanical pulling of individual fibers proceeded without
the need of applying an electrical field [11]. Though, the fiber drawing method is capable of making more
precise scaffolds with defined order of fibers. For this purpose the unique “Micromanipulator” device was
recently developed by engineers from our university. This device pulls a single fiber (with a diameter in µm
scale) out of the polymer solution droplet and is able to make individual aligned microfibers (Fig. 1).

Fig. 1 SEM images of polycaprolactone fibers made by drawing (left) and electrospinning technique (right)
2.2.

Polypyrrole synthesis and derivatization

Classically, electrically conducting materials and nanofibrous scaffolds have been studied separately. It was
only recently that electrically conducting nanofibers drew attention as tissue engineering scaffolds [12]. They
contain both nanofibrous features and electrical activity and they are valuable in actively modulating cell
functions. Among the conductive polymers for biological applications, polypyrrole (PPy) is the most thoroughly
investigated one because of its high electrical conductivity, flexible method of preparation, ease of surface
modification, excellent environmental stability, ion exchange capacity, and its ability to support cell adhesion
and growth of a number of different cell types [13].
PPy is generally synthesized by chemical [14] or electrochemical [15] technique. Chemical pathway uses
polymerization from the solution, where monomer, oxidant (e.g. FeCl3, (NH4)2S2O8) and dopant (e.g. ptoluenesulfonic acid (PTSA) or hyaluronic acid) react together in the appropriate molar ratio. The resulting
doped PPy is almost insoluble blue-black powder or thin layer [16].
In order to extend possibilities of tissue engineering on conductive nanofibrous surfaces it is necessary to
modify them with suitable derivatives. In the case of PPy, it is possible to synthesize a pyrrole derivative and
subsequently cover ready-made nanofibers by polymerization of such pyrrole. Substituted PPys are usually
obtained by polymerization of modified monomer unit. Pyrrole needs to be substituted at β-position to preserve
α-position for subsequent polymerization. However, pyrrole is attacked by electrophilic reagents in the most
cases at α-position. This can be avoided by substitution of nitrogen atom with bulky functional group like
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triisopropylsilyl (TIPS) or tosyl (Ts), which is sterically/electronically blocking α-carbons [17-20]. One versatile
option, how to prepare the functionalized PPy, is to synthesize cyclodextrin (CD) modified PPy derivatives.
3.

EXPERIMENTAL PART

Aligned polymer fibers clamped on the PMMA circlet made by drawing technique were coated by conductive
PPy layer of various thicknesses. Reaction conditions (temperature, type of solvent, concentration of reagents,
reaction time) have been optimized to obtain the best modified scaffold for initial cell culturing study. The key
aspect of this functionalization was the appropriate monomer concentration as well as the slow polymerization
rate tuned by methanol / water content, otherwise the clusters have been arisen instead of smooth PPy layer
formation (Fig. 2). Mild oxidizing agents FeCl3 in combination with PTSA as a doping molecule proved to be
an ideal combination. Reaction mixture was stirred at room temperature for 12, 24 and 36 hours (various PPy
thickness), then washing steps using water and methanol took place. Thoroughly PCL / PPy microfibers were
put into vacuum desiccator for several days.

Polypyrrole
coating

Fig. 2. (left) PCL fibers made by drawing technique tailored on the PMMA circlet, (right) SEM images of PCL
fibers coated by PPy layer (a, b) clusters formation (c, d) optimized reaction conditions
Several β-substituted pyrroles have been prepared according published literature [20]. The first step was
protection of aromatic nitrogen using bulky TIPS group, which sterically hinder α-position and directs
electrophilic substitution into the β -position. The reaction of pyrrole (1) was carried out at 0 °C in dry DMF,
sodium hydride was used for deprotonation and then TIPS-Cl was added dropwise. The reaction mixture was
separated between DEE and water, organic phase was washed several times with water, dried over sodium
sulphate and then solvent was evaporated. The final vacuum distillation of residue gave and oily product (2)
with yield over 90 %. Second step was the iodination of N-blocked pyrrole (2) using N-iodosuccinimide as
halogenation agent. The reaction was carried out at -78 °C for 6 h, workup and vacuum distillation yielded
product (3) 73 %. This iodo-pyrrole (3) was undergoing Sonogashira cross-coupling reaction using 5 mol % of
palladium catalyst. Great advantage of this synthetic approach is possibility of selectively removing silyl
functional group at the end of the procedure using fluoride anion as mild deprotecting agent (Fig. 3).
Compound (3) is general the platform for click type reaction which will be discussed in the next section.
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Fig. 3 Synthesis of alkynyl substituted pyrrole for click reaction
4.

RESULTS AND DISCUSSION

The CD-PPy covered nanofibers would open the way for versatile conductive material which can bind on its
surface biomolecules enhancing cell adhesion, proliferation, activity or possessing other desired features.
These nanofibers could be modified by including lipophilic motives of helpful biomolecules into cyclodextrin
cavities without the need of covalent bond attachment (Fig. 4). Such an approach has many advantages,
including better attachment of biomolecules (in comparison with adsorption to plain PPy), easy process of
modifying the surface, and stability of included biomolecules. Prepared CD-PPy coated fibers will be loaded
with various biomolecules occurring in the culture cell medium (DMEM) enriched by fetal bovine serum (FBS)
and antibiotics (penicillin, streptomycin, and amphotericin B). Cyclodextrins immobilized on the PPy surface
will include proteins side chains from the culture medium (e.g. alkyl groups, branched alkyl groups or benzene
rings) into the hydrophobic cavity and provide highly ECM mimicking environment for cell adhesion. The
amount of absorbed biomolecules will be studied by spectroscopic methods and the dependence on
cyclodextrin type as well as type of attachment between CD and pyrrole will be studied. These preliminary
results will serve as a guideline for CD-PPy scaffold design. Such versatile scaffolds will be thus desired by
tissue engineers for above mentioned advantages.

Fig. 4 (i) PCL drawing (ii) polymerization of Py-CD (iii) inclusion of molecules into CD cavity, (iv) cell growing
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CONCLUSION

The fundamental aspect of this research is to create a new and highly sophisticated molecular scaffold for
tissue engineering. To fulfil this scientific intention, four main follow-up procedures will be applied i) nanofiber
drawing optimization; ii) synthesis of functionalized Py and PPy; iii) modifying PPy derivatives covered
nanofibers by inclusion complexes with biomolecules enhancing cell adhesion, proliferation or activity; iv)
testing of cell adhesion and viability on prepared scaffolds. During our ongoing research we have successfully
completed first two steps and we are ready for immobilization CD-units on the pyrrol using Huisgen [3+2]
dipolar cycloaddition reaction. Our research team developed a new method for preparation of aligned PCL
micro/nano fibers, using unique semiautomatic „Micromanipulator“ device. We optimized polymerization
conditions to produce smooth conductive PPy layer on the PCL fibers, moreover biocompatibility, cell
adhesion, proliferation of 3T3 mouse fibroblasts on this combined polymer surface were also evaluated.
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Abstract
Hyaluronan as negatively charged polyelectrolyte can interact with positively charged surfactant micelles via
electrostatic interactions to form core-shell like nanoparticles. These aggregates can solubilize hydrophobic
active substances; therefore, they are potential carriers in drug delivery applications. The aim of this research
was to prepare nanoparticles consisting of hyaluronan and cationic micelles and evaluate strength of
electrostatic interactions between the components.
Interactions of hyaluronan and surfactants in aqueous solution were investigated using turbidimetry method;
stability of nanoparticles was studied using dialysis technique. Turbidimetric titration was chosen as an
indicator of the loss of intensity of transmitted light because of the scattering effect of particles associated from
hyaluronan and surfactant in it.
The results of turbidimetry revealed that aggregates formation depends on hyaluronan concentration while
surfactant concentration (above critical micelle concentration) affects interaction insignificantly. Based on
results, a system for dialysis experiments was selected. Dialysis experiments showed that a part of surfactant
molecules is bound to hyaluronan chain and the rest of molecules diffuse to water through dialysis membrane.
After a lapse of time the concentrations of the retentate and permeate were balanced. The system may be
suitable for the preparation of targeted carriers of biologically active substances.
Keywords: Hyaluronan, surfactant, nanoparticles, turbidimetry, dialysis
1.

INTRODUCTION

Hyaluronan (refers to all physiological forms of hyaluronic acid, the most common of them is sodium salt) is a
polysaccharide found in the extracelular matrix, especially of soft connective tissues. It is a linear polymer built
from repeating disaccharide units of ß(1,4)-N-acetyl-D-glucosamine and ß(1,3)-D-glucuronic acid. Despite the
simple primary structure, hyaluronan has substantial size heterogenity in different tissues. Hyaluronan
molecules have very diverse biological effects depending on the molecule size and spatial arrangement.
Extensive studies on the chemical and physicochemical properties of hyaluronan and its physiological role in
humans, together with its versatile properties, such as its biocompatibility, nonimmunogenicity,
biodegradability, and viscoelasticity, have proved that it is an ideal biomaterial for cosmetic, medical and
pharmaceutical applications [1]. Hyaluronan and hyaluronan derivatives have been developed as topical,
injectable and implantable vehicles for the controlled and localized delivery of biologically active molecules [2].
Hyaluronan has a highly hydrophilic character and large hydration shell; therefore, it cannot be used to carry
nonpolar substances. A combination of hyaluronan with surfactant may be used as a possible variant of
formation of aggregates in which the surfactant enables solubilisation of hydrophobic substances and
hyaluronan serves as biocompatible carrier and targeting agent [3, 4].
Hyaluronan-surfactant interactions and physicochemical properties of this system were studied in several
previous papers [5 - 7]. The aim of our work was to prepare hyaluronan-surfactant nanoparticles and study its
properties and stability using turbidity measurements and dialysis technique.
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MATERIALS AND METHODS

Hyaluronan (as sodium salt of hyaluronic acid; HyA) at molecular weights of 1635 kDa was purchased from
CPN, Ltd., Czech Republic. Cationic surfactant Septonex (Carbethopendeciniumbromide) of the best available
purity was purchased from GBNchem. Stock solutions of hyaluronan and Septonex were prepared in aqueous
solution. All stock solutions were prepared by slow dissolution of powdered substances upon stirring and were
stirred for 24 hours to ensure complete dissolution.
Turbidimetric titrations were carried out by adding hyaluronan solution at different concentration (0.05, 0.1, 0.3,
0.5 and 1 g / l) to the surfactant solutions of Septonex at concentration 3 mmol / l. Turbidity measurements,
reported as absorbance A, were performed at 400 nm using Varian Cary 50 spectrometer equipped with a
1 cm path length fiber optics probe at 24 ± 1 °C.
Hyaluronan-surfactant system for dialysis experiments was formed spontaneously after mixing of components
during 24 hours of stirring. Final hyaluronan concentration in these systems was 0.1 g / l and final
concentration of surfactant was 3 mmol / l. Samples were transferred into dialysis membrane D-TubeTM
Dialyzer Mega from Merck (MWCO 3.5 kDa). The membrane with the sample was immersed into pure Mili-Q
water and left at laboratory temperature for 48 hours. After 24 h and 48 h the 3 ml of the sample was taken
from dialysis membrane and from aqueous solution outside of membrane. Surfactant concentrations inside
and outside of the dialysis membrane were analysed using a method modified from Mahrous et al. [8].
3.

RESULTS AND DISCUSSION

3.1.

Turbidimetry

First, effect of hyaluronan concentration was studied because of selection of enable system for dialysis
experiments. Turbidimetric titration was chosen as an indicator of the loss of intensity of transmitted light due
to the scattering effect of particles associated from hyaluronan and surfactant inside. During the titration
experiments surfactant concentration decreases while hyaluronan concentration increases and a process of
interactions of component can be study.
In Fig. 1 are shown results of
turbidimetric titration experiments.
Results revealed that aggregates
formation
(turbidity
increasing)
depends
on
hyaluronan
concentration. In the case of
hyaluronan concentration 0.05 and
0.1 g / l no significant increase of
turbidity was observed. Hyaluronan
concentration is insufficient for
nanoparticles
formation.
If
hyaluronan of concentration 0.3 g / l
(or higher) is used as titrant, solution
turbidity slightly increases after a
small addition of hyaluronan to
surfactant.
This
indicates
a
nanoparticle formation in the system.
In the beginning, system is clear or
slightly opalescent. It becomes turbid
with
increasing
hyaluronan
concentration and a phase separation

Fig. 1 Turbidimetric titration results for the system with initial
surfactant concentration of 3 mM and concentration of hyaluronan
titrant 0.05, 0.1, 0.3, 0.5 and 1 g / l
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occurs after a critical combination of component charges in the system.
3.2.

Dialysis

On the basis of turbidimetric measurements, system for dialysis experiments was selected. System consists
of hyaluronan at concentration 0.3 g / l and surfactant at concentration 3 mmol / l. This surfactant
concentration ensures that a micelle aggregates are presented in the systems. Critical micelle concentration
of Septonex is reported as 0.80 ± 0.01 mmol / l [9].
In Fig. 2 is shown surfactant concentration determined by Mahrous method inside or outside dialysis
membrane after 24 h and in Fig. 3 after 48 h. Surfactant concentration in a blank sample (i.e. pure surfactant
without hyaluronan) is shown in figures for comparison with the system with hyaluronan.
In Fig. 2 we can see that after 24 h surfactant concentration inside membrane is still higher than outside of
membrane. This indicates that hyaluronan and surfactant create aggregates which are resisted to prompt
disintegration after dilution of the system. For comparison is shown that surfactant concentration is balanced
on the both sides of the membrane in blank sample after 24 h. Therefore we can declare that hyaluronan keeps
surfactant micelles inside the membrane.

Fig. 2 Surfactant concentrations in and outside of dialysis membrane after 24 h

Fig. 3 Surfactant concentrations in and outside of dialysis membrane after 48 h
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In Fig. 3 is shown the situation after 48 h. It is seems that surfactant concentration is almost balanced inside
and outside of the membrane but is slightly higher than concentration in blank sample. This suggests that a
balance establishing is very complicated process in the presence of hyaluronan in the system, and depends
on all ions in the system. There is a different composition in permeate and in retentate probably because of
holding of some component on the surface of dialysis membrane and different permeation rates of constituent.
In consideration of obtained data, hyaluronan and surfactant create aggregates due to electrostatic
interactions. These aggregates are not invariable but permanently reorganization occurs in the system. It was
found that surfactant molecules are bound on hyaluronan by sufficient forces which resist prompt disintegration
in molecules at least for 48 h. During this time hyaluronan slowly release surfactant molecules.
4.

CONCLUSIONS

Turbidimetric titration and dialysis experiments provide information about hyaluronan-surfactant aggregates
formation and about its stability. It was found that aggregates formation depends rather on hyaluronan
concentration than surfactant concentration if it is above critical micelle concentration. Hyaluronan-surfactant
aggregates are sufficiently stable at least for 48 h and that slow release of surfactant molecules occurs.
ACKNOWLEDGEMENTS
This work is supported by project Materials Research Centre at FCH BUT- Sustainability and
Development, REG LO1211, with financial support from National Programme for Sustainability I
(Ministry of Education, Youth and Sports).
REFERENCES
[1]

LIAO, Yong-Hong, Stuart A. JONES, Ben FORBES, Gary P. MARTIN a Marc B. BROWN. Hyaluronan: Pharmaceutical
Characterization and Drug Delivery. Drug Delivery. 2015, 12(6): 327-342. DOI: 10.1080/10717540590952555. ISSN
1071-7544.

[2]

LARSEN, Nancy E. a Endre A. BALAZS. Drug delivery systems using hyaluronan and its derivatives. Advanced Drug
Delivery Reviews. 1991, 7(2): 279-293. DOI: 10.1016/0169-409X(91)90007-Y. ISSN 0169409x.

[3]

OYARZUN-AMPUERO, Felipe A., Gustavo R. RIVERA-RODRÍGUEZ, Maria J. ALONSO a Dolores TORRES.
Hyaluronan nanocapsules as a new vehicle for intracellular drug delivery. European Journal of Pharmaceutical
Sciences. 2013, 49(4): 483-490. DOI: 10.1016/j.ejps.2013.05.008. ISSN 09280987.

[4]

SAUEROVÁ, Pavla, Martina VERDÁNOVÁ, Filip MRAVEC, Tereza PILGROVÁ, Tereza VENEROVÁ, Marie HUBÁLEK
KALBÁČOVÁ a Miloslav PEKAŘ. Hyaluronic acid as a modulator of the cytotoxic effects of cationic surfactants. Colloids
and Surfaces A: Physicochemical and Engineering Aspects. 2015, 483(1): 155-161. DOI:
10.1016/j.colsurfa.2015.06.058. ISSN 09277757.

[5]

XU, Jing, Huiyu BAI, Chenglin YI, Jing LUO, Cheng YANG, Wenshui XIA a Xiaoya LIU. Self-assembly behavior between
native hyaluronan and styrylpyridinium in aqueous solution. Carbohydrate Polymers. 2011, 86(2): 678-683. DOI:
10.1016/j.carbpol.2011.05.006. ISSN 01448617.

[6]

DASGUPTA, Satwati, Ranendu Kumar NATH, Kaushik MANNA, Ashish MITRA a Amiya Kumar PANDA. PhysicoChemical Studies on the Interaction of Bacterial Polysaccharide- Surfactant Aggregates with Special Reference to their
Hydrodynamic Behavior. Journal of Oleo Science. 2014, 63(10): 1063-1075. DOI: 10.5650/jos.ess14080. ISSN 13458957.

[7]

LINDMAN, Björn, Filipe ANTUNES, Saule AIDAROVA, Maria MIGUEL a Tommy NYLANDER. Polyelectrolyte-surfactant
association-from fundamentals to applications. Colloid Journal. 2014, 76(5): 585-594. DOI:
10.1134/S1061933X14050111. ISSN 1061-933x.

[8]

WURSTER, Dale Eric a Pornpen WERAWATGANONE. Influence of the polymer-micelle interaction on micelle-substrate
binding. Journal of Pharmaceutical Sciences. 2010, 99(3): 1440-1451. DOI: 10.1002/jps.21889. ISSN 00223549.

[9]

VOJTEKOVÁ, Mária, František KOPECKÝ, Olga GREKSÁKOVÁ a Jarmila OREMUSOVÁ. Effect of Addition of KX Type
Electrolytes and Temperature on the Critical Micellar Concentrations of 1-Cetylpyridinium and Carbethopendecinium
Bromides. Collection of Czechoslovak Chemical Communications. 1994, 59(1): 99-105. DOI: 10.1135/cccc19940099.
ISSN 0010-0765.

407

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU
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CONTAINING HYDROPHOBIC NANODOMAINS DURING FOURTEEN DAYS OF AGEING
HOLÍNKOVÁ Petra, MRAVEC Filip, PEKAŘ Miloslav
Brno University of Technology, Faculty of Chemistry, Institute of Physical and Applied Chemistry, Brno,
Czech Republic, EU, xcucekajova@fch.vutbr.cz
Abstract
This paper deals with the fluorescence study of microviscosity changes of hydrogel composed by hyaluronan
and cationic surfactant cetyltrimethylammonium bromide (CTAB) during fortnight-ageing. The steady state
anisotropy values obtained in the experiments were used to estimate the microviscosity of the corresponding
hydrogel regions. Two different fluorescent probes were used, perylene for hydrophobic domains and
rhodamine 6G for hydrophilic region. It is observed that the microviscosity in the hydrophobic domains of
hydrogel is roughly constant, indicating that these domains do not undergo significant structural changes
during ageing. However, the microviscosity of hydrophilic parts gradually decreases, which indicates structural
changes in the nearby area of rhodamine molecules.
Keywords: Fluorescence anisotropy, microviscosity, hyaluronan, CTAB, hydrogels
1.

INTRODUCTION

The hydrogel is three-dimensional cross-linked networks of any water soluble polymer, which comprises a
wide range of chemical compositions and bulk physical properties [1]. Their structure is able to absorb large
amount of water which makes them permeable to oxygen, nutrients and other water-soluble metabolites [2].
Hydrogels can be formulated in a variety of physical forms like nanoparticles or films, therefore hydrogels are
commonly used in experimental medicine and clinical practise. For example, hydrogels can be used in
regenerative medicine [3], for tissue engineering [4-5] or like a drug or cancer carrier [6].
The hydrogels could degrade or eventually disintegrate and dissolve or they may be chemically stable. They
are called ‘reversible’, or ‘physical’ gels when theirs networks are held together by molecular entanglements,
or secondary forces like ionic and hydrophobic forces or H-bonding [7-8].
We prepared the hydrogel which was composed of hyaluronan and cationic surfactant
cetyltrimethylammonium bromide, wherein the molecules of surfactant provide physical crosslinking of
hyaluronan chains and create the hydrophobic nanodomains, in which the hydrophobic drugs can be
solubilized. Hyaluronan is a naturally occurring linear polysaccharide that is composed of two subunits,
D-glucuronate and N-acetyl-D-glucosamine linked by β(1-3) and β(1-4) bonds which are connected to
unbranched chain [9]. This substance is commonly in the connective tissues of vertebrates from an umbilical
cord, vitreous to the synovial fluid in the joints [10]. As a component of the extracellular matrix, hyaluronan
plays an important role in the migration and proliferation of cells and the immune response of the organism,
facilitates wound healing and acts as a lubricant and shock absorber in the synovial fluid. Its specific biological
activity is influenced by its molecular weight, length and circumstances in which it is synthesized [11].
In this paper, we report the results of study of fluorescence anisotropy of perylene and rhodamine 6G
solubilized in different regions of this hydrogel. Experimental data are used to estimate microviscosity around
the probes during fourteen days of ageing.
2.

MAIN TEXT

2.1.

Materials, preparation of samples

Hyaluronan of high molecular weight (750-1000 kDa) was purchased from Contipro Biotech s. r. o., Czech
Republic. Cationic surfactant cetyltrimethylammonium bromide (CTAB) of the best available purity was
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purchased from Sigma-Aldrich and used as received. Fluorescence probes, perylene and rhodamine 6G were
also used without further purification. Stock solution of hyaluronan in 0.15 M NaCl was prepared in
concentration 5.0 g∙l-1 by slowly adding solid hyaluronan into solution of sodium chloride under stirring, followed
by 24 h stirring in closed vessel to ensure complete dissolution. Stock solution of CTAB in 0.15 M NaCl was
prepared in concentration 200 mmol∙l-1. Stock solutions of fluorescence probes were prepared in
a volatile solvent - perylene was dissolved in acetone and rhodamine 6G was blended in ethanol. Water used
to prepare all solutions was doubly destilled (Millipore).
Gelation was carried out in glass tubes, at first, the stock solution of perylene/rhodamine was added to the
tubes and then the acetone/ethanol was evaporated. The final concentration of this probe in samples was
1 × 10-6 mol∙l-1. Then a certain amount of solutions of CTAB were added to these tubes and mixed on vortex
mixer. Then the samples were left on a shaker for 24 hours at room temperature. Next day, the same amount
of solution of hyaluronan as solution of CTAB was added to tubes, samples were again mixed on a vortex
mixer and left for a further 24 hours on a shaker at room temperature. Individual samples were blended three
times. The fluorescence spectra, lifetime and steady-state anisotropy of fluorescence were measured after 1,
7 and 14 days after preparation of these samples, wherein they were stored complete with the supernatant at
room temperature in the dark.
2.2.

Instrumentation

The steady-state measurements of anisotropy were carried out on a luminescence spectrophotometer
Fluorolog (HORIBA Jobin Yvon) with 150-W xenon lamp as the excitation. Measurements were realized in
L-format instrumental configuration and an automatic interchangeable wheel with Glan-Thompson polarizers.
The value of fluorescence anisotropy was determined as

r=

IV − GI H
,
I V + 2GI H

(1)

where the subscripts of the fluorescence intensity values (I) refer to horizontal (H) and vertical (V) orientation
of polarizers. The G factor (instrumental correcting factor) was automatically determined by the software
supplied by the manufacturer. The integration time was chosen to 2 s. The anisotropy measurement on the
one sample was carried out five times and the result was average value of anisotropy. Individual samples
were blended three times, so all anisotropy values of the probes in the hydrogels presented in this work are
the mean values of evaluated anisotropy values for individual samples. For samples with perylene, the
excitation wavelength was set to 389 nm and emission was elected to 475 nm, for samples containing
rhodamine, the excitation wavelength was set to 455 nm and emission was set to 560 nm. Temperature of
the sample chamber was set on 25 °C. The gels were applied between the two quartz glasses, which has been
placed diagonally into a standard cuvette.
The lifetime was measured on TCSPC lifetime spectrofluorometer Fluorocube from HORIBA Jobin Yvon. The
samples containing perylene were excited by the NanoLED diode 389 nm (pulse width 1.2 ns) and the
emission was observed at 475 nm. The samples with rhodamine 6G were excited by the NanoLED diode 455
nm with pulse width 1.2 ns and the emission monochromator was set on 560 nm. The lifetime was measured
at orientation of polarizers in magic angle and peak preset was set to 10 000 counts. Temperature of the
sample chamber was set on 25 °C. The gels were applied to a special cuvette for solid samples.
Average lifetime was calculated according to equation
n

τ = ∑ α iτ i

(2)

i =1

where αi is pre-exponential factor (0-1) and τi is corresponding lifetime.
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Methods

The microviscosity of environment was evaluated by determining the equivalent viscosity, i.e. viscosity of
homogeneous environment from which the fluorescent probe is given the same response as in the
measurement of the microenvironment. For this purpose the calibration curves were measured - the
dependence of the fluorescence anisotropy to the viscosity of homogeneous environment. This homogenous
environment was consisted of a mixture of glycerol and water. The values of viscosity of this mixture were
determined from article [12].
Following equation, which was obtained by fitting the calibration data with a linear curve, were used to calculate
microviscosity of different parts of hyaluronan gels.
Hydrophobic domains (perylene): y = 0.000578 x + 0.017584
Hydrophilic parts (rhodamine): y = 0.001433 x + 0.103345
2.4.

Results and discussion

Hydrophobic nanodomains during fortnight-ageing
Important property of the carrier system is the ability to incorporate hydrophobic molecules of drugs. Therefore,
it is important the presence of hydrophobic domains in its structure. In the studied gel composed by hyaluronan
and CTAB hydrophobic domains are formed aggregates of entrapped molecules of surfactant, which also
serves as a physical crosslinking hyaluronan chains.
In hydrogels, the perylene has two lifetimes - short-time fraction (2%) has lifetime τ1 = (3.38 ± 0.15) ns and
long-time fraction (98%), which correspond to molecules of perylene incorporated to hydrophobic environment,
has lifetime τ2 = (5.66 ± 0.01) ns. The average lifetime has been calculated to τ = (5.61 ± 0.02) ns. The value
of these lifetimes during the fortnight-ageing gel has not changed.
The following Table 1 shows the obtained value of steady-state anisotropy of fluorescence of perylene and
calculated values of microviscosity. As we can see, the values are not changed during ageing, which indicates
that hydrophobic domains do not undergo significant structural changes during this time.
Table 1 Steady-state anisotropy of fluorescence of perylene, incorporated in hydrogel, during fortnight-ageing
and calculated values of microviscosity of perylene surroundings
Ageing gel [day]

Steady-state anisotropy of fluorescence

Microviscosity [mPa∙s]

1

0.029 ± 0.002

19.8 ± 1.4

7

0.0293 ± 0.0017

20.3 ± 1.2

14

0.0291 ± 0.0013

19.9 ± 0.9

Hydrophilic region during fortnight-ageing
In the samples, the rhodamine has two lifetimes, which both increased during ageing of gel. The average
lifetime increased from τ = (3.71 ± 0.08) ns to τ = (3.91 ± 0.07) ns, which signalized the some structural
changes at the hydrophilic part of hydrogel.
The following Table 2 shows the obtained value of steady-state fluorescence anisotropy of rhodamine and
calculated values of microviscosity of its surrounding. Relatively high anisotropy values were measured. The
values of anisotropy/microviscosity decreased during ageing, suggesting that the hydrophilic parts around the
molecules of rhodamine are subject to changes - its surrounding has been more and more fluid.
Time development of values of microviscosity of individual hydrogel parts is shown on Fig. 1. The roughly
constant values of microviscosity of hydrophobic domains do not indicate structural changes of perylene
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surroundings, against it the values of microviscosity of hydrophilic region nearby molecules of rhodamine
decreased by about 25 percent during ageing.
Table 2 Steady-state anisotropy of fluorescence of rhodamine 6G during fortnight-ageing of hydrogel
and calculated values of microviscosity of rhodamine surroundings.
Ageing gel [day]

Steady-state anisotropy of fluorescence

Microviscosity [mPa∙s]

1

0.216 ± 0.011

79 ± 5

7

0.202 ± 0.019

69 ± 4

14

0.190 ± 0.011

60 ± 3

90

Microviscosity [mPa∙s]

80
70
60
50
40
30
20
10

hydrophobic nanodomains

hydrophilic region

0
0

7

14

Ageing gel [day]
Fig. 1 Microviscosity of hydrophobic nanodomains and hydrophilic region of hyaluronan hydrogel determined
first, seventh and fourteenth day of ageing
3.

CONCLUSION

Using analysis of photophysical response of two different fluorescence probes dissolved in different region of
hydrogel composed of hyaluronan and cationic surfactant CTAB, we have obtained information about its
microstructural changes during fortnight-ageing. Rhodamine 6G was used for observation of microstructural
changes in hydrogel hydrophilic part. Perylene was used for estimating microviscosity changes of hydrophobic
nanodomains created by molecules of CTAB, in which the hydrophobic drugs can be solubilized. From steadystate measurement of fluorescence anisotropy the microviscosity of different region of hydrogel has been
estimated as a function of the days of ageing. The microviscosity of hydrophobic nanodomains has not
changed during ageing, so we can these domains describe as a structural stable. Whereas the microviscosity
of hydrophilic region, in terms surrounding of rhodamine molecules, gradually decreased by about 25 percent,
which indicates some microstructural changes in this area of hyaluronan hydrogel causing its higher fluidity
during ageing.
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Abstract
Nanofibers are valued for their ultra-high specific surface areas and have been found potentially useful in many
biomedical applications. Modification or functionalization of nanofibers is necessary in order to engineer
specific features that will help to maximize their end-use performance. A spectrum of bioactive molecules,
including antibacterial agents, anti-cancer drugs, enzymes, proteins, can be incorporated into/onto nanofibers
via different approaches [1].
We have focused on enzyme immobilization providing many advantages over use of its soluble form: enhanced
enzyme activity, reusability, simplified processing, better storage properties and pH stability [2].
Here we describe the immobilization of trypsin (EC 3.4.21.4) on silica nanofibers. After silanisation
incorporating 72 ± 12.6 µg NH2 per mg of sheets, trypsin was bound using combinatory chemistry of EDAC
and sulfo-NHS. The amount (215 ± 29.8 µg protein/cm2) and activity (24.8 ± 2.7 I.U./cm2) of immobilized
biocatalyst as well as storage and operational stability were measured. The proteolytic activity of immobilized
trypsin determined immediately after immobilization and during one week was high and stable.
Prepared bio-functional nanofiber material can find the application in wound healing process (enzyme
debridement).
Keywords: Inorganic nanofibers, electrospinning, trypsin, immobilization

1.

INTRODUCTION

Recent advances in nano and hybrid technology have provided various nanoscale materials with high potential
in many fields of research. The benefit of their use has been shown in refining electronic devices [3], efficacy
scale up of filtration [4] and water remediation processes [5], accessibility of food bioengineering [6] or
biomedical fine approaches [7, 8]. Huge number of these nano-applications is based on the nanomaterials
capacity to bind an increased amount of bioactive molecules thanks to the higher specific surface area
compared to the conventionally produced supports. Besides, engineered nano systems and native
biomolecules are known to exhibit significant compatibility in terms of function, size and physicochemical
properties such as pore size, aquaphilicity, surface chemistry and hydrophilic/hydrophobic balance [9-11].
Among the vast number of bioactive compounds, enzymes are of the special interest because of their crucial
importance in pharmaceutical and food industries, or their high potential in filtration techniques, bio sensing
and imaging trends. Problems with the loose of activity, limited selectivity and difficult recovery of the soluble
biocatalyst when accomplishing its catalytic cycle are often overcome by its immobilization. Nanostructured
materials with ability to control size and shape enables better interaction with the enzyme, increases
immobilization efficiency, and enhances the long-term storage and recycling stability of the enzyme [12].
However, several criteria must be respected when choosing the enzyme carrier to optimize and enhance its
activity when loaded on the surface [13]. Concerning the nature of the nanostructured carrier, inorganic
supports present the material of choice in this field. Their surface is suitable for common chemical modifications
necessary for subsequent immobilization techniques, the possibility to control pore sizes often results in
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improved enzyme loading [14]. Inorganic supports as silica, titania or other oxides also present excellent
thermal, mechanical and microbial resistance [15].
According to the mentioned knowledge, this paper presents the enzyme immobilization on the silica nanofibers
surface modified by silanisation which introduces functional amino groups. Trypsin was chosen as a model
enzyme. The surface characterization of silica nano-support was realized before and after the immobilization.
The operational and the storage stability of the enzyme were measured to show the benefit of the
immobilization technique.
2.

MATERIALS AND METHODS

2.1.

Chemicals

Trypsin (EC 3.4.21.4), 1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide hydrochloride (EDAC), N-a-benzoylD,L-arginine-p-nitroanilide (BAPNA) (EC Number 213-011-2), benzamidine, N-Hydroxysulfosuccinimide
sodium salt (sulfo-NHS), fluorescein isothiocyanate (FITC), tetraethyl orthosilicate (TEOS),
(3-aminopropyl)triethoxysilane (APTES) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Pierce
BCA Protein Assay Kit was purchased from Thermo Fisher Scientific (Waltham, MA USA). The remaining
chemicals were supplied by Penta (Prague, Czech Republic) and were of analytical reagent grade.
2.2.

Silica nanofibers preparation

The silica nano fibrous sheets of basic weight of 240 g/m2 were electrospun at room temperature using the
NanoSpider device (NS 1WS500U, Elmarco Ltd.). The distance from the electrode to the collector was 175
mm. Voltage of 70kV was applied on the spinning solution prepared by sol-gel method from TEOS as a
precursor. Electro-spun sheets were thermally treated (180°C) to ensure their prolonged stability and used for
further operations.
2.3.

Characterization of electrospun nanofibers

Scanning electron microscopy, SEM (Vega3 SB, TESCAN Ltd.), was used to analyse silica nanofibers prior
and after the immobilization process. Samples were coated with 5nm Au/Pd using a sputter coater equipment
(SC7620 Mini Sputter Coater, Quorum Technologies Ltd.). Average fiber diameters and standard deviation
(SD) were determined from SEM images using VegaTC software from at least 50 randomly chosen
measurements.
2.4.

Silanisation of silica nanofibers using APTES

Silica nanofibers were immersed to 3% (v/v) APTES in the solution containing 4% of water in ethanol (v/v) and
the pH was adjusted to 4.5 - 5.5 with acetic acid. After silanisation of nanofibers under continual shaking at
laboratory temperature overnight, the samples were washed by the solution containing 4% of water in ethanol
(v/v). Finally the nanofibers were dried at 110°C/30min.
2.5.

Quantification of primary amine groups on silica nanofibers introduced by silanisation

Quantification of primary amine groups was realized according to the work of Ritter H. et al. (2009) [16] with
some modifications. The 3.239mM stock solution of fluorescein isothiocyanate (FITC) in ethanol was prepared.
Silica nanofibers were immersed to 25 fold diluted (130µM) stock solution of FITC and incubated overnight in
dark, under gentle shaking. After removing the FITC solution and appropriate washing of nanofibers with
ethanol, 0.2M NaOH was added and reaction mixtures were incubated in dark under vigorous shaking until
nanofibers dissolution. Fluorescence of prepared solution was measured at Fex: 485/20nm, Fem: 528/20nm
using Multi-Mode Microplate Reader (BioTek Instruments, USA).
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Immobilization of trypsin on silica nanofibers

Immobilization was achieved through EDAC and sulfo-NHS activation as described previously [17]. Activity of
the immobilized enzyme was determined using the low molecular-mass substrate BAPNA (see 2.8.).
2.7.

Determination of protein (trypsin) content on silica nanofibers using bicinchoninic acid (BCA)

The amount of protein was determined using the Pierce BCA Protein Assay Kit. Microplate procedure was
realized according to the instructions of manufacturer, the sample to working reagent ratio being held at 1:8.
The reaction was effected under gentle shaking.
2.8.

Determination of enzyme activity using low molecular-mass substrate N-a-benzoyl-D, L-argininep-nitroanilide (BAPNA)

Soluble or immobilized enzyme (0.1 ml) was added to 1ml of 0.1M Tris-HCl buffer (pH 7.8) with 0.025M CaCl2
and 0.02 ml of 0.055M BAPNA in N,N-dimethylformamide. After incubation for 30min at 37°C reaction was
stopped with 0.2 ml of 30% (v/v) acetic acid. Using Synergy HTX Multi-Mode Microplate Reader (BioTek
Instruments, USA) absorbance at 405nm was measured.

3.

RESULTS AND DISCUSSION

Silica nanofibers themselves do not dispose the suitable functional groups for covalent enzyme binding. The
silanisation step using APTES was required in order to introduce the primary amine functional groups on the
nanofibers surface. Evaluation of silanisation process was done through the direct quantification of primary
amine groups on the surface of nanofibers using FITC (see 2.5.). The method is based on the reaction of
amine groups with FITC which is subsequently detected by fluorescence measuring. The results revealed that
the silanisation step have provided incorporation of 72 ± 12.6 µg NH2 per mg of sheets.
Introduced NH2 functional groups enabled covalent immobilization of enzyme trypsin on the surface of
nanofibers through very popular crosslinker EDAC along with sulfo-NHS. These are the type of the smallest
available reagent systems for bioconjugation, so-called zero-length crosslinkers. These compounds mediate
the conjugation of two molecules by forming a bond containing no additional atoms. Thus, one atom of a
molecule is covalently attached to an atom of a second one with no intervention of linker or spacer. The
application of EDAC in particle and surface conjugation procedures along with NHS or sulfo-NHS is nearly
universal and this fact makes it the most common bioconjugation reagent in use today. Both the reagent itself
and the isourea formed as the by-product of the crosslinking reaction are water-soluble and may be removed
easily by dialysis or gel filtration [18].
Using combinatory chemistry of EDAC and sulfo-NHS the enzyme trypsin was bound on prepared silica
nanofibers. For the evaluation of immobilized active trypsin molecules the amount of protein (249.17 ± 66.5
µg/cm2) and proteolytic activity of trypsin (9.51 ± 2.61 I.U./cm2) were determined. The results indicate that
0.4% of enzyme molecules are fully active, neither the native enzyme conformation was not damaged nor the
right orientation of enzyme molecules by immobilization was not influenced. Further immobilization techniques
of trypsin need to be searched to achieve higher enzyme loading.
As Fig. 1 shows, SEM analysis confirmed no changes in the nanofibrous structure within the enzyme
immobilization. High porosity of the material was preserved as well. We observed statistically non-significant
(ANOVA, p>0.05) increase in the mean diameter of fibres prior (163 ± 61 nm) and after the immobilization (181
± 67 nm) process.
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Fig. 1 SEM analysis of silica nanofibers prior and after immobilization of trypsin (magnification of 5.0, 10.0
and 25.0 kx, from the left); evaluation of mean fiber diameter ± SD prior and after the procedure. No
significant difference proven (ANOVA, p>0.05)
Subsequently, we verified the storage and the operational stability of the immobilized enzyme as important
factors which ensure its proper and efficient application. Operational stability of covalently bound trypsin on
silica nanofibers was determined (Fig. 2). The aim of operational stability determination was to find out possible
changes in immobilized trypsin activity after repeated use. Enzyme activity was measured in 6 consecutive
assays during one day. Temporally decrease of trypsin activity observed is probably caused by reconstitution
of enzyme molecule conformation after immobilization and also by gradual adaptation to the microenvironment.
The last two enzyme activity determinations display the original activity values measured after immobilization
and correspond to optimal conformational arrangement of enzyme molecules. The results demonstrate that
bioactive system consisting of silica nanofiber layer with bound trypsin can be used repeatedly without any
significant loss of biocatalyst activity.

Operational stability of immobilized trypsin (BAPNA)

Activity (I.U./cm2)

12,0
10,0
8,0
6,0
4,0
2,0
0,0
1st

2nd

3rd

4th

5th

6th

Number of trypsin activity determination

Fig. 2 Operational stability of trypsin immobilized on silica nanofibers (enzyme activity was determined using
low-molecular weight substrate BAPNA in consecutive assays during one day)
Storage stability of trypsin immobilized on silica nanofibers was studied (Fig. 3). The enzyme activity (BAPNA)
was determined in each triplicate after several storage days in 0.1M phosphate buffer (pH 7.3) at 4°C. The
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results indicate that during one week, trypsin activity remained unchanged in comparison with the activity value
obtained immediately after immobilization. Temporary increase in trypsin activity was observed. This effect
could be due to restoration of the biocatalyst proper conformation.The results also show that trypsin
immobilized on silica nanofibers is quite stable at the prescribed storage conditions.

Storage stability of immobilized trypsin (BAPNA)
25
Activity (I.U./cm2)

20
15
10
5
0
after
immobilization

3rd day

6th day

Fig. 3 Storage stability of immobilized trypsin (0.1M phosphate buffer, pH 7.3; 4 °C; enzyme activity was
determined using low-molecular weight substrate BAPNA)
Normally the immobilized trypsin is localized in a special microenvironment provided by the support material
and could therefore be shielded from microbial attack and oxidation thus enhancing stability against microbial
degradation. Trypsin immobilization also brings benefit in preventing autolysis thus making immobilized
molecule relatively more stable compared to its free form while conserving the same storage conditions [19].
4.

CONCLUSION

The newly developed silica nanofibers were applied as a support for enzyme immobilization, namely the
trypsin. Unique properties of this type of inorganic carrier as decreased water and protein adsorption, low
immunogenicity or diminished swelling capacity in contact with water ensuring preservation of the pore size
distribution in nanofibers structure, offer its advantageous use in various applications, especially in
biomedicine. Considering the proteolytic activity of the selected biocatalyst and its ability to digest among
others the necrotic tissue, we proposed here a prospective instrument for so discussed problem as is the
healing of chronic wounds.
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Abstract
Electrospun nanofibers with their nanoscale structure and ability to mimic native extracellular matrix (ECM)
harbor a great potential for biotechnology, biomedicine, and tissue engineering. Inorganic nanofibers, such as
silica-based nanofibers, have attracted attention for their physical and chemical stability, surface functionalities
and hydrophilic nature.
In this study, we tested biodegradable SiO2 nanofibers prepared by sol-gel method and needleless
electrospinning as a scaffold for human bone marrow mesenchymal stem cells (hMSC), cells which are
promising for regenerative medicine. The nanofibers were tested for cytotoxicity and capability to support cell
adhesion.
For cytotoxicity testing, the nanofibers were incubated for 24 or 72 hours in phosphate-buffered saline (PBS)
or cell culture media supplemented with serum. The eluate was then applied to hMSC for either 24 hours or 4
days and cytotoxicity was evaluated using MTT assay. While eluates from PBS-treated nanofibers had no
effect on the cells, eluates from nanofibers treated with serum-containing media had negative impact on cell
metabolic activity.
The adhesion of hMSC to nanofibers was studied using confocal microscopy. The nanofibers supported cell
adhesion, however cell survival was limited.
In conclusion, silica-based nanofibers supported the adhesion of hMSC, however, they were not sufficient for
extended cultivation and nanofibre eluates decreased the viability of the cells. Additional tests will be necessary
to clarify the interactions of hMSC with silica nanofibers and to optimize conditions for long-term cell survival.
Keywords: Silica nanofibers, electrospinning, sol-gel method, cytotoxicity, hMSC
1.

INTRODUCTION

Many biocompatible polymers, mostly organic macromolecules, were successfully electrospun as either
biodegradable or non-biodegradable mats for biomedical application. Due to their properties, such as specific
surface, porosity, and fiber diameter, they can mimic the extracellular matrix and could therefore be used as
scaffolds in wound dressing, as drug delivery systems, or carriers for cell cultivation [1]. Silica-based nanofiber
mats, an example of inorganic nanofibers, can also be electrospun, mostly via the sol-gel process and needle
electrospinning [2,3,4], and can be successfully used as scaffolds for cells [5]. Recently, needleless
electrospinning has emerged as a new procedure for large scale nanofiber production for broad application.
Instead of a needle, nanofibers in needleless electrospinning devices, such as “Nanospider”, are produced
using a roller or a string [6]. Such nanofibers could potentially offer a cheap alternative to presently used
organic fibers with many additional advantageous properties, including physical and chemical stability, surface
functionalities, and hydrophilic nature.
Mesenchymal stem cells (MSCs) are multipotent stromal cells that can differentiate into a variety of cell
types. They exhibit wide distribution in the body and from the perspective of function, they have a major role
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in normal growth and tissue repair. MSCs can be isolated from various tissues, such as bone marrow, adipose
tissue, dental pulp, etc. quite easily and can be kept and expanded in cell culture. Therefore, MSCs attract
attention and interest for their great potential in tissue repair, regenerative medicine and tissue engineering
[7].
Nanofibers for biomedical application as carriers for cells have to support cell attachment and function and
need to match biocompatibility criteria. In this study we tested these criteria for biodegradable non-woven silica
matrices prepared via the sol-gel process and used as a scaffold for human MSC (hMSC).
2.

MAIN TEXT

2.1.

Material and methods

SiO2 nanofibers
Silica nanofibers were prepared by sol-gel method, needleless electrospinning, and subsequent thermal
stabilization below 200°C [8,9].
Cell culture
hMSC were obtained from the Laboratory of Experimental Cell Therapy, First Faculty of Medicine, Charles
University according to the Declaration of Helsinki and under the local ethical committee approval. Cell cultures
were cultivated in tissue culture flasks with alpha-MEM (Gibco), supplemented with 10% fetal bovine serum
(Gibco), 100 U/ml penicillin-streptomycin (Gibco) at 37oC in 5% CO2/air. When cells became confluent, they
were resuspended using trypsin-EDTA (Gibco).
Immunocytochemistry
Detection of hMSC adhering to silica nanofibers was performed using mouse anti-β-actin antibody. The
samples were fixed for 20 min in 4% paraformaldehyde, followed by three 5-min washing steps in PBS and a
10-min incubation with 5% normal goat serum. Samples were then incubated with 5 µg/ml anti- β-actin antibody
for 1 hour followed by three 5-min washing steps in PBS-Tx (0.25% Triton-X 100) and staining with anti-mouse
Alexa 488 for 45 min at room temperature in darkness. After three 5-min washing steps in PBS, cell nuclei
were stained with DAPI for 10 min. Leica SP5 confocal microscope was used to visualize adherent cells.
Adhesion assay
Viability and metabolic activity of adherent cells was tested with MTT assay. Cells were seeded at 2x104
cells/well and cultured in cell culture medium at 37°C with 5% CO2/air 24 h or 72h before performing the MTT
assay. Samples were washed in PBS and MTT solution (1 mg/ml in medium) was added for 3 h. Then the
solution was aspirated and isopropanol was added. Synergy plate reader (BioTek) was used to assess cell
viability by spectrophotometry at 570 nm (reference wavelength 650 nm).
Eluates
Samples of silica nanofibers (1cm2) were weighted and sterilized with UV light. Eluates were obtained by
incubating 4 mg/ml of samples in PBS or cell culture medium supplemented with 5% or 10% serum at 37°C in
5% CO2/air for 24h or 72h. PBS and culture medium supplemented with serum without silica nanofibers
incubated under the same conditions served as a control.
MTT assay
Cytotoxicity was tested using the MTT assay. hMSC seeded at a density of 3 x 103/well were cultured at 37oC
in 5% CO2/air for 24 h prior to adding eluates / control. MTT assay was performed 24 or 96 hours later. Eluates
were aspirated and MTT solution (1 mg/ml) was added to each well. Cells were incubated at 37oC in 5% CO2
/ air for 3 hours. Thereafter, the MTT solution was aspirated and isopropanol was added. Synergy plate reader
(Bio Tek) was used to assess cell viability by spectrophotometry at λ=570 nm (reference wavelength 650 nm).
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Results of the MTT assay were expressed relative to controls (cells in control medium/PBS without silica
nanofibers; considered 100%).
Cell morphology analysis
Confocal microscopy images were analyzed in ImageJ and CellProfiler [10].
Statistical analysis
Statistical analysis was performed using Mann - Whitney test (differences were tested at a significance level
of 0.05).
2.2.

Results

Silica nanofibers prepared by needleless electrospinning were tested as a scaffold for hMSC. Fig. 1 presents
confocal microscopy images 1, 2, and 3 days after seeding the cells on the scaffold. One day after seeding,
hMSC were adhering to the nanofibers and had normally distributed cytoplasm and cytoskeleton (similar to
normal adherent cell culture conditions). In contrast, on the 3rd day, many cells were rounded and their area
(in z-projection) decreased by almost 60% (Fig. 2A). The MTT assay revealed a corresponding decline of cell
metabolic activity and viability of approximately 30% (Fig. 2B).

A

B

C

50 µm

Fig. 1 Confocal microscopy images of hMSC cells seeded on silica nanofiber scaffolds: 1st day (A), 2nd day
(B), and 3rd day (C). Cells were stained with anti-beta-actin antibody/Alexa 488 (green color) and DAPI (blue
color)

Fig. 2 Cell size (A) and viability (B) of hMSC seeded for 24-72 hours on silica-based scaffold. Cell viability
was assessed using MTT assay
Cytotoxicity tests (Fig. 3) were performed with three different eluates of silica nanofibers incubated i) for 72
hours in PBS or culture media supplemented with 10% serum, or ii) 24 hours in culture media supplemented
with 5% serum. In the first case, hMSC were exposed to eluates for 24 hours. PBS eluates did not significantly
compromise cell metabolic activity and viability compared to controls (Fig. 3A). However, 24-hour exposure of
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the cells to eluates from nanofibers incubated in culture media with 10% serum had a significant negative
influence (Fig. 3B). Their viability was reduced to 84% (Fig. 3A). In the second case, the extended incubation
time of 96 hours resulted in a mild but clearly pronounced decrease in cell metabolic activity and viability
compared to 24-hour exposure (Fig. 3C).

Fig. 3 Viability of hMSC exposed to eluates of silica nanofibers (MTT assay). A) After 24 hours of exposure
to 72-hour eluates using two different solvents. B) Change in cell viability compared to control in individual
experiments. C) Viability of cells after 24 and 96 hours of exposure to eluates of silica nanofibers incubated
for 24 hours in culture medium supplemented with 5% serum
2.3.

Discussion

Biocompatibility and biodegradability are two of the most important requirements imposed on materials used
in biomedicine. Needle-electrospun silica nanofibers have already been successfully used as scaffold for
several cell types, including Chinese hamster ovarian cells (CHO-K1), human hepatocellular carcinoma
(HepG2) cells [4], or human osteoblastic MG63 cells [5]. Brázda et al. [11] have shown that needleless silica
nanofibers (produced using technology identical to the one used in our study) may be biodegradable, at least
when using simulated pulmonary fluids, and the nanofibers have been estimated to be safe. In our study we
tested needleless silica nanofibers as a scaffold for hMSC, cells that are already used in clinical medicine.
Confocal microscopy and cell adhesion assays showed that this material can support hMSC adhesion and that
hMSC cells seeded on these nanofibers are metabolically active. However, after three days in culture, the cells
exhibited changes in cell morphology and a decline in viability. This finding is in contrast to the findings of
Yamaguchi et al. [5] who found that silica nanofibers can support proliferation of HepG2 cells. However, they
did not study cytotoxicity and they used an established cancer-derived cell line, which tend to be more resistant
and have higher tendency to proliferate. They also observed a difference between heat-treated and non-heattreated nanofibers. Whereas heat-treated fibers were better at supporting cell adhesion, non-heat treated
nanofibers were better at supporting proliferation. The fact that our nanofibers were heat-treated could
contribute to limited proliferation of the hMSC cells.
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Regarding biocompatibility, in our research we focused on cytotoxicity tests under in vitro culture conditions.
hMSC cells were exposed for 24 hours to eluates from nanofibers incubated for 24-72 hours in PBS or cell
culture media supplemented with serum. We observed that the metabolic activity of cells was greatly influenced
by the type of solvent used. Whereas PBS eluates did not significantly change cell metabolic activity and
viability compared to controls, eluates from nanofibers incubated in culture medium supplemented with serum
caused a significant reduction in cell viability and metabolic activity. This could be explained by the fact that in
PBS the surface of the nanofibers was almost intact, whereas in cell culture medium supplemented with serum
the fibers undergo partial degradation [12].
3.

CONCLUSION

In conclusion, our study offers the first testing of needleless-electrospun silica nanofibers as scaffold for human
bone marrow mesenchymal stem cells, cells that have already shown promising potential for regenerative
medicine. In our experiments, needleless electrospun silica nanofibers revealed as a suitable scaffold to
support adhesion of hMSC. However, these nanofibers in in vitro culture conditions tend to release eluates
that are toxic to the cells and negatively impact their viability. More detailed studies aimed at optimizing the
conditions for cell survival and function will be necessary.
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Abstract
A new nanofibrous membrane with iremarkable chemical and strength properties was prepared through an
interaction between polyamide nanofibres and oak bark extract, which is rich in the content of hydrolysable
tannins.
The aim of this study was to verify the bond strength of tannins and polyamide nanofibres depending on the
different pH of the aqueous medium.
Keywords: Polyamide, nanofibres, oak bark, tannin, tannic acid, stability, pH.
1.

INTRODUCTION

It is well known that strong bonds are created between tannins and some synthetic polymers, such as polyvinyl
pyrrolidone (PVP) or polyethylene glycol (PEG). These polymers contain in the strand the oxygen molecules
with which polyphenols form hydrogen bridges [1]. Tannins also have a high affinity to polyamide, wherein the
hydrogen bondings are applied between tannin and peptide (amide) groups. The strong affinity of tannins to
polyamide is used e.g. for the purification of plant extracts (tannins removal) by polyamide sorption [2] and in
the food industry to modify fruit juices (removal of tannins eliminates their astringency) [3].
In Central Europe, the oak bark is a readily available material that is obtained as a waste in logging. It is a rich
source of tannins (water soluble polyphenols), especially tannic acid (Fig. 1) and its derivatives. The oak bark
contains not only hydrolysable tannins (gallotannin, tannic acid, ellagitannins) [4] but also condensed tannins
(proanthocyanidins) [5] [6], catechin, epicatechin [7], and other substances such as cellulose, hemicellulose,
lignin and others [8].

Fig. 1 Tannic acid
Hence, we came up with an idea of immobilizing tannins from a solution on the surface of fibres based on their
natural affinity to some fibres. We used an water extract from oak bark as a source of tannins. This extract
was exposed to interaction with the surface of polyamide nanofibres. The binding between tannin and
polyamide should be stable and independent of the pH over a relatively wide pH range from 2 to 8 [9]. The
phenol groups are already ionised at strong alkaline pH, so that there are fewer hydrogen bonds and the
fixation of tannins on the peptides quickly fades.
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Nanofibrous layer of polyamide 6 (area weight 1.5 g / m2 and diameter of fibres about 100 nm)
Extract from the oak bark (Quercus robur and Quercus petraea)
Folin-Ciocalteu reagens (Penta) and 0.5 M Na2CO3 (Lach-Ner)
Tannic acid as the standard (Sigma-Aldrich)
Buffers of pH of 4.0 - 5.9 - 6.8 - 8.2 and 10.5 (Penta)
2.2.

Devices

VIS spectrophotometer Helios Epsilon (Thermo Scientific)
Electron microscope UHR SEM Ultra Plus (Carl Zeiss)
2.3.

Methods

2.3.1. Extraction of tannins from oak bark and determination of their content
Tannins were extracted from the oak bark in water boiling for 60 minutes, at solution concentration of 70 g of
dried oak bark per 1 litre of distilled water. The amount of extracted tannins was spectrophotometrically
quantified using the analysis of phenol groups in Folin-Ciocalteu reagent. The interaction of phenol groups
with the Folin-Ciocalteu reagent in alkaline medium creates a blue solution with the maximum absorbance at
736 nm and its colour intensity is directly proportional to the concentration of phenols in the mixture [10]. The
content of tannins and total polyphenols is expressed by use of the standard (tannic acid).
2.3.2. Preparation of nanofibrous polyamide membrane coated with tannin (PA/T)
Thin nanofibrous polyamide layer (PA 6) of the area of 200 cm2 and weight of 0.03 g were fixed to the grid of
reinforced fabric from glass and polyester fibres, and subsequently immersed into the hot oak bark extract
(85 °C) for 3 minutes. During this time tannins from the extract covered the surface of polyamide nanofibres.
This was followed by rinse in distilled water and drying for 30 minutes at 50 °C.
2.3.3. Stability of the PA/T membrane at various pH
The stability of tannins adsorbed on the polyamide nanofibres was determined using solutions (buffers) of
different pH, into which were inserted PA/T membranes of the same surface. Samples of these solutions were
taken at regular intervals and in them the content of released tannins was determined by use of Folin-Ciocalteu
reagent.
2.3.4. SEM analysis
The electron microscope UHR SEM Ultra Plus (Carl Zeiss) was used for displaying the polyamide nanofibres
coated with tannin and for analysis of tannin desorption.
2.4.

Results and discussion

2.4.1. The content of polyphenols in the extract and preparation of the PA/T membrane
The calibration line of the absorbance at 736 nm dependent on the polyphenols concentration was created
using Folin-Ciocalteu reagent and standard (tannic acid). The amount of tannins (generally: polyphenols)
extracted from the oak bark by boiling was calculated: extract contained approximately 2 g / L of tannin when
extracting 70 g of dry and crushed oak bark with 1 litre of water for 60 minutes. This corresponds to about 30
g of tannic acid extracted at this liquor ratio from 1 kg of dried material. The PA layer doubled its weight after
interaction with the hot extract, followed by rinsing and drying. This weight corresponds to the amount of tannin
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that coated nanofibres. Fig. 2 shows the original polyamide nanofibres and Fig. 3 shows nanofibres coated
with tannin.

Fig. 2 Polyamide 6 nanofibres
(10 000x)

Fig. 3 Polyamide nanofibres coated with tannin
(10 000x)

2.4.2. Stability of PA/T membrane at different pH

concentration of tannic
acid
[mg/L]

40 ml of buffers (pH of 4 - 5.9 - 6.8 - 8.2 and 10.5) was dosed into five jars and 25 cm2 of PA/T membrane was
inserted into each solution. Samples for measurement of desorbed polyphenols were collected at different
times. The content of tannin desorbed from the PA/T membrane was analysed spectrophotometrically using
the Folin reagent. As expected, the tannins desorbed from fibres under alkaline conditions very quickly,
compare to acidic environment where their binding to polyamide fibres was relatively stable.

pH 4.0
pH 5.9
pH 6.8
pH 8.2

[days]
Fig. 4 Tannin desorption of PA/T at pH from 4.0 to 8.2

It seems that desorption of tannin from fibres is not greater only in a strongly alkaline environment, but also in
a more acidic environment at pH of 4 (Fig. 4), although this instability is very relative. The total amount of
tannin released from fibres at pH of 4 in 6 days corresponds to amount of tannin released from fibres at pH of
10.5 during the first hour alone.
It is possible to consider pH of 8.2 as still relatively favourable environment for the stability of PA/T membrane,
because the comparable amount of tannin released from nanofibres into the solution at pH of 8.2 during 2
days (7.5 mg of tannic acid / L) correspond to desorption of tannins at first 10 minutes in pH of 10.5.
Table 1 contains an overview of kinetics of polyphenols released from polyamide nanofibres in differently
acidic pH: cmax ...maximum concentration of released polyphenols (after 10 days when the desorption
approaches the equilibrium), t1/2 ....half-life of polyphenols desorption from fibres, k ....rate constant of this
desorption at a given pH and room temperature, calculated from equation (1), tan α … slope of the linear part
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of the graph, α … angle that the linear part of the graph forms with the x-axis and whose size is a good indicator
of the rate of desorption of tannin.

 ln (2 ) 
k= 

 t1 / 2 

(1)

Table 1 An overview of kinetics of polyphenols released from polyamide nanofibres in differently acidic pH
pH 4

pH 5.9

pH 6.8

pH 8.2

pH 10.5

cmax [mg / L]

8.5

4.0

7.0

9.5

14.0

t1/2 [hours]

9.0

16.0

22.0

25.0

0.5

0.077

0.043

0.032

0.028

1.386

tan α

3.60

3.02

3.63

12.00

31.70

α [degrees]

74.48

71.65

74.6

85.24

88.35

k [hours

-1]

Based on graphs from Fig. 4 and values from Table 1, it appears that the most stable binding of tannins to the
polyamide is at pH about 5.9. The more acidic environment increases slightly desorption and this bond quickly
weakens at pH higher than 8.0 due to the dissociation of phenol groups.
The graph in Fig. 5 shows how fast polyphenols desorb from surface of polyamide in a strong alkaline
environment. Decrease of actually measured values of phenol concentration released during three days in fact
related more to their conversion to phenolates (or phenoxides). If we approximate the values of polyphenols
desorbed from fibres at pH of 10.5 in the first 4 hours using logarithmic function with correlation coefficient
R2=0.95 (2),

y = 1.528 ln ( x ) + 7.809

(2)

concebntration of tannic
acid
[mg/L]

where y is the concentration of polyphenols released to solution (mg / L), x is the time (hours), it is possible to
extrapolate the hypothetical values of tannin desorbed from polyamide nanofibres.

pH 10.5 real
pH 10.5…
[hours]

Fig. 5 Tannin desorption of PA/T at pH 10.5 (actually measured and extrapolated)
The affinity of tannin to the polyamide is so strong that a solid monolithic layer of adsorbed tannins that
completely seals spaces between nanofibres is created with use of higher concentration of tannins, higher
temperature and longer time (Fig. 6). This is undesirable because we use nanofibres just to obtain high surface
area coated with tannin. Therefore it is necessary to optimize the reaction conditions and stop the reaction on
time. Fig. 7 shows how the nanofibres are again partly uncovered due to desorption of tannin in a strongly
alkaline environment (pH of 10.5).
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Fig. 6 Nanofibrous PA with thick layer of
adsorbed tannin (after interaction with tannic
acid, 3 g / L, 5 min., 90 °C), (5 000x)

Fig. 7 The same layer as in Fig. 6 with partly
desorbed tannin after 10 days in pH of 10.5
(5 000x)

2.4.3. Changes of the strength of PA nanofibrous layer
Adsorbed tannin also changes the strength characteristics of this nanofibre layer: preliminary strength tests
suggest that PA/T membrane reduced elongation at break and tensile strength, however the Young's modulus
significantly increased due to adsorbed tannin. It became considerably more rigid, which greatly improves and
facilitates handling of the membrane. (Mechanical properties of PA/T membrane will be described in another
publication).
3.

CONCLUSION

We created a polyamide nanofibre membrane with unique properties that resulted from the immobilisation of
vegetable tannin from oak bark on the surface of nanofibres. Due to the great specific surface of nanofibres
and high affinity of tannin to the polyamide the membrane was able to immobilize a large amount of tannin
(PA/T membrane doubled their mass). It was proven that this binding is stable until pH of 8.2. At the same
time there was a change in strength characteristics of resulting nanofibrous layers: PA/T membrane obtained
higher rigidity, which allowed an excellent handling of the nanofibre layer under dry or wet conditions and also
increased its lifespan.
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Abstract
This study is focused on development of novel nanofibrous material with immobilized Ag ions. These
nanofibers have a great potential for biomedical applications, especially for antimicrobial wound dressing. The
hybrid silica/PVA nanofibers were prepared by electrospinning and thermally stabilized. Consequently, Ag ions
were immobilized onto the surface of the nanofibers. It was proved that quantity of immobilized Ag ions
depends on immobilizing process time. As SEM analysis shown, Ag ions were immobilized onto single fibers
in continuous density. According to preliminary antibacterial in-vitro test, the hybrid nanofibers with Ag ions
show significant antibacterial activity.
Keywords: Silica nanofibers, polyvinyl alcohol, Ag ions, antibacterial activity.
1.

INTRODUCTION

Next to organic nanofibers, whose utilization is widely studied and tested in the last few years, attention is also
paid to research new features possibilities of biomedical application of inorganic or combined organic-inorganic
nanofibers. Our development is focused on pure and hybrid silica/polymer nanofibers and their biomedical
applications. This study is aimed at development of hybrid nanofibrous material with antibacterial activity.
Commercially available medical devices for wound dressing are insufficient for the treatment
of superficial skin lesion, the treatment is problematic. Acute and chronic wounds type of burns or leg ulcers
are often attacked by infections during long-term treatment. Problematic wound healing is often related
to inappropriately combined wounds covering, which characteristics are always a compromise of ideal
coverage. The novel active antibacterial nanofibrous material has a potential to be one of the ways to improve
the treatment of mentioned hard-to-heal wounds.
Antibacterial modification of nanofibers is possible in two ways: immobilizing the bacterial components on the
surface of the nanofibers or incorporating antibacterial component into the polymer solution
for electrospinning. This research is focused on Ag ions immobilization onto the surface of hybrid silica
nanofibers.
Nanosilver and Ag ions have broad spectrum of antibacterial activity and they are able to kill a wide range
of bacteria including those which are resistant to antibiotics [1]. In recent years, there have been published
several summaries of possible antimicrobial mechanism of nano Ag [2], but the complete mechanism
of action is not fully understood. As one of the possible mechanisms, there have been shown to release silver
ions from nano Ag. According to available researches, Ag ions immobilized on the surface of organic or
inorganic nanofibers show significant antibacterial activity and cytocompatibility [3, 4].
2.

EXPERIMENT

2.1.

Material

The material used for the preparation of silica/PVA nanofibers with Ag ions include tetraethyl orthosilicate
(TEOS, Sigma Aldrich), cetyltrimethylammonium bromide (CTAB, Acros Organics), ethanol (Penta),
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hydrochlorid acid (HCl, Penta), (3-mercaptopropyl)trimethoxysilane (TMSPM, Sigma Aldrich), polyvinyl alcohol
(PVA, Sloviol R) and silver nitrate (AgNO3, Penta).
2.2.

Preparation of nanofibers

The silica/PVA nanofibers were produced by needleless electrospinning from sol prepared by sol-gel method.
The initial sol was prepared from TEOS by controlled hydrolysis and polycondensation in ethanol
as solvent and HCl as catalyst. Finally, PVA solution was slowly dropped into the silica sol. The viscous mixture
of silica sol and PVA composites was obtained. The layer of hybrid nanofibres was produce
by electrospinning, the applied voltage was 43 kV. The nanofibers were consequently thermally stabilized
(180 °C, 2 hours).
AgNO3 was dissolved in a solution of ethanol and distilled water, the prepared nanofibers were immersed into
the solution. Immobilization of Ag ions was carried out in different process times of 30 min (sample t30),
45 min (sample t45) and 60 min (sample t60) to examine effect of process time on immobilized Ag ions quantity.
2.3.

Characterization

The nanofibers were inspected using FE-SEM Zeiss Ultra Plus. An InLesn secondary electron detector
operated at accelerating voltage of 2 kV was used for the imaging in topographical contrast. Prior to
the analysis, the samples were coated with 2 nm of Pt to achieve sustainable surface conductivity. For a local
chemical analysis was used EDS detector Oxford X-MAX on SEM; applied accelerating voltage was
15 kV.
3.

RESULTS AND DISCUSSION

SEM images of silica/PVA nanofibers spun at voltage of 43 kV and thermally stabilized are depicted
in Fig. 1. The nanofibers do not break significantly after thermal stabilization; the nanofibers retained their
morphology with fiber diameter of 330 nm - 650 nm.

Fig. 1 SEM images of silica/PVA nanofibers after thermal stabilization.
Magnification 5000x (left), 25000x (right)
Fig. 2 gave the SEM images of silica/PVA nanofibers with immobilized Ag ions - samples t30, t45 and t60. As
observed, fiber mats morphologies were similar for each sample. The nanofibers structure were affected during
the Ag ions immobilization process, there were evident fiber structure breaks.
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Fig. 2 SEM images of silica/PVA nanofibers with immobilized Ag ions in different magnifications.
A: immobilizing process time 30 min (t30), B: immobilizing process time 45 min (t45), C: immobilizing
process time 60 min (t60)
EDS analysis (Table 1) depicts elemental composition of the samples. Presence of sulfur (S) in the samples
is due to using of TMSPM in preparation process. The TMSPM was used for mercapto group formation.
Nanofibers functionalized with mercapto groups have a great potential to adsorb heavy metal ions. This
potential was confirmed by Ag ions immobilization process.
It is shown that Ag ions immobilization onto the surface of the nanofibers was successful and that is also
confirmed by EDS analysis results (Table 1, Fig. 3). It should be noted that the Ag immobilization process time
significantly influences quantity of immobilized Ag ions onto the nanofibers surface. The quantity
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of immobilized Ag ions onto the nanofibers surface is depends on the immobilization process time (Fig. 3).
According to quantitative EDS analysis results, quantity of immobilized Ag ions for the sample t30 was
3.93 At%, for the sample t45 it was 4.44 At% and for the sample t60 the quantity of immobilized Ag ions was
5.01 At%. Compared with quantity of silicon (Si), which is the basic material of the nanofibers, quantity of Ag
is relatively high, especially for sample t60. Based on this fact, we can expect intensive antibacterial activity.
As evident in SEM images on Fig. 2, Ag ions were immobilized in constant density onto the entire surface
of single fibers. In the structure, there are irregularly presented clusters of Ag ions. This finding is valid for each
sample t30, t45 and t60. Ag ions were immobilized not only on the fibers in the surface layer of the sample,
but also on the fibers inside the bulk of samples. That is very important factor for long-term antibacterial activity
of the samples corresponding with the nanofibers degradation and gradual releasing of Ag ions.
Table 1 Quantitative EDS analysis results for silica/PVA nanofibers with immobilized Ag ions for the samples
t30, t45 and t60
At %

C

O

Si

S

Ag

t30

36.90

40.05

15.13

2.84

3.93

t45

35.78

40.22

15.57

2.93

4.44

t60

36.07

38.86

14.95

2.88

5.01

Fig. 3 EDS analysis of silica/PVA nanofibers with immobilized Ag ions. Samples t30 - yellow line,
t45 - blue line, t60 - red line
4.

CONCLUSION

Fiber mats of silica/PVA composite were prepared by electrospinning and consequently different quantity
of Ag ions was successfully immobilized onto the surface of the nanofibers. In the study, we demonstrate
preparation of hybrid organic-inorganic nanofibrous mats functionalized with mercapto groups. These
nanofiber mats are able to adsorb Ag ions on the nanofibers surface thorough the nanofiber mats bulk.
The quantity of immobilized Ag ions onto the nanofibers surface depends on the immobilization process time.
These hybrid silica/PVA nanofibers have a great potential for antibacterial applications, what was confirmed
by preliminary in-vitro tests.
5.

FUTURE WORKS

Based on the results reported here, antibacterial activity of the material will be tested in-vitro for a broad
spectrum of bacterial strains. The tests of cytotoxicity for different cell types of the developed nanofibrous
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material in-vitro will be done as well. Mechanical properties of material are also very important for
the intended application, therefore the further development will be focused on their improvement.
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Abstract
Nanofibers biofunctionalized with enzymes are materials of interest in the biomedical field due to their potential
application in wound healing. This work describes the production and characterisation of electrospun chitosan
nanofibers biofunctionalized with a microbial collagenase. The morphology and microstructure of the chitosan
nanofibers prepared with Nanospider technology were examined using a scanning electron microscope (SEM).
Amino groups of a chitosan nanofiber were connected with the carboxylic acid groups of the collagenase using
EDAC and sulfo-NHS methodology. Collagenase enzymatic activity was evaluated with a peptidic substrate
(Pz-peptide, 4-phenylazobenzyloxycarbonyl-Pro-Leu-Gly-Pro-D-Arg) in order to estimate the ability of this
biomaterial to be used as an enzymatic debriding wound dressing. The characterisation of collagenase
chitosan nanofibers in terms of measuring apparent Michaelis-Menten constants (KM(app) and vmax) revealed
a higher enzyme to substrate affinity than with the soluble form of the collagenase. The resulting novel
collagenase chitosan nanofibers exhibited excellent operational stability and long shelf life for at least 6 weeks.
Therefore, the novel collagenase chitosan nanofibers are expected to be a potential scaffold for wound healing
applications, such as e.g. enzymatic debridement.
Keywords: Chitosan nanofibers, collagenase, enzyme immobilization, Michaelis-Menten constant
1.

INTRODUCTION

Clostridial collagenases are used for a broad spectrum of biotechnological applications; they are suitable for
the isolation of a broad variety of cell types, especially fibroblasts, human and rodent hepatocytes, frog oocytes
and epithelial cells. Generally, they cleave peptide bonds on the amino side of the glycine residue [1].
Clostridial collagenases are capable of degrading various types of collagen and gelatine, which is the essence
of an enzymatic debridement, a frequently used technique for the removal of necrotic tissue from wounds.
Microbial collagenase is already used as an active ingredient ointment (Iruxol® Mono Ointment), where it is a
safe and effective choice for the debridement of cutaneous ulcers and burn wounds [2-4]. To render this
technology clinically feasible, enzymatic degradation must be conducted in a controlled and targeted manner
to localize digestion to the wound site. As a suitable alternative, one potential delivery vehicle is nanofibrous
scaffolds fabricated via electrospinning. In this well-established process, fibers that are hundreds of
nanometers in diameter can be formed and compiled into a non-woven 3-D scaffold [5]. Biopolymers used in
biomedicine which are biodegradable are either natural (chitosan, collagen, fibrinogen), synthetic (polylactic
acid, polyglycol acid), or copolymers. Better biocompatibility and low immunogenicity is seen in natural
biopolymers [6]. Chitosan nanofibers prepared by needleless electrospinning as an enzyme-releasing scaffold
have potential to enhance integrative repair [7]. An example of a suitable delivery system is collagenase stored
inside electrospun poly(ethylene oxide) nanofibers releasing active molecules upon hydration [5]. Covalent
linkages are used to effectively prevent both the denaturation and leaching of enzyme molecules [8]. In
particular, immobilizing the proteases by covalent bond additionally decreases autocatalysis and controls
proteolysis [9].
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In this article, we describe an optimized method of covalent collagenase immobilization to electrospun chitosan
nanofibers. Collagenase activity, being a fundamental proof of the enzyme occurring in its active form, was
investigated using the hydrolysis of a peptidic substrate and optimized for use with the nanofiber membrane.
Other characteristics such as storage and operational stability, Michaelis-Menten constant measurement are
described. Desiccation as a potential storage method for collagenase chitosan nanofibers was investigated,
as well as sterilization conditions.
2.

EXPERIMENTAL

2.1.

Chemicals and manufacture of nanofibers

KiOnutrime-CS (Kitozyme, Belgium), polyethylene oxide (Scientific Polymer Products, NY, USA), collagenase
NB 4G from Clostridium histolyticum (70 - 120 kDa, contains class I and class II collagenase, PZ activity
(Wünsch): ≥ 0.18 U/mg) and Pz-peptide (4-phenylazobenzyloxycarbonyl-Pro-Leu-Gly-Pro-D-Arg, Mr = 776.9)
were purchased from SERVA Electrophoresis GmbH, Germany, other pure chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Chitosan nanofibers, described in detail in [7], were prepared using the
modified needleless technology NanospiderTM in an NS LAB 500 S electrospinning laboratory device (Elmarco
Ltd., Liberec, Czech Republic) [10]. Briefly, chitosan nanofibers were prepared from the polymer solution of
chitosan (5 hm.% to 20 hm.%) and polyethylene oxide (1 hm.% to 10 hm.%), in acetic acid by an
electrospinning methodology and were crosslinked by heating to 130°C for 1 hour. Nanofiber thickness was
analysed by scanning electron microscopy (SEM) using a TESCAN VEGA3 microscope. Chitosan nanofibers
of basis weight 20 [g/m2] were cut into squares (1.5 × 1.5 cm). Prior to biofunctionalization of the nanofibers,
polypropylene spunbonds were torn off and all squares were weighed.
2.2.

Collagenase immobilization onto chitosan nanofibers

The enzyme collagenase was immobilized onto the 1.5 × 1.5 cm chitosan squares according to [11] with slight
modifications. Nanofibrous squares were rehydrated with 1 ml of 0.01 M phosphate buffer (pH 7.3). The
supernatant was removed and the zero-length crosslinker EDC (7.5 mg) and sulfo-NHS (1.25 mg) reagent
(each dissolved in 0.2 ml of 0.01 M phosphate buffer (pH 7.3)) were quickly added to the nanofibers. The
immediate addition of collagenase solution followed (unless stated otherwise, 3 mg of collagenase dissolved
in 0.5 ml of 0.01 M phosphate buffer (pH 7.3)) and 0.1 ml of the same buffer was added. The immobilization
proceeded at 4°C for 16 h with mild rotation. Subsequent washing was carried out 3 times with 1 ml 0.1 M
phosphate buffer (pH 7.3), once with 0.1 M phosphate buffer (pH 7.3) with 1 M NaCl, and twice with 0.1 M
phosphate buffer (pH 7.3). All measurements were repeated a minimum of two times, the calculated means
and SD values of which are shown in the graphs.
2.3.

Determination of soluble and immobilized collagenase activity

The enzymatic activity of the soluble or immobilized collagenase was estimated by measuring the hydrolysis
yield of a standard solution of a freshly prepared chromogenic substrate, Pz-peptide, in 0.03 M TRIS-HCl buffer
(pH 7.0) containing 0.2 M NaCl and 5 mM CaCl2 according to [12]. 1 U according to Wünsch catalyzes the
hydrolysis of 1 µmole of 4-phenylazobenzyloxycarbonyl-L-prolyl-L-leucylglycyl-L-prolyl-D-arginine per minute
at 25 °C, pH 7.1. The resulting 4-phenylazobenzyloxycarbonyl-Pro-leucin, after its extraction with ethylacetate,
changed to a yellow product which was measured spectrophotometrically. Specifically, the activity of the 0.02
ml soluble or immobilized enzyme was determined in terms of micrograms (µg). The hydrolysis of 1.29 mM
Pz-peptide was performed in a 0.03 M TRIS-HCl buffer (pH 7.0) containing 0.2 M NaCl and 5 mM CaCl2 at
37°C (final reaction volume 2 ml). The enzymatic reaction occurred under mild stirring and was stopped after
25 min by the addition of 0.25 ml 22 wt % citric acid per 2 ml of supernatant. 2 ml of ethylacetate was added,
the product was vigorously shaken and the absorbance of the organic phase was measured at 320 nm in a
quartz cuvette using a Biochrom LIBRA S22 UV/VIS spectrophotometer (Thermo Fisher, CR). Collagenase
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activity per mg of nanofibers was then calculated. The activity of soluble collagenase was determined by the
same method using the corresponding quantity of immobilized collagenase (4 µg).
2.4.

Kinetic measurement

The method of collagenase activity measurement described above in section 2.3. was used to acquire data
for KM(app) and vmax evaluation by standard Lineweaver-Burk plot. For this purpose, a sample of nanofibers
(1.5 × 1.5 cm) with immobilized collagenase or a corresponding quantity of soluble collagenase (90 µg) was
mixed with the Pz-peptide in concentrations of 0.2, 0.3, 0.5, 0.7 and 0.9 mM in 2,250 ml, and incubated at
37°C. 0.24 ml aliquots were then stopped with 1 ml of 3% citric acid, and extracted with 2 ml of ethyl acetate.
The change in absorbance of the organic phase at 320 nm was monitored at 3 min intervals for an overall
period of 24 min in the Biochrom Libra S22 UV/VIS spectrophotometer (Thermo Fisher, CR).
2.5.

Storage and desiccation of collagenase chitosan nanofibers

Collagenase chitosan nanofibers were stored in 1 ml of 0.03 M TRIS-HCl buffer (pH 7.0) with 0.2 M NaCl and
5 mM CaCl2 with sodium azide (0.1% w/v) at 4°C. The desiccation (24 h) and storage of desiccated nanofibers
occurred in the air at laboratory temperature. Prior to determining collagenase activity, collagenase chitosan
nanofibers were rehydrated for 10 min in 2 ml of ultrapure water and then washed with ultrapure water
(3×1 ml) and finally with 0.03 M TRIS-HCl buffer (pH 7.0) with 0.2 M NaCl and 5 mM CaCl2 (1×1 ml).
2.6.

Sterilization of collagenase chitosan nanofibers

Desiccated collagenase chitosan nanofibers were irradiated with microbicidal UV-C radiation (γ = 253.7 nm)
or decontaminated with 80% ethanol. The first method consists of irradiation from both sides from a distance
of 1 m for 30 min. Afterwards; nanofibers were rehydrated in 2 ml of sterile distilled water and washed 3 times
in 0.03 M TRIS-HCl buffer (pH 7.0) with 0.2 M NaCl and 5 mM CaCl2. The decontamination of collagenase
chitosan nanofibers included incubation in 80% ethanol for 5 min, in 50% ethanol for 10 min and in sterile
distilled water for 10 min at room temperature. Collagenase chitosan nanofibers were then washed 3 times in
1 ml of sterile distilled water and analogously to the first method, nanofibers were washed 3 times in 0.03 M
TRIS-HCl buffer (pH 7.0) with 0.2 M NaCl and 5 mM CaCl2.
3.

RESULTS AND DISSCUSSION

3.1.

Preparation of collagenase chitosan nanofibers

The structure of the
nanofibers was observed
on SEM images (Fig. 1A).
The fiber diameter ranged
between 100 - 200 nm
(exceptionally up to 1 µm)
for the chitosan nanofibers.
To reveal the stability of
nanofibers
in
water,
samples were immersed in
distilled water for 1 day,
subsequently dried and
observed
by
SEM
microscopy (Fig. 1B). After
immersion, the diameter
distribution
was
not

Fig. 1 Scanning electron microscope image of chitosan nanofibers before
(A) and after (B) hydratation, magnification 5, 000 x. TESCAN VEGA3
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significantly changed, and the nanofibrous structure was apparently preserved.
The immobilization of microbial collagenase was performed by the EDAC and sulfo-NHS method. The principle
of the covalent immobilization of collagenase is based upon the activation of free carboxylic acid groups on
the chitosan nanofibers by means of 1-(ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDAC). These activated
groups of nanofibers together with the 3-sulfo-1-hydroxysuccinimide (s-NHS) that is present produce a reactive
ester which is converted into an amide by reaction with the amino groups of collagenase. The digestion
efficiency of collagenase chitosan nanofibers was analysed by determining catalytic activity with the specific
low-molecular substrate Pz-peptide from two repetitions. Various parameters such as the amount of EDAC, sNHS and collagenase, length of the incubation period and temperature used in the immobilization process
were optimized. Using the most suitable conditions, the highest possible level of enzyme activity is shown in
the plot of collagenase chitosan nanofiber activity against temperature and time of incubation (Fig. 2). The
highest level of collagenase chitosan nanofiber activity (3.51 ug/mg nanofibers) was achieved using 4°C and
7 h of incubation. These conditions, and clearly the decreased temperature, ensured suitable conditions for
low-enzyme autolysis and the highest enzyme activity yield. Furthermore, the resulting immobilized
collagenase activity is fully comparable to the ointment Iruxol Mono (0.48-3 mg collagenase / g of ointment),
which is available on the market [13].

Fig. 2 Using different incubation times and temperatures for the immobilization of collagenase to chitosan
nanofibers with the optimized amounts of chemicals
3.2.

Characterization of collagenase chitosan nanofibers

In this study, we biochemically characterized the affinity of clostridial collagenase NB 4G from Clostridium
histolyticum to the synthetic peptidic substrate Pz-peptide. We performed Michaelis-Menten kinetic
measurements (Table 1). The resulting apparent Michaelis-Menten constant (KM(app)) values are consistent
with the literature [1], differences were caused by using different substrates. The kinetic parameters KM(app)
and vmax are especially important parameters in immobilized enzymes, because these help to assesses
whether the active site steric accessibility (enzyme-substrate affinity) is maintained after enzyme
immobilization. The evaluated KM(app) for collagenase immobilized onto chitosan nanofibers compared to the
KM(app) for soluble collagenase indicates a higher affinity for the active binding site of collagenase. These
lower values correspond to previous observations of enzyme conjugations to materials such as magnetic
particles [14] or polyethylene glycol [15]. A possible interpretation of the lower values compared to soluble
collagenase is that the large specific surface area for hydrophilic nanofibers changes the degree of substrate
pre-concentration in proximity to the nanofiber surface.
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Table 1 Michaelis constant of soluble and immobilized collagenase
(KM(app)
(mM)

Substrate

vmax
(mol/l.s)

References

Collagenase (class I-II)
chitosan nanofibers

4-phenylazobenzyloxycarbonyl-Pro-Leu-GlyPro-D-Arg

0.356

0.09

This work

Soluble
(class I-II)

4-phenylazobenzyloxycarbonyl-Pro-Leu-GlyPro-D-Arg

0.504

0.21

This work

Soluble collagenase

karbobenzoxy-Gly-Pro-Gly-Gly-Pro-Ala

0.71

-

16

Soluble collagenase G
(class I)

furylacryloyl-Leu-Gly-Pro-Ala (FALGPA)

0.84

-

1

collagenase

Soluble
collagenase
isoform G (class I)

1.26

Soluble collagenase H
(class II)

0.269

Soluble
collagenase
isoform H (class II)

0.425

Additionally, the operational and storage stabilities of nanofibers biofunctionalized with collagenase were
observed. The operational stability measurement results (Fig. 3) showed no substantial decrease after
measurement 8. Storage stability is one of the main advantages of enzyme immobilization. To demonstrate
the long-term usability of immobilized collagenase, the prepared collagenase chitosan nanofibers were stored
at 4 °C in storage buffer before the enzyme activity measurement. The results showed no significant decrease
in specific enzyme activity (still at 100%) after 6 weeks.

Fig. 3 Operational stability of collagenase chitosan nanofibers
3.3.

Sterilization of collagenase chitosan nanofibers

We further investigated the sterilization conditions of collagenase chitosan nanofibers. Because of the
decrease in collagenase activity in 80% (v/v) ethanol solution (33 % decrease compared to non-sterilized
sample), we investigated the possibility of irradiation with UV-C after prior desiccation. Desiccated collagenase
chitosan nanofibers did not exhibit a significant decrease in collagenase activity. The UV-C radiation of
biofunctionalized nanofibers from both sides from a distance of 1 m for 30 min was followed by collagenase
activity measurement, which showed a decrease in enzyme activity to 87 %. These results indicate that highly
active collagenase chitosan nanofibers can be successfully sterilized by UV-C without a significant decline in
activity.
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CONCLUSION

In this study, the collagenase from Clostridium histolyticum was immobilized via carbodiimide chemistry to
chitosan nanofibers. The immobilized microbial collagenase exhibited a high affinity to Pz-peptide,
demonstrating that steric active site accessibility is maintained. The combination of collagenase and nanofibers
served as excellent immobilization matrix in terms of long-term stability due to robust covalent bonds between
the collagenase and the chitosan nanofibrous surfaces. Further, the desiccation of a hydrophilic biocompatible
collagenase nanofiber followed by UV-C sterilization produces an unchanged hydrolysis of the peptidic
substrate Pz-peptide. The approach of collagenase chitosan nanofibers can be used for other enzyme
applications such as debridement in cutaneous ulcers and burn wounds with the advantages of a sterile wound
dressing, or degrading various types of collagen and gelatine in biological methodologies.
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Abstract
The aim of the work is to compare the biogenic silica nanoparticles, which have been isolated from rice husks
with synthetically produced silica brand Cab-O-Sil LM-150. The comparison is based on an evaluation of the
two systems from the point of view of chemical composition, particle size and structure, ability to form clusters
of particles and interactions with selected bacterial systems. Methods used for comparison were: SEM, EDX,
TEM, FTIR, ICPOES and bacteriological tests. Husks are standardly contaminated by accompanying ions that
are important for plant growth, but undesirable for obtaining a quality product. Rice husk used for the silica
isolation were purified by boiling in 10% HCl for 2 hours. Rice husks were then washed with distilled water until
pH 7. The dried and purified husks were burned in an oven at 650oC of ramping temperature 10oC/min during
2 hours. The obtained product has a chemical composition analogous to the synthetic product. Biogenic
particles reach a size of about 20 nm, about 10 nm synthetic. Both materials have an amorphous structure.
Interaction with bacterial systems was performed with Gram-negative bacteria Escherichia coli W3110 strain
and Gram-positive bacteria Bacillus cereus. In both cases analogous behaviour was observed depending on
the concentration of nanoparticles and reducing the growth rate of cultures of 8% for E. coli and 5% for B.
cereus resulted nanoparticles at the concentration of 150 mg/ litter of medium.
Keywords: Biogenic silica, synthetic silica, chemical composition, particle size, bacterial systems
1.

INTRODUCTION

Amorphous silicon dioxide have already reached considerable field of application. Due to its chemical
composition and particle size it is used as an additive: for improving powders flow-ability, rheological
parameters correlation, influencing friction behaviour. Silicon dioxide filler is an integral part of different
pharmaceutical, cosmetic, food or polymer products. Synthetic amorphous SiO2 nanoparticles e.g. type
Cab-O-Sil is produced by continuous process of silicon tetrachloride flame hydrolysis at temperature about
1700oC. Silicon dioxide nanoparticles can be found in certain type of plant too [1, 2]. Silicon is absorbed by
plants root system in form of colloid ortho-silicic acid [3]. Due to a number of biochemical processes and
consequently photosynthesis the overall process leads to formation of SiO2 nanoparticles. These nanoparticles
are primary shaped in surface layers of plant parts (leaves, stalks, husks) and creates barriers several microns
thick. They are firmly connected with organic phase - e.g. cellulose in these barriers. Silica has an important
role from the point of view of plant reinforcement and a surrounding environment protection. In these systems
we can find accompanying ions of calcium, potassium, sodium, magnesium, aluminium and others. These ions
are essential for the growth of plants and their amount is related to the plant species and a soil composition in
which plants grow. Rice husks can be considered as the largest potential source of silica from an agriculture
waste due to high silica content up to 23 wt. %. The most common isolation method of this compound from
rice husks is their burning at 700oC with a chemical pre-treatment with hydrochloric acid to ensure the removal
of accompanying ions [4, 5, 6]. Silicon dioxide that is formed in plants due to biochemical processes and
photosynthesis is known as biogenic or biomorphous. Biogenic silica has a great potential for use in
biomedicine, pharmaceutical, cosmetic and food industry [7,8].
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Rice husk (obtained from Oryza sativa L.) imported from Vietnam, province Khanh Hoa, were used for
experiments. Commercial product brand Cab-O-Sil LM -150 (Cabot GmbH), synthetically produced amorphous
fumed silica was used as a comparative material. Hydrochloric acid (Penta Chemicals) and deionized filtered
water were used for a purification process of rice hulls. To remove dust and other impurities, obtained hulls
were washed with deionized water, next dried (60 °C for 3h) and purified in 10% hydrochloric acid under reflux
for 2h. Acidic residues were removed by washing samples with deionised water. After that a dried sample was
calcinated in a laboratory furnace for 2 h at 650 °C in air. The heating rate was 10 °C per minute from an
ambient temperature (25 °C).
Biogenic silicon dioxide nanoparticles isolated from rice husks and synthetic silicon dioxide nanoparticles type
Cab-O-Sil LM-150 were characterized by a scanning electron microscope (SEM), FE SEM ZEISS ULTRA
PLUS. The samples were prepared by depositing dried materials onto the microscope holder. Map of the
chemical composition was obtained by EDX analysis performed using Oxford Aztec Energy detector.
ATR-FTIR spectroscopy was performed to analyse the functional groups present in the prepared samples
using a Nicolet iZ10 spectrometer, Thermo Scientific (USA), with DTGS detector, technique: ATR Ge crystal,
number of sample/background scans: 32/128, resolution: 4 cm-1, spectral range: 4000-700 cm-1, apodization:
Happ-Genzel.
A chemical composition was evaluated using an inductively coupled plasma optical emission spectrometer
(ICP OES, OPTIMA 2100 DV, Perkin Elmer) for the determination of Ca, Mg, K, Na, Al and Fe ions in digests.
Rice husk sample was prepared by microwave digestion using Multiwave PRO, Anton Paar, Austria. equipped
with high-pressure teflon vessels. Decomposition was carried out for 45 min at 150 °C in nitric acid under the
pressure of 60 bar.
Transmission Electron Microscopy (TEM) was used to determine the shape and size of nanoparticles. Samples
were suspended in anhydrous ethanol and subsequently ultra-sonified using an ultrasonic homogenizer (20%
amplitude) and next those suspensions were centrifuged for 5 min at 6000 rpm. Supernatants from each
sample were dropped on copper grid with holey carbon film and dried on the air. Transmission Electron
Microscopy analysis was done on JEOL JEM 2010F at 160kV of accelerating voltage.
Microorganisms Escherichia coli W3110 [9] and Bacillus cereus, a soil isolate obtained in the Laboratory of
Enzyme Technology, Prague, were grown in Luria Bertani (LB) medium (in g/L): tryptone 10, yeast extract 5,
NaCl 5, pH 7.2. For all experiments, E. coli was cultivated at 37°C and B. cereus at 28°C. To prepare the
inoculum, a stock culture was transferred onto agar plates with LB medium and cultivated for about 16 h. A
single colony was used to inoculate 20 mL of LB medium and the flask was shaken on a rotary incubator at
200 rpm. One ml of the inoculum was then used to inoculate batch cultures in 500-mL flasks containing 100
mL of LB medium supplemented with the nanoparticles, leaving one as a control to track the normal growth of
the microbial culture in the absence of nanoparticles. The cultures were shaken for 24 h. Nanoparticles powder
5, 10 or 15 mg was dispersed in 1 ml of sterile Milli-Q water, vigorously mixed for 5 min and transferred to
bacterial cultures to get final concentration 50, 100, or 150 mg of nanoparticles per litre. Biomass concentration
was assayed spectrophotometrically measuring the optical density of culture samples at λ of 600 nm (OD600).
Cultures were sampled every thirty minutes for eight hours to record the growth. The specific growth rate
μ (h-1) was calculated from five consecutive OD600 measurements (μ=ΔlnOD600/Δt, where t is time) during the
exponential phase of growth.
2.2.

Results and discussion

Biogenic silicon dioxide was obtained by a chemical purification of rice hulls and a subsequent calcination of
the purified intermediate product as described above. The ultra fine powder of biogenic silica was compared
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with a synthetic CAB-O-Sil LM - 150 in point of material properties and a biological interactions. From scanning
electron microscope observation the formations of biogenic silica appears to be more compact in comparison
to the synthetic product. Both of them have a tendency to form the agglomerates. The size of these structures
which were shown on Fig. 1 are in dozen of nanometers. Transmission electron microscopy allows determine
the size, shape and morphology both of investigated materials. Size of biogenic silicon dioxide nanoparticles
obtained from rice husks are ranged from 20 to 30 nm, see Fig. 2A. The size of the pyrogenic amorphous
nanoparticles of silicon dioxide produced at 1700oC is about 10 nm. TEM images clearly show the round shape
of nanoparticles. Characteristic feature of the synthetic product is the formation of a chain (chain-like) structure,
as is evident from Fig. 2B. In both cases, the nanoparticles have an amorphous structure which was confirmed
by selected area electron diffraction (SAED).

Fig. 1 SEM images of the biogenic silicon dioxide nanoparticles isolated from rice husks (A), synthetic silicon
dioxide nanoparticles type Cab-O-Sil LM-150 (B)

Fig. 2 TEM images of the biogenic silicon dioxide nanoparticles isolated from rice husks (A), synthetic silicon
dioxide nanoparticles type Cab-O-Sil LM-150 (B). Selected Area Electron Diffraction (SAED) showing a
diffraction ring - inset
The basis of purification process is removal of the major accompanying magnesium, sodium, calcium,
potassium, aluminum and iron ions. The presence of these ions significantly affect on the quality of the obtained
silicon dioxide after combustion. It is necessary to remove the highest content of these ions in order to get the
purest product. Fig. 3A shows an overview EDX analysis of the chemical composition of raw rice husk before
and after removal of undesired accompanying ions. The analysis confirmed that the raw material is
characterised by a high content of silicon, carbon, oxygen and additional ions which plants need for growth.
Samples after purification (Fig. 3A inset) show only the presence of three main components (Si,C,O). Small
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amount of carbon which is characterized by occurrence of the carbon peak is negligible, because mainly comes
from the method of performing EDX analysis (carbon tape).

Fig. 3 EDX analysis of rice husks before and after (inset) the process of chemical pre-treatment (A),
FT-IR spectroscopy analysis - a comparison between isolated biogenic and synthetic silicon dioxide
nanoparticles (B)
Inductively Coupled Plasma Optical Emision Spectrometry (ICPOES) was used to determine the exact content
of ions in rice husk sample. Selected purification method removes impurities up to almost 100% as you can
see from Table 1.
Table 1 Ionic compositionin of rice husk samples (Oryza sativa L.) before and after purification in 10%
hydrochloric acid
Oryza sativa
L.

Ionic composition [mg.kg-1]
Mg

Ca

Na

K

Al

Fe

Before

360

847

88

2787

685

297

After

2.62

<2

8.32

<2

51.1

6.95

Infrared spectroscopy was used for comparison of chemical bonds in the biogenic and synthetic silicon dioxide
nanoparticles. Fig. 3B shows the ATR-FTIR spectra of investigated samples. Spectra of synthetic silicon
dioxide illustrate the three characteristic peaks at wavenumbers of 1072 cm-1, 950 cm-1 and 800 cm-1.
Expanded bond appeared near 1072 cm-1 is attributed to the asymmetric stretching vibrations of the Si-O-Si
bonds. Another characteristic signal at 800 cm-1 corresponds to the presence of the symmetric stretching
vibrations of Si-O-Si bonds [8,10,11]. According to literature, band apparent at 950 cm-1 indicates the presence
of the silanol bonds, Si-OH, and it is closely related to the presence of the hydroxyl groups in the range of
3400-3200 cm-1 [8]. Biogenic silicon dioxide obtained via process describe above differ from synthetic product.
In the tested samples the hydroxyl groups are not visible (absence of peaks near 950 cm-1, 3400-3200 cm-1).
Biogenic silicon dioxide isolated from rice husks was also compared with synthetic product in terms of
interaction with bacterial systems. Comparative study of bacterial growth of gram-negative E. coli and grampositive B. cereus exposed to silica nanoparticles was made in LB medium containing biogenic nanoparticles
or synthetic Cab-O-Sil in concentrations of 50, 100 and 150 mg/liter. No toxic effect of both types of particles
on growth of cultures was observed. All characteristic phases of the growth curve were clearly visible in the
course of 24 h and no differences in final OD were determined: final OD600 for E. coli and B. cereus cultures
was 4.35±0.1 and 11.2±0.3, respectively. Specific growth rates calculated for E. coli and B. cereus cultures
with and without silica particles are in Fig. 4. The growth of E. coli and B. cereus cultures exposed to synthetic
silica nanoparticles was not inhibited at any concentration. The growth rate in the presence of biogenic
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nanoparticles was slightly decreasing with increasing concentration of nanoparticles. The growth rate reduction
of about 8% for E. coli was determined at the highest concentration of (150 mg/liter) of biogenic nanoparticles.
As regards B. cereus, the reduction was about 5% at the highest concentration of biogenic nanoparticles.

Fig. 4 Concentration effect of biogenic (SiO2) and synthetic silicon nanoparticles, (Cab-O-Sil) on the specific
growth rate of E. coli W3110 and B. cereus grown in batch cultures in LB medium at 28°C (B. cereus) or
37°C ( E. coli) for 24 h. The specific growth rate μ (h-1) was calculated as the slope of five adjacent points
from exponential growth phase
3.

CONCLUSION

The present study demonstrate that it is possible to obtain pure silicon dioxide, SiO2 in form of nanoparticles
from rice husks, which is one of the largest agricultural waste material. The size of biogenic silica nanoparticles
obtained after purification and calcination processes are in the range from 20 to 30 nm. These nanoparticles
have a spherical shape, amorphous structure and have tendency to agglomeration. Using the suitable
purification method of raw material (rice hulls) were efficiently removed additional ions (up to 100%) which
have significant impact on the morphology and purity of final product. Nanoparticles of commercially available
amorphous silicon dioxide brand Cab-O-Sil LM 150 have 10 nm size of individual particle and tendency to
easily form agglomerates with chain-like structures. An infrared spectroscopy shows only one difference
between biogenic and synthetic silica, that is lack of silanol bonds in the nature product. The main reason of
this dissimilarity is probably the process of preparing silica powder from rice husks. Biogenic silica
nanoparticles may be regarded as analogous to synthetic product in point of view interaction with bacterial
systems. No deleterious effect of the nanoparticles on culture growth of gram-negative (E. coli) and grampositive (B. cereus) bacteria was observed. Similar results were described by Williams et al. [12]. Although the
slow and steady decrease of the growth rate in the presence of biogenic particles was determined, the final
biomass concentrations achieved in cultures after 24 h of growth were the same as in nanoparticles-free
control cultures.
ACKNOWLEDGEMENTS
The research reported in this paper was financially supported by the Ministry of Education, Youth
and Sports in the framework of the targeted support of the “National Programme for Sustainability I”
(LO1201) and the OPR&DI project “Centre for Nanomaterials, Advanced Technologies and Innovation
CZ.1.05/2.1.00/01.0005”.
446

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

REFERENCES
[1]

MA J. F., YAMAJI N. Silicon uptake and accumulation in higher plants, TRENDS in Plant Science Vol.11 No.8,
2006, pp. 392-397, DOI 10.1016/j.tplants.2006.06.007

[2]

ADREES M., Ali S., RIZAWAN M., ZIA-UR-REHMAN M., IBRAHIM M., ABBAS F., FARID M., QAYYUM M. F.,
IRSHAD M. K. Mechanisms of silicon-mediated alleviation of heavy metal toxicity in plants: A review, Ecotoxicology
and Environmental Safety, Vol. 119, 2015, pp. 186-197, DOI 10.1016/j.ecoenv.2015.05.011

[3]

SINGH R., DHINDAW B. K. Production of High Purity Silicon for use in Solar Cells, in Sun, Mankind's Future Source
of Energy : Proceedings of the International Solar Energy Congress, 1978, pp. 776-781

[4]

DELLA V. P., KUHN I., HOTZA D. Rice husk ash as an alternate source for active silica production, Materials
Letters, Vol. 57, 2002, pp. 818-821, DOI 10.1016/S0167-577X(02)00879-0

[5]

SHINOHARA Y., KOHYAMA N. Quantitative Analysis of Tridymite and Cristobalite Crystallized in Rice Husk Ash
by Heating, Industrial Health, Vol. 42, 2004, pp. 277-285, DOI 10.2486/indhealth.42.277

[6]

FANG M., YANG L., CHEN G., SHI Z., LUO Z., CEN K. Experimental Study on Rice Husk Combustion in a
Circulating Fluidized Bed, Fuel Processing Technology, Vol. 85, 2004, pp. 1273-1282, DOI
10.1016/j.fuproc.2003.08.002

[7]

HENSTOCK J.R., CANHAM L.T., ANDERSON S.I. Silicon: The evolution of its use in biomaterials. Acta
Biomaterialia, Vol. 11, 2015, pp. 17 - 26, DOI 10.1016/j.actbio.2014.09.025

[8]

ALSHATWI A.A., ATHINARAYANAN J., PERIASAMY V. S. Biocompatibility assessment of rice husk-derived
biogenic silica nanoparticles for biomedical applications, Materials Science and Engineering C, Vol. 47, 2015, pp.
8 - 16, DOI 10.1016/j.msec.2014.11.005

[9]

BACHMANN B.J. Pedigrees of some mutant strains of Escherichia coli K-12, Bacteriol. Rev., Vol. 36, 1972, pp.
525-557

[10]

SALH R. Defect related luminescence in silicon dioxide network: a review, Crystalline Silicon - Properties and Uses,
Sukumar Basu (ed.), pp. 135-172. Rijeka: InTech, 2011

[11]

GENDRON-BADOU A., CORADIN T., MAQUET J., FROHLICH F., LIVAGE J. Spectroscopic characterization of
biogenic silica, J. Non-Cryst. Solids, Vol. 316, 2003, pp. 331, DOI 10.1016/S0022-3093(02)01634-4

[12]

WILLIAMS D.N., EHRMAN S.H., HOLOMAN T.R.P. Evaluation of the microbial growth response to inorganic
nanoparticles, J. Nanobiotechnology, Vol. 4, No. 3, 2006, DOI 10.1186/1477-3155-4-3.

447

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU
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Abstract
Biocompatible and bactericidal coatings were deposited onto different titanium based implant materials. For
this the plasma chemical oxidation (PCO) process as well as the atmospheric pressure plasma chemical
vapour deposition (APCVD) was used successively. With the PCO technique about 10 µm thick oxide films
with high amounts of amorphous calcium phosphate and a defined morphology structure can be deposited
onto the titanium implant substrates. It can be shown that the morphological structure and the film composition
have a positive influence on the adhesion and the growth of human cells, tested with HaCaT keratinocytes and
therefore are suited to improve the biocompatibility compared to pure metals or alloys. With the APCVD thin
composite SiOx films can be deposited on the modified titanium substrates. Silver, copper or zinc was used
as bactericidal agent, the APCVD film thickness is in the range of less than 150 nm. It could be shown that the
bactericidal efficiency of these composite coatings depends slightly on the amount of agent in the films, the
agent itself and the used bacteria strains with their specific cell structure. For both of the shown agents Ag and
Cu a therapeutic range could be determined, without cytotoxic but bactericidal properties. Beside the
description of the coating processes and test methods diverse film properties like structural images as well as
the bactericidal and cytotoxic behaviour of the coatings will be presented.
Keywords: Plasma chemical oxidation (PCO), Atmospheric pressure plasma chemical vapour deposition
(APCVD), implant materials, titanium alloys, bactericidal behaviour
1.

INTRODUCTION

One of the biggest challenges in orthopedics, among other things is the treatment or prevention of infections
during and after an implant operation. The incidence of postoperative infections is generally low and is in the
range of 0.3 - 3% [1-3]. The consequences for the affected patients are very uncomfortable, ranging from
longer hospital stays, antibiotics, pain up to immobilization. Cytocompatibility is necessary for biomaterials for
integration to human tissue, in particular for orthopedic implants, when the osseointegration is a major goal.
So the combination of improved osseointegration and prophylaxis of implant-related infection would solve two
major concerns in one step. Therefore, it was our goal, producing an additional antibacterial effect on a
macroporous Ca and P containing PCO - layer. Both layers were deposited onto titanium alloy samples, first
the PCO - layer to improve biocompatibility and then an extra thin bacterial active but non-toxic layer by means
of APCVD.
2.

EXPERIMENTAL PART

2.1.

The Plasma chemical Oxidation

Plasma chemical oxidation (PCO) was used to modify the surface of titanium alloy implants (TiAl6V4), as
published before [4]. In short, this technique converts the nm-thin natural occurring titanium-oxide layer on an
implant to a ten µm thick ceramic coating. The surfaces have a macroporous structure and were loaded with
calcium and phosphorus from the electrolyte.
The oxide film thickness increases linearly with approximately 1.5 nm∙V-1 to 3.0 nm∙V-1 during the anodic
oxidation process. With a suitable electrolyte further layer growth beyond the coloration regime of the anodic
oxidation is realizable. Above a certain voltage, mainly determined by the electrolyte, work piece and power
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supply settings, the oxide is insufficiently resistive to prevent increasing current. This results in an augmented
oxygen formation with local field strengths above 106 V∙m-1 to 109 V∙m-1 and an ignition of a thermal spark
discharge in pure oxygen surrounded by aqueous electrolyte. This additional layer formation pathway
increases the deposition rate and leads to the incorporation of electrolyte compounds into the layer when the
previously melted plasma channels and pores solidify again. With this plasma assisted electrolyte incorporation
into the TiO2 matrix the main technological aspect is described to dope these layers with functional elements
or compounds such as Ca and P. Furthermore, the longer the discharge regime of the deposition process
occurs the more dopant material is incorporated into the coating. The process of plasma chemical oxidation is
also suitable for producing protective layers on biodegradable magnesium alloys [5].
The power supply for the electrolysis cell consists of a special pulsed rectifier from Munk GmbH in Hamm,
Germany. This power supply delivers a pulsed direct current of 10 A with voltage from 0 V to 350 V and an
adjustable pulse frequency from 10 Hz to 1000 Hz.
The coatings were generated by the plasma chemical oxidation process in alkaline electrolytes. The major
components of the alkaline electrolyte used for the PCO process were calcium dihydrogen phosphates, sodium
dihydrogen and ammonium hydroxide (CaP-electrolyte). The samples were polarised anodically with a
constant current of 0.1 A/cm2 until reaching a voltage of 350 V by applying pulsing DC. More details of the
process are given elsewhere [4].
In Fig. 1 one can see by SEM the change in morphology of TiAl6V4 after treatment and deposition with the
PCO process, resulting in an increase of the specific surface and the same time named changes to film and
surface composition, respectively.

Fig. 1 SEM surface topography of untreated TiAl6V4 alloy (left) and biocompatible modified one by plasma
chemical oxidation (PCO) (right)
2.2.

The atmospheric pressure plasma chemical vapour deposition (APCVD)

APCVD combining a typical CVD process with a plasma discharge at atmospheric pressure was used to
deposit the bactericidal thin films. As plasma source for the APCVD process, a plasma jet of type BLASTER
MEF (TIGRES, Marschacht, Germany) was used in combination with a modified plasma blast pipe, which
enabled to feed additives as second precursors into the plasma. Pulsed dc plasma was ignited between two
cylindrical electrodes, i.e. an inner stick electrode and the actual plasma nozzle as grounded outer electrode.
The plasma jet was accelerated using compressed air at a pressure of 6 bars. The length of the plasma jet
was controlled by the applied power set to 400 W. Further details on the APCVD process are reported in
previous papers [6]. The substrates were located at a distance of 10 mm below the plasma jet. All samples
were moved in meandering patterns with respect to the stationary plasma jet, with a set grid spacing distance
of 3 mm. To achieve a film thickness of ~100-150 nm, 8 runs during the deposition process were realized.
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As primary precursor, evaporated hexamethyldisiloxane (HMDSO) was used to create the SiOx thin film matrix.
As secondary precursors, solutions with 5% silver nitrate (AgNO3) and copper nitrate (Cu(NO3)2), respectively,
both in a 1:1 volume mixture of isopropanol and water, were used. The variable parameters used to adjust the
Ag and Cu content in the films were the flow rates of the AgNO3 and Cu(NO3)2 solutions, respectively. These
were varied between 20 µl/min and 100 µl/min in steps of 20 µl/min.
2.3.

Bactericidal and cytotoxic test methods

All these standardized measurements were done in cooperation with the University Medical Center in Jena,
(Department of Dermatology), which is equipped with the crucial microorganisms responsible for infections
and also test methods. Three kinds of pathogenic microorganisms were used for the antibacterial
investigations: Staphylococcus aureus ATCC 6538 (Gram positive), Klebsiella pneumoniae ATCC 4352 (Gram
negative) and Pseudomonas aeruginosa DSM 1117 (Gram negative). Tests in direct contact between the
surface and the organisms, according to ISO 22196, were carried out to quantify the activity of the coatings in
comparison to a specified PE-foil, which acts as reference.
Cytotoxic effects were determined on Human adult low calcium high temperature keratinocytes (HaCaT, cell
line 432) with two assay kits, which were applied consecutively. After colonisation on the substrate surface for
72h (37°C), in a first step the CellTiter-Blue® Cell Viability Assay (Promega, Germany) was used and then
afterwards measurements of the Adenosine triphosphate (ATP) content (ATP lite, Perkin Elmer, Germany). In
both cases glass samples in the same dimensions like the substrates were references for ideal, unaffected
cell growth. Results will be only shown here for ATP assays because the outcome was very similar between
both test methods. The ATP concentration is a direct indicator regarding the cell viability and is measured by
luminescence radiation within this assay kit. Low intensity of light means high toxicity and vice versa.
3.

RESULTS AND DISCUSSION

Normally the APCVD deposition process of pure silicon oxide layers without other incorporated materials leads
to homogeneous, dense films. With increasing dosing rates of the AgNO3 and Cu(NO3)2 Precursor solutions
additionally, more and more nm-sized particles and agglomerates are created in-situ inside the plasma jet,
which are also recognizable on the substrate surface after the deposition. In Fig. 2 this can be seen for both
substances in SEM surface images for the highest precursor dose, each time.

Fig. 2 SEM surface topography after APCVD coating - SiOx / Ag with highest flow rate of AgNO3 precursor
(left) as well as for SiOx / Cu and the highest flow rate of Cu(NO3)2 precursor (right)
The range of these particle and cluster sizes vary from small nanometers up to the some micrometers in the
case of agglomerates. In previous publications it could be clarified that the small sizes up to about 100 nm are
mostly embedded into the silicon oxide matrix and the bigger ones are preferably located on top of the layers.
So in case of abrasive wear to the surface first these on top will be removed, the remaining composite layer is
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quite stable and releases the active agents continuously when interactions with microorganisms in direct
contact or bacteria suspensions occur [7]. XPS measurements reveal full oxidation of copper in the layers by
using the Cu(NO3)2 precursor, but also residuals of the initial nitrate precursor can be found [8]. For silver it is
expected that mostly metallic silver nanoparticles are created besides the nitrate residuals [7], but up till now
it is not completely confirmed. The antibacterial assays (Fig. 3 and 4) show that the antibacterial effect on the
gram negative Klebsiella pneumoniae was significant stronger, especially for the silver precursor, than for the
gram positive Staphylococcus aureus. In tendency higher precursor doses are leading to slightly higher
antibacterial activity, as expected.

Fig. 3 Growth of Klebsiella pneumoniae ATCC 4352 in respect to PE foil as reference, tested according to
ISO 22196, incubation time of 24h

Fig. 4 Growth of Staphylococcus aureus ATCC 6538 in respect to PE foil as reference, tested according to
ISO 22196, incubation time of 24h
The growth reduction of K. pneumoniae was up to 100%, dependent of the antibacterial agent and
concentration. On the other side the antibacterial effect on S. aureus was slightly lower except for copper as
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an antibacterial agent. These differences in activity for silver between gram-positive and gram-negative
bacteria are in good accordance to observations from Kawahara et al. [9]. They suppose that gram-positive
bacteria are more resistant against silver ions due to cell walls which contain three to twenty times more
peptidoglycan than gram-negative bacteria. Peptidoglycan is negatively charged and can bind a higher
percentage of the positive charged silver ions, which are released of the nanoparticle surfaces [9].
The cytotoxic ATP assay performed with HaCaT showed that the PCO coating had a positive effect on the
growth rate of the cells. The number of viable cells was almost doubled with the pure PCO coating. Higher
concentrations of silver precursor starting at 80 µl/min showed a strong cytotoxic impact on the HaCaT cells.
Copper showed in comparison to the uncoated reference a good compatibility despite high concentrations of
precursor. In comparison to the reference material the PCO layer compensates the cytotoxicity of antibacterial
layers and enhanced the cell growth rate slightly.

Fig. 5 Cytotoxic behaviour against HaCaT keratinocytes compared to glass references, ATP assay
4.

CONCLUSION

The investigations have shown that it is possible to combine the excellent biocompatibility of PCO calcium
phosphorus layers on titanium based surfaces with the antibacterial effect of APCVD coatings. Different
antibacterial agents such as silver and copper have achieved a good antibacterial effect (very strong to
significant reduction) against pathogenic gram positive and gram negative bacteria but negligible cytotoxicity,
at the same time. Therefore, a therapeutic range could be found for both active agents.
So these APCVD layers show good promise for medical applications like implants as shown here, but also
temperature sensitive surfaces like textile wound dressings can be modified by this technique [10].
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Abstract
In this study the surfaces of pure polyethylene and polyethylene filled with organo-modified vermiculite were
prepared and compared. Both polymers were prepared from industrial polyethylene powders. The
polyethylene composite were filled with 3 wt. % of additive. As an additive was used vermiculite with
chlorhexidine diacetate (CA). CA is antibacterial agent often used in dentist medicine. The infection is major
problem of implant surgery. Smoothening of polyethylene surface may result in difficult adhesion of bacteria
and viruses. Combination of smooth surface with antibacterial effect should to be very promising material for
implant medicine. Two processes were compared - heat treatment and chemical modification (boiling in
hexane). Pure polyethylene shows deep depression and sharp tips formed by preparation process. The
heating method creates finer surface and more flat surfaces without sharp tips. On the other hand boiling in
hexane create surface with fine roughness resulting in dissolution of polyethylene.
Keywords: Polyethylene, vermiculite, chlorhexidine diacetate, smooth surface
1.

INTRODUCTION

Polyethylene (PE) is non-toxic, insoluble in water, biologically inert, stable and very often used polymer. PE is
widely applied for food packaging, water purification [1], in medicine as implants (e.g. urinary catheters,
vascular cannulea, tubes of respirators etc. [2,3]). The problem of implant surgery is infection caused by
bacteria and viruses catch on the implant surface [4]. This problem should be solved by smoothening of
polymer surface. The smoothening of polymer surface leads to make the bacteria and viruses adherence more
difficult [5]. Another improving of infection effect is usage of PE contains fillers with specific effect. Polyethylene
is used as polymer matrix of nanocomposites applying organically modified clay minerals as fillers [6,7]. Clay
minerals are non-toxic, cheap natural phyllosilicates [8]. Layered structure of clays enables modification with
organic molecules (e.g. drugs). These organic molecules can give special properties as antibacterial activity
to clays. On the other hand, fixing of organic molecules on clays leads to gradual release of the drug. One of
the most used organic compound is chlorhexidine diacetate (CA) - drug utilized in medicine for its strong
antibacterial effect [9]. CA is very effective against Gram-positive and Gram-negative bacteria. Area of
utilization of CA is bactericide. In dental application CA is active ingredient against dental plaque or oral
bacteria in mouth wash. Organic modification of clay by CA is very often [10,9]. Another advantage of organovermiculite is utilization as polyethylene matrix due to better dispersion of filler in polymer matrix [11]. Utilization
of smooth and antibacterial PE surface can solve the problem of infection. In this study two smoothening
processes were compared - smoothening by heat treatment and smoothening by dissolution in inorganic
solvent (boiling in hexane). The shape of polymer surfaces were studied by atomic force microscopy (AFM)
and scanning electron microscopy (SEM).
2.

MATHERIALS AND METHODS

2.1.

Materials

Vermiculite from Brazil (from Grena Co., Czech Republic) was milled in vibratory mill to obtain fraction ≤ 40 μm.
Monoionic Na-form of vermiculite (Na-Ver) was prepared by cation exchange with 1 mol.dm-3 NaCl solution.
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Chlorhexidine diacetate were purchased from Sigma Aldrich Co., Czech Republic and ethanol was purchased
from Vitrum VWR, Co. (Czech Republic). Polyethylene (PE) plate was prepared from powdered and granulated
mixture of industrial low density polyethylene (Bralen VA20-60, Slovnaft Co., Slovak republic). Hexan p.a. was
purchased from Lach:Ner, Co. (Czech Repubilc).
2.2.

Sample preparation

Na-form of vermiculite was modified by chlorhexidine diacetate in concentration corresponding to 1 x cation
exchange capacity of vermiculite (CEC = 106 cmol(+)/kg). Ethanolic solution of CA and aqueous solution of
Na-Ver were mixed together, stirred and heated for 6h. Final product was centrifuged and dried overnight
(marked as VerCA). Pure polyethylene was prepared from the mixtures of polyethylene precursors by blending
mixtures in the Brabender kneading chamber (BRABENDER GmbH & Co. KG 835201.041/815604) at 150 °C
for totally 10 min (two intervals were used: 10 rpm for 2 min and subsequently 50 rpm for 8 min). The PE was
pressed to 100 x 100 x 1 mm plate by hand press for 3 min at 160°C. After that prepared plate was cooled
down at liquid cooled press for 15 min. The polymer composite was prepared by addition of 3 wt% VerCA into
the starting PE mixture. The polyethylene composite was denoted as (PE/VerCA).
For smoothening experiments were used PE and PE/VerCA plates at range 10 x 10 mm. Smoothening of the
PE and PE/VerCA surfaces were prepared by heating and boiling in hexane. Heat treatment was done in oven
at 150 °C for 5 min and then was the plate cooling down to laboratory temperature (PE1, PE/VerCA1). In the
second process (boiling in hexane), the plate was placed into the boiling hexane solution for 8 min. Then the
plate was removed form solution and washed with demineralized water and dried at laboratory temperature
(PE2, PE/VerCA2).
2.3.

Methods

The morphology of the samples was studied using scanning electron microscopy and atomic force microscopy.
Scanning electron microscopy (SEM) images were performed using PHILIPS XL-30 equipped with energy
dispersive spectrometer EDAX. The samples for SEM were coated by gold, because the polyethylene is not
conductive. The brief surface morphology of the surfaces was studied using atomic force microscopy (AFM)
Solver NEXT (NT-MDT) atomic force microscope equipped with semicontact (tapping) probe (NSG30) was
used for imaging. The images were evaluated using Gwydion software.
3.

RESULT AND DISCUSSION

3.1.

Scanning electron microscopy

The characterization and antibacterial activity of polymer composites were already done in this study [6]. The
Fig. 1 shows SEM images of original polyethylene (Fig. 1a) and PE after thermal (Fig. 1b) and chemical
(Fig. 1c) treatment.

Fig. 1 SEM micrographs of a) pure polyethylene, b) PE1 and c) PE2
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Original polymer exhibits rough surface with deep cracks, which may be caused during the preparation of PE
plates in pressing machine. After thermal treatment (Fig. 1b) the surface of PE1 shows smoother surface
without deep cracks and very rough surface. On the other hand, small object are visible on entire surface.
These small objects should be bubbles caused by initial boiling of PE at 150°C or powdered gold from covering
of samples before SEM measurement. The PE treats by boiling in hexane has also smoother surface than
original polyethylene, but on the surface are visible slightly wrinkles, this might be cause by unequal dissolution
of PE in hexane. Small white objects on surface are gold particles from covering of sample by gold.
On the next SEM micrographs series is polyethylene with organo-vermiculite filler before treatment (Fig. 2a)
and PE/VerCA after heat (Fig. 2b) and chemical treatment (Fig. 2c). The original PE/VerCA (Fig. 2a) exhibits
rough surface, but on the surface are not visible deep cracks. This should be due to presence of organovermiculite in PE matrix, which improves mechanical properties of polyethylene [12]. The surface of PE/VerCA
after thermal treatment is smoother and does not exhibits small object, which should be also due to better
mechanical and thermal stability of polymer/organo-vermiculite composite. The surface is more compact. After
boiling in hexane the PE/VerCA2 surface is also smoother than starting PE/VerCA, but the surface is coarser
than in the case of thermally treated PE/VerCA1. This might be caused by unequal dissolution of polyethylene
in hexane. Small holes are occurred probably due to removal of VerCA particles from polyethylene matrix.

Fig. 2 SEM micrographs of pure a) PE/VerCA, b) PE/VerCA1 and c) PE/VerCA2
3.2.

Atomic force microscopy

For more detailed surface study of PE and PE/VerCA at atomic level, AFM was used. Fig. 3 shows AFM 2D
and 3D images of PE before modification. PE1 after heating process and PE2 after hexane modification is on
Fig. 4 and Fig. 5, respectively. The surface of original PE exhibits deep valleys and sharp edges and
protuberances of micrometric level. The rough morphology of surface is affected by pressing during plate
preparation.

Fig. 3 AFM 2D and 3D images of pure polyethylene
PE after both surface modification processes shows very different surface (PE1 Fig. 2 and PE2 Fig. 3). The
heat treatment makes surface without sharp edges and protuberances. The surface also has more smooth
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places (Fig. 2 2D image), which is determined by dark colour in the colour range. On the other hand there still
are several high places (profile 0.23 μm), but this value does not reach the value of original PE (profile 1.3 μm).

Fig. 4 AFM 2D and 3D images of PE1
In the case of hexane treatment (PE2 Fig. 5) the PE2 shows very rough surface with bubble-like structure.
This structure should be caused by unequal dissolution of polyethylene in hexane. On the other hand, also this
surface has more smooth surface profile (0.21 μm) than pure PE (1.3 μm). This structure should be suitable
for biocompatibility of polyethylene implant.

Fig. 5 AFM 2D and 3D images of PE2
The surface of original polyethylene with VerCA filler has smoother surface (Fig. 6) than original pure
polyethylene, which could be affected by improving the mechanical properties of polymer nanocomposite by
organo-vermiculite filler. Thus the preparation route of polymer plate creates the surface profile only 87 nm.
The better thermal stability can leads to more stable surface against external mechanical forces during
preparation of plates (pressing).

Fig. 6 AFM 2D and 3D images of PE/VerCA
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The polyethylene with VerCA after heat treatment (PE/VerCA1 Fig. 7) exhibits surface without large amount
of sharp edges and protuberances. Unfortunately, the PE/VerCA1 surface has profile in micrometric range
(0.15 μm). This should be caused by bubbles because of the close boiling point of polyethylene during thermal
smoothening process.

Fig. 7 AFM 2D and 3D images of PE/VerCA1
The last image shows the PE/VerCA after chemical treatment (Fig. 8). The PE/VerCA2 sample exhibits surface
with blunt protrusions. The surface profile of the PE/VerCA2 sample is 0.35 μm which can be caused by
unequal dissolution of the polyethylene in hexane. Dissolution of hexane for this sample gives better surface
profile then boiling process for PE2.

Fig. 8 AFM 2D and 3D images of PE/VerCA2
4.

CONCLUSION

The polyethylene and polyethylene/organo-vermiculite surface were smoothened by thermal and chemical
treatment. After both surface treatments the samples do not contain deep depression. The results show
surfaces with profiles in the submicron range. The SEM micrographs show improving of surface smooth at
micrometric level after both smoothening processes, no cracks were identified and surface seems to be
smooth. The AFM study shows samples surfaces at nearly atomic level, where were evident remove of sharp
defects. When the smoothening processes were compared, we can state that different approach will suit
different sample material. For pure PE heat treatment is better, but for PE/VerCA composite chemical
treatment is better.
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Abstract
Titanium and its alloys are widely used as hard tissue implants for their high biocompatibility and suitable
physical properties. Along with other surface treatment methods, anodization technique is known to enhance
osseointegration. The aim of this study is to evaluate the adhesion, growth and osteogenic differentiation of
human osteoblast-like SAOS-2 cells on Ti-6Al-4V samples anodized in electrolytes composed of a stable
volume of KOH (336.48 g/l) and variable volumes of liquid glass (124.47 g/l, 84,12 g/l and 37.38 g/l; samples
s5, s6 and s7, respectively). Non-anodized Ti-6Al-4V samples, cell culture polystyrene (PS) and microscopic
glass coverslips served as control materials. On days 2 and 4 after seeding, the cell number did not differ
significantly among the tested samples. However, on day 7, the cell number on s6 samples reached the lowest
values, which could be attributed to a non-homogeneous TiO2 film on s6 samples formed during anodization.
Nevertheless, the osteogenic differentiation, estimated by the intensity of fluorescence of collagen I in cells
grown in a differentiation medium, was the highest on s6 samples. On s5 samples, coated with homogeneous
TiO2 films, both cell numbers and intensity of fluorescence of collagen I was relatively high. The bone matrix
mineralization, evaluated by Alizarin Red staining, was the highest on s5 samples in standard culture medium,
and similar on all tested samples in differentiation medium. Thus, the surface modification of s5 samples could
be considered the most suitable for application in bone implants.
Keywords: Ti6-Al4-V, SAOS-2 cells, anodization, bone implants, collagen I, mineralization

1.

INTRODUCTION

Biomaterials such as titanium (Ti) and its alloys or compounds (e.g., TiO2) have various medical applications
(from implants to drug delivery systems) and are extensively used especially in the fields of orthopedics and
dental medicine. For use in hard tissue implants (aside from its favourable mechanical properties and
biocompatibility) the materials promoting a better integration with the surrounding bone tissue are desirable,
thus the improved adhesion, proliferation and osteogenic differentiation of cells on these surfaces is very
important for designing and fabricating the implants. Properties such as surface chemistry, morphology and
structure of these materials are important factors to influence the cell behaviour. Many techniques are used to
modify the titanium implant surfaces (for a review see [1]), e.g. mechanical methods to alter the surface
morphology [2-4], and also various biochemical methods using inorganic compounds and biomolecules [5-7].
In this article we tested the response of human osteoblast-like SAOS-2 cells to Ti6-Al4-V alloy samples
modified by an anodization technique to form a TiO2 (i.e., anatase or rutile) film on their surface. Ti oxide layers
are known to improve the corrosion resistance of the bulk material. Moreover it has been observed that an
anatase crystalline form of TiO2 exhibit antimicrobial effects [8] and may play a positive role in the
osseointegration process thanks to its effects on calcium phosphate precipitation [9].
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2.

MATERIALS AND METHODS

2.1.

Metallic sample preparation and characterization

Series of Ti-6Al-4V alloy samples were prepared in the form of disks with 14 mm in diameter and 2 mm in
thickness. Surfaces of some samples were further modified with anodization (samples s5, s6, s7) in
electrolytes of a different ratio composition of KOH and liquid glass (Table 1), while samples sC (control
Ti-6Al-4V sample group) were left unmodified. Ten samples per each experimental group were used.
Anodization was performed using a voltage of 40 V for 60 seconds to form a coating layer of TiO2.
The chemical composition and morphology of the surfaces of all anodized samples were observed and
measured by means of confocal Raman microscopy (XploRATM, HORIBA Jobin Yvon, France) coupled with
an optical microscope (Olympus BX41/51, obj. 100x) and 532 nm wave-length laser (20-25 mW, 3B grade).
Table 1 Electrolyte composition for surface treatment
Sample

KOH [g/l]

Liquid glass [g/l ]

s5

336.48

124.48

s6

336.48

84.12

s7

336.48

37.38

2.2.

Cell culture on metallic samples

The Ti-6Al-4V samples (s5, s6, s7, and sC) were cleansed in 70% ethanol, rinsed with distilled and deionized
water, sterilized in an autoclave (120 °C, 1 atm., 30 min) and air-dried in a laminar flow box under sterile
conditions. The samples were inserted into 24-well polystyrene cell culture plates (TPP, Trasadingen,
Switzerland; well diameter 15 mm) and seeded with human osteoblast-like SAOS-2 cells (ATCC-HTB-85,
Chemos) in an initial density of 20,000 cells per well (approx. 11,300 cells / cm2). Polystyrene cell culture wells
(PS) and microscopic glass coverslips (sGl) inserted in these wells were used as reference materials. Cultures
were supplied with 1.5 ml of McCoy’s 5A medium (Sigma-Aldrich Co., St Louis, MO, USA) supplemented with
15% fetal bovine serum (FBS, GIBCO, Life Technologies) and 40 μg/mL of gentamicin (Gentamicin Lek,
Ljubljana, Slovenia), referred as “growth medium”. The cells were cultured in a thermostat at 37 ˚C in a
humidified atmosphere containing 95 % of air and 5 % of CO2. On days 2, 4 and 7 after seeding, the cells were
rinsed in phosphate-buffered saline (PBS), fixed with 70% cold ethanol and stained by Texas Red
C2-maleimide (20 ng/mL) and Hoechst # 333258 (5 µg/mL) (both Sigma-Aldrich Co.) in PBS for 20 minutes.
These samples were evaluated for the cell population density and proliferation by fluorescence microscopy
(IX 51 epifluorescence microscope equipped with a DP 70 digital camera, Olympus Corp., Tokyo, Japan). For
each experimental group and time interval two samples were used. From each sample 10 images of random
areas were acquired and visible cell nuclei were manually counted.
On day 7 after seeding, one half of the samples was supplied with differentiation medium, i.e. the growth
medium mentioned above further supplemented with 10 mM β-glycerolphosphate, 2 mM L-glutamine,
50 μg/ml of ascorbic acid, 10-6 M dihydroxyvitamin D3 and 10-8 M dexamethasone. The second half of samples
was supplied with fresh growth medium. The cells were cultured for additional 9 days.
The production of collagen type I, i.e. early marker of osteogenic cell differentiation, was evaluated using
immunofluorescence staining and subsequent image analysis. The cells were rinsed with PBS and fixed with
70% cold ethanol. Non-specific binding sites were then blocked with 1% bovine serum albumin supplemented
with 0.1% triton in PBS for 20 minutes, and then with 1% Tween for additional 20 minutes. The primary
antibody, i.e. rabbit anti type I collagen antibody (Cosmo Bio Co., Ltd.), was diluted to the ratio of 1:200 in PBS
and applied overnight at 4 °C. After rinsing, the cells were incubated for one hour at room temperature with
the secondary antibody, i.e. Alexa Fluor 488®-conjugated F(ab’) fragment of goat anti-rabbit IgG (H+L),
(Molecular Probes, Cat. No. A11070), diluted 1:400 in PBS with Hoechst # 333258 (5 µg/mL, Sigma461
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Aldrich Co.) in order to stain the cell nuclei. Images of 10 random areas from each sample were acquired by
fluorescence microscope (Olympus IX 51, digital camera DP70, Japan) at the same exposure time using two
different filters for each area (one visualizing cell nuclei and the other visualizing collagen). The fluorescence
intensity was measured using Fluorescent Image Analysis software (ALICE, version 1.0) [10] and normalized
for the number of cells. The fluorescence intensity of the samples stained without primary antibodies was
subtracted.
The formation of mineralized matrix, i.e. another indicator of osteogenic cell differentiation, by SAOS-2 cells
on tested samples was evaluated by staining with Alizarin Red S (Sigma Aldrich, USA). After staining, the cells
with mineral deposits were detached from the sample surface by 10% acetic acid, and the absorbance was
measured spectrophotometrically using a Versa Max Microplate Reader (Molecular Devices Corporation,
Sunnyvale, California, USA.) at 405 nm wave-length.
3.

RESULTS AND DISCUSSION

3.1.

Morphology and chemical composition of the sample surface

Surface morphology of the anodized samples is displayed in Fig. 1. It is apparent that after anodization, the
samples contain irregularities on their surfaces, while the control non-anodized Ti-6Al-4V alloy were rather
smooth (sample not shown).

Fig. 1 Surface morphology of s5, s6 and s7 samples (A, B, C respectively). First row: overall view, second
row: detailed view
Raman spectroscopy revealed that the surface layer of anodized samples is composed of TiO2, predominantly
in the anatase crystalline form, although the presence of rutile structures has not been ruled out. Homogenous
TiO2 layer was formed in the electrolyte used for s5 samples. The layers on samples s6 and s7 were
increasingly less homogenous. Accordingly, the surface roughness of these samples reached higher values
(Ra 0.89 µm, 1.54 µm and 2.28 µm in samples s5, s6 and s7, respectively).
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Adhesion, growth and osteogenic differentiation of SAOS-2 cells

On days 2 and 4 after seeding, the cell number in the growth medium was similar among the tested samples
(Fig. 2A). However, on day 7, the cell number on s6 samples reached the lowest values, which could be
attributed to a less homogeneous TiO2 film on these samples. It is known that TiO2, anatase in particular,
support the cell adhesion and growth, especially by its enhanced wettability (for a review, see [11]). The cells
on all tested samples on day 7 were well-spread and polygonal, but they formed confluent or at least
subconfluent layers only on control unmodified T-6Al-4V (sC) samples (Fig. 3).
The cell number on s6 samples also remained low after additional 9 days of cultivation in the medium
promoting osteogenic cell differentiation (Fig. 2B). It is known that if the cells are stimulated to differentiate,
they attenuate their proliferation activity (for a review, see [12]), which was apparent on s6 samples and control
unmodified (sC) samples. On the other samples, the cell numbers in the growth and differentiation media were
similar, and on s5 sample, the cell number in the differentiation medium was even higher.

Fig. 2 Number of SAOS-2 cells on s5, s6 and s7 samples, control untreated samples (sC), polystyrene wells
(PS) and glass coverslips (sGl) on days 2,4 and 7 after seeding (D2, D4, D7) in the growth medium (A) and
after additional 9 days of cultivation in growth (GR) or differentiation (DIF) media (B). Mean S.E.M. from
20 measurements, ANOVA, Student-Newman-Keuls method. Statistical significance (p ≤ 0.05): all: compared
to all other samples, *: compared to s5, s7, PS and sGl, #: compared to all samples except PS

Fig. 3 Morphology of SAOS-2 cells on day 7 after seeding on s5, s6, s7 samples (A, B, C), and on control PS
and two control samples sC1, sC2 (D, E, F)
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Fig. 4 Osteogenic cell differentiation measured by the intensity of fluorescence of collagen I (A) and
mineralization (B) after 9 days of SAOS-2 cell cultivation on s5, s6 and s7 samples, control untreated
samples (sC), polystyrene wells (PS) and glass coverslips (sGl) in growth (GR) or differentiation (DIF) media.
Mean S.E.M. from 10 measurements, ANOVA, Student-Newman-Keuls method. Statistical significance
(p ≤ 0.05): all: compared to all other samples, *: compared to s6, s7, PS and sGl, #: compared to s6,
sGI and PS
4.

CONCLUSION

It can be concluded that the SAOS-2 cells cultured on s5 samples reached relatively high numbers and showed
a relatively high intensity of fluorescence of collagen I, an early marker of osteogenic cell differentiation. At the
same time, the bone matrix mineralization, evaluated by Alizarin Red S staining, was the highest on these
samples. Thus, the mode of anodization applied for s5 samples seems to be the most advantageous for the
surface modification of bone implants.
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Abstract
Adipose-derived stem cells (ASCs) are of a great importance for bone tissue engineering. We compared ASCs
obtained by liposuction under two pressures (-200 mmHg and -700 mmHg). The number and proliferation
activity of cells isolated under -700 mmHg (ASC-H) were higher than in cells isolated under -200 mmHg (ASCL). However, the ASC-L was more active in osteogenic differentiation, as manifested by a higher intensity of
fluorescence of alkaline phosphatase and osteocalcin in these cells. The adhesion and growth of ASCs were
then studied on Ti-6Al-4V samples either unmodified (K, roughness parameter Ra = 280 nm) or modified by
shot blasting and tarnishing (A, Ra = 200 nm), vibratory finishing (B, Ra = 100 nm) and vibratory finishing, shot
blasting and polishing (C, Ra = 80 nm). All modified samples were more wettable than the K samples. On day
1 after seeding, the size of cell spreading area on some modified samples was lower than on K samples,
namely on B samples in ASC-L, on B and C in ASC-H and on A in control MG-63 cells. On day 3, the cell
number on some modified samples became higher than on K samples, namely on C samples (ASC-L), on B
(ASC-H) and on B and C s (MG-63 cells). On day 7, the numbers of ASC-H and MG-63 cells on all modified
samples evened out and became significantly higher than on K samples. On ASC-L samples, the highest cell
numbers were obtained on A samples. Thus, all studied modifications of Ti-6Al-4V enhanced growth of ASCs
and human osteoblast-like MG-63 cells.
Keywords: Bone implants, bone tissue engineering, surface roughness, stem cells, liposuction, cell
proliferation
1.

INTRODUCTION

Stem cells in general are of a great perspective for tissue engineering and regenerative medicine. These cells
are present not only in embryonic and extra-fetal tissues, but also in tissues and organs of an adult organism,
e.g. in bone marrow, blood, skin, skeletal muscle, and particularly adipose tissue [1]. Adipose tissue is relatively
abundant in many patients, and it is relatively easily accessible without considerable donor site morbidity due
to its subcutaneous localization [2]. In comparison with the other sources of stem cells in the human body, e.g.
bone marrow, ASCs in the adipose tissue are present in much larger quantities [3], and have a higher
proliferation capacity [4] and delayed senescence [5]. ASCs can be induced in vitro to differentiate into other
mesodermal cell types, such as osteoblasts, chondroblasts, skeletal myocytes, smooth muscle cells and
endothelial cells, and they are also able to transdifferentiate into cells of ectodermal origin, e.g. neurons and
epithelial cells, and cells of endodermal origin, such as hepatocytes and pancreatic islet cells [1, 5]. The
quantity of harvested ASCs, their viability, growth and differentiation capacities can be influenced by the
method of harvesting these cells. For example, it has been shown that the number of ASCs isolated from
liposuction material is higher than the number of cells derived from excised adipose tissue [6]. Also the
parameters of liposuction, such as the amount of negative pressure (vacuum) or the content of the solution
injected into the fat, can have an important effect on the quantity and quality of the isolated ASCs. During in
vitro cultivation, the adhesion, growth and differentiation of ASCs can be further modulated by the composition
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of the culture medium and properties of the growth substrate, e.g. its chemical composition, wettability,
roughness and topography.
In this study, we have focused (1) on the role of negative pressure during liposuction on the growth and
osteogenic differentiation of ASCs and (2) on the influence of various surface treatments of Ti-Al-4V alloy, i.e.
a material widely used for construction of bone implants, on the adhesion and growth of ASCs in vitro.
2.

MATERIAL AND METHODS

2.1.

Isolation and cultivation of ASCs

The adipose tissue was obtained from a patient (43 years old woman) by liposuction under a lower and higher
negative pressure, i.e. -200 mmHg and -700 mmHg, respectively. For each pressure, 10 ml of lipoaspirate
were taken, and the ASCs were isolated by a method described earlier [7]. Briefly, the lipoaspirate was
repeatedly rinsed in the phosphate-buffered saline, digested by 0.1 % collagenase type I (37 °C, 1 hour),
centrifuged, filtered through a cell filter (Cell Strainer, 100 μm, BD Falcon, USA) and seeded into polystyrene
culture flasks (25 cm2, TPP, Switzerland) in the amount of 0.16 ml of the original lipoaspirate per cm2.
The cells were cultured in Dulbecco’s modified Eagle’s Minimum Essential Medium (DMEM; Sigma, USA, Cat.
N° D5648) with 10 % of fetal bovine serum (FBS; Sebak GmbH, Aidenbach, Germany), gentamicin (40 µg/ml,
LEK, Ljubljana, Slovenia) and fibroblast growth factor-2 (FGF-2, 5 ng/ml) at 37° C in a humidified air
atmosphere containing 5 % of CO2. After reaching subconfluence, the cells were passaged using trypsin-EDTA
solution (Sigma, U.S.A., Cat. No. T4174) in phosphate-buffered saline (PBS) for 5 min at 37 °C. Some cells
were resuspended in DMEM medium with 20 % of FBS and 10 % of dimethylsulfoxide (106 cells/ml), frozen
and stored at -80 °C.
2.2.

Osteogenic differentiation of ASCs

The ASCs isolated at high pressure (ASC-H) and at low pressure (ASC-L) in passage 2 were seeded on
microscopic glass coverslips (Menzel-Gläser, Germany, diameter 12 mm) and inserted into 24-well polystyrene
plates (TPP, Trasadingen, Switzerland; well diameter 15 mm). As control cells, human osteoblast-like
SaOs-2 and MG-63 cells (i.e. cells with high and low differentiation ability, respectively) were used. The cells
were seeded in the density of 20 000 cells/well (about 11 400 cells/cm2) and cultured for 5 days in the growth
medium (DMEM with 10 % of FBS and gentamicin for MG-63 cells, the same medium with FGF-2 for ASCs,
and McCoy`s medium with 15 % of FBS and gentamicin for SaOs-2 cells). In one-half of the samples,
the growth medium was replaced with a differentiation medium, i.e. the growth medium with 10 mM
β-glycerolphosphate, 2 mM L-glutamine, 50 μg/ml of ascorbic acid, 10-6 M dihydroxyvitamin D3 and 10-8 M
dexamethasone. In the second half of samples, the growth medium was replaced by the same growth medium.
The cells then were cultured for additional 5 days, rinsed in PBS and fixed in 70% ethanol (-20 °C, 10 min).
Collagen I, alkaline phosphatase (ALP) and osteocalcin, i.e., an early, middle and late marker of osteogenic
cell differentiation, respectively, were then visualized in the cells by immunofluorescence [8]. The cells were
photographed under the epifluorescence microscope (Olympus IX 51, objective 20x, DP 70 digital camera)
at the same exposure time. For each experimental group, 20 micrographs were taken. The fluorescence
intensity was measured with Fluorescent Image Analysis software (version 1.0) [9]. The intensity was
subsequently normalized for the number of cells. The fluorescence intensity of control samples stained without
primary antibodies was subtracted.
2.3.

Surface modification and characterization of Ti-6Al-4V samples

Ti-6Al-4V samples in the form of discs (diameter 14 mm, thickness 2 mm) were modified by shot blasting and
tarnishing (group A), vibratory finishing (group B) and vibratory finishing, shot blasting and polishing (group C).
Unmodified Ti-6Al-4V discs were used as control samples (samples K). The surface roughness of the samples
was evaluated by Ra parameter (i.e., departures of the roughness profile from the mean line), measured by
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atomic force microscopy (AFM). The wettability and surface free energy of the samples was evaluated by
contact angles of distilled water and ethylene glycol, measured using the Krüss DSA 100 reflection goniometer
(Krüss GmbH, Germany). For each liquid and experimental group of samples, one sample was used, and the
contact angle was measured in 7 drops (volume 3 μl) homogeneously distributed on the sample surface.
Surface free energy was then calculated form the mean values of the contact angles using the Owens-WendtRabel-Kaelble method.
2.4.

Adhesion and growth of ASCs on Ti-6Al-4V samples

The samples were cleansed in ethanol and distilled and deionized water and sterilized in an autoclave
(120 °C, 1 atm., 30 min), inserted into 24-well polystyrene plates (TPP, Trasadingen, Switzerland, well
diameter 15 mm) and seeded with ASC-H, ASC-L and MG-63 cells. Each well contained 10 000 cells (about
5 700 cells / cm2) and 1.5 ml of DMEM medium with 10 % FBS and 40 μg/ml of gentamicin (in case of ASCs,
also 5 ng/ml of FGF-2 was added). The cells were cultured for 1, 3 or 7 days, rinsed in PBS, fixed with ethanol
(-20°C, 10 min) and stained with a combination of fluorescence dyes Texas Red C2-Maleimide (stains the cell
membrane and cytoplasm; 20 ng/ml in PBS), and
Hoechst # 33258 (stains the cell nuclei;
5 μg/ml of PBS). For each experimental group, 2 samples were used, and on each sample, 10 pictures were
taken under Olympus IX 51 microscope. On these pictures, the cells were counted, and the size of their
spreading area was measured using the software Atlas (Tescan, Brno, and CR).
3.

RESULTS AND DISCUSSION

3.1.

Growth of ASCs obtained by liposuction at low and high pressure

At the higher negative pressure during liposuction (-700 mmHg), the cells were obtained in a larger quantity
and proliferated faster. For example, five days after seeding, the ASC-H reached a population density
of ~63 000 cells/cm2, while ASC-L only ~40 000 cells/cm2 (Fig. 1). These differences also persisted after
passaging (2 - 3 passages) and cryopreservation of the cells. The final cell population densities were approx.
by one third higher in ASC-H, even if both ASC-H and ASC-L were seeded in the same number. These results
are rather surprising, because the majority of papers (e.g. [10]) reports that low negative pressure suction
gives better results than high negative pressure for the number of viable stem cells.

Fig. 1 Native ASC-L cells (A) and ASC-H cells (B) in primary culture on day 5 after isolation and seeding.
Olympus IX 51 microscope, obj. 20x, DP 70 digital camera, bar = 200 μm
3.2.

Osteogenic differentiation of ASCs

In contrast to the higher growth ability of ASC-H, the osteogenic differentiation was more pronounced in ASCL cells. The intensity of fluorescence of collagen I was similar in ASC-L and ASC-H, but the intensity of
fluorescence of ALP and osteocalcin was significantly higher in ASC-L. It has been often reported in various
cell types, e.g. in osteogenic cells grown of rough substrates, that a lower proliferation capacity is associated
with a higher degree of differentiation (for a review, see [11]). The differences in osteogenic differentiation of
ASC-L and ASC-H were apparent in both, growth and differentiation media. However, in osteogenic media,
the intensity of fluorescence of differentiation markers was generally higher than in growth media. In both
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control cell lines of human osteoblast-like cells (SaOs-2, MG-63 cells), the intensity of fluorescence of all
differentiation markers was relatively low and similar in both growth and differentiation media (Fig. 2).

Fig. 2 Intensity of fluorescence of collagen I, alkaline phosphatase and osteocalcin in ASC-L, ASC-H, Saos2 and MG-63 cells. The cells were cultured either in growth medium or in osteogenic medium (OS). Mean ±
S.E.M. from 10 measurements for each experimental group. ANOVA, Student-Newman-Keuls method.
Statistical significance: *: p ≤ 0.05 compared to the corresponding sample in growth medium, x: p ≤ 0.05
compared to the corresponding ASC-H
3.3.

Physical and chemical properties of the material surface

The material surface roughness, measured by the Ra parameter, was lower in the modified samples than in
the control sample, i.e. it was 280 nm, 200 nm, 100 nm and 80 nm in K, A, B and C samples, respectively.
Similar trend was observed for the water drop contact angle, which was also lower in the modified than in
control samples, i.e. the wettability of the modified samples was higher. The modified samples also showed a
higher surface free energy. However, its polar component, which is important for the adsorption of cell
adhesion-mediating molecules and the cell adhesion and growth (for a review, see [11]), was higher only in
samples B and C, while in samples A, it was relatively low and similar as in control K samples (Table 1).
Table 1 Contact angle and surface free energy on Ti-6Al-4V samples
Contact angle [°]

Surface free energy [mN/m]

Sample
Water

Polyethylene glycol

Total

Disperse part

Polar part

K

85.6 ± 4.9

63.4 ± 4.1

25.4 ± 13.85

19.5 ± 8.47

6 ± 5.38

A

56.8 ± 2.1

12.4 ± 2.9

50.9 ± 2.72

45.3 ± 1.8

5.7 ± 0.9

B

52.7 ± 4.7

33.0 ± 0.7

47.0 ± 10.98

12.8 ± 3.42

34.2 ± 7.55

C
44.0 ± 2.3
30.4 ± 3.0
Mean ± S.D. from 7 measurements

55.4 ± 5.97

8.7 ± 1.75

46.7 ± 4.22

3.4.

Adhesion and growth of ASCs on surface-modified Ti-6Al-4V samples

Fig. 3 The size of the cell spreading area of ASC-L, ASC-H and MG-63 cells on Ti-6Al-4V samples with
various surface modifications (see Material and Methods). Mean ± S.E.M. from 141 to 289 cells for each
experimental group. ANOVA, Student-Newman-Keuls method. Statistical significance: *: p ≤ 0.05 compared
to control K samples
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On day 1 after seeding, ASC-L, ASC-H and MG-63 cells adhered in numbers from about 1 970 to 3 400
cells/cm2 on all tested groups of samples, and the differences among these values were not significant.
However, the size of the cell spreading area on the modified samples was often lower than on control samples,
namely on B samples in ASC-L, on B and C samples in ASC-H and on A samples in MG-63 cells (Fig. 3). At
the same time, the cell spreading areas were similar or slightly higher in ASC-H than in ASC-L cells. The cell
spreading areas were generally higher in ASCs than in MG-63 cells.
On day 3 after seeding, the cell number on some modified samples became higher than on control samples,
namely on C samples (ASC-L) and B samples (ASC-H) and B and C samples (MG-63 cells) (Fig. 4). These
results could be attributed to the nanoscale surface roughness of B and C samples (Ra ≤ 100 nm). The
nanoscale surface roughness is considered as a factor promoting the adsorption of cell adhesion-mediating
proteins (e.g., vitronectin, fibronectin) from the serum supplement of the culture medium in an appropriate
geometrical conformation, which allows binding between the active sites in these molecules (e.g. amino acid
sequences such as RGD) and the cell adhesion receptors (integrins). In addition, the samples B and C
displayed relatively high wettability and high polar component of the surface free energy, i.e. other positive
factors for the protein adsorption and the cell adhesion (for a review, see [11]).

Fig. 4 The number of ASC-L, ASC-H and MG-63 cells on Ti-6Al-4V samples with various surface
modifications (see Material and Methods) on days 3 and 7 after seeding. Mean ± S.E.M. from 20
measurements for each experimental group. ANOVA, Student-Newman-Keuls method. Statistical
significance: *: p ≤ 0.05 compared to the groups mentioned above the columns
Nevertheless, on day 7, the numbers of MG-63 cells and ASC-H cells on all modified samples evened out and
became significantly higher than on control K samples. Only in ASC-L samples, the cell numbers on B and C
samples were lower than on control K samples, and the highest cell numbers were obtained on A samples.
The cell numbers were generally higher in ASC-H cells than in ASC-L cells, and in MG-63 cells than in both
types of ASCs, which was clearly apparent particularly on day 7 (Fig. 4).
4.

CONCLUSION

ASCs obtained by liposuction under high pressure (-700 mmHg) were more active in proliferation, while ASCs
obtained under low pressure (-200 mmHg) were better in osteogenic differentiation. Both ASC-H and ASC-L
are sensitive to physicochemical surface properties of Ti-6Al-4V alloy after various modifications. The
modifications by vibratory finishing (B) and vibratory finishing, shot blasting and polishing (C) seem to be more
suitable for induction of faster proliferation of cells than the modification by shot blasting and tarnishing (A).
However, the final cell population densities were similar on all modified samples or even higher on A samples.
Thus, all modifications can be considered as suitable for surface treatment of bone implants.

470

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

ACKNOWLEDGEMENTS
Supported by the Technological Agency of the Czech Republic (TACR, grant No.TA04011214) and the
Ministry of Health of the Czech Republic (grant No.15-33018A)
REFERENCES
[1]

ZHANG Y., KHAN D., DELLING J., TOBIASCH E. Mechanisms underlying the osteo- and adipo-differentiation of
human mesenchymal stem cells. ScientificWorldJournal, Vol. 2012, 2012, pp. 793823.

[2]

TOBITA M, ORBAY H, MIZUNO H. Adipose-derived stem cells: current findings and future perspectives. Discovery
Medicine, Vol. 11, No. 57, 2011, pp. 160-170.

[3]

WITKOWSKA-ZIMNY M., WALENKO K. Stem cells from adipose tissue. Cellular & Molecular Biology Letters, Vol.
16, No. 2, 2011, pp. 236-257.

[4]

BARBA M., CICIONE C., BERNARDINI C., MICHETTI F., LATTANZI W. Adipose-derived mesenchymal cells for
bone regereneration: state of the art. BioMed Research International, Vol. 2013, 2013, pp. 416391.

[5]

KOKAI L.E., MARRA K., RUBIN J.P. Adipose stem cells: biology and clinical applications for tissue repair and
regeneration. Translational Research: The Journal of Laboratory and Clinical Medicine, Vol. 163. No. 4, 2014, pp.
399-408.

[6]

NAE S., BORDEIANU I., STĂNCIOIU A.T., ANTOHI N. Human adipose-derived stem cells: definition, isolation,
tissue-engineering applications. Romanian Journal of Morphology and Embryology, Vol. 54, No. 4, 2013, pp. 919924.

[7]

ESTES B.T., DIEKMAN B.O., GIMBLE J.M., GUILAK F. Isolation of adipose-derived stem cells and their induction
to a chondrogenic phenotype, Nature Protocols, Vol. 5, No. 7, 2010, pp. 1294-1311.

[8]

FILOVA E., FOJT J., KRYSLOVA M., MORAVEC H., JOSKA L., JABLONSKA E., BACAKOVA L. The diameter of
nanotubes formed on Ti-6Al-4V alloy controls the adhesion and differentiation of Saos-2 cells. PLoS One, accepted,
in press, 2015.

[9]

MATEJKA R., ALICE: Fluorescent Image Analyser (ver 1.0); software available at http://alice.fbmi.cvut.cz

[10]

MOJALLAL A., AUXENFANS C., LEQUEUX C., BRAYE F., DAMOUR O. Influence of negative pressure when
harvesting adipose tissue on cell yield of the stromal-vascular fraction. Biomedical Material Engineering, Vol. 18,
No. 5, 2008, pp. 193-197.

[11]

BACAKOVA L., FILOVA E., PARIZEK M., RUML T., SVORCIK V. Modulation of cell adhesion, proliferation and
differentiation on materials designed for body implants. Biotechnology Advances, Vol. 29, No. 6, 2011, pp. 739-767.

471

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

DETECTION OF PROTEINS BY SPRI METHOD
SVOBODA Radek1, LESŇÁK Michal2, ŠIGUTOVÁ Radka3, PIŠTORA Jaromír1
1VSB-Technical

University of Ostrava, Nanotechnology Centre, Ostrava, Czech Republic, EU
University of Ostrava, Institute of Physics, Ostrava, Czech Republic, EU
3University Hospital Ostrava, Department of Clinical Biochemistry, Ostrava, Czech Republic, EU
2VSB-Technical

Abstract
SPRi (Surface Plasmon Resonance Imaging) biosensors are used for detection in real time with advantage of
processing large number parallel measurements. Our goal is fast detection of low concentrations proteins. A
low concentration testing of proteins in urea or blood serum is needed for clinical practice.
This article shows the problems of measuring proteins in real samples of body fluids. The original biochip
detecting albumin (HSA - Human serum albumin) was implemented and tested both by standard tests, and by
the patient samples.
Keywords: Optical measurements, surface plasmon resonance, albumin
1.

INTRODUCTION

In our industrialized society there is growing number of traffic accident and injuries. When body is injured, it is
shutting down organs, even the kidney. In the case of late drug treatment, kidney will be damaged. In the case
of early treatment the drugs will destroy liver.
Doctors have very narrow window of opportunity for decision and that’s why they need to know state of the
kidneys in every moment of treatment. The state of the kidneys can be determined from concentration of
protein (albumin) in urine, that’s why doctors need reliable, fast and mostly sensitive immune biochemistry
method.
One of the methods with great potential is the method based on optical excitation of surface plasmons. Surface
plasmons are collective oscillations of noble metal electrons. The excitation condition of the surface plasmon
resonance (SPR) is very sensitive to changes of refractive index (the order of 10-5) of the inspected medium
[1]. We are able to use functionalized surface of noble metal to measure biochemical interaction [2].
In our case, we detect proteins bonded to the metal-dielectric interface. Surface plasmon resonance imaging
(SPRi) biosensors can be advantageously used for ultrasensitive label free and real time detection and can
detect multiple agents at the same time [3]. Our research has been focused on the investigation of sensitivity
increase and usage of real patient’s samples.
Examination of urinary protein remains one of the basic examinations in nephrology. It has an irreplaceable
role both in early diagnosis of kidney diseases and in monitoring their activities. Current diagnosis is based on
examination of total protein and albumin in urine.
Albumin in urine is an important marker pointing to the generalized vascular hyperpermeability. The persistent
presence of albumin in urine, known as microalbuminuria reflects generalized pathological processes that
damage the vascular system and indicate the development of diseases such as diabetes
of I-st and II-nd type, hypertension and cardiovascular disease. For these reasons we have focused on
methods detecting albumin by SPRi.
2.

EXPERIMENTS

2.1.

SPR Description

The basic principle of SPR is well described in many scientific papers [4]. For the SPR phenomenon generation
we need a metal - dielectric interface, while certain conditions are provided for real and imaginary part of the
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metal permittivity. The intensity of reflected light is function of incidence angle. A beam of linearly p-polarized
light falls to the prism-metal layer interface. If so called resonance condition is realized then an evanescent
wave occurs at the metallic layer - outside environment interface. This evanescent wave excites surface
electrons that utilize energy of the incidence beam. When incidence angle changes, while other parameters
(environment refraction index and wavelength) remain constant, there is a change in intensity of reflected light
intensity. It is possible to find a marked minimum as a consequence of resonance phenomenon. During the
real measurement (of proteins) the incidence angle etc. parameters remain fixed, and we measure the intensity
of reflected light that depends on optical parameters of dielectric environment under the metallic (golden) layer
(influenced by the measured substance and measured proteins) using a CCD camera.
2.2.

Experimental Arrangement

We have used the Horriba Company SPRi-Lab+ equipment. A beam that goes through a polarizer comes out
of the light source. Then it falls onto a mirror that is controlled by software algorithms and sets-up a beam
angle of incidence on a biochip. The biochip is placed in a chamber, through which the analysed substance
flows. The radiation reflected by the biochip is detected by a CCD camera and the resulting signal is processed
by the SPRi-View software [5].
Albumin in urine was set at University Hospital of Ostrava by the BN ProSpec Siemens analyser. This
equipment is used for determination of protein concentration using specific antibodies. Albumin in urine was
determined by nephelometry.
2.3.

The Biochip

The most important element of the device is biochip. A biochip consists of an optical prism with thin vapour
deposited golden layer (approx. 40 nm, Fig. 1). The golden layer has surface chemicals to bond biochemical
substances deposited on it. Proteins and nucleic acids can be deposited on thus chemically processed layer
as needed. This configuration also allows fast change of the biochip and thus detected substances. Detection
takes place by bond of, for example, looked protein from analysed substance to its “opposite piece”
immobilized on the biochip surface by a specific biochemical bond.

Fig. 1 The biochip
For transport of analysed substance through the biochip chamber we use a degasser, peristaltic pump and
injection valve. The experiment runs as follows: The biochip chamber is constantly washed by a puffer and
speed of 50 µl/min by the pump (Fig. 1). During measurement we transport an exact amount of analysed
substance (a solution containing sought substance, typically 200 µl) into the chamber. As soon as the analysed
substance goes through the SPRi chamber, the puffer starts to flow through it again. Reflectivities of individual
spots are recorded in time for the whole period of experiment.
To prepare the biochip for determination of albumin (HSA) in urine we have used the monoclonal antibody
anti-HSA, clone AL-01. Using the SPRi-Arrayer it was spotted to the surface of CS functionalized biochip
together with the mouse antibody IgG, as a negative control. We have chosen a chessboard arrangement
using 18 spots of the anti-HSA antibody and 18 spots of IgG mouse antibody. The biochip for determination of
albumin in urine is shown in Fig. 2.
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Fig. 2 Biochip for determination of albumin in urine. The first spot in the left corner is of mouse IgG, on
the right of it in the line is a spot of anti-HSA
2.4.

The Experimental Part

In order to prepare the biochip we have first performed its testing on Siemens standards. To determine the
amount of albumin in urine we have used the standard with albumin concentration of 42.9 g.l-1. This standard
solution was diluted by a physiological solution to six different calibration samples with the concentration range
of 1 mg.l-1 to 500 mg.l-1. The measurement results are shown on the Fig. 3. We have performed a
measurement for very low concentrations, in order to find capabilities of the used biochip. The results show
that the biochip is responsible to detect concentrations around 0.1 mg/l (see Fig. 4).
After measuring the calibration relationships we have measured patient urine samples (altogether 61 samples
obtained from the University Hospital of Ostrava) that were mostly diluted in the ratio of 1:10. During the
measurement itself we have used an undiluted sample first. Unfortunately during the passage through SPRi
chamber there was a problem with smooth flow of patient urine samples that contained especially significant
amounts of salts. Therefore first we diluted the samples in the ratio of 1:10 and in some cases even 1:100.

Fig. 3 Calibration of the biochip for detection of albumin. The calibrations used were 1 mg/l, 10 mg/l,
50 mg/l, 100 mg/l, 250 mg/l and 500 mg/l
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Analysis was not possible during the time when urine was going through SPR chamber due to completely
different viscosity of urine and used puffer. There was a biochemical reaction that was very well recorded after
the urine went through. This process is quite apparent on Fig. 5. The urine is flowing up to the time of 400 s,
and the analysis was possible between the times of 600 to 650 s.

Fig. 4 The measurement of low concentrations

Fig. 5 Real patient urine sample
3.

CONCLUSION

We have proven on a series of measurements that the SPRi method can be used for detection of the amount
of albumin in urine. A biochip was developed and tested first by albumin volume samples. In the second step
the measurements of 61 patient samples were performed. The patient sample concentrations were from 3.6
to 1005 mg.l-1. During comparisons using the Siemens BN ProSpec, it is possible to utilize results in the range
of 21.0 to 1010 mg.l-1 only. It was found that the SPRi method does not have satisfactory results for lower
concentrations. This is predominantly due to the use of real urine samples.
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Abstract
In recent years, microfluidics has shown considerable promise for improving diagnostics and biology research.
Certain properties of microfluidic technologies, such as rapid sample processing and the precise control of
fluids in an assay, have made them attractive candidates to replace traditional experimental approaches [1].
Here, an example of such application is presented: ELISA that uses magnetic particles as the solid phase
(MELISA) implemented into a microfluidic device. The microfluidic Rhombic chamber chip (120 μl chamber
volumes, hydrophilized) in ChipGenie® edition-P holder (microfluidic ChipShop, Jena, D) with strong
integrated magnets enabling to fix the magnetic particles in reaction chamber and arrange them as a fluidized
bed was employed. The behaviour and colloidal stability of 11 various types of superparamagnetic particles
varying in composition and diameter (0.5-100 µm) were compared. Parameters as optimal amount of magnetic
particles inside the chamber, rate of aggregation, clogging the chip channels and stability of magnetic cloud
inside the chip were evaluated. The microparticles with the best parameters were then coated with specific
antigen (chymotrypsin) and traditional MELISA with such bioactive carrier and variously diluted porcine serum
was performed in microplate arrangement and simultaneously in microfluidic chip. Only the final step,
measurement of sample absorbance was performed off-line in microplate spectrophotometer. Our results
repeatedly confirmed that MELISA can be easily adopted for microfluidic version drawing all benefits
associated with the miniaturization.
Keywords: ELISA, Microfluidics, Magnetic Particles, Lab-on-Chip
1.

INTRODUCTION

The magnetic particles (MPs) have numerous properties that make them suitable for wide-spread use in
various applications from imaging to drug delivery: ease of manufacturing, manipulation in fluid and a wide
range of commercially available MPs diameters, ranging from nanoparticles (50 nm) to microparticles (up to
tens of μm) [2]. One of the possible applications of MPs is a magnetic solid phase enzyme-linked
immunosorbent assay (MELISA). The principle of the method is the same as for commonly used enzymelinked immunosorbent assay (ELISA) except: the binding ligand is bound on the surface of MPs instead of
walls of microtitration plate [3], the 96-well plate magnetic separator is applied for separation of the MPs during
washing steps and the microplate-shaker for homogenous dispersion of MPs. The MELISA arrangement brings
advantages such as robustness of ligand amount per well compare to inaccuracy of adsorbed ligand in
microtitration plate. Moreover, the dispersed MPs have higher interaction with the target ligand in the sample
ensuring better and faster kinetics of the reaction [4] and thus higher sensitivity. Therefore this technique is
used for example for detection of antibodies that are not detectable with conventional ELISA [5]. Both
conventional methods ELISA and MELISA are quite laborious and time-consuming since require numerous
washing steps, accurate pipetting, placing on shaker etc. The use of microfluidics to perform sandwich
immunoassays permits one to specifically address these drawbacks. The low scale of these devices reduces
the volumes and diffusion distances inside the micro-channels, therefore decreasing the duration of the
successive incubation periods especially in combination with ligand-coated MPs and easy fluid manipulation
[6-8]. The aim of this work was to optimize the MELISA protocol for detection of antibodies for on-chip
application. Simple commercial microfluidic set from microfluidic ChipShop was employed. This device
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provides easy liquid application, automatic mixing of the MPs and high ratio of used MPs vs. chamber volume.
Therefore, this setup enables one to capture specific antibodies on the surface of the magnetic
biofunctionalized microparticles that can be (i) eluted and subsequently detected and/or (ii) directly detected
by MELISA protocol upon the application requirements. Both MELISA arrangements (in microtitration plate
and/or in microfluidic chip) were performed simultaneously under the same conditions and the results were
subsequently compared. The preliminary results of on-chip MELISA for detection/isolation of anti-chymotrypsin
antibodies are presented in here.
2.

EXPERIMENTAL

2.1.

Magnetic particles

Magnetic bead cellulose MT200 with hydroxyl functional group, size 80-100 µm (Iontosorb, Ústí n. Labem, CZ,
EU); magnetic hypercrosslinked poly(styrene-co-divinylbenzene) microspheres (HMP-S-MG4) with sulphite
functional group, size 5.7 µm [9] and magnetic poly(glycidyl methacrylate) albumin-coated microspheres with
carboxyl and/or amino functional group, size 4.5 µm (PGMA-ALB) [10] were obtained from Institute of
Macromolecular Chemistry, Academy of Sciences of the Czech Republic, Prague, CZ, EU; Micromer
microparticles with carboxyl or amino functional group, size 3 µm and 4 µm (Micromod, Rochester, NY);
Dynabeads with carboxyl functional group, size 1 µm or 2.8 µm (Thermo Fisher Scientific, Waltham, MA);
SiMAG particles with amino functional group, size 0.5 µm or 1 µm (Chemicell, Berlin, D) and Sera-Mag®
Speed Beads with carboxyl functional group, size 0.771 µm or 0.816 µm (Seradyne, Indianapolis, IN).
2.2.

Microfluidic device

The microfluidic Rhombic chamber chip (120 μl chamber volumes, hydrophilized) contains two microfluidic
chambers with two inlets and two outlets, the dimensions are mentioned in Fig. 1a. The chip fits into
ChipGenie® edition-P holder (microfluidic ChipShop, Jena, D, see Fig. 1b) with two strong integrated magnets
enabling fix the magnetic particles in reaction chamber and arrange them as a fluidized bed. The magnets
inside the chip holder move forward and backward below the microfluidic chamber and keep the fluidized bed
moving left and right thus efficient mixing inside the chip is ensured.
2.3.

MELISA in microtitration plate

Suspension of magnetic biofunctionalized carrier was added into microtitration plate (25 µg/well) in sample
buffer (PBS pH 7.4 with 0.05% Tween and 0.1% BSA). 100 μl of porcine hyperimmune serum prediluted by
the sample buffer in range 1:30,000-1:120,000 was added and 1h incubation at RT under agitation followed.
Subsequently, the particles were three times washed by PBS pH 7.4 with 0.05% Tween and 5% BSA using
the magnetic separator for 96 well plates (MagnetoPURE96, Chemicell, Berlin, D). Then, 100 μl of goat antiporcine IgG marked with HRP (Sigma-Aldrich, St. Louis, MO) diluted in ratio 1: 16,000 in bicarbonate buffer
pH 9.5 with 0.05% Tween and 0.1% BSA was added and incubation for 1h at RT under agitation followed. The
particles were washed by PBS pH 7.4 with 0.05% Tween and 5% BSA three times and then two times with
PBS pH 7.4. After that, 100 µl of substrate solution (0.003% H2O2 in 0.1M acetate buffer pH 5.5 with 0.1 mg/ml
of substrate TMB from Immunotech Beckman Coulter, Marseille, F) was added per well. The incubation took
15 min at RT in dark. The reaction was stopped by adding 50 µl 1M H2SO4 and the absorbance was measured
at 450 nm in microplate spectrophotometer (LabSystems Multiskan RC, Thermo Fisher Scientific, Waltham,
MA).
2.4.

On-chip MELISA

The suspension of magnetic biofunctionalized carrier (1 mg in sample buffer) was added into microfluidic
chamber via orthogonally placed syringe underneath the inlet of the chip. The magnet was switched on. Other
steps were similar to 2.3. except the washing step (continuous injection of 300 µl) and final off-line step (adding
50 µl 1M H2SO4 and microplate spectrophotometer measurement).
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3.

RESULTS AND DISCUSSION

3.1.

On-chip behaviour and properties of various magnetic particles

Magnetic particles are made of different materials, undergo various surface modifications (pegylation,
polymerization, insertion of functional groups and/or bridges enabling efficient binding of target ligands) and
therefore have diverse behaviour and colloidal stability inside the microfluidic chip (Fig. 1). In this work, eleven
superparamagnetic particles varying in material, structure and diameter (0.5-100 µm) were compared. Initially,
aliquot of 10 mg particles was taken from the stock solution and applied one by one (milligram) into the chip.
Parameters as optimal amount of magnetic particles inside the chamber (in other words how much of the
beads can be applied inside the chamber) and the maximal capacity without losing the magnetic particles were
evaluated. In addition, rate of particles aggregation, clogging the chip channels by the aggregates, stability of
the fluidized bed (leaking the particles out of the chip) and speed of the cloud shift (how fast the fluidized bed
moves form the inlet to the outlet when the magnet is moving left and right) were observed.

Fig. 1 (a) The microfluidic Rhombic chamber chip (120 μl chamber volume, hydrophilized); (b) ChipGenie®
edition-P chip holder (microfluidic ChipShop, Jena, D). (c) Microfluidic chamber filled with 1 mg and/or (d) 5
mg of superparamagnetic microparticles (PGMA-ALB, 4.5 µm in PBS pH 7.4) forming a fluidized bed

Table 1 summarizes these observations. The MPs that have the optimal parameters, such as wide working
range of amount of the applied particles, low/no leaking of the particles form the chip, no aggregation of the
particles, no clogging in the microfluidic channels, and that moreover had slow shift of the fluidized bed are
highlighted in the table (grey) and are overall evaluated as (+). Other magnetic beads suffered especially from
leaking form the chip in spite of small amount of particles inserted, also from aggregation inside the chamber
and fast shift of fluidized bed caused by moving the magnets underneath the chip forward and backward.
Generally, small particles (size 0.5-1.0 µm) leaked out of the chip from the beginning as well as the biggest
one (size 80-100 µm). Probably, this is due to the low iron oxide content inside each of the small particle. In
case of the big particles, we suppose that the weight vs. size ratio decrease the stability inside the chamber
and the particle kinetics export them out of the chip. The particles of size 2.8 to 4.5 µm performed the highest
stability and were evaluated as the most suitable for this microfluidic device.
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Table 1 Properties of various superparamagnetic particles observed in microfluidic ChipGenie® edition-P
Rhombic chip
Name

Size
(µm)

Opt.
(mg)

Max.
(mg)

Particle leaking

Agg.*

Clogg.*

Shift
speed

Overall
eval.*

SiMAG-NH2

0.5

2-4

6

From the beginning

yes

no

fast

-

Seradyn

0.771

1-2

4

From the beginning

no

no

very fast

-

Seradyn

0.816

1-2

5

From the beginning

yes

no

very fast

-

SiMAG-NH2

1

1-4

10

From the beginning
strongly

yes

no

middle

-

Dynabeads

1

1-2

4

From the beginning
strongly

no

no

fast

-

Dynabeads

2.8

2-8

10

From 8 mg weakly

no

no

slow

+

Micromer

3

2-5

10

From 5 mg weakly

no

no

middle

+

Micromer

4

2-8

10

From 9 mg weakly

no

no

middle

+

PGMA-ALB

4.5

1-6

10

From 8 mg weakly

no

no

slow

+

HMP-S-MG4

5.7

1-5

9

From the beginning
weakly

no

at 9 mg

slow

-

Iontosorb M-OH

80-100

1-2

6

From 3 mg strongly

yes

at 6 mg

fast

-

* Agg. - aggregation; Clogg. - clogging; Eval. - evaluation

3.2.

On-chip MELISA

Micromer particles (4 µm in diameter and amino functional group) were selected as the most suitable according
to previous experiments for the MELISA application inside the microfluidic chip. The microparticles were coated
with specific antigen (chymotrypsin) and such bioactive carrier (1 mg) was applied simultaneously into the
reaction chamber of microfluidic chip and into the microtitration plate (see Fig. 2). So far, the incubation time
was for both arrangements the same although we plan to shorten the incubation time for on-chip application.

Fig. 2 Principle of MELISA (Magnetic Enzyme-Linked Immunosorbent Assay) inside the microtitration plate
and/or the microfluidic chip (ChipGenie® edition-P, ChipShop, Jena, D)
The preliminary results from MELISA performed in microtitration plate and in the microfluidic chip are presented
in Fig. 3. The same protocol for determination of anti-chymotrypsin antibodies in hyperimmune porcine serum
was repeated in three subsequent days on always fresh aliquot of the bioactive carrier with immobilized
chymotrypsin. The data from the three measurements in microtitration plate and their trend lines are shown in
Fig. 3 (black symbols). The coefficient of determination (R2) were for day 1 (0.986), for day 2 (0.906) and for
day 3 (0.845). The standard deviation between the three measurements in microtitration plate for each serum
dilutions were: 1:30,000 (0.057); 1:40,000 (0.120); 1:60,000 (0.081); 1:80,000 (0.065); 1:120,000 (0.029). The
480

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

results from the on-chip application, for serum dilution 1:30,000, are also presented in Fig. 3 (colored sympols)
and their values went along the trend of the results from the microtitration plate. The highest values were
achieved in the day 2 as well as the lowest values in day 3. The standard deviation among the three
subsequent measurements in microfluidic setup was 0.183. Such variability between the measurements were
probably due to the technique of the final sample volume uptake from the outlet of the device. We are now
about to develop a robust technique which would enable us to reach the more reproducible results.

Fig. 3 The results from MELISA determination of anti-chymotrypsin specific antibodies in hyperimmune
porcine serum (high titer of specific antibodies to chymotrypsin). The measurement of 5 different serum
dilutions was repeated in 3 subsequent days. The black symbols correspond to results from MELISA on
microtitration plate and the colour symbols correspond to on-chip MELISA (only for dilution 1:30,000).
The day one (triangel), the day two (square), the day three (rhombus)
In these preliminary results 1 mg of magnetic biofunctionalized carrier was employed for fluidized bed formation
inside the microfluidic chamber. In the future experiments we would like to use higher amount of particles up
to maximal limit for the microfluidic chamber to test the maximal capacity of the device for specific antibody
capture and detection via on-chip MELISA. Moreover, we would like to test the stop-flow repetitive sample
addition and incubation with the biofunctionalized carrier in on-chip arrangement, preconcentrate the specific
antibodies inside the chamber and perform a subsequent elution and collection of the isolated specific
antibodies for further analysis or experiments. In the future, we would like to apply the improved and optimized
microfluidic setup for anti-amyloid β antibodies isolation/detection from the IvIg samples since such natural
antibodies have potentially neuro-protective effect and therapeutic potential for the treatment of patients with
Alzheimer disease [11].
4.

CONCLUSION

The on-chip MELISA is an efficient and easy method applied for specific antibody isolation and detection. The
preliminary data presented here were obtained with the model system represented by chymotrypsin and the
specific anti-chymotrypsin antibodies isolated from hyperimmune porcine serum. The promising results
encouraged us in future work that we would like to focus on improving the sample uptake from the chip with
the aim to enhance the data reliability and robustness. In addition, modification of the procedure for
maximization of the amounts of isolated specific antibodies in minimal volume ensuring low diffusion and

481

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

dilution of the target antibodies will be tested. This technique has high potential for automation and
parallelization that enables to perform more efficient and thus significantly less time-consuming assay.
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Abstract
This work is focused on exploration of capability of zero charged clay minerals kaolinite and pyrophyllite to
carry antibacterial chlorhexidine and antifungal nystatin, respectively. Investigation of host-guest interaction
was based on force field molecular dynamics which was performed on model surfaces in periodic boundary
conditions. Comparison of mean binding energies was used in selection of appropriate matrix and
improvement of antibacterial activity was estimated on the basis of available experimental data. Further
investigation included calculation of mean square displacements of antimicrobial agents in order to estimate
their diffusion over the surface and thus make an estimation of adsorption rate. Finally, differences of guest’s
shape were observed on the basis of structural characteristic - radius of gyration.
Keywords: Molecular dynamics, chlorhexidine, nystatin, kaolinite, pyrophyllite
1.

INTRODUCTION

Growing demand of more effective antimicrobial agents is observed in many areas involving food processing
and packaging [1], water cleaning [2], hygiene or medicine [3,4]. Chlorhexidine (CH) having two ionisable
guanidine moieties is the most widely used biocide in antiseptic products, dental medicine [5] and orthopedics
[6]. Although usage of CH in everyday praxis is considered to be safe, the toxicity at a certain level of
concentration was reported [7]. Therefore, better utilization may be achieved by incorporation of CH into
appropriate matrix. In certain cases also other microbes except bacteria have to be eliminated and Nystatin
(Nys) showing excellent behaviour against fungal Candida strains [8,9] represents effective compound in
treatment of cutaneous and mucocutaneous fungal infections [10]. In order to enhance Nys utilization and
suppress its poor water solubility, several delivery systems were proposed [10-14]. Despite wide usage of Nys
in clinical praxis [15], acute generalized exanthematous pustulosis was reported [16]. Therefore, development
of optimal delivery systems is still very relevant topic.
Usage of both antibacterial CH and antifungal Nys agents has its limitations and difficulties. In order to
overcome them, incorporation into suitable matrices seems to be promising way. Natural clays are reasonable
choice for further investigation due to their high surface area, wide availability, low cost and zero toxicity.
Although several experimental and theoretical studies focused on preparation and/or characterization of
CH/clays nanocomposites exist [17-21], there is a lack of any systematic classification of clay's docking
capabilities for CH. In addition, to the best knowledge, no clay-based composite material containing Nys was
reported hitherto. Docking capabilities of clay minerals differ from each other (in dependence on the surface
area, the host-guest interaction and the method of preparation) and the selection of the best ones according
to the knowledge of host-guest interaction is necessary. This information can be obtained using molecular
modelling. The aim of this work is to explore the capability of zero-charged clay minerals kaolinite (KLT) and
pyrophyllite (PYR) to carry antibacterial CH and antifungal Nys, respectively. Comparison of both matrices was
done with respect to the values of calculated binding energies (Ebind), mean square displacement (MSD) of
active agents, and radii of gyration (RoG).
2.

SIMULATION DETAILS

2.1.

Model structures

Antimicrobial agents CH and Nys were sketched in Materials Studio 4.2 (MS) module Visualizer. CH was
simulated as 2+ cation, hydrogen atoms were located at “backbone” nitrogen as in [22]. Models of clays were
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prepared according to available crystallochemical data (KLT [23], PYR [24]) as 5a × 3b × 1c supercells. Since
poor intercalation of KLT and PYR by larger organic compounds is well known, only models of surfaces were
prepared. The models consisted of two clay layers separated by 5 nm vacuum slab and one CH or Nys
molecule. Presence of other molecules was not considered (i.e. further CH and/or Nys molecules, water, etc.).
It should be mentioned that in the case of KLT two kinds of surfaces are exposed to adsorbates and, therefore,
both octahedral (KLTO) as well as tetrahedral (KLTT) were investigated.
2.2.

Simulation parameters

Discover module of MS was used in this study. After preliminary energy minimization, 1 ns long trajectory was
recorded. Canonical ensemble NVT was established for the simulation and temperature was adjusted by direct
velocity scaling. Integration of equations of motion was performed using velocity Verlet algorithm. Potential
energy parameters of interCVFF force-field from Heinz et al. [25] were used in simulation, because they
showed excellent agreement between calculated and experimental values of surface related properties
(cleavage energy/surface energy) [26], thus ensuring their applicability for considered model systems. Models
of surfaces were calculated under periodic boundary conditions.
2.3.

Calculated properties

Adhesion of atoms or molecules on surfaces is often estimated on the basis of binding energies. These are
usually calculated using (1),

Ebind = E sys − E mol − Eclay

(1)

where the binding energy Ebind is defined as the difference between the potential energy of the whole simulated
system Esys, the energy of adsorbed molecule Emol and the energy of host surface Eclay. Except differences in
thermodynamical costs accompanied with adsorption/desorption of molecules (expressed in terms of Ebind),
also nuances in their structure and mobility on KLT and PYR were recorded. Mobility of molecules was
observed using the mean square displacement (MSD) of their centre of mass (CoM) calculated as in (2),

MSD ( n ) =

r2
1 N −n r
ri + n − ri ,
∑
N − n i =1

n = 1,...., N − 1
(2)

where n represents distinct time interval in which position vectors of CoM are recorded, and N represents total
time of simulation. Knowledge of MSD further enables calculation of molecule's diffusion coefficient D through
the Einstein relation (3). Because our study is limited to study of adsorbed molecules, only movement
perpendicular to the norm of surface was considered and, therefore, number of degrees of freedom nDF equals
(2).

MSD ( n ) = n DF ⋅ 2 ⋅ D ⋅ t n

(3)

Plotting calculated values of MSD in dependence on time tn which corresponds to appropriate time intervals n
should yield straight line and value D can be deduced from the slope of the curve.
Structural changes of adhered molecules were characterized by radius of gyration (RoG). This structural
property describes shape of the molecule through the information about distribution of mass around CoM.
Square of RoG is defined as squared distance of each molecule’s atom from the CoM (4) weighted by atom's
mass mj and divided by the total mass of molecule (M is total number of atoms forming the molecule).
M

∑m
RoG 2 =

j

r r
r j − rCoM

2

(4)

j
M

∑m

j

j
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3.

RESULTS AND DISCUSSION

3.1.

Binding energies

Calculated binding energies are listed in Table 1. Although CH and Nys exhibit quite similar properties (both
are constituted from polar as well as non-polar parts and are miscible with similar solvents), their adsorption
to clay matrices is driven by different forces. While in the case of KLT (both KLTO and KLTT) the Ebind of Nys is
weaker than that of CH, this completely turns over when PYR is chosen as the host matrix. Another clue
indicating different adsorption is different preference of KLTO surface by Nys and CH. While KLTT is rather
preferred by CH (Table 1 and [21]), stronger adsorption on KLTO was found in case of Nys. This is probably
related to higher number of hydrogen bond forming constituents (HBC) on Nys. Although direct mechanism of
adsorption remains unclear, several predictions can be already stated. First of all, enhancement of antibacterial
effect of CH reported in [20] may be expected if PYR will be used as the host matrix. On the contrary, lower
content of Nys than that of CH will be probably adsorbed on KLT. Finally, taking into account that much greater
Ebind value is achieved when PYR serves as the host matrix, utilization of PYR rather than KLT in Nys
adsorption is proposed.
Table 1 Binding energies (Ebind) and coefficients of lateral diffusion (D) of CH and Nys molecules on different
surfaces. Standard deviations of presented mean values are introduced in the brackets
____________________________________________________________________________
Ebind (mJ/m2)

D (m2/s)

____________________________________________________________________________
surface

CH

Nys

CH

Nys

____________________________________________________________________________
KLTO

-78.53 (5.19)

-38.90

(4.46)

1.25 ∙ 10-9

2.54 ∙ 10-9

KLTT

-82.67 (2.94)

-35.15

(3.05)

2.97 ∙ 10-9

4.17 ∙ 10-9

PYR

-277.57 (4.58)

-467.51

(3.59)

1.39 ∙ 10-7

5.03 ∙ 10-9

____________________________________________________________________________
3.2.

Surface mobility

In order to estimate the rate of adsorption, MSD of individual CH and Nys agents was measured (Fig. 1) and
corresponding D was calculated (Table 1). It is apparent that while MSD of Nys on PYR and KLTT is similar
and only slightly different from Nys on KLTO (Fig. 1b), in case of CH the situation is different (Fig. 1a). CH
exhibits substantial difference between mobility on KLTT, KLTO and PYR (Fig. 1a). The biggest slope of MSD
observed for PYR is much higher than that of KLTT. On the contrary, difference between mobility of CH on
KLTT and KLTO (inset in Fig. 1a) is greater than difference between the same matrices in the case of Nys
(Fig. 1b). This suggests again that adsorption mechanism of CH and Nys is different. Lowest mobility of both
agents on KLTO corresponds well with higher number of HBC on this matrix. Taking into account higher number
of HBC on Nys, one can also interpret smaller differences between mobility on PYR, KLTT and KLTO than in
the case of CH. Because of higher amount of HBC which are located close to each other, Nys extents over
larger area and, therefore, can more easily interact with octahedral hydroxyls hidden in ditrigonal cavities. In
this manner it is stabilized through hydrogen bonds and its mobility is decreased. On the contrary, the same
location of HBC can act as “series of wheels” enabling thus rolling over KLTO. Based on these observations,
number and location of HBC seems to be a key factor influencing the rate of adsorption because of relation
between lateral diffusion and adsorption of further molecules [27]. In addition, much faster adsorption of CH
can be expected on PYR than on KLT.
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Fig. 1 MSD of (a) CH (b) Nys molecules on different clay matrices. Lines are linear fits to the data points
3.3.

Variations in shape

Changes in shape of CH and Nys are shown in Fig. 2 where the RoG values for adsorbed molecules and for
molecules in gas phase (GP) are compared. Behavior of CH and Nys is again different depending on the
matrix. Adsorption of Nys and CH on PYR led to more compact shape (i.e. all atoms in molecule are distributed
closer around CoM) than adsorption of both agents on KLT. RoG values of CH and Nys adsorbed on PYR are
also lower than RoG values for CH and Nys in GP. On the contrary, for Nys adsorbed on KLTO or KLTT and
for CH adsorbed to KLTT the RoG values are higher than for CH and Nys in GP. Only CH adsorbed on KLTO
adopted conformations similar to CH in GP. However, their heterogeneity was, like in all other adsorbed states,
strongly reduced. The biggest variability of RoG was observed for CH adsorbed to KLTT, where alternation
between more compact assembly and more stretched shape of CH indicates greater mobility of molecule.
Stronger interaction between studied agents and PYR than in the case of KLTO and KLTT seems to be
a consequence of more interacting partners on PYR (added tetrahedral layer). This manifests in adoption of
more compact shape of both agents on PYR matrix.

Fig. 2 RoG and top view of (a) CH and (b) Nys molecules on different clay matrices. Corresponding RoG in
GP is introduced for comparison
4.

CONCLUSIONS

Comparison of two clay silicates PYR and KLT in terms of their ability to host antimicrobial agents Nys and CH
was performed on the basis of molecular dynamics calculations. Calculations of Ebind suggest the possibility to
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improve the antibacterial effect of CH-based nanocomposites by using PYR silicate instead of KLT as the host
matrix. Similarly, PYR was selected as the more appropriate matrix for Nys because of stronger mutual
interaction. MSD was used to evaluate mobility of CH and Nys over the surfaces and thus estimate the
adsorption rate. While in the case of CH much faster adsorption rate is expected on PYR than on KLT, MSD
curves of Nys are similar for all investigated surfaces. Differences in shape of investigated molecules adsorbed
on PYR and KLT and in GP were investigated using RoG. Greater change in shape dependent on used matrix
is exhibited by Nys, although adsorption of both antimicrobial agents leads to reduction of their conformational
heterogeneity and adoption of different shape in comparison with GP. While adsorption on PYR leads to
conformations where atoms are distributed closer around the CoM, adsorption on KLT results in such shapes
that some atoms are more remote from CoM.
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Abstract
Bacteria attached to solid surfaces are able to form bacterial biofilms which present serious problems both in
healthcare and in industrial applications. Naturally, the development of anti-adhesive coatings that prevent
bacterial attachment is of great importance nowadays. Nanocrystalline diamond (NCD) is one of the promising
materials thanks its favourable mechanical and chemical properties. NCD appeared to be highly compatible
with mammalian tissue cells; however, the knowledge on interactions between NCD and bacteria is rather
scarce.
In this contribution, we compared the attachment of gram-negative model bacterium Escherichia coli to
uncoated glass and glass coated by NCD films. NCD films were grown by chemical vapour deposition on silica
fused glass substrates. To achieve different wetting properties, the NCD were terminated by hydrogen or
oxygen plasma. The NCD films were characterized by atomic force microscopy, scanning electron microscopy,
Raman spectroscopy, X-ray photoelectron spectroscopy and contact angle measurement. AFM confirmed
differences in surface roughness between uncoated and NCD coated glass. Oxidized NCD films were
hydrophilic compared to hydrogenated ones. Autoclaving was used for NCD samples sterilization; this method
was shown to maintain original wetting properties of NCD films. For attachment experiments, continuous
cultivation in commercially available CDC Bioreactor was used. Antibacterial tests indicated higher attachment
of gram-negative model bacterium Escherichia coli to NCD surface compared to uncoated glass. We assign
this effect to higher roughness of NCD surface compared to glass. Bacterial cells preferred the hydrophobic
surface of hydrogenated NCD surface to hydrophilic oxidized NCD for their attachment.
Keywords: Nanocrystalline diamond, bacteria, Escherichia coli, anti-adhesive, CDC Bioreactor
1.

INTRODUCTION

Attachment and growth on surfaces is a common living strategy for most of the bacterial species in natural
conditions. On artificial surfaces, however, attachment of various bacteria frequently causes problems in many
fields of industry and pathogenic bacteria attached on the implants, catheters and other medical tools
complicate the treatment of hospitalised patients. Attached bacteria form biofilm that consists from one or,
most frequently, from many different bacterial species. The adhered cells synthesize the extracellular matrix
that forms the highest proportion of the biofilm. In medical applications, the biofilms on the surfaces of implants
are often inaccessible and very difficult to eradicate. Moreover, the effect of the antibacterial agents on the
cells in biofilms might be severely reduced; diffusion through the biofilm is often restricted and antibacterial
compounds can even be degraded by some members of the microbial community. For the biofilm formation
by different bacteria, the initial attachment is enhanced by different molecular structures. The best prevention
of bacterial growth on an artificial surface is to reduce the initial adhesion of bacterial cells. Therefore,
continuous need exists for antibacterial and anti-adhesive materials. Nanocrystalline diamond (NCD) is a
material with exquisite properties - chemical inertness, mechanical durability, high hardness and good
compatibility with eukaryotic tissue cells [1, 2]. However, its antibacterial properties have not been studied
thoroughly so far. Recently, several authors have reported the antibacterial potential of nanodiamond in the
form of nanoparticles [3-5]. In contrast, NCD in the form of thin films deposited on an inert surface has been
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studied even less. A few works indicate that this material has the potential to lower the bacterial attachment to
certain extent [6, 7].
The ability of bacteria to adhere to the solid surface often correlates to surface roughness, hydrophobicity and
surface energy [8-12]. From the results of many studies it is evident that it is not a single parameter but their
complex combination which is responsible for the initial attachment of bacterial cells. Consequently, the
prediction of ideal anti-adhesive surface for different groups of bacteria is a complicated and still very
challenging task. In this work, we present deposition of nanocrystalline diamond films on glass substrates and
their testing against gram-negative model bacterium Escherichia coli in the perfusion cultivation system.
2.

MATERIAL AND METHODS

2.1.

Preparation and characterization of nanocrystalline diamond films

For the purpose of this study the NCD films were deposited on silica fused glass substrates (1.7 × 7.7 cm,
Menzel). Prior the deposition, glass substrates were cleaned in ultrasonic bath (Transonic T570/H, Elma
GmbH) at 100 kHz for 10 minutes. The cleaned substrates were seeded by ultrasound agitation in a waterbased diamond nanoparticles suspension (mean size 5 nm, NanoAmando, New Metals and Chemicals Corp.
Ltd.). The growth of NCD films was performed in two steps using large area linear antenna microwave plasma
system (modified AK 400 system from Roth&Rau MicroSystems, GmbH). In the first step the deposition lasted
5 hours, the gas flow was 100 /30/5 in sccm of H2/CO2/CH4 mixture. In the second step the deposition lasted
20 h and the gas composition was 200/20/5 in sccm of H2/CO2 /CH4. Both procedures were performed under
the following conditions: microwave power 2000 W with on/off pulse cycle 6/3 ms, pressure 0.1 mbar and
substrate temperature around 430 °C. As-grown NCD films were hydrogen terminated as a result of deposition
process with applied deposition parameters. Part of as-grown (hydrogenated) NCD films was oxidized by RF
plasma in Femto PCCE system reactor (Diener, 100% O2, 4 min, 1.1 mbar, 100 W).
The surface morphology of NCD films was investigated by scanning electron microscope SmartSEM
V05.02.02 (Zeiss) and atomic force microscope ICON in a tapping mode (50 mV amp, scan area was
1 × 1 μm2). The quality of grown NCD films was characterized by Raman spectroscopy (Renishaw inVia Reflex
Raman microscope) with excitation wavelength 442 nm. The NCD surface chemical composition was analysed
by X-ray photoelectron spectroscopy (XPS, Phoibos 150, Specs) using an Al Kα X-ray source (1486.6 eV,
Specs). Survey spectra were measured with pass energy of 40 eV and high resolution with pass energy of 10
eV at constant take-off angle 90 °. The recorded spectra were then referenced to the peak at 285.1 eV which
corresponds to sp3 hybridized carbon [13]. The deconvolution of C 1s peaks was made as published previously
[14]. For curve fitting, CasaXPS software was used. The hydrophobicity of NCD films was characterized by
contact angle measurements with a reflection goniometer (Surface Energy Evaluation (SEE) System)
equipped with a CCD. The contact angle was measured and calculated by multipoint fitting of the drop (3 µl of
deionized water) profile using the SEE software.
Prior to bacteria attachment studies, the NCD samples were sterilized. The three different sterilization methods
were tested: autoclaving (121 °C, 200 kPa, 20 min), dry heat (160 °C, 3 h) and UV radiation (253.7 nm, 20
min). The contact angle was measured before and after the sterilization step to assess the influence of
respective method on the properties of NCD sample. Among all these methods, the sterilization by autoclaving
was chosen due to a negligible effect on the contact angle (see chapter 3.2).
2.2.

Bacterial strain and cultivation of bacteria

The bacterium Escherichia coli, strain K-12 (laboratory stock) was cultivated in CDC Bioreactor (Bio Surface
Technologies Corporation) according to method described by Hadi [15]. The bacterial batch culture from midexponential phase of growth was used for inoculation of CDC bioreactor to final OD450 = 0.025. During bacterial
growth, sterile material samples (uncoated glass or NCD-coated glass) were immersed in the bacterial
suspension. The bacteria were cultivated for 22 hours at 37 °C in the batch mode (without medium influx) and
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24 hours under perfusion conditions with mixing (200 rpm). During the continuous cultivation, the medium
inflow speed was 6.25 ml⋅min-1. The LB medium diluted with distilled water (1:2) was used for continuous
cultivation.
2.3.

Bacterial biofilm quantification

At the end of cultivation, the material samples with grown biofilm were removed from CDC Bioreactor and
washed with 5 ml of sterile saline solution (0.8 % (w/v) NaCl) from both sides to remove loosely adhering
bacteria. For microscopic observation the samples were stained with fluorescent dye Hoechst 33342 (1 g⋅l-1,
Invitrogen, Promega) and observed with fluorescent microscope Olympus Cell-R. To determine the biomass
present at the sample surface, the bacteria were detached from the sample surface by sonication (ultrasonic
processor UP50H, Hielscher, with Sonotrody MS2 probe, at room temperature) in 40 ml of fresh saline twice
from both sides for 30 s (100 % amplitude, cycle 1). The saline solutions with detached bacterial cells were
then frozen (-20 °C) and analysed the next day with use of BacTiter-Glo™ Microbial Cell Viability Assay kit
(Promega). The determination of the overall biomass was based on the determination of ATP content in the
sonicated samples.
3.

RESULTS AND DISCUSSION

3.1.

The properties of NCD films

Scanning electron microscopy (SEM) image of NCD film is shown in Fig. 1A. It indicates a typical surface
morphology of nanocrystalline diamond film. The mean grain size was about 100 nm. The NCD films were also
continuous and uniform within the whole surface. The AFM topography images of NCD film and uncoated
glass are shown in Figs. 1B and 1C, respectively. The NCD films were rougher (RMS = 6.9 nm) than the
untreated glass (RMS = 0.9 nm).
A

B

NCD

200 nm

C

NCD

200 nm

glass

200 nm

Fig. 1 A SEM image of NCD film. B,C AFM topography images of NCD film and uncoated glass, respectively
Fig. 2 shows the representative Raman spectrum of NCD film with three discernible features. The band at
1100 cm-1 represents trans-polyacetylene present at the crystal boundaries [16, 17]. The most prominent peak
at 1331 cm-1 corresponds to sp3 hybridized carbon atoms confirming the diamond character of grown films.
The broad band at 1520 cm-1 reflects sp2 hybridization of carbon phase. The dominance of the 1331 cm-1
diamond peak indicates a relatively high proportion of diamond phase. The chemical composition of the NCD
surfaces, determined by XPS, is presented in Table 1. As expected, the hydrogenated NCD contained less
oxygen than oxidized NCD film. The content of 13 % oxygen on the oxidized NCD film surface and presence
of the carbonyl groups (3 %) confirms the successful oxidation of the film [18]. The higher content of sp2
hybridized carbon atoms on the surface of oxidized NCD film (23 %) in comparison with the hydrogenated one
(7 %) is a consequence of partial graphitization of diamond surface due to O2 plasma treatment [19]. Contact
angle (CA) measurements confirmed that oxidized NCD surfaces are hydrophilic with CA typically below 10 °,
in contrast to hydrophobic hydrogenated NCD surfaces with CA around 80 °. The contact angle of uncoated
glass was around 24.5 °.
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Fig. 2 Raman spectrum of NCD film
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Fig. 3 CA of NCD before and after sterilization

Table 1 The chemical composition of hydrogenated and oxidized NCD films evaluated from XPS
O [at.%]

C [at.%]

sp2 [%]

sp3 [%]

C-O [%]

C=O [%]

hydrogenated NCD

3

97

7

77

16

-

oxidized NCD

13

87

23

59

15

3

Material

3.2.

Sterilization of NCD material

In order to find the sterilization method which does not change the surface properties of the tested material,
three methods widely used for inactivation of bacterial contamination were compared. Neither the sterilization
by autoclaving nor the sterilization by UV light changed significantly the contact angle of hydrogenated or
oxidized NCD films (Fig. 3). In contrast, the dry heat sterilization substantially changed the surface of oxidized
NCD films. Therefore, for further experiments the autoclaving was used as the most reliable method for routine
sterilization of our NCD films.
3.3.

Adhesion of glass and NCD films

Bacterial adhesion to uncoated glass and to hydrogenated or oxidized NCD was tested by biofilm growth and
its consequent quantification. The samples were cultivated in CDC bioreactor for 46 hours (see chapter 2.2).
The attachment of bacteria was assessed according the ATP level released from the biofilm after sonication.
Grown biofilms stained by Hoechst 33342 were also observed by fluorescence microscope. Results are
presented in Fig. 4. The comparison of the total ATP levels clearly shows that the NCD coating did not prevent
bacterial attachment. On the contrary, we observed a slightly higher adhesion of bacteria to both NCD
surfaces. This is in contradiction with the report of Medina et al. [6] who observed reduced adhesion of bacteria
on the NCD surface compared to substrate stainless steel. However, Li and Logan observed in their
experiments that bacteria adhered less to glass than to other, rougher materials [20]. Also other authors
showed that higher roughness enhances the attachment of the bacteria on the surface [21-24]. Therefore we
assume that higher colonization of NCD surface by bacteria could be the consequence of the higher roughness
of NCD coating (compared with the uncoated glass). The highest yield of E. coli cells was observed for the
hydrogenated NCD. This effect we assign to the hydrophobic character of hydrogenated NCD surface.
Previous findings of other authors also affirm that different species of bacteria adhere preferentially to
hydrophobic surfaces [21, 25-29]. This is probably due to increased hydrophobic interactions between bacterial
cell and the substrate surface which play important role in bacterial attachment [8]. Also fimbriae and pili,
hydrophobic appendages normally present on the E.coli surface, have been shown to promote adhesion on
hydrophobic substrates [30].
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A

B

ATP concentration [nmol.l-1.cm-2]

0,50
0,40
0,30
0,20
0,10
0,00
glass

H-NCD O-NCD

10 µm

glass

H-NCD

O-NCD

Fig. 4 Quantification of total biomass from E. coli biofilms grown on glass, hydrogenated NCD (H-NCD) and
oxidized NCD (O-NCD) after 46 h of cultivation (A). Corresponding microscopic images are shown in (B)
4.

CONCLUSION

The ability of NCD films to prevent adhesion and biofilm growth of model bacterium Escherichia coli was
investigated in the perfusion environment of CDC Bioreactor. The antibacterial properties of hydrogenated and
oxidized NCD films were compared with those of uncoated glass as the reference. We found that the NCD
films were not capable to prevent the attachment of E. coli. Compared to uncoated glass slightly higher
adhesion of bacteria to both NCD surfaces was observed. In agreement with other studies, we assigned this
to the higher roughness of NCD (compared with the uncoated glass). A higher bacterial colonization observed
for hydrogenated NCD films might be caused by their hydrophobic character which is generally more
favourable for colonization by bacteria than hydrophilic one due to increased hydrophobic interactions between
the bacterial cell and surface. In order to better understand interaction of bacteria with the diamond surface,
additional studies are in progress.
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Abstract
The aim of the presented paper was the investigation of the barrier properties of Diamond Like Carbon (DLC)
thin films used for biomedical applications. The DLC films were prepared by the Plasma Enhanced Chemical
Vapour Deposition (PECVD) from methane. Stainless steel AISI type 316L was used as a substrate. Samples
were placed on the excitation RF electrode. The self-bias ranged from -700V to -800V and the deposition time
varied from 1 min to 15 min. The working gas methane pressure during process was 20 Pa. Morphology of
obtained DLC layers was characterized by AFM and SEM microscopy and the coating thickness by calottes
method. The surface chemical composition was identified by EDS analysis. The coated samples as well as
the pure substrate were tested for leaching of allergenic nickel into environment. Physiological solution was
used as a model matter for this purpose. The content of nickel in the solution was monitored using ICP-OES
analysis. The obtained results proved that the barrier effect was achieved even in case of 50 nm thick DLC
film.
Keyword: DLC film, PECVD, barrier, nickel, leach

1.

INTRODUCTION

As the modern technology is developed further, new materials and also new procedures are introduced into
medicine. One of the branches that can profit from newly possessed knowledge is the implantology. The
number of implants is growing every year [1 - 5]. In many applications (especially in orthopedics) the metal
implants are irreplaceable by any other material and in many cases the first choice is the medical stainless
steel AISI 316L (1.4404 EN) that contains 12% of Ni. Allergic reaction to metals is rare; however it can result
in serious health problems when it occurs. Allergy to nickel was reported for 13% of population, allergy to
cobalt for 3% and to chromium for 1% [2, 5 - 9]. Allergy to metals can result in eczema, impaired wound and
fracture healing, infection-mimicking reactions, effusions, pain, urticaria and vasculitis etc. [2 - 5, 7 - 9]. Proving
the allergy to implant is difficult and probably due to high complexity there are no relevant data to this given
problem (according to the author’s best knowledge). It can take several years before the allergy reaction occurs
and it can show also in case of the patients with negative contact test [2, 4, 5]. It is also important to differ
between allergy and infection.
Relatively complicated situation can be solved by using barrier coatings that can also improve the properties
of the surface. Often ZrOx coatings are used [10] or carbon thin films can be applied [11 - 19]. In recent years,
lot of attention has been paid to the above mentioned carbon thin films as these are biocompatible and have
excellent mechanical properties. Therefore the carbon coatings are very promising for bioapplications.
This work is focused on barrier properties of the diamond like carbon (DLC) coatings deposited on the medical
stainless steel AISI 316L using Plasma enhanced chemical vapour deposition (PECVD). The bias of the
substrate and the treatment time were varied. Barrier effect of the DLC coating of various thicknesses was
studied by measuring the nickel leaching from substrate to the physiologic saline solution.
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MATERIAL AND METHODS

The rectangle-shaped specimens of polished stainless steel type AISI 316L (1.4404 to EN 10088) of 30 x 50
mm and 2 mm thick were used. The substrates were washed in isopropanol in ultrasonic cleaner and dried in
laboratory oven. The deposition of DLC thin films was carried out in the low-pressure PECVD reactor with
planparallel plate electrodes. The bottom electrode was capacitive coupled to the RF power generator (13.56
MHz) via matching unit. The excitation electrode was used as a substrate holder. DLC thin films were deposited
for various substrate biases (-700 V, -750 V, -800 V), times (1, 2, 5, 10, 15 min) and powers delivered to the
excitation electrode (160 W, 180 W, 200 W). The methane (CH4) was used as the working gas. The flow rate
of CH4 was 15 sccm while the working gas pressure during process was 20 Pa. Before the deposition itself
the substrate was cleaned in argon plasma for 5 min.
The layer thickness was measured by the calotest method. Morphology of obtained DLC layers was
characterized by AFM (Atomic Force Microscopy) and SEM (Scanning Electron Microscopy). The surface
chemical composition was estimated by EDS analysis (Energy-dispersive X-ray spectroscopy).
The coated samples as well as the pure substrate were tested for leaching of allergenic nickel into environment
according to UNI EN 1811:2011 - Standard on nickel release. However this standard relates to nickel contact
allergies. Therefore the experiment was adapted slightly: Physiological saline solution was used instead of
artificial sweat solution as a model matter for this purpose. The content of nickel in 45 ml of test solution was
monitored after 1 and 6 months (instead of 1 week) of interaction of the samples using ICP-OES analysis.
Leaching of nickel was tested using stainless steel substrates coated with DLC films and two types of reference
samples. All samples had covered bottom, sides and edges by nitrocellulose lacquer so the functional surface,
on which the physiological solution had exposed, was 8cm2. The both referential samples were from stainless
steel AISI 316L. One of them had 8 cm2 of uncoated surface and the second one was completely covered by
nitrocellulose lacquer. The content of nickel in the solution was monitored using ICP-OES analysis.
3.

RESULTS AND DISCUSSION

Evaluation of the layer morphology using SEM and AFM analysis did not show any considerable changes
neither by self-bias nor by time dependence (Fig. 1 - Fig. 5).

Fig. 2 SEM of DLC film; -800V,15min

Fig. 1 SEM of substrate AISI 316L

From AFM pictures is evident the structure of the grains in stainless steel with texture after rolling (Fig. 3 Fig. 5). This structure remained also after deposition of DLC layers. The DLC deposition only resulted in
rounded edges of particular grains (Fig. 1, Fig. 2).
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Fig. 4 AFM of DLC film; 700V,1min

Fig. 5 AFM of DLC film;800V,15min

The relation between deposition conditions and thickness of deposited layer is summarized in Fig. 6. The
thickness of the layers varied from 50 to 270 nm and did not linearly grow with the deposition time as was
presumed. A significant carbon layer growth is observed during first two minutes of deposition regardless of
the self-bias. For longer deposition times the thickness of the layers decreased. That was probably caused by
ion bombardment which could densify or sputtered the layer away. This is also supported by the fact that the
biggest thickness difference is observed for the highest self-bias (-800 V).

Fig. 6 Graph to show effect of deposition conditions on thickness of DLC films
EDS analysis results of the surface of the samples are summarized in Table 1. As was expected, DLC layers
with 15 min duration of deposition have higher content of carbon than layers which were deposited just 1
minute. In comparison of samples which were deposited 15 min has the highest content of carbon the one with
the lowest self-bias (- 700 V). That relates its higher thickness and the theory that higher self-bias on the
sample causes densifying or sputtering of the layer (see Fig. 6). In accordance with the growth of the layer
and increasing content of carbon the content of other elements on the surface of the sample decreases.
EDS analysis allowed us to estimate the chemical composition of the surface to depth of approximately 2 µm.
However the thickness of the layers is always lower than this value. That is why in all cases the chemical
composition of the substrate exhibits as well. The specifications of chemical composition of the surface from
EDS are therefore not relevant for evaluation of barrier dispositions of the thin films.
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Table1 EDS analysis of stainless steel AISI 316L substrate and DLC films
C
[Wt%]

sample

Si
[Wt%]

Cr
[Wt%]

Mn
[Wt%]

Fe
[Wt%]

Ni
[Wt%]

Mo
[Wt%]

W
[Wt%]

AISI 316L

3.5

0.4

16.6

1.4

66.1

9.8

2.3

0.2

-700V/1min

7.8

0.3

15.9

1.3

63.2

9.4

1.9

0.2

-700V/15min

38.2

0.2

10.9

0.9

42.3

6.9

1.3

0.1

-750V/1min

7.9

0.3

15.9

1.3

63.1

9.4

1.9

0.2

-750V/15min

33.9

0.3

11.6

0.9

45.3

6.5

1.4

0.1

-800V/1min

7.7

0.4

15.9

1.3

63.3

9.4

1.9

0.2

-800V/15min

35.3

0.2

11.4

0.9

44.3

6.5

1.4

0.2

The amount of nickel that leached from the surface of the samples into the physiological solution is adduced
in Table 2. From final results is clear (/evident) that from 1cm2 of unmodified medical stainless steel AISI 316L
leached into the test solution 0.113 um of nickel already after 1 month. We are not aware of any limit, which
would define allowed nickel leaching of implants. There is just a limit for contact allergies to fashion jewellery
which is 0.5mg/cm2/week. Although the amount of leached nickel from AISI 316L was after one month almost
5x lower then this limit, the implants interact with tissue over a long period. Later it might occur serious
problems which would lead to reoperations that are why we reckon this amount alerting.
As we can see from results in Table 2, the all DLC layers (even the 50nm thick as well) made a barrier to
diffusion of nickel into the test solution for at least 1 month. Even after a half-year-long interaction with the
physiological solution was any of the DLC layers damaged, flaked off or corroded. However the lacquer cover
damaged by few samples after this time and that destroyed the results of nickel leaching through the DLC
layer (see Table 2 - marked *). These samples were eliminated. We still continue working on adjustment of
the nickel leaching test to ensure the contact of the test solution just with the functional part of the sample (that
means with the layer).
After the half-year-long exposition of DLC layers in the test solution 4 samples with the highest self-bias and 3
samples with the lowest self-bias confirmed the barrier effect of the layers. Nickel did not leach neither from
the sample with -750V self-bias and the lowest thickness of DLC layer (50nm).
Table 2 Content of nickel in the physiological saline solution monitored using ICP-OES analysis
bias [V]
reference reference
deposition
AISI 316L all lacquer
time [min]
DLC film
0
thickness [nm]
under
the
Ni [µg/cm2/
0.11
limit
1 month]
detection

-700V

0.22

0.11

-800V

1

2

5

10

15

1

2

5

10

15

1

2

5

10

15

70

230

210

170

120

50

180

150

110

100

80

270

180

130

100

under the limit detection

2

Ni [µg/cm /
6 month]

-750V

0.27

under the limit
detection

under the limit detection

under the limit detection

under
the
0.22 limit 0.48* 1.40* 0.27 1.88* 2.53*
detec
tion

under the limit detection

*damaged lacquer
4.

CONCLUSION

In our work were studied the properties of the DLC layers prepared under various deposit conditions. The
thickness of the layers ranged from 50 to 270 nm. The layers copied the structure of the grains in the substrate
from stainless steel AISI 316L. All layers proved barrier effect for allergenic nickel after one month of interaction
with the physiological solution. By 8 samples with the DLC layer nickel was not found in the test solution even
after a half year. Standard on nickel release UNI EN 1811:2011 can be with certain adjustment applied also
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for long-term testing of nickel leaching from implant materials. The results in the study suggest that DLC films
are suitable for biomedical application as barrier layers for allergenic nickel.
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AMINE FUNCTIONALIZED CARBON NANOPARTICLES GRAFTED BIOPOLYMER FOR CELL
ADHESION AND PROLIFERATION
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Abstract
Various carbon nanostructures are widely researched for use in a number of medical applications. We study
the surface properties and cell-substrate interactions of amine functionalized carbon nanoparticles (CNPs)
grafted on biopolymer film. Poly-L-lactic acid, in form of polymer film, was treated in an inert argon plasma
discharge and, subsequently, grafted with functionalized carbon nanoparticles. Selected samples were
thermally stressed during or following the grafting procedure. The surface properties were studied using
multiple methods (goniometry, X-ray photoelectron spectroscopy). Cell-substrate interactions were determined
in vitro by studying adhesion, proliferation and viability of vascular smooth muscle cells (VSMCs) from the
aorta of a rat. Cell-substrate interactions on pristine and modified substrates were compared to standard tissue
culture polystyrene (TCPS). Our results show that CNPs affect surface morphology and wettability and
therefore adhesion, proliferation and viability of cultured cells.
Keywords: Carbon nanoparticles, Polymer film, Surface plasma and thermal treatment, Surface properties,
Cytocompatibility
1.

INTRODUCTION

New possibilities for cell adhesion and proliferation are widely researched in order to find the best possible
materials for numerous applications in tissue engineering. Among others, various forms of carbon
nanostructures are researched because of their unique properties [1]. Enhancing required properties such as
cyto- and bio-compatibility for medical usage (e.g. drug carriers, scaffolds etc.) by nanoparticle
functionalization is nowadays a common approach [2]. However research is mainly focused on graphene [2],
carbon nanotubes [3], carbon nanodiamonds [4] and diamond-like-carbon [5]. Those structures are
functionalized by other types of nanoparticle (e.g. metal nanoparticles) [6] or by variety of other chemical
compounds [7]. This creates an opportunity to study spherical forms of carbon nanoparticles and functionalize
them by different types of compounds (e.g. amines) in order to enhance their desired properties [8].
Cell adhesion can be divided in two major groups - receptor enhanced interactions and interactions without
receptor intervention. Mechanism of cell interactions using receptor intervention is arranged through molecules
of extracellular matrix (ECM). Cell adhesion to artificial substrates is mediated by ECM proteins (e.g.
fibronectin, laminin, collagen, vitronectin etc.) that are adsorbed to the material surface from biological fluids
(in vivo) or from cultivation media (in vitro). Range and strength of cell adhesion is important factor for
regulation of cell proliferation and differentiation. Therefore is important for the material to produce “the right
signals” which will lead the cell towards desired behaviour [9-11].
In this study we prepared three types of amine functionalized spherical carbon nanoparticles grafted
biopolymer films. The samples were characterized by goniometry and X-ray photoelectron spectroscopy.
Cytocompatibility of these samples was determined in vitro, by studying adhesion, proliferation and viability of
vascular smooth muscle cells (VSMCs).
2.

EXPERIMENTAL

2.1.

Material, plasma treatment, grafting

The experiments were carried out on poly-L-lactic acid (PLLA). Polymer was in the form of foil (Goodfellow
Ltd., UK): thickness 50 μm, 1.25 g cm-3. The polymer was treated in Ar+ plasma (Balzers SCD 050) at room
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temperature and under the following conditions: gas purity 99.997 %, flow rate 0.3 l s-1, pressure 10 Pa,
electrode distance 50 mm, its area 48 cm2, chamber volume approx. 1000 cm3, plasma volume 240 cm3, power
8 W, treatment time 120 s.

Fig. 1 Scheme of the three-step synthesis of functionalized carbon nanoparticles
The carbon
nano-particles
(Activated
charcoal-DARCO® KB-G, Sigma Aldrich, D,
size 20-40 nm) were used in this study. The
carbon nanoparticles were modified with
“amine” structure in a three-step synthesis
(see Fig. 1) [12]. Such modified carbon
nanoparticles (TET) (see Fig. 2) were
Fig. 2 Triethylenetetramine-functionalized carbon
activated in 1 mol l-1 HCl (1 hour, room
nanoparticles (TET)
temperature (RT)). The plasma treated
polymers' surfaces were grafted from
activated CNPs suspension in 1 mol l-1 HCl
for 24h under constatnt stirring at (i) RT, (ii) 60°C, (iii) RT + 60°C (1h). “Blind sample” was prepared by etching
the plasma treated substrate in water solution hydrochloric acid.
2.2.

Characterization methods

The properties of pristine, plasma treated samples and samples grafted with CNPs were studied using various
analytical methods.
Surface contact angle (CA, wettability) was determined by goniometry, i.e. the static (sessile) water drop
contact angle method. In this experiment, the contact angles of all modified samples were measured 30 days
after the plasma modification. Advancing water (error ± 5 %) angles were measured at 10 different positions
at room temperature using the Surface Energy Evaluation System (Advex Instruments, CR).
An Omicron Nanotechnology ESCAProbeP spectrometer was used to measure ARXPS spectra of modified
polymer surfaces. The X-ray source provided monochromatic radiation of 1486.7 eV. The spectra were
measured stepwise with a step in the binding energy of 0.05 eV at each of the six different sample positions
with respect to the detector axis (0° - perpendicularly to sample). The O(1s), C(1s) and N(1s) peaks were
studied.
2.3.

Study of cytocompatibility

The adhesion, proliferation and viability of vascular smooth muscle cells (VSMC) on pristine and modified
polymers were studied in vitro as described in [12]. The number and morphology of cells on the sample surface
were then evaluated in photographs taken under an Olympus IX 51 microscope. The number of cells was
determined using the image analysis software NIS-Elements AR 3.0.
3.

RESULTS AND DISCUSSION

3.1.

Characterization of CNPs grafted polymer

Between factors that significantly affect cytocompatibility and therefore cell adhesion and proliferation belongs
wettability. For this reason surface water contact angle was measured. After plasma treatment there is increase
in CA values due to the formation of new groups and “removal” of polar hydroxyl group. Etching of the substrate
causes a decrease of CA values due the removal of plasma degraded parts of the surface. TET grafting at
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room temperature causes dramatic increase in the
value of CA. This may be due to the heightened
content of carbon in the layer. Reorientation of groups
on the surface during grafting at glass transition
temperature causes formation of more hydrophilic
surface. Thermal stress of pristine, plasma treated and
room temperature grafted substrate has no significant
effect on surface wettability.

PLLA
110

Contact angle [°]

100

90

80

70

60
P
Pr ris
is
t
tin ine
e
(
(6 RT
0° )
P
Pl la C 1
as sm h)
m
a
a
(
(6 RT
0° )
Et C
ch 1h
ed )
TE
(
T RT
T
(R ET )
T
(R
TE +60 T)
°
T(
C
60
1
°C h)
24
h)

It is known, that free radicals, new bonds and
subsequently new chemical groups arise after plasma
treatment. This process is applied in surface chemical
grafting, where different types of compounds can be
covalently bonded to plasma modified surfaces [12].
Verification of TET bonded onto the biopolymer
surface was studied by XPS and is summarized in
Table 1. It is evident, that plasma treatment causes a
decrease of oxygen content in the pristine polymer
due to the ablation of surface layer containing polar
hydroxyl group. After etching in water solution of
hydrochloric acid, more hydroxyl groups are being
removed from the degraded surface layer. Grafting of
TET causes another decrease of oxygen level in the
surface layer, due to the build-up of carbon and
nitrogen. Thermal stress of plasma treated substrate
causes an increase of oxygen concentration in the
surface layer due to the possible reorientation of
hydroxyl group to the surface. Thermal stress of room
temperature grafted substrate causes slight increase
in nitrogen concentration. Grafting of TET at the
temperature of 60°C causes increase of nitrogen
concentration and decrease in oxygen concentration
in the surface layer due to the reorientation of groups
on the surface at glass transition temperature.

120

Fig. 3 Water contact angle measured on
various PLLA samples (with and without
thermal stress): pristine (pristine), plasma
treated (plasma), etched in water solution of
hydrochloric acid (etched) and CNPs grafted
(TET)

Table 1 Element concentration (XPS) of different PLLA samples (with and without thermal stress): pristine
(pristine), plasma treated (plasma), etched in water solution of HCl (etched) and CNPs grafted
(TET)
Element concentration [at. %]

Sample

C (1s)

O (1s)

N (1s)

Pristine (RT)

60.9

39.1

--

Pristine (60°C 1h)

60.7

39.3

--

Plasma (RT)

63.0

35.6

1.4

Plasma (60°C 1h)

60.5

38.5

1.0

Etched (RT)

68.8

31.2

--

TET (RT)

67.6

31.8

0.6

TET (RT + 60°C 1h)

69.2

30.0

0.8

TET (60°C 24h)

70.1

28.7

1.2
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Cytocompatibility of CNPs grafted polymer

Compared to the standard tissue culture polystyrene (TCPS), samples grafted with TET, with thermal stress
achieve the same level of cell viability. Cells cultured on the substrate grafted with TET at room temperature
achieve 98.2% viability, in comparison with TCPS with only 93.8%.
Table 2 Viability of VSMCs adhered and proliferated on different PLLA samples (with and without thermal
stress): pristine (pristine), plasma treated (plasma), CNPs grafted (TET) and TCPS
Viability [%]

Sample
1st

day

3rd day

6th day

Pristine (RT)

91.7

98.6

95.0

Pristine (60°C 1h)

76.5

98.3

97.1

Plasma (RT)

96.6

96.8

96.7

Plasma (60°C 1h)

93.5

97.6

97.0

TET (RT)

86.4

98.3

98.2

TET (RT + 60°C 1h)

87.5

99.0

93.5

TET (60°C 24h)

92.0

98.1

94.7

TCPS

76.2

97.9

93.8

4.

CONCLUSION
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Cell adhesion was determined by the number of VSMCs
cultured on the samples 24 h after seeding. Cell
proliferation was determined by the number of VSMCs
cultured on the samples 3 and 6 days after seeding.
Detailed counts of cultured cells can be seen in Fig. 4. In
comparision with pristine substrate, both plasma treatment
and grafting causes significant improvement of cell
adhesion and proliferation. In case of TET grafted at room
temperature, the number of cultured cells was greater then
on the standard TCPS. Thermal stress of grafted
substrates causes slight decrease in cell numbers.
However, both thermal stressed surfaces were
comparable with standard TCPS. Larger deviations are
caused by the inhomogeneous coverage of cells on the
substrate surface.

To the best of our knowledge we are the first to prepare
Fig. 4 Water contact angle measured on
such modified biopolymer film. Conducted analyses
various PLLA samples (with and without
confirmed successful grafting of TET onto the surface of
thermal stress): pristine (pristine),
PLLA. Significant changes in CA values between room
plasma treated (plasma), etched in water
temperature grafted substrate and substrate grafted at
solution of hydrochloric acid (etched)
glass transforming temperature may be caused by
and CNPs grafted (TET)
reorientation of the surface layer. Cell adhesion and
proliferation was improved by both plasma treatment and
grafting. Grafting of TET, with and without thermal stress, has positive effect on adhesion, proliferation and
viability of VSMCs. In all cases the cell numbers and viability was comparable or even higher on grafted
samples then on TCPS.
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Abstract
Magnetic nanoparticles offer several advantages for isolation of biological materials. Since they are broadly
used in diagnostic immunoassays and in various reactions involving enzymes, proteins, and DNA, this study
considers the interaction of four surface modified magnetic microparticles with selected DNA fragments. The
magnetic microparticle precursors are prepared by reduction of from iron (III) nitrate and sodium borohydride
in ammonia solution. Different surface modifications, named as MAN 37, MAN 127, MAN 158 and MAN 164
were obtained by targeted chemical treatments. The zeta potential and particle size measurements were
performed in a zetasizer MALVERN instrument. All considered magnetic microparticles are characterized by
positive zeta-potentials, while the DNA fragments in solution show an approx. zeta-potential of -0.22 mV. All
the particles were polycharged. MAN 37 and MAN 127 reveal the highest initial zeta potentials. Upon exposure
to DNA, MAN 37 and MAN 127 particles lowered their zeta-potential near zero, meanwhile due to the DNA
binding, in the case of MAN 164 the zeta potential decreases until -1.25 mV. All particles considered are
classified as monodisperse systems. MAN 37 showed the smallest sizes of approx. 0.5 μm and almost no
difference in size toward DNA exposure. MEN 158 distinguished for their initial high size of approx. 3.75 μm
compared to MAN 127 and MAN 158, possessing sizes of approx. 3 μm each. MAN 164 particles exhibit the
biggest change in contact to DNA, from approx. 3.0 μm up to 5 μm when exposed to DNA fragments. All results
were confirmed by quantitative real-time PCR.
Keywords: Magnetic micro particles, DNA binding, zeta potential, particle size
1.

INTRODUCTION

Biotechnology and nanotechnology are two of the 21st century’s most promising scientific areas.
Bionanotechnology is a new interdisciplinary area that integrates physics and chemistry for the development
of multifunctional tools for medical, agricultural, and environmental applications. The study of interactions
between the nanoparticles and nucleic acid molecules will provide new information on mechanisms that alter
DNA molecular structure and highlight new insights for DNA detection and gene therapy [1, 2]. Research on
nanoparticle interaction with DNA has started to explore the applications of gold nanoparticles [3], silver
nanoparticles [4], carbon nanoparticles [5] and magnetic nanoparticles [6]. The interaction of DNA with
unmodified Gold nanoparticles was shown to have more affinity to single stranded DNA when compared to
double stranded DNA [3]. Functionalized gold nanoparticles with oligonucleotides can be used to specifically
bind and elute DNA based on change in pH [7]. Railsback et al. investigated the mechanism of binding of DNA
to modified gold nanoparticles [8]. Their results showed that DNA bending and denaturation plays direct role
in binding to weak cationic nanoparticles. Basu et al. showed that the binding of DNA bases to unmodified
silver nanoparticles give different color for each base [4]. The authors reported change in nanoparticle colour
from red to purple to orange to blue in accordance to aggregation and orientation of individual nanoparticles
in aggregate. In a different study, silver nanoparticles modified with oligonucleotides were shown to be
ultrasensitive for detection of DNA [9]. An et al. showed that Lambda phage DNA binds randomly to carbon
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nanoparticles (~50 nm in size) while fine size (1 nm) nanoparticles bind on DNA like pearls on string [5].
However, carbon nanomaterials has been reported to inhibit DNA associated enzymes, e.g. blocking the
polymerase chain reaction [1].
Magnetic nanoparticles offer more advantage for isolation of biological materials by a suitable immobilization
process. Magnetic nanoparticles have been used in diagnostic immunoassays and in various reactions
involving enzymes, proteins, and DNA for magnetically controlled target delivery of anticancerous drugs [10].
Pershina et al. provide comprehensive review of the literature regarding magnetic nanoparticle binding to DNA
[11]. The structure and composition of nanoparticles, the pH at which DNA and nanoparticles interact, and the
functionalization of the nanoparticle surface are among the major highlights of research in this field. Since the
binding DNA-particles is of great interest for the separation of DNA from targeted systems, this study is
intended to shed light on a reliable possibility of detection of the interaction between DNA fragments and
magnetic microparticles based on zeta potential and particle size measurements.
2.

EXPERIMENTAL

2.1.

Synthesis of magnetic microparticles

Nanomaghemite is prepared from iron (III) nitrate and sodium borohydride in ammonia solution. 400 ml of
MilliQ water was poured in a 600 ml beaker and 7.48g of iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O) was
mixed on a magnetic rotor. 7 ml of 25% NH3 was diluted with 43 ml of MilliQ water and poured in a separate
beaker (of 150 ml). 1g of sodium borohydride (NaBH4) was mixed with NH3 solution in that small beaker. After
7-10 min of mixing, the solution was added to the large beaker containing iron nitrate. The colour of the solution
became black with an initial frothing. Then it was heated at 100°C for 2h. The mixture was stirred overnight.
The magnetic particles were separated by external magnet and washed several times with MilliQ water and
used for modifications.
2.2.

Superparamagnetic iron oxide modifications

Man 37: was i-PrOH was added to the obtained product as obtained above followed by tetraethyl orthosilicate
(TEOS) and later by 3-aminopropyl triethoxysilan (APS). The product was separated by magnet and washed
several times with diluted EtOH.
Man 127: 1/5 part of prepared nanomaghemite was mixed with a PVP (10k, 0.2 g) solution and stirred
overnight. The product was separated by magnet, washed several times with water and dispersed in PBS
buffer (50 mL, pH = 7.4).
Man 158: 1/5 part of prepared nanomaghemite was stirred with Na2HPO4·2H2O (1.2 M, 2 mL) and
Ca(NO3)2·4H2O (1 M, 4 mL). After 2 h NaOH (1 M, 5 mL) was added and stirred overnight. The product was
separated by magnet, washed several times with water and left in water (50 mL). After that, half volumes of
phosphate and nitrate were added to it.
Man 164: The surface of prepared nanomaghemite was modified by addition of sodium triphosphate followed
by calcium nitrate. Product was separated by magnet and washed several times with water.
2.3.

Preparation and binding of DNA to magnetic microparticles

Large amounts of DNA were prepared using PCR to amplify a 700 bp product from the Ebola glycoprotein GP
gene (EBOV subtype Zaire, strain Mayinga 1976). The following primers were used for amplification of Ebola
DNA from pCMV3-ZaireEBOV-U23187-GP-FLAG vector (Sino Biological Inc., North Wales, PA, USA):
Forward: GACCCCCAAAAGCAGAGAAC. Reverse: ACGCCTGTAACTCCAATACCTG.
After purification of DNA fragments using MinElute kit (Qiagen, Venio, Netherlands), the concentration of DNA
was first estimated using nanodrop-based method on Infinite 200 PRO NanoQuant instrument (Tecan,
Maennedorf, Germany). Amounts of 100ng/µL is equivalent to >1011 copies of DNA. Dilution of DNA to working
solution of ~1010 copies/µL was enough for binding and quantitation using real-time PCR and also using
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nanodrop-based method. Binding mixture was prepared in 1.5 mL Eppendorf tubes: 40 µL of DNA (~1010
copies/µL) mixed with 40 µL Sodium acetate-HCl (0.75 M, pH=6), 32 µL magnetic particles, and 240 µL of
EtOH 85%.
2.4.

Zeta potential and particle size analyses

The zeta potential measurements were performed in a Zetasizer MALVERN, (Malvern Instruments Ltd.
Worcestershire, United Kingdom), considering the same refraction index and absorption coefficient as
described in particle size measurements. Furthermore, the measuring parameters such as, temperature and
viscosity were the same as in particle size measurements. Calculations considered the diminishing of particles
concentration based Smoluchowsky model, with a F(κa) of 1.50 and an equilibrating time of 120 s. For the
measurements, a disposable cell DTS1070 was employed. In each case, the measurement duration depended
on the number of runs, which varied between 20 and 40. The measurements were triplicate and were
performed under the automatic setting of attenuation and voltage selection.
The particle size measurements were performed considering a refraction index of the dispersive phase of 3.00
and 1.333 for the dispersive environment. The absorption coefficient in both cases was 10-3 respectively. The
measuring temperature was set at a constant value of 25°C, while the viscosity was 0,8872 cP. For each
measurement, disposable cuvettes type ZEN 0040, were used, containing 40 µL of sample. The equilibration
time was 120 s, at a measurement angle of 173° backscatter. The measurements were triplicate.
3.

DISCUSSION OF THE RESULTS

All the magnetic microparticles in this study are characterized by positive zeta-potentials (Fig. 1 left), which
enable them to bind to DNA fragments in solution with an approx. zeta-potential of -0.22 V. The magnetic
particles entitled as MAN 37 and MAN 127 show the highest initial zeta potentials, followed by MAN 158 and
MAN 164. The attachment of DNA fragments to all of them lowers their zeta potential, but at the same time
ensures particle protection due to the particle surface coverage. The exposure of DNA to MAN 37 and MAN
127 particles lowers their zeta-potential near zero, meanwhile due to the DNA exposure, in the case of MAN
164 the zeta potential is decreased until -1.25 mV (Fig. 1 left). All the particles were polycharged and their
charge configuration, depends on the electrical double layer around them and changes upon the DNA fragment
exposure. An illustrative example is depicted in Fig. 2, showing three consequent zeta potential measurements
of Man 128 particles without and with DNA. Upon the DNA binding, the particles stabilize and turn from polycharged to mono-charged (Fig. 2).

Fig. 1 Graphical visualization of zeta potential (left) and particle size (right) of unbound and DNA-bound
magnetic particles
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In parallel to zeta potential determination, the particle size measurements revealed considerable size changes
of the samples without and with contact to DNA fragments (Fig. 1 right). In spite the significant content of
polycharged particles, with the mathematical model used for data calculations they were classified as
monodisperse systems. The magnetic particles of MAN 37 showed the smallest sizes among the other
particles of approx. 0.5 μm (Fig. 1 left, blue bar), which were comparable in size to the DNA-bound particles
(red bar). Anyway, these particles change considerably when compared to MAN 127, MAN 158 and MAN 164
(Fig. 1 right). The particles of Man 158 distinguished for their initial high size of approx. 3.75 μm compared to
MAN 127 and MAN 158 which possessed sizes of approx. 3 μm each.

(a)

(b)

Fig. 2 Zeta potential variation for three consequent measurements of Man 158 samples: a) without and b)
with contact to DNA
Interestingly, MAN 164 particles revealed the biggest change in contact to DNA. Their size increased
considerably, from approx. 3.0 μm up to 5 μm when exposed to DNA fragments. The DNA binding efficiency
regarding the particle size variation is illustrated for all particle types by the plots of Fig. 3. The particle size
distribution showed in Fig. 3, represented as Number (%) vs. Particle size for the triplicate experiments in each
case, exhibited no visible change between MAN 37; Man 37-DNA, MAN 127; MAN 127-DNA and MAN 158;
MAN 158-DNA within the measurement accuracy. Meanwhile, particles of Man 164 exhibited a considerable
increase, where the triplicate measurement MAN 164-DNA showed a clear shifting toward higher numbers
compared to the triplicate of MAN 164, leading to the conclusion of a significant binding efficiency of DNA
fragments by them, which leads to further particle agglomeration.
Since MAN 37 particle agglomerates are smaller in size compared to the other particles considered
agglomerates, they exhibit as a consequence a higher surface area. Therefore, certain amounts of DNA
fragments attached to MAN 37 particles decrease their zeta potential more than in the case of bigger particles.
Due to this fact, the decrease of zeta-potential for MAN 37 particles is more significant than for all the others
(Fig. 1 left). Anyway, since MAN 37 particles surface can accommodate much less DNA fragments than other
particles, their increase in size is not significant when compared to the other particles. Since MAN 127 and
MAN 164 have similar sizes but different zeta potentials and behave differently (Fig. 1), it seems that the
particle size alone does not play the greatest role on the DNA fragments binding. A crucial factor which
influences the zeta potential and the binding in this process is the particle surface modification, though, the
respective double layer.
All of these data evidencing the binding of DNA fragments to the magnetic micro particles are confirmed by
quantitative real-time PCR measurements too, and are in full agreement to the showed results.
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Man 37

Man 127

Man 158

Man 164

Fig. 3 Number of particles in % versus particle size for unbound and DNA-bound magnetic particles
4.

CONCLUSIONS

In this study magnetic microparticle precursors are prepared by reduction of from iron(III) nitrate and sodium
borohydride in ammonia solution. By targeted chemical treatments, four different particle types with respective
surface modifications were obtained. The interaction between the particles and DNA fragments was
investigated by zeta potential and particle size analyses. All considered magnetic microparticles revealed
positive zeta-potentials, while the DNA fragments in solution were slightly negatively charged, causing
electrical interaction between them. Zeta potential characterization of all samples showed polycharged
particles with MAN 37 and MAN 127 revealing the highest initial zeta potentials. Due to the interaction with
DNA, the zeta potential decreased near zero for MAN 37 and MAN 127 particles, meanwhile in the case of
MAN 164 the zeta potential decreased even below zero. With the selected mathematical calculation model, all
the considered particles are classified as monodisperse systems. Despite of their initial size, the particle
behaviour was strongly influenced by their surface modification and consequently by the electrical double layer.
Man 37 showed the smallest sizes and almost no size difference in contact to DNA. Unlike that, MAN 158 was
distinguished for their initial high size particles compared to MAN 127 and MAN 158, but nevertheless they did
not reveal significant particle size variations in contact to DNA. The most significant size increase was observed
for Man 164 particles in contact to DNA. All these results were confirmed by parallel quantitative real-time PCR
measurements, making therefore zetasizer analyses as a reliable tool for the detection of magnetic
microparticles - DNA interaction.

509

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

ACKNOWLEDGEMENTS
The study was financially supported by CEITEC CZ.1.05/1.1.00/02.0068.
REFERENCES
[1]

An, H.J. and B. Jin, Prospects of nanoparticle-DNA binding and its implications in medical biotechnology.
Biotechnology Advances, 2012. 30(6): p. 1721-1732.

[2]

Fakruddin, M., Z. Hossain, and H. Afroz, Prospects and applications of nanobiotechnology: a medical perspective.
Journal of Nanobiotechnology, 2012. 10.

[3]

Gaylord, B.S., A.J. Heeger, and G.C. Bazan, DNA detection using water-soluble conjugated polymers and peptide
nucleic acid probes. Proceedings of the National Academy of Sciences of the United States of America, 2002.
99(17): p. 10954-10957.

[4]

Basu, S., et al., Interaction of DNA bases with silver nanoparticles: Assembly quantified through SPRS and
SERS. Journal of Colloid and Interface Science, 2008. 321(2): p. 288-293.

[5]

An, H.J., et al., DNA binding and aggregation by carbon nanoparticles. Biochemical and Biophysical Research
Communications, 2010. 393(4): p. 571-576.

[6]

Heger, Z., et al., Paramagnetic Nanoparticles as a Platform for FRET-Based Sarcosine Picomolar Detection.
Scientific Reports, 2015. 5.

[7]

Sun, L.P., et al., Effect of pH on the Interaction of Gold Nanoparticles with DNA and Application in the Detection
of Human p53 Gene Mutation. Nanoscale Research Letters, 2009. 4(3): p. 216-220.

[8]

Railsback, J.G., et al., Weakly Charged Cationic Nanoparticles Induce DNA Bending and Strand Separation.
Advanced Materials, 2012. 24(31): p. 4261-+.

[9]

Thompson, D.G., et al., Ultrasensitive DNA detection using oligonucleotide-silver nanoparticle conjugates.
Analytical Chemistry, 2008. 80(8): p. 2805-2810.

[10]

Heger, Z., et al., Fluorescence resonance energy transfer between green fluorescent protein and doxorubicin
enabled by DNA nanotechnology. Electrophoresis, 2014. 35(23): p. 3290-3301.

[11]

Pershina, A.G., A.E. Sazonov, and V.D. Filimonov, Magnetic nanoparticles - DNA interactions: design and
applications of nanobiohybrid systems. Russian Chemical Reviews, 2014. 83(4): p. 299-322.

510

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

STRUCTURAL AND VIBRATIONAL STUDIES OF FATTY ACIDS-FUNCTIONALIZED IRON
OXIDE NANOPARTICLES VIA ALKALINE CO-PRECIPITATION ROUTE
HERRERA W. T.1, RAMOS Guivar Juan A.1, GONZÁLEZ J.C. 2, BAGGIO-SAITOVITCH E. M.3
1Ceramics

and Nanomaterials Laboratory, Faculty of Physical Science, National University of San Marcos,
Lima, Peru, wth81@yahoo.com, aguivar@gmail.com
2Laboratorio de Física de Materiales, Universidad de Ingeniería y Tecnología (UTEC), Lima, Peru,
jcgonzalez@utec.edu.pe
3Centro Brasileiro de Pesquisas Físicas, Rio de Janeiro, Brazil, elisa@cbpf.br

Abstract
The preparation and functionalization of iron oxide magnetic nanoparticles (MNPs) are of great importance in
a diverse range of applications. However, their structural and magnetic properties can be influenced by the
process of coating making these MNPs undesirable for certain applications. For that reason, this work is
focused in the understanding of iron oxide nanoparticles functionalized with fatty functional lauric acid (LA) and
oleic acid (OA) organic molecules. The synthesis was carried out using the aqueous alkaline co-precipitation
route of Fe+2 and Fe3+ salts. The characterization was done by several spectroscopy techniques. X-Ray
Diffraction (XRD) measurements reveal uncoated iron oxide nanoparticles with mean diameter of 11.8 ± 2 nm
obtained from Debye-Sherrer formula. The spinel crystal structure and lattice parameter was found to be 8.38
± 0.01 Å which means that the stoichiometric structure is not affected by the functionalization process. This
size decreased at around 9.7 ± 2 and 8.6 ± 2 nm for coated with OA and LA which are in agreement with
Transmission Electron Microscopy (TEM) measurements. X-ray Photoelectron Spectroscopy (XPS)
measurements determined that iron atoms have valences of +3 and +2, with a total ratio of iron atoms Fe+3:
Fe+2 of 2:1 which confirmed the stoichiometric relation used for magnetite (Fe3O4). Fourier Transform Infrared
Spectroscopy (FTIR) measurements show that LA and OA molecules are chemisorbed onto MNPs surface
ascribed to bridging bidentate interaction. The thermal stability of the functional groups anchored to magnetite
surface was studied by thermogravimetric analysis (TGA) at certain range of temperatures. From TGA
measurements we calculate the number of functionalized molecules anchored to the surface of Fe3O4
nanoparticles. Micro-Raman spectroscopy was introduced to study the stabilization of organic molecules on
MNPs surface.
Keywords: Iron oxide nanoparticles, magnetite, fatty acids, co-precipitation route
1.

INTRODUCTION

The nanotechnology has developed to such an extent that it has become possible to fabricate, characterize
and tailor the functional properties of magnetic nanoparticles including superparamagnetic iron oxide
nanoparticles (SPIONS), in particular for high density magnetic recording media, non-enzymatic sensors for
certain analytic reduction and clinical uses in diagnostics and in biomedical applications such as drug delivery,
hyperthermia, magnetic resonance imaging (MRI), magnetofection, etc. [1-5]. The application of ultrafine iron
oxide particles for in vitro diagnostics has been practiced for nearly 40 years [6] and in the last decade,
increased investigations with several new forms of iron oxides have been carried out in the field of nanosized
magnetic particles (mostly maghemite, γ-Fe2O3, or magnetite, Fe3O4, single domains of about 5-20 nm in
diameter) [7].
On the other hand, quantum size effects and the large surface area of magnetic nanoparticles dramatically
change some of the magnetic properties and exhibit superparamagnetic behaviour and a quantum tunnelling
of magnetization, because each particle can be considered as a single magnetic domain [8]. Moreover, based
on their unique mesoscopic chemical, physical, thermal, and mechanical properties, superparamagnetic
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nanoparticles offer a high potential for several biomedical applications, as mentioned above. These particles
combine properties of high magnetic saturation, biocompatibility and interactive functions at the surface.
Besides, the surfaces of these particles could be modified through the creation of new atomic layers of organic
polymer, surfactants or acid organic suitable for further functionalization by the attachment of various bioactive
molecules [9]. Then, the superparamagnetic particles accumulate, e.g., in tumor tissue, they can play an
important role in detection through Magnetic Resonance Imaging (MRI) or electron microscopic imaging to
locate and measure binding or as drug carrier for certain anti-cancer drugs, they can also carry other activity
compounds. It is remarkable that the most suitable form of magnetic nanoparticles for biomedical applications
is ferrofluid and it should be biocompatible with certain dose limit. Ferrofluids are stable colloidal suspensions
of magnetic nanoparticles in carrier liquid. For suspension stability, MNPs are usually made charged or coated
with substances like surfactants or long chain polymers. The biocompatibility of surfactant/polymer coated
magnetic fluids is determined by both the core magnetic materials and the coatings [10-11]. The ferrofluids
own limited applications in biological field, i.e. in physiological buffer (pH > 7). The coating of long chain
polymer molecules and/or other surfactants on SPIONS serves as protective layer on the nanoparticles and
minimizes the direct exposure of the iron oxide surface to the biological environment. Several surfactant,
polymer and organic molecules (citrate, polyaspertic acid, dextran, chitosan, carboxylates, siloxanes, sulfates,
phosphonates and phosphates) coated iron oxide magnetic fluids have been tested for biocompatibility [1214]. There is a variety of carboxylic acid coatings; they have been produced including oleic acid, folic acid and
lauric acid [14]. For instance, Jadhav et al. implemented oleic acid coating Fe3O4 nanoparticles in tumor cells
in order to study their interaction for hyperthermia applications [15]. Pradhan et al. studied the cellular
interactions of lauric acid and dextran-coated magnetite nanoparticles [16].
This paper describes the preparation of water base ferrofluid of compositions coated with lauric acid (LA), oleic
acid (OA) and without capping for comparison. The lauric acid (dodecanoic acid) and oleic acid ((9Z)-octadec9-enoic acid) have been chosen for the stabilization of magnetic particles in aqueous-based magnetic fluids.
The aim of this work is to synthesize, functionalize and characterize the structural and vibrational properties of
MNPs after acid-coating. The analysis of the nanoparticles properties was done by XRD, TEM, FT-IR, XPS,
TGA and micro-Raman spectroscopy.
2.

MATERIALS AND METHODS

All the reagents were of analytical grade and used as received. The salts used for magnetic fluid synthesis
were iron (II) chloride (FeCl2.9H2O), iron (III) chloride (FeCl3. 9H2O), lauric acid C12H24O2), oleic acid (C18H34O2)
and NH4OH. The chemicals were purchased from VETEC (iron (III) chloride and, oleic acid (OA), lauric acid
(LA), ammonium hydroxide and ethanol) and Merck (iron (II) chloride). These were analytical grades (99.9 %)
purity and used without further purification. Ultrapure water (Megapurity System®, resistivity of 18.3 MΩ cm)
was used in all experiments.
Synthesis of uncoated and coated Fe3O4 nanoparticles with LA and OA (labelled as Fe3O4@OA and
Fe3O4@LA) were prepared by co-precipitation in N2 atmosphere to avoid quick oxidation of magnetite phase
into maghemite [17-18]. For that, iron salts (FeCl3. 9H2O, FeCl2.9H2O - under Ar atmosphere 99 % purity) and
NH4OH (24 mL) were injected trough the solution turning it into a dark brown-black colour, typical of the
magnetite phase formation.
The solution was washed and decanted using a magnet several times up to keep the pH ~ 7. Afterwards,
solutions containing LA or OA in the 1:2:2 stoichiometric relations were added into a round-bottom flask
containing 80 mL of distilled deoxygenated water and magnetic nanoparticles. After that the solutions were
kept under stirring with N2 for at least 30 min and heated to 80 ºC.
XRD data were collected using a Bruker D8 equipment with Cu-Kα radiation (λ=1.54056 Å) in the range from
8 to 80 degrees, with a step of 0.05 degrees at room temperature (RT). We have used Crystallographic
software to study the main diffraction peaks. Besides, the Materials Analysis Using Diffraction (MAUD, version
2.33) program was included to analyse the crystallographic parameters. For TEM measurements we employed
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the Titan (200 kV) microscope equipped with a special high-brightness Schottky-field emission electron source.
Infrared spectra of diluted samples were taken in a range of 4000 to 400 cm-1 in a Shimadzu IRP restige-21
model. XPS measurements were performed by using SPECS equipment. For XPS fitting the CASA-XPS
(2.316 DEV52 version) program was used. TGA measurements were carried out in a stationary air atmosphere
(no purge) from room temperature up to 800 °C using a Linseis thermal analyser (Linseis, Germany). The
heating rate was 5 °C/min. The powder samples were placed in cups of aluminium oxide. Raman spectra were
taken by using HR800 Horiba Raman spectrometer. A grating with 600 grooves per mm−1, a CCD detector
cooling by air, and an Olympus BX-41 metallographic microscope attached to the spectrometer were
employed. Raman spectra were collected in backscattering configuration, using a silicon wafer for the
calibration. The fit of the micro-Raman spectra was done with Origin 8.0 software and the χ2 was used as the
numerical factor for a good fitting.
3.

RESULTS AND DISCUSSIONS

TEM images (Fig. 1a, b and c) further confirm the quasi-spherical shape and uniformity of these particles
coating with OA and LA which act as surfactant giving stability in aqueous medium. Our Fe3O4 nanoparticles
tend to agglomerate in the presence of oleic acid coating. Nevertheless, agglomeration is often avoided by
increasing the shell coating [19-20]. The highlighted different diameters for Fe3O4 coated with OA and LA are:
6.2 nm, 7.8, 9.3 and 8.4 nm. The mean grain size is 7.9 nm and 8.7 nm for Fe3O4@LA and OA, respectively.
These values are closer to the obtained by the XRD measurements above (9.7 ± 2 and 8.6 ± 2 nm).In Fig. 1d, e
and f we summarizes all the powder diffraction patterns. The diffractograms reveal only one phase associated
to spinel cubic structure of Fe3O4. Also, Miller planes have been indexed using JCPDS file 19-0629. The
broadened peaks observed are associated to nanoscopic size of the MNPs. XRD powder diffractogram of
Fe3O4 nanoparticles in Fig. 1d exhibited broad peaks at 2θ = 30.5; 35.7; 43.4; 53.8; 57.6; 62.7; 71.2 and 74.6°.
The mean diameter 〈R〉 was calculated using Debye-Sherrer formula: 〈R〉

TU

VWXYZ

, where λ is the wavelength

(λ = 1.54056 Å) and θ is the Bragg angle. Assuming a spherical shape the particle diameter is obtained by
setting K = 0.916 when β is the full width at half maximum line breadth [17]. The mean diameter of the
nanocrystallites of pure magnetite was 11.8 ± 2 nm. In addition, the average crystallite diameter for Fe3O4@OA
and Fe3O4@LA were found to be very close at around 9.7 ± 2 and 8.6 ± 2 nm (see Fig. 1e and f). This means
that the oleic and lauric acid surfactant agents act as dispersant and controlled the mean diameter of the
crystallites during the nucleation process. The lattice parameter of Fe3O4, Fe3O4@OA and Fe3O4@LA
nanoparticles was 8.38 ± 0.01 Å. Furthermore, not ferrihydrite, wüstite and hematite phases was regarded in
the XRD patterns. Nevertheless, it is not possible to affirm the non-existence of γ-Fe2O3 phase because of
their similar stoichiometric structure. This will be discussed later using XPS.It is also noteworthy that, the
process of functionalization did not affect the structural identity of magnetite phase. This is an important factor
because they need to be magnetic to be used in process such as drug-delivery or clinical trials using magnetic
hyperthermia [2].
The adhesion of the organic functional groups to the surface of Fe3O4 was studied by FTIR spectroscopy,
which is a crucial and mandatory technique to study MNPs functionalized with organic compounds. The bands
observed in Fig. 1g at around 1092 cm-1 is consistent with ethanol which remains as part of the surface due
to the presence of the hydroxyl groups associated to v CH2 vibration mode at around 2900 cm-1. These peaks
are observed even in pure magnetite sample obtained by co-precipitation route. In Fig. 1g the corresponding
stretching modes to H-C-H for LA can be seen without difficulty. More exactly, the antisymmetric mode vas CH2
with 2918 cm-1 and symmetric (vs CH2) with 2848 cm-1 are regarded. Additionally, we can observe the region
of the spectrum corresponding to vas CH3 and vs CH3 at 2955 and 2870 cm-1, respectively. On the other hand,
for oleic acid coating the MNPs in Fig. 1h we can see and additional peak shift to the red region in relation to
CH2 and CH3 at 2955 and 2879 cm-1. This could be related to v CH (H-C=C-H) or simply v CH(C=C) [21].
Worthy mentioning that the oleic and lauric acids present similar IR spectra, with the only difference in the
double bound C=C presented in the ninth and tenth carbon of the chain H-C=C-H with four additional CH2
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terminations. The vibrations associated to v {as: s} CH2 are also observed clearly for Fe3O4@LA and OA, but
in less proportion respecting to pure magnetite. In addition, the vibration modes corresponding to ν-CH2 of LA
and OA samples were not altered in relation to their corresponding organic pure compounds. For Fe3O4@OA
and Fe3O4@LA, the vibrational mode corresponding to carbonyl C=O chains disappeared completely. Instead
of that, two new vibrations appeared, with high broad line centred at 1633 and 1439 cm-1, that corresponded
to carboxylate symmetric (vsCOO-) and antisymmetric (vasCOO-) modes of vibration, respectively. The
wavenumber separation, Δ, between the νas(COO-) and νs(COO-) IR bands can be employed to determine the
kind of interaction between the carboxylate head and the metal atom. The largest Δ (200~320 cm-1) is
corresponding to the monodentate interaction and the smallest Δ (<110 cm-1) is for the chelating bidentate.
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Fig. 1 TEM pictures obtained for uncoated Fe3O4 (a) and coated with OA (b) and LA (c) with their respective
electron diffraction pattern. Bar length of 50 nm and 100 nm, (d) schematic representation of the interaction
of Fe3O4 with carboxylate chains of fatty acids. XRD powder patterns obtained for uncoated Fe3O4 (d) and
coated with OA (e) and (f) LA. The crystallographic planes (hkl) are also indicated. FTIR spectrum for Fe3O4,
pure LA and LA coating Fe3O4. (g) FTIR spectrum for pure OA and OA coating Fe3O4 (h)
The medium range Δ (140~190 cm-1) is for bridging bidentate. In our study, Δ (1633-1439 = 194 cm-1; 16241431 = 193 cm-1) for OA and LA coating MNPs, respectively. This is ascribed to bridging bidentate coordination
(Fig. 1d). So we assumed that in both cases carboxylate groups are chemisorbed onto the Fe3O4 nanoparticles
(see Fig. 1d) and the oxygen atoms in the carboxylate are coordinated in a symmetric form in the nanoparticles
surface forming a covalent bonding. This interaction was also observed in the case of Cobalt nanoparticles by
Wu et al [21, 22]. From the low wavenumber region (1000 to 400 cm-1) of the FTIR spectra, pure Fe3O4 depicts
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Fig. 2 Fitted high resolution X-ray photoelectron spectra of Fe3O4 nanoparticles coated with LA (a) Fe2p
region and OA (b) Fe2p region and (c) Fe-3p region. Fe2p (green colour lines) and Fe3p (blue colour lines).
Fitted high resolution X-ray photoelectron spectra of Fe3O4 nanoparticles coated with LA (d) O-1s region, (e)
C-1s region and coated with OA (f) O-1s region and (g) C-1s region. (h) TGA curves for: pure Fe3O4 (black)
and coated with de lauric acid (blue) and oleic acid (green)
XPS measurements were applied to Fe3O4@LA and OA samples in the region from 695 and 730 eV, they are
shown in Fig. 2a) and b). From the fit we determined the corresponding components to the sites Fe (2p3/2) and
Fe (2p1/2) with 19.66 and 39.34 % for Fe3O4@LA sample, respectively. From which we observed that Fe2+/Fe3+
is around 49.97 %. This result agrees with the stoichiometric relation Fe2+/Fe3+ = 50 %. From the same manner
for Fe3O4@OA we obtained for the sites Fe (2p3/2) and Fe (2p1/2) that the relation between the Fe2+ and Fe3+
is around 50 %. On the other hand, the width line of the Fe+3 (2p3/2) is ~ 200 higher than the corresponding site
Fe2+ (2p3/2), this indicates that the corresponding peak could be fit by using two other peaks: Fe3+ (+A) and
Fe3+ (B). Information that confirmed the presence of the tetrahedral (A) and octahedral sites (B). In Fig. 2c)
the fit in the region between 50.27 and 61.9 eV for the Fe (3p) site is shown, in which we confirm again the
relation Fe2+ (3p)/Fe3+ (3p) is 50 %. Besides, the obtained information from the fit of the C (1s) XPS region in
Fig. 2f) and g) provided evidence about the nature of the surface presented in samples M3 and M4, due to the
XPS spectra could be deconvolutioned by using the corresponding peaks to C-H: 284.51 (82.5 %), 284.55
(84.2 %) eV and O=C-O: 288.44 eV (10.1 %), 288.12 eV (3.26 %) carboxylic groups, respectively. Furthermore,
the O (1s) XPS region for Fe3O4@LA and OA samples are shown in Fig. 2d) and f) which reveal the presence
of the peaks corresponding to [Fe-O]A: 530.95 and 529.9 eV, with 55.12 % and 52.92 %, respectively. In
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peaks of vibrations at 620, 588 and 442 cm-1 corresponding to Fe-O and confirming the presence of only Fe3O4.
Besides, FTIR spectroscopy is a useful tool at the time to determine the presence or coexistence between γFe2O3 and Fe3O4 inverse spinel phases, especially the vacancy order in crystals based on the presence of
Fe3+-oxygen stretching for tetrahedral coordination at 750 to 550 cm-1 [23-26]. However, by analysing this
region not γ-Fe2O3 phase was formed in the sample confirming the presence of single Fe3O4 phase.
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addition, fit of the corresponding region to O=C-O are 531.33 (12.87 %) and 531.19 (13.19 %) eV. Thus, the
presence of carboxylic groups is confirmed by this analysis and is complemented by FTIR.
TGA was employed to determine the thermal stability of MNPs coated with the organic molecules and the
number of molecules adhered to Fe3O4 surface. In Fig. 2h the TGA analysis for samples Fe3O4@LA and OA
are shown. We can observe principally for Fe3O4@LA and OA, a complete decomposition of the organic part
at around 450 °C. In the samples: Fe3O4, Fe3O4@OA and Fe3O4@LA there were a total weight loss of 5.2, 21
and 22 %, respectively.
In the case of Fe3O4 nanoparticles, the significant weight loss (5.2 %) can be explained due to adsorption of
water and ethanol on MNPs surface as it was shown by FTIR analysis. On the other hand, assuming that the
total weight loss corresponds to the organic molecules, we can calculate the number of molecules (ligands)
adhered to MNPs surface. The calculation of the ligands number (n) on the MNPs surface will take previous
consideration of the next steps: m2 as the total mass of the organic molecules bound to one nanoparticle (NP),
which were lost during the carbonization process; m1 is the sample mass and p the percentage of weight loss,
m2. For our samples the next equation must be considered:

p

;

$!

;

x 100%

(1)

For m1 we will use the relation m1=ρ xV1; where V1=π<D>3/6 and <D> is the MNP diameter. For m2 the relation

^ _ x 6.023 x 10-23 g, where M
^ _ is the molecular mass de m2 expressed in grams. Furthermore, for the
m2 = nM
calculation of m1 we will take the density expressed in g/cm3. Therefore, the number of ligands will be:
n

a.c__d c;e d f g$ h/ie j
^ ; ( ccGj)
ak

(2)

^ _ = 200.3178 and 282.4614 g/mol are the molecular weights for lauric and oleic acids and ρ = 5.17
where M
g/cm3 is the magnetite density (1nm3=10-21 cm3), respectively. Using a mean diameter for coated MNPs with
OA and LA (<D> = 9.7 ± 2 nm, 8.6 ± 2 nm) obtained from Sherrer’s equation. Calculations to obtain the value
of n was done for magnetite coated with LA and OA, using Eq. [2], these values are summarizing in Table 1.
The superficial area or active surface of the MNPs is expressed in squared meters per gram (m2/g). To obtain
these values for both samples we used the relations: m2=ρ x V1 y SNP= π x D2. We obtained for oleic acid m2
=2.47 x 10-18 g and SNP = 2.95 x 10-16 m2, while for lauric acid m2 =1.72 x 10-18 g and SNP= 2.32 x 10-16 m2,
respectively. By using these results we calculated the superficial area per gram of magnetite coated with OA
and LA samples, they are shown in Table 1. As we can see in Table 1, the number of lauric acid molecules
bounded on the MNP surface is higher than the number of oleic acid molecules. Warner et al. suggested that
surface area is a crucial factor for adsorption process of metal pollutants [27]. In this report they used BrennaurEmmet-Teller (BET) analysis and fcc hard sphere model to estimate surface area with values > 100 m2g-1.
Thus, the surface areas obtained from our data are in the acceptable range.
Table 1 Values of weight loss p (obtained by TG measurements), mean diameter of the MNPs (D, nm),
surface (m2/g) and number of ligands for the MNPs (n)
Sample
OA
LA

D (nm)
9.7
8.6

% lost mass (p)
21
22

Surface (m2/g)
119
135

ligands (n)
1400
1460

The micro-Raman spectra were fitted using Lorentzian-like functions (Fig. 3a and b). [28]. The bands at 293,
353, 405, 634, 685 and 726 cm-1 confirm the formation of maghemite phase [28-30]. Meanwhile, the broad
band at 246 cm-1 can be assigned to hematite Raman mode [28]. Besides, one band at 497 cm-1 is clear seen
in the spectrum, Slavov et al. associated this band to hematite [31]. Recalling that maghemite is a metastable
iron oxide phase which tends to change to hematite after laser exposition [28]. Soler et al. observed the
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formation of weak bands of hematite after changing power intensity (2.4 mW) that conducted to sample heating
[29]. It means that during laser exposition an oxidation process can be expected due to increase of
temperature. This fact has been proven in several literatures where laser power can be the main factor of
phase transformation and loss of chemical stability [28-32]. On the other hand magnetite is susceptible to
transformation depending on the used laser power. Hanesch mentioned that the most prominent band
associated with magnetite under 0.7 mW laser power should have its exact position in the range from 661 to
676 cm-1 [28]. In our case that band is not seen assuming that magnetite has been partially oxidized to
maghemite because of 0.5 mW laser power used in our experiment. Nevertheless, one weak band at 548 cm1 associated to magnetite is shown [33]. Interestingly one weak band at ~ 900 cm -1 can be assumed to ethanol
organic layer formed after washing the nanoparticles solution [34]. This could confirm our assumption made
by FTIR and TGA analysis. This band was not seen for magnetite coated with LA. Nevertheless, additional
bands at 1040 and 1126 cm-1 better describe carbon residues from ethanol [34]. Two additional bands at 1341
and 1588 cm-1 are regarded. de Faria et al. also observed these feature bands at 1320 and 1560 cm-1, but they
were not assigned to maghemite formation [32]. However, Hanesch emphasized the presence of this band to
hematite under 1mW laser power (time of exposition: 2 min) [32].
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After being coating with oleic and lauric acids (Fig. 3c) two intense bands at ~220-290 cm-1 are appreciated
suggesting clear formation of hematite. Raman bands attributed to iron oxide phases (300-800 cm-1) are still
present but with medium intensity. The bands at ~ 968 (C=C-H out of plane), 1155, 1298 (CH2 twisting modes
of vibration), 1461 cm-1 (shoulder, CH2 scissoring) are related to the presence of organic chains of acid/oleate
confirming the presence of organic molecules on nanoparticles surface [29, 35]. Comparing with uncoated
samples two bands at 1559 and 1607 cm-1 indicate organic ligands or carbon residues chemisorbed on
magnetic surface.
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Fig. 3 Micro-Raman spectrum for uncoated magnetite (a) low and high region (b) under 0.5 mW laser power.
(c) Micro-Raman spectrum for magnetite coated with OA and LA
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CONCLUSION

The synthesis and functionalization of Fe3O4 nanoparticles with fatty acids were achieved with help of the
alkaline co-precipitation chemical route. This method is not difficult with a low-cost and high reproducibility.
The characterization of the MNPs by XRD technique shows crystallites with very small diameter of 11.8 ± 2
nm. Meanwhile, the average crystallite diameter for Fe3O4@OA and Fe3O4@LA were found to be very close
at around 9.7 ± 2 and 8.6 ± 2 nm. By TEM analysis we deduced quasi spherical shape, monodispersity and
high crystallization. Thus, the oleic and lauric acid surfactant agents act as a dispersant and shape-controlled
factor of the crystallites during the nucleation process. FTIR, XPS, TGA and micro-Raman analysis confirmed
the adhesion of the carboxylic groups on MNPs surface. Besides, TGA measurements help to determine the
weight loos of the organic material of the samples associated to the stability of functional groups on the Fe3O4
nanoparticles surface at certain range of temperatures. In addition, the number of ligands anchored to the
MNPs surface is possible to be estimated. Mostly important they revealed high superficial area (119.4 m2/g)
that is for example a crucial value for adsorption process of trace metals from contaminant waters.
ACKNOWLEDGEMENTS
This work was supported by a grant (No. 013-2013) from the National Council of Science, Technology
and Technological Innovation (CONCYTEC/FONDECYT-Peru). Ramos Guivar Juan A. is also grateful
to FONDECYT (Grant No. 0218-2014).
REFERENCES
[1]

S. Moghimi, A. Christy, J. Clifford, Pharm. Rev.53 (2001) 283.

[2]

K. Kan-Dapaah, N. Rahbar, W. Soboyejo, J. Appl. Phys. 116 (2014) 233505.

[3]

J. A. Ramos Guivar, E. G. R. Fernandes, V. Zucolotto, Talanta 141 (2015) 307.

[4]

G. Wang, G. Chen, Z. Wei, X. Dong, M. Qi, Mater, Chem. Phys. 141 (2013) 997.

[5]

A. K. Gupta, M. Gupta, Biomaterials 26 (2005) 3995.

[6]

R. W. Siegel, E. Hu, M.C. Roco, WTEC panel report, Loyola College in Maryland (1999).

[7]

C. Xu, S. Sun, Adv. Drug. Del. Rev. 65 (2013) 732.

[8]

G. F. Goya, T. S. Berquo, F. C. Fonseca, M. P. Morales, J. Appl. Phys. 94 (2003) 3520.

[9]

C. C. Berry, A. S. Curtis, J. Phys. D: Appl. Phys. 36 (2003) 198.

[10]

K. Chatterjee, S. Sarkar, K. Jagajjanani Rao, S. Paria, Adv. Colloid Interfac. 209 (2014) 8.

[11]

J. Giri, P. Pradhan, V. Somani, H. Chelawat, S. Chhatre, R. Banerjee, D. Bahadurm, J. Magn. Magn. Mater. 320
(2008) 724.

[12]

L. M. Lacava, V. A. P. Garcia, S. Kückelhausa, R. B. Azevedo, N. Sadeghiania, N. Buskeb, C. Morais, Z. G. M.
Lacavaa, J. Magn. Magn. Mater. 272-276 (2004) 2434.

[13]

L. Chang-Moon, J. Hwan-Jeong, K. Se-Lim, K. Eun-Mi, K. W. Dong, L. T. Seok, J. Y. Kyu, J. Y. Yeon, N. Jae-Woon,
S. Myung-Hee, Inter. J. Pharm. 371 (2009) 163.

[14]

L. A. Thomas, L. Dekker, M. Kallumadil, P. Southern, M. Wilson, O. S. Nair, A. Q. Pankhurst, I. P. Parkin, J. Mater.
Chem. 19 (2009) 6529.

[15]

N. V. Jadhav, A. I. Prasad, A. Kumar, R. Mishra, S. Dhara, K. R. Babu, C. I. Prajapat, N. I. Misra, R. S. Ningthoujam,
B. N. Pandey, R. K. Vatsa, Colloids Surf., B: Biointerfaces 108 (2013) 158.

[16]

P. Pradhan, J. Giri, R. Banerjee, J. Bellare, D. Bahadur, J. Magn. Magn. Mater. 311 (2007) 282.

[17]

J.A. Ramos Guivar, A. Bustamante, J. Flores, M. M. Santillán, A. M. Osorio, A. I. Martínez, L. De Los Santos, C. H.
W. Barnes, Hyperfine Interact. 224 (2014) 89.

[18]

Y.S. Kang, S. Risbud, J. F. Rabolt, P. Stroeve, Chem. Mater. 8 (1996) 2209.

[19]

G. C. Papaefthymiou, E. Devlin, A. Simopoulos, D. K. Yi, S. N. Riduan, S. S. Lee, Y. Ying, Phys. Rev. B 80 (2009)
024406.

[20]

F. Jiang, X. Li, Y. Zhu, Z. Tang, Physica B 443 (2014) 1-5.

518

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

[21]

N. Wu, L. Fu, M. Su, M. Aslam, K. C. Wong, V. P. Dravid, NanoLett. 4 (2004) 383.

[22]

J. Y. Park, E. S. Choi, M. J. Baek, G. H. Lee, Mater. Lett. 83 (2009) 379-381.

[23]

J. Vidal-Vidal, J. Rivas, M.A. López-Quintela, Colloids and Surfaces A: Physicochem. Eng. Aspects 288 (2006) 44.

[24]

W. White, B. De Angelis, Spectrochim. Acta, Part. A: Molecular Spectroscopy 23 (1967) 985.

[25]

R. Waldron, Phys. Rev. 99 (1955) 1727.

[26]

J. Zhang, R. Misra, Acta Biomater. 3 (2007) 838.

[27]

C. L. Warner, R. S. Addleman, A.D. Cinson, T. C. Droubay, M. H. Engelhard, M. A. Nash, W. Yantasee, M. G.
Warner, ChemSusChem 3 (2010) 749.

[28]

M. Hanesch, Geophys. J. Int. 177 (2009) 941.

[29]

M. A. G. Soler, G. B. Alcantara, F. Q. Soares, W. R. Viali, P. P. C. Sartoratto, J. R. L. Fernandez, S. W. da Silva,
V. K. Garg, A. C. Oliveira, P. C. Morais, Surf. Sci. 601 (2007) 3921.

[30]

Z. Jing, S. Wu, J. Solid State Chem. 177 (2004) 1213.

[31]

L. Slavov, M.V. Abrashev, T. Merodiiska, Ch. Gelev, R. E.Vandenberghe, I. Markova-Deneva, I. Nedkov, J. Magn.
Magn. Mater. 322 (2010) 1904.

[32]

D.L.A. de Faria, S. V. Silva, M. T. de Oliveira, J. Raman Spectrosc. 28 (1997) 873.

[33]

J. Dünnwald, A. Otto, Corros. Sci. 29 (1989) 1167.

[34]

Q. Ye, Q. Xu, Y. Yu, R. Qu, Z. Fang, Opt. Commun. 282 (2009) 3785.

[35]

P. Pandon, G. Förster, R. Neubert, S. Wartewig, J. Mol. Struct. 524 (2000) 201.

519

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU
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Abstract
During the past few years there has been a remarkable growth of research activities exploring properties and
biomedical applications of nano-sized materials. Size, shape, size distribution, morphology, surface
functionalization and stability of nanomaterials have an influence on resulting biological and other effects of
nanomaterials. Due to the unnecessary overuse of antibiotics in the second half of the 20th century, mankind
must face the incidence increase of resistant and/or multiresistant bacterial strains, which may significantly
decrease the efficiency of current medical treatment. Nanoparticles or nanomaterials could potentially
represent the new medicines because no acquired bacterial resistance after application of nanomaterials has
been observed yet. In this study, ZnO nanoparticles(NPs) were synthesized by the reaction between zinc
chloride and sodium hydroxide. Stevensite/ZnO nanocomposite (SEZN) was thus prepared by addition of the
aqueous mixture of zinc chloride and sodium hydroxide solutions into the aqueous suspension of stevensite.
The prepared samples were characterized using X-ray powder diffraction. The modification of the standard
microdilution method was used for the evaluation of the antibacterial activity of ZnO NPs and composite
stevensite/ZnO. Antibacterial assay using common human pathogen bacterial strains showed that ZnO NPs
and SEZN composite have antibacterial potency.
Keywords: Antibacterial activity, ZnO, clay, nanocomposites, XRD
1.

INTRODUCTION

Due to the large surface/volume ratio and thus enhanced reactivity, nanomaterials are perspective materials
which can give favorable opportunities for medial or environmental applications due to their unique physical
and chemical properties which are caused by their size in nano dimensions [1]. Nanomaterials based on metal
oxide are being used in products e.g. for disinfection. Antibacterial properties of those nanomaterials were also
observed [2-5].
Among metal oxide powders, ZnO demonstrates significant growth inhibition of broad spectrum of bacteria [68]. The proposed mechanism for the antibacterial activity of ZnO is based on catalysis of formation of reactive
oxygen species (ROS). Cell wall and cell membrane of bacteria are damaged upon the contact with
nanoparticles of ZnO, which cause inhibition of bacterial growth [3]. Moreover, Zn2+ can bind to the membranes
of microorganisms and thus prolong the lag phase of the microbial growth cycle [9].
Phyllosilicates have unique crystallochemical properties; therefore they may act as a suitable matrix for
anchoring ZnO nanoparticles [10-12]. If e.g. ZnO nanoparticles are chemically bound to a suitable matrix (e.g.
stevensite) they still demonstrate photodegradable properties, however potential environmental risks are
lowered due to the decreased mobility in the environmental media.
The aim of the study was to prepare, and characterize stevensite/ZnO composite and explore its antibacterial
activity for selected human pathogens in relation to the extent of daylight irradiation.
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ZnO nanoparticles (NPs) were prepared by the reaction between zinc chloride (anhydrous pure, Lach-Ner,
Czech Republic) and sodium hydroxide (G.R. Micropearls, Lach-Ner, Czech Republic) at the molar ratio of
Zn2+:OH− being 1:5. Stevensite/ZnO nanocomposite (further assigned as SEZN) was prepared by addition of
the aqueous mixture of zinc chloride and sodium hydroxide solutions into the aqueous suspension of stevensite
SE (Morocco) followed by continuous stirring at 100 °C. The mixture was allowed to react for 5 h. Resulting
solid phase was washed with distilled water and dried at 105 °C for 24 h. The precursors/clay ratio was chosen
so that the nanocomposite contained 50 wt.% of ZnO.
2.2.

X-ray powder diffraction

The XRPD patterns were recorded under CoKα irradiation (λ = 1.789 Å) using the Bruker D8 Advance
diffractometer equipped with a fast position sensitive detector VÅNTEC 1. Measurements were carried out in
the reflection mode, powder samples were pressed in a rotational holder. Phase composition was evaluated
using ICDD PDF 2 Release 2014 database.
2.3.

Antibacterial activity

Four different human pathogenic bacterial strains were used for the in vitro determination of antibacterial
activity of the prepared samples. Glucose broth (HiMedia) was used as a growth media. Turbidity of the
inoculums was measured using DEN-1 McFarland Densitometer (BioSan). Incubation of bacteria was
conducted in Biological thermostat BT 120M at 37°C. Standard microdilution method enabling determination
of the minimum inhibitory concentration (MIC) of tested substances served as the method for evaluation of the
antibacterial activity. Disposable microtitration plates were used for the testing. Commercial solid blood agar
plates for the cultivation of bacteria without any additional modifications were used. Liquid growth media were
prepared according to producer‘s instructions and sterilized in an autoclave. Suspensions of the SEZN,
stevensite and ZnO NPs in the growth media was diluted to achieve the following concentrations of 100, 33.3,
11, 3.7, 1.2, 0.41, 0.014 mg/ml of SEZN, stevensite and ZnO NPs in the media. Staphylococcus aureus 3953,
Enterococcus faecalis 4224 and Pseudomonas aeruginosa 1960 were acquired from the Czech Collection of
Microorganisms (Czech Republic). The used bacterial inoculums had the following cell concentration of
1.1x109 (S. aureus), 1.2x109 (E. faecalis), 1.3x109 (E. coli) and 1.4x108 (P. aeruginosa) CFU/ml (colonyforming units per milliliter). Each compartment of the microtitration plates was inoculated. This plate is called
the reaction plate. The lamp with wide spectrum bulbwith intensity of 2.4 mW/cm2, which was already used in
our previous experiments [13] was placed 10 cm above the reaction plate to induce photo activation of the
SEZNand ZnO NPS samples, and 8 hours of irradiation of the plate was applied on the first day of the
experiment. Parallel reaction plate with the same composites at the same concentrations was placed at dark
conditions without any irradiation. After the defined time period present living bacterial cells were transferred
from the reaction plates to the pure growth media using an inoculation hedgehog. These re-inoculated plates
were incubated at 37°C for 24h and then the MIC values were determined according to visible growth inhibition.
3.

RESULTS AND DISCUSSION

XRPD patterns of the stevensite (SE) and prepared samples (pure ZnO NPs, SEZN) are shown in Fig. 1.
Reflections intensity in the XRD pattern of SE is relatively low suggesting lower crystallinity of the clay.
The zinc oxide with hexagonal structure (PDF number 36-1451) was found in all prepared samples and for
individual ZnO reflections also Miller indices are presented (Fig. 1). The ZnO crystallite sizes (LC) were
calculated according to the (1 0 1) ZnO diffraction peak using the Scherrer formula [14]. Lanthanum hexaboride
(LaB6) was used as a standard and the calculated LC values for pure ZnO NPs and ZnO in SEZN are 27 nm,
and 21 nm, respectively.
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Fig. 1 XRPD patterns of the studied samples: stevensite (SE), ZnO NPs (ZnO) and stevensite/ZnO (SEZN)
Antibacterial activity, expressed as the MIC values of the SEZN and ZnO NPs, was evaluated using four
bacterial strains. Values of MIC for the samples against all bacterial strains are summarized in (Table 1). Pure
stevensite did not exhibit antibacterial activity; therefore the MIC values could not be determined and are not
included in the tables. When the MIC values could not be determined for the SEZN composite or ZnO NPs, it
could be caused by the MIC value being higher than the concentration range used.
There is a visible difference between the onsets of the daylight induced antibacterial activity of both samples
where the irradiated composites exhibited faster onset of the antibacterial activity than the non-irradiated ones.
Generally, lower values of MIC were achieved for irradiated composites in comparison with non-irradiated.
Extension of the reaction time causes decrease of the MIC values. The lowest MIC values were achieved for
both irradiated samples against S. aureus, E. facealis and E. coli (0.14 mg/ml). There are several proposed
mechanisms of the antibacterial activity of ZnO nanoparticles. One of them is based on the release of Zn2+
ions and consequent diffusion of these ions into the cytoplasm [15]. Other is based on the interaction of ROS
with cells or biomolecules. Recent study dealing with the antibacterial activity of ZnO [16] suggested
mechanism of antibacterial activity based on the direct contact of nanoparticles with the cell wall, their
deposition on the cell wall which leads to the changes in the permeability of cell wall. The results obtained in
this study indicates the synergic effect of the daylight-induced production of ROS and antibacterial activity
under dark conditions probably caused by the release of Zn2+ ions into growth media.The outcome of the day
light-induced antibacterial activity of the composite SEZN is relevant in terms of potential applications of this
nanocomposite for antibacterial modification of various surfaces. Our previous studies focused on the daylight
induced antibacterial activity of composites ZnO/kaoline [3] and ZnO/graphite [17]. The obtained MIC values
for ZnO NPs and SEZN are significantly lower than in the case of ZnO/kaoline and ZnO/graphite. It has to be
pointed out that the matrix in the nanocomposites affects the resulting biological activity.From this perspective
it has to be concluded that the nanocomposites including ZnO do not cause inhibition of bacterial growth in
that wide range as several antibiotics and there are several factors affecting the resulting biological properties.
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Table 1 Experimental Minimum Inhibitory Concentrations (MIC) values (mg/ml)
SEZN_15
S. aureus
Reaction time

DARK

LIGHT

E. faecalis
DARK

LIGHT

E. coli
DARK

P. aeruginosa

LIGHT

DARK

LIGHT

30 min

>100

>100

>100

>100

>100

>100

>100

>100

60min

>100

>100

>100

>100

>100

>100

>100

100

90 min

>100

100

>100

100

>100

100

>100

100

120 min

>100

100

>100

100

>100

100

>100

100

180 min

100

100

>100

100

100

100

100

100
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4.

CONCLUSION

ZnO NPs and the stevensite/ZnO nanocomposite were synthesized by the reaction between zinc chloride and
sodium hydroxide. XRD proved the formation of hexagonal structure of ZnO nanoparticles and revealed the
crystallite size for pure ZnO NPs and ZnO in SEZN are equal to 27 nm, and 21 nm, respectively. Antibacterial
assay using common human pathogen bacterial strains showed that ZnO NPs and SEZN composite have
antibacterial potency under dark conditions and under the artificial daylight irradiation where the onset of the
antibacterial activity is faster under the irradiation. Lower MIC values were achieved against S. aureus, E.
facealis and E. coli (0.14 mg/ml) for ZnO NPs and SEZN after daylight irradiation. Based on the preliminary
findings presented here, the SEZN composite could potentially find applications in the biomedical field such
as surface modifications of various materials to decrease their bacterial contamination.
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Abstract
One of the most promising type of hybrid nanolayers prepared by sol-gel method are antimicrobial nanolayers
based on TMSPM (3-(Trimethoxysilyl)propyl methacrylate) containing ionically bonded cations
of silver, copper and zinc. Antimicrobial layer with long-term activity may be applied to the surfaces of almost
all materials (metals, glass, ceramics, fabrics, plastics except Teflon). Similar type of nanolayers can be
potentially used for different applications, such as organic agent immobilization (drugs, enzymes, etc.) and
inert or conversely active interlayer.
The final antimicrobial nanolayer shows significant antimicrobial (against Staphylococcus aureus, MRSA,
Escherichia coli, Proteus vulgaris, Acinetobacter baumanii, P. aeruginosa and other pathogenic bacterial
strains), antiviral (HIV, H1N1, Dengue, HSV1, hepatitis viruses) and antimycotic (Candida albicans, Candida
glabrata) activity. The basic function - keeping the microbial purity of the spaces is active in normal fluorescent
light as well as in the dark. When treated surfaces are irradiated with UV-A radiation (sunlight, UV-A fluorescent
lamp), the antimicrobial activity increases significantly. Elimination of almost all bacteria and viruses on the
surface is achieved in a few tens of minutes.
The technology is applicable in medical institutions (operating theaters, intensive care units, transplant and
neonatal units, offices, waiting rooms, hospices etc.), in the social sphere (schools, cafeterias, senior homes
and other types of social institutions) or food (food processing plants, warehouses and stores). The long-term
activity is also demonstrated by the preservation of antimicrobial activity on the fabrics after 50 washing cycles.
Developed antibacterial surface treatment technology is patented in the Czech Republic as well as abroad.
Keywords: Antimicrobial nanolayer, sol-gel method, MRSA
1.

INTRODUCTION

A big problem in the health sector is the spread of infections in the premises of hospitals and other medical
institutions. Many patients who come to hospital with noninfectious health problem (often a banal problem)
infect the so-called nosocomial infections during the stay in a hospital. The bases of these infections are highly
resistant microorganisms resistant to standard antibiotics. The most common are MRSA (methicillin-resistant
Staphylococcus aureus) and VRE (vancomycin resistant enterococci). Their incidence is increasing and the
treatment is very difficult and expensive. The primary task is to prevent the growth and proliferation of these
bacterial strains. The number of highly-resistant bacteria on regularly-used antibiotics is increasing. We can
mention the once highly effective penicillin as an example. For all new types of antibiotics, it is only a matter
of time until pathogens will develop resistance to them.
A very important finding is that the microorganisms have failed to develop resistance cations of some heavy
metals. The best known is a silver cation. Intensive antibacterial activity shows also copper cation or zinc cation
(especially against fungi). It is important to note, that the silver cation deactivates bacteria by several
mechanisms [1], which are all dependent on the fact that the silver is in the form of highly mobile silver cation
(similar to the properties of alkali metal sodium and potassium cations). The antibacterial activity of widely
used and promoted silver nanoparticles will therefore depend on their ability to release silver cations into the
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surroundings. The silver nanoparticles are practically stationary and unable to deactivate bacteria by
mentioned mechanisms.
Hybrid antimicrobial nanolayers prepared by sol-gel method are potential solutions to ensure local incidence
of silver cation (and other active copper and zinc cations) on the surfaces with high antimicrobial activity
requirement. Conventional sol-gel methods for obtaining tightly adhering oxide nanolayers require relatively
high temperatures (around 500 °C) and they are unsuitable for applications in medical institutions in principle.
Organic-inorganic hybrid nanolayers based on TMSPM (3-(trimethoxysilyl) propylmethacrylate) formed with
interconnected polymer 3D networks of silica (partially substituted by titanium atoms instead of silicon atoms)
and polymethyl methacrylate networks containing a silver, copper and zinc cations (ionically bonded to silica)
prepared by sol-gel method are very promising for this purpose [2]. Nanolayers of similar type (without the
bonded heavy metal cations) can be potentially applied also for other purposes, for example for organic agents
immobilization (drugs, enzymes etc.) or as an inert or conversely active interlayer in biomedicine.
For antimicrobial action of the nanolayers, the most important is silver cation. Generally, the silver cation is
easily reducible to atomic silver by organic substances or radiation (the principle of photography). The atomic
silver is then aggregating into silver nanoparticles with significantly lower antimicrobial activity. For long-term
antimicrobial action, there is therefore necessary to ensure a permanent presence of silver cations or reoxidation of reduced forms of silver to the cation. There was used the principle of photochromic glasses with
the removed particles AgCl + Cu2Cl2 for this purpose [3]. There is provided the re-oxidation of silver by cupric
cations:
2 AgCl + Cu2Cl2 (darkness) ↔ 2 Ag + 2 CuCl2 (light)
There is presented the copper together with the silver in the antimicrobial hybrid layers. The copper has the
ability to oxidize from cuprous cation form (Cu+) to the cupric cation form (Cu2+) under the action of atmospheric
oxygen. The cupric cation oxidized the atomic silver back to silver cations. This is long-acting mechanism to
maintain silver as an active antimicrobial cation:
Ag0 + Cu2+ ↔

Ag+ + Cu+

4 Cu+ + O2 ↔ 4 Cu2+ + 2 O2The zinc cation do not involve in these redox equilibriums (due to its significantly diverging oxidation-reductive
potential), but it expands the effectiveness of antimicrobial nanolayer (mainly to fungi). All these heavy metals
cations are bonded to the silica part of the hybrid polymer by weakly acidic groups (Si-OH). The conductivity
of the silica skeleton (required for electron transfer between atoms of silver and copper during the redox action)
is increased by the presence of titanium atoms in the silica skeleton. The entire hybrid system is a polymer,
but it is not the nanocomposite in the base form. The nanocomposite can be prepared by adding photoactive
nanoparticles of titanium dioxide. These nanoparticles further increase the efficiency in the specific areas.
2.

EXPERIMENTAL PART

2.1.

Preparation of the nanolayers

The initial sol was prepared by using the sol-gel method from TMSPM (3-(trimethoxysilyl)propyl methacrylate),
TEOS (tetraethyl orthosilicate) and IPTI (titanium(IV) isopropoxide) with an addition of the nitrate salts of silver,
copper and zinc. Isopropylalcohol (IPA) was used as a solvent. The application of the sol can be carried out
by spraying or dipping. The nanolayer was stabilized by using a heat-initiated polymerization at 80 °C to 150 °C
or photo initiated polymerization after applying the sol to substrates and solvent evaporation. Description of
the procedure can be found in patents [4, 5].
2.2.

Antimicrobial tests

For antibacterial tests, bacterial strains normally colonizing the human skin were used. These bacterial strains
usually do not cause any problems to healthy person. However when the barrier is disturbed, these bacterial
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strains represent a major complication for hard healing wounds. Escherichia coli (CCM 2024), Staphylococcus
aureus (CCM 226), Pseudomonas aeruginosa (CCM 1959), Proteus vulgaris (CCM 1956), Proteus mirabilis
(CCM 1944), Klebsiella pneumoniae (CCM 2318), Acinetobacter baumanii (CCM 2265)
- (Czech collection of Microorganisms, Masaryk University of Brno) were used for the tests. Bacterial strain of
MRSA (methicillin resistant Staphylococcus aureus, CCM 4223) was chosen as a representative
of nosocomial infection. The antiviral activity was tested against HIV, H1N1, Dengue, HSV1 and hepatitis
viruses; the antimycotic activity was tested against Candida albicans and Candida glabrata.
Bacterial inoculum in a concentration of 105 CFU/ml was spotted onto a given substrate and in specified
intervals, a certain amount of the inoculum was drawn. Cultivation was carried out on agar medium (blood agar
- Biorad Ltd. Praha). Experiments were carried out in daylight and exposure to UV-A radiation.
The samples of textile material with antimicrobial nanolayer were tested according to standards EN ISO 20645,
AATCC 147 and AATCC 100.
2.3.

Resistance to washing

Mixed textile material (40% cotton + 60% polyester), which is normally used for the fabrication of protective
equipment in health care (jacket, pants, blouses) was used as tested fabrics. The first wash cycle was carried
out in industrially produced washer and dryer Miele PROFESSIONAL with detergent Dodecil - Sodium dodecyl
sulfate Ultra at 60 °C, the drying program Outdoor. The second to fifty wash cycles were carried out in
laboratory equipment Ahiba Nuance from Datacolor also at 60 °C with the same detergent. The samples were
dried at 70 °C in a laboratory dryer.
Quantitative analysis of heavy metal content in the textile material with the antimicrobial nanolayer after
repeated washing cycles was performed on the Elvax Light, the device performing an energy dispersive X-ray
fluorescence analysis. The samples were analyzed in the same location as the original samples (non-treated).
3.

RESULTS AND DISCUSSION

3.1.

Basic properties of the nanolayers

The thickness of the antimicrobial nanolayers is in
the range from 80 to 300 nm (150 nm diameter).
Chemical resistance of the nanolayers is very good,
it is resistant to all organic solvents (including
toluene and acetone) and diluted inorganic acids
(sulfuric acid, nitric acid and hydrochloric acid). The
nanolayers do not resist only hydrofluoric acid and
concentrated sodium hydroxide. The nanolayer is
heat resistant to 200 °C and its antimicrobial activity
was not reduced even after repeated sterilizations
(120 °C / 1 h). How was experimentally verified, the
nanolayer has no significant cytotoxic effects on
VERO and HeLa cells. Total low content of heavy
Fig. 1 Results of antibacterial tests: different
metals is also significant in the nanolayers. When
substrates with antibacterial nanolayer, bacterial
expressed per 1 m2 of the substrate, there is only
strain MRSA, concentration of 105 CFU/ml, UV-A
about 0.03 g of Ag, Cu and Zn on a flat surface. In
radiation
comparsion, the textile material has around 0.15 g
of Ag, Cu and Zn on the same unit. The release of
heavy metals is very slow, as evidenced by their loss during washing (chapter 3.3). The nanolayer is heat
resistant to 200 °C and its antimicrobial activity was not reduced even after repeated sterilizations
(120 °C / 1 h).
527

2015

3.2.

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

Antibacterial tests

How the results show (Figs 1-3), the rate of bacteria inhibition is faster when exposed to UV-A radiation.
However, the daylight tests show very high efficacy of the applied layer, 100% inhibition
of the bacterial strain MRSA occurs around 60 minutes from the start of the test. Very similar results were
obtained with other above mentioned bacterial strains. The same result was also attempted when the test was
carried out with mixture of 8 bacterial strains in the same concentration. It is evident from tests results that
antibacterial activity of the nanolayer is not reduced even with repeated sterilization of the samples
(Figs. 2, 3).
3.3.

Resistance to washing

Fig. 4 shows the relative loss of heavy metals during washing depending on the number of washing cycles.
The final microbiological inspection (after 50 washing cycles) confirmed persistent antimicrobial activity of the
treated fabrics.
4.

CONCLUSION

This research presents novel hybrid nanolayer
with
significant
antibacterial
activity.
Antimicrobial tests showed high antibacterial,
antiviral and antimycotic activity of hybrid
nanolayers prepared by sol-gel method in
normal fluorescent light, but also when treated
surfaces are irradiated with UV-A radiation
(sunlight, UV-A fluorescent lamp). This novel
antimicrobial surface treatment technology is
potentionally applicable in medical institutions
(operating theaters, intensive care units,
transplant and neonatal units, offices, waiting
rooms, hospices etc.), in the social sphere
(schools, cafeterias, senior homes and other
types of social institutions) or food (food
processing plants, warehouses and stores).

Fig. 2 Results of antibacterial tests: glass slides with
the antimicrobial nanolayer performed immediately
after preparation and after ten sterilization cycles
(120 °C / 1 h), bacterial strain MRSA, concentration
of 105 CFU/ml, daylight

Fig. 3 Results of antibacterial tests: glass slides with the antimicrobial nanolayer performed immediately
after preparation and after ten sterilization cycles (120 °C / 1 h), bacterial strain MRSA, concentration
of 105 CFU/ml, UV-A radiation
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Fig. 4 The content of heavy metals in the textile material with the antibacterial nanolayer after repeated
washing cycles (X-ray fluorescence analysis)
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Abstract
The immense beneficial potential of manufactured nanomaterials (MNM) may be threatened by limits of MNM
environmental, health and safety (EHS) aspects understanding. Despite the extensive research in the field of
nanotoxicology and exposure to MNM, comprehensive knowledge for regulation is still missing. NANoREG is
the first FP7 project looking for answers needed by authorities on EHS by linking them to a scientific evaluation
of data and test methods. It aims to provide a tool box of relevant instruments for reasonable risk assessment
and management of MNM.
There is already number of achievements behind NANoREG project. The questions and needs of regulatory
relevance have been identified and grouped within three knowledge gaps: hazard related characteristics of
MNM, standardized methods to determine them, nano-specific risk assessment approaches. Nevertheless,
standard operation procedures for some MNM characterization, toxicity testing and exposure measurements
were developed. Critical exposure scenarios for MNM within the key value chains were identified. Toxicity
testing focused on long-term inhalation toxicity, genotoxicity and immunotoxicity have been carried out. The
Czech Republic actively participates at in vitro screening methodology development to evaluate toxicity by
inhalation, at harmonization of genotoxicity protocols, exposure measurements and modelling and
development of decision tree for risk assessment.
Despite the progress achieved since now, there are still many challenges regarding safety aspects of NMs
which have to be addressed in further research
Keywords: Manufactured nanomaterials, risk assessment, risk management, regulation
1.

INTRODUCTION

Nanotechnology, which is in EU strategies [1] considered to be KET - “key enabling technology” brings
exceptional potential to economy growth and society benefits, but as any other development jump may bring
also new threats. In the case of nanotechnology, the question is possible impact to human health and
environment due to new aspects of hazard, new ways of transport, caused and accompanied by possibilities
of nanoparticles self-assembling behaviour, transformation and accumulation. Even if materials, understood
today as engineered nanomaterials, had been used for centuries in certain industrial domains as pigments,
ceramics and metallurgy, the concept of nanotechnology was introduced in 1959 by Richard Feynman [2] and
the real boom of nanotechnologies started in this millennium, when its importance was recognized by industrial
and societal leaders. The consequence of such a tremendous development is that nanomaterials have moved
from R&D laboratories to industrial applications and to products. Today, 300 to 400 thousands of workers are
involved in EU nanotechnology production sphere [3] and multiple numbers in processing of material involving
nanostructured objects. Soon, every consumer will be exposed to certain types of intentionally produced
nanomaterials. And this is why the question arises, whether nanomaterials exhibit new hazards and provoke
new risks for human health and environment.
These considerations comprise both health and environment concerns as well as possible societal and
economic impact of undesirable neglecting, as expressed by the US President’s Council of Advisors on
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Science and Technology [4]: “By creating jobs, stimulating economic growth, and providing solutions to some
of the toughest challenges facing humankind, nanotechnology has great potential to change the world for the
better. Yet realizing this potential may be thwarted if the safety of new materials and products arising from
nanotechnology is not addressed up front. In the absence of sound science on the safe use of nanomaterials
and of technologies and products containing them, the chance of unintentionally harming people and the
environment increases. At the same time, uncertainty and speculation about potential risks threaten to
undermine consumer and business confidence.” Practically identical conclusions are presented in European
Union documents, e.g. in the Second Regulatory Review on Nanomaterials [5] or in the research strategy on
nanotechnology safety prepared by Nanosafety Cluster [6], and nanotechnology safety is widely involved in
research program of EU FP7 and Horizon 2020.
The goal of this contribution is to provide an analysis of the state-of-the-art in the nanotechnology risk
management with special focus on regulatory aspects.
2.

NANOMATERIALS SAFETY MANAGEMENT AND ITS GAPS

2.1.

Nano-safety

Due to the fact, that the highest probability to be exposed to the risk of nanomaterials is nowadays in
nanotechnology industry, the concern is focused mainly on nano-OHS, which is one from specific applications
of OHS management and should respect general rules of safety management and OHS principles. It means
that such rules, as principles described in the OHSAS 18000 or in the ISO 31000, are appropriate guidelines.
Significantly, the most important are health and environment hazards. Nanomaterials have been (and are)
developed for their new functionalities and these novelties may bring new situations in toxicology, as well as
new types of environment fate, new types of transport, accumulation and transformation. This is why numerous
nanotechnology safety oriented projects have been launched. As mentioned in the overview done by European
NanoSafety cluster [6], more than thirty projects concentrated on nanomaterial safety have been financed
throw Framework Programme FP7.
The position of European Commission is [5], despite of the specificity of nanomaterials, the preference to adapt
existing legislation to nanomaterials and not to create completely new one. The REACH directive and other
related legislation (dealing with cosmetics, pesticides etc.) give sufficient base and paradigms are with the high
probability applicable to the nanosafety as well. Nevertheless, nano-specific regulation is needed. The process
has started already, e.g. specific affix “nano-” can be used for nanomaterials. In 2013, European Chemical
Agency (ECHA) released the IUCLID User Manual "Nanomaterials in IUCLID 5", which includes instructions
on how registrants can explicitly report when a nanoform of substances has been used in (experimental)
studies. The manual also refers to the “Guidance updates for nanomaterials” and links to REACH
Implementation Projects on Nanomaterials (RIP-oNs) and the OECD Working Party on Manufactured
Nanomaterials (WPMN). In October 2014, ECHA organized the Topical Scientific Workshop Regulatory
Challenges in Risk Assessment of Nanomaterials. The workshop participants concluded that even if
considerable progress has been accomplished, important gaps still exist in nanotechnology safety knowledge
and practice. Some of those gaps are listed in following paragraphs.
2.2.

What is nanomaterial?

The regulation is based on well-defined subjects to be regulated: what has to be surveyed, controlled and
regulated. For it the unambiguous and comprehensible definition with measurable (by technically and
economically viable methods) parameters should be agreed. Nowadays, at least eight institutions (European
Commission, CEN, ISO, SCENHIR, American Chemistry Council, ICCR, ICCA and German Chemistry
Association) and seven states (Australia, China, France, USA, South Korea, Switzerland and Thai-wan) have
issued various definitions of nanomaterial. In addition, at least 4 European regulatory acts use the definition of
nanomaterial different from EC recommendation (European Union Cosmetic Product Regulation No
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1223/2009, Food information to Consumer Regulation No 1169/2011, Biocides Regulation No 528/2012 and
Medical Devices Regulation, last amendment 2007/47/EC). The only parameter, where consensus was more
or less found, is the external size range between 1 and 100 nm. Paradoxically, this range is immediately
amended by notice, that by derogation, fullerenes, graphene flakes and single wall carbon nanotubes with one
or more external dimensions below 1 nm should be considered as nanomaterials [7]. On the other hand, in the
bibliography, the size of particles over 100 nm is frequently exceeded and SCENHIR (Scientific Committee on
Emerging and Newly Identified Health Risks) recommends in its report [8] to use tiered approach covering in
three tiers whole nanoscale 1 - 999 nm.
Another set question arises when considering such questions as agglomeration, surface treatment, corona
effects etc.
2.3.

Interaction with living systems and hazard

In the most of tests, substances toxicity is studied in their molecular form, i.e. in solutions. Nanoparticles toxicity
differs from substances in solution by many aspects:
•
Nanoparticles move in environment and in organisms as particles, i.e. by different type of mobility than
molecules. Nevertheless, nanoparticles may pass cell membranes and other biological barriers,
eventually enter to the cells and accumulate in organs.
•
Nanoparticles of various sizes may exhibit different toxicological effects [9].
•
Nanoparticles toxicity is influenced by the surface properties, including the “corona”. Then, during the
life cycle of nanoparticles or due to the coating, the toxicity may change.
•
Nanomaterials are self-assembling, which leads to the agglomeration, deposition and formation of
secondary structures.
•
As result of physico-chemical behaviour, dose-effect dependences sometimes show local maximum,
i.e. in certain range increasing dose leads to decreasing effect, what makes risk assessment and
modelling tricky.
•
The proper metric of dose is uncertain. As WHO Workshop on Nanotechnology and Human Health [10]
has concluded, it is evident, that the toxicity of nanoparticles is not only mass-dependent but might also
dependent on physical and chemical properties that are not routinely considered in today’s toxicity
studies.
2.4.

Exposure

Risk in toxicology is composed from hazard and exposure part and then, the control of exposure is a basic tool
of occupational health and safety. We face to several problems in exposure assessment. The metric is not
sure; without knowing which dose metric is principal to express toxicity hazard (number or mass concentration,
active surface…) it is difficult to assess exposure. There is a need to elaborate typical situations and to prepare
the library of exposure scenarios, which will be harmonized between countries and enables sharing of
experience and transfer of data and knowledge. Such libraries are prepared in various research projects and
thus, the harmonisation becomes to be principal problems.
For exposure assessment, the inventory of nanomaterials use is necessary. Some countries, e.g. France,
introduced the specific legislation for inventory of nanomaterials, nevertheless in the majority of countries, no
legislation demanding inventory of exposure exists yet and generally, industry hesitates to release information.
2.5.

Risk assessment and risk modelling

As has been shown above, both principal parts of risk assessment, i.e. hazard identification and exposure
assessment are in the nanosafety still not equipped by necessary instruments and important gaps in
knowledge and tools lead to the fact, that we have to work with the high degree of uncertainty. Nevertheless,
the risk assessment rules are generally valid in nanoscience and at least basic risk assessment can be done
in individual cases.
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On the other hand, the high and growing number of existing nanomaterials and extremely high number of
potential combinations of various nanomaterial properties makes case-by-case risk assessment of
nanomaterials so demanding as to be impracticable.
Contemporary situation is that we still have not yet verified models and input data are accompanied by
important uncertainty. Rather than risk assessment, we can provide risk characterization, which has to be
supplemented by risk communication.
2.6.

Regulatory aspects

The regulation in chemical safety is based on principles of risk management as system of interlinked steps. In
the nanotechnology safety, we face to high degree of uncertainty and to the lack of information transferrable
from one scientific discipline to another. The overview of situation including the flow-chart diagram is described
in literature [11]. What is an important result is that for sound nano-risk management, the communication
among wide spectrum of disciplines, i.e. nanomaterial characterization, physical and chemical properties of
them, interaction between nanoparticles and living systems, human toxicology, exposure assessment,
environmental fate, life cycle analysis and risk modelling are necessary for valuable risk assessment. Interlinks
between risk assessment and risk control, including regulation, must be set up, based on mutual understanding
and acceptance of needs and gaps of involved disciplines.
The analyse of research projects oriented to nanotechnology safety shows, that most of them are both narroworiented and focused on scientific answer only, thus not bringing answers to regulatory needs. This is why, in
the framework of EU FP7, of the first project was launched in European context, which uses bottom-up
approach and concentrates on bringing answers given by regulators more than on science-only oriented
research.
3.

NANOREG PROJECT

3.1.

Project background

This project with acronym NANoREG (see www.nanoreg.eu), unifies nearly 70 partners, together with
government representatives of participating countries, which cooperate to eliminate uncertainties in nano-risk
management. All “old” EU member countries, Czech Republic, Brazil and South Korea participate. The project
aims to identify the EHS aspects that are most relevant from a regulatory point of view. It will provide tools for
testing the EHS aspects and the assessment and management of the risks to the regulators and other
stakeholders. To assure that the final results of the project can be implemented in an efficient and effective
way, industry and regulators are strongly involved in the project.
NANoREG aims at reducing the uncertainty in judging the environmental, health and safety (EHS) aspects of
nanomaterials in a regulatory context. It will analyse the applicability of current testing and assessment
instruments to manufactured nanomaterials, suggest an overall framework for their testing and assessment,
as well as provide regulators with a tool box and other instruments to implement the framework. In order to do
so, it is important that the project focuses on providing „Scientific answers to regulatory issues“, i.e. NANoREG
must stay focused on the issues and questions that regulatory authorities are facing and on the information
they need when assessing the risk of nanomaterials and deciding on risk management measures. Despite the
concentrated and concerted effort of wide spectrum of project participants, project consortium has found, that
today’s knowledge yet does not allow direct application of regulation and together with knowledge building, we
have to use “soft” techniques, mainly based on voluntary basis.
3.2.

Risk control, decision making and regulation

Working in high degree of uncertainty together with still existing gaps in knowledge demands to use rather soft
instruments than strict regulation, e.g. exposure limits. For sound regulation, relatively high degree of certainty
and evidence based decision making are crucial and this is why we cannot expect the consolidated
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nanomaterials-specific regulation probably sooner than after a decade. On the other hand, the effort of
regulatory bodies is significant and step-by-step progress expectable. Till covering all important gaps, EHS
concerns should be solved by applying voluntary tools and precautionary principle.
Already existing voluntary tool, applicable to the nanomaterials in occupational safety, is the control banding,
already standardized by ISO/TS 12901-2 [12]. Technical specification focuses on inhalation control of risks
associated with occupational exposures to nanomaterials, even if knowledge regarding their toxicity and
quantitative exposure estimations is limited or even lacking.
Generally, the voluntary risk control in nanosafety is developing dynamically and we can expected, that it will
become the inherent part of responsible care in industry. The precautionary principles have been already
implemented in some countries, e.g. Swiss [13].
3.3.

Communication

There is an important set of gaps in communication among interested groups of nanosafety. Somehow, the
real communication, it means bi- or multilateral information exchange leading to changes in views, positions
or approaches, is very limited outside of each stakeholders group. Each side is talking its own language and
not interested enough whether others are able to understand their messages or not. Their positions are
different; beside of regulators, which position is difficult due to the lack of “hard” data and methods, we meet
other important stakeholders as well:
Customers: Are asking simple question: “Should we be afraid of those nano-something? How much?” or “Can
we be sure that you protect us enough, you guys doctors, scientists, governments…?” Unfortunately, the
reactions are either silence or talking highly scientific topics and not answer those questions. The
understandable reaction is, that people may lose the confidence to government and to science and they might
be sensible to any well given information, even to the negative propaganda. This is the big threat for
nanotechnology development due to the risk of credibility loss.
Toxicologists are driven by their common language and procedures and by the metric of their success
expressed in scientometry, for which is nanotoxicology good field. They are rarely interested by decision
making process to create realistic safety measures of people/environment protection, so they still provide
information not fitted for decision making and regulation.
Industry is in difficult position, moving in unpredictable environment. Afraid of easy change from societal nanoenthusiasm to nearly nano-scepticism (see “customers”), industry which some years ago showed
nanomaterials as an attractive attribute of their products, today hesitates or even hides the information of
nanomaterials content in products. The same is their position with respect of OHS - it is very difficult to get
reliable information about exposure.
NGO and other activists, some politicians. Because of non-transparent environment and lack of open and
comprehensible communication, the conditions bring risk to be favourable for misusing nanotechnology as
“public enemy” and “easy target” and to build up popularity by creating the synthetic campaign of fear. On the
other hand, NGOs have today no possibility to get serious, true and understandable information what the
situation is, so it is easy to declare that something is wrong with nanosafety.
Safety managers. Their talk is frequently “we wait for right data and regulation and then we will do everything
perfectly” what sounds badly to customers and workers, who feel be unprotected and abandoned. Safety
managers should effort to be the “translators between disciplines” and to communicate with thinking on
information receiver.
4.

CONCLUSIONS

Nanotechnologies bring new needs and new challenges in safety. The science, regulatory bodies and whole
society made remarkable progress in nanomaterial-specific part of environment protection, health and safety,
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but they still exist important gaps in knowledge and new techniques have to be developed. The paradigms of
chemical safety are still applicable, even if certain will be probably modified. The NANoREG project brings new
insight by using bottom-up approach and being developed to bring scientific answers to the regulators
according their needs.
The nanotechnology safety demands parallel development of regulation and use of “soft” tools as
precautionary principle or control banding. The crucial problem of safety management and regulation
development is in communication among scientific disciplines, regulator and other stakeholders.
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Abstract
Inorganic nanomaterials have large specific surface area and high bioactivity which made them promising
alternatives to the traditional organic antimicrobial agents that are extremely irritant and toxic. In the present
report, CdTe/ZnSe core/shell quantum dots (QDs) were conjugated with different nucleobases and their
antibacterial activity against Escherichia coli was investigated. The CdTe/ZnSe core/shell QDs were
synthesized in a green way or environment-friendly way using water as a solvent instead of organic solvents.
They were successfully conjugated with different nucleobases and were characterized using fluorescence and
absorbance spectrophotometry and dynamic light scattering techniques. The antimicrobial activity of all the
samples along with control (bare QDs) was checked on E. coli, a commonly used bacterial model species in
microbiology research. Almost all nucleobases showed good antibacterial activity comparing to control
probably forming excess ROS which can disturb different metabolic pathways in bacterial cell. Guanine
showed the best result among all other nucleobases.
Keywords: Quantum dots, nucleobases, antibacterial activity
1.

INTRODUCTION

Over the past decade, nanoparticles with unique chemical and physical properties have shown an increasing
importance in biological, biomedical, and pharmaceutical applications. Inorganic nanomaterials have large
specific surface area and high bioactivity which made them good candidates to replace traditional organic
antimicrobial agents that are extremely irritant and toxic. In recent years, a number of nanoparticles have been
shown to have antimicrobial activities [1, 2] and among them the silver nanoparticles have been well studied
and reported to accumulate in the Escherichia coli (E. coli) membrane to possess effectively antibacterial
effects [3]. Silicon dioxide (SiO2), titanium dioxide (TiO2), and zinc oxide (ZnO) nanoparticles, also show
promising biocidal properties against both Gram-positive and Gram-negative bacteria [4]. All these compounds
are found to be photosensitive and can generate reactive oxygen species (ROS) under high-intensity light at
a specific wavelength. TiO2 can be used as a significant antibacterial agent even when sunlight is applied as
the excitation source.
In comparison to other nanoparticles, quantum dots (QDs) have better size-dependent optical properties. They
are basically nanoscale crystalline clusters synthesized from semiconducting materials [5, 6]. QDs have
become more important research topics in recent years [7] due to their unique physical properties including
photostability, bright photoluminescence, narrow emission, and broad UV excitation and potential applications
in advanced biosensors [8], cell imaging [9] and in vivo animal tracking [10]. QDs can show dimensions and
numbers of atoms between the atomic-molecular level and bulk material with a band-gap depending on various
factors, such as the bond type and strength with the nearest neighbors. Generally narrow and sharp
luminescent emission peaks are observed for isolated atoms. It has been reported that a nanoparticle of
approximately 100-10000 atoms, shows different narrow optical line spectra. On the basis of this information,
QDs can be defined as artificial atoms [11].
It has been reported that under irradiation, QDs generate free radicals, of which the quality and the type are
determined by their core materials [12]. The high amount of free radicals is harmful to microbes. The release
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of free heavy metal ions from QDs could also be toxic to bacteria. Only few of reports on antimicrobial activities
of QDs can be found [13, 14]. For example, Kloepfer et al. reported that cadmium selenium (CdSe) QDs can
inhibit bacterial growth [15].
To decrease the toxicity of QDs, core/shell structure and environmentally friendly materials are commonly
used. Researchers develop different types of core/shell QDs (CdSe/ZnS, CdTe/ZnS, CdTe/ZnSe),
core/shell/shell QDs (CdTe/CdS/ZnS, CdSe/CdTe/ ZnSe), and environmentally friendly QDs (CuInSe, Ag2S,
and Si QDs) for various purposes [16-25]. In our previous study, we showed that CdTe/ZnSe core/shell QDs
can be applied for in vitro imaging of chicken tissue and embryo. In the present experiment, CdTe/ZnSe
core/shell QDs were selected as one of the most robust and highly luminescent nanoparticles which are
synthesized in a green way or environment-friendly way using water as a solvent instead of organic solvents
[26] which are toxic. The CdTe/ZnSe core/shell QDs can be used in different biological fields because the high
Cd toxicity of CdTe QDs is expected to be minimized by forming a shell of ZnSe. In the present study,
CdTe/ZnSe core/shell QDs were modified with Adenine (A), Guanine (G), Cytosine (C) and Thymine (T)
(represented as QDs+A, QDs+G, QDs+C and QDs+T respectively) and subsequently characterized. The
antibacterial activities of these core/shell QDs with or without nucleobases modification were checked on E.
coli which is commonly used as a model in microbiological research.

2.

METHODOLOGICAL BASES AND EXPERIMENTAL PART

2.1.

Chemicals

Zinc acetate, cadmium acetate, sodium borohydride, mercaptosuccinic acid and other used chemicals were
obtained from Sigma-Aldrich (St. Louis, MO, USA). High purity deionized water (Milli-Q Millipore 18.2 MΩ/cm,
Bedford, MA, USA) was used throughout the study.
2.2.

Synthesis of CdTe/ZnSe core/shell QDs conjugated with different nucleobases

CdTe/ZnSe QDs were prepared according to our previous reported protocol [26]. Briefly, 10 mL of cadmium
acetate (5.32 mg/mL) and 1 mL Mercaptosuccinic acid (60 mg/mL) were added to 76 mL of deionized water
and mixed on a magnetic stirrer. Ammonia solution was used to make the pH neutral. Then 1.5 mL of sodium
tellurite (221.6 mg/mL) were also added to it and mixed very well. 50 mg of sodium borohydride was added
later and the solution was stirred for around 2 h until the bubble formation was stopped. Finally, the volume of
the solution was made up to 100 mL with deionized water. Finally the prepared CdTe QDs were stored in dark
at 4 °C.
One mL of zinc acetate (43.9 mg/mL) and 1 mL mercaptosuccinic acid (60 mg/mL) were added to 85 mL of
deionized water and mixed properly on a magnetic stirrer. Ammonia solution was used to make the pH neutral.
Then 1.5 mL of sodium selenite (5.26 mg/mL) was added to it and mixed for few minutes. 40 mg of sodium
borohydride was added later and the solution was stirred for 2 h until the bubble formation was stopped. Finally
the volume of the solution was made up to 100 mL with deionized water. The prepared ZnSe QD solution was
stored in dark at 4 °C.
Then 1 mL of ZnSe was added to 1 mL of CdTe and heated at a temperature of 50 °C in a closed glass vessel
under microwave irradiation (300 W, ramping time 10 min, hold 10 min) (Multiwave3000, Anton-Paar GmbH,
Graz, Austria). Then aqueous solutions of nucleobases (A, G, C and T) with a final concentration of 800 µM
was added separately to the prepared CdTe/ZnSe core/shell QDs and mixed well in closed glass vessels. In
case of control, deionized water was added in place of the aqueous solution of nucleobases. Finally all these
samples were heated at a temperature of 95 °C under microwave irradiation using the same conditions as
described before. The modified QDs were characterized using fluorescence and absorbance
spectrophotometry (Tecan, Grödig, Austria) and Dynamic Light Scattering (DLS) (NANO-ZS, Malvern
Instruments Ltd., Worcestershire, U.K.).
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Preparation of bacterial cultures

E. coli (NCTC 13216) was obtained from the Czech Collection of Microorganisms, Faculty of Science, Masaryk
University, Brno, Czech Republic. The cultivation media (Luria Bertani) were inoculated with bacterial culture
and were cultivated for 24 hours on a shaker at 40 g and 37 °C. The bacterial culture was diluted by cultivation
medium to OD600 = 0.1 for the following experiments.
2.4.

Determination of Antibacterial activities

The antimicrobial effect of the nucleobase-conjugate QDs was determined by measuring the absorbance using
an apparatus Multiskan EX (Thermo Fisher Scientific, Germany). In a microtitration plate, E. coli culture was
mixed with the QDs with or without the nucleobases modification. 250 µL of bacterial cultures was added to
50 µL of the QDs with or without the nucleobases modification and incubated at 37 ⁰C. The total volume in the
microtitration plate wells was always 300 µL. The growth curves were measured for 24 h in 0.5 h intervals.
3.

RESULTS AND DISCUSSION

At first, CdTe and ZnSe QDs were prepared separately. After this process, the CdTe/ZnSe core/shell QDs
were synthesized under microwave irradiation which was further modified with four different nucleobases. They
were observed under UV transilluminator (Fig. 1) and further characterized by fluorescence and absorption
spectrophotometry (Fig. 2). The ideal excitation wavelength was 380 nm for the fluorescence characterization.
The results indicated that the fluorescent emission spectra were slightly red-shifted after the modification with
all nucleobases comparing to control. After the modification with thymine, the fluorescent intensity was
significantly increased comparing to control, whereas guanine showed the opposite results.

Fig. 1 QDs under UV transilluminator. CdTe/ZnSe QDs conjugated with T, A, G and C are represented as
QD+T, QD+A, QD+G and QD+C respectively

Fig. 2 Absorbance and fluorescence of QDs. CdTe/ZnSe QDs conjugated with T, A, G and C are
represented as QD+T, QD+A, QD+G and QD+C respectively. Utilized excitation wavelength was 380 nm
within all cases
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The size and zeta potential of the samples were measured using DLS. This technique helped to determine the
sizes of QDs with or without the nucleobase modification (Table 1). The results indicated that the sizes of the
QDs were significantly increased after the modification with all nucleobases which was in good agreement with
the fluorescent spectra. The measurement of the zeta potential (or charge density) was carried out to provide
important information for predicting their binding capacity. The result showed that high negatively charges were
found in all the samples which indicate that the samples were stable in the solution.
Table 1 DLS characterization of QDs
Sample

Zeta size

Zeta potential

Control (QD)

10 ± 2

-25 ± 0.11

QD+T

13 ± 3

-30 ± 0.15

QD+A

23 ± 5

-35 ± 0.13

QD+G

31 ± 5

-45 ± 0.16

QD+C

15 ± 3

-32 ± 0.12

The antibacterial activity of QDs (with or without nucleobase-modification) after 24 h was confirmed by the
method of the growth curves [27]. All the modified QDs showed significant inhibition of bacterial growth
comparing to control bacteria (without addition of QDs) (Fig. 3). From the result, it can be seen that the QDs
modified with guanine have the best antibacterial activity against E. Coli.

Fig. 3 Antibacterial activity of QDs on E. coli. The bacterial growth is represented here by the absorbance.
50 µL of the QDs was added to 250 µL of bacterial cultures and incubated at 37⁰C
4.

CONCLUSION

The CdTe/ZnSe core/shell QDs were synthesized in a green way or environment-friendly way using water as
a solvent instead of organic solvents. They were successfully conjugated with different nucleobases and
characterized using different techniques. The antimicrobial activity of all the samples along with control was
checked on E. coli, a commonly used bacterial model species in microbiology research. Almost all nucleobases
showed good antibacterial activity comparing to control probably forming excess ROS which can disturb
different metabolisms in bacterial cell. Guanine showed the best result among all other nucleobases.
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Abstract
The growth in the application of nanomaterials (of any structure in any use) leads to increasing concentrations
in the environment. These nanomaterials may also enter into wastewater treatment plants and interact with
activated sludge, so at least partial knowledge of the behaviour of nanoparticles in the activated sludge is
essential. This paper deals with the feedback of sewage microorganisms to nanostructures (nanoparticles or
nanofibers). The main task was to observe the impact of nanostructures on the microorganisms based on
microscopy access and image analysis procedures. The examination included changes in bacterial
morphological properties (size and roughness), and the viability of the microorganisms. The experiments
demonstrated an increase in the adhesion of the microorganisms to the nanofibers during the first few hours,
a significant influence of the microorganism’s viability in the presence of nanoparticles (reduced by up to 99 %);
and a changeover of the bacterial morphological properties (dispersed into floc-forming clusters or vice versa)
of the nanofibers and nanoparticles.
Keywords: Nanoparticles; nanofibers; sewage microorganism; wastewater treatment plant; image analysis
1.

INTRODUCTION

Sources of nanomaterials (NMs) principally originate from every day products, including personal care
(antiperspirants, body wash), clothing (cleaners), cosmetics, and many others. In addition, the use of these
products has significantly increased. The potential hazard of releasing these NMs into the environment
endangers ecosystems and also human health. The fate of NMs should be investigated carefully to minimize
their negative environmental risk. [1, 2]
Wastewater treatment plants (WWTPs) are important barriers to prevent NMs from entering to the natural
environment [3, 4]. A considerable amount of NMs can be removed via aggregation, settling, biosorption, or
other biomass mediated processes in WWTPs, as biomass has a strong affinity to NMs and plays an important
role in their removal [2]. Different forms of activated sludge (bacteria strains) may respond differently to the
NMs. Biofilm (or floc-forming bacteria) was reported to be more tolerant to NMs (e.g. Ag, TiO2, SiO2) than
planktonic/suspending sludge due to the protective function of extracellular polymeric substances (EPS) and
the interactions within the microbial community [3, 5]. On the other hand, due to the properties of NMs
(composition, size, shape, surface charge and capping molecules), the interaction of activated sludge with
NMs may also influence the performance of WWTPs i.e. toxicity; NMs may attach to cell membranes and
cause changes in membrane permeability; NMs may enter the bacterial cell and cause cellular enzyme
deactivation, membrane permeability disruption, and accumulation of intracellular radicals, finally resulting in
microbial growth inhibition, cell lysis and death [3, 6-9]. Unfortunately, there are still many unanswered
questions regarding the fate of NMs and their impact on wastewater facility and treatment operations [1].
The aim of our study was to examine the basic effect of engineered NMs (i.e. nanoparticles [NPs] or nanofibers
[NFs]) on sewage microorganisms. Two type of NMs, NPs (Ag, TiO2) and NFs (polyurethane, 260 nm in
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diameter), were selected for the experiments because they are among the most common NMs in use
[8, 10-14]. Still not enough is known to predict the fate of NMs in the wastewater environment and further
experiments are needed. Our results provide basic data to assess the fate of NMs in the wastewater
environment and potential risks to the wastewater treatment system.
2.

MATERIAL AND METHODS

2.1.

Nanoparticles and nanofibers

Pure TiO2 was supplied by VWR Chemicals, USA (EC number 215-280-1); the particles were crushed using
a CryoMill “nano-grinder” (Retsch, Germany, Fig. 1a). Reduction of silver nanoparticles from silver nitrate was
carried out using UV radiation (Fig. 1b). Nanoparticles were dispersed directly into the natural water medium
containing sewage microorganisms in concentrations of 0.0, 0.2, 0.5 and 0.9 g/L. The experiment took place
over six days, using 100 mL of working volume. The solution was intimately mixed to provide oxygen to the
reactor and to keep the nanoparticles in suspension.
Polyurethane (electrospinning method, diameter approx. 260 nm, Fig. 1c) was tested as the NFs. The
nanofiber carrier is composed of three parts: a basic (supporting) fibre composed of polypropylene and
a coating composed of polyurethane nanofibers, which are both twice-wrapped in a protective polyethylene
fibre for fixation. The experiment took place over 90 days, using 10 L of working volume containing 234 meters
of nanofiber carrier. The NFs in the reactor were raised in the water using an air pump (fine-bubble aeration).
The final size of the particles was determined using scanning electron microscopy (Carl Zeiss Ultra Plus,
Germany). Samples were deposited with a thin layer of gold.

a)

b)

c)

Fig. 1 SEM images of a) TiO2NPs, b) Ag NPs, and c) polyurethane NFs
2.2.

Sewage microorganisms

The activated sludge sample was collected from the aeration tank of a municipal wastewater treatment plant
in the Czech Republic. The temperature was maintained at 22 °C ± 2 °C and pH was controlled at 7.0-8.0.
2.3.

Determination of live/dead cells and degree of adhesion to nanofibers

The distribution of live/dead cells (evaluation of cell membrane integrity in the sludge or on the NFs before or
after exposure of the NPs or NFs) was investigated through staining with fluorescence dyes using
a LIVE/DEAD BacLightTM kit (Thermo Fisher Scientific Inc., Life Technologies) and observed using a ZEISS
Axio Imager.M2 fluorescence microscope. Sample preparation was carried out according to the protocol
of this kit. Images of at least 20 fields of view were taken along the samples and were analyzed (individual
cells or aggregates, size, viability and roughness (Roughness is a parameter characterizing the smoothness
of an object; if the perimeter changes according to the area, the roughness of the object is low (cell colonies
contain no (or less) protuberances), if the roughness of the object is high it contains numerous protuberances
(i.e. hairy objects).). Samples of the nanofibers with biofilm were deposited onto a microscope slide with the
same staining kit. A set of approximately 10 images was taken on the NFs carrier. The biofilm characteristics
(number of objects = individual biofilm colonies or cell clusters, viability, cell cluster size and roughness) were
calculated.
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RESULTS AND DISCUSSION

We calculated the basic parameters of abundance (number of objects/cells), viability, size and roughness
of sewage microorganisms in contact with the NFs and NPs based on the image analysis procedures within
the Matlab software (The Mathworks, Inc.).
3.1.

Effects of nanofibers on the abundance, viability, size and roughness of sewage
microorganisms
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Cell fluorescence microscopy (Fig. 2) indicated that microorganisms response to the environment with NFs.
The experiment demonstrated an increase in the adhesion of microorganisms to nanofibers during the first few
hours, as indicated by the number of cell clusters on the NFs. During the experiment, the number of objects
decreases as the biofilm fills the surface of the carrier (small colonies join into larger units; also see the
parameter size of the cell cluster on the NFs). The colonies on the NFs have a low degree of roughness
(the objects are smooth) because of shear forces (aeration) in the reactor during the entire experiment. The
viability of cell clusters on the NFs changed marginally. The number of cells in suspension decreases, the
suspension cells almost disappears at the end of the experiment. The size of cells in suspension firstly grows
(small cell clusters adhere to the NFs, only large cell clusters remain in suspension), followed by a reduction
in size (floc-forming bacteria disappear; only small single cells remain in suspension). The roughness of cell
clusters in suspension follows the same course as the size (larger cell units have greater roughness; small cell
units, single cells, are smoother). The viability of single cells was higher than the floc-forming cell clusters
(inside of the larger flakes were dead cells possibly due to the formation of anaerobic zones, as showed
in Fig. 2b).
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Fig. 2 a) Results of the image analysis of cell fluorescence microscopy; b) Live/dead staining of suspension
cell clusters; c) Live/dead staining of cell clusters on NFs
3.2.

Effects of nanoparticles of Ag and TiO2 on the abundance, viability, size and roughness of
sewage microorganisms

Cell fluorescence microscopy (Fig. 3 and Fig. 4 and Table 1) indicated that the response of microorganisms
to the environment with NPs is dissimilar. The experiment demonstrated the decrease in cell abundance
(number of live cell clusters) with an increase in NP concentrations for both types of NPs; however with different
degrees. Ag NPs had a significant impact on live cells during the first six hours (acute toxicity) and the effect
of NPs was also significant after six days of exposure; the viability corresponds to the abundance (conformity
of approx. 75 %) and was reduced by up to 99 %. TiO2 NPs has less of an influence on the live cells during
the first six hours (only a concentration of 0.9 g/L has a significant power); after six days of exposure the effect
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of the NPs was significant only for concentrations higher than 0.5 g/L; the viability corresponds to the
abundance (conformity of approx. 85 %) and was reduced by up to 95 %.
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Fig. 3 Results of the image analysis of cell fluorescence microscopy for cells in the presence of Ag NPs
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Fig. 4 Results of the image analysis of cell fluorescence microscopy for cells in the presence of TiO2 NPs
The decrease in cell abundance corresponds to the increase in cell size for Ag NPs during the first six hours,
which confirms the significant influence of Ag NPs in the short-term (acute toxicity). The Ag NPs also influence
the cell viability after six days; however, the size of the cells is more or less constant. The roughness
corresponds to the cell size (conformity of approx. 70 %), whereby the larger cell clusters are rougher. The
decrease in cell abundance corresponds to the increase in cell size for TiO2 NPs after six days, which confirms
the significant influence of TiO2 NPs after long-term use (chronic toxicity) i.e. the influence
of cell size was less during the first six hours. The TiO2 NPs also influence the cell viability after six days and
significantly for concentrations of NPs higher than 0.5 g/L, whereby the size of the cells greatly increases. The
roughness corresponds to the cell size (conformity of approx. 70 %), whereby the larger cell clusters are
rougher.
Moreover, the dead cells were mainly located in the outer layer of the floc-forming cells for concentrations
of 0.0 and 0.2 g/L of TiO2 and 0.0 g/L of Ag. More dead cells were found in the interior of the floc-forming cells
for concentrations of 0.5 and 0.9 g/L of TiO2 and 0.2, 0.5 and 0.9 g/L of Ag NPs. This observation suggests
that Ag or TiO2NPs can penetrate into the inner part of the cell clusters and can cause the toxicity to the interior
cells. These findings agree with the conclusions of Gu et al. [3].
The analysis indicates that an increase in the concentration of TiO2 NPs influences the abundance
of bacteria in the sludge system; however, concentrations up to 200 mg/L have only a marginal influence (in
accordance with [15], which also demonstrated that the presence of TiO2 NPs shows marginal influences
on the activities of key enzymes related to methane production and the abundances of bacteria and
methanogenicarchaea in sludge fermentation reactors after long-term exposure for 150 mg/(g total suspended
solids) of TiO2 NPs). However, in some cases TiO2 NP is nontoxic to certain aquatic microorganisms even at
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20 g/L [16]. The results indicate that different cell strains (common in activated sludge) may show dissimilar
responses to TiO2 NPs. A reduction in biological activity by toxic nanoparticles could decrease the
effectiveness of contaminant removal, and in the worst case a total failure of the biological process could be
experienced.
Table 1 Live/dead staining of a suspension of cell clusters with Ag or TiO2 NPs for different concentrations
Ag NPs 6 hours

Ag NPs 6 days

TiO2 NPs 6 hours

TiO2NPs 6 days

0.0 g / L

0.2 g / L

0.5 g / L

0.9 g / L

Extracellular polymeric substances (EPS) in sludge flocs are usually considered to protect the inner
microorganisms against demanding external environmental conditions by impeding the access of these
pollutants to bacterial cells. The EPS protection may be the reason for the lower toxicity of TiO2 NPs for
microorganisms in sludge [15]. It still needs to be determined whether the bacteria in the activated sludge is
protected significantly enough by the EPS and whether or not the toxicity is in the form of respiration when
exposed to NPs. Moreover, SEM images can show whether the NPs may adsorb onto the activated sludge;
these measurements will be the aim of our further work.
4.

CONCLUSION

Nanoparticles have been found to inhibit (TiO2) or even prevent (Ag) biological activity of cells in terms of the
properties, concentrations and exposure time (up to 99 %) of NPs. Image analysis revealed that the decrease
in cell abundance corresponds to an increase in cell clusters size; moreover the roughness corresponds to cell
size (larger cell clusters are rougher); both probably due to the toxic effects of NPs (it may be a defence
mechanism of the cells to protect the inner microorganisms). On the other hand, nanofibers can promote cell
growth (cells adhere to nanofibers due to a suitable surface structure) and the biological activity and also the
contaminant removal can be more effective.
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Abstract
Our research is focused on the phase, structure and chemical analysis of the powder particles released by
braking of cars from their brake components - discs and pads. The basic information on structure and phase
composition was obtained by X-Ray Powder Diffraction, Mössbauer Spectroscopy and scanning electron
microscopy with EDX. The results of the particle analysis are compared with materials used for manufacturing
brake components and with the powder prepared by ball milling of the mixture of the pad composite and disk
steel. Most of recognized nanoparticles are based on carbon, silica/silicates and iron oxides. The composition
of these particles is in the agreement with chemical and phase composition of brake discs and pads but also
new phases appear (carbon based phases and amorphous phases). The severe plastic deformation of the
surface layer during braking are responsible for formation these new phases. Our analysis of the thin surfaces
of the brake discs and brake pads and experiments with ball milling materials can bring other knowledge in
this area.
Keywords: Nanoparticles, wear debris, automotive brake
1.

INTRODUCTION

An important source of airborne particles is road traffic negatively influencing human health as reported in
recently published papers [1, 2]. Among the sources of the dust in on roads belong emitted particles from the
brake components [3, 4]. Proportion of wear brake emissions to non-exhaust traffic PM10 emissions is
between to 16 - 55 by mass [5]. Plenty of different type of particles can be emit during the breaking. Brake disc
are predominantly manufactured from a cast steel. On the other hand brake pads materials are composed of
wide range of component, e.g. fibres, abrasives, lubricant, fillers and binders [6]. The chemical composition of
commercial brake lining depends on the type of pads and their producers. Various approaching to the study
of wear debris was described in literature, e.g. collecting debris in real condition [7], preparation of debris by
brake dynamometer experiments [8, 9], or by ball-milling of materials [10]. Each of this method has some
limitation. Sample from real traffic condition probably contains also other particles from road, exhaust fumes
and surrounding of sampling point. A brake dynamometer experiment does not take account of effect on
humidity, road salt or dust on the road. Ball-milling produces quite different type of debris compared to
dynamometer experiments [10]. It can be cause different wear abrasion, temperature of brake, hydraulic
pressure, surrounding condition, etc. during formation and emission of debris. For example phenolformaldehyde resin forming 20-40% in the pad materials, transforms at temperature above 300°C [11] which
is temperature of wearing brake components during breaking process [12].
In the present paper we report our results of study of the phase, structure and chemical analysis of the surfaces
of disks and pads and powder particles, namely nanoparticles, taken from their surfaces. The results of the
particle analysis are compared with materials used for manufacturing brake components and the powders
prepared by ball milling of the mixture of the pad composite and the disk steel.
2.

MATERIALS AND METHODS

Sample of debris were collected/prepared from worn in ventilated brake disc and pads from one of the most
common personal car in Czech Republic. Grinding and polishing surface of brake disc and pads were
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investigated by optical microscope (Neophot 32 by Carl Zeiss Jena) and scanning electron microscope JEOL
6460 with Oxford Instruments analytical equipment INCA Energy (EDX).
Chips of the brake disc and pad were milled in the planetar ball-mill (Pulverisette 7) after define time. The dry
milling was carried out in air filled container with volume 0.5 dm3. During milling process the temperature of
balls and powder increase roughly above 100°C and decreased fast to room temperature after the milling was
stopped.
The X-ray powder patterns (XRD) 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.
57Fe

Mössbauer spectroscopy was carried out in scattering geometry with detection of 14.4 keV gamma
radiation (MS) and conversion electrons (CEMS). The spectra were measured at room temperature and
calibrated against α-Fe. The computer processing of the spectra was done using CONFIT program package
[13].
3.

RESULTS AND DISCUSSION

The results of surface structure observations obtained using OM and SEM are shown in Fig. 1. The disc
sample shows pearlitic structure which is typical for cast steels and the pad surface corresponds to a complex
mixture of materials.
XRD analysis showed variation at phase composition worn in part of brake disc (BK-B) and area of disc, which
was not affect friction (BK-U). Samples BK-B contain 92% wt α-Fe, 3.5% wt cementite and 4% wt graphite and
similar composition (85.5% wt α-Fe, 6% wt cementite and 8.5% wt graphite) were observed for sample BK-U.
Higher concentrations of cementite and graphite were due to fact, that sample BK-U was bulk material of brake
disc and it was not affect friction.

A
B
Fig. 1 Image from light optical microscope - pearlitic structure of brake disc -1000x, etched by 2% Nital (A)
and brake pads - 25x (B)
The XRD analysis of brake pads show presence of α-Fe, barite BaSO4, corundum Al2O3, pyrite FeS2, graphite
C, calcite CaCO3, fluorite CaF2, mullite Al6Si2O13, wustite FeO and magnetite Fe3O4. However, this list is not a
complete, common brake lining includes more then 20 items from very large group of compounds (nearly 700)
use for brake lining manufacturing [14]. Also phenolic resin used as binder in pads (its amount can be about
20-40%) was not detected by our measurements of XRD diffractions.
Wear debris was collected by sweeping of the surface of brake pads and brake disc. Its XRD diffraction sheets
in Fig. 2 and Mössbauer spectrum are shown in Fig. 3. The X-ray measurement collected on the sweeping
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debris in Fig. 2 (bottom) contains mainly the graphite and quartz. The graphite and minor phases (iron, pyrite,
calcite, iron oxides, minerals etc.) originate from brake pads, but the quartz is from outside. Its amount,
crystallite size and morphology do not match the silica from the pads material. In the Mössbauer spectrum
(where iron containing phases are detected only) were recognized following phases: iron oxides (Fe2+ and
Fe3+) alpha iron, and iron carbide (~cementite). For the comparison the spectrum of the powder sample
prepared by ball milling of the brake pad and brake disc materials for 14 hrs is shown also in Fig. 3 (bottom).
The alpha iron phase dominates there besides the paramagnetic Fe3+ and an amorphous phase. Formation of
the amorphous phase is probably result of severe plastic deformation during the ball milling process. The
existence of amorphous (not well crystalline, not long range order) parts is reported as well by XRD in Fig. 2
(top). The peaks of iron, graphite, calcite, etc. are broadening whit the milling time. The pyrite is the single
phase not influenced by milling.

Fig. 2 Top: XRD pattern of the powder sample
prepared by ball milling of the brake pad and brake
disc materials for 14 hrs. Bottom: XRD pattern of the
powder sample obtained by sweeping of the surface
of brake pads and brake disc

Fig. 3 Top: Mossbauer spectrum of the powder
sample obtained by sweeping of the surface of brake
pads and brake disc. Bottom: Mossbauer spectrum
of the powder sample prepared by ball milling of the
brake pad and brake disc materials for 14 hrs

Mossbauer spectra of the brake disc and brake pad taken in scattering geometry with detection of 14.4 keV
gamma radiation (scanning depth up to ~30 micrometers) and with detection of conversion electrons (CEMS
with scanning depth up to 200 nanometers) are drawn in Figs. 4 and 5. They show that paramagnetic iron
carbide dominates in the thin surface layer. Therefore it could be expected that carbide nanoparticles are
emitted in surrounding air by braking.
As mentioned above the process of formation of brake wear debris was model by milling in ball-mill. The results
of XRD phase analysis of the milled pad material are given in the Table 1. Following significant changes in
phase composition during the milling may be observed: (i) the decrease in content of carbon phase (graphite)
and (ii) the increase in corundum content. The decrease in graphite phase may be due to transition of the
graphite structure to the other carbon allotropes, e.g. as shown in [15]. The increase in the corundum content
may be due to its separation from other materials in the pad composite.
The second material prepared by the milling was composed of bits of disc and pad in the ratio 1:1. The results
of XRD phase analysis of the sample prepared by ball milling of the brake pad and brake disc are given in the
Table 2. On closer examination may be observed: (i) the decrease in content of carbon phase (graphite) and
mullite phase, (ii) the noticeable increase in α-Fe phase content.
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Fig. 4 Mossbauer spectra of the brake disc taken in
scattering geometry with detection of 14.4 keV
gamma radiation (top) and with detection of
conversion electrons (bottom)

4

Fe-C

8

Fe3+,Fe2+

Fig. 5 Mossbauer spectra of the brake pad taken
in scattering geometry with detection of 14.4 keV
gamma radiation (top) and with detection of
conversion electrons (bottom)

In the Mössbauer spectrum of the ball milled powder the sextets of α-Fe phase of the disk dominate (see
Fig. 3). The sextets of iron carbide and iron oxides can be recognized as minor components. Two doublets of
paramagnetic phase can be analyzed there and they can be ascribed to iron sulphide and to
superparamagnetic iron oxide phases.
Table 1 The amount of dominate crystalline phases determined by XRD (wt %) - milled brake pad
α -Fe
ferrite

FeS2
pyrite

C
graphite

BaSO4
barite

Al2O3
corundum

CaCO3
calcite

Al6Si2O13
mullite

Brake pad (BD) - grit *

4

3

69

2

5

7

5

BD- 1 hour milling

4

4

63

3

4

7

9

BD- 2 hour milling

7

7

48

4

6

10

7

BD- 3 hour milling

8

8

47

4

7

9

8

* results in composition of brake pad (original and after ball-milling).
Table 2 The amount of dominating crystalline phases determined by XRD (wt %) - milled brake pad and disc
in the ratio 1:1
α -Fe
ferrite

FeS2
pyrite

BD + BK - 2 h milling

36

5

34

BD + BK - 4 h milling

40

5

BD + BK - 6 h milling

46

BD + BK - 8 h milling
BD + BK - 20 h milling

4.

C
BaSO4
graphite barite

Al2O3
corundum

CaCO3
calcite

Al6Si2O13
mullite

2

4

6

8

33

2

5

7

4

5

27

2

5

6

5

53

5

21

2

5

6

4

59

5

17

2

7

4

3

CONCLUSION

The above analysis of the thin surfaces of the brake discs and brake pads clearly indicate that fine particles
and/or nanoparticles are emitted in the air by car traffic. The phase composition of these particles corresponds
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to chemical and phase composition of brake discs and pads but also new phases appear, e.g. carbon based
phases and amorphous phases which are formed by severe plastic deformation of the surface layers during
braking.
ABBREVIATION
PM10 - Particles which pass through a size-selective inlet with a 50% efficiency cut-off at 10 μm aerodynamic
diameter
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Abstract
Submicron particles occurring in the environment are of natural origin, but are also formed by anthropogenic
activities as secondary products. The source of these submicron particles are e.g. energy industries, ore
processing, cosmetic and pharmaceutical industries, smoking, transportation, etc. Chemical composition of
these particles from single sources is not precisely known. Due to their size (˂1 µm) they can be easily inhaled
and thus enter deep respiratory tract into the lungs. Depending on their size and chemical composition they
may have the ability to induce oxidative stress in cells, which lead to damage to the body eventually. The paper
addresses occurrence of unspecified peripheral T-cell lymphoma in a 74-year-old male patient, non-smoker,
previously working in metal rollers worker. This case was evaluated from the pathological point of view,
together with a detection of submicron particles/clusters in the sample of the tumor tissue. Histologically the
tumor was in lung tissue inaccurately bounded with diffusely growing medium sized to large lymphoid elements
having nuclei of irregular size and shape and with one or multiple nucleoli with prominent mitotic activity. Dark
pigment was also dispersed in the tissue during examination by light microscopy at high magnification under
polarized light and also foreign particles probably of metallic character were observed. Experimental method
used included scanning electron microscopy with energy dispersive spectroscopy (SEM - EDX) and Raman
microspectroscopy. SEM - EDX revealed presence of particles/clusters in sizes ˂500 nm based mainly on iron.
Occurrence of iron particles namely siderite (FeCO3) was confirmed by Raman microspectroscopy. Moreover
the tumor tissue was identified to contain carbon black and graphite-based particles.
Keywords: Submicron metal and carbon-based particles/clusters, T-cell lymphoma, scanning electron
microscopy, Raman microspectroscopy
1.

INTRODUCTION

Iron is abundant universally and during evolutionary processes iron became an oxygen carrier in the human
body. However, iron works as a double-edged sword, and its excess is a risk for cancer, presumably via
generation of reactive oxygen species [1]. They consist of cells of different sizes, some with distinctive
accompanying nonmalignant infiltration (B-lymphocytes, neutrophils and others) [2,3].
The task of the metal rollers worker is revisal and service of equipment for rolling metallic materials for the
production of various preparations. The main part of the work is straightening profiles, sheets and pipes,
grinding and burning surface defects of rolled materials, shapening and dimensional sorting of materials,
management of heating ingots and billets, rolling of ferrous and ferrous rolling mills and more. Profession is
practiced mainly in rolling mills. Operating workers are exposed t unfavorable working environment including
high temperatures and noise, as well as dust and other contaminants [4]. These processes are known to
produce particulate emissions released to the air and contributing to occupational exposure [5].
The objective of the study was to detect presence of particles/clusters in tissue of the cancer patient
occupationally exposed to iron particles. Shape and elemental and phase composition of the detected
particles/clusters will be analyzed. 2.
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MATERIALS AND METHODS

This study deals with the 74-year-old male patient, non-smoker, who was diagnosed with peripheral T cell
lymphoma unspecified in lung tissue which belongs to a heterogeneous group of T lymphomas not included
to any clearly defined categories. He previously worked as a metal rollers worker.
2.1.

Sample preparation

Tissue samples were fixed in 10 % formalin, dehydrated in 96% alcohol and embedded in paraffin in Tissue
Tek VIP automat (Sakura). Subsequently, paraffin blocks were used for tissue fixation. Then samples were cut
on 2-4 µm thin slices, which were placed on a glass slide and subsequently dewaxed by xylene and alcohol
96 % and 70%. Tissue sections were dried and used for further analyses.
2.2.

Methods used

Raman spectroscopy in combination with a confocal microscope (XploRATM, Horiba Jobin Yvon) was used as
non-destructive method to obtain the information about the phase composition of detected particles in the
tissue. Laser with a wavelength of 532 nm and a grating 1200T was used for the analysis. In addition, to
analyze individual points, the Raman spectral map of the selected area was also performed. This analysis
covers the entire selected area and distance of the points of the spectral map apart is chosen individually,
depending on the measured sample/area. For a more precise characterization of morphology and
determination of the elemental composition of the detected solid particles scanning electron microscope with
energy dispersive spectrometer (Philips XL30 and Quanta FEG 450 (FEI) with EDX analysis APOLLO X
(EDAX)) was used. Samples were sputter coated with thin film of gold and palladium to acquire electric
conductivity.
3.

RESULTS AND DISCUSSION

This case was evaluated from the pathological point of view, together with a detection and phase analysis of
submicron particles/clusters in the sample of the tumor tissue. Histologically the tumor was in lung tissue
inaccurately bounded with diffusely growing medium sized to large lymphoid elements having nuclei of irregular
size and shape and with one or multiple nucleoli with prominent mitotic activity. Dark pigment was also
dispersed in the tissue during examination by light microscopy at high magnification under polarized light and
also foreign particles probably of metallic character were observed. To evaluate the size and shape of the
particles/aggregates detected in the tissue samples using Raman microspectrometry, mapping was performed
in the selected area. This method has the advantage compared to measurements at individual points, that the
entire chosen area is analyzed.

Fig. 1 Raman spectral map of the selected area of the lung cancer tissue, where a) light microscopy image
of the tissue with the selected area, b) the spectral map of the selected area (red - siderite, black surrounding tissue) and c) the measured Raman spectrum of siderite
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Fig. 1a shows a sample of the lung cancer tissue which was taken using a light microscope, which is included
in the XploRA™ system. According to this picture particle/aggregate of the size of about 3 µm was found.
When spot analysis was performed it was found that the particle/cluster consists of siderite (Fig. 1c). However,
when mapping of the entire selected area was carried out it was found that the particle dimension is below 1
µm in fact (Fig. 1b). Another compound detected in lung tumor tissue using Raman microspectroscopy was
amorphous carbon (carbon black) (Fig. 2c). The carbon black detected under the light microscope had a
particle size in the range of 10- 20 µm (Fig. 2a). The resulting Raman (red) map shows the size and real shape
of particle/cluster of amorphous carbon (Fig. 2b). This method of analysis across selected areas of a sample
for the above purposes appears to be promising and helpful for closer understanding of real size and shape
of particles/clusters present in human tissues analyzed. This tool can significantly contribute to the overall
characterization of particles present in tissues.

Fig. 2 Raman spectral map of the selected area of the lung cancer tissue, where a) light microscopy image
of the tissue with the selected area, b) the spectral map of the selected area (red - carbon black, black surrounding tissue) and c) the measured Raman spectrum of carbon black

To better clarify morphology and elemental composition of the detected particles in samples of lung cancer
tissues SEM - EDX was used. SEM - EDX revealed particle size below 1 µm (Fig. 3) or a cluster of particles
(Fig. 4).

Fig. 3 SEM image of particle containing iron detected in the lung tumor tissue sample (a) with the
corresponding EDX spectrum (b)
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Fig. 4 SEM image of a cluster of particles containing iron detected in the lung tumor tissue sample (a) with
the corresponding EDX spectrum (b)
The main anthropogenic sources of the emitted particles/clusters containing iron are pyrometallurgy and
steelmaking. However, these iron particles could be also generated and released into the environment by
traffic as well, since iron could be one of the main elements in brake pads [6, 7]. For particles containing iron
it is known that after penetration into the body it is likely to increase the production of reactive oxygen species
(ROS), which may result in oxidative stress and inflammation [8-10]. Apopa et al. demonstrated that exposure
to synthetic iron nanoparticles - maghemite (Fe2O3), cause an increase in the permeability of endothelial cells
by oxidative stress modulating microtubule [11]. Xu et al. performed case-control study found that lung cancer
risk was significantly higher for those who worked 15 or more years in the industry of smelting and rolling [5].
Rodriguez et al. demonstrated that workers who have ever been employed in plants with blast furnaces had
increased risk of lung cancer, compared with the reference group of workers who were not employees of the
departments of metal production [12]. Obviously, iron oxides are important industrial lung toxic substances and
iron and steelmaking is one of the industries that has been classified by International Agency for Research
and Cancer (IARC) as implying a carcinogenic risk to humans [13]. According to this case study it cannot be
concluded that there is a clear causal relationship between occupational exposure to metal particles, mainly
iron compounds, and the formation of the tumors in the lung tissue. However, the results obtained by the
analysis of the tumor tissue in the lungs and by many other international studies suggest a possible link
between long-term exposure to iron-based particles of the human body and their potential harmful effects.
Presence of iron was confirmed in the tissue sample by SEM - EDX, but no specific compound could be
determined. However, by Raman microspectroscopy only one iron compound was detected - siderite.
According to the IARC the siderite is not considered to be carcinogenic, but long time exposure and/or
accumulation of these particles in the tissues could pose a risk to the health.

4.

CONCLUSION

We have shown that in the analyzed tumor sample iron-based particles/clusters below 1μm were found.
Particles of these submicron dimensions can induce oxidative stress and adverse effects of healthy tissue,
althoughwe cannot concludethat the detected particles are the main cause of the observed pathology. Possible
source of the detected iron compound is occupational exposure of the patient. Raman microspectroscopy with
SEM - EDX combination represents suitably techniques for the detection and comprehensive characterization
of micron and submicron particles in human tissues.
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Abstract
New nanomaterials are used in nearly every industrial area and provide many benefits. Nevertheless, with new
properties of new nanomaterials come new potential risks. Social demands to ensure the safety of
nanomaterials enters to forefront, taking into account risks, caused by nanomaterials production and use, and
are connected with whole nanomaterial life cycle. Potential risks associated with the end-of-life of
nanomaterials are an issue that needs to be addressed. Nanoparticles or transformed nanomaterials can be
released during disposal methods, enter environment and should be monitored.
Carbon based nanomaterials are interesting for incineration tests, because they might be eliminated totally.
As the case study of nanoparticles (NPs) release potential during incineration, multiwall carbon nanotubes
(MWCNTs) and carbon black were tested. The primary objective of tests described in this study consisted in
validating, whether NPs can be released in the gas phase during the combustion in static air and low-oxygen
atmosphere. NPs (28 - 462 nm) were released from 875°C, resp. 925°C, to 1000°C for two types of MWCNTs.
A comparison of nanoparticles size distribution and raw MWCNTs diameters indicates that fibres disintegrate
during combustion. The highest NPs concentrations were around 30 - 70 nm in diameter. In nitrogen
atmosphere thermogravimetric experiments showed mass decrease. There is a hypothesis that even very lowoxygen concentration leads to mass loss, probably due to oxidation of nanomaterials. SEM analysis of
nanomaterials residue showed modified and variously deformed fibres with conical ends. We hypothesized
that needle-like fibre shapes of CNT are more toxic than other carbon nanomaterials.
Keywords: Carbon nanotubes, Carbon black, Nanoobject release, Nanosafety
1.

INTRODUCTION

Nanotechnology is currently one of the fastest growing technologies. Rising quantity and number of types of
produced nanomaterials express their importance. Nanotechnology significance is confirmed by being
classified as Key Enabling Technologies (agreement EU, [1]), i.e. belonging among technologies that can
maintain competitiveness. Simultaneously, with the new property of nanomaterials, there are concerns that
theirs new properties can bring new risks as well. Social demand to ensure the safety of nanomaterials enters
to forefront, taken into account that risks, caused by nanomaterial production and use, are connected with
whole nanomaterial life cycle. Till now, only limited information exists about potential waste problems arising
from nanomaterials released from products after the end of their functionality. This fact can lead to uncontrolled
and with difficulties monitored environment contamination by original or transformed nanomaterials.
Nanomaterials can be transformed by heat, chemical reactions as oxidation, mechanical or biological
degradation of original composite or product with an incorporate nanomaterial. Thus, in the spirit of the fact
that environmental laws prefer recycling and energy recovery from wastes, it is expectable that a significant
proportion of products with nanomaterials will be burned [2]. Therefore, it is a need to examine whether we
can expect NPs releasing to the environment during nanomaterials processing or their products incineration.
The similar question arises when considering the special kind of unintentionally combustion - houses or
industrial fires and firefighting.
Among many important groups of nanomaterials are carbon based NPs (fullerens, single- and multi-walled
carbon nanotubes, graphens, amorphous forms of carbon contained in carbon black etc.)., which are
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combustible. CNTs have aroused a great deal of interest as their possible applications encompass many
industrial sectors. CNTs’ mechanical and electrical properties demonstrated to be remarkable in comparison
with other well-known materials currently used in the industry. Composite materials reinforced by CNT fibres
as a way to improve material strength, holding, and wear resistance, are used for automotive plastics and tires.
The specific atomic structure of CNTs provides exceptional performances to composite materials, such as high
electrical, thermal conductivity [3; 4], and high mechanical strength [5; 6].
CNTs are allotropes of carbon made of one or several graphitic carbon sheets rolled up into a cylindrical
(helical) shape. The first TEM evidence for the tubular nature of some nanosized carbon filaments might have
originated from Radushkevich and Lukyanovich (1952) [7], and a growth mechanism has been discovered by
Iijima (1991) [7]. Depending on the number of rolled sheets (i.e. tubes), two main forms of the allotrope are
distinguished: single-walled CNT (SWCNT) and multiwalled CNT (MWCNT). Both are classified in the hollow
nanofiber family of nanomaterials (ISO/TS-27687 2008). The dimensions of CNTs can significantly vary,
depending on the process synthesis. [7]
MWCNTs have been widely used to reinforce ceramic and metallic matrix composites due to their superior
mechanical properties such as high elastic modulus, high tensile and bending strength, and high fracture
toughness [8]. MWCNTs may be one of the most promising carbon sources replacing graphite flake in carbon
containing refractories to increase their strength and thermal shock resistance, especially in the case of low
carbon containing refractories [8]. These are only few areas of MWCNTs using. Recently the social demand
about safety of nanomaterials enters to forefront and is connected with whole nanomaterial life cycle. Potential
risks associated with the end-of-life of nanomaterials need to be solved. Waste elimination methods such as
recycling, landfill and incineration are typical processes in the end of nanomaterials life. NPs or transformed
nanomaterials can be released during these disposal methods and enter environment, what should be
monitored. Although these materials are assumed to be completely oxidized in a perfect combustion process
to carbon dioxide, this situation is not so clear in real situations, which involves frequently the incomplete
combustion. This is important when we realize that incomplete combustion is a typical process for the
production of carbon black. Also fullerenes are prepared by incomplete combustion in large quantities. These
particles could be relative stable during incomplete combustion process and thus they will not be burned. It is
well known that carbon based nanoparticles are produced during incomplete combustion of any carbon
containing fuel, even if not originally containing nanoparticles, but this question of incidental release of NPs
and this is not the topic of this paper.
The aim of this study is preliminary experimental investigation of either nanoparticles or transformed
nanomaterial release during carbon nanomaterials combustion. At first sight this idea seemed to be very
unlikely because CNTs is combustible material which can be easily transformed into CO or CO2. The literature
review of this subject is very scarce, only few researchers [7; 9; 10; 11], have concerned with this question.
2.

MATERIALS AND METHODS

2.1.

Multiwall carbon nanotubes (MWCNTs), carbon black

The CNT powders used in this study are constituted by thin multiwall carbon nanotubes (MWCNT4000,
MWCNT4001). We also note the high degree of agglomeration, mainly through intertwined fibres forming
entangled bundles of 40 - 110 nm in diameter with carbon purity between 90 to 99 % (the rest is probably
composed of catalyst traces). The fluffy carbon black is aggregates consisting of 50 - 500 nm primary particles.
These aggregates are formed by linked chains with 50 - 70 g/l bulk density. Basic characteristics of these
powders are summarized in Table 1.
2.2.

Thermal analysis

Thermogravimetric analysis (TGA) measures changes in weight of a sample with increasing temperature.
Computer-based methods can be used to calculate weight percent losses. The dynamic thermogravimetric
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experiments were carried out using a Mettler-Toledo simultaneous thermal analyser, model TGA/DCS 2, and
STA 449 F1 Jupiter (Netzsch) allowing measurement of mass change and associated phase transformation
energetics. The system employed for this work was equipped with a PtRh, resp. silicon carbide furnace
operated to 1550°C, the temperature being measured using type S thermocouple. The system is vacuum tight,
allowing measurements to be conducted under controlled atmosphere. In these experiments, differential
scanning calorimetry (DSC) measurements were also recorded to study phase transitions and
exothermic/endothermic decompositions taking place in the samples investigated.
Table 1 Basic carbon nanomaterial characteristics
Carbon nanomaterial
Description
MWCNT 4000
Appearance

MWCNT 4001

Carbon black

Black powder

C content

89.81 %

99.19 %

97.60 %

Diameter

13.6 nm

64.2 nm

50 - 500 nm

Length

846 nm

4048 nm

Specific surface area

254 m2/g

17.85 m2/g

Impurities or additives

Al, Fe, Co, Cu, Zn, Si, O

Zn, Cu, Si, O

O, H, N, S
0.5 - 0.05 µm

Mean aggregate size

The testing temperature can be programmed to allow for required heating ramps, and a differential temperature
experimental setup (measurement of the difference between the reference and the sample temperature) is
used to monitor the onset combustion temperature (Tonset) and the released heat (J/g). The mass reduction of
the sample during combustion is monitored online, by measuring the weight of the sample.
TGA-DSC analyses were performed on small sample
mass (about 1.5 to 3.5 mg), mounted on Al2O3 crucibles
in a static air and inert (N2) atmosphere (flow rate of
reactive gas, 50 ml/min). The experiments were carried
out by heating the samples from room temperature
(25 °C) to 1000 °C (static air atmosphere), resp.
1250 °C (inert atmosphere) at a rate of 20 °C/min. (25 300 °C), 10 °C/min. (300 - 400 °C) and 5 °C/min. (400 1000, resp. 400 - 1250 °C). Faster heat rate from 25 to
400 °C was chosen because during these temperatures
were not detected any changes in nanomaterials during
preliminary tests. For online particle size distribution
was used SMPS 3080 (TSI) in static air atmosphere for
experiments to characterize the particles released
during the combustion tests, as shown in Fig. 1. SMPS
measured particle size distribution from 28 to 462 nm.
3.

RESULTS AND DISCUSSION

3.1.

Preliminary thermogravimetric analysis

Fig. 1 Experimental setup. TGA + SMPS

In our study the experiments were done under atmospheric pressure for synthetic air (mixtures oxygen and
nitrogen with 21 % of oxygen), for combustion simulation in static air atmosphere (Fig. 2). Nanomaterials
oxidation started around 550 °C for MWCNT 4000 and carbon black. MWCNT 4001 began oxidize at 760 °C.
Other thermogravimetric data are summarized in Table 2. The influence of oxygen on MWCNTs was
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investigated previously, e.g. Vignes et al. [12] and Bouillard et al. [7]. The onset temperatures for our carbon
nanomaterials were higher - since 100 to 300 °C. MWCNT 4001 and carbon black showed the biggest mass
changes. These nanomaterials did not burn completely, even that the crucibles looked empty. Only MWCNT
4000 had visible residue in crucible.
These carbon nanomaterials were tested in nitrogen (99.999 % N2) too. In this low oxygen atmosphere we
observed the mass loss, for MWCNT 4000 and MWCNT 4001 the mass started decrease around 740 °C, for
black carbon around 875 °C. We suppose that carbon nanomaterials oxidized on carbon monoxide due to
presence of very small oxygen amount.
Table 2 Thermogravimetric data of carbon nanomaterial combustion in static air atmosphere
Carbon nanomaterial

Temperature range
of mass change (°C)

Mass change

Tonset (°C)

Released heat
(J/g)

MWCNT 4000

400 - 700

86,4 %

541

17 198

MWCNT4001

650 - 875

98,7 %

760

16 390

Carbon black

475 - 690

96,2 %

577

19 783

Fig. 2 Thermogravimetric measurement of carbon nanomaterial in static air atmosphere (21 % oxygen)
3.2.

SEM carbon nanomaterial analysis

The raw carbon nanomaterials and residues after thermal degradation have been analysed by SEM
techniques. The raw MWCNT 4000 had very distorted and interwoven fibres, so length determine was very
difficult. Some fibres had up to 40 nm in diameter. The raw MWCNT 4001 had typically 50 - 60 nm in diameter.
The total estimated variance was 40 - 110 nm in diameter (95 % of nanotubes), but there was an exception,
around 200 nm in diameter. The fibres length exceeded 20 µm, some fibres had 50 µm, and there were obvious
clusters (aggregates) of small-scale nanospheres. Both MWCNTs had visibly rounded ending.
In nitrogen atmosphere MWCNT 4000 were transformed to soot. MWCNT 4001 remained in the form of
variously deformed and shortened carbon nanotubes. Interestingly, the lot of CNT´s endings were conical to
point. It was likely that fibres degradation extended from the ends. There were various-sized aggregates of
mutually connected CNTs residues. In carbon black we observed the distorted rolls of deformed CNTs. Based
on these findings we can suppose that MWCNTs 4001 are more resistant, while MWCNTs 4000 are oxidized
to soot at very low oxygen concentration. MWCNTs 4001 remained as carbon nanotubes.
Shape of carbon nanomaterial is important factor for its toxicity. Some of the CNTs have the structural similarity
to asbestos, raising concerns that widespread use of carbon nanotubes may lead to mesothelioma, cancer of
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the lining of the lungs caused by exposure to asbestos. Especially, the needle-like fibre shapes of CNTs are
more toxic than other carbon nanomaterials to human skin fibroblasts and other organs [13].
MWCNT 4000

MWCNT 4001

Carbon black

a)

b)

c)

d)

e)

f)

g)

h)

i)

Fig. 3 SEM images of raw carbon nanomaterials and after thermogravimetric analysis in static air and
nitrogen atmosphere. MWCNT 4000 (a - raw material, d - nitrogen atmosphere, g - air atmosphere), MWCNT
4001 (b - raw material, e - nitrogen atmosphere, h - detail of conical ending),
Carbon black (c - raw material, f, i - nitrogen atmosphere)
3.3.

Nanoparticles release analysis

Nanoparticles release analyses were done in the static air atmosphere. First nanoparticles (around 55 nm)
started releasing in the end of nanomaterials combustion (around 685 °C for MWCNT 4000, 870 °C for
MWCNT 4001). The highest nanoparticles production was from 900 to 1000 °C, for both MWCNTs.
Nanoparticles with diameter 28 - 48 nm (MWCNT 4000) and 28 - 69 nm (MWCNT 4001) have been dominated
(Fig. 4). Bouillard et al. [7] detected particles of sizes between 10 and 30 nm, which were mainly soot
nanoparticles. MWCNT 4001 released nanoparticles with highest concentration than MWCNT 4000. We
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suppose that the residual material have been raised in the air. This hypothesis is supported by detection of
released nanoparticles, while MWCNT 4000 residue remained in crucibles after combustion. We can expect
that some carbon nanotubes may stay in char residues or may be released in the flue gas phase.
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Fig. 4 Nanoparticles released during combustion in static air atmosphere

4.

CONCLUSIONS

This study has shown that thermal degradation of carbon nanomaterial can lead to a risk of nanowaste
combustion. Nanowaste combustion is one of waste elimination methods in the end of nanomaterial life. SEM
analysis of nanomaterials residue from nitrogen atmosphere showed modified, deformed and shortened fibres
with conical ends. We may hypothesized that needle-like fibre shapes of CNT are more toxic than other carbon
nanomaterials and shorter fibres represent an increased risk of deposition in lung alveoli. Given the fact that
MWCNT 4001 is more resistant and stay in form modified carbon nanotubes, there is a potential risk, due to
the release of these NPs, and may be possible in the case of accidental scenarios.
The general conclusion, important for nanomaterials life cycle assessment, is that even fully combustible
nanomaterials may be the source of environmental pollution. Carbon nanomaterials may be degraded only
partly, i.e. other types of NPs are released.
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Abstract
The aim of the study was to develop a material suitable for wound dressing which would be also suitable for
cell growth and cell proliferation. Such matrix should have the structure of interconnected pores and a high
porosity to ensure the adequate penetration of the cells and the supply of nutrients to the cells during their
formation, diffusion of waste products out of the matrix and exclusion the products of matrix degradation. The
study is focused on optimization the method of preparation of 3D porous structures and subsequent testing of
cytotoxicity of thus prepared structures. The cytotoxicity of the structers was tested on human skin fibroblast
cells. The cytotoxicity was tested by measuring the cell viability and using XTT assay. Another performed test
was the test of biocidity/biodegradability. XTT assay results demonstrated that the lyophilized sample of
carboxymethylcellulose is suitable for cell proliferation. Better cell proliferation is also caused by the increase
of porosity made by lyophilization.
Keywords: Lyophilization, carboxymethylcellulose, cells, fibroblasts, toxicity
1.

INTRODUCTION

CMC is a typical anionic polysaccharide derived from cellulose, consisting of linear b-(1,4)-linked Dglucopyranose chains. CMC is prepared by swelling cellulose in an aqueous NaOH solution diluted with
organic solvents, such as ethanol or isopropanol, followed by carboxymethylation with monochloroacetic acid
or its sodium salt, aiming to convert the hydroxyl groups into the carboxymethyl groups. [1] Most CMCs dissolve
rapidly in cold water and are mainly used for controlling viscosity without gelling. Because its viscosity drops
during heating, it may be used to improve the volume yield during baking by encouraging gas bubble formation.
Its adjustable viscosity allows it to be used as a thickener, phase and emulsion stabilizer (for example with
milk casein) and suspending agent. [2] CMC can be also used for its water-absorption capacity, since this is
high even at low viscosity. Thus, it is also used for retarding staling and reducing fat uptake into fried foods.
Due to its good viscosity building, high shear stability, biocompatibility, wide availability and low price compared
to other polysaccharides, CMC is used in many different ways. [3-5] CMC is non-toxic, biodegradable and
water-soluble polymer material with a good biocompatibility and stable physical properties. These properties
are used in engineering and medical applications, such as a tool to minimize blood loss and prevent
postoperative adhesion. [6, 7] Carboxymethylcellulose is a macromolecule that has been used for drug delivery
systems in many studies to controlled release of drugs such as microgel matrix for a new type of patches,
thanks to its adhesive properties of CMC was also used as a bioadhesive material (for example: mucoadhesive polymer for nasal and oral drug delivery systems) [8]. Freeze drying (lyophilization) is widely used
for pharmaceuticals to improve the stability and longterm storage stability of labile drugs, especially protein
drugs. Lyophilization is the process we use to remove water from a formulation at low temperatures (prevents
thermal degradation) through a process of sublimation.
2.

MATERIALS AND METHODS

2.1.

Materials

The sample used for testing was the textile form of sodium CMC (nonvowen fabric - areal density 60 g.m-2, DS
0.345, pH 6.6).
565

2015

2.2.

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

Lyophlization

For this study a laboratory freeze dryer Telstar lyoQuest -85 was used. Conditions of lyophilization were 4
hours of freezing, 18 hours of vacuum (1.0 mbar) and 1 hour of heating shelves (0.5 mbar).
2.3.

Structure and morphology

The structure was determined using scanning electron microscopy - Ultra-high-resolution field emission
scanning electron microscope Zeiss Ultra Plus equipped with a microanalytic system EDS + WDS + EBSD,
resolution: 1 nm @ 15 kV, 1.7 nm @ 1 kV, magnification 12x to 1,000,000x, possibility of 3D-imaging by the
use of a four-quadrant AsB detector; Oxford). Samples were deposited with a thin layer of gold.
The porosity measurements and structure determination was also done using the computer tomography - Desk
micro-tomograph device SkyScan 1272 is able to non-destructively analyze and visualize the structure of
materials. (Image Pixel Size (µm)= 3.001061; Exposure (ms)=950; Source Voltage (kV)= 40)
2.4.

Thermal insulation properties

Measurement of thermal absorbing capacity and thermal resistance was performed on device Alambeta with
pressure of 200 Pa.
To measure thermal insulation properties the innovative device which uses the air-conditioning chamber (CTS)
was used. Within the air-conditioning chamber a steel cylinder is placed which is heated to 35°C. The cylinder
simulates the surface of human skin. Temperature of the material which is placed on the cylinder is measured
using a digital infrared thermometer. The temperature in the chamber was set to - 20°C (+/ - 01°C) with 80%
of humidity.
Measurement of thickness was performed on device Uni-thickenss-meter (Computex) with area of jaw 20 mm2
and pressure of 1 kPa.
Permeability measurement was performed by FX 3300 Air Permeability Tester III from TexTest company. The
entire test procedure was in accordance with EN/ISO 9.237 (used pressure 100 Pa).
2.5.

The Cell Viability/Cytotoxicity Test

In order to determine the toxicity of tested samples, the Viability/Cytotoxicity Test was performed. Human
dermal fibroblasts (ATCC, No. PCS-201-012) were seeded onto 96-wells plates at density of 2×103 cells per
well and cultured for 24h at 37°C in a 5% CO2 humidified incubator. In all experimental was also done the
control (non-treated cells). The conditioned medium was replaced and the cells were exposed to the samples
containing medium for 24 h. The medium was then removed, and the cells were rinsed with D-PBS and
incubated for 30 minutes at calcein-AM (Santa Cruz Biotechnology, cat. No. sc-203865) at the final
concentration of 0.5 µM and ethidium homodimer-1 (Molecular Probes, No. L3224) at the final concentration
of 1 µM . Live cells were distinguished by the presence of intracellular esterase activity, determined by the
enzymatic conversion of the nonfluorescent cell-permeant calcein-AM to the green fluorescent calcein wellretained within live cells. Dead cells were discriminated by staining with red-fluorescent ethidium homodimer1 to indicate loss of cellular membrane integrity. The tests were performed according to standard PN -EN ISO
10993-5.
2.6.

The XTT/Cytotoxicity Test

The XTT reduction assay for cell survival assessment, a sensitive marker of mitochondrial activity was used
to evaluate a cytotoxicity of provided emulsions on the human dermal fibroblast cell culture. The cells were
seeded onto 96-wells plates in the number of 8×103 cells per well in 100 μL of grow medium and cultured for
24h at 37°C in a 5% CO2 humidified incubator. The tested samples were diluted completely in FBM medium
to make the extracts of samples. The extracts were prepared according to standard PN -EN ISO 10993-12. In
all experimental was also done the control (non-treated cells). The conditioned medium was replaced with the
566

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

medium containing extracts and the cells were incubated for next 48h. The test was conducted in accordance
with the manual. [9] For all the performed tests the reaction time in the incubator was 3 hours and 40 minutes.
Subsequently the absorbance was measured for each well.
3.

RESULTS AND DISCUSSION

3.1.

Vizualization using SEM and CT

A)

B)

Fig. 1 CMC structure of the nonwoven fabric before (A) and after lyophilization (B) taken by SEM
From Fig. 1 it is evident a significant change in structure after the lyophilization. Tested sample have a gelling
character. Gelling parts in material created a „nanostructure“ under the low pressure. The resulting structure
was fixed by drying at low temperature.

Fig. 2 CMC structure of the nonwoven fabric after the lyophilization taken by CT
The images of cross-sections of samples taken by CT (see Fig. 2) shows that the sample of nonwoven fabric
after the lyophilization kept the fiber structure.
3.2.

Porosity of lyophilized CMC

Table 1 Porosity of lyophilized carboxymethylcellulose sample
Total porosity [%]

87.95

Open porosity [%]

87.95

Closed porosity [%]

0.00055
3

Volume of the sample [mm ]

20.23
3

Total volume of pore space [mm ]

17.80
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The results of measurement of porosity shows that a sample after the lyophilization process has a highly
porous structure of interconnected open pores.
3.3.

Thermal insulation properties

Table 2 Thermal insulation properties
Thermal
conductivity

Thermal
absorbtivity

Thermal
resistivity

Sample
thickness

λ (.10-3)

b

r (.10-3)

h

Sample

[W.m-1.K-1]

[W.s1/2.m-2.K-1]

[W-1.K.m2]

A

34.06 ± 0.9

78.23 ± 0.9

B

41.66 ± 0.4

56.63 ± 0.7

CTS (-20°C)

Permeability

[mm]

[°C]

[l/m2/s]

36.00 ± 0.2

1.21 ± 0.1

18.90 ± 0.6

1660.00 ± 5.4

112.00 ± 0.6

3.37 ± 0.2

-0.40 ± 0.1

29.60 ± 3.2

In the case of high value of thermal absorbing capacity the material has a cold feel touch and conversely if this
value is low, the material has a warm feel. The higher value of the resistance of the textile means that the
material is less able to dissipate heat. That shows a good ability of material to keep the warmth. Higher
temperature measured by digital infrared thermometer means worse thermal insulation properties. The results
of both tested methods for evaluation of thermal insulation properties shows that sample after lyophilization
obtained an excellent thermal insulation properties.
3.4.

Suitability of lyophilized CMC for cell proliferation

Both tests were performed 5 times.
3.4.1. Live/Dead (Viability tests using esterase activity)
Due to the strong fluorescence of sample was not possible to take enough of pictures of dead cells to count.

Fig. 3 Control sample - live cells

Fig. 4 Control sample - dead cells

From images of control sample is evident that cells are viable because green calcein is well retained within the
cytoplasm and they show appropriate morphology. Due to the interest whether the cells are viable in the vicinity
of the sample were also scanned wells under the samples.

Fig. 5 Lyophilized sample - live cells

Fig. 6 Lyophilized sample - dead cells
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Fig. 7 Lyophilized sample - well under the
sample - live cells

Fig. 8 Illustration of XTT reaction

The images 10-12 reveals a higher incidence of viable cells on the sample and also in the well under the
sample. There was not find any dead cell.
3.4.2. XTT (cytotoxicity test)
The higher measured value of absorbance means the higher number of viable cells. The cytotoxicity test clearly
points to the fact that the freeze-dried sample is suitable for cell growth and proliferation.

Fig. 9 Measured value of absorbance
4.

CONCLUSION

This work dealt with the preparation and testing of samples of modified CMC, which were subsequently
lyophilized. The aim of this study was to create the structure of interconnected pores. Lyophilization led to
increase in thikness of sample up to ten 3 times higher values. The tested sample after the lyofilization had
lower value of thermal absorption capacity and higher value of thermal resistance to retain the heat as
compared to sample which was not freeze dried. It means that sample after the lyofilization have a warm feel
and it is more efficient to keep the warmth. Measurements of porosity showed the structure of open pores
which is suitable for cell proliferation. The cytotoxicity tests also proved the suitability of lyophilized CMC for
cell growth and proliferation.
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Abstract
Our main objective was to determine the antimicrobial effects of selenium nanoparticles (SeNPs). For the
testing of their influence we exploited isolates obtained from swabs from patients (n = 25) with hard-to-heal
skin infections. Using mass spectrometry we identified 49 various bacterial strains. Antimicrobial properties of
SeNPs were tested using measurement of inhibition zones; determination of growth curves and measurement
of possible toxicity by inhibition of nucleic acid replication. Clinical isolates were exposed to the constant
concentration of SeNPs (100 µg/mL). In almost all of bacterial strains we observed inhibition zones higher than
5 mm, which are the legislatively given as the lowest value for confirmation of effectivity of tested antimicrobial
agents. The most sensitive strains were further exposed to the concentration range of selenium nanoparticles
(0; 1; 2; 4; 8; 16; 32 and 48 µg/mL). Growth curves exhibited inhibition effects caused even by the lowest
applied concentration (1 µg/mL) in all of tested bacterial isolates. In Escherichia fergusonii, Pseudomonas
aeruginosa and Streptococcus agalactiae, application of 64 µg/mL of SeNPs resulted in total growth inhibition.
We confirmed the antimicrobial effects of SeNPs, which may be used in the future for the elimination of hardto-heal bacterial infections.
Keywords: Nanoparticles; antimicrobial; selenium; bacterial isolates
1.

INTRODUCTION

Bacterial resistance to antibiotic therapy is a major public health concern worldwide. Bacteria replicate and
mutate quickly, rapidly developing resistance to many commonly used antibiotics. Among the most common
resistant strains belongs CA-MRSA (community methicillin-resistant S. aureus), which frequently appears
between groups of people such as athletes or soldiers and HA-MRSA (nosocomial (hospital) methicillinresistant S. aureus), causing bacterial infections and increased antibiotic resistance [1].
Elimination of occurrence of infectious diseases is carried out mostly by using a range of antibacterial
components non-toxic to the human body. The use of antibiotics in clinical practice meets a range of
complications. Among them, the emergence of bacterial resistance, and their potential toxicity, for non-targeted
tissues and organs should be mentioned.
Nanoparticles possess high catalytic ability due to the large surface and the ability to generate reactive oxygen
species causing the high reactivity, which thus results in higher toxicity towards bacteria [2]. Thanks to above
mentioned properties, nanoparticles exhibit higher retention in the body, so it is easier to achieve the desired
distribution effect.
The most frequently used metal for the formation of nanoparticles with antimicrobial properties is undoubtedly
silver. The mechanism of action of silver nanoparticles is still unclear. However, the possibilities of silver
nanoparticles effect based on enzyme inhibition, alteration of the membrane integrity, penetration into the
bacterial cytoplasm and accumulation in the periplasmic space or in the formation of reactive oxygen species
are proposed. It was confirmed that composition of the cell wall and the plasma membrane plays an important
role in the penetration of nanoparticles into the cell. In G+ bacteria is the transmittance significantly slower than
in the case of G- bacteria [3].
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More recent option from the perspective of nanotechnologies and bacterial infections are selenium
nanoparticles (SeNPs). SeNPs were investigated for various medical applications and as a potential material
for orthopedic implants [4]. Currently, studies which indicate precisely the ability of the selenium compounds
to inhibit bacterial growth and formation of bacterial biofilms are also available [4].
The aim of this study was to prove the SeNPs effectivity in elimination of bacterial infections. For this purposes,
clinical isolates of bacteria acquired from the patients with serious and hard-to-heal bacterial infections was
used. The effect of tested nanoparticles was also monitored in connection with the elimination of prokaryotic
cells and without affecting the eukaryotic cells.
2.

MATERIALS AND METHODS

2.1.

Chemicals, preparation of deionized water and pH measurement

Chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, MO, USA) in ACS purity unless
noted otherwise.
2.2.

Synthesis and characterization of SeNPs

One hundred mg of chitosan was dissolved in 9 ml of water. Then 0.1 mL acetic acid was added with 1 mL of
Na2SeO3.5H2O (0.263 g/50 mL) solution. After that solution was mixed for 1 hour. Then mercaptopropionic
acid - MPA (10 mL) was added. The solution was stirred for 1 hour. Necessary pH 7 was reached with 1 M
NaOH (1.4 mL), and the color of the samples was pale orange. The samples were stirred vigorously for 3 hours
at room temperature. Then samples were left at 60 °C for 24 hours on magnetic stirrer.
SeNPs were further characterized by dynamic light scattering (Zetasizer Nano ZS90, Malvern instruments,
Malvern, UK)and by scanning electron microscopy (MIRA, Tescan, Brno, Czech Republic) [5].
2.3.

Preparation of hospital samples and their cultivation

Cohort of patients with bacterial infections
For evaluation, patients with surface or deep wounds were selected. Total of 25 patients in age between 19
and 93 years were enrolled into the clinical study. Most of the tested subjects (n = 17) belonged to age group
70 - 79 years. In all patients were by traumatologists determined the expected duration of treatment depending
on the severity and extent of infectious disease, associated diseases complicating the process of treatment
and healing of wounds and other factors such as patient age, medications, previous medical history. This time
period is given regardless of previous treatment by the patient himself and is determined on the date of
admission of the patient to the infectious department. Enrollment of patients into the clinical study was
approved by the Ethics Committee of Trauma hospital in Brno.
Collection of wound swabs from patients with bacterial infections
The smears were collected from infected wounds with the agreement of patients. Smear was sampled by
rolling motion at the site of skin puncture using a sterile swab sampler. All patients were divided into two
subgroups, concerning the infection severity - deep and superficial wound, with respect to diagnosis, detailed
description of comorbidities and duration of treatment. The classification was carried out according to
Classification of surgical wounds - SSI (surgical site infections) [6]. Infectious wounds were sampled by using
disposable tampon swabs, to prepare representative sample in order to collect the maximal amount of present
microflora. Tampons were subsequently stored in transport medium (inorganic salts, sodium thioglycolate, 1 %
agar, activated charcoal).
Cultivation of clinical specimens
Four types of selective nutrient media (blood agar enriched by 10 % NaCl, Endo agar, blood agar without any
other components and blood agar with aminoglycoside antibiotic amikacin) were employed for further
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microbiological selection. Petri dishes, containing above mentioned media were subsequently incubated
according to conventional protocols, used in other studies to maintain a suitable conditions for growth of all
types of bacteria.
2.4.

MALDI-TOF MS identification of bacteria

The sample preparation and identification of bacterial strains was carried out following the protocol optimized
in our previous study [7].
2.5.

Determination of antibacterial properties

Inhibition zones
To determine the antimicrobial effect of SeNPs on bacterial strains, the measurement of the inhibition zones
was performed according to [5].
Growth curves
The second procedure for the evaluation of an antimicrobial effect of tested nanoparticles was based on the
measurement of an absorbance of tested bacteria. An apparatus Multiskan EX (Thermo Fisher Scientific,
Germany) via Ascent Software for Multiskan was used with subsequent analysis in the form of growth curves
as was shown in [8].
2.6.

Determination of interactions between selenium nanoparticles and Taq DNA polymerase

Polymerase chain reaction and visualization by agarose gel electrophoresis
DNA isolated from bacteriophage λ (48 502 bp) and Taq PCR kit were purchased from New England Biolabs
(Ipswitch, MA, USA). Amplification of λ xis gene fragment was performed by polymerase chain reaction
according to [9].
The amplified product was analysed using agarose gel electrophoresis and the working conditions were as
follows: 2% agarose gel (High melt/Medium fragment, Mercury, Sand Diego, CA, USA) with 1× TAE buffer, 60
V and 160 min (Bio-Rad, Hercules, CA, USA). The 100 bp DNA ladder (New England Biolabs, Ispwich, MA,
USA) was used as a molecule size marker. Bands were visualized using UV transilluminator at 312 nm
(VilberLourmat, Marne-la-Vallée Cedex, France).
3.

RESULTS AND DISCUSSION

The surface wounds are often
populated by a wide range of
bacterial
strains
which
severely
complicate
the
healing process. The most
abundant are Staphylococcus
sp.
or
family
Enterobacteriaceae. In this
work, cohort of 25 patients was
investigated in terms of the
bacterial population in the
hard-to-heal surface wounds
of patients in Trauma Hospital
in
Brno
and
possible
exploitation of SeNPs in
management of these serious
health complications.

Fig. 1 A) Expression of hydrodynamic diameter of SeNPs and their
colloidal stability immediately after synthesis and 6 h after storage in
25 oC. B) Micrograph of selenium nanoparticles measured by SEM
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Firstly, SeNPs were synthesized. The resulting product exhibited orange color, zeta potential -31.9 mV and
perfect colloidal dispersion immediately after synthesis (Fig. 1A). Noteworthy, after 6 hours, SeNPs remained
stable in dispersion (insert of Fig. 1A). Spherical nanoparticles of selenium were also observed under the
electron microscopy (Fig. 1B).
Using MALDI-TOF it was confirmed that the swabs from subjects were populated by 49 different bacterial
strains. Within all subjects the applied antibiotic treatment was provided. With all of these strains measurement
of inhibition zones (IZ) after the application of SeNPs (100 µg/mL) was carried out. The IZs after 24 hours of
inhibition in 37 °C were determined and the resulting values of IZs ranged between 1 to 14 mm. In accordance
with legislation, the effect of selenium nanoparticles can be considered as an effective when forming minimally
5 mm IZ (Table 1).
Table 1 Bacterial strains isolated from infectious wounds of patients with serious bacterial infections and
identified by MALDI-TOF mass spectrometry.

Fig. 2 All identified
clinical isolates were
divided into A) G+ and B)
G- bacteria as an isolates
sensitive to ATBs, high
sensitive to ATBs or
sensitive only to SeNPs.
C) The most sensitive
bacterial strains to the
effect of 100 µg/mL
SeNPs. Measurement of
inhibition zone sizes after
24 hours of incubation in
37 °C
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All identified clinical isolates were divided according to their sensitivity or high sensitivity to antibiotics and
sensitivity to selenium nanoparticles. All these strains were further subdivided into G+ (Fig. 2A) and G- bacterial
strains (Fig. 2B). For other measurements we selected six most sensitive strains (Enterobacter cloacae (IZ =
9 mm), Escherichia fergusonii (IZ = 9 mm), Pseudomonas aeruginosa (IZ = 7 mm), Staphylococcus aureus (IZ
= 8 mm), Candida tropicalis (IZ = 14 mm) and Streptococcus agalactiae (IZ = 8 mm)) to SeNPs effects.
Selected bacterial strains were further exposed to SeNPs (0; 1; 2; 4; 8; 16; 32 and 64 µg/mL). Growth curves
(Fig. 3 B, C, F) show the significant inhibition effect of SeNPs with increasing applied concentrations. The
highest decrease of bacterial growth was observed in E. coli, P. aeruginosa and S. agalactiae, when the
highest concentration of SeNPs (64 µg/mL) caused almost total inhibition of these bacteria

Fig. 3 Bacterial strains exposed to SeNPs in concentration range 0; 1; 2; 4; 8; 16; 32 and 64 µg/mL.
Measurements were carried out for a 12 hours in 37 °C during constant shaking. Growth curves are made
from the absorbance values determined every half an hour of measurement
Polymerase activity assay was performed by addition of SeNPs to PCR mixture. Visualization of PCR products
revealed the downward trend of fluorescence with increasing concentrations of SeNPs. Thus it can be stated
that SeNPs can inhibit the polymerase activity of the enzyme (Fig. 4). Polymerase is involved in DNA
replication, which catalyzes the polymerization of DNA strand. If the activity of the polymerase is disturbed,
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there cannot take place the cell division. We assume that effect of SeNPs on inhibition of the replication of the
nucleic acid of bacteria occurs only in prokaryotic cells.

Fig. 4 Inhibition of polymerase activity by 100 - 200 ng of selenium nanoparticles evaluated by polymerase
chain reaction with ethidium bromide detection on 2% agarose gel after 160 min separation at 60 V
4.

CONCLUSION

SeNPs were tested for their antimicrobial effect on clinical isolates. Using the method of growth curves we
confirmed the inhibition effect caused even by the lowest applied concentration (1 µg/mL) in all tested bacterial
isolates. In E. fergusonii, P. aeruginosa and S. agalactiae application of 64 µg/mL of SeNPs resulted in total
inhibition. Synthesized nanoparticles are thus the suitable as an alternative to the antibiotic drugs applicable
for the treatment of hard-to-heal skin bacterial infections, with perfect stability and toxicological properties.
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Abstract
In this work, metalloporphyrin-containing coordination polymer particles (Z-CPPs) with 1D nanorod structures
were synthesized by a surfactant-assisted self-assembly process. Furthermore, the identification of Z-CPPs in
aqueous solution was achieved by surface-enhanced Raman scattering (SERS) through surface metallization.
Our approach illustrates a novel method to detect coordination polymer particles in solution.
Keywords: Surface-enhanced Raman Scattering, Coordination Polymers, Surface Metallization,
Metalloporphyrin
1.

INTRODUCTION

Metal-organic interactions have been the focus of intense multidisciplinary research such as catalytic
chemistry, materials science and molecular electronics. [1] Surface-enhanced Raman scattering (SERS) has
been widely recognized as a powerful spectroscopic tool for studying molecular adsorbates on a metal surface
due to its high surface sensitivity and accessibility to low wavenumber region, which gives direct information
on metal-molecule interactions, even in IR-opaque media such as aqueous solutions. [2]

Fig. 1 Illustration of ZnTPyP-CPPs by surface-enhanced Raman scattering through surface metallization
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The intensive research of metal-organic interactions by SERS detection has been focused on two different
types: (1) molecular modification on substrates, including physical and chemical adsorption [3], and (2)
molecular aggregation through self-assembly on substrates. [4]
On the other hand, metalloporphyrins are compounds formed by a combination of porphyrin and metal ions,
playing an important role in catalysis, fluorescence, sensing, optical imaging, electronics, photochemistry and
biological applications. [5]
Recently, many worldwide research groups reported that diverse metalloporphyrin-containing nano/microscale particles can be synthesized through a bottom-up self-assembly process assisted by surfactants, such
as Pluronic F-127, SDS and CTAB. [6] However, less work has been dedicated to the identification of
metalloporphyrin-containing CPPs in aqueous solution. In the present work, we chose a metalloporphyrin, zinc
5-, 10-, 15- and 20-tetra(4-pyridyl)-21H, 23H-porphyrin (abbreviated to ZnTPyP), to investigate the
identification of metalloporphyrin-containing CPPs in aqueous solution by SERS methods (Fig. 1).
2.

EXPERIMENTAL

2.1.

MATERIALS

Zinc 5-, 10-, 15- and 20-tetra(4-pyridyl)-21H, 23H-porphine (ZnTPyP), Cetyltrimethylammonium bromide
(CTAB), sodium tetrachloroaurate (III) dihydrate, ascorbic acid from Aldrich Chemical Co., Sodium hydroxide,
hydrochloric acid from Wako Chemical were used without a further purification. All solvents were prepared by
using Milli-Q water.
2.2.

PREPARATION OF STOCK SOLUTIONS

As ZnTPyP does not readily dissolve in water, its homogeneous stock solution (0.01 M) was prepared by
dissolving an appropriate amount of ZnTPyP in a HCl solution (0.2 M) to acidify the pyridyl groups, forming
soluble tetrapyridium cations. The basic stock solution of surfactants was prepared by dissolving 0.01 M CTAB
and 0.02 M sodium hydroxide in aqueous solution.
2.3.

SYNTHESIS OF Z-CPPS AND Au-DECORATED Z-CPPS

An amount of 250 μL of a ZnTPyP stock solution (0.01 M) was injected into 5 mL of basic stock solution with
mild stirring for 12 h. Subsequently, 0.5 mL NaAuCl4 (10 mM) and 1 mL ascorbic acid solution (0.1 M) were
added into a as-prepared Z-CPPs solution. After continuous stirring for 30 min under visible light illumination,
the mixed solution turned into dark red color, suggesting the formation of metal-decorated Z-CPPs.
2.4.

CHARACTERIZATION

Powder X-ray diffraction data were collected by a Rigaku (D/MAX-2500/PC) diffractometer using Cu-Kα
radiation (λ= 1.54056 Å) at room temperature. To prepare samples for the field-emission scanning electron
microscopy (FE-SEM, TESCAN, MIRA3), the as-prepared ZnTPyP particles were first re-dispersed in pure
water, then dropped onto silicon wafer substrate and finally dried at 50°C in the oven.
The procedures for TEM measurements were the same as that of the SEM measurement, except for dropping
on Cu-grid. UV-vis absorption spectroscopy data (using Lambda 750 UV/VIS spectrometer, PerkinElmer) were
also measured by re-dispersing particles in pure water. Raman measurements were performed using
a Renishaw 2000 Raman microscope system (Renishaw, UK).
A Melles Griot He-Ne laser operating at λ = 785 nm was used as excitation source, with a laser power of
approximately 15 mW. The Rayleigh line was removed from the collected Raman scattering using
a holographic notch filter located in the collection path. The Raman scattering was collected using a chargecoupled device (CCD) camera at a spectral resolution of 4 cm-1.
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All spectra were calibrated to the 520 cm-1 silicon line. An additional CCD camera was fitted to an optical
microscope to obtain optical images. A 20× objective lens was used to focus a laser spot on the glass tube.
3.

RESULTS AND DISCUSSION

The external morphology of the synthesized Z-CPPs was characterized by scanning electron microscopy
(SEM). As shown in Fig. 1(A), Z-CPPs nanorod structures with an average length of ~230 nm and width of
~60 nm were synthesized. The internal structures of the as-prepared Z-CPPs nanorods were investigated by
X-ray diffraction (XRD) measurements (Fig. 1(B)), which are found to match well the simulated pattern based
on the crystal structure of ZnTPyP compounds obtained by Goldberg and co-workers (CCDC ref. code
YOVTOS). [7] This indicates that the crystal structure of the 1D nanorod structures have the R3 space group.
In these structures, the zinc atom at the center of ZnTPyP should be six-coordinated to four pyrrole nitrogens
of the porphyrin core and to two pyridyl N-atoms of the other porphyrin molecules, which approach from both
sides of the molecular frameworks. [8] As reported in our previous work [9], the electronic absorption properties
of metalloporphyrins can be determined by UV-vis spectra due to their characteristic color derived from the
highly conjugated π-electron systems.
As a reference, the electronic absorption spectrum of the ZnTPyP monomer was determined, showing a single
Soret band at 426 nm and two weak Q-bands at 565 nm and 593 nm, respectively. The Soret band clearly
splits into two bands with a relatively weak intensity appearing at 417 (blue-shifted) and one with a stronger
intensity appearing at 447 nm (red-shifted). The former and latter Soret-band splits were ascribed to the
transition moments parallel and perpendicular to the aggregate axis, respectively. We confirmed the
aggregation type of ZnTPyP-CPPs synthesized in the presence of CATB is J-type aggregation. [9,10]

Fig. 2 (A) SEM image and (B) XRD pattern of ZnTPyP-CPPs nanorod structures;
UV-vis spectroscopy of (C1) ZnTPyP monomer and (C2) Z- CPPs nanorod structures
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In order to synthesize metal-decorated Z-CPPs, ascorbic acid solution and AuCl42- aqueous solution were
added into Z-CPPs solutions. It is clearly shown that AuCl42- complexes were reduced into Au nanoparticles
on Z-CPPs nanorods under visible light illumination (Figs. 2(A) and 2(B)). In our previous work, we confirmed
that morphological transformation of Z-CPPs may occur by changing the solution pH, solution composition,
temperature and so on. [9] The final experimental condition was fixed by a series experiments.
As shown in Figs. 2(C) and 2(D), the mapping images for Au and carbon apparently revealed the gold
nanoparticles formed on the surface of Z-CPPs nanorods.

Fig. 3 (A) TEM image and (B) STEM image of Au-decorated Z-CPPs
nanorod structures and elemental mapping data of (C) Au and (D) carbon

Fig. 4 Raman spectra of (A) Z-CPPs and (B) Au-decorated Z-CPPs
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Raman spectra of Z-CPPs and Au-decorated Z-CPPs are shown in Figs. 4 (A) and (B) respectively.
It clearly revealed that no Raman spectra were detected for Z-CPPs in aqueous solution. However, after Au
decoration on the surface of Z-CPPs nanorods, all characteristic group contributions (fingerprint) consistent
with ZnTPyP structures were identified, including 1004 cm-1 [ν(Cα-Cm)], 1030 cm-1 [pyrr δ(C-H)], 1080 cm-1
[δ(Cβ-H)], 1243 cm-1 [ν(Cm-Pyrr)] as well as the φ stretch normal modes, 1384 cm-1 [ν(Cα-H)], 1450 cm-1 and
1491 cm-1 [ν(Cα-Cβ)] and 1550 cm-1 [ν(Cα-Cβ) and (Cβ-Cβ) stretch]. [4a]
4.

CONCLUSION

In this work, we introduced and described a novel method to identify CPPs in aqueous solution. Z-CPPs with
1D nanorod structures were synthesized through a bottom-up strategy assisted by CTAB as surfactants. UVvis spectra confirmed that J-type aggregation exits in Z-CPPs nanorod structures. However, no Raman shift
was observed for Z-CPPs nanorod structures.
After surface metallization by gold nanoparticles, identification of Z-CPPs nanorod structures was successfully
achieved by Surface-enhanced Raman Spectroscopy (SERS). All characteristic group contributions
(fingerprint) consistent with ZnTPyP structures were identified.
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Abstract
Our recent attempts to apply standard molecular simulation techniques to the process of electrospinning are
presented. We employ a molecular dynamics simulation to study phenomena involved in the electrospinning
of polymer solutions, with particular attention to the formation of the Taylor cone and the development of a
liquid jet. A molecular-based approach allows us to reveal the molecular structure and dynamics, which are
inaccessible to continuum methods.
Keywords: Electrospinning; molecular simulation; fluids in electric field; polymer solutions
1.

INTRODUCTION

Electrospinning [1] is an electrodeposition method for producing nanofibers. It involves a polymer solution or
melt brought to a high-voltage electrode (tens of thousands volts). Under the strong electric field a Taylor cone
forms on the surface of the liquid, and from the tip of the cone a thin jet is ejected. The jet flies towards the
counter-electrode and solidifies on the way to land in the form of a fiber. Nanofibers collected on the electrode
form a nonwoven fabric with unique properties.
In order to run the process efficiently and reproducibly, it is necessary to understand the underlying
mechanisms, i.e., to find relations between a number of parameters affecting the electrospinning process and
to link these relations to fundamental physical principles. Key parameters include: properties of the solution
(composition, viscosity, surface tension), ambient conditions (pressure, temperature, humidity), and the nature
and strength of the applied electric field.
In general, electrospinning can be studied by macroscopic theories treating fluid as a continuum or by
microscopic methods taking fluid’s molecular structure into account. Most researchers investigate spinning
phenomena through purely macroscopic theories [2] without any reference to microscopic changes in the
structure of the solution. However, no matter what macroscopic theories yield, all the observations have their
origin in the properties of the molecules comprising the system and their specific arrangement in the
investigated samples; moreover, the very definitions of some properties used in macroscopic theories may be
questionable at the non-equilibrium and/or anisotropic conditions imposed by the field. Thus, despite all the
effort invested, “[a] complete understanding of this mechanism remains to be elucidated and the factors that
govern fiber formation are not well understood.” [3]
Possibilities for a detailed experimental study of molecular structure in liquids are rather limited, thus
researchers often employ computer simulations (pseudoexperiments) [4] on suitably chosen models to gain
insight into the system at molecular scale and to determine characteristics which are difficult to obtain by other
means. This is also the case of the ongoing effort of the present authors, who utilize molecular dynamics
simulation to unravel microscopic background of electrospinning complementing the macroscopic
phenomenology of the process.
Our group started to address the above task in a series of papers [5-7], first studying pure water and aqueous
solutions of sodium chloride and then adding polymer chains. In our simulations it was observed that even
pure water, without the presence of any ions, was capable of jetting caused by the tendency of dipoles to align
in parallel with the field and to form head-to-tail chains. Added ions had only a minor effect on the initial stages
of jet formation; nevertheless, their solvation shells disturbed the aligned structure of the dipoles and could
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cause the breakup of the jet. It was found that with increasing ionic concentration the intensity of the electric
field needed to maintain continuous jet also increased [6, 7]. First simulation studies on aqueous solutions of
poly(ethylene glycol) (PEG) [7] found essentially the same mechanisms of jet formation as in the case of pure
water or aqueous solutions of NaCl, and further showed conformational changes of the polymer chain in the
jet.
In this contribution we continue our previous attempts [7] to study jetting of polymer solutions by molecular
dynamics. We study two possible PEG chain lengths and calculate several structural properties. In the
following, the used techniques and parameters are outlined; further, selected results are presented and
discussed; and, finally, the paper is concluded by a short summary and a sketch of future perspectives.
2.

METHODS

Standard molecular dynamics package, GROMACS (versions 4.5 and 4.6) [8], is employed to generate
classical trajectories. A leap-frog integrator with a typical time step Δt = 0.002 ps is used. LINCS [9] algorithm
is employed for constraining bond lengths in a polymer chain, SETTLE [10] is used to constrain water
geometry. Whenever periodic boundary conditions (PBC) are applied, the particle-mesh Ewald method [11] is
used to treat electrostatic forces.
Water is represented by a rigid three-site model, SPC [12], whereas ions and polymer are modeled using
GROMOS parameter sets, which adopt a united-atom (UA) approach representing CH3, CH2, and CH groups
by single interaction sites. Besides Lennard-Jones and Coulombic forces between sites at different molecules,
also intramolecular interactions are incorporated in the case of polymer chain, i.e., bending, proper and
improper dihedrals, and third-neighbor interactions. Bond lengths are kept fixed (except for the cases of difficult
chain equilibration). Simulations with PEG chains presented here use GROMOS53A6OXY+D force field [13] for
all components (water is modeled by SPC, ions are Na+ and Cl-).
Simulations herein make use of a solid underlay made of Lennard-Jones sites with positions fixed in a
rectangular grid. The underlay serves as a support on which a droplet of the electrospun solution resides. The
parameters of the underlay sites have been tuned to maintain a reasonable contact angle of the droplet around
90°.
Typical simulation protocol involves a long (~ 10 ns) thermostated equilibration under PBC, a short (~ 1 ns)
thermostated equilibration without PBC, and finally a production run (without thermostat and PBC) under a
uniform electric field in a normal direction to the underlay plane (z-axis).
3.

RESULTS AND DISCUSSION

In Fig. 1 and Fig. 2 we show the jet development from the PEG solution comprising 5.3kDa chains and
10.5kDa chains, respectively. Composition of the solution is specified in captions; we use hydroxyl-terminated
PEG chains. One can see that the electric field deforms an initially spherical droplet to a conical shape. Further,
we observe the change in the conformation of polymer molecules along with deformation of the droplet.
Polymer chain uncoils when it is forced to enter the jet, which can be quantitatively monitored using the endto-end distance (the distance of terminal hydrogens) or the radius of gyration, see Fig. 3 and Fig. 4,
respectively.
In aqueous solutions, an important characteristic of solvation processes is the number of hydrogen bonds (Hbonds). Fig. 5 shows the development of the mean number of water-water hydrogen bonds in the two PEG
solutions studied, whereas Fig. 6 involves PEG-water hydrogen bonds. It seems, at least for the particular
generated trajectories, that while water-water H-bond numbers diminish slightly, the PEG solvation shell
remains basically intact. The decline in water-water H-bonds is probably caused mainly by the increasing
surface area and the fragmentation of the liquid due to fast evaporation of water or the ejection of accelerated
ions surrounded by a water cluster, both of which can be observed when visualizing the trajectories (see the

586

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

rightmost panel of Fig. 2). We used the following H-bond criterion: H-Od∙∙∙Oa angle less than 30°, Od∙∙∙Oa
distance less than 0.35 nm (subscripts: d - donor, a - acceptor).

5.3 kDa

Fig. 1 Simulation snapshots for 5.3kDa PEG at different instants (0, 34 and 72 ps from turning the field on).
Transparent molecules - water; blue spheres - sodium cations; cyan spheres - chloride anions; pink bar solid underlay; colored chains - PEG. Composition: 12 PEG chains (119 monomer units each), 23707 water
molecules, 72 NaCl ion pairs. Graphics created using VMD [14]

10.5 kDa

Fig. 2 Simulation snapshots for 10.5kDa PEG. For a legend see Fig. 1. Composition: 6 PEG chains
(239 monomer units each), 23730 water molecules, 72 NaCl ion pairs. Graphics created using VMD [14]
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10.5 kDa

5.3 kDa

Fig. 3 End-to-end distance for individual PEG chains. Left - 5.3kDa PEG; right - 10.5kDa PEG.
All plots in this and subsequent figures made with gnuplot [15]

5.3 kDa

10.5 kDa

Fig. 4 Radius of gyration for individual PEG chains. Left - 5.3kDa PEG; right - 10.5kDa PEG

10.5 kDa
5.3 kDa

Fig. 5 Mean number of water-water H-bonds per water molecule. Left - 5.3kDa PEG; right - 10.5kDa PEG
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5.3 kDa

10.5 kDa

Fig. 6 Mean number of PEG-water H-bonds per PEG oxygen. Left - 5.3kDa PEG; right - 10.5kDa PEG
4.

CONCLUSION

An account is given of an application of molecular simulations to electrospinning of polymer solutions. There
is a number of studies dealing with electric-field-induced phenomena in liquids, but as regards electrospinning,
molecular modeling studies are quite rare and have emerged only recently, partly due to the complex multiscale nature of the process.
In the present contribution we use molecular dynamics simulation to investigate the jetting from a droplet of
polymer solution. We have observed the formation of a nanoscale analogue of the Taylor cone and the
subsequent ejection of the jet. We use PEG chains of two different lengths in aqueous solution containing
sodium chloride. We have shown how the conformational structure of the polymer can be monitored. We have
also observed that during the initial stages of the process the polymer remains well solvated.
Future work will be focused on the following tasks: (i) systematic study on solutions with varying concentrations
of components and degrees of polymerization; (ii) averaging trajectories to obtain smooth and representative
characteristics of process dynamics; (iii) using different polymers (PVA currently running) and/or solvents (or
even solvent mixtures); (iv) simulation of later stages of jetting (solvent evaporation and fiber solidification); (v)
upscaling the simulation to approach realistic scales.
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Abstract
Anodic alumina in both of its forms - a barrier type and a porous type - has received numerous studies and
practical applications. Its potential could be further increased with the recent development of aluminium thin
film sputter-deposition technologies. Most of the research has been performed towards Al foil anodizing;
however in case of Al thin films the important knowledge is missing. In this study we have investigated the
influence of the Al film structure and morphology on the electrochemical response during aluminium anodizing.
Various Al thin films were prepared via an ion beam deposition, a magnetron sputter-deposition and a thermal
evaporation. The films were then anodized in a barrier-type-giving electrolyte to various final potentials. The
as prepared and anodized films were characterized by scanning electron microscopy and stylus profilometry
to reveal the effect of the surface morphology on the anodizing behavior and dielectric breakdown in the anodic
films. The breakdown potential was found to be typical for all the films tested, although being greatly dependent
upon the initial film surface morphology. A model for explanation of the phenomena observed has been
developed and justified experimentally.
Keywords: Anodizing, aluminium, anodic alumina, thin films, electric breakdown

1.

INTRODUCTION

Anodic alumina can be prepared in two basic forms [1]: as a barrier (compact) oxide and as a porous oxide.
The type of oxide grown by anodizing depends mainly on the electrolyte used [2]. Barrier type anodic oxide is
composed of a compact alumina film, and its thickness is given by the potential value applied during anodizing
[3]. Porous type alumina has complex structure composed of a barrier type film covered by a porous structure.
The thickness of porous anodic alumina (PAA) depends on the current density and anodizing time [4]. The
pores are typically in nanometer size [5] and therefore PAA has a great potential for nanotechnology. Recently
many advanced applications of PAA have been reported [6,7]. Further, the importance of PAA could be
extended by applying the anodizing technique to thin Al films [8]. Such an approach was recently demonstrated
to be useful for preparation of nanowire arrays of several different metal oxides [9,10]. While many efforts have
been made towards anodizing Al foils and most important aspects of such anodic processes are well studied,
the understanding of processes of anodic alumina growth on thin Al films needs further clarification. Moreover,
in case of Al thin films, their structure and morphology depend crucially on the film formation techniques and
on the process conditions, which additionally complicates interpretation of the experimental results. Therefore,
it is necessary to investigate the processes of Al thin film anodizing and their specificity, especially, the
influence of aluminium structure and morphology on electrochemical responses during aluminium anodization.
In the present study, several Al thin films having various structures and morphologies were prepared and
anodized in a barrier-type electrolyte in pursuit of studying the electrochemical responses and their
dependence upon the technological, electrical and electrolytic conditions. The barrier-type anodizing was
chosen for better understanding of the fundamental electrochemistry associated with anodic oxidation of
aluminium thin films. The main attention was paid to investigation of the electric breakdown phenomena in the
anodic films and the effect of the aluminium surface morphology on the breakdown development.
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Thin aluminium films were prepared by the following physical vapour deposition (PVD) techniques: an ion
beam deposition (IBD), a magnetron sputtering (MS) and a thermal evaporation (TE). Three different IBD and
MS films were prepared by varying the deposition conditions, while two different films were deposited by
altering the TE regimes. Thus, the 8 variants of thin aluminium films having various structures and surface
morphologies were prepared for anodizing experiments. For reference, a 100 micrometer thick as-rolled
aluminium foil was also anodized under the same electrolytic conditions.
2.2.

Anodizing

Anodizing experiments were performed in a potentiodynamic mode by sweeping the potential at a rate of 0.1
V/s from 0 to 200 V (exceptions are mentioned in later text). The current density was limited to 2.25 mA/cm2.
All anodizing experiments were carried out in a special flow-through anodizing cell at room temperature. Borate
buffer (0.5 M H3BO3; 0.05 M Na2B4O7) was used as the electrolyte [2]. The anodizing variables were controlled
via a PC driven Keithley 2400 source meter.
2.3.

Film characterization

Scanning electron microscopy (SEM) was used for characterization of the as-sputtered and anodized
aluminium samples with the focus on the film structure and surface morphology, so as to estimate the quality
of anodic alumina grown on the differently prepared thin aluminium films. SEM images were recorded without
any sample pre-treatment in a Tescan Mira II scanning electron microscope. Stylus profilometry was used to
investigate the surface roughness; each sample was measured at three different points using a Bruker Dektak
XT instrument. The surface roughness was calculated as the average deviation from the real surface to a
perfectly flat surface.
3.

RESULTS AND DISCUSSION

By altering the deposition conditions of the various PVD techniques we have prepared eight Al thin films with
various structures and morphologies. The differences in the structure and morphology were confirmed by SEM
and profilometry. Al thin film structure and morphology variations achieved by use of the different techniques
are seen on SEM images in Fig. 1.

Fig. 1 SEM images of aluminium thin film deposited by (a) an ion beam assisted deposition (sample IBD 3),
(b) a magnetron sputtering (sample MS 1) and (c) a thermal evaporation (sample TE 2). The variety of
surface structure and morphology of the Al films deposited by various techniques is clearly visible. The scale
bar is valid for all 3 images
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The variations caused by controlling the deposition parameters were also observed (not shown). In order to
perform a quantitative analysis of the films, the roughness of the samples was evaluated from the profilometry
data. The calculated roughness as a single number is a very useful parameter to estimate the sample surface
quality. The roughness values for all the samples are summarized in Table 1.The potentiodynamic anodization
revealed a common feature in the breakdown behaviour of all Al thin films prepared here. Typically, the
breakdown potential of all the films was below 200 V and happened reproducibly for each sample (data
summarized in Table 1). It should be noted that the breakdown potential for an Al foil was much higher, and
the current-time response of the potentiodynamicaly anodized foil till 200 V did not reveal a breakdown yet.
The breakdown potential is known to depend on experimental conditions [11]. In case of the conditions used
in our study, the breakdown potential during anodizing the Al foil was as high as 325 V. Typical anodizing
responses for an Al film and an Al foil are shown in Fig. 2.

Fig. 2 Typical current-time responses during potentiodynamic anodizing of (a) an Al thin film prepared by ion
beam deposition (sample IBD 1) and (b) an aluminium foil

The anodizing behaviour observed suggests a significant difference between the Al films and Al foils. In order
to explain the low breakdown potential for the anodic films grown on the thin films, more experiments were
carried out revealing eventually that one of the reasons of the observed abrupt voltage change during
anodizing the Al thin films was the damage of the anodic oxide surface. This assumes that the surface damage
will cause a rapid anodizing of the uncovered, non-anodized areas on the sample. All the anodized samples
where therefore studied by profilometry in order to estimate the surface quality. The data obtained were
evaluated and the surface roughness was calculated for all the samples. The surface roughnesses of the
anodic oxide films were compared with the roughnesses of the corresponding initial Al thin films. The data are
summarized in Table 1.
One may see that significant surface roughness change occurred for several samples, but in some cases there
was no much change. Comparing the samples with and without the surface roughness change, we conclude
that the surface roughness changes more obviously for the samples with the smaller roughness of the initial
Al films. More studies of this phenomenon were done to a representative MS 1 sample showing a big surface
roughness change. For comparison, a representative sample IBD 2, showing little surface roughness change,
was also analyzed. SEM imaging of the MS 1 sample after the anodizing revealed a bubble-like structure of
the damaged areas, often detaching from the sample surface (Fig. 3a). In case of IBD 2 sample, where the
surface roughness did not change much during the anodizing, the SEM analysis confirmed that the anodic
alumina film surface remained intact, i.e. without any visible damage (Fig. 3b).
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Table 1 Summary of the roughness data measured on the as prepared Al films and on the corresponding
anodic alumina films after anodizing, the ratio of the as prepared / anodic oxide surface roughness and the
breakdown potential of the differently deposited aluminium films
Sample
deposition technique

IBD

MS

TE

sample
number

initial film
roughness (µm)

anodic oxide film
roughness (µm)

ratio after/before
anodizing

brakedown
voltage (V)

1

0.006

0.09

15.0

101

2

0.03

0.03

1.0

136

3

0.03

0.04

1.3

140

1

0.01

0.16

16.0

142

2

0.009

0.11

12.2

117

3

0.06

0.07

1.2

112

1

0.01

0.08

8.0

137

2

0.01

0.02

2.0

150

Fig. 3 (a) sample MS 1 after anodizing - a serious surface damage of the anodic film is clearly visible,
(b) sample IBD 2 after anodizing - the surface of the anodic film remains relatively flat without visible
damages. Both images were recorded at a 40° tilt to the substrate. The scale bar is for both images.

Fig. 4 The current density - time response during potentiodynamic anodizing (green curve, left axis) with
notes for the surface roughness values measured for samples anodized to corresponding potentials (red
stars, right axis)
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Both sample types - with and without the anodic oxide surface damage - revealed similar current responses
during anodization. Therefore, the breakdown observed during anodizing was assumed not to be caused by
the surface damage. This assumption was confirmed by investigation of the surface roughness change during
the anodizing. Sample TE1 was chosen as a representative of samples with significant roughness change
after anodizing. Several pieces of sample TE 1 were processed. Each piece was anodized at the same voltage
sweep rate but to a different potential. The results are summarized in Fig. 4.
The first piece of sample TE 1 was anodized to a potential close to, but bellow, the breakdown potential. The
roughness of the anodic oxide was the same as that of the initial Al film. The second piece was anodized to a
potential immediately following the breakdown potential value. A very low increase in the anodic alumina
surface roughness was observed in this case. The minor roughness changes eventually proved that the
serious surface damage did not occur during the breakdown event. Even in case of sample anodized to a
potential of 170 V, which is more than 40 V higher than the breakdown potential, the anodic oxide surface
roughness change was minor. The major change occurred between 170 and 200 V. Such a rapid increase of
the surface roughness in such a small potential range could be related to the surface damage. Finally, the
current decay following the potential limit of 200 V did not cause any change in the surface roughness.
Interestingly, the serious surface damage was not accompanied by any further significant current density
increase. The observed shift between the breakdown moment and the roughness change during the TE 1 thin
film anodizing suggests that the breakdown mechanism could be the same in the case of the samples with
smaller and bigger initial roughnesses. In other words, the breakdown potential is not associated with the film
destruction. Furthermore, the profilometric observation of the shift of surface damage with respect to the
breakdown potential allowed us to expect a similar behaviour also for the samples with the initially bigger
roughness. As mentioned above, the breakdown potential does not depend on the initial roughness. Therefore,
in case of samples with the initially bigger roughness, the shift between the breakdown and surface damage
potential is bigger, too.
Taking into account all the findings of this work, a mechanism is proposed as follows. During the
potentiodynamic anodizing, an electric breakdown occurs at a certain potential, the phenomenon being
associated with an intensive and fast rise in the current density. According to the SEM observation of Al thin
films with the initially bigger roughness and to the profilometric results, the roughness increases during the
anodizing of samples with the initially smaller roughness, and the breakdown is not caused by a serious
destruction of the anodic oxide film. Instead, the breakdown could be related to generation of defect sites in
the anodic films. The occurrence of defect sites in an anodic film is known from earlier works done on anodizing
Al foils [12]. The further potential increase causes, at least partially, the growth of the defects and/or gas
evaluation resulted from the higher conductivity of defect sites [13]. Finally, the processes lead to serious
surface damage. The bigger initial surface roughness seems to provide more space for the defects expansion
and stress dissipation. Therefore, the serious surface damage in case of samples with the initially bigger
roughness takes place at relatively higher potentials.
4.

SUMMARY AND CONCLUSION

The effect of surface roughness of the aluminium films on their electrochemical response during barrier type
anodizing was investigated. Different aluminium films were prepared by means of various PVD techniques at
circumstances of varying the deposition parameters. All the films revealed an electric breakdown at a potential
lower than 200 V. The SEM analysis and profilometric measurement results allow us to conclude that the
phenomenon is due to the defect sites in the anodic films. These defects grow in size, cause gas evaluation
and lead finally to seriously damaging the anodic films. A bigger surface roughness of the initial Al thin film
does not influence the breakdown potential value although significantly increases the difference between the
breakdown potential and the potential of film destruction. This effect could be due to a higher ability of the
rough surface to host expanding defects and provide effective stress dissipation. The nature of such defects,
their behaviour and their elimination will be the subject of a future work.
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Abstract
Gold nanoparticles are currently experiencing an exposion of researches of their properties and their
application potentials. The development to the next generation of nanotechnology reqiures products of gold
nanoparticles having preciesly controlled size, shape, purity, and large production fecility.
Up to now it has not been yet possible to produce gold nanoparticles in large scale for industrial productuion.
Such the present investigation aims an efficient and convienient production routes to generate spherical and
purified gold nanoparticles. The main tagets are to generate uniform gold nanoparticles in aquous solutions
via chemical reduction methods, and to modify the production routes for their industrial production which could
generate final products in good quality and large quantity.
Here we present the citrate reduction process and the NaBH4 reduction process in aqueous solutions, and
both of these processes were scaled up. Different experimental parameters have been studied to optimize the
process. Dialysis are applied as the post treatment for gold nanoparticles in aqueous solutions to achieve high
drgree purity, together with the study of the stability of gold nanoparticles.
Nanotrac Wave analyzer, TEM and ICP analysis methods are used in the study to measure the particle size
distribution, and the purification degree of the gold nanoparticles.
Keywords: Gold nanoparticles, citrate reduction process, NaBH4 reduction process, purification
1.

INTRODUCTION

Nanotechnology has emerged in the last decades, which is developed with high speed and is now undergoing
a revolutionary. There is no doubt to say nanotechnology is preparing to play a significant and commercial role
in our future society [1]. Gold nanoparticle is the most stable metal nanoparticles, and they present fascinating
aspects such as their size-related electronic, magnetic and optical properties, biocompatible, non-cytotoxic
properties, their assembly of multiple types, surface functionalization, and their applications to catalysis and
biology [2]. All these promise gold nanoparticles an important building block. By now the global market for gold
nanoparticles is still in its infancy, although it can be foresee that a rapid development would show up in the
next few years [3]，we still lack the ability to deliver large amount of gold nanoparticles with stable good quality.
There are certain short boards for the existence synthesis processes of gold nanoparticles. Therefore an
efficient, stable and convenient process for the production of gold nanoparticles is of importance. The
development of a complete production route is challenge.
Various syntheses of gold nanoparticles were reported and reviewed. The Turkevich method, also named the
Citrate reduction method is one of the most classic processes. It is popular and convenient, however the
products’ stability and dispersity are often limited. In recent years, this synthesis was developed to control the
process by adjusting the reaction conditions to presents improved results with higher monodispersity and a
better size control [4, 5]. Through these investigations, we know these solutions are sensitive to the changes
in PH, the ionic strength of the medium, and the presence of other organic materials, and this promoted the
Turkevich process to be controllable with certain defined size distribution requirments. Therefore the Turkevich
process is considered as a promising method to be developed as a suitable route for the quantity production
of spherical gold nanoparticles.
To innovate the Citrate reduction method, and conquer the short boards specially the broad size distribution,
additional reductant Sodium borohydride (NaBH4) have been chosen and studied in this paper, and the new
process use NaBH4 as a reductant was then defined as the NaBH4 reduction method.
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NaBH4 is well known as the main reductant for the classic Brust process, which involved a biphasic methods
requiring phase transfer reagents are valued for obtaining high quality materials with narrow size distributions,
while simple single phase methods often fail to yield products of equal quality. There is no doubt to say the
Brust process of gold nanoparticle synthesis is a valuable technique for preparing thiol-stabilized nanoparticles,
but the functional groups are limited by the compatibility of thiols, the identification of a unique set of reaction
conditions is often required for the preparation of each functionalized target, and most of the method in these
reports are always accompanied with hazardous synthesis process [6].
In the ideal synthesis process, precisely control over the particles’ size, shape, dispersity, and purity at the
same time are required. Furthermore, industrial production of gold nanoparticles is aimed to be synthesized in
an efficient, continuous process, resulting in reduced waste, high production yield and increased control of
products properties. Therefore, several modifications should be design to modify the current synthesis process.
To improve the quantity of the final production of gold nanoparticles, a proper post treatment is necessary. The
current purification processes are not usually effective to remove all the impurities, and few of them reported
the method with detailed results [7]. Study of the efficiency for the purification process is very important for
gold nanoparticles’ commercial production.
2.

EXPERIMENTS

Gold nanoparticles are synthesized by the citrate reduction method and the NaBH4 reduction method in this
article. To get a better control over the synthesis process, and the large-scale production of citrate stabilized
gold nanoparticles, different experimental parameters are studied. To facilitate further applications, dialysis
was applied as the post treatments to purify citrate stabilized gold nanoparticles.
Table 1 Gold nanoparticles synthesized via the citrate reduction method and the NaBH4 reduction method
with detailed experimental parameters
Mehtods

Citrate reduction Method

NaBH4 reduction Method

Key parameters

Concentration of
reductant

372.6

74.5

7.45

(mg/100ml)

Concentration of
precursor
(mg Au /100ml
HAuCl4)

Reaction
conditions

Chemical and instrument used: hydrogen tetrachloroaurate (III) trihydrate (HAuCl4•3H2O) ACS, 99.99% and
trisodium citrate dehydrate (Na3C6H5O7•2H2O) 99% were purchased from Alfa Aesar GmbH & Co KG. Sodium
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borohydride (NaBH4) was purchased from AppliChem GmbH. The dialysis membrane is standard regenerated
cellulose membrane: Spectra/Por 3 3.5kDa, purchased from Spectrum. Ultra-purified water (18.2 MΩ cm,
Millipore) was used in all experiments.
2.1.

The citrate reduction process

The reduction of a tetrachloroauric acid (HAuCl4) has been initiated by trisodium citrate (Na3C6H5O7) by
injecting specified amount of preheated trisodium citrate solution to a boiled gold solution in a double walled
reactor, which is heated by a bath thermostat in order to prevent the presence of temperature gradients in the
liquid. We set up easy reaction equipment like sets of beakers, and this mantel assured a homogeneous
temperature distribution within the reaction solution. A temperature controller is used to control the water bath
temperature. The mixture liquid was vigorously stirred by Teflon coated magnetic bars. The color of the solution
changed gradually from transparent light yellow, dark black, and finally to the characteristic wine-red, which
indicated the formation of gold nanoparticles. The heating mantle was removed after 20 min. The amounts of
tetrachloroauric acid and trisodium citrate were varied to achieve different particle size distributions. After a
defined time, the liquid was cooled to room temperature and purified by post treatment. During the synthesis
process, all the glass wares used in the experiments are deep cleaned by aqua regia.
2.2.

The NaBH4 reduction process

In the NaBH4 reduction process, NaBH4 is the reduction agent and the citrate acted only as a stabilizing agent.
The reaction rate in this single aqueous system was controlled by the reaction conditions. Different reaction
parameters (e.g. reaction temperature, reactant concentration, addition rate for NaBH4) were studied to get
gold nanoparticles with uniform size distribution.
The experiment with optimized reaction parameters was performed as below: NaBH4 solution with the
concentration of 0.02mol/l was freshly prepared using ice cold water. The double beaker experiment mantel
was filled in with a mixture of ice and water to maintain the reaction temperature at freezing point. First 3.94ml
HAuCl4 1.25g Au /L aqueous solution was 10 times diluted, then 1ml 1% Na3C6H5O7 solution was added and
mixed with the ice cold HAuCl4 solution, the mixture liquid was vigorously stirred by Teflon coated magnetic
bars. 3.94ml 0.02mol/l NaBH4 solution was 10 times diluted by ice cold water, and then be added drop by drop
into the ice cold mixture, which would take about 3 minutes to complete. The color of the mixture solution
immediately presented pink. Continue stirring the solution for another 15 minutes. The color of the solution
finally tuned wine-red. The acquired samples were stored in brown shading bottle and kept in cool environment
at 4oC. The process is scaled up to 1L.
2.3.

The post treatment

Fig. 1 Scheme purification processes for gold nanoparticles in this study
Dialysis: About 50ml gold nanoparticle solution was used in each dialysis set. The volume of ultra-purified
water used in the process is 40 times volume of gold nanoparticle samples. To study the dialysis performance
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according to the detention time, a process of 7 days was planned. Each identical sample was dialyzed under
the same experimental condition for different detention time, from 24h to 168h. The water was refreshed every
24h. The dialysis process was performed at room temperature under shade.
2.4.

Characterization

After the synthesis process, gold nanoparticle samples are characterized by TEM, Nanotrac wave analyzer,
and ICP measurements. Nanotrac Wave Analyzer can provide particle size analysis by using the Microtrac
FLEX application software program. Three main values are acquired for each measurement: MV-Mean Value
Diameter, MN-Mean Number Diameter, MA-Mean Area Diameter.
3.

RESULTS AND DISCUSSION

3.1.

The citrate reduction method

In experiments, the concentrations of citrate and Au in solutions, and the reaction temperatures are studied.
Synthesis processes are performed under higher and lower temperatures, 150oC and 75oC, and the longer
reaction duration for both indicated that reaction at 100oC could speed up the reaction process.
Fig. 2 shows that when the ratio of initial concentration of citrate to gold is varied from 0.27 to 2.72, the final
mean diameter of the particles formed varies, while subsequent increases in the ratio hardly have any effect
on the size. Compare the reaction temperature from100oC to 75oC, a narrower particle size distribution and
uniform morphologies is access at 100oC. Results also suggested the interplay of these parameters, theirs
roles affected with each other. The influence of the temperature is affected by the citrate concentration, when
the citrate concentration is high enough, the lower reaction temperature influence could be minimum.

Particle Diameter (nm)

600
500
400
300
200
100
0
0,27 0,54 0,82 1,09 1,36 1,63

1,9

2,18 2,45 2,72

Na3C6H5O7/ HAuCl4 molar ratios
Fig. 2 Average particle diameter changes and different morphologies for gold nanoparticles with different
Na3C6H5O7/Au molar ratios via citrate reduction method (right: particles mean diameters evaluated by
Nanotrac wave analyser, left: TEM images of the synthesized gold nanoparticles)
Fig. 3 indicated the influence of Au concentration to the final particle size distribution evaluated by Nanotrac
wave analyzer and TEM, it can be seen that higher Au concentration leads to a broadening of the gold
nanoparticles’ size distribution, and formed large and irregular gold nanoparticles. When the concentration is
higher than 40mg Au per 100ml, the gold nanoparticles suffered a severe aggregation.
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Fig. 3 Particle size distribution and different morphologies for gold nanoparticles via citrate reduction method
with different Au concentrations (from 5mg to 40mg Au/100ml) (right: particles size distribution evaluated by
Nanotrac wave analyser, left: TEM images of the synthesized gold nanoparticles)
The present experiments synthesized gold nanoparticles via the citrate reduction method. Uniform spherical
gold nanoparticles around 10nm, 25nm, and 50nm were successfully produced. Results suggested the
optimized experimental conditions that at comparatively higher molar ratio of Na3C6H5O7/Au from 1.63 to 2.72,
and under the condition that Au concentration is lower than 10mg/100ml, there is the tendency of formation
for smaller and uniform spherical gold nanoparticles.
3.2.

The NaBH4 reduction method

Fig. 4 Different morphologies of gold nanoparticles via NaBH4 reduction method with different reaction
parameters (TEM analysis) Sample 1: with high reaction rate, Sample 2: with modified reaction rate,
Sample 3: with controlled low reaction rate
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In a single-phase reaction system in aqueous solutions, the key point for this synthesis is the rate of reduction.
The rate was controlled by the concentration of reductant (NaBH4) and precursors (HAuCl4), the reaction
temperature and the addition rate. From sample 1 to sample 3, the concentration of Au and NaBH4 were diluted
respectively to 10times and 50times. With the higher concentration of both Au and NaBH4, the reduction rate
is very fast and generous irregularly shaped gold nanoparticle, showed by TEM figures, we could find in sample
1 nanorods, triangles, and irregular shapes. In sample 2, the Au NaBH4 concentration was 10times diluted, the
NaBH4 concentration was 5times diluted, and the reaction temperatures were optimized from room
temperature to 0oC, small gold nanoparticles showed up, still with irregular shaped gold nanoparticles in a big
portion. In sample 3, with 10 times diluted Au and 50 times diluted NaBH4, and a reaction temperature at 0oC,
gold nanoparticles were synthesized under control with good qualities.
3.3.

Post-treatment

The citrate reduction method and the NaBH4 reduction method produce gold nanoparticles with impurities of
unreacted sodium ions, salts, excessive citrates and byproducts. A proper post treatment is necessary to
access stable and purity gold nanoparticles.
Dialysis was applied to purify the citrate stabilized gold nanoparticles and the experiments last for around one
week and samples along time are analyzed by ICP measurements. Results showed an effective purification
for the first 48 hours for the citrate reduced gold nanoparticles and higher degree of purity could be achieved
through the dialysis method. The decline of Au concentration may course by the exclusion of the unreacted
gold precursor.
Table 2 ICP results for gold nanoparticles samples with different particle size purified by dialysis through time
(mg/L)
Mean particle size(nm)

0h

24h

Au

Na

Cl

23.9

117

90

95

37.7

100

53

90.6

9.6

113

296

10.8

37.7

118

38.8

77.8

Mean particle size(nm)

Au

53.3

96h
Au

Na

Na

2.77

48h
Cl

3.1

Au

Na

Cl

94

1

16

41.1

0.65

0.4

144h
Cl

168h

Au

Na

Cl

37.7

94

7

0.94

9.6

81

6

0.04

Au

Na

Cl

31.4

0.1

0.3

23.9

37.7

3.4.

44.8

0.15

0.3

Stability study

Dialysis process showed their abilities to remove these impurities but the exclusive of the free ligands existed
in the solution may cause unexpected affections to the stability of the gold nanoparticles in aqueous solutions.
The growth statues during the dialysis process were studied.
Fig. 5 showed the comparison plots analyzed by Nanotrac wave analyzer, indicated consistence results with
the observation from color changes. Both of the dialysis and non-dialysis sample suffered particle size
distribution changes through time, the particle size distributions were slightly grow up after the 7 days dialysis
experiment, particles without dialysis experiment shows a similar tendency. The 48 hours dialysis processes
have good affection to gold nanoparticles stability status, especially for NaBH4 reduced gold nanoparticles.
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A1) via citrate reduc on

A2) A er dialysis

72h
24h
48h
144h

168h

B1) via NaBH4 reduc on
24h

48h

B2) A er dialysis

72h

Fig. 5 Gold nanoparticle changes after dialysis experiment through time evaluated by Nanotrac wave
analyzer (A: gold nanoparticle synthesized via citrate reduction method, B: gold nanoparticles synthesized
via NaBH4 reduction method)
4.

CONCLUSIONS

The present article is of great advantage for the productions of gold nanoparticles in the near future. The
protocol from the citrate reduction method and the NaBH4 reduction method is very straightforward, and Gold
nanoparticles with spherical morphology around 10nm were successfully fabricated via the citrated reduction
method and the NaBH4 reduction method. With the progress made from the synthesis process, we got good
results for gold nanoparticles both in quality and quantity.
For the citrate reduction process, the influence of citrate and Au concentration and reaction temperature are
studied as key parameters. Results reveal the interrelationship between each parameter. Stable and uniform
gold nanoparticle could be synthesized when the Au initial concentration is lower than 40mg/100ml. The citrate
concentration as the most important factor, is not only an important function of the final particle size distribution,
but could also act as an agent to modify the affection of the reaction temperature.
Synthetic procedure with reductant NaBH4 in single aqueous solutions has been studied. Since this procedure
is different with the Brust process where the reduction rate is controlled by the phase transfer process at the
interface, the control for the reduction rate is very important in the process. Optimized experimental parameters
have been set up, and the process has successfully been scale up.
Post treatment for citrate stabilized gold nanoparticles is studied by dialysis method. As one of the traditional
separation method, dialysis showed their reliable results to get purity gold nanoparticles. Our study showed
48 hours dialysis could decrease the impurities by large portion, and at the same time could improve the quality
of the citrate stabilized gold nanoparticles. Prolong the detention time could assume high degree of purification,
but will sacrifice the quality of gold nanoparticles.
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Abstract
Diamond films are attractive materials for electronics, optics and medical applications. For these applications
diamond film quality and controllable surface composition are often crucial parameters. In this work, in situ
XPS analysis of chemical composition of H- and O-terminated nano- and microcrystalline diamond (NCD and
MCD) films before and after their sputtering by the Ar+ cluster ion beam was investigated. Scanning electron
microscopy confirmed sputtering of all diamond surfaces with a rate about 0.5 ± 0.2 nm / min. Raman
spectroscopy and XPS revealed surface graphitization of diamond surface (transformation of sp3 carbon phase
to sp2) induced by sputtering. Moreover, XPS data showed the presence of about 0.7 % of Ar atoms on the
investigated diamond surface after 66 min of sputtering. Also, oxygen residuals (0.2 at. %) were still presented
on the H-NCD surface after 66 min of sputtering. In contrast, no oxygen was found on the H-MCD surface just
after 2 min of sputtering (in the depth about 1.5 nm). Surface composition is discussed in respect to the
diamond films growth parameters and surface structure.
Keywords: Diamond, depth profiling, XPS, sputtering, Raman
1.

INTRODUCTION

Extraordinary properties of diamond films attracted a great attention of the researches due to their possible
applications in medicine, optics and microelectronics. For these applications, distribution of dopants in diamond
films is crucial for fabrication of functional devices. Despite of a large number of reports [1-3], there is still not
enough information about depth profiling of diamond films and their resistance to the irradiation or ion
bombardment. There are numerous techniques for diamond depth profiling such as elastic recoil detection
analysis (ERDA) [1, 2] or non-Rutherford backscattering spectrometry (NRBS) [2]. The most commonly used
depth profiling methods is the secondary ion mass spectrometry (SIMS) which gives information about
qualitative elemental composition of diamond films by sputtering of their surfaces [3]. In particular, SIMS is
commonly used for obtaining the concentration profiles of dopant layers inside the diamond film. However,
SIMS has few disadvantages such as a low accuracy for rough surfaces or low surface sensitivity [3]. On the
other hand, XPS provides a better surface sensitivity due to a limited inelastic mean free path of photoelectrons
[4]. In particular, for a standard X-ray source AlKα with photon energy of 1486 eV, photoelectrons come from
the depth of a few nanometers. If deeper layers have to be investigated, higher photon energy or sputtering of
the near surface layers is required.
The Ar+ cluster ion beam can be used for a lateral surface sputtering [5, 6]. For low beam energies, the sample
surface damage caused by clusters is smaller than in a case of the monoatomic beam sputtering. Moreover,
surface structure of the near surface layer is better conserved. The sputtering rate can be varied gently by
choosing Ar+ cluster size and the ion beam energy. Therefore, in combination with XPS, this method is wellsuitable for the depth profiling and chemical composition analysis of the near surface layers and interfaces [7].
In particular to the diamond films, XPS analysis provides information about the atomic composition on a
surface. Moreover, components of C 1s peak give information about type of carbon bonds (diamond vs.
graphite).
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Diamond morphology and surface terminations have to be tailored for specific diamond uses [8]. In addition,
appropriate functionalization has to be also applied for electrochemical [9] and biological [10] experiments.
In the present study, in situ XPS analysis of H- and O-terminated NCD and MCD films before and after their
sputtering with Ar+ cluster ion beam was carried out. Influence of ion beam sputtering on a chemical
composition and surface morphology of diamond films is discussed.
2.

EXPERIMENTAL

2.1.

CVD diamond growth

Prior to the deposition procedure, the Si substrates were seeded by procedure previously published in [9].
Diamond films with nanocrystalline (NCD) and microcrystalline (MCD) morphology were grown. The NCD films
were grown in modified linear antenna microwave plasma system (AK 400, Roth&Rau) [11] from a gas mixture
of H2 : CH4 : CO2 (100 : 5 : 30 in sccm). The other parameters were as follows: total pressure 10 Pa, substrate
temperature 500 °C, microwave power 1700 W, and deposition time 20 hours. Finally, the surface of diamond
films was hydrogenated in hydrogen-rich plasma for 30 min. All other process parameters were kept constant.
Oxygen termination of diamond films was done by radio frequency (rf) plasma system (Femto, Diener) in 100 %
O2 atmosphere at pressure 110 Pa, rf power 100 W for 4 min.
The MCD films were grown in focused microwave reactor with an ellipsoidal cavity resonator (AIXTRON P6,
Germany) [12] at low methane concentration (1 % CH4 in H2), total gas pressure 3000 Pa and microwave
power of 1.5 kW for 7.5 hours. The substrate temperature was about 500 °C. Hydrogen termination of the asgrown MCD films was performed at 500° C for 10 min in H2 plasma. The oxygen termination of the MCD
samples was carried out similarly as described above.
2.2.

Characterization of diamond films

The grain size and surface morphology of diamond films before and after sputtering were investigated by
scanning electron microscopy (SEM, e_LiNE writer, Raith GmbH). The thickness of the diamond films was
measured from cross-sections SEM images. The surface topography of the diamond films was measured by
atomic force microscopy (AFM) in the tapping mode on ICON AFM (Bruker). Medium frequency Multi75Al
cantilevers (Budget sensors) with spring constant k = 3 N / m treated in CF4 rf plasma (CF4 pressure 100
mTorr, rf plasma power 50 W, process duration 30 sec) were used. The surface root mean square (RMS)
roughness was calculated from 1 × 1 µm2 scans.
Chemical composition of the diamond surfaces was analyzed by X-ray photoelectron spectroscopy (XPS)
using XPS spectrometer (Kratos, AXIS Supra) equipped with a hemispherical analyzer and a monochromatic
AlKα X-ray source (1486.6 eV). The XPS spectra were acquired from the area of 700 × 300 µm2 with the takeoff angle 90°. The survey XPS spectra were recorded with the pass energy of 80 eV, whereas the high
resolution spectrum scans with pass energy of 20 eV. The CasaXPS software with implemented linear baseline
and Gaussian line shapes of variable widths for peak fitting was used for spectra processing. XPS peak
positions were determined with an accuracy of 0.2 eV. The obtained survey XPS spectra were calibrated on
C 1s peak with binding energy of 285.1 eV that corresponds to sp3 phase [13]. The C 1s XPS spectra were
deconvoluted into four peaks [9]: sp2 carbon phase (284.2 eV), sp3 carbon phase (285.1 eV), C-O bonds (286.1
eV) and C=O bonds (287.6 eV).
The diamond films were additionally studied by Raman spectrometer (Renishaw InVia Reflex) using the
excitation wavelength of 442 nm.
2.3.

Ar+ cluster ion beam sputtering

In situ sputtering of diamond films was carried out by Ar+ cluster ion source (GCIS, Kratos) in XPS analytical
chamber. Cluster size with 500 Ar atoms and energy of 20 keV was used for sputtering. The incidence angle
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of ion beam to the sample surface was set to 40º. The size of sputtered area was 1.8 × 1.8 mm2. The sputtering
time was varied from 2 to 66 min. XPS measurements were carried out before and after each sputtering cycle
without exposing the samples to air.
3.

RESULTS AND DISCUSSION

The initial thickness of NCD and MCD films was ~ 370 nm and ~ 250 nm, respectively. They consisted of
grains in size up to 50 nm for NCD and 200 nm for MCD films. Fig. 1 shows surface morphologies of NCD and
MCD films before and after Ar+ ion beam cluster sputtering. For all samples, the grain size was decreased
significantly after ion beam, i.e. initially well faceted crystals changed to feature-less (or polished like)
character. Such a polishing effect was confirmed by AFM measurements: the diamond surface roughness
decreased by ~ 3 nm after 66 min of sputtering time (i.e. the RMS decreased from 11 to 8 nm for NCD and
from 30 to 27 nm for MCD films, respectively). The calculated average sputtering rate was 0.5 ± 0.2 nm / min.

H-NCD

O-NCD

H-MCD

O-MCD

Fig. 1 SEM images of diamond films before (top row) and after (bottom row) Ar+ ion beam cluster sputtering
for 66 min
Fig. 2 shows the C 1s XPS spectra of diamond films before (i.e. 0 min sputtering time) and after Ar+ ion beam
cluster sputtering (for 2, 21 and 66 min). XPS spectra confirmed transformation of sp3 into sp2 carbon phase
after Ar+ ion beam cluster sputtering, i.e. the graphitization of diamond. Similar effect has also been observed
by other authors [7, 14].
For 2 min Ar+ ion beam cluster sputtering of NCD films, the graphitization rate depends on the surface
termination (Figs. 2a and 2b - blue lines), as evaluated from the ratio of sp3 and sp2 carbon peak intensities.
For longer sputtering time, a monotonous increase (decrease) of the sp2 (sp3) carbon peak intensity was
observed for both NCD and MCD films (Fig. 2). This trend is independent on the diamond surface termination.
Faster graphitization process is observed for NCD films than for MCD films. Moreover, XPS measurements
revealed the presence of Ar atoms at sputtered surfaces (0.7 at. %).
Normalized Raman spectra of H-terminated NCD and MCD films before and after sputtering are shown in
Fig. 3. There are three characteristic peaks (or bands): (i) the sharp diamond-peak at 1332 cm-1 corresponding
to sp3 carbon bonds, (ii) the D-band (defect-band) at 1350 cm-1 and (iii) the broad G-band (graphite-band
characteristic for sp2 carbon bonds) at ~ 1520 ÷ 1640 cm-1 [15]. Comparing the Raman spectra of NCD and
MCD films before sputtering, it is evident that for MCD films the D- and G-bands are less detectable. However,
after sputtering of MCD, the G-band increased due to graphitization of the larger diamond crystals
characteristic for MCD film (i.e. increase of sp2 carbon phase). This effect was also confirmed by XPS. For
NCD film, the change in the Raman spectra before and after sputtering is negligible due to structure and
morphology of the film (i.e. higher content of sp2 carbon bonds, smaller grain sizes). The Raman spectra of O-
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terminated diamond films showed the same behaviors as for H-terminated diamond due low sensitivity
of Raman spectroscopy to surface terminations.

Fig. 2 The C 1s XPS peaks of a) O-NCD, b) H-NCD, c) O-MCD, d) H-MCD films before and after Ar+ ion
beam cluster sputtering for different times

Fig. 3 Normalized Raman spectra of H-terminated NCD and MCD films before and after Ar+ ion beam
cluster sputtering for 66 min
Table 1 summarizes atomic concentrations of oxygen in diamond films before and after 66 min of Ar+ ion beam
cluster sputtering, as determined by XPS. Oxygen atoms were completely removed from the H-MCD surface
after 2 min of sputtering. On the other hand, 0.2 at. % of oxygen was presented on H-NCD films even after 66
min of sputtering. This effect can be explained by sample preparation conditions: the oxygen containing gas
mixture (i.e. CO2 : CH4 : H2) was used in deposition process. We suppose that during the CVD growth some
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amount of oxygen might be incorporated into diamond film probably at the grain boundaries. For sputtered Oterminated diamond films, the detected oxygen content should originate from the primary oxidized valleys. In
these areas, Ar+ sputtering is hindered (shadowed) by surface roughness (i.e. the sputtered depth is
comparable with diamond peak-to-valley Z-height).
Table 1 The concentration of oxygen in diamond films before and after sputtering estimated from XPS
survey spectra

4.

Oxygen [at. %]

Sample
name

non-sputtered

sputtered (66 min)

H-NCD

2

0.2

H-MCD

1

0

O-NCD

11

0.5

O-MCD

10

0.3

CONCLUSION

H- and O-terminated nano- and micro-crystalline diamond films were investigated by in situ XPS, Raman
spectroscopy, AFM and SEM. Depth profiling was carried out by Ar+ cluster ion beam with sputtering rate of
0.5 ± 0.2 nm / min. After each sputtering cycle, diamond films were measured by XPS. It was observed that
the Ar+ cluster ion beam sputtering results in diamond polishing and graphitization. The polishing was
independent on the film surface termination or morphology. The graphitization was influenced by the surface
termination for NCD films sputtered for 2 min. The MCD films graphitized slower than the NCD films. Ex situ
Raman measurements confirmed the diamond surface graphitization and supported XPS results. The depth
profiling of diamond films revealed the presence of oxygen traces after 66 min of sputtering. Obtained results
demonstrate a great potential of Ar+ cluster ion beam sputtering tool in combination with XPS for depth profiling
and chemical composition analysis of carbon-based materials.
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CONTRIBUTION TO SYNTHESIS OF ZnO NANOPARTICLES BY UV IRRADIATION-ASSISTED
PRECIPITATION
PRAUS Petr, TOKARSKÝ Jonáš, SVOBODA Ladislav
VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU, petr.praus@vsb.cz

Abstract
This work is a contribution to our previous research in which we dealt with the influence of different preparation
methods on fundamental properties of ZnO nanoparticles. Our current research was focused on the formation
of oxygen vacancies in ZnO nanoparticles, especially by the UV radiation-assisted precipitation. The models
of ZnO vacant structures were built in the Materials Studio Environment. The modelling results showed that
under UV irradiation the higher amount of large oxygen vacancies was created and resulting strain in the ZnO
structure likely lead to disintegration of the ZnO nanoparticles into the smaller ones, i.e. from the mean size
from 25 nm to 15 nm, as observed by transmission electron microscopy (TEM).The concentrations of dissolved
oxygen in ZnO aqueous nanodispersions were measured during their synthesis. The significant decrease of
the oxygen concentration during UV irradiation indicated that hydroxyl radicals were generated and the oxygen
vacancies were formed by photocorrosion of the already precipitated ZnO nanoparticles.
Keywords: ZnO nanoparticles, oxygen vacancies, UV irradiation, precipitation, molecular modelling.
1.

INTRODUCTION

Zinc oxide crystallizes in the hexagonal wurtzite and cubic zinc blende forms having structure defects like
oxygen vacancies and zinc interstitials [1]. This semiconductor has many unique and fascinating properties,
such as superior mechanical toughness [2], good transparency, high electron mobility and strong roomtemperature luminescence [3]. ZnO nanostructures can be synthesized into a variety of morphologies,
including nanowires, nanorods, tetrapods, nanobelts, nanoflowers and nanoparticles [4]. Many methods have
been described for the synthesis of ZnO nanomaterials, such as laser ablation [5], hydrothermal methods [6],
electrochemical depositions [7], and sol-gel method [8] and even radiolytic synthesis [9,10].
In our previous work [11] we showed that the different ZnO syntheses can produce nanostructures with the
different number of structure defects, such as the energy of band gap, photoluminescence intensity, particle
sizes, and photocatalytic activity. Oxygen vacancies concentrated on surfaces of ZnO nanoparticles (NPs) are
able to trap electrons and thus decrease their photocatalytic activity. This effect was mainly observed in case
of ZnO prepared by the UV irradiation assisted precipitation.
The aim of this research was to study the ZnO precipitation under UV irradiation, especially formation of oxygen
vacancies. For this purpose, the molecular modelling of ZnO structures was applied. The size of ZnO NPs
was estimated from transmission electron microscopy (TEM) images. In order to find formation mechanisms
of the oxygen vacancies, the concentration of dissolved oxygen in ZnO aqueous dispersions was measured
during the precipitation.
2.

EXPERIMENTAL

2.1.

Material and chemicals

The used zinc acetate dihydrate and sodium hydroxide (both from Lachema, Czech Republic) were of
analytical reagent grade. Water deionised by reverse osmosis (Aqua Osmotic, Czech Republic) was used for
the preparation of all solutions.
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Molecular modelling

The molecular modelling of the ZnO oxygen vacancies was performed in the Materials Studio 4.2 modelling
environment in the Forcite module using Universal force field [12]. Based on the results of XRPD, the unit cell
of hexagonal ZnO having the lattice parameters a = 3.24927 Å, b = 3.24927 Å, c = 5.20544 Å, α = 90°, β =
90°, γ = 120° was taken from the Materials Studio library. All models were prepared as 8×8×8 supercell
(Zn1024O1024) with the lattice parameters a = 25.9942 Å, b = 25.9942 Å, c = 41.6435 Å, α = 90°, β = 90°, γ =
120°, under the periodic boundary conditions. All atomic charges were calculated using the charge equilibration
(QEq) method [13].
2.3.

Transmission electron microscopy

Transmission electron microscopy with high resolution images of the ZnO NPs were examined by a JEM
220FS microscope (Jeol, Japan) operating at 200 kV. The NPs were dispersed in ethanol and deposited on a
TEM grid with carbon holey support film using an ultrasonic sprayer.
2.4.

Measuring dissolved oxygen

A multi-parameter meter (Multi 3420, WTW GmbH, Germany) equipped with a dissolved oxygen probe was
used for dissolved oxygen measurements. During the measurements ZnO aqueous nanodispersions were
stirred.
2.5.

Preparation of nanoparticles

Into the stirred solution of 60 ml 3.3 mmol⋅l-1 zinc acetate was added dropwise 40 ml 15 mmol⋅l-1 NaOH (the
flow rate was of about 0.67 ml∙min-1). The ratio of zinc acetate : sodium hydroxide was 1 : 3. The resulting
dispersions were filtered and the filter cakes were subsequently annealed at 350 °C for 2 hours. The
precipitation assisted by UV irradiation was performed in the presence of a medium-pressure Hg UV lamp with
the maximum emission intensity at the wavelength of 254 nm.
3.

RESULTS AND DISCUSSION

3.1.

Preparation and characterization of ZnO nanoparticles
b)

14
12
10
8
6
4
2
0

Frequency (%)

Frequency (% )

a)

5 10 15 20 25 30 35 40
Particle size (nm)

14
12
10
8
6
4
2
0

10 20 30 40 50 60 70

Particle size (nm)

Fig. 1 TEM images of ZnO nanoparticles. (a) ZnO1 nanoparticles, (b) ZnO2 nanoparticles. Size distribution
histograms were placed as insets
The ZnO NPs were prepared by a) the precipitation of zinc acetate with sodium hydroxide followed by thermal
annealing at 350 °C and b) by the same manner but the precipitation was performed under UV irradiation. The
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resulting nanoparticles were characterized by XRPD, the photoluminescence and diffuse reflectance
spectroscopy of which results confirmed the observations published in our previous paper [11].
Besides, the obtained ZnO NPs were examined by TEM. The TEM image analysis (Fig. 1) showed that the
precipitation without UV irradiation formed the larger ZnO nanoparticles (ZnO1) that the same precipitation with
UV irradiation (ZnO2). The mean size of ZnO1 nanoparticles was about 25 nm while the mean size of ZnO2
nanoparticles was about 15 nm.
Our previous results of spectral analyses and photocatalytic experiments [11] demonstrated that the synthesis
with UV irradiation produced the ZnO NPs with the higher number of oxygen vacancies. In order to understand
the formation of these oxygen vacancies the vacant ZnO structures were modelled in the Material Studio
modelling environment.
3.2.

Molecular modelling

Six models of the ZnO hexagonal structure having 24 oxygen atoms vacancies were prepared. The models
1000_a, 1000_b and 1000_c have 24 oxygen vacancies equally distributed in the volume, but the positions of
vacancies in each model were different. On the contrary, in the models 1000_d, 1000_e, and 1000_f all 24
oxygen vacancies were located together. Three oxygen rows were removed in each model: two horizontally
and one below (Fig. 2a), three horizontally (Fig. 2b), and three vertically (Fig. 2c).
The geometry optimizations of all models were carried out in the Materials Studio modelling environment in
Forcite module using Universal force field [12]. A smart algorithm with 50,000 iteration steps was used. The
convergence thresholds for the maximum energy, force, and displacement changes were 2⋅10-5 kJ⋅mol-1,
1⋅10-3 kJ⋅mol-1⋅Å-1, and 1⋅10-5 Å, respectively.

Fig. 2 Oxygen vacancies are located together in models (a) 1000_d, (b) 1000_e, and (c) 1000_f
The optimized models were analyzed using the Bond distribution tool in the Forcite module (bin width 0.01 Å).
Fig. 3 shows the comparison of bond lengths distributions for models having vacancies equally distributed
throughout the volume (1000_a, 1000_b, 1000_c) and the models having the same number of vacancies
located together (1000_d, 1000_e, 1000_f). It is evident that range of lengths in the models 1000_d, 1000_e,
and 1000_f is broader than in the other models. It can be concluded that vacancies located together influenced
the bond lengths more than the oxygen vacancies distributed equally.
Diffraction data calculated from the optimized models in the Materials Studio/Reflex module under the same
conditions as the real XRPD analysis was performed [11] allow us to find the similarity between the model and
measured diffractograms. The ratios of intensities of various hkl reflections were used as the similarity
descriptors. The total similarity of the model and real diffractograms of ZnO1 and ZnO2 NPs was quantified as
the sum of differences (ΣΔ) between the ratios. In an ideal case, the diffractograms would be identical if ΣΔ
would be equal to zero. Two models having the vacancies located together (1000_d and 1000_f) exhibited the
best similarity with the ZnO2 nanoparticles. In addition, based on the ΣΔ values it was concluded that the ZnO2
nanoparticles contained the higher amount of the oxygen vacancies than the ZnO1 ones.
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In these models the joined oxygen vacancies likely caused significant strain and distortion in the ZnO1 NPs
which led to their disintegration into smaller ZnO2 ones as demonstrated by their mean sizes (Fig. 1).

Fig. 3 Difference between distributions of bond lengths in models having oxygen vacancies equally
distributed in volume (1000_a, 1000_b, 1000_c) and models having oxygen vacancies located together
(100_d, 1000_e, 1000_f)
3.3.

Determination of dissolved oxygen

The oxygen vacancy formation was investigated by the determination of oxygen dissolved in the aqueous ZnO
dispersions during the precipitation (Fig. 4). When ZnO1 was precipitated the concentration of oxygen was
nearly constant but when UV irradiation was applied the concentration significantly decreased. The explanation
of this effect is that the originating ZnO nuclei absorbed UV photons and generated electron and holes.
Consequently, these electrons reacted with dissolved oxygen forming hydroxyl radicals by mechanisms
published elsewhere [14,15].

Fig. 4 Concentrations of dissolved oxygen during the precipitation of ZnO
The hydroxyl radicals are known to have strong oxidation properties characterized by the high standard redox
potentials of 2.4-2.6 V. The reaction of the hydroxide radicals with The ZnO surface oxygen atoms can be
assumed as
ZnO + OH• → Zn2+ + O•- + OH-

(1)
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forming the oxygen vacancies on the ZnO NPs surface and O• radicals [14]. This reaction demonstrates
photocorrosion of the previously precipitated NPs, which was not detrimental for them but led to the
enhancement of their photoluminescence [11] and the formation of the smaller ZnO2 NPs.
Besides, the hydroxyl radicals are supposed to oxidize zinc acetate as follows
(CH3COO)2Zn + 16 OH• → 4 CO2 + 10 H2O + Zn(OH)2

(2)

By this reaction additional Zn(OH)2 molecules were produced which likely enhanced the ZnO precipitation. The
resulting supersaturation of Zn(OH)2 could also lead to formation of the smaller ZnO NPs. Such complex
mechanism encompassing the photocorrosion and fast nanoparticles growth due to the supersaturation could
be a topic for another research.
4.

CONCLUSION

In this work, the formation of oxygen vacancies in the ZnO NPs synthetized by the precipitation with and without
UV irradiation was investigated. The molecular modelling revealed that the ZnO NPs synthetized by the UV
irradiation-assisted precipitation contained the higher amount of large oxygen vacancies. The strain caused
by the different bond lengths of such large vacancies was likely the reason for the formation of smaller ZnO
NPs with the mean size of 15 nm in comparison with the larger sized NPs of 25 nm prepared by the
conventional precipitation.
The determination of dissolved oxygen during the precipitation indicated that the large oxygen vacancies were
created by the photocorrosion caused by reactions of the hydroxyl radicals with oxygen atoms on the ZnO NPs
surface. It is obvious that the photocorrosion was not detrimental for the ZnO NPs but decreased their size.
Besides common thermal treatment under different atmospheres [16], the controlled photocorrosion could be
a useful method for the preparation of small luminescent ZnO NPS for various applications. In addition,
application of such controlled photocorrosion on other oxide NPs could be tested in the future.
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THE EFFECT OF CALCINATION ON THE STRUCTURE OF INORGANIC TiO2 NANOFIBERS
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Czech Republic, EU. pavel.kejzlar@tul.cz

Abstract
Nanofibers are defined as fibres with sub-micron diameter. Due to their thickness they offer extremely large
specific surface area. The most frequently mentioned ceramic material with nanofiber morphology is a titanium
dioxide. The possibility of industrial use of TiO2 nanofibers is conditioned by a highly efficient continuous
production technology. This is allowed by a modified NanospiderTM device. Titanium tetrabutoxide is used as
the spinning solution. After spinning process, the nanofibrous layer consists from a mixture of organic and
inorganic material, that’s why a subsequent calcination is necessary. During the calcination any organic
components will be incinerated and pure titanium dioxide fibres with a crystalline structure are obtained. In the
present work a high resolution scanning electron microscope and X-Ray diffraction were used for the
assessment of the structure and phase composition of resulting TiO2 nanofibers.
Keywords: Calcination, nanofibers, photocatalysis, structure, titanium dioxide.
1.

INTRODUCTION

In the recent years a considerable attention is devoted to nanostructured materials. When the dimensions fall
under 100 nm some extraordinary properties can be observed. In the case of nanofibrous materials the most
pronounced property is their extremely high surface area hyperbolically increasing with decreasing fibre
diameter [1, 2]. Electrospinning method was considered as the most effective way of nanofiber production This
method uses electric forces to form nano-sized fibres from a solution or melt [3-5]. For the production of
inorganic TiO2 nanofibrous layers was used modified NanospiderTM device, where a rotary brush was used as
a collector. Produced inorganic nanofibers were taken from the brush through a combination of a comb and
pneumatic extraction which provides a continuous process for nanofibers production [6-9].
1.1.

Titanium dioxide

Titanium dioxide (TiO2) may have the crystal structure of anatase or rutile depending on the arrangement of
titanium and oxygen atoms in the crystal lattice. Recently, a considerable attention is devoted to anatase for
its interesting features, especially for its photocatalytic activity and photocatalytic superhydrophobicity.
Naturally, the properties of TiO2 depend also on its particle size. If particles of TiO2 are large, they serve as an
excellent white pigment by scattering visible light, while when they are small enough, TiO2 is transparent to
visible light, but absorbs UV radiation. The effect of calcination temperature on the phase composition of TiO2
nanoparticles was previously published in [10]. The phase transformation temperature from anatase to rutile
was found between 500 and 600 °C. The accompanying undesirable effect of high temperature treatment was
TiO2 particles growth leading to a decrease of specific surface area.
1.2.

Photocatalysis

When photocatalytic surface of TiO2 is illuminated with energy equal to or larger than the bandgap energy, it
excites the electrons from the valence band to the conduction band. It results to the formation of an electronhole pair. The electron in the conduction band reduces the oxygen adsorbed to photocatalyst, whereas the
positive hole in the valence band oxidizes either pollutants directly or water to produce·OH radical able to
undergo secondary reactions. The ability to decompose organic and microbial matter is the reason why TiO2based materials can be applied to the treatment of water and air, for self-cleaning and antibacterial layers. It
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can produce electricity in nanoparticle form. Applications include light-emitting diodes, liquid crystal displays
and electrodes for plasma displays. Under exposure to UV light, it becomes increasingly hydrophilic and can
be used for anti-fogging coatings and self-cleaning windows. It also has disinfecting properties making it
suitable for applications such as medical devices, food preparation surfaces, air conditioning filters and sanitary
ware surfaces [11-14].
2.

EXPERIMENTAL METHODS

The nanofibers were spinned from tetrabutoxide spinning solution using modified NanospiderTM device [7-9].
Spinned material has been subsequently calcined at temperatures in a range from 100 to 1000 °C. The main
purpose of calcination was to achieve the anatase structure and to remove organic component. The effect of
calcination on the phase composition was evaluated on the basis of high temperature powder XRD
measurement. The structure of nanofibers calcined at 600 °C for 120 min was studied using high resolution
SEM; for the image analysis was used SW NIS Elements.
3.

RESULTS AND DISCUSSION

The effect of calcination temperature (from 100 to 1000°C) on the phase composition was evaluated on the
base of high temperature XRD powder diffraction. From the Fig. 1 it is obvious, that spinned non-calcined
material is mostly amorphous. At 500 °C appears a peak corresponding to anatase phase. This peak grows
with the temperature up to 800 °C, where anatase phase completely transforms to rutile. From this experiment
a temperature of 600 °C was selected for the heat treatment because higher temperature enables to minimize
the necessary calcination time and thus to achieve higher production effectivity. On the other hand, finer
anatase grains should by produced at lower calcination temperatures and anatase → rutile phase
transformation will not occur.

Fig. 1 XRD curves shoving the effect of temperature on the crystal structure of TiO2 nanofibers. At low
temperatures the spinned fibres are almost amorphous. Anatase appears in the structure at 500 °C and its
amount increases up to 700 °C. Above 700 °C the anatase transforms to rutile phase

The structure of the spinned material is shown in Fig. 2. The fibres surface is smooth; their average diameter
is approx. 300±70 nm. In Fig. 3 there are TiO2 nanofibers after the calcination at 600 °C. Their fragmentation
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indicates significant increase in their brittleness caused by evaporation of the organic phase. Thermal
decomposition/evaporation of carbon-based compounds and crystallisation of anatase result to formation of
rough-surface fibres and reduction of the diameter to approximately 190 nm. Their porosity and fine nanocrystalline structure can lead to considerable increase of the specific surface area [15]. We can assume that
this roughness increases the photocatalytic efficiency compared to the smooth fibers.

Fig. 2 SEM images of the smooth fibres after the electrospinning process

Fig. 3 TiO2 fibres after the calcination at 600 °C. The porous surface and nanocrystal structure are clearly
visible in the detailed image. The size of anatase crystals is in a range of tens of nm
4.

CONCLUSION

Modification of NanospiderTM enables a continuous production of inorganic TiO2 nanofibers. Subsequent
calcination is necessary to remove organic compound and to achieve anatase crystaline structure. The optimal
calcination temperature and time were determined on the basis of XDR measurement. As the optimum was
found heating at 600 °C for 2 hours. The resulting TiO2 nanofibers are rough-surface, porous and brittle due
to removing of organic phase. Their average diameter is approximately 185±29 nm. They mostly consist of
nanocrystalline anatase phase; the crystals size is about 20±4 nm. Further work will be focused on the study
of calcination time and temperature on specific surface area and on its photocatalytic activity.
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Abstract
Fibers prepared by electrospinning have a plenty of extraordinary properties. They have use for many
applications across a wide range of fields in medicine and industry, which makes them a useful resource for
innovations in various products and technologies. Large specific surface area is main advantage of these
fibers. Usually the surface of nano/microfibers is almost smooth. Through the process parameters it is possible
to obtain porous surface of individual fibres which leads to the pronounced increase in surface area. Variable
technological process in producing nanofibers, which allows us to propound the shape and form of nanofiber
structures upon request. Porous fibers may have a variety of uses in numerous applications because they
show even larger specific surface area compared to smooth fibers. One of the possible method to evaluate
the increase of the surface area is HR-SEM image analysis. The work demonstrates the usage of method
enabling the assessment of porosity contribution to increase in micro/nanofiber surface area.
Keywords: Porous fibers, electrospinning, surface morphology, micro/nanofibers, structure
1.

INTRODUCTION

Electrospinning is a method of preparation of ultrafine fibers from polymer solution or melt by means of
electrostatic and capillary forces.
The electrospinning process is used to create an electrically charged stream of polymer solution or melt.
A capillary, nozzle or spinning collector is connected to an electrode with high voltage and it polarises the
polymer solution. The opposite pole in the electrostatic field is a conductive collector shaped as e.g. plate,
mesh, metallic tip or cylinder which is grounded or connected to an opposite high voltage electrode.
Electrospinning occurs when electrical forces at the surface of polymer solutions overcome the surface tension,
and cause an electrically charged jet to be ejected. Due to a bending instability, the jet is subsequently
enormously stretched to form continuous, ultrathin fibres. [1]
Nanofibers possess many extraordinary qualities, but the greatest advantage lay in their high specific surface
area. Besides conventional and coaxial nanofibers, under the right conditions we can make porous nanofibers
as well. Porous nanofibers can have a range of uses in various applications, since they have specific surface
area many times higher than traditional fibers. Porous nano/mikrofibres have enormous potential in medicine
e.g. in tissue engineering for improved cell proliferation into nanofiber structures, drug delivery systems
(controlled release of drugs) filtration and similar technical areas. [2] Material considered for usage in medicine
can not be toxic, carcinogenic, mutagenic and allergenic. [3]
These nanofibers can be made from natural materials like from biodegradable polymers suitable for application
in medicine due to their biocompatibility. These materials include a variety of natural and synthetic polymers.
Examples of the useable natural materials either pure or partially modified can be collagen and gelatin,
cellulose and its derivatives, chitin and its derivatives. From the synthetic polymers dominate polylactic acid
(PLA) and its copolyesters, polyglycolic acid (PGA) or polycaprolactone (PCL) and polyurethanes (PUR). [4]
Currently, some scientists are focused on the studies of the structural morphology of nanofibres. The studies
are focused on the method how to characterize and optimize the spinning process and determine the best
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spinning parameters. [5-6] Already a slight variation in the spinning conditions and parameters leads to
changes in the fibre morphology (Fig. 1) which can also affect their surface area or cell adhesion.

Fig. 1 Different process parameters lead to substantial changes in the fibre morphology.
A) smooth surface; B) corrugated surface; C) porous surface
Electrospinning process is influenced by the properties of the polymer solution, i.e. viscosity or surface tension.
Morphology and diameter of the fibers are influenced by the composition of solvent/precipitants mixture.
The surface of the fibre strongly depends on the diameter of fibers and on the fibre surface morphology.
Fig. 2 shows that the fibre surface area steeply increases with decreasing fibre diameter.

Fig. 2 Theoretical dependence of relative surface area on the fibre diameter
2.

EXPERIMENTAL PART

2.1.

Material

For the present experiment was selected poly(l-lactide) - PLLA. Poly (lactic acid) (PLA) and their copolymers
are the most widely investigated und used synthetic degradable polymers for biomedical applications. [7]
2.2.

Electrospinning

This work aims with creating of pores into nanofibers surface and evaluation of their efect on the increase of
fibre specific surface area. Nanofibrous layers were produced by a needle electrospinning method; the schema
of the apparatus used is in Fig. 3. The electrospinning process in described in detail in [8]. The surface porosity
was achieved on the basis of combination of two solvents having different surface tension [citace]. 10% PLLA
solution with molecular weight Mw = 75 000 - 120 000 g/mol was used for the preparation of porous nanofibers.
PLLA was dissolved in the mixture of Dichlormethane (DCHM) und dimethyl sulfoxide (DMSO). Mixing ratio of
solvents (DCHM/DMSO) was 9:1.
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Other monitored parameters were following: spinning tension, collector distance and dosage.

Fig. 3 Diagram of the electrospinning setup. Basic electrospinning device consits of syringe with polymer
solution, needle serving as the electrode with high voltage and collector which can be grounded or
connected to an opposite high voltage. The polymer solution is fed through the needle and fibers are ejected
from drop of polymer in high electric field between the needle and collector. These fibers are then collected
on collector
2.3.

Evaluation of the structure

The morphology of the PLLA micro/nanofibers was assessed by the usage of the image analysis of HR-SEM
images.
Fig. 4 shows the detail of the individual porous microfiber. The solvent ratio was 9:1, voltage of electrode 25
kV, the collector distance was 25 cm and polymer dosage of 20 ml / h. The fibre diameter ranged from 700 to
900 nm; the diameter of the particular pores ranged in the order of tens of nm.

Fig. 4 HR SEM image of electrostatically electrospunn fibre of 10% PLLA.
Measurement of whole pores
2.4.

Specific surface area of porous fibres

For the evaluation of the effect of pores-implementation into the fiber surface, following method was suggested.
Following conditions have to be fulfiled in order to evaluate the fibrous structures:
All fibres have nearly similar diameter.
The shape of pores is ellipsoidal.
All produced fibres are porous.
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Using the HR-SEM images in NIS - Elements SW enables to evaluate the porous microfiberes. On the selected
representative part of porous fibre were measured: diameter of fiber,lenght and diameters of individual pores.
Smooth fibre:
The surface area (Ssf) of smooth fibre can be calculated using the equation (1), its volume corresponds to (2).
'n
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Then the specific surface (KSF) could be calculated as (3).
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surface area of the smooth fibre
surface area of the porous fibre
volume in smooth fibre
volume in porous fibre
diameter of the fibre
diameter of individual pores
quantity of pores on the measured length of the fibre
measured length of the fibre

Porous fibre:
The surface area of porous fibres (Spf) can be calculated as (4).
xn
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The volume of porous fibre is equal to (5).
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a, b are semi-axes of oval pores.
Finally, the specific surface of porous fibre can be calculated as (6).
"~u

tDv

wDv

(6)

Then, the relative area increase (RAI) due to porosity could be calculated as (7).
„…†

tDv wCv

.

wDv tCv

(7)

For the example shown in Fig. 2, the relative area increase RAI due to fibre porosity:
•, •‡a Os ∙ c$ˆ •cO •_O ,_a

3.

CONCLUSIONS

5 %.

•_• s_c_, s

.

•, s ∙ c$ˆ

„…†

1,05 ⇒ The increase in surface area due to pores presence is approximately

This article deals with the usage of method enabling the assessment of porosity contribution to increase
surface area in micro/nanofibers.
The first part of the experiment focuses on samples preparation with a respect to various parameters of the
electrospinning process. The structure and porosity of micro / nanofibers is strongly influenced by a
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combination of many factors. The shape of pores depends on the stage when pores are formed. If the fibre
drawing by the electric forces is finished before pores forming, resulting pores will be spherical and on the
other hand if pores are formed during the fibre is still drawn, pores will be oval shaped. Therefore, various
configurations of spun solution, various voltage and dosage were tested. The best results with respect to the
surface porosity were obtained at following conditions: the solvent ratio was 9:1, voltage of electrode 25 kV,
the collector distance of 25 cm and polymer dosage of 20 ml/h. These conditions caused the oval-shape of
pores in the surface of PLLA fibres. The average diameter of obtained porous fibres was ≈ 700 nm; the
average pore’s equivalent diameter of pores was ≈ 100 nm.
In the second experimental part the morphology of layers was evaluated by using the image analysis taken by
the scanning electron microscope.
The essential measured dimensions were the fibre length and diameter and both semi-axis of pores. RAI
parameter was calculated by the use of formula (1-7). This article shows that porosity of the fiber contributes
to increase the specific surface area. The RAI parameter was about 5 % due to porosity.
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Abstract
In this paper, magnetic properties and interparticle magnetic interactions of the powder mixtures consisting of
a ferromagnetic magnetite (mean particle size about 50 nm) and diamagnetic MgO (micrometric particles) are
presented. Mixtures with concentrations of Fe3O4 from 10 to 80 wt. % were prepared using two methods:
ultrasonic homogenization and manual mechanical mixing. Additionally the powder mixtures were
mechanically pressed in a specially developed device to produce samples in form of pills with the diameter of
10 mm. An EV9 MicroSense vibrating sample magnetometer (VSM) was used for measurements of the virgin
curves and magnetization loops. Both measured quantities were used for construction of the Henkel plots that
indicate the behavior of the magnetic interparticle interactions of prepared samples. We have discovered that
the sample with 30 wt. %of Fe3O4 exhibited the most intensive interparticle interactions and at the same timethe
highest value of the remnantand saturation magnetization.
Keywords: Magnetite nanoparticles; vibrating sample magnetometer, Henkel plot; ultrasonic homogenization
1.

INTRODUCTION

Magnetic nanoparticles are a frequent point of attention especially in terms of their usage in technological
areas such as data storage or chemical and biomedical applications. Magnetic nanoparticles on the Fe basis
belong among the most frequent used types of nanoparticles [1-5]. Such mixed magnetic structures, e.g.
magnetite dispersed in a diamagnetic matrix, have been discovered in several biological systems, where single
domain and/or superparamagnetic magnetite are parts of cells or bacteria - objects which interact in organisms.
Existence of such structures is not always clear, but it is often attributed the role of a magnetosensor. In such
case, these structures would have to interact with a very weak geomagnetic field of the size of 30−60 µT and
use a so far unknown amplifying mechanism. Such mechanism may be based on interparticle interactions of
a single domain magnetite, since it was discovered in animal bodies and its single domain form appears to be
very favorable for biomagnetic sensors [6-9].
This contribution deals with the measurement of magnetic interparticle interactions of powder mixtures of a
single domain magnetite (Fe3O4) and diamagnetic MgO. Basic magnetic parameters were determined from
measured hysteresis loops and interparticle magnetic interactions were evaluated using the Henkel plots [4,5].
From the measured concentration dependences we attempted to find a potential amplifying mechanism or
parameter which initiates it and which could play an important role in applications in biomagnetic sensorics.
2.

MATERIAL AND EXPERIMENTAL METHODS

Powder mixtures of ferromagnetic magnetite Fe3O4 (Sigma Aldrich company, product No. 637106, particle size
about 50 nm) and diamagnetic MgO powder (Sigma Aldrich company, product No. 220361, particle size about
several μm) in magnetite concentrations from 10 to 80% wt. % were prepared [10-12]. For the preparation of
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the mixed samples, two different methods were used: with the first method(denoted in the following text as
non-homog), both powders were merely manually mechanically stirred for approximately 3 minutes, while the
latter method (denoted as homog) included an extra process of sample homogenization by means of rotation
in ultrasound field.
Samples for magnetometric measurements were subsequently prepared by mechanical pressing of the
powder mixture into the form of a pill with a diameter of 10 mm and fixed with paraffin layer. Finally they were
attached to a glass sample holder of a magnetometer using a teflon tape. We suppose that influence of the
diamagnetic components (teflon tape, glass sample holder) is negligible in comparison to the magnetic
response of the samples.
Measurements on vibrating magnetometer VSM EV 9 Microsense (resolution of magnetic moment 10-10
A∙m2and adjustable resolution of magnetic field 10-4 T) were performed at room temperature. Altogether, 16
measurements were performed, of which 8 on samples prepared with the first method and the other 8 on
samples with the latter one. At the beginning of every measurement, careful demagnetization of a sample was
done. Then, measurement of virgin curve followed. Finally, hysteresis loop was measured in magnetic field
ranging from -2T to +2T.

3.

RESULTS AND DISCUSSION

Table 1 summarizes basic magnetic parameters (Bc - coercive field, Mr - remnant magnetization, and Ms saturation magnetization) that were obtained from measured hysteresis curves. Fig. 1 shows the dependence
of Mr and Ms on the magnetite concentration and also on the way of preparation process (non-homog/homog).
Table 1 Chosen magnetic parameters of samples depending on wt% Fe3O4 and on the preparation method
(non-homog/homog)
Fe3O4

Bc

Ms

Mr

ΔMmin

[mT]

[A∙m2/kg]

[A∙m2/kg]

[A∙m2/kg]

[wt%]
nonhomog

homog

nonhomog

homog

nonhomog

homog

Nonhomog

homog

10

8.21

8.75

73.03

58.17

9.52

8.99

-3.73

-3.71

20

8.67

7.86

80.13

70.39

11.38

12.32

-3.87

-3.65

30

8.14

7.42

101.91

104.03

16.59

18.14

-5.82

-5.45

40

8.54

7.43

68.34

46.62

10.23

8.06

-3.54

-4.35

50

7.98

7.32

75.91

56.60

11.65

9.40

-4.21

-4.44

60

8.12

6.82

77.62

79.07

13.08

12.39

-4.84

-4.44

70

7.93

7.11

76.04

68.15

11.98

10.65

-4.57

-4.59

80

8.09

6.60

72.55

50.70

9.99

7.34

-4.15

-4.52

Henkel plots, which describe interparticle magnetic interactions in powder samples, were constructed using
the following equation [4, 5]:
∆Šl‹m

ŠŒ{• l‹m − ∙ ŽŠ•x (‹) + Š4*•| (‹)‘

(1)

_

Where Mvir is the value of magnetization on the virgin curve, Mup is the value of magnetization while amplifying
a positive external field and Mdown while reducing it. Intensity of interparticle interactions is determined by the
minimum ΔMmin on the curve ΔM = f (B) [13,14], its value for different Fe3O4, concentrations is presented in
Table 1.
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Fig. 1 Mr and Ms = f(wt. % Fe3O4) dependence for non-homogenized and homogenized samples
Examples of Henkel plots for samples containing 10 and 30% wt. % Fe3O4 prepared by both methods, are
shown in Fig. 2.

Fig. 2 DependenceΔM = f(B). Interparticle magnetic interactions of non-homogenized and homogenized
samples with 10 and 30 wt. % Fe3O4 in MgO
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From Henkel plots we can see that interparticle interactions are the strongest in the range of external magnetic
field, from 0.013 to 0.02 T. The value of ΔMmin fluctuates significantly depending on the concentration of Fe3O4
and reaches its maximum with 30 wt. % Fe3O4 (see Fig. 3).

Fig. 3 Dependence of ΔMmin= f(wt. % Fe3O4)for nonhomogenized and homogenized samples
It is interesting that the character of ΔMmin= f(wt. % Fe3O4) follows the process of remnant magnetization Mr =
f(wt. % Fe3O4) and saturation magnetization Ms= f(wt. % Fe3O4). Higher values of Mr and Ms correspond with
a higher intensity of magnetic interactions and vice versa. Maximum values of Mr and Ms are reached with 30
wt. % Fe3O4, i.e. with maximum intensity of interparticle magnetic interactions. The only exception is a
homogenized sample with 60 wt. % Fe3O4 (see Figs. 2 and 3). Bc= f (wt. % Fe3O4) dependence does not
demonstrate this quality. The measured processes indicate a possibility to influence the intensity of interparticle
magnetic interactions in powder mixtures using an appropriate ratio of concentrations of both components.
4.

CONCLUSION

In this contribution, we examined magnetic parameters and interparticle magnetic interactions of powder
samples of magnetite nanoparticles dispersed in magnesium oxide. Samples were generated with two different
methods: the first group of samples was prepared by means of manual mechanical stirring, while the other
samples were furthermore homogenized using ultrasound. In all samples, hysteresis loops were measured,
from which coercive field, remnant magnetization and saturation magnetization were determined. Interparticle
magnetic interactions were evaluated using the Henkel plots.
It was demonstrated that these interactions are the strongest with magnetic field ranging from 0.013 to 0.02 T.
The intensity of these interactions changes significantly with the change of magnetite concentration and
reaches its significant maximum with 30 wt. % Fe3O4. The measured dependencies indicate a possibility to
influence the intensity of interparticle magnetic interactions in powder mixtures using an appropriate ratio of
concentrations of both components. The dependence of the intensity of interparticle magnetic interactions on
the concentration of Fe3O4 corresponds with the dependence of remnant magnetization and saturation
magnetization on the concentration of Fe3O4. The method of sample preparation influences the values of all
examined quantities, but it does not significantly change the character of their concentration dependences.
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EFFECT OF LASER IRRADIATION ON KEVLAR FABRIC TREATED WITH NANOPOROUS
AEROGEL
VENKATARAMAN Mohanapriya, MISHRA Rajesh, WIENER Jakub, ŠTĚPÁNKOVÁ Marie,
ARUMUGAM VeeraKumar, MILITKY Jiri
Department of Material Engineering, Faculty of Textile Engineering, Technical University of Liberec,
Liberec, Czech Republic, EU

Abstract
LASER is defined as an intense beam of coherent monochromatic light (or other electromagnetic radiation) by
stimulated emission of photons from excited atoms or molecules. It can propagate in a straight line and occur
in a wide range of wavelength, energy/power and beam-modes/configurations. They find wide applications in
academic, commercial and scientific domains ranging from very simple to complex applications. This research
provides an overview of the application of lasers for thermal protection from the laser irradiation for protective
clothing. In this work, aerogel particles in granular form were embedded between glass and kevlar fabric and
the impact of laser irradiation on the samples was studied. 150 Flexi Marcatex laser instrument was used for
this experiment with the new experimental set-up. Samples with different mass of aerogel was sandwiched
between the glass and kevlar fabric and its resistance to thermal radiation from laser rays was studied. The
surface temperature of kevlar fabric was recorded from the backside and it was observed from the results that
the surface temperature of kevlar fabric decreased with the increase in mass of aerogel. All data was
statistically analysed in Matlab and Linear fit model was plotted with residuals to see the difference from
observed and fitted datas.
Keywords: Laser, Thermal Irradiation, Aerogel, Kevlar
1.

INTRODUCTION

Laser stands for “Light Amplification by Stimulated Emission of Radiation”, is a coherent, convergent and
monochromatic beam of electromagnetic radiation with wavelength ranging from ultra-violet to infrared [1]. It
can deliver very low (mW) to extremely high (1-100kW) focused power with a precise spot size/dimension and
interaction/pulse time (10−3 to 10−15s) on to any kind of substrate through any medium [1-4]. It is different from
other electromagnetic radiation because it is coherent, pure spectrally and propagate in a straight line. It is
used for commercial, scientific and futuristic healthcare and defence applications. Laser’s differentiating
properties that justify its use in a wide spectrum of applications are (a) spatial and temporal coherence (i.e.,
phase and amplitude are unique), (b) low divergence (parallel to the optical axis), (c) high continuous or pulsed
power density, and (d) monochromaticity [1-10]. Accordingly, a host of lasers capable of delivering a wide
variety of wavelength, energy, temporal/spectral distribution and efficiency have been developed over the last
several decades[1]. Power levels should be adequate for any application because any different either shortage
or higher amount may can damage the fabrics. Thermal damage by Infra-red lasers like CO2 can be overcome
by the use of pulsed-mode CO2 lasers, which are easier to control than lasers operating in the continuous
wave mode. Aerogel is a niche material known for its unique properties such as low density, low thermal
conductivity, high specific surface area, and excellent thermal insulative [11]. The thermal conductivity of
aerogel is from 0.004 to 0.03 W/m·K [12]. It is being employed in varied applications such as construction,
aerospace, and defense [13]. A few usages of Aerogel in clothing are: (a) NASA used aerogel to produce
space suits in 2002 [14]. (b) US Navy evaluated aerogel undergarments as passive thermal protection for
divers [15] (c) Corpo Nove and Hugo Boss have designed and produced an ‘Antarctic Jacket’ using aerogel
as insulation materials in extreme conditions down to minus 50 °C [16] and (d) McFarlane Enterprises has
produced a cold weather garment that is insulated with encapsulated aerogel [17]. From those applications,
it can be understood that aerogel was mainly used to keep warmth in low temperature situations.
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Therefore, the purpose of this study was to embed aerogel into the thermal barrier layer of kevlar and glass
fabric to determine its thermal protective performance. In order to provide protection from laser devices with
adequate protection against accidental laser irradiation of the skin, different mass of aerogel embedded
between kevlar and glass fabrics have been investigated. CO2 laser treatment was conducted in different
experimental conditions.These solutions can be used for personal protective clothing. The passive solutions
are constructed as multilayer systems (Kevlar-aerogel-glass) with high passive protection levels with respect
to laser radiation. The incorporation of silica aerogel into the multilayer structure is able to increase the
protection level significantly by providing the ability to deactivate the laser source upon irradiation above a
threshold.
2.

METHODOLOGY

2.1.

Materials

In this study, glass fabric with density - 75 g/m2 , Thickness (50 kPa) - 0.3 mm and air permeability (200 Pa)40 l/m2s, Kevlar 49 T 968 oder T 968 TG with density - 1.45 g/cm3, Thickness - 0.60 mm and Silica aerogel in
granular form with pore diameter - 20 nm, particle density - 120-150 kg/m3 were used. The fabrics were cut to
5 × 5 cm and sequentially placed. The thermal barrier layer with kevlar and glass fabric sample is shown in
Fig. 3. The mass of all the layers was measured by an analytical balance respectively.
2.2.

Methods

Thermal Irradiation was carried out using a commercial pulsed CO2 laser (MARCATEX 150 FLEXI,
EasyLaser), used for cutting and marking textiles, providing a laser beam of wavelength 10.6 μm. The
thickness of the evaporated layer starts in the micrometer range. Laser beams interact with fibres by local
evaporation of material, thermal decomposition or changing the surface roughness. Different experimental
conditions concerning laser radiation were tested in order to select the most adequate situation or situations
for the thermal protection of kevlar fabric. Laser instrument is illustrated with a detailed description is shown in
Fig. 1. CO2 lasers are frequently used in a lot of industrial applications. The main laser characteristics are
mentioned are; Model Marcatex 150/250 flexi, Average output power 150/250 watts, Peak output power
230/400 watts, Working frequency 50/60 Hz, Wavelength of laser beam 10.6 micrometre, Polarisation linear,
Time mode pulse.

Fig. 1 Image of 150 FLEXI MARCATEX laser instrument
The experimental equipment consists of three parts: the sample holder, IR thermometer and laser instrument.
The IR thermometer was connected to the Optris software to record the temperature on the surface of the
fabric. The sample holder was largely composed of thermal insulation board with the size of 760 mm × 760
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mm × 50 mm. There was a 5 × 5 cm square opening located in the center of the insulation board where the
sample was placed. The experimental set up with exposed surface of the sample holder and IR thermometer
fixed to a holder facing the sample surface is shown in Fig. 2. The camera was laid behind the sample holder,
so the temperature field of the back surface of the kevlar sample can be recorded. Fig. 3 shows the schematic
diagram of the fabric/aerogel arrangement for thermal experiment. From the laser instrument, the “duty cycle”
was constant for all the pixel time which is synonymous with the power applied and represents the ratio of the
laser time on (pulse width) and laser time off. Its maximum value is 50% for the equipment used. The pixel
time is the time used to mark each pixel of the image (in microseconds) which was varied for all the different
proportion of aerogel content.

Fig. 2 Schematic diagram of Laser System

Fig. 3 Schematic diagram of fabric/aerogel setup
3.

RESULTS AND DISCUSSIONS

The maximum temperatures without aerogel and the temperatures with the varied mass of aerogel content for
four pixel times on the back surface of the kevlar sample are shown in Table 2. The mass of aerogel plays a
vital role on the surface temperature of the kevlar fabric. From the Fig. 4 (a) & (b), it is obvious that with the
higher mass of aerogel content (0.5 g) the kevlar fabric was protected from the laser radiations. Whereas, the
surface of the kevlar fabric was burnt due to the lower aerogel content (0.05 g).
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Table 1 Results of laser experiment
Pixel time (µs)

100

200

300

400

Maximum IR temperature without
aerogel

74.9

132

158.7

176.2

Mass of aerogel (g/cm2)

IR Temp (oC)

IR Temp (oC)

IR Temp (oC)

IR Temp (oC)

0.05

59.3

93.6

111.1

87.9

0.10

55.0

87.7

95.6

85.7

0.15

50.6

81.4

87.7

82.9

0.20

45.5

76.2

81.3

80.6

0.25

43.8

73.6

76.9

77.2

0.30

41.7

70.5

72.8

73.7

0.35

38.7

67.4

57.7

65.6

0.40

36.1

58.7

53.7

57.7

0.45

34.4

53.1

50.0

53.2

0.50

33.6

45.5

48.2

50.0

(a)

(b)
Fig. 4 Images after laser experiment
(a) Mass of aerogel - 0.05 g (at 400 µs)
(b) Mass of aerogel - 0.5 g (at 400 µs)

Fig. 6 to 9 shows clearly the temperature history of the tested sample. The temperature of the kevlar samples
was lower when the mass of aerogel was increased. From the Fig. 5 the linear fit model for all the samples
were analysed and found that the adjusted R2 was near to 0.9 which means that the temperature from backside
of Kevlar fabric decreases linearly with the increase in mass of aerogel. This phenomenon of each sample
was analysed for residuals and the linear fit in MATLAB and found that the observed data was very near to the
fitted data which is shown in Fig.s 6 to 9.
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y = a + b*x

Value

Standard Error

Intercept

59.5533

1.233

Slope

-57.03

3.97432

Intercept

98.04

1.49074

Slope

-99.164

4.80509

Intercept

113.973

3.94576

Slope

-144.63

12.71835

Intercept

96.22

2.01695

Slope

-90.073

6.50123

Residual Sum of Squares

Adj. R-Square

26.06206

0.9579

38.09673

0.9793

266.8981

0.9345

69.73891

0.955

100

200

300

400

Fig. 5 Linear fit model for all samples

Temperature (oC)

data 1

linear

Y = f(X)

x min

x max

y min

y max

60

y = - 57*x + 59.6
50
40
30
0.05

0.1

0.15

0.2

0.25

2

0.3

0.35

0.4

0.45

0.5

0.35

0.4

0.45

0.5

Residuals

4

Linear: norm of residuals = 5.1051

0
-2
-4
0.05

0.1

0.15

0.2

0.25

0.3

Mass of aerogel (g/cm2)

Linear model Poly1:

Goodness of fit:

f(x) = p1*x + p2

SSE: 26.06

Coefficients (with 95% confidence bounds):

R-square: 0.9626

p1 =
p2 =

-57.03 (-66.2, -47.87)

Adjusted R-square: 0.9579

59.55 (56.71, 62.4)

RMSE: 1.805

Fig. 6 Linear fit model for Pixel time = 100 µs
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Temperature (oC)

data 1

linear

Y = f(X)

x min

x max

y min

y max

100
y = - 99.2*x + 98
80
60
40
0.05
5

0.1

0.15

0.2

0.25

0.3
Residuals

0.35

0.4

0.45

0.5

0.25

0.3

0.35

0.4

0.45

0.5

Linear: norm of residuals = 6.1723

0

-5
0.05

0.1

0.15

0.2

Mass of aerogel (g/cm2)

Linear model Poly1:

Goodness of fit:

f(x) = p1*x + p2

SSE: 38.1

Coefficients (with 95% confidence bounds):

R-square: 0.9816

p1 =

-99.16 (-110.2, -88.08)

Adjusted R-square: 0.9793

98.04 (94.6, 101.5)

RMSE: 2.182

p2 =

Fig. 7 Linear fit model for Pixel time = 200 µs

Temperature (oC)

data 1

linear

Y = f(X)

x min

x max

y min

y max

120
y = - 145*x + 114

100
80
60
40
0.05

10

0.1

0.15

0.2

0.25
0.3
Residuals

0.35

0.4

0.45

0.5

0.25

0.35

0.4

0.45

0.5

Linear: norm of residuals = 16.337

0
-10
0.05

0.1

0.15

0.2

0.3

Mass of aerogel (g/cm2)

Linear model Poly1:

Goodness of fit:

f(x) = p1*x + p2

SSE: 266.9

Coefficients (with 95% confidence bounds):

R-square: 0.9417

p1 =

-144.6 (-174, -115.3)

p2 =

114 (104.9, 123.1)

Adjusted R-square: 0.9345
RMSE: 5.776

Fig. 8 Linear fit model for Pixel time = 300 µs
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Temperature (oC)

data 1

linear

Y = f(X)

x min

x max

y min

y max

100
y = - 90.1*x + 96.2

90
80
70
60
50
0.05
5

0.1

0.15

0.2

0.25

0.3
Residuals

0.35

0.4

0.45

0.5

0.25

0.3

0.35

0.4

0.45

0.5

Linear: norm of residuals = 8.351

0

-5
0.05

0.1

0.15

0.2

Mass of aerogel (g/cm2)

Linear model Poly1:

Goodness of fit:

f(x) = p1*x + p2

SSE: 69.74

Coefficients (with 95% confidence bounds):

R-square: 0.96

p1 =
p2 =

-90.07 (-105.1, -75.08)

Adjusted R-square: 0.955

96.22 (91.57, 100.9)

RMSE: 2.953

Fig. 9 Linear fit model for Pixel time = 400 µs
The above results show that the Galss and Kevlar fabrics that used aerogel as a thermal barrier layer is
excellent most of the time, except during the very low mass of aerogel content. The temperature difference
from each sample differs due to the different pixel time from 100 - 400 µs. The heat transfers mainly through
three ways: conduction, convection and thermal radiation. As a high porosity material, the solid volume ratio
of the aerogel is extremely low. Also, the aerogel’s solid-state thermal conductivity is only about 0.002 W/m·K.
For the air convection inside the aerogels, it is usually very small as the pore size of the aerogel is smaller
than the mean free path of air (about 70 nm). Thus, with the increase of temperature, thermal radiation
becomes the main form of heat transfer in aerogels [13]. The radiative heat transfer in aerogel strongly depends
on the wavelength of the incident radiation, λ, as the absorption coefficient is a function of λ. As shown
in Fig. 10, the absorption coefficient reaches its maximum value when λ= 9.5 µm, and gets its minimum value
when λ locates between 3 and 5 µm. At room temperature (e.g. 290 K), the peak wavelength is calculated by
Wien's displacement law as:
λm = 2.898 × 103 K·µm / 290 K = 9.99 µm

(1)

Fig. 10 The IR absorption coefficient of aerogel as a function of wavelength
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CONCLUSION

As aerogel has the characteristics of low density and low thermal conductivity, it was embedded as a thermal
barrier layer between glass and Kevlar fabric, and the thermal response was tested with the different proportion
of aerogel content. When exposed to radiant heat, the backside temperature of the kevlar samples with aerogel
was about 40 - 100 °C lower than that of the samples without aerogel depending on the different pixel time.
From the results we can conclude that Kevlar/glass embedded with aerogel has the advantages of lighter
garment and better thermal protection.
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Abstract
Conformational changes of humic acids in different aqueous solutions were studied by means of two novelty
methods: high resolution ultrasound spectrometry (HRUS) and micro-rheology (µR). Obtained results were
compared with those of more conventional method of dynamic light scattering (DLS).
The HRUS method is based on the measurement of parameters of ultrasonic waves propagating through the
sample. The attenuation describes the decay of the amplitude of the ultrasonic wave with the distance
travelled. The velocity is the speed of this wave and is related to the wavelength and the frequency of oscillation
of the deformation. It is determined by the density and elasticity of the sample, which is strongly influenced by
the molecular arrangement. The µR technics (in contrast to conventional rheology) relies on tracking the
motions of the micro-sized tracer particles embedded in the sample. It can give information about a local
inhomogeneity especially in the ultra-small scale materials.
Our results showed that the organization of particles in diluted and concentrated solutions of humic acids is
different. The conformational arrangement was strongly influence both the concentration and the character of
surrounding medium. The decrease in compressibility indicated the formation of a more rigid structure, which
could lead to the decrease in the binding ability of humic acids. Changes in sizes of particles detected using
DLS resulted in their different mobility and obtained micro-rheological parameters. It was confirmed that both
novelty methods employed were very sensitive and could be utilized as indicators of conformational changes
in humic systems.
Keywords:

1.

Humic substances,
micro-rheology

molecular

organization,

conformation,

ultrasound

spectrometry,

INTRODUCTION

Humic substances are a mixture of different compounds with unique properties. They occur in all types of soils,
waters and sediments of ecosphere. Due to the heterogeneous and polydisperse character of humic
substances, their secondary structure has not been clarify yet nor their conformational arrangement. The
conformation of humic substances in aqueous solutions are mainly stabilized by weak disperse forces such as
Van der Waals, π-π, CH-π interactions and hydrogen bonds. Humic substances in aqueous solutions tend to
form aggregates that are held together by intermolecular hydrophobic interactions. Therefore their
conformation and molecular organization as well as their stability is strongly dependent on character of medium
and by change of conditions in the solution is lead to changes in the arrangement and size of humic particles
in studied systems [1]-[3].
The characterization of molecular organization of humic substances represents a major problem, due to their
heterogeneity and tendency to associate when present in solutions with their increasing concentration.
Variations in ionic strength and pH were frequently observed as affecting the apparent molecular size of humic
particles [3]-[5]. Some authors stated that dissolved humic acids might be micelle-like, supra-molecular
assemblies of small entities. The apparent conformation of humic acids at higher concentrations (>1 g.dm-3)
might differ strongly from the conformation in more dilute systems [3], [6], [7]. A critical examination of published
data resulted in a new view evolving on the molecular structure of humic substances. In this view, humic
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substances are collections of diverse, relatively low molecular mass components forming dynamic associations
stabilized by hydrophobic interactions and hydrogen bonds. These associations are capable of organizing into
micellar structure in suitable aqueous environments [3], [6]-[10].
In this work, high resolution ultrasound spectrometry (HRUS) and micro-rheology (|R) supplemented by
dynamic light scattering (DLS) were used in order to study the conformational changes in humic acids in
dependence on their concentration in three different environments. HRUS is a novel technique for direct and
non-destructive analysis of the intrinsic properties of materials. The method is based on measurements of the
ultrasonic velocity and attenuation. Ultrasonic velocity is determined by the density and elastic response of the
sample to the oscillating pressure (stress) in the ultrasonic wave and can be expressed in terms of
compressibility or storage modulus (longitudinal). The elastic response is generally dominant. The attenuation,
which is a measure of the ultrasonic transparency of the medium analyzed, is determined by the energy losses
in compressions and decompressions in ultrasonic waves and so can be expressed in terms of the viscosity
of the medium or its longitudinal loss modulus [3], [11], [12]. This parameter is extremely sensitive to the
molecular organization and intermolecular interactions in the analyzed medium, which can influence strongly
the reactivity and structural arrangement of humic substances and their complexes [13]-[16]. The ultrasonic
analysis is based on the measurement of characteristics of ultrasonic waves propagating through a sample.
Sound can be absorbed by matter which either attenuates the signal or it changes the velocity of the signal.
Ultrasonic attenuation (N) describes the decay of the amplitude of the ultrasonic wave with distance travelled.
Ultrasonic velocity (U) is the speed of this wave and is related to the wavelength and the frequency of oscillation
of the deformation. It is determined by the density and compressibility of the sample [17]
(1)

U=

1

βρ

where U is the ultrasound velocity of the sample in cell 1, β is the compressibility, and ρ is the density of the
sample. The computed compressibility is usually normalized to the compressibility of water (βw)
(2)

βr =

β
βw

The compressibility is determined by the elastic response of the sample to the oscillating pressure (stress) in
the ultrasonic wave. This parameter is extremely sensitive to the molecular organization and intermolecular
interactions in the analyzed medium [3], [8]. Obtained ultrasound parameters characterize indirectly rheological
properties of studied systems, which are studied in this work by other novel method - micro-rheology. The
passive µR method is based on the thermal motion of particles inserted into the investigated sample. Small
well defined particles are embedded into the investigated material. Size of the particles allows subjecting of
the Brownian motion, which depends on the viscosity of surrounding material. Mean squared displacement
(∆x2) of particles with dimension r is used for the determination of their diffusion coefficient D
(3)
∆x 2 = 2Drτ α
whereτ is time and α is time exponent. The determined value of diffusion coefficient is used for the calculation
of viscosityη
(4)

D=

k BT
6πη r

where kB is the Boltzmann constant and T is temperature. Viscosity obtained using µR is strongly influenced
by character, size and charge of dissolved humic particles. The combination of HRUS with methods of µR and
DLS can provide a complex view on the molecular organization of humic particles in studied systems.
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MATERIALS AND METHODS

Humic acids were extracted from South-Moravia lignite using a mixture of NaOH and Na4P2O7 by the procedure
described and characterized previously [2], [3], [18]-[21]. Three different types of solutions were used in this
work. The first type was the colloidal solution prepared by the dissolution of humic acids in 0.1 M NaOH and
the addition of the same volume of 0.1M HCl. This preparation resulted in humic acids dissolved in the solution
of NaCl with neutral pH-value. The second type was the solution prepared by dilution of stock solution of
previous type (10g.dm-3) by means of 0.1M NaCl. Solutions of both these types have the same chemical
character but they are prepared by different procedure which could influence the final organization of humic
particles. Third type was the alkaline solution in 0.1M NaOH. The concentration range of humic acids in their
solutions was 0.01 - 10 g dm-3.
An ultrasonic spectrometer with high resolution HR-US 102 (Ultrasonic Scientific), was utilized for
measurement of basic ultrasonic parameters at three frequencies (5110 kHz, 8220 kHz, and 12 200 kHz,
respectively). Six values of ultrasonic parameters were measured and averaged at each frequency. The device
consisted of two independent cells heated to 25 °C. Cell 1 was used for a humic sol measured, cell 2 for a
blank solution. Ultrasonic velocity (U) and attenuation (N) in both cells was monitored; the resulting values ∆U
and ∆N were calculated as the differences between sample and reference cells. The solvents were used as
blank solutions for determination of the ultrasonic parameters of humic solutions. The density of humic sols
was determined by DMA 4500 (Anton Paar).
Polystyrene well defined particles were used for the particle tracking µR. Solutions with particles were placed
into the “glass pocket” to avoid its drying or flowing. The particle tracking was monitored using microscope
(Nicon Eclipse e200) and CCD camera (Canon EOS 550D) and analyzed using SW VirtualDub and ImageJ.
The particle size distribution and zeta potential were determined using Zetasizer Nano ZS (Malvern
Instrument).
3.

RESULTS AND DISCUSSION

In Fig. 1, parameters determined on the basis of ultrasound spectrometry are shown.

Fig. 1 Relative compressibility and change in attenuation of humic acids in NaOH (blue),
NaOH / HCl (red) and NaCl (green)
The conformational changes and different stability affected both the ultrasonic parameters measured: velocity
and attenuation. While the attenuation is determined by the energy losses in compressions and
decompressions in ultrasonic waves, the ultrasonic velocity is determined by the elasticity and density of the
sample measured. Since the dependence of density on concentrations of humic systems is strongly linear (not
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shown), the values of compressibility presented in Fig. 1 must be a result of the elasticity, which is usually
dominant. We can see that compressibility of humic systems with alkaline pH is much lower in comparison
with neutral ones and depends on the concentration only weakly. Similarly, the concentration dependence of
compressibility of humic acids in NaCl is not strong. On the other hand, the compressibility of humic systems
prepared by neutralization of alkaline solution by HCl increases sharply for highly concentrated solutions. The
way of preparation influences significantly behavior of studied systems. Humic acids dissolved in NaOH can
spread out their structure which can change gradually during neutralization. Systems in NaCl are prepared by
simple dilution and possibilities for changes are limited. Results obtained on the basis of measurement of
attenuation are different. All three systems have low attenuation for low concentrations and their values
increase for samples with concentration higher than 1 g⋅dm-3. This “switch-over point” was detected by more
methods which confirmed qualitative changes in molecular organization of studied systems with concentration.
High values of attenuation can indicate aggregation or presence of large particles which can sediment. Data
obtained by means of DLS (Fig. 2) confirmed the increase of particle sizes only for humic acids in NaOH. The
aggregation of neutral systems is much lower. The polydispersity of alkaline systems is practically constant
and increases slightly for very low concentrations. Similar trend was observed for humic acids in NaCl but the
increase is stronger. Results obtained for systems in NaOH neutralized HCl are opposite. The polydispersity
of lowly concentrated solution is low and increases with concentration. Values obtained for medium and highly
concentrated systems are practically constant.

Fig. 2 Particle size and polydispersity of humic acids in NaOH (blue), NaOH / HCl (red) and NaCl (green)

Fig. 3 Viscosity and zeta potential of humic acids in NaOH (blue), NaOH / HCl (red) and NaCl (green)
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Charge of humic particles in studied system is influenced by the character of surrounding medium similarly as
in previous cases. The decrease of zeta potential with increasing concentration indicates the increase of
stability of humic solutions. Data obtained for humic acids in NaOH / HCl correspond with their polydispersity
including a little decrease for very concentrated systems. The increase of stability is connected with the
increase of polydispersity. On the other hand, the stability of humic acids in NaCl increases with decreasing
polydispersity, which confirms the strong influence of preparation process on final properties of humic systems.
Values of viscosity determined by the µR method indicated higher flow resistance for highly concentrated
systems. Results are related to changes in the hydration shell of humic particles detected also by the
ultrasound spectrometry. A minimum of viscosity was observed for all studied systems, which indicated the
above mentioned “switch-over point”. Differences in behavior of lowly and highly concentrated systems were
detected by all used methods. It shows that the molecular organization changes with the content of humic
particles as well as with the character of solvent. The conformational arrangement of humic particles in different
systems is the result of many factors as hydrophobic interactions, dissociation of functional groups, charge
repulsions and others.
4.

CONCLUSION

The novelty methods used in this work provided comprehensive illustration of molecular organization in
complex humic systems. Presented approach to study on conformational changes and aggregation behavior
is useful tool for characterization of systems containing particles sensitive on surrounding medium and
conditions, especially biomaterials.
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Abstract
The aim of this work was study molecular and quantitative analysis of metal ion binding to humic acids (HAs).
The object of our study were two various samples of HAs. HAs were isolated from South-Moravian lignite from
the mine Mír (locality Mikulčice, Czech Republic) and compost which was obtained from the composting plant
in Náměšť n. Oslavou, Czech Republic. Isolation of HAs was performed according to the procedure
recommended by the International Humic Substances Society (IHSS). The reactivity (thermodynamics) of
humic acids (HAs) and metals was studied by isothermal titration calorimetry (ITC). As model metals were
chosen Cu (II) and Pb (II) ions. ITC was observed reaction enthalpy, Gibbs energy, enthropy and the amount
of metal bound to a specific humic acid. The HAs were characterized and compared using spectroscopic
techniques, including FTIR and liquid-state 13C NMR spectroscopy. Infrared spectroscopy is a useful technique
in characterization of structure, functional groups and formation modes of HAs. 13C NMR spectra of HAs were
obtained with a Bruker Avance III NMR spectrometer. For data analysis, the spectra were divided into chemical
shift regions assigned to the following classes of chemical groups: alkyl C (0-45 ppm), O-alkyl C (45-106 ppm),
aromatic C (106-165 ppm), and carbonyl and carboxyl C (165-220 ppm), respectively. Aromaticity (fa),
hydrophilicity and hydrophobicity ratio (Hfi/Hfo) and biological activity (BiA) of HAs were calculated from the
area of the NMR spectra.
Keywords: Humic acids, isothermal titration calorimetry, complexation, metal ions
1.

INTRODUCTION

Humic substances are well known to be one of the most important soil constituents [1,2]. They are the principal
components of soil organic matter and have indispensable roles for soil and the environment in general. [3]
Due to their colloidal and polyfunctional character, these substances play important roles in the mobility and
bioavailability of nutrients and contaminants in the environment [4]. They determine the pH buffering capacity
and cation exchange capabilities in natural waters and soils [5].
Humic acids are capable of interaction with wide range of substances, such as metals, organic and inorganic
pollutants in soils and waters. Another very important feature of humic acids presence in the soil is their high
buffering ability in a wide range of pH values [6]. Humic acids are essentially large system of polyfunctional
groups such as lipids, carbohydrates, aromatic compounds, and others. These compounds differ significantly
in content of functional groups of the humic acids according to their origin and formation. According to the
group of authors [7] these groups are responsible for their reactivity as they are capable of ionization. Among
these functional groups oxygen, nitrogen and sulfur forming carboxylic, phenolic, hydroxyl, amine and thiol
functional groups are presented.
In view of the frequent use of humic substances in the environment, for example: in remedial technologies, it
is important to know the binding interaction of substances with contaminants, pollutants, heavy metals, which
are present in the environment. Of explored the properties of humic materials and from known information
about the structure we can deduce about possible linkage interaction-ionic bond, coordination bond, hydrogen
bonds, hydrophobic interactions. Extensive studies point to the fact that only few HL occurs in the soil in free
form, but many of them are bound to clay or other mineral components of the soil. Interactions with HL
645

2015

®

Oct 14th - 16th 2015, Brno, Czech Republic, EU

compounds in soil is caused by interactions with salts of low molecular weight organic acids, alkali metals and
alkaline earth metal complexes [8].
The objectives of this Isothermal titration calorimetry is the only one capable of measuring not only the
magnitude of the binding affinity but also the magnitude of the two thermodynamic terms that define the binding
affinity: the enthalpy (ΔH) and entropy (ΔS) changes [9].
The general principle of ITC is based on measuring the heat which is generated or absorbed in the interaction
between two molecules. ITC was used to determine the stability constants, stoichiometry, interaction enthalpy,
under certain conditions, entropy, Gibbs free energy, and this may be change is detected by the thermal
capacity [10].
The objectives of this work were determine and discuss the Cu(II), Pb(II) complexes their stability constants
and thermodynamics parameters. Humic acids were characterized using Fourier transform infrared
spectroscopy (FTIR) and NMR spectroscopy.
2.

MATERIALS AND METHODS

2.1.

Materials

Humic acids were isolated from South-Moravian lignite from the mine Mír (locality Mikulčice, Czech Republic)
and compost which was obtained from the composting plant in Náměšť n. Oslavou, Czech Republic. Isolation
of HAs was performed according to the procedure recommended by the International Humic Substances
Society (IHSS).
Isothermal titration calorimetry
Humic sols were prepared by the dissolution of the humic acid powder (lignite HA, compost HA) in the 0.1 M
KOH solution. Obtained samples were stirred overnight. To neutralize KOH [5], the appropriate amount of
0.1 M HNO3 was added to each solution. The resulting sols had the concentration of humic acids of 1.25
g⋅dm−3.
Metals applied in experimetal works were purchased from Sigma-Aldrich (p.a. purify grade). For the study of
the interaction with HAs, metals (Cu(NO3)2, Pb(NO3)2) were dissolved in 0.1 M KNO3. Solutions were also
stirred overnight. The concentration of metal solution was 8 g⋅dm−3.
2.2.

Methods

The reactivity and complexation with metal ions were performed with an isothermal titration calorimeter (TAM
III-thermal activity monitor, TA instruments) with a sample and the reference cells. The reference cell contained
miliQ water. The cell (1 ml) contained the solution of HA. In the syringe was titrant - metal solution. Experiment
consisted of injecting 4.974 µl (50 injections). The titrant was injected at 10 min interval. Each injection lasted
10 s. The temperature was set on 298, 15 K. For homogeneous mixing in the cell, the stirrer speed was kept
constant at 90 rpm. The data were processed with TAM assistant software and NanoAnalyze software, both
from TA instruments.
The Fourier transform infrared spectra (FTIR) of HAs were recorded over the range of 4000-400 cm−1 on pellets
obtained by pressing under reduced pressure a mixture of 1 mg of samples and 400 mg of dried KBr,
spectrometry grade. A Nicolet iS50 FTIR spectrophotometer operating with a peak resolution of 4 cm−1, and
128 scans were performed on each acquisition. Nicolet Omnic software was used to obtain the spectra.
13C

NMR spectra were recorded using a Bruker Avance 500 DRX NMR spectrometer (Bruker, Karlsruhe,
Germany) with working frequency of 125.77 MHz (13C). Samples dissolved in 0.5 M NaOD in deuterium oxide
were measured with following parameters: temperature 298.15 K, NMR-tube diameter 5 mm, number of scans
25 000, excitation pulse 10.5 μs (90 °), acquisition time 0.52 s, spectral width 31 250 Hz, pulse repetition delay
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2 s, and 1H inverse gated decoupling.X Aromaticity (fa), hydrophilicity and hydrophobicity ratio (Hfi/Hfo) and
biological activity (BiA) of HS were calculated from the area of the NMR spectra.
3.

RESULTS AND DISCUSSION

3.1.

Isothermal titration calorimetry (ITC)

The best results were observed that we used colloid sol from humic acid. We tried titration with powder HA,
total dissociation of HA, but results aren´t representative. The representative type of results from ITC is showed
in Fig. 1. It demonstrate the isotherm of Pb2+ ion binding to compost humic acid. All titration with metals were
exothermic-results from heat flow had possitive. In settings of TAM III means positive heat flow - exothermic
reaction. The resulted data were fitting with least-squares fitting model for one-site binding model. From fitting
results we received thermodynamic parameters - binding constant Ka, reaction enthalpy ΔH, reaction entrophy
ΔS, Gibbs energy ΔG (Table 1).Both reaction were favorable ΔH, characteristic of hydrogen bond formation,
and an unfavorable TΔS. Little bit higher enthalpy had reaction of compost HAs with copper ion. In Fig. 3 are
thermodynamic responses between interaction of lignite HAs with metals. Results are in Table 3. ΔG is change
in free energy, negative value is for spontaneous reaction. More negative means higher affinity. ΔH measure
of the energy content of the bonds broken and created. The dominant contribution is form hydrogen bonds.
Negative value indicates enthalpy change favoring the binding. ΔS is positive for entropically driven reactionsfavoring binding is hydrophobic interactions. Higher Gibbs energy had reactions with Pb.

Fig. 1 ITC measurement of binding to compost HA.
A) Raw data for injection of 24 mM Pb2+ ions into HA. B) ΔH from titration versus added volume of titrant
Amount of divalent cations is shown in Table 1. The little bit higher amount is in Pb cation in both complexation
with humic acids. Also we observed stability constant log Ka. Higher values are in complexes with Cu ions.
Table 1 Thermodynamics parameters from isothermal titration calorimetry and adsorbed amount of ions
Reaction

log Ka (M-1)

Δ G (kJ/mol)

-T.Δ S (J/(k.mol))

Δ H (kJ/mol)

adsorbed
amount (μmol)

compost HA-Pb

6.1 x 103

-22.716

-74.059

-45.29

4.25

compost HA-Cu

1.5 x 104

-25.843

-112.095

-59.31

3.79

lignite HA-Pb

1.3 x 103

-19.342

-111.924

-51.25

4.72

lignite HA-Cu

3.6 x 104

-26.895

-75.322

-47.26

3.56

3.2.

FTIR spectroscopy

The FTIR spectra of HAs samples are shown in Fig. 2. Interpretation of the absorption bands was done as
described in the literature [11-13]. All spectra of HAs are characterized particularly by bands of aliphatic
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groups. Bands at 2940-2930 cm−1 are
ascribed to asymmetric C-H stretching in
methylene groups. Bands of symmetric
(2855 cm−1) stretching in methylene groups
are only observed for compost-HA. The
deformation vibrations of methylene and
methyl groups occurred in the spectra at
1451 cm−1 and 1369 cm−1.
The bands at around 3400 cm−1 were
attributed to OH groups. Bands at 3084 cm−1
are assigned to stretching C-H groups in
aromatic ring. Bands at 1608-1602 cm−1 are
assigned to stretching C=C groups in aromatic
ring whereas the most intensity peak is
observed for lignite-HA. The appearance of
C=C aromatic stretching at 1510 cm−1 (and
probably at 1608-1602 cm−1) pointed out
aromatic molecules. Two out-of-plane C-H
Fig. 2 FTIR spectra of lignite-HA and compost HA
deformation bands are found in the 900700 cm−1. Carboxylic groups to the band at 1712 cm−1 are observed for all samples of HAs whereas the most
intensity peak is observed for lignite-HA. Bands at 1660 cm−1 are assigned to stretching C=O in amide groups
(amide I band), quinone C=O and/or C=O of H-bonded conjugated ketones only observed for compost-HA.
Bands of asymmetric (1580 cm−1) and symmetric (1370 cm−1) stretching in benzoate groups are observed for
compost-HA. The bands at 1405 cm−1 and 1220 cm−1 are attributed to O-H bending in phenols. In the range
1300-1000 cm−1, several bands is situated which can be attributed to other oxygen functional groups. In the
zone, the most intensity band at 1260-1220 cm−1 is related to C-O stretching of phenols and ethers. The
appearance of bands at 1130 cm−1, 1080 cm−1 and 1040 cm−1 points out alcohols (primary and secondary),
aliphatic ethers and C-O groups in polysaccharides.
3.3.

13

C NMR spectroscopy

The quantitative 13C NMR spectra of the studied samples showed typical resonances of HAs: aliphatic carbon
(0-45 ppm), carbohydrates and/or aminoacids (45-106 ppm), aromatic and phenolic carbon (106-165 ppm)
and carboxyl and carbonyl carbon (165-220 ppm) are listed in Table 2. The 13C NMR spectrum of lignite-HA
was characterized by a low content of aliphatic and O-alkyl functional groups, the presence of a sharp signal
of lignin O-CH3 groups at a shift of 56 ppm, and signals of the aromatic carbons near 115-130 ppm, separated
from the area of phenolic carbons. The 13C NMR spectrum of compost-HA contained in addition to the signals
typical for HAs derived from natural compost (aliphatic, O-alkyl and aminoacids) also many sharp signals of
carboxyl carbons in the area of 165-190 ppm. X From the 13C NMR spectrum, it is also evident that the
compost-HA is characterized by a high content of aliphatic (0-45 ppm) and alkoxy (45-106 ppm) carbons. The
values of the different indexes calculated from the 13C NMR spectra (fa, BiA and Hfi/Hfo) are presented in
Table 2. The values of fa, Hfi/Hfo and BiA of different HAs are typical for terrestrial origin and autochthonous
sources. The higher values of fa and BiA of lignite-HA may be indicative of greater humification degree and
biological activity.
Table 2 Structural coefficients (fa, BiA and Hfi/Hfo) and average distribution of individual carbon types and in
the studied HAs from the 13C NMR spectra
Sample

0-45 ppm

45-106 ppm

106-165 ppm

165-220 ppm

BiA

Hfi/Hfo

fa (%)

lignite-HA

0.21

0.16

0.48

0.15

1.70

0.45

56

compost-HA

0.25

0.30

0.29

0.16

0.82

0.85

35
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CONCLUSION

The characterization of the humic acids was performed by NMR and FTIR spectroscopy. The thermodynamics
of complexation of metal ions - Pb, Cu with humic acids in the sol form was studied using isothemal titration
calorimetry. These metals were selected because they are pollutant in environment. We have developed
optimization procedure for ITC experiments that can be applied in humic research for study their nature
interactions (organic and inorganic). Thermodynamic quantities - enthalpy, entropy, Gibbs energy and the
binding constant were obtained by calculation. It was found that metal ions can be adsorbed not only by acidic
functional groups. The interaction of divalent cations and humic acids are entropy driven.
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Abstract
This paper deals with application of CdTe nanoparticles for analytical determination of Cu(II) and Pb(II) ions
by means of laser-induced luminescence spectroscopy. The analytical procedure was optimized for
experimental conditions (pH, concentration of nanoparticles and analyte) and then it was utilized for
simultaneous determination of both metal ions in water samples. The proposed method is simple and fast and
it can be employed for analysis out of lab.
Keywords: Nanoparticles, Quantum dots (QD’s), Quenching effect, Cu(II), Pb(II), Thiol group,
Mercaptopropionic acid (MPA)
1.

INTRODUCTION

The recent nanotechnological methods enable the assembly and characterization of well-defined objects in
nanometer scale. Nano-objects are intensively studied in chemistry as well in physics and biology. The
quantum-dots colloid particles of diameter 1-10 nm are usually low-soluble cadmium compounds of CdX
stoichiometry (X = S, Se, Te) [1-3]. Their solubility is increased by surface covering of thiol containing
compounds (e.g. mercaptopropionic acid, glutathione, cysteine, etc.) and also by increase of solution pH which
leads to dissociation of functional carboxylate groups (see Fig. 1, [1-3]). Their exceptional physico-chemical
and optical properties as well as higher photostability compared with organic fluorophores can be used for
development of new analytical methods for the detection and determination of ions and the molecules
important in biology and medicine [1-3]. QD-based nanoparticles exhibit broad excitation and narrow emission
band where their position depends on their kind, morphology and size and thus the maximum of emission band
can be tuned by synthetic process. This paper deals with application of QD-CdTe nanoparticles for analytical
determination of Cu(II) and Pb(II) ions by means of laser-induced luminescence spectroscopy.

Fig. 1 The structure of QD-CdTe nanoparticles (adopted from ref. [4] with permission)
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EXPERIMENTAL

The synthesis of QD-CdTe nanoparticles covered by MPA was carried out by one-step procedure [5]. The
mixture of cadmium chloride, sodium tellurite, sodium citrate, MPA (surface modifier) and NaBH4 (reducing
agent) in aqueous solution was heated at temperature 95 ºC for variable time 3, 4 and 5 hours. The samples
of NP’s were purified by precipitation with isopropanol (1:1 ratio) followed by centrifugation (12,000 rpm]. The
prepared NP’s were characterized by measurement of their size distribution and zeta potential on Zetasizer
Nano ZS equipment (Malvern). Solid nanoparticles were re-dissolved in water prior the analysis.
Luminiscence measurements were carried out on home-made equipment, where laser beam of 405 nm
wavelength (Eclipsera X100H405) as excitation source of power 80 mW was introduced into cuvette space by
optical guide and the emission spectrum was recorded on AvaSpec-2048 detector operating in region 3501100 nm driven by AvaSoft software (both AVANTES) running on PC.

3.

RESULTS AND DISCUSSION

The CdTe nanoparticles were synthesized according to procedure described in literature [5] and the heating
time was varied within 3-5 hours. The purified samples were dissolved in water (pH ~ 6.5). The maximum of
emission band is about 532 nm (see Figs. 2 and 3) and it is not dependent on procedure of preparation.
DLS experiments show that the diameter of NP’s was estimated to be about 5 nm and zeta-potential was
calculated about -40 mV. Decreasing the solution pH, the nanoparticles start to agglomerate due to
neutralization of propionic acid arms covering surface of nanoparticles (see Fig. 1) while pKa value was
estimated about 4. At pH < 3, the formation of uncharged agglomerate clusters of size 1500 nm was observed
and the luminescence of solution was decreased to zero. It was also found out that the luminescence of
solution containing NP’s was decreased with higher pH and therefore pH ~ 6.5 was adjusted for next
experiments. The quenching effect was also observed for NP’s solution of concentration higher than
1.3 mg.ml-1 and the solutions having this concentration were utilized for the next experiments.
Adding Cu(II) or Pb(II) metal ions to NP’s solution, the quenching effect is observed (see Figs. 2 and 3). The
phenomena does have both static and dynamic character as proved by curved dependence. The first linear
part can be used for the calculation of Stern-Volmer constant describing the dynamic character of quenching.

I0
= 1 + K SV [M]
I

(1)

The KSV values calculated for both metal ions are given in Table 1. This equation can be employed also for
quantitative analysis of those ions in solution and therefore also the limits of detection were estimated (see
Table 1). As one can observe, the KSV value is higher for Pb(II) than for Cu(II) ion while the LOD’s are opposite.
The explanation can be in the fact that Pb(II) ion is generally more efficient quencher due to larger diameter
and higher polarizability.
The quenching effect of both metal ions was also tested for other concentration of NP’s solution (c = 1.3-6.5
mg.ml-1). The highest sensitivity was observed for the lowest NP’s solution concentration while the sensitivity
decreased for higher concentration. This effect was opposite in some cases for Pb(II) ion probably as
consequence of formation of less soluble PbTe compound by exchange reaction. It was also found out for
quenching study that there is no interference of Pb(II) ions for determination of Cu(II) and vice versa.
Table 1 The values of Stern-Volmer quenching constant and limit of detection (LOD) obtained for determination
of Cu(II) and Pb(II) ions (see Fig. 2 and 3)
KSV (M-1 /105)

LOD (nM)

Cu(II)

4.17

250

Pb(II)

35.4

45

Metal Ion
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Fig. 2 The example of quenching effect of copper(II) ions on luminescence of CdTe nanoparticles
(c = 1.3 mg.ml-1, pH = 6.5)
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Fig. 3 The example of quenching effect of lead(II) ions on luminescence of CdTe nanoparticles
(c = 1.3 mg.ml-1, pH = 6.5)
The analytical procedure was verified by analysis of real samples (tap water, water taken from Svratka river).
In order to eliminate the matrix effect of other ions present in samples, the standard addition method was used
for the analysis. In case of Cu(II) ion analysis (see Fig. 4), the slopes of both calibration plots are almost the
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same which means that there is no matrix effect. On contrary, there is significant difference in slopes for Pb(II)
ion analysis probably as consequence of exchange reaction. The results of analysis of real samples are
presented in Table 2.The same samples were analyzed by ICP atomic emission spectroscopy. The results
obtained by both experimental techniques are comparable in case of Pb(II) ion analysis while the Cu(II)
concentrations slightly differ probably due to lower sensitivity and higher LOD.

4
tap water
river water

I0 / I

3

2

1

0
-6
-2.0x10

-6

-6

0.0

-1.0x10

1.0x10

cCu / M
Fig. 4 The example of Cu(II) analysis of water samples using their quenching effect on luminescence of
CdTe-QD nanoparticles (c = 1.3 mg.ml-1, pH = 6.5). The values for river water samples were increased by
one in order to simplify the plot
Table 2 The results of analysis of water samples. Values for fluorosensor are average values from triplicates
Metal Ion

Cu(II)

Pb(II)

4.

Tap water

Svratka River water

Fluorosensor

ICP-OES

Fluorosensor

ICP-OES

4.7 ± 0.6 ppm

7.6 ppm

5.1 ± 0.4 ppm

3.1 ppm

(0.74 ± 0.10 µM)

(1.20 µM)

(0.80 ± 0.06 µM)

(0.49 µM)

5.8 ± 2.8 ppm

4.9 ppm

8.2 ± 1.5 ppm

6.9 ppm

(0.28 ± 0.14 µM)

(0.24 µM)

(0.39 ± 0.07 µM)

(0.33 µM)

CONCLUSION

The synthesis of QD-CdTe NP’s according to literature procedure (see ref. [5]) was successfully repeated and
the prepared nanomaterials were characterized by DLS and electrophoretic measurements in broad pH region.
The laser-induced luminescence spectroscopy was employed for the study of quenching effect of Cu(II) and
Pb(II) ions on NP’s in solution under different experimental conditions (pH, concentration of NP’s). The highest
quenching effect was optimized for the best experimental conditions which were utilized for analysis of both
Cu(II) and Pb(II) ions in water samples (tap water, river water). The results are comparable with values found
by ICP-OES. The proposed analytical procedure can be used for fast and simple analysis of these metal ion
in environment by means of portable lab instrument.
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Abstract
New materials with high possible figure of merit ZT are of high interest as a promising candidates for
thermoelectric applications such as energy harvesting. Miniaturization of such systems tends toward
developing of the suitable characterization method with nanometer resolution ability. In our contribution, we
present the development and experimental results of a simple scanning probe microscopy method for the
relative thermal conductivity characterization. The possibility of the setup is demonstrated on the set of
different thin thermoelectric layers grown from hot pressed targets by pulsed laser deposition on the
reference Si substrate. All the measurements were performed on the commercial Veeco Multimode scanning
AFM/STM microscope with home developed controller and by using PicoCal Inc. bolometer probes with
tungsten resistive path. All the experiments were done in the air at the ambient condition. Additional sample
treatment for the measurement will be also briefly described
Keywords: Scanning thermal microscopy, figure of merit, thermoeletric materials

1.

INTRODUCTION

Thin layers, multi-layered structures and superlattices are suitable as a starting structures for thermoelectric
nanodevices [1]. Knowledge of properties of such structures with lateral resolution in the nanometer scale is
crucial from the point of view of nanophysics, nanoelectronics, nanomechanics and nanomedicine. Hence,
there is need of techniques able to reach a nanometric spatial resolution. Scanning thermal microscopy
(SThM), member of a family of scanning probe microscopies (SPM), shows its abilities since its invention in
1986 [2]. It is based on atomic force microscope (AFM) equipped with a thermal probe to carry out thermal
images together with simultaneously obtained contact mode topography image [2,3]. At the beginning,
thermocouple probes like AFM cantilever were used, in order to profit from force feedback. Nowadays mainly
resistive thermal probes are used. They can operate in passive or active mode. In the passive mode, the
temperature of the probe is estimated during scanning by measuring the voltage across the probe by means
of the connected bridge. In an active mode, larger currents, which induce Joule heating in the probe, are
passed through the probe resistor, inducing Joule heating in the probe. The heat flow between the probe and
the sample is influenced by the thermal conductivity of the sample as well as of the thermal resistance at the
probe-sample contact area. The active mode can be operated either in constant current mode or in constant
temperature mode. In the constant current mode the resistance of the probe changes as a function of the heat
flux between the probe and the sample. In the constant temperature mode the feedback loop cause a change
of the current through the probe, so that the resistance of the probe does not change during the measurement
[4,5]. We introduce a low frequency pulse current mode scanning thermal microscope method for the thermal
conductivity evaluation of thin thermoelectric layers. The fast heating response of the cantilever tip on current
flow is utilized as a scanning thermal probe. The ability of the suggested method is demonstrated with a set of
thermoelectric thin films of different thicknesses prepared by pulsed laser deposition (PLD) on silicon
substrates.
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EXPERIMENTAL RESULTS AND DISCUSSION

For our experiments Bi2Te3, FeSb2Te and Ce0.1Fe0.7Co3.3Sb12 thermoelectric materials were used. The starting
polycrystalline materials were synthesized from 99.999% starting compounds in evacuated silica ampoules at
1073 K for 48 hours. After verification of the homogeneity of the prepared compound by means of X-ray powder
diffraction, the polycrystalline ingot was broken into small pieces with an agate mortar and sieved to obtain
particle sizes below 100 μm. The target for PLD deposition of 20 mm in diameter and of 2 mm in height was
prepared by the hot pressing method. The measured density of the pressed target reached about 96-98 % of
the theoretical expected density.
Layers were grown by PLD in apparatus described elsewhere [5, 6], where several improvements in hardware
setup and growth procedure for achieving of smooth surface for every type of material were involved [6]. All
layers were deposited on 10 mm x10 mm Si (100) substrate. For each type of material several thicknesses
were grown.
For all grown layers crystallinity, stoichiometry, roughness, Seebeck coefficient, in-plane electrical resistivity,
and figure of merit (ZT) were measured by conventional analytical methods.
For the thermal characterization of our samples in micron and submicron range using current pulse method
we have used commercial SPM - Veeco MultiMode system with NanoScope IVa controller equipped with V
version leak resistance ("J") scanner with a scanning range of 180 x 180 μm. For all measurements only one
probe with the conductive path resistance of 49.3 Ohm and mean temperature coefficient of 1307 ppm/K was
used. Cantilever is of 100 µm width, 2-3 µm thickness and 200 µm length. Over the tip deposited tungsten
resistive stripe is two pole terminated. SEM picture of the used probe is shown in Fig. 1a). The probe is
produced by Picocal Inc. To increase the system stability and sensitivity, the pulse regime instead of DC mode
was used. Our method accounts the thermal characteristics of the used probe types, which have characteristic
heating time constant of 0.4 ms (only the tip of cantilever is heated). We assume, that the time constant of the
tip is substantially smaller then the rest part of the cantilever. Utilizing this knowledge, we drive the probe with
about 400Hz rectangular current pulses of 50% duty cycle (1.2 ms heating up pulse width = 3 x heating time
constant). Thus only the tip and the close vicinity area to the tip thermally pulsates, while the rest of the probe
remains at its mean constant temperature. The lock in detector evaluates the amplitude of the signal from the
differential amplifier, which is proportional to the difference of the tip resistivity during the heating pulses.

Fig. 1a) SEM image of the used thermal probe, 1b) general setup of the current pulse thermal conductivity
measurement
Thus this significantly reduces the DC part of the signal proportional to the ambient temperature drifts. The
general scheme of the current pulse thermal conductivity measurement using thermal microscope is shown in
Fig. 1b). The output controller voltage is indirectly proportional to the heat drain from the tip. In our case when
the input power to the probe is set to 10 mW, it rises the mean temperature of the tip by 15 °C and the pulses
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generates an extra 15 °C. Hardware of our Veeco microscope heat up itself to 30°C, so the temperature of the
tip pulsates within the range 45 °C-60 °C. The measurements were taken in air at ambient condition.
Although, the utilization of the new instrument in the measuring system increases sensitivity of the
measurement for about two orders in comparison with the constant DC current mode and minimizes the
influence of ambient interferences on the measurement, a comparison of the properties on each measured
sample is possible only with respect to the reference silicon substrate. To obtain such structures, where is a
steep edge between the reference silicon layer and the deposited material layer, ion induced milling process
controlled by time of flight - secondary ion mass spectrometer (TOF-SIMS) was involved. On each examined
layer three 200µm x 200µm craters were milled of directly to the interface. Depth of the interface was
determined from the TOF-SIMS depth spectra. All the milling processes were done away from the edges of
the sample and Si/layer boundary, thus we expect that evaporated layer has the homogeneous thickness. The
whole process was performed in SEM-FIB-GIS-SIMS Lyra TESCAN apparatus, where Ga+ ion gun was used.
For the atomic force thermal microscope characterization a set of three layers of different thickness were
prepared for each material type. The FeSb2Te layers were 136 nm, 264 nm and 510 nm in thickness,
Ce0.1Fe0.7Co3.3Sb12 were 146 nm, 300 nm and 738 nm in thickness, and Bi2Te3 layers were 155 nm, 415 nm
and 900 nm in thickness. The typical image of measured topography and corresponding thermal signal is
shown in Fig. 3 for the Bi2Te3 layer, the left-hand side shows the topography image and the right-hand side
shows the corresponding thermal signal. The Si and Bi2Te3 parts of the sample are also marked in the image.
The discontinuity of the thermal signal (-100 µm) on the straight edge is due to the parasitic heat flow through
the air surrounding the tip, which we will not describe here. As the samples are prepared on the same substrate
and undergo same pre-measurement procedures, while the measurement parameters and conditions are also
set to identical values, we can take the value of the relative change of thermal signal on the Si part as a
reference.

Fig. 2 Surface topography (on the left-hand side) and corresponding relative change of thermal signal (on
the right-hand side) with corresponding step profile from the whole area (128 scans) for the edge of the
milled crater on the Bi2Te3 layer with a thickness of 900 nm
Numerical values of the relative change of thermal signal for Si and Bi2Te3 are taken in sufficient distance from
the edge, where the signal is equalized. Such normalized thermal signals with respect to the silicon substrate
(left part of the image) is shown in Fig. 3 for Bi2Te3 of different thickness (right part of the image).
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Fig. 3 Response of the thermal signal for the Bi2Te3 layers of different thickness equalizes with the respect to
silicon layer
Computed difference of these levels is directly proportional to the thermal resistivity of the measured material
and its dependence on the thickness of layer for all FeSb2Te, Ce0.1Fe0.7Co3.3Sb12 and Bi2Te3 materials is shown
in Fig. 4. The shown dependence on the layer thickness has a linear character for Bi2Te3 and
Ce0.1Fe0.7Co3.3Sb12 whereas for the FeSb2Te, it cannot be estimated because of the value spread.

Fig. 4 Dependence of the relative change of the thermal signal on the layer thickness for FeSb2Te,
Ce0.1Fe0.7Co3.3Sb12 and Bi2Te3
3.

CONCLUSION

In our contribution we demonstrate the feasibility of the relative thermal conductivity measurement with the
new electronic instrument working in pulsed current mode. The specific heating behavior of our Picocal Inc.
thermal probes is used. We prove higher sensitivity of the method in comparison with DC method. The
nanometer range resolution of FeSb2Te, Ce0.1Fe0.7Co3.3Sb12 and Bi2Te3 layers with different thickness is
shown, where linear dependence of the relative thermal conductivity on thickness was found. To validate our
results, additional measurements on different layer thickness are required and a comparison with 3ω method
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would be also interesting. The bottleneck of the method is parasitic heat flow through air, which should be cut
off by performing the measurements in the vacuum.
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Abstract
Nature and natural systems represent from the beginning of human being magnificent source of both basic
raw materials as well as of an inspiration for majority of human driven processes and applications. Biopolymers,
representing substances with indispensable role in natural ecosystems, can be listed as the proper example.
One of the most important parameter of these substances is their stability, which nowadays still lacks for
deeper research. The main aim of this work was to shed a new light on the area of natural substances ongoing
aggregation and degradation processes especially in longer time scale. Even slight deviation of these natural
substances, which are often used in industrial processes, as final products for distribution to customers or just
in long-term research, can cause serious problems (e.g. different yield of product, bad purity or unfavorable
property of obtained product, wrong directing of research…). All these effects are of course highly undesirable.
This work is mainly focused on the optimization and deeper research on biopolymers stability using light
scattering techniques. For purposes of experimental work the system of SEC-MALS was applied as crucial
method providing the information about changes in molecular weight and particle size. Results were also
compared and correlated with subsequent determination of zeta potential using electrophoretic light scattering.
The obtained experimental results showed good correlation between individual light scattering techniques and
proved suitability of both presented light scattering methods for the purposes of biopolymers stability research.
Keywords: Biopolymers, light scattering, molecular weight, stability, zeta potential

1.

INTRODUCTION

Nature provides broad variety of remarkable substances. Biopolymers must be listed as probably the most
important example. These natural macromolecules are formed from large number of repetitive monomeric
units linked together by covalent bonds. This backbone structure of covalently bound substances is
subsequently associated mainly by non-covalent interactions to form supramolecular structures. The way of
formation of these three dimensional structures is probably the most important phenomenon significantly
influencing their proper functions in nature [1-3]. Another important feature of biopolymers comes from the
prefix bio meaning that they produced by living organisms and thus are biodegradable [4].
Structure and conformation of biopolymers has been object of investigation since they were firstly discovered
[5]. X-ray diffraction is used as the most accurate method for deeper research on the structure of biopolymers
in a crystal state. On the other side, many methods have been successfully described and adopted for
description of structure and properties of polymers and macromolecules in solution. Typically nuclear magnetic
resonance, infrared spectroscopy or liquid chromatography is often used for these purposes [6]. The field of
biopolymer chemistry was also for long decades connected with almost exclusive application of methods of
light scattering, dilute solution viscosimetry, size exclusion chromatography or flow field fractionation. The most
fundamental parameters obtained by these methods are molecular weight (and/or molecular weight
distribution) and particle size (and/or particle size distribution) [7]. Typically in the case of proteins and
peptides, these parameters are supplemented by the values of zeta potential and electrophoretic mobility. The
values of zeta potential are also valuable as a basic characterization parameter for natural substances such
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as polysaccharides, oligonucleotides and antibodies. The common feature of biological macromolecules is
their precisely defined value of molecular weight and extremely narrow particle size distribution, allowing
almost perfect monodisperse solutions. These systems are perfect for characterization using dynamic light
scattering (DLS). DLS is often described as an essential method mainly for the study on the size and
conformation of proteins, nucleic acids, polysaccharides, lipids and their supramolecular assemblies [8,9].
Electrophoretic light scattering (ELS) can support the results obtained from particle size distribution analysis
with the information about the electrostatic stability of studied system, which is often desirable.
Moreover in the case of samples with higher polydispersity, the classical light scattering methods are often
coupled with initial chromatographic separation mainly using the size exclusion chromatography. Such a size
separated material subsequently undergo the characterization using static light scattering (SLS) or even in
better case with multiangle light scattering (MALS), dynamic light scattering, differential viscosimetric,
differential refractive index or spectrometric (UV-VIS, fluorescence…) detection, which highly increase the
precision of the analysis and also can provide additional information about analyzed material regarding the
molecular weight, particle size and shape, conformation etc. [7].
Generally the area of basic biopolymer characterization with different experimental methods is well described
and adopted in literature [1,6,10]. Moreover the knowledge on the effect of different parameters (e.g.
temperature, ionic strength, pH) and modifications on protein and polysaccharides stability is sufficient
[9-13]. Contrary to this, almost nothing can be found in the area of biopolymer time stability, kinetic of ongoing
aggregation/degradation processes and aging of the biopolymers itself. Most of the published work from this
area is limited only on the study of hyaluronic acid [14]. The main aim of this publication is to enhance our
previous pilot research [15] focused on the optimization of the application of simple, non-destructive, relatively
fast and low cost methods of light scattering for purposes of the study of aggregation/degradation processes
of biopolymers and biocolloids. The present work is aimed mainly on the area of utilization of light scattering
techniques for purposes of long-scale research of the behavior of biopolymers and also on finding of kinetic
models, which would help to describe the behavior of these substances in time.

2.

MATERIALS

All the biomaterials described in this paper can be divided into two groups - polysaccharide and proteins. The
group of polysaccharides was represented by hyaluronic acid, chitosan and sodium alginate. Bovine serum
albumin (BSA) was selected as an example of proteins. Moreover, these samples were supplemented by
carboxymethyl cellulose (CMC) - a representative of semisynthetic substance with broad industrial
applications. All studied materials used in this work were purchased from Sigma-Aldrich in p.a. purity grade.
The aqueous samples for consequent analysis using SEC-MALS and ELS were prepared by dissolving of the
corresponding weights of solid materials in Millipore distilled water to reach their final concentration in the
sample 2 g⋅dm-3. This value was selected according to our previous study [15]. After overnight stirring
the samples were filtered using 0.45 µm syringe filters (nylon membrane).
3.

METHODS

The experimental works described in this paper were focused on research on the aggregation/degradation
processes of biopolymers by means of the innovative and simple approach using light scattering techniques.
The work was mainly oriented on deeper investigation of these processes in longer time scale (up to 30 days).
The main experimental method applied for these purposes in this paper was size exclusion chromatography
(SEC) coupled with multiangle static light scattering (MALS) and differential refractive index (dRI) detection
(SEC chromatographic system from Agilent Technologies, detectors from Wyatt Technology). The separation
step was performed using size exclusion chromatographic column (PL aquagel-OH MIXED-H 8 µm). The
mobile phase utilized in the system was 0.1 M NaNO3, applied flow rate 0.6 ml·min−1 and injected volume of
each analyzed biopolymer into the system was 100 µl. Subsequently after the separation step, the size
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separated fractions of analyzed biopolymers were transferred into the detectors (MALS, dRI). All these
measurements were performed at 25 °C and were duplicated.
As the supplementary method to SEC-MALS in this work, electrophoretic light scattering (Zetasizer Nano ZS
instrument) was also utilized. The measurements were performed in classical UV-VIS glass cuvettes with
inserted zeta potential dip cell. Again all these measurements were run at 25 °C. Zeta potential analysis of
each sample was made in 4 repetitions. The determined parameter - zeta potential - represents valuable tool
for deeper investigation of colloidal stability of studied materials. According to the values of zeta potential the
stability can be directly determined. If the value of zeta potential of sample lies between -30 and 30 mV, the
sample is non-stable. Oppositely in the case of either highly negative or highly positive value of zeta potential
the sample can be assumed to be stable.
Time development of both molecular weight and zeta potential for all biopolymers was subsequently analyzed
using the first order kinetics. This model was presented in literature for description of hyaluronic acid time
degradation [14,16]. In this paper we have generalized this approach on all studied biopolymers. Using this
mathematical model more described in details in [16] the exponential dependence of both molecular weight
(1) and zeta potential (2) on time can be stated as follows:

ln M w = ln M w 0 − kMt

(1)

ln ζ = ln ζ 0 − k ζ t

(2)

In these equations Mw and ζ represent the values of molecular weight and zeta potential of the sample at time
t from its preparation, Mw0 and ζ0 describe the initial values of both parameters at the moment of sample
preparation, kM and kζ characterize the slope of the decay of molecular weight and zeta potential, respectively.
4.

RESULTS AND DISCUSSION

The main aim of this work was to enhance our previous work [15] dealing with the optimization of application
of light scattering techniques for purposes of basic characterization of ongoing aggregation/degradation
processes of biopolymers and biocolloids. The biggest efforts were subjected mainly on deeper investigation
of time stability of biopolymers and also finding the proper kinetic models describing this phenomenon. For
these purposes two methods were selected - SEC-MALS-dRI and electrophoretic light scattering.
Firstly, by using the method of SEC-MALS all the samples were characterized to obtain their molecular weights.
These experiments were repeated in longer time scale (up to 30 days), to get the information regarding the
ongoing processes in the samples. The obtained results of this measurement can be found in Fig. 1A. All
displayed time development of measured values of molecular weight for the samples of polysaccharides
displays the similar shape with the maximal measured molecular weight in the case of initial fresh samples
and subsequent decrease of the value of molecular weight in time. These samples obviously underwent
degradation in time. The process of degradation of polysaccharides was the most significant in the case of
fresh samples (at low observation time) and with increasing time started to decelerate. Oppositely, in the case
of studied protein BSA the molecular weight was increasing with increasing time of observation indicating the
aggregation of the molecules. Firstly at low observation time, the whole process of BSA aggregation was not
so significant, but subsequently after 5 days from sample preparation it starts to be more significant. More
details about the kinetic description of both aggregation and degradation processes in all studied samples can
be found at the end of this section.
The second method used for the research on the time stability of biopolymers was electrophoretic light
scattering providing the values of zeta potential. This parameter can be used as a simple tool for direct
investigation of the colloidal stability of measured sample. If its absolute value is higher than 30 mV the
particles in the sample have sufficiently high charge to repel each other and such a sample is assumed to be
stable. Data gained from development of zeta potentials of all studied biopolymer samples can be found in
Fig. 1B. Taking into account the definition of zeta potential, from Fig. 1B, it is obvious that in the case of fresh
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initial biopolymer solutions, the only unstable sample is BSA. All the remaining samples are at the beginning
of their observation in colloidal stability. Subsequently, the time development shown in this figure is again
exposing the decrease of the absolute values of zeta potential for all samples. Generally, with increasing
observation time the zeta potential values are more or less (depends on the sample) approaching value of
zero zeta potential. It means that the charge of the colloidal particle, which is stabilization element is
decreasing, causing the collapsing of the structure, which would be followed by consequent aggregation or
even degradation. These findings are in good correlation with the data obtained from SEC-MALS analysis.
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Fig. 1 Time development of A) molecular weights and B) zeta potential values for all studied biopolymers
The shape of the dependences in Fig. 1 exhibits slightly exponential decay. This led us to an idea to describe
this phenomenon of degradation/aggregation processes with the first order kinetics. More details about the
mathematic approach can be found in our previous paper [16] dealing with the degradation processes of
hyaluronic acid. This mathematic model was in present paper generalized on all studied biopolymers. The
obtained dependences of both Mw / Mw0 and ζ / ζ0 on time can be seen on Fig. 2A, B and Fig. 3 respectively.
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Fig. 2 Results after the application of the model of first order kinetic on the time development of A) molecular
weights of polysaccharides, B) the same data for BSA
Fig. 2A shows similar behavior of all studied polysaccharides indicating the ongoing degradation processes.
From the comparison of individual curves is obvious that the rate of degradation of sodium alginate is
significantly higher than in the case of hyaluronic acid and CMC. Completely different behavior was obtained
in the case of BSA, which underwent aggregation (Fig. 2B). Again similar behavior was observed after
application of first order kinetic on the values of zeta potential (Fig. 3). In this case the biggest decrease of the
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ratio ζ / ζ0 is responding to the biggest difference in zeta potential, which means the highest destabilization of
the system. According to this condition the highest destabilization of the sample was observed for BSA,
followed by sodium alginate, hyaluronic aids and CMC. In the case of chitosan there was observed almost
constant value of zeta potential lying highly above the upper border of colloidal stability.
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Fig. 3 Results zeta potential measurements after the application of first order kinetic A) the time development
of zeta potential values, B) linearization of selected time developments of zeta potential values
Experimental data shown in Fig. 2 and Fig. 3 were linearized according to the mathematical model of first
order kinetic (equation (1) and (2)) to obtain values of rate constant of destabilization kM and kζ in dependence
on the applied measuring method. Both the parameters were calculated from the slope of these dependences.
The summarization of these parameters (kM and kζ) for all studied samples is given in Table 1.
Table 1 Determined values of kM and kζ for all studied biopolymers
Biopolymer

kM

kζ

bovine serum albumin

-0.0521

0.1983

carboxymethyl cellulose

0.0153

0.0636

hyaluronic acid

0.0143

0.0417

chitosan

-

0.0018

sodium alginate

0.0910

0.0533

The calculated rate constant of degradation obtained by both experimental methods showed for individual
samples different values. This was expected because of the fact that both of them were computed from
different parameters (either molecular weight or zeta potential) describing the situation in the samples from
a different view. First one (molecular weight) is characterizing the distribution of the mass, the second one
(zeta potential) displays the situation in surface layer of colloidal particles and the tendency of the sample to
aggregate. On the other side, similar behavior can be seen for both kM and kζ. The biggest absolute value of
rate constant was obtained from both methods for BSA. In the case of kM for BSA the negative value was
observed. This is connected with the fact, that this sample underwent aggregation contrary to the other
samples of polysaccharides, which underwent degradation of their structures. Similar values of rate constant
were determined for group of polysaccharides (hyaluronic acid, sodium alginate and CMC). Enormously low
value of kζ was observed for chitosan indicating almost no changes in colloidal stability in time. Unfortunately
there is no comparison with kM for this sample.
5.

CONCLUSION

The main aim of present paper was to study the time stability of biopolymers, which is very important parameter
nowadays still lacking for deeper research. The presented combination of SEC-MALS analysis and zeta
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potential measurements proved to be suitable for this purpose. Results of both methods were in good
correlation indicating aggregation of protein BSA in time contrary to behavior of remaining polysaccharides
(carboxymethyl cellulose, hyaluronic acid, chitosan and sodium alginate), which underwent degradation.
Calculated rate constants of destabilization can also provide valuable tool for prediction of behavior of
biopolymers in longer time scale, which is often desirable both in industrial and scientific area.
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Abstract
Self-assembly techniques attracted a lot of interest in recent years due to its ability to form number of periodic
surface patterns over large areas. This process is fast, very efficient and cost effective. By modifying surface
pattern we can optimize polymer for specific use, from optical devices through particle sorting to flexible
electronics. Today`s main challenge is find suitable materials capable of self-assembly and study how we can
influence surface pattern to achieve best results.
In our work, we used formation of ripple-like patterns by wrinkling instability of poly-L-lactic foil with gold
nanostructure initiated by annealing. Resulting structures showed significant degree of morphological
orientation observed by atomic force, which in optimized cases resulted in electrical anisotropy. This
reorganization of conductive gold on insulating polymer into metal nanowires can be also observed by zetapotential measurements. Due to poly-L-lactic acid being biopolymer, these samples were also tested for
cytocompatibility. NIH 3T3 fibroblasts were used and selected samples showed significantly higher adhesion
and proliferation in comparison with PS mock.
Keywords: Atomic force microscopy, Metal nanolayer, Self-assembly, Surface modification, Zeta potential
1.

INTRODUCTION

Self-assembled structures attracted a lot of interest of researchers in recent years, as they allow formation of
well defined structures over large areas in fast, cost-efficient and simple way. Goal of current research is to
fine-tune their mechanical, optical, electrical, magnetic, biological and catalytic properties to suit their
respective utilization [1].
Poly-L-lactic acid (PLLA) is biodegradable polymer prepared from renewable resources and have shown
interesting properties for self-assembly. Samples treated with plasma [2] or sputtered with metal nanolayer [35] have shown formation of ripple-like structures due to wrinkling instability [6]. Such structures exhibit
increased biocompatibility in comparison with pristine polymer [2] and in some cases metal forms
perpendicular conductive wires over the surface [5].
Aim of this work was to present useful properties of ripple-like structures formed after annealing on PLLA with
sputtered gold nanolayer.
2.

EXPERIMENTAL

2.1.

Materials

Biopolymer poly-L-lactic acid (PLLA, density 1.25 g·cm-3, glass transition temperature Tg = 60°C, crystallinity
60-70 %, thickness 50 µm, Goodfellow, Ltd., UK) was used in the presented experiments.
Gold layers were deposited from Au target (99.999 %) by diode sputtering technique (BAL-TEC SCD 050
equipment, Switzerland). Typical sputtering conditions were: room temperature, sputtering times 10-300 s,
argon pressure of about 5 Pa, electrode distance of 50 mm, electric current of 20 mA. Part of the samples
were annealed at 60°C for 60 min (BINDER thermostat, Germany) and then cooled to room temperature in air.
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Apparatus and procedures

Surface morphology and roughness of the samples were examined by means of atomic force microscopy
(AFM). The AFM images were taken on VEECO CP II setup (Veeco, USA) in a tapping mode. Si probe
RTESPA-CP with the spring constant 20-80 N·m-1 was used. Roughness (Ra) represents the arithmetic
average of the deviations from the centre plane of the sample. Four areas of each sample were scanned in
order to get representative data.
The electrical continuity/discontinuity of the as-sputtered and annealed gold layers was inspected by
determination of electrical sheet resistance (Rs). The measurement was carried out with KEITHLEY 487 picoampermeter by standard Ohm’s method. Two Au contacts (thickness about 50 nm) were sputtered on the
layer’s surface for this measurement. For each point, three samples were used, each sample was measured
4 times, error was less than 5 %.
Electrokinetic analyses (determination of zeta potential) of pristine, sputtered and annealed samples were
accomplished on SurPASS Instrument (Anton Paar, Austria). The samples were studied inside an adjustable
gap cell in contact with electrolyte (0.001 mol·dm-3 KCl). Streaming current method was applied and zeta
potential was calculated by Helmholtz-Smoluchowski equation [7]. All samples were measured four times at
constant pH equal to 6.4 with the relative error of 5 %.
Cytocompatibility of the prepared samples was studied using mouse embryonic fibroblasts (NIH 3T3,
generation time 20-22 h) as a model cell line. Incubation times with the tested samples in DMEM medium were
following: 6 h for cell adhesion, and 24, 60 and 120 h for cell proliferation. Cells intended for analysis were
fixed by 4 % formaldehyde solution in phosphate buffered saline. F-actin of the cells was stained with
phalloidin-TRITC (1 µg·ml-1, 12 min) and cell nuclei with DAPI (0.5 µg·ml-1, 7 min). The cell number and
morphology were studied by inverse fluorescence microscope Olympus IX-81 (Cell^R System, 150 W xenon
arc burner). The cells images were captured by EM-CCD camera C9100-02 (Hamamatsu, Germany). The cell
number was evaluated using ImageJ 1.43 software. For each value three samples were used and evaluated.
3.

RESULTS AND DISCUSSION

Fig. 1 AFM Scans of samples. A) As-sputtered PLLA with 10 nm Au B) Annealed PLLA with 5 nm Au C)
Annealed PLLA with 10 nm D) Annealed PLLA with 40 nm
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Fig. 1 shows AFM scans of prepared PLLA samples. A) is as-sputtered polymer with 10 nm gold nanolayer.
We observed formation of metal clusters over the surface. Similar scans were obtained for as-sputtered
polymer with 5 and 40 nm gold nanolayer. B), C) and D) show significant morphological changes after
annealing. We observe formation of ripple-like structures that grow with thickness of sputtered gold nanolayer.
These structures also show preferred orientation over large areas (at least several centimeters), while this
effect is most prominent on samples with 10 nm gold nanolayer. On these samples ridges are periodically
separated by valleys.
Effect of this orientation and periodic structure can be observed by sheet resistance measurement, as shown
on Fig. 2. Samples on which ripples connect contacts have low sheet resistance, while samples with ripples
parallel with contacts have very high sheet resistance. These results show uneven distribution of gold on
annealed samples, we can safely assume surface consist of golden nanowires, that align with ripples
separated by insulating polymer gaps.

Fig. 2 AFM scans with corresponding sheet resistance based on morphological orientation of wrinkles
towards contacts

Fig. 3 Dependence of zeta potential on the Au nanolayer thickness for pristine PLLA and PLLA samples assputtered (filled points) and annealed (empty points). AFM scans illustrate orientation of wrinkles for given
set (flow of electrolyte is from left to right)
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Another effect of ripple orientation and uneven distribution of metal on surface manifest itself during zetapotential measurement which results are shown in Fig. 3. While zeta-potential of as sputtered samples is
around - 83 mV with no significant change based on gold layer thickness, annealed samples behave differently.
Samples with 5 nm gold nanolayer form only small ripples (as shown in Fig. 1) that slightly increase zetapotential. For samples with 10 nm of gold, we observe significant dependence on ripple orientation which is in
good correlation with both AFM (Fig. 1) and sheet resistance measurement (Fig. 2). Samples, where
electrolyte flow parallel to ripples, we observe decrease in zeta-potential, in opposite situation, when flow of
electrolyte is perpendicular to ripples, zeta-potential increase. This difference is result of different surface
chemistry of ridges and valleys and fact, that perpendicular flow can be influenced by ridges only, while parallel
flow is influenced by both ridges and valleys.
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These characteristics in combination with PLLA being biopolymer showed to be beneficial for cell adhesion
and proliferation. Results of bicomplatibility test are shown in Fig. 4. We can observe significantly higher cell
count on both pristine and modified PLLA samples in comparison with poly-styrene (PS) mock. Pristine PLLA
shows highest cell density but cells were not spread. Annealed samples show slight decrease in cell count but
still higher when compared to PS mock, but more importantly samples with 3 and 10 nm showed growth of
physiologically looking cells with normal cell connections.
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Fig. 4 The number of NIH 3T3 cells on different polymer scaffolds
4.

CONCLUSION

This paper presented most important features of self assembled nanostructures formed on PLLA with
sputtered gold nanolayer after annealing. We observed formation of of ripple-like structure with AFM. We
determined that size of ripples I related in direct proportion to thickness of sputtered gold layer. These
structures showed preferred orientation, while this effect was most prominent on samples with 10 nm gold
layer. This orientation had impact on sheet resistance and zeta-potential measurement as results depended
on ripple orientation towards contacts or electrolyte flow respectively.
We also tested prepared samples for biocompatibility with NIH 3T3 cells. These test showed significant
increase of cell density in comparison with PS mock. While pristine PLLA showed highest cell count, it also
caused growth of non-spread cells. Modifying PLLA with sputtered gold and annealing slightly decreased cell
density in comparison with pristine sample, but resulted in growth of physiologically looking cells with normal
cell connections.
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