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EDITORIAL

This issue of the Journal of the Serbian Chemical Society contains selected
papers from the First International Conference on the Processing, Characterisa-
tion and Application of Nanostructured Materials and Nanotechnology (Nano-
Belgrade 2012), held in Belgrade, Serbia, 26-28 September, 2012. The Con-
ference was organized by the Nanotechnology and Functional Materials Centre,
Faculty of Technology and Metallurgy, University of Belgrade (NANOTECH
FTM) within the FP7 project “Reinforcing of the Nanotechnology and Functional
Materials Centre” (No. 245916).

The Conference was attended by approximately 100 participants represent-
ing authors from 10 countries, who presented 80 papers within four topics and
three symposia (including a poster session) dedicated to identify current research
directions as well as limitations in the areas of nanotechnology and nanomate-
rials, to present a broad scope of multidisciplinary approaches to the field, and to
provide a stimulating environment for interactions among the participants with a
special focus on the promotion of young scientists. We were fortunate at this meet-
ing to have had excellent representation from renowned scientists from all over
the world (a report on the Conference is available at: http://nanobelgrade.tmf.bg.ac.rs).

The selected papers for this special issue cover a variety of contemporary
research topics. They were considered sufficiently illustrative to give a represen-
tative, albeit incomplete, record of the Conference.

The Guest Editors wish to thank heartily all the invited speakers, parti-
cipants, NANOTECH FTM staff and members of the Scientific and Program
Committees for their efforts that ensured the successful organisation of the con-
ference and performed their duties as Session Chairpersons and reviewers. We
also express our profound gratitude to the international and domestic reviewers
whose expert comments aided the Editors in their selection of the original and
contemporary papers. The Guest Editors wish to take this opportunity to express
their sincerely thanks to the Editor and Technical Editors of the Journal of the
Serbian Chemical Society for their support in the process of compiling this spe-
cial issue.

Guest Editors
Djordje Janackovi¢
Petar Uskokovi¢
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Application of non-equilibrium plasmas in medicine

ZORAN LJ. PETROVIC!*, NEVENA PUAC!, GORDANA MALOVIC!, '
SASA LAZOVIC!, DEJAN MALETIC",VMAJA MILETIC2, SLAVKO MOJSILOVIC3,
PAVLE MILENKOVIC? and DIANA BUGARSKI3

! Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Zemun, Serbia, *Faculty
of Dental Medicine, University of Belgrade, Dr Subotic¢a 8, Serbia and 3Institute for Medical
Research, University of Belgrade, Dr Subotica - starijeg 4, Serbia

(Received 20 October, revised 10 December 2012)

Abstract: The potential of plasma applications medicine, the connections to
nanotechnologies and the results obtained by our group are reviewed. A special
issue in plasma medicine is the development of the plasma sources that would
achieve non-equilibrium at atmospheric pressure in an atmospheric gas mixture
with no or only marginal heating of the gas, and with desired properties and
mechanisms that may be controlled. Our studies have shown that control of
radicals or chemically active products of the discharge, such as ROS (reactive
oxygen species) and/or NO, may be used to control the growth of the seeds.
Simultaneously, a specially designed plasma needle and other sources were
shown to be efficient to sterilize not only colonies of bacteria but also plank-
tonic samples (microorganisms protected by water) or bio films. Finally, it was
shown that a plasma might induce differentiation of stem cells. Non-equilib-
rium plasmas may be used in detection of different specific markers in medi-
cine. For example proton transfer mass spectroscopy may be employed in the
detection of volatile organic compounds without their dissociation and thus as a
technique for instantaneous measurement of the presence of markers for nu-
merous diseases.

Keywords: low temperature plasmas; plasma technologies; sterilization; func-
tionalization; stem cells.

INTRODUCTION

This paper provides a survey of current plasma medical research/applications
in the context of nanotechnologies, in particular, some of the research that was
realized in our laboratory.

Low temperature, non-thermal or more precisely non-equilibrium plasmas
have shown extraordinary range of applications and range of targets that may be

* Corresponding author. E-mail: zoran@jipb.ac.rs
doi: 10.2298/JSC121020142P
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1690 PETROVIC et al.

treated. Some of the applications, such as plasma etching for integrated circuit
production plasma sources of light, gas lasers and deposition of thin films, have
already shaped the existing civilization,!-5 some on the other hand promise to
make a similar impact in the future. Medical applications are at the forefront of
future technologies associated with low temperature plasmas and the most active
front of present day research.o9

Non-thermal plasmas are being widely used in nano-technological and bio-
medical applications due to several distinctive properties.!-2:10.11 The key feature
is that it is possible to achieve dramatic changes of surface chemistry at low tem-
peratures. Most of the generator power is absorbed by the electrons in the dis-
charge, which then become hot, typically of the order of 10000 K or more, while,
at the same time, ions and neutral molecules maintain room temperature, or close
to it. The gas composition, the electron energy distribution function and the cross
sections for the dominant interactions between electrons and the background gas
particles dictate the production of huge amounts of chemically active species. If
the gas composition is chosen properly and if the applied fields are designed effi-
ciently and appropriately, the effects required by a certain application may be
achieved while simultaneously fulfilling the criterion of maintaining a low tem-
perature of the background gas.!2

For the nano-technological applications, the main advantage is the aniso-
tropic ion bombardment of surfaces (Fig. 1). Namely, sheaths are formed near
surfaces due to the difference in particle masses. These high field regions con-
veniently accelerate ions, often with no collisions, to allow (nearly) normal inci-
dence impacts at the surfaces, converting the potential energy in the sheath into
kinetic energy at the surface.l4 A normal incidence angle is a crucial factor for
contact holes to be obtained and interconnects with high aspect ratios. It is
thought that the technology of combined photolithography and plasma etching is
the most widely employed nanotechnology (belonging to the top down group)
ever since the barrier in miniaturization of 200 nm was broken. The present day
resolution of 32 nm in manufacture and aspect ratios of up to 20 (and much
smaller dimensions achieved in laboratories) truly challenge even the bottom up
technologies.

Furthermore, ion impacts on the sample surface are isolated because the time
between impacts onto an area of =1 nm? is about 10-3 s. This should be com-
pared to the time of 10~12 s required for the energy of a single impact to dissipate
to the background heat. In unison, a single ion impact dissipates several hundreds
of eV locally, which is sufficient to make a significant albeit localized modifica-
tion of the surface. A typical flux of 1017 ions cm™2 s~!, on average, dissipates
power densities of the order of 1 W ¢m2. Thus, significant local and superficial
changes of the surface structure are obtained while the overall temperature is not
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NON-EQUILIBRIUM PLASMAS IN MEDICINE 1 69 1

increased significantly. The point here is that the peak power is sufficiently high
to break chemical bonds easily and to perform functionalization of the surface.

Non-equilibrium plasmas
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Fig. 1. Schematics of anisotropic plasma etching in non-equilibrium plasmas. The bulk of the
plasma produces low energy ions and somewhat higher energy electrons that produce new
ions and chemically active radicals. The sheath slows down the electrons and accelerates the
ions, thus giving them energies of the order of several 100 eV. Hence, when they hit the
surface they do so at a right angle and they facilitate anisotropic etching without
sidewall undercutting. Electrons hit the surface with an almost isotropic distribution.
The combined effect of the ions and radicals is much greater than the sum
of the individual effects of the two species.!3

It is also well known that the individual effects of ions and neutral chemi-
cally active species can be dramatically increased!3 when they both impact sur-
faces. This kind of synergy of the plasma agents is another crucial property in
nano-technological applications.

Neutral, chemically active radicals are created in large numbers by electron-
impact dissociation in molecular gas plasmas. It could easily be assumed that the
surface flux of reactive particles (density) scales with pressure but gas phase
collisions and slower diffusion as well as three body processes, which may
change the chemistry entirely, have to be taken into consideration. The higher
fluxes of active particles are one of the main arguments for atmospheric pressure
non-thermal plasma sources over the low-pressure sources. This was one of the
driving forces towards replacing low-pressure plasmas with atmospheric pres-
sure/gas composition plasmas, together with the increased simplicity and de-
creased cost of atmospheric pressure systems. Thus, the needs of modern nano-
technologies gave impetus for the development of more efficient and varied at-
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1692 PETROVIC et al.

mospheric pressure sources of low temperature plasmas. With the opportunity for
such a development, a new front easily opened - that of medical applications.

Another advantage of atmospheric pressure, non-equilibrium plasmas is, of
course, the fact that most biomedical systems cannot be subjected to vacuum.
Moreover, for most biomedical applications, the temperature of the background
gas should not exceed 42 °C, when cell death due to the overheating is induced.
Hence, the ultimate conditions for biomedical applications would be not to over-
heat the sample but rather to induce subtle and selective cell and tissue responses
to the plasma-generated chemicals and other species. Similar to nano-technolo-
gical applications, but probably even more important is the understanding of the
synergetic effects of the plasma agents, namely ions, electrons, electric fields and
currents, light, neutrals, radicals and metastables. It can be concluded that com-
mon goals together with a common need for a localized synergistic effect of se-
veral agents drive the applications in both nanotechnologies and plasma medi-
cine. Sometimes plasma medical effects that may be observed over a larger area
are in essence due to very localized and specific effects that are fully in tune with
nanotechnologies, their criteria and needs.

A BRIEF HISTORY OF PLASMA MEDICINE AND ITS CURRENT STATUS

The history of atmospheric pressure plasma applications in medicine can be
divided into several periods. The first generation of plasma devices dating back
to 1900 were those when heat was mainly used for tissue removal (plasma cut-
ter). This period was followed by the second generation (since 1970) where ther-
mal plasma energy was used for the surface treatment of tissues (argon plasma
coagulator). In addition, there were numerous associated applications such as
those using dielectric barrier discharges (DBD) for water purification, electrosta-
tic precipitators to cleanse the air in hospitals and plasma activated hydrogen
peroxide as sterilizer. At the same time, low-pressure plasmas were efficiently
used in the early 1990s to sterilize equipment.!> The third generation commenced
in the late 1990s when plasmas were used, mainly at atmospheric pressures, for
surface treatment with charged particles, reactive UV photons and electric fields.

The first commercial plasma devices date back to the beginning of the 20th
century and those were aimed at surgery.l® At present, there are numerous
surgical devices but one has to be aware of the distinction between whether a
plasma is just a conducting medium between an electrode and the treated tissue
while the effect is due to thermal heating that is the result of the passage of the
current or whether the surgical effects are due to plasma-created particles and
their interaction with the fields and surface. One of the most successful devices
associated with surgical interventions are plasma related devices for stopping
bleeding, both by thermal effects and/or by plasma influence on the surface.
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NON-EQUILIBRIUM PLASMAS IN MEDICINE 1 693

These devices include the endoscopic usage of APC (argon plasma coagulation)
developed in 1995.17

Another front of medical applications that proved to be very successful ex-
panded from low pressures!S to atmospheric pressures in the late 90s. Very effi-
cient sterilization of bacteria Escherichia coli was demonstrated by Laroussi in
1999 using a helium DBD.!8 This line of studies was pursued either directly in
Petri dishes!® or in planktonic samples (in liquid)2? or even in biofilms.21 More
importantly, sterilization by a plasma was shown to be one of the benefits in the
treatment of wounds.22

In addition to sterilization, plasmas were shown to benefit proliferation of
new cells and the removal of scar tissue.23 Thus, numerous wounds were treated
including burns and chronic wounds, such as diabetic foot.23 One of the recent
applications of microwave plasma applications in dermatology for the treatment
of chronic wounds is the application of the plasma torch MicroPlaSter®.22

In vitro treatment of cancer cells was demonstrated in 2007 using a floating
electrode dielectric barrier discharge (FE-DBD) plasma.24. With this device, it
was possible to induce programmed death of cells, so-called apoptosis. The
Plasma acts directly on the cell without poisoning the solution in which they are
located, even when the cells are covered with a medium.

The ion source of a proton transfer mass spectrometer (PTR-MS) operates
using a non-thermal plasma. PTR-MS, compared to other analyzing devices, is
more sensitive and can detect volatile organic compounds (VOC) down to parts
per trillion in real time sampling. Breath sampling and analysis can provide data
on VOC for the early stage detection of various diseases, such as breast and lung
cancer, diabetes efc. Breath is a very complex mixture of various organic com-
pounds.?5 For lung cancer, VOC-31 (m/z = 31), tentatively protonated formalde-
hyde, and VOC-43 (m/z = 43), tentatively a fragment of protonated 2-propanol,
were found at significantly higher concentrations in the breath of cancer patients
than in the breath of the control group.2® One of the biomarkers for diabetes is
acetone2” and its higher concentration in breath, as well as the dynamics of its
removal can be an indicator for the disease.

EXPERIMENTAL SETUP AND PROCEDURE

The main reason for the application of plasmas in medicine is that they can
replace old conventional procedures in surgery and wound sterilization. Another
important feature is the simplicity and low production cost of these plasma de-
vices. Various plasma sources are used in plasma medicine, such as plasma jets,
plasma needle, APC and FE-DBD (Fig. 2). Most of the plasma devices have low
working gas temperatures because of the great non-equilibrium between the ener-
gies of the electrons and heavy particles. This feature is crucial for treatment without
damaging the sample. In order to ignite and maintain a discharge at atmospheric
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1694 PETROVIC e al.

pressure, a noble gas is often used (usually helium or argon). The main role of
the noble gas is to lower the breakdown voltage and with its flow, the treated area
is also cooled. The complex chemistry and reactions in a plasma produce a unique
mixture of particles, for instance atomic species, radicals, UV photons and elec-
trons, important for the efficiency of the treatment of a biological sample. In
order to produce higher concentration of the reactive species, a mixture of the
noble and a molecular gas, usually oxygen, can be used.

heat

Fig. 2. Photographs of several atmospheric plasma devices that are used in our laboratory for
biomedical applications. From the top, a plasma jet, a micro atmospheric pressure plasma jet
and a plasma needle are shown.

In our laboratory, low-pressure plasma reactors are accessible that have been
used mainly for the treatment of surfaces (textile, polymers, graphene, silicon
dioxide surfaces, efc.). Atmospheric pressure non-equilibrium plasmas that are
available include plasma needle, micro atmospheric pressure plasma jet, plasma
jet (operating in the plasma bullet mode), corona and dielectric barrier discharge.

Our principal plasma device that was used to date in the studies of plasma
medicine is the plasma needle, which was first applied for the treatment of mam-
malian cells reported in 2003.28 The operating power was low and the frequency
of the driving current was 13.56 MHz in atmosphere of helium. The plasma
needle can be used for the treatment of small areas covered by cells. The plasma
needle at higher power kills cells, usually causing necrosis, but at smaller powers
either apoptosis may be induced or cells could be just separated.

This plasma device was shown to be suitable for bacteria sterilization20 of
bacteria colonies, planktonic samples and bio films. In addition, this source was
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NON-EQUILIBRIUM PLASMAS IN MEDICINE 1 695

shown to be able to destroy cancer cells, affect but to a much lesser degree hu-
man stem cells and even cause differentiation of the stem cells.2?

DIAGNOSTICS OF PLASMAS

In order to determine the pertinent plasma properties and optimize the de-
sired effects, we use several diagnostic methods. In principle, the basic electrical
properties are determined by probes (including derivative probes for higher fre-
quencies that have been calibrated to determine the powers delivered to a plasma
of less than 1 W). Optical emission spectroscopy is applied with a limited range
of interesting effects that may be covered unless time resolved measurements are
made. Spatial profiles of emission recorded by an ultra fast ICCD are employed
to determine the time dependent anatomy of the discharge. Finally, a mass ana-
lyzer with triple differential pumping is employed, which enables sample ions or
radicals from atmospheric pressure discharges to be sampled.30-31

MECHANISMS

The interactions between a plasma and cells are hard to investigate due to the
complexity of both systems. A plasma is a cocktail of active agents (radicals, UV
light, heat, ions, electric fields, energetic particles, etc.) with strong synergetic
effects. The proper diagnostics and optimization of plasma treatment is of vital
importance. On the other hand, the biological samples being treated have a com-
plex sub-structure of their own, so plasma usually targets and affects several of
them if not all. The character and the selectivity of the interaction are determined
by the plasma properties and the structure of the bio-sample. For example, UV
light can easily penetrate and reach DNA introducing single and double strand
breaks (directly and/or by creating radicals in the vicinity of the DNA).32 In the
case of bacteria, the DNA is in the nucleoid and is circular while the eukaryotic
cells have their DNA better protected in the nucleus. The same intensity of UV
light exposure can lead to the destruction of bacteria without long-term effects on
the eukaryotic cell, which is just one of the examples of the selectivity mecha-
nism. Other examples worth discussing can be drawn from the differences in the
surface to volume ratios, the structure of cell walls, the existence of cell enzymes,
etc.33 Bacteria have a higher surface to volume ratio meaning that the same dose
of plasma exposure can be sufficient for deactivation while no negative effects to
surrounding tissue is caused. The cell wall is usually directly exposed to the
plasma treatment. Due to ion bombardment (or to the strong electric fields), pores
are being created in the cell wall.34 Through these pores, the cell can exchange
its content with the surrounding. The cell content can leak out and cause cell
stress and eventually cell death, as often happens. Bacteria cell wall is made of
polysaccharides. Eukaryotic cells have walls made of phospholipids. Exposed to
the plasma, lipid peroxidation process occurs. In the process of peroxidation of
polysaccharides and phospholipids, the presence of water is important as well as
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1696 PETROVIC et al.

the composition of the media surrounding the cells and the ions play a catalytic
role. One of the products of the lipid peroxidation process of the cell wall is the
malondialdehyde. Formed at the cell wall by the plasma, malondialdehyde can be
transported to the vicinity of DNA where it can introduce DNA mutation.35 All
this shows the indirect effects of the plasma as well as the complexity of the cell
reactions. The enzymes are also able to regulate the stress dealt to the cell. They
also regulate the cell radical levels, which on the other hand are massively pro-
duced by the plasma. The importance of reactive oxygen and nitrogen species
through cell redox processes is evidently crucial but not sufficiently under-
stood.36 Some of the reactive oxygen species are listed in Table 1.37 The balance
between the free radicals and the antioxidants is necessary for proper cell func-
tioning. The conclusion is general and valid for plant cells also.37

TABLE 1. Reactive oxygen species, ROS37

Radicals Non-radicals
Superoxide, 05 H,0,
Hydroxyl, OH* Hypobromous acid, HOBr

Hydroperoxyl, HO%

(protonated superoxide) Hypochlorous acid, HOCI

Carbonate, CO5~ Ozone, O4
Peroxyl, RO3 Singlet oxygen (O,!A,)
Alkoxyl, RO* Organic peroxides, ROOH

Carbon dioxide radical, CO%" Peroxynitrite, ONOO
Singlet O,'%¢ Peroxynitrate, O,NOO

PARALLELS WITH PLASMA NANOTECHNOLOGIES

Plasmas have been used in top down plasma technologies for many years,
especially through synergistic process of plasma etching that is presently mas-
sively used in production with resolutions of 32 nm. Several plasma applications
in nanotechnology may be associated with medicine. These include coating of
biocompatible thin films, functionalization of surfaces to allow binding of bacte-
ricidal nanoparticles of TiO, or silver, thus allowing the development of germ
free clothes for surgeons and other medical personnel.38-45

Furthermore, a more direct parallel lies in the fact that most plasma medical
processes are very local over areas that are small parts of a cell and thus compa-
tible with nano-dimensions. Besides the plasma needle and micro atmospheric
pressure plasma jet, the capillary microplasmas used for nanostructuring have
similar potentials for biomedical applications.*0:47 In a similar way, non-equilib-
rium plasmas are used to achieve thermodynamically unlikely structures/effects
and in the same way surfaces are bombarded by a cocktail of ions and neutrals,
electrons, chemically active radicals and are subjected to the effects of local
fields. Finally, the need for atmospheric pressure for plasma medicine is also a
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NON-EQUILIBRIUM PLASMAS IN MEDICINE 1 697

motivating factor for the development of cheaper nano-technologies not employ-
ing expensive vacuum procedures. Thus, the development of plasma medicine
may be associated with the advances in non-equilibrium plasmas for micro
(nano) electronics that have occurred over the past two decades.

CONCLUSIONS

Recent advances in plasma medical applications have left very little doubt
that this application will be the main driving force for the future developments of
non-equilibrium collisional plasmas. The main trick in achieving the non-equilib-
rium operation and no gas heating is the control of the electron multiplication.
For this purpose, inhomogeneous fields (corona), dielectric barrier, RF and
pulsed operation and breakdown in rare gas flow may be employed.

Plasma medicine is a new and fast developing field of both medicine and
plasma physics, introduced in the last decade. The non-thermal atmospheric pres-
sure plasmas were recently used for the treatment of diverse thermo sensitive
biological samples.

Acknowledgements. This research was supported by the Ministry of Education, Science

and Technological Development of the Republic of Serbia, under the contract numbers
ON171037 and 11141011.

U3BOJ
NMPUMEHA HEPABHOTEXHE IVTASME Y MEITUITMHH

30PAH Jb. IETPOBHR', HEBEHA TYAU', TOPITAHA MAJIOBHR', CAIIIA JIA30BHE', IEJAH MAJTETHR,
MAJA MWIETHR’, CTTABKO MOJCUJIOBWR, TTABJIE MAJIEHKOBHE” 1 THAHA BYTAPCKH’
1Hucu7umyu7 3a pusuxy, Ynueep3uineini y beoipagy, IIpeipesuya 118, 11080 3emym, 2Cmomamonowxu
Qaxynivein, Ynuesep3utteii y Beoipagy, Ip Cybotiuha 8, beoipag u 3Hch7uu7yu7 3d MEJUUUHCKA
uctlpaxusara, Ynueepsuitiewi y Beoipagy, Ip Cybotmiuha-ciwiapujei 4, beoipag

Y oBOoM papfy fart je mpernef NpUMeHe IUIasMe Yy MEJULIMHMY, II0BE3aHOCT Ca HAHOTEXHO-
JIoTHjamMa W pe3yJsiTaTe Ha OBOM IOJ/bY KOje je MOCTHINIa Hama rpymna. Iloceban mpobnem y
IUIa3Ma MeUIIWHY je pa3Boj U3BOpa IUla3Me KOoju OU paIuiv y HepaBHOTEXHUM YCIOBUMA Ha
atMocdepckoM MPUTUCKY Uy CMeIIH racoBa KakBa je y aTMocdepH y3 3aHEMap/bUBO Ipejate
raca ¥ ca e/beHUM KapaKTEepUCTHKAaMa KOje ce MOTy MojellaBaTH Mo »Kebd. Haura uctpaxu-
Bama Cy MOKasana Jja ce KOHTPOJIa MPUCYCTBA pPajuKaia U JPYrHX XeMHjCKU aKTHBHUX Yec-
THIJAa Kao WITO Cy peakTuBHe kuceoHWuHe yectuue (ROS) m/mnu NO, MOXe KOPUCTHUTH 3a
KOHTpOJIy K/IHjama CEMEeHKH. Y MCTO BpeMe je NOoKa3aHO 3a NMocedHO KOHCTpYyHCaHy IIa3ma
WITTy a MoXe e(UKaCHO Ia CTepwIHlie He caMo KoJioHHje DakTepdja Beh W miaHKTOHCKe
y30pke (MHKpoopraHusme 3autnheHe Bofom) na u duocdunmose. Ha kpajy, Mu cMo 1okasanu
Iia I1a3ma MOXe Jia MHAYKyje fudepeHnujaunjy MaTuYHUX henvja. HepaBHoTexHa masmMa ce
MO)Ke KODUCTUTH 3a JeTeKLHjy PasHUX crelupUIHAX Mapkepa y MefulHU. Ha nmpumep ma-
CeHa CIeKTPOCKOoMNHYja Ha Da3yu H3MeHe IMPOTOHA MOXKE Jja Ceé KOPUCTH 3a INeTeKIHjy UCIapUBUX
OPraHCKHX jemumena 0e3 BUX0BE NUCOLYjallHje U Ha Taj HAYMH C€ MOXKEe OCTaBPUTH TPEHYTHA
IeTeklMja Mapkepa 3a dpojue Honectu u3 naxa.

(ITpumrseno 20. oxktodpa, pesunupano 10. nenembpa 2012)
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Plasma etching of polystyrene latex particles for the preparation
of graphene oxide nanowalls
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Abstract: Graphene oxide nanowalls were prepared by casting an aqueous
dispersion of polystyrene latex particles onto a graphene oxide film followed
by tetrafluoromethane plasma etching. Mild plasma etching conditions allowed
the oxygen functional groups on the graphene oxide nanowalls to be retained. It
was found that exposure to a xenon light source of such graphene oxide nano-
walls coated with a gold thin film results in an increase in the electrical con-
ductivity.

Keywords: nanostructures; etching; electrical properties characterization; elec-
trical conductivity.

INTRODUCTION

The optoelectronic properties of graphene have attracted substantial interest
because graphene can absorb light and turn it into a photocurrent over a wide
range of the electromagnetic spectrum, from the UV to the visible and infrared
regimes.! A photocurrent response at graphene-metal contacts was reported by
various groups, and the origin of such a photocurrent generation was discussed.?
Graphene oxide (GO), namely a layered material produced by the oxidation of
graphite, has been widely exploited but graphene oxide is electrically insulating
and requires further reduction steps to generate a photocurrent signal.>

One possible way of overcoming these restrictions is to utilize metallic nano-
structures placed at the metal/carbon interfaces. Light absorbed by such metal
nanostructures is converted into surface plasmon resonances that cause a local in-
crease in the temperature inducing a reduction of the GO.# Instead of pro-
ducing metallic nanostructures by expensive and time-consuming electron-beam
lithographic technique, a cheap and fast method relies on the possibility to utilize
polymer nanoparticles deposited onto the graphene oxide surface as mask for the

* Corresponding author. E-mail: mic@unipg.it
doi: 10.2298/JSC121022137V
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localized etching of GO layer and then to use such carbon nanowalls for the
deposition of a conformal thin metal film.

The fabrication of graphene nanoribbons by utilizing nanosphere lithography
in combination with oxygen plasma etching was recently reported.” This tech-
nique takes advantage of the use of ordered arrays of latex nanospheres as litho-
graphic masks. Instead of the results found by Liu et al.7, when we used polymer
nanoparticles for tetrafluoromethane-assisted plasma etching of graphene oxide
sheets, it was surprisingly found that this method was capable of fabricating car-
bon nanowalls.

The polymer nanoparticles served here as a ‘‘sacrificial’’ template, protect-
ing the covered graphene oxide from ablation by the plasma. The choice of poly-
mer nanoparticles was motivated by their low cost and the advantage of self-
assembled, ordered arrays of nanospheres as lithographic masks, which has long
been known to be a low-cost nanofabrication strategy.

In this communication, a novel method consisting of plasma etching of a
polystyrene-coated GO surface for the preparation of graphene oxide nanowalls
is reported. The effects of the processing on the resulting morphology together
with the chemical composition were employed to characterize the graphene struc-
ture. In addition, it was found how a simple device consisting of a thin gold film
deposited onto such GO nanowalls induces an increase in the electrical current
when exposed to light.

EXPERIMENTAL

Graphene oxide was purchased from Cheaptubes (GO; thickness 0.7—-1.2 nm estimated
by AFM). An aqueous GO solution (1 mg ml'') was prepared and tip sonicated (750 W, 60 %
amplitude) for 1 h to yield a yellow suspension. The solution was transferred to a vial and
centrifuged for 30 min at 9000 rpm. The supernatant of the dispersion was carefully extracted
and separated from the residual visible at the bottom of the vial. The graphene nanowalls
device was prepared as reported in Scheme 1. Al electrodes (1 mmx5 mm) were deposited on
a glass substrate by vacuum evaporation with a thickness of 60 nm and space of 0.5 mm. The
aqueous GO solution was drop cast onto the Al electrodes. Polystyrene latex particles (Agar
Scientific, 10 wt. % dispersion in water with surface-bound sulphate groups as stabilizer,
average particle diameter 125 nm) were spin-cast at 500 rpm. The plasma treatment of the
samples was realized in a CF, plasma with a gas flow rate of 20 sccm min’!. The vacuum of
the chamber was set at 0.133 Pa and a 13.56 MHz radiofrequency source with power fixed at
35 W was used to create the plasma on top of the sample. The plasma treatments were
performed for 5 and 10 min, keeping the substrate temperature at 25 °C. The surface
morphology of the films was investigated by field emission scanning electron microscopy
(FE-SEM). Infrared spectroscopy in the 500-4000 cm™! range, in the transmission mode was
used to investigate the chemical composition.

Gold was sputtered onto the plasma treated GO films for 40 s; the average thickness of
the gold films as measured by atomic force microscopy was 12 nm. Electrical characterization
was performed using a computer-controlled Keithley 4200 source measure unit. Photocurrent
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generation was investigated under exposure of the samples to a solar simulator AM1.5D with
an output power of 100 mW cm 2.

PS

.ll..‘(GO

Al Al

CF, plasma etching

[GO
Al Al

Audeposition

Au
} /GO
Al Al
_ Scheme 1. Schematic presentation of the
preparation of GO nanowall devices.
RESULTS AND DISCUSSION

By proper adjustment of the plasma process parameters, a precision control
of the obtained nanostructures was achieved; the FE-SEM characterization per-
formed on flat GO (Fig. 1a) and PS latex-coated GO (Fig. 1b) samples showed
that after plasma treatment for 5 min, the flat GO morphology was in the form of
columnar walls, mainly vertically oriented to the surface of the substrate with the
edge having the same dimension of the diameter of the PS latex particles (Figs.
1b and 1c¢). From Fig. 1c, no trace of residual PS latex particles was found. It was
interesting to note that the deposition of gold onto the GO nanowalls did not fill
the columnar walls but was conformal to the GO nanowalls (Fig. 1d).

The formation of the GO nanowalls under the nanoparticle masks is due to
the anisotropic etching process that has been related to the anisotropic distri-
bution of the plasma ions deflected into the interspacing of the masking nano-
spheres, as illustrated in Scheme 1. It is expected that the anisotropic etching pro-
cess plays a role in the anisotropic chemical reactivity of graphene oxide sheet in
the reactive plasma etching process.

The most characteristic features in the FTIR spectrum of the GO sample
(Fig. 2) are the adsorption bands corresponding to C=0 stretching at 1720 cm™!
and the sp2-hybridized C=C in plane stretching at 1629 cm~1.3 The bands at 3432
and 1390 cm™! are associated, respectively, with the stretching and deformation
vibrations of the O—H bond of CO—H; while the band at 1059 cm™! is due to
C—0—C in an epoxide group and the signal at about 1246 cm~! could be attri-
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buted to C—O epoxide groups.3 After the plasma treatment, it was observed that
the GO nanowalls had retained the same functional groups.

AR A B X z
Fig. 1. a) FE-SEM and 3D AFM (500 nmx250 nm) images of GO; b) FE-SEM image of PS
latex-coated GO film before plasma treatment and c) FE-SEM and 3D AFM
(500 nmx250 nm) images of GO after plasma treatment.
d) FE-SEM Image of gold coated GO nanowalls.

GO alone, due to the existence of oxygen-containing groups and its intrinsic
high electrical resistance, could not generate a photocurrent signal. The Au film
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is very thin and almost transparent to light (Fig. 3a) hence, it could be expected
that the GO nanowalls under the gold film are reached by light irradiation, thus
allowing the synergic effect of gold sputtered onto such carbon nanostructures to
be studied. The current-voltage characteristic of GO nanowalls, as well as of gold
coated GO nanowalls, was monitored under illumination. From Figs. 3b and 3c,
an increase of the current of the gold-coated GO nanowalls during exposure to
light illumination was observed. Uncoated GO nanowalls, as expected (Fig. 3b),
did not show a well-defined photocurrent signal when the light was switched
“on”. Therefore, the photocurrent is attributed to the synergic effect of GO nano-
walls and the Au film. The only way to explain these findings could be a deoxy-
genation that could recover the GO conductivity to some extent.

SAY;

1000 2000 3000 4000
Wavenumber, cm’”
Fig. 2. FTIR Spectra of GO (bottom) and GO nanowalls (top) samples.

a)

400 600 800 1000
Wavelength, nm
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Fig. 3. a) UV—Vis Transmission spectra of sputtered Au films of different thicknesses;
b) I-V Curves of GO nanowalls under dark and light conditions; ¢) /-V Curve of
gold-coated GO nanowalls under light condition.

Recently, the use of metal nanostructures to induce local heating at me-
tal/carbon interfaces was exploited.# The surface plasmon resonances in response
to the external electromagnetic radiation causes a local increase in the tempera-
ture of the metal nanostructures, which could increase the rate of photo-induced
deoxygenation of GO. In this study, a photochemical reduction in which the oxy-

gen functional groups of GO decompose by accepting a hot electron from the
photo-excited gold is also suggested.8

CONCLUSIONS

A polystyrene latex-assisted plasma etching was used as a novel, fast and
economical method for preparation of graphene oxide nanowalls. Mild plasma
etching was found to leave the oxygen-based functional groups, but led to the
formation of carbon nanostructures that when coated with a thin metallic film
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become photoresponsive. Photoresponsive carbon—metal interconnect could be
important in graphene-based applications.

H3BOJ

IJTASMA-HATPU3AILE ITOJIMCTUPEHCKHX JIATEKC YHECTUIA 3A TTIPUIIPEMY
HAHO3HUIOOBA T'PA®EH-OKCHUIA

LUCA VALENTINI u SILVIA BITTOLO BON

"Universita di Perugia, Dipartimento di Ingegneria Civile e Ambientale, Strada di Pentima 4, INSTM,
UdR Perugia, 05100 Terni, Italy

Hano3suposu (eHrn. nanowalls) rpadeH-oKcHIa MPUMPEMIbEHU Cy HAHOLIEHEM BOIEHE
nucriep3uje MOMUCTHPEHCKUX JIaTeKC YeCTHIa Ha ¢hunmoBe rpadeH-OKCHza U HAKHATHUM Ha-
rpusameM TeTpadilyopoMeTaHa y IulasMU. biaru ycinoBu Harpusamwa y mia3mu omoryhasajy
3anp)KaBambe KUCEOHMYHUX (PYHKLHOHAIHUX TIPyna Ha 3UNOBHUMA rpadeH-oKcuaa. YOUeHo je
Ila HAKOH W3/1arama 3uzi0Ba rpadeH-oKCHIa MIPeByYeHUX TaHKUM (PUIMOM 371aTa U3BOPY KCe-
HOHCKE CBETJIOCTH [J0/a3H [0 noeharma eleKTpuYHe TPOBO/I/BHBOCTH.

(ITpumsseHo 22. oxTodpa 2012)
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Abstract: The production of nanocomposite alginate microbeads with electro-
chemically synthesized silver nanoparticles (AgNPs) based on the electrostatic
extrusion technique was investigated with respect to their potentials for uti-
lization in pharmaceutical and biomedical applications. It was shown that elec-
trochemical synthesis of AgNPs results in the reduction of practically all the
Ag" present in the initial solution, yielding stable Ag/alginate colloid solutions
that were demonstrated to be suitable for sterilization, manipulation, and elec-
trostatic extrusion with retention of the AgNPs. The presence of AgNPs in the
alginate colloid solutions had negligible effects on the size of the produced
Ag/alginate microbeads, which was mainly determined by the electrostatic po-
tential applied during the extrusion. On the other hand, the incorporation of
AgNPs within the alginate hydrogel induced slight changes in biomechanical
properties of the microbeads determined in a biomimetic bioreactor. Thus,
packed beds of nanocomposite Ag/alginate microbeads exhibited a slightly
higher dynamic compression modulus as compared to that of control alginate
microbeads (15444 and 14142 kPa, respectively). On the other hand, the equi-
librium unconfined compression modulus was significantly lower for the nano-
composite microbeads as compared to that of the controls (3442 and 47+1 kPa,
respectively).

Keywords: electrochemical synthesis; electrostatic extrusion; sterilization; bio-
mechanical properties.
INTRODUCTION

The antimicrobial properties of silver have been known for centuries, so that
silver pots were utilized for water preservation while silver-based compounds

* Corresponding author. E-mail: bojana@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC121108148S
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found applications in traditional medicine.!=3 Today, silver as an antimicrobial
agent has gained renewed attention due to the increasing problem of antibiotic-
resistant bacterial strains.# There is a range of silver-containing medical products
such as antimicrobial wound dressings, ointments, and coatings.>-¢ Furthermore,
silver nanoparticles (AgNPs) were reported to be even more potent than silver
ions acting by attachment and interactions with the bacterial cell membrane,
release of Ag™ ions and, potentially, by penetration into the cell interior.” Diffe-
rent methods for the production of AgNPs made them also attractive for explor-
ing possibilities for the development of novel bioactive biomaterials aiming at
combining the relevant function of the biomaterial with the antimicrobial pro-
perties of the nanoparticles.?

However, one of the main problems for utilization of AgNPs is a strong
tendency of these nanoparticles to agglomerate due to the large specific surface
area and high surface energy. Polymers as capping agents in solutions and as
hydrogels were shown to be viable options for achieving nanoparticle stabili-
zation.8 One of the widely investigated polymers for biomedical applications in
general as well as in combinations with AgNPs, is alginate, a natural polysac-
charide that easily forms hydrophilic, biocompatible and bioresorbable hydro-
gels. Alginates are already used in pharmacy and medicine as excipients for
drugs, dental impression materials, wound dressings and carriers of drugs and
transplanted cells.? Supplementation of alginate hydrogels with silver offers the
additional feature of antimicrobial activity. Thus, a number of wound dressing
products based on alginate fibers with incorporated silver ions have been pro-
duced.!9 However, incorporation of AgNPs within alginate solutions and/or hyd-
rogels provides possibilities for controlled and prolonged release of Ag nano-
particles and/or ions and production of variety of formulations with different
compositions and forms. AgNPs have been produced in alginate solutions sup-
plemented with silver salts (e.g. nitrate, sulfate) by reduction of Ag® using
sodium borohydride as the reductant,!1-13 by gamma irradiation!4 or simply by
heating of the solution where alginate served as both a reducing agent and a sta-
bilizer.15

It was recently shown that electrochemical synthesis can also be used for the
production of AgNPs in alginate solutions and that the obtained colloid solutions
could be further utilized to obtain nanocomposite Ag/alginate hydrogels.16-18
Electrochemical synthesis is particularly advantageous for potential use in bio-
medicine and pharmacy due to precise control of particle size achieved by ad-
justing current density or applied potential and high purity of the obtained nano-
composite hydrogels containing only gelling cations, alginate and AgNPs. Fur-
thermore, nanocomposite hydrogels in the form of microbeads (<1 mm in dia-
meter) are suitable for controlled release of AgNPs and/or ions due to the large
specific surface area and short internal diffusion distances. Alginate microbeads
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were shown to be suitable for immobilization of variety of cell types, such as
insect and mammalian cells!® as well as brewing yeast cells.20 It was previously
shown that alginate microbeads could also be used for cartilage tissue engineer-
ing as supports for chondrogenic cells (e.g. bone marrow stromal cells2!-22 and
bovine calf chondrocytes?3:24) coupled with biomimetic bioreactors that imitate
physiological conditions in articular cartilage. Supplementation of AgNPs within
alginate microbeads could potentially provide an additional feature of prolonged
sterility of engineered implants.

One of the techniques for controlled production of uniform hydrogel micro-
beads is electrostatic droplet generation based on extrusion of an alginate solu-
tion under the action of electrostatic forces that disrupt the liquid filament at the
capillary/needle tip to form a charged stream of small droplets collected in a gel-
ling bath.25:26 As Na™ are exchanged with Ca2* from the gelling solution, the
droplets solidify forming microbeads down to 50 um in diameter.26-27 The pro-
cess of electrostatic droplet formation is a complex function of a number of para-
meters,28:29 while for a chosen electrode set-up and polymer, the applied electro-
static potential was shown to be the key determinant of the droplet and, conse-
quently, also the microbead size.?8 As the electrostatic potential, U, is increased,
the droplet size decreases gradually at first and then sharply at a critical potential
value, U,, after which microscopic charged droplets are formed, the size of which
does not vary with further increase in U.28 Relationship between the applied
potential, U, and the droplet radius, », can be derived by balancing the forces
acting on the droplet,28-2% which for a positively charged needle resulted in:30

_ [In(4H / r)]?(c —dr3)

U2 1
2% (1)
with
c=ny (2)
and
2
d=—pg 3)

3

where H is the distance between the electrodes (i.e., the needle tip and the surface
of the gelling solution), &) is the permittivity of air (g = 8.85x10712 C2 N-1m2),
ro is the internal radius of the needle, y is the surface tension, p is the liquid
density, and g is the gravitational acceleration. Egs. (1)—(3) were shown to agree
qualitatively with the experimental data.30

For potential biomedical utilization of nanocomposite hydrogels, it is re-
quired that the production procedure is simple, precisely regulated and scalable,
while the final products are pure, sterile and with controlled properties. The aim
of this study was to characterize comprehensively the production of nanocompo-
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site Ag/alginate microbeads based on electrochemical synthesis of AgNPs in al-
ginate solutions followed by electrostatic extrusion of the obtained colloid
solutions. Specifically, the possibilities for sterilization and manipulation of
Ag/alginate colloid solutions with retention of AgNPs as well as the production
of nanocomposite microbeads regarding the effects of electrostatic extrusion
parameters on the microbead size and AgNP concentration were investigated. In
addition, the effects of AgNP incorporation in alginate hydrogels on biomecha-
nical properties of packed beds of microbeads were studied in a biomimetic bio-
reactor with dynamic compression that imitates in vivo conditions in native arti-
cular cartilage.

EXPERIMENTAL
Materials

Low viscosity sodium alginate (A-2158) was purchased from Sigma (St. Louis, MO).
Sodium citrate was bought from Himedia (Mumbai, India), AgNO; from M. P. Hemija
(Belgrade, Serbia), KNO; from Centrohem (Stara Pazova, Serbia) and Ca(NO;),-2H,0 from
Alkaloid (Skopje, Macedonia). Water from Milli-Q system (Millipore, Billerica, MA, USA)
was used in all experiments and N, gas (Messer Tehnogas a.d., Belgrade, Serbia) was of high
purity (99.5 %).

Production of alginate colloid solutions with AgNPs

Sodium alginate solutions with AgNPs were produced by electrochemical synthesis as
described previously.'¢ Briefly, electrochemical synthesis was performed galvanostatically in
an electrochemical cell containing 50 cm? of an aqueous solution containing 0.1 M KNOj3, 3.9
mM AgNO; and 2 % w/v Na-alginate. Two Pt plates functioned as the working and counter
electrodes and a saturated calomel electrode (SCE) as a reference electrode using Gamry
Reference 600 Potentiostat/Galvanostat/ZRA (Gamry Instruments, Warminster, PA). The
synthesis was performed under continuous stirring at the current density of 50 mA cm2 and
implementation time of 10 min. N, was passed through the solution for 20 min prior to the
synthesis, followed by continuous N, flow over the solution during the synthesis. Gravimetric
analysis showed that the final Ag/alginate colloid solution contained 1.9 % w/v alginate due to
slight polymer deposition on the counter electrode. '8

A series of colloid solutions with different concentrations of AgNPs was obtained by
dilution of the initially synthesized colloid solution with 1.9 % w/v Na-alginate solution. Ste-
rilization of the obtained Ag/alginate colloid solutions was realized by transferring the solu-
tion into a sterile, covered glass vessel and boiling for 30 min under magnetic stirring.

Production of nanocomposite alginate microbeads with incorporated AgNPs

Sodium alginate colloid solutions with AgNPs were used to produce Ag/alginate micro-
beads by electrostatic droplet generation as described previously.!6-18 In brief, Ag/alginate
colloid solutions with different AgNP concentrations were extruded through a positively
charged blunt edge, stainless steel needle (23 gauge) using a 5 or 10 cm3 syringe and a syringe
pump (Racel, Scientific Instruments, Stamford, CT, USA). The electrode distance between the
needle tip and the grounded gelling bath (1.5 % w/v Ca(NOj3),-2H,0) was kept constant in all
experiments at 2.5 cm. After extrusion, the microbeads remained in the gelling bath for an
additional 30 min in order to complete their gelling, and thereafter were washed in H,O to
remove the residual silver ions. In order to investigate the effects of the extrusion parameters,
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the initially synthesized Ag/alginate colloid solution with a silver concentration of 3.9 mM
was extruded in two experimental series. In the first experimental series, the applied electro-
static potential was varied in the range 0-7.5 kV at a flowrate of 25.2 cm? h!, while in the
second series, the flowrate ranged from 5.1 to 25.2 cm3 h'! at a constant potential of 6.6 kV.
For biomechanical characterization, four experimental series of microbeads were produced at
a flowrate of 39.3 cm? h'! and an electrostatic potential of 6.8 kV using the initially syn-
thesized Ag/alginate colloid solution (3.9 mM silver concentration), and colloid solutions
diluted with 1.9 % w/v Na-alginate to yield silver concentrations of 2 and 1.5 mM, and 1.9 %
w/v Na-alginate as a control.

The effects of the electrostatic extrusion on the further reduction of Ag" possibly re-
maining in the alginate solution after the electrochemical synthesis were examined by ex-
trusion of the Ag/alginate colloid solution at different applied electrostatic potentials in the
range 0—7.5 kV and measurements of the absorbance at 405 nm.

Characterization of Ag/alginate nanocomposites

UV-Vis Spectroscopy. The presence of AgNPs in alginate colloid solutions and nano-
composite microbeads upon dissolution in 0.05 M sodium citrate (0.1 g of microbeads in 1
cm? of sodium citrate) was confirmed using a UV-3100 spectrophotometer (Mapada, Japan).
In addition, the possible effects of Na-citrate on the AgNP concentration were examined by
measuring the absorbance at a wavelength of 405 nm of a mixture of the initially synthesized
Ag/alginate colloid solution (3.9 mM silver concentration) and 0.05 M sodium citrate in the
volume ratio 1:9 every 10 min during 1 h.

Silver concentration. The concentration of silver in the Ag/alginate microbeads was de-
termined after oxidation of all the AgNPs by addition of excess concentrated nitric acid (65 %)
(10-15 cm? of the acid per 1 g of microbeads). Concentration of Ag" in the solutions was then
determined at a four-digit accuracy by atomic absorption spectrometry (AAS) using a Perkin
Elmer 3100 instrument (Perkin Elmer, MA, USA).

Optical microscopy. Diameters of microbeads were determined from measurements of at
least 20 microbeads using an optical microscope (Olympus CX41RF, Tokyo, Japan) with the
image analysis program “CellA” (Olympus, Tokyo, Japan).

Biomechanical characterization of the Ag/alginate microbeads under bioreactor conditions

Biomechanical properties of packed beds of Ag/alginate microbeads prepared from col-
loid solutions with silver concentrations of 1.5, 2, and 3.9 mM were investigated in a bio-
mimetic bioreactor with dynamic compression3! as described previously.2* Packed beds of 1.9
% w/v Ca-alginate microbeads served as a control. The compression tests were performed
simultaneously in 3 cartridges loaded with microbeads (=0.6 g in each) at 3 mm initial bed
height, filled with distilled water and repeated at least 3 times for each microbead group. The
tests were performed at 10 % strain in two regimes: at a loading rate of 337.5 um s! and at
sequential increments of 50-um displacement every 30 min. Compression and equilibrium
unconfined compression moduli were determined from the slopes of the best linear fits of the
obtained stress—strain relationships.

RESULTS AND DISCUSSION
Production of alginate colloid solutions with AgNPs

Alginate colloid solutions with AgNPs were successfully produced by elec-
trochemical synthesis as described previously.16-18 In the present work, the pos-
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sibilities for sterilization and dilution of the obtained colloid solution with re-
tention of AgNPs, required for potential biomedical uses, were investigated. The
initially synthesized Ag/alginate colloid solution with 3.9 mM concentration of
silver was diluted with 1.9 % w/v Na-alginate yielding colloid solutions with dif-
ferent concentrations of AgNPs. Sterilization by boiling for 30 min of the initial
and a diluted colloid solution (silver concentration of 1 mM) was shown to sta-
bilize even further the nanoparticles, as indicated by the UV-vis absorption spec-
tra. Specifically, the absorption spectra of all the corresponding samples exhi-
biting surface plasmon absorption band maxima at the wavelength of =405 nm
were not significantly different (Fig. 1). Maximal absorbance at this wavelength
corresponds to AgNPs with the diameter of about 20 nm based on theoretical
predictions of the surface plasmon absorption band for spherical AgNPs sus-
pended in water.32 Indeed, the diameters of the electrochemically synthesized
AgNPs in alginate solutions were in the range 10 to 30 nm as determined pre-
viously by transmission electron microscopy.!8 Furthermore, the maximum ab-
sorbance value slightly increased by about 10 % upon sterilization, implying a
slight further reduction of Ag* and/or nanoparticle stabilization (Fig. 1). These
results are consistent with the method of AgNP synthesis by reduction of Ag™ in
alginate solutions by heating at 90 °C for 1 h, where alginate was shown to be not
only a nanoparticle stabilizer, but also a reducing agent.!5

--------- before sterilization
1.4

after sterilization

1.2 1

1
0.8 -
0.6 A

Absorbance, a.u.

0.4 A
0.2 A1
0

200 400 600 800 1000

Wavelength, nm

Fig. 1. Absorption spectra of a) initial Ag/alginate colloid solution (3.9 mM silver
concentration) and b) 3.9-fold diluted Ag/alginate colloid solution (1 mM silver
concentration) before and after sterilization by boiling for 30 min (the data represent
the average of n = 3; standard deviations (<10 %) are omitted from the graph
for data b in order for the spectra to be distinguishable).
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Furthermore, dilution of the Ag/alginate colloid solution did not affect the
AgNPs as confirmed by the UV-vis spectra that showed unchanged surface plas-
mon absorption band maxima at ~405 nm (Fig. 1). In addition, the absorbance
values at a wavelength of 405 nm of a series of diluted colloid solutions showed
a linear dependence on the concentration of silver nanoparticles/ions (72 > 0.99),
indicating preservation of the AgNPs (Fig. 2).

A 408 / a.u.

0.0 T T T T )

0 0.05 0.1 0.15 0.2 0.25
Cag/ MM

Fig. 2. UV-Vis Spectrometric analysis of Ag/alginate colloid solutions diluted with 1.9 % w/v
Na-alginate: absorbance at a wavelength of 405 nm, A4s, as a function of the concentration of
silver nanoparticles/ions in diluted solutions, ¢, (the data represent an average of n > 3).

Production of nanocomposite alginate microbeads with incorporated AgNPs

Effects of the electrostatic extrusion parameters. Nanocomposite alginate
microbeads with incorporated AgNPs were produced by electrostatic extrusion of
Ag/alginate colloid solutions having different silver concentrations. The AgNPs
were retained during the microbead production process as revealed by UV—Vis
spectrometry as described earlier!8 (Fig. 3, inset). The value of the absorbance
maximum positioned at ~405 nm was even higher for the nanocomposite mic-
robeads as compared to that of the initial colloid solution, implying a higher
concentration of AgNPs. In this study, this result and the possibility that Ag" ions
possibly retained in the Ag/alginate colloid solution were reduced during the
electrostatic extrusion process and dilution of the microbeads in sodium citrate
were examined. However, the absorbance values at a wavelength of 405 nm de-
termined for Ag/alginate colloid solution extruded at different electrostatic poten-
tials up to 7.5 kV remained constant (1.0+0.1). Moreover, the addition of sodium
citrate to Ag/alginate colloid solution was shown to induce negligible effects on
the absorbance measured at 405 nm (=2 %). However, measurements of the con-
centration of silver nanoparticles/ions in the microbeads by AAS confirmed
higher concentrations in the microbeads as compared to the corresponding source
Ag/alginate solutions (Fig. 3). It can be seen that concentration of silver nanopar-
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ticles/ions in Ag/alginate microbeads was on average =20 % higher than that in
the corresponding source colloid solution with the exception of the lowest initial
concentration of 0.5 mM, for which the measured concentration in the micro-
beads was significantly lower (0.3+0.1 mM). These results could be explained by
the combined effects of mass losses during the extrusion, which were measured
in this study to be up to 35 %, and contraction of the alginate gel during gelation,
as reported in the literature33 inducing higher silver concentrations in microbeads
as compared to the source colloid solutions. Yet, it should also be noted that
some experimental errors are introduced during sampling of the microbeads due
to the very rapid water evaporation from the bead surfaces.

69 o7
5 08
T 05
54 -
8 04
1 8 o3l
44 @ o2
< 01
00
% 34 200 400 600 800 1000 y =1.189x
Z Wavelength, nm R? =0.991
oF
2
14
[
0 T T T T T T v 1
0 1 2 3 4
cAg/ mM

Fig. 3. Concentration of silver nanoparticles/ions in microbeads, c,,, as a function of the
concentration in the corresponding source Ag/alginate colloid solutions, c,,; inset: absorption
spectrum of dissolved Ag/alginate microbeads showing the absorbance maximum at a
wavelength of ~405 nm (the data represent an average of n > 3).

Overall, these results convincingly demonstrate that practically all the initial
Ag" ions were reduced during the electrochemical synthesis of AgNPs, which
were further retained during the electrostatic extrusion.

An investigation of the effects of the electrostatic extrusion parameters on
the size of the obtained Ag/alginate microbeads showed the strong effects of the
electrostatic potential (Fig. 4). Simultaneously, the effects of the variation of the
flowrate, in the investigated experimental range, were negligible (STD < 4 %,
data not shown). The dependence of the microbead diameter on the applied
potential was modeled by Egs. (1)—~(3) using the determined value for the density
of the Ag/alginate colloid solution of 10262 kg m™3 and for the surface tension
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of 0.074 N m1,30 and a needle diameter of 0.337 mm (for a 23 gauge needle).
The model predictions were in qualitative agreements with the experimental data
(Fig. 4) but predicting a to some extent sharper decrease in the microbead dia-
meter in the region of the critical electrostatic potential (approximately in the
range 4-5 kV, Fig. 4). The modeling results could be explained by the hypothesis
regarding the surface tension changes during the extrusion process, as reported
previously.30 In the region of applied potentials lower than the critical value
(U< U,), the surface tension of the liquid decreases due to repulsion of the charged
molecules at the droplet surface that causes a decrease in the droplet diameter as
well. However, in the region of the higher potential values (U > Uk), the increased
liquid velocity may induce an increase in the surface tension and consequently,
an increase in the droplet size as compared to the model predictions based on a
constant surface tension value, which is consistent with the results presented
herein (Fig. 4).

1 ® experimental data
2500 2 —— model predictions
2000 -
g
= 1500 -
=
1000 -
500 -
0 T T T 1
0.0 20 4.0 6.0 8.0

U/kV

Fig. 4. Diameter of Ag/alginate microbeads as a function of the applied electrostatic potential:
experimental data and model predictions.

It should be added that under the same electrostatic extrusion conditions
used for production of microbeads for biomechanical characterization, the
presence of AgNPs in Ag/alginate colloid solutions in the concentration range up
to 3.9 mM did not influence the microbead diameter as compared to the control
1.9 % w/v Na-alginate solution amounting to ~600 um (600+40 pum).

Biomechanical characterization of Ag/alginate microbeads under bioreactor
conditions

Biomechanical properties of packed beds of nanocomposite microbeads with
different concentrations of incorporated AgNPs (1, 1.5 and 3.9 mM concentra-
tions in the source colloid solutions) were examined in a biomimetic bioreactor
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while packed bed of 1.9 % w/v Ca-alginate microbeads served as a control. The
experiments were performed under dynamic compression at 10 % strain in two
regimes: at a loading rate of 337.5 um s~! and at sequential increments of 50-um
displacement every 30 min. All microbeads exhibited similar approximately li-
near responses to the dynamic loading although the values determined for the
control microbeads were slightly lower than those of Ag/alginate microbeads
(Fig. 5a). Values of compression moduli determined from the slopes of the best
stress—strain linear fits were 141+2 and 154+4 kPa, for packed beds of the control
and of the Ag/alginate microbeads, respectively. On the other hand, the equilib-
rium stresses determined at sequential strains after 30 min pauses were signi-
ficantly different for the control and Ag/alginate microbeads (Fig. 5b), yielding
equilibrium unconfined compression moduli of 47+1 and 34+2 kPa, respectively.

a

16000 -

control Ag/alginate

12000 -
iy y 2= 153338x
& 000 - R°=0.9709
= y = 140929x
* R? = 0.9665

4000 -

0F T . . :
0 0.02 0.04 0.06 0.08 0.1
Strain

b)

5000 -

O control ® Ag/alginate
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©
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Fig. 5. Stress—strain relationships for packed beds of Ag/alginate and control alginate
microbeads: a) at a loading rate of 337.5 um s!; b) for sequential increments of 50 pm
(the data represent an average of n = 3).
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The values of compression moduli determined in this study for packed beds
of the control alginate microbeads (1.9 % w/v Ca-alginate) were slightly higher
than those determined in a previous study for packed beds of 2 % w/v Ca-algi-
nate microbeads (compression modulus of 141£2 vs. 111£8 kPa, respectively,
and equilibrium unconfined compression modulus of 47+1 vs. 32+0.4 kPa, res-
pectively).2* These result can be attributed to the significantly smaller micro-
beads used in the present study (600+30 um) as compared to those used in the
previous study (780+£30 um), which is consistent with the influence of entrapped
water within a packed bed, as reported previously.24 It could be assumed that the
packed bed of smaller microbeads retains water more efficiently in the smaller
interstitial channels, which contributes to the mechanical properties of the bed.

The slight effects of the presence of AgNP on mechanical properties of algi-
nate microbeads are consistent with weak interactions of the nanoparticles with
the polymer chains. Thus, the phase transition, thermosensitivity and viscoelas-
ticity of the polymer gel were reported to remain unchanged.34 The presence of
AgNPs in the alginate microbeads apparently induced a slight increase in the dy-
namic compression modulus but a decrease in the equilibrium unconfined com-
pression modulus (Fig. 5). These results imply that under dynamic conditions, the
AgNPs induced a higher retention of water within the hydrogel matrix, while
when the hydrogels were provided with time to relax, negative effects of the
AgNPs on the hydrogel strength were revealed. In addition, although the in-
fluence of the presence of nanoparticle could be distinguished with respect to the
control alginate hydrogel, effects of the AgNP concentration in the investigated
range (1.5-3.9 mM) could not be perceived. These results are in agreement with
reported effects of AgNPs at low concentrations (< 1 wt. %) incorporated within
poly(vinyl alcohol) (PVA) hydrogels.3 Specifically, the addition of AgNPs was
shown to induce an abrupt increase in the elastic modulus of the hydrogel, which
then remained constant as the AgNP concentration was increased up to 0.8 wt. %.
On the contrary, during the stress relaxation, Ag/PVA nanocomposites exhibited
reduced stability as compared to pure PVA hydrogels. These results were ex-
plained by interactions of nanoparticles with polymer chains inducing immobili-
zation of interfacial regions and enhanced stiffness during loading. However,
loading also induced debonding of the nanoparticles, which allowed easier struc-
tural rearrangements of polymer chains during the stress relaxation,35 which is
consistent with the lower equilibrium unconfined compression modulus deter-
mined in the present study for nanocomposite microbeads as compared to that of
the controls.

CONCLUSIONS

Silver nanoparticles were successfully produced in alginate solutions by
electrochemical synthesis resulting in stable colloid sols, which were shown in

Available online at shd.org.rs/JSCS/

2012 Copyright (CC) SCS




1720 STOJKOVSKA et al.

this study to be suitable for sterilization, dilution and electrostatic extrusion to
obtain nanocomposite alginate microbeads. It was demonstrated that practically
all Ag" added to the alginate solution are reduced during the electrochemical
synthesis, indicating the high efficiency of this production method. Furthermore,
AgNPs were preserved during manipulation and gelation of the Ag/alginate
colloid sol, yielding even higher concentrations in the nanocomposite microbeads
by about 20 % as compared to the source colloid solutions. Incorporation of
AgNPs in alginate microbeads slightly affected the biomechanical properties of
the packed beds determined in a biomimetic bioreactor, strengthening the gel
under dynamic compression (by about 9 %) but inducing easier polymer restruc-
turing during relaxation and a lowering of the equilibrium unconfined compres-
sion modulus (by about 27 %). Results of these studies imply that Ag/alginate
nanocomposite microbeads as well as the production method based on the elec-
trochemical synthesis of AgNPs and electrostatic extrusion of the obtained col-
loid solutions are suitable for utilization in pharmaceutical and biomedical appli-
cations.
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H3BOI

KOHTPOJIMCAHO OOBUJARE AJITMHATHUX HAHOKOMIIO3UTA CA
WHKOPIIOPMCAHUM HAHOUECTUIJAMA CPEBPA Y TUBY
BMOMEJULIMHCKE [TPUMEHE

JACMHUHA CTOJKOBCKA, JOBAHA 3BHULIEP, )KEJbKA JOBAHOBHWER, BECHA MUIIKOBHR-CTAHKOBUR
u BOJAHA OBPAJIOBUR*

Texnonowxo—mettianypuku Gaxyniteii, Ynusep3uttiei y beoipagy, Kapneiujesa 4, 11000 Beoipag

Y oBOM papy je HCIMTHBaH Npolec Jo0Hjama eEKTPOCTATHYKOM EKCTPY3HjOM HAaHOKOM-
NO3WTHUX @JITHHAaTHUX MUKPOYECTHIIa Ca MHKOPIIOPUCAHUM eJIEKTPOXEMHjCKH CHHTETHCAaHUM
HaHOYeCTHllaMa cpebpa y moryieny MoTeHLHjajla 3a MPUMeHy Y dapmMaluju u SHOMeIULUHH.
INokasasno ce Ja TOKOM eJIEKTPOXEMH)CKE CHHTE3€ HaHOYECTHLA JOJIa3H IO TPAKTHYHO MOTITY-
He peAykudje Ag joHa NMPHUCYTHHX y TOYETHOM pacTBOpy, Aajyhu Ha Taj HAuMH cTabuiHe
Ag/anruHatHe konougHe pactsope. [TokasaHo je 3aTUM, Jla Cy OBU PAaCTBOPH IOTOJHH 3a CTe-
PpUIK3alydjy, MaHUIyNalHjy, Kao U eJIeKTPOCTaTHUKy €KCTPY3Hjy Y3 3aip’KaBambe U 0UyBame
HaHoudecTHa. [IprcycTBO HaHOYeCTHIA cpedpa y KOJIOMTHUM PacTBOPHMA HHje MMaJIo YTHIAj
Ha BEIWYHUHY NOOHjeHHX Ag/anrMHaTHUX MHUKpOYeCTHLa Koja je mpeTekHo Ouia oppeheHa
BpenHOUrhy MPUMEHBEHOT eeKTPOCTAaTHYKOr HalloHa TOKOM eKCTpy3uje. Ca mpyre cTpaHe,
WHKOpIIOpalldja HaHOYecTHLa cpedpa yHyTap aJrMHaTHOI XHOpOreja je y3pokoBana male
npomeHe HMOMEXaHUUKHUX KapaKTEPUCTHKa koje cy ogpehene y buoMuMHUIHOM DHOpEAKTODY.
Haume, Mopys €1aCTUYHOCTH NTaKOBAaHUX CJI0jeBa HAHOKOMIIO3UTHUX Ag/aNTMHaTHUX MUKPO-
yecTulla ofpeheH Mpu JMHAMHUYKOj KOMITpecHju je 6uo HeurTo Behu Hero KoJ nakoBaHOT Cj0ja
KOHTPOJIHMX aJTrMHaTHUX MUKpouectuna (154+4 u 141+2 kPa, penom) IOk je paBHOTEXHHU
MOJIy/T eJTaCTUYHOCTH CJI0jeBa HAHOKOMITO3UTHUX MUKpoYecTHLa 010 3HavajHO MawH (3412 u
4711 kPa, pegom).

(ITpumsbeno 8. Hopemdpa, peBuarpano 15. nenemopa 2012)
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chitosan/poly(ethylene oxide) blend films

JELENA D. DJOKIC, ALEKSANDAR KOJOVIC, DUSICA STOJANOVIC,
ALEKSANDAR MARINKOVIC#, GORAN VUKOVIC, RADOSLAV ALEKSIC
and PETAR S. USKOKOVIC*

Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4,
11120 Belgrade, Serbia

(Received 21 November, revised 10 December 2012)

Abstract: Chitosan-based films have found increasing implementation in a
variety of fields, among which are as drug delivery carriers, in the packaging
industry and as water purification filters. Therefore, in order to achieve me-
chanical integrity of such films while preserving processability and biocom-
patibility, chitosan-based films are fabricated in the forms of blends with
poly(ethylene oxide) (PEO). A nano-indentation study was undertaken in order
to investigate the nanomechanical properties and surface morphology of chi-
tosan films in blends with various content of PEO. The results of differential
scanning calorimetry, water uptake and nano-indentation revealed that films
with an 80/20 blend ratio of chitosan/PEO showed the optimal values of re-
duced modulus and hardness. It appears that the incorporation of the synthetic
PEO in chitosan films could lower the manufacturing costs while preserving
the mechanical integrity of the films.

Keywords: chitosan; poly(ethylene oxide); polymer blend film; nano-inden-
tation.

INTRODUCTION

The biopolymer chitosan has attracted increased interest in the past few de-
cades due to its biodegradability and non-toxicity,! and containing free hydroxyl
and amino groups, chitosan shows functional versatility, such as antimicrobial
activity,? the ability to bind metal ions from solution,3 and as a drug release
carrier.* Significant work has been undertaken to fabricate multifunctional mate-
rials based on chitosan in the form of films, fibers, beads and hydrogels, which

* Corresponding author. E-mail: puskokovic@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC121121139D
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are designed for use in disease treatment,> drug release,*%’ removal of metal
ions3-8-10 as well as for the production of antimicrobial food packaging.?-11

Widespread use of chitosan is limited mainly due to its relatively high cost
compared to synthetic polymers, yellowish color that occurs over time and poor
barrier properties.!?2 A practical way to improve these properties and add new
functionalities to chitosan-based materials is blending with low production cost
synthetic polymers,!3 such as poly(ethylene oxide) (PEO) that improves process-
ability and mechanical properties!4 and does not significantly affect the binding
properties of metals from aqueous solutions and the antimicrobial properties of
films, while reducing the water vapor permeability of films.%10

The synthetic polymer PEO, which is partially crystalline, biodegradable and
soluble in water with the capacity to build hydrogen bonds, is widely used in the
pharmaceutical and cosmetic industries, in the manufacture of paint and paper
and in biomedical applications. Recently, its use in the fields of polymer mem-
branes, solid electrolytes, hydrogels and pharmaceutical applications as drug car-
rier have become of interest. However, pure PEO films have relatively poor me-
chanical and physical properties due to the high solubility of the polymer in
water, which limits their applications.!> These disadvantages are overcome by
blending with other polymers, and since synthetic polymers are easy to produce
at low costs, blends of natural and synthetic polymers may contribute to the feas-
ibility of blend films. Films based on chitosan and PEO can provide additional
functionality compared to the pure polymer films. Chitosan can enhance the me-
chanical properties and reduce the solubility of PEO in water; PEO may con-
tribute to the formation of colorless flexible films. Conventional mechanical, me-
tal-binding and antibacterial characterization of chitosan/PEO films was tho-
roughly performed in a series of studies by Zivanovic et al.%10,15

However, when chitosan and its blends are used in biomaterial applications,
cell/tissue interactions are initiated at the nanoscale level. Nanomechanical pro-
perties of chitosan/PEO blends are not known; and as concluded by Majd et al.16
macroscopic mechanical properties do not necessarily convey the nanoscale pro-
perties of the material. Nano-indentation testing is used to characterize mecha-
nical properties in fine spatial resolutions of materials such as fine-grained cera-
mics, polymers and composites, which found wide applications as biomedical
implants.!7-21 Given the wide range of applications of chitosan-based materials
and its partially crystalline and amorphous composition, nanomechanical infor-
mation related to chitosan films, and composites reinforced with carbon nano-
tubes and graphenes were studied using the nano-indentation method.22-26
Therefore, the aim of this study was to determine the surface nanomechanical
properties and the optimal composition of chitosan and PEO blends and of the
neat constituents in the form of thick films.
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EXPERIMENTAL

A low molecular weight chitosan (Sigma Aldrich) with a deacetylation degree about 81
% (average value from potentiometric titration, FTIR and elemental analysis) and a molecular
weight of 154 kDa (Kuhn-Mark—Houwink—Sakurada Equation) and poly(ethylene oxide)
(PEO) of molecular weight 600 kDa (ACROS Organics) were used for the fabrication of the
polymer blends. The solvent was 2 wt. % acetic acid (Sigma Aldrich). A phosphate buffer was
used to adjust the pH value of solution in the swelling experiments. Deionized water (DI) (18
MQ cm) was used for solution preparation. Methanol (Sigma Aldrich) was used for additional
treatment of the dried films and for removal of residual monomer and acetic acid.

Films based on chitosan and PEO were prepared by the dilution technique and the film
formation was completed by solvent evaporation. First, the polymers were dissolved in 2 wt. %
acetic acid in a way to gain 5 wt. % polymer solutions. The solutions were prepared with
different contributions of chitosan and PEO as follows: 100/0, 80/20, 70/30, 50/50, 20/80 and
0/100 (weight ratio: chitosan/PEQO). The solutions of certain fractions were mixed on a mag-
netic stirrer for 24 h at room temperature. Homogenized solutions of the polymers, of total
weight of 20 g, were poured into 50-mm diameter Petri dishes. The samples were first dried at
30 °C for 48 h, and then in a vacuum drying oven for 8 h at 40 °C. The dried films were de-
tached from Petri dish and treated for 24 h in water and methanol sequentially to remove any
remnants of acetic acid, which could affect the pH that may affect the degradation of the films
in contact with water. After treatment with methanol, all the films had retained their previous
form and structure. The films were then dried in a vacuum oven under the same conditions as
above.

Film thickness (um) was determined on six films each of which was measured on ave-
rage five times. For these measurements, we used an electronic digital vernier caliper PRO-
Max (Fowler). Thermal properties of chitosan, PEO and their blends were determined by dif-
ferential scanning calorimetry (DSC Q10, TA Instruments) under a nitrogen atmosphere (50
ml min'!). To determine the melting temperature (7T,,), melting enthalpy (AH,,,) and the degree
of crystallinity (X,,), samples were heated to 80 °C and kept at 80 °C for 10 min. Then, they
were cooled and reheated at a rate of 10 °C min'!. The melting temperatures (7,,) were
measured from the second cycle as the temperature at the top of the endothermic peak,
Tn(max). The melting enthalpy, AH,,, was determined from the area under the endothermic peak.

The static contact angles of chitosan/PEO films were measured using a DSA100 (Kruss).
Samples with a circular cross-sectional diameter of 10 mm were placed on the testing board
and carefully instilled with a drop of distilled water. The contact wetting angles were mea-
sured using a video camera and for each group of samples, the measurements were repeated
five times. Adsorption capacity of water was determined by the degree of swelling. Specimens
with mass W, were immersed in phosphate buffer (pH 7.4). After the desired welling time, the
films were taken from the buffer, the water from the surface of the films was removed using
filter paper and the weight, 7, was recorded. The degree of swelling, O, was calculated from

the following equation:
”t — ”0
=| ——— XlOO 1
Q ( W, j ()

The nano-indentation experiments on neat polymer films and blend films were per-
formed using a Triboscope T950 nanomechanical testing system (Hysitron, Minneapolis, MN)
equipped with Berkovich indenter type with an in situ imaging mode. The frequently used
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power law method, developed by Oliver and Pharr,?” involves the extrapolation of a tangent to
the top of the unloading curve to determine the depth (a combination of elastic and plastic
displacement) over which the indenter is in contact with the specimen at the maximum load. A
peak load of 2 mN was applied for all samples with a load—hold—unload of 20 s for each
segment. Ten indentations were made for each sample and the average values and standard
deviations are reported.

RESULTS AND DISCUSSION

DSC is a particularly useful tool to study polymer—polymer miscibility and
phase-separated polymer blends. The DSC method in this study was suitable for
estimating the degree of phase separation and mixing of the chitosan/PEO poly-
mer blends and determining the change in the degree of crystallinity in the blends
compared to pure polymer. The degree of crystallinity of the films (X,) can be
accurately determined from DSC analysis of the samples based on the following
equations:

AH,
Xm,PEO = r(;l—’PEO (2)
m,PEO

AH ¢

Xm,s = 0 (3)
AH 1, pPEOWPEO

where AHpy, pgo is the melting enthalpy of PEO, AH}, ¢ is the melting enthalpy of
PEO in the blends, wpgq is the mass fraction of PEO in the blends and AHI%,PEO
is the melting enthalpy of 100 % crystalline PEO (213.7 J g~1)28 for PEO of 600
kDa molecular weight. The degree of crystallinity of the PEO, which was cal-
culated according to Eq. (3), was 79 %, whereas those for the other films are
given in Table I.

TABLE I. Result of the DSC analysis for chitosan/PEO blends

Melting temperature Melting enthalpy  Degree of crystallinity

Sample T./°C AH, /T g X, /%
CS/PEO—90/10 - - -
CS/PEO-80/20 61.99 30.97 43
CS/PEO-50/50 62.65 54.73 51
CS/PEO-20/80 65.23 73.56 72
CS/PEO-0/100 66.82 168.70 79

According to the data presented in Table I, blends with more than 10 wt. %
PEO showed an increase in the degree of crystallinity and a decrease in the
amount of amorphous phase. The increase of the degree crystallinity with in-
creasing chitosan mass content could be assigned to a decrease in crystal growth
because of the restriction of the molecular chain flexibility and the overall mo-
bility of the blend. The progressive increase in the PEO content led to higher
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values of Ty, and AHy,, which is a reflection of the higher content of crystalline
PEO in the polymer blend. These changes follow approximately linear trends
with the PEO content and the increase of the melting enthalpy and temperature,
as well as the degree of crystallinity. These findings point to a certain amount of
compatibility between chitosan and PEO due to intermolecular chain formation
and primary hydrogen bond formation between the polymer chains. The depen-
dencies of the heat flow on temperature for chitosan/PEO polymer blends with
various mass fractions of the starting polymers are shown in Fig. 1. If the poly-
mer blends show a unique melting temperature instead of the individual values
for the starting components, and if the melting temperatures and enthalpy shows
an increase, a change in the semi-crystalline polymer could be used as proof for
the qualitative degree of mixing of the polymers in the chitosan/PEO blends.

1 -@——— ChIPEO-9010
2_' £F- ——  ChIPEO - 80/20
| —<+~——-  chiPEO - 50150
| ©——— Ch/PEO - 20/80
. 1 4——— ChI/PEO -0/100
m 4
— -
g 0_
3 ]
o |
|18
-t =11
©
[T
I o
-2
-3
4 3 T T T 3 . : T X T T T v T 3 T T T T T T
20 30 40 50 60 70

Temperature, °C

Fig. 1. Heat flow vs. temperature curves for chitosan/PEO blends.

PEO is a more hydrophilic polymer than chitosan. A higher content of chito-
san in the blend led to water contact angles from 62.5 and 76.3° for 80/20 and
90/10 chitosan/PEO contents, respectively, and up to 81.2° for neat chitosan. It is
interesting that the neat PEO films had a high contact angle (79.7°), probably due
to their densely packed, low-dimension crystalline film structure, which is in-
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soluble and make the film surface rough and hydrophobic. Zivanovic et al.!3 re-
vealed that the permeability of water vapor is lower for neat PEO than for films
with a lower PEO content in chitosan. With an increased hydrophilic PEO con-
tent in chitosan, which in this case was more prone to hydratation, the water con-
tact angle decreased, i.e., the films show more hydrophilic properties — for chito-
san/PEO contents of 20/80, 50/50 and 60/40, the contact angle were 59.5, 48.7
and 55.1°, respectively. For these samples, the crystalline PEO does not prevail,
but more decisive is that the water-soluble polymer is introduced that increases
the hydrophilic nature of the blends. In the samples where the PEO is dominant,
the crystalline structure is more decisive than its water solubility.

Water uptake tests were determined through the swelling degree after 200
min (Fig. 2) and 24 h and the results were shown to be in accordance with con-
tact angle tests. Thus, for samples of neat chitosan and the 90/10 and 80/20 chito-
san/PEO ample, swelling occurred very rapidly and equilibrium was attained in
about 30 min. For 70/30 and 60/40 chitosan/PEO samples, the swelling was also
at first very fast, but after 20 min, peaks in the degree of swelling were observed
and equilibrium was attained in about 100 min. This could be a consequence of
the dissolution of certain amount of PEO that is not bonded to the interpenetra-
ting network and to the formation of surface layer of polymer that is not hydro-
philic in the contrast to ones incorporated in the main polymer structure. Al-
though high resistance to water uptake of polymer films may be beneficial for
many applications, controlled solubility is required if films are to be used as drug
and antiseptic carriers, and, in general, in membrane-like structures.

360 |
320 | \ﬂﬁ‘\
'\\—v—

=

o 2801 . .

- | |

E v

o 240+

£ _ . .

3 . —=—Ch/PEO - 100/0
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Fig. 2. Water uptake tests recorded during 200 min.
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The nano-indentation method was used in this study to determine the re-
duced modulus and hardness of neat chitosan and PEO, as well as their blends.
Typical load—depth profiles of the indents, which were recorded during the in-
dentation of films of neat PEO and the blends with various mass content of chi-
tosan are shown in Fig, 3, which revealed that the smallest resistance to the in-
dentation load was shown by the neat PEO film and the largest resistance was
exhibited by the blend film with 80 % of chitosan. After reaching the maximal
indentation force, the plateau reveals the hold time of the indenter tip, which was
predicted in order to minimize the polymer creep effect.

e

——PEO max load resistance
20001 | — 50% ch e

----- 70% Ch

1500 ——380% Ch
— 1/--- ch
=
=
S 1000-
O
—

500 -

0=

0 200 400 600 800 1000 1200
Depth, nm

Fig. 3. Representative load—depth curves for chitosan/PEO films with various chitosan
contents showing highest load resistivity of the blend film containing 80 wt. % chitosan.

The film thickness varied in the range of 353—409 pm. The indent depth did
not exceed 1.1 um; hence, it is obvious that there was no substrate influence on
nano-indentation test results. Therefore, the Oliver—Pharr method appeared suit-
able to calculate the reduced modulus of elasticity and the hardness values. In-
creasing PEO content led to a decrease in the film thicknesses. This could be ex-
plained by the contractions of the 3D film matrix due to strong interactions of the
chitosan and PEO molecules, the increase in crystallinity within the PEO phase
and by the fact that the addition of PEO led to a decrease in the blend viscosity.

In situ imaging scans of the indent plastic imprint with the corresponding
line scan and median roughness for the blend film with 20 wt. % chitosan are
shown in Fig. 4. As an insert, the 3D view of the indent imprint is included in this
Figure. The tested films had median surface roughness in the range 0.09—0.14 um
whereby, the greatest roughness was measured for the neat PEO film. With addi-
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tion of chitosan, a slight decreasing trend was registered. The samples were not
polished prior to testing and the surface roughness was appropriate for the testing
procedure. The selected imprint shown in Fig. 4 and the scans for the other samp-
les revealed the absence of micro cracks at the indent corners. Line scans for the
selected and the other tested sample show that there are no significant pile-up and
sink-in formation of the material deposits at the indent edges. These findings
together with the indentation curves without pop-in formations (Fig. 3) give con-
fidence that the material properties derived from the nano-indentation testing
could be considered as reliable.

Fig. 4. 2D and 3D view (axis dimensions, pm) of the plastic nano-indentation imprint with the
corresponding line scan and median roughness for the blend film with 20 wt. % of chitosan.

The average values with the range of reduced elastic modulus (£;) and hard-
ness (H) for PEO film samples and the appropriate blends with chitosan, the con-
tent of which was varied up to the neat chitosan sample, are shown in Fig. 5. The
measured values of £, and H of neat PEO (1.68 GPa and 0.06 GPa, respectively)
are similar to the ones obtained by Nowicki et al.,2? in a study that compared the
nanomechanical properties of PEO with poly(vinyl chloride) and poly(acrylic
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acid). In the present study, 20 wt. % content of chitosan in the polymer blend led
to an increase in £y and H of about 120 and 165 %, respectively. Additional in-
creases in the chitosan content led to modest changes in the reduced modulus and
hardness. The reduced modulus and hardness of the blend increased from 4.15
and 0.19 GPa, respectively, for the blend 70/30 to 6.617 and 0.385 GPa, respecti-
vely, for the 80/20 blend. Interestingly, the reduced modulus and hardness were
slightly lower for the neat chitosan films (6.57 and 0.336 GPa, respectively). It
appears that the optimal configuration for the optimal nanomechanical properties
is with a chitosan content of 80 wt. %. The improvement in the mechanical pro-
perties with increasing chitosan content could be explained by the addition of the
stiffer chitosan phase being more decisive for the mechanical properties than
degree of crystallinity of the blend.
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Among other positive features, chitosan materials in various architectures
have a significant sorption potential for environmental protection issues as well
as favorable antibacterial properties. Despite this, in most material architectures,
such as film-like structures, the positive effects of chitosan may be masked if the
chitosan molecules are entrapped within the volume of the surrounding material.
Li et al.9 argued that an increase in the surface-to-mass ratio of chitosan struc-
tures could lead to improved functionalities. In order to increase the efficiency of
chitosan and maintain mechanical integrity, further work will be directed towards
filters and membranes structured from chitosan nanocomposite fibers reinforced
with carbonaceous structures (carbon nanotubes and graphenes) as well as natural
fibers from industrial waste.

CONCLUSIONS

For certain applications, just to mention drug or antiseptic carriers and pack-
aging materials, understanding the nanomechanical behavior of chitosan-based
films should be considered when designing products. In order to enhance the pro-
duction feasibility and material processability, substitution of chitosan biopoly-
mer in certain amount by synthetic PEO could reduce the price of the blend films
while still maintaining the desired functionalities. Films with 80/20 blend ratio of
chitosan/PEO exhibited the best nanomechanical properties, and the trend of the
overall nanomechanical results revealed that incorporation of the stiffer chitosan
phase is more relevant for positive mechanical properties than the degree of crys-
tallization of blends, which is higher when the PEO is dominant in the film com-
position.

Acknowledgement. The authors are grateful to the Ministry of Education, Science and
Technological Development of the Republic of Serbia for the financial support through the
project EUREKA E!5851.

H3BOI

MMPOUECHPAE U HAHOMEXAHUYKA CBOJCTBA ®UJIMA BJIEHIU
XUTO3AH/TIOJIUETUIIEH-OKCHU]

JEJIEHA . BOKUWER, ATTEKCAHIAP KOJOBWH, OYIIHUIIA CTOJAHOBUR, ATEKCAHIAP MAPMHKOBHR,
T'OPAH BYKOBUR, PAIOCJIAB AJIEKCHR U ITETAP C. YCKOKOBHUR

Texnonowxo—melanypuku Gaxyniteiti Ynusepsuieii y Beoipagy, Kapneiujesa 4, 11120 Beoipag

dunmoBH Ha Da3M XUTO3aHa Hajlase CBe WMDY IPUMEHY y pasHUM obnacTuma usmebhy
OCTaJIOr Kao HOCauW JIEKOBA, Y MHAYCTPHjU amdasnake M Kao (pUITepH 3a npevuirhaBame
Boja. Jla Om ce mocTHrao MexaHWYKM HMHTEIPUTET OBAKBUX (PUIMOBa M 3afprKana IMpoLle-
cabuiHOCT ¥ DMOKOMNATUOMIHOCT, (PUIMOBU Ha 0asu XUTO3aHa MPUIIPEMIBEHHU Cy y (OPMHU
Onennu ca nonuerunen okcunom (PEO). Ctynuja HaHOMHAeHTauuje ypaheHa je y Lumy mpo-
yuaBabka HaHOMEXaHMYKHX CBOjCTaBa M MOBPLIMHCKE MOPGOIOTHje XUTO3aHCKUX (PHIMOBA y
Onenpama ca pasnuuutuM cagpxkajem PEO. Pesynrat DSC-a, ancopnuuje Boe M HaHOMH-
IeHTaldje Mokasanu cy na ¢uimoBu dneHnu ca ogHocom 80/20 xutoszana u PEO mocenyjy
ONTHMaJIHE BPEAHOCTH PeNyKOBaHOT MOJyJIa €l1acTUYHOCTH U TBpAohe. [TokasaHo je fa mopa-
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Bame cuHTeTnukor PEO y xuto3aHcke (pMIMOBE MOXKE CMambUTH LIEHY NPOU3BOAKBE U UCTO-
BPEMEHO 3aipXKaTH MEXaHUYKU UHTEIpUTeT (PUIMOBa.
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Abstract: Samples of Lu,05:Eu?t (3 at. % Eu) and Lu,05:Sm3* (1 at. % Sm),
were prepared via the polymer complex solution method using poly(ethylene
glycol) as the fuel and as nucleation agent for crystallization process. Knowing
that lutetium oxide has high chemical stability and temperature resistance, in
this study, the possibility for its application in high-temperature phosphor ther-
mometry was investigated. This non-contact technique uses the thermal depen-
dence of phosphor fluorescence to measure temperature remotely. The struc-
tural and morphological properties were investigated by X-ray powder diffrac-
tion (XRPD) analysis and transmission electron microscopy (TEM). The ob-
tained results confirmed that this synthesis yields the desired crystalline struc-
ture with particle sizes in the range from 30 to 50 nm. Photoluminescence
emission measurements were recorded in the temperature range from ambient
up to 873 K. The obtained results demonstrated the performance of Eu?*- and

Sm3*-doped Lu,Oj5 as high temperature thermographic phosphors of very good
sensitivity.

Keywords: Lu,yO3; Eu3'; Sm3*; thermometry; FIR; luminescence.

INTRODUCTION

Rare-earth luminescent phosphor represents a very important group of mate-
rials since they find application in biomedical multicolor imaging, scintillators,
high-energy physics, lamps and display devices, etc.1=5 Recently, their applica-
tion as temperature sensors has become very popular. In order to obtain an opti-
cal temperature sensor with appropriate characteristics, it is necessary to choose
an adequate optically active ion and a suitable host matrix. Rare earth ions, such
as Eu3*, Sm3*, Er3*, Tm3*, Ho3* and Nd3*, are luminescent activators that have
coupled energy levels required for application in optical temperature sensors.
These ions accommodate easily into a variety of different host materials. It is
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known that rare-earth sesquioxides are significant host materials due to their
good chemical stability, thermal conductivity and high light output. Among
them, lutetium oxide LuyOj3 represents a promising matrix material because of
the high band gap between the valence and conduction bands (=5.8 eV), high
melting point (<2763 K), very high mass density (=9.42 g cm3) and large atomic
number (Z = 71) that contributes to a high stopping power for ionizing radiation.
In addition, LuyOs3 has a cubic bixbyite crystalline structure with space group /a-3
which is isostructural with the well-known Y03 structure.6-8

In order to avoid potential problems that could occur during synthesis in the
solid phase, such as non-homogeneity, imprecise control of the cation stoichio-
metry and high processing temperature, it is more convenient to use wet chemical
processes, such as hydrothermal synthesis, sol—gel, spray pyrolysis, co-precipi-
tation, combustion synthesis, pulsed vapor deposition, etc.”~15 In this study, the
polymer complex solution (PCS) method, which is very simple, fast and cost-ef-
fective, was used. The PCS preparation procedure provides powders composed of
well crystalline and uniform in size nanoparticles, which is a prerequisite for ob-
taining high-quality, transparent ceramics. The utility of the polymeric approach
comes from the coordination of metal cations onto the poly(ethylene glycol)
(PEG) chains during the gelation process, resulting in very low cation mobility.
In this way, PCS provides mixing of constituting elements at the atomic level and
allows homogeneous control of very small rare earth concentrations, providing in
this way, a uniform structure of the materials.16

Thermographic phosphors (TPs) are oxides doped with rare earth or tran-
sition metal ions that emit visible, infrared or UV radiation upon excitation from
an external energy source. Their luminescent properties, such as the positions and
widths of the luminescence peaks, the intensities of the luminescence lines and
decay lifetimes of luminescence, change with temperature. The fluorescence in-
tensity ratio (FIR) method is based on the intensity ratio between two emission
lines or areas in the PL spectrum. This technique is flexible and successful in
measuring temperatures where conventional methods employing pyrometry, ther-
mocouples or thermistors, may prove to be unsuitable. The intensity, wavelength
or lifetime (duration of light) of the detected emission is used to determine the
temperature of a surface. This approach is very precise, simple, non-intrusive
with a wide temperature range (from 10 to 2000 K).17.18

Using this technique, very good results were previously obtained by mea-
suring and comparing peak intensities and areas in different host matrixes.19:20
Although, according to the literature, LuyO3 proved itself to be a host material
that gives better luminescent properties in comparison to Y,0O3, it has not been
sufficiently studied.2! Hence, in the present study, Lu,O3 doped with either 3 at. %
Eu3* or 1 at. % Sm3* prepared by combustion synthesis were elaborated as opti-
cal temperature sensors in the range from 293 to 823 K.
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EXPERIMENTAL

Lutetium oxide doped with either 3 at. % Eu?* or 1 at. % Sm?* was fabricated by the
polymer complex solution method. The starting materials, Lu,03, Eu,03 and Sm,0; (all Alfa
Aesar, 99.9 %), were appropriately measured and dissolved in hot nitric acid. To the obtained
solutions, PEG (Alfa Aesar, My = 200) was added in a 1:1 mass ratio to the starting oxides,
whereby metal-PEG solutions were formed. The solutions were continuously stirred at 80 °C
for a few hours until solid complexes were formed that were subsequently combusted at 800
°C in air for 2 h, giving white powders as the resulting products.

The phase composition was investigated by X-ray powder diffraction analysis (XRPD)
on a Philips PW 1050 instrument, using Ni filtered CuKa, , radiation. The diffraction data
were recorded in the 26 range from 10° to 120° counting for 12 s in each 0.02° step. The mic-
rostructure at the local level was analyzed by the TEM technique using a Philips/FEI CM300
electron microscope operating at 300 kV. The photoluminescence spectra were collected
under the excitation light of a 450 W xenon lamp on a Fluorolog-3 model FL3-221 (Horiba
Jobin-Yvon) spectroflurometer (Aq,.(Lu,O3:Eu) = 393 nm and A, (Lu,O3:Sm) = 406 nm),
elevating the temperature from ambient to 823 K in steps of 50 K.

RESULTS AND DISCUSSION

The X-ray diffraction pattern for the LuyO3:3 at. % Eu sample is shown in
Fig. 1. The XRD analysis confirmed that during calcination at 800 °C the sample
crystallized in a cubic bixbyte crystal structure with the space group /a-3. The
peak positions were indexed according to the JCPDS card No. 12-0728 for the
cubic LuyO3 structure. The narrow peaks of high intensities imply good crystal-
linity of the sample.

7000

(222)

Lu,0,: 3at% Eu™
6000

5000
4000

3000

Intensity, counts

5 <
o ~
=3 <

2000

1000 —

T T T T T T T T 1
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Fig. 1. XRD Pattern of Lu,05:3 at. % Eu?" nanopowder sample with diffraction peaks indexed
according to JCPDS card No. 12-0728.
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The morphology of LuyO3:3 at. % Eu3*™ sample analyzed with transmission
electron microscopy (TEM) is presented in Fig. 2. The micrograph revealed the
presence of agglomerates that consisted of nanoparticles in the range from 30 nm
to 50 nm. High-resolution TEM (HR-TEM) showed a good crystalline structure
without any irregularities, which are in good agreement with results obtained in
the XRD measurements.

Fig. 2. Bright field image showing agglomerates of the powder sample with particle sizes
ranging from 30-50 nm (A) and high-resolution images of constituting
nanosized particles (B).

The FIR method is based on the selection of two emission lines from photo-
luminescent spectra and estimation of the temperature based on the ratio of their
intensities. Two lines are considered appropriate for the intensity ratio method if
they both have strong emission intensities over the whole temperature range and
if their intensity ratio gives high temperature resolution.?? This approach elimi-
nates a number of errors arising from fluctuations of the excitation light source,
temperature changes of excitation bands and non-uniform dopant concentrations.
A special case of the FIR measurement technique involves using the fluorescence
intensities from two closely spaced, “thermally coupled” energy levels, the rela-
tive population of which follows a Boltzmann type population distribution and is
dependent on the temperature and the energy gap. Here, the ideal case was used,
where the intensity of one of the emission lines is independent of temperature
(internal reference); in this way, a calibration between the ratios of emissions is
indicative of temperature. The main mechanism behind this phenomenon is ther-
malization: when two energy levels of the RE activator are closely separated by a
difference of approx. 1000 cm™!, the upper level will not emit fluorescence at
low temperatures due to the high multi-phonon relaxation that quenches the energy.
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With increasing temperature, the upper level becomes more populated and there-
fore the fluorescence from this level gradually increases at the expense of that of
the lower level population.23 The relative population between the two levels, R,
which follows a Boltzmann-type population distribution, is given by:

R =—==Cexp(—— 1
I (=) (D
where k is the Boltzmann constant, k= 0.695 034 76(63) cm™! K1, and AE = E3,
is the energy gap between two excited levels (upper i = 3, lower i = 2, ground i = 1).
The rate at which the ratio R changes with temperature represents the sensor

S= dr

sensitivity, S:
AE
—|=R 2
dr (szj @

For Eu3*, temperature could be determined using the FIR technique for the
5Dy — 7F; and Dy — 7F; transitions that have separation of approx. 1700 cm™!
(Fig. 3a). At higher temperatures, the population of the Dy level increases at the
expense of the 5D level population, causing an enhancement of emission inten-
sity from the SD; — 7F; transition. The photoluminescence emission spectra of
the (Lup03):3 at. % Eu3" sample under excitation of 393 nm in the temperature
range from 293-823 K are presented in Fig. 3b. Four characteristic emission
bands from Eu3* localized at around 580, 593, 611, 656 and 708 nm can be as-
signed to the 5Dy — 7F; (i = 0, 1, 2, 3 and 4) spin forbidden f-f transitions,
respectively. The peak at 533 nm can be assigned to the 5D; — 7F; transition.
Obviously, at higher temperatures, the intensities of the emission band strongly
decrease.

Dependence of emission intensities at 533, 580, 593 and 611 nm with tempe-
rature for LuyO3:3 at. % Eu3" sample are presented in Fig. 4. It is obvious that
the peaks centered at 533, 580 and 593 nm are independent of temperature, while
the peak centered at 611 nm gradually decreases with increasing temperature and
exhibits a maximum value at 300 K.

The FIR relation was checked by recording the emission spectra at different
temperatures from 293 to 823 K and the results are shown in Fig. 5. From the fit
of these experimental data according to Eq. (1), the values C = 3.06 and AE =
= 1596 cm! were found, with a goodness of fit R2 = 0.9993. The maximum sen-
sor sensitivity calculated according to Eq. (2) is approximately 6 x 10~4 K- at
823 K.

In the case of the LuyO3:1 at. % Sm3* sample, a schematic representation of
the characteristic transitions is provided in Fig. 6a. Photoluminescence emission
spectra of the sample under excitation of 406 nm in the temperature range from
293-823 K are presented in Fig. 6b. Three emissions at 578, 608 and 656 nm are
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Fig. 4. Temperature dependant variations of the selected peaks’ intensity centered at 533, 580,

593 and 611 nm for Lu,05:3 at. % Eu?' sample. The sizes of the symbols represent
the error of the measurements.

ascribed to the 4Gs, — ©Hs)n, ®H7)p, ®Hg), transitions of Sm3™, respectively. As
internal reference, the 4Gs, — ©Hsp transition (emission line at 578 nm) was
chosen.

The dependence of the emission intensities at 578, 608, and 656 nm on tem-
perature for LupO3:1 at. % Sm3* sample are presented in Fig. 7. In this case, the
peaks centered at 608 and 656 nm gradually decreased with increasing tempera-
ture, while the peak centered at 578 nm showed irregular behavior with changing
temperature.

The FIR of the emission at 578 nm relative to the emissions at 608 nm and
656 nm was checked by recording the emission spectra at different temperatures
from 293 to 873 K and the results are presented in Fig. 8. From the fit of the
obtained experimental data to Eq. (1), values of C = 8.02 and AE = 842.8 cm!
were found for 4Gs;» — ®Hs)p, ®Hgn, and C = 4.16, AE = 972.4 cm™! for the
4G5/, — ®Hsjp, ©H7)5 transition ratio, with goodness of fits of 0.9871 and 0.9912,
respectively. The maximum sensor sensitivities were approximately 3.6x10-3 K1
at about 580 K for the 4G5/, — ®Hs)», ®Hg/, ratio and 1.6x10~3 K-! at about 700
K for the 4G5/ — ®Hs)p, 6H7/; ratio.
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Fig. 5. FIR of the D; — 7F, and °D, — 7F, transitions for 3 at. % Eu3"
as a function of temperature.
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CONCLUSION

Lutetium oxide doped with either Eu3* or Sm3" was synthesized via the po-
lymer complex solution method. The FIR technique was used to examine poten-
tial use of these materials in high-temperature phosphor thermometry. For Eu3*,
the emission intensity was monitored with increasing temperature for the main
transitions 5D; — 7F; and 3Dy — 7F,, and detected the maximum sensitivity of
approximately 6x10~4 K-! was detected at 823 K. For the Sm3* ion, the 4G5, —
— 6Hsp, ®Hoy and 4Gsy — ©Hsjn, ®H7» emission intensities were tracked and
the maximum sensitivities of 3.6x10-3 and 1.6x10~3 K-! were found at about
580 K and at about 700 K, respectively. Based on these results, it is evident that
these materials could be used as temperature sensors at elevated temperatures.

Acknowledgement. This research was financially supported by the Ministry of Education,
Science and Technological Development of the Republic of Serbia through Project Numbers
45020 and 171022.

U3BOJ
TEPMOTPA®CKA CBOJCTBA Eu’* ¥ Sm** HOOIMUPAHOT Lu,03 HAHO®OCPOPA

BECHA JIOJIIYP, XKEJbKA AHTHUR, PAIEHKA KPCMAHOBHWR, MUHA MEJIUR, MAPKO I'. HUKOJIMh
u MHUPOCJIAB [I. IPAMURAHUH

Hncmuinyi 3a HykieapHe nayxe Bunua, Ynueep3uitieii y beoipagy, 4. ip. 522, 11001 Beoipag

Yaopuu Luy05:Eu3* (3 at. % Eu) u Luy05:Sm3* (1 at. % Sm), cy npunpembeHH Me-
TOZIOM NOJIMMEPHOT KOMIUIEKCHOT pacTBopa y3 KopHulrhemwe IMoMMeTHIeH INIMKOJIa Kao ropusa
¥ HyK/IealJHOHOT areHca 3a Inpolec KpucTanusanuje. Y3umajyhu y od3up ma myTenujym-oKkcun
HUMa BUCOKY XEMHjCKY U TeMIepaTypCKy CTadWIHOCT, y OBOM pafy UCTPakKWiIu CMO Moryh-
HOCT 1EroBe NMpUMeHe 3a BUCOKO-TeMIIepaTypcKy TepMoMeTpHjy. OBa TepMOMETpHjcka Me-
TOZla je 3acHOBaHa Ha TeMIEpaTypCKoj 3aBUCHOCT QuiyopecueHle docdopa. CTpyKkTypHa U
Mopdoromika CBOjCTBA Cy WCMUTaHa KopuinheweM mudpakudje X 3paka U TPaHCMHUCHOHE
eJIeKTPOHCKe MHUKpOCKomnuje. [lobujeHn pesysiTaTd Cy NOTBOWIM fa NpUMemheHa MeTolla CHH-
Te3e Jaje Y30pKe JKebeHe KPUCTalHe CTPYKType, ca YecTullaMa Ipaxa npevyHuka of 30 o 50
nm. PoToTyMUHECLIEHTHA Mepewa Cy M3BefleHa Yy OICcery o codHe TemepaType mo 873 K.
OcTBapeHH pesynTaTd mokasyjy Aa Eu* u Sm3+ gomupan Lu,05; uma nob6pe nepdopmance
K20 BHCOKO-TEMITepATypCcKu Tepmorpadcku docdop.

(ITpumibeHo 21. okrodpa, peBuaupano 8. nenemdpa 2012)

REFERENCES

1. E. Zych, M. Wawrzyniak, A. Kossek, J. Trojan-Piegza, L. Kepinski, J. Alloy. Compd. 451

(2008) 591

M. Xu, W. Zhang, N. Dong, Y. Jiang, Y. Tao, M. Yin, J. Solid State Chem. 178 (2005) 477

3. A. Garcia-Murillo, C. Le Luyer, C. Dujardin, T. Martin, C. Garapon, C. Pedrini, J.

Mugnier, Nucl. Ins. Methods, A 486 (2002) 81

H. Wei, Z. Cleary, S. Park, K. Senevirathne, H. Eilers, J. Alloy. Compd. 500 (2010) 96

. H. Guo, X. Yang, T. Xiao, W. Zhang, L. Lou, J. Mugnier, Appl. Surf. Sci. 230 (2004) 215

. A. Martinez, J. Morales, L. A. Diaz-Torres, P. Salas, E. De la Rosa, J. Oliva, H. Desirena,
Mater. Sci. Eng., B 174 (2010) 164

N

SIS

Available online at shd.org.rs/JSCS/

2012 Copyright (CC) SCS




1746 LOJPUR et al.

7.

8.
9.

10.

11.

12.

13.

14.

15.
16.

17.
18.
19.
20.
21.

22.
23.

A. N. Gruzintsev, G. A. Emelchenko, Yu. V. Yermolayeva, V. M. Masalov, A. V.
Tolmachev, P. Benalloul, C. Barthou, Phys. Solid State 53 (2011) 1263

L. An, J. Zhang, M. Liu, S. Chen, S. Wang, Opt. Mater. 30 (2008) 957

M. Kottaisamy, D. Jeyakumar, R. Jagannathan, M. M. Rao, Mater. Res. Bull. 31 (1996)
1013

P. D. Volanti, V. I. Rosa, C. E. Paris, A. C. Paskocimas, S. P. Pizani, Opt. Mat. 31 (2009)
995

C. Dujardin, C. Le Luyer, C. Martinet, C. Garapon, J. Mugnier, A. G. Murillo, C. Pedrini,
T. Martin, Nucl. Ins. Methods, A 537 (2005) 237

M. Nichkova, D. Dosev, S. J. Gee, B. D. Hammock, 1. M. Kennedy, Anal. Chem. 77 (2005)
6864

W. Q. Chen, Y. Shi, Q. L. An, W. S. Wang, J. Y. Chen, L. J. Shi, J. Eur. Ceram. Soc. 27
(2007) 191

S. Cho, H. Lee, C. Moon, J. Kim, J. Park, G. Jeon, R. Lee,, S. Nam, J. Sol-Gel Sci.
Technol. 53 (2010) 171

C. Martinet, A. Pillonnet, J. Lancok, C. Garapon, J. Lumin. 126 (2010) 807

R. Krsmanovic, Z. Antic, B. Bartova, M. D. Dramicanin, J. Alloy. Compd. 505 (2010)
224

S. A. Wade, S. F. Collins, G. W. Baxter, J. Appl. Phys. 94 (2003) 4743

S. K. Singh, K. Kumar, B. S. Rai, Sensor Actuat., A 149 (2009) 16

M. G. Nikolic, D. J. Jovanovic, V. Pordjevic, Z. Antic, R. M. Krsmanovic, M. D.
Dramicanin, Phys. Scr. T149 (2012) 014063

V. Lojpur, M. Nikolic, L. Mancic, O. Milosevic, M. D. Dramicanin, Ceram. Int. 39 (2013)
1129

F. Vetrone, J. C. Boyer, J. A. Capobianco, A. Speghini, M. Bettinelli, J. Phys. Chem., B 106
(2002) 5622

J. Petit, B. Viana, P. Goldner, J. P. Roger, D. Fournier, J. Appl. Phys. 108 (2010) 123108

L. Liu, Y. Wang, X. Zhang, K. Yang, Y. Bai, C. Huang, Y. Song, Opt. Commun. 284
(2011) 1876.

Available online at shd.org.rs/JSCS/

2012 Copyright (CC) SCS




Journal of
the Serbian
Chemical Society

JSCS-info(@shd.org.rs « www.shd.org.rs/JSCS

J. Serb. Chem. Soc. 77 (12) 1747-1757 (2012) UDC 667.2-037+549.514.6:544.526.5+542.92
JSCS-4386

55 W
o e
a"7£i0!1-|1‘.""°'

Original scientific paper

A study of the photocatalytic degradation of the textile dye CI
Basic Yellow 28 in water using a P160 TiO»-based catalyst
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Abstract: The photocatalytic degradation of the synthetic textile dye CI Basic
Yellow 28 (BY28) in water, using a recently synthesized P160 TiO,-based
catalyst, under Osram ultra-vitalux® lamp (300 W) light, was studied. The
effects of the operational parameters, such as initial concentration of catalyst,
initial dye concentration and pH, were studied. The salt effect (NaCl, Na,COs,
Na,SO, and NaNO;) was also investigated. It was found that the optimal
concentration of catalyst is 2.0 g L'1. A pseudo first-order kinetic model was
illustrated using the Langmuir—Hinshelwood mechanism and the adsorption
equilibrium constant and the rate constant of the surface reaction were cal-
culated (Kgy = 6.126 L mg'! and k¢ = 0.272 mg L' min’!, respectively). The
photodegradation rate was higher in weak acidic than in high acidic and alka-
line conditions. The presence of CO5% ions increased the photodegradation rate
while CI-, SO42 and NO;~ decreased the reaction rate. The rate of photodegra-
dation of BY28 was measured using UV—Vis spectroscopy.

Keywords: TiO,; photocatalysis; pseudo first-order kinetic model; Langmuir—
—Hinshelwood mechanism; salt effect.

INTRODUCTION

Textile and other synthetic dyes are an important source of environmental
contamination due to their large production and usage in the textile and other
industries. The majority of these dyes are toxic, mostly non-biodegradable and
often resistant to destruction by physicochemical methods, such as chemical pre-
cipitation and separation of pollutants, coagulation and elimination by adsorp-
tion.1=3 None of these methods is destructive so they only transfer the contami-

* Corresponding author. E-mail: kavur@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC121015130D
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nation from one phase to another. Therefore, a new kind of pollution is obtained
that requires further treatment.

Advanced oxidation processes (AOPs) provide an effective means of rapidly
treating compounds with efficient process control.# Among the new oxidation
methods, heterogeneous photocatalysis appears as a destructive technology lead-
ing to the total mineralization of many organic pollutants,>-8 following the pro-
posed mechanism:

a) absorption of efficient photons by titania (hv= Eg =3.2 eV):

TiO, + hv(UV) = ecg~ + hyp* (1)

b) oxygen ionosorption:

(O2)ads t ecB™ = Oz~ ()
¢) formation of ‘OH by OH~ reaction with photoholes:
(HyO <> H" + OH"),4s + hygt — HT + 'OH 3)
d) oxidation of the organic reactant via successive attacks by "‘OH radicals:
R+ 'OH — R +Hy0 4
e) or by direct reaction with holes:
R +ht — R — degradation products (5)
As an example of the last process, holes can generate CO, according to:
RCOO~+h" - R +CO, (6)

Titanium dioxide is one of the most frequently studied and applied photoca-
talysts in advanced oxidation processes. Its ability to be activated by means of
natural sources (Sun-UV irradiation) as well as its semiconductor properties, che-
mical and biological inertness, resistance to chemical and photo-induced corro-
sion, and also its non-toxicity and low price have attracted world wide attention
of scientists and engineers for some time.? Titanium dioxide can be manufac-
tured using different methods. The most frequently used methods are sol—gel me-
thod, hydrothermal processing and gas-phase reaction. 10

The aim of the present study was to investigate the influence of various para-
meters on the photocatalytic decomposition of the textile dye CI Basic Yellow 28
in the presence of a recently synthesized P160 TiO-based catalyst!!:12 irradiated
under an Osram ultra-vitalux® lamp as the light source. CI Basic Yellow 28 dye
is a cationic azo dye that can be also be called an azomethine dye (—-CH=N-) or
hydrazone dye (=N-N(H,R)-) (Fig. 1). The P160 TiO;-based catalyst was syn-
thesized by a non-hydrolytic sol-gel process.!!:12 The effects of parameters such
as initial concentration of catalyst, initial dye concentration, pH and the presence
of salts (NaCl, NaySO4, NaNO3 and Na,COj3) were studied.
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OCH,
P N
N. Y N ~
H l CH,080, Fig. 1. Structure of CI Basic Yellow 28.
EXPERIMENTAL

Materials

All chemicals used in the investigation were of reagent grade and were used without
further purification. Hydrochloric acid, sodium chloride, sodium carbonate, sodium sulfate,
sodium nitrate and sodium hydroxide (all p.a.) were obtained commercially, mostly from
Fluka. P160 TiO, was prepared according to a previously procedure published.!!:!2 The textile
dye, CI Basic Yellow 28, was obtained from Bezema as a gift (commercial name Bezacryl
Goldgelb GL 200) and was used without purification. Deionized water was obtained from a
Milipore Waters Milli Q purification unit.
Procedures

Irradiations were performed in a glass reactor (cylindrical shape, volume 100.0 mL) with
an Osram ultra-vitalux® lamp (mix of lights; UV-A:UV-B = 13.6:3 according to the manu-
facturer’s specifications) placed 500 mm from the surface of the reaction mixture. The
photodegradation of BY28 was studied by preparing a solution containing a known concen-
tration of the dye and amount of TiO,. In a typical experiment, 25 mL of solution was used.
Then, the lamp was switched on and during the irradiation, agitation was applied. After an
appropriate time of irradiation, as given in the figures, the suspension was sampled. The
concentration of dye was determined by UV—Vis spectrophotometer (Shimadzu 1700) at A, =
=436 nm. After filtration, the pH of the samples was adjusted by the addition of dilute NaOH
and HCI and measured using pH meter (PHM 93 reference pH meter, Radiometer Copen-
hagen, Denmark).

RESULTS AND DISCUSSION
Effect of initial catalyst concentration

The effect of the initial P160 TiO; catalyst concentration on the photodegra-
dation rate of BY28 is shown in Fig. 2. The photodegradation rate increased with
increasing concentration of photocatalyst, reached the highest value at 2.0 g L1
and subsequently decreased. The explanation for this phenomenon is the fact that
when all dye molecules are adsorbed on TiO5, the addition of larger quantities of
TiO, would have no effect on the photodegradation efficiency. Above this con-
centration, light scattering and coagulation of the catalyst particles decreased the
reaction rate,8:13-15 and reduced degradation rate was registered when the con-
centration of TiO, was increased beyond 2.0 g L1,

The photodegradation efficiency (X) is given by:
co—c¢

X= (7)

€0
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where c( is the initial concentration of BY28 in mg L1, ¢ is the concentration of
BY28 at irradiation time ¢ in mg L-!. The effect of the amount of TiO; on the
photodegradation efficiency of BY28 at an irradiation time of 0.5 h is shown in
Fig. 3. No decolorization was observed if catalyst or irradiation were applied
separately. Complete decolorization was observed after 1 hour of irradiation.

¢ /co

0 T T T T T

0 10 20 30 40 50 60
t / min

—— 1oL ml4gL a2l —e-26gL"]

Fig. 2. The effect of the initial concentration of P160 TiO, on the photodegradation rate of
BY28 (dye concentration = 50 mg L1).

0.9 1
0.8 1
0.7 1
0.6 1
=~ 0.5 1
0.4 1
0.3 1
0.2 1 Fig. 3. The effect of the con-
0.1 1 centration of P160 TiO, on
0 the photodegradation effici-
' ' ' ' " ency of BY28 at an irradi-
0 0.5 1 1.5 2 2.5

ation time of 0.5 h (dye con-
¢ /gL’ centration = 50 mg L1).
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Effect of initial dye concentration

In addition, the effect of the initial dye concentration on the photodegra-
dation rate was studied (Fig. 4). It could be observed that the photodegradation
rate of BY28 decreases with increasing initial concentration of dye, since with in-
creasing dye concentration, more and more dye molecules are adsorbed on the
surface of the TiO,. Due to the lack of any direct contact between dye molecules
with holes or hydroxyl radicals, inhibition occurred. Increased dye concentration
also promotes that the dye molecules adsorb light and hence the photons cannot
reach the photocatalyst surface; hence the photodegradation efficiency decreases.’

1
0.9 1
0.8 1
0.7 1
0.6 1
0.5 1

¢ /co

0.4 4
0.3 1
0.2 1
0.1 7

0

{ / min

|+30 mgL! —A—40mgL! —e—50mgL! - 60mgL-!

Fig. 4. The effect of the initial dye concentration on the photodegradation rate of BY28
(catalyst concentration = 2.0 g L1).

The kinetics of the photodegradation rate of most organic contaminants!6
can be well described by pseudo-first order kinetics, which is given by the fol-

lowing equations:
ln(C—OJ =kt (8)
¢

c=coe M )]

where ¢, ¢ and ¢ are as given above and £ is the pseudo-first order rate constant.
Heterogeneous photocatalytic reaction can be successfully analyzed using
the modified Langmuir-Hinshelwood (L—H) kinetic expression.14:16-18 The rate
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of oxidation of BY28 by a surface reaction is proportional to the surface cove-
rage of BY28 on the P160 TiO,, assuming that BY28 is adsorbed stronger on the
catalyst surface than the intermediate products. The effect of the initial BY28
concentration co on the initial BY28 degradation rate r is given in the form of
Egs. (10) and (11):

. Kpykce _ (10)
1+KBYCO
1 1 co

(11)

— J’__
k  Kpykc kc

where Ky, kc, and k are the Langmuir-Hinshelwood adsorption equilibrium
constant, the rate constant of photodegradation surface reaction and the rate cons-
tant of the initial BY28 photodegradation reaction, respectively. At the investi-
gated concentrations, i.e., concentrations up to 60 mg L1, the applicability of
L—H equation for the photocatalytic degradation was confirmed by the linear plot
(R =10.9716) obtained by plotting the reciprocal of the rate constant (1/k) against
the initial dye concentration cq (Fig. 5). The values of Kgy and k¢ were found to
be 6.126 L mg~! and 0.272 mg L~! min~!, respectively.

35 -

30 1

N

wh
1
|

(1/k )/ min
[y}
[}
]

O T T T T T T T
25 30 35 40 45 50 55 60

Co /mgL'I

Fig. 5. Linear transformation of the L—H type expression.

Effect of pH

Since pH value has an influence on the rate of photodegradation of some or-
ganic compounds in photocatalytic processes,!3:19:20 the photodegradation of

Available online at shd.org.rs/JSCS/

2012 Copyright (CC) SCS




PHOTOCATALYTIC DEGRADATION OF TEXTILE DYE 1 753

BY28 at four different pH values (3.3, 5.2, 6.7 and 8.7) were studied. The second
value is the pH of the pure dye solution in deionized water.

It is known that the amphoteric behavior of most semiconductor oxides in-
fluences the surface charge of the photocatalyst. The zero point charge for TiO;
(PHzpc) is 5.0-6.0, and above this value, the TiO; surface is predominantly nega-
tively charged (TiO") (Eq. (12)).18 The surface of the catalyst is positive below
pH 6.0, and as the pH decreases, the functional groups are protonated (TiOH,™),
and the proportion of the positively charged surface increases (Eq. (13)):8

TiOH + OH~ S TiO + H0, pH > pHyypc (12)
TiOH + H* 5 TiOH,*, pH < pHypc (13)

It was found that the initial photodegradation rate was higher at 5.2 than in
more acidic or alkaline solutions (Fig. 6). Since BY28 is cationic dye, one would
expect that the reaction rate would be higher at pH values above pHype since in
this pH range, the TiO, surface is negatively charged and the affinity of the dye
molecules should be higher, as was reported earlier for TiO,-Merk Eusolex® T
(anatase modification). When TiO,-Merk Eusolex® T was used, the initial photo-
degradation rate was highest in alkaline solutions and lowest in acidic solu-
tions.2! This behavior of the P160 catalyst could be probably be explained by dif-
ferent surface structure obtained by the non-hydrolytic sol-gel process.!2

4_

3.5 1

k /107 min'

pH

Fig. 6. The effect of pH on the photodegradation rate of BY28 (dye concentration =50 mg L™,
catalyst concentration = 2.0 g L1).
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Salt effect of the photodegradation rate of BY28

Salt effect on photodegradation of organic pollutants was frequently investi-
gated due to the possibility of the adsorption of inorganic anions onto the photo-
catalyst surface. This adsorption results in decreasing of number of the holes and
-OH radicals, and reaction rate decrease.!422 The presence of different inorganic
ions (SO42-, HSO4~, PO43-, CO32-, HCO3~, Cl-, NO3, etc.) present in surface
and ground waters leads to decreasing photodegradation effectivity due to their
scavenging properties.22

The salt effect on the photodegradation of BY28 was studied using sodium
salts, i.e., sodium chloride, sodium carbonate, sodium sulfate and sodium nitrate
(Fig. 7). Sodium chloride along with sectional wastes is usually present in the ef-
fluent of textile mills. The decrease of the photodegradation rate of BY28 in the
presence of sodium chloride (20 mM) could be explained by the hole scavenging
properties of chloride ions:22

Cl- +hygt — CI' (14)

Cl' +ClI- - Cly~ (15)

The formed chloride anions block the surface sites that are normally avail-
able at the TiO,/dye solution interface for adsorption and electron transfer and so

inhibited the degradation process. A similar effect of sodium chloride on the photo-
degradation rate of BY28 was observed when TiO,-Merk Eusolex® T was used.?!

¢ /co

t / mmn

|+ no salt —— NaCl —&— NaNO3; —6— NayS0, —A— NayCOy

Fig. 7. Salt effect (20 mM) of on the photodegradation rate of BY28 (dye
concentration = 50 mg L1, catalyst concentration = 2.0 g L'1).
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Sodium carbonate is mainly used in the textile industry to adjust the pH of
the dyeing bath. Therefore, the wastewaters from the textile industry contain con-
siderable amounts of carbonate ions. As can be seen from Fig. 7, the photodegra-
dation in the presence of sodium carbonate (20 mM) was faster in comparison to
the reaction in its absence. The obtained results indicate that carbonate ions
might favor the formation of OH~ ions, thus promoting the degradation reac-
tion:23

CO327 +H,0 - HCO3~ + OH~ (16)
HCO3~ + HyO — HyCO3 + OH- (17)

A similar effect of sodium carbonate on the photodegradation rate of BY28
was observed when TiO;-Merk Eusolex® T was used.2!

The photodegradation in the presence of sulfate anions was slower in com-
parison to the reaction without salt. Sulfate anions change the distribution of
BY28 between the solution and the P160 TiO, surface and/or react with the posi-
tive holes (hyg™) and hydroxyl radicals (OH):24

SO42~ + hygt — SO4~* (18)
S042~ + OH® — SO4~ + OH~ (19)

The presence of SO42~ leads to formation of SO4~°, which is less reactive
than *OH and hy g™ and thus the photodegradation rate of BY28 is hindered.

Finally, the effect of sodium nitrate was studied (Fig. 7). Although some au-
thors have reported that nitrate anions can increase the photodegradation rate,25
in the present study, a strong inhibition of the photodegradation of BY28 was ob-
served due to the possible blockage of the active sites on the TiO, surface by
nitrates.

CONCLUSIONS

The behavior of recently synthesized P160 TiO,-based catalyst in the photo-
degradation of CI Basic Yellow 28 was studied. It was shown that complete de-
colorization could be achieved in 60 min using a catalyst concentration 2.0 g L1
The obtained results indicated that the photodegradation rate of BY28 was af-
fected by the initial dye concentration, pH and the presence of salts. The Hetero-
geneous photocatalytic reaction was analyzed using the modified Langmuir—Hin-
shelwood kinetic expression, and the rate constant of the photodegradation sur-
face reaction and the rate constant of initial BY28 photodegradation reaction
were calculated. The values Kgy and kc were found to be 6.126 L mg~! and
0.272 mg L~! min~!, respectively.
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H3BOJ

[TPOYYABAILE ®OTOKATATUTUYKE JETPANAIIMJE TEKCTHUJ/IHE BOJE CI BASIC
YELLOW 28 Y BOIIY KOPUCTERHU P160 KATAJIU3ATOP HA BA3U TiO,

BE/bKO FOKWR', JEJIEHA BYJOBHR', ATEKCAHIAP MAPUHKOBHR', PATIA IETPOBHE',

BOPBE JAHARKOBHR', AHTOHHJE OFbHA” u IYIIAH MUJHH'
1Texnonowxo—meu7aﬂypwxu Qaxynitewi Yrnusetisuttieiia y beoipagy, Kapneiujesa 4, beoipag u ZI/IHCWuWyw
3a Hyxneapne nayxe Bunua, Ynueepsuiei y beotpagy, beotpag

Y papy je mpoydyaBaHa (OTOKaTaJIUTHUKa Jerpafalyja CHUHTETCKe TeKCcTunHe doje CI
Basic Yellow 28 y Bogu, xopucrehy HelaBHO CHHTETHUCAHU KaTanusarop Ha 6asu P160 TiO,, u
Osram ultra-vitalux® nammy (300 W). TlpoyyaBaH je yTHIaj pasiduMTHX IapameTapa Ha
peaxnujy, Kao IITO Cy: MoYeTHa KOHIIEHTpalija KaTajanu3aropa, MoYeTHa KOHIleHTpalyja boje,
npucyctso conu (NaCl, Na,CO3, Na,SO4 u NaNO3) u pH. YrBphero je na je ontumanHa
KOHLleHTpanyja karamusatopa 2,0 ¢ L'l Kopucrehm Langmuir-Hinshelwood mexanusam
onpeheHe cy paBHOTEXHA aICOPILIMOHA KOHCTAHTA U KOHCTAHTA Op3vHE MOBPIIUHCKE peak-
umje (Kgy = 6,126 L mg™! u k¢ = 0,272 mg L' min™!). Bpsuna peaxuuje je seha y crabo
KMCenoj cpenuHu y mopehemy ca jako kucenom umu SasHom cpemuHom. ITpucyctso CO3%
nosehasa 6p3uHy peaxuuje poronerpananuje aok je Cl°, SO,2 1 NO3~ cMamyjy.

(ITpumieno 15. HoBemOpa, peBuprpano 4. nenemdpa 2012)
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Abstract: In this study, antimicrobial silver-loaded hemp fibers were prepared
by selective TEMPO-mediated oxidation, i.e., oxidation with sodium hypo-
chlorite, catalytic amount of sodium bromide and the 2,2,6,6-tetramethylpipe-
ridine-1-oxy radical (TEMPO), followed by silver sorption from aqueous silver
nitrate solution. The most suitable experimental conditions for the selective
TEMPO-mediated oxidation were determined by changing the oxidation con-
ditions, i.e., the concentration of sodium hypochlorite and the duration of oxi-
dation. The obtained results showed that the maximum sorption capacity of
0.703 mmol of silver per gram of modified hemp fibers was obtained for the
sample oxidized with 9.67 mmol NaClO per gram of fibers for 4 h. SEM Mic-
rophotographs of the modified hemp fibers with incorporated silver showed
uniformly distributed silver particles on the surface of fibers, with isometric
shapes and sizes from 10 to 100 nm, despite the fact that silver was sorbed
from an ionic solution. The antibacterial activity of the TEMPO-oxidized hemp
fibers with silver particles was confirmed in vitro against two strains: Staphylo-
coccus aureus (ATCC 25923) and Escherichia coli (ATCC 25922), and the
antifungal activity against Candida albicans (ATCC 24433). The best antimic-
robial activity of silver-loaded TEMPO-oxidized hemp fibers was showed
against strain S. aureus.

Keywords: hemp fibers; TEMPO-mediated oxidation; silver sorption; antimic-
robial textile.

INTRODUCTION

Microorganisms are part of everyday life. They join humans in different
forms. Especially the skin is home for many of these organisms. On the other
hand, textiles are the interface between the skin and the environment and present
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the tissue with the longest contact with human skin. Therefore, textiles play a
critical role, especially under skin conditions with an increased rate of pathogens
infections. Production of materials with antimicrobial properties is constantly in-
creasing. In order to protect customers, fibers with antimicrobial properties should
disable the growth or directly destroy many pathogens that cause numerous di-
seases and infections in hospital environments as well as in daily life.!-2

The purpose of this research was to obtain antimicrobial hemp fibers with
incorporated silver particles and evaluate their antimicrobial activity against dif-
ferent pathogens. The antimicrobial properties were accomplished by incorpo-
ration of silver into modified hemp fibers by chemisorption from aqueous silver
nitrate solution. Silver was chosen as the antimicrobial agent because of the
unique properties of silver, such as strong inhibitory, odor control, broad and
long-term activity, and bacteria are unable to develop resistance to silver, as is
the case with antibiotics. These properties, together with high thermal stability
and good fabric compatibility, have been established silver as a topical agent in
several medical areas of today.3:#

Furthermore, hemp fibers possess a range of specific properties, quick ab-
sorption of humidity accompanied with quick drying, good thermal and electrical
properties, high tenacity, biodegradability and protection against UV radiation,
which make them different from other textile fibers.> In order to prepare tech-
nical (multicellular) hemp fibers for textile applications, i.e., to remove non-cel-
lulosic substances (lignin, pectin, hemicelluloses)® and improve the sorption pro-
perties of hemp fibers,” selective TEMPO-mediated oxidation, i.e. oxidation with
sodium hypochlorite, a catalytic amount of sodium bromide and the 2,2,6,6-tetra-
methylpiperidine-1-oxy radical (TEMPO), was applied. TEMPO-mediated oxida-
tion causes the conversion of the C6 primary hydroxyl groups of hemp fibers into
carboxyl groups via C6 carbonyl groups. The introduced carboxyl groups were
used as reactive positions in the further reaction, i.e., for the incorporation of sil-
ver ions, because the hydrogen atom present in carboxyl groups can easily be re-
placed with silver ions. The advantages of this TEMPO-mediated oxidation of
polysaccharides are the following: highly regioselective oxidation of the primary
hydroxyl groups in polysaccharides to carboxyl groups can be achieved under
mild aqueous conditions at around room temperature at pH 10-11.8.9

The content of functional groups, moisture sorption and water retention were
used to assess the changes in hemp fibers due to the oxidation. The influence of
the oxidation conditions on the amount of sorbed silver, and thus on the degree of
antimicrobial activity, was also determined. Changes in surface morphology and
elemental composition of the TEMPO-oxidized silver-loaded hemp fibers were
systematically investigated using Scanning Electron Microscopy—Energy Dis-
persive X-Ray analysis (SEM—-EDX). The antimicrobial activities of silver-loaded
hemp fibers against different pathogens: Staphylococcus aureus (ATCC 25923),
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Escherichia coli (ATCC 25922), and Candida albicans (ATCC 24433) were eva-
luated in vitro.

EXPERIMENTAL
Materials

Domestic water-retted long hemp fibers from Backi Brestovac (Serbia) were used in this
investigation. The chemical composition of these fibers was a-cellulose, 76.10 %; lignin, 8.50 %;
hemicelluloses, 11.90 %; pectin, 1.55 %; fats and waxes, 1.60 % and water-solubles, 0.35 %.
All chemicals were obtained from commercial sources and were of p.a. grade.

Preparation of TEMPO-oxidized hemp fibers

Hemp fibers (10 g) were suspended in water (750 mL) containing TEMPO (0.025 g) and
sodium bromide (0.25 g). A 13 % NaClO solution (0, 0.30, 2.42, 4.84 and 9.67 mmol per
gram of fibers) was added to the cellulose slurry under continuous stirring.!® The pH of the
slurry at room temperature was maintained at 10.5 by addition of 0.5 M NaOH during 1-4 h.
After stirring for the designated time, the oxidation was quenched by addition of ethanol (ca.
5 mL). The oxidized hemp fibers were washed thoroughly with water and then with ethanol
on filter paper using a Biichner funnel. The thus obtained water-insoluble fractions were then
dried at room temperature for 48 h.

Determination of the content of carboxyl groups in the TEMPO-oxidized hemp fibers

The carboxyl groups of the oxidized hemp fibers react with the salts of weaker acids
such as calcium acetate, forming a salt of the oxidized cellulose fibers and releasing an equi-
valent amount of the weaker acid. Based on this and a modification of the calcium acetate
method!! for determining the acidity in modified hemp fibers, the following method of car-
boxyl group estimation was developed. Hemp fibers (0.5 g) were treated with 0.01 M HCI for
1 h and then washed thoroughly with water. In the next step, 50 mL of distilled water and 30
ml 0.25 M of calcium acetate solution were added to the oxidized hemp fibers. After standing
for 2 h with frequent shaking to facilitate completion of the interchange, 30 mL portions of the
liquid were titrated with 0.01 M sodium hydroxide using phenolphthalein as indicator.!2

Determination of the content of carbonyl groups in the TEMPO-oxidized hemp fibers

The content of carbonyl groups in the oxidized hemp fibers was measured according to a
method described in the literature.!%!3 The oxidized hemp fibers were further oxidized with
sodium chlorite at pH 45 to selectively convert the carbonyl groups in the samples to car-
boxyl ones, and then the total content of carboxyl groups was determined by the calcium
acetate method described above. Thus a cellulose slurry with 10 % consistency was prepared
and then this slurry (20 g) was added to a mixture containing NaClO, (1.81 g), 5 M
CH;3COOH (20 g), and water (57 mL). Oxidation was performed by stirring the mixture at
room temperature for 48 h, followed by washing thoroughly with water and filtration. The
carboxyl groups formed by the NaClO, oxidation were regarded as carbonyl groups present in
the original oxidized hemp fibers.

Determination of moisture sorption

Moisture sorption of oxidized hemp fibers was determined according to the standard
ASTM D 2654-76, 1976.14 Fibers were exposed to a standard atmosphere (20+2 °C and 65+2 %
relative humidity) for 24 hours (ASTM D 1776-74, 1974).1> The moisture sorption was cal-
culated as the weight percentage relative to absolute dry material.
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Determination of water retention value

The water retention of the hemp fibers was determined by the standard centrifuge me-
thod. ASTM D 2402-78, 1978.16
Silver sorption by TEMPO oxidized hemp fibers

Silver ions were incorporated into the previously TEMPO-oxidized hemp fibers and
control ones by chemisorptions under the following previously optimized conditions:!” fibers
(0.1 g) were immersed in 100 mL of 0.01 mol dm> AgNO; solution and shaken at room
temperature for 240 min in the dark. The concentration of Ag* after sorption was determined
by NH,SCN titration employing Fe(NH4)(SO,), as an indicator, according to the Volhard
Method.!8

Surface morphology and elemental composition — scanning electron microscopy with energy
dispersive X-ray analysis (SEM—EDX)

Investigation of the fiber morphology was investigated by scanning electron microscopy
using a JEOL JSM 6610LV microscope operating at 20 kV after sputtering the samples with
gold. The elemental composition was analyzed using an INCA Energy 350 Dispersive X-ray
Microanalysis System.

Determination of the antimicrobial activity of the silver-loaded TEMPO-oxidized hemp fibers

The agar diffusion test'® was used to assess the antimicrobial activity of the TEMPO-
oxidized hemp fibers with incorporated silver particles. Three test organisms were used:
Gram-positive S. aureus (ATCC 25923), Gram-negative E. coli (ATCC 25922), and the yeast
C. albicans (ATCC 24433). The agar diffusion test consists in placement of 1.0 cmx1.0 cm
samples (0.05 g of parallelized and pressed fibers) onto an agar support inoculated with the
test microorganisms and, after 24 h incubation at 37 °C, measuring the width of the zone of
inhibition (clear) or suppression (diffuse) of growth against the indicator organisms in com-
parison to a control sample.

RESULTS AND DISCUSSION
Obtaining silver-loaded hemp fibers

The hemp fibers were first oxidized by TEMPO-mediated oxidation in order
to prepare fibers for silver deposition, i.e., to improve the sorption properties by
introduction of functional groups, which are necessary for silver sorption. Several
oxidations with different concentration of sodium hypochlorite (0.30, 2.42, 4.84
and 9.67 mmol per gram of fibers) and different oxidation time (1-4 h) were
investigated. The influences of the oxidation time and concentration of NaClO on
the amount of introduced carbonyl and carboxyl functional groups, and silver
sorption are shown in Fig. 1.

As can be seen Figs. la and 1b, the TEMPO-mediated oxidation with the
lowest concentration of NaClO (0.30 mmol per gram of fibers) caused a slight
decrease in the content of both the CHO and COOH functional groups, compared
with corresponding value for the unmodified hemp fibers. The reason for these
decreases could be the consumption of most of the oxidizing agents on oxidation
and removal of lignin, hemicelluloses, and other accompanying components in
hemp fibers, while the remaining amount of the oxidizing agent was not suffi-
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cient to enable significant conversion of hydroxyl groups to carbonyl and further
to carboxyl groups.’
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Fig. 1. Relationship between the amount of NaClO (0.30, 2.42, 4.84, and 9.67 mmol g!
fibers) used in TEMPO-mediated oxidation of hemp fibers and a) carbonyl group content,
b) carboxyl group content and c) silver sorption. The oxidations were performed
for 1-4 h at room temperature and pH 10.5.

Oxidation in the presence of higher concentrations of NaClO (2.42-9.67 mmol
per gram of fibers) led to slight increases in the carbonyl and significant increases
in the carboxyl group content. Obtained increase of the content of functional groups
is predictable results, because TEMPO-mediated oxidation presents the selective
oxidation at C6 of the anhydroglucose units of cellulose to carboxyl groups via
the intermediate carbonyl stage, finally producing water-soluble polyglucuronic
acids. The carboxyl groups introduced by the TEMPO-oxidation are present on
the crystal surfaces and in disordered regions of celluloses, without any intro-
duction inside of the cellulose crystallites. The nitroxyl radical affects the oxida-
tion from the alcohol to the carboxyl oxidation state, while the hypobromite ge-
nerated in situ from hypochlorite and bromide performs further oxidation of the
carbonyl to the carboxylic acid.8: The maximum carbonyl (0.415 mmol per
gram of fibers) and carboxyl group content (0.815 mmol per gram of fibers) were
obtained for the hemp fibers oxidized under the most severe conditions (4 h, 9.67
mmol NaClO per gram of fibers).

The hydrophilic carboxyl groups present in the TEMPO-oxidized hemp fi-
bers enable the incorporation of silver, which was realized in the present study
from aqueous silver nitrate solution. These groups are reactive sites for the
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incorporation of silver and the predicted mechanism is that one COO~ group re-
acts with one Ag* by the ion-exchange process; i.e., by partial cation exchange of
H* (from the COOH groups) by Ag*.20 According to the protocol proposed by
Ifuku et al.,2! after the ion-exchange process, reduction of the silver salt on the
surface of the TEMPO-oxidized fibers can lead to fine silver particles (Fig. 2).

OH_ TEMPO-mediated ~_COONa" QooAg* COOoH

AgNO:s in H20 reduction fo)
S— 0, - B
Mo\ oxidation MO\ Hmo~ ; HMCL + Ag
OH OH OH OH
Cell Cell-Na* Cell-Ag" Cell + Ag

Fig. 2. Synthesis of silver particles on TEMPO-oxidized cellulose fibers.2!

If Figs. 1b and 1c are compared, it is obvious that in the case of modification
with higher concentrations of NaClO (2.42-9.67 mmol per gram of fibers), in-
creases in both the carboxyl group content and silver sorption were obtained.
However, for each sample, the number of sorbed silver ions was smaller than the
number of introduced hydrophilic carboxyl groups, i.e., Agt < COO~. According
to the literature,2? a difference in the “affinity” of various metal cations for the
carboxyl groups of cellulose was noted by Heymann and Rabinov, and examined
in detail by Davison. The order of increasing affinity found by this author was
N(CH3)4" < Lit < Na* < Kt < TI* < Ag* < Ca2*, Ba2*. The applied Ca-acetate
method!! for the determination of COOH groups and the stronger affinity of
COOH groups for Ca2" than for Ag™ could be the reason for the obtained result
that the number of Ag* sorbed was smaller than the number of COO~.

In spite of the fact that number of silver ions incorporated was smaller than
the number of introduced COOH groups for all the TEMPO-oxidized hemp fi-
bers, the amount of silver sorbed increased from 0.1273 to 0.7026 mmol silver
per gram of fibers with increasing NaClO concentration used in the oxidation of
the hemp fibers. The corresponding value for the unmodified sample is 0.0743
mmol silver per gram of fibers. Additionally, in the case of silver sorption, it was
noticed that duration of TEMPO-mediated oxidation had a greater influence on
amount of sorbed silver than the reaction time had on the amount of introduced
COOH groups. To clarify this statement, the oxidation with 4.84 mmol NaClO
per gram of fibers is given as an example. When the modification was performed
with 4.84 mmol NaClO per gram of fibers, the amounts of introduced COOH
groups were 0.633 and 0.690 mmol per gram of fibers for oxidation times of 1
and 4 h, respectively, while the corresponding silver sorptions increase from 0.433
to 0.648 mmol per gram of fibers, respectively.

All these above-mentioned results infer that, besides the introduced of COOH
groups, the TEMPO-mediated oxidation caused other changes in the hemp fibers
that had an influence on silver deposition.
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During the TEMPO-mediated oxidation, together with the introduction of
functional groups, the chemical composition and fibrous morphology of hemp
fibers changed, depending on the oxidation conditions. The TEMPO-mediated
oxidation removes non-cellulosic substances and makes the hemp fibers finer,
cleaner, softer, and more suitable for further processing and textile applica-
tions.%12,23.24 Changes in the crystallinity and void system (diameter, volume
and inner surface of voids)25 of hemp fibers caused by TEMPO-mediated oxida-
tion affect their sorption properties. In a previous article,” the influence of
TEMPO-mediated oxidation on the properties of hemp fibers were given in de-
tail. In order to understand the influence of changes in fiber structures and pro-
perties caused by TEMPO-mediated oxidation on silver sorption better, the rela-
tionship between silver sorption and the sorption properties of TEMPO-oxidized
hemp fibers is presented herein. Sorption properties of oxidized hemp fibers were
evaluated by determination of water retention power and moisture sorption.

From the correlation between the content of incorporated silver into TEMPO-
oxidized hemp fibers and their water retention values (WRV) given in Fig. 3, it is
obvious that, generally, with increasing water retention values, the silver sorption
also increased. Sample oxidized under the most severe conditions (9.67 mmol of
NaClO per gram of fibers for 4 h) exhibited maximum values for both, i.e., a
sorption capacity for Ag ions of 0.703 mmol per gram of fibers and a WRV of
125.41 %. The obtained correlation, i.e., increase in both Ag sorption and WRV,
can be explained by the fact that when fibers sorb more water, they swell more

Q
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g 0.6+ A/A /

=]

= o
_'w E / O

E A

g 0.4-

=
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=5

]

C 0.2- uy —=—0.30 mmol NaClO g fibers
E —A— 4,84 mmol NaClO g" fibers
2 —0—9.67 mmol NaClO g fibers
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40 60 80 100 120

Water retention value, %

Fig. 3. Relationship between the water retention value, %, and silver sorption, mmol g-!,
on TEMPO-oxidized hemp fibers. The oxidations were realized using
0.30-9.67 mmol NaClO g'! fibers, for 1-4 h at room temperature and pH 10.5.
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and the fiber structures become “open” and accessible for Ag sorption. Addi-
tionally, in the case of hemp fibers, an effective elimination of hydrophobic im-
purities from the surface of the fibers and morphological changes of the fibers
lead to additional water sorption into the fibers, as well as silver ions from aque-
ous solution.” For the samples oxidized with the highest amount of NaClO for
1-4 h, the relationship between the moisture sorption values and the Ag* sorption
capacity for TEMPO-oxidized hemp fibers is shown in Fig. 4.

0.70 - e}
£
] K O
= 0.65 -0- 9.67 mmol NaClO g~ fibers
)
E
g 0.60 -
g
S
&
3 0.55 g
b
2 ]
=
0.50 o
T T T T T T T 1
8.1 8.2 8.3 8.4 8.5

Moisture sorption, %

Fig. 4. Relationship between moisture sorption, %, and silver sorption, mmol g'!, by TEMPO-
oxidized hemp fibers. The oxidations were performed using 9.67 mmol NaClO g™! fibers for
1-4 h at room temperature and pH 10.5.

The surface morphologies of the TEMPO-oxidized hemp fibers modified with
the highest concentration of 9.67 mmol NaClO per gram of fibers for 2 h both
without and with loading of Ag"™ were examined by SEM and the obtained micro-
photographs are presented in Figs. 5a and 5b, respectively. The SEM analysis re-
vealed a large number of small and evenly distributed particles on the surface of
the silver-loaded TEMPO-oxidized hemp fibers that were not present before the
loading. A careful study of these two samples using the SEM—EDX technique
was performed in order to identify elemental composition of the particles. The
EDX spectra acquired for the before and after silver loading, presented in Figs.
5c and 5d, respectively, clearly show that the “white dots” present on the surface
of the silver-loaded TEMPO-oxidized hemp fibers have strong silver peaks,
while no silver observed on the unloaded sample. An EDX analysis over a 2
umx2 um area of the silver-loaded sample showed the presence of silver on the

Available online at shd.org.rs/JSCS/

2012 Copyright (CC) SCS




1768 MILANOVIC et al.

fiber surface in a concentration of about 8 %. Gold peaks (Au) are present in the
EDX spectra because the samples were gold-sputtered before SEM analysis.
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Fig. 5. SEM Images and EDX spectra of the TEMPO-oxidized hemp fibers modified with
9.67 mmol NaClO g! fibers for 2 h (a and c¢) and silver loaded TEMPO-oxidized
hemp fibers under the same conditions (b and d). Magnification: 3500%; bar: 5 pm.
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SEM Images (Fig. 6) recorded under higher magnification (13000, 50000
and 100000 times) were employed to determine the dimensions of the silver par-
ticles. Silver particles, with isometric shapes and sizes ranging from 10 to 100
nm, were uniformly distributed on the surface of the silver-loaded TEMPO-oxi-
dized hemp fibers, despite the fact that the silver deposition was realized from an
aqueous silver nitrate solution by the ion-exchange technique, without any sub-
sequent reduction step. According to the literature,?! cellulose fibers represent
unique nanoreactors for in situ synthesis of metal nanoparticles from ionic solu-
tion using mild reducing agents. This ability of cellulose is the consequence of its
specific morphology and available oxygen-rich functional groups on the surface
of the fiber. The important role of cellulose and the reducing groups in formation
of silver nanoparticles was also demonstrated by Pinto et al. and Jiang et al.26:27

5(: 206V WO%mm
i3

(b)

Fig. 6. SEM Images of the silver loaded
TEMPO-oxidized hemp fibers modified with
9.67 mmol NaClO g! fibers for 2 h. Mag-
nification, bar: a) 13000x, 1um; b) 50000x,
0.5um; ¢) 100000%, 0.1pum.

x100,000 0.1pm  —

In the present study, the direct synthesis and growth of nanoparticles from an
ionic solution (without the use of any kind of reducing agent) can be explained
by the formation of highly reductive aldehyde groups, as an intermediary product
in the TEMPO-oxidation, which were able to reduce silver ions to metallic silver.
This statement is supported by the fact that more severe oxidation conditions
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resulted in both higher numbers of aldehyde groups (Fig. 1a) and higher amounts
of more evenly distributed nanoparticles (Fig. 7). The color of the silver-loaded
TEMPO-oxidized hemp fibers changed drastically from cream yellow for
oxidized fibers to brown in response to silver particle deposition.

230000 OSum < e—

Fig. 7. SEM Images of the silver loaded TEMPO-oxidized hemp fibers modified with
9.67 mmol NaClO g! fibers for a) 2 and b) 4 h. Magnification: 30000x; bar: 0.5 pm.

Antimicrobial activity of TEMPO-oxidized hemp fibers with incorporated silver
particles

Antibacterial activities of the TEMPO-oxidized hemp fibers with incorpo-
rated silver particles were tested against the Gram-positive bacterium S. aureus
(ATCC 25923) and the Gram-negative bacterium E. coli (ATCC 25922), and the
antifungal activity was tested against a fungus from the Candida family, C. al-
bicans (ATCC 24433). From the results presented in Table I, it could be seen that
the TEMPO-oxidized hemp fibers with incorporated silver particles generally
inhibited the growth of all the tested pathogens. S. aureus was more sensitive
than strain E. coli. For the bacterium S. aureus, the silver-loaded hemp fibers
containing 0.433 and 0.648 mmol Ag per gram of fibers (entries 7 and 9, in Table
I) were the most effective, whereas for the bacterium E. coli, the sample with
0.262 mmol Ag per gram of fibers (entry 3) was the most effective. Most of the
tested samples showed good antifungal activity against the fungus C. albicans.
The sample with the maximum amount of sorbed silver (0.703 mmol Ag per
gram of fibers) (entry 12) did not show maximum antimicrobial activity against
any of the tested microorganisms. The obtained results showed that there was no
clear correlation between the amount of sorbed silver and antimicrobial activity.
However, the quantity of incorporated silver particles was, in all cases, sufficient
to inhibited the growth of tested pathogens, probably because, according to the
literature, 28 silver does not attack microorganisms directly; it operates as a cata-
lytic agent and moreover, it is not consumed in this process.
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TABLE 1. Antimicrobial activity of TEMPO-oxidized hemp fibers with incorporated silver
particles

Width of the inhibition zone

Oxidative conditions after 24 h, mm

cNacio / mmol g Reaction Sorbed silver, mmol Entry No. . )
of fibers time, h  per gram of fibers S. aureus E. coliC. albicans

0.00 0 0.074 1 1.0-1.5 1.0-1.5 1.0-1.5
0.30 4 0.214 2 1.0-1.5 1.5 1.0-1.5
2.42 1 0.262 3 2.5-3.0 2.5-3.0 25-3.0
2 0.322 4 3.0 1.0 2.5-3.0

3 0.350 5 2.5 1.0-1.5 3.0

4 0.404 6 2.5-3.0 1.0-1.5 3.0
4.84 1 0.433 7 3540 1.0-1.5 2.5-3.0
3 0.600 8 3.0 1.0-1.5 2.5-3.0
4 0.648 9 4.0 1.5-2.0 3.0-35

9.67 1 0.498 10 2.5-3.0 1.0 2.0
3 0.660 11 2.0 1.0 2.5-3.0

4 0.703 12 3.0 1.0 2.0

CONCLUSIONS

The introduced hydrophilic carboxyl groups (0.278-0.815 mmol per gram of
fibers) and other changes in hemp fibers caused by TEMPO-mediated oxidation
influence an increased silver sorption. The amount of sorbed silver onto the mo-
dified hemp fibers was in the range 0.214-0.703 mmol per gram of fibers. SEM
microphotographs of the modified hemp fibers with sorbed silver showed uni-
formly distributed silver particles on the surface of the fibers, with isometric shapes
and sizes from 10 to 100 nm, and the EDX spectra showed the presence of silver
at a concentration of about 8 %. The obtained direct synthesis and growth of
nanoparticles from ionic solution (without the use of any kind of reducing agent)
could be explained by the formation of highly reductive aldehyde groups, as an
intermediary product in the TEMPO-oxidation, which are able to reduce silver
ions to metallic silver. The TEMPO-oxidized hemp fibers with sorbed silver
showed good antibacterial activity against the tested bacterium strains: S. aureus
(ATCC 25923) and E. coli (ATCC 25922), and the fungus C. albicans (ATCC
24433), while the best antimicrobial activity of the silver-loaded TEMPO-oxi-
dized hemp fibers was shown against the Gram-positive bacterium S. aureus.
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H3BOJ

AHTUMHUKPOBHA TEMPO-OKCUIHWCAHA BJIAKHA KOHOIUBE CA
HHKOPITOPUCAHUM HECTHLIAMA CPEBPA

JOBAHA MUJIAHOBUR, TATJAHA MUXAUJIOBUR, KATAPUHA ITIOIIOBUR 1 MUPJAHA KOCTUR
Texnonowxo—meianypwku axynitein, Ynusep3uitein y beoipagy, Karnegijeva 4, 11120 Beoipag

IIup oBOr paja je Jodujame aHTUMHUKPOOHHMX BlaKaHa KOHOIUbE Ca COPOOBaHUM Cpe-
Opom. MonudukoBame BlakaHa KOHOIUbE Y LUJBY NoBehama COPIIIMOHUX CBOjCTaBa, a TUME U
mrto Hoseer copboBama cpedpa, MOCTUTHYTO je cenexkTuBHOM TEMIIO-okcumanujom, Tj. OKCH-
Ianujom nomohy karanusatopa 2,2,6,6-reTpameTiwanunepugut-1-oxcu pagukana (TEMPO) y
CUCTEMY HaTpPHjyM-XUIIOXJIOPUT/HATPpUjyM-OpPOMHUT, TOK je cpedpo copboBaHO M3 pacTBOpa
cpedpo-uutpara. [I[pomMeHOM NapameTapa OKCHAauHje, Tj. KOHLEHTpauuje HaTpPHjyM-XHIIO0-
XJIOpUTa U BpEMEHA OKCHAaLHje, ogpeheHr cy HajlIorofHUjH ycaoBy u3Bohewa TEMPO-oxcu-
nanuje. JJodujeHn pe3ynTaT MOKas3ald Cy Ja je MaKCUMajHH coprnuuoHu kanauurtet (0,703
mmol cpedpa mo rpamy BIakHa) MOAU(PHUKOBAHUX BlakaHa KOHOIUbE NOOHjeH KOJ y30pKa KOju
je oxcupucan nmomohy 9,67 mmol NaClO no rpamy uenynose, Tokom 4 cara. SEM mukpo-
(ororpaduje MogudHKOBaHUX BjlaKaHa KOHOIOJbE Ca COPOOBaHUM CpPedpOM IOKa3aje Cy, Ha
NOBPIIMHY BjlakaHa, PaBHOMEPHY AUCTPUOYLHjy uecTHlia cpedpa M30METPUYHOr 0DIHMKa U
HaHo BenuuuHe (of 10 mo 100 nm), ynpkoc YMBEHUIM Oa je cpedpo cOpdoBaHO U3 jOHCKOT
pactBopa. AnTudakTepujcka aktTuBHOCT TEMPO-0KCHCaHUX BllakaHa KOHOIUBE Ca HHKOPIIO-
PpUCaHUM YecTHIlaMa cpedpa TecTHpaHa je in vitro Ha ABe BpPCTe DaKTepHja: rpaM-MO3UTUBHA
Staphylococcus aureus (ATCC 25923) u rpam-HeratusHa Escherichia coli (ATCC 25922), noxk je
aHTU(YHTalHa aKTUBHOCT UCMUTaHa Npema rpuBuuM Candida albicans (ATCC 24433). Haj-
0oy aHTUMHUKPOOHY akTMUBHOCT TEMPO-oKkcHcaHa BlakHa KOHOIUbE Ca MHKOPIOPHUCAHUM
yecTullama cpedpa, oxasana Cy npemMa rpaM-TI03UTUBHOj DaKTEpHjH S. aureus.

(ITpumieno 18. okrobpa, pesunupano 10. nenemdpa 2012)
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Effect of cooling rate on the microstructure and porosity of
alumina produced by freeze casting
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Abstract: Freeze casting is a well-known shaping technique for the production
of materials with directional porosity. One of the major problems is the dif-
ficulty to control the cooling rate, thus leading to gradients in pore size and
homogeneity. This work deals with the manufacture of alumina ceramics with
directional porosity by freeze casting of aqueous suspensions. An experimental
set-up was prepared in order to apply different cooling rates. Freeze casting
tests were performed with an aqueous alumina suspension after optimization of
its rheological behavior. The porosity and microstructural features of the sin-
tered bodies produced under different experimental conditions were studied
and analyzed. It was concluded that the cooling rate influences the micro-
structure while the final temperature has a much lower influence. In addition,
microstructural analysis showed that there was a gradient in the directionality

of the pores, being lower at the bottom and the top and higher in the central
region of the specimens.

Keywords: suspensions; shaping; ceramics; porous materials; alumina; micro-
structures.

INTRODUCTION

The design of materials with tailored porosity has received increasing atten-
tion in the field of porous ceramics, due to the large number of their applications
in different technologies.!-5 Within the available techniques for the manufacture
of porous materials, great effort has been devoted to the study of the application
of freeze-casting to obtain ceramics with aligned porosity,®-13 and to establish
the influence of different processing variables on the pore size and distribution.

The freeze casting process is based on the fast freezing of a suspension in-
side a non-porous mould and the subsequent elimination of liquid by sublimation
under vacuum conditions. Different liquids have been employed, such as water
and camphene,!4:15 which require different freezing temperatures. The obtained

* Corresponding author. E-mail: rmoreno@icv.csic.es
doi: 10.2298/JSC121018132R
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porosity is a replica of the frozen liquid; hence, the solid content of the suspen-
sions is directly related to the porosity volumes allowed. When aqueous suspen-
sions are used, it was demonstrated that the presence of a binder is mandatory.
Otherwise, the frozen structure formed collapses during sublimation and the
pores tend to close.8

The most important parameters involved in the process are the freezing
temperature, the rate and manner of cooling and the solids content.6-9:16-23 Cool-
ing temperatures ranging from —20/—80 °C down to liquid nitrogen temperature
(=196 °C) are normally used. The solids content determines the volume of the
porosity and the pore size.%7-921.22 There is an optimal range of suspension con-
centrations required to obtain a handling solid and to avoid microstructure col-
lapse if the solid content is very high.

The parameter that dominantly influences the orientation of the porosity is
the cooling procedure.!6-19 Bulk freezing leads to porous materials with a homo-
geneous distribution of porosities, while it is possible to obtain microstructures
with directionally aligned porosities if only the bottom part of suspension is in
contact with the freezing agent, so the ice grows in a vertical direction and aligned
channels will be obtained after the sublimation process. The cooling process can
be performed at a constant temperature or constant cooling rate. When the tem-
perature is maintained constant, the microstructure shows the formation of diffe-
rent oriented colonies with aligned pores, while if the freezing is performed at a
constant rate, a porous structure with unidirectional channels is obtained.8 The
size of the ice dendrites is a function of the formation velocity of the ice front;?
consequently, the rate of freezing determines the size of obtained pores.16-19

Poly(vinyl alcohol) (PVA) and glycerol are the most frequently used addi-
tives for freezing.10-12,17.19,24-26 PV A is usually added in concentrations rang-
ing from 2 to 20 wt. %, and it was observed that the dendrites and consequently
the pores are finer as the PVA content increases.!2:24 The addition of PVA also
transforms the non-interconnected lamellar pores into small and interconnected
lamellar pores.24 Glycerol reduces the volumetric expansion of water and binds
to water molecules, reducing the size of the growing ice crystals.%:25:26 The
concentration of glycerol is always related to water, and it is normally added in
the range from 10 to 30 wt. %.

In the present work, porous alumina bodies with aligned porosities were
shaped by directionally freeze drying at a constant rate of cooling. The influence
of freezing rate and freezing temperature on the porosity and microstructure of
the sintered alumina specimens was studied and discussed.

EXPERIMENTAL

Commercial a~alumina (Ceralox, Condea HPA0S5, USA), with an average particle size of
0.4 um and a specific surface area of 9.5 m? g'! was used. The colloidal stability was studied
and reported in a previous work, in which the isoelectric point was reported to occur at pH 9
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and the effect of polyelectrolyte (an ammonium salt of poly(acrylic acid) (PAA, Duramax
D3005, Rohm & Haas, PA, USA) was also studied.?’ This deflocculant is supplied as an
aqueous solution with a concentration of 35 wt. % of active matter and has a pH 7-8 and a
density of 1.16 g cm™. The maximum stability was achieved at a concentration of PAA of 0.8
wt. % (i.e., 0.35 wt. % active matter) on a dry solids basis.

Commercial glycerol (Sigma-Aldrich, Germany) was used as a cryoprotector. Concen-
trated suspensions were prepared to a solids loading of 35 vol. % (i.e., 67 wt. %) by adding 20
wt. % of glycerol (with regard to solids). According to previous studies, these conditions led
to good properties in terms of pores volume and size.'® The suspensions were homogenized
during ball milling for 6 h.

The rheological behavior of fresh ball milled suspensions was studied with a rheometer
(RS50, Haake, Germany) using a double-cone/plate sensor configuration (DC60/2°, Haake,
Germany). The tests were performed under controlled rate (CR) conditions using a three stage
program with a linear increase of shear rate from 0 to 1000 s in 300 s, a plateau at 1000 s™!
for 120 s, and a further decrease to zero shear rate in 300 s. The flow curves of the optimized
suspension were measured as a function of ageing time, until 9 days after preparation. The
particle size was measured using laser diffraction equipment (Mastersizer S, Malvern, UK) on
suspensions diluted to 0.01 g dm3.

A 22 cm in height copper cylinder was designed as a support for the mould. This mould
consisted of a metallic piece on the bottom and plastic walls, in order to allow the trans-
mission of heat from the bottom to the top of the suspension when the copper cylinder was
immersed in liquid N,. A glass fiber matt was used as an isolating component to allow proper
control of the cooling rate. Two different devices were used to contain the liquid nitrogen.
Firstly, a simple metal container with isolating fibers and polyethylene rings was designed in
order to minimize nitrogen loss. Furthermore, the liquid nitrogen was poured in a Dewar ves-
sel supported on a metal box so that the height of the support and hence the cooling rate of the
suspension container could be controlled. Temperature control was realized between —200 and
200 °C using a thermocouple (Type T, Watlow No: OKT30B12B, UK) connected to a power
source (ITC 503s, Oxford Instruments, UK) where the temperature was revealed. Considering
the foreseen cooling procedures (rates), freeze cast samples were dried using a freeze dryer
(CRYODOS-50, Telstar, Terrassa, Spain) for 24 h. The condenser temperature was 50 °C and
the conditions of the storage camera were 20 °C and 50 Pa. Further characterization was per-
formed for samples prepared at —60 and —90 °C using the Dewar, and at —60 °C in the metallic
container. These samples were labeled as —60D, 90D and —60C, respectively.

The green density of freeze cast specimens was measured by the Archimedes method
using mercury. The green specimens were sintered at 1500 °C for 2 h in an electric furnace.
The sintered specimens were characterized by microstructure observations using a field
emission scanning electron microscopy (FE-SEM, (Hitachi S-4700 type I). The porosity was
measured by mercury intrusion porosimetry (Poremaster, Quantachrome Corp., USA).

RESULTS AND DISCUSSION
The stability of optimized alumina suspensions (with deflocculant and gly-
cerol) was studied by measuring the flow curves daily until the viscosity started
to increase. The flow curves of the fresh suspension and after different ageing

times are shown in Fig. 1. The suspensions had a low viscosity until day 7 and
were nearly Newtonian. The evolution of the viscosity with time is shown in Fig.
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2, from whidp it can be seen that the viscosity first remained constant and then

sharply increased after 9 days.
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Figure 1. Flow curves of alumina suspensions, just after prepared and

after 8 and 9 days ageing.
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Particle size distribution was measured after dilution of the concentrated
suspensions used for the rheological behavior studies. The distribution curve was
bimodal with a major contribution of fine particles centered on less than 1 pm
with a smaller fraction of the particles having sizes less than 10 pm. There was
no change in the size distribution during ageing for a few days, but the coarse

fraction

seems to increase after that, in agreement with the rheological behavior.
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The particle size 1%is‘gributions of fresh suspensions and after 9 days of ageing are

shown in Fig. 3.
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Figure 3. Particle size distribution as measured for the fresh suspension
and after 9 days ageing.

Once the stability of the suspensions was ensured, the freezing device was
optimized in order to allow for the control of the cooling temperature. Thus, the
thermocouple was calibrated by measuring the voltage as a function of tempera-
ture in the range from —4.19 to 0.273 mV.

The variations of the temperature with time for the two types of cooling
devices described in the experimental section, i.e., the Dewar, and the simple
metal container, are shown in Fig. 4. In both cases, the temperature was mea-
sured at the top of the metal container, in contact with the suspension, and in the
lateral surface of the copper cylinder. It can be seen that the use of a Dewar as-
sured a more homogeneous temperature variation with higher cooling rates and
that a lower temperature was reached, as expected. By fitting the curves in the
linear range (to —60 °C), calculated rates were 6.8 and 3.4 °C min~! for the
Dewar and the metal container, respectively. With this control of temperature, the
samples were frozen and dried as described above, giving the samples —60D,
—90D and -60C were obtained. The green bodies obtained after freeze-drying for
48 h had densities of 1.63+0.02 g cm=3 (i.e., 41 % of theoretical density). These
samples were sintered at 1500 °C with a 2-h soaking time.

The data obtained by Hg-porosimetry for the sintered bodies are given in
Table 1. All samples exhibited macroporosity, which was slightly higher for the
samples obtained in the metal container, due to the slower cooling rate. Accord-
ing to Table L, it appears that the cooling rate had no significant effect on the total
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pore volume. However, samples cooled in the Dewar had a narrower pore size
distribution (Fig. 5), confirming their higher homogeneity.
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Figure 4. Variation of temperature with time when cooling with the simple metal container
(a), and the Dewar (b). Temperature is measured in both cases at the top of the metal
container, in contact with the suspension, and in the lateral surface of the copper cylinder.
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Table 1. Density and porosity of the samples obtained at different cooling conditions

Sample Pareen Psintered Pore volume  Pore diameter Pore area
gcm? gcm? cm? gl pm m2 gl

—60C 1.63 231 0.17 4.6 0.14

—60D 1.63 2.36 0.15 4.8 0.17

—90D 1.65 2.48 0.15 4.6 0.13
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Figure 5. Pore size distribution of sintered alumina samples prepared at
the different cooling conditions.

In spite of the similarities in the macroporous structure, SEM observations
demonstrated that there were some differences among the variously prepared
samples. Low magnification SEM pictures of the three studied samples are
shown in Fig. 6. Directional porosity is clear in all samples, but the sample —60D
is more homogeneous than —60C, which exhibited lower microstructural uni-
formity since the areas with directional porosity and dense areas were combined.

SEM observations at higher magnification, Fig. 7, were performed in order
to compare the microstructural features of samples prepared under different con-
ditions. Sample —60C revealed a lower degree of directionality and the pores
were larger in diameter than those in the other two samples both having rather
similar pore sizes and size distributions, which is in good agreement with poro-
simetry results. Comparing all these microstructures, it was noticed that the cell
walls were larger for the sample —60C. This sample, obtained with the lowest
cooling rate, revealed characteristics in agreement with results of Deville et
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al,3-13 who reported that both the size of the pores and the cell walls were larger
if the cooling rate was lower.

-60C:!

200 um

Figure 6. General view of the microstructure of the sintered alumina samples prepared at the
different cooling conditions.

Figure 7. SEM Pictures at high magnification showing the microstructure of the sintered
alumina samples studied.

The observation of the cell walls at higher magnifications (Figs. 8 and 9)
revealed a well-developed microstructure, with equiaxed grains without exag-
gerated grain growth and a high densification degree. The materials showed that
sintering had been completed to nearly full density, without intergranular poro-

sity and only some pores trapped inside the grains formed by coalescence of
smaller grains.

Figure 8. SEM Pictures showing the microstructure of the cross-section of the cell walls for
sintered alumina samples prepared at the different cooling conditions.

Another point raised elsewhere®18 is the problem related to internal diffe-
rences in the microstructure of freeze-dried compacts. As reported, irregular heat
transfer causes changes in the microstructural features along the sample height,
because of the temperature gradients leading to morphological differences in the
orientation of the porosity channels formed during ice sublimation. To confirm this
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‘A i 19 i —_—

Figure 9. SEM Microstructures of the sintered alumina samples prepared at the different
cooling conditions.

aspect, samples were transversally cut to obtain samples from different position
along the sample height. The results were similar for all three samples, but
sample —60D was selected as a case study. The samples have three regions with
different density and porosity, i.e., the sample bottom, in contact with the cooling
metallic surface, the central body and top surface, which is the region in contact
with air and at the opposite extreme of the cooling surface. Characteristic micro-
structures of these three regions are shown in Fig. 10. The microstructure at the
sample bottom shows randomly distributed pores due to the fast freezing occur-
ring in the vicinity to contact. The central body, which represents the major vo-

i

Cooling
surface
Figure 10. Characteristic SEM micro-
structures at different heights of freeze
100 pm cast sintered specimens.
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lume of the specimen, showed a higher directionality of the pores and higher
uniformity at a macroscopic level. Finally, at the top of the sample, the pore
alignment was lower and the size of the pores tended to decrease with respect to
those observed in the body.

Summarizing the above results, it could be concluded that the main proces-
sing parameter influencing the microstructure is the cooling rate, whereas the
temperature itself seems to have a negligible effect if the whole volume of the
sample was frozen. Thus, by regulating the cooling rate to a constant value, it
would be possible not only to shape materials with aligned porosity, but also to
tailor materials with graded porosity in size and alignment.

CONCLUSIONS

Sintered alumina parts with aligned pores were obtained by directional
freeze casting. Aqueous alumina suspensions were prepared to solids loadings of
35 vol. % and 20 wt. % of glycerol as a cryoprotector. The suspensions retained
stability for at least one week. Control of cooling rate was achieved by an ap-
propriate design of a metal support using either a metal container or a Dewar
vessel to obtain different cooling rates. After sintering at 1500 °C, materials with
aligned porosity and total volume of pores higher than 40 % were obtained. It
was concluded that the cooling rate has a strong influence on the porosity and the
microstructure, whereas temperature itself seems to have very low influence.

Acknowledgement. This work was supported by Spanish Ministry of Economy and
Competitiveness (MAT2009-14369-C02-01).

H3BOJ

YTULIAJ TEMIIEPATYPE XJIABEFBA HA MUKPOCTPYKTYPY U IIOPO3HOCT ITIMHUIIE
OOBHUJEHE METOZIOM JIMUBEbA HA HUCKUM TEMIIEPATYPAMA

JESUS M. RODRIGUEZ-PARRA, RODRIGO MORENO u MARIA ISABEL NIETO
Institute of Ceramics and Glass, CSIC, Kelsen 5, 28049 Madrid, Spain

JIuBewe Ha HUCKUM TeMIiepaTypama je JoOpo Mo3HaTa TeXHUKA OOJIMKOBaka MPUITHKOM
npoliecHpama MaTepHjana ca KOHTPOJIMCAaHOM Nopo3Howhy. JenaH ol OCHOBHUX Ipodiema
IpeficTaB/ba KOHTPOJIMCame Op3uHe xnahema koja Mpoy3poKyje rpanujeHte BeJIMYMHE Iopa U
XOMOTeHOCTH. Tema 0OBe CTyfHje je IpPOLeCHpame KOHTPOIHUCAHO IOPO3HE KepaMHUKe Ha Das3u
[JIMHUIe, nonasehy o5 BOAEHUX CyclieH3Hja MoMohy TeXHHKe JUBema Ha HUCKUM TeMIepa-
Typama. Tokom excrepyuMeHTa cy kopuurheHe pasnuuute dp3uHe xnahema. JIuBewe Ha HHUC-
KAM TeMIepatypama je KopulrheHa HakoH ONTHMH3allhje PEeosIOUIKUX CBOjCTaBa BOIEHUX
cycneH3dja riuHULe. [IOPO3HOCT ¥ MUKPOCTPYKTypHA CBOjCTBA CHHTEPOBAHUX y30paKa J00H-
jEeHHX IOf PaslUYUTHUM YCJIOBHUMA Cy 3aTHM aHaJIM3UpaHa W NpoydyaBaHa. 3ak/bydyeHo je na
OpsuHa xnahemwa y Behoj mepu yTudye Ha MUKPOCTPYKTYPY OfI KOHauHe TeMreparype. Mukpo-
CTPYKTYDPHOM aHa/lM30M je Takohe 1mokasaHo /ia je MOCTUrHyTa KOHTpOJa TpajujeHTa Mopos-
HOCTH, y Mam0j MepH IIpH BPXY U Ha IHY, a y Behoj MepH y LIeHTPaJIHOM Jielly y30paka.

(ITpummeno 18. HoBeMOpa, peBunupaHno 3. fenedpa 2012)
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Abstract: In order to obtain multifunctional materials with good biocompati-
bility and antimicrobial effect, hydroxyapatite (HAp) doped with Zn2* was
synthesized by a hydrothermal method. Powders with different content of zinc
ions were synthesized and compared with undoped HAp to investigate the
influence of Zn%" on the antimicrobial activity of HAp. Analyses of undoped
and Zn?**-doped powders before and after thermal treatment at 1200 °C were
performed by SEM and XRD. The antimicrobial effects of the powders were
examined in relation to Escherichia coli, Staphylococcus aureus, Pseudomonas
aeruginosa and Candida albicans in liquid medium. The results showed that
the obtained powders had good antimicrobial activity, but higher antimicrobial
activities of the powders doped with Zn2" were observed after annealing at
1200 °C. For powders annealed at 1200 °C, in vitro biocompatibility tests:
reduction of the tetrazolium salt 3-(4,5-dimethylthazol-2-y1)-2,5-diphenyl
tetrazolium bromide (MTT test) and Trypan Blue dye exclusion test (DET test)
with MRC-5 fibroblast cells in liquid medium were performed. Based on the
MTT and DET tests, it was shown that the powders do not have a significant
cytotoxic effect, which was confirmed by SEM analysis of MRC-5 fibroblast
cells after their in vitro contact with the powders.

Keywords: HAp; Zn; a-TCP; biocide; MTT assay; MRC-5.

INTRODUCTION

With the aging of the human population, the need for treatment of skeleton is
more pronounced. Synthetic HAp [Cajo(POg4)s(OH),] due to its composition is
the most suitable for the mineral phase of human bone and teeth. Biocompa-
tibility and osteoconductivity of HAp are well known and utilized in dentistry

* Corresponding author. E-mail: zradovanovic@tmf.ac.bg.rs
doi: 10.2298/JSC121019131R
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and orthopedic surgery to compensate of the damage of teeth and bones.!~4 HAp
is also used for coating metal implants to improve their biocompatibility.4.5-12
However, during incorporation of filler HAp or HAp-covered implants in the
living body, infection by pathogenic microorganisms can appear. To prevent this
situation and the need for a second operation, biocidal metal ions or antibiotics
are used.!3-16 Use of antibiotics is not suitable because their effect is not last
long-lasting and microorganisms can develop resistance. Certain metals, such as
silver, copper and zinc, are known to be poisonous to microorganisms. On the
other hand, copper and zinc are micronutrients that at low concentrations are ne-
cessary for the functioning of many processes in humans, but at large concentra-
tions are toxic.!7-19 The role of zinc in the formation and mineralization of bone
is very important, as shown by data from the literature 20-22

The synthesis of zinc-doped HAp powders by different methods and the
antimicrobial activity and/or structural and morphological characteristics of the
obtained powder were investigated in the last decade. Kim et al.23 applied a wet-
chemical method to synthesize Zn2"-substituted HAp. In their investigations, no
antimicrobial activity of Zn2" substituted HAp against Escherichia coli was ob-
served. Chung et al.24 applied a sol-gel method to synthesize Zn2*-doped HAp.
In solid-state anti-microbial tests, their Zn2*-doped HAp demonstrated contact
microbial inhibition against Streptococcus mutans. Ergun et al.?5 and Ming’Ou
Li et al26 investigated only the structural and morphological characteristics of
Zn2*-doped HAp. The synthesis of Zn2* jon-substituted Hap using a neutrali-
zation method was performed by Stani¢ et al.27 Their investigation confirmed
that Zn?"-HAp had a viable cells reduction ability against E. coli, Staphylococcus
aureus and Candida albicans.

In the present study, ZnZ" ion-doped HAp (0.2 and 0.4 mol % as compared
to Ca) powders were hydrothermally synthesized. In order to investigate the
influence of Zn2* and phase composition on the antimicrobial activity, Zn-substi-
tuted powders were annealed at 1200 °C. The aim of the research was to examine
the antimicrobial activity of zinc ions and simultaneously check the cytotoxic ef-
fect of zinc ions on MRC-5 fibroblast cells. The antimicrobial activity of Zn2*-
-doped HAp against different pathogens: S. aureus (ATCC 25923), E. coli (ATCC
25922), Pseudomonas aeruginosa (ATCC 27833) and C. albicans (ATCC 24433)
was evaluated in vitro. The biocompatibility of the Zn-substituted powders was
studied by reduction of the tetrazolium salt 3-(4,5-dimethylthazol-2-yl1)-2,5-di-
phenyl tetrazolium bromide (MTT assay) and Trypan Blue dye exclusion test
(DET assay) in vitro using MRC-5 fibroblast cells.

EXPERIMENTAL
Synthesis of HAp and Zn?*-doped HAp

Synthesis of HAp and Zn?*-doped HAp were performed according to the hydrothermal
method described earlier.28-30 Appropriate quantities of the chemicals: Ca(NO3),-2H,0 (Carlo
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Erba Reagenti, p.a. grade), Na,H,EDTA-2H,0 (Zorka Sabac, p.a. grade), NaH,PO,-2H,0

(Analitika LTD, 99 % pure) and urea (Lach-Ner, 99.5 % pure) and Zn(NO;), 6H,0 (Kemika

Zagreb, 99 % pure) were dissolved in 1500 mL of distilled water. Doping was performed with

0.2 and 0.4 mol % according to formula (1), with a constant atomic ratio (Ca + Zn)/P = 1.67 to
obtain a compound of approximate formula (2):

100(Zn/(Zn + Ca)) (1)

Zn,Cay_(PO,4)s(OH), (x = 0.02 and 0.04) 2)

After dissolution of the chemicals, the dish with the solution was inserted in an autoclave,
previously filled with 1500 mL of distilled water. The solution was heated at 160 °C for 3 h.
After slow cooling, the obtained suspension (pH ~9.20) was filtered, and the residue was
washed with distilled water and dried at 105 °C for 4 h. After drying, the powder was ground
in a mortar.

The following dry powders were obtained in this way: HAp, Zn(0.2)HAp and Zn(0.4)HAp.
These powders were heated at 1200 °C for 2 h (heating rate 10 °C/min) and ground to obtain
HApl12, Zn(0.2)HAp12 and Zn(0.4)HAp12.

Characterization methods

A scanning electron microscope (SEM) JEOL JSM 5800 was used for the morphological
characterization of the synthesized powders. Before the SEM analysis, the powders were
coated with Au—Pd alloy. SEM analysis of MRC-5 fibroblast cells were performed on scan-
ning microscope Tescan Mira 3 FEG. Before SEM observations, the MRC-5 cells were slowly
vacuum dried and then coated with Au—Pd alloy.

X-Ray powder diffraction analysis of the powders was performed on an ITAL Structures
APD 2000 instrument using a copper cathode as the X-ray source (4 = 0.15406 nm), in the 26
angle range from 15 to 65° with a step size of 0.05° s°1.

Antimicrobial test

Quantitative tests of the antimicrobial activity of all the obtained powders against S.
aureus (ATCC 25923), E. coli (ATCC 25922), P. aeruginosa (ATCC 27833) and C. albicans
(ATCC 24433) were performed according to previously described the liquid challenge method
in buffer solution.?2 The incubation time was 1 h. The antimicrobial test was performed for
both the dry and annealed powders. As a control, a blank sterile potassium hydrogen phos-
phate buffer solution without sample was used.?? The test was performed in two series, the
one for dry powder and one for the annealed powders.

In vitro biocompatibility tests

Cell lines. Tests were performed on the cell line human fibroblasts of lung (MRC-5) that
were grown attached to the surface of the flasks (Costar, 25 ¢m?) in Eagle’s medium modified
by Dulbecco (DMEM, Gibco BRL, England) with 4.5 g L-! glucose and 10 % FCS (fetal calf
serum, Sigma). The medium contained the antibiotics: penicillin 100 IU mL! and strepto-
mycin 100 pg ml. The cell line was maintained under standard conditions at 37 °C in an atmo-
sphere of saturated humidity with 5 % CO, (Heraeus). They were transplanted twice weekly,
whereas in the experiments the logarithmic phase of growth was used between the third and
tenth transplantation. Only viable cells were used in the experiments. The number of cells and
their viability were determined by the color test rejection with 0.1 % Trypan Blue.3! The via-
bility of cells used in the experiment was greater than 90 %.

Colorimetric assays with tetrazolium salts (MTT-test).3? The cells were collected during
the logarithmic phase of growth, trypsinized, resuspended and counted in 0.1 % Trypan Blue.
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Viable cells were sown at a concentration of 2-103 cells mL! in Petri dishes (50 mm, Center
well, Falcon) in which the powders for the analysis were located. Control samples did not
contain the investigated powders. Petri dishes with sown cells were thermostated at 37 °C
with 5 % CO, for 48 h. At the end of the incubation, of the cells were re-sown to fresh me-
dium. Viable cells were sown (5x103 cells 100 uL!) in microtiter plates with 96-well. The
plates with sown cells were thermostated at 37 °C with 5 % CO, for 48 h, 72 h or 96 h. The
MTT solution, prepared just before addition, was added to all the wells of the plate, in a vo-
lume of 10 pL per well and incubation was continued for the next 3 h (in the incubator at 37 °C
with 5 % CO,). Upon expiration of 3 h, 100 puL of HCI in 2-propanol (0.04 mol L) was
added to each well. The absorbance readings was performed immediately after incubation on a
microtiter plate reader (Multiscan, MCC/340) at a wavelength of 540 nm with reference to
690 nm. Wells on a plate that contained only medium and MTT but no cells were used as a
blank.

The fraction of surviving cells (% K) was expressed as a percentage of the control values
according to formula (3):

% K = 100N,/N, 3)

where Ny is the number of cells in the control sample and A is the number of cells with the
tested substance.

Trypan Blue dye exclusion test (DET)

The cells were collected during the logarithmic phase of growth, trypsinized, resus-
pended and counted in 0.1 % Trypan Blue. Viable cells were sown at a concentration of 2x10°
cells mL-! in Petri dishes (50 mm, Center well, Falcon) in which the powders for the analysis
were located. Control samples did not contain the investigated powders. The Petri dishes with
sown cells were thermostated at 37 °C with 5 % CO, for the next 48 h. At the end of incu-
bation, the cells were counted in the counting chambers after 48, 72 and 96 h using an in-
verted microscope. A Neubauer chamber was used for counting the cells in four squares. Each
square was divided into 16 smaller squares so the total was 64. 100 pL of cells was taken and
added to 100 pL of 0.1 % Trypan Blue. After intensive shaking, a few drops were placed on
both counting fields of the chambers. Trypan Blue painted dead cells while living cells remain
unpainted. The number of cells in 1 mL of suspension (X) was calculated using formula (4):

X =xx10x2x1000 “4)

where x is the number of cells in 16 squares (the average number of cells in 4x16 squares); 10
is the depth of the chamber; 2 is the dilution factor and 1000 is the volumetric coefficient.

The fraction of surviving cells (% K) is expressed as a percentage of the control values,
according to formula (3).

Cells preparation for painting

Preparation of the powdered substances. All substances were placed in a serum-free
medium (DMEM) so that the concentration was 200 mg mL-!. After 72 h, the medium was fil-
tered (for sterility), 10 % serum was added, so that the medium was used in all the investi-
gated samples except for the control.

The cells were collected during the logarithmic phase of growth, trypsinized, resus-
pended and counted in 0.1 % Trypan Blue. Viable cells were sown in a Petri dish (50 mm,
Center well, Falcon) with a medium that has been tested 72 h with powder at a concentration
2x103 cells/ml. The control samples contained no test substance. Petri dishes with sown cells
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were thermostated at 37 °C with 5 % CO, for 48 h. Painting was performed at the end of the
incubation.

RESULTS AND DISCUSSION

The SEM micrographs of the obtained HAp and Zn-doped HAp powders are
shown in Fig. 1. The photographs of HAp and Zn(0.2)HAp are similar. Both
powders contain mainly spherical particles with a wide size distribution. How-
ever, spheres with a diameter of 1 to 2 um prevail. It can be seen that these sphe-
rical particles consisted of a large number of aggregated rod like particles. This is
particularly obvious in the case of the spherical particles of the sample Zn(0.4)HAp.
Even for this sample, the prevailing sphere diameter is 1 to 2 um.

Fig. 1. SEM Micrographs of samples:
a) HAp, b) Zn(0.2)HAp and c) Zn(0.4)HAp.

The micrographs of the powders at annealed 1200 °C for 2 h are shown in
Fig. 2. Particles merged through the process of neck formation because of an-
nealing can be seen in all cases. Particle size and size distribution were similar
for all the samples and it could be concluded that doping of HAp with Zn2", due
to the small concentrations, had no effect on the annealing of the Zn-containing
powders.

The XRD diffractograms of the synthesized dry and annealed powders are
shown in Fig. 3. The dry HAp and Zn2*-doped HAp powders showed very low crys-
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Fig. 2. SEM Micrographs of powders an-
nealed at 1200 °C:

a) HApl12,
b) Zn(0.2)HAp12 and
¢) Zn(0.4)HAp12.
o ¢ = a-TCP
E n AN
& | o & I
oo o A S S e HAPI?2
Zn(0.2)HAPI2

1 | Zn(0.4)HAP12

’\ j M Zn(0.2)HAP
N ‘ “ Zn(0.4) HAP

¥ I T I T I T l T l 1
20 30 40 50 60

26/°
Fig. 3. XRD Patterns of undoped and doped HAp, annealed at 1200 °C and dry powders.
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tallinity. Based on ASTM data (Card 9-432), all the peaks present were identified
as peaks of hydroxyapatite. These diffraction patterns are very similar, with no
clear effect of the doped ions on the diffractograms.

From diffractograms of the annealed powders, it can be seen that HAp was
partially transformed to a-TCP. The peaks were identified based on ASTM data
(Card 9-432 for HAp and card 09-348 for a-TCP). In Fig. 3, the HAp peaks are
marked with the number of the crystal plane. All peaks are sharp, confirming that
the annealed samples were well crystallized. Similar to the dry powders, there are
not differences between diffractograms of the annealed powders.

The results of the antimicrobial activity of the undoped and Zn2*-doped
HAP powders tested against S. aureus (ATCC 25923), E. coli (ATCC 25922), P.
aeruginosa (ATCC 27833) and C. albicans (ATCC 24433) are given in Table I.
The degree of reduction, R, was calculated compared to HAp using Eq. (5):

R (%) = 100(CFUpap~CFUzn 11ap)/ CFUiap (5)

Comparing the results of antimicrobial activity of dried, doped and undoped
powders, it could be concluded that the activity increased with increasing content
of Zn ions incorporated in the HAp powders. Undoped HAp powder exhibited
the similar antimicrobial activity against all the tested species of microorganism,
except against S. aureus, which was more susceptible. The most pronounced ef-
fects on reduction of all microorganism species were observed using Zn-doped
powders annealed at 1200 °C. Probably, the reason for this higher activity lies in
the fact that the TCP phase formed during annealing is more soluble than the
HAp phase.3-4.28

TABLE 1. Antimicrobial effect of dry and annealed HAp and Zn**-doped HAp powder

S. aureus E. coli P. aeruginosa C. albicans
S 1
ample No. Qf R/% No. (?f R/% No. Qf R/ % No. Qf R/%
colonies colonies colonies colonies
Control 6.0x106 - 6.4x106 - 1.0x107 - 5.4x106 -
HAp 2.2x10% 1.9x105 - 6.4x106 - 1.0x106 -

Zn(0.2)HAp  2.2x10®  90.0  9.1x10* 52.10 53x10° 91.72 2.9x10° 71.00
Zn(0.49)HAp  9.6x10%2 95.6  3.6x10* 81.05 2.0x10° 96.87 2.8x10° 72.00
Control 84x102 - 636x102 - 2.0x10° - 1.4x100 -
HAp12 253%102 - 315%102 - 7.0x10° - 1.1x10° -
Zn(0.2)HApl12 186 99.3 806 97.44 1.9x10> 99.73 7.2 x10> 93.45
Zn(0.4)HApl12 261 100 1210 96.16 1.0x10%2 99.98 5.7x10° 94.82

Determination of cells viability was conducted using two types of in vitro
assays, MTT and DET. In both tests, the cells viability was explored after 48 h,
72 h and 96 h of contact with the powders.

The diagram of the MTT assay (Fig. 4) shows a real increase in the cell via-
bility with the contact time. The numbers of the cells in contact with HAp and
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Zn(0.4)HAp12 were about the same, while the cells in contact with powder
Zn(0.2)HAp12 had a slightly lower survival rates. After 96 h, the cells showed
the same viability as in the control sample, meaning that the powders exhibited
no cytotoxic effect on the cells and thus their biocompatibility was demonstrated.

£ Control
MTT assay [_1HApl2
105 Zn(0.2)HAp12
222 Zn(0.4)HAp12
100 ]
95
! —
ES
90
85
80
0 48 72 96

z/h

Fig. 4. Fractions of surviving cells in the MTT assay.

DET Test clearly confirmed the results of MTT assay (Fig. 5). The DET as-
say also showed a gradual increase in cell viability with increasing time of con-
tact of the cells with the powder.

Better viability of cells that were in contact with powder Zn(0.4)HAp12 than
with powder Zn(0.2)HAp12 can be explained by their exposure to slightly higher
concentrations of Zn2" ions that, as micronutrient, enhanced cells proliferation.
Although, there is no significant difference in phase composition (Fig. 3) between
undoped and Zn2*-doped HAp, higher proliferation of MRC-5 cells after 96 h in
powder extracts of Zn(0.2)HAp12 and Zn(0.4)HAp12 is evident.

Histological analysis of MRC-5 cells that clung to the surface of the Petri
dish is shown in Fig. 6. The shape of cells is oval and elongated. It was noted that
cytoplasmic extensions were spread from cells that connect to neighboring fibro-
blast cells. The appearance of the cells is an indication of their preserved viabi-
lity. This confirmed the results obtained by the MTT and DET assays.
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DET assay
1959 —JHAPI2
Zn(0.2)HAp12
1004 P4 Zn(0.4)HAp12
95 —
« _
< 91
85
80
75
0 48 72 9

z/h

Fig. 5. Fractions of surviving cells in the DET assay.

Fig. 6. FE-SEM Micrographs of MRC-5 cells
® M painted on the surface of a plastic Petri dish.
The MRC-5 cells had been in contact with
powders: a) HAp12, b) Zn(0.2)HAp12 and c)
Zn(0.4)HAp12.
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CONCLUSIONS

The obtained Zn2*-doped Hap powders had good antimicrobial activities
against the pathogenic microorganisms: S. aureus, E. coli, P. aeruginosa and C.
albicans. The HAp powders with a higher content of Zn2* had a higher degree of
reduction of the microorganisms. In addition, the annealed, Zn2*-doped HAp/
/a-TCP powders showed better antimicrobial activity than the dry powders Zn2*-
-doped Hap powders. The results of the MTT and DET assays showed annealed
Zn2"-doped Hap powder clearly exhibited good biocompatibility with fibroblast
cells, MRC-5. The viability of the cells was better when in contact with the pow-
der with the higher content of Zn2*. Histological analysis of SEM images of
MRC-5 cells confirmed the results of the MTT and DET assays.

Based on previous results, it can be concluded that doping HAp with Zn2*,
using a hydrothermal method, results in powders of good biocompatibility with
fibroblast cells MRC-5 and antimicrobial activity to pathogenic microorganisms.
By annealing of the obtained powders, these properties were enhanced, probably
due to partial transformation of HAp to a-TCP, a more soluble phase. The higher
content of Zn2" has a pronounced effect against pathogens and as micronutrients
improved the proliferation of the fibroblast cells.
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H3BOI

BUOKOMITATUBUJIHOCT U AHTUMUKPOBHA AKTUBHOCT XUJJPOKCHUAIIATUTA CA
YIPABEHUM IUHKOM CUHTETUCAHOT XUIPOTEPMAJTHOM METOIOM

JKEJ/BKO PAJIOBAHOBUR', FOPBE BEJLOBUR', BOJAH JOKUR', CY3AHA IUMUTPUJEBUR',
TOPIAHA BOTIAHOBUR?, BECHA KOJUR?, PAIIA IETPOBUE' 1 BOPBE JAHARKOBUR'

1T6xnonomxo—memanypmxu paxynitei, Ynueep3uitedi y beoipagy, Kapueiujesa 4, 11000 Beoipag u
ZHHcmumym 3a onkonoiujy Bojeogune, Hncmutnyiicku tyi 4, 21204 Cpemcka Kamenuya

Y uusby mobujama MynTUGYHKIIMOHATHUX MaTepHjaia ca JOOpoM DMOKOMIATUOUIHOII-
hy u moSpum aHTMMHKDOSHHM mejcTBOM, xuapokcuamatut (HAp) ca yrpahemum Zn2*
CHHTETHCAH je XHIPOTepMaTHOM METONOM. 3a noTpebe HCTpakMBama yTHIAja Zn’* Ha aHTH-
MHUKPODHY aKTHBHOCT, CHHTETHCAHH ¢y HAD IpaxoBH ca pasTHYUTHM cagpxkajem Zn2+ u ymo-
pebenu ca unctum HAp. UncTu paxoBU U OHU ca yrpal)eHUM LIMHKOM, IIpe U 1ocjie TEpMUY-
Kor TpermaHa Ha 1200 °C, aHanu3WpaHM Cy CkeHUpajyhoM eeKTPOHCKOM MHUKPOCKOIHjOM
(SEM) u MeTonoM peHAreHcke Audpakxuyje. AHTUMUKPOOHHU edexar IpaxoBa UCIUTHUBAH je
mpema cojesuma Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa u Candida
albicans y Te4HOM MenUjyMy. AHTUMHUKDOOHHU TeCT je Mokasao ha JoOWjeHH NMpaxoBU HUMajy
10dpy aHTUMHUKPOOHY aKTHBHOCT. [IoDospllaHa aHTUMHUKPOOHA aKTHBHOCT MPaxoBa y Koje je
yrpahen Zn®* nocturayta je xapemwem Ha 1200 °C. In vitro TeCTOBM GMOKOMMATHOUIHOCTH,
MTT u DET, ca MRC-5 ¢udpodnactaum henvjama y TeuHom meaujymy ypaheHu cy 3a mpa-
xoBe xapeHe Ha 1200 °C. Ha ocuoBy MTT u DET TecToBa 3ak/byueHoO je a MPaxOBH HeMajy
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3HauajaH UUTOTOKCHYHU yTHULAj 1ITO je moTBpheHo SEM ananuzom MRC-5 ¢ubpodmactux
henuja HaKOH BHUXOBOT in Vitro KOHTAKTa ca MPAaXOBUMa.

(ITpumieno 19. HoBemdpa, peBuaupano 3. feuembdpa 2012)
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Abstract: A platinum catalyst for glycerol oxidation by molecular oxygen has
been developed applying an extractive-pyrolytic method and using, as a sup-
port, a fine alumina powder with an average particle size of 30—60 nm pro-
cessed by plasma technology. The extractive-pyrolytic method (EPM) allows
affixing small amounts of catalytic metals (1-5 %) with the particle size rang-
ing from several nanometers to several tens of nanometers onto the surface of
the support. The prepared material, 4.8 wt. % platinum on nano-sized alumina,
could be used as a catalyst for glycerol oxidation by oxygen with conversions

up to 84 %, in order to produce some organic acids (glyceric and lactic acid)
with a selectivity of about 60 %.

Keywords: platinum catalyst; extractive-pyrolytic method; glycerol oxidation.

INTRODUCTION

The increasing global demand for biodiesel causes an excess of other impor-
tant product, glycerol. It is the main by-product in the production of biodiesel
fuel with a yield of 10 %. Glycerol is a very useful chemical compound utilized
in pharmacy, cosmetics and the food industry, but the demand for glycerol is much
smaller than its produced quantity; hence, glycerol utilization is a significant
problem.!-2 Selective oxidation could be one of the preferred methods to convert
glycerol to valuable compounds. Using supported Pt, Pd or Au catalysts, glyceric
acid, tartronic acid, dihydroxyacetone, glyceraldehyde, glycolic acid, hydroxypy-
ruvic acid, mesoxalic acid and oxalic acid can be produced from glycerol. Gly-
cerol oxidation over these noble metal catalysts by air oxygen is environmentally
friendly because the reactions occur in aqueous solutions under low temperatures
and pressures, and the catalysts are recyclable.3#* Alumina is often used as a

* Corresponding author. E-mail: eriksp@nki.lv
doi: 10.2298/JSC121116147P
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support for catalysts containing noble metals. It is known that the particle size of
the support influences the obtained metal particle size.>-¢ The activity and selec-
tivity of platinum catalysts loaded on a support in dependence on the size of par-
ticles are discussed in some papers,’-8

The plasma technology developed at the Institute of Inorganic Chemistry of
the Riga Technical University, Riga, Latvia, allows fine oxide powders, includ-
ing alumina, with an average particle size of 30-60 nm to be produced.® Such
powders could be used as supports for metal particle catalysts. Fine particles of
noble metals (Pt, Pd, Au, etc.) on different supports and substrates could be pre-
pared by the developed extractive-pyrolytic method (EPM).10 Herein, the pro-
duction of platinum catalysts on nano-sized alumina supports and the test results
of glycerol oxidation using the prepared catalyst are described.

EXPERIMENTAL
Characteristics of the support

The plasma technology for the production of nano-sized powders developed at the Ins-
titute of Inorganic Chemistry of the Riga Technical University is based on the evaporation of
coarse commercially available powders of chemical elements and their compounds and on
subsequent condensation of the products to a radio-frequency inductively coupled nitrogen
plasma. The experimental equipment and the procedure are described in more detail in the
literature.” The nano-sized alumina powder for catalyst application was manufactured from
99.7 % pure raw alumina. The alumina powder, as processed (Fig. 1), contains J- and §-Al,04
transition crystallographic phases with sphere-shaped particles of an average size of 30—60 nm
(the specific surface area is 50 m2 g'1).11

“‘ '.

Fig. 1. Micrograph of plasma-processed alumina.
Bar =200 nm.
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Materials for EPM and tests of catalytic properties

Platinum powder (=99.9 %; Aldrich), HCI (35 %) and HNOj (65%) (Lachema), n-tri-
octylamine (CgH7);N (=95 %; Fluka) and toluene (analytical grade; Stanchem) were used to
produce the precursors. NaOH (reagent grade, Sigma—Aldrich) and oxygen (98 %; AGA SIA)
were used to oxidize glycerol (=98 %, Fluka). DL-Glyceraldehyde dimer (=97 %, Aldrich),
1,3-dihydroxyacetone dimer (=97 %; Aldrich), glyceric acid calcium salt hydrate (=99 %;
Fluka), sodium f-hydroxypyruvate hydrate (=97 %; Fluka), lithium lactate (=97 %; Fluka),
tartronic acid (298 %; Alfa Aesar), sodium mesoxalate monohydrate (=98 %; Aldrich), gly-
colic acid (=99 %; Acros Organics), glyoxylic acid monohydrate (=98 %; Aldrich), oxalic acid
(98%; Aldrich), acetate standard for IC (1,000 g L'!; Fluka), formate standard for IC (1,000 g
L-!; Fluka) were used to analyze the products of glycerol oxidation.

Catalyst preparation

The EPM used to prepare fine metal particles (Pt, Pd, Au, etc.) on different supports and
substrates was developed at the Institute of Inorganic Chemistry (Riga Technical University).
This method allows small amounts of catalytic metals (1-5 %) with particle size ranging from
several nanometers to several tens of nanometers to be affixed onto the surface of the support.
The main advantages of this method are its simplicity and low costs, and it is possible to apply
the method without sophisticated equipment.!9 The method is schematically illustrated in Fig.
2. Previously, a solution of platinum acid hexachloride was prepared. An amount of the pla-
tinum powder was dissolved in aqua regia and evaporated adding concentrated HCI to the wet
salt that was then diluted with 2 M HCI to the necessary concentration (0.5 mol L-!). The
organic precursor (extract) was prepared by extracting platinum from the HCI solution using
the n-trioctylamine (CgH;7);N solution (1 M) in toluene. The following chemical interaction
occurred during the extraction:

H,[PtClg]w) + 2(CsH,;7)3N-HCl(y) — [(CgHy7)sNHL,PtClgq) + 2HClyy,, (1)

where the subscripts w and o denote the aqueous phase and organic phase, respectively.
As a result, a solution of tri-n-octylammonium hexachloroplatinate in toluene was obtained.

Preparation of precursor by extraction of metals
from water solution with extractant

The impregnation of catalyst carrier
with solution of precursor

The drying of carrier |

The obtaining of nanosized metal particles by
thermal treatment (pyrolysis)

Fig. 2. Processing scheme of catalyst preparation by the extractive-pyrolytic method.

The results of the analysis of the aqueous solution after extraction using a HITACHI
180-50 atomic absorption spectrometer evidenced that the platinum had been completely
extracted into the organic phase. Different volumes of the extract were used as the precursor
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to impregnate the alumina nanopowder in order to produce catalysts with different platinum
contents. After impregnation, the toluene was evaporated by drying at 90-110 °C. The ma-
terials were then heated in the air from room temperature to 300, 400 or 500 °C at a rate of 10
°C min’!. The time of thermal treatment at these temperatures was varied from 5 to 120 min.
The lowest temperature to ensure the complete decomposition of the precursor without con-
tamination of the catalyst with organic pyrolysis products was 300 °C. This was established
by recording the IR spectra of the produced materials.

The phase composition of the prepared catalysts was determined by XRD analysis using
a D-8 Advance (Bruker AXS) diffractometer with CuK,, radiation (A = 1.5418 A). The average
crystallite size of platinum was computed from the (111) peak width by the Scherrer method.
TEM investigations were performed using a JEM-1230 operating at 100 kV. The chemical
composition of the prepared materials was determined by an X-ray fluorescence spectrometer
S4 Pioneer (Bruker AXS).

Testing of the catalysts

Glycerol was oxidized by molecular oxygen in the presence of the catalysts in an alka-
line medium in a thermostated slurry bubble column reactor operated in a batch mode. The
oxidation was performed as follows: during thermostating (10 min), the required quantities of
the dry catalyst, distilled water and an aqueous 3.0 M glycerol solution were fed into the
reactor. The supply of oxygen into the reactor was turned on and the required volume of
aqueous 5.0 M sodium hydroxide solution was added. The oxidation process started as soon as
sodium hydroxide was added. The reaction conditions to test the catalyst were chosen based
on preliminary experiments and are were the following: the initial glycerol concentration 0.3
M, the concentration of sodium hydroxide 1.5 M, the glycerol/Pt molar ratio 300 mol mol-!,
the reaction temperature 60 °C, the reactions time 7 h, the oxygen pressure 1 atm, and the rate
of oxygen flow 300 cm® min!. In order to determine the concentration of the reaction pro-
ducts, liquid samples were collected periodically from the reaction mixture in certain time
intervals.

The reaction mixture was analyzed in a Waters 2487 high performance liquid chroma-
tograph (HPLC) equipped with ultraviolet (UV 210 nm) and refractive index detectors. The
possible products were identified by comparing with original samples.

RESULTS AND DISCUSSION
Dependence of the platinum particle size on processing parameters

The microscopic studies of the samples showed (Figs. 1 and 3) that it is im-
possible to identify the platinum particles correctly in the presence of alumina
nanoparticles, since the metal particles and the carrier particles are difficult to
distinguish. The XRD phase analysis of the platinum-containing composites
showed that the peaks for Pt overlap, at least partially, with those of the carrier at
all diffraction angles, which makes it difficult to determine precisely the mean
size of platinum crystallites when the content of the metal in the composite was
small (2.4 wt. %) (Fig. 4). Therefore, the average crystallite size was deter-
mined only for the composites containing 4.8 wt. % Pt using the most intensive
peak (111).

The most important parameters of the catalyst preparation affecting the pla-
tinum crystallite size are the thermal treatment (pyrolysis) temperature and du-
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ration. The results of investigations of the catalyst with 4.8 wt. % Pt testify that
increasing the thermal treatment temperature and treatment duration leads to en-

largement of the average crystallite size (Figs. 5 and 6).
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Fig. 4. XRD Patterns of plasma-processed alumina and catalyst powders, 1 — alumina
nanopowder as processed, 2 — 1.2 wt. % platinum; 3 — 2.4 wt. % platinum, and 4 — 4.8 wt. %
platinum on nano-sized alumina. Thermal treatment temperature 300 °C,
treatment time 5 min.
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Influence of catalyst synthesis parameters on glycerol oxidation

The obtained catalyst samples were tested for use in the process of glycerol
oxidation. From Table I, it can be seen that the 4.8 % platinum-containing cata-
lyst prepared at the lowest pyrolysis temperature 300 °C and having the smallest
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average crystallite size demonstrates the highest activity (in terms of glycerol
conversion) and selectivity to glyceric acid. Increasing the pyrolysis temperature
from 300 to 500 °C decreased both the glycerol conversion from 75 to 22 % and
the selectivity to glyceric acid from 53 to 15%. It is important to note that the
catalysts prepared at a higher thermal treatment temperature exhibit very good
selectivity to lactic acid, which attained 65-67 %. The data in Table II show that
the increase of thermal treatment duration from 5 to 120 min led to an increase in
catalyst activity. The glycerol conversion increased in this case by 9 %. The ca-
talysts with a thermal treatment time of 120 min are more selective to glyceric
acid, but their selectivity to other products is similar and low (<20 %).

35 -
30
E
£ 25
U
B
o 20 A
=
T 15
[
>
k)
[&] 10 -
5 - Fig. 5. Influence of the thermal treat-
ment temperature on the average crys-
0 T T tallite size of the platinum particles.
300 400 500 Thermal treatment time 5 min. Cata-
Thermaltreatment temperature, °C lysts with 4.8 wt. % Pt.
30 -

Crystallite size, nm

tallite size vs. the pyrolysis time. Ther-
mal treatment temperature 300 °C.
Thermal treatment time, min Catalysts with 4.8 wt. % Pt.
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Fig. 6. The average platinum crys-
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TABLE I. Glycerol oxidation vs. the thermal treatment (pyrolysis) temperature, the treatment
time was 5 min; GLYA — glyceric acid, TART - tartronic acid, LACT — lactic acid, GLYC —
glycolic acid, OXAL — oxalic acid, FORM — formic acid

Pyrolysis tem-  Glycerol con- Selectivity, mol %

perature, °C version, % GLYA TART LACT GLYC OXAL FORM
300 75 53 13 19 10 3 2
400 16 15 2 65 15 0 3
500 22 15 3 67 12 0 3

TABLE II. Glycerol oxidation vs. the thermal treatment time at 300 °C; GLYA — glyceric
acid, TART - tartronic acid, LACT — lactic acid, GLYC — glycolic acid, OXAL — oxalic acid,
FORM - formic acid

Treatment Glycerol con- Selectivity, mol %

ime, min version, % GLYA TART LACT GLYC OXAL FORM

5 75 53 13 19 10 3 2

120 84 59 10 20 7 1 3
CONCLUSIONS

The employed extractive-pyrolytic method allowed nano-sized platinum par-
ticles on a nano-sized alumina support to be prepared.

The size of platinum crystallites in the catalyst with 4.8 wt. % Pt varied from
20 to 30 nm depending on the thermal treatment conditions.

The produced catalysts could be used for glycerol oxidation by oxygen for the
preparation of glyceric or lactic acid with a glycerol conversion of up to 84 %.

Acknowledgement. This work was supported by the European Regional Development
Fund — National Project No. 2010/0304/2DP/2.1.1.1.0/10/APIA/VIAA/087.

U3BOJ
KATAJIU3ATOPU FASUPAHU HA ITJTA3MA-OFPAREHOM HAHOIIPAXY ATYMHUHUIJYMA

ERIKS PALCEVSKIS1, LIDIJA KULIKOVA‘l, VERA SERGA‘l, ANTONS CVETKOVS1, SVETLANA CHORNAJAZ,
ELINA SPROGE” n KONSTANTINS DUBENCOVS®

Tnstitute of Inorganic Chemistry, Riga Technical University, 34 Miera str., Salaspils, LV-2169, Latvia u
ZFaculty of Material Science and Applied Chemistry, Riga Technical University, 14/24 Azenes str.,
Riga, LV-1048, Latvia

[T1aTHHCKY KaTaJau3aTop 3a OKCHAALWjy IIHLEpOosa MOJIIEKYJIapDHUM KUCEOHUKOM je pa3-
BHjeH IMPUMEHOM EeKCTPaKTHUBHO-TIUPOJIUTHUKE MeTojie, U KkopuirhewmeMm Hocaya off (PUHOT
aTyMUHHjyMcKOT npaxa (BemuunHe dyectuna 30-60 nm), mpolecupaHoOr Ila3Ma TEXHO-
norujoM. ExcTpakTtuBHO-nuponutuuku mMeton (EPM) omoryhasa mopaBame Manux KOJIWYHHA
KaTaIMTHYKOr MeTasna (1-5 %) BesIMuMHe YecTria off HeKOJIMKO JI0 HEKOIMKO JIeCeTHHa HaHO-
MeTapa, Ha NMOBpLIKHY noaiore. [Jodujern marepujan — 4,8 TEXHHCKHUX NPOLIEHATA IUIATHHE
Ha HaHO YeCTHIlamMa alyMHHHjyMa — MOKe Ce YIOTPeOHUTH Kao KaTaau3aTop 3a OKCHAALHjy
[JIMLEPOJIa KUCEOHUKOM, Ca KOHBEP3HjoM 10 84 %, y Uuby NJoOHjamka HEKUX OPTaHCKHUX KHUCe-
JHHAa (TIUIepUHCKA U MJIEYHA), ca cesleKTUBHourhy of oko 60 %.

(ITpumrseno 16. Hopembdapa, pesunupano 10 nenembpa 2012)
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