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Abstract:

The subject of this study was the synthesis, characterization and testing of
titanium (IV) oxide nanoparticles (TiO-NPs) and their lanthanum (La**),
iron (Fe”) and vanadium (V3+) dopants for the photocatalytic and
microbiological activity, as well as their comparison with the catalytic
activity of the tested commercial TiO, (Degussa P-25° and anatase
nanoparticles, 99.9 %, Alfa Aesar Lancaster). The TiO,-NPs
photocatalysts were synthetized and doped with different metal dopants
concentrations for different calcination durations, such as: TiO,-NPs
(anatase-NPs, calcination duration of 5 and 7 h), La* (0.65, 1,2 3, 4,5
and 6 wt. %, calcination duration of 7 h), Fe’* (1, 2.5, 3.0 and 5 wt. %,
calcination duration of 7 and 24 h), and v (10 wt. %, calcination duration
of 7 and 24 h). The Pseudomonas aeruginosa strains DV 2739 and ATCC
9023 were used as model microorganisms in the microbiological
experiments performed in a microbiological cabinet. The photocatalytic
and coupled photocatalytic-microbiological processes were performed in a
slurry-catalyst bath circulation photoreactor in the presence of direct UV
radiation simulated with a sodium lamp SONT UV400 in lab conditions.
The study has demonstrated that the catalyst sample S28, an La-dopant
with a concentration of 1wt. %, displays the best photocatalytic properties
among all La-dopants, while the best photocatalytic activity among all
catalysts was achieved in S111 sample, an Fe-dopant of titania (5 wt. %,
calcination duration of 7 h). Our results also show different degradation
rates for TiO, doped with V2 of 10.0 wt. %, samples S93 and S96,
synthetized with different duration times (7h and 24h, respectively) and
calcination heating rates (66.7 and 135 °C/h, respectively), which can be
explained by anomalies in their behavior. Finally, the best antimicrobial
activity is obtained in S24 sample, an Fe-dopant for which it was shown
that 0.25 mg/L could be toxic for microorganisms. In accordance with our
results of superior Fe-dopant characteristics and theoretical knowledge for
TiO, nanopatrticles doped with Ag, Au and Fe, we get directions for further
studies of their photocatalytic and antimicrobial activities, as well as for the
development of TiO,-nanoparticles and nanotubes for enhancing
antibiotics and their use in cancer treatment.

Keé/ words: titanium-dioxide, TiO»>-nanoparticles, TiO, doped with La*,
Fe’ and V3+, calcination duration, Pseudomonas aeruginosa strains
DV 2739 and ATCC 9023, photocatalytic activity, antimicrobial activity.

Introduction

Titanium, the ninth most abundant element in the Earth’s crust, can
be found in the form of minerals: ilmenite, rutile and titanium. In its most
stable form as titanium (V) oxide (TiO,), it can be found in three possible
crystalline forms: brookite (orthorhombic), rutile (tetragonal) and anatase
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(tetrarombic). From a photocatalytic point of view, only rutile and anatase
are relevant, the latter having the highest photocatalytic activity, as
reported by Fernandez-lbanez et al (Fernandez-lbafiez et al, 2004).
Among different options available in the market, Degussa P-25° is one of
the most efficient and tested nanomaterials, in the form of powder with a
particle size of around 25 nm, forming aggregates of several hundred
nanometers to several micrometers in the aqueous solution with a
surface of 50m?/g, consisting of 70% anatase and 30% rutile. It is well
known that TiO, with the anatase molecular structure was found to be a
superior photocatalytic material for purification and disinfection of water
and the air, as well as for the remediation of hazardous waste (Hoffmann
et al, 1995), (Fujishima et al, 2000). Nanomaterials like TiO,
nanoparticles (TiO,-NPs), smaller than approximately 100 nm in
diameter, have become a new generation of advanced materials due to
their novel and interesting optical, dielectric, and photocatalytic properties
from size quantization (Alivisatos, 1996). The challenge for the so-called
nanotechnologies is to achieve perfect control of nanoscalerelated
properties, which obviously requires correlating the parameters of the
synthesis process, such as: self-assembly, microlithography, sol-gel,
polymer curing, electrochemical deposition, laser ablation, etc. with the
resulting nanostructure (Gouadec et al, 2007). Many efforts have been
devoted to research, development and production of advanced TiO,-NPs
with controlled size, shape, and porosity for use in thin films, nanowares
and electrodes, catalysts, ceramics and composite materials. The effects
of nanometer sizes are caused by the large surface-to-volume ratio,
resulting in more atoms along the grained boundaries than in the bulk
material, which can be explained by the fact that if many particles reduce
their size, more attractive interactions between the particles become
dominant so attractive forces lead them to aggregate or agglomerate,
which results in nanoparticle aggregates (NPAs). The control of the
particle size distribution and the aggregate structure is the key criterion
for product quality considering that the desired product properties can
vary with the particle size, as well as the degree of aggregation or
aggregate structure. It has been accepted that NPs can exist in two
states within a liquid: stable, i.e. particles separate, non-adhering and
dispersed, and aggregated or flocculated, i.e. adherent and randomly
clumped (Schwarzer & Peukert, 2005). This clumping can occur due to
van der Waals attractive forces or may be caused by magnetic or other
attractions imposed by externally imposed fields. For the calculation of
the particle-particle interaction, the DLVO theory can be employed
(Hunter, 2000). Hence, it is very important to realize that the NPs being
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used in experiments, especially in a suspension or colloid form, have the
properties (e.g., size distribution) which are different from those specified
by manufactures; in experimental processes such as sonication,
autoclave, pH value, etc., the state or properties of the particles may be
changed, so it is essential that the experiments are carried out with care
(Sungkaworn et al, 2008). With the increasing use of NPs in commerce,
to date few studies have investigated the toxicological and environmental
effects of NPs. Exposure to nanoparticle substances can be an important
risk factor for human health. The sub-micron size of NPs offers a number
of distinct advantages over micro particles (MPs). NPs have in general
relatively higher intracellular uptake rate compared to MPs, which was
demonstrated in studies in which 100 nm size NPs showed 2.5 fold
greater uptakes compared to 1 mm and 6 fold higher uptakes compared
to 10 mm NPs in Caco-2 cell line, as reported by Waliszewski
(Waliszewski, 1997). Similar results were obtained when these
formulations of NPs and MPs were tested in a rat in situ intestinal loop
model. The efficiency of uptake of 100 nm sized particles was 15-250
fold greater than larger sized (1 and 10 mm) MPs (Zhang & Sun, 2004).
In this rat study, it was found that NPs were able to penetrate throughout
the sub mucosal layers while the larger size MPs were predominantly
localized in the epithelial lining. Also, TiO, or titanium could be used as
an alternative complement to conventional technology for biocides
activity via photocatalysis. It is well known that photocatalytic events
occur when the UVA/UVB with wavelengths of lower than 385nm (365 <
wavelength < 385) illumination of TiO, (band-gap energy of anatase, 3.2
eV; for rutile, 3.0 eV) and subsequent formation of electron/hole pairs are
numerous and very complex; the following electron/hole separation, the
two charge carriers migrate to the surface through diffusion and drift, in
competition with a multitude of trapping and recombination events in the
lattice bulk. The carriers are poised, at the surface, to initiate redox
chemistry with suitable pre-adsorbed acceptor and donor molecules in
competition with recombination events to vyield radioactive and
nonradioactive emissions, and/or trapping of the charge carriers into
shallow traps at lattice sites (e.g., anion vacancies, Ti**, and others).
Thus, on absorption of UV light, titanium particles yield superoxide
radical anions and hydroxyl radicals that can initiate oxidations
(Hoffmann et al, 1995).

It is also well known that thinner nanowires (NWs) may further
enhance the sensitivity of the devices owing to an increased surface-to-
volume ratio, as Chueh et al. reported (Chueh et al, 2007). This study
has shown the investigation of the RuO,/TiO, core/shell structure
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photoconductivity under the UV illumination of 256 nm (4.9 eV), which is
strong enough to excite the electron—hole pair near the band edge, and
their results suggest the potential application of NWs as interconnects
and optoelectronic devices

Photocatalytic-biological inactivation is explained by the attack of
oxygen-derived molecular species or reactive oxygen species (ROS),
especially radicals photo generated at the surface of the TiO, catalysts
like Oy, HO, and OH, although the mechanism of cell death or damage
has not been understood yet (Maness et al, 1999). Also, oxygen-derived
molecular species or reactive oxygen species (ROS) such as superoxide
(O2) and hydrogen peroxide (H,O,) are produced in cells as a result of
aerobic metabolism. Excess generation of these species can result in
damage to macromolecules such as the DNA and lipids (Maness et al,
1999). Photocatalytic TiO, nanoparticles, as showed by Xu et al. (Xu et
al, 1998) in their experimental research, have features to kill malignant
cells through a series of oxidized chain reactions and induce the
malignant cells to be stressed by ROS. Then, the cells were stressed to
death either through apoptosis or necrosis depending on the used
dosage. Finaly, photocatalytic TiO, nanoparticles can severely destruct
the cellular membrane system and cause the cellular genetic
macromolecules damage through the reactive oxygen species
accumulation within the cells, and even induce cell death. The result of
this research (Xu et al, 1998) also partly reveals the mechanism of cell
death by photocatalytic TiO, nanoparticles, which is very important for
the direction of the research and development of photocatalytic TiO,
nanoparticles in biomedical application.

Anpo (Anpo, M. 2004) reported that the nanosized anatase TiO,,
due to a large surface area and band-gap energy, showed better photo
activity than their bulk phase. However, the nanosized anatase-TiO,
transforms to the rutile structure at temperatures about 600°C and this
phase transformation of TiO, greatly reduces surface areas of the
particles (Zhang & Sun, 2004), which may result in the decrease in
photocatalytic ability of TiO,. It was found that the stability temperature of
the anatase-TiO, can be increased by doping TiO, with lanthanide ions;
so it is believed that the development of high-temperature stabilized
photocatalysts is important for immobilizing the photocatalyst on the
working objects by chemically bonding, the process of which commonly
requiresrelatively high temperatures. Zhang & Sun (Zhang & Sun, 2004)
studied the microstructure and the photocatalytic properties of lanthanide
doped TiO, prepared by a sol-gel method and they reported that La, Eu,
Gd or Yb dopants significantly inhibited the nanosized TiO, phase
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transformation of anatase-to-rutile. It was also found that transition metal
oxides are extensively employed as catalysts, because they possess
featured active centers to adsorb reaction molecules. Titania doped with
iron ions shows superior activity due to its unique half-filled electronic
configuration and shallow trapping compared to other metal dopants with
closed shell electronic configuration, which can be more effective to
influence the photo activity (Yan et al, 2015), (Liu & Zhang, 2013), (Ramli
et al, 2015), (Su et al, 2015), (Dinesh et al, 2015), (Flak et al, 2015), (Su
et al, 2012), (Wang et al, 2012). Theoretical and experimental studies
show that Fe doping can effectively reduce the trapping density and
charge recombination, resulting in drastically improved adsorption,
reported Huang et al (Huang et al, 2016).

Many studies by the authors: Heller (Heller, 1995), Ollis et al (Ollis et
al, 1991), Sitkiewitz & Heller (Sitkiewitz & Heller, 1996), Takeuchi et al
(Takeuchi et al, 2003) and Uchida et al (Uchida et al, 1993); using TiO,
photodecomposition of pollutants with the aim of developing methods to
purify water and the air have been carried out. For the bactericidal
activity, several results have been reported using TiO, powder (Cai et al,
1991), (Ireland et al, 1993), (Matsunaga & Okochi, 1995), (Watts et al,
1995) and (Wei et al, 1994), and TiO,-coated materials for this purpose
(Kikuchi et al, 1997). However, few studies have investigated the impacts
of TiO, in cancer science or in the field of oncology, as reported by
Minhua et al. (Minhua, X. et al. 1998). However, the actual factors that
control the photo catalytic activity of specific TiO, particles are still
unknown, and the detailed studies of the effects of TiO, on biological
systems in dark condition have been very rare. Cancer has been a
leading cause of human death in the world, but it is not too much known
about the biological mechanisms leading to the establishment or the
growth of malignant tumors. Many attempts have been made in recent
decades to describe the basic biological mechanisms of tumor growth.
Benign masses generally have smooth, circumscribed, and well-defined
contours, whereas malignant tumors commonly have rough, speculated,
and ill-defined contours (Sungkaworn et al, 2008). Also, Fe-doped TiO,
nanotubes (NTs) can be a potential photosensitizer for the near-visible
light driven photodynamic therapy (PDT) against cervical cancer cells
(HeLa). Fe-doped TiO, nanoparticles exhibited none or lower dark
cytotoxicity than un-doped TiO, nanotubes, which confirms their superior
biocompatibility. Under the near-visible light irradiation (~405 nm), Fe-
doped TiO, nanoparticles showed higher photo-cytotoxic efficacy than
un-doped TiO, nanoparticles, which was found to be dependent on the
nanoparticles concentration, but not on the incubation time of the cells
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after the near-visible light irradiation. The highest activity was observed in
0.70 and 1.40 wt. % Fe-TiO, nanoparticles (Flak et al, 2015).

The aim of this study is finding the optimum synergetic effects of the
synthetized type of smart TiO,-nanoparticles and their different metal dopant
concentration on photocatalytic, microbiological and antimicrobial activities
in aerobic conditions, which will give us further directions of the development
of TiO, nanoparticles for environmental and biomedical applications.

Background of the TiO,-Particle Synthesis

Many studies have been conducted on the synthesis of TiO,-
nanoparticle catalysts that will have adequate nanometres-sized effects,
as well as other relevant catalyst and electrochemical characteristics,
which can give best performances for photocatalytic, photo-
electrochemical and antimicrobial activities.

Nedeljkovic et al. (Nedeljkovi¢ et al, 1997) performed a TiO,
nanoparticles ultrasonic spray pyrolysis using a colloidal solution of
102 M TiO, at 800°C. The experimentally determined value of the mean
diameter of TiO, was 286 nm. It differed significantly from the expected
theoretical values between 132 nm and 195 nm. Jokanovic et al.
(Jokanovi¢ et al, 2004) explained the design of nanostructured hollow
sized particles during the ultrasonic spray pyrolysis method, which was in
comparison between theoretically estimated and experimentally obtained
ring thickness about 7-15 %. The mean sub particle size estimated by the
theoretical model was 4.7 nm. Depending on the type of packing, the
mean diameter of the hollow sphere was different: for hexagonal packing
- 87 nm, for cubic packing - 95 nm, which is in accordance with the
theoretical model developed by Jokanovic.

Backman et al. (Backman et al, 2004) produced nanosized TiO,
particles using flame reactors and aerosol pyrolysis. The measured
median sizes of TiO, prepared from titanium (V) tetraisopropoxide
Ti(OC3H7), were 13 nm at 600-1100°C reactor’s temperature and 22 nm
at 1100°C, respectively. The fundamental problem was the presence of
carbon in the product that is produced at 1100°C since the processes of
coalescence agglomeration and sintering are dominant at higher reaction
temperatures (1100°C), as opposed to 600°C. The desired crystalline
anatase phase of TiO, was formed at high temperature. The TEM and
BET analyses of TiO,-nanoparticles confirmed that by changing the
temperature values the surface area and phase content can be
controlled.
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Aruna et al reported a nanosized rutile TiO, particle synthesis via a
hydrothermal method without mineralizers, which contaminate the
samples and induce undesirable characteristics (Aruna et al, 2000). It is
also used for preparing two sets of titania colloids (with and without
stirring) the similar procedure by hydrothermal synthesis of titanium (IV)
isopropoxide and nitric acid with pH value of 0.5. Stirring that maintains
homogeneity in the solution during the hydrothermal process was highly
important when a homogeneous product was required. The rutile
nanocrystals of titania prepared by the hydrothermal method with a
particle size of about 20 nm have a large surface area and are relatively
stable at high temperatures.

Ahonen et al (Ahonen et al, 1999) synthetized TiO,-powders in the
aerosol pyrolysis process of the freshly-prepared and well-mixed 0.2 M
solution of titanium (V) n-butoxide in n-butanol at a temperature range
between 200 and 580°C in the air and the nitrogen atmosphere. Anatase
powder was formed at 500°C in nitrogen, and at 580°C in the air, while
the anatase to rutile transformation appeared in thermal annealing in the
air. Physico-chemical phenomena occurring during the formation of
particles were described in this paper (Ahonen et al, 1999).

The methodology for the preparation of TiO, films, based on the
process of ultrasonic spray pyrolysis using TiO, nanoparticles as a
precursor was reported by Blesic et al (BlesSi¢ et al, 2002). Blesic et al
have shown an advantage of the usage of TiO; colloids in the process of
ultrasonic spray pyrolysis. In the methodology, the growth mechanism of
the TiO, films formation is explained layer-by-layer. The compact smooth
film or a porous structure might be obtained by adjusting the substrate
temperature, and the mean diameter of particles can be adjusted
changing the concentration of the precursor and a frequency of aerosol.

Panic et al (Pani¢ et al, 2003) sythetized titanium anodes with an
active RuO, coating of two different thicknesses from the oxide
suspended in ethanol, as an "ink" method, while the oxide itself was
synthesized by the hydrolysis of ruthenium ethoxide in an ethanolic
solution (alkoxide route). The authors showed that the anodes prepared
via the alkoxide route are more active in the chlorine evolution reaction
than the anode prepared from the inorganic oxide sol, due to their larger
real surface area; it was also shown that the coating mass on the anode
does not influence significantly the anode activity in the chlorine and
oxygen evolution reaction at low over potentials. It can be explained that
more compact thick coating appears to be more active for the chlorine
evolution at higher overpotentials, due to forced micro-convections in the
pores (Panic et al, 2003).
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The sol-gel chemistry has recently been involved in a general and
powerful approach to preparing inorganic materials, as reported by
Lakshmi et al (Lakshmi et al, 1996). The sol-gel method has been
proven to be a very flexible and promising means in view of the
controlled synthesis of Au, Ag and other metal nanoparticle embedded
metal oxides, as well as relevant for photocatalytic applications, which
includes the synthesis of anatase titanium dioxide, anatase titanium
dioxide doped with La, Fe, V, Au, Ag and other photocatalytic systems.
Metal nanoparticles dopants as Ag, Cu and Au demonstrate a strong
absorption band in the visible or near IR spectrum due to plasmin
resonance. The position of the plasmin resonance band depends on the
size and shape of metallic NP, so the NP plasma resonance control can
be adjusted for a useful spectral region, e.g. for the region of the
biological tissue transparency (between ~ 650 nm — 1200 nm). In this
region, tissues (blood, bones, skin) are transparent. The metal NP is inert
in the biological media, so it can be excited by light ~ 650 nm — 1200 nm
if it were injected in the body. It allows, as reported by Huang et al
(Huang et al, 2006), carrying out the photo thermal therapy in the near-
Infrared Region by using gold-nanorods.

The great interests for antimicrobial effect research of new materials
based on the nanosized particles toward pathogens is explained by the
increase of new microbiological strains resistant to antibiotics, as well as
by the motivation to further study disinfection possibilities of new systems
based on nanosized particles. Microbes resistant to silver occur pretty
rarely in the nature, which is very important for the application of process
of TiO, photocatalysis using silver ions or silver colloids for disinfection of
microbes; therefore, the application of metallic plasmin nanoparticles
represents a promising approach to the photothermolysis of bacterial cell
or cancer cells. New materials with hybrid nanoparticles made from
metallic and wide band semiconductors TiO, and ZrO, are suggested for
medical and their environmental applications. Further research and
studies are aimed at the development of the preparation of hybrid
nanoparticles (hNPs) comprised by metal-nanoparticles (La, Fe, V, Ag,
Au, etc.) on the wide band gap semiconductors (TiO,) and the study of
antimicrobial effects against gram-negative and gram-positive bacteria in
dark, under excitation by the visible light and UV-A light. We expected
different mechanisms of hNP’s action on bacteria under light activation.
Effect of hNP’s disinfection in dark towards the bacterial films formation
will be studied in detail. The hNP’s surface modification will be developed
in vivo for biomedical applications. The administrated nanoparticles are
eliminated from the circulation within seconds to minutes through the
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reticula-endothelial system without surface modifications. Oxide
nanoparticles will be obtained by processes such as mechanic-chemical
synthesis, hydrothermal method, pyrolysis, plasma-chemical method, sol-
gel technology and precipitation methods. By using zirconium or titanium
salt of different nature and different agent-precipitated and various
dopants, one can control the structure and the surface state of oxide
nanoparticles.

It is well known that the traditional disinfection methods such as
chlorine-based technologies lead to the formation of chloroorganic
disinfection by-products (DBPs) with carcinogenic and mutagenic effects
on mammals (Richardson, 2003); so, it is important to develop advanced
disinfection processes and applications for sustainable supply of drinking
water. Marugan et al (Marugan et al, 2010) in their study are focused on
the evaluation of analogies and differences found when comparing the
TiO, photocatalytic treatment for chemical oxidation and microorganism’s
inactivation, using methylene blue and Escherichia coli as references,
respectively. The activation of both processes is based on the same
physicochemical phenomena and consequently a good correlation
between them is observed when analyzing the effect of operational
variables such as the catalyst concentration or the incident radiation flux.
Both factors influence common stages such radiation absorption and
generation of reactive oxygen species. However, different microbiological
aspects, such as osmotic stress, repairing mechanism, regrowth,
bacterial adhesion to the titania surface, etc. make disinfection kinetics
significantly more complex than the first-order profiles usually observed
for the oxidation of chemical pollutants (Marugan et al, 2010). This study
has shown that bacterial inactivation reactions are found to be extremely
sensitive to the composition of water and modifications of the catalysts in
comparison with the decolorization of the dye solutions, showing
opposite behaviors in the presence of chlorides, incorporation of silver to
the catalysts or the use of different types of immobilized TiO, systems.
The complex structure of living cells, the existence of several
mechanisms for cell regeneration, and the possibility of post-irradiation
regrowth could be considered as drawbacks when microorganism
inactivation is compared to the oxidation of chemical pollutants; it is,
therefore, particularly difficult to model the microbiological aspects
involved in the disinfection treatment process (Marugan et al, 2010).

In recent years, researchers in the field of photocatalysis have paid
more attention to the study of hybrid nanoparticle systems such as Ag
nanoparticles on the TiO, surface, which use UV-A light for the excitation
of photocatalysts. Photo induced bactericidal activity of nanostructured
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TiO,, and the deposition effect of silver and bimetallic Ag/Ni
nanoparticles on the pathophysiological properties of titanium films were
investigated. The model of microorganisms for antimicrobial activity of
films was evaluated against Pseudomonas fluorescents B-22 (gram-
negative bacteria) and Lactococcus lactic ssp. lactate 411 (gram-positive
bacteria). The silver-modified TiO, film demonstrates the highest photo
biocide efficiency, enhancing the bactericidal activity of UV light cca. 71
times, which results from the radical improvement of microorganism
adsorption and suppression of recombination of photo produced charge
carriers (Skorb, E.V. et al, 2008). Recently gold-doped TiO, (Au/TiO,)
nanocomposites have been investigated to enhance the photocatalytic
efficiency of TiO, in decomposing organic compounds and photo killing
bacteria.

Photocatalytic systems based on hybrid nanoparticles with UV
excitation are suggested for the production of new medical products.
Ag/titanium dioxide (TiO,)-coated silicon catheters were easily fabricated
with Ag nanoparticles deposition on both the inside wall and the outside
wall of TiO,-coated catheters by the TiO, photocatalysis. This is an
application of the silicon catheters coated with TiO, which possess a self-
sterilizing and self-cleaning property combined with UV light illumination
(Ohko et al, 2001). Yao et al (Yao et al, 2008) reported that similarly to
15 nmol cm™ of Ag, 99% effective sterilization occurred in a very short
time: 20 min for E. coli, 60 min for Pseudomonas aeruginosa, and 90 min
for Staphylococcus aureus; the Ag/TiO,-coated catheters possessed a
strong self-cleaning property. The photocatalytic decomposition rate of
methylene blue dye using UV illumination representing the self-cleaning
capability, on an Ag/TiO, catheter which was loaded with 2 nmolcm™? of
Ag, was similarly 1.2 times higher (at maximum) than that on the TiO,
coating alone. Furthermore, Ag nanoparticles can be pre-eminently and
uniformly deposited onto the TiO, coating, and the amount of Ag was
easily controllable from a few nanomoles per square centimeter to 70
nmolcm? by changing the UV illumination time for the TiO,
photocatalysis. This catheter type shows a great promise in lowering the
incidence of catheter-related bacterial infections (Yao et al, 2008).

Experimental

Material

Methyl-tertiary-butyl-ether (MTBE, purity = 99.5 %), hydrogen
peroxide (35%), methanol (99.8%), sodium carbonate (NaCO,),
ammonium hydroxide (NH,OH) and ethanol (all three purity grades were
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99.9%), barium hydroxide octahydrate ([Ba(OH), + 8H20], 98%),
phenolphthalein, Tryptic Soy Broth (TSB) and Caseinhydrolysate
Glucose Yeast extract Broth (Base) were obtained from Merck Millipore,
hydrogen chloride (35%) from Lachema, and sodium hydroxide from
Euro Hemija. Titanium dioxides were purchased from Alfa Aesar
Lancaster (anatase nanopowder, 99.9%) and Degussa AG Frankfurt
(TiO, powder, P-25%), and used as such. The Pseudomonas aeruginosa
strains ATCC 9023 and DV 2739 were used in the experiments
researching microbial activity and inactivity. All other chemicals used in

the synthesis of catalyst, such as LaClz+ 7H,0, FeCl;+ 6H,0, VCl;, and
TiCl, were obtained from Merck Millipore as the analytical grade.

Method

The experimental research in this study consists of the following
components:
1. Preparation of catalysts;
2. Characterization of catalysts;
3. Research of photocatalytic activities:
|  Experiments of photocatalytic activities; and
Il Coupled photocatalytic—microbiological experiments;
4. Research of microbial activity and inactivity:
| Microbial activity and inactivity of coupled photocatalytic—
microbiological experiments; and
Il Experiments of antimicrobial activities.

The commercial TiO, catalysts, as anatase nanopowder and
Degussa P-25° synthetized TiO,-nanoparticles catalysts (calcination
duration of 5 and 7h), and synthetized TiO, nanopatrticles based catalysts
doped with different concentrations of following metals: La®" (0.65, 1, 2,
3, 4, 5 and 6 wt. %), Fe** (1, 2.5, 3.0 and 5 wt. %, with calcination
duration of 7 and 24 h), and V** (10 wt. %, with calcination duration of 7
and 24 h); were tested in the photocatalytic, coupled photocatalytic-
microbiological and antimicrobial activities for different concentrations of
the MTBE water solution. These experiments were performed in a slurry-
catalyst bath circulation photoreactor in the presence of direct ultraviolet
(UV) radiation simulated with a sodium lamp SONT UV400 in lab
conditions. Also, both commercial titania (Degussa P-25° and anatase
powder, purity: 99.9 %), synthetized TiO, nanoparticles (synthesized at
550 °C with a calcination duration of 5 h), TiO, nanoparticles doped La*"
(5 wt. %, with a calcination duration of 7 h) and Fe** ions (2.5 wt. %, with
a calcination duration of 7 h) were tested in the antimicrobial activity
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experiments. TiO,-nanoparticles and their dopants catalysts were
synthetized and characterized before our experiments. Pseudomonas
aeruginosa strain ATCC 9023 was used as a model microorganism in the
coupled photocatalytic—microbiological and first antimicrobial activity
experiments, and Pseudomonas aeruginosa strain DV 2739 was used as
a model microorganism in the second antimicrobial activity experiments.
The antimicrobial activity experiments were performed in a
microbiological cabinet. The experiments are very important for the
determination of the microorganism toxicity point with TiO, nanoparticle
catalysts, i.e. the concentration at which the release of microorganisms
occurrs.

Photoreactor

The photocatalytic and coupled photocatalytic-microbiological
experiments in the MTBE water solution were tested in a bath slurry-
catalyst circular photoreactor (Fig.1). The photoreactor consisted of a 92
cm long quartz tube (inner diameter 19 cm and outer diameter 21 cm),
and slurry circulated through the system by the pump, from the storage
tank through the control valve and the reactor, and back to the storage
tank that is thermo stated at 30 °C. This set-up of the system provided
uniform distribution of the photo catalyst. The storage tank has a volume
of 2 liters, which is operational in full capacity for all experiments.

LakIP

E|E.ﬁ.':_|:||=t
—.-
{;I i — .

iy CONTROL
A PUMP T e REFLECTING

I CHARMBEEA

STORAGE TARNK

Figure 1 — Experimental apparatus for the photocatalytic and coupled photocatalytic-
microbiological experiments
Puc. 1 — 3kcnepumeHmarnsHasi annapamypa 0718 oomokKamanumu4ecKoeo u
KOMOUHaYUOHHO20 ¢homokamanumu4yHO-MUKPOBUOI02UYECKO20 SKCrepuMeHma
Cnuka 1 — EkcnepumeHmarHa anapamypa 3a ¢pomokamanumuyku U KOMbUHO8aHU
ghomokamanumu4Ko-MUKPOBUOTOWKU eKcriepuMeHm
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The ultraviolet radiation needed for the photoreaction in the
experiments was provided by a sodium lamp, SON-T UV400. The lamp
produced a photon flux of 960 pmolm”s? in two different wavelength
intervals: 380-518 nm and 540-800 nm, as well as at the local maximum
at 333 nm. The distance between the reactor and the sodium lamp was
17 cm. The reactor was in a chamber with the reflecting aluminum foil
inner walls in order to provide a uniform UV radiation pattern and
intensity for the experiments.

MTBE as a model compound

Methyl-tertiary-butyl-ether (MTBE) has been used as a high
constituent and as a replacement for the anti-knocking agent (tetra ethyl
lead) of gasoline since the late 1970s. MTBE is a colorless, transparent
and flammable liquid whose harmful effects on the environment and the
ecosystem have been confirmed over time. It is one of the most
dangerous pollutants for human health in the environment; it is frequently
detected in wastewater, groundwater, watercourses, drinking water and
the soil. The purification and bioremediation of MTBE polluted
groundwater is very slow; it is particularly difficult to treat, due to high
MTBE solubility in the water (48.000 pg/L) and its low volatility (The
Merck index, 1996), (Shaffer & Uchrin, 1997). Also, The EPA
characterized MTBE as a potential cancerogenic compound in the
environment and suggested the concentration limit of 20-40 ug/L for the
compound in drinking water (Squillace et al, 1996), (Pontius, 1998). Also,
the California Department of Health Services has adopted 5 pg/L as the
maximum MTBE concentration levels (California Code of Regulations,
1999).

Catalyst preparation

The sol-gel method was used for the synthesis of pure and doped
anatase nanopowders with iron (Fe*"), lanthanum (La*‘) and vanadium
ion (V**). Titanium (V) chloride (TiCls, 99.0% pure, Merck) was used as
the precursor in the synthesis process. Hydrogel, titanium (IV) hydroxide
Ti(OH)4, was obtained by the hydrolysis of TiCl, at 0°C with a controlled
addition of 2.5 wt. % aqueous ammonia into the aqueous solution of TiCl,
(0.3 moll/l) and a careful control of the solution’s pH value of 9.3 for pure
TiO, nanoparticles, as well as La, Fe and V-dopants of TiO,-
nanoparticles (Golubovi¢ et al, 2009a), (Gruji¢-Broj€in et al, 2014). TiCl,
is soluble in water but it experiences rigorous reaction at 20°C which can
be very important when performing this reaction at a lower temperature.
After aging in the mother liquor for 5h, the as-prepared hydrogel was
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filtered and washed out with distilled water until complete removal of
chlorine ions. The obtained Ti(OH), hydrogel was converted to its ethanol
gel by repeated exchanges with anhydrous ethanol for several times (by
repeated introduction of anhydrous ethanol). The obtained Alco gel
represents the starting point for the production of TiO, nanoparticles.
Alco gel was placed in a vessel, dried at 280°C and calcined at a
temperature of 550°C for 5, 7 and 24 h (depending of the sample types);
after that, it was converted to nanoparticles. Dopants were in the form of

chloride (LaClz+ 7H,0 and FeCl;+ 6H,0 and VCI3) and mixed with TiCl,

in the adequate ratio before hydrolysis.

The heating rate, duration of calcination for pure (S05, S06, S07,
S08, S10, S11, S99 and S102), La-doped (S16, S18, S28, S38, S40a,
S48, S52a and S64), Fe-doped (S24, S111-S112, S117-S120), V-doped
(S93 and S96) and their different wt. % of TiO, dopants samples are
specified in Table 1 at the Result and Discussion Section: Synthesis
conditions. All samples except S05, S06, S10, S99 and S102 samples
were used to test photocatalytic, microbiological and antimicrobial
activities, while these pure titania nanoparticles were used for a
comparative analysis in accordance with their temperature profile.

Characterization of the catalysts

X-Ray Power Diffraction (XRPD) was used for the identification of
the crystalline phases, the quantitative phase analysis and the estimation
of the crystallite size and strains, as explained earlier (Golubovi¢ et al,
2009a), (Grujic-BrojCin et al, 2014). The XRPD patterns for TiO,-
nanoparticles for pure samples (S07, S08 and S10) and La-dopants with
0.65 and 1 moll % of lanthanum ions (S18 and S28 samples) have been
collected on a Philips diffract meter (PW1710) employing Cu K, 2, in the
scanning range of 20 between 20 and 80" with the step size of 0.06° and
the counting time of 41 s/step. Higher La-dopants concentrations of
titanium (1V) dioxide nanoparticle patterns, such as in S52a (4 wt. %) and
S64 (6 wt. %) samples, have been collected in the same range by using
a Stoe Stadi MP diffract meter (Cu K., radiation, primary beam
germanium monochromatic linear PSD detector, Bragg-Brentano
geometry), at every 0.01°, with a counting time of 80 s/step. A full-prof
computer program was used for the structure refinements, the
quantitative phase analysis and the estimation of the average crystallite
size and strains (Rodriguez-Carvajal, 2008). The instrumental resolution
function for the size-strain analysis was obtained by parameterizing the
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profiles of the diffraction pattern of an LaBg (NIST SRM660a) standard
specimen.

The composition/quality of TiO, nanoparticles patterns of the
samples such as S06 and S11, as well as their following La-dopants
patterns ofS18, S28, S40a and S64 samples was analysed on a SEM
(JOEL JSM-6460LV, with the operating voltage of 20 keV) equipped with
the EDS (INCAXx-sight) detector and the “INAx-stream” pulse processor
(Oxford instruments).

An Atomic Force Microscope — AFM (Omicron B002645 SPM
PROBE VT AFM 25) in the contact mode was used to create an image of
the surface topology of the TiO, nanoparticles doped: La-dopant as S18
pattern and Fe-dopant S111 patterns of the samples.

The porous structure of the catalysts has been evaluated from the
adsorption/desorption isotherms of N, measured on the TiO, samples
such as S05, S06, S11, S18, S28 and S40a at 136°C using the
gravimetric McBain method. The main parameters of porosity such as the
specific surface area and the pore volume have been estimated by the
BET method and the as-plot, as reported by Kaneko et al (Kaneko et al,
1998) and the references therein. The pore size distributions have been
estimated from the experimental nitrogen sorption data by the BJH and
CPSM methods (Golubovi¢ et al, 2013), (Barrett et al, 1951).

The Raman scattering measurements of the chosen TiO,-
nanoparticles patterns of samples such as S11, S99 and S102 and their
doped patterns of samples such as S48, S93 and S96 were performed in
the backscattering geometry at room temperature in the air using a
Jobin-Yvon T64000 triple spectrometer, equipped with a confocal
microscope and a nitrogen-cooled charge coupled device detector. To
avoid local heating due to laser irradiation, the spectra have been excited
by a 514.5 nm line of Ar'/Kr" ion laser with an output power of less than
5 mW.

Measurement of photocatalytic activities

The photocatalytic activities of TiO, (commercial and synthetized
nanoparticles) and their La**, Fe*" and V** dopants were evaluated by
the degradation of the MTBE water solution. The photocatalytic
degradation of the water polluted by MTBE in lab conditions was carried
out as described in our previous research, as reported by Kuburovic et al
(Kuburovic et al, 2005, 2007, 2009) and presented at a conference
(Kuburovic & Orlovic, 2010) as a part of the Preliminary study of
photocatalytic wastewater treatments conducted in lab conditions using
water samples from the Belgrade sewage system.
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The photocatalytic activity measurement was performed in two types
of experiments: the photocatalytic experiments and the coupled
photocatalytic-microbiological experiments. The photocatalytic
experiments were carried out in the presence of TiO, (commercial and
synthetized nanoparticles) and their dopant catalysts.

The stock solution for the first experiment type (photocatalytic
experiment) was prepared by stirring 2 ml of MTBE with 8 ml of ethanol
(both Merck Millipore). The prepared stock solution was mixed with
distilled water (2L volume) from which 10 ml of water was extracted for all
photocatalytic experiments.

The stock solution for the second experiment type (coupled
photocatalytic-microbiological experiments) was prepared by stirring 1 ml
of MTBE with 9 ml of ethanol (both Merck Millipore). The prepared stock
solution was mixed with distilled water (2L volume) from which 30 ml of
water was extracted in two steps: in the first step, 10 ml of water was
extracted, added to the stock solution and mixed; in the second step, 20
ml of water solution was extracted followed by the addition of 20 ml of the
microorganism (MQO) Pseudomonas aeruginosa strain ATCC 9023 in a
concentration of 10’ CFU mL™.

The resulting water solution (in both experiments, with the MO and
without it) of MTBE was poured into the photoreactor and thus prepared
for each experiment. Each experiment began with a circulation in the
photoreactor and the burning of the UV lamp. When the photoreactor
started to work in the uniform mode, 10 minutes after the beginning, the
experiment was started with zero time. After the completion of the
experiment, the reactor was thoroughly washed and sterilized, and after
that prepared for the next experiment. The method of preparing the MO
for the coupled photo catalytic-microbiological experiments was
explained in the part entitted Measurements of the Microbiological
Growth.

The GC-MS determinations in the photocatalytic activity experiments
were carried out on an Agilent Technologies gas chromatographer
equipped with a mass detector using the headspace
(GC/MSD/Headspace — 7890A/5975C/G1888). Nitrogen was used as a
carrier gas.

The total oxigen carbon (TOC) analysis was carried out by the Astro-
Zellwenger LabToc-2100 as in the previous research the results of which
are compared in the study.

The kinetics of CO, evoultion during the photocatalytic activity
experiment for titania nanopowders Fe-dopants consisted of flushing the
CO, produced by oxygen into a flask containing a 102 M of Ba(OH),
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solution followed by titration with a 0.001 N HCI solution. Phenolphtalein
was used as an indicator.

The quantification of the bacterial cultures from all tested solutions in
microbiological activity and inactivity during the coupled photocatalytic-
microbiological experiments was carried out on the Shimatzu Cary “UV
1700” UV-VIS spectrophotometer, and for the antimicrobial activity, the
experiments were carried out on a calorimeter analog photo calorimeter,
Labtronics, India.

Measurement of the microbiological growth

The research of microbial activity and inactivity can be conducted
with the measurements of the microbiological growth using optical
density. The methodology of both experiments is presented in the text
below.

Microbial activity and inactivity of the coupled
photocatalytic—-microbiological experiments

Our research of the microorganism activity from the coupled
photocatalytic-microbiological experiments was performed on the model
microorganism (MO) Pseudomonas aeruginosa strain ATCC 9023 in the
presence and without TiO»-nanoparticles and their La, Fe and V-dopants
at the batch slurry-catalyst circular photoreactor.

The MO model was a fresh bacterial culture of around 10° CFU mL"™"
of a stationary concentration prepared by the inoculation of 100 mL
Tryptic Soy Broth (TSB) enriched with 0.6 % of Caseinhydrolysate
Glucose Yeast extract Broth (Base) (both Merck Millipore) and aerobic
incubation at 37°C under rotary shaking for 24 h. We thus obtained an
TSB enriched substrate for the experiment and the zero control samples
(ko). After that, the TSB enriched base substrate in a volume of 20 mL
was additionally enriched with a 0.5 ul/ml of the MTBE stock solution (as
the first control sample — k) and centrifuged for each experiments and
rinsed twice with sterile ultrapure water (Milli-Q, 18.2 MQ cm) before
diluting 20 mL of the resultant bacterial suspension to 2 L to prepare the
reacting suspensions, with an initial concentration of viable bacteria
around 10" CFU mL™",

The experiment started 10 minutes (contact time) after mixing the
water solution of MTBE with the 20 mL prepared MO, Pseudomonas
strain ATCC 9023 (10’ CFU mL™), testing catalysts, at the batch slurry-
catalyst circular photoreactor and switching the recirculation pump. The
photocatalytic experiments were followed during 150 minutes, depending
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on the experiment. The contact time was necessary for the habituation of
the MO on the MTBE solution and the catalyst, as well as for preparing
the uniform sodium lamp to work.

The quantification of Pseudomonas aeruginosa strain ATCC 9023
from all tested solutions has been determined on the Shimatzu Cary “UV
1700” UV-VIS spectrophotometer at 550 nm. Optical density was also
measured when each component (MTBE water solution, MO, catalyst)
was added to the MTBE water solution after mixing in the photoreactor.
In this experiment, an increase in the absorption of the solution to 648
nm was observed, as a measure of increase of the MO growth and its
microbiological activity.

Experiments of the antimicrobial activities

Pseudomonas aeruginosa strains ATCC 9023 and DV 2739 were
used as model microorganisms for the experiments on antimicrobial
activities, performed in a microbiological cabinet. Namely, Pseudomonas
aeruginosa strain ATCC 9023 was used earlier for our preliminary
research, the results of which were presented as an oral presentation by
Kuburovic (Kuburovic & Dimitrijevic-Brankovic, 2006) at the EMEC7
Conference, but they have not been published yet. After our preliminary
study, Pseudomonas aeruginosa strain DV 2739 was used in all other
experiments on antimicrobial activities.

A fresh bacterial culture of around 10° CFU mL™" of a stationary
concentration was prepared for both experiments, by the inoculation of
50 mL Triptyc Soy Broth (TSB) enriched with 0.6 % Casein hydro lysate
Glucose Yeast extract Broth (Base) (both Merck Millipore) and aerobic
incubation at 37°C under rotary shaking for 24 h. We thus obtained an
TSB enriched base substrate for the experiments and the zero control
samples (ko), which was seeded individually on the following samples:

| Premilinary research: The volume of 2.0 ml of the TSB enriched
base substrate for each of five samples was seeded with different
concentrations of the MTBE stock solution of 0.15; 0.25; 0.5; 1.0
and 2.0 pl/ml, respectively. Also, the volume of 2.0 ml of the TSB
enriched base substrate was seeded for three new samples with
the 0.5 pl/ml of MTBE stock solution with 0.1 g/L TiO, (anatase
TiO, nanoparticles, 99.9 %, Alfa Aesar Lancaster), FeCl; in a
concentration of 5 pl/ml and the catalyst-reagent system TiO, and
FeCl; in the ratio of 1:1 in the concentration of 5 pl/ml,
respectively. All such prepared samples were centrifuged for each
experiment and rinsed twice with sterile ultrapure water (Milli-Q,
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18.2 MQ cm) before diluting 2 mL of the resultant bacterial
suspension to prepare the initial concentration of viable bacteria of
around 10’ CFU mL™. We also prepared two following control
samples for each experiment: the TSB enriched base substrate
(without anything else) and the TSB enriched base substrate that
was seeded with an initial concentration of 0.50 pl/ml of the MTBE
stock solution;

Il Antimicrobial activity research: The volume of 2.0 ml of the TSB
enriched base substrate was seeded for twenty-four samples (6
samples in 4 different concentrations) with 0.5 pl/ml of the MTBE
stock solution with different concentrations of TiO, nanoparticle
catalysts such as: comercial TiO, (anatase, 99.9 %, Alfa Aesar
Lancaster) and P-25 (Degussa P-25%), synthetized as pure S11
sample and doped TiO, nanoparticles sample, S16 (La-dopant)
and S24 (Fe-dopant), as well as the catalyst-reagent system of
TiO, and FeCl; in the ratio of 1:1 in the concentration of 5 ul/ml,
respectively; each in several concentrations: 0.05, 0.10, 0.20 and
0.25 mg/L. All such prepared samples were centrifuged for each
experiment and rinsed twice with sterile ultrapure water (Milli-Q,
18.2 MQ cm) before diluting 2 mL of the resultant bacterial
suspension to prepare the initial concentration of viable bacteria of
around 10" CFU mL™". We also prepared two following control
samples for each experiment: the TSB enriched base substrate
(without anything else) and the TSB enriched base substrate that
was seeded with the initial concentration of 0.50 ul/ml of the
MTBE stock solution;

The MTBE stock solution for both experiment types was prepared by
stirring 1 ml of MTBE (Merck Millipore) with 9 ml of ultrapure water (Milli-
Q, 18.2 MQ cm) without ethanol, which gave the MTBE concentration of
0.50 ul/ml. The photo activity of the catalysts on Pseudomonas
aeruginosa strains ATCC 9023 and DV 2739 in both experiments was
investigated in a microbiological chamber illuminated sample with an UV-
A lamp at 366 nm.

The quantification of Pseudomonas aeruginosa strains ATCC 9023
and DV 2739 from all tested solutions has been performed on an analog
photocolorimeter (Labtronics, India) at 550 nm. In this experiment, a
reduction in the absorption of the solution to 648 nm was observed, as a
measure of decrease of the MO growth and their antimicrobial activity.
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Results and Discussion

Synthesis conditions

The properties of the synthetized pure and doped titanium (IV) oxide
nanoparticles by the sol-gel method synthesis determined the main of the
following parameters: the pH value in the hydrolysis process, the
precursor type, the temperature and the duration of hydrolysis (aging)
and drying, and Alco gel. The most important are the ones of the
calcination process parameters: heating rate, temperature, calcination
cooling and duration rate. Titanium (IV) chloride (TiCls;), as a cheap
compound, is the primary starting material for the commercial production
of titanium powders. The sol-gel method synthesis entails the hydrolysis
of a precursor molecule solution aiming to obtain first a suspension of
colloidal particles - the sol and then a gel composed of aggregated sol
particles, which is in the further processing thermally treated yielding to
the desired nanoparticles material. The process takes the following
direction:

TiCl; — Ti(OH); — Alco gel (1)
This reaction can be written in a chemical way as

TiCly + 4NH,OH — Ti(OH)4| + 4NH,CI (2)
Ti(OH)s — TiO, + 2H,0 (3)

The pH value of the precursor solution is a decisive factor in
controlling the final particle size and shape, the crystal phase and the
agglomeration (Zhang & Sun, 2004) due to its crucial influence on the
relative rates of hydrolysis and polycondensation. Aruna et al (Aruna, et
al, 2000) have found that the main hydrolysate in this reaction is
[Ti(OH)A(H20)s..]“™", where the amount of water varies with the relative
rates of hydrolysis and polycondensation.

The titanium monomers formed during the reaction in the precursor
solution play a significant role in the condensation process (Sun, J., et al.
2002) and in the formation of the final gel structure containing precursor
molecules (Diaz-Diez, M.A., et al, 2003). Since the intention was to
obtain TiO, nanoparticles in the anatase form, the pH value of the
solution during the hydrolysis process was chosen to be 9.3 which is in
accordance with the pH value of 9.4 used by Venz et al (Venz, P.A. et al.
2000) for the same sol state and tetra isopropyl titanate used as a
precursor. The pH value is several pH-units above the pH value where
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the zeta-potential is zero (isoelectric point), as shown by Venz et al
(Venz, P.A. et al. 2000). This is suitable for obtaining the stable sol with
the maximum reduction of particle aggregation.

Aging is a process during which the gel properties can be changed
as a result of polymerization, coarsening and phase transformation as
reported by Wang et al (Wang et al, 2012). The nano crystallite growth
presents the coalescence of small neighboring crystallites that become
oriented due to the atomic diffusion or discrete orientation attachment.
The aging conditions were the same in all experiments, with the
temperature of 0°C and the process duration of 5 h. This is in accordance
with the literature data (He, D. et al. 2007; Hari-Bala, G.Y., et al. 2006).
The influence of aging on the properties of synthetized anatase
nanoparticles was thus eliminated.

Titanium hydroxide was dried and calcined at high temperature, in
order to obtain crystalline TiO,-nanoparticles by the sol-gel method
synthesis. In our experiment, as shown by Golubovic et al (Golubovi¢ et
al, 2009a), the drying temperature was always 280°C, while the process
duration was 4 h. The influence of the calcination parameters on the
physical-chemical properties of anatase nanopowders and their dopants
was examined by changing the heating rates (55, 67.5 and 135°C/h) and
their influence of three different calcination durations (5, 7 and 24) with
the constant of the calcination temperature (550°C) and their cooling rate
(37.42°C/h). Only S07 sample was synthesized with a little different value
of the calcination temperature and the cooling rate from all other
samples, at 500°C and 37.42°C/h respectively, which can be seen in
Table 2.

Some of the sol-gel synthesis parameters for the chosen TiO,
samples (pure and doped), which are the subject of this paper are listed
in Table 1.

The temperature profiles for pure TiO.,-nanoparticles of S05, S06,
S07, S08, S10, S11, S99 and S102 samples (Table 2) were obtained,
investigated and reported earlier (S07, S08 and S10, as A2, A3 and A6
profile samples; S05 and S06, S99 and S102 with a calcination duration
of 5, 7 and 24 h, respectively): Golubovic et al (Golubovi¢ et al, 2009a),
(Golubovic et al, 2013) and Scepanovic et al (Séepanovié et al, 2010)
without S11 sample that is here for the comparison purposes.

During the sol-gel synthesis, we prepared pure and doped TiO,-
nanoparticles. Based on the presented synthesis data in Tables 1 and 2,
the models of the sample temperature profiles for pure TiO>-NPs, S05,
S06, S07, S08, S10 and S99 and their dopants are shown in the text
bellow.
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Table 1 — Selected parameters for pure TiO2-NPs and their La**, Fe** and V** dopants
Tabnuua 1 — BbibparHbie npamempsbi Yucmbix TiOz-HY u ux La* Fe* u
Tabena 1 — OdabpaHu napamempu 3a yucme TiOz-HY-e u wuxoee La®>*, Fe** u V**

a
V?* donarmoe

donaHme
Calcination
Pure La-doped | Fe-doped | V-doped | wt. %
TiO2-NPs | TiO>-NPs | TiO>-NPs | TiO,-NPs | dopant | Heating TrC] t
rate [ C/h] [h]
S05 55 550 5
S06 55 550 7
So07 55 500 7
S08 55 550 7
S10 135 550 7
S11 55 550 5
S16 5.0 67.5 550 7
S18 0.65 67.5 550 7
S24 25 135 550 7
S28 1.0 135 550 7
S38 5.0 135 550 7
S40a 2.0 135 550 7
S48 3.0 135 550 7
S52a 4.0 135 550 7
S64 6.0 135 550 7
S93 10 67.5 550 7
S96 10 135 550 24
S99 67.5 550 7
S102 135 550 24
S111 5.0 135 550 7
S112 5.0 135 550 24
S117 1.0 135 550 7
S118 1.0 135 550 24
S119 3.0 135 550 7
S120 3.0 135 550 24

Pure and dopants of the model of the S07 sample temperature profile:

These samples were not doped, they were synthesized as S05, S06, S07
and S11 samples, all four with this temperature profile; the only
differences between the samples are that S11 sample has a shorter
calcination duration of 5 hours (than the calcinatin duration of 7 h for the
other three samples), and that only S07 sample has a lower cooling
temperature (500°C, and for the other three is 550°C)
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Table 2 — The parameters of the sol-gel process for the same TiO,-NPs samples
(Golubovié et al, 2009a), (Golubovié et al, 2013) and (Séepanovié et al, 2010). Only S11
sample has not been reported earlier
Tabnuua 2 — MNapamempbl 3071b-2e/1b rpouecca rno mem xe obpasuam TiOx-HY
(Golubovié et al, 2009a), (Golubovié et al, 2013) u (Séepanovic et al, 2010). He 6bin
onybnukosaH moribko obpasey C11
Tabena 2 — lNapamempu con-gen npouyeca 3a ucme y3opke TiO-HY-a (Golubovic et al,
2009a), (Golubovié et al, 2013) u (Séepanovié et al, 2010). Camo y3opak C11 Huje

objasrbeH paHuje
Aging Drying Calcination
Sam- o Dura- o Heat. o Cooling rate
ple tAL | TLCT | gon gy | TECT | N | e pomg | TICT | I | o)
S05 5 0 2 280 4 55 550 5 37.42
S06 5 0 2 280 4 55 550 7 37.42
S07 5 0 2 280 4 55 500 7 36.46
S08 5 0 2 280 4 55 550 7 37.42
S10 5 0 2 280 4 135 550 7 37.42
S 5 0 2 280 4 55 550 5 37.42
S99 5 0 2 280 4 67.5 550 7 37.42
5102 5 0 2 280 4 135 550 24 37.42

Pure and dopants of the model of the SO8 sample temperature profile:
e Dopants of lanthanum: S16 (wt. 5.0 %) and S18 (wt. 0.65 %)
samples;
e Dopants vanadium: S93 (wt. 10 %) sample.

Pure and dopants of the model of the S10 sample temperature profile:

e Dopants of lanthanum: S28 (wt. 1.0 %), S38 (wt. 5.0 %), S40a (wt.
2.0 %), S48 (wt. 3.0 %), S52a (wt. 4.0 %) and S64 (wt. 6.0 %)
samples;

e Dopant of iron: S24 (wt. 2,5 %), S111-S112 (wt. 5.0 %), S117-S118
(wt. 1.0 %) and S119-S120 (wt. 3.0 %) samples. The samples of
S112, S118 and S120 had a longer calcination duration of 24 h
(calcination duration of 7 h, for S111, S117 and S119 samples);

Pure and dopants of the model of the S99 sample temperature profile:
e Dopants vanadium: S93 (wt. 10 %) sample;

Pure and dopants of the model of the S102 sample temperature profile:
¢ Dopant of vanadium: S96 (wt. 10%) sample.
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The results of XRD and XRPD diffractions

The XRPD and XRD patterns of pure and some La-doped TiO,
nanopowders are shown from Figure 2 to Figure 4. The most intensive
diffraction picks can be ascribed to the anatase crystal structure (JCPDS
card 78-2486). Structure refinements have been performed by the
Rietveld method: the lattice parameters, the unit cell volume, the average
crystallite size and the average strain in the anatase and brookite phase,
and the results of the quantitative phase analysis for brookite (brookite
content) are summarized in Table 3, as partially reported earlier by
(Golubovi¢ et al, 2009a), (Golubovi¢ et al, 2013), (Gruji¢-Broj¢in et al,
2014) and (Séepanovi¢ et al, 2010). The value of the anatase a
parameter for the chosen tested samples considered and compared in
Table 3 varies around its reference value (ap = 0.378479(3) nm),
whereas the value of the c parameter is slightly lower than the reference
one (cy = 0.951237(1) nm), as reported by Grujic-Brojcin (Gruji¢-Brojcin
et al, 2014) earlier; except for the sample labeled as S96. The unit cell
volume of all samples of La-doped TiO; is also lower in comparison with
the reference value, except for the pure TiO,. The structural refinement
has revealed that the anatase crystallite size of the doped samples is
decreased from 15.0 to 17.5 nm in the pure TiO, (S06, S05 and S11,
respectively) to 12 nm in the La-doped samples. The pure TiO,-
nanoparticles strain is slightly increased with doping (Table 3). The
brookite phase is highly disordered in all samples, which is indicated with
a large value of the average strain in brookite crystallite.

The chosen XRD diffract grams of the chosen pure TiOo-
nanoparticles patterns labeled as S07, S08 and S10 are presented in
Figure 2, which has been reported earlier by Golubovic et al (Golubovié¢
et al, 2009a).

The XPRD patterns labeled as S28, S52a and S64 of anatase TiO,-
NPs doped with different wt. concentration of lanthanum (1 wt. %, 4 wt.
% and 6 wt. %, respectively) are presented from Figure 3 to Figure 5,
respectively. Figure 4 has been reported earlier by Golubovic et al
(Golubovic et al, 2009b) as a conference poster.
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Table 3 — The results of the Rietveld analyses of the samples (the unit cell parameters
and the unit volume of anatase, the average crystallite size and the average strain in the
anatase and brookite mineral forms and the content of brookite form) for pure and La and

Fe-doped TiO,-NPs (the values in the paretheses represent the estimated standard

deviations) (Golubovié et al, 2009a), (Golubovié et al, 2013), (Séepanovié et al, 2010),

(Grujic-Brojcin et al, 2014)

Tabnuua 3 — Pe3synbmambi nposedeHHO20 o memody Pumeernbda aHanusa obpa3uos
(napamempbi snemeHmapHoU siYeliku aHamasa, 8 mom yucrie ee obbema, cpedHul
pa3smep Kpucmasnnumos u cpedHsisi meepdocmb aHamasa u bpykuma u cocmas ¢hopm
b6pykuma) yucmsix u La u Fe neesuposarHbix TuO,-HY-e (3HaqyeHus 8 ckobkax
npedcmasnsom donycmumbie omkioHeHusi) (Golubovic et al, 2009a), (Golubovic et al,
2013), (Séepanovié et al, 2010), (Grujié-Brojéin et al, 2014)

Tabena 3 — Pesynmamu Pumeandose aHarnu3e y3opaka (napamempu jeduHu4He henuje
u jeduHu4He 3enpemuHe aHamaca, NnpoceYyHa geluyuHa Kpucmanuma u rnpoceyHa cuna y
MuHepasnHoj gpopmu aHamaca u bpykuma u cadpxxaj bpykumHe ¢popme) 3a Hucme u La u
Fe donupaHe TuO,-HY-e (spedHocmu y 3azpadama npedcmassbajy npoueH-eHa
cmaHdapdHa odcmynarsa) (Golubovié et al, 2009a), (Golubovié et al, 2013), (Séepanovié
et al, 2010), (Grujic-Brojéin et al, 2014)

Anatase Brookite
ﬁ,im_ \?vto poznt a (nm) ¢ (hm) Y . ng:t Strai_r31 Content g;yest. Strair_13
(10%nm) | Gy | X107 | (%) omy | ®10%)
S05 0.0 0.37873(0) | 0.9496(4) | 136.21(4) | 15.4
S06 0.0 0.37852(0) | 0.9484(1) 175
S07 0.0 0.37844(1) | 0.94838(4) 12 45 17 12 16.9
s08 | 0.0 0.37856(1) | 0.94860(4) 12 4.2 16 35 19.6
S10 0.0 0.37884(1) | 0.94980(3) 10 34 10 58 16.8
S11 0.0 0.37884(1) | 0.94980(5) | 136.31(1) | 15 3 10(2) 58 17
S18 0.65 0.37895(2) | 0.9485(1) | 136.21(2) | 12 4 42(5) 2 29
S28 1.0 0.37880(2) | 0.94780(1) | 136.01(2) | 10 5 24(3) 26 22
S40a | 2.0 0.37853(2) | 0.94908(9) | 135.99(2) | 12 8 21(1) 12 8
S48 3.0 0.37823(6) | 0.9471(3) | 135.49(5) | 12 8 21(4) 12 8
S16 5.0 0.378743) | 0.0485(1) | 136.06(2) | 12 8 22(2) 12 8
S96 10.0 0.37719 0.95266

Reference value: a, = 0.378479(3) nm, ¢, = 0.951237(1) nm, and V, = 136.26(1) (10”° nm®)
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Figure 2 — XRD diffract grams of the chosen temperature profiles of TiO, samples

(Golubovic et al, 2009a)

Puc. 2 — XRD-dughpakmoepammbi, 8bibpaHHbIX memnepamypHbix npoghureli obpa3yos

TiO2 (Golubovic et al, 2009a)

Cnuka 2 — XRD dugppakmoepamu odabpaHux memnepamypHux npoguna TuO; y3opaka

| [arb. units]

Gl

5004

4000

3000

2000

10040

(Golubovic et al, 2009a)

. Nanopowder TiO_ anatase doped with | mol% La"

A

1M BLIP ] L

Mt N L A WAL WL U . SR
T T T T T T T T T T T
20 40 60 80 100 120

20("ACuKa

Figure 3 — XPRD diffract gram for S28 sample
Puc. 3 — XPRD-0ughpakmozpamma obpasuya C28
Cnuka 3 — XPRD dugppakmozpam 3a y3opak C28
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Figure 4 — XPRD diffract gram for S52a sample (Golubovic et al, 2009b)
Puc. 4 — XPRD-0ugbpakmozpamma obpa3sua C52a (Golubovic et al, 2009b)
Cniuka 4 — XPRD dugppakmoepam 3a y3opak C52a (Golubovic et al, 2009b)
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Figure 5 — XPRD diffract gram for S64 sample
Puc. 5 — XPRD-0ughpakmozpamma obpasuya C64
Cnuka 5 — XPRD dugppakmoepam 3a y3opak C64
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The results of the Raman spectroscopy

In the Raman mode of synthesized pure La and V-doped TiO,-NPs,
which are the subject of this paper, the anatase Raman mode dominates
(Ohsaka et al, 1978), (S¢epanovi¢ etal, 2007): Eg (~143 cm™), Eggz)
(~198 cm™), B1q (~398 cm™), A1g+B1g (=518 cm™), and Eg(s) (~639 cm™),
as reported by Golubovic et al (Golubovi¢ et al, 2009a), (Golubovi¢ et al,
2013), Grujic-Brojcin et al (Gruji¢-Brojcinetal, 2014) and Scepanovic et al
(Séepanovi¢ etal, 2010). The Raman spectra of the chosen pure and
some La** and V** doped TiO, nanoparticles were measured at room
temperature. Some of these spectra are shown in Figure 6 and Figure 7,
as the samples labeled as S11 (pure TiO,-NP) and S48 (3 wt. %):

EQU) atter heating: pure T|02
ac -1 - -1
@ =143 5cm ,w_=10cm
ah ah

EQ(‘J before heating:

@,=144.5cm™ w =137 cm’’
b bh

A (R
/ E (R} 19(R)

A F
al Ltgcs)
Ea)

1902)
100 200 300 400 500 600
Rarnan shift [cr']

Intensity [arb. units)

519(1){ B

Figure 6 — Raman scattering spectra for S11 sample (Golubovi¢ et al, 2009b)
Puc. 6 — PamaHosckas criekmpockonusi obpa3sya C11 (Golubovié et al, 2009b)
Crniuka 6 — PamaHos pacejaHu criekmpu 3a y3opak C11 (Golubovic et al, 2009b)

On the poster at the conference presented earlier in Figures 6 and 7,
Golubovic et al (Golubovic, A. et al. 2009b) reported that the heating of
pure TiO,-nanoparticles (S11 sample) to 800°C causes redshift and
narrowing of anatase E4). The Raman mode as well as the appearance
of new Raman modes were assigned to the rutile phase. After the same
heating treatment, there are neither a drastic change of Eg4 Raman
mode in the spectra of La-doped sample labeled as S48 nor the
appearance of additional modes. Therefore, it can be concluded that
doping with La®" ions stabilizes the TiO, nanostructure in the anatase
phase at high temperature. The frequencies of the anatase modes in V-
doped TiOz,-nanoparticles shift more with different synthesis conditions,
in comparison to their counterparts, as it can been seen from the data
listed in Table 4, reported earlier (Séepanovié et al, 2010).
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Figure 7 — Raman scattering spectra for S48 sample (Golubovic et al, 2009b)
Puc. 7 — PamaHosckas criekmpockonusi obpasya C48 (Golubovic et al, 2009b)
Cnuka 7 — PamaHosu pacejaHu criekmpu 3a y3opak C48 (Golubovic et al, 2009b)

Table 4 — Frequencies of the anatase Raman modes in the pure and V-doped TiO»
nanoparticle samples
Tabnuuya 4 — Yacmoma PamaHoecko20 pexxuma 0511 amaHasa yucmbix u V-
NeeuposaHHbIx 0bpa3uoe HaHoyacmuy, TiO2
Tabena 4 — ®pekseHyuje PamaHosuX pexxumMa 3a aHamac y yucmum u V-donupaHum
TuO, HaHOYecmuyama

Raman frequencies of anatase modes (cm™)
Sample

Eqn) Eg) Big(1) A1g)*Bige) | Eg)
S93 145.3 198.4 397.0 516.5 637.7
S96 148.9 201.9 394.6 514.2 633.4
S99 143.7 197.7 396.8 518.7 639.6
S102 143.8 197.8 397.0 518.8 639.7

The Raman mode of TiOs-nanoparticles for the chosen pure and V-
doped samples, labeled as S99, S93 and S96, respectively, feature
twelve well-resolved bands at about 101, 143, 284, 305, 406, 478, 531,
699, 810, 926, 996 and 1020 cm™, as reported by Scepanovic et al
(Séepanovi¢ et al, 2010). The frequencies of these additional Raman
modes, which can be related to the presence of vanadium, are listed in
Table 5.
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Table 5 — Frequencies of the V-related Raman modes in the V-doped anatase TiO,-NPs
Tabnuuya 5 — Yacmomesi V-cesizaHHbIx 8 PamaHO8CKOM pexxume 8 V-fieauposaHHbIX
ghazax aHamasa TiO2-NY
Tabena 5 — ®pekseHuyuje 3a V-nosesaHe PamaHose pexume y V-0onupaHoj ¢hasu
aHamac TiO,-HY-a

Raman frequencies (cm™)
Sample

1 2 3 4 5 6 7 8 9 10 11 12
V,0s 100 | 143 | 283 | 303 | 407 | 477 | 526 | 696 | - - 995 | -
S93 101 | 143 | 284 | 305 | 406 | 479 | 532 | 700 | 808 | 924 | 996 | 1017
S96 - 143 | 284 | 308 | - - - 699 | 810 | 934 | 996 | 1027

The measured values of the data from Table 4 and Table 5 have
been reported earlier by Scepanovic et al (Séepanovié et al, 2010); it has
been reported earlier that the presence of the additional Raman mode in
the spectra of doped samples unambiguously shows that vanadium ions
formed vanadium oxides (mostly V,0s) and some other vanadate
structures in V-doped nanopowders. This confirms that a higher
concentration of V in TiO, tends to stabilize V in the 5+ state
predominantly, as reported by Bhattacharyya et al (Bhattacharyya et al,
2010). However, the change in pure TiO,-nanoparticles of the Raman
modes in those samples reveals that a certain amount of vanadium ions
is introduced into the TiO, crystal lattice, which strongly depends on the
conditions of the synthesis, such as the calcination heating rate and its
duration.

The Results of the ESM

For TiO,, La and Fe dopants nanoparticles, the particle size
distributions were obtained by the elastic sphere model (ESM) and
presented in Figures 8 and 11, respectively. In Figure 8, we can see that
the mean particle size was around 12 nm for the La-dopant TiO,-
nanoparticles samples up to 4 wt. % of lanthanum ions, compared to
pure anatase. The value of the mean particle size is increased for a
higher lanthanum ion concentration.

The mean particle size was around 15.5 nm for S111 sample of Fe-
dopant of TiO, nanoparticles in a concentration of 5 wt. %, synthetized at
the calcination duration of 7 h, as shown in Figure 11, compared to the
same concentration of the La-dopant (Figure 8).
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Figure 8 — Patrticle size distributions in the pure and La-doped TiO, samples such as S11,
S28, S48 and S16 (Golubovic et al, 2009b)
Puc. 8 — PacnipedeneHue yacmuy, o paamepam 8 YucmbIxX U ieeuposaHHbIX La
obpasyax TiO2, makux kak C11, C28, C48 u C16 (Golubovic et al, 2009b)
Cnuka 8 — [Jucmpubyuuja senu4uHe Yyecmuuya y yucmum u La-donuparHum TuO»
y3opuyuma, kao C11, C28, C48 u C16 (Golubovié et al, 2009b)

The results of the Atomic Force Microscopy Measurements

The surface of the lanthanum and iron doped TiO, nanoparticles
sample labeled as S18 (0.65 wt. %) and S111 (5.0 wt. %) recorded by
the AFM in the non-contact mode is shown in Figures 9 (Golubovi¢ et al,
2009b), 10 and 12, respectively. These images are recorded on doped
La and Fe-doped TiO,-nanoparticles, previously dispersed in ethanol,
deposited on freshly cleaved highly oriented prolific graphite (HOPG).
From these images, we can observe that sample S18 consists of very
small nanocrystals of 12 nm and greater agglomerated particles. Also,
sample S111 consists of several larger nanocrystals, with a large number
of agglomerates arranged as it can be seen on its particle histogram in
Figure 11.
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Figure 9 — AFM image of S18 sample (anatase doped with 0.65 wt. % La"")
(1000 x 1000 nm)
Puc. 9 — AFM u3obpaxeHue C18 obpasua (aHama3s neauposaHHsbili ¢ 0.65 sec. % La3+)
(1000 x 1000 nm)
Cnuka 9 — AFM cnuka C18 y3opka (aHamac donupaH ca 0.65 mex.% La3+)
(1000 x 1000 nm)

Figure 10 — AFM image of an S111 anatase nanoparticle sample doped with
5 wt. % Fe® and a calcination duration of 7 h (1000 x 1000 nm)
Puc. 10 — AFM usobpaxeHue C111 obpa3ua HaHoYacmuy, amaHa3a fie2upo8aHHbIX C 5
eec. % Fe®" u epemeHem npokanueaHus - 7 4. (1000 x 1000 nm)
Cnuka 10 — AFM cnuka C111 y3opka aHamac HaHodecmuue donupaHe ca
5 mex. % Fe* u epeme mpajarba KanyuHayuje o0 7 4 (1000 x 1000 nm)
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Figure 11 — Particle histogram for the Fe-doped TiO,-NP of S111 sample
Puc. 11 — F'ucmoepamma yacmuy, obpasya C111 (Fe-donaHm TiO-HY)
Crniuka 11 — Xucmoepam yecmuuya 3a y3opak C111 (Fe-donaHm TuO2-HY-a)

200.0
100.0
0.0

-100.0
Y[nm] -200.0
-300.0

-400.0
-500.0

-600.0
-700.0

-600.0 -400.0 -200.0 0.0 200.0
X[nm]

Figure 12 — AFM image of S111 sample - display at an angle
Puc. 12 — AFM usobpaxeHue obpasuya C111 — eud nod HakrnoHom
Cnuka 12 — AFM cnuka y3opka C111 — npuka3d rnod yernom
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Results of the EDS

The chemical compositions of pure and some chosen La-doped
TiO,-nanoparticles have been estimated by the EDS method, and
summarized in Table 6, which was partially reported earlier (Golubovi¢ et
al, 2013), (Grujic-Broj€in et al, 2014).

Table 6 — EDS results for pure and some chosen La-doped TiO2-NPs
Tabnuua 6 — EDS pe3ynbmamabi o yucmsiM u HekomopbiM La neauposaHHbim TiOz-HY
Tabena 6 — EDS pe3ynmamu 3a yucme u Heke uzabpaHe La donupaHe TiO,-HY-a

La EDS data
(wt. %) (0] Ti Na Cl La Total
(wt. %) | (wt. %) | (Wt.%) | (Wt.%) | (Wt.%) | (wt. %)

S06 0.0 32.72 64.54 1.84 0.90 0.0 100
S11 0.0 39.46 60.54 - - 0.0 100
S18 0.65 42.91 57.09 - - 0.0 100
S28 1.0 49.71 49.44 - - 0.85 100
S40a 2.0 44.59 53.45 - - 1.96 100
S64 6.0 41.71 52.39 - - 5.91 100

The EDS data (shown in Table 6) and the spectra of pure and La-
doped of TiO.,-nanoparticles patterns of samples have been reported
earlier by Golubovic et al. (Golubovi¢ et al, 2013), for S06 sample and
Grujic-Brojcin et al (Gruji¢-Brojcin et al, 2014), for S11, S18, S28, S40a
and S64 samples). These analyzes have shown that only S06 sample
synthesized with a calcination duration of 7 h consists of sodium (Na*)
and chlorine (CI') ions, which has not been detected in the other
observed samples, as we can see in Table 6. Golubovic et al (Golubovi¢
et al, 2013) have reported earlier that short duration of calcination may
also be the reason for a relatively high concentration of sodium (Na*) and
chlorine (CI') ions in the sample with a calcination duration of 1 h. We can
see, in Table 6, that the oxygen weight percent in the pure TiO,-
nanoparticle sample is close to stoichiometric TiO, (40.0 wt. %), and that
the percent of oxygen is higher in the La-doped samples. Based on the
data obtained from the EDS measurement method, the final molar La/Ti
ratio is lower than at the beginning of the synthesis process; which is
estimated at around 63 % of the starting value, except in the case of the
sample doped with 0.65 wt. % of La. Finally, the results also show that a
low content of La (0.65 wt. %) could not be detected in S18 sample by
the EDS method.
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Results of the BET

The porous properties of the TiO,-nanoparticles samples such as P-
25, S05, S06, S11, S18, S28 and S40a have been estimated by the BET,
BJH and CPMS methods and summarized in Table 7 which has been
partially reported earlier (Golubovi¢ et al, 2013), (Gruji¢-Broj¢in et al,
2014).

Table 7 — Porous properties of the chosen TiO, samples (P-25, S05, S06, S11, S18, S28
& S40a): specific surface area (Sget, Smeso, Smic & Spur), pore volume (V, & Vimic), mean
pore diameters obtained from different methods (Dget, Doy & Dcpsy), CPMS fitting
parameter (Ns) and the predicted tortuosity factor (z)

Tabnuua 7 — XapakmepucmuKu rnopucmout cmpykmypbl, 8bibpaHHbIx obpa3syos TiO; (P-
25, S05, S06, S11, S18, S28 u S40a): YoenbHasi nogepxHoCcMb (Sget, Smeso, Smic & SsuH),
06bem 1op (Vp U Vimic) pasnuyrbie memods! (Deer, Dgyn & Depsy), CPMS napamempei
Hacmpoduku (Ns) u koagbgpuyueHm uzsunucmocmu ()

Tabena 7 — Nopo3Ha ceojcmea o0abpaHux y3opaka TiO» (P-25, S05, S06, S11, S18, S28
u S40a): crneyucbuyHa nospwuHa (Seet, Smeso, Smic & Ssur), 3anpemuHa nopa (Vp U Vimic)
Cpedmu npeyHuyu nopa dobujeHu paznuqumum memodama (Dser, Dpjr & Depsy), CPMS
napamemap 3a nodewasar-e (Ns) u npouereHU ghakmop mopmyo3Hocmu (z)

Sample

Parameters P25 S05 S06 S11 S18 S28 S40a

(0.0) (0.0) (0.0) (0.65) (1.0) (2.0)
Sger (M’g™) 13 17 51 58 79 84 78
Smeso (Mg”) 13 17 51 -
Smic (m’g") | - - - -
Seun (m°g™) - - 58.2 79.4 83.8 78.1
V, (cm®g™) 0.024 | 0.030 |0.088 |0.160 | 0.185 0.258 0.215
Vimic (cm°g™) - - - -
Dger (nm) 7.5 7.1 6.9 7.1 6.0 7.9 7.1
Daun (nm) 7.4 6.7 6.8 7.1 6.3 7.7 7.5
Depsm (hm) 7.7 7.4 7.1 8.1 6.9 7.7 7.5
Ns 5.5 8 4 8 13 12 11
T 3.0 4.0 27 4.1 5.3 4.4 4.6

In order to investigate the effect of the chosen TiO, nanoparticles
and their lanthanum doped catalysts on the pore structure and the
adsorption ability, the nitrogen sorption isotherm measurements have
been carried out. The specific surface area (Sget) and the pore volume
(Vp) obtained by the BET method, and the mesopore diameter calculated
from both the BET and the BJH (Dget, Dgyn, respectively) for the chosen
samples can be seen in Table 7, the data of which have been shown
earlier by Golubovic et al (Golubovi¢ et al, 2013) for P-25, S05 and S06

806



patterns of samples and by Grujic-Brojcin et al (Gruji¢-Broj€in et al,
2014), for S11, S18, S28 and S40a patterns of samples, respectively.

Based on the porosity parameters obtained from the standard
nitrogen adsorption isotherms determined from the o plot (Kaneko et al,
1998), we can also establish that the chosen TiO, samples are
completely mesoporous nanoparticles. The value of Sger in the La-doped
samples, S18 and S28: 79 and 84 m?g”, respectively, are higher than
those in the pure TiO, nanoparticles samples, S05, S06 and S11: 17, 51
and 58 m?g”" respectively. Also, the values of Sger for the synthesis of
TiO, nanoparticles, in the range of 17-58 ng'1 are greater than Sger of
Degussa P-25° in the value of 13 m?g". The mean pore diameters,
obtained from the BET results (¥4aDger © 4Vp = Sger) were in good
agreement with the diameters obtained by the BJH method. The most
commonly used method entitled as the BJH method for the determination
of the pore size distribution (PSD) listed in Table 7, as reported by Barrett
(Barrett et al, 1951), is estimated from the desorption branch of the
hysteresis isotherm loops. Also, the CPSM method (Salmas &
Androutsopoulos, 2001), (Androutsopoulos & Salmas, 2000) for the PSD
evaluation has been applied. In this method, the pore structure is
considered as a statistically large number of independent, non-
intersected corrugated pores, made of a series of Ng cylindrical
segments of equal length, with randomly distributed diameters of
mesopores nanoparticles (Golubovi¢ et al, 2013), (Salmas &
Androutsopoulos, 2001), (Androutsopoulos & Salmas, 2000). The CPSM
fitting parameter Ns, mentioned above, is also listed in Table 7: higher
values of Ns have been obtained for the doped samples, which can be
associated with a more complex pore structure in the doped samples
(Salmas & Androutsopoulos, 2001). As a result of the CPSM, the pore
tortuosity factor 1 is also estimated and listed in Table 7, as a measure of
diffusion through porous media based on the nitrogen sorption hysteresis
data (Golubovi¢ et al, 2013), (Salmas & Androutsopoulos, 2001). The
dependence of the tortuosity factor on the La-content in the doped
samples shows the same tendency as Ns (Gruji¢-Broj¢in et al, 2014);
higher values of T are obtained for the doped samples, with the maximum
in 818 sample with T = 5.3. This points to the most complex pore
structure consisting of interconnected pore segments with different
diameters in this sample.

Finally, we expect that the best catalytic properties of the chosen
TiO,-NPs samples are found in S11 as pure and in S28 dopant sample
that doped TiO, nanoparticles in a concentration of 1.0 mole % of La*"
ions, based on the value of the Sger in Table 7. If we compare the
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properties of S05 samples synthesized with the calcination duration of 5
h and S06 and S11 samples, whose calcination duration was 7 h, we can
determine that the catalysts calcined for 7 h have better properties. The
best properties found in S11 sample for pure TiO, nanoparticles, as seen
in Table 7, led us to choose this pure TiO, sample for photocatalytic
research and testing in our study.

Result of the photocatalytic activities

The photocatalytic activity was measured in four experiments: three
experiments of photocatalytic activities and one coupled photocatalytic—
microbiological experiment. All experiments were carried out in a bath
slurry-catalyst circular photoreactor, in dark and under direct ultraviolet
radiation simulated with a sodium SONT UV400 lamp, with the initial
concentrations of 1.00 ml/L and 0.50 ml/L MTBE in the water solution,
respectively, depending on the types of experiments.

Results of the experiments of the photocatalytic activities

The experimental investigation of the photocatalytic degradation of
MTBE was performed in three different experiments. The initial
concentration in all these experiments was 1.00 ml/L and the solutions
were thermo-stated at 30°C. All solutions were tested for 60 minutes in
the bath slurry-catalyst circular photoreactor in aerobic conditions and
their degradation rate was measured in 15-minute intervals.

The first experiment was carried out under direct UV radiation
simulated with the sodium SONT UV400 lamp in the photoreactor with
the initial concentration of 0.50 ml/L of the MTBE water solution and
different types of synthetized TiO, nanoparticles, using the following
samples of TiO, nanoparticles: SO07 (pure TiO, nanoparticles), S18, S28,
S38, S40a, S48, S52a and S64 (TiO, nanoparticles doped with La*" in
the following concentration: 0.65; 1.0; 2.0; 3.0; 4.0; 5.0 and 6.0 wt. %,
respectively) and one commercial TiO, nanoparticles catalyst (Degussa
P-25%). The concentration of all catalysts used in the experiment was 0.1
g/L. The results of the measurements of the detected reduction of the
MTBE concentration during all experiments at the GC/MSD/Headspace
are shown In Table 8.

Our results in the experiment show that the best photocatalytic
efficiency was obtained in TiO, doped with La®*" of 1 wt. %, but the fastest
drop in the polluted MTBE concentration in the water solution was
achieved in TiO, doped with La** of 3 wt. %.
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Table 8 — Photocatalytic degradation of the MTBE initial concentration of 1.00 ml/L with
different concentrations of La-doping of TiO»>-NPs and pure TiO2>-NPs (synthetized and
commercial Degussa P-25%) in a concentration of 0.1 g/L
Tabnuua 8 — ®omokamanumuudeckas 0eepadayusi MTb3 HaYanbHOU KOHUeHmpauyuu
1,00 ml/L ¢ pasnuyHol koHUeHmpauuet La - neauposaHHbix TiO2-HY u yucmeix TiO-HY
(cuHme3uposaHo 8 KoMmep4yeckux uensx Degussa p-25° ) ¢ kKoHUeHmpauuel 0,1 g/L
Tabena 8 — ®omokamanumuyka deepadayuja MTEE noyemHe koHueHmpauyuje 00 1,00
ml/L ca paznudumom KoHyeHmpauyujom La -donuHma TiOp-HY-a u yucmux TiOx-HY-a
(cuHmemusogaHoz u KomepuyujanHo2 Degussa P-25®) Yy KoHUyeHmpauuju 00 0,1 g/L

Time Samples TiO, doped with different wt. % La*

uv S07 P25 | g18 S28 S40a S48 S52a 538 | s64
(min) 0.65) | (1.0 (2.0) (3.0) | (4.0 (5,0) | (6.0
0 1.000 | 1.000 | 1.000 1.000 | 1.000 1.000 | 1.000 1.000 | 1.000
15 - - 0.797 - - 0.184 | 0.678 0.671
30 0.659 | - 0.188 0180 | 0.198 | - 0.132 0.410
45 0.095 0062 | - - 0.225 | 0.239
60 0.093 | 0488 | - - 0122 | 0178 | 0.052 - -

The second experiment was carried out under direct ultraviolet
radiation simulated with the SONT UV400 lamp in the photoreactor with
the initial concentration of 1.00 ml/L of the MTBE water solution in
presence of the catalyst synthetized TiO,-nanoparticles doped with
different concentrations of Fe*" ions and their two calcination durations of
7 and 24 h. We tested the photocatalytic activities catalysts and their
dependence on the calcination duration of the following samples: S111 -
S112 (5 wt. %, calcination duration of 7 and 24h, respectively), S117 -
S118 (1 wt. %, calcination duration of 7 and 24h, respectively), and S119
- S$120 (3 wt. %, calcination duration of 7 and 24h, respectively), as a
photocatalytic degradation degree of MTBE in the water solution. The
carbon-dioxide evolution during the experiment is shown in Table 9 in
comparison with pure TiO,-nanoparticles: synthetized S07 catalyst
sample and commercial catalyst — Degussa P-25®, determined at the
GC/MSD/Headspace (as shown In Table 8). The concentration of all
catalysts used in the experiment was 0.1 g/L.

Our results in the second experiment show that the best
photocatalytic efficiency was found in TiO, doped with the highest
concentration of Fe*" ions dopant, 5 wt. % and the calcination duration
time of 7 h. The greatest difference in the degradation degree versus the
calcination duration is the highest concentration catalyst, and the
smallest concentration is 3 wt. % of the Fe-doped TiO, nanoparticle
catalyst.
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Table 9 — Photocatalytic degradation of MTBE as the percentage of the total CO; yield,
the initial concentration of 1.00 ml/L MTBE in the water solution with different
concentrations of Fe-doping of TiO>-NPs and pure TiO»>-NPs (synthetized and

commercial Degussa P-25%) in a concentration of 0.1 g/L

Tabnuuya 9 — ®omokamanumudeckas 0egpadayuss MTB3 kak rpoueHm obuje2o
sblbpoca CO,, ¢ HavanbHoU KoHuyeHmpauyuet 1,00 mli/L MTE3 e s0o0HOM pacmeope ¢
pasnuyHol koHuyeHmpauyuel Fe- neauposaHHbix TiOy-HY u yucmeix TiO-HY
(cuHme3uposaHo 8 KOMMepYecKux yensx Degussa p-25° ) ¢ koHueHmpauued 0,1 g/L

Tabena 9 — ®omokamanumudka Oeepadayuja MTBE-a kao npoyeHam yKyrnHoe rpuHoca
COgy, noyemHe koHyeHmpauuje 00 1,00 ml/L MTBE y sodeHom pacmeopy ca
pasnudumom KoHuyeHmpauyujom Fe-0onuHea 0d TuO2-HY-a u yucmux TuO2-HY-a
(cuHmemusogaHoz u komepuyujanHoz Degussa P-25®) y KoHUyeHmpauyuju 00 0,1 g/L

Time Samples TiO, doped with different wt. % Fe**

uv S07 | P25 | 5111 S$112 | S117 | S118 | S119 | S120
(min) (5.0) (5.0 | (1.00 |10 |30 |(3.0)

0 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000
15 - - 0.273 0.258 |- 0.180 | 0.323 | -

30 0.341 0.550 0.486 | 0.442 | 0.402 |- 0.494
45 0.845 - 0.765 | 0.702 | 0.827 | 0.664
60 0.907 | 0.512 | 0.976 0.931 | 0.905 |0.899 | 0.928 | 0.922

The third experiment was carried out under direct UV light exposure
simulated with the SONT UV400 lamp in the photoreactor with the initial
concentration of 1.00 ml/L of the MTBE water solution in the presence of
different catalyst types of synthetized TiO, nanoparticles, using the
following samples of TiO, nanoparticles: SO07 (pure TiO>-NP), S93 and
S96 (TiO,-NPs doped with 10 wt. % V**), S28 (TiO,-NPs doped with 1.0
wt. % La"), and commercial TiO, nanoparticles (Degussa P-25%). The
results of the measurement of the detected reduction of the MTBE
concentration during the experiments were determined at the
GC/MSD/Headspace. The results of the photocatalytic degradation of
MTBE (Table 9) for the samples such as S117, S119 and S111 (TiO,-
NPs doped with 1.0, 3.0 and 5.0 wt. % Fe*, respectively, with the
duration time of 7 h for all samples) are shown for comparison in Table
10. The concentration of all catalysts used in the experiment was 0.1 g/L.
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Table 10 — Photocatalytic degradation of the MTBE initial concentration of 1.00 mi/L with
La, Fe and V-doping of TiO>-NPs and pure TiO2-NPs (synthetized and commercial
Degussa P-25%) in a concentration of 0.1 g/L
Tabnuua 10 — ®omokamanumuyeckas 0eepadauyus MTE3 Ha4YarnbHOU KOHUeHmpayuu
1,00 ml/L ¢ La Fe u V - neauposaHHbix TiOz-HY u yucmeix TiO2-HY (cunme3uposaHo &
Kommepyeckux yensx Degussa p-25° ) ¢ KoHUeHmpauued 0,1 g/L
Tabena 10 — ®omokamanumu4ka Oeegpadayuja MTBE-a noyemHe KoHUeHmpauuje oo
1,00 ml/L ca La, Fe u V-0onuHeom TuQO,-HY-a u yucmo TuO,-HY-a (cunmemu3osaHoe u
KomepuujanHoe Degussa p-25° ) y koHueHmpauuju 00 0,1 g/L

_ Samples TiO, doped La®, wt o
Tme | o o | with differentwt. %V | % Fe™, wt. %
(min) ] S93 S96 s28 | 5117 | S119 | S111
(10.0) (10.0) (1.0) 1.0) | 30 |0

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
15 - - 0.345 - - 0.777 0.727
30 0.659 - - 0.650 0.180 0.558 | - 0.450
45 - - 0.152 - 0.062 0.235 0.173 0.155
60 0.093 0.488 - - - 0.095 0.072 0.024

Our results in the experiment show that the best photocatalytic
efficiency was found in TiO, doped with La*" of 1.0 wt. % (S28 sample)
for 45 minutes, but the fastest drop in the polluted MTBE concentration in
the water solution was in TiO, doped with V** of 10.0 wt. % (sample
S93). Also, our results show different degradation rates for TiO, doped
with V** of 10.0 wt. %, S93 and S96 samples, synthetized with different
duration times (7 and 24 h, respectively). This can be explained by a
different nanomaterial structure. If we compare the results in Table 10,
we can see that the best degree of the total MTBE degradation in 60
minutes is achieved in S111 and S119 catalysts, which were doped with
3.0 and 5.0 wt. % of Fe, respectively, but their total MTBE degradation is
smaller for 45 minutes compared to the case when we used the La-
dopant of TiO,-NPs as a catalyst (S28 sample).

Resuilts of the coupled photocatalytic-microbiological experiment

The experimental investigation of the coupled photocatalytic-
microbiological degradation of MTBE was performed in one experiment.
The initial concentration in the experiment was 0.50 ml/L, and the
solutions were thermo-stated at 30°C.

The experiment was carried out under direct ultraviolet light
exposure simulated with the UV lamp in the batch slurry-catalyst circular
photoreactor in the presence of the microorganism (MO) Pseudomonas
aeruginosa strain ATCC 9023 with the initial concentration of 10’ CFU
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mL" (as explained in the following experimental part: Microbial activity
and inactivity of the coupled photocatalytic—microbiological experiment)
and with different concentrations (0.25, 0.50, 0.75 and 1.0 g/L) of
commercial TiO, nanoparticles — Degussa P-25 (Degussa P-25°, AG
Frankfurt), and without a catalyst. The results of this research are shown
in Table 11. All solutions were tested for 150 minutes in the photoreactor
and gas chromatography with a mass detector using the headspace
(GC/MSD/Headspace) has been applied in 15-minute intervals, and we
presented only three time intervals (0, 60 and 150 minutes).

Table 11 — Photocatalytic activity of the coupled photocatalytic-microbiological processes
in the first experiment
Tabnuua 11 — ®omokamanumudeckasi akmusHOCMb KOMbUHaUUOHHO20
¢homokamanu4yHo-MUuKkpobuonoau4ecKo2o npoyecca nepeozo sKcrepuMeHma
Tabena 11 — @omokamanumuyka akmueHOCm KOMBUHO8aHUX ¢homoKamaIumuy4ko-
MUKPOBUOIOWKUX fpoyeca y Npe8oM eKcriepuMeHmy

ﬁgf‘a' (Tr;”fne) I'sol. (%) | isol. (%) | lsol. (%) | IVsol. (%) | Vsol. (%) | VIsol (%)
1 0.00 | 1.000 1.000 1.000 1.000 1,000 1.000
2 60.0 | 0.371 0.308 0.512 0.664 0.325 0172
3 150.0 | 0.144 0.144 0.199 0.344 0.119 0.030

Legend (MTBE w. sol. (c=500 ml/L) + MO (c=10" CFU mL™)):

| sol: UV lamp without TiOy; 1V sol: UV lamp + TiO, (0.50 g/L);
II'sol: UV lamp + TiO, (1.0 g/L); V sol: UV lamp + TiO, (0.25 g/L);
Il sol: Dark experiment (without UV lamp); VI sol: UV lamp + TiO, (0.75 g/L).

The results in Table 11 show that the best degradation degree of
MTBE was obtained in the VI solution, when we used direct UV radiation
simulated with the sodium lamp - SONT UV400 and 0.75 g/L of TiO,
powder Degussa P-25® for 60 and 150 minutes. The results of the | and
Il solutions show that the TiO, catalyst in a concentration of 1.0 g/L
achieved the detoxification effect on the MO after 60 minutes of the
coupled process of the MTBE degradation; a better result was also
achieved when we used the lamp and TiO, powder Degussa P-25% in the
concentration of 0.25 g/L. Also, the IV solution presented that the dark
experiment (without the UV lamp and the catalyst) resulted in a higher
MTBE degradation degree than in the |, Il and IV solutions, especially in
the highest concentration as well as in the effect of aeration condition in
all experiments. These results show that TiO, and direct ultraviolet
radiation simulated with the sodium lamp - SONT UV400 inactivate and
kill microorganisms. The optical density results have proven this
assertion by measuring the microbial activity and inactivity in the coupled
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photocatalytic-microbiological experiment, which is shown in the text
bellow.

Results of the microbiological growth

The measurements of the microbiological growth for the selected
Pseudomonas aeruginosa strains (ATCC 9023 and DV 2739) were
studied in three experiments, one as the microbial activity and inactivity
in the coupled photocatalytic-microbiological experiment and two in the
experiments on antimicrobial activities. The coupled photocatalytic-
microbiological experiment was performed in the batch slurry-catalyst
circular photoreactor, in dark and under direct ultraviolet radiation
simulated with the SONT UV400 lamp. The experiments on antimicrobial
activities were carried out in the microbiological cabinet. The text below
gives the optical density values, measured during these experiments.

Results of the microbial activity and inactivity of the
coupled photocatalytic-microbiological experiment

The microbial activity and inactivity of the coupled photocatalytic-
microbiological experiment are determined by the optical density
measurement for the MTBE solutions in the colorimeter, at 550 nm. The
results are shown in Table 12.

Our results show the following characteristics of the coupled
photocatalytic-microbiological experiment:

o | solution: This experimental result shows that there has been a
linear increase in the growth of microorganisms, with the
reduction of concentration of MTBE in the water solution at 90
and 150 minutes. The reduction of the concentration of MTBE is
actually achieved owing to the combined influence of UV
radiation simulated by the sodium lamp and the MO in aerobic
conditions, which is shown in the coupled photo catalytic-
microbiological degradation of MTBE (Tab. 11) and the MO
activity (Tab. 12);

o |l solution: The experiment with direct ultraviolet radiation
simulated with the sodium lamp and the TiO, catalyst at a
concentration of 1.0 g / L in the presence of MO showed an
increase in the MO growth (30.0 min.); constant values (30.0 to
45.0) and low (45.0 to 75.0), after which a low drop in the MO
growth occurred. Also, a somewhat greater decrease in the
MTBE concentration was achieved than in the | solution at the
end of the experiment (t = 150 min); the MTBE degradation
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degree was identical in both experiments (Tab. 11); also, a
slightly lower MTBE concentration was achieved, as in
accordance with the | solution, but at the end of the experiment (t
= 150 min), the identical MTBE degradation rates in both
experiments are achieved, as shown in Table 11;

o Il solution: Our result in the dark condition experiment showed
that there has been a decrease in the MO growth to 135.0
minute, after which the MO growth increased. The effect in the
last 15-20 minutes is possible to be explained by the aerobic
conditions which caused the degradation degree of MTBE in the
water solution at the end of the experiment.

¢ |V and V solution: The results of both experiments showed a very
similar profile of the catalyst influence (inactivity of activity) with
direct artificial irradiation of the lamp on the MO in the aerobic
conditions, and a reduced MO growth at the end of both
experiments. A high degradation degree of MTBE in the water
solution was obtained in the V solution compared to the IV
solution due to a greater MO number and the catalyst
concentration, as shown in Tables 11 and 12, respectively.

e VI solution: Our experiment results showed that there was an
increase in the MO growth at the 30th minute, followed by the
MO growth reduction until the end of the experiment. This
phenomenon can be explained in the following way: in the first
15 minutes, a high concentration of the catalyst inactivated the
MO; after that, the MO accommodated to this condition and grew
in the next 15 minutes due to the feeding with MTBE in aeration
conditions. At the moment of a large decomposition of MTBE,
which is formed in the coupled process, the detoxification of the
microorganisms occurs.

By comparing the results of the | to VI solution experiments, we have
found out that the best results are achieved in the VI solution experiment
due to the excessive concentration of the catalyst, which has a large
inactivating effect on the MO. It has negatively affected the coupled
photocatalytic-microbiological processes. Therefore, the best property of
the coupled photocatalytic-microbiological experiment is achieved with
the initial concentration of 0.75 g/L Degussa P-25° TiO, nanopowder as
the maximally effective photo catalyst for our experimental conditions.
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Table 12 — Microbial growth for Pseudomonas aeruginosa strain ATCC 9023, with the
initial concentration of 10" CFU mL™ at 0.50 ml/L. of the MTBE water solution
Tabnuya 12 — Pocm MukpoopeaaHu3mos wmamma bakmeputli Pseudomonas aeruginosa
ATCC 9023 ¢ Ha4anbHoU KoHUyeHmpauueu 10" CFU mL" Ha 0,50 ml/L. soOHo20
pacmeopa MTBE3
Tabena 12 — MukpobHu pacm 3a coj bakmepuje Pseudomonas aeruginosa ATCC 9023
noyemHe koHueHmpauuje 0d 10’ CFU mL™ y eodeHom pacmeopy MTEE-a
KoHueHmpauuje 0d 0,50 mi/L

ﬁ‘z'a' (Tn'q":ne) I sol. Il sol. Msol. |IVsol. | Vsol VI sol.
1 0.00 0039 |2395 |0.043 | 1.380 1.428 1.852
2 15.0 0050 | 2436 | 0.040 1.256 1.461 1.642
3 30.0 0052 | 2659 | 0.042 1173 1403 | 2.051
4 45.0 0.041 2659 | 0.036 1.438 1.364 1.623
5 60.0 0080 | 2334 | 0.032 1.452 1.432 1577
6 75.0 0.098 | 2683 | 0.046 1.350 1.375 1.595
7 90.0 0089 |2290 |0.035 | 1.286 1.395 1.621
8 1050 | 0.099 |2232 |0026 | 1.387 1.360 1.502
9 1200 | 0.103 | 2280 |0.029 | 1.314 1.323 1.670
10 1350 | 0129 |2232 |0074 | 1.256 1.265 1.565
11 1500 | 0.104 |- 0.076 | 1.199 1.297 1.481

Legend (MTBE w. sol. (c=0.50 ml/L) + MO (c=10" CFU mL™):

I sol: UV lamp without TiOy; IV sol: UV lamp + TiO (0.50 g/L);
Il sol: UV lamp + TiO, (1.0 g/L); V sol: UV lamp + TiO; (0.25 g/L);
Il sol: Dark experiment (without UV lamp); VI sol: UV lamp + TiO2 (0.75 g/L).

Results of the experiments of antimicrobial activities

The antimicrobial activities are examined by the measurement of the
optical density for the MTBE solutions of Pseudomonas aeruginosa
strains ATCC 9023 as the model microorganism (MO) for the first
experiment. We investigated the effect of different concentrations of
MTBE (0.15, 0.25, 0.50 and 1.5 ml/L), as well as a commercial titania
catalyst (anatase, purity 99.9 %, Alfa Aesar Lancaster, c=0.1 g/L) and the
catalyst-reagent system TiO, and FeCl; (TiO,:FeCl; = 1:1, ¢=0. 1 g/L) on
the growing of the MO. The results were obtained by measuring the
optical density in the colorimeter, at 550 nm, and presented in Figure 13.
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Figure 13 — The effect of different concentrations of MTBE, catalysts and reagens on the
growth of Pseudomonas aeruginosa strain ATCC 9023
Puc. 13 — BnusiHue pa3nu4Hbix KOHUeHmpauyuti MTEO, kamanusamopa u peazeHma Ha
pocm wmamma 6bakmepull Pseudomonas aeruginosa ATCC 9023
Cnuka 13 — Ymuuaj pasnudume koHueHmpauuje MTEBE-a, kamanu3zamopa u peazeHca
Ha pacm coja 6bakmepuje Pseudomonas aerugenosa ATCC 9023

Our results showed that the highest Pseudomonas aeruginosa strain
ATCC 9023 growth was obtained with a high MTBE concentration of 1.5
ml/L. The Fenton reagent and the catalyst-reagent system of TiO, and
FeCl; in the ratio of 1:1 have a stimulation effect on the growth of
microorganisms. Finally, the best microbiological growth was achieved
with the catalyst-reagent system TiO, and FeCl; in the ratio of 1:1, which
can be explained with a coupled stimulation influence of the Fenton
reagent in a combination with anatase titania nanopowder in equal
portions. It is the best nutrition for bacteria and their growth in our
experiment.

In the second experiment, we measured the effect of different types
and concentrations of catalysts on antimicrobial activities of
Pseudomonas aeruginosa strain DV 2739, as a model microorganism.
We studied six different catalysts, such as titania nanopower catalysts:
commercial titania anatase nanopowder (A), titania power Degussa P-
25% the catalyst-reagent system of anatase TiO, and FeCl; in the ratio of
1:1 (A-Fe), synthetised nanopower TiO, (S11 sample), synthetised
nanopower TiO, doped with 2.5 wt. % of Fe** (S24 sample, duration time
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of 7h) and synthetised nanopower TiO, doped with 5.0 wt. % of La>* (S16
sample, duration time of 7 h), all in four concentrations of 0.05, 0.1, 0.2
and 0.25 mg/L. The quantified results of the measurements on the

colorimeter are shown in the following Tables (Tab. 13 to Tab. 16).

Table 13 — The effect of c=0.05 mg/L of different catalyst types on the microbial growth
for Pseudomonas aeruginosa strain DV 2739, with the initial concentration of 10° CFU
mL™" at 1.00 ml/L of the MTBE water solution

Tabnuua 13 — BnusHue ¢=0.05 mg/L pa3nuy4yHbIX Murno8 Kkamasusamopos Ha pocm
wmamma bakmepuli Pseudomonas Aeruginosa DV 2739, ¢ Ha4anbHoU KoHUeHmpauueu
10" CFU mL™" Ha 1.00 ml/L 808Ho20 pacmeopa MTE3

Tabena 13 — Ymuuaj pasnuyumux murosa kamarnu3damopa KoHueHmpauuje od 0.05
mg/L Ha MukpobHu pacm 3a cof bakmepuje Pseudomonas aerugenouse DV 2739,
noyemHe koHueHmpauuje 0d 10’ CFU mL™" y sodeHom pacmeopy MTEE-a
KoHueHmpauuje od 1,00 mi/L

0.05 mg/L catalysts

Time K (only | K4 (TSB
(h) A P-25 S11 S24 S16 A-Fe TSB base +
base) MTBE)
0 0.025 | 0.110 | 0.000 |- - 0.040 0.000 0.005
1 0.060 | 0.115 | 0.010 | 0.010 | 0.045 0.060 0.000 0.020
2 0.045 | 0.115 | 0.015 | 0.015 | 0.055 0.065 0.000 0.005
3 0.045 | 0.125 | 0.018 | 0.015 | 0.050 0.072 0.000 0.010
After 20 h, we added Pseudomonas aeruginosa strain DV 2739 (MO)
0.05 mg/L titania powder and titania based catalysts
Time K (only K4 (TSB
(h) A P-25 S11 S24 S16 A-Fe TSB base +
base) MTBE)
20 0.062 | 0.125 | 0.020 | 0.027 | 0.045 0.065 0.010 0.020
24 0.290 | 0.360 | 0275 |0.280 | 0.310 0.335 0.270 0.280
25 0.315 | 0.380 | 0270 | 0.280 | 0.310 0.320 0.270 0.280
26 0.310 | 0.370 | 0.270 | 0.280 | 0.320 0.330 0.280 0.290
27 0.310 | 0.360 | 0.270 | 0.280 | 0.310 0.330 0.290 0.295
44 0.300 | 0.360 | 0.250 | 0.275 | 0.300 0.330 0.260 0.270
47 0.280 | 0.360 | 0.260 | 0.265 | 0.310 0.325 0.250 0.265
49 0.280 | 0.360 | 0.240 | 0.270 | 0.290 0.320 0.250 0.260
51 0.280 | 0.360 | 0.255 | 0.255 | 0.300 0.320 0.255 0.260
9OW | 9255 | 0250 | 0.255 | 0255 |0.255 |0280 |0.255 |0.255
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Table 14 — The effect of c=0.10 mg/L of different catalyst types on the microbial growth
for Pseudomonas aeruginosa strain DV 2739, with the initial concentration of 10° CFU
mL™" at 1.00 mi/L of the MTBE water solution

Tabnuya 14 — Bnusa+ue ¢=0.10 mg/L pa3nu4Hbix muroe Kkamarnu3amopos Ha pocm
wmamma 6akmepuli Pseudomonas Aeruginosa DV 2739, ¢ Ha4yanbHoU KoHUyeHmpauueu
10" CFU mL™" Ha 1.00 ml/L 600Ho20 pacmeopa MTBES

Tabena 14 — Ymuuaj pasnuyumux murnosa kamarsnu3amopa koHueHmpauuje 0d 0.10
mg/L Ha mukpobHu pacm 3a coj bakmepuje Pseudomonas aerugenouse DV 2739,
rnoyemHe KOHUeHmpauuje o0 10" CFUmL™’ y 8o0eHom pacmeopy MTBE-a
KoHueHmpauuje od 1,00 mi/L

0.10 mg/L catalysts

Time K (on K (TSB

(h) A P-25 S11 S24 S16 A-Fe y base +
TSB base) MTBE)

0 0.155 0.190 | 0.032 0.015 | 0.030 | 0.175 0.000 0.005

1 0.175 0.200 | 0.040 0.030 | 0.055 | 0.207 0.000 0.020

2 0.200 0.195 | 0.055 0.040 | 0.055 | 0.210 0.000 0.005

3 0.210 0.200 | 0.055 0.035 | 0.060 | 0.220 0.000 0.010

After 20 h, we added Pseudomonas aeruginosa strain DV 2739 (MO)

0.10 mg/L titania powder and titania based catalysts

VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 4

Trime K (only K: (TSB
(h) A P-25 S11 S24 S16 A-Fe TSB base) RAaTSBeIS
20 0.200 0.200 | 0.055 0.033 | 0.040 | 0.195 0.010 0.020
24 0.430 0.430 | 0.320 0.300 | 0.315 | 0.440 0.270 0.280
25 0.440 0.420 | 0.310 0.280 | 0.310 | 0.430 0.270 0.280
26 0.440 0.420 | 0.320 0.290 | 0.310 | 0.460 0.280 0.290
27 0.440 0.420 | 0.310 0.310 | 0.310 | 0.450 0.290 0.295
44 0.420 0.420 | 0.310 0.280 | 0.310 | 0.470 0.260 0.270
47 0.410 0.410 | 0.300 0.275 | 0.300 | 0.430 0.250 0.265
49 0.410 0.410 | 0.290 0.285 | 0.300 | 0.440 0.250 0.260
51 0.410 0.420 | 0.310 0.290 | 0.305 | 0.440 0.255 0.260
grow | 0.255 0.230 | 0.278 0275 | 0.275 | 0.265 0.255 0.255
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Table 15 — The effect of c=0.20 mg/Lof different catalyst types on the microbial growth for
Pseudomonas aeruginosa strain DV 2739, with the initial concentration of 10" CFU mL”
at 1.00 ml/L of the MTBE water solution

Tabnuya 15 — BnusHue ¢=0.20 mg/L pa3nu4Hbix murnoe kamanu3amopos Ha pocm
wmamma bakmepuli Pseudomonas Aeruginosa DV 2739, ¢ Ha4anbHOU KoOHUeHmpauueul
107 CFU mL-1 Ha 1.00 ml/L eodHoz20 pacmeopa MTE3

Tabena 15 — Ymuuaj paznuyumux murioga kamaru3samopa KoHueHmpauuje o0 0.20
mg/L Ha mukpobHu pacm 3a coj bakmepuje Pseudomonas aerugenouse DV 2739,
rnoyemHe KoHUeHmpauuje od 10’ CFU mL™’ y sodeHom pacmeopy MTBE-a
KoHueHmpauuje od 1,00 mi/L

0.20 mg/L catalysts

Time K (only K1 (TSB

(h) Anat P-25 | S11 S24 S16 A-Fe | TSB base +
base) MTBE)

0 0.190 | 0.275 | 0.053 | 0.046 | 0.085 | 0.160 | 0.000 0.005

1 0.210 | 0.300 | 0.072 | 0.080 | 0.125 | 0.207 | 0.000 0.020

2 0.250 | 0.300 | 0.080 |0.080 | 0.125 | 0.210 | 0.000 0.005

3 0.240 | 0.300 | 0.083 |0.080 | 0.116 | 0.260 | 0.000 0.010

After 20 h, we added Pseudomonas aeruginosa strain DV 2739 (MO)

0.20 mg/L titania powder and titania based catalysts

Time K (only K1 (TSB
(h) A P-25 | S11 S24 S16 A-Fe | TSB base +
base) MTBE)
20 0.240 0.310 | 0.080 | 0.086 | 0.105 | 0.220 | 0.010 0.020
24 0.460 0.480 | 0.330 | 0.340 | 0.345 | 0.450 | 0.270 0.280
25 0.470 0.500 | 0.320 | 0.350 | 0.355 | 0.460 | 0.270 0.280
26 0.470 0.490 | 0.320 | 0.350 | 0.350 | 0.460 | 0.280 0.290
27 0.465 0.490 | 0.330 | 0.350 | 0.350 | 0.440 | 0.290 0.295
44 0.440 0.490 | 0.320 | 0.360 | 0.350 | 0.460 | 0.260 0.270
47 0.430 0.480 | 0.320 | 0.340 | 0.350 | 0.460 | 0.250 0.265
49 0.435 0.475 | 0.310 | 0.340 | 0.340 | 0.450 | 0.250 0.260
51 0.430 0.490 | 0.325 | 0.350 | 0.350 | 0.470 | 0.255 0.260
grow. | 0.240 0.215 | 0.272 | 0.304 | 0.265 | 0.310 | 0.255 0.255
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Table 16 — The effect of ¢c=0.25 mg/L of different catalyst types on the microbial c77rowth
for Pseudomonas aeruginosa strain DV 2739, with the initial concentration of 10° CFU

mL™" at 1.00 mi/L of the MTBE water solution

Tabnuya 16 — BnusaHue ¢=0.25 mg/L pa3nu4Hbix muroe Kkamarnu3amopos Ha pocm
wmamma 6akmepuli Pseudomonas Aeruginosa DV 2739, ¢ Ha4yanbHoU KoHUeHmpauueu

107 CFU mL-1 Ha 1.00 ml/L so0Ho20 pacmeopa MTES

Tabena 16 — Ymuuaj pasnuyumux murosa kamarsnu3damopa KoHueHmpauuje od 0.25
mg/L Ha mukpobHu pacm 3a coj bakmepuje Pseudomonas aerugenouse DV 2739,
rnoyemHe KOHUeHmpauuje o0 10" CFUmL™’ y 8o0eHom pacmeopy MTBE-a

KoHueHmpauuje od 1,00 mi/L

0.25 mg/L catalysts

Time K (only | K;(TSB
(h) A P-25 | S11 S24 | S16 A-Fe TSB base +
base) MTBE)
0 0.380 | 0.620 | 0.060 | 0.110 | 0.175 | 0.540 0.000 0.005
1 0.410 | 0.640 | 0.090 | 0.130 | 0.210 | 0.560 0.000 0.020
2 0.420 | 0.640 | 0.100 | 0.130 | 0.210 | 0.570 0.000 0.005
3 0.440 | 0.640 | 0.095 | 0.125 | 0.202 | 0.560 0.000 0.010
After 20 h, we added Pseudomonas aeruginosa strain DV 2739 (MO)
0.25 mg/L titania powder and titania based catalysts
Time K (only K (TSB
(h) A P-25 | S11 S24 | S16 A-Fe TSB base +
base) MTBE)
20 0.430 | 0.650 | 0.100 | 0.127 | 0.185 | 0.520 0.010 0.020
24 0.630 | 0.750 | 0.290 | 0.380 | 0.445 | 0.690 0.270 0.280
25 0.640 | 0.740 | 0.330 | 0.380 | 0.455 | 0.675 0.270 0.280
26 0.640 | 0.740 | 0.350 | 0.370 | 0.460 | 0.680 0.280 0.290
27 0.630 | 0.740 | 0.330 | 0.380 | 0.450 | 0.690 0.290 0.295
44 0.620 | 0.775 | 0.340 | 0.400 | 0.460 | 0.700 0.260 0.270
47 0.620 | 0.750 | 0.340 | 0.380 | 0.460 | 0.710 0.250 0.265
49 0.620 | 0.760 | 0.340 | 0.390 | 0.450 | 0.700 0.250 0.260
51 0.620 | 0.760 | 0.330 | 0.380 | 0.460 | 0.720 0.255 0.260
grow. | 0.240 | 0.140 | 0.270 | 0.270 | 0.285 | 0.180 0.255 0.255

The results of our experimental research of the influence of the
types and different concentrations of catalysts on the increase of the MO
growth showed the following:

1. Catalyst concentration of 0.05: The best MO growth at the
lowest catalyst concentration is obtained for the samples in
this order: S24 & S11 (identical values), then A (titania
powder anatase), P-25 (Degussa P-25®) and A-Fe (catalyst
system titania powder anatase - FeCls);
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2. Catalyst concentration of 0.10: The best MO growth at the
catalyst concentration of 0.10 g/L is obtained for the samples
in this order: S24 (titania doped Fe®'), then S11 (titania
nanopower), S16 (titania doped La*"), A, A-Fe and P-25;

3. Catalyst concentration of 0.20: The best MO growth at the
catalyst concentration of 0.20 g/L is obtained for the samples
in this order: S24, then S16, S11, A-Fe, A, and P-25;

4. Catalyst concentration of 0.25: The best MO growth at the
catalyst concentration of 0.25 g/L is obtained for the samples
in this order: S11, then S24, S16, A, A-Fe, and P-25.

Based on these results from Table 13 to Table 16, it can be
concluded that the optical density drops between 26 and 27 hours after
the start of the experiment, i.e. between 6 and 7 after adding the MO for
all concentrations, there was a decrease in optical density in all samples.
Nevertheless, S11, S16 and S24 samples showed tendencies for growth
after this fall, which suggests that these samples represent suitable
catalysts for the coupled photocatalytic-microbiological experiment. The
catalyst-reagent system of TiO,-FeCl; in the ratio of 1:1 achieved very
similar results for the 0.20 mg/L catalyst concentration. The best MO
growth was obtained in S16 for the 0.25 mg/L catalyst concentration.

Also, S11, S16 and S24 samples showed the same tendency in
contrast to the other catalysts used in which optical density increased
during the entire experiment of 0.25 mg /L. Therefore, the best
antimicrobial activity is obtained in S24 sample; it has also been shown
that 0.25 mg/L could be toxic for microorganisms, and our subsequent
research using more sophisticated instrumental techniques can confirm
it.

Correlation between the results

Correlating the parameters of the sol-gel synthesis process with the
resulting properties of nanostructure systems is necessary for the
understanding and systematic control of the nanomaterial properties and
their quality. Namely, the control of particle size distribution and
aggregate structure is the key criterion for product quality. This section
describes the influence of the variation of some synthesis parameters on
the change in the structural properties of the obtained anatase
nanoparticles, examined by XRD, Raman spectroscopy and the BET
analysis of their photocatalytic and microbiological activity. Both XRD and
Raman spectroscopy could enable more precise determination of the
average particle size, compared to AFM measurements (Golubovi¢ et al,
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2009a). In the obtained AFM images, it was not possible to detect subtle
variations in the particle size, of the order of few nanometers.

The presented results and the results reported earlier by Golubovic
et al (Golubovi¢ et al, 2009a) have shown that the properties of TiO,
nanoparticles depend on a few parameters of the sol-gel synthesis
process. The nanoparticles size and content of brookite in the produced
nanoparticles are the result of a subtle interplay between many synthesis
parameters such as the type of the precursor, the temperature and the
heating rate of the calcination process and the pH value of the
hydrothermal solution. It is important to be able to investigate partial
influence of the parameters on the efficiency of catalysts.

The influence of the calcination temperature on the anatase
nanoparticles size, as reported by Gouadec et al (Gouadec et al, 2007),
Bersani et al (Bersani et al, 1998) and Golubovic et al (Golubovi¢ et al,
2009a), shows a tendency of the particle size to increase with an
increase in calcination temperature. When all other synthesis parameters
are fixed, a higher calcination temperature leads to the formation of
larger nanoparticles, as shown by Golubovic et al. (Golubovi¢ et al,
2009a). This is confirmed by our results shown in Table 3 and Table 7.

The pH value shown can influence significantly the polymorphous
structure of TiO, nanopowders: low and neutral pH values result in the
production of TiO, nanopowders containing brookite and sometimes
rutile, while the alkali solution with a high pH value leads to the formation
of anatase nanoparticles with high stability during calcination (Ovenstone
& Yanagisawa, 1999). The pH value was set to 9.3 for the synthesis of
titania nanoparticles, pure and dopants. Based on the data shown in
Table 3, It seems that the alkali pH value is not high enough to avoid the
formation of brookite from the TiCl, precursor although the literature
suggested (Pottier, a. et al. 2001) that brookite phase was observed only
in acidic solutions.

Therefore, we fixed the parameters, such as the pH value at 9.3, in
order to obtain a single-digit result of the influence of the key parameters
on the catalytic efficiency and the microbial activity and inactivity, i.e. its
dependence on the dopant concentration, calcination duration,
calcination temperature and their free surface of the mesoporous catalyst
(Sget). Our results showed that the values of Sger in the La-doped
samples (S18 and S28), 79 and 84 m?g™, respectively, are higher than
those in pure TiO, nanoparticle samples (S05, S06 and S11), 17, 51 and
58 m?g”", respectively. It explains the best photocatalytic activity of S28
sample in Table 8. It explains that the particle size and its free surface
are the key factor for photocatalytic and antimicrobial activities. The best
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performance of S111 sample in all experiments is shown from Figure 9 to
Figure 12, as a comparison between S18 and S111 samples. When we
compare S93 and S96 samples (Table 10) synthetized using different
duration times (7 and 24 h, respectively), our results show different
degradation rate forthe TiO, doped with V3" of 10.0 wt. %, which can be
explained by the anomalies in the behavior of the photocatalyst
synthetized at higher calcination temperature. We expected that S96
sample would have higher activity than S93 sample due to its heating
rates during the calcination process (135 and 67.5°C/h, respectively). If
we compare our results from the preliminary study reported earlier
(Kuburovic et al, 2009) with the results from Table 8 to Table 10, a higher
degradation rate with a lower catalyst concentration loading can be
explained with a synergetic influence of the aerobic condition effect and a

slightly higher temperature (AT :5°C) in the photocatalytic activity

experiments. In addition, the photocatalytic and photothermolytic effects
on the degradation of MTBE in water should be considered at elevated
temperatures in aerobic conditions. The further detailed research will
explain the impact of values of the parameters of different processes in
order to obtain the optimum values for the parameters for photocatalytic,
microbiological and their antimicrobial activities.

Conclusion

Mesoporous pure as well as La, Fe and V-doped titanium (IV) oxide
nanoparticle photo catalysts prepared by the sol-gel method have been
extensively characterized by various sophisticated techniques and their
photocatalytic and antimicrobial activities tested. The photocatalytic
activity, microbiological activity and inactivity in the bath slurry-catalyst
circular photoreactor were researched in detail and gave us the
directions for a further study of titania-based catalysts.

We investigated the photocatalytic activity of titania doped with
different concentrations of lanthanum. It was shown that the best
photocatalytic efficiency was obtained with TiO, doped with La®*" of 1 wt.
% for 45 minutes, but the fastest drop in the polluted MTBE concentration
in the water solution was achieved by TiO, doped with La®* of 3 wt. %.
These results also showed the fastest drop during the photocatalytic
degradation of MTBE in the water solution in S93 sample (TiO, doped
with V** of 10.0 wt. %), and then in 28 sample (TiO, doped with La*" of
1.0 wt. %) for 45 minutes. Our results also show different degradation
rates for TiO, doped with V¥ of 10.0 wt. %, S93 and S96 samples
synthetized with different duration times (7 and 24 h, respectively) and
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calcination heating rates (66.7 and 135°C/h, respectively), which can
explain their anomalous behavior. The best photocatalytic efficiency is
achieved with S111 sample, which can be explained by its drastically
improved adsorption and superior activity of the Fe-dopant of titania
nanoparticles owing to its unique half-filled electronic configuration and
shallow trapping compared to other metal dopants tested in our study.
Our results showed that the best coupled photocatalytic-
microbiological properties are achieved when we use direct ultraviolet
radiation simulated with the sodium lamp SONT UV400 with the initial
concentration of 0.75 g/L Degussa P-25°TiO, nanopowder for 60 and
150 minutes. These results show that TiO, and direct ultraviolet radiation
simulated with the sodium lamp SONT UV400 in lab conditions and
titania in the concentration of 1.0 g/L have the effect of inactivating and
killing microorganisms. The optical density results have proven this
assertion by measuring the microbial activity and inactivity in the coupled
photocatalytic-microbiological experiment. We also studied the
antimicrobial activity of Pseudomonas aeruginosa strain DV 2739 which
was seeded with different concentrations of MTBE and catalysts. The
biggest Pseudomonas aeruginosa strain DV 2739 growth was obtained
with a high MTBE concentration of 1.5 ml/L. The Fenton reagent and the
catalyst-reagent system of TiO, and FeCl; in the ratio of 1:1 have a
stimulation effect on the growth of microorganisms. Finally, the best
microbiological growth was achieved with the catalyst-reagent system of
TiO, and FeCl; in the ratio of 1:1, which can be explained by the coupled
stimulation influence of the Fenton reagent and anatase titania
nanopowder in equal portions. It is the best nutrition for bacteria and their
growth in our experiment. In accordance with the results in the previous
experiment, we expected that the TiO, nanoparticles doped with Fe** can
give the best growth of microorganisms. It was the reason for the
research and testing different concentrations of TiO, nanoparticle
catalysts carried out in another experiment in order to obtain the optimum
concentration and type of catalyst for antimicrobial activity, as well as the
limits which microorganisms can reach to give them the best
performance for the coupled photocatalytic-microbiological experiments.
Based on these results, it can be determined that the optical density
drops between 26 and 27 hours after the start of the experiment, i.e.
between 6 and 7 after adding the MO. For all concentrations, there was a
decrease in optical density in all samples. Nevertheless, S11, S16 and
S24 samples showed tendencies for growth after this fall, which suggests
that these samples represent suitable catalysts for coupled
photocatalytic-microbiological experiments. The catalyst-reagent system
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of TiO,-FeCl; in the ratio of 1:1 achieved very similar results for the
catalyst concentration of 0.20 mg/L. The best MO growth was obtained in
S16 for 0.25 mg/L catalyst concentration. So, the best antimicrobial
activity was obtained in S24 sample; it was also shown that 0.25 mg/L
could be toxic for microorganisms, and our subsequent research using
more sophisticated instrumental techniques can confirm it. The results
showed that the effect of the optical density concentration and the MO
growth is in a direct correlation with the structure of TiO, nanoparticle
catalyst and the doper metal type.

Our results of the superior Fe-dopant characteristics together with the
theoretical knowledge on TiO, nanoparticles doped with Ag (van Grieken
et al, 2009), (Ménesi et al, 2009), Au (Huang et al, 2006) and Fe (Flak et
al, 2015) give us directions for further studies of their photocatalytic and
antimicrobial activities, as well as for the development of TiO,-
nanoparticles and nanotubes for enhancing antibiotics and their use in
the cancer treatment. Finally, in our further studies, we will research in
detail the impact of different values of the parameters of different
processes such as irradiance wavelength, light penetration and
irradiance intensity, Influence of temperature, substrate concentration
and chemical characteristics, retention time, flow, temperature and pH
value, initial concentration of the compound and the catalyst, dissolved
oxygen, optimal areas of wavelength radiation for individual phases
decomposition process, absorption and selective absorption, etc. in order
to obtain the optimum values for the parameters for photocatalytic,
microbiological and antimicrobial activities, as well as their synergetic
effects for their environmental and biomedical applications in real
conditions. All this will ultimately explain the mechanisms of these
processes.
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PA3PABOTKA HOBbIX YMHbIX METAJITTMHECKNX
HAHOMATEPWANIOB HA OCHOBE [OWOKCUMOA TWUTAHA [JIA
SOTOKATAIIMTUHECKON N AHTUMNKPOBHOW AKTUBHOCTEN

Hamawa [. KyGyposuu?, Anekcandp B. Fony6osnd®,

JunsHa M. BabuHues®

@ Eco Energy Engineering & Consulting, r. Benrpag, Pecny6nuka Cep6us
Benrpagckuin yHusepcuteT, MHCTUTYT buanyeckux nccrnegoBaHun,
OTpeneHne hu1anku TBEPOOro Tena 1 HOBbIX MaTepuaros,
r. benrpag, Pecnybnvka Cepbus

® YHusepcuTeT B r.MpuwtuHa, PakynbTeT TEXHUYECKMX Hayk,
r.Kocoscka Mutposuua, Pecnybnumka Cepbus

OBNACTb: xumu4yeckas MHXeHepus 1 MaTepuanoBeneHe,
KaTanMTuyeckme npoLecchl U KOMMNO3ULMOHHbIE MaTepuarbl

BWO CTATbW: opuruHanbHas Hay4Has ctaTbs

A3bIK CTATbW: aHrnuickmin

Pe3swome:

[Mpedmemom 0aHHO20 uccrnedosaHusi sernsiromcsi CUHMeE3,
Kraccugbukayusi U UucribimaHusi HaHoYacmuuy, mumada (I\/) okcuda (TiOy-
HY-a) u neauposanrusi naHmaHa (La3+), xernesa (Fe3+) u saHadus (V3+)
Onsi homokamanumu4yeckol u Mukpobuorioaudyeckol akmueHocmel, a
makKe cpasHeHUe C Kamanumu4yecKuM akmugHocCmuma UCrbIMaHHbIMU
8 Kommepuyeckux uensx TiO2 (P25, Degussa® u HaHoYacmuy aHamasa,
yucmombi  99,9%, komnaHuel  Alfa Aesar u3  JlaHkacmepa).
Haroyacmuupi duokcuda mumaHa bblriu CUHMEe3UpPo8aHbi U 1le2Upo8aHhb!
C pasfuyHoU KOHUeHmpauuel Memarsnnuyeckux 0onaHmos, npu
pasnuyHoll npodormkumensHoCcmu ripouecca npokasnusaHusi: TiO2-HY
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(aHamas-HY, epems npouecca npokanueaHusi 5 u 7 yacos), La3+ (0.65,
1, 2, 3, 4, 5 u 6 sec. %, NpodormKUMenLHOCMb rpoKanueaHusi 7 4yacos),
Fe3+ (1, 2,5, 3,0 u 5 sec. %, npodomkumenbHOCMb rpoKanueaHusi 7 u 24
yaca) u V3+ (10 sec. %, npodomkumenbHoCMb rpokanueaHusi 7 u 24
vaca). LLimamm ,Pseudomonas aeruginosa DV 2739“ ucnonb3osaH 8
Kayecmee  MOOe/U  MUKPOOP2aHU3MO8 8  MUKPOBUOI02UHECKUX
aKcriepuMeHmax, rnpoeedeHHbIX 8 MUKpobuoiozuyeckol riabopamopuul.
CoemecmHsbIli  npouecc ¢homokamarnuyeckux U MUKPOBUOIO2UHYEeCKUX
ucrbimarull aKcriepuMeHma rnpoe8oousiCsl 8 Kamasiu3amopHOU 8aHHE rpu
MPSIMOM  KOHUEHMPUPOBAHHOM  yiIbmpachuoriemosom  U3fyHeHuUU om
Hampueeol namrbl SONT UV 400, cumynupyrowel COHe4YHoe
usnydeHue. UccredosaHue rokasano, 4mo obpa3sely kKamasnuzamopa
C28, La-neaupyroweli npumecu ¢ KoHueHmpauued 1 eec. %, obnadaem
SlyqwiumMu - ghomokamanumu4yeckumMu  ceolicmeamu 10 CPaBHEHUD C
Opyeumu  La-OonaHmamu, 8 mo 8pewms, Kak  nydwasi
gomokamanumuyeckasi akmueHocme bbiria docmuzHyma e obpa3sue
S111, Fe-neaupyroweli npumecu Ouokcuda mumaHa (5 eec.%,
rpodormkumernibHOCMb  MpoKanueaHusi — cocmaernsgem 7 4acos).
Pe3ynbmamel Haweao uccriedo8aHusi makxe rokasanu pasudyHyto
cmeneHb Oegpadauyuu rnpu  npumeHeHuu V-OonaHma TiO, ¢
KoHyeHmpauuet 10 sec.% obpa3subi C93 u C96 bbinu cCUHMe3UpPo8aHsb!
npu pasnu4Hol npodormkumenbHocmu rpokasnueaHusi (67.5 u 135 oC/,
r1oo4YepedHo), Ymo MOXHO cHumame aHomanuel 6 ux rosedeHuu. U
HaKoHey, fyqwasi aHmuMUKpobHasi akmueHOCMb rorflydeHa 68 obpasue
CS24, Fe-neaupyrowjed npumecu, komopasi rnokasarna, ymo 0,25 ma/n
67159€emCsl MOKCUYHbIM 0711 MUKPOOopaaHu3mMos. Pesyrnbmambi Hauwezo
uccrnedogaHuss O PEUMYUECMBEHHbIX  XapaKmepucmukax Fe-
neaupyrowieli MpuMecuU U MmeopemuvyecKue 3HaHus O HaHoYacmuuax
TiO2, nezuposaHHbix Ag, Au u Fe, 6e3ycrioeHo obriecyam
uccrnedosamernsim OarnbHelwyro pabomy 8 u3yyeHuu
ghomokamanumu4eckol U aHMUMUKPOBHOU akmueHocmel, a makxke
passumusi HaHodacmuy, TiO2 u HaHOMpPybOK, C UESIbK  YCUeHUs
Oelicmeusi aHMUOUOMUKO8 U UX [PUMEHEHUsI rpu  JiedeHuU
OHKOJs102U4ecKux 3abornesaHud.

Knrouesbie cnosa:  duokcud mumaHa, TiO2-HaHoyacmuupl, TiO2
neauposanHbie La®, Fe** u V**, npodomkumensHocms npokanusaHus,
wrtammbl Pseudomonas aeruginosa DV 2739 u ATCC 9023,
ghomokamanumudeckasl aKmueHoCcmb, aHMUMUKpobHasi
aKmueHoCMkb.

833

Kuburovi¢, N. et al, Development of new smart metal nanomaterials based on titanium-dioxide for photocatalytic and antimicrobial activities pp.771-835



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 4

PA3BOJ HOBUX NMAMETHUX METAINMHNX HAHOMATEPWUJAJIA HA
BA3N  TUTAHWIYM-ONOKCUOA 3A ODOTOKATAIINTUYKY WU
AHTUMWKPOBHY AKTVMBHOCT

Hamawa [. Ky6yposuh®, Anexcandap B. Fony603mh6,
JburbaHa M. BabuHues®
@ Eco Energy Engineering & Consulting, Beorpag, Peny6nuka Cp6uja
6YHMBepsMTeT y Beorpagy, UHcTuTyT 3a domnsmky, LleHTap 3a dmsmky uspcror
cTawa 1 HoBe MmaTepujane, beorpag, Penybnuka Cpbuja
® YHuBepauteT y MpUiLTuHM, GakynteT TEXHUYKMX HaykKa,
KocoBscka Mutposuua, Penybnvka Cpbuja

OBNACT: xeMujcko MHXEHEPCTBO N UHXEHEPCTBO MaTepujana,
KaTanuTUyK1 NPOLEeCcH 1 KOMMO3UTHU MaTepujanu

BPCTA YJTAHKA: opyrHanHu Hay4Hu YnaHak

JESNK YJTAHKA: eHrneckm

Caxemak:

lMpedmem oee cmyduje buna je cuHmesa, Kapakmepusauyuja u
mecmupare HaHodyecmuua mumarujym (IV) okcuda (TiOxr-HY-a) u
UX08UX doraHama naHmana (La>*), eeoxha (Fe’+) u eanadujyma (V')
3a (homokamanumuyKy U MUKPOBUOIOWKY aKmueHOCT, Kao U HUXO080
rnopehewe ca KamanuMUYKuM — aKmueHoCcmuMma  mecmupaHux
komepuyujanHux TiO, (Jeayca [1-25° u HaHoyecmuua aHamaca, yucmohe
99,9%, Anga Aecap u3 JlaHkecmepa). TumaHujym-duokcud
HaHoyYecmuue cy cuHmemu3ogaHe U OonupaHe  pPasIuUYUMUM
KOHUeHmpauyujama memarsnHux dornaHama, moKoM pasudumoa mpajar-a
kanuyurnayuje, kao wmo cy: TiOxHlNc (aHamac-Hllc, epeme mpajar-a
KkanuuHauuje 0d 5 u 7 h), La>* (0.65, 1, 2, 3, 4, 5 u 6 mexuHckux %, ca
mpajarbeM KanyuHayuje od 7 h), Fe** (1, 2,6, 3,0 u 5 mexuHckux %, ca
mpajarbemM KanyuHauuje o0 7 i 24 h) u Vet (10 mexuHckux %, ca
mpajarbem KanyuHauuje o0 7 u 24 h). Cojesu ,,Pseudomonas aeruginosa
DV 2739 u ATCC 9023” kopuwheHu cy kao MoOesl MUKpoopeaHu3ama y
MuKpobuosiowkom Oefly ekcriepuMeHama Koju cy u3gedeHu y
MUKpOBUOTIOWKOM  KabuHemy. 3ajedHudku  ¢homokamanumuyku U
MUKPOOBUOITIOWKU rpoyecu u3sedeHuU cy y UUPKYyrapHoOM ¢bomopeakmopy
ca eMyrneogaHUM KamarnusamopoMm y rpucycmey OupekmHoz YB
3paverba cumynupaHoe Hampujymoeom samrom L,SONT UV400’.
Cmyduja je nokasana Oa y3opak Kamanuzamopa C28, Jla-OonaHma ca
KOHUeHmpauujom 00 jeOHo2 mexuHckoe %, rokasyje Hajbéorbe
gomokamarnumuyke ocobuHe 00 ceux La-OonaHama, anu Hajéosby
ghomokamanumuy4Ky akmueHocm 00 C8ux Kamarsu3amopa rnocmuzgHym je
k0od C111 y3opka, Fe-OonaHma (5 mexXuHCcKux %, mpajaHje KanyuHayuje
00 7 h). Hawu pe3ynmamu makohe moka3yjy pasiu4umu cmerneH
Oeepadauyuje kada je kopuwheH V-donaHm TiO, y koHueHmpauuju 00 10
mexuHckux %, ysopuu C93 u C96, cuHmemucaHu ca pasnuqumum
mpajareM KanuuHauuje (7 u 24 h) u 6p3uHoM 3azpesar-a MOKOM
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KanyuHayuje (67,5 i 135 oC/h, pedom), wmo ce Moxe objacHumu
aHomMarsujoM y HUX080M roHawaky. KoHayHo, Hajborba aHmuMUuKpobHa
akmueHocm 0obujeHa je kopuliherem y3opka S24, Fe-OonaHma, Koju je
nokasao O0a KoHueHmpauuja o0 0,25 mg/L moxe bumu moOKcu4yHa 3a
MUKpoOpeaHusme. Y cknady ca Hawum pesynimamuma CyrnepuopHUX
Kapakmepucmuka Fe-0onaHma u meopujcKux 3Harba 3a HaHo4Yecmuue
TiO, donupaHux Ag, Au u Fe, dowrno ce 0o cmepHuua 3a Oarba
ucmpaxuearba HUX08e  homokamanumuyke U  aHMUMUKPOBHe
aKmueHoCmu, Kao U 3a pa3soj mumaHujym-0uoKcud HaHodecmuuya u
HaHomyba 3a yHarnpehewe aHmubuomuka u HUxo8y yriompeby y
Jieqerby paka.

Kbyuyne peuu: mumanujym-0uokcud, TiO,-HaHoyecmuue, TiO,
donupax ca La*, Fe** u V*, mpajame kanyuHauuje, Cojesu
Pseudomonas  aeruginosa DV 2739 u ATCC 9023,
¢homokamanumuyka akmueHocm, aHmumMukpobHa akmugHocm.
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