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Abstract
This work aimed to investigate the influence of modified titanium(IV) oxide by different ORIGINAL SCIENTIFIC PAPER
nanosized particles on photocatalytic capacity to decompose the chosen organic pollutant
under simulated sunlight. For that purpose, rutile-phased titanium(IV) oxide (r-TiO;) was
decorated with iron vanadate (FeVOa./r-TiO;) and vanadium-substituted goethite
(Fe1xVxOOH/r-TiO,). The obtained composites were characterized by field emission scanning Hem. Ind. 78(3) 227-240 (2024)
electron microscopy, energy-dispersive X-ray spectroscopy, X ray powder diffraction,
Brunauer-Emmett-Teller, Fourier transform infrared spectroscopy —attenuated total reflec-
tance and ultraviolet—visible diffuse reflectance spectroscopy techniques. Both synthesized
photocatalysts showed higher photoactivity than the base r-TiO; for the degradation of the
target contaminant - thiophanate-methyl (2.5 h vs. 5 h). During the tests, parameters like
the irradiation time, catalysts amount, and pesticide concentration were systematically
investigated. Furthermore, photocatalysts were applied in multicycle degradation tests for
examining their effectiveness during exploitation time. Monitoring of the removal rate was
performed both by UV/visible spectrometry and high-performance liquid chromatography
(HPLC). In order to prove completion of fungicide degradation chemical oxygen demand was
measured in the course of the photocatalytic experiment. The final concentration of the
observed contaminant in treated samples was under the prescribed legislative level. The
fabricated materials displayed great reliability, durability and photocatalytic activity repre-
senting good potentials for implementing this process in real wastewater treatment plants.
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1. INTRODUCTION

Contamination of the environment with different classes of organic pollutants is constantly increasing [1,2]. Several
types of pesticides were employed as agents in agriculture production and preservation[3-5]. One of them is
thiophanate-methyl, a fungicide with immense usage predominantly in the area of inhibition of fungal growth and
extension of the productlife. The induced negative side effectson public health and non-target organisms presentedin
previous investigations[6-8] made this fungicide forbidden by the legislative [9]. However, it can be still found on the
market, and it has been also detected in water sources [10].

Treatment of pesticide-contaminated waters originating from industrial plants or agricultural fields can be
performed in many ways [11,12]. The most promising techniques nowadays are advanced oxidative processes (AOPs),
where photocatalysis has almost a mandatory role. Different organic and inorganic-based materials are utilized as
photocatalysts with the aim to promote the decomposition of various pollutants [13,14]. Rapid production of complex,
persistent organic hazardous chemicals has caused an increased demand for enhanced photosensitive materials that
can catalyze pollutant decomposition over their surfaces. A predominantly used photocatalyst isTiO 2, with its structural
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modifications [15]. These catalysts provide outstanding potentials for boosting the degradation of organic pollutants in
wastewater due to their good physicochemical properties [16].

Heterojuncted materials exhibit exceptional performances as a faster electron/hole separation, great stability,
decreased degradation time and lower band gap energy [17,18]. Transition metal oxides contain smaller band gaps,
such as vanadium compounds, which can be combined with TiO; to create a heterojunction complex. Progress in charge
carrier separation can be achieved by minimizing recombination throughout photocatalysis [19]. Recently, iron
vanadate was usedin the sphere of electrocatalysis, photoluminescence, optical and humidity sensors, etc. [20]. It was
found that FeVOs4 doping with different transition metal cations and commercial TiO2 P25 truly improve material
properties [21,22]. Hence, it is anticipated that adding FeVO4 to rutile TiO2 will enhance the stability and selectivity of
such a novel catalyst. On the other hand, vanadium-substituted goethite (Fe1-xVxOOH) appears as a promising adsorbent
in wastewater treatment, but it was not tested as a catalyst. A major disadvantage of application photocatalysis is the
price of prepared photocatalysts, mostly due to the usage of costly nanosized photocatalysts.

The purpose of this study was to investigate removal and degradation efficiency of the fungicide thiophanate -methyl
from water solutions by photocatalysis under simulated sunlight. Two newly fabricated photocatalysts based on
commercial r-TiO2, i.e. FeVOa/r-TiO2 and Fe1«VxOOH/r-TiO; were structurally analyzed and utilized comparatively as
photocatalysts. This study aims to propose the preparation of photoactive and low-cost rutile-based catalysts that
possess decent oxidation properties. From the literature review, the abovementioned composites were not yet
fabricated and applied in this way.

2. EXPERIMENTAL

2. 1. Materials

In order to develop photocatalysts, various chemicals were utilized. The surface of rutile -phased TiO2(r-TiO2, Sigma
Aldrich, Germany) was modified by the deposition of oxides and hydroxidesin the system water layer around r-TiO; and
non-solventmedium (xylene, 98 %, Zorka Pharma, Serbia) to perform effective deposition of iron vanadate (FeVO 4/r-TiO2)
and vanadium-substituted goethite (Fe1-xVxOOH/r-TiO,). Pesticide thiophanate-methyl - TPM (purity > 95 %) was acquired
from Agrosava, Serbia. Hence, the used chemicals for surface modification were: Fe(NO3)3x 9H,0 (p. a. Fisher, UK),
NH4VO3(p. a. Merck, Germany), VCls (p. a. Sigma Aldrich, Germany), ethanol (96 %, Reahem, Serbia), KOH (p. a. Zorka,
Serbia). All solutions were prepared with deionized water (18.2 MQ cm).

The surfaces of both catalysts were enriched to approximately 5 wt.% of FeVO4and Fe1xVxOOH regarding the initial
r-TiO2 mass.

2. 2. Synthesis of FeVO4/r-TiO2

In a 50 cm?3 three-necked pyrex flask, equipped with a refluxed condenser, thermometer and air inlet tube, 2.00 g
r-TiO2 and 0.0753 g NH4VO3 were added and mixed in 4.00 mL of deionized water. The prepared pasty suspension was
overlaid with 12.00 mL of xylene and heated at 70 °C for 1 h. Subsequently, 2 mL of Fe(NO3)3x9H,0 (m = 0.2602 g)
solution was added dropwise to the solution and heated at 70 °C for 1 h without mixing. Thereafter, the obtained
composite was rinsed with deionized water and ethanol (2 times), centrifuged, and dried for 6 h. In the last step, the
composite was annealed at 520 °C for 4 h.

2. 3. Synthesis of Fe1.xVxOOH/r-TiO2

r-TiO2 powder (2.00 g) and 10.00 mL of xylene were added in a 50 mL three-necked flask. Then, a water solution of
0.7503 g of VClz and 0.4289 g Fe(NO3)3x9H,0 were added together with 2.50 mL of deionized water. The solution was
mixed for 1 h at 70 °C. After 1 h, 1.5 mL of a 15 M solution of KOH was added and stirred for an additional hour. The
prepared solution was stored in the dark for 15 days to obtain particles with smaller diameters (in contrast to 48 days
according to Schwertman & Cornell [23]). Lastly, the stored solution was rinsed with ethanol and deionized water until
negative chloride reaction and dried for 2 h at 60 °C.
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2. 4. Structural characterization of prepared composites

Presence of crystalline phases in commercial and two modified materials was determined based on measurements
using SmartLab Rigaku powder diffractometer (Rigaku, Japan) that works on the principle of Bragg-Brentano geometry,
using an X-ray tube with a copper anticathode, i.e. using CuKa radiation of wavelength A =0.154178 nm. The voltage on
the X-ray tube was 40 kV, and the currentwas 30 mA. Measurements were made in the range of diffraction angles 2
from 10 to 80° with a step of 0.02° and a measurement speed of 1° min-. The Brunauer-Emmett-Teller (BET) technique
was utilized to estimate the specific surface area of photocatalysts, by Micrometrics ASAP 2020 (Micromeritics
Instrument Corporation, USA). The identification of functional groups in base and modified materials was authenticated
by Fourier-transform infrared spectroscopy with Attenuated total reflection (ATR-FTIR) using Nicolet iS 10 FTIR
Spectrometer (ThermoFisher Scientific, USA). Spectra were collected in the range 4000 to 400 cm. Analysis of particle
surface morphology was examined by a Field Emission Scanning Electron Microscope (FE-SEM) TESCAN MIRA 3 (TESCAN
ORSAY HOLDING, a.s., Czech Republic). Mapping of photocatalyst surfaces was performed by FE-SEM JSM 7001F (Jeol,
Japan) coupled with an energy dispersive spectrometer (EDS) Xplore 15 (Oxford Instruments, UK) operated at
accelerating voltage of 20 kV, probe current of 10 nA in high vacuum mode (0.1 mPa). Optical properties of base and
fabricated composites were determined by UV-Vis diffuse reflectance spectroscopy (UV-DRS) (Shimadzu UV-Vis
UV-2600, Japan). Determination of band gap energies will give a better insight into photocatalytic activity.

2. 5. Photocatalytic tests

A water solution of thiophanate-methyl (TPM) was placed in a 200 mL cylindrically shaped quartz reactor together
with a photocatalyst at room temperature. The TPM solution (150 mL) and selected photocatalyst (67 mg L'1) was mixed
in the dark for 30 min at 200 rpm on a magnetic stirrer (IKA C-MAG HS7, IKA, China) with the aim to achieve adsorption-
desorption equilibrium among the prepared solution and chosen photocatalyst and the reactor was temperature
controlled by the feedback loop. Immediately afterward, the source of irradiation (Osram Vitalux, Germany, 300 W,
UVA:UVB =13.6:3) was placed 20 cmabove the solution level in the reactor and degradation was initiated. Light intensity
of the light source was determined previously [24].

Equation (1) was used to evaluate the degradation or pesticide removal (PR):

PR=5" 1100 (1)
C.

I
where ¢ and ¢f represent the initial and the final pesticide concentration, respectively. Furthermore, endurance and
efficiency of the fabricated materials were estimated in five consecutive cycles. Before each application, catalysts were
collected from the solution, rinsed and centrifuged with ethanol and deionized water.

The photocatalytical experiments were performed in triplicates, for attenuating measurement uncertainty.

2. 6. Analytical procedures

Monitoring of fungicide degradation was recorded by UV/Vis spectroscopy (Shimadzu 1800, Japan) and high
pressure liquid chromatography (HPLC) (Dionex UltiMate 3000 LC system, Thermo Fisher Scientific, USA with Zorbax
Eclipse XDB-C18, 250 x 4.6 mm (i.d.) x 5 um column, mix of methanol (25 %), acetonitrile (25 %) and water (50 %) as
eluent). Every 30 min up to 5 h water aliquots (3.00 mL) were sampled, filtered through a 0.25 um syringe filter and
placedinto a cuvette. Further, the kinetic rate constant (k) from all degradation reactions was determined together with
halftime periods (t1/2), by using the pseudo-first order kinetic model:

InSt =kt (2)
Ci

In2

_ 3
t, = p (3)

where ¢; and c¢; are the initial and the pesticide concentration at some time t, respectively. As a check-up, the concentrations were
also measured by HPLC.
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2. 7. Environmental impact

Evaluation of oxygen consumption of initial molecules and their fractions during the degradation process represents a necessary step
in the evaluation of the efficiency and eco-friendliness of the implemented treatment process. Chemical oxygen demand (COD) was
determined by the EPA [25] standard method. The obtained values were compared with those given in the legal regulations.

3. RESULTS AND DISCUSSION

3. 1. Structural characterization of prepared composites

SEM micrographs of all investigated photocatalysts are presented in Figure 1.

SEM HV: 20.0 kV ‘WD: 4.80 mm | 11 MIRA3 TESCAN SEMHV:20.0kV |  WD:4.86 mm | MIRA3 TESCAN  SEM HV: 20.0 kV WD: 479 mm | 11 MIRA3 TESCAN
View field: 1.90 ym | Det: In-Beam SE | 500 nm View field: 1.90 pm | Det: In-Beam SE | 500 nm View field: 1.90 ym | Det: in-Beam SE | 500 nm
SEM MAG: 100 kx  Date(midly): 11118/22 SEM MAG: 100 kx |Date{m/dly): 11/18/22 SEM MAG: 100 kx  Date{midly): 11118122

Figure 1. FE SEM micrographs of: a) r-TiO2, b)FeVO4/r-TiO; and c) Fe1xVxOOH/r-TiO: (scale bar = 500 nm)

Particles seen in Figure la present the base material which is consistent with the rutile phase TiO;. The particles
have smooth surfaces and uneven shape. The smallest particle diameter is about 0.5 um, while the largest length is
about 5 um (the data are provided by the manufacturer obtained from sieves analysis).

The material modified with FeVO4 (Fig. 1b) differs from the base one since the surface of rutile TiO» is decorated by
deposed particles (FeVO4). The iron vanadate particles are mostly rod-shaped (length x diameter = 200 nm x 50 nm) or
coerced nanoparticles (mostly cubic with edges = 50 nm) [26,27]. The presence of those particles contributes to a
negligible increase in the specific surface area (SSA) from 0.54 m2 g1 for r-TiO3, to 1.70 m2 g1 obtained for FeVOa4/r-TiO;.
as determined by the BET method.

The presence of V-substituted goethite on the surface of the sample (Fe1-xVxOOH) can be seen in Figure 1c. Those
particles are uniformly deposited and are in the shape of flakes, rarely found as sticks. All deposed particles exhibit pox -
like surfaces. A similar shape of fabricated oxyhydroxide particles is observed with other transition metals, as reported
in literature [28,29]. Dimension of deposited particles is in the range from 50 nm for single particles to 250 nm for
coerced flakes, while the sticks are 50 nm in diameter and up to 200 nm in length. The SSA of Fe 1-xVxOOH-modified
material is 1.82 m2 g1,

Surface mapping of fabricated materials is shown in Figures 2 and 3.

SEM-EDS analyses have shown four elements on the surfaces of the prepared photocatalysts. Oxygen, titanium, iron
and vanadium constitute both materials in different portions. The ratio of presented elements in Figure 2 are:
32.11wt.% Ti, 66.64 wt.% O, 0.79 wt.% Fe, 0.47 wt. % V, while in Figure 3are: 32.41 wt.% Ti, 66.35wt.% O, 1.06 wt.% Fe,
0.19 wt.% V. The distribution of mentioned elements in Figures 2 and 3 confirms that deposition of nanoparticles on
TiO2 surface is achieved. The calculations verified that the deposited amount of FeVO4 was 5.14 wt.% and Fe1xVxOOH
was 4.27 wt.%, from scans on Figures 2 and 3.
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Figure 2. EDS mapping of FeVO./r-TiO; surface (detector for Secondary Electron Imaging, Working Distance 4.80 mm)
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Figure 3. EDS mapping of Fe1xVxOOH/r-TiO: surface (detector for Secondary Electron Imaging, Working Distance 4.80 mm)
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The phase compositions of the base and prepared photocatalysts are shown in Figure 4.
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The base material (black line in Fig. 4) is mostly composed of rutile phase TiO; particles (observed peaks at 27.4,
36.1, 39.2,41.2, 44.0, 54.3, 56.6, 62.8, 64.0, 69.0 and 69.8°, PDF No. 03-065-0191) with the small amount of anatase
phase (most pronounce peak at 25.3°, PDF No. 01-086-1157). Both fabricated materials have similar peaks as the start
material. The XRPD pattern of Fe1xVxOOH/r-TiO2 (upper spectrumin Fig. 4) contains additional diffraction peaks at: 35.6°
that could be ascribed to maghemite (PDF No. 01-089-5892), 29.7° that could be ascribed to magnetite (PDF No. 01-
089-0951) and 30.8° that could be assigned to brookite (PDF No. 01-076-1934) [30]. The XRPD pattern of FeVOa4/r-TiO;
(middle spectrum Fig. 4) contains additional small peaks at 25.0 and 27.7° that belong to FeVO4 (PDF No. 00-038-1372)
[31] that coincides with the most intensive peak of anatase and rutile phase, respectively [32].

The FT-IR spectra of r-TiO2, FeVOa/ r-TiO2 and Fe1.xVxOOH/ r-TiO; particles are shown in Figure 5.
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Figure 5. ATR-FTIR spectra of r-TiOz(upper spectrum), FeVO4/ r-TiOz(middle spectrum) and Fe1xVxOOH/r-TiOz (bottom spectrum)

By observing the FTIR spectra of the two synthesized materials, several new peaks are found. Firstly, a broad peak
in a range from 930 to 890 cm- was attributed to V=0 and V-O-V coupled vibrations as well as the stretching of vanadyl
(V=0) bonds, respectively [31]. Due to intense Ti-O vibrations in r-TiO2, combined bridging and stretching of V-O-Fe were
overlapped [31]. According to the peak found at 505 cm1, V-O-V deformation vibration together with Fe-O stretching
modes is observed [33].

One of the parameters of utmost significance for improvement of photocatalytic activity is achievement of a lower
band gap energy (Egap). The quantity of deposited FeVO4 and Fe1-xVxOOH (~5 wt.%) and contact between phases caused
changes in the material electronic configuration. DRS and Tauc graphics for the two synthesized materials are presented
in Figure 6. Egap values were retrieved by Tauc plot, obtained by charting (F(R)hv)" vs. hv, where R is reflectance and F(R)
is the so-called remission or Kubelka-Munk function, n = 1/2.

The obtained band gap energies of all investigated materials are listed in ascending order: 2.68,2.87 and 3.03 eV for
Fe1xVxOOH/r-TiO, FeVO4/r-TiOz and r-TiO,, respectively. The determined Egp values indicate that the presence of
particles on the surfaces of rutile microparticles induces lowering the energy needed for excitation [34]. By decreasing
the energy gap in heterojuncted photocatalysts, the surface electron - hole transition is facilitated. This phenomenon
induces faster generation of oxidative species and decreases the degradation time.
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Figure 6. DRS and Tauc plots for FeVOa4/ r-TiO; and Fe1xVxOOH/r-TiO;
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3. 2. Photocatalytic assays

Process parameters have to be investigated prior to any possible application of a process on the pilot level. The
obtained results in essential tests in this area of engineering are presented in the following lines.

3. 2. 1. Photocatalyst mass

When the mass of the applied catalyst is considered, it should be taken into account that a higher mass does not
mean a better result within the observed system. Namely, when the amount of catalyst is very low, the total number of
active centerson the surface that could generate electron/hole pair (i.e. reactive radicals in solution which participate
in degradation of the present pollutant) is not sufficient to perform photodegradation at a satisfactory rate. On the
other hand, an excessive amount of catalyst leads to its potential coagulation and precipitation. In addition, a large
catalyst amount hinders penetration of radiation into the pollutant and catalyst solution suspension, thereby reducing
the efficiency of the process and the inevitable prolongation of the reaction. Effects of catalyst amount on photocatalytic
efficiency are shown in Figure 7.

As can be seen in Figure 7, the best results were obtained when the catalyst amount was 10 mg (150 mL)* (67 mg L
1). This dosage of catalyst (i.e. 67 mg L) was used in the following tests as the optimal for removal of TPM. In our
previous work (Jovanovic et al., 2023), a photolytic test was performed under the same experimental conditions (initial
TPM concentration and irradiation time)[35]. The findings indicated that the photolytic degrading efficiency was
extremely poor. Namely, the results demonstrated that photocatalytic rates for 5 and 10 mg L' of TPM was 33 and 23
times higher, respectively, then photolytic decomposition [35]. Furthermore, adsorption tests were conducted in dark,
by addition of the chosen photocatalyst in a TPM solution resulting in a slight decrease in the TPM concentration by a
maximum of 10 %. The obtained findings implied that adsorption is not the primary process during the complete
photocatalysis. Effectiveness of the interaction between TPM and photocatalyst significantly determines the further
reaction kinetic. Obviously, the additional obstacle is the cost of the used catalyst, and from that side itis necessary to
further optimize the process as much as possible.
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Figure 7. Impact of the catalystamounton the TPM removal efficiency (co=5 mg L, t = 150 min, 200 rpm; data are the average of n = 3)

3. 2. 2. Initial pollutant concentration

The second factor that directly affects the process rate is the initial TPM concentration. The influence of varied
concentrations of TPM on degradation profiles is shown in Figure 8. Low solubility of TPM in water (18.5 mg L1 at 20 °C)
defines the upper limit of the fungicide concentration [36]. By observing the TPM degradation curves in the initial
concentration range 1 to 15 mg L, it can be seen that degradation efficiency gradually decreases. This can be explained

by lower free spots on the catalyst surface for the generation of hydroxyl radicals.
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Figure 8. Influence of the initial TPM concentration on the degradation percentage (150 mL of suspension mixing at 200 rpm in the
dark for the first 30 min, after that mixing under irradiation using 0.067 g L r-TiO;)
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Complete degradation of TPM was accomplished in 5 h for the systems with the initial concentrations of 3 and
5 mg L1.At the lower initial concentration of 1 mg L-! even a shorter degradation time was obtained. Longer irradiation
times were necessary at higher TPM concentrations (10 and 15 mg L") to achieve the complete pollutant degradation.
It was decided that the optimal initial concentration for the photocatalytic probeswas 5 mg L1, and similar concen-
tration was also detected in riverside, as reported in literature [10].

The calculated values of reaction rate constant (k) and half-time (ti/2) for TPM degradation at different initial
concentrations are given in Table 1.

Table 1. Estimated kinetic rate constant (k) and degradation half-time (t1/,) for TPM

TPM concentration, mg L1 k+SE* /104 mint ti2 / min R2
1 59.4+3.5 117 0.963
3 45.613.5 152 0.939
5 35.9+2.4 193 0.950
10 29.7+1.4 233 0.964
15 18.6%£1.0 273 0.939

*SE - standard error; R? - coefficient of determination

Values of determined k and ti/2show reciprocal dependence on the TPM concentration. Kinetic curvesfor different
TPM concentrations are similarly shaped and follow the pseudo first rate order.From the experimental results can be
seen that it takes longer time for the first part of the reaction to take place (reduction of TPM concentration by 50 %),
which indicates the persistence of the fungicide.

3. 2. 3. Comparison of catalysts activities

The fabricated materials were utilized as photocatalysts with the aim to help in the degradation of the chosen
pollutant. Figure 9 depicts a comparison of photocatalysts efficiencies toward the decomposition of TPM in water
solution under simulated solar light.
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Figure 9. Photocatalytic activity of prepared materials and commercial r-TiO2 (150 mL of suspension mixing at 200 rpm in the dark
for the first 30 min, after that mixing under irradiation using 0.067 g L of the selected photocatalyst)

As can be observed, the Fe1«VxOOH-modified catalyst has shown the best performance. The base material r-TiO>
shows the weakest ability to advance photodegradation, which justifies the fact that further modification of the surface

235
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was necessary. Worse outcomes can be explained by the fact that TiO2 absorbs only in the UV area of radiation [37,38].
Contrarily, molecules of vanadium oxide and vanadium oxyhydroxide can be excited by solar radiation. This isthe reason
for better activity and lower degradation times in cases when this two photocatalysts were employed (FeVO4/r-TiO; and
Fe1xVxOOH/r-TiOy). Increased generation of photoactive species significantly impacted photocatalytic degradation, and
this could be another explanation for better catalytic performances of the fabricated materials. Furthermore, it is
necessary to put special effort into engineering of materials with the tunable gap energy, so that they can easily surpass
all barriers for better charge transfer [39]. Once again it was proven that the band gap energy plays a special role in the

field of radiation-assisted photocatalytic reactions.

3. 2. 4. Reusability

Efficiencies of materials in 5 consecutive exploited cycles are shown in Figure 10.
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Figure 10. Multicycle efficiencies of catalysts (corrm) = 5 mg L, catalyst amount = 0.067 g L, solution volume = 150 mL, 200 rpm,
the cycle time for each degradation experiment was set to 150 min)

A slightly lower reusability potential of FeVOa4/r-TiO2 with respect to Fe1.xVxOOH/r-TiO2 was obtained, while the
lowest was obtained for r-TiO,. The gradual decrease of degradation power of all materials could be explained by the
fact that some active sites lose their ability to generate oxidative speciesduring the next cycles. Furthermore, possible
reason can be infinitesimal peeling of the photocatalysts surface layer [40]. Also, another explanation can be the
irreversible adsorption of whole or some TPM degradation products on the catalyst's surface. As a result, the
photocatalyst surface became partly covered with some degradation products, which reduced the ability to degrade
the target compound [41].The material with the least reduced catalytic activity was Fe 1-xVxOOH/r-TiO3.

3. 3. Chemical oxygen demand

Measuring of COD represents one of the key factors in determining whether wastewater can be discharged into a
recipient. The obtained results of COD under the optimized conditions are represented in Table 2 together with standard
deviation (SD) values.

The values of COD are constantly decreasing during the degradation time which is in accordance with degradation
kinetics (see 3.2.3. subchapter). Considering that the maximum permissible concentration of this pesticide in water is
not regulated, monitoring of COD is of crucial importance. The initial value was lowered more than 10 times for the
proposed irradiation period, and once again demonstrated the effectiveness of the fabricated composite.
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Table 2. Measured COD values for TPM solution obtained in the course of the photocatalytic degradation (co =5 mg L%, 0.067 g L
of Fe1xVxOOH/r-TiO;, COD data is the triplicate measurement average)

Time, min 0 30 60 90 120 150 180
COD, mglL? 1255 1100 1000 830 480 260 100
SD (COD), mg L 7.348 8.165 4.082 5.715 7.348 4.899 1.633

As mentioned before, the overall process has to be considered from the aspect of material costs on the global
market. Sustainability and possibility for practical application highly depend on all process costs. Prices for chosen micro-
and nanosized compounds for the synthesis of photocatalysts are shown in Table 3.

Table 3. Comparison of prices for commercially available compounds for synthesis of photocatalysts [42]

Compound Price of microsize, € per 100 g Price of nanosize, € per 100 g
r, a-TiO2 - 316.00
r-TiO» 145.00 261.00
a-TiO, 32.30 476.00
Zn0 15.50 253.20
CdS 105.20 -
MoS> 73.00 2230.00
WO3 1180.00 2610.00

It is clear that materials in the form of nanosized particles are more expensive than the microsized ones. That is the
main reason for possible use of microsize photocatalyst based on r-TiO». Also, high abundance and availability of this
material in nature together with good performances make rutile-phased TiO; a simple choice. Modified TiO2-based
composites are not much more expensive. Costs of auxiliary chemicals are: Fe(NO3)3x9H,0 (49.00 € for 100 g), VCl3
(502 € for 100g), NH4VO3(48.00 € for 100 g), KOH (6.10 € for 100 g). Bearing in mind that the deposited amount
ofFeVOasor Fe1.xVxOOHis up to 10 wt.% and considering the molar ratio of mentioned reagents during the preparation
of the catalyst, the justification of the synthesis of new catalysts can be confirmed.

4. CONCLUSION

Global pollution is a widespread problem with broad spectrum of negative influences on society. Wastewater
treatment in conventional processes often cannot solve the issue of pollutant removal on proper and sustainable way.
Therefore, oxidative processes such as photocatalysis are attracting more and more attention for applications in real
systems. From results obtained by detailed investigations in this study, the following outcomes can be drawn.

1. Structural methods for materials characterization prove successful and uniform deposition of FeVO 4 and Fe1-xVxOOH
onto r-TiOz surface up to 5.5 wt.%.

2. Nanosized particles significantly improved the oxidative abilities of the composite by reducing band gap energies
(2.68 and 2.87 eV for Fe1-xVxOOH/r-TiO2 and FeVOa4/r-TiOy, respectively).

3. The prepared photocatalysts have shown better photocatalytic performances toward TPM degradation subjected
to artificial sunlight irradiation (reduced degradation half time) than non-modified r-TiO2, and all processes follow
the pseudo-first rate order kinetics.

4. Determined optimal conditions for degradation reaction are 0.07 g L1 of catalyst and 5 mg L' of TPM water solution.

5. A slight decrease in the photocatalytic activity was observed during a 5-cycle exploitation, with the most stable
being Fe1-x\VxOOH/r-TiO;.

6. COD values implied that the proposed treatment was effective (more than 10 times decreased value, under the
legislation value).

Based on the described conclusions, it was shown that the fabricated composite photocatalysts are valuable to be
applied for TPM photodegradation. Future considerations should be focused on the scale up of the laboratory process
to the pilot level with feasibility studies.
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(Naucni rad)

Izvod

Ovaj rad ima za cilj da prikaze uticaj prisustva nanocCestica na povrsini titanijum (IV) oksida na
fotokataliticki kapacitet razlaganja prisutnog organskog polutanta pod dejstvom simulirane sunceve
svetlosti. U tu svrhu, povrsina rutil titanijum (IV) oksida (r-TiO,) dekorisana je Zelezo vanadatom
(FeVO4/r-TiO,) i vanadijumom supstituisanim getitom (Fe1xVxOOH/r-TiO,). Dobijeni kompoziti su
okarakterisani primenom skenirajuce elektronske mikroskopije u emisionom polju uz energetsku
disperzionu spektroskopiju, difrakcije X-zraka na sprasenim uzorcima, adsorpcijom azota na tacki
klju¢anja primenom Brunauer-Emet-Teler metodologije, infracrvene spektroskopije sa Furijeovom
transformacijom u modu smanjene totalne refleksije i spektroskopije difuzne refleksije ultraljubicasto-
vidljivog zracenja. Oba fotokatalizatora su pokazala veéu fotoaktivnost od komercijalnog r-TiO; za
degradaciju tiofanat-metila (2,5 h umesto 5 h). Tokom ispitivanja ispitivani su faktori kao $to su vreme
zratenja, koli¢ina katalizatora i koncentracija pesticida. Takode, fotokatalizatori su primenjeni u uza-
stopnim viseciklicnim testovima degradacije da bi se ispitala njihova efikasnost tokom duzeg vremena
eksploatacije. Pracenje brzine uklanjanja vreno je pomocu spektrometrije ultraljubicastog/vidljivog
zraCenja i te¢ne hromatografije visokih performansi. Pomoc¢ni alat za proveru potpunosti razgradnje
fungicida jeste odredivanje hemijske potrosnje kiseonika nakon svake faze tretmana. Koncentracija
posmatrane zagadujuce materije u tretiranim uzorcima je ispod propisanog zakonskog nivoa. Priprem-
ljeni materijali su pokazali veliku stabilnost, postojanost i fotokataliticku aktivnost Sto predstavlja dobru
0SNOVU za primenu ovog procesa u realnim postrojenjima za precis¢avanje otpadnih voda.
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