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Abstract: A new titanium/molybdenum /mixed-oxides (TMO) contact-type heterojunction photocat-
alyst was prepared by a simple, low-cost, and environmentally-friendly mixing-calcination solid-state
method. A microstructural investigation by scanning electron microscopy (SEM) showsirregularly
shaped agglomerated morphology of TMO that consists of firmly connected globular TiO, and rod-
like MoOj particles. The detailed structure and optical bandgap investigation by X-ray diffraction,
Raman, and UV-Vis spectroscopy revealed the TMO’s composition of ~37 wt.% rutile TiO,, ~25 wt.%
of anatase TiO,, and ~38 wt.% of molybdite MoOj3 phase and an absorption threshold of around
380 nm, which implies more probability of desirable higher visible light absorption. The removal
efficiency of pesticides quinmerac (QUI) and tembotrione (TEM), and pharmaceuticals metoprolol
(MET), amitriptyline (AMI), ciprofloxacin (CIP),and ceftriaxone (CEF) from water in the presence
of starting pure TiO,, MoO3, and prepared TMO were investigated under different pH values and
UV irradiation/simulated sunlight (SS). Each starting metal-oxide precursors and prepared TMO
showed a different affinity for adsorption of tested pesticides and pharmaceuticals, and, in general,
better photocatalytic degradation efficiency under UV irradiation than under simulated sunlight.
The highest photocatalytic degradation efficiency under UV irradiation was 81.6% for TEM using
TMO; using TiO, was 65.0% for AMI, and using MoO3 was 79.3% for CEF after 135 min. However,
TMO showed a very high synergic adsorption/photocatalytic under-SS efficiency in the removal
of CIP of almost 80% and under UV irradiation of 90% CIP removal after 75 min. The toxicity of
catalysts, starting compounds, and their intermediates formed during the removal process was
assessed using a rat hepatoma cell line (H-4-1I-E). The highest hepatotoxic effects were obtained by
using UV irradiated QUI and MET suspension with TMO for up to 60 min.

Keywords: titanium and molybdenum oxide; photocatalytic degradation; toxicity assessment;

environmental protection; pesticide and pharmaceutical water contaminants

1. Introduction

Despite a long-time awareness of increasing water pollution and a batch of more
or less efficient solutions for the purification of waters, it remains one of the biggest
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challenges of today’s environmental protection field [1]. The growing need for clean waters
just adds up more weight to this problem. The sources of water pollution are untreated
industrial and municipal wastewaters. Besides, the number of environmentally toxic
substances grows by the day. A variety of hazardous pollutants have been identified
in the aquatic environment, including pesticides, pharmacologically active compounds,
textile dyes, surfactants, and heavy metals [2,3]. Quinmerac (QUI) belongs to the class of
quinoline carboxylic acids, which are highly selective herbicides. QUI is quite effective in
controlling dicotyledonous weeds in sugar beet, oilseed rape, and wheat [4]. According to
the European Food Safety Authority, QUI exhibits high to very high mobility in soil and
is stable to hydrolysis over the pH range 5-9. It is degraded slowly under artificial light
simulating summer sunlight [5]. Tembotrione (TEM) is one of the 3-triketone pesticides
made by Bayer CropScience (Laudis®) and used in the early treatments of cornfields. As
a part of the benzoylcyclohexane-1,3-dione group, it prohibits the functionality of the
4-hydroxyphenyl pyruvate dioxygenase enzyme, which results in necrosis and death of
the target plants [6]. Due to its persistence in the environment, TEM can accumulate in
nature, which could lead to undesirable effects directly on aquatic and indirectly on other
organisms [7,8].Metoprolol (MET) is a medicament used for treating high blood pressure,
chest pain caused by poor blood flow to the heart, and several other conditions involving an
abnormally fast heart rate, and it is highly soluble in water, stable in aquatic solution, and as
such, has a detrimental impact on the environment. It has been detected in natural waters
at concentrations ranging from 3 ng/cm?® to 4.9 pg/cm? [9,10]. Based on the literature data,
direct photolysis is not an effective way to remove MET from water and one alternative
for its removal from water is the process of photocatalysis [11]. Amitriptyline (AMI) is
a tricyclic antidepressant from the class of dibenzocycloheptadiene, which is the most
commonly used in the treatment of depressive disorders, including clinical/endogenous
depression [12]. It has been detected in the environment in drinking water [13] and in
river water [14], as well as in the sludge remaining after treatment [15]. Ciprofloxacin (CIP)
and ceftriaxone (CEF) are antibiotics that belong to the fluoroquinolones [16,17] andthe
third generation of cephalosporins [18], respectively. Nowadays, these antibiotics are often
used when the body becomes immune to commonly used antibiotics such as amoxicillin
and penicillin. It was reported that CEF was detected in influent wastewater samples
with a concentration at 334 ug/ dm3 [19], in groundwater with concentrations at 58.3 and
59.5 ng/ dm? [20], and in wastewater with concentrations at 2.03 4 1.11 ug/ dm? [21].

Adsorption belongs to the conventional wastewaters treatment technologies that are
characterized by simplicity, low cost, and very high reliability and efficiency. However, in
some cases, certain drawbacks appear, like the transformation of pollutants from one phase
to another, slow kinetics, limited adsorption capacity, and the regeneration of adsorbing
materials, etc. [22]. Similarly, photocatalysis is considered an alternative, simple, cheap,
and environmentally friendly water purification treatment and has been the subject of
intensive research [23,24] for almost 40 years or so. Typically, photocatalysis implies the use
of semiconductor material as a catalyst to which surface the reactant species firstly need to
be adsorbed. Therefore, adsorption is also a very important step-process in photocatalysis,
and so, the adsorption ability of a photocatalyst directly affects the photocatalytic efficiency.
After the initial adsorption, the photocatalysis continues by the formation of the photo-
induced reactive species upon the absorption of photons of light with energy equal to or
greater than the used semiconductor catalyst’s bandgap [25]. If the separated electron-hole
pair, i.e., the created electrons in the conduction band and holes in the valence band of the
semiconductor catalyst, reaches the surface of the catalyst before its recombination, it gets
involved in the surface reactions with electron acceptors or donors from the surrounding
contaminated waters. The produced highly reactive oxygen species in the consequent chain
of reactions degrade the organic contaminants in water to less or completely harmless
compounds, usually in a very short time. The synergic use of all the advantages that both
technologies (adsorption and photocatalysis) possess often leads to much more economical,
efficient, and cleaner environmental protection water treatment.
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Metal-oxide semiconductors with a wide bandgap are usually used as photocatlysts
but only if activated by ultraviolet (UV) irradiation, like the most used TiO, (n-type
semiconductor with energy bandgap of 3.3-3.5 eV) that degrade various organics [26].
However, making stable, inexpensive semiconductor metal-oxide-based photocatalysts
with improved properties for efficient visible (Vis) light absorption would be the biggest
progress in this research field, as it contributes to greater practicality of the process and
more economical application. Constructing a phase junction between the two metal-oxide
semiconductors is one of the methods for effective improvement of the photocatalytic per-
formances of these materials under visible irradiation [27-29]. Calcination-induced phase
junctions are usually prepared in a step-by-step manner. The energy state of starting metal-
oxides changes by the temperature rise, which enables close contact-type heterostructure
formation, where the potential difference between the two types of starting metal-oxide
semiconductors accelerates and improves the photocatalytic reaction [30]. There are only a
few reports on TiO, coupling with MoOj3 (n-type semiconductor with an energy bandgap
of 2.9 eV) for heterojunction formation and improved photocatalysis [26,30,31].

Here, we present the (1) preparation procedure; (2) structure; (3) optical properties;
(4) efficiencies of a new TMO heterojunction photocatalyst, as well as the efficiencies of
starting pure TiO, and MoO3, in the degradation of potential contaminants of waters—
selected pesticides (QUI and TEM) and pharmaceuticals (MET, AMI, CIP, and CEF); and (5)
evaluation of cytotoxicity of catalysts, the starting compounds, and their reaction mixtures.

2. Results and Discussion
2.1. Structure, Morphology, and Optical Bandgap Characterization

Figure 1 shows the XRD pattern of the TMO, along with its Rietveld refinement.
The refined unit cell parameters are presented in Table 1. According to these results, the
prepared TMO is a powder mixture consisting of 36.8 wt.% of rutile TiO,, 24.6 wt.% of
anatase TiO,, and 38.6 wt.% of the molybdite MoOj3 phase. The average crystallite size of
both TiO,-type phases is almost the same (214 nm and 221 nm for rutile TiO, and anatase
TiO, phases, respectively) while the average crystallite size of the molybdite phase (MoO3)
is much higher (~1.5 um).
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Figure 1. XRD pattern (the empty red dots) of TMO along with the Rietveld refinement profile (the
solid black line) and the expected Bragg peak positions (the green, purple, and orange vertical bars) of
the present phases. The blue curve shows the difference between the experimental and fitted results.
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Table 1. Rietveld refinement results of the TMO.

Parameters TiO, Rutile TiO, Anatase MoOj3; Molybdite
Space group P4, /mnm (136) I41/amd (141) Pbnm (62)
% wt. 36.8 24.6 38.6
a(A) 4.5930 3.7841 3.9608
b (A) 4.5930 3.7841 13.8459
¢ (A) 2.9577 9.5084 3.6972
Cell volume (A%) 62.396 136.153 202.759
Crystallite size (nm) 214 221 1462
Strain (%) 0.003 0.086 0.042

Evaluation values !: Ryp = 9.73%; Rp =7.16%; Re = 4.15%; Chi"2 = 5.49.

1 Conventional Rietveld R-factors.

Figure 2 shows the Raman spectra of the starting powders and the multiple-magnified
(for a clearer comparison) Raman spectrum of the TMO (blue-solid line), inserted in
between those two. The TMO Raman spectrum confirms its mixed nature, as it shows
the modes of both precursor’s crystal structure vibrations, plus the vibration motions
of the rutile TiO, phase (P4, /mnm), which was formed during the annealing processing
step at 700 °C and, therefore, was present in the TMO, as the XRD confirmed. It is well-
known that the fine anatase TiO, powder of high purity shows phase transformation to
its rutile TiO, polymorph at temperatures starting from ~600 to 700 °C, depending on the
synthesis method applied [32]. The starting TiO, powder shows (Figure 2) the Raman
peaks assign to Eg (145 cm™), Eg (196 cm™), Big (395 cm™), Big/ A1 (516 cm™1), and
E, (639 cm™!) vibrations of the anatase TiO; crystal structure, as expected, which fits the
previous reports [33]. The Raman spectrum of the starting MoOs (Figure 2, red line) reports
a total of 18 peaksat 83 cm~!,98 cm~!,115cm ™!, 129 cm™ 1, 158 cm 1, 198 cm 1, 217 em ™},
246 cm !, 283 ecm™!, 292 em™1, 336 em ™1, 365 cm ™1, 379 cm !, 471 ecm !, 667 cm L,
745 cm~!, 819 cm~!, and 994 cm~! [34,35]. These peaks are predicted by the group theory
and assign to the 5Ag + 4B1g + 5Byg + 4B3; modes of the molybdite orthorhombic crystal
structure in the Pbnm space group [36]. All of these MoO3 vibration modes show also in
the TMO sample’s Raman spectrum together with the Raman modes of the anatase TiO,
structure. Additionally, the TMO’s Raman spectrum shows the Raman features of the
rutile TiO, structure as well. Those are the peaks marked with an asterisk in Figure 2 at
445 cm ! and 614 cm ! and are assigned to the E; and Ajzg vibration modes of the rutile
TiO;, structure, respectively [33].

Figure 3 shows the comparative SEM images of the starting anatase TiO, and MoOj3
and prepared TMO. Starting anatase TiO, particles have spherical shapes with an average
size of ~5 um, while starting MoOs particles show a plate-like morphology with much
bigger particle sizes (up to 50 um and more). The prepared TMO mixture consists of pear-
shaped agglomerates (Figure 3) of mixed morphology, with much smaller particle sizes than
the sizes of the starting precursor’s powders. Better insight into the TMO microstructures is
seen from Figure 4a, where the spherical particles with the sizes ~ 100 nm, are sort of glued
to much bigger-sized elongated rod-shaped structures. By comparing the morphology of
starting powders and the TMO, it is concluded that spherical smaller particles of TMO
belong to the TiO, phases, while elongated bigger particles belong to the MoOj3 phase.
These conclusions follow up the Rietveld refinement results shown before, where the
highest average crystallite sizes were calculated for the MoO3 phase. The elemental
analysis by EDS of TMO (Figure 4b) confirms the higher concentration of molybdenum
(Mo) in elongated particles (spectrums 1 and 2).
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Figure 2. Raman spectra of the starting powders of anatase TiO; (black line) and MoOj (red line)
and prepared TMO (blue line). The asterisk (*) shows the Eg and Ajg vibration modes of the rutile
TiO, structure.

15.0kv LEI  SEM

Figure 3. SEM images of starting (anatase TiO, and MoO3) powders and TMO with the same
magnifications (left images: x650, and right images: x1800) for a better comparison.
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Figure 4. SEM images of TMO with higher magnifications (up to x100,000) (a,b) energy-dispersive
X-ray spectroscopy (EDS) spectra of four specific TMO surface areas chosen by SEM imagingat %5000
magnification (upper left SEM image in (a), framed blue).

The measured UV-Vis reflectance spectra are used for the optical bandgap energy (Eg)
estimation by plotting the (F(R)-hv)!/" vs. photon energy (hv) (Figure 5), where F(R) is the
Kubelka-Munk transformation of the measured reflectance R(%) defined as (1 — R)?/2R.
The model for the indirect bandgap transition is used and a value of 7 = 2 in (F(R)-hv)/" vs.
photon energy (hv) plot [30]. The estimated value of the optical bandgap energy of TMO
(3.26 eV) was between the estimated optical energy band values of the starting anatase
TiO, and MoQOj3 (3.43 eV and 3.11 eV, respectively). The optical absorption threshold,
calculated by A = 1240/Eg, of around 380 nm, 360 nm, and 398 nm for TMO, TiO,, and
MoQ;, respectively, indicates the potential for the visible absorption of these individual
semiconductors in photocatalysis.
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Figure 5. The (F (R)-hv)1/2 vs. photon energy (hv) plot of anatase TiO, (black solid line), MoO3 (red
solid line), and TMO (blue solid line).

2.2. Application of Titanium/Molybdenum/Mixed-Oxides Catalysts for the Removal of Organic
Water Contaminants

It is known that the pH value affects the adsorption efficiency of pollutants on the
surface of powder photocatalysts, as the surface charge of the catalyst and the ionic form
of the reactant cause greater or less electrostatic interactions between the reactant and the
catalyst surface [37,38]. Due to the above-mentioned, the influence of pH on the adsorption
of pesticides and pharmaceutically active compounds using photocatalysts TiOp, MoOs3,
and TMO was firstly investigated but also to establish conditions for separate investigation
of adsorption and photocatalysis contributions in the removal of the selected organic
pollutants in waters by using-TiO,, MoOjz, and TMO. The tests were performed at three
different pH values (Table 2) by stirring in the dark for 90 min. Each photocatalyst showed
a different affinity for the adsorption of the tested compounds at different pH values.

Table 2. Percentage of pollutants (0.05 mmol/dm?) adsorption after reaching adsorption-desorption
equilibrium on the catalyst surface (1.0 mg/ cm®) after 90 min of stirring in the dark.

Catalyst Type pH Value Pollutant Type
Qul TEM MET AMI CEF
~4-5 2.3 19.6 0.7 9.2 91.6
TiO, ~7 2.1 5.2 1.6 44.8 91.0
~9 2.2 1.3 15 74.5 43.1
~5-6 3.0 6.6 0.8 18.1 0.8
MoOs ~7 3.1 7.6 0.2 19.1 1.7
~9 3.9 11.5 13 529 13.2
~4-6 2.0 1.1 0.1 50.5 2.0
T™O ~7 1.8 6.9 0.1 41.8 13.5
~9 19 6.5 0.2 56.7 16.6

The adsorption in the dark of suspension of QUI and MET on the surface of the tested
catalysts (TiOp, MoOs3, and TMO) after 90 min of stirring is almost independent of the
examined pH values. Moreover, the adsorption of MET is negligible and insignificant,
especially on the TMO catalyst surface, and is only 0.1%.
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TEM adsorption affinity shows also moderate, mostly low, values. An exception that
may be pointed out is the TEM adsorption by TiO; at a natural pH (19.6%) and by MoOj3 at
pH ~ 9.0 (11.5%).

A significant increase in AMI adsorption on TiO, was observed by a pH increase with
the highest percentage at pH ~ 9 (74.5%). Similar results were obtained by Fincur et al. [39].
When MoOj; was applied after equilibration, the adsorption of AMI reached the highest
rate of 52.9% at pH ~ 9. TMO has almost uniform values for adsorption efficiency in the
case of AMI at all measured pH of an average of 50%.

As regarding the CEF, the highest adsorption of all was noticed in the case of TiO,
at natural pH 5.4 (91.6%) and pH adjusted to ~7 (91.0%), but when the pH value was
increased to pH ~ 9, the adsorption efficiency of CEF on the TiO, surface decreased to
43.1%. The adsorption of CEF using MoO3 and TMO was not so significant.

To summarize, a very high adsorption efficiency of TiO; for CEF at a natural pH
and pH ~ 7 and, for AMI at pH ~ 9 and, also, mid-efficiency of adsorption in the case of
MoOj; for AMI at pH ~ 9 and of AMI in the presence of TMO at a natural pH and pH ~ 9,
Table 2, are the facts to highlight, and these catalysts to be considered as good candidates
for the successful CEF and AMI removal from water by an efficient two-step synergistic
adsorption-photocatalytic degradation approach [40]. Moreover, such an approach was
applied for the investigation of the TMO removal efficiency under different experimental
conditions (pH and irradiation type) in the case of CIP, and the results are shown in
Figures 6 and 7.

The high efficiency of TMO was achieved under UV irradiation when around 90% of
CIP was removed (Figure 6) in 75 min. TMO also showed an excellent removal efficiency
under SS for CIP (Figure 6) when about 80%of CIP was removed, so an additional experi-
ment was performed to establish the influence of pH on CIP degradation by TMO under
SS (Figure 7), but only a small improvement, of a couple of percentages was achieved at
pH 10.

ok
—k—SS
] \ - UV
0.8
\uo 0.6
o \
0.4 ¥ ok %
A o=
024 ¥ <
DARK *
K —
0.0 T T T ‘ T J T
0 20 40 60
Time (min)

Figure 6. Effect of radiation type on the efficiency of CIP (0.05 mmol/dm?) removal using a TMO
(1.0 mg/cm?®) photocatalyst without pH setting (pH 5.5).
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Figure 7. Influence of pH on the removal efficiency of CIP (0.05 mmol /dm?) using TMO (1.0 mg/cm?)
under SS.

Based on the adsorption efficiency assessment shown previously, and to investigate
only the photocatalytic contribution to the removal of organic water pollutants, further
tested compounds were the ones that showed the lowest affinity for adsorption in the dark
at a selected pH (Table 2). Accordingly, the TMO material was selected for investigating
the photocatalytic degradation of QUI, TEM, and MET; TiO; for AMI degradation; and
photocatalyst MoOj3 for CEF (Figures 8 and 9). As it can be seen, after 135 min of the
process, 51.5% of QUI was removed from the aquatic suspension using UV irradiation,
while only 6.3% was removed using SS (Figure 8). Findings also showed that the highest
efficiency of TEM removal was reached under UV irradiation when 81.6% of the TEM
was removed after 135 min (Figure 8). However, in the case of SS, 39.2% of the TEM was
removed after the same time. Using a coupled catalyst, TMO, under UV light, the removal
of MET was 36.2% after 135 min, while under the influence of SS, the TMO is not effective
in the degradation of MET, i.e., only ~8% of MET was removed after 135 min.

0.8

—H— UV
—4-8S

0.4+ TEM, TMO
—— UV
—O-ss
0.24 MET, TMO
| DARK | —%— UV
—&-5s

0 ' 2|O I 4|0 ' 6I() ' 8|0 l 100 r 120

Time (min)

0.0

Figure 8. Effect of radiation type on the efficiency of QUI, TEM, and MET (0.05 mmol/dm3) removal
using the TMO (1.0 mg/cm?) photocatalyst at pH ~ 4-6.
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Figure 9. Effect of radiation type on the AMI and CEF (0.05 mmol/ dm?) removal using TiO, and
MoOj3 (1.0 mg/cm3) photocatalysts, respectively, at a natural pH.

Since TMO was proven to be the most efficient in TEM removal under UV irradiation,
the reutilization study was tested for this system in three successive runs while keeping
the experimental conditions unchanged. The obtained results showed that there was no
loss of the photocatalytic capability of TMO. Hence, the mentioned photocatalyst showed a
very stable activity after three runs. The removal efficiency after 135 min of process in each
run was unchanged (~80%) and stayed effective after being investigated for three uses.

AMI, removal efficiency was investigated using a TiO; catalyst at a pH of ~5 (Figure 9)
when applying UV radiation after 135 min of the process 65.0% of AMI was removed by
applying SS 27.6%. Since a very small percentage of adsorption after 15 min of stirring
in the dark was observed, it is obvious that the dominant process in the removal of AMI
using TiO, as a catalyst at a natural pH is photocatalytic degradation.

Photocatalytic degradation of CEF under the influence of UV irradiation and SS
presented in Figure 9 shows a 79.3% CEF removal under UV irradiation after 135 min. By
applying SS, the degradation efficiency of CEF was significantly lower, as 21.1% of CEF
was degraded.

Better removal efficiency using UV irradiation can be correlated to UV-Vis reflectivity
results and estimated values of the catalysts’ optical absorption thresholds that just reach
the Vis region, so when the reaction system is exposed to simulated sunlight, there is a
smaller number of photons from the UV part of the spectrum, and thus, a smaller number
of highly reactive species formed.

2.3. Cytotoxicity of Synthesized Catalysts, Selected Substrates, and Degradation Intermediates

Effects on the cell growth of QUI, TEM, and MET and their intermediates formed
after different irradiation times and, using the TMO, showed high hepatotoxic effects, with
cell growth inhibitions from 10% to 45% for all substrates—the highest being for MET
after 60 min (45%), QUI after 30 min (40%), and TEM after 120 min (10%) of irradiation
(Figure 10).
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Figure 10. Effect of reaction mixtures of QUI, TEM, and MET (0.05 mmol/ dmd) using TMO
(1.0 mg/cm®) and formed intermediates after different irradiation times on the growth of the H-4-1I-E
cell line.

Effects of AMI and CEEF, as well as their formed intermediates after different irradiation
times and using TiO, and MoOj3, were at the level of the control, while, in the case of CEF,
a mild hepatotoxic effect reaching 5% of growth inhibition was observed after 60 min of
irradiation (Figure 11).
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Figure 11. Effect of reaction mixtures of AMI (0.05 mmol/ dmd) using TiO;, (1.0 mg/ c¢m®) and CEF
(0.05 mmol/dm?) using MoO3 (1.0 mg/ cmd) and formed intermediates after different irradiation
times on the growth of the H-4-II-E cell line.
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Cell growth effects of starting pesticides/pharmaceuticals solutions (Figure 12a)
showed that TEM and MET had mild hepatotoxic effects (<5%). Effects of aqueous
suspension presented in Figure 12b showed that the effect of TiO, and MoOj3 on the
growth of the H-4-1I-E cell line was at the level of the control, while TMO was hepatotoxic

(at levels < 15%).
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Figure 12. Effects of pesticides/pharmaceuticals solutions (0.05 mmol/dm?3) (a) and aqueous sus-
pension of TiO,, MoO3, and TMO (1.0 mg/cm?) after filtration (b) on the growth of the H-4-I-E

cell line.
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3. Materials and Methods
3.1. Catalysts Preparation and Characterization

TMO photocatalyst is prepared by the following four-step mixing-calcination solid-
state method. Starting precursors (anatase TiO, and MoOs, Sigma-Aldrich, St. Louis, MO,
USA, purity 99.7%) are wet-milled by using the ball mill Retsch PM100, Haan, Germany
in ethanol for 4 h, then dried in air for 24 h, annealed at 700 °C for 4 h, and finally were
grind by using ceramic mortar and pestle for 10 min. The synthesis conditions are chosen
from the previous works and results on similar heterojunction material systems [41-43].
X-ray diffraction (XRD) is carried out using a Philips PW 1050 instrument, Amsterdam,
Netherlands with Cu K4 » radiation, and a step scan mode of 0.02° /s in angular range
260 = 10-70°, which enabled good profile fitting by using the Whole Powder Pattern Fitting
(WPPF) Rietveld method. The morphology, microstructure, and elemental concentration
were investigated by scanning electron microscopy (SEM, JEOL JSM 7001F, and JEOL JSM
6460LV equipped with an energy-dispersive spectrometer, EDS, Tokyo, Japan). UV-Vis
optical spectroscopy (Ocean Optics QE65000, Dunedin, FL, USA) was used for reflectance
measurements while the Raman measurements were performed by Renishaw confocal
Raman microscope Invia™, Gloucestershire, UK when the samples were excited with a
514-nm excitation line of an argon-ion laser and the beam focused by using a 50 x objective.
The Raman signal with a CCD camera over the frequency range of 100-1200 cm~! was
collected, and for each spectrum, the spectral resolution was 2 cm~! and an accumulation
time of 3 s.

3.2. Measurements of Photocatalytic Activity

The removal activity of the catalysts is evaluated by degradation of the aqueous
solutions of 7-chloro-3-methylquinoline-8-carboxylic acid (QUI, 98.2%, Riedel-de Haén,
Selzer, Germany), 2-(2-chloro-4-methylsulfonyl-3-(2,2,2-trifluoroethoxy)methyl)benzoyl
cyclohexane-1,3-dione (TEM, 99.4%, Sigma-Aldrich), 1-[4-(2-methoxyethyl)phenoxy]-3-
(propan-2-ylamino)propan-2-ol tartrate (2:1) (MET, >99%, Sigma-Aldrich), 3-(10,11-dihydro-
5H-dibenzo[a,d][7]annulen-5-ylidene)-N,N-dimethylpropan-1-aminehydrochloride (AMI
> 98%, Sigma-Aldrich, St. Louis, MO, USA), I-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-
l-y1)-1,4-dihydroquinoline-3-carboxylic acid(CIP > 99%, Sigma-Aldrich, St. Louis, MO,
USA), and (6R,7R)-7-{[(2Z)-2-(2-amino-1,3-thiazol-4-yl)-2-methoxyiminoacetylJamino}-3-[(2-
methyl-5,6-dioxo-1H-1,2,4-triazin-3-yl)sulfanylmethyl]-8-oxo-5-thia-1-azabicyclo[4.2.0] oct-
2-ene-2-carboxylic acid disodium salt hemiheptahydrate (CEF > 99%, Sigma-Aldrich, St.
Louis, MO, USA). The initial concentration of the investigated substrates was 0.05 mmol/dm?,
and the catalyst loading was 1.0 mg/cm?. Firstly, the adsorption efficiency of catalysts was
tested, and for all investigated substrates, it was measured during 90 min of stirring on
a magnetic stirrer in the dark under three different pH values (under natural pH ~ 4-6
and set values ~ 7.0 and ~9.0). Selected systems (with the lowest adsorption) are stirred in
the dark for 15 min to achieve adsorption—-desorption equilibrium before irradiation. The
photocatalytic experiments are performed in a cell made of Pyrex glass (total volume of
ca. 40 cm®) with a plain window for the light beam focus, magnetic stirring bar, and the
water-circulating jacket. Throughout the experiments, the suspensions are thermostated
at 25 °C in an Oy stream (3.0 cm®/min) and illuminated by simulated sunlight (SS) using
a 50 W halogen lamp (Philips), Amsterdam, Netherlands or by UV light using a 125 W
high-pressure mercury lamp (Philips, HPL-N, emission bands in the UV region at 304,
314, 335, and 366 nm, and with maximum emission at 366 nm). Emission spectra of the
UV and halogen lamp were described in our previous research [44]. The pH values of
reaction mixtures were adjusted by the addition of a dilute aqueous solution of HCIO4 (70%,
Merck, Skopje, North Macedonia) or NaOH (Merck, Skopje, North Macedonia). Before
measuring the removal efficiency of selected substrates by ultra-fast liquid chromatogra-
phy with UV /Vis diode array detector (UFLC-DAD, Shimadzu, Nexera, Kyoto, Japan)
after different time intervals of adsorption/degradation the samples are filtrated through
a Millipore (Millex-GV, MA, USA, 0.22 um) membrane filter to remove the photocatalyst
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from the aqueous solution. Appropriate aliquots were then taken and transferred into the
vials for the UFLC-DAD analysis. The conditions in which the analysis was performed
have been shown by Fincur et al. [45] for TEM measurements, by Armakovi¢ et al. [11]
for MET analysis, by Iveti¢ et al. [41] for AMI, by Dacanin Far et al. [25] for CIP, and by
Abramovic et al. [46] for CEF measurements. Besides, conditions for QUI analysis were as
follows: the mobile phase (flow rate 1.0 cm®/min) was a mixture of acetonitrile and 0.1%
aqueous H3POy (5:5, v/v), and the UV /Vis DAD detector was set at 224 nm (wavelength of
QUI maximum absorption).

The reutilization study of TMO in the removal efficiency of TEM (0.05 mmol/ dm3 )
was performed with TMO loading of 1.0 mg/cm?® under UV irradiation. The reutiliza-
tion was tested for three successive runs. After 135 min of process, suspension of TMO
was kept overnight in the dark to achieve precipitation of the TMO particles. After that,
the supernatant was removed and the photocatalyst was dried at 60 °C for 2 h, there-
after added to the fresh 0.05-mmol/dm?® TEM solution, and removal was carried out as
previously described.

3.3. Cytotoxicity Evaluation

Assessment of the cytotoxic effect was performed using a rat hepatocarcinoma cell line
(H-4-1I-E, ATCC CRL-1548). The cell line was grown and prepared under the previously de-
scribed procedure [47]. Aliquots of 2 cm? suspensions of investigated substrates and their
formed intermediates were taken at the beginning of the experiment and at different time
points during the irradiation and filtered through membrane filters Millipore (Millex-GV,
MA, USA, 0.22 um). Reaction mixtures of pesticides/pharmaceuticals and formed interme-
diates (20 uL) were added to 180 pL of the culture medium with cells. The same volume
(20 pL) of ultrapure water was added to the control wells. Thus, the final concentration
of all starting substrates was 5 pmol/dm3. The blank tests were performed using pure
pesticides/pharmaceuticals solution, as well as an aqueous suspension of catalyst (without
substrate), that were also filtered through membrane filters. Cell growth was evaluated by
the colorimetric SRB assay by Skehan et al. [48], which was modified by Cetojevi¢-Simin
etal. [49].

4. Conclusions

In this paper, we report the removal efficiency of the selected pesticides (QUI and
TEM) and pharmaceutically active compounds (MET, AMI, CIP, and CEF) by using new
titanium/molybdenum /mixed-oxides for photocatalysis under the UV /Vis irradiation. A
new TiO, /MoOsphotocatalyst was prepared using a simple, low-cost mechanochemical
solid-state method. Morphology of the prepared TMO showed the overlapping of the
constituent particles, agglomeration, and formation of the contact type heterojunctions.
Here, we report the TMO optical bandgap of 3.26 eV for the indirect-allowed transitions.
Additionally, based on the obtained results, each semiconductor photocatalyst showed a
different adsorption affinity for tested compounds (pharmaceuticals and pesticides) that
was pH-dependent. QUI and MET showed a very low affinity for adsorption unlike the
others investigated substrates. The starting TiO, anatase showed the highest adsorption
of CEF at natural pH (91.6%) and pH ~ 7 (91.0%), as well as adsorption of AMI at pH ~ 9
(77.5%). MoQj is mid-efficient in AMI adsorption (52.6%) at pH ~ 9, while similar adsorp-
tion efficiency of AMI was reached for the TMO at natural pH (50.5%) and pH ~ 9 (56.7%).
In general, the higher removal efficiency was observed using UV irradiation in comparison
to simulated sunlight, for all substrates, but a very good result was obtained under SS for
CIP removal (80%) by TMO and using synergic adsorption/photocatalytic approach. The
cell growth of rat hepatoma was mildly affected by the mixture of investigated substrates
and formed intermediates obtained using selected photocatalysts under UV irradiation,
but the exception was the TMO mixture with QUI and MET when much higher sensitivity
was obtained.
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