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ABSTRACT ARTICLE HISTORY

This study reports the synthesis of sunlight-active zinc oxide-tungstate-kaolinite photocatalytic Received 3 May 2022
composite prepared via a green process (solvent-free mechano-thermal process) at an optimum Accepted 9 September 2022
temperature of 500°C for 1 h in a furnace. Electron Paramagnetic Resonance (EPR) study suggests the
presence of W>" defect states in the prepared photocatalytic composite (ZnWK-5), which is
responsible for its photoactivity in visible light. Results from further analysis show that hole (h*) and mineralization; ampicillin;
superoxide radical (‘Oz) are the major contributors to the photocatalytic efficiency of ZnWK-5 water disinfection: Advanced
photocatalytic composite. This photocatalytic composite was used to treat water containing an Oxidation Processes (AOP)
antibiotic chemical-ampicillin (AMP) under sunlight. Mass spectrometry analysis of the treated water

suggests that the mechanism of photodegradation of AMP is via several bond and ring cleavages,

including amide bond, phenyl ring, and B-lactam ring cleavages. These cleavage reactions were

followed by subsequent mineralization of ca. 98% after 5 h without the formation of toxic products.

The introduction of phosphate and carbonate anions had a serious negative impact on the

photocatalytic activity of the composite. However, the photocatalytic composite completely

disinfected water contaminated with gram-(—ve) and gram-(+ve) bacteria. Even after five re-use

cycles, the photocatalytic composite maintained a 90% photodegradation efficiency of ampicillin in

water.
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1. Introduction .
supply and poor hygiene (7). In most cases, these out-

There have been several reports on disease outbreaks breaks lead to several deaths in developing countries.
around the world and especially in developing countries It has been reported recently that > 1.3 million deaths
(7). Most of these outbreaks are related to poor quality of of children are caused by diarrheal illness worldwide
drinking water and food. In fact, roughly 88% of diarrhea every year (2). Diarrheal as well as some other water-
diseases reported are linked to poor quality of water borne diseases are caused by pathogenic organisms. In
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order to treat diseases associated with pathogens,
several pharmaceutical chemicals were developed.
However, even though these pharmaceutical chemicals
are known to be quite effective against these pathogens,
they are now identified as a new class of contaminants of
emerging concern when found in water (3). They are
introduced into the aquatic environment as by-products
from human waste and from anthropogenic activities. Of
much concern currently, is that some of these pharma-
ceutical chemicals are only effective for a limited time
when used to treat pathogenic diseases in humans.
The pathogens soon develop resistance to them (3, 4).

Drug resistance is one of the major challenges facing
the success of several drugs today, reducing the thera-
peutic potential of these drugs (5). This could lead to
more serious disease outbreaks (6, 7). This resistance to
pharmaceutical chemicals shown by microbial agents
is partly due to the pseudo-persistent nature of these
chemicals in water. Worse still, most water and waste-
water treatment plants are not even suitably designed
to handle the total remediation of these pharmaceutical
chemicals from water (8, 9).

However, treatment processes such as adsorption (70),
membrane filtration (77-13), nanofiltration and reverse
osmosis (74), electro-coagulation (75), adsorption and
oxidation (76), advanced oxidation process (17), and het-
erogeneous photocatalysis (78-20) have been proposed
as possible remediation techniques for pharmaceutical
chemical contaminants (PCCs) in water and wastewater.
Yet, some of these processes only transform the pollu-
tants into chemical compounds that could make the
treated wastewater potentially more hazardous than its
untreated form (27). For instance, biological treatment
processes are known to create an enabling environment
for the development and spread of antibiotic resistance
genes (5). This is because, during this process, bacteria
are continuously mixed with antibiotics at sub-inhibitory
concentrations in the treatment plants leading to anti-
biotic resistance development in the bacteria. This
makes the treatment plant serve as a major reservoir of
antibiotics and ARGs (5).

The heterogeneous photocatalytic process is not left
out. The problem of degradation of pharmaceutical
chemicals to more harmful by-products persist, such
that the treated water is potentially ‘poisoned’ before
they are consumed by humans. Another potential chal-
lenge with the use of heterogeneous photocatalytic
process for the removal of pharmaceutical chemicals
from water is the fast recombination of electron-hole
pair and the low quantum yield of some photocatalysts,
reducing their efficiency in treating water. Worse still, is
the high cost of photocatalyst production, poor recovery
of photocatalysts after application, and the expensive

requirement for running UV lamps (for UV-active photo-
catalysts) especially in developing countries like in Africa
faced with huge power supply deficit. Hence, research is
now focused on developing materials that can effec-
tively and efficiently remove PCCs from water, especially
in drinking water, via a green process called mineraliz-
ation (converting pharmaceutical chemical moieties to
CO,, H,0 and other smaller non-harmful molecules or
ions).

This study reports the successful development of a
ZnWO,-ZnO/kaolinite photocatalytic composite material
for mineralization of ampicillin and bacteria in water. The
use of kaolinite in this photocatalytic composite is
justified on the basis of its potential to enhance charge
separation through the formation of a type Il staggered
band heterostructure and promote the production of
reactive radicals via an oxygen-rich microenvironment
(22). This type Il staggered band heterostructure have
been shown to improve catalysts dispersion, ameliorate
catalysts agglomeration and enhance the effective
recovery of bare catalysts for reuse (23, 24). Although
ZnWQ, is relatively cheap, possesses high photosensi-
tivity, excellent chemical stability, and is non-toxic, it is
however, only very efficient in the UV region of the elec-
tromagnetic spectrum and much less in the visible light
region. This is mainly due to its large bandgap of ca.
3.5eV (25 26). To enhance the photo-response of
ZnWQ, in the solar region (which is free and contain
visible light portion), carbon-doping was employed. It
is known that carbon doping can suppress charge
recombination through intra-composite electron trans-
fer (27, 28). A carbon-rich organic-inorganic precursor
(zinc acetate) was selected and used for in situ carbon-
doping of the prepared composite.

For the sake of this study, ampicillin (AMP) was
selected as model pharmaceutical contaminant. This is
premised on several reports confirming their presence
in water (29, 30) and being a conventional drug used
globally. Furthermore, it is a broad-spectrum antibiotic
used globally to treat against gram-positive and gram-
negative bacterial infections. Four bacteria: gram-nega-
tive (Escherichia coli, Salmonella typhi) and gram-positive
(Bacillus cereus, Staphylococcus aureus) were used to
study the disinfecting property of selected photocataly-
tic composite material. These bacteria were chosen
because they are commonly reported in African water
especially in the resistant form (37).

2. Materials and methods

Ampicillin (Sigma-Aldrich), sodium tungstate (97%), zinc
acetate (Sigma-Aldrich, 97%), ampicillin (Sigma-Aldrich,
99%), methanol (Honeywell, HPLC grade), and



phosphoric acid (Sigma-Aldrich, 99%) were used as
received. Raw kaolinite clay was sourced from Redemp-
tion City, Mowe (6° 48’ 0” N, 3° 26’ 0” E.), Ogun State,
Nigeria. The kaolinite clay was purified and processed
for use by the method provided in Adebowale et al. (32).

2.1. Preparation of the photocatalytic composite

The composites were prepared using a green solventless
mechanothermal method of synthesis. This was
achieved via the grinding of kaolinite, Na,WQO,4.2H,0
and Zn(CH5CO,), to obtain a homogenous paste. This
paste was allowed to age in an oven for 12 h at 100°C.
This was followed by thermal treatment in air using a
furnace held at 300°, 500°C or 700°C at a heating rate
of 10°C/min and held for 1 h at the specified tempera-
ture to obtain ZnWK-3, ZnWK-5, and ZnWK-7 composites
respectively. To understand the impact of the com-
ponents of the composites on the physico-chemical
and optical properties of the photocatalyst, analogs
were prepared (i) without Na,WO, to obtain ZnK compo-
site material and (ii) without Zn(CH5CO,), to obtain WK
composite material at a calcination temperature of
500°C. The choice of this temperature for calcination is
based on a preliminary result (not provided in this
study) that suggests that the most efficient photocataly-
tic material can be obtained at this temperature. The
resulting composites were washed thoroughly with
deionized water, dried at 100°C in a laboratory oven,
and stored in glass containers for further use.

2.2. Characterization of photocatalyst
composites

The crystallinity and mineral composition of the pre-
pared materials were determined via X-ray diffraction
(XRD) using a Bruker D8 Advance X-ray diffractometer.
The surface morphology and elemental composition
were determined by scanning electron microscopy
(ZEISS LEO 440 Scanning Electron Microscope) oper-
ated at 5 kV accelerating voltage. Fourier transformed
infrared spectroscopy (FTIR) spectra for the composites
were obtained from Shimadzu FT-IR 8400S (class 1,
Laser product) spectrophotometer. Lambda 1050 Perki-
nElmer UV/Vis/NIR spectrophotometer was used to
obtain the absorption spectra of the prepared compo-
sites and their corresponding apparent band gaps
were estimated using the Tauc equation (33).

ahv = A(hv — E,)? (M

Photoluminescence spectroscopy was carried out using a
Horiba iHR320 Photoluminescence Microspectrometer at
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excitation wavelength of 380 nm (based on the absorp-
tion maximum obtained from UV/Vis analysis). All
measurements were performed at room temperature.
Continuous-Wave Electron Paramagnetic Resonance
(CW-EPR) analysis was performed on the most efficient
composite at room temperature in a Bruker ELEXSYS
E580 spectrometer operating at X-Band (~9.5 GHz) with
a modulation amplitude of 0.5 G and power level of
64 mW.

2.3. Photodegradation of contaminants

An initial kinetic study to determine the efficiencies of
the composites was carried out by contacting 100 mL
of 50 mg/L solutions of AMP (Figure 1) with 100 mg/L
of the composites. The mixture were agitated for
120 min under solar irradiation on bright days (usually
between 10:00 h and 17:00 h). The solar spectrum
during this period of the day is as presented in our pre-
vious study (8). Aliquots (1 mL) were collected after
120 min reaction time, filtered with 0.45 um PTFE
syringe filters and analyzed for residual AMP concen-
tration. The residual AMP concentration was quantified
using Shimadzu HPLC equipment with a degassing
chamber DGU-20, quaternary pump (LC10AD), a
Column oven (CTO10AS) and a UV/VIS detector
(SPD10AD). Elution was achieved with a mixture of
40% methanol and 60%, milli-Q water (0.1% HsPQO,) at
a flow rate of 0.4 mL/min, using an injection volume of
20 pL. Separation was achieved with a Agilent Zorbax
SB-C18 (5 um, 4 x 250 mm) reverse phase column. The
degree of degradation was calculated as:

Co— G

o

% Removal = x 100 (2)
where C, and C; represent the initial and final contami-
nant concentrations, respectively. The time-dependent
data were fitted to the Langmuir-Hinshelwood
equation, based on a model commonly used for hetero-
geneous catalytic processes (34).

C
In (C‘t’) = Kgppt 3)

Where Cy and C, are the concentrations of AMP in sol-
ution at time zero and at time t, respectively. ko, is the

o

C

slope of the linear plot of In (?> against time t. The cor-
t

responding half-life (t;,,) values were calculated accord-

ing to
_0.693

t
Kapp

2

(4)
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Figure 1. (A) X-ray diffractogram (XRD) and (B) Fourier transform infrared (FTIR) spectra of kaolinite, Zn(CH5CO,),/kaolinite (ZnK),
Na,WO,/Kaolinite (WK), Zn(CH5CO,),/Na,WO,-Kaolinite calcined at 300°C (ZnWK-3), (E) Zn(CH3CO,),/Na,WO,/Kaolinite calcined at
500°C (ZnWK-5) and Zn(CHCO,),/Na,WO,/Kaolinite calcined at 700°C (ZnWK-7) [K=kaolinite, Q=quartz, S=sanmartinite

(ZnWQ,) and Z =Zn0].

The degree of mineralization in water with the pre-
pared photocatalysts was determined via the measure-
ment of the oxygen equivalent of the organic matter
present in each sample, i.e. total organic carbon (TOCQ),
using a Shimadzu TOC VCPH Analyzer (P/N 638-91062-
33; S/N 39N42773). The % mineralization was calculated
using the equation

TOC, — TOC,

100
T0C, |

% Mineralization = (5)
where TOC, and TOC, refer to the initial and the final
total organic carbon, respectively.

The inorganic photocatalytic degradation by-pro-
ducts ( SOf[, NO; and NHI) were determined using a
Metrohm lon Chromatography system (Model 850)
equipped with an electrical conductivity detector. An
eluent mixture of 3.2 mM sodium carbonate/1.0 mM
sodium bicarbonate eluents and a regenerating solution
of 0.1 mM sulphuric acid were used for the determi-
nation of sulphate and nitrate anions while 1.7 mM
nitric acid/0.7 mM dipicolinic acid eluent mixture was
used for NH; analysis.

2.4. Degradation products

Samples were subjected to liquid chromatography elec-
trospray ionization mass spectrometry (LC-ESI-MS)
LCMS analysis to ascertain the organic degradation pro-
ducts using an LTQ orbitrap Velos (Thermo Scientific)

interfaced with a Thermo Scientific UHPLC system
equipped with an Accela 1250 pump. Sample separation
was achieved on a C-18 column. An Agilent LC-MS fitted
with a C-18 column was used. The following conditions
were used in the analysis:

0.2 mL/min
A - 95% H,0, 5% Acetonitrile, and 0.1% Formic acid
B - 95% Acetonitrile, 5% H,0, and 0.1% Formic acid.

Flow rate
Gradient method

Programme Time  Mobile phase A (%)  Mobile phase B (%)
0 100 0
3 100 0
27 40 60
37 10 90

ESI lonization Mode: Positive and negative electrospray ionization mode
Mass range 50-500 m/z

2.5. Toxicity of treated water

The toxicity of the treated water was examined using the
agar well diffusion method according to previously
reported protocol (35). Aliquots from treated and
untreated water contaminated with AMP were tested
for change in toxicity against a gram-negative (Escheri-
chia coli DSM 10974) and a gram-positive (Staphylococ-
cus aureus ATCC 25923) bacteria. For this purpose, the
entire surface of an agar plate was inoculated by spread-
ing E. coli or S. aureus on it. Then, a hole with a diameter
of ~6 mm was punched into the agar and 60 pL of sol-
ution of treated and untreated AMP contaminated



water were introduced into the wells. The agar plate was
incubated at 37°C overnight to promote the formation
of inhibition zones around the wells.

2.6. Effects of some process variables

The effects of some process variables on the photocata-
lytic degradation of AMP using 100 mg/L ZnWK-5 com-
posite (being the composites with the best efficiency)
were studied. This includes the effect of initial concen-
tration (25, 50 and 100 mg/L) using of 100 mg/L of the
composite, the effect of photocatalyst dose (10, 20 and
50 mg) using 50 mg/L of AMP, the effect of pH (3.0,
5.0, 7.0, 9.0 and 11.0 adjusted with 0.1 M HCl and 0.1
M NaOH) using 50 mg/L AMP, and influence of inorganic
anions (CI~,NO3, HCO;, SO, and PO;") using 50 mg/
L AMP. Al studies were done using 100 mg/L of ZnWK-5
except when the photocatalyst dose was investigated.
The reactive species generated during the photocatalytic
process were investigated using 1 mmol L™ benzoqui-
none, 0.1 mL isopropyl alcohol and 1 mmol L' sodium
oxalate as scavengers to capture superoxide radical
('03) hydroxyl radical (‘OH) and holes, respectively.

2.7. Disinfection studies

In order to determine the potential of ZNWK-5 photoca-
talytic composite for the disinfection of water, 1 mL of
0.5 McFarland standard (1.5 x 108 cells) each of gram-
positive bacteria [(Bacillus cereus (ATCC10876) and Sta-
phylococcus aureus (ATCC25923)] and gram-negative
bacteria [Escherichia coli (DSM10974) and Salmonella
typhi (ATCC13311)] were dispensed into 50 mL of
sterile distilled water containing 10 mg of ZnWK-5 in
sterile transparent flasks with continuous agitation
under sunlight for 2 h. Aliquots (20 pl) of the contami-
nated water were withdrawn for analysis before and
after the treatment process and analyzed using the
pour plate method that involves the use of Mueller
Hinton Agar incubated at 37°C for 24 h. To establish
the impact of sunlight on the disinfection process,
similar experiment (control) was repeated in the
absence of ZnWK-5 photocatalyst. The plates were
observed for inhibition of test organisms.

3. Results and discussion
3.1. Characterization

3.1.1. X-ray diffraction (XRD)

The X-ray diffraction (XRD) pattern of kaolinite clay and
the synthesized composite materials are shown in
Figure 1(A). On the kaolinite diffractogram (Figure 4),
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the mineral phases of anorthic kaolinite are observed
at 12.5°, 20.1°, 36.7°, 40.4°, and 44.3° (ICSD 16597).
Quartz peaks are located at 20=26.7°, 39.5°, 45.7°,
50.0°,54.9°,63.9°, and 68.2° (ICSD 67121). There is no sig-
nificant difference between the XRD patterns of WK
(NaWO,4.2H,0 + kaolinite) composite and that of kaoli-
nite (Figure 1). This is indicative of the fact that there
was no formation of a new mineral phase contrary to
expectations. However, for ZnK (Zn(CH3CO,), + kaoli-
nite) diffractogram, new peaks suggesting the presence
of ZnO mineral phases were observed at 20=31.83°,
34.65° and 36.32° and 62.98° (ICSD 157132) alongside
those peaks unique for kaolinite phase.

The ZnWK composites (NaWO,4.2H,0 + Zn(CH5CO,),
+ kaolinite) showed reflections of the mineral phases
(kaolinite, quartz, and ZnO) earlier identified in the kao-
linite and ZnK diffractograms. In addition, reflections
stemming from monoclinic ZnWO, (a sanmartinite
phase) were observed at 26 values of 15.5° (101), 18.8°
(100), 23.7° (011), 30.62° (111), 31.3° (—111), 36.3° (021),
38.4° (120), 40.4° (200), 41.3° (—121), 48.8° (030) and
57.8° (212) (ICSD 84540) (36, 37). These new peaks
confirm the incorporation of ZnO and ZnWQ, into kaoli-
nite during the preparation of the composites. However,
as expected, the peaks for the various composites are
more distinct with increase in calcination temperature
from 300°C to 700°C (Figure 1(A)) due largely to better
defined crystallographic arrangement in the different
mineral phases and the development of larger crystallite
sizes as temperature increases (38).

3.1.2. Fourier Transformed Infrared Spectroscopy
(FTIR)

Figure 1(B) shows attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectra of Kaolinite, and
prepared composites. The ATR-FTIR spectra of the raw
Kaolinite exhibit bands that are assigned to anti-sym-
metric and symmetric stretching mode of -O-H
between 3699 and 3618 cm™' (39). The -O-H bending
vibrations of absorbed water are observed to be at
1636 cm™' (40). Bands at 1015 and 910 cm ™' correspond
to the Si—O and AI-OH in-plane bending vibrations,
respectively (41). The peak at 779 cm™' is due to Si—O
—Si inter-tetrahedral bridging bonds in the kaolinite
(39). The peaks between 750 and 300 cm™' are M-O
stretching vibrations (39). The bands at 785 and
690 cm™" were Si-O symmetric stretching while that at
535cm™" indicates the Si-O-Al vibrations, where the
Al is in octahedral coordination (42). The Fourier Trans-
formed Infrared (FTIR) spectra of all composite materials
(Figure 1(B)) show clear similarities in their spectrum
with broad and distinct -O-H stretching and bending
vibrations centered around 3328 cm™' and at
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1629 cm™", respectively, as well as the vibrations corre-
sponding to Si—O and AI-OH (43) indicating the pres-
ence of kaolinite. The bending vibration of Zn-W-0,
stretching vibration of W-O bond and symmetrical
vibrations of bridge oxygen atoms of Zn-O-W groups
from sanmartinite are observed at 763, 690, 648 and
465 cm™, respectively (44, 45).

3.1.3. Scanning electron microscopy (SEM) and
energy-dispersive X-ray (EDX) analysis

The Scanning Electron Microscope image of pure kaoli-
nite reveals a morphology that suggests that the par-
ticles are packed in sheet-like form (Figure 2(A)). For
the composites WK, ZnK and the zinc tungstate-kaolinite
composites (ZnWK-3, ZnWK-5, and ZnWK-7), the particles
are densely packed (Figure 2(B-F)).

The level of agglomeration increased with increase in
calcination temperature especially with ZnWK-7 compo-
site (Figure 2(F)). The densely agglomerated nature of
the composite could be linked to the high calcination
temperatures used during sample preparation (2). The
SEM image of raw kaolinite (Figure 2(A)) shows the kao-
linite sheet, meanwhile, this sheet-like structure is not
observed for the prepared composites (Figure 2(B-F))
due to thermal treatment. The shapes and sizes of the
particles of all the materials prepared are irregular and
heterogeneously distributed. The Energy Dispersive X-

A

200 nm

ray analysis of the composites (Table 1) show elements
that confirm the presence of kaolinite, quartz, sanmarti-
nite (ZnWQ,) and ZnO minerals in the composites. As
expected, the presence of the precursors in each of
the prepared composites was indicated by the corre-
sponding elements. However, K, Ti and Fe were
observed in all the prepared composites as impurities
in the natural kaolinite used as the support for the
photocatalyst composites. Ti and Fe impurities have
also been reported to impact positively on the photoca-
talytic activities of semiconductor photocatalyst (8).

3.1.5. UV/Vis diffuse reflectance spectroscopy (UV-
DRS)

All composites show absorption in the visible light
region (Figure 3(A)). This type of absorption is typical
of oxygen vacancy and surface defects in materials.
The UV/Vis absorption spectra and the apparent
bandgap of the composites estimated from Tauc plot
(33) are presented in Figure 3(A). The absorption
spectra show that the prepared composites are visible
light active. The apparent bandgaps E; estimated
using Tauc plot indicate an increase from 1.7 to 2.4
and to 2.5 for ZnWK-3, ZnWK-5 and ZnWK-7 composites,
respectively (Figure 3(B)). This is similar to the obser-
vation in previous studies where increase in calcination
temperature of the prepared ZnO photocatalytic

C

Figure 2. Scanning electron micrograph (SEM) of (A) kaolinite, (B) Zn(CH5CO,),/kaolinite (ZnK), (C) Na,WO,/Kaolinite (WK), (D) Zn(CHs.
C0,),/Na,W0,-Kaolinite calcined at 300°C (ZnWK-3), (E) Zn(CH3CO,),/Na,W0O,/Kaolinite calcined at 500°C (ZnWK-5) and (F) Zn(CHs.

C0,),/Na,W0,4/Kaolinite calcined at 700°C (ZnWK-7).



nanoparticles caused an increase in bandgap (46). This is
related to the drop in quantum yield efficiency as a result
of the reduction in the available surface area for photo-
absorption for the generation of electron-hole pair (e~
to h) (47).

3.1.6. Photoluminiscence spectroscopy

The photoluminescence (PL) spectra of the synthesized
composites indicate a blue-green broad emission (380-
550 nm) spectra (Figure 3(C)) centered at ca. 430 nm.
This kind of emission from ZnWK and WK photocatalyst
composites is linked to the intrinsic emission of WOS~
complexes in ZnWO,, where WOE™ octahedral act as
luminescence center in the matrix with charge transfer
occurring between the empty 4d W orbitals and the 2p
O orbitals (48). The spectra represent typical photocata-
lytic systems in which relaxation involves the partici-
pation of numerous electronic states (49) and
suggests that the composites are active emitters in
the visible light region. This supports the UV/Vis
results obtained in Figure 3(A). Meanwhile, the peak
observed for ZnK and kaolinite can be linked to the
ability of natural kaolinite to exhibit semiconducting
property and strong oxygen adsorption since the kao-
linite clay used was obtained from the natural environ-
ment (22). Even when the kaolinite was calcined, it still
exhibited some fluorescence properties although, it
was concluded that the main function of the kaolinite
clay in the composite was as a substrate (2). Similarly,
the spectra for ZnK and WK composites reveal that
they are also active emitters in the visible light
region. Evidence of this is seen in a later study in this
work (Figure 6) where these materials show the
capacity to photodegrade AMP in solution under sun-
light irradiation.

Table 1. Energy-dispersive X-ray (EDX) analysis for spectra of
kaolinite, Zn(CH5CO,),/kaolinite (ZnK), Na,WO,/Kaolinite (WK),
Zn(CH5CO0,),/Na,WO,-Kaolinite calcined at 300°C (ZnWK-3), Zn
(CH3C0,),/Na,W0O,4/Kaolinite calcined at 500°C (ZnWK-5) and
Zn(CH5C0,),/Na,WO,/Kaolinite calcined at 700°C (ZnWK-7).

Element  Kaolinite? ZnK WK ZnWK-3  ZnWK-5  ZnWK-7
(o] 42.52 57.48  60.40 60.86 54.82 57.85
Na - - 487 467 4.09 4.20
Al 23.90 6.79 6.48 6.18 6.27 5.36
Si 58.30 21.99 2418 19.45 19.65 19.53
K 1.40 0.77 0.73 0.67 0.62 0.63
Ti 1.18 0.40 0.80 0.42 0.38 0.36
Fe 543 1.90 1.56 0.74 1.20 0.86
Zn - 11.47 - 4.46 11.63 8.88
w - - 0.98 2.56 134 2.33

Note: The amounts are expressed in atomic percent composition of each
atom in the composites.

?Data for kaolinite was abstracted from previous report by Unuabonah et al.
(39).
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3.1.7. Electron paramagnetic resonance

Further insights into the photochemical property of
ZnWK-5 composite (being the most efficient composite
material) is seen from the X-band EPR spectra shown
in Figure 4. An intense sharp line near g=2.0034
observed in the composite signifies unpaired electrons
associated with carbon in the photocatalytic composite
(8). The peak at g=2.0950 suggests the presence of
W>* jons, attributed to surface defects in the crystal
lattice of ZnWO, (50). The W>* species create defect
levels below the conduction band that allows the photo-
catalytic composite to absorb light in the visible region
of the electromagnetic spectrum. Furthermore, the W+
species are known to enhance the separation efficiency
of ™ and h™ pairs that ultimately end up increasing the
photocatalytic activity of the composite (57). The peak
at g=4.25 arises from the presence of Fe** used in the
preparation of the composite for EPR analysis.

3.1.8. X-ray photoelectron spectroscopy

The elemental composition and the corresponding
valence states of the most efficient photocatalytic
composite, ZnWK-5, were further studied with X-ray
photoelectron spectroscopy (XPS). The survey spectra
confirm the presence of Al, Si, Zn O, C, and W in
the photocatalytic composite (Figure 5(A)) as earlier
observed in the EDX analysis (Table 1). The presence
of the C-atom confirms the successful doping of
carbon into the composite via the zinc acetate precur-
sor used for the synthesis. This is true because it has
been confirmed that the kaolinite used in this study
has no carbon in it (52). Figure 5(B) shows the high-
resolution XPS spectrum of Zn 2p with decomposed
peaks at 1020.8 and 1044.1 eV attributed to the Zn
2ps/» and Zn 2p,), states of Zn?* in the ZnWO, com-
ponent of the composite (53).

The binding energies at 34.5 and 36.4 eV, as shown in
Figure 5(C) correspond to 4f,/, and 4fs,, spins of W also
indicative of the presence of W>* (54) confirming the
earlier EPR results in this study. In addition, two small sat-
ellite peaks appeared at 35.4 eV for W 4f,,, orbit and
37.5 eV for W 4fs,,, further confirming the presence of
W in the composite (55, 56). However, in these two sat-
ellite peaks of W, the intensity of W>"is higher than
for Wo* (Figure 5(C)), suggesting a higher amount of
W>* in the composite than W®*. This W>* defect state
is known to have a strong relationship with oxygen
vacancies (57, 57, 58) and enhances photocatalytic
activity (51, 59). The O 1s high-resolution spectra are
deconvoluted into two peaks located at 530.4 and
532.1 eV (Figure 5(D)), representing metal-oxygen
bond which could be present as W-O and Zn-O
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Figure 3. (A) Absorption spectra, (B) Tauc plots and (C) photoluminescence spectra (at the excitation wavelength of 380 nm) of kao-
linite, Zn(CH5CO,),/kaolinite (ZnK), Na,WO,/Kaolinite (WK), Zn(CH5CO,),/Na,WO,-Kaolinite calcined at 300°C (ZnWK-3), Zn(CH3CO0,),/
Na,WO,/Kaolinite calcined at 500°C (ZnWK-5) and Zn(CH3CO0,),/Na,W0,/Kaolinite calcined at 700°C (ZnWK-7).

(nanorod) in the composite (53, 56, 60). Two peaks are
observed on the C 1s spectra (Figure 5(E)). The major
peak at around 284.1 eV is attributed to the delocalized
carbon (C-C bond) (67) within the composite, as a con-
tribution from the Zinc acetate component precursor
employed for the preparation of the composite. The

g = 4.250 et g = 2.0950

4

.9 = 2.0034

A

/
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Figure 4. X-band Electron Paramagnetic Resonance spectra of
Zn(CH3CO,),/Na,WO,/Kaolinite  photocatalytic ~ composite
(ZnWK-5) calcined at 500°C.

binding energies peak at 284.2 and 286.2 eV confirm
the presence of sp? carbon of C-H and C-0 in the com-
posite (Figure 5(E)) resulting from the use of carbon-rich
Zn precursor in the photocatalysts preparation and C
possibly from air contaminants (62). The presence of
the C-atom confirms the successful doping of C into
the composite via the zinc acetate precursor used for
the synthesis.

3.2. Removal of ampicillin in water

The prepared photocatalytic composites were screened
for their adsorption and photocatalytic efficiency in
removing AMP from water. The results show that pho-
tolysis alone (with 21% removal) does not have the
capacity to sufficiently remove AMP from water within
the time used in this experiment (Figure 6). However,
photocatalytic degradation of AMP with kaolinite alone
and with Tungstate-Kaolinite composite (WK) showed
improved efficiencies of 47% and 44%, respectively.
Nevertheless, with the introduction of zinc acetate to
kaolinite and Na,WO, to form ZnO-K (ZnK) and ZnO-
ZnWO4 (ZnWK) composites, respectively, more AMP
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spectrum of Zn(CH3CO,),/Na,WO,/Kaolinite photocatalytic composite (ZnWK-5) calcined at 500°C.

molecules were removed from aqueous solution (Figure
6). The ZnO-ZnWO4 (ZnWK) composites prepared at
500°C (ZnWK-5) gave the best efficiency of ca. 98%
removal of AMP from aqueous solution (Figure 6).
Based on these results, the focus of this study is now
on evaluating further, the efficiency of the most efficient

photocatalytic composites (ZnWK-5) for removal of AMP
molecules in water.

3.2.1. Rate of ampicillin removal
The data for the time-dependent photodegradation of
AMP molecules in water was analyzed further using
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Figure 6. Photocatalysts screening with 50 mL of 50 mg/L Ampicillin under dark and solar irradiation for 120 min using 50 mg/L of
kaolinite and the prepared composites.
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Langmuir-Hinshelwood (L-H) kinetic model (Figure 7(A,
B)). The parameters in Table 2 show that the data fit the
L-H kinetic model, suggesting that the photodegradation
of AMP molecules on ZnWK-5 composite is a surface reac-
tion and is a first-order kinetic process (63) dependent
only on time and not on the concentration of AMP mol-
ecules. The L-H model parameters, kg, and t, reflect
the fast removal rate constants for AMP (Table 2). Again,
judging from the values of kg, obtained from L-H
model (Table 2), the rate of removal of AMP molecules
by ZnWK-5 composite is higher than those for ZnWK-3
composite and about 5 times higher than ZnWK-7 com-
posite. This clearly supports our earlier inference that
optimum calcination for the preparation of this compo-
site is at 500°C. The rate of AMP removal by ZnWK-5
photocatalytic composite in this study (0.0308 min™" is
much higher than those for P25 Degussa, 0.0102 min™"
(64); Ru/WO5/ZrO,, 0.0173 min~"' (65), and UV/ZnO,
0.015 min™" (66).

The mineralization data in terms of TOC removal

(Figure 7(C)) shows an essentially complete
1.2
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Table 2. Kinetic parameters for the photodegradation of
ampicillin (AMP).

2

Materials Kapp (min™") ty/2 (min) r Std error
Photolysis 0.0016 433 0.5546 58x107*
ZnWK-3 0.0248 28 0.9333 29%1073
ZnWK-5 0.0308 23 0.9735 23%x1073
ZnWK-7 0.0069 100 0.9701 53%x107*

mineralization (ca. 98% TOC removal) of AMP molecules
after 300 min of photocatalytic degaradation in the pres-
ence of ZnWK-5 composite (Figure 7(C)). When com-
pared with other tungstate- and non-tungstate-based
photocatalytic materials used in the removal of AMP
molecules in water, there is a significant improvement
in TOC removal using ZnWK-5 photocatalytic composite
(approximately 98% TOC removal after 300 min of inter-
action). For example, Singh et al achieved ca. 20% photo-
mineralization of 35 mg/L AMP molecules after 2 h using
60%WO5/BiOCl stacked on graphene sand and on chito-
san (67). Another study showed that with fluorinated Zn

(OH), in a sonophotocatalyzed system,
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Figure 7. (A) Time profile plot showing the removal of Ampicillin from water, (B) Langmuir-Hinshelwood (L-H) kinetic model plot for
the removal of AMP in water, (C) mineralization of AMP in water in terms of TOC removal, and (D) Inorganic by-products (anions) from

mineralization of AMP in water.



photomineralization of 30 mg/L of AMP molecules in
water was 46% after 2 h (68). Though P25 degussa (a
commercial photocatalyst) was reported to show a
TOC removal of ca. 100% for AMP removal from water,
this was achieved after 26 h using UV light (64) unlike
98% TOC removal in 300 min (5 h) under visible light
as reported in this study.

3.3. Degradation product and proposed
mineralization pathway

The release of anions during the photodegradation
process further confirms the photo-mineralization of the
AMP molecules by ZnWK-5 composite. The data for the
inorganic anions generated during photodegradation of
AMP molecules shows a very high yield of SO2~ compared
with NH;r and NO3 (Figure 7(D)). This corroborates the
mechanism of photodegradation as shown in the mass
spectrometry analysis (Scheme 1), which suggests that
the S-containing (3-lactam ring serves as a major point of
attack for the reactive species from the composite material
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during the photocatalytic process. This indicates that the
S-containing [B-lactam ring is the most susceptible point
of attack for reactive oxygen in the structure of an AMP
molecule. This is similar to the observation in our previous
study, where there was an unusually higher yield of SOﬁ_
compared with N-based anions (8). However, the concen-
tration of these anions in treated solution are well below
their maximum concentration limits for drinking water
(SO;~ =250 mg/L, NO; =50 mg/L, NH; = 35mg/L)
as set by the World Health Organization standard guide-
lines (69) inspite of the high concentration of AMP
(50 mg/L) used in this study.

The degradation products identified via ESI-LC-MS
analysis and the proposed mineralization pathway for
the degradation of AMP molecule are presented in
Scheme 1. Based on the intermediates obtained, it is pro-
posed that the degradation of AMP molecule using
ZnWK-5 photocatalytic composite follows several steps.
One of such step is the amide (C-N) bond cleavage of
the AMP molecule to obtain compound A1 (m/z=
229.04). On the other hand, the reactive species (from

7—OH Jeny,. NH
O/ Il)g clea 2 H
Al Vage N
H Thiazolidine ring
N s cleavage
(0] N
o} m/z=279.12 7—OH
fo) NH: H RT =11.02 o/
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RT =2.07 min o) NH
(0]
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WIJ
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Scheme 1. Degradation products for the degradation of ampicillin using Zn(CH3CO,),/Na,WO,/Kaolinite photocatalytic composite
(ZnWK-5) calcined at 500°C.
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the photocatalytic materials: h*, HO", "O3) attack the
thiazolidine ring in the structure of AMP molecule to
yield compounds A4 (m/z=293.12).

In addition, there is breakdown of the AMP molecule
via the attack of the B-lactam ring to form compound
A2 (m/z=265.11) and via phenyl ring cleavage to form
A7 (m/z=270.06). Reduction of A4 (m/z=293.12) yields
compound A6 (m/z 233.15), which is further decomposed
to compounds A3 (207.06) and A8 (m/z=171.11) via the
B-lactam ring cleavage, opening of its phenyl and thiazo-
lidine rings respectively. There is also a B-lactam ring clea-
vage of AMP molecule to form compound A5 (m/z=
276.11). The compounds formed are then further miner-
alized to CO,, H,0, NH;, NO3, and SOﬁ_ as revealed by
the TOC and IC analysis of the supernatant solution of
treated water (Figure 7(D)). The degradation data for all
observed intermediates and the mass spectrum of each
degradation product are presented in the supporting
information document (Table S1).

3.4. Toxicity of treated water

The result from the analysis of the AMP-contaminated
water before and after photomineralization with
ZnWK-5 photocatalyst composite for the inhibition of
E. coliDSM 10974 and S. aureus ATCC 25923 is presented
in Figure 8. The result shows the zone of inhibition as a
result of the presence of AMP molecule in solution
before photocatalytic degradation experiment (14.50 £
0.71 and 10.75+0.35mm for E. coli and S. aureus,
respectively). No zone of inhibition was observed for
both E. coli and S. aureus after the photodegradation
experiments. This suggests the loss of bacteria toxicity
in treated solutions after the photodegradation of
AMP-contaminated water with ZnWK-5 composite. This
implies that the products of degradation are not toxic
and no toxic matter is leached from ZnWK-5 composite
into the treated water. By extension, this indicates the
successful photomineralization of AMP in the

S — =
4 Before Treatment

Before Treatment

% After Treatment
———————

After Treatment

Figure 8. Result of toxicity test of (A) Escherichia coli DSM 10974
and (B) Staphylococcus aureus ATCC 25923 contaminated water
before and after treatment with ZnWK-5 composite

contaminated water by ZnWK-5 composite as corrobo-
rated by data from TOC analysis (Figure 7(C)). Therefore,
it can be concluded that the application of ZnWK-5 com-
posite for water treatment would help to reduce the
development and spread of antibiotic-resistant bacteria
(ARB) and antibiotic resistance genes (ARGs) among bac-
teria community in water.

3.5. Effects of some operational variables

In the real world, water contains several other chemical
species (aside pharmaceutical contaminants) and there
are several operational variables that have the potential
to alter the efficiency of a photocatalyst. To understand
the impact of these chemical species and operational
variables, this study considered the influence of five
anions (CI~, NOj3, HCO;, SO2~, PO™), pH, photocata-
lyst dose, initial concentration of AMP, and the change
in ionic strength of the AMP solution. The results of
the impact of varied photocatalyst dose at a fixed con-
centration of 50 mg/L of AMP (Figure 9(A)) shows that
catalyst-to-substrate ratio plays important role in the
photocatalytic degradation of AMP molecules in water.
It is observed that an increase in the catalysts-to-sub-
strate ratio is associated with an increase in the %
removal of AMP molecules from the solution.

It has been reported that an increase in photocatalyst
dose actually increases the number of active sites avail-
able for photocatalysis and hence increases the pro-
duction of reactive radicals that enhance the efficiency
of the photocatalyst (70).

However, in contrast to the effect of photocatalyst
dose on the degradation of AMP molecules, it is
observed that as the initial AMP concentration increases
beyond 50 mg/L there is an observable decrease in the
percentage removal of the pharmaceutical contaminant
(Figure 9(B)). This is linked to the reduction in the photo-
catalyst to contaminant ratio that reduces the active
photocatalytic sites available for photodegradation of
AMP molecules in water (71, 72). However, increasing
solution pH of AMP from 3.0 to 5.0 does increase the
efficiency of ZnWK-5 composite to remove AMP mol-
ecules from an aqueous solution (Figure 9(C)). This
efficiency is then maintained at comparable values
between pH 5.0 and 9.0. Within this range of pH it is
established from speciation studies that neutral species
of AMP molecules are dominant (8, 73). This may
explain the stable photocatalytic efficiency of ZnWK-5
composite exhibited within this range of pH during
photocatalysis. However, at higher pH values (> 9.0),
the formation of hydroxyl radicals is encouraged,
which strongly promotes photodegradation (27). The
introduction of Na* and Cl~ species to increase the
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ionic strength of the solution reduces the photoactivity
of ZnWK-5 photocatalyst but only improves its photoac-
tivity only slightly as the ionic strength increases to 1.0 M
(Figure 9(D)).

3.6. Effect of the presence of inorganic anion

In considering the influence of the presence of anions in
AMP solution (Figure 10(A)), it is observed that all five
anions (CI~, NO3, HCO3, SO3~, PO;") have a negative

influence on the photocatalytic degradation of AMP
molecules. The most negative impact is seen to be
influenced by the presence of carbonate (HCO3) and
phosphate (PO?,‘) anions. In several reports, this
phenomenon is typical with these anions which are
known to compete for photocatalytic sites with drug
molecules (8).

These anions are known to scavenge reactive species
in solution, thereby inhibiting their availability for the
degradation of pharmaceutical contaminants in
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Figure 10. The effect of (A) the presence of inorganic anions and (B) radical scavengers on the photodegradation efficiency of Ampi-
cillin (AMP) molecules in water using ZnWK-5 composite (IPA = isopropyl alcohol, BZQ = benzoquinone and NaOX = sodium oxalate).
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solution. Both HCO3 and PO3™ have been reported to be
good scavengers of HO’, thereby limiting the roles of the
photo-generated HO" for the degradation of target
pharmaceutical contaminants according to Equations
(6)-(8) (74, 75).

HCO; + OH® — CO3° + OH™ (6)
SO2™ + OH® — SO; — +OH"~ 7)
PO}~ + OH® — PO2™" + OH™ (8)

3.7. Reactive species responsible for
photocatalytic degradation

Several reactive species (HO, h*, 057, O, etc) have been
identified as being responsible for the photodegrada-
tion of organic molecules in solutions. However, not all
of these reactive species are significantly involved in
any photocatalytic process. To determine which of
these reactive species were released by ZnWK-5 photo-
catalytic composite and played a significant role in the
photodegradation of the AMP molecules, we used the
scavenging effect method. Figure 10(B) shows the
extent of scavenging by different chemicals: isopropanol
(for HO), benzoquinone (for O5) and sodium oxalate
(for h*). The presence of all scavenging chemicals
decreased the photodegradation of AMP molecules,
with h* reactive specie being the most influenced. This
suggests that the exposed hole (h*) plays a decisive
role in the photocatalytic activity of ZnWK-5 composite
while the superoxide anion radicals ('O3) are the main

0,

HO

H,0
ZnWO,-Kaolinite Composite

active species in the photocatalytic degradation of
AMP molecules. However, HO" and O; radicals are
suggested to act in supplementary manner.

Equations (9)-(14) show the mechanistic approach for
the generation of reactive species and the photodegra-
dation of AMP molecules in solution based on the sca-
venger analysis. Generally, when the reaction medium
is exposed to solar light, the solar irradiation of the com-
posite transits electrons in the valence band of ZnWK to
the conduction band to form electron-hole pairs. The h*
in the valence band oxidizes H,O and OH™. Meanwhile,
the electron migrates to the surface of the photocatalyst
and reacts with O, to form "O5. Consequently, the 03
reacts with H" and H,0 to form HO," and H,0,, respect-
ively (equation p-q). While the H,0, further breaks down
into "OH via the absorption of visible light energy (76).
The reactive species produced, then initiate the degra-
dation of AMP molecules in solution, as shown in
Equations (9)-(14).

ZnWK + hv — ZnWK(h* +e7) 9
O, +e — 0, (10)

0, +H" — HO, (1)

2HO; — 0, 4 H,0, (12)

H,0, + 0, — HO' +OH™ 40, (13)
H,0; 4 hv — 2HO' (14)

CO, + H,0 + NO; + SO,2 + NH,* ...

"\ y )
| ~ o s>:;$~<)H—> Intermediates
Q\r‘kn’”iﬁ, l
NH;

Scheme 2. Photodegradation scheme for the degradation of ampicillin in water by Zn(CH3CO,),/Na,WO,/Kaolinite photocatalytic

composite (ZnWK-5) calcined at 500°C.
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Figure 11. Stability of the efficiency of ZnWK-5 composite over
five reuse cycles for the photodegradation of ampicillin (AMP) in
water.

These reactive species produced in Equations (10),
(13) and (14), then initiate the degradation of AMP mol-
ecules in solution as shown in Scheme 2.

3.8. Stability of photocatalytic composite

In considering upscaling the application of ZnWK-5
photocatalytic composite, it is important to establish
its reusability over several cycles. The results for the
reuse of ZnWK-5 photocatalytic composite for the
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photodegradation of AMP molecules over a 5-cycle
period are presented in Figure 11.

The ZnWK-5 photocatalytic composite demonstrates
a high stability index of 100% after the first two reuse
cycles for the removal of AMP from the solution.
However, at the third reuse, about 10% loss in
efficiency was observed, and this was sustained
through to the fifth reuse cycle even though a slight
increase in the photocatalytic efficiency was observed
at the fifth reuse cycle. However, based on the error
margins as shown in Figure 11, this difference has
been considered not to be very significant especially
after the third reuse. This shows that the semiconductors
in the ZnWK-5 photocatalyst were properly anchored
into the kaolinite clay support and its active surface is
not significantly deactivated by the photodegradation
process. The 10% loss in efficiency can be attributed to
catalysts deactivation due to adsorbed substrates on
their surfaces over several reuse cycles (77).

3.9. Water disinfection study

Aliquots of the treated water collected after the disinfec-
tion experiments (as described in section 2.7) were incu-
bated for 24 h. The result showed that the exposure of
the gram (+ve) bacteria (Bacillus cereus (ATCC10876)
and Staphylococcus aureus (ATCC25923) and gram (-

S. aureus

Figure 12. Test result from disinfection of water containing (A) B. Cereus, (B) S. aureus, (C) E. coli and (D) S. typhi using ZnWK-5 photo-

catalytic composite.
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ve) bacteria (Escherichia coli (DSM10974) and Salmonella
tyhi (ATCC13311) to sunlight (as control) only inhibited
the growth of the bacteria slightly (Figure 12), this can
be attributed to the UV component of the solar light
spectrum of the study environment as reported in our
previous study (79). However, the introduction of
ZnWK-5 photocatalytic composite completely inhibited
the growth of all bacteria studied (Figure 12), as there
was no growth of these bacteria in the portions
bearing the ZnWK-5 particles after 2 h of disinfection.
The efficacy of the photocatalyst could be attributed
to the presence of the superoxide radical (O; as
earlier suggested in section 3.7 (Figure 10(B)). This is con-
sistent with previous reports for visible light photocata-
lytic disinfection of water (78, 79). It confirms that the
prepared photocatalytic composite in this study is
capable of disinfecting water contaminated with both
gram (—ve) and gram (+ve) bacteria.

4, Conclusion

A new heterogeneous photocatalytic composite with
enhanced visible-light-induced photocatalytic degra-
dation of ampicillin (AMP), was successfully prepared
via a cheap and environmentally friendly mechano-
thermal synthesis. Optical characterization of photoca-
talytic materials (prepared in this study) showed that
the photo-activity of the ZnWO,-Kaolinite composites
was due to the presence of W>* defect states in the
composite. Investigation showed that thermal treat-
ment of the composite at 500°C (ZnWK-5 composite)
provided a photocatalytic material that is more
efficient for the mineralization of AMP molecules in
water and disinfection of same. This photocatalytic
composite showed a 98% photo-mineralization of
50 mg/L AMP molecules in water after 5h. This,
when compared with the photomineralization activity
of commercial P25 degussa was far more efficient for
the complete and safe removal of AMP from water.
In addition, the same ZnWK-5 composite material was
used to achieve total disinfection of water samples
containing four bacteria (E. coli, S. typhi, B. cereus,
S. aureus) under sunlight irradiation. However, in the
presence of anions such as ClI~, NO3, PO;~, SO;~,
and HCOj3 (which, at certain concentrations, are pollu-
tants in water), the efficiency of the photocatalytic
material reduced. This was more significant in the pres-
ence of PO;™. Reuse studies with ZnWK-5 composite
suggests that its efficiency is relatively stable even
after five cycles. Overall, this study demonstrates that
cheap raw materials combined with photoactive com-
ponents provide viable access for the development of
visible light photocatalytic composites suited for the

efficient removal of antibiotic chemicals and bacteria
in water. Therefore, the application of ZnWK-5 for
photomineralization water treatment would help to
reduce the spread of antibiotics, development of anti-
biotics resistance bacteria (ARB) and transfer of anti-
biotics resistance genes (ARGs) among bacteria
community in water.
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