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ABSTRACT: This study facilitates the synthesis of a graphitic M
carbon nitride/cesium tungsten oxide (g-C;N,@Cs,33WO;)
heterojunction using a solvothermal method. The photocatalytic
activities of the prepared samples were examined for the
photodegradation of colorless antibiotics, namely tetracycline,
enrofloxacin, and ciprofloxacin, as well as cationic and anionic dyes,
such as methyl orange, rhodamine B, neutral red, and methylene
blue, under full-spectrum solar light. We have purposely selected
different kinds of wastewater pollutants of colorless antibiotics and
cationic and anionic organic dyes to investigate the potential
application of this heterojunction toward different groups of water
pollutants. The results revealed that the g-C;N,@Cs;3;WO;
heterojunction showed an outstanding photocatalytic activity
toward all the pollutants with concentrations of 20 ppm each at pH 3 by photocatalytically removing 97% of tetracycline within
3 h, 98% of enrofloxacin within 2 h, 97% of ciprofloxacin within 2.25 h, 98% of methylene blue in 1 h, 99% of rhodamine B within 2
h, 99% of neutral red in 1.25 h, and 95% of methyl orange in 2 h. These findings indicate that the developed photocatalyst possesses
excellent photocatalytic properties toward seven different water pollutants that make it a universal photocatalyst. The developed g-
C;N,@Cs 33WOj; oxide heterojunction also presented a photocatalytic performance better than those of reported solar light active
photocatalysts for photodegradation of rhodamine B and tetracycline. The efficient photocatalytic performance of the heterojunction
can be ascribed to its extended light-absorbing ability, effective charge separation and fast charge transfer properties, and a high
surface area. Moreover, an active species detection experiment also confirmed that superoxide radicals, hydroxyl radicals, and holes
played significant roles in the photocatalysis of the organic dyes and tetracycline.
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1. INTRODUCTION

Currently, environmental pollution and energy shortages have

pollutants is essential. Previously, different methods, including
adsorption, Fenton oxidation, biological filtration, chemical

become major issues worldwide and immense efforts are being
made to address them.'" Among the several types of
environmental pollution, water pollution caused by antibiotics
and organic dyes is a major problem that requires immediate
action. Tetracycline (TC) is one among the various types of
antibiotics used in daily life to prevent and treat microbial
infections.” It is widely utilized because of its low cost and the
broad antibacterial spectrum. It is nonbiodegradable and
cannot be absorbed by the animal intestine, and 90% of it is
excreted into the environment, which causes environmental
pollution and affects the health of living organisms.’ Therefore,
the development of an effective and efficient method for its
removal is very crucial. Other types of water pollutants are
organic dye effluents that are released from different industries
and have low biodegradability, high levels of chemical oxygen
demand, and harmful effects on human health and the
environment.” Therefore, their presence is a global challenge
to society and needs to be eliminated to achieve a conducive
and safe environment. Thus, the development of an effective,
simple, low-cost, and efficient method for removing these
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precipitation, photocatalysis, and ozone oxidation, have been
developed for wastewater treatments.”'" Among these
methods, photocatalysis has received significant attention''
due to its simple operation strategy and high efficiency as well
as low cost, power consumption, and eco-friendliness.'*"
Therefore, the development of suitable and effective photo-
catalysts is required for environmental remediation."*

Solar energy is an economical, abundant, clean, renewable,
and green source of energy. The sun provides a continuous and
intense light energy to the surface of the earth and is the most
promising renewable source of energy for environmental
treatments.”” The total solar energy comprises ultraviolet
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(UV), visible (Vis), and near-infrared (NIR) light, which
constitutes 5%, 46%, and 49%, respectively.lé_18 However,
most conventional photocatalysts, such as TiO,, ZnO, Ag;VO,,
MoS,, BiS,, TiO,@graphene, Pt/Bi@TiO,, GO@ZnO, D-g-
C;N,@Bi;0,], TiO,@SiO,@Fe;0,"" > and Fe;0,, are only
active in UV and Vis light or in a combination of the two,
which constitutes only 5% or 50% of the solar light. This leaves
the NIR light unutilized, which constitutes 50% of the solar
spectrum. Therefore, the development of solar light active
photocatalysts that can absorb full-spectrum solar light from
NIR-Vis—UV for environmental remediation is crucial.”’

Previous studies have found that the formation of
heterostructures from different materials that absorb in the
different regions of the solar light spectrum can improve the
utilization of solar energy and enhance the photocatalytic
activity for wastewater treatments. Therefore, the design and
selection of suitable materials to form heterostructures that can
absorb full-spectrum solar light are necessary. Interestingly,
tungsten bronze based materials M,WO; (0 < x < 1, M = Cs,
Rb, K, Na, Li) are suitable candidates for this purpose due to
their excellent NIR and UV light absorption properties.”** In
particular, Cs,33WOj; has attracted attention in various fields,
such as water evaporation,” photocatalysis,”® gas sensors,”’
smart window coatings, and photothermal ablation cancer
treatments,”*® due to its outstanding NIR light absorption
property. The mixed-valence W** and W% as well as large
oxygen vacancies make cesium tungsten oxide a suitable
material for photocatalysis. Nevertheless, Cs;3;;WO; suffers
from Vis light absorption, which hinders its use as a solar light
photocatalyst.”> Thus, it is mandatory to select materials that
have excellent Vis light absorption properties to develop
photocatalyst heterostructures to enable the efficient utilization
of full-spectrum solar light."®

Recently, graphitic carbon nitride (g-C;N,), which is a
metal-free semiconductor, has received considerable attention
in the field of photocatalysis owing to its eco-friendliness,
simple preparation method, biocompatibility, high stability,
moderate band gap, low cost, and excellent Vis light
absorption.”” Due to these merits, it is being applied for the
photodegradation of organic pollutants, CO, reduction,’® and
water splitting in environmental remediation. However, it
suffers from the inefficient utilization of the full-spectrum solar
light, small specific surface area, easy aggregation of nano-
sheets, and fast recombination of photogenerated charge
carriers that hinder its use in practical applications.”" Various
methods have been developed to overcome these drawbacks,
among which heterojunction formation with suitable materials
is a promising strategy to improve the photocatalytic activity.*”
For instance, different types of heterojunctions such as but not
limited to g-C;N,@WO,,>* UiO-66@g-C;N,,** Co;0,@g-
C;N,,* and red phosphor@g-C;N, have been developed and
presented excellent photocatalytic performance compared to
their respective bare materials. Different Csj3;WO;-based
heterostructure photocatalysts such as CdS@Csg33WO3,*°
Si0,@Csg 33WO;3,°" ZnO@Cs, 33 WO0;,°° and AgBr@
Csp33WO;” have also been developed and their findings
reveal that the heterostructure showed outstanding photo-
catalytic properties compared with the two pristine materials.
Previous works have been reported where Csy3;WO;'*** was
utilized as a UV- and NIR-absorbing photocatalyst. By taking
advantage of the excellent UV and NIR absorption property of
Cs0.33WO3, we have developed a full-spectrum solar light active
g-C;N,@Cs; 33WO; heterojunction photocatalyst for antibiotic

degradation. Herein, g-C3;N, was chosen due to its good visible
light absorbing property, eco-friendliness,*’ suitable band-gap
energy,41 lack of metal, and good stability.42 Previously, Gu et
al. developed a g-C;N,@Csy3;WO; heterojunction and it
exhibited excellent photocatalytic activity for CO, reduction,”®
which shows its potential applicability in environmental
remediation. However, we report for the first time the
photocatalytic activity of the g-C;N,@Cs33WO; heterojunc-
tion on the photodegradation of colored and colorless
pollutants under solar light irradiation.

The limited full-spectrum solar light absorption properties of
most of the developed photocatalysts are the main drawbacks
in the utilization of all the irradiated solar light region for
environmental remediation. In this study, a full-spectrum solar
light active g-C3N,@ccs0.33WO3 heterojunction was developed
via a solvothermal method by taking into account the excellent
visible light absorbing property of g-C3N, and outstanding UV
as well as NIR optical properties of Csy;3WO;. The
photocatalytic properties of the fabricated heterojunction
have been demonstrated toward the photodegradation of
colorless antibiotics, namely tetracycline (TC), ciprofloxacin,
and enrofloxacin, as well as cationic and anionic dyes.
Moreover, the effect of experimental parameters such as pH,
concentration of pollutant, and catalyst dosage on the
photocatalytic performance of the developed photocatalyst
was investigated. The photodegradation of intermediate
products was also systematically studied. Based on the
experimental findings, a possible photocatalytic mechanism
for the photocatalytic performance of the fabricated g-C;N,@
Csg.33WO; heterojunction is proposed.

2. MATERIALS AND METHODS

2.1. Materials. Tungsten(VI) chloride (99.9%, Acros, New
Jersey, USA), Melamine (99%. Poland), cesium hydroxide
(99.9%, Alfa Aesar, Wardhill, MA, USA), anhydrous ethanol
(99.5%, ECOs), glacial acetic acid (AENCORE, Surrey Hills,
Australia), rhodamine B (98+%), methylene blue (99%),
methyl orange (99%), tetracycline (98), enrofloxacin (99+%),
and ciprofloxacin (98+%) (Sigma-Aldrich, New Jersey, USA)
were purchased from the suppliers indicated.

2.2. Synthesis of g-C;N,@Cs,3;3WO; Heterojunction.
First, g-C;N, was synthesized from melamine according to the
method described in our previously published study.*
Thereafter, the desired amount of g-C;N, was dissolved in
80 mL of ethanol and stirred for 1 h. Subsequently, 0.595 g of
WCl4 was added to the above solution, and the mixture was
stirred until a homogeneous solution was obtained. Afterward,
0.13 g of CsOH-H,O was introduced and the mixture was
stirred further for 10 min. Then, 20 mL of glacial acetic acid
was added and a solvothermal reaction was allowed to occur
for 20 h at 240 °C in an autoclave. After the reaction was
completed, the autoclave was cooled to room temperature
naturally, and the obtained product was washed four times
with ethanol and dried in an oven at 60 °C for 8 h.**

2.3. Characterizations. The optical properties of the
samples were investigated using UV—Vis—NIR spectropho-
tometry (JASCO V 670, Tokyo, Japan). The morphologies of
the samples were studied by field-emission scanning electron
microscopy (FESEM, JSM 6500F, JEOL Tokyo, Japan), and
an N, adsorption measurement was done at 77 K to determine
the specific surface area of the sample using a Quantachrome
iQ-MP gas adsorption analyzer (BEL JAPAN, INC.). The
concentrations of the pollutants were studied using UV—Vis—
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NIR spectrophotometry in the wavelength range of 200—800
nm. The photocurrent response tests and electrochemical
impedance spectroscopy (EIS) were performed using a 5000
electrochemical workstation (Technology Corp., Taipei,
Taiwan). The total organic carbon was investigated with a
Vario TOC select Elemenetar instrument, and the intermediate
products were studied by a gas chromatograph—mass
spectrometer detector (5977B GC/MSD and 7890B GC)
system.

2.4. Study of Photocatalytic Properties. The photo-
catalytic activities of the as-prepared photocatalysts were
evaluated for the photodegradation of pollutants, such as TC,
enrofloxacin, ciprofloxacin, methylene blue (MB), rhodamine
B (Rh B), red dye, and methyl orange (MO) under full solar
light illumination. Typically, 20 mg of the photocatalyst was
dispersed in 100 mL of a solution containing 20 ppm of each
pollutant. Before photocatalysis, the mixture was stirred in the
dark for 30 min to attain an adsorption—desorption
equilibrium. Then, a Xe lamp (500 W Prosper Optoelectronic,
Co., Ltd., Taipei, Taiwan) with a wavelength range of 250—
2500 nm was used as the light source. The distance between
the lamp and photocatalysis reactor was 35 cm, and the optical
intensity of solar light was 0.25 W/cm® The light was
irradiated for 2 h in the case of MO, Rh B, and enrofloxacin,
for 1 h in the case of MB, and for 3, 2.25, and 1.25 h for TC,
ciprofloxacin, and NR, respectively. A 4 mL portion of the
solution was taken every 15 min and centrifuged. The
concentration of each pollutant left in the supernatant solution
was analyzed using a UV—vis—NIR spectrometer (V-670,
JASCO, Tokyo Japan).**~*° Finally, the degradation efficien-

cies of organic dyes and TC were calculated based on eq
146-s1

C,—C
degradation efficiency (%) = =0t % 100

Co (1)

where C, is the concentration at irradiation time ¢ and C, is the
initial concentration of the pollutant.

2.5. Photoelectrochemical Measurements. EIS was
used in a conventional three-electrode configuration. The as-
prepared samples were cast on 1 X 1cm’ titanium, which
served as the working electrode, and a Ag/AgCl electrode,
platinum electrode, and 0.1 M KCI solution were used as the
reference electrode, counter electrode, and electrolyte,
respectively. Benzoquinone (BQ), isopropanol (IPA), and
ethylenediaminetetraacetic acid (EDTA) were used as super-
oxide radical, hydroxyl radical, and hole scavengers, respec-
tively, in the active species study.

3. RESULTS AND DISCUSSION

3.1. Characterization of the g-C;N,@Cs,33WO; Het-
erojunction. Figure la displays the FESEM image of the g-
C;N,@Cs 33 WOj; heterojunction, which demonstrates that the
g-C;N, nanoparticle (shown in red) is adhered to the surface
of the Cs;33WO; nanorods (encircled in yellow), indicating a
good contact between g-C;N, and Csy33WO;. The energy-
dispersive X-ray spectrum (EDS) presented in Figure 1b also
confirms the existence of Cs, W, O, N, and C in the g-C;N,@
Csp33WO; heterojunction, which shows the coexistence of
Csy33WOj; and g-C;N,. The crystal structures of the fabricated
g-C3Ny, Csy33WO0;, and g-C3N,@Cs 33 WO; were investigated
and reported in our previous study.” The actual atomic and
mass percentages of elements in the developed Cs,3;;WO;@g-

Figure 1. (a) FESEM image and (b) corresponding EDS spectrum of
the g-C;N,@Cs;33WO; heterojunction.

C;N, heterojunction (Figure 1b inset) were also almost the
same as the theoretical mass and atomic percentages of each
element used in the synthess, that confirms the successful
fabrication of the heterojunction.

3.2. Photoelectrochemical and Optical Analyses.
Figure 2a shows the EIS results of g-C;N,, Cs,3;3WO;, and
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Figure 2. (a) EIS, (b) photocurrent response, (c) PL spectra, and (d)

DRS spectra of Cs33WO;, g-C3N,, and the g-C3N,@Cs;33WO;

heterojunction.

the g-CsN,@Cs, 33WOj; heterojunction, and the figure depicts
that the semicircle radius of the g-C;N,@Cs;33WO;
heterojunction is much smaller than those of g-C;N, and
Csg33WO;3, indicating the excellent charge transfer of the
heterojunction. The photoluminescence (PL) spectra (Figure
2b) indicated that the g-C;N,@Csy3;WO; heterojunction
presented the lowest PL peak intensity followed by Cs; 33 WO5,
which shows the suppression of photogenerated electron—hole
recombination and efficient charge separation, which is crucial
for achieving an effective photocatalysis. In contrast, g-C;N,
exhibited strong PL peaks, indicating a high recombination rate
of hole—electron pairs in g-C3N,, which is not ideal for an
effective photocatalysis. The photocurrent response results
displayed in Figure 2c¢ also indicate that the g-C;N,@
Csp33WO; heterojunctions exhibit strong photocurrent
responses compared to those of the bare materials, which
indicates that the heterojunction possesses an excellent light
absorption and conversion efficiency. The enhancement of the
photocurrent response shows that the heterojunction can
efficiently generate and transfer photogenerated charge
carriers, which causes efficient electron—hole pair separation
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and a high photocatalytic performance.’ The optical properties
of the synthesized samples were also investigated in full-
spectrum solar light (UV—vis—NIR region), and the results
(Figure 2d) show that g-C;N, exhibits a strong optical
absorption in the Vis region but limited optical absorption in
the UV and NIR regions. Cs3;WO; exhibited significant NIR
and UV light absorption properties, which are crucial for full-
spectrum solar light absorption. Consequently, the developed
g-C;N,@Cs;33WO; heterojunction demonstrated Vis, UV,
and NIR light absorption capabilities throughout the solar
spectrum, which is very important for improving the
photocatalytic activity.

Moreover, the band gap of the photocatalyst, which is an
important parameter in photocatalysis, was determined by
using the Kubelka—Munk formula®* from DRS, and the plots
of (ahv)'? versus hu, where h, a, and v denote Planck’s
constant, absorption coeflicient, and light frequency, respec-
tively, are displayed in Figure 3a—c. From the results, the
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Figure 3. (a—c) Band gaps for g-C;N,, Csy3;WO;, and g-C;N,@
Cs33WO; respectively. (d, e) Mott—Schottky plots of g-C;N, and
Csy.33WOj, respectively.

calculated band gap energies (Eg) of g-C;N,, Cs;33WO;, and g-
C3;N,@Cs( 33 WO; were 2.50, 2.58, and 2.26 eV, respectively.
The flat-band potentials of g-C;N, and Csy3;;WO; were
determined by the Mott—Schottky method, and g-C;N,
(Figure 3d) as well as Csy33WO; (Figure 3e) demonstrated
positive slopes, which indicated that both materials are n-type
semiconductors.*® As can be seen from the linear extrapolation
of the results to the x intercepts of Figure 3, the flat band
potentials versus an Ag/AgCl electrode for Cs;33;WO;, and g-
C;N, are —0.75, and —1.0 V, respectively.”” By using the
formula for the normal hydrogen electrode Exyg = Eag/agar +

0.197 V,>** the corresponding values vs NHE of Cs;;WO;,
and g-C3;N, are —0.55, and —0.8 V, respectively. The
conduction band (CB) potentials of n-type semiconductors
are almost equal to the flat-band potentials. Therefore, the
corresponding CBs of Cs,;3WO; and g-C;N, are —0.55 and
—0.8 eV, respectively, as calculated according to the formula
Eyg = E; + Ecp,”° in which the determined valence bands
(VBs) of Csy33WO; and g-C3N,, are 2.02 and 1.7 eV versus the
normal hydrogen electrode (NHE), respectively. The E, values
of g-C;N, and Cs;33WO; are 2.50 and 2.58 eV, respectively, as
presented in Figure 3a,b.

Moreover, the specific surface areas and pore size N,
adsorption—desorption isotherms of the fabricated samples
were investigated, and the results given in Figure 4 show that
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Figure 4. N, adsorption—desorption isotherms of Csy3;WO;, g-
C3;N,@Cs33WO3, and g-C;N,.

all of the photocatalysts presented type IV hysteresis loops
according to the Brunauer—Deming—Deming—Teller classi-
fication.”” The calculated specific surface area, pore diameter,
and pore volume are also displayed in Table 1, and the results

Table 1. BET Specific Surface Areas, Pore Diameters, and
Pore Volumes of Photocatalysts

pore

specific BET surface diameter pore volume
photocatalyst area (m?/g) (nm) (cm®/g)
gC,N, 37.29 28.15 026
Csy33WO3 36.64 36.49 0.33
g-CN,@Cs03,WO, 5174 23.84 030

show that the synthesized g-C;N,@Cs,33;WO; heterojunction
presented the highest specific surface area of 51.74 m?/g as
compared to those of the bare materials Cs;3;WO; and g-
C;N,. This improved surface area provides a large active site
for the adsorption of pollutants on the photocatalyst, further
enhancing the photocatalytic activity of the heterojunctions.””

3.3. Study of Photocatalytic Activity on Organic
Dyes. The photocatalytic activities of the as-synthesized
photocatalysts were investigated for different types of
pollutants composed of cationic and anionic organic dyes.
First, the photocatalytic properties of the fabricated photo-
catalysts toward the anionic dye MO were investigated, and the
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results shown in Figure S5a indicate that the g-C;N,@
Csp33WO; heterojunction exhibited excellent photocatalytic
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Figure S. Photocatalytic degradation efficiency of the as-prepared
samples on (a) MO, (b) MB, (c) Rh B, and (d) NR, under solar light
irradiation.

activity by degrading 95.4% within 2 h under solar light
irradiation. Csg33WO; and g-C;N, degraded only 41.4% and
73.7% of MO, respectively, under the same conditions.
Moreover, the universal applicability of the developed
photocatalysts was evaluated by applying them to different
cationic dyes and Figure Sb depicts that the g-C;N,@
Csp33WO; heterojunction showed excellent photocatalytic
activity toward MB by degrading 98.2% of it in 1 h, whereas
the photocatalytic activities of bare g-C;N, and Csy33WO;
were 63.2% and 38.4%, respectively, under the same
experimental conditions. Similarly, the synthesized hetero-
junction displayed significant photocatalytic properties toward
Rh B by decomposing 99.2% of Rh B within 2 h (Figure Sc),
while only 17.4% and 73.5% of Rh B were degraded by
Csp33WO; and g-C3N,, respectively. Figure 5d also shows that
the g-C;N,@Csy33WO; heterojunction possesses excellent
photocatalytic activity toward the neutral red (NR) dye, and
99.3% can be decomposed in 75 min, whereas only 57.4% and
54.1% could be decomposed by g-C;N, and Cs0 ;3 WO; under
similar conditions, respectively. The excellent photocatalytic
activity of the g-C;N,@Cs,33;WO; heterojunction toward all
pollutants compared to those of the bare g-C;N, and
Csp33WO; can be ascribed to the extension of the optical
absorption region, high surface area, and effective charge
separation.’ In addition, the photocatalytic performance of the
developed g-C;N,@Cs(33;WO; heterojunction was also
compared with those of previously reported solar light active
photocatalysts for the photodegradation of Rh B. The findings
in Table 2 show that the developed g-C;N,@Cs;3;WO;

heterojunction exhibited an excellent photocatalytic perform-
ance compared to those reported in the literature. This
indicates that the fabricated photocatalyst is a promising
candidate for application in environmental remediation for the
treatment of organic dyes and can be employed for real-life
applications.

The rate of the reaction kinetics of the photocatalyst was
also studied by fitting the experimental results with a pseudo-
first-order reaction model according to eq 2’

~In(C,/C,) = kt 2)

where k is the kinetic rate constant, t is the irradiation time,
and C, and C, are the concentrations of pollutants at time 0
and time t, respectively. Figure S1la—d shows the linear plots of
In(C,/C,) versus the irradiation time for MO, MB, Rh B, and
red dye. The reaction rate constant (k) was calculated and is
provided in Table 3. The reaction rate of the g-C;N,@

Table 3. Pseudo-First-Order Rate Constants (min™") for
MO, MB, Rh B, and NR Dye Degradation under Solar Light
Irradiation

k (1073 min™")

photocatalyst MO Rh B MB NR
g-C;N, 9.7 108 16.4 12,5
Csp2sWO,4 44 1.6 7.8 10.4
g-CyN,@Cso5WO, 196 19.5 403 315

Csy33WOj; heterojunction is faster than those of bare g-C3N,
and Cs,3,WO; for all of the studied pollutants (MO, MB, Rh
B, and NR). For example, the reaction rate kinetic constant of
the heterojunction is about 1.8 times faster than that of g-C;N,
and is about 12 times faster than that of Csy3;;WO; for the
photodegradation of Rh B dye under the same experimental
conditions. The improved reaction rate of the g-C;N,@
Csg33WOj; heterojunction could be due to the large surface
area, extended full-spectrum light absorbance, narrowing of the
band gap, and effective charge transfer of photogenerated
charge carriers.”

To evaluate the light utilization efficiency of the developed
g-C;N,@Cs;33WO; heterojunction, the apparent quantum
efficiency (@) of the photocatalyst was calculated according to
eq 3%

reaction rate _ Ny dG,/dt

dN,,,/dt

incident photon flux

3)

where v is the volume of the reaction solution (L), N, is
Avogadro’s number (6.022 X 10** molecules/mol), C, is the
concentration of the reactant A (mol/L), N, is the number of
photons supplied in time ¢, and t is reaction time. Herein, the
reactant is MB.

Table 2. Comparison of the Photocatalytic Activity of the Developed g-C;N,@Cs,;;WO; Heterojunction with Those of the
Previously Reported Solar Light Photocatalysts for the Photodegradation of Rh B Dye

photocatalyst pollutant time (min)
ZnS/Ag/CoFe,0, Rh B 150
MoS,/WO, Rh B 120
ZnS Rh B 160
TiO, graphene aerogel Rh B 180
g-CyN,@Cs0.5,WO, Rh B 120

38479

light source photodegradation (%) ref
solar 96.5 58
solar 92.6 59
solar 94.0 60
solar 91.0 61
solar 99.1 this work
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The calculated apparent quantum efficiencies under incident
light of 3 X 10" photons/s were 2.5%, 0.85%, and 0.53% for
the g-C3;N,@Cs(33WO; nanocomposite, g-C3;N,, and
Csy33WO; photocatalysts, respectively. This finding depicts
that the g-C;N,@Cs(3;3WO; heterojunction had apparent
quantum efficiency of about 3 times that of g-C3N, and almost
S times that of Cs;33WO;. The heterojunction formation has
largely improved the apparent quantum efficiency, which
improved the photocatalytic performance of the developed
material.

The total organic carbon (TOC) was investigated to
evaluate the mineralization property of the g-C;N,@
Cs33WO; heterojunction on Rh B and TC pollutants under
solar light irradiation. The finding shown in the Figure 6

—

[—3

=]
Il

Il Before degradation
B After degradation

TOC concentration (mg/L)
=

Rhodamine B

Tetracycline

Figure 6. TOC analysis of Rh B and TC pollutants before and after
their photodegradation.

presents the TOC of the Rh B before and after photocatalysis
by the g-C;N,@Cs;33WO; heterojunction. The decrease of the
TOC in the Rh B of 99.4% after photocatalysis confirms the
mineralization of the Rh B into CO, and H,0.°*** Similarly,
the concentrations of TOC before and after photodegradation
of TC were also determined, and the finding reveals that 99%
of TOC was removed during photodegradation of TC, which
confirms the excellent mineralization properties of the
developed photocatalyst during photodegradation of TC.%
3.4. Photocatalytic Activity on Antibiotics. The
photocatalytic activity of the heterojunction as well as bare
samples was evaluated by photodegradation of antibiotics such
as enrofloxacin, ciprofloxacin, and tetracycline under simulated
solar light. The result presented in Figure 7a indicates that the
g-C;N,@Cs;33WO; heterojunction exhibited excellent photo-
catalytic activity toward ciprofloxacin by degrading 98% of it
within 135 min under solar light irradiation. However,
Csp33WO; and g-C;N, degraded only 56% and 64.2% of
ciprofloxacin, respectively, under the same experimental
conditions. Moreover, the as-prepared g-C;N,@Csg;;WO;
heterojunction also displayed outstanding photocatalytic
properties toward enrofloxacin by decomposing 97.1% of it
within 2 h (Figure 7b), while only 68% and 73.5% of
enrofloxacin were degraded by Csy3;;WO; and g-C;N,,
respectively. Furthermore, the g-C;N,@Cs,3;3WO; hetero-
junction also exhibited significant photocatalytic activity
toward TC by decomposing 97% of it within 3 h (Figure
7c), whereas 83.7% and 61.8% degradations of TC were
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Figure 7. Photocatalytic degradation efliciency of the as-prepared
samples on (a) ciprofloxacin (b) enrofloxacin, and (c) TC, under
solar light irradiation.

achieved by g-C;N, and Cs;33WOj, respectively. Furthermore,
the photocatalytic performance of the developed g-C;N,@
Cs933WO; heterojunction was compared with those of
previously reported photocatalysts for the photodegradation
of TC, and the results are displayed in Table 4. The finding
displays that the developed g-C;N,@Cs, 33 WO; heterojunction
shows better TC photodegradation than those reported
photocatalysts.

Figure S2a—c shows the linear plots of In(C,/C,) versus the
irradiation time for enrofloxacin, ciprofloxacin, and TC
photodegradations. The reaction rate constants (k) were
calculated and are provided in Table S. The reaction rate of the
g-C3N,@Cs; 33 WO; heterojunction is faster than that of bare
g-C3N, and Csy33WO; for all of the studied pollutants
(enrofloxacin, ciprofloxacin, and TC). As can be seen from
Table S, the reaction rate kinetic constant for the g-C;N,@
Cs0.33WO; heterojunction is greater than those of bare g-C;N,
and Csy;3WO; for all of the studied colorless antibiotic
pollutants. For instance, the reaction rate kinetic constant of
the g-C;N,@Csy33WO; heterojunction is about 2.7 times
faster than that of g-C;N, and 4.6 times faster than that of
Csg.33WO; for the photodegradation of ciprofloxacin under the
same experimental conditions.

The stability and reusability of the developed photocatalyst,
which are crucial for practical applications,”” were studied, and
the results in Figure 8a,b show that the synthesized g-C;N,@
Csy33WOj; heterojunction exhibited significant stability for the
photocatalytic degradation of the cationic dye Rh B and
anionic dye MO for four consecutive experiments. There was
no significant decrease in the photocatalytic performance
observed in the four cycles for pollutants, indicating the
stability and reusability of the developed photocatalyst. These
findings show that the g-C;N,@Cs,33WO; heterojunction
possesses excellent stability for the photocatalytic degradation
of cationic and anionic dyes and can be a promising candidate
for practical application in environmental remediation.

3.5. Effect of Operational Parameters on Photo-
catalytic Properties. 3.5.1. Effect of pH on the Photo-
catalytic Performance. The effects of pH on the photo-
catalytic performance of the developed g-C;N,@Cs;33;WO;
heterojunction was investigated, and the findings are presented
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Table 4. Comparison of the Photocatalytic Performance of the Fabricated g-C;N,@Cs, 3;3;WO; Heterojunction with Those of
the Previously Reported Solar Light Photocatalysts for Photodegradation of the Colorless Antibiotic TC

photocatalyst pollutant irradiation time (min)
TiO, graphene aerogel TC 180
Bi, WO, /TiO, TC 180
Co-doped UiO-66 TC 180
Bi,MoO,/WO, TC 180
FeNi,/$i0,/Cu$ TC 200
g-C3N,@Cs33 WO, TC 180

light source photodegradation efficiency (%) ref
solar 43 61
solar 92 66
solar 94 67
solar 86 68
solar 81 69
solar 97 this work

Table 5. Pseudo-First-Order Rate Constants (min™') for
Enrofloxacin, Ciprofloxacin, and TC Degradation under
Solar Light Irradiation

k (107 min™")

photocatalyst enrofloxacin ciprofloxacin TC
g-C:N, 8.0 5.5 116
Cs9 33 WO, 7.0 32 53
g-CN,@Cs.5,WO, 152 149 143
(a) 12 (b)l.z
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Figure 8. Cyclic stability tests for (a) Rh B and (b) MO degradation
using g-C3N,@Cs, 33WO; under solar light irradiation.

in Figure 9a,b. The result shows that the pH has a significant
effect on the photocatalytic performance of the developed
catalyst and the highest photodegradation efficiency (97%) was
achieved for TC at pH 3 (Figure 9a). According to previous
reports, TC exists mainly in three different forms based on the
pH of the solution. At the more acidic pH < 3.3, it exists as
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Figure 9. Effect of pH on the photodegradation of (a) TC and (b) Rh
B. (c) Effect of catalyst dosage and (d) dye concentration on the
photodegradation of Rh B.

TCH;". When the solution pH is between 3.3 and 7.7, it exists
as neutral TCH,. For a solution of pH > 7.7 it exists as an
anion, TCH™ or TCH,~.”° Therefore, the adsorption of TC on
the surface of the g-C;N,@Cs(3;3WO; heterojunction
decreased with an increase in the pH of the solution. This
was due to the fact that above pH 7 TC is negatively charged
and the catalyst charge is also negative. There is a high
repulsion interaction between the similar charges. These
results decrease the TC degradation efficiency. Moreover, the
effect of pH on the photodegradation of Rh B was also studied,
and the result in Figure 9b depicts that the greatest amount of
Rh B (99%) can be photodegraded at pH 3. This is due to the
strong adsorption of the cationic form of Rh B onto the
photocatalyst at pH 3 that facilitates the photodegradation
efficiency.”’ The { potential analysis result shown in Figure S3
also indicates that the developed g-C;N,@Cs,33;WO; hetero-
junction possesses a negative surface charge and the electro-
static attraction between the negatively charged photocatalyst
and positively charged pollutants at lower pH facilitates fast
photodegradation at pH 3.

3.5.2. Effect of Concentration on Photocatalytic Proper-
ties. The effect of the pollutant concentration on the
photocatalytic ability of the catalyst was also evaluated, and
the finding in Figure 9¢ shows that the photodegradation
efficiency decreases as the concentration of Rh B increases.
The decrease in photodegradation efficiency of the photo-
catalyst with an increase in pollutant concentration can be due
to presence of more pollutant molecules than accessible active
sites on the photocatalyst. Besides, theexistence of more dye
molecules at higher dye concentrations can also decrease the
amount of light that reaches the photocatalyst surface and
further decreases the photocatalytic performance.”””* Since a
20 ppm dye concentration presented the highest photo-
degradation efficiency, it was selected for further study.

3.5.3. Effect of Catalyst Dosage on Photocatalytic
Performance. The effect of catalyst dosage on the photo-
degradation of Rh B was studied by varying the amounts of
catalyst from 10 to 20, 50, and 100 mg while keeping other
parameters constant. Figure 9d shows that the photo-
degradation efficiency of Rh B sharply increased to 99%
within 120 min as the catalyst dosage increased from 10 to 20
mg. However, further increments of photocatalyst dosage
deceases the photodegradation efficiency. This negative effect
at higher amounts of catalyst dosage is due to aggregation,
photon scattering, suspension turbidity, and masking of the
photosensitive surface, and thus, the hindrance of photon
penetration in the solid phase decreases the photocatalytic
activity.74’75

3.6. Identification of Intermediates and Possible
Photocatalytic Mechanism. The intermediate products of
the photodegradation of TC, ciprofloxacin, and enrofloxacin
were investigated by using GC-MS. For the photodegradation
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of TC, three intermediates (Table S1) were identified based on
the molecular ions in the MS spectrum.””’” The chromato-
grams of the identified intermediates are shown in Figure S4.
From the finding, it can be concluded that the TC
photodegradation process takes place through dehydoxylation,
N-demethylation, deamination, and ring opening in which the
carbon—carbon bonds of TC are attacked by superoxide and
hydroxyl radicals that leads to the generation of intermediates
with carbonyl or hydroxyl groups.”® The intermediate products
of the ciprofloxacin photodegradation were also studied, and
the GC-MS spectrum in Figure S5 presents the formation of
three different intermediates during the photocatalysis reaction
(Table S2). Those intermediate formations can be ascribed to
cleavage of the C—C and C—N bonds.”” During the
photodegradation of ciprofloxacin, piperazine ring cleavage
and decarboxylation of the quinolone ring takes place due to
the attack of superoxide radicals and finally the intermediates
can be converted to small molecules such as H,O, F~, and
C0,.* Moreover, the byproducts of the enrofloxacin were also
investigated, and the results given in Figure S6 and Table S3
depict that six intermediates were generated during the
photodegradation of enrofloxacin. The findings reveal that
the photodegradation of enrofloxacin takes place via
defluorination, cyclopropane and piperazine bond cleavage,
and benzene and quinolone ring cleavage from the attack of
photogenerated active species such as superoxide radicals,
holes, and hydroxyl radicals. Then, the intermediates
mineralized to smaller molecules such as NH,", H,0, and
CO, 51~

To propose a photocatalytic mechanism for the photo-
degradation of the above pollutants, the roles of superoxide
radicals, hydroxyl radicals, and holes were investigated using
the respective scavengers BQ, IPA, and EDTA on the
photodegradation of MO and TC. Figure 10a shows that the
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Figure 10. Active species determination for (a) MO and (b) TC.

photodegradation of MO was largely suppressed in the
presence of IPA followed by EDTA and was slightly affected
by BQ, which indicates that hydroxyl radicals play a major role
in the photodegradation of MO followed by holes and
superoxide radicals, respectively. In the case of TC photo-
degradation (Figure 10b), the presence of BQ largely
suppressed the photodegradation and was sequentially
followed by EDTA and IPA, which showed that superoxide
radicals play a dominant role in the photodegradation,
followed by holes and hydroxyl radicals, respectively.

Based on the above results, a possible photocatalytic
mechanism for the developed g-C;N,@Cs;3;WO; hetero-
junction can be proposed, as depicted in Figure 11.
Accordingly, when solar light is irradiated on the photocatalyst,
electrons are excited from the VBs of both materials to their
respective CBs due to their suitable band gaps and
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Figure 11. Proposed photocatalytic mechanism for the photocatalytic
activity of g-C;N,@Cs33WO; in the photodegradation of TC.

simultaneously leave holes in their respective VBs.® These
photogenerated electrons and holes move to the surface and
are responsible for photocatalysis. These photogenerated
charge carriers produce reactive oxygen species (ROS), such
as superoxide radicals and hydroxyl radicals, that have
sufficient energies to decompose organic contaminants.” The
irradiation of solar light will cause the excitation of electrons
from the VBs of g-C;N, and Cs; 33 WO;, which leaves holes in
the VBs (eq 4). Thereafter, the electrons in the CB of g-C;N,
transfer to the CB of Cs;33WO;. Subsequently, reaction with
dissolved oxygen at the surface and formation of superoxide
radicals (eq 5) cause pollutant degradation, whereas the holes
in the VB of Csy3;;WO; transferring to the VB of g-C;N,
directly react with the pollutant and possess sufficient energy
to degrade organic pollutants.”>*” Thus, the generated charge
carriers are responsible for the overall photocatalytic
degradation of the pollutants and the heterojunction formation
could enhance the separation of photogenerated charge
carriers compared to pure materials, thereby resulting in an
improved photocatalytic activity.”

g-CN,@Csy33WO; + hv = e + h' (4)
e +0,—> 05 ()
h" + H,0 > H" + *OH (6)
*OH, 057, h* + pollutants — degraded product (7)

4. CONCLUSIONS

In this study, we successfully synthesized a solar light driven g-
C3;N,@Cs(33WO; heterojunction by a solvothermal method.
The developed g-C;N,@Csy33;WO; heterojunction photo-
catalyst exhibited an excellent photocatalytic performance
toward colored cationic and anionic organic dyes as well as
colorless enrofloxacin, ciprofloxacin, and TC antibiotics. The
photocatalytic activities of g-C;N,@Cs, 33WOj5 heterojunctions
toward the photodegradation of MO, Rh B, MB, NR,
enrofloxacin, ciprofloxacin, and TC were approximately 4.5,
12, 5, 3, 2.1, 4.6, and 2.7 times faster than those of pure
Cs033WO;, respectively. This indicates that the fabricated
photocatalyst can be utilized as a universal photocatalyst for
the treatment of different wastewater pollutants. The
developed photocatalyst also exhibited photocatalytic perform-
ance superior to those of reported solar light active
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photocatalysts for the photodegradation of Rh B and TC.
Therefore, it is an excellent photocatalyst for the photo-
degradation of organic dyes and colorless antibiotics under
solar light. The trapping experiments revealed that superoxide
radicals, hydroxyl radicals, and holes play crucial roles in
determining the photocatalytic activity of the fabricated
photocatalyst. Among all pollutants studied in this work, the
cationic dye MB photodegraded the fastest compared to
others: 98.2% of it was photodegraded within just 1 h. The
result shows that the g-C;N,@Cs,;;WO; heterojunction
exhibits highest adsorption toward MB in comparison to
other pollutants and this high adsorption property of the MB
on the developed photocatalyst facilitated the fast photo-
degradation of the pollutant. The effective photocatalytic
performance of the developed g-C;N,@Cs3;WO; could be
ascribed to the extended full-spectrum light absorption, high
surface area, effective charge separation of photogenerated
charge carriers, and narrow band gap. Therefore, this study
paves the way for environmental scientists to design an
effective, low-cost, and efficient solar light active photocatalyst
for environmental remediation.
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