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Abstract: Z-scheme heterojunction Bi, WOy /g-C3Ny was obtained by a novel hydrothermal process;
its photocatalysis—persulfate (PDS) activation for tetracycline (TC) removal was explored under
solar light (SL). The structure and photoelectrochemistry behavior of fabricated samples were well
characterized by FT-IR, XRD, XPS, SEM-EDS, UV-vis DRS, Mott-Schottky, PL, photocurrent response,
EIS and BET. The critical experimental factors in TC decomposition were investigated, including
the Bi;WOg doping ratio, catalyst dosage, TC concentration, PDS dose, pH, co-existing ion and
humic acid (HA). The optimum test conditions were as follows: 0.4 g/L Bi;WOg/g-C3Ny (BC-
3), 20 mg/L TC, 20 mg/L PDS and pH = 6.49, and the maximum removal efficiency of TC was
98.0% in 60 min. The decomposition rate in BC-3/SL/PDS system (0.0446 min~!) was 3.05 times
higher than that of the g-C3N,/SL/PDS system (0.0146 min~!), which might be caused by the
high-efficiency electron transfer inside the Z-scheme Bi, WOy /g-C3Ny heterojunction. Furthermore,
the photogenerated hole (h*), superoxide (O, ™), sulfate radical (SO4e ~) and singlet oxygen (10y)
were confirmed as the key oxidation factors in the BC-3/SL/PDS system for TC degradation by a free
radical quenching experiment. Particularly, BC-3 possessed a wide application potential in actual
antibiotic wastewater treatment for its superior catalytic performance that emerged in the experiment
of co-existing components.

Keywords: photocatalyst; solar light; Bi,WOg¢ /g-C3Ny; persulfate; tetracycline

1. Introduction

Global freshwater resources are being further depleted due to climate change, increas-
ing demand and poor management, and many regions have been suffering from severe
water shortages [1]. It was estimated that one billion urban people would face a water
resources shortage worldwide by 2050 [2]. The shortage of water resources is being paid
close attention all over the world, and water pollution is more seriously aggravating the
problem. In particular, antibiotics have become one of the primary water pollution sources
for its overuse in agricultural, biological, and medical fields, to name a few. Previous
studies reported that antibiotics were detected not only in surface water and wastewater,
but also in groundwater and drinking water [3]. The presence of antibiotics in the water
environment posed potential harm to animals and human health, which has been drawing
the broad attention of environmentalists. Further, microbial resistance genes could be
activated by antibiotics [4], which made the biochemical waste water treatment process
less effective and more expensive. In addition, the administration of antibiotic-containing
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wastewater was difficult with conventional wastewater treatment techniques such as filtra-
tion, precipitation, and disinfection, on account of its chemical stability [5]. Therefore, it is
particularly important to explore effective techniques to treat antibiotic wastewater.

Advanced persulfate oxidation technology was widely used to treat antibiotic wastew-
ater because of its strong oxidizing property, fast reaction, high stability and excellent
adaptability. However, the sulfate radical (SO4e ™) generated slowly from peroxymonosul-
fate (PMS) or persulfate (PDS), which was unfavorable to its applications in environmental
purification [6]. In recent years, various methods had been developed to enhance the
generation of SO4e~ including thermal [7], UV, metal ions, and the inorganic nonmetallic
nanomaterial [8]. Given its ability to utilize green solar energy, the photocatalytic activation
technique was enormously studied in the effluent treatment [9]. It was reported that the
graphite phase carbon nitride (g-C3Ny) possessed the ability to activate persulfate for TC
decomposition [10]. Besides, g-C3N4 was widely used in photocatalytic technology for the
characteristics of an outstanding chemical stability, suitable energy band structure, and ex-
cellent light absorption [11]. In consequence, the g-C3Ny-combined light catalyst-activated
persulfate was an interesting topic. However, the electron-hole (e™-h") pairs that were
generated by light, recombined readily, which hampered its practical applications [12]. A
number of methods, such as metal loading, microstructure control and heterostructure
construction, were used to strengthen the activity of g-C3Ny recently [13]. Constructing a
heterojunction was proved to be a feasible technique among the above methods. Bi;WOg,
a ternary metal oxide, has aroused much concern for its visible-light-driven performance
and preeminent oxidizing ability. The Bi;WQO¢/g-C3Ny4 heterojunction constructed by
Bi;WOg and g-C3Ny could be divided into two categories (Z-scheme and type-II), and
the Z-scheme heterojunction had a better redox ability in its photocatalytic reaction than
that of type-II [14]. It was reported that constructing the BiyWOg/g-C3Ny heterojunction
was beneficial to the removal of 2,4-dichlorophenol [15]. Bi;WQOg/g-C3N4 obtained by
Zhao [16] via a hydrothermal reaction for 24 h exhibited good photocatalytic decompo-
sition activity for ciprofloxacin, tetracycline, and other antibiotics under sunlight. The
g-C3Ny4/BiyWOg heterojunction, with ethylene glycol used as a solvent, was synthesized
through a hydrothermal reaction for 24 h [17]. However, the use of harmful solvents
constricted the further development of the g-C3Ny/Bi; WOg heterojunction. It is necessary
to find a novel synthesis method of energy conservation and environmental protection for
the Bi,WOg/g-C3Ny heterojunction. Moreover, Bi,WO¢/g-C3N4 used as the activator of
PDS might be more effective for antibiotic removal under solar light (SL), which has been
rarely studied.

In the present study, the BiyWOg /g-C3Ny4 heterojunction was prepared by a single-step
hydrothermal reaction for 3 h. The physicochemical and photoelectrochemical perfor-
mances of BiyWOg /g-C3Ny were well analyzed. The effects of different systems, BiWOg
doping ratio, catalyst dosage, TC concentration, PDS dose, initial pH, co-existing anions,
and HA on the decomposition of TC in BC-3/SL/PDS systems were studied in detail.
Furthermore, free radical quenching experiments were used to explore the dominant
active species.

2. Results and Discussion
2.1. Structure and Morphology Analyses
2.1.1. FT-IR Analysis

The molecular information of the prepared samples was studied with FT-IR spec-
troscopy (Figure 1a). The peaks of Bi;,WOg at 580, 752, and 915 cm~! were from the
vibrations of Bi-O, W-O, and W-O-W bonds, respectively [18]. The broad peak at 3346
and 3647 cm ™! belonged to the C-H and O-H stretching vibration of samples [19]. In
addition, the characteristic stretching patterns between 1299 and 1720 cm~! were related to
the C-N and C=N. The peaks at 1292, 1382, 1480, and 1640 cm ! were identified as the C-N
vibrations [20]. The feature peak at 1710 cm ! was specified as the C=N of g-C3Ny [21]. The



Molecules 2024, 29, 1169

30f15

triazine structure peak (960 cm~!) was part of W-O-W. The results of the FT-IR spectroscopy
demonstrated the successful synthesis of the BiWOg/g-C3Ny [20].
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Figure 1. (a) FT-IR spectra of Bi,WOg, g-C3Ny4, BC-1, BC-2, BC-3, BC-4, and BC-5 composites and
(b) XRD patterns of g-C3Ny, Bi;WOg, and BC-3. Clubs and Hearts signs are used to distinguish the
characteristic peaks of BiWOg and g-C3Ny.

2.1.2. XRD Analysis

The crystalline form of the photocatalyst was detected by XRD (Figure 1b). Pure
Bi,WOg exhibited feature peaks at 26 = 28.3°, 32.8°, 47.1°, 55.8°, 58.5°, 68.7°, 75.9°, and
78.3°, which was consistent with the russellite phase of Bi;WOg [22]. The peaks of pure
g-C3Ny at 20 of 12.8° and 27.7° agreed with the results reported in the literature [23]. The
peaks of Bi;WOg were precisely observed in BC-3. However, the characteristic peak of
g-C3Ny was almost invisible behind the shelter of the strong peak of Bi, WOy at 28.3° [24].
It could be concluded that BC-3 was successfully obtained.

2.1.3. XPS Analysis

The element information and structure state of the BC-3 composite were analyzed by
XPS. As shown in Figure 2a, XPS spectra displayed that BC-3 was composed of carbon
(41.3%), nitrogen (22.7%), oxygen (8.3%), tungsten (7.8%), and bismuth (19.9%). As revealed
in Figure 2b, the C 1s spectrum could be deconvolved into two characteristic peaks at 284.8
(C-C) and 288.0 eV (C-C=N) [25]. Figure 2c illustrated the N 1s spectrum, and the peak at
399.0 eV was attributed to N-(C)3, while the peak (403.0 eV) was ascribed to C-N-H [23]. As
shown in Figure 2d, the trait peaks at 158.4 and 164.7 eV indicated the existence of Bi* [26].
The peaks of W 4f at 35.5 and 37.6 eV belonged to W®* (Figure 2e) [27]. The spectrum of O
1s (Figure 2f) showed a two-state peak (530.1 and 531.7 eV), which agreed with W-O and
Bi-O, respectively [28]. The findings revealed an effective electron transfer in BC-3 and the
formation of heterojunction structures.

2.1.4. FE-SEM and EDS Analysis

The microstructure and element analysis of the obtained catalysts were analyzed by FE-
SEM and EDS. Figure 3a manifested that g-C3Ny had an obvious fold-layered structure. As
could be observed, BiWOg (Figure 3b) showed a compact flower-like structure of a micron
size formed by nanosheets. As shown in Figure 3¢, g-C3N4 was uniformly incorporated on
the surface and cavity of Bi;WOg. The EDS and element mapping of the BiyWOg/g-C3Ny
heterojunction was displayed in Figure 3d-k. EDS patterns proved the presence of Bi, W,
O, N and C in BC-3, and the contents of major elements were 48.5% (C), 24.7% (N), 7.1%
(0), 6.1% (W), and 13.6% (Bi) (Figure 3d), respectively. The results were basically consistent
with the characterization of XPS. The element maps further demonstrated the successful
synthesis of the BiWO¢/g-C3Ny4 photocatalyst.
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Figure 2. XPS spectra of BC-3: (a) full survey spectrum, (b) C 1s, (c) N 1s, (d) Bi 4f, (e) W 4f, and
(f) O 1s.

2.2. Optical and Photoelectrochemical Properties
2.2.1. UV-Vis DRS Analysis

The light absorption performance of the photocatalyst was investigated using UV-vis
DRS spectroscopy. As illustrated in Figure 4a, the absorption edges were about 446 nm
(g-C3Ny), 474 nm (Bi;WOg) and 510 nm (BC-3), respectively. The construction of the
heterojunction broadened the absorption edge of the photocatalyst, which might improve
its photocatalytic performance. The band gap energies (Eg) could be estimated using the
Kubelka-Munk equation. As exhibited in Figure 4b, the Eg of g-C3Ny, Bi,WOg, and BC-3
were determined as 3.44, 3.21, and 3.02 eV, respectively [29]. The lower the Eg value of
the catalyst, the higher the catalytic performance. In light of this, BC-3 might possess
the excellent photocatalytic performance. Moreover, the flat band potential (Eg,) was
directly determined on the basis of the Mott-Schottky diagram. As exhibited in Figure 4c,
the Eg, values of g-C3Ny and Bi,WOg were —0.32 and —0.98 eV (vs. Ag/AgCl), which
corresponded to —0.22 and —0.88 eV (vs. NHE), respectively. Usually, the conduction
band potential (Ecg) value was 0.1 eV higher than that of Eg, in n-type semiconductors [15].
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Therefore, the valence band potential (Eyp) values of g-C3Ny4 and Bi,WOg were estimated
as 3.32 and 2.43 eV, respectively.

Figure 3. SEM images of (a) g-C3Ny, (b) Bi;WOg¢ and (c) BC-3, (d) EDS spectrum, (e) electronic image,
and (f-k) elemental mapping of BC-3.

2.2.2. PL Analysis

The separation ability of e”-h* pairs were evaluated by PL spectra. As illustrated in
Figure 4d, the PL intensity of the samples followed this sequence: g-CsNy > Bi,WO¢ >
BC-3, demonstrating that the heterostructure of BiWOg/g-C3Ny could availably suppress
the recombination of e”-h* pairs. Contrasted with g-C3Ny, the luminous intensity of BC-3
was reduced by 95.7%, which was because of the effective transport of the photo-induced
electron from g-C3Ny to Bi;WOg in the BC-3 composite. Generally speaking, the weaker
the PL strength, the higher the catalytic performance [30].
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Figure 4. (a) UV-vis DRS, (b) bandgap energy, (c) Mott-Schottky, (d) PL spectra, (e) i-t curves, and

(f) EIS.

2.2.3. Electrochemical Analysis

The photocurrent response (i-t) curve was used to further study the photocurrent den-
sity by an electrochemical workstation. As exhibited in Figure 4e, the photocurrent density
of BC-3 was the best, which demonstrated that the construction of heterojunctions could
accelerate the carrier migration and ultimately improve the catalytic activity. The charge
separation and transfer capability of the photocatalyst was measured by EIS. As exhibited
in Figure 4f, the arc radius of BC-3 was smaller than BiyWOg and g-C3Ny, indicating that
BC-3 owned the outstanding charge separation and transfer performance [31]. In addition,
the electron lifetime (7) was closely related to the frequency (f), and could be estimated

based on Equation (1):

)
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The electron lifetime of BC-3 (0.0504 ms) was longer than Bi;WOg¢ (0.0193 ms) and g-
C3Ny (0.0159 ms), demonstrating that BC-3 had the lowest electron-hole pair recombination
rate and charge transfer resistance. These results were consistent with the i-t curve.

2.2.4. BET Analysis

The SSA of the prepared samples was estimated by the adsorption-desorption isotherm
of Ny. The catalysts exhibited typical type-III isotherms with distinct H3 hysteresis loops
(Figure 5a). The SSA of photocatalysts was 111.67 m?/ g (g-C3Ny), 80.28 m?/ g (BC-3), and
20.00 m? /g (Bi;WOg), respectively. The SSA of BC-3 was slightly reduced by the introduc-
tion of Bi;WOg, which might be the effective combination of Bi;WOg; g-C3Ny took up its
internal space of Bi;WOg [16]. Pore size distribution curves (Figure 5b) demonstrated that
the pore sizes were 3.54 nm (g-C3Ny), 2.66 nm (Bi;WOg), and 3.08 nm (BC-3), respectively,
which implied that the catalysts were mesoporous materials.
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Figure 5. (a) N; adsorption—-desorption isotherms and (b) distribution of pore size plots of g-C3Ny,
BizWO6, and BC-3.

2.3. Comparative Tests on TC Removal

The decomposition of TC was discussed in different systems. As displayed in Figure 6a,
the decomposition rate of TC was very low in SL (11.6%), illustrating that TC was stable
and easy to remain in nature. The removal ratio of TC in SL/PDS, g-C3N,4/SL, and g-
C3Ny4/SL/PDS systems was 13.3%, 29.9%, and 56.4%, respectively, indicating that g-C3Ny
had a certain activation ability in PDS in the TC degradation. The maximum value achieved
98.0% in the BC-3/SL/PDS system; the results demonstrated that building a heterojunction
was beneficial for the removal of TC. As exhibited in Figure 6b, the decomposition of
TC deferred to the pseudo first-order kinetic model (R? > 0.532). The apparent reaction
rate constants (kqps) of TC in different reaction processes were exhibited in Figure 6¢;
the maximum kgps (0.0446 min~!) in the BC-3/SL/PDS system was 3.05 times that of
g-C3N,/SL/PDS (0.0146 min~1).

2.4. Parameters Impacting on TC Degradation

The effect of the Bi,WO¢ doping ratio, catalyst dosage, initial pH value, TC concen-
tration, PDS dose, and co-existing components on the decontamination rate of TC in the
BC-3/SL/PDS system was studied and discussed in detail.

2.4.1. Effect of the BiyWO¢ Doping Ratio

The experiment was carried out to assess the influence of the BiyWO¢ doping ratio
on the TC decomposition in conjunction with PDS (20 mg/L) under SL. As exhibited in
Figure 7a, the decomposition ratios of TC were 56.4% and 61.1% with g-C3Ny4 and Bi,WOg,
respectively. Moreover, the removal efficiencies of BC-1, BC-2, BC-3, BC-4, and BC-5
for TC were 87.3%, 89.9%, 98.0%, 83.4%, and 72.8%, respectively. The BiyWOy/g-C3Ny
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1.0

composites had a stronger photocatalysis—persulfate activation for TC degradation than
g-C3Ny and Bi,WOg. With the increase in the Bi;WOg doping ratio, the removal rates of
TC first increased and then decreased in BiyWOg/g-C3N4/SL/PDS systems. In particular,
the effective transfer of the photoinduced electron in the BiWOg/g-C3Ny composite
was conducive to degrade TC. However, the excessive BiyWOy hindered the transfer of
photo-induced carriers while the Bi;WOg doping ratio was higher than 4:6. Thus, the
optimal Bi,WOg doping ratio was 4:6 (BC-3), and the BC-3/SL/PDS system was used in
the subsequent degradation experiment.
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Figure 6. (a) TC decontamination degradation curves, (b) pseudo first-order kinetic plots and (c) Kgpg
in different reaction processes.

2.4.2. Influence of the Catalyst BC-3 Dosage

The dosage of BC-3 (0.2-0.6 g/L) was used to explore its influence on the decompo-
sition rate of TC. As exhibited in Figure 7b, the removal ratios of TC were 84.9%, 94.0%,
98.0%, 95.9%, and 89.5%, respectively, when the concentrations of BC-3 were 0.2, 0.3, 0.4,
0.5, and 0.6 g/L. With the increase in BC-3, the degradation ratio increased significantly,
while the BC-3 usage ranged from 0.2 to 0.4 g/L. The larger SSA and more redox-active
sites caused by the increased catalysts were conducive to activate the PDS. Nevertheless,
the decomposition ratio of TC was inhibited when the dose of BC-3 was more than 0.4 g/L,
probably because the increase in turbidity intensified the light dispersion [32]. Therefore,
the concentration of BC-3 was confirmed as 0.4 g/L.

2.4.3. Influence of TC Concentration

The influence of TC concentration (5-40 mg/L) on the photocatalytic performance
was discussed over the BC-3/SL/PDS system. As revealed in Figure 7c, the decomposition
efficiency of TC was about 99.5% (5 mg/L), 98.7% (10 mg/L), 98.0% (20 mg/L), 93.3%
(30 mg/L), and 91.4% (40 mg/L), respectively. It is worth noting that the decomposition
ratio of TC (5 and 10 mg/L) reached about 98% in 40 min. With the content of TC increased
from 20 to 40 mg/L, the decomposition rate decreased slightly. A reasonable explanation
was that the reactive oxygen species (ROSs) produced in the BC-3/SL/PDS system were
not sufficient to decompose the excess TC. Thus, 20 mg/L of TC was used to conduct the
follow-up study.

2.4.4. Influence of PDS Dose

The impact of PDS dose on the decomposition efficiency of TC was discussed in the
BC-3/SL/PDS system. As demonstrated in Figure 7d, the decomposition ratios of TC were
88.8% (5 mg/L), 95.8% (10 mg/L), 98.0% (20 mg/L), 98.8% (40 mg/L), and 99.2% (80 mg/L),
respectively. The decomposition ratio of TC was continuously improved with the increase
in PDS dose, which was because there were more active factors generated by PDS. The PDS
dose was chosen as 20 mg/L in the follow-up experiment.
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Figure 7. Effects of (a) BiyWOg doping ratio, (b) BC-3 dosage, (c) TC concentration, (d) PDS dose,
(e) initial solution pH, and (f) co-existing components in TC degradation.

2.4.5. Influence of Initial Solution pH

The initial pH was studied in the BC-3/SL/PDS system. TC exhibits TCH?3*, TCH,",
and TCH or TC?~, respectively, when the value of pH was less than 3.3, between 3.3 and
7.7, and more than 7.7 [25]. The zero charge points (pHpzc) of BC-3 was 6.09. Therefore, the
charge of BC-3 was positive when the pH values were 2, 4, and 6, and the surface charge
was negative when the pH values were 8 and 10. As exhibited in Figure 7e, the removal
efficiency of TC was 77.6%, 85.7%, 95.7%, 98.0%, 93.2%, and 80.8%, respectively, when the
value of pH was 2, 4, 6, 6.49 (unadjusted), 8, and 10. The repulsion force between TC and
BC-3 was harmful to the degradation of TC, while the value of pH was less than 6.09 or
more than 7.7. However, the vanished repulsive force, 6.09 < pH < 7.7, promoted the
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adsorption of TC on the interface of BC-3, which was beneficial to the catalytic oxidation of
TC. Hence, the value of the initial solution’s pH was determined as 6.49 (unadjusted) in the
BC-3/SL/PDS system.

2.4.6. Influence of Co-Existing Components

HA, CO3%2~, HCO;~, Cl~, and SO42~ widely existed in water, and had different
impacts on the catalytic oxidation of contaminant. Hence, the influence of co-existing
components on the decomposition of TC was assessed in the BC-3/SL/PDS system. As
illustrated in Figure 7f, the inhibition effects of different co-existing components on the TC
degradation were in sequence: HA > CO3%~ > HCO;~ > CI~ > SO42~. The decomposition
ratio of TC was 71.8% (HA), 78.8% (CO32~), 85.8% (HCO3 ), 95.7% (C1™), and 97% (SO427),
respectively. HA exhibited the most obvious inhibitory action for TC degradation, which
was because of the suppressed light absorption in the BC-3/SL/PDS system. Moreover, the
competitive adsorption of CO3%~ and S,0g?~ to binding sites on the surface of BC-3 limited
the decomposition of TC. SO4e~ and the hydroxyl radical (¢OH) captured by HCO3™
were harmful to the oxygenolysis of TC [33]. Interestingly, C1~ and SO~ exhibited an
insignificant influence on the TC degradation. The result confirmed that the BC-3/SL/PDS
system presented great merits for the degradation of TC in a complex water environment.

2.4.7. Stability Assessment

The stability of BC-3 was tested by means of a multiple-cycle test. As displayed in
Figure 8a, the decomposition ratio of TC remained at 82.2% after 5 cycles under the best
experimental conditions, which might be because the reactive sites of the catalyst surfaces
were occupied by the byproducts. The cycling test showed that BC-3 possessed a high
physicochemical stability for the TC degradation in the BC-3/SL/PDS system. Further,
the catalytic performance of Bi;WOg/g-C3Ny4 was also compared in this research and
recent reports, as illustrated in Table 1. The BC-3/SL/PDS system represented a better
catalytic performance of TC than other processes. Therefore, the BC-3/SL/PDS system was
a satisfactory process to use when treating antibiotic wastewater.
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Figure 8. (a) Cyclic test of BC-3 and (b) radical trapping experiment of BC-3/SL/PDS system.
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Table 1. The comparison between different Bi,WOg /g-C3Ny catalysts into TC removal.

Process Antibiotic = Operating Conditions Degradation Rate  kgp,¢ (min—1) Ref.

[pHI: -
. [Catalyst]: 1.0 g/L o .

CNQDs/BWO + vis TC [Nor]: 20 mg /L 87.0% [34]
[Time]: 60 min

flower-like dual Z-scheme {Elezlt]a;l;fst]' 06g/L

EiISI/B12W06/g-C3N4 + TC [NOI‘]: 20 mg/L 90.0% - [35]
[Time]: 60 min
[pH]: -

Agx/BiyWOg/g-C3Ny [Catalyst]: 0.5 g/L o .

+vis TC [Norl: 15 mg/L 81.4% 0.028 min [36]
[Time]: 60 min
[pH]: 9.0

Bip,WOg /BiOI/g-C3Ny [Catalyst]: 1.0 g/L o .

nanoparticles + vis Tc [Nor]: 20 mg/L 94.5% 571
[Time]: 120 min
[pH]: 6.49

Bi,WOg/g-C3Ny + SL + [Catalyst]: 0.4 g/L o . q This

PDS TC [Norl: 20 mg/T. 98.0% 0.0446 min work
[

Time]: 60 min

2.4.8. ROSs and Reaction Mechanisms in BC-3/SL/PDS System

Free radical quenching experiments were applied to discern ROSs of TC degradation
in the BC-3/SL/PDS system. p-benzoquinone (P-BQ), disodium EDTA (EDTA-2Na), fur-
furalcohol (FFA), methyl alcohol (MeOH), and tert butyl alcohol (TBA) were employed
to quench Oye ™, h*, 10,,5040, and «OH, «OH, respectively. As displayed in Figure 8b,
the decomposition ratio of TC was 65.0% (P-BQ), 61.4% (EDTA-2Na), 70.5% (FFA), 54.5%
(MeOH), and 84.0% (TBA), respectively. EDTA-2Na showed the apparent inhibition on
TC degradation, which indicated that h* made great contributions to the degradation
of TC. Similarly, the oxidation reactions were greatly suppressed after adding P-BQ and
FFA, which certified that Oye~ and 'O, were the primary ROSs for the decomposition.
Moreover, the degradation efficiency declined substantially to 54.5% after adding MeOH,
which verified the existence of both SO4*~ and eOH species. However, the decomposition
ratio of TC decreased slightly (84.0%) when TBA was added, which demonstrated that
eOH was not the dominant ROSs. In conclusion, h*, O,e~, SOse~, and 1O, were the main
ROSs in the BC-3/SL/PDS system, while the TC degradation was relatively little influenced
by eOH.

The possible reaction mechanism for TC degradation by the photocatalysis—persulfate
activation was proposed in the BC-3/SL/PDS system (Figure 9b). The Eyp of g-C3Ny
and Bi,WOg were 3.32 eV and 2.43 eV, and the Ecg were —0.12 eV and —0.78 eV (vs.
NHE) (Figure 5). Thus, g-C3N4 and Bi,WOg were motivated to generate e”-h* pairs by
the solar light irradiation whose spectrum was exhibited in Figure 9a. The Bi,WO¢/g-
C3Ny heterojunction was divided into a type-II or Z-scheme heterojunction based on the
transferred behavior of e~ between g-C3Ny and BiWOq. Since the Ecg (—0.78 eV) of
Bi;,WOg4 was more negative than O,/O,e~ (—0.33 eV vs. NHE) [16], e~ in the conduction
band of Bi;WOg could react with O, to produce O,e~. In addition, the Eyp (+3.32 eV)
of g-C3Ny4 was higher than ¢OH/H,0 (+2.40 eV vs. NHE) [15], and h* in the valence
band of g-C3Ny was able to react with HyO/OH™ to generate «OH. These results agreed
with free radical quenching experiments, confirmed that BC-3 belonged to the Z-scheme
heterojunctions. Moreover, PDS was able to break up into SO,e~ (Equation (4)), and reacted
with OH™ to produce 'O; for the activation of BC-3 according to Equation (6). And, *OH
was generated by SO4e~ and OH™ based on Equation (5) [6].
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Intensity (a.u.)

Figure 9. (a) Spectrogram of solar light, (b) schematic diagram of photo-generating carrier transfer,
and free radical generation in BC-3/SL/PDS system under solar light irradiation.

In the BC-3/SL/PDS system, O, SOs0~ and eOH free radicals; h*; and 10, non-
free radicals could decompose TC into CO,, H,O, and small molecules. The possible
reactions were described in Equations (2)—(8).

BC-3 + solar light — BC-3 (h* +e7) 2)

O, +BC-3(e7) = Oye™ ®3)

$,08%" + BC-3 — SOy~ +S0,%~ (4)

SOse~ +BC-3 + OH™ — eOH + S04~ (5)

$,04%~ + BC-3 + 20H™ — 105 + 2504 + H,O (6)
H,O/OH™ +BC-3 (e7) — eOH ?)

TC + h*/O,e~ /SO,e~ /eOH/'0, — H,O + CO, + small molecules (8)

3. Experimental Section
3.1. Preparation of BiyWOg/g-C3Ny

g-C3Ny was obtained using urea using the thermal polymerization method, as de-
scribed in our previous study [38]. BiWOg/g-C3N4 was prepared via a hydrothermal
process. Simply stated, 0.98 g Bi(INO3)3-5H,O was put into 10 mL CH3COOH under mag-
netic stirring for 20 min (labeled as A). Then, 0.33 g Na, WO, -2H,O and a number of quality
of g-C3Ny were successively poured into 50 mL of deionized water by an ultrasonic wave
for 20 min (labeled as B). Next, solution B was blended with A and dispersed uniformly
by an ultrasonic wave for 20 min. The obtained mixture was subsequently put in a high-
pressure reactor and remained at 180 °C for 3 h. The resulting product was centrifuged
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and then washed with deionized water. Finally, the solid powder was naturally dried and
stored for later use. BiyWQOg/g-C3Ny with various ratios of g-C3Ny and Bi; WO at 4:6, 5:5,
6:4, 7:3, and 8:2 was expressed as BC-1, BC-2, BC-3, BC-4, and BC-5, respectively. Pure
Bi;WOg4 was also prepared using the same procedure with the absence of g-C3Njy.

3.2. Characterization

The molecular information of the catalyst was tested by Fourier transform infrared
spectroscopy (FT-IR, Cary630 (Agilent, Palo Alto, CA, USA)). The crystalline form of the
photocatalyst was characterized by an X-ray diffractometer (XRD, Rigaku/Smart Lab SE
(Rigaku, Tokyo, Japan)). The element and structure of the photocatalyst were determined
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB Xi+ (Thermo
Fisher Scientific, Waltham, MA, USA)). The morphology and element composition of the
photocatalyst were studied by a field emission scanning electron microscopy (FE-SEM,
Sigma300 (Carl Zeiss, Oberkochen, Germany)) equipped with an energy dispersive X-ray
spectroscopy (EDS, Sigma300 (Carl Zeiss, Oberkochen, Germany)). The light absorp-
tion characteristic was tested by ultraviolet-visible diffuse reflection spectroscopy (UV-vis
DRS, Cary7000 (Agilent, Palo Alto, USA)). The photoelectric properties were studied
with photo-luminescence (PL, F4600 (Hitachi, Tokyo, Japan)) and electrochemical systems
(CHI E660 (CH Instruments, Inc., Tennison Hill Drive Austin, TX, USA)). Electrochemical
tests included electrochemical impedance spectra (EIS), Mott-Schottky and photocurrent
spectroscopy, respectively. The specific surface area (SSA) was identified by a Brunauer—
Emmett-Teller (BET, Belsorp Maxll (Micromeritics, Atlanta, GA, USA)).

3.3. Photocatalytic Degradation

The performance of Bi;WOg /g-C3Ny4 composites was studied via the decomposition
experiment of TC under solar light (103 + 3 mW/cm?, 26 & 1 °C) for 60 min. Briefly,
20 mg of samples was added into 20 mg/L TC (50 mL). The solution-containing catalyst
was stirred (300 r/min) in the dark for 40 min. The beaker was then illuminated by solar
light after adding PDS. At a certain time, 1.5 mL solution filtered with a microfiltration
membrane (0.45 um) was used to estimate the concentration of TC based on the absorbance
at the maximum wavelength (358 nm) by a UV-vis spectrophotometer (UV1901PC).

4. Conclusions

In summary, the Z-scheme heterojunction Bi,WQOg/g-C3N4 was successfully obtained
by a single-step hydrothermal method for 3 h, and used as an activator of PDS in conjunction
with SL to decompose TC. The removal ratio of TC was 98.0% at the optimum experimental
conditions (pH = 6.49, BC-3=0.4 g/L, TC = 20 mg/L and PDS = 20 mg/L), and the most
suitable ratio of g-C3Ny to Bi;WOg was 6:4. The ks was 0.0446 min~! in the BC-3/SL/PDS
system, which was 3.05 times than that of g-C3N/SL/PDS (0.0146 min~!). BC-3 exhibited
an excellent performance for the efficient electron transfer in the photocatalytic oxidative
experiment of TC removal. h*, O,e~,SO4e~, and 'O, generated by the synergy of BC-3, SL,
and PDS promoted the degradation of TC. HA represented the strongest suppression effect
(decreased by 26.2%) on the TC degradation in the test of co-existing components, indicating
that the BC-3/SL/PDS system possessed a strong anti-interference capacity. Therefore,
this study not only provided a novel synthesis method of the Bi;WOg/g-C3N4 Z-scheme
heterojunction, but also provided a practical technique for treating antibiotic wastewater.

Author Contributions: Y.L., Writing—original draft, Funding acquisition, Supervision, and Project
administration. H.Z., Data curation, Writing—original draft, and Formal analysis. D.Z., Methodology
and Writing—review and editing. S.Y., Methodology, Conceptualization, and Writing—review and
editing. S.D., Writing—review and editing. Q.C., Supervision and Project administration. EE,
Visualization and Data curation. H.J., Validation and Data curation. M.D., Investigation. All authors
have read and agreed to the published version of the manuscript.



Molecules 2024, 29, 1169 14 of 15

Funding: This work was supported by the NSFC (Grants No. 22076039, 51808199), the Science and
Technology Planning Project of Henan Province, China (Grant No. 212102310078) and Natural Science
Foundation of Henan Province, China (Grant No. 212300410322).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Salehi, M. Global water shortage and potable water safety; Today’s concern and tomorrow’s crisis. Environ. Int. 2022, 158, 106936.
[CrossRef]

2. He, C.; Liu, Z,; Wu, J.; Pan, X,; Fang, Z; Li, J.; Bryan, B.A. Future global urban water scarcity and potential solutions. Nat.
Commun. 2021, 12, 4667. [CrossRef]

3. Haddaoui, I.; Mateo-Sagasta, ]. A review on occurrence of emerging pollutants in waters of the MENA region. Environ. Sci. Pollut.
Res. 2021, 28, 68090-68110. [CrossRef]

4. Mpatani, EM.; Han, R.; Aryee, A.A.; Kani, A.N.; Li, Z.; Qu, L. Adsorption performance of modified agricultural waste materials for
removal of emerging micro-contaminant bisphenol A: A comprehensive review. Sci. Total Environ. 2021, 780, 146629. [CrossRef]
[PubMed]

5. Montes-Hernandez, G.; Feugueur, L.; Vernier, C.; Van Driessche, A.E.S.; Renard, F. Efficient removal of antibiotics from water via
aqueous portlandite carbonation. J. Water Process. Eng. 2023, 51, 103466. [CrossRef]

6. Ding, Y,; Wang, X.; Fu, L.; Peng, X.; Pan, C.; Mao, Q.; Wang, C.; Yan, J. Nonradicals induced degradation of organic pollutants by
peroxydisulfate (PDS) and peroxymonosulfate (PMS): Recent advances and perspective. Sci. Total Environ. 2021, 765, 142794.
[CrossRef] [PubMed]

7. Johnson, R.L; Tratnyek, P.G.; Johnson, R.O. Persulfate persistence under thermal activation conditions. Environ. Sci. Technol. 2008,
42,9350-9356. [CrossRef]

8. Li, N, Ye,]; Dai, H.; Shao, P; Liang, L.; Kong, L.; Yan, B.; Chen, G.; Duan, X. A critical review on correlating active sites, oxidative
species and degradation routes with persulfate-based antibiotics oxidation. Water Res. 2023, 235, 119926. [CrossRef] [PubMed]

9. Tian, D.Q.; Zhou, H.Y.; Zhang, H.; Zhou, P,; You, J.J.; Yao, G.; Pan, Z.C,; Liu, Y.; Lai, B. Heterogeneous photocatalyst-driven
persulfate activation process under visible light irradiation: From basic catalyst design principles to novel enhancement strategies.
Chem. Eng. |. 2022, 428, 131166. [CrossRef]

10. Tan,];Li, Z.F; Li, J.; Wu, J.X,; Yao, X.L.; Zhang, T.T. Graphitic carbon nitride-based materials in activating persulfate for aqueous
organic pollutants degradation: A review on materials design and mechanisms. Chemosphere 2020, 262, 127675. [CrossRef]

11.  Zhang, M.; Yang, Y.; An, X,; Zhao, J.; Bao, Y.; Hou, L.A. Exfoliation method matters: The microstructure-dependent photoactivity
of g-C3Ny nanosheets for water purification. J. Hazard. Mater. 2022, 424 Pt. B, 127424. [CrossRef]

12.  Das, S.; Chowdhury, A. Recent advancements of g-C3Ny-based magnetic photocatalysts towards the degradation of organic
pollutants: A review. Nanotechnology 2021, 33, 072004. [CrossRef] [PubMed]

13.  Yang, H. A short review on heterojunction photocatalysts: Carrier transfer behavior and photocatalytic mechanisms. Mater. Res.
Bull. 2021, 142, 111406. [CrossRef]

14. Jia,].; Zhang, Q.Q.; Li, KK,; Zhang, Y.T.; Liu, E.Z; Li, X. Recent advances on g-C3Ny-based Z-scheme photocatalysts: Structural
design and photocatalytic applications. Int. |. Hydrog. Energy 2023, 48, 196-231. [CrossRef]

15. Long, G.Y;; Ding, ].E; Xie, L.H.; Sun, R.Z.; Chen, M.X.; Zhou, Y.F; Huang, X.Y.; Han, G.R.; Li, Y.J.; Zhao, W.R. Fabrication of
mediator-free g-C3Ny /BipWOg4 Z-scheme with enhanced photocatalytic reduction dechlorination performance of 2,4-DCP. Appl.
Surf. Sci. 2018, 455, 1010-1018. [CrossRef]

16. Zhao, P; Jin, B.; Zhang, Q.C.; Peng, R.E. Fabrication of g-C3N4/Bi;WOg as a direct Z-scheme excellent photocatalyst. New J. Chem.
2022, 46, 5751-5760. [CrossRef]

17.  Liu, Z,; Gao, F; Zhang, S.; Zhang, Y.; Sun, H.; Liu, B.; Zhang, |J.; Kong, M.; Fang, M.; Tan, X. Self-heating effect of g-C3N4/Bi; WOy
on the photodegradation of tetracycline: A deep understanding. J. Alloys Compd. 2023, 938, 168630. [CrossRef]

18. Koutavarapu, R.; Tamtam, M.R; Lee, S.G.; Rao, M.C.; Lee, D.Y.; Shim, J. Synthesis of 2D NiFe,O4 nanoplates/2D Bi,WOgq
nanoflakes heterostructure: An enhanced Z-scheme charge transfer and separation for visible-light-driven photocatalytic
degradation of toxic pollutants. J. Environ. Eng. 2021, 9, 164500. [CrossRef]

19. Pan, ].Q.; Wang, PH.; Wang, PP; Yu, Q.; Wang, ].].; Song, C.S.; Zheng, Y.Y,; Li, C.R. The photocatalytic overall water splitting
hydrogen production of g-C3N,/CdS hollow core-shell heterojunction via the HER/OER matching of Pt/MnOx. Chem. Eng. ].
2021, 405, 126622. [CrossRef]

20. Lian, X.Y.; Xue, W.H.; Dong, S.; Liu, E.Z,; Li, H.; Xu, K.Z. Construction of S-scheme Bi;,WOg/g-C3N, heterostructure nanosheets

with enhanced visible-light photocatalytic degradation for ammonium dinitramide. J. Hazard. Mater. 2021, 412, 125217. [CrossRef]


https://doi.org/10.1016/j.envint.2021.106936
https://doi.org/10.1038/s41467-021-25026-3
https://doi.org/10.1007/s11356-021-16558-8
https://doi.org/10.1016/j.scitotenv.2021.146629
https://www.ncbi.nlm.nih.gov/pubmed/34030339
https://doi.org/10.1016/j.jwpe.2022.103466
https://doi.org/10.1016/j.scitotenv.2020.142794
https://www.ncbi.nlm.nih.gov/pubmed/33129538
https://doi.org/10.1021/es8019462
https://doi.org/10.1016/j.watres.2023.119926
https://www.ncbi.nlm.nih.gov/pubmed/37004307
https://doi.org/10.1016/j.cej.2021.131166
https://doi.org/10.1016/j.chemosphere.2020.127675
https://doi.org/10.1016/j.jhazmat.2021.127424
https://doi.org/10.1088/1361-6528/ac3614
https://www.ncbi.nlm.nih.gov/pubmed/34731840
https://doi.org/10.1016/j.materresbull.2021.111406
https://doi.org/10.1016/j.ijhydene.2022.09.272
https://doi.org/10.1016/j.apsusc.2018.06.072
https://doi.org/10.1039/D1NJ06034A
https://doi.org/10.1016/j.jallcom.2022.168630
https://doi.org/10.1016/j.jece.2021.105893
https://doi.org/10.1016/j.cej.2020.126622
https://doi.org/10.1016/j.jhazmat.2021.125217

Molecules 2024, 29, 1169 15 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Liu, C.H,; Dai, H.L.; Tan, C.Q.; Pan, Q.Y.; Hu, EP.; Peng, X.M. Photo-Fenton degradation of tetracycline over Z-scheme Fe-g-
C3Ny4/BiyWOg heterojunctions: Mechanism insight, degradation pathways and DFT calculation. Appl. Catal. B 2022, 310, 121362.
[CrossRef]

Kim, M.G; Jo, WK. Visible-light-activated N-doped CQDs/g-C3N,/Bi WO4 nanocomposites with different component arrange-
ments for the promoted degradation of hazardous vapors. . Mater. Sci. Technol. 2020, 40, 168-175. [CrossRef]

Sattari, M.; Farhadian, M.; Nazar, A.R.S.; Moghadam, M. Enhancement of Phenol degradation, using of novel Z-scheme
Bi,WOg/C3N4/TiO, composite: Catalyst and operational parameters optimization. J. Photochem. Photobiol. A 2022, 431, 114065.
[CrossRef]

Du, FY,; Lai, Z.; Tang, H.Y.; Wang, H.Y.; Zhao, C.X. Construction of dual Z-scheme BiyWOyg/g-C3Ny /black phosphorus quantum
dots composites for effective bisphenol A degradation. J. Environ. Sci. 2023, 124, 617-629. [CrossRef] [PubMed]

Xue, X.L.; Chen, X.Y.; Zhang, Z.Y.; Fan, G.F,; Ma, T.T. Improved ionic organic pollutant degradation under visible light by Ag
SPR-promoted phosphorus-doped g-C3Ny4/AgBr/Bi;WOg with excellent charge transfer capacity and high surface area. J. Alloys
Compd. 2023, 930, 167457. [CrossRef]

Xiong, X.S.; Zhang, J.; Chen, C.; Yang, S.; Lin, J.C.; Xi, ] H.; Kong, Z. Novel 0D/2D Bi; WOy /Mo0SSe Z-scheme heterojunction for
enhanced photocatalytic degradation and photoelectrochemical activity. Ceram. Int. 2022, 48, 31970-31983. [CrossRef]

Zhao, X.Z.; Xia, Y.G.; Wang, X.; Wen, N.; Li, H.P; Jiao, X.L.; Chen, D.R. Promoted photocarriers separation in atomically thin
BiOC1/BiyWOg heterostructure for solar-driven photocatalytic CO, reduction. Chem. Eng. J. 2022, 449, 137874. [CrossRef]
Kang, Z.H.; Ke, KH,; Lin, E.Z; Qin, N.; Wu, J.; Huang, R.; Bao, D.H. Piezoelectric polarization modulated novel Bi;WOg/g-
C3N4/Zn0O Z-scheme heterojunctions with g-C3N, intermediate layer for efficient piezo-photocatalytic decomposition of harmful
organic pollutants. J. Colloid. Interface Sci. 2022, 607, 1589-1602. [CrossRef] [PubMed]

Rabanimehr, F.; Farhadian, M.; Nazar, A.R.S.; Moghadam, M. Fabrication of Z-scheme Bi; WOz /CNT/TiO, heterostructure with
enhanced cephalexin photodegradation: Optimization and reaction mechanism. J. Mol. Lig. 2021, 339, 1010-1018. [CrossRef]
Zhang, Y.L.; Zhao, Y.C.; Xiong, Z.; Xiao, R.H.; Gao, T; Liu, PE; Liu, J.; Zhang, ].Y. Fabrication of Z-scheme V-O-Bi, WOy /g-C3Ny4
heterojunction composite with visible-light-driven photocatalytic performance for elemental mercury removal. Chem. Eng. ].
2021, 425, 131537. [CrossRef]

Hu, M.; Zhu, PFE; Liu, M.; Xu, J.; Duan, M; Lin, J.R. Construction of AgzPO,/TiO,/C with p-n heterojunction using Shiff base-Ti
complex as precursor: Preparation, performance and mechanism. Powder Technol. 2021, 393, 597-609. [CrossRef]

Li, YK.; Chen, L.; Wang, Y.; Zhu, L. Advanced nanostructured photocatalysts based on reduced graphene oxide-flower-like
Bi,WOg composites for an augmented simulated solar photoactivity activity. Mater. Sci. Eng. B-Adv. 2016, 210, 29-36. [CrossRef]
Sarkar, P; De, S.R.D.; Neogi, S. Microwave assisted facile fabrication of dual Z-scheme g-C3N4/ZnFe,O4/BiyS; photocatalyst for
peroxymonosulphate mediated degradation of 2,4,6-Trichlorophenol: The mechanistic insights. Appl. Catal. B 2022, 307, 121165.
[CrossRef]

Zhang, M.; Zhang, Y.; Tang, L.; Zeng, G.; Wang, ]J.; Zhu, Y.; Feng, C.; Deng, Y.; He, W. Ultrathin Bi;WOg nanosheets loaded
g-C3Ny4 quantum dots: A direct Z-scheme photocatalyst with enhanced photocatalytic activity towards degradation of organic
pollutants under wide spectrum light irradiation. J. Colloid Interface Sci. 2019, 539, 654-664. [CrossRef] [PubMed]

Zhang, R.; Zeng, K.L. A novel flower-like dual Z-scheme BiSI/Bi WOg /g-C3Ny4 photocatalyst has excellent photocatalytic activity
for the degradation of organic pollutants under visible light. Diam. Relat. Mater. 2021, 115, 108343. [CrossRef]

Dou, X.C.; Li, Q.Q.; Shi, H.F. Ag nanoparticle-decorated 2D /2D S-scheme g-C3Ny/Bi;WOg heterostructures for an efficient
photocatalytic degradation of tetracycline. Crystengcomm 2021, 23, 4638-4647. [CrossRef]

Chu, Y.Y;; Fan, ].R.; Wang, R; Liu, C.; Zheng, X.L. Preparation and immobilization of Bi, WOg /BiOI/g-C3N, nanoparticles for the
photocatalytic degradation of tetracycline and municipal waste transfer station leachate. Sep. Purif. Technol. 2022, 300, 121867.
[CrossRef]

Li, YK.; Zhang, D.; Chen, Q.S.; Chao, C.; Sun, ].H.; Dong, S.Y.; Sun, Y.Y. Synthesis of rtGO/g-C3Ny for methyl orange degradation
in activating peroxydisulfate under simulated solar light irradiation. J. Alloys Compd. 2022, 907, 164500. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.apcatb.2022.121326
https://doi.org/10.1016/j.jmst.2019.09.026
https://doi.org/10.1016/j.jphotochem.2022.114065
https://doi.org/10.1016/j.jes.2021.10.027
https://www.ncbi.nlm.nih.gov/pubmed/36182168
https://doi.org/10.1016/j.jallcom.2022.167457
https://doi.org/10.1016/j.ceramint.2022.07.133
https://doi.org/10.1016/j.cej.2022.137874
https://doi.org/10.1016/j.jcis.2021.09.007
https://www.ncbi.nlm.nih.gov/pubmed/34587533
https://doi.org/10.1016/j.molliq.2021.116728
https://doi.org/10.1016/j.cej.2021.131537
https://doi.org/10.1016/j.powtec.2021.08.011
https://doi.org/10.1016/j.mseb.2016.03.010
https://doi.org/10.1016/j.apcatb.2022.121165
https://doi.org/10.1016/j.jcis.2018.12.112
https://www.ncbi.nlm.nih.gov/pubmed/30639983
https://doi.org/10.1016/j.diamond.2021.108343
https://doi.org/10.1039/D1CE00439E
https://doi.org/10.1016/j.seppur.2022.121867
https://doi.org/10.1016/j.jallcom.2022.164500

	Introduction 
	Results and Discussion 
	Structure and Morphology Analyses 
	FT-IR Analysis 
	XRD Analysis 
	XPS Analysis 
	FE-SEM and EDS Analysis 

	Optical and Photoelectrochemical Properties 
	UV-Vis DRS Analysis 
	PL Analysis 
	Electrochemical Analysis 
	BET Analysis 

	Comparative Tests on TC Removal 
	Parameters Impacting on TC Degradation 
	Effect of the Bi2WO6 Doping Ratio 
	Influence of the Catalyst BC-3 Dosage 
	Influence of TC Concentration 
	Influence of PDS Dose 
	Influence of Initial Solution pH 
	Influence of Co-Existing Components 
	Stability Assessment 
	ROSs and Reaction Mechanisms in BC-3/SL/PDS System 


	Experimental Section 
	Preparation of Bi2WO6/g-C3N4 
	Characterization 
	Photocatalytic Degradation 

	Conclusions 
	References

