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a Bi2WO6/BiVO4 photocatalytic
system for efficient visible light degradation of
tetracycline drugs†

Yiyao Zhang,‡a Hongchen Song,‡ab Jintai Han,a Yunchao Liu,a Jing Sun,*a

Tingting Shen,*a Xikui Wang,c Zhen Wang,b Weizhen Zhanga and Xuerui Yaoa

A Bi2WO6/BiVO4 composite photocatalytic material was synthesized by the hydrothermal method, and

achieved the effective degradation of oxytetracycline (OTC) and tetracycline (TC) under visible light. The

compositions, structures, chemical states and optoelectronic properties of Bi2WO6, BiVO4 and Bi2WO6/

BiVO4 composites were characterized by systematic characterization. The results show that the

existence of the heterojunction interface facilitates the separation of photogenerated carriers. Compared

with the pure catalyst of Bi2WO6 and BiVO4, the Bi2WO6/BiVO4 composite material significantly improves

the degradation efficiency of OTC and TC. The degradation rate is 6.22 and 3.02 times higher than that

of Bi2WO6 and BiVO4, respectively. Through the free radical quenching experiments, it is known that

photogenerated holes (h+) and superoxide anion free radicals ($O2
−) are the main active substances in

the degradation of OTC. By analyzing the process of photocatalytic degradation of OTC, there are

mainly six intermediates during the process. Their possible degradation pathways are also inferred in this

paper.
1. Introduction

Tetracyclines are the earliest broad-spectrum antibiotics and
have been widely used in medical, animal husbandry and other
industries since their invention in 1948.1,2 Their structures all
contain the basic framework of tetracene, and the main types
include tetracycline (TC), oxytetracycline (OTC), chlorotetracy-
cline and semi synthetic derivative doxycycline.3,4 They have
antibacterial effects on common rickettsia and anaerobic
bacteria, mycoplasma and some protozoa.5 However, since they
have been used for a long time and on a large scale, the
concentration of residual tetracyclines in the environment has
continued to rise, increasing the resistance of pathogenic
microorganisms and causing serious harm to the ecological
balance and human health.6,7 These negative effects are re-
ected in the production of resistant strains, which reduces the
antibacterial performance of antibiotics.8,9 Residual antibiotics
ineering, Qilu University of Technology

353, PR China. E-mail: sunjing77@qlu.

rotection Technology Stock Company,

ngineering, Shandong Agriculture and

hina

tion (ESI) available. See DOI:

e work.

2

can enter the human body through the food chain and food web
and affect the immune system.

The traditional antibiotic removal methods have certain
shortcomings. For example, the physical methods represented
by adsorption and reverse osmosis only transfer antibiotics
from the aqueous phase to another phase, thereby failing to
solve the toxicity problem.10,11 This still cause secondary pollu-
tion in the environment. The biological treatment of antibiotic
wastewater has strict requirements on the wastewater environ-
ment, such as nutrient composition, pH, temperature and
others. The unqualied wastewater environment will lead to the
inactivation of microorganisms and affect the degradation
efficiency.12 The chemical method involves the addition of
oxidant to produce strong oxidation group has high cost and
can easily cause secondary pollution.13

Photocatalytic treatment technology uses sunlight,14,15 which
is a renewable energy source, as its energy source to generate
active free radicals in the catalytic system for decomposing
pollutants into small molecules, such as carbon dioxide and
water.16,17 In addition, photocatalytic technology also has the
advantages of high mineralization, non-toxic and high
stability.3,18 Therefore, photocatalytic treatment of antibiotics in
wastewater is an effective method,19,20and this technology has
a wide research potential in the environmental eld.21,22

Bi2WO6 is a typical n-type semiconductor photocatalyst
material with perovskite lamellar structure. Considering its
convenient synthesis, unique photoelectric performance and
catalysis, it has attracted extensive attention.23 Although
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Bi2WO6 can absorb visible light, it has the disadvantages of low
quantum efficiency and high recombination rate of photo-
generated carriers, which greatly limits its practical applica-
tion.24,25 To improve the photocatalytic activity of Bi2WO6,
various improvement strategies have been proposed, including
metal and nonmetal element doping and heterostructure
construction. However, it has been shown that elemental
doping decreases the carrier migration and leads to doping
energy level dispersion,26 and the dopant also acts as a complex
center for carriers,27 which was not conducive to the improve-
ment of photocatalytic activity. The preparation of hetero-
junctions has been shown to be an effective method to promote
charge separation.28,29 Coupling Bi2WO6 with narrow bandgap
semiconductors to form heterojunctions also can effectively
extend the light absorption range.30 BiVO4 was reported to be
a promising visible photocatalyst, which was widely used for the
removal of organic pollutants from wastewater due to its
excellent optical and electronic properties and narrow bandgap
energy.31,32 In addition, BiVO4 has an energy band edge
matching Bi2WO6, so BiVO4 was introduced to build
heterostructures.33

In this study, Bi2WO6/BiVO4 heterojunction materials were
constructed by hydrothermal method for the degradation of
OTC and TC. The structure, composition, morphology and
optoelectronic properties of the materials were investigated by
systematic characterization. To understand the potential
applications of the materials in real-world environments, the
effects of common anions on the photocatalytic degradation of
OTC were investigated. The degradation mechanism of Bi2WO6/
BiVO4 composites was proposed by free radical burst experi-
ments. The degradation intermediates were analyzed in
combination with high performance liquid–liquid mass spec-
trometry (LC-MS) technique, and possible degradation path-
ways of OTC were proposed.
2. Experiment part
2.1 Experimental materials

Bismuth chloride (BiCl3,AR) was purchased from Shanghai
Macklin Biochemical Technology Co. Ltd. Ammonium meta-
vanadate (NH4VO3,AR) was purchased from Xilong Science Co.
Ltd. Ethanolamine (C2H7NO, AR) was purchased from Shanghai
Aladdin Biochemical Technology Co. Ltd. Formic acid
(HCOOH) was purchased from Comio Chemical Reagent Co.
Ltd. Cetyltrimethylammonium bromide (CTAB), sodium tung-
state dihydrate (Na2WO4$2H2O, AR), absolute ethanol, tert-
butanol (t-butanol), methanol, acetonitrile, bismuth nitrate
pentahydrate (Bi(NO3)3$5H2O, AR) and sodium sulfate (Na2SO4)
were all purchased from Sinopharm Chemical Reagents Co. Ltd.
2.2 Material preparation

2.2.1 Preparation method of BiVO4. 0.632 g of BiCl3 was
weighed and dissolved in 200 mL of deionized water and
dispersed evenly under magnetic stirring. NH4VO3 (0.236 g) was
added and stirred for 30 min, and the color changed from white
to light brown. Then, 1.2 mL of 1 mol L−1 C2H7NO solution was
© 2023 The Author(s). Published by the Royal Society of Chemistry
added to mix the solution uniformly by ultrasonic for 60 min,
and the color changed from light brown to dark brown. Finally,
the solution was poured into a hydrothermal reactor made of
polytetrauoroethylene and kept at 160 °C for 12 h. Aer cool-
ing to room temperature, the solution was washed with absolute
ethanol and deionized water for several times to remove
impurities, and a yellow solid (BVO) was obtained. This solid
was dried overnight at 60 °C.

2.2.2 Preparation of Bi2WO6. 0.1 g of CTAB was dissolved in
160 mL of deionized water, and stirred to disperse evenly. Then,
2 mmol of Na2WO4$2H2O and 4 mmol of Bi (NO3)3$5H2O was
added and stirred vigorously for 120 min, and the solution was
transferred to a hydrothermal reactor and heated at 120 °C for
24 h. Aer natural cooling, the white precipitate was washed
with deionized water for several times and then freeze dried
overnight to obtain Bi2WO6 material (BWO).

2.2.3 Preparation of Bi2WO6/BiVO4 composite materials.
40 mL deionized water and 40 mL absolute ethanol were mixed;
then, 0.5 g of the sum of the two materials was added, of which
Bi2WO6 accounted for 5%, 10%, 20%, and 33% of the total
mass. Aer stirring for 1 h and ultrasonic treatment for 30 min,
it was transferred to the inner lining of the reactor and kept at
120 °C for 6 h. The obtained material was washed several times
and dried at 60 °C for 12 h. The numbers of the obtained
Bi2WO6/BiVO4 were 5% W/BVO, 10% W/BVO, 20% W/BVO, and
33% W/BVO.

2.3 Characterization of Bi2WO6/BiVO4

The instrument used for XRD is X-ray diffractometer (SmartLab
SE); it uses Ka ray at a scanning speed of 0.02° per s. The
instrument used for SEM is eld emission scanning electron
microscope ZEISS GEMINI 500. The instrument used in XPS is
an X-ray photoelectron spectrometer (ESCALABXi+) calibrated
with C 1s = 284.8 eV. The instrument used for UV-Vis DRS is
Shimadzu UV-3600 Plus, Japan, with a detection range of 200–
800 nm. The instrument used for photoluminescence (PL)
spectrum is Edinburgh FLS1000, and the excitation wavelength
is 295 nm. The instrument used for photocurrent is Shanghai
Chenhua Electrochemical Workstation CHI 600E.

Measuring method of photocurrent: 10 mg of material was
added to 1 mL of mixed solution (ethanol : Naon = 9 : 1) for
ultrasonic dispersion for 1 h to obtain suspension. The
suspension at 0.3 mL was slowly dropped to 2 × 2 cm2 of ITO
conductive glass and dried at 50 °C for 6 h for standby. A three-
electrode system was adopted. Ag/AgCl electrode was the
reference electrode, ITO conductive glass coated with material
was the working electrode, the electrolyte was 0.1 mol L−1

sodium sulfate solution.

2.4 Study on the degradation of tetracyclines by Bi2WO6/
BiVO4

Taking OTC and TC as target pollutants and by using lters (l >
400 nm) as a visible light source, the catalytic activity of pho-
tocatalytic materials was studied.

The specic experimental steps for the photocatalytic
degradation of OTC (or TC) were as follows. Photocatalyst
RSC Adv., 2023, 13, 3612–3622 | 3613
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material (0.01 g) was added into the OTC (or TC) solution con-
taining 100 mL (20 ppm) and stirred for 30 min under dark
conditions. Then, a xenon lamp was used for irradiation.
Samples were collected at xed intervals and ltered using
a 0.45 mm lter tip.

The liquid phase detection conditions of OTC (TC) are as
follows. The chromatographic column was Hypersil GOLD C18,
the detection wavelength was 360 nm (355 nm), the mobile
phase were formic acid solution (concentration 0.2%) and
methanol (V : V = 75 : 25), the ow rate set at 1.2 mL min−1, and
Fig. 1 XRD patterns of BiVO4, Bi2WO6, and Bi2WO6/BiVO4.

Fig. 2 SEM spectrum of (a) BiVO4, (b) Bi2WO6, and (c) 10% W/BVO com

3614 | RSC Adv., 2023, 13, 3612–3622
the amount of sample injected each time was 20 mL. The
temperature of the column temperature box was 35 °C.
The degradation rate of OTC (TC) was calculated according to
eqn S(1).†

The degradation products of OTC were analyzed by Brooke's
high resolution mass spectrometry. The liquid chromato-
graphic column was ACQUITY UPLC HSS T3 1.8 mm. Themobile
phases were formic acid solution (concentration 0.1%) and
acetonitrile. The elution gradient started from 5% acetonitrile,
rose to 100% at 20 min and was maintained for 5 min, and the
percentage of acetonitrile decreased to 5% at 25.1 min and
stabilized for 4.9 min before returning to the initial percentage.

3. Results and discussion
3.1 Characterization of catalysts

3.1.1 X-ray diffraction (XRD) analysis. Fig. 1 shows the XRD
spectrum of the prepared sample, the characteristic diffraction
peaks of BiVO4 at 2q = 15.1°, 19.0°, 28.9°, 30.5°, 34.5°, 39.8°,
42.5°, 47.3°, 50.3°, 53.2° corresponded to the (020), (011), (121),
(040), (200), (211), (051), (042), (202), and (−161) crystal faces in
monoclinic scheelite phase of BiVO4 (JCPDS no. 14-0688),
respectively.34 In the spectrum of Bi2WO6, 2q = 28.3°, 32.8°,
47.2°, 55.8°, 58.6° corresponded to (113), (200), (220), (313), and
(226) crystal faces in Bi2WO6 (JCPDS no. 73-1126), respectively.35

Aer the two compounds were combined, the XRD spectrum of
Bi2WO6/BiVO4 was dominated by the characteristic diffraction
posites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM spectrum of (a) BiVO4, (b) Bi2WO6 and (c) 10% W/BVO composites, (d) HRTEM spectrum of 10% W/BVO, elemental mapping of Bi
(e), V (f), O (g), W (h), for 10% W/BVO.
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peak of BiVO4, because the proportion of the composite Bi2WO6

was small.26 The diffraction peaks of (113) and (200) repre-
senting Bi2WO6 appeared at 2q = 28.3°, 32.8°. The (011) crystal
plane of the Bi2WO6/BiVO4 composite is slightly displaced,
which may be due to the formation of a heterogeneous struc-
ture.36 In addition, two characteristic peaks at about 29° in the
Bi2WO6/BiVO4 composite are also displaced, which may be due
to the overlap of the same peak positions.37

3.1.2 SEM analysis. The prepared materials were charac-
terized by SEM. Fig. 2a shows that the size of pure BiVO4 varies,
and the morphology includes a rod-like structure. Fig. 2b shows
that the morphology of Bi2WO6 is an irregular nano ower
structure stacked by a single small nano sheet. Aer recombi-
nation, the nano ower-like structure of Bi2WO6 is destroyed,
and small nano sheets are unevenly dispersed on the rod-like
BiVO4 (Fig. 2c).
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.1.3 TEM analysis. The sample morphology and structure
were further investigated by TEM andHRTEM. Fig. 3a shows the
rod-like structure of BiVO4. Bi2WO6 in Fig. 3b shows a nanoake
structure composed of irregular akes. In addition, Bi2WO6

nano sheets can be observed stacked with BiVO4 in Fig. 3c,
which is basically consistent with the SEM results. Fig. 3d shows
the HRTEM images of 10% W/BVO with the crystal plane stripe
spacing of 0.315 nm and 0.308 nm, corresponding to the (113)
crystal plane of Bi2WO6 and the (121) crystal plane of BiVO4,
respectively. It was further demonstrated that Bi2WO6 and
BiVO4 form a heterojunction structure rather than a simple
physical mixing.38 In addition, the elemental mapping (Fig. 3e–
h) results conrm the coexistence and homogeneous distribu-
tion of Bi, V, O and W elements in the 10% W/BVO composites.

3.1.4 XPS analysis. XPS was used to analyze the surface
element composition and chemical state of materials. As shown
RSC Adv., 2023, 13, 3612–3622 | 3615
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Fig. 4 (a) XPS total spectra, (b) Bi 4f, (c) O 1s, (d) W 4f, and (e) V 2p spectra of different materials.
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in Fig. 4a, the full spectrum of 10% W/BVO shows the main
peaks of C 1s, W 4f, V 2p, O 1s, and Bi 4f. C 1s is the external
pollution carbon source. Fig. 4b shows the Bi 4f spectra of the
three. The two characteristic peaks at 159.2 and 164.4 eV
correspond to the Bi 4f5/2 and Bi 4f7/2 orbitals in the 10% W/
BVO, respectively, indicating that the bismuth species in 10%
W/BVO is Bi3+.38–40 Both were different from BiVO4 and Bi2WO6,
possibly because they were not simply physically mixed, but
they also formed a heterojunction structure.41 Fig. 4c shows that
the positions of the characteristic peaks of O 1s of the three
differed. Aer peak tting, the peak at about 530 eV represented
Bi–O lattice oxygen,42–44 and the peak at about 531 eV repre-
sented chemisorbed oxygen.45,46 In the characteristic peaks of W
4f (Fig. 4d), compared with the simple Bi2WO6, the binding
energy of the characteristic peaks in 10% W/BVO had a signi-
cant red shi. W 4f5/2 and W 4f7/2 shied from 35.1 and 37.2 eV
to 35.4 and 37.5 eV, respectively, which also indicated that an
3616 | RSC Adv., 2023, 13, 3612–3622
interaction occurred between BiVO4 and Bi2WO6, thus affecting
the position of the characteristic peaks of W 4f.47 Fig. 4e shows
the XPS spectra of V 2p, the peaks at 516.8 eV and 524.4 eV
correspond to V 2p3/2 and V 2p1/2, respectively, indicating the
presence of V5+ in BiVO4.41,48

3.1.5 UV-vis DRS analysis. The photocatalytic activity of the
semiconductor depends on the light absorption properties of
the semiconductor, and the light absorption properties of
different samples were shown in Fig. 5a. Pure Bi2WO6 has good
absorption in the UV range, poor absorption in the visible range
and showed a light absorption edge at 411 nm. In the UV-vis
spectrum of 10% W/BVO, it can be seen that the light absorp-
tion range of 10% W/BVO appeared red-shied compared to
pure Bi2WO6 due to the presence of pure BiVO4, and the light
absorption edge appeared at 513 nm, which was due to the good
absorption ability of BiVO4 in the visible range. The light
absorption range of 10%W/BVO is not much different from that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) UV-vis spectra of different materials, (b) band gap width of BiVO4, and (c) band gap width of Bi2WO6.
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of BiVO4, indicating that a small amount of Bi2WO6 does not
affect the light absorption ability of BiVO4. The band gap energy
of the semiconductor was calculated by Kubelka–Munk func-
tion (eqn S(2)†), and the energy band position of the semi-
conductor was calculated by eqn S(3) and S(4).† 49,50 The results
are shown in Fig. 5b and c and Table S1.†
3.2 Study on degradation of OTC/TC

Fig. 6 shows the photocatalytic degradation ability of different
materials for tetracyclines. Fig. 6a and b show that compared
with the adsorption effect under light and dark conditions
without a catalyst, the system with a catalyst had obvious
degradation effects on OTC and TC. Among them, Bi2WO6/
BiVO4 heterojunction signicantly improved the degradation
effect of OTC. When the proportion of Bi2WO6 was 10%, the
degradation rate was the best, reaching 96.7%. When the
proportion of Bi2WO6 continued to increase, the degradation
rate started to decrease. This nding may be due to excessive
Bi2WO6 hindered the response of BiVO4 to visible light,
reducing the generation rate of photogenerated charge. The
degradation of TC also followed this rule. Pseudo rst-order
kinetics of the degradation process (Fig. 6c and d) was con-
ducted to calculate the degradation rate constant (k). The k
values of OTC degraded by BiVO4, Bi2WO6 and 10%W/BVOwere
0.0389, 0.0189 and 0.1176, respectively, and the k values of TC
degraded by BiVO4, Bi2WO6 and 10% W/BVO were 0.0654,
0.0147 and 0.0925. This shows that the photocatalytic efficiency
of Bi2WO6/BiVO4 composite was signicantly better than those
of the two materials alone.
© 2023 The Author(s). Published by the Royal Society of Chemistry
In order to investigate the application of the catalyst in the
real water environment, Na2SO4, NaNO3, NaHCO3 and NaCl
were added to investigate the effect of different anions on the
photodegradation effect. As shown in Fig. 7, the degradation
efficiency of OTC was slightly inhibited by the addition of
anions, and the inhibition effect was NO3

− > SO4
2− > Cl− >

HCO3
− in order. This may be due to the fact that anions can

adsorb on the active sites on the material surface, thus reducing
the contact between the material and the pollutant and
affecting its degradation effect.51,52 Alternatively, the anions may
directly consume the active groups produced by photocatalysis,
leading to a decrease in OTC degradation efficiency.53–55

To study the stability and reuse performance of the photo-
catalyst, the recycling experiments of the 10% W/BVO
composite were carried out. As shown in Fig. 8, aer ve
repeated photocatalytic experiments, the degradation rate of
10% W/BVO composites for OTC under visible light did not
decrease signicantly, indicating that the Bi2WO6/BiVO4

composite catalyst has excellent stability and reusability, and is
practical for wide use in the eld of environmental remediation.

To explore the types of main active free radicals in the
process of OTC/TC degradation, different quenching agents
were added to the system to prevent the action of active groups.
As shown in Fig. 9, in the process of OTC degradation, the
addition of HCOOH (h+ quenching agent) or the reaction in N2

atmosphere (inhibition of $O2
− production)56 signicantly

inhibited the degradation effect, whereas the addition of iso-
propanol (t-butanol, $OH inhibitor) achieved 93.7% of the
degradation effect. This was only 3.0% lower than that without
RSC Adv., 2023, 13, 3612–3622 | 3617
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Fig. 6 (a) Photocatalytic degradation of OTC and (c) pseudo first order dynamic fitting model, (b) photocatalytic degradation of TC for different
materials and (d) pseudo first order dynamic fitting model.

Fig. 7 Photocatalytic degradation of OTC under different ions.

Fig. 8 Cycling runs of 10% W/BVO for OTC degradation under visible
light.
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quenching agent. This nding showed that h+ and $O2
− played

a major role in the photocatalytic degradation of OTC, whereas
$OH did not play a signicant role.
3618 | RSC Adv., 2023, 13, 3612–3622
The active species in the photocatalytic reaction was further
demonstrated by the ESR spin trap technique using 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) as the active species trap
to produce stable DMPO-$O2

− and DMPO-$OH in methanol and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Photocatalytic degradation of OTC free radical capture
experiment.

Fig. 10 DMPO ESR spectra under visible light for 10 min: (a) in methano
$OH.

Fig. 11 (a) Photoluminescence spectra of different materials and (b) tran

© 2023 The Author(s). Published by the Royal Society of Chemistry
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aqueous humor, respectively. As shown in Fig. 10a, the char-
acteristic peak of DMPO-$O2

− appears under visible light irra-
diation, indicating the generation of $O2

−, and the highest
intensity of DMPO-$O2

− peak generated by 10%W/BVO was due
to the formation of heterojunction to promote charge separa-
tion and the photogenerated electron reduction of O2 to
produce more $O2

−.57 In addition, the characteristic peaks of
DMPO-$OH were shown in Fig. 10b, and the intensity of DMPO-
$OH peaks generated by 10% W/BVO was signicantly higher
than that of pure Bi2WO6 and BiVO4, indicating that 10% W/
BVO can generate more $OH.

The system had an obvious degradation effect on OTC and TC,
and the key was the ability of electron migration between the
system interfaces. To verify the separation efficiency of photo-
generated carriers, PL spectra and transient photocurrent at
295 nm were measured. Fig. 11a shows that the relative intensity
of PL spectrum was in the following order: Bi2WO6 > BiVO4 > 10%
W/BVO, which suggested that the recombination efficiency of
l dispersion for DMPO-$O2
− and (b) in aqueous dispersion for DMPO-

sient photocurrent response spectra.
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Fig. 12 Mechanism of Bi2WO6/BiVO4 photocatalytic performance improvement.

Fig. 13 Possible degradation path of OTC.

3620 | RSC Adv., 2023, 13, 3612–3622 © 2023 The Author(s). Published by the Royal Society of Chemistry
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photogenerated carriers of 10% W/BVO was lower. The transient
photocurrent response spectrum (Fig. 11b) showed that the rela-
tive photocurrent intensity of 10%W/BVO was higher than that of
Bi2WO6 and BiVO4 aer the lamp was turned on, indicating that
the carrier migration efficiency in 10% W/BVO was better, which
was also consistent with the PL spectral analysis results.

Through the above characterization analysis and radical
trapping experiments, the mechanism of efficient OTC removal
by Bi2WO6/BiVO4 was proposed. The energy band structure of
Bi2WO6 and BiVO4 formed a type II heterojunction structure,
which facilitates the separation rate of photogenerated charges.
As shown in Fig. 12, both BiVO4 and Bi2WO6 produce photo-
generated holes (h+) and photogenerated electrons (e−) with
charge redistribution when visible light was irradiated onto the
composite surface. Considering that the ECB of Bi2WO6 (+0.41 V
vs.NHE) was lower than that of BiVO4 (+0.39 V vs.NHE), the e− of
BiVO4 can be transferred to the surface of Bi2WO6 under ther-
modynamic driving force. The e− on the conduction band of
Bi2WO6 can react with the oxygen molecules adsorbed on the
surface to form $O2

− in a reduction reaction.58 Similarly, the EVB
of BiVO4 (+2.91 V vs. NHE) was higher than that of Bi2WO6

(+3.32 V vs. NHE), and the h+ formed by Bi2WO6 can be trans-
ferred to the BiVO4 surface. The formed $O2

− and h+ reacted with
the OTC adsorbed on the surface of the material by oxidation,
and the OTC degrades to form small molecules. Since the e− and
h+ at the interface of Bi2WO6 and BiVO4 were effectively sepa-
rated, it was conducive to reducing the compounding chance and
thus improving the photocatalytic activity of the system.
3.3 Analysis of OTC degradation path

The paper further explored the degradation path of OTC by 10%
W/BVO by analyzing the intermediates produced in the degra-
dation process. The original LC-MS plot of OTC degradation
intermediates was shown in Fig. S1.† Table S2† shows the
specic substances detected. Fig. 13 shows the possible degra-
dation pathway of OTC based on LC-MS analysis results. P1 (m/z
= 432) was the product of the removal of two methyl groups
from the C–N bond in N–CH3 due to the attack of active free
radicals, and the removal of one methyl group was P0. P2 (m/z=
431) was the product of C–N deamination in P0.59 P4 (m/z= 387)
was the product of decarbonylation and hydroxylation of P2.
Two production paths for P3 (m/z = 339) existed. One was the
product of P1 dehydroxylation and amide, and the other was the
product of P4 demethylation and hydroxyl. P5 (m/z = 317) may
be the product of P1 demethylation, amide, and hydroxyl that
can destroy the carbonyl group. P6 (m/z = 226) may be the
intermediate obtained from the dehydroxylation of P3.60 The
base peak in the mass spectrum of P6 was excimer ion (2M + H).
4. Conclusions

Bi2WO6/BiVO4 composites were synthesized for the photo-
catalytic degradation of OTC/TC. XRD, SEM, XPS, UV-Vis DRS,
PL and photocurrent were used to study the structure,
morphology, surface chemical state and photoelectric proper-
ties of the materials. The inuence of common anions in water
© 2023 The Author(s). Published by the Royal Society of Chemistry
on OTC degradation was investigated. The reaction mechanism
and OTC degradation path were also preliminarily explored,
and the following conclusions were obtained:

(1) Compared with single BiVO4 and Bi2WO6, the construc-
tion of Bi2WO6/BiVO4 heterojunction system signicantly
improved the efficiency of photocatalytic removal of OTC/TC.
The removal rate of OTC by 10% W/BVO photocatalyst
reached 96.7%, and the degradation rate were 6.22 and 3.02
times that of Bi2WO6 and BiVO4 respectively.

(2) Common anions can inhibit the degradation efficiency of
OTC to varying degrees in the following order: NO3

− > SO4
2− >

Cl− > HCO3
−.

(3) The formation of heterojunctions promoted the separa-
tion rate of photogenerated charges and improved the photo-
catalytic activity.

(4) The free radical quenching experiment showed that $O2
−

and h+ play a major role in the process of OTC degradation.
High resolution mass spectrometry analysis showed that there
were six intermediates in the reaction process, and the possible
degradation path was speculated.
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