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Synergistic elimination of antibiotic resistance
genes and tetracycline antibiotics in wastewater via
a Z-scheme Bi,WOg/g-C3zN4 heterojunction:
degradation pathways and mechanism
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and Zhonglin Chen*®

Antibiotics and antibiotic resistance genes (ARGs) pose a serious threat to ecosystems and human health.
Photocatalytic technology is a hotspot in the pollutant purification. A novel Z-scheme Bi,WOg/g-C3N4
heterojunction was successfully synthesized and demonstrated exceptional photocatalytic efficacy
illuminated by visible light, effectively degrading three different tetracycline antibiotics, and it more over
demonstrated impressive effectiveness in ARGs from secondary effluent. The removal rates for 16S rRNA,
intl1, tetA, tetC, sull and sulll were notably high, with reductions of 3.04 log, 2.88log, 3.15 log, 3.68 log,
2.71log and 2.64 log, respectively. And the removal of DOC in secondary effluents is of great significance
for reducing ARGs. h* and 'O, were validated to be primary active substances for removing TCs and
ARGs in the process. Active species can directly destroy the structure of microbial cells and cause DNA
damage. 16S rRNA, intll and DOC were significant positive correlations with ARGs. The migration
pathway of photogenerated carriers on the surface of Z-scheme heterojunction and photocatalytic
degradation mechanism for removing TCs and ARGs were also studied. Finally, degradation byproducts,
process and pathways of TC were investigated. This study presents a novel strategy for efficiently
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1. Introduction

As industrialization and population continue to develop, the
issues of energy crisis and environmental pollution have drawn
widespread attention worldwide.”™ Since the introduction of
penicillin in 1928, the global use of antibiotics has increased
year by year, and they are widely used in fields such as daily
health care, disease treatment and aquaculture.>® Tetracyclines
(TCs) are a class of broad-spectrum antibiotics primarily used to
treat various infections caused by bacteria. Their versatility
extends to tackling intracellular pathogens such as Chlamydia,
Rickettsia, and Mycoplasma, solidifying their reputation as
areliable choice for addressing a range of bacterial infections.”®
However, due to incomplete absorption by humans and
animals, more than 50% of these antibiotics are excreted into
the environment as metabolic by-products.® Because of this,
water environments have higher concentrations of residual
antibiotics,' which encourages the growth of bacteria resistant
to antibiotic resistant bacteria (ARB) and the dissemination of
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removing TCs and ARGs, thereby mitigating the spread of them.

genes that cause antibiotic resistance genes (ARGs).'"*> ARGs
are widespread in the environment and are replicable, trans-
missible and environmentally persistent. They can enter the
bodies of animals and humans through multiple pathways,
augmenting bacterial resistance and undermining the effec-
tiveness of antibiotics in disease control and clinical treat-
ment.**** Currently, ARGs have become a major challenge in the
field of global public health, imposing significant risks of gene
pollution on water, agricultural and human living environ-
ments, thereby causing long-term and irreversible harm to
ecosystem safety.">'® Consequently, it is crucial to effectively
remove the residues of TCs and ARGs for preserving the
ecological environment and ensuring human health.

Recent studies have revealed that, the advancement of pho-
tocatalytic technology has presented a novel and cost-effective
approach to the efficient treatment of water pollution."”** Pho-
tocatalysis transforms solar energy directly into chemical
energy, providing benefits like straightforward operation,
thorough degradation of pollutants and absence of secondary
pollution.*** Therefore, it has been widely used in the treat-
ment of difficult-to-degrade pollutants. g-C;N,, a promising
semiconductor photocatalytic material, possesses a bandgap of
approximately 2.7 eV. There are many advantages in wastewater
treatment, such as easy preparation, rapid visible light response

© 2026 The Author(s). Published by the Royal Society of Chemistry
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non-toxic and non-polluting, which exhibit it as an environ-
mentally friendly photocatalytic material.**** However, bulk g-
C;N, is characterized by a restricted surface area and a low
potential at the valence band level.””**

To overcome these shortcomings, researchers frequently
enhance its photocatalytic activity through modification.>*-*>
For example, Cadan et al.*® synthesized g-C;N,/WO; composites
using an ultrasonic-assisted method to improve pollutant
removal rates. Chen et al.** prepared NiSe/g-C;N, photocatalyst
by hydrothermal method, which showed excellent H, produc-
tion and outstanding degradation efficiency towards methyl
orange and tetracycline. In addition, Song et al** uniformly
dispersed silver nanoparticles on g-C;N, through photoreduc-
tion to prepare Ag/g-C3N, composites, which significantly
improved the degradation performance of sulfamethoxazole.
Therefore, altering g-C;N, is vital for enhancing its photo-
catalytic performance.

Bi,WOs, an aurivillius oxide, has a 2.7-2.85 eV band gap and
shows excellent photocatalytic degradation ability under visible
light.***® Bi,WO,s forms an orthorhombic crystal lattice,
featuring alternating (Bi,O,),”"" sheets and perovskite-like
(WO,),”" octahedral layers. Bi,WOs and g-C;N, share
a remarkably similar band structure, which facilitates the
creation of a Bi,WO,/g-C3N, heterojunction that demonstrates
outstanding photocatalytic capabilities. For instance, Chen
et al.** employed a single-step in situ hydrothermal approach to
synthesize the Bi,WO¢/g-C3N, catalyst, later used for the pho-
tocatalytic breakdown of ammonium dinitramide (ADN).
However, there was less research on the implementation of
Bi,WOg/g-C3N, to TCs and ARGs than the material preparation.
Since conventional wastewater treatment technologies have
limited capacity to remove refractory pollutants, it is crucial to
understand the degradation performance and mechanism of
Bi,WOg/g-C3N, photocatalysis technology for TCs and ARGs.

A Z-scheme Bi,WOg/g-C3N, heterojunction was successfully
prepared using the hydrothermal method, with g-C;N, serving
as the carrier. Through optimizing the preparation conditions,
composites with excellent photocatalytic oxidation performance
were obtained. Various characterization approaches were
applied to investigate the close connection between the struc-
tural properties of the materials and their photocatalytic
performance, such as XPS, SEM, XRD, etc. The degradation
efficiency of Bi,WO,/g-C3N, was investigated for three types of
TCs (TC, CTC, OTC) and ARGs to comprehensively evaluate
their photocatalytic activity and applicability. In addition,
photocatalytic experiments under diverse conditions verified
the robust and reliable photocatalytic performance of Bi,WO¢/
2-C3N,. The photocatalytic performance of Bi,WOe/g-C;N, in
degrading TC and ARGs was thoroughly assessed. Key factors,
such as the quantity of catalyst utilized, the concentration of TC,
initial pH levels, the presence of HA, and various anions, were
meticulously analyzed. Ultimately, the potential degradation
routes for TC and the fundamental photocatalytic mechanisms
associated with Bi,WO/g-C3N, were extensively investigated.
This work delivers a cutting-edge solution for the effective
removal of TCs and ARGs, reducing the dissemination risk of
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ARGs and offering promising prospects for broad application in
the field of wastewater purification.

2. Materials and methods

2.1. Experimental materials

The main experimental materials are provided in Text S1. And
the specific water quality indicators are listed in Table S1.

2.2. Preparation of catalysts

2.2.1. Synthesis of g-C;N,. The preparation of g-C3;N, was
carried out in accordance with the procedures detailed in Text
S2.

2.2.2. Synthesis of Bi;WOg/g-C3N, composites. Composite
materials of Bi,WOg/g-C3N, were created using a hydrothermal
approach. Initially, a designated quantity of Bi (NO3);-5H,0 was
dissolved in 5 mL of glacial acetic acid, after which 10 mL of
deionized water was incorporated. This combination was then
sonicated for half an hour, producing what is termed solution A.
Meanwhile, Na,WO,-2H,0 and 50 mg of CTAB were dissolved
in 25 mL of deionized water, followed by an additional 30
minutes of sonication, resulting in solution B. Finally, while
stirring magnetically, solution B was gradually introduced to
solution A, drop by drop. After thorough stirring, a certain
quantity of g-C;N, was added to achieve a 15% mass proportion
of Bi,WOj relative to g-C3N,. The solution's pH was carefully
fine-tuned to 3 by adding precise amounts of NaOH and HCI.
Once the desired acidity was achieved, the mixture was poured
into a 200 mL PTFE-lined reactor and subjected to calcination at
160 °C for a solid 12 hours. After the reactor had cooled down to
room temperature, the resulting sample underwent a thorough
cleaning process: the sample was rinsed three times using
deionized water and anhydrous ethanol, and then dried in a 60 ©
C oven for 10 hours. Additionally, pure Bi,WOs was prepared
employing an identical approach described above, but without
the addition of g-C;N, during the preparation.

The Bi,WOg/g-C3N, mass ratio, precursor solution pH, and
calcination temperature used above, which are the importance
and key parameters in the synthesis of Bi,WO¢/g-C3N,, have
been carried out by the preliminary optimization experiments
(Fig. S1 and Text S3).

2.3. Characterization

For detailed information on the main features, refer to Text S4.

2.4. Photocatalytic degradation experiments

The degradation of TCs at 25 °C was employed to assess the
photocatalytic efficacy of Bi,WOg/g-C5N, under visible light. The
light source employs a 300 W xenon lamp (CEL-HXF300E7,
CEULIGHT) equipped with a 420 nm optical filter. The mean
light intensity, ascertained using an optical power density meter
(NP2000, CEAULIGHT) was found to be 212 mW cm 2. The
distance from the reaction solution's surface to the light source
was roughly 10 centimeters. In each experiment, 1.0 g per L
Bi,WOg/g-C;N, was included into the TCs solution (20 mg L™%),
and the mixture was agitated continuously for 30 minutes in the

RSC Adv, 2026, 16, 16424-16441 | 16425


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09524g

Open Access Article. Published on 25 March 2026. Downloaded on 6/18/2026 5:32:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

absence of light to attain adsorption-desorption equilibrium.
The photocatalytic process persisted for 140 minutes. At regular
intervals, 5 mL of the suspension was extracted and subse-
quently filtered through a 0.45-pum filter to remove the produced
catalysts. The UV-visible spectrophotometer (UV-1900) was
employed to quantify the concentration of TC at 357 nm. The
concentrations of CTC and OTC were assessed and quantified at
367 nm and 353 nm, respectively. All aforementioned studies
were conducted thrice, and the mean values were regarded as
the experimental outcomes.
The first-order kinetic model formula is as follows:*

G
—In (6) = kt (1)
where C, (mg L") refers to the pollutant's starting concentra-
tion once adsorption equilibrium is achieved, while C, (mg L")
corresponds to the pollutant’s concentration at different points
in time throughout the photocatalytic process. k (min ") stands
for the kinetic constant of the reaction, and ¢ (min) denotes the
total time the reaction has been underway.
The factors affecting photocatalytic degradation, such as
catalyst amount, pollutant levels, pH, inorganic ions, and
organic compounds, were assessed and examined.

2.5. Analytical methods

The transient photocurrent response as well as the electro-
chemical impedance of the samples were subjected to analysis
and determination with the employment of an electrochemical
workstation (P4000, Ametek) within a three-electrode system.
The experimental setup consisted of an FTO glass working
electrode layered with the sample material, alongside a plat-
inum electrode serving as the counter electrode, and a saturated
mercury electrode used as the reference electrode. The system
employed a 0.5 M Na,SO, solution as the electrolyte. A 300 W Xe
lamp emitting visible light between 420 nm and 700 nm was
utilized for the experiments. Room temperature was the
condition under which all electrochemical tests were conduct-
ed. To ascertain the active species involved in the photocatalytic
process, disodium ethylenediaminetetraacetate (EDTA-2Na),
isopropyl alcohol (IPA), and TEMPOL were employed as scav-
engers for holes (h"), hydroxyl radicals ("OH), and superoxide
radicals ("O,"), respectively. The presence of reactive oxygen
species (ROS) was confirmed using electron paramagnetic
resonance (EPR) (JES-FA200, JEOL). The degradation interme-
diates of TC were determined by HPLC/MS (Agilent 6460 Triple
Quad LC/MS) equipped with a C18 column (Agilent Zorbax
Eclipse Plus, 2.1 mm X 50 mm, 1.8 pm). The mobile phase
comprised a 5:95 blend of ultrapure water (0.1% formic acid)
and acetonitrile, with a flow rate of 0.20 mL min~' and an
injection volume of 10.00 pL. Both positive electrospray ioni-
zation (ESI+) and negative electrospray ionization (ESI—) modes
were utilized for the study.

2.6. Photocatalytic inactivation of ARGs

In this study, the representative water quality was the
secondary-treated effluent from a wastewater treatment plant.
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Considering the increased prevalence of tetracycline resistance
genes (tetA, tetC) and sulfonamide resistance genes (sull, sulll)
in the secondary effluent, these genes were selected as the target
genes to investigate the removal efficiency of Bi,WOe/g-C;N,
photocatalytic technology for ARGs. In the experiment,
a specific quantity of catalyst was mixed into 500 mL of
secondary effluent and agitated for 140 minutes under visible
light. After the photocatalytic reaction, the suspension was
filtered through a 1 kDa UF membrane to concentrate the
microbial biomass for the quantification of gene copies, and the
membranes were collected and stored at —20 °C. Then, DNA
was isolated using a rapid soil genomic DNA extraction kit
(MPBIO), and DNA purity and concentration were measured by
means of an ultra-micro spectrophotometer (Thermo). Real-
time gqPCR was used to measure ARG absolute abundance.
The specific details of the qPCR reaction system, including the
used upstream and downstream primers, as well as the qPCR
reaction procedures, are provided in Tables S2-54.

3. Results and discussion

3.1. Characterization

With the use of scanning electron microscopy (SEM), the
samples’ surface morphology was investigated. The SEM images
of g-C3N,, Bi,WOs, and the Bi,WOe/g-C3N, composite materials
are presented in Fig. la-d. The g-C3N, structure (Fig. 1a)
exhibited a typical blocky structure agglomerated by a lamellar
structure, which provided favorable conditions for the loading
of Bi,WOg. Bi,WOs (Fig. 1b) displayed a flower-like structure
formed by granular objects with a fluffy and porous surface. The
uniform loading of Bi,WOs crystals onto the g-C;N, surface is
demonstrated in Fig. 1lc-d, which indicates the successful
synthesis of Bi,WO4/g-C3N, composites.

Microstructures underwent additional examination of the
samples through TEM and HRTEM. Based on the SEM obser-
vation, the lamellar dark portion in Fig. 1e was corresponded to
Bi,WOs, while the light part was linked to the g-C3N, structure.
This suggests that g-C;N, is more than merely a physical blend
of Bi,WO and g-C;N,, the strong binding between Bi,WO, and
g-C3N, is seen in Fig. 1e, which enhances charge transfer and
the separation efficiency of photogenerated carriers. The lattice
fringe spacing in HRTEM (Fig. 1f) measured 0.315 nm, aligning
with the (131) plane of Bi,WOg.*>

Fig. 2 displays the N, adsorption-desorption isotherms and
pore size distributions of g-C;N, and its Bi,WO,s composite.
Both materials display IV-type isotherms accompanied by H;-
type hysteresis loops. Key details regarding surface area and
pore size distribution are outlined in Table S5. The specific
surface area of g-C;N, measures 8.052 m?> g’l, whereas the
Bi,WO,/g-C3N, composite boasts a significantly higher surface
area of 46.430 m” g~ *. The relatively small surface area of g-C;N,
can be linked to its dense, block-like architecture. However,
incorporating Bi,WO, markedly boosts the specific surface area
of Bi,WO,/g-C5N, composites, a key factor in improving their
photocatalytic efficiency.

The crystal phase of the samples was examined through
XRD, where distinct peaks emerged at 26 = 28.3°, 32.8°, 47.1°,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 SEMimages of (a) g-C3Ny, (b) Bi,WOg, and (c and d) Bi,WOg/g-C3N,4 samples; (e) TEM image of Bi,WOg/g-C3N,4 sample; (f) HRTEM image

of Bi,WOg/g-C3N4 sample.

and 56.0°, corresponding to the (131), (200), (202), and (133)
planes of the Bi,WOq reference (JCPDS no. 39-0256), as depicted
in Fig. 3a. Furthermore, peaks at 26 = 13.4° and 27.5° align with
the (100) and (002) planes of the g-C3N, reference (JPDS87-
1526). These findings can be attributed to the well-ordered
arrangement of tri-s-triazine rings and their interlayer stack-
ing. While the Bi,WOg diffraction peaks in the composite were
relatively weak, the successful synthesis of the materials was
unequivocally verified through complementary TEM and XPS
analyses.

Fig. 3b illustrates the FTIR spectra for g-C3N,, Bi,WOs, and
the composite material Bi,WOg/g-C3N,. A prominent peak at
810 cm ' is linked to the bending vibrations of the tri-s-triazine
unit found in g-C3N,.** The absorption bands in the range of
1240 to 1640 cm ' are associated with the typical stretching
vibrations of CN- and C=N heterocycles.** Additionally, the
broad peaks observed between 3000 and 3300 cm ™" correspond
to the stretching vibrations of -NH bonds.*> Notably, Bi,WO¢
displays significant absorption bands within the 500 to

(a)
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Fig. 2
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800 cm ™' range, primarily tied to the Bi-O, W-O, and W-O-W
bridging stretching modes.*® The spectral characteristics of the
composite closely resemble those of g-C3N,, indicating that the
addition of Bi,WOg preserves the fundamental structure of g-
C:N,.

To analyze the optical properties of these materials, UV-vis
diffuse reflectance spectroscopy (UV-vis DRS) was performed.
As shown in Fig. 3c, g-C3N, presents a clear absorption edge
around 470 nm, corresponding to a bandgap of 2.73 eV. In
comparison, Bi,WO, demonstrates a pronounced absorption
edge at 440 nm, indicating a bandgap of 2.82 eV. The Bi,WOg/g-
C;3;N, composite, on the other hand, exhibits enhanced visible
light absorption with a red-shifted edge and a reduced bandgap
of 2.69 eV, which is 0.04 eV smaller than that of pure g-C;N,.
This alteration indicates the establishment of a heterojunction
between Bi,WOg and g-C;N,, which is essential for significantly
enhancing the separation and transportation of photogenerated
charge carriers. Consequently, the photocatalytic efficiency of
the composite experiences a marked improvement.

0.025
(b)
—8—g-C3Ng

0.020 ~ —8— BipWOg/g-C3Nyg
0.015 4

0.010 4

0.005 4

0.000 4
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(a) N absorption—desorption isotherm and (b) pore size distribution of Bi,WOe/g-C3Ny4.
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Fig. 3
patterns of Bi,WOg, g-C3N4 and Bio,WOg/g-C3Ny.

PL spectroscopy was used to analyze the dynamics of elec-
tron-hole pairs generated by light in semiconductors. A
reduction in PL peak intensity signifies enhanced separation
efficiency of these charge carriers. Fig. 3d demonstrates that g-
C;N, displays the highest photoluminescence peak intensity,
indicating a significant recombination rate of photogenerated
electrons and holes. Conversely, the Bi,WO,/g-C;N, composite
exhibits markedly reduced PL intensity relative to each indi-
vidual component, indicating its efficacy in mitigating charge
carrier recombination. This suppression improves the
composite's photocatalytic degradation efficacy, rendering it
more suitable for practical applications.

XPS was subsequently employed to examine the elemental
makeup of the sample surface and its chemical state. Fig. 4a
illustrates the complete XPS spectra of g-C3;N,, Bi,WOg, and
Bi,WOg/g-C3N, composites. The distinctive peaks associated
with the components C, N, O, W, and Bi were identified in the
composites, confirming the effective synthesis of Bi,WOg/g-
C;3N, composites. The C 1s spectrum of g-C3N, was shown in
Fig. 4b, which exhibited peaks at 281.3 eV for C-N/CO, 284.7 eV
for surface ambiguous carbon C-C, 286.2 eV for C-(N3), and
289.5 eV for C=N, respectively, all originating from different
positions of the aromatic heterocycles in g-C3N,.*** The C 1s
peak of Bi,WO,/g-C3N, composites corresponded to that of g-
C3N,, but it exhibited a slightly increased binding energy and

16428 | RSC Adv, 2026, 16, 16424-16441

(@) XRD pattern; (b) FT-IR spectra; (c) UV-vis diffuse reflection spectra (UV-vis DRS) and (d) photoluminescence (PL) emission spectra

a new N-C=N peak at 288.3 eV. These observations indicated
interactions among the composite material's components.

Fig. 4c showcases the detailed XPS spectra of the N 1s region
for g-C;N, and Bi;,WOg/g-C3N,. In the case of g-C3N,, the N 1s
spectrum reveals four distinct peaks positioned at 394.7 eV,
395.5 eV, 397.3 eV, and 399.8 eV. These peaks are attributed to
pyridinic nitrogen, C-N bonds, sp>-hybridized nitrogen atoms
within the triazine structure (C=N-C), and tertiary N-Cj;
configurations, respectively.*>*® In comparison to g-C;N,, the
binding energy of the corresponding N 1s peaks of Bi,WOg/g-
C;3;N, composites was increased, possibly owing to the interac-
tions in the interaction of Bi,WOs and g-C3N,, which led to
changes in the electronic structure of the composites. Fig. 4d
shows the O1s spectra of Bi,WO, and Bi,WO,/g-C;N, compos-
ites. The distinct peaks observed at 530.0 eV and 530.8 eV of
Bi,WOg corresponded to the Bi-O bond and Bi-O-W bond,
respectively,”* while the maximum at 532.2 eV is likely linked to
0? adsorption during the preparation phase. In Bi,WOg/g-C;N,
composites, new spectral peaks at 531.8 eV and 532.8 eV were
detected. These may be ascribed to the Bi-O-W bond and C-OH
bond formed due to the presence of g-C3Nj.

The high-resolution XPS spectra of Bi 4f (Fig. 4e) reveal
distinct peaks at 159.9 eV (Bi 4f,/,) and 165.3 eV (Bi 4f;/,), which
are attributed to the presence of Bi** in Bi,WOs.* Likewise, in
the Bi,WO,/g-C3N, composites, the peaks at 159.4 eV and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 X-ray photoelectron (a) survey, (b) C 1s, (c) N 1s, (d) O 1s, (e) Bi 4f and (f) W 4f spectrum of Bi,WOg, g-C3N4 and Bi,WOg/g-C3Ny.

164.8 eV also align with Bi*', further confirming its presence.
Turning to the W 4f spectra (Fig. 4f), the peaks observed in
Bi,WOs at 35.7 eV and 37.4 eV provide additional insights into
the material's electronic structure. These findings collectively
underscore the role of Bi’** and the structural characteristics of
the composite system. Along with the peaks observed at 35.2 eV
and 37.1 eV in Bi,WOg/g-C3;N, composites, correspond to W in
the W 4f;,, and W 4f;,, states. Compared to Bi,WOg, the posi-
tions of the characteristic peaks in Bi,WOg/g-C3N, composites
decreased by 0.3-0.5 eV, indicating a significant interaction
between g-C3N, and Bi,WO,, rather than simple physical
adsorption. This interaction facilitates the migration of

© 2026 The Author(s). Published by the Royal Society of Chemistry

photogenerated charge carriers between the surfaces of the
composite material, thereby enhancing the photocatalytic effi-
ciency of the composite material.

3.2. Photocatalysis degradation of TCs

To assess the photocatalytic efficacy of the Bi,WO4/g-C3N,
composite under visible light irradiation, the degradation effi-
ciencies of various tetracyclines (TC, CTC, and OTC) were
systematically investigated. As demonstrated in Fig. 5a, the
degradation efficiency of TC without any catalyst can be neglected,
indicating that TC did not undergo photolysis within 140 min.
Under the photocatalysis of g-C;N, and Bi,WOs catalysts, only
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Fig.5 Removal efficiency (a) and kinetics (b) for TC, removal efficiency (c) and kinetics (d) for CTC, and removal efficiency (e) and kinetics (f) for

OTC under photocatalytic oxidation.

67.87% and 52.57% of TC were degraded, respectively. However,
the photocatalytic efficiency of Bi,WOe/g-C3N, is significantly
notable, achieving a removal rate of 94.09% for TC under the same
experimental circumstances. As illustrated in Fig. 5b, the degra-
dation of TC followed a pseudo-first-order kinetic model. Notably,
the rate constants for Bi,WOe/g-C;N, outperformed those of
Bi,WOg and g-C;N, by a significant margin, clocking in at 4.70 and
3.33 times higher, respectively. Similarly, consistent results were
observed in the degradation of CTC and OTC. The degradation of
CTC and OTC during individual visible light irradiation was
minimal, as shown in Fig. 5c-e, indicating CTC and OTC did not
undergo photolysis. After 140 minutes of photocatalytic reaction,
the removal efficiencies of CTC and OTC by Bi,WOe/g-C;N, were

16430 | RSC Adv, 2026, 16, 16424-16441

92.39% and 93.15%, respectively, which were substantially higher
than those of g-C;N, and Bi,WOs. Notably, the removal rates of
OTC by Bi,WO4/g-C3N, were increased by 57.99% and 20.54%,
severally, compared to g-C;N, and Bi,WO.

From Fig. 5d-f, it is evident that the Bi,WO,/g-C;N, compos-
ites demonstrate high reaction rates for both CTC and OTC, as
indicated by the specific kinetic constants in Table S6. Based on
the above results, the Bi,WO¢/g-C3N, composite material
demonstrated excellent photocatalytic removal efficiency for TCs.
This is probably because the Bi,WOg/g-C;N, composites effec-
tively inhibit electron-hole recombination by forming hetero-
junctions, which improves photocatalytic oxidation performance
and increases the utilisation of visible light.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.3. Analysis of impact factors

3.3.1. The impact of catalyst dosage. The range of Bi,WO,/
g-C3N, catalyst was from 0.2 g L™" to 1.5 g L™" in the experi-
ments. In Fig. 6a, the photocatalytic oxidation removal rate of
TC increased from 81.80% to 94.09% as the catalyst dosage was
increased from 0.2 g L™ " to 1.0 g L. The improvement could be
ascribed to the higher number of effective active sites on the
surface of the photocatalytic material resulting from the
increased catalyst dosage. Consequently, more photons were
absorbed, leading to the generation of a greater number of
active oxidants. Thereby the TC removal rate was enhanced.
However, the impact on the TC removal rate decreased when the
catalyst dosage was raised to 1.5 g L™ '. This might be explained
by the light scattering brought on by high catalyst dosages,
which affected the transmittance of the solution and subse-
quently reduced the efficiency of photocatalytic degradation. In
addition, this also could be attributed to the fact that at
a dosage of 1.0 g L™, all TC molecules had already reacted with
the catalyst's active sites, resulting in no further increase in the
removal rate with continued dosage increment. Thus, 1.0 g L™"
of the Bi,WO¢/g-C3N, catalyst dosage was picked for the
following experiments.

3.3.2. The effect of TC concentration. The range of the
initial TC concentration is 20 mg L™" to 100 mg L™ ". In Fig. 6b,
when the TC concentrations were 20 mg L', 50 mg L™,
80 mg L' and 100 mg L™, the photocatalytic removal rates
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were 94.09%, 76.17%, 61.43% and 52.00%, respectively. When
the concentration of TC increased, the effectiveness of TC
degradation by Bi;,WO./g-C3N, reduced. This may be attributed
to that a higher concentration of TC requires more active free
radicals for the photocatalytic degradation process with the
continuous increase of pollutant concentration, which cannot
be met under insufficient catalyst dosage of active substances.
In addition, when the pollutant concentration was high enough,
nearly all the active sites of Bi,WO/g-C3N, were occupied,
hindering the continuation of photocatalytic reaction.

3.3.3. The effect of initial pH. In order to determine the
solution's impact on TC degradation, its initial pH values were
3,5,7,9, and 11. Bi,WOg/g-C3N, composites’ degrading effi-
ciency on TC was comparatively steady for pH values between 5
and 9, as shown in Fig. 6¢. At pH 7, the best degrading perfor-
mance was noted, with a 92.58% clearance rate. The clearance
rate dropped to just 74.58% at pH 11, while the TC degradation
efficiency dropped to 88.72% at the initial pH of 3.

The diminished removal of TC within the strongly acidic
environment (pH = 3) was ascribed to the elevated concentra-
tion of hydrogen ions (h) that reacted with ‘0,~ (eqn. (2) and
(3))- And ‘O, has an important role in TC degradation, as
a result, under very acidic conditions, TC degradation efficiency
was reduced. Under strongly alkaline conditions (pH = 11),
OH™ reacted with the photoinduced carrier h* to produce ‘OH
(eqn (4)), which has less oxidability than h* dose during the TC
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Fig. 6 Effects of (a) catalyst dosage, (b) pollutant concentration and (c) solution pH for the removal of TC by Bi,WOe/g-C3N4.
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degradation. Furthermore, h" ions were the primary active
species involved in the degradation of TC by Bi,WO/g-C3N,
composites. According to the above mentioned analysis, the
alkaline conditions had more significant effects for TC degra-
dation reaction, and the neutral conditions were more favorable
for the photocatalytic degradation of TC.

Oz +e — '027 (2)
2H' +'0,” + e~ — H,0, (3)
OH™ +h" - "OH (4)

3.3.4. The effect of inorganic anions. The abundance of
many inorganic anions in water complicates the pollution
removal process. So the impact of common anions (Cl~, SO,*~
and HCO; ) on the degradation performance of TC was exam-
ined. Fig. S2a illustrates that with rising concentrations of
anions, the efficiency of TC degradation steadily declined,
indicating that anions hindered the degradation process of TC.
As the Cl™ concentration rose from 0 mM to 10 mM, the pho-
tocatalytic efficiency of TC decreased from 94.09% to 90.70%.
This might be the consequence of ClI” and TC's competing
adsorption on the catalyst surface, which could lower TC's
degradation efficiency.*

Compared to Cl~, SO,>~ and HCO;~ had more significant
inhibitory effects to TC degradation efficiency (Fig. S2b and c).
When the concentrations of SO,”>~ and HCO,~ were both
10 mM, the removal rates of TC were reduced to 87.59% and
80.05%, respectively. According to previous reports,* SO, and
HCO;™ are scavengers of "OH radical. In addition, HCO;™ could
also react with h* radical, leading to the decrease of active
species involved in TC photocatalytic degradation. The corre-
sponding reaction equations are as follows:

SO,>"/HCO;™ + "OH — 'S0, /'CO5~ + H,0 (5)
HCO;~ +h" — "'CO; + H (6)
SO~ +h* — 'S0, 7)

In the aforementioned reactions, SO,>~ and HCO; ™ are capable
of reacting with reactive species to generate sulfate radicals
('SO47) and carbonate radicals ("CO;™), respectively. In partic-
ular, 'CO;~ serves as an oxidizing agent.”® Theoretically, it
required a longer duration for ‘SO, and "CO; " to react with TC
compared with h*, and the oxidation ability for TC was weaker,
which slows the rate of TC degradation.

3.3.5. The effect of HA. Fig. S2d demonstrates a gradual
decline in TC's photocatalytic efficiency as HA concentration
rises. Specifically, when the HA concentration rose from
0 mg L' to 10 mg L, the removal efficiency of TC dropped
from 94.09% to 85.35%. Firstly, this may result from the
competition between HA and TC for active species during the
photocatalytic process. Furthermore, HA also competed with
Bi,WO¢/g-C3N, for photons, leading to fewer reactive oxygen
species produced by photocatalysis. Although HA present,
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which somewhat hindered the breakdown of TC, the photo-
catalytic efficiency remained impressive, clocking in at over
85% even at an HA concentration of 10 mg L. This clearly
demonstrates the outstanding photocatalytic oxidation capa-
bilities of the Bi,WO,/g-C3N, composite material.

3.4. Reusability and practical applicability

3.4.1. Recycling performance. The reusability of catalysts is
crucial for practical applications. Five recycling tests were per-
formed to evaluate the durability and reusability of Bi,WO/g-
C3;N,; composites in TC photocatalytic degradation. After
completing the photocatalytic experiment, the catalyst was
isolated from the reaction mixture, thoroughly rinsed three
times using a combination of deionized water and ethanol,
allowed to dry, and subsequently recycled for use in the next
round of testing. Fig. 7 shows that after five consecutive reuses,
85.49% of the TC could be removed by the composite material,
indicating that it maintained a high level of photocatalytic
activity. As shown in Table S7, comparative analysis indicates
that the Bi,WOg/g-C3N, composite exhibits stability comparable
to or even superior to numerous reported photocatalysts under
identical cycling conditions, demonstrating exceptional reus-
ability. The minor decline in degradation efficiency could stem
from TC byproducts accumulating on the catalyst surface,
reducing the number of active sites available for ROS
generation.

To evaluate the structural stability and interfacial electronic
properties of the Bi,WOe/g-C;N, composite after repeated
photocatalytic reactions, XPS analysis was performed on the
used catalyst. As shown in Fig. S3a, the survey spectrum still
contains the characteristic signals of Bi, W, O, C and N, indi-
cating that the elemental composition remained unchanged
obviously after cycling. The C 1s spectrum (Fig. S3b) shows
peaks at ~284.8, ~286.2 and ~288.3 eV, corresponding to C-C/
C=C, C-NH,. and the typical sp>-hybridized N-C=N structure
of g-C;N,, confirming the integrity of the conjugated frame-
work. The N 1s spectrum (Fig. S3c) exhibits characteristic

5th

c/c,

10 12

Time(min)

Fig. 7 Recyclability of Bi,WOe/g-C3N4 composites for photocatalytic
degradation of TC.
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components of C-N=C, N—(C);, C-N-H and m-7* transitions,
further demonstrating the structural stability of g-C3;N,. In the O
1s spectrum (Fig. S3d), the peak at ~529.8 eV is assigned to
lattice oxygen (Bi-O/W-0O), while the peaks at ~531.8 and
~532.8 €V are attributed to surface hydroxyl groups/oxygen
defects and adsorbed oxygen species, respectively, indicating
that the Bi,WOjg lattice structure was well preserved. The Bi 4f
peaks at ~159.4 and ~164.8 eV (Fig. S3e) and the W 4f peaks at
~35.2 and ~37.1 eV (Fig. S3f) correspond to Bi** and W°',
respectively, with no additional reduced species observed,
confirming the chemical stability of the composite. Compared
with the fresh catalyst, Bi 4f and W 4f exhibit slight negative
shifts, while C 1s and N 1s show positive shifts, indicating
electron migration from g-C;N, to Bi,WO, and the formation of
stable interfacial charge redistribution. This directional elec-
tron transfer is consistent with a Z-scheme charge transfer
pathway, in which electrons accumulate on Bi,WO, and holes
remain on g-C;N,. The persistence of this interfacial electronic
interaction after cycling explains the excellent long-term
stability of the Bi,WOg/g-C3N, photocatalyst.

3.4.2. Influence of water matrix. When contemplating the
application within real-life water scenarios, the water matrix
constitutes a pivotal parameter. The removal rates of TC, CTC
and OTC by Bi,WOg/g-C3N, were investigated under various
water sources, respectively. As illustrated in Fig. S4a, after 140
minutes of photocatalytic reaction, TC removal rates reached
94.19% in deionized water, 87.14% in tap water, and 86.73% in
lake water. TC maintained high removal efficiency in tap and
lake water, though slightly reduced compared to deionized
water. Similarly, the removal efficiency of CTC, OTC in tap water
and lake water was also slightly inhibited (Fig. S4b and c). In the
lake water, the removal rates of CTC and OTC were 80.17% and
80.82%, respectively. Obviously, there were the lowest removal
rates of TCs in lake water. This was mainly because there were
large amounts of organic matter (NOM) in natural water, which
would consume reactive species (ROS).***” In addition, NOM
can adsorb onto and strongly adhere to the photocatalyst
surface, preventing light penetration and thus inhibiting ROS
generation. Despite this, the elimination rates of TCs in natural
water consistently exceeded 80%, demonstrating that the
Bi,WOe/g-C3N, composites exhibit remarkable photocatalytic
oxidation efficiency and are not limited by the specific compo-
sition of the water matrix.

3.5. Photocatalytic mechanism

3.5.1. Role of active species. To pinpoint the main reactive
species responsible for the photocatalytic degradation of TC,
experiments incorporating radical scavengers were conducted.
IPA, EDTA-2Na, and TEMPOL were employed as trapping agents
to specifically capture 'OH, h" and ‘O,~, respectively. This
approach allowed for a clear identification of the primary
contributors to the degradation process. As illustrated in Fig. 8,
the findings revealed that introducing IPA had a negligible
impact on TC degradation, showing less than a 5% reduction.
This indicates that "OH radicals had a limited, if any, role in TC
degradation, suggesting they were not the primary reactive

© 2026 The Author(s). Published by the Royal Society of Chemistry
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species responsible for the process. However, the degradation
of TC was markedly suppressed when EDTA-2Na and TEMPOL
were added, with TC removal reduced by 71.55% and 52.63%,
respectively. These results suggested that h* was the primary
active species in TC's photocatalytic degradation, with ‘O,
functioning as a secondary active species of significance.

The EPR spectra (Fig. 9a and b) provided further evidence of
ROS involvement in the photocatalytic reaction. In the absence
of light, no notable peaks were observed. However, upon light
exposure, distinct signal peaks corresponding to DMPO-"0,~
and DMPO-"OH adducts emerged, displaying an intensity ratio
of 1:2:2:1. These findings confirm the production of "OH and
'O, radicals as part of the photocatalytic mechanism.

3.5.2. Electrochemical measurement. To delve deeper into
the electron transfer characteristics of g-C3N, and the Bi,WOg/g-
C3;N,; composite, we conducted a suite of electrochemical
assessments. These experiments, encompassing transient
photocurrent response (/-t) measurements and electrochemical
impedance spectroscopy (EIS) analyses, shed light on how the
materials perform under different scenarios, offering crucial
insights into their functionality. As illustrated in Fig. 9c, the
photocurrent density test was performed in 20 s cycles under
alternating dark and light conditions. The research demon-
strated that the Bi,WOg/g-C3N, composite significantly out-
performed g-C3N, on its own, delivering a photocurrent
response under visible light that was approximately 2.26 times
higher. This impressive improvement underscored the
composite's superior ability to suppress the recombination of
electron-hole pairs generated by light, thereby extending the
lifespan of charge carriers. Clearly, the Bi,WO¢/g-C;N, combi-
nation proved to be a game-changer in enhancing photo-
catalytic efficiency. The incorporation of heterojunctions in the
Bi,WO,/g-C3N, composites played a pivotal role in enhancing
the separation efficiency of photogenerated carriers and accel-
erating electron transfer rates. These improvements directly
contributed to the overall boost in photocatalytic performance.

In EIS, a smaller arc radius typically signals reduced charge
transfer resistance and a more rapid interfacial charge transfer
rate. As shown in Fig. 9d, the Bi,WOg/g-C3N, composites
demonstrated a significantly smaller arc radius compared to
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Fig. 9 EPR spectra of (a) DMPO-"0O," and (b) DMPO-"0OH; (c) transient photocurrent response and (d) electrochemical impedance spec-

troscopy of g-CzN4 and Bi,WOg/g-C3Ny.

other samples, highlighting their superior ability to separate
photogenerated charge carriers and facilitate faster charge
transfer across the interface. This suggests enhanced efficiency
in the material's electrochemical performance. To sum up, the
electrochemical findings highlight that combining g-C;N, with
Bi,WOg not only broadens the light absorption range but also
minimizes the recombination of photogenerated carriers,
offering a promising strategy to boost photocatalytic efficiency.

3.5.3. Photocatalytic degradation mechanism. Drawing
from the experimental results described above, we propose
a reaction mechanism for the photocatalytic breakdown of TC
using Bi,WOe/g-C3;N, composites. As depicted in Fig. 10a, the
overlapping band structures of g-C3N, and Bi,WOs semi-
conductors are well-matched. When visible light hits these
composites, electrons in the VB of both semiconductors gain
energy and jump into their corresponding CB, creating holes in
the VB. Given that the CB potential of g-C3;N, is significantly
lower at —1.23 eV compared to Bi,WOg at 0.45 eV, electrons
from the CB of g-C;N, tend to move toward the CB of Bi,WO.
Conversely, the VB potential of Bi,WOg, which stands at 3.27 eV,
is much higher than that of g-C;N, at 1.50 eV, allowing holes in
Bi,WOg's VB to readily shift to g-C;N,'s VB. This interplay
facilitates the effective separation of photogenerated charge
carriers—with electrons accumulating in the CB of Bi,WO, and
holes forming in the VB of g-C;N,. Nonetheless, the higher CB

16434 | RSC Adv, 2026, 16, 16424-16441

potential of Bi,WOg, compared to the reduction potential of the
0,/°0,” pair (—0.33 eV), prevents oxygen molecules on the
catalyst surface from being reduced to ‘O, by electrons. This
observation directly contradicts findings from active species
capture experiments and previous EPR results. Consequently,
the charge separation mechanism within the Bi,WO4/g-C5N,

A/ A 4
- =
(@) ) TC ,‘v A
o b Degraded
3 .0 products
2 ] 2
= &
e e e
2-1 . CB OZX
7] (N \ -0,
: 0+ gon ! e e e e e o 0:0,y=-033eV
1 —_—
1
1 VB ‘;}B oo
- h*h* h* i H _ i
§2 -] Bi,WO, i Bi,WO, i H,0/-OH=2.38¢V
S i Ly
=3+ - o)
‘OH ™ +
4 - by )h’ g h Degraded
Degraded products
H,0 TC
products TC

type-1I heterojunction type-Z heterojunction

Fig. 10 Photocatalytic degradation mechanism of TC by Bi,WOe/g-
C3N4 composites; (a) type-Il heterojunction, (b) type-Z heterojunction.
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Fig. 11 Degradation pathways of TC degradation products.

system does not align with the conventional type-II hetero-
junction model.

Based on the result above, a photogenerated carrier separa-
tion mechanism based on type-Z heterojunction was proposed
as illustrated in Fig. 10b. When Bi,WO; and g-C;N, are brought
into close proximity, they form an internal electric field at their
interface. This electric field facilitates the recombination of
electrons from Bi,WO¢'s conduction band with holes from g-
C;N,'s valence band. Additionally, g-C3N, plays a crucial role in
reducing adsorbed O molecules on the catalyst's surface to
"0, ", thanks to its conduction band potential (—1.23 eV) being
notably lower than the redox potential required for converting
0O, to O, (—0.33 eV). This capability is key to promoting the
transformation of surface-adsorbed oxygen into ‘O, . On the
other hand, Bi,WOg¢'s VB potential (3.27 eV) surpasses that of
H,0/'OH (2.37 eV), enabling it to utilize holes from its valence
band to oxidize a fraction of water molecules into "OH. These
findings are corroborated by EPR spectroscopy and active
species trapping experiments, which highlight h* and "0,~ as
the primary active species driving TC degradation. Conse-
quently, the type-Z heterojunction formed between Bi,WO, and
2-C3N, in this study is pivotal for the efficient separation of
photogenerated charge carriers, thereby significantly boosting
the composite's photocatalytic performance.

3.5.4. Possible degradation intermediates and pathways.
Given the structural resemblance among TCs,*® TC was chosen
as the model compound to explore degradation intermediates
and pathways. Its reaction products were identified using
HPLC-MS. During the photocatalytic process, eight intermedi-
ates were initially pinpointed (Table S8 and Fig S5-S7). Based on
detection, the photocatalytic degradation process for TC mainly
underwent the demethylation reaction, deamidation reaction,
ring opening reaction and oxidation reaction.*

© 2026 The Author(s). Published by the Royal Society of Chemistry

There were three degradation pathways for the degradation
reaction of TC, which were presented in Fig. 11. In pathway I,
the combined action of h* and "0, facilitated the conjugation
of ~-C=C- to the neighboring -OH in TC. The -OH acted as the
electron donor made the -C=C- linkage weaker and became
a site vulnerable to attack by free radicals. Therefore, TC (m/z =
444.4) reacted with hydroxyl addition and oxidation to generate
product A (m/z = 476.4). And then, product A was further
oxidized to product B (m/z = 350.3) by dehydration, demethyl-
ation, deamidation and ring opening reactions. Subsequently,
under a series of attacks by ROS, the product was eventually
oxidized to the small molecule products C (m/z = 284.3) and H
(m/z =166.2). As a result of ROS attack, the N-C bond with lower
energy in TC broke and underwent demethylation reaction to
generate product D (m/z = 416.4). Subsequently, in pathway II,
the product B (m/z = 350.3) was converted from product D by
deamidation, addition reactions and ring opening, and finally
oxidized to the small molecule product H (m/z = 166.2). In
pathway III, the product E (m/z = 318.3) was generated from
product D by the reactions of deamidation, demethylation and
ring opening. In the presence of ROS, by reactions such as
decarboxylation and ring opening, the product E was further
oxidized to small molecules F (m/z = 218.2) and G (m/z = 122.1).
Eventually, some of the small molecules generated were con-
verted to CO, and H,O by the carbonation reaction.

3.6. Photocatalytic inactivation of ARGs

3.6.1. Degradation performance of ARGs. The potentiality
of Bi,WOg/g-C3N, photocatalyst applied in the inactivation of
ARGs was investigated by tetracycline and sulfonamide ARGs as
targets. Fig. 12a shows that the absolute abundances of 16S
TRNA, intl, sull, sulll, tetA and tetC in the treated wastewater
from the plant were 10%°°, 107-**, 107**, 107*°, 10%'® and 10*>*
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Fig. 12
different times.

copies per mL, respectively. This indicated that the effluent still
contained a large amount of ARGs even after treatment by the
wastewater plant. If discharged directly, it could present a threat
to human health and ecosystems.

As shown in Fig. 12a, the concentration of different types of
ARGs in water showed a pattern of initially declining and then
rising as the Bi,WO¢/g-C3N, dosage increased. The concentra-
tion of ARGs remained relatively constant in the light control
group, indicating that direct light had little to no effect on the
removal of ARGs. When the dose of Bi,WO¢/g-C;N, was 1.0 g
L', the ARGs removal performance was effective. The removal
ratios of 16S rRNA, intl1, tetA, tetC, sull and sulll were 3.04 log,
2.881og, 3.151og, 3.68log, 2.71log and 2.64 log, respectively.
However, with the further increase of the Bi,WO,/g-C5N, dose,
the removal effect of ARGs did not appear to be significantly
improved. This may be due to the overdosing of the catalyst,
which affected the translucency of the solution and reduced the
generation of reactive radicals, subsequently decreasing the
removal of ARGs. The best removal of ARGs was achieved at the
Bi,WOg/g-C;N, dosage of 1.0 g L', Therefore, the optimal
dosage was found to be 1.0 g L' in this study and selected for
subsequent experiments. In summary, Bi,WO4/g-C3N, has
excellent photocatalytic oxidation performance and effectively
removes ARGs from wastewater plant secondary effluent.

3.6.2. Impact factors. It has been shown that pH and
turbidity are two important factors in the photocatalytic treat-
ment of ARGs. Therefore, the initial pH and turbidity of the
secondary effluent were varied during the experiments, to
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(a) Removal of ARGs with different catalyst dosages; effect of (b) initial pH and (c) turbidity on ARGs removal; (d) regeneration of ARGs at

evaluate the effectiveness of ARGs removal using Bi,WOg/g-
C;3;N, photocatalysis across various conditions. In Fig. 12b, the
efficiency of photocatalytic oxidation in removing ARGs
declines as pH levels rise. When pH was 4, after 140 min of
photocatalytic reaction, the concentrations of tet4, tetC, sull and
sulll in the water were 10>7¢, 10!, 10°°® and 10>7? copies per
mL, respectively. However, when pH was 10, the concentrations
of ARGs increased significantly to 10**,10*7%, 10°>*® and 10*°°
copies per mL, respectively. This phenomenon could be attrib-
uted to the rate constant of the visible photolysis reaction,
which took a nosedive as the pH of the water sample climbed,
resulting in a dip in the photodegradation efficiency of ARGs.

The raw water turbidity of the secondary effluent was 0.83
NTU, which was adjusted to 4.00 NTU and 8.00 NTU by adding
kaolin clay, respectively. With reference to the Fig. 12c, the
oxidation effect of Bi,WO,/g-C;N, on ARGs decreased with an
increase in turbidity. The best removal of ARGs was achieved
when the turbidity was 0.83 NTU. However, when the turbidity
increased to 8.00 NTU, the concentration of ARGs increased
significantly, with tetA, tetC, sull and sulll concentrations of
10*9°, 10*%%, 10°*° and 10> copies per mL, respectively. This
might be attributed to excessive turbidity of the water sample
affects the solution light transmission, resulting in less active
radicals produced by the photocatalytic reaction, which reduced
the removal rate of ARGs.

3.6.3. The regeneration of ARGs. The regeneration perfor-
mance of ARGs treated with Bi,WOe/g-C;N, photocatalyst was
investigated. Fig. 12d shows the concentration changes of ARGs

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 tetA and tetC, (b) sull and sulll, intl1 and (c) tetA and tetC, (d) sull and sulll , DOC and (e) tetA and tetC, (f) sull and sulll.Correlations

between 16S rRNA and (a) tetA and tetC, (b) sull and sulll, intl1 and (c) tetA and tetC, (d) sull and sulll, DOC and (e) tetA and tetC, (f) sull and sulll.

after photocatalytic treatment, as well as after being placed in
the dark for 3 and 7 days. The findings indicated no recovery in
ARG concentration following a 3-day dark place, but instead
showed varying degrees of decrease.

However, the concentration of some ARGs increased after 7
days. The concentrations of sull, sulll, intI1 and 16S rRNA
increased to 10°*°, 10%%', 10°°® and 10°7” copies per mL,
respectively. The concentrations were 4.22, 2.24, 3.65 and 1.74

© 2026 The Author(s). Published by the Royal Society of Chemistry

times higher than those at the end of photocatalysis. This may
be due to the fact that the target ARGs host can repair and
regrow within a certain period of time after photocatalytic
treatment, while photocatalysis may cause damage to the host
cell membrane, promoting horizontal transfer of ARGs and
further leading to their proliferation.

3.6.4. Correlation analysis. Employing the linear regres-
sion methodology, the associative relationships between the
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elimination of dissolved organic carbon (DOC), integron-
associated gene intIl, 16S rRNA, tetracycline - resistance
genes (tetA and tetC), and sulfonamide - resistance genes (suil
and sulll) within water samples were subjected to in-depth
investigation. As illustrated in Fig. 13, there was a notable
positive correlation (p < 0.05) detected among 16S rRNA, intl1,
DOC, tet genes, and sul genes, with good fitting results. These
indicated that with the removal of 16S rRNA, intl1 and DOC, the
concentration of the four ARGs also decreased significantly.

As illustrated in Fig. 13a and b, there was a significant
positive correlation between ARGs and 16S rRNA. 16S rRNA is
ribosomal RNA that can identify microbial species and can be
used to characterize the total microbial content in water
samples. In particular, microbes were the expression sites of
ARGs, and their presence led to the transfer and diffusion of
ARGs. Moreover, the ROS generated by photocatalytic oxidation
can destroy the cell structure of microorganisms and invade the
inside of cells to destroy genetic material, thereby inactivating
microbial. Therefore, the reduction of total microbial contrib-
uted to the reduction of ARGs concentration.

Integrons play a vital role in the dissemination of ARGs
across various species in the environment. A significant portion
of these ARGs in the ecosystem is housed in genetic transfer
elements that enable the movement of resistance traits both
among bacteria and within their own communities.®® As shown
in Fig. 13c and d, there were significant positive correlations
between tet genes, sul genes and intI1 genes, which implied that
tetA, tetC, sull, sulll might be bound to intI1 in water samples.
Consequently, the elimination of intI1 was conducive to the
decrease of ARGs.

ARGs can usually interact with organic matter and be
removed from the wastewater together with organic colloidal
particles.® The organic matters can be removed by photo-
catalytic technology, and the removal of organic material
contributes to the reduction of ARGs (Fig. 13e and f). In addi-
tion, DOC is a nutrient necessary for the survival of heterotro-
phic bacteria, and its concentration reduction can inhibit the
growth and reproduction of bacteria, thus inhibiting the prop-
agation of ARGs to some extent. To sum up, the removal of 16S
TRNA, intl1, and DOC in secondary effluents is of great signifi-
cance for reducing ARGs.

4. Conclusions

A novel Bi,WO4/g-C3N, catalyst has been constructed by this
study. The key to boosting photocatalytic prowess was the effi-
cient separation of electron-hole pairs generated by light within
the Bi,WOg/g-C3N, heterojunction. Compared with pure g-C;N,
and Bi,WOs, the removal efficiency of the Bi,WOg/g-C3N,
composite material increased by approximately 38.6% and
79.0%, respectively. The removal rates of TC, CTC and OTC were
94.09%, 92.39% and 93.15% in 140 min, respectively. It main-
tained an 84.59% removal rate even after five cycles. At
a Bi,WOg/g-C3N, dosage of 1.0 g L™, the removal efficiencies of
16S rRNA, intl1, tetA, tetC, sull, and sulll reached 3.04, 2.88,
3.15, 3.68, 2.71, and 2.64 log, respectively. Quenching experi-
ments identified h* and "0, as the dominant reactive species
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responsible for the degradation of TCs and ARGs. A Z-scheme
heterojunction mechanism was proposed for the Bi,WOg/g-
C;3N, composite to explain the enhanced charge separation. TC
degradation primarily involved demethylation, deamidation,
ring-opening, and oxidation reactions, and three possible
degradation pathways were proposed. The reduction of ARGs
was mainly attributed to the destruction of microbial cell
structures and oxidative DNA damage induced by reactive
species. Significant correlations were observed between ARGs
and DOC, intI1, and 16S rRNA, indicating that DOC reduction
plays an important role in controlling ARG proliferation.
Notably, no significant ARG rebound was detected within three
days after treatment. The Bi,WO,/g-C3N, composite exhibited
excellent photocatalytic oxidation performance for the simul-
taneous removal of TCs and ARGs, providing insights into the
effective control of persistent organic contaminants.
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