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Antibiotics present in surface water have detrimental effects on both human health and the ecosystem.
Additionally, they pose a threat to the effectiveness of biological water treatment processes. In this study,
a visible photocatalytic system with BiOCl/g-C3N,4 heterojunction was developed to remove sulfonamide
antibiotic sulfamerazine (SMZ) in water. The removal rate reached 92.77% under visible light irradiation
for 80 min. This photocatalyst remained active after 5 cycles of experiments and maintained a relatively
stable removal rate of SMZ of over 80%. The ESR tests indicate that the main active species in this pho-
tocatalytic system were h* and ‘O,~. The enhanced photocatalytic efficiency was mainly ascribed to the
formation of a built-in electric field between BiOCl and g-C3N4 through the carrier transport mechanism
of the S-scheme heterojunction. This heterojunction facilitated the photogenerated carrier shift and seg-
regation, and improved the interfacial charge transfer efficiency, as confirmed by photoelectrochemical
test and Density functional theory (DFT) calculations. The HPLC-QTOF-MS/MS and DFT analysis revealed
possible degradation pathways of SMZ may involve deamination, hydroxylation, SO, extrusion and bond
breaking. This novel BiOCl/g-C5N,4 heterojunction has proven to be essential for efficient visible-light pho-

tocatalysis.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Approximately 100,000-200,000 tons of antibiotics are manu-
factured globally every year to cure microbial infections in hu-
mans and animals, or as feed additives to promote the growth
of livestock [1-3]. Sulfamerazine (SMZ), a typical synthetic broad-
spectrum antibiotic, is one of the most effective antimicrobial
agents in the sulfonamide antibiotic class [4]. The concentration
of this substance has been detected worldwide in various envi-
ronmental matrices, including rivers, soils, sediments, groundwa-
ter, treated municipal wastewater, and even drinking water, span-
ning a range from ng/L to pg/L [5,6]. Accumulation of antibiotics
in the environment can lead to increased bacterial resistance and
resistance genes [7,8]. More importantly, the transfer of antibiotics
through the food chain has the potential to reduce the effective-
ness on humans in the near future [9]. In addition, it exhibits
toxicity to aquatic organisms, impacts the fertility of specific ani-
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mal species, and has the potential to disrupt the human endocrine
system [10]. Unfortunately, residual SMZ persisting in the envi-
ronment displays limited biodegradability and is only partially re-
moved by conventional wastewater treatment methods. Therefore,
it is crucial to find an effective method to remove this type of sul-
fonamide antibiotics from the environment to protect ecosystems
and human health. Various techniques have been reported for the
removal of SMZ from water based on biological, chemical, photo-
chemical, physical adsorption or Fenton methods [3,11,12]. Many of
these methods continue to face challenges such as low degradation
efficiency, elevated processing costs, incomplete product degrada-
tion, and limited practical adoption. Thus, it is of utmost practical
significance to discover an efficient and reliable approach for the
effective removal of SMZ from wastewater.

Photocatalytic oxidation is a commonly employed method for
wastewater pollutant removal, renowned for its environmental
friendliness, high efficiency, and cost-effectiveness [13,14]. Many
semiconductors including TiO,, ZnS, ZnO, and CdS have been used
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as photocatalysts for the treatment of antibiotics [15,16]. Bi-based
photocatalysts, in the general form of BiOX (X=Cl, Br, I), have at-
tracted the attention because of their unique layered structure [17],
which could generate a strong internal electrostatic field within
the crystal and enhance the separation and transfer of photogener-
ated charges. For example, BiOCl nanosheets with two-dimensional
structures yield a large specific surface area, plenty of surface ac-
tive sites, and effective charge separation and migration efficiency
[18,19]. BiOX has been reported in some water purification and
environmental restoration such as photocatalytic degradation of
organic matter, Cr(VI) removal and CO, photoreduction [20,21].
However, the substantial width of the intrinsic BiOCI energy band
(~3.3eV) limits its absorption of UV light and makes it challeng-
ing to exhibit visible photocatalytic activity. Therefore, researchers
have employed various techniques to augment their capacity for
visible light absorption and enhance their photocatalytic perfor-
mance. These techniques include elemental/ionic group doping, no-
ble metal deposition, morphology manipulation, and the forma-
tion of complexes/heterojunctions [22-24]. Among them, the con-
struction of heterojunction serves as a classical strategy to mod-
ulate the visible light absorption range of catalysts [25], includ-
ing two-dimensional ultrathin photocatalysts. For example, the ab-
sorption edge of g-C3N4, an n-type semiconductor, is about 460 nm
and the conduction and valence bands are located at —1.3eV and
1.4 eV, respectively, which results in the band gap of about 2.7 eV
for g-C3N4 and enables visible light absorbance [26,27]. Further-
more, Zhao et al. [28] prepared a double Z-type heterojunction
of ternary BiVO,4/g-C3N4/NiFe,;04, and the photocatalytic degrada-
tion of ofloxacin by these ternary composites showed rate con-
stants were 3.8, 16.3, and 71.2 times higher than those of BiVQy,
g-C3Ny4, and NiFe,04, respectively. The novel atomic-scale hetero-
junction of g-C3N,4/Bi;WOg was constructed via a hydrothermal re-
action and elicited a high photogenerated carrier separation effi-
ciency [29]. Under visible-light irradiation, the removal of ibupro-
fen by g-C3N4/Bi,WOg reached nearly 96.1% in 1h, which was al-
most 2.7 times higher than that of Bi,WOg. The high photocat-
alytic activity of g-C3N4/Bi,WOg was attributed to the synergistic
effect of the heterojunctions that promoted photo-induced charge
separation. Wang et al. [30] prepared tubular g-C3N4 (TCN)/BiOIl
S-scheme heterojunction and achieved the removal rate of more
than 77% and 90% for tetracycline (TC) and Cr(VI) within 10 min
and 30 min, respectively, under visible light irradiation.

Though the BiOCl/g-C3N4 nanocomposites have been reported
to yield similar high visible photocatalytic properties [31,32], the
preparation methods are relatively tedious and the photocatalytic
mechanisms of BiOCl/g-C3N, heterojunctions remain elusive. This
study demonstrated a one-step direct precipitation method for the
synthesis of an S-scheme BiOCl/g-C3N,4 heterojunctions and eval-
uation of visible photocatalytic degradation of SMZ. The effects of
reaction conditions, such as catalysts dosage and pH, on the pho-
tocatalytic properties were systematically evaluated. The catalyst
reusability was evaluated. The main active species of the photocat-
alytic system were identified by EPR and scavenger experiments.
The formation of BiOCl/g-C5N4 heterojunctions was further ana-
lyzed by photoelectrochemical test and DFT calculations.

In this research, sodium hydroxide (NaOH), hydrochloride (HCI),
bismuth nitrate pentahydrate (Bi(NOs3)3-5H,0), urea (H,NCONH,),
ethylene glycol (HOCH,CH,OH), thiourea (CH4N,S), potassium
chloride (KCI), acetic acid (CH3COOH), anhydrous ethanol
(C,H50H), potassium iodide (KI), isopropyl alcohol ((CH3),CHOH),
p-benzoquinone (CgH40,), disodium ethylenediaminetetraacetate
(C10H14N,0gNa,-2H,0) were all purchased from Tianjin Chemical
(China). The water used in the experiments was deionized (DI)
water produced by Milli-Q integral water purification systems.

The BiOCI catalyst was prepared by direct precipitation method
[33]. Specifically, 1.940g of Bi(NOs3)3-5H,0 was dissolved in 20 mL
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of HCI (1.5 mol/L) to obtain solution A. Then, solution A was added
dropwise to 10 mL of NaOH solution (0.72 mol/L) under constant
stirring, which produced white solid with obvious stratification.
After 10min of stirring, the precipitate was filtered by 0.22-pm
mixed cellulose ester membrane filters and washed several times
with deionized water. Finally, the resulting solid was dried in an
oven at 80 °C for 4h to obtain the white BiOCl powders. g-C3N4
was prepared by thermal polycondensation [34]. Firstly, 30g of
urea was placed in a tubular calciner and calcined at 550 °C with
a heating rate of 5 °C/min in an air atmosphere for 4h. Then the
calcined product was dispersed in deionized water with ultrason-
ication (40Hz and 100 Watt) for 30 min, and finally washed by
DI water for three times with centrifugation. The final obtained
solid was dried at 70 °C to obtain light yellow g-C3N4 powders.
BiOCl/g-C3N,4 heterojunction was fabricated by in situ growth of
BiOCl on mesoporous g-C3N4 nanoflakes using a one-pot method.
Firstly, 0.184g of g-C3N, powders were added to the mixture of
ethylene glycol/deionized water (200 mL, 1:1 (v/v)) and stirred for
10 min. Secondly, an amount of Bi(NO3)3-5H,0 was added and
stirred for another 10 min. Then, 20mL (1 mol/L) of thiourea was
added and stirred continuously for 10 min before adding KCI at
the same amount of Bi(NOs3)3-5H,0. Finally, 100 mL of acetic acid
(0.35mol/L) was added and stirred for 1h. After filtration, the
product was washed with water and ethanol three times, respec-
tively. Dried at 100 °C to obtain the pale yellow BiOCl/g-C3N4 com-
posite.

The crystal structure of the catalyst was examined by X-ray
diffraction (XRD; D/max-III B, Rigaku). The surface micromorphol-
ogy of the catalysts was investigated by scanning electron mi-
croscopy (SEM; Sigma 500, Zeiss, Germany). The surface functional
groups of the catalysts were observed by Fourier transform in-
frared spectrometer (FTIR; Spectrum One, PerkinElmer, USA). The
dissolved concentration of Bi3* during the photocatalytic reaction
was detected by an inductively coupled plasma atomic emission
spectrometer (ICP-AES, Optima 5300DV, Perkin Elmer). An elec-
trochemical workstation (CHI6G60E, Shanghai Chenhua Instrument
Co., China) was applied to test the photoelectrochemical perfor-
mances of the samples. The light source was a 300W-Xe lamp.
An X-ray photoelectron spectroscopy (XPS; Thermo Scientific K-
Alpha, USA) was used to analyze chemical composition and chem-
ical states of the samples. The specific surface areas of the cata-
lysts were tested by a Brunauer-Emmett-Teller (BET; Quantachrome
Nova 2000e, USA). The optical properties of the catalysts were
measured by UV-vis diffuse reflectance spectroscopy (UV-vis DRS;
UV-2550, Shimadzu, Japan). The concentration of SMZ was de-
tected by high-performance liquid chromatography (HPLC, Agilent
1260) with a diode array detector (DAD). The injection volume was
10 pL, and the C18 column (5um, 4.6 x 250 mm) was employed for
detection. Acetonitrile and water flowed at a rate of 0.1 mL/min
(60/40, v/v). The detecting wavelength was set as 270 nm [11]. The
degradation products of SMZ were detected by HPLC-QTOF-MS/MS
(ESI*, QTOF 6550, Agilent). The electron spin resonance (ESR) sig-
nal of the active species generated in the photocatalytic system
was detected using an electron spin resonance spectrometer. The
total organic carbon (TOC) of SMZ solution the before and after
the photocatalytic reaction was mesuresd by a Jena Multi N/C 3100
carbon analyzer.

In the photocatalytic experiment, 0.04g of BiOCl/g-C3N, com-
posite catalysts were added into 100mL of 10mg/L SMZ solu-
tion and sonicated for 30s for mixing. Then, the suspension was
placed into a photochemical chamber (CEL-LB70, China) in the
dark for 30 min until the adsorption and desorption equilibrium.
The Xenon lamp light irradiation was turned on at an intensity
of 27.1 mW/cm?2. The concentration of SMZ in the suspension was
measured by HPLC after extraction and filtration of the liquid sam-
ples from the suspension using a disposable syringe and filter
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Fig. 1. SEM images of (a) BiOCl, (b) g-C3N4 and (c) BiOCl/g-C3N4 samples. (d) EDS-Mapping and (e) HRTEM of BiOCl/g-C3Ny.

(13 mm x 0.22um, mixed cellulose ester membrane). After pho-
tocatalytic degradation experiments, the catalysts were recovered
by filtration, washing with anhydrous ethanol and deionized water.
The recovered catalyst was reused in the photocatalytic degrada-
tion experiments with the same experimental procedure as above.

DFT calculations including Mulliken populations and Fukui
functions were performed by Materials Studio (MS) software to ex-
plore the degradation pathways of SMZ. Mulliken populations were
calculated to explore the difficulty of breaking chemical bonds
in molecules. Meanwhile, the Fukui index represents the prob-
ability of an atom being attacked by nucleophilic, electrophilic
or free radicals and estimates the active site of each molecule.
In this case, the Mulliken population was calculated using the
CASTEP module and the Fukui index was calculated using the
DMol3 module. To further analyze the photocatalytic mechanism of
heterojunctions, DFT calculations were also performed to explore
the electronic structures of BiOCl and g-C3N4 photocatalysts. The
exchange-correlation function was set as Perdew-Burke-Ernzerhof
(PBE) and generalized gradient approximation (GGA) [35,36].

As seen in Fig. 1a, BiOCl is a layered structure composed of
nanosheets. Fig. 1b shows that the g-C3N, sample displayed a
typical two-dimensional lamellar structure, which is aggregated
graphite-like, sparsely porous and irregularly shaped [37]. As pre-
sented in Fig. 1c, the BiOCl/g-C3N,4 sample had a layered nanosheet
structure. After BiOCl hybridized with g-C3N,4, nucleation growth
of BiOCI took place along the inner face of g-C3N4 and formed a
heterojunction. From the EDS mapping elemental distribution map
(Fig. 1d), it can be observed that the elements Bi, O, CI, C and N
are relatively uniformly distributed on the surface of the BiOCl/g-
C3N4 composite photocatalysts, which further verifies the success-
ful synthesis of the composite photocatalysts of the BiOCl/g-C5Ny
composite catalysts. Fig. 1e exhibited the lattice spacings were ap-
proximately 0.345nm and 0.261 nm, which attributed to the spac-
ing of the (101) and (102) planes of orthorhombic BiOCl, while no
fringes of g-C3N4 were observed due to its disordered state. In ad-

dition, the formation of an interface between BiOCl and the g-C3N4
layer was also observed, indicating the strong interfacial interac-
tion between them.

Fig. 2a shows the XRD patterns of g-C3N4 and BiOCl/g-C3Ny
composites with different molar ratios. The pure g-C3N4 sample
exhibited two diffraction peaks, where 26 located at 12.86° corre-
sponds to the (100) crystal plane diffraction of g-C3N4 and thus
confirms the planar stacking structure of the triazine ring in the g-
C3Ny4 lamellae [38]. The diffraction peak with 26 located at 27.46°
resulted from an interlayer stacking reflection specific to the conju-
gated aromatic system, which is related to the (002) crystal plane
diffraction [32]. The diffraction peaks of BiOCl/g-C3N4 appeared
prominently at 26 values of 26.16°, 32.93°, 41.20°, 47.09°, 54.62°
and 59.05°, corresponding to the (101), (102), (112), (200), (211)
and (212) crystal planes of BiOCl (JCPDS cards No. 06-0249). Ac-
cording to Table S1 (Supporting information), with the increase
in the proportion of g-C3Ng4, the grain size of the BiOCl/g-C3N4
composite initially increases and then decreases. This phenomenon
may be attributed to the impact of increased nitrogen doping ra-
tio on the crystal growth of BiOCl. When the proportion of g-
C3Ny4 in the composite heterojunction increased, the diffraction
peak attributed to g-C3N,4 (20 of 27.46°) gradually increased while
the diffraction peak attributed to BiOCl gradually decreased, which
suggests the successful synthesis of the BiOCl/g-C3N4 composite
catalysts (enlarged figure) [39].

Fig. 2b illustrated the changes of surface functional groups in
the BiOCl/g-C3N4 composite catalysts for different g-C3N, ratios.
For g-C3Ny4, the peak at 809 cm~! results from the characteristic
vibration mode of the ultrathin g-C3N, tris-triazine units [37]. The
wide peaks at 3000~3300 cm~! were the stretching vibration peak
of the N-H bond. In addition, peaks in the range 1200-1650 cm~!
were representative stretching modes for CN heterocycles, such as
peaks at 1237, 1316, 1406 and 1573 cm~! for C-N stretching vi-
brations and 1640 cm~! for C=N stretching vibrations, respectively
[34]. In addition, the vibrational peak at 545.7 cm~! was attributed
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Fig. 2. (a) XRD patterns and (b) FTIR spectra of g-C3N4 and BiOCl/g-C3N4 samples with different molar ratios. (c) N, adsorption-desorption curves, pore diameter distribution
curve (inset), (d) XPS surveys, (e) Bi 4f, (f) O1s, (g) Cl 2p, (h) C1s and (i) N 1s peaks of BiOCl, g-C3N4 and BiOCl/ g-C3N,.

to the Bi-O bond in BiOCl/g-C3N4 composite catalysts [39]. In the
prepared BiOCl/g-C3N4 nanocomposites, the peaks of g-C3N4 and
BiOCI coexist and no other new phases were observed. As the mass
ratio of g-C3N4 in the composites increased, the peak intensity of
g-C3N4 enhanced, while the peak intensity of BiOCl gradually de-
creased, which agrees with the XRD results.

The pore diameter distribution and specific surface area of
BiOCl, g-C3N4 and BiOCl/g-C3N4 photocatalysts were determined
by BJH method based on N, adsorption-desorption curves. The
type IV isotherm and the type-H3 adsorption hysteresis loop in the
high P/Py range were seen in Fig. 2c, indicating that all catalyst par-
ticles were mesoporous structure. The specific surface areas of the
BiOCl, g-C3N4 and BiOCl/g-C3N,4 catalysts were 13.94, 55.00 and
61.92 m?/g, respectively. Apparently, after the combination of BiOCI
with g-C3Ny, the specific surface area of the composite was slightly
improved. Most of the pore diameters of BiOCl catalyst particles
were distributed in the range of 2-10nm and were mesoporous
structures. The pore diameter of g-C3N4 particles was mainly in
the range of 2-10nm and 10-50 nm, which was also mainly meso-
porous structure, with a small portion of macroporous structure
(>50nm) (inset figure).

XPS technology was used to further explore the chemical states
of the catalysts and the synthesis of heterojunctions. In Fig. 2d,
five elements Bi, O, Cl, C and N were present in the composite
BiOCl/g-C3N, catalysts, which further proved the successful syn-
thesis of the composite catalyst. The binding energy peak of Bi
4f was 164.44eV and 159.12eV belongs to Bi 4fs;, and Bi 4f;p,,
respectively, which is the characteristic of Bi3* in BiOCl materi-
als (Fig. 2e). The binding energy peak of O1s at 532.04eV and
529.94 eV is the oxygen vacancy in the catalyst and the Bi-O bond
in the BiOCI crystal structure, respectively (Fig. 2f). Obviously, the
content of oxygen vacancy in the BiOCl/g-C3N4 composite cata-
lyst is higher than that of pure BiOCL. Two resolved peaks of Cl1s

were located at 199.51 and 197.91eV, belonging to and Cl 2p;p,
and Cl 2ps),, respectively (Fig. 2g) [31]. The binding energy peaks
of C1s at 284.8eV, 286.77eV and 288.33eV belong to the sp?
C-C or amorphous C-C, sp3 C-(N); and sp2 N-C=N in the aromatic
ring of g-C3N,4 (Fig. 2h). The three resolved peaks of N1s located
at 404.24 eV, 400.75eV and 398.84 eV belong to free amino groups
C-N-H, sp3 bridging N atoms of N-(C); groups and sp? hybridized
nitrogen of C-N=C (Fig. 2i). By comparing the high resolution XPS
spectra of each element, it can be seen that the peaks of Bi 4f,
01s and Cl 2p in BiOCl all move forward to the lower binding en-
ergy position after the combination with g-C3N,4 [39]. In contrast,
both C1s and N1s peaks in g-C3N4 move forward towards higher
binding energy positions. These results demonstrated the existence
of strong electron transfer between BiOCl and g-C5N4 in the com-
plex, thus confirming the successful construction of the BiOCl/g-
C3N4 heterojunction.

The effects of different molar ratios of g-C3N4 to BiOCl on the
SMZ removal rate and the corresponding reaction kinetics under
simulated solar light were first examined. Figs. 3a and b and Ta-
ble S2 (Supporting information) show that the highest degradation
rate (84.94%) of SMZ was achieved in 80 min when the molar ratio
of g-C3N4 to BiOClI was 8:1, which yielded the highest reaction rate
constant was 6.8 x 1073 L mg~! min~!. The removal rates of SMZ
were 81.13%, 83.21% and 81.79% when the molar ratio of BiOCl/g-
C3N4 composite photocatalyst was 1:4, 1:10 and 1:12, respectively.
Clearly, the proper molar ratio of BiOCl and g-C3N4 (e.g., 8:1) is
important for heterojunctions and photocatalytic properties. Exces-
sive g-C3N4 could cause rapid recombination of the photoproduced
e -h* pares [39].

The dosage effect of BiOCl/g-C3N4 composite catalyst on SMZ
removal rate and reaction kinetics is compared in Figs. 3c and d.
As the catalyst dosage increased from 0.2 g/L to 0.8 g/L, the SMZ re-
moval rate increased gradually from 89.22% to 92.77%, and the re-
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Fig. 3. The effects of (a, b) different molar ratios of g-C3N4 to BiOCl, (c,
order kinetics under simulated solar light.

action rate increased from 1.05x1072 to 1.54x10~2 L mg~! min~!
as summarized in Table S3 (Supporting information). The slow
increase in removal rate when the catalyst dosage was increased
to 0.8 g/L was attributed to the scavenging effect of excess catalyst
[40]. In addition, when the concentration of the catalyst was
excessive, the solution was too turbid to prevent simulated solar
light from passing through the reaction solution and thus the
BiOCl/g-C3N,4 photocatalyst could not effectively absorb the photon
energy for the SMZ degradation [41]. Moreover, the excess catalyst
would agglomerate in the aqueous phase, thus reducing the active
sites on the surface, which would also reduce the photocatalytic
efficiency of the catalyst [34]. In summary, in this photocatalytic
system, the reaction conditions were established with a ratio of
1:8 between BiOCl and g-C3N4, and a catalyst dosage of 0.6 g/L.

The pH value in the aqueous medium significantly affects the
adsorption rate of sulfamerazine on the BiOCl/g-C3N4 catalyst as
both the speciation of sulfamerazine and the surface charge of
BiOCl/g-C3N4. At the different initial pHs of the reaction solution
(e.g., 6.68, 3, 5, 7, 9 and 11), the removal efficiency of SMZ and
the corresponding reaction kinetics were different as shown in
Figs. 3e and f and Table S4 (Supporting information). The photo-
catalytic activity was higher under strongly acidic conditions with
the degradation rate increased by 4.6% compared with the pH of
6.68. However, the alkaline condition reduced the degradation rate
of SMZ by 12%. At acidic pHs, the BiOCl/g-C3N4 photocatalysts had
a positive surface charge and the SMZ (pK,;, 2.56) was mainly in
the form of anions, which caused strong electrostatic adsorption
between the catalyst and SMZ and thus promoted the degradation
of SMZ. When the pH was greater than 7.4 (pK,,), the photocat-
alytic degradation rate decreased due to the strong repulsive force
between the surface of photocatalysts and SMZ [42].

The reusability and stability of the catalysts were examined us-
ing five consecutive photocatalytic cycling experiments under the
same experimental conditions as shown in Fig. 4. Fig. 4a shows
the degradation rate of SMZ was always above 80% after 5 cycles.
Fig. 4b shows the XRD patterns of BiOCl/g-C3N4 before and after
the repeated use. None of the characteristic peaks of the catalysts
after reuse were shifted, indicative of no major changes in the crys-
tal structures for BiOCl/g-C3N4. The FTIR spectra of BiOCl/g-C3N4
before and after use in Fig. 4c also reveal no changes of the func-
tional groups on the BiOCl/g-C3N, catalysts. Similarly, there were
no significant changes in the XPS surveys before and after catalyst

d) the initial concentration of BiOCl/g-C3N4 and (e, f) pH on the SMZ removal and pseudo-second-
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catalysts.

use (Fig. 4d). The photocatalytic performance and stability changes
were probably attributed to photo-corrosion and metal leaching
(Fig. S2 in Supporting information) [37].

To qualitatively analyze the dominant active species during
the BiOCl/g-C3N4 catalyst photocatalytic reaction, isopropyl alco-
hol (IPA), KI and p-benzoquinone (BQ) were used as scavengers
of hydroxyl radical (‘OH), electron-hole (h*) and superoxide anion
("0,7), respectively [28,43]. Figs. 5a and b shows the presence of
each scavenger inhibited the degradation of SMZ, which decreased
from 1.37x1072 L mg~' min~! to 1.03x10~2 L mg~! min~!,
0.78x1072 L mg~! min~! and 0.94x10~2 L mg~! min~!, respec-
tively, after the addition of IPA, KI and BQ to the reaction system.
Thus, the h* played a major role in this photocatalytic reaction as
indicated by the strongest inhibition from KI. The inhibition of BQ
ranked second, indicating that the *O,~ radical played a secondary
role in the reaction.

The active species in the photocatalytic system were further de-
tected by ESR under no light and simulated solar light irradiation.
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Figs. 5c and d shows no signals of DMPO-"OH and DMPO-"0,~
adducts in the dark environment. Under simulated solar light irra-
diation, the characteristic quadruplet signal with a peak height ra-
tio of 1:2:2:1 indicated the presence of DMPO-"OH adducts, while
the four peaks with relative intensities of 1:1:1:1 corresponded to
DMPO-"0,~ adducts. In addition, the signal intensity of DMPO-"OH,
although very weak, was enhanced with the irradiation time. In
contrast, the signal intensity of DMPO-'0,~ was strengthened quite
significantly with the prolongation of irradiation time. Therefore,
the BiOCl/g-C3N4 catalyst could generate h*, *OH and "O,~ under
simulated solar light irradiation, while h* was the primary reactive
species in the degradation of SMZ.

UV-vis DRS in Fig. 6a was used to examine the optical prop-
erties of the catalysts. The absorption edge of BiOCl is in the UV

region, while it is red-shifted after composite with g-C3N4. For
semiconductor materials, the band gap (Eg) can be calculated
by the equation ochv =A(hv - Eg)"/z, where o is the absorption
coefficient, h is Planck’s constant, v is the optical frequency,
and A is a constant. The n value is determined by the type of
semiconductor leap, and since both BiOCl and g-C3N4 are indirect
semiconductors, n is taken as 4. Fig. 6b shows the band gap of
BiOCI and g-C3N4 are 3.26eV and 2.41 eV, respectively. The VB-XPS
(valence band-XPS) of the samples can be seen in Fig. 6¢, VB-XPS
of BiOCl and g-C3N4 are 2.88eV and 1.52 eV, respectively. The Eyg
for the corresponding standard hydrogen electrode (Eyg, nyE) Can
be computed using the equation: Eyg, nyg=¢ +Evp, xps —4.44,
where ¢ represents the instrument’s work function (4.2 eV) [44].
Thus, the VB of the BiOCl and g-C3N4 are 2.64eV and 1.28 eV. The
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corresponding conduction band (CB) positions of the BiOCI and
g-C3Ny4 are calculated to be —0.62eV and —1.13eV, respectively,
according to the formula Ecp = Eyp — Eg.

In order to explore the efficiency of photogenerated carrier
separation of the catalysts, photoelectric chemical detection tech-
nology was used. In Fig. 6d, each catalysts exhibited fast response
to the light source being turned on or off and showed signifi-
cant photocurrent decay under light irradiation, which implies
rapid recombination of light-generated electrons and holes. The
photocurrent response values of the BiOCl/g-C3N4 heterojunctions
were significantly higher than those of the BiOCl and g-C3N4 cat-
alysts, which further demonstrates the excellent carrier separation
efficiency of BiOCl/g-C3N4 heterojunction. The electrochemical
impedance spectroscopy (EIS spectra) showed that the radius of
BiOCl/g-C3N4 was smallest (Fig. 6e). The EIS spectra depicted in
Fig. 6e were modeled using an equivalent circuit diagram (inset).
The charge-transfer resistances (R.t) values for BiOCl, g-C3Ny4, and
BiOCl/g-C3N, were determined as 56.39 2, 2419 €, and 18.7
2, respectively, indicating the fastest photo-induced electron-
hole pair transfer and separation efficacy under simulated solar
light irradiation, and thus the excellent photocatalytic activity of
BlOCl/g—C3N4

To further investigate the mechanism of the heterojunction
formed by BiOCl/g-C3N4, a quantum mechanical simulation anal-
ysis was conducted. After the crystal structure models of BiOCl
and g-C3N4 were optimized (Fig. S1 in Supporting information),
the energy band structures were calculated separately and shown
in Figs. 7a and b. The Fermi levels of both BiOCl and g-C5Ny4
were located at OeV, and the conduction band and valence band

were located below and above the Fermi level, respectively. The
bottom of the conduction band and the top of the valence band
were located at different high symmetry points (K points), which
confirmed that both BiOCl and g-C3N4 were indirect semicon-
ductor structures [39]. The calculated band gaps were 2.71 and
1.31eV, respectively, which were smaller than the experimentally
measured results, which is commonly observed in GGA and local-
density approximation (LDA) calculations [45]. Fig. 7c indicates the
BiOCl/g-C3N4 composite’s energy band structure was denser than
their separate forms. The high electron density is helpful for the
production of more photogenerated carriers.

To further explore the photocatalytic mechanism of BiOCl/g-
C3Ny, the Fermi energy level of each catalyst was determined by
calculating their work functions [46]. Figs. 7d and e show the
Fermi energy levels of BiOCl and g-C3N4 were 6.90eV and 4.25eV,
respectively, indicative of the potential electron transfer from
g-C3N,4 to BiOCl at the contact interface. Additionally, the three-
dimensional charge density difference and the planar average
electron density difference in Fig. 7f were used to detect the
charge transfer and depletion in the composites. The yellow
region indicates charge depletion and the blue region indicates
charge accumulation. The charge accumulation mainly occurs in
the upper region of BiOCl in Fig. 7f, while the charge depletion
mainly occurs in the lower region of g-C3Ny, indicating the charge
transfer in the BiOCl/g-C3N,4 heterojunction from g-C3N4 to BiOCI.
The difference in the average charge density in the z-direction
indicates charge depletion and accumulation in Fig. 7f (green line),
with positive and negative indicating charge accumulation and
depletion, respectively.
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Fig. 8. The bond population, Fukui indices and electrostatic potential distribution of (a) SMZ, (b) P1, and (c) P2.

Based on the above analysis, the photocatalytic mechanism for
the degradation of SMZ by BiOCl/g-C3N4 heterojunction was pro-
posed in Figs. 7g-i. Upon contact between the two photocatalysts,
the electrons transferred from g-C3N4 with a lower Fermi energy
level to BiOCl with a higher Fermi energy level. As a result, g-C3Ny
became positively charged. On the contrary, BiOCl was negatively
charged. In addition, upward or downward band bending occurred
at the g-C3N4 and BiOCI interfaces, respectively. An internal elec-
tric field pointing from g-C3N,4 to BiOCl was also formed [47]. Un-
der light irradiation, the photogenerated electrons were produced
and transferred from the conduction band of BiOCI to the valence
band of the g-C3Ny4. In addition, the Coulombic gravitational force,
the energy band bending between the electrons in the BiOCl and
the holes in the g-C3Ny4 also facilitated the charge transfer. Hence,
the stronger photogenerated e~ retained in the conduction band of
g-C3Ny4 reacted with the dissolved O, in water to form ‘O, ~, while
the photogenerated holes retained in the valence band of BiOCI
reacted with H,0 and "0, to form respectively *OH. Finally, the
above generated photogenerated h™, *0,~ and "OH migrated to the
surface of the photocatalysts to degrade the SMZ into the small-
molecule intermediates or inorganic species such as CO, and H,O0.

After photocatalytic reaction, the SMZ mineralization rate was
26.26%. The degradation pathways of SMZ were predicted by HPLC-
QTOF-MS/MS and DFT calculations [4,5,48]. As can be seen from
Fig. S3 and Table S5 (Supporting information), a total of 13 inter-
mediate products of SMZ were detected. Fig. 8 shows the molecu-
lar structure models, populations and lengths of bonds, Fukui in-
dices (f~, f°, f") of the atoms and electrostatic potential distri-
bution for the two main degradation products of SMZ and SMZ,
respectively. The predicted degradation pathway in Fig. 9a in the
photocatalytic system of BiOCl/g-C3N, indicates that h* as the ma-
jor active species enabled electrophilic reactions, followed by free
radical reactions and nucleophilic reactions. The smaller the popu-
lation of a chemical bond, the weaker it was and the more likely
it was to break [49]. The larger the Fukui indices of an atom,

the more vulnerable it was to attack [50]. As shown in Fig. 8a,
based on the populations, the N1-S1, C6-S1, 02-S1, 01-S1, C2-C5,
C1-N1 and C9-N4 were weak and prone to break. While N4, 02,
01, N2, N3 and C1 were easily attacked by active species. There-
fore, intermediate products such as P1, P2, P3, P4, P5, P6, P7, P8,
and P9 might be produced after the photocatalytic degradation of
SMZ through deamination hydroxylation, SO, extrusion and break-
ing bonds (Fig. 9a). Similarly, the populations of N1-S1, C6-S1, C9-
03, 02-S1, C2-C5 and C1-N1 in P1 were smaller (Fig. 8b). And the
Fukui indices (f~, f%) of N2, N3, C1, 02, C3, O1 and C4 were larger,
suggesting the generation of P6, P7, P10, P10, P11 (Fig. 9a). As
shown in Fig. 8c, C2-C5, C9-N4, C6-N1 and C1-N1 in P2 were the
weakest bonds, while the N4, C3, N1, C6 and C10 atoms were vul-
nerable to attack, resulting in the generation of P6, P7, P11 and
P13 (Fig. 9a). Eventually, all intermediates obtained continue to be
oxidized to inorganic small molecules such as CO, and H,O.

Ecological structure activity relationships (ECOSAR) software
was used to predict the toxicity of SMZ and its intermedi-
ates during photocatalytic degradation by adopting quantitative
structure-activity relationship (QSAR), and the results were shown
in Fig. 9b. The predicted toxicity indicators were the Green Algal
half-maximum effect concentration (ECsg), the Daphnid half lethal
concentration (LCsg, 48 h) and the fish LCs5q (48 h) and their corre-
sponding chronic value (Chv). In conclusion, during the photocat-
alytic degradation of SMZ over BiOCl/g-C3N4 heterojunction cata-
lysts under simulated solar light, the ecotoxicity of the intermedi-
ate products of SMZ was reduced, which was of practical signifi-
cance for the removal of SMZ from wastewater.

The g-C3N4-based catalysts are considered as classical vis-
ible light responsive photocatalysts, and other catalysts used
for photocatalytic oxidation of SMZ are summarized in Table 1
[15,16,42,51,52]. Although catalysts such as TiO, and ZnO were
modified to yield moderate photocatalytic activity under visible
light. The g-C3N4 catalysts can improve their photocatalytic per-
formance through complex morphological modifications, but the
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Table 1

Comparison with other literature about SMZ degradation in photocatalytic system.
Photocatalysts Photocatalysts Sulfamerazine Nature of lamp Reaction time Removal Ref.

concentration (g/L) concentration (mg/L) (min) rate (%)

Cu-TiO, @functionalized SWCNT 0.9 30 Xenon lamp 135 100 [42]
Distorted g-C3N4 1.0 10 Xenon lamp 60 99 [51]
Pd/Bi;M0Og/g-C3N4 0.5 5 LED lamps 90 98.8 [52]
La-MIL-53(Al)/Zn0O 0.5 20 Xenon lamp 120 92 [16]
Bi-TiO, 1.0 20 Xenon lamp 300 81.18 [15]
BiOCl/g-C5Ny 0.8 10 Xenon lamp 80 92.77 This work

BiOCl/g-C3N,4 heterojunction shows significant advantages in en- Declaration of competing interest

hancing reaction kinetics of SMZ and perhaps other refractory or-

ganic pollutants in wastewater treatment. The authors declare that they have no known competing finan-

In this work, BiOCl/g-C3N4 heterojunction was prepared by one- cial interests or personal relationships that could have appeared to

step direct precipitation and achieved 92.77% of SMZ within 80 min influence the work reported in this paper.
under simulated solar light. The catalyst also showed excellent
chemical stability in the recovery experiments. The formation of
an inner electric field and carrier transfer through the S-scheme
heterojunction formed at the interface of BiOCI and g-C3Ny, result-
ing in the generation of a large number of reactive species and
the rapid degradation of SMZ, which was proven by photoelec-
trochemical tests and DFT calculation. DFT calculations also pre-
dicted the attack sites of free radicals and the possible photocat-
alytic degradation pathways of SMZ. This study offers a facile and
effective synthesis of BiOCl/g-C3N4 photocatalysts for the degrada-
tion of SMZ in wastewater.
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