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Efficiently treating polluted water is crucial for combating waterborne diseases, preserving aquatic species, and
ensuring a long-term clean water supply. In this study, we studied the elimination of both dye and drug pol-
lutants using a BipSs3:g-C3N4 nanocomposite photocatalyst. The sample structure, functional group, and
morphology of the prepared samples were studied using XRD, HRTEM, XPS, FTIR, and UV-Vis. spectroscopy.
BiyS3:8-C3N4 nanocomposite exhibited higher photocatalytic activity compared to the bare samples. This higher
photocatalytic performance may be due to the efficient separation of electron-hole pairs and the enhanced
charge-carrier transport. The 2D/2D interface between Bi,S3 and g-C3N4 provides a large surface area and strong
interfacial charge transfer. Moreover, this heterojunction efficiently controls charge recombination by extending
the lifetime of the photogenerated carriers. BiyS3:g-C3N4 nanocomposite exhibits excellent photocatalytic
degradation of organic pollutants such as methylene blue and ciprofloxacin. Based on these results, highlight the
strong potential of the BiySs:g-C3N4 nanocomposite for environmentally friendly wastewater treatment
applications.

1. Introduction ingredients being discharged into the water bodies. These contaminants

lead to antibiotic-resistant bacteria and long-term accumulation of

Water pollution is a dangerous problem for human health and
environmental stability. In many industries, such as cosmetics, leather,
paper, paint, and the pharmaceutical industries, the use of water sources
worldwide [1,2]. These industries directly release the unreacted organic
dyes and pigments into the water bodies [3,4]. In particular, the textile
industry releases more than 20% of the toxic and non-biodegradable
organic compounds into the ecosystem and affects the global water
sources [5]. These non-biodegradable compounds not only change the
color of water but also reduce the light penetration and aquatic photo-
synthesis [6]. On the other hand, the pharmaceutical industry widely
uses antibiotics, and these activities result in the pharmaceutical
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harmful substances in ecosystems [7,8].

To overcome this issue, researchers are widely used in different
wastewater treatment techniques such as adsorption, coagulation-
flocculation, chemical oxidation, and activated sludge processes.
These processes have some limitations in industrial effluents [9,10]. In
general, textile dyes are highly stable and resistant to biodegradation, so
it's highly complicated to remove biological processes [11]. On the other
hand, the adsorption process only converts the pollutants from one
phase to another phase, and it also creates secondary waste. So, it re-
quires safe disposal of this secondary waste, or further treatment is
required [12]. So, these approaches struggle to eliminate hazardous
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pollutants.

Among these approaches, Advanced oxidation processes of photo-
catalysis are effective treatment techniques due to the low operational
cost, minimal secondary pollution, and easy degradation of the haz-
ardous pollutants under light conditions [13-15]. Recently, Transition
metal oxides have been gaining attention as photocatalysts due to their
effective photocatalytic performance under visible and natural sunlight
[16,17]. On the other hand, one of the main challenges in photocatalysis
is the low efficacy of solar energy conversion, with approximately 95%
of the solar energy being unused. Many traditional photocatalysts can
only absorb a small portion of the light in the UV range [18-21]. Also,
some oxides can absorb visible light, such as Fe;O3 [22], CoFe304 [23]
and etc., Compared to the metal oxide, metal sulfides show excellent
electronic conductivity, and this behavior making favorable for waste-
water treatment [24,25]. Among various metal sulfides, Bi,S3 nano-
particles are an efficient photocatalyst for eliminating hazardous
pollutants compared to bismuth oxide due to their improved charge
carrier generation [26]. BipS3 has a narrow bandgap (1.3-1.7 eV) and
strong visible light absorption; this behavior makes it significant for
photocatalytic applications [27]. Under visible light, the performance is
low due to the photo corrosion and rapid recombination of charge car-
riers; these behaviors limit the overall photocatalytic activity [28]. To
solve this problem, modify or tune the photocatalyst with other two-
dimensional materials to improve their performance under solar light.

Among various 2D materials, the metal-free structure of graphitic
carbon nitride (g-C3N4) has attracted photocatalyst due to its suitable
energy bandgap (~2.7 eV), effective chemical and thermal stability
[29]. When combined with BiyS3, a narrow bandgap chalcogenide shows
a durable visible light absorption, the BizS3:g-CsN4 heterostructure
making more benefits from effective visible light absorption, strong
redox potential, efficient charge separation, etc., The metal-free, earth-
abundant, and stable materials of g-C3N4 added with BiyS3 construct a
synergistic effect that expressively enhances photocatalytic perfor-
mance. However, the detailed mechanism and charge transfer behavior
at BisS3:g-C3N4 nanocomposite are still lacking. So, a better under-
standing of these mechanisms is necessary for improving their photo-
catalytic efficiency.

In this work, we prepared a BiyS3:g-C3N4 heterostructure and used
these materials to degrade both dye and pharmaceutical waste. In
addition, this work systematically investigates the effect of composite
concentrations on photocatalytic efficacy. Furthermore, the various
photochemical characterization with recycle test and scavenger exper-
iment to reveal the degradation mechanism and materials reusability.
Moreover, the expected integration of g-C3N4 with BiyS3 forms a syn-
ergistic heterojunction that enhances charge separation, extends light
absorption into the visible region, and improves redox capability,
overcoming the individual limitations of both components.

2. Materials and methods

Melamine [C3HgNg], Bismuth nitrate hexahydrate [Bi (NO3)3.6H20],
Methylene blue [C;6H;gCIN3S], Sodium sulfide [NayS], Ethanol
[CoHs50H], 1, 4-Benzoquinone [CgH40-], Isopropanol [(CH3)2CHOH],
Ciprofloxacin (C;7H18FN303), Triethanolamine [CgHi5NOs] and all
other chemicals were obtained from Sigma- Aldrich in India.

2.1. Preparation of BizS3 nanoparticles

The BiyS3 nanoparticles were prepared using a hydrothermal
approach with a Bi source as the precursor. One mole of Bi(NO3)3 was
dissolved in 50 mL of DDW, and 30 mL of NayS solution (1 mol) was
slowly added to the above solution under continuous stirring. Then, the
whole solution was transferred into an autoclave. The reaction tem-
perature was then maintained at 160 °C for 12 h in a hot air oven. The
obtained mixed solution was washed with DDW and centrifuged several
times. The obtained powder was dried at 60 °C for 12 h.
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2.2. Preparation of g-CsN4

The thermal pyrolysis technique was used to produce the g-C3Ny4
[30]. The melamine is heated at 550 °C for 3 h. at a step of 10 °C per 5
min under an air atmosphere. After the furnace was allowed to cool to
room temperature, the yellow color samples were ground into a fine
powder.

The thermal pyrolysis of the conversion of melamine to g-C3N4 can
be denoted as follows:

6C3sHNg (at 550 C)—7(CsN,) + 3NH;

2.3. Preparation of BiyS3:g-C3sN4 nanocomposites

The BiyS3:g-C3N4 nanocomposite was prepared following a similar
procedure to that used for bare BisS3, with the addition of 0.5 g of gC3N4.
All hydrothermal reaction conditions, including molar ratio, reaction
time and temperature were maintained the same. In details, after the S2~
ions solution was added to the existence of the g-C3N4 and Bi precursor
solution. This hydrothermal process makes uniform evolution of Bi»S3
nanoparticles on the g-C3N4 surface, confirming strong interfacial
bonding and efficient heterojunction formation. A similar process was
repeated to prepare different weight ratios (1:0.5, 1:1, and 0.5:1) of
BiyS3:g-C3N4 nanocomposite.

2.4. Photocatalytic activity analysis of as-prepared samples

The photocatalytic performance of the prepared photocatalysts was
evaluated using MB and CPF as model pollutants. For each experiment,
10 mg of the photocatalyst was dispersed in 50 mL of an aqueous dye
solution with an initial concentration of 10 ppm. The reaction mixture
was then subjected to visible light irradiation to activate the photo-
catalytic process. 2 mL of the treated solution was taken, and the UV
absorption spectra were tested to monitor the degradation progress. The
MB (664 nm) and CPF (~350 nm) dye concentrations were analyzed
using a UV-Visible spectrophotometer. A scavenger study was used to
determine which reactive species play a major role in the degradation
process. Various scavengers such as IPA, BQ, TEOA were used to
determine hydroxyl radicals ("OH), superoxide radicals ('Oz), electrons,
and photogenerated holes (h*) scavenger, respectively. This scavenger
test provided the photocatalytic mechanism of the degradation process.
The cyclic stability of the g-C3N4/BisSs photocatalyst was assessed over
five cycles. After every cycle, the photocatalyst was recovered by
centrifugation and washed multiple times with DDW. The obtained
photocatalyst was dried overnight before being reused in the next cycle.
This method confirmed that the photocatalysts' performance and sta-
bility were constantly checked during the constant investigations.

The degradation efficacy of the prepared materials was evaluated by
utilizing Eq. (1):

Co—GC;i
Removal efficiency = (OC—> x 100 1)
0

where Cy (mg/L) and C; (mg/L) are the determined initial and final
concentrations of dyes.

The rate constants were analyzed using the pseudo-first-order kinetic
Eq. (2) [31]:

(n(G)) _

0

— kit (2

where Cy (mg/L) and C; (mg/L) are the measured initial and time con-
centrations of dyes, respectively, and t is the time interval.

2.5. Characterization

The phase purity and structure of the prepared samples were
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revealed via X-ray diffraction (XRD) analysis, and this analysis was
studied using a Philips X'Pert diffractometer (Cu Ka radiation-A =
1.54046 f\). Fourier-transform infrared (FTIR) spectroscopy was
employed to study the functional groups present in the prepared sam-
ples. The FTIR spectra were acquired using a Bruker Alpha-E spectro-
photometer, scanning the wavenumber range of 4000 to 400 cm ™', The
morphological features, selected area electron diffraction (SAED) pat-
terns, and interplanar spacing of the hybrid sample were examined using
a JEOL JED 2300 high-resolution transmission electron microscopy (HR-
TEM), supplemented with EDS capabilities. X-ray Photoelectron spec-
troscopy (XPS) analysis was performed by a PHI Versaprobe III (ULVAC
PHI) instrument. Hence, the Ultraviolet-Visible diffuse reflectance
spectroscopy (UV-Vis DRS) analysis was performed to observe the op-
tical absorption properties and energy band gap of the prepared
samples.

3. Results and discussion

Fig. 1(a—c) presents HRTEM images of the (0.5:1) g-C3N4:BisSs
hybrid nanoparticles, providing insights into their intricate morphology.
The images reveal distinct sheet- and rod-like structures, as shown in
Fig. 1(a) and (b), which correspond to the g-C3N4 and Bi»S3 nano-
particles, respectively. The g-C3N4 nanoparticles show the irregular 2D
sheet-like structures (wrinkle-like texture) with particle sizes ranging
from 50 to 200 nm, respectively [32]. This sheet-like morphology is very
helpful for photocatalytic applications [33].

The g-C3N4 nanosheets combine with BiySs nanorods to exhibit a
synergistic effect, and these behaviors develop an efficient dye degra-
dation property. In Fig. 1(c), the BizS3:g-C3Ny4 hybrid nanosheets show
the crystalline nature of the nanoparticles and the lattice spacings of
0.23 nm and 0.35 nm, corresponding to the (1 4 1) and (1 1 1) planes of
BiyS3 and g-C3Ny, respectively. In Fig. 1(d), BisS3:8-C3N4 hybrid nano-
sheets of selected area electron diffraction (SAED) patterns exhibit a
combination of diffraction dots and diffraction rings. Diffraction dots of
BiyS3 are interspersed with diffraction rings of g-C3sNy4. Based on this
morphology and SAED pattern, the results clearly show the hybrid for-
mation of BiyS3 and g-C3Ny4 nanoparticles. These combined synergistic
effects may be helpful for the photocatalytic degradation of hazardous
pollutants. [26,34]

The XRD patterns of pure BiyS3 and g-C3N,4 and the different weight
ratios of the hybrid materials are shown in Fig. 1(e). The XRD pattern of
BiyS3 (Pnma space group) displayed diffraction peaks at 20 values of
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24.9°, 28.65°, 31.86°, 32.87°, 34.27°, 39.84°, 45.62°, 46.72°, 52.81°,
54.64°, 59.12°, 62.47°, 65.17°, 67.91°, and 69.46° correspond to the (0
13),(023),(122),(130),(033),(114),(200),(150),(231),(03
6),(224),(037),(172),(081),and (1 6 5) planes, respectively. These
peaks are well matched to the orthorhombic phase of BiyS3 (JCPDS:65-
3884).

The g-C3Ny4 diffraction pattern shows the two characteristic peaks at
12.9° (d = 0.67 nm) and 27.52° (d = 0.336 nm), ascribed to the (1 0 0)
and (0 O 2) lattice planes, respectively. The corresponding diffraction
planes are well matched with the hexagonal phase of g-C3N4 (JCPDS:87-
1526). The (0 0 2) peak is a typical interlayer stacking reflection,
indicative of the conjugated aromatic arrangements observed in bulk g-
C3Ny. These results confirm the formation of graphitic carbon nitride in
the synthesized samples. The diffraction patterns of BizSs3:g-C3N4 at
weight ratios of 1:0.5, 1:1, and 0.5:1 exhibit strong agreement with the
characteristic peaks of Bi»Ss and g-C3N4 nanoparticles, confirming the
successful formation of the BiyS3:g-C3N4 hybrid structure.

Fig. 1(f) shows the FTIR spectrum of the as-prepared samples, which
was used to identify the presence of functional groups in the prepared
samples. Across the entire spectrum, the bands observed between 3200
and 3600 cm™! correspond to the O-H bond vibration of surface-
adsorbed water molecules. The peaks at 615 and 532cm™! can be
assigned to Bi-S bonding links [35]. Similarly, the presence of a vibra-
tional band at 1110 cm™! characterizes the S-H asymmetric bond of
BiyS3 [27]. For the pure g-C3Ny, the firm peaks observed at approxi-
mately 1237, 1318, 1404, and 1464 em! correspond to the aromatic C-
N stretching vibrations. Likewise, the C=N stretching vibrations were
observed from the peaks that appeared at 1636 cm™' [36]. The FTIR
spectra of the as-prepared nanocomposites show only g-C3N4 and BisS3
functional groups, and a slight shift in band positions occurred at higher
g-C3Ny4 content. This shift may be attributed to the combined hybrid
formation with g-C3N4 and BiySs.

The effectiveness of photocatalysts in their ability to catalyze
chemical reactions using light is influenced by several factors. These
include the efficiency of generating, separating, and transporting the
photogenerated carriers, which are dependent on the light absorption
band edge, band gap energy, and the fate of electron-hole pairs. The
observed UV-DRS spectra of the prepared samples are shown in Fig. 2.
The UV-DRS absorption of BisS3 is comparatively lower than that of all
other as-prepared samples. Similarly, when compared to the BisS3
nanoparticles, the g-C3N4 nanosheets show a high absorption profile in
the entire UV and visible light region. Surprisingly, after the addition of
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Fig. 1. (a—c) HRTEM images and (d) SAED patterns of (0.5:1%) Bi»S3:8-C3N4 (e) XRD pattern and (f) FTIR spectra of as-prepared samples.
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Fig. 2. UV-DRS spectra for (a) Bi,Ss, (b) g-C3N4, () (1:0.5%) BizS3.8-C3Ny4 (d)
(1:1%) BizSg:g-C3N4 (C) (0.5:1%) BigSg:g-C3N4.

g-C3Ny4 with BipSs in different wt% ratios, the absorption enhancement
was observed in the entire spectra. The observed enhancement was
owed to the synergistic effect between the BiS3 and g-C3N4 nano-
materials. In particular, the (1:1%) BiyS3:g-C3N4 samples show
enhanced absorption in the entire spectrum. As observed from the UV-
DRS results, the (1:1%) BiyS3:g-C3N4 samples can be used as an effec-
tive photocatalyst under UV-visible light irradiation for the removal of
toxic pollutants.

BiyS3 is a narrow bandgap material (1.3 eV) [37], and it is active for
visible light. Similarly, g-C3N4 is an organic material (~2.7 eV) [38],
and it is active for UV light. When these two materials are combined in a
(0.5:1%) ratio, the enhanced absorption in the whole spectrum. This is
due to the efficient separation of photo-induced electron-hole pairs and
helps charge transfer between the two materials. UV-DRS results of
0.5:1% BiyS3:8-C3N4 samples have a high absorption behavior for
UV-Visible light (Fig. 2). This improved absorption performance is
important for photocatalytic treatments because this material absorbs a
wide range of wavelengths and generates many electron-hole pairs.

Fig. 3 shows the survey spectra of the BiyS3:g-C3N4 (0.5:1%) hybrid
sample, suggesting the presence of Bi, S, O, C, and N. The high-resolution
Bi 4f spectrum was deconvoluted into two major binding energy peaks,
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corresponding to 4f;,» and 4fs,5, observed at 158.7 eV and 163.7 eV,
respectively, which are commonly associated with Bi-S bonding of Bi»S3
[39,40]. It can therefore be concluded that bismuth predominantly ex-
ists in the +3-oxidation state. Additionally, certain peaks observed at
corresponding binding energy values align with the +2 oxidation state,
providing strong evidence for the formation of Bi * defective sites in the
synthesized photocatalyst [41]. The S 2s spectrum exhibits a peak at
227.3 eV corresponding to the Bi-S interfaces [42-44]. The O 1 s spec-
trum exhibits a signal at 532.5 eV, which can be attributed to either the
irreversibly adsorbed molecular mode or C-O interactions [42,43]. The
C 1s spectra were deconvoluted into two peaks at 284.5 eV and 286.9
eV, corresponding to adventitious carbon (C-C) and N-C=N bonds,
respectively. In the C 1s spectrum of the Bi»S3:g-C3Ny4 hybrid sample, the
N-C=N peak exhibited a shift of 0.5 eV towards higher binding energy,
which may be attributed to the strong interfacial interaction within the
prepared sample [42]. In Fig. 3, the N 1S spectra show four deconvo-
lution peaks at 397.8, 398.9, 400.3, and 402.3 6 eV. The major signals
observed at 397.8 and 398.9 eV are attributed to N(C3) and (N(C)3),
respectively [45,46]. Similarly, the binding energies at 400.3 and 402.3
eV are related to the tertiary N atoms ((C-N(H)-C or C-N(-C)-C)) and
charging impacts, respectively [47]. The XPS spectra of BizSs3:g8-C3N4
hybrid nanoparticles exhibit distinct features, reflecting their unique
contributions to the hybrid material.

The energy band gap, band edge positions, effective mass, and ab-
sorption edges were obtained from the “The materials project” (Data
retrieved) files to confirm the theoretical conformation(Fig. 4) of elec-
tronic state and DOS, and their observed results were shown in Table 1
[48,49]. The band gaps of BiyS3 (1.8 eV) and g-C3sN4 (2.2 eV) obtained
from the DOS indicate strong visible-light absorption, making them
promising for photocatalysis. Their valence and conduction band posi-
tions support efficient redox reactions, facilitating water splitting.
Favorable charge transport properties, including high carrier mobility
and reduced recombination, enhance photocatalytic efficiency. A high
density of states near the band edges improves charge carrier avail-
ability. Optical absorption edges at 885 nm (Bi2S3) and 564 nm (g-C3Ny4)
confirm their visible-light activity. These properties highlight their
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Fig. 3. XPS spectra of BiyS3:8-C3Ny4 (0.5:1%) hybrid nanoparticles.
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Fig. 4. Electronic state of Bi»S3 and g-C3N4 obtained from “The Materials Project”.

Comparison of the electronic and optical properties of Bi»S3 and g-C3Ny.

Property

Bi,S3

8-C3Ny

Bandgap (Eg) (eV)

VBM Position (eV vs.

NHE)

CBM Position (eV vs.

NHE)

Charge Carrier
Mobility
(ue, ph)

Effective Mass (m*)

Absorption Edge (A)

1.8 (theroatical value)
0eV

~1.8

180 cm?/Vs (e7) and 120
em?/Vs(h™)

0.29 m, (e"), and 0.35 m,
h™)
885 nm

2.2 (theroatical value)
+1.4

-0.8

120 cmZ/Vs (e), 80 sz/
Vs (h")

0.4 m (e7), and 0.6 m,
™)
~562

potential for solar-driven photocatalytic applications.

Photocatalytic degradation of MB and CPF

The photocatalytic degradation ability of the as-prepared samples

was examined with the help of a 500 W xenon lamp as the visible light
source, against the MB dye. Fig. 5(a) shows the degradation of MB over
(0.5:1%) BipS3:8-C3Ny of as-prepared samples with different irradiation

time intervals. The ad/desorption capability of the as-prepared samples
was studied under dark conditions for 60 min, and it doesn't have
noticeable adsorption behavior over the period of time. In Fig. 5(b),
within 75min of irradiation, the efficiencies for degradation of MB dye
by g-C3N4, BigS3, (1:0.5%) BizSg:g-C3N4, (1:1%) BizSg:g-C3N4, and
(0.5:1%) BiyS3:g-C3N4 were 45.4, 58.5, 76.0, 78, and 98.4%, respec-
tively. Compared with the pure BiSs, g-C3Ny, and other hybrid samples,
the (0.5:1%) BiyS3:g-C3N4 hybrid nanomaterial has high photocatalytic
activities, which indicates that the BiyS3:g-C3N4 nanocomposites pro-
duced by interfacial connection played key roles.

The degradation activity of the prepared samples is compared in
Fig. 5(c), which plots the changes in MB concentration at 664 nm as a
function of irradiation time. The observed results clearly demonstrate
that the hybrid samples possess enhanced catalytic activity relative to
the pristine samples. The reaction kinetics of the photodegradation
process were investigated using a pseudo-first-order kinetic equation
model, and the corresponding kinetic plot is presented in Fig. 5(d). The
calculated correlation coefficient values were 0.989, 0.989, 0.951,
0.990, and 0.933 for the g-C3N4, BisSs3, (1:0.5%) BisS3:g-C3Ny, (1:1%)
BipS3:8-C3Ny, and (0.5:1%) BisS3:g-C3N4. The relatively lower R? value
of 0.933 for (0.5:1%) BizSs3:g-C3sN4 nanocomposite, despite its high
photocatalytic efficiency, could be attributed to several factors like
complex reaction kinetics, charge carrier dynamics, surface saturation
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effect, etc. [50,51].

The fundamental mechanisms underlying the photodegradation
process in BisS3.g-C3N4 nanocomposites were investigated using radical
trapping analysis (RTA). Fig. 5(e) illustrates the outcomes obtained from
various radical trapping experiments conducted to assess the effects on
MB dye degradation under UV-Visible irradiation. The RTA was per-
formed in the presence of h', superoxide, and OH™ scavengers, such as
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TEOA, BQ, and IPA. From the observed result, it was observed that the
superoxides and OH* led to a significant inhibition of the MB degrada-
tion reaction, with a degradation efficiency of 38.4% and 45.2%,
respectively. Furthermore, the addition of TEOA acting as a trapping
agent for the hole resulted in the inhibition of approximately 61.2% of
the degradation process. Based on these results, superoxide radicals (Oz)
play a main role in the degradation of the MB dye within the BisSs. g-
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Fig. 6. PL analysis of (a) gC3N4 (b) Bi,S3 and (c) (0.5:1%) Bi,S3:g-C3N4 nanocomposite.
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CsN4 nanocomposites.

Recycle tests are very important from a practical application point of
view. This study's focus is to reuse and recover the catalyst multiple
cycles without loss of activity. (0.5:1%) BiySs: g-C3N4 nanocomposite
catalyst was tested in five successive cycles to study its photocatalytic
cyclic performance (Fig. 5(f)). In each photocatalytic cycle, the hybrid
nanoparticles were separated from the dye solution and washed with
DDW to finally dry overnight. The results clearly show that 83.8%
degradation of MB dye in the catalyst's performance after five consec-
utive cycles. The FTIR spectra (Fig. S1) showed that the corresponding
functional groups and vibrational bands of BiyS3 and g-C3N4 ascribed
after the 5th cycle reaction. No significant major changes were observed.

The PL Spectra of the bare gC3Ny, BisSs and (0.5:1%) BisS3:g-C3Ng4
nanocomposite were studied and the corresponding results are shown in
Fig. 6. The PL spectra of these samples were anlayzed in the wavelength
range of 350-650 nm using an excitation wavelength of 340 nm. The
bare g-C3N4 samples exhibits a strong and broad emission intensity at
around 454 nm, indicating excitonic band to band irradiative emission
[52]. After the combine of BiyS3 with g-C3Ny, the composite showed a
significantly decreased PL intensity. This reduction may be due to the
recombination of charge carriers was effectively suppressed after the
composite formation. This lower emission intensity indicates the
improved migration and separation of e -h™ pair [53]. Based on these
results, the (0.5:1%) BiyS3:g-C3sN4 nanocomposite shows improved
charge transfer behavior, leading to improved the photocatlatyic dye
degradation performance.

On the other hand, the large use of antibiotics in medical treatment
has caused serious environmental pollution [54]. After treatment, these
antibiotics are not fully metabolized in humans and animals, and this
maximum amount is discharged into the ecosystem. Ciprofloxacin
(CPF), a highly effective and wide-spectrum antibiotic, is one of the
major contributors to this problem. In recent years, photocatalysis has
been a promising green technology for the effective removal of antibi-
otics, including CPF, from water systems [55]. Fig. 7(a) displays the
photocatalytic degradation performance of CPF using the as-prepared
(0.5:1%) BiyS3:8-C3N4 nanocomposite. The photocatalytic degradation
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experiment was carried out for 60 min under UV-visible light irradia-
tion. The samples were collected and analyzed at 15-min intervals to
evaluate photocatalytic performance. Fig. 7(b) shows the bar diagram of
time vs degradation efficiency clearly shows the (0.5:1%) BizS3:g8-C3Ng4
nanocomposite shows the 84.28% CPF degradation within 60 min. Fig. 7
(c) shows the change in dye concentration(C/Cp) of CPF vs time. The
results clearly indicate that the maximum absorption intensity of CPF
concentration significantly decreased. The observed degradation ki-
netics followed pseudo first order kinetics (Fig. 7(d)), suggesting that the
(0.5:1%) BiyS3:g-C3N4 nanocomposite facilitates efficient charge carrier
separation, transfer, and utilization, ultimately leading to enhanced
photocatalytic degradation of CPF.

Bi,S3/g-C5;N, S-scheme

o N
Oxidation )

Fig. 8. Photocatalytic degradation mechanism of as (0.5:1%) BiyS3:g-C3Ny
nanocomposite.
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o
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Fig. 7. (a) Photocatalytic degradation of CPF (b) degradation efficiency at different time, (c) C/Co versus irradiation time and pseudo first kinetic plot of the as-

prepared (0.5:1%) BiyS3:8-C3Ny4 hybrid photocatalyst.
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Reaction mechanism

The photocatalytic mechanism of the (0.5:1%) BisS3:g-C3N4 nano-
composite is shown in Fig. 8. As shown in Fig. 8, when exposed to visible
light, electrons in the valence band (VB) of both BisS3 and g-C3N4 are
excited and transition to the conduction band (CB), creating electron-
hole (e /h™) pairs. When the two materials in close contact, formi-
dable internal electric field (IEF) and bending of the energy band edges
is formed at their interface [56]. Due to the energy band positions of
BisS3 and g-C3Ny, are promotes the incident light absorption and help
the generation of more charge carriers [57,58]. In the S- scheme system,
the electrons in the CB of Bi»S3 recombine with the holes in the valence
band of g-C3Ny at the inferface. This process leave the electrons in the CB
of g-C3N4 and the holes in the VB of BisS3, both of which have stronger
redox ability. As a results, the photocatalyst can more effectively drive
surface reactions during MB degradation.

The remaining electrons on g-C3N4 react with dissolved oxygen to
produce superoxide radicals (Oy*). The generated superoxide radicals
can subsequently participate in the degradation of organic pollutants,
highlighting the significance of this reaction in the photocatalytic pro-
cess. Superoxide radicals can further react with HoO to produce hy-
droxyl radicals (*OH), which play an important role in the oxidation and
degradation of MB dye. The formation of superoxide radicals helps the
photo generated electrons produced during photoexcitation, thereby
reducing the electron-hole recombination.

At the same time, the VB edge of BiySs (+1.7 eV) is more positive
than that of the VB edge of g-C3N4 (+1.57 eV), which allows the hole
transfer from BiyS3 to g-C3N4. The holes remaining in the VB of Bi»S3 can
react with HyO to produce hydroxyl radicals (*OH) as shown in reaction
(1). These hydroxyl radicals are highly reactive species that effectively
degrade the MB dye.

h* (VB) + H,0— OH+H" @

In addition, the internal electric field at the heterojunction interface
promotes efficient charge carrier separation. More charge carriers are
available to participate in the photocatalytic reaction, to improve the
photocatalytic performance of MB dye.

4. Conclusion

Effective treatment of wastewater is necessary for maintaining
human health, defending aquatic ecosystems, and ensuring the sus-
tainable use of water resources. Therefore, it is important to develop
advanced treatment technologies and support environmentally friendly
approaches to reduce water pollution. In this study, the removal of MB
and CPF was tested using a (0.5:1%) BisS3:g-C3N4 1D/2D hybrid pho-
tocatalyst. Detailed characterization of the prepared material was car-
ried out using XRD, HRTEM, UV, XPS, and FTIR techniques to
understand its structural, morphological, and photophysical properties.
In addition, UV-Vis DRS analysis was used to explore its optical ab-
sorption properties.

When compared with pure BisS3 and g-C3Ny, the BisS3:g-C3Ny4 (0.5:1)
hybrid photocatalyst exhibited better photocatalytic performance
(98.4%- MB and 84.28%-CPF). This higher activity can be attributed to
improved electron-hole separation, many active surface sites, and more
efficient charge transfer. These properties can be extensively supported
by the effective degradation of hazardous pollutants. Superoxide and
hydroxyl radicals play a major role in the degradation performance of
MB and CPF. Overall, this study presents a useful way to develop a
sustainable water treatment approach. Future work should focus on
further optimization and practical application of this photocatalyst to
expand its potential in large-scale water treatment systems.
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