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Abstract

The presence of trace levels of antibiotics in drinking water poses a serious concern as it
contributes to the development of antibiotic resistance in bacteria. In this study, various bismuth-
based ternary heterostructure photocatalysts were synthesized by combining BiOX/Bi2WOg
(where X = Cl, Br, or 1) heterostructures with Bi>S3 at a molar ratio of 1:1:1. The X-ray
deffraction (XRD) and scanning electron microscopy (SEM) analyses confirmed the successful

synthesis of BiOX/Bi,WOe/B12S3 ternary heterostructures with tunable band gaps, while the
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photoluminescence (PL) spectroscopy indicated enhanced charge separation. The photocatalytic
performance of these ternary heterostructures was evaluated by degrading ciprofloxacin (CFX)
in an aqueous solution under solar light. All the ternary heterostructures, namely
BiOC1/B12S3/Bi2WO¢s (BWS-CI), BiOBr/Bi2S3/Bi2WOs (BWS-Br), and BiOI/B12S3/Bi2WOs
(BWS-I), demonstrated excellent photodegradation of CFX within 120 min. The degradation rate
constant (k) for CFX using the BWS-CI heterostructure was 0.023 min"'. The effect of catalyst
dosage, CFX concentration, and the initial pH of the drug solution on the photocatalytic
degradation performance of CFX was also examined. Notably, the BWS-CI exhibited the highest
degradation efficiency at 96.6%, achieved under sunlight with an optimized catalyst dosage of
0.6 g/L and an initial ciprofloxacin concentration of 5 ppm at a pH of 9.00. Based on the results
from radical trapping experiments and PL analysis, a potential degradation mechanism for CFX
by these heterostructures was proposed. The stable and reusable ternary heterostructure
photocatalysts developed in this work may find applications in the removal of CFX and other

similar emerging organic pollutants from potable water.
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1. Introduction

Drinking water pollution with medicinal wastes, especially antibiotics, is a serious concern
due to potential risks to human health and the environment. Antibiotic contamination can lead to
the development of antibiotic-resistant bacteria, making infections harder to treat
[1]. Furthermore, even low levels of antibiotics in drinking water can have negative impacts on
aquatic ecosystems [2]. The long-term consumption of antibiotic-contaminated water primarily
leads to the development of superbugs, making infections in humans difficult or impossible to
treat, and also risks of direct toxic effects on human organs and disruption of the body's natural
microbiome, as suggested by a recent study [3].

In various pharmaceutical waste degradation studies, ciprofloxacin (CFX) is used as a model
antibiotic because its photocatalytic degradation can easily be monitored by UV-vis
spectroscopy. CFX belongs to the third generation of fluoroquinolone antibiotics, which is more
commonly used than other antibiotics because of its excellent activity against Gram-negative
bacteria, especially against Staphylococcus sp. [4]. However, CFX is not fully metabolized in the
human body, and the unmetabolized drug is excreted through urine and feces [5]. CFX enters
surface water primarily through human and animal waste and agricultural runoff. The currently
used wastewater treatment plants often cannot remove it fully, leading to its release into the
environment. Additionally, improper disposal of unused medications and agricultural practices
involving animal waste also contribute to its presence in surface water [6]. The presence of
residual CFX in the environment may lead to the emergence of antibiotic-resistant bacteria and

an increase in the concentration of CFX in the food chain, endangering human and animal health.



Hence, the efficient degradation of antibiotic pollutants in potable water has emerged as a subject
of continuing study for developing efficient water treatment techniques. [7-9].

Of the various techniques developed over the years for the removal of pharmaceutical waste,
especially antibiotics, from potable water. Of them, photocatalytic degradation has been
considered as a viable technology and green technology for the degradation of highly hazardous
and toxic pollutants because of its appreciable low operating cost without the production of any
secondary products [10]. In this method, solar energy is converted into chemical energy with
very high degradation efficiency through the generation of active species, such as hydroxyl and
superoxide radicals [11,12]. The photocatalysts developed over the years can be categorized into
solar visible light and UV radiation-activated photocatalysts. The UV-activated photocatalysts
have many demerits, including the requirement for UV light, which only uses a small part of the
solar spectrum, leading to limited energy efficiency, and they can also cause undesirable side
reactions. Conversely, visible-light photocatalysts offer a significant advantage over UV-
activated photocatalysts because they can utilize a broader spectrum of sunlight. They can work
even when the sky is cloudy, making them very efficient, sustainable, and practical for various
applications [13].

Recently, various heterostructure visible-light photocatalysts, such as Mn2O3/Mn304/MnO>
[14], metal/g-C3N4/ZnO [15], CuFe204/ZnlIn,S4 [16], Cu—ZnO/S-gC3N4 [17], and S-gC3Na@ Co-
ZnxFes3-x04 [18], have been developed. They offer several advantages over traditional
photocatalysts used in various applications, including enhanced light absorption, improved
charge separation and transfer, and better control over band alignment, leading to increased
photocatalytic efficiency. Metal sulfides have also drawn interest due to their narrow band gaps,

allowing them to absorb visible light, unlike wider-bandgap metal oxides, and their S 3p-



dominated valence bands offer superior charge separation for applications like solar energy
conversion, water splitting, and CO» reduction [19,20]. Having a low direct band gap, high
absorption coefficient, and high incident photon-to-electron conversion efficiency, Bi»S3 is one
of the most-studied metal sulfides. The main drawbacks for its photocatalytic applications may
include its poor stability, high charge carrier recombination rates, and photo corrosion [21,22].
Previous research suggests that its photocatalytic performance can be enhanced by forming
heterostructures with other suitable semiconductors, such as BixWQOs, CuzS, CoWOQO4, CeO,,
BiVO4, and BiOCI [23-25]. S-scheme heterojunctions have also attracted considerable attention
in photocatalysis due to their reported ability to effectively separate photogenerated charge
carriers, which helps retain strong redox potential. This mechanism is considered highly
beneficial for improving the efficiency of photocatalytic reactions compared to traditional Z-

scheme or Type-II heterojunctions [26,27].

Another class of semiconductors for photocatalytic applications is the tungsten-based
materials, such as CoWO4, CuWO4, ZnWO4, WO3, and Bi2WOs, which have been extensively
investigated due to their high photo-oxidation performance. Bismuth-based ternary
heterostructure photocatalysts, such as Ag/Bi.M0Os/ZnO [4], and Bi2S3/BiWOe/rGO [28], are
reported to be highly efficient visible-light photocatalysts. BiOX (Cl, Br, I) compounds are
widely used in photocatalytic applications, particularly in environmental remediation, such as the
degradation of organic pollutants in wastewater. Their unique lamellar structure promotes the
efficient separation of photogenerated electron-hole pairs, a critical factor in photocatalytic
activity. The primary drawbacks of BIOX are their limited visible light utilization efficiency (for
BiOCl), rapid recombination of photogenerated charge carriers, and stability issues in certain

conditions [29]. To improve the photocatalytic efficiency of BIOX compounds, various efforts



have been made, such as the formation of heterojunctions, elemental doping, defect engineering,
and thickness tuning [30].

Bismuth-based heterostructure photocatalysts are known for their ability to efficiently utilize
sunlight, narrow band gaps, and strong charge separation, leading to enhanced photocatalytic
activity [31]. These materials have a large surface area and have excellent characteristics such as
low time for the detachment of charges and high electronic conductivity [32]. Currently, ternary
composites have received much attention for the photocatalytic removal of organic pollutants
from wastewater. For example, published research shows that NH>-UiO-66/BiOB1/Bi,S3 [33],
CdS/MoS2/Bi1,S; [34] and AgxS/Agl-Bi2S3/BiOl [35] effectively degraded tetracycline (TC),
methylene blue (MB), and salicylic acid (SA), and the photodegradation efficiency reached
95.23, 90.0 and 89.2% within 400, 120 and 360 min respectively [35]. All bismuth-based few
ternary heterostructure photocatalysts with enhanced photocatalytic performance, such as a-
B1,03/B-B1203/Bi507 [36], BiOCl/(Bi0).CO3/B1,03 [37], BIOCl/B112017Cl2/B12,03 [38] and
BiOI/Bi40512/Bi202CO3 [39] have also been reported and their photocatalytic degradation of
Bisphenol A, mixture of methyl orange and phenol, CFX, and TC hydrochloride reached 80.4,
67, 95.2, and 80.2% respectively. The photocatalytic degradation of CFX by
BiOCl/Bi12017Cl2/Bi203 was reported to be more than 85% [38]. Therefore, highly stable and
low-cost all bismuth-based ternary heterostructures, such as BiOX/Bi,WOe/Bi,S3, are expected
to provide high photocatalytic activity.

This study reports the synthesis of novel all-bismuth ternary heterostructures,
BiOX/Bi;WOs/Bi2S3 (X = Cl, Br, or I) by a two-step hydrothermal/calcination process and its
application for the photocatalytic degradation of ciprofloxacin. The literature review reveals that

they were never studied for the visible-light photocatalytic degradation of ciprofloxacin. In this



work, we used halogen ions (Cl, Br, and I) doping into the bismuth oxide structural framework
and measured the effect of charge separation and band alignment. The optimized BWS-Cl has a
significantly higher degradation efficiency and rate constant than the reported Bi-based
photocatalysts, which is indicative of its high redox capacity and effective electron-hole
separation. Bismuth compounds, which are widespread on Earth, are not toxic and are produced
at a low temperature, highlighting the pragmatic benefits of this heterostructure in scalable solar-

driven water treatment.

2. Experimental section

2.1. Materials

Sodium tungstate dihydrate (Na;WO4-2H>0), potassium chloride (KCI), potassium bromide
(KBr), potassium iodide (KI), nitric acid (HNO3), and sodium hydroxide (NaOH) were
purchased from Sigma Aldrich. Bismuth nitrate pentahydrate (Bi(NO3)3.5H20) was bought from
Unichem (China). Thiourea and CFX hydrochloride were procured from Spectrum Chemicals
(Pakistan) and Kabeer Pharmacare Pvt. Ltd. (Pakistan), respectively. Absolute ethyl alcohol was
purchased from Merck. All chemicals used in this work were of analytical reagent grade and

were used without any further purification.

2.2. Synthesis of photocatalysts

2.2.1. Synthesis of binary BiOX/Bi:WOs heterojunction



The BiOX/Bi2WOs (X = Cl, Br, I) binary composites were synthesized by the hydrothermal
method as reported by others [40]. In brief, 10 mmol Bi(NO3)3-5H>0 was dissolved in 30 mL of
distilled water and ultrasonicated for a few minutes, and then magnetically stirred. A clear
solution of precursor was obtained by dropwise addition of 3M nitric acid. A 2.5 mmol
NaxWO4-2H>0 solution was prepared, and a 5 mmol potassium halide (KCl, KBr, KI) solution
was added to it. The mixture of Na;WO4/KX solution was then transferred to a 100 mL Teflon-
lined stainless-steel autoclave and heated at 160 °C in an oven for 14 h. After the hydrothermal
treatment, the cylinder was cooled, and the precipitates were filtered using Whatman filter
papers. They were then washed repeatedly with distilled water and lastly with ethyl alcohol. The

synthesized BiOX/Bi2WOg was dried in an oven at 85 °C for 12h.

2.2.2. Synthesis of BizS;

3 mmol of Bi(NO3)3.5H>0 was dissolved in 40 mL of deionized water and stirred for 30 min.
A few drops of 3M nitric acid were added to it to get a clear solution. 6 mmol of thiourea
solution was added to the above solution and stirred again for 60 min. The precursor solution of
bismuth nitrate and thiourea was transferred to a 100 mL Teflon-lined stainless-steel autoclave
and heated in a hot air oven at 160 °C for 16 hours. After cooling the system at room
temperature, the precipitates were filtered and washed with deionized water and finally with

ethanol. The washed material was dried at 80 °C for 8 h.

2.2.3. Synthesis of BiOX/Bi;WOe/BiS3 heterostructures
The heterostructure photocatalysts BiOX/Bi2WOs/Bi2S3 were prepared by calcination. The

binary composites BiIOX/Bi2WOs and Bi2S3 at an equal mol ratio were dissolved in 30 mL of



ethyl alcohol and then sonicated for 30 min. After sonication, the mixture was stirred
continuously with slow heating to evaporate the solvent. The finally obtained heterostructure
photocatalysts were heated at 100 °C for 2 h, followed by grinding to achieve a fine powder. The
obtained BiOX/Bi1,WOs/Bi2S3 heterostructure photocatalyst powder was calcined at 350 °C for 4

h. The synthesis process of BiOX/Bi2WO¢/B12S3 is shown by a schematic diagram in Fig. 1.
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Fig. 1. Schematic diagram for the synthesis of BiOX/Bi;WO¢/Bi,S3 ternary heterostructures via

the hydrothermal method, followed by calcination.

2.3. Characterization of BiOX/Bi2WQOe/Bi2S3 heterostructures



The characterization of optical properties and band gap was performed using a UV-visible
(Model: UV-6100, Hinotek, China) and Nicolet Fourier transform infrared (FTIR) (Model: iS5,
ThermoFisher Scientific Corporation, USA) spectrometers. A Bruker powder X-ray
diffractometer (XRD) (Model D8, Bruker Scientific Instruments, USA) using Cu Ka radiation of
0.15456 nm wavelength was used to analyze the crystallite size and microstructural properties of
the various heterostructure photocatalysts at 20 angles from 20 to 80°. The elemental analysis of
the photocatalysts was carried out by using a scanning electron microscope (SEM) (model: FEI
Nova 450, Thermo Fisher Scientific, USA) equipped with an energy dispersive X-ray (EDX).
The photoluminescence (PL) of the photocatalyst samples was carried out by a
photoluminescence spectrometer (Model: FS-5, Edinburgh Instruments, UK) equipped with an
HBO 100 W xenon arc lamp. The photocatalytic degradation of CFX was measured by the

UV/Visible spectrophotometer mentioned earlier.

2.4.  Photocatalytic degradation of CFX by heterojunction photocatalysts

The photocatalytic degradation of CFX by various synthesized BiOX/BioWO¢/Bi12S3
heterostructures was carried out in a photocatalytic quartz glass reactor under sunlight. A
specified amount of an aqueous solution of a certain concentration of CFX was taken in the glass
reactor, and to it a certain quantity of heterostructure photocatalysts was added. The mixture was
left in dark conditions for 15 min to reach the adsorption-desorption equilibrium, to measure the
removal of CFX by adsorption. Then the reactor was placed under natural sunlight in July, in a
daytime from 11:00 to 13:00 (weather conditions are sunny at about 47 °C) in Lahore, Pakistan

(31.5204°N, 74.3587°E), and a 4 to 5 mL amount of the sample was withdrawn from the test
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solution at regular intervals of time and filtered. The degradation of the CFX was measured by
using a UV-Vis spectrophotometer at Amax = 270 nm. The degradation efficiency was measured
by using the following formula [41]:

Co—C
2 %100 (1)

Degradation (%) =
0

where Co and C; are the concentration of the CFX at time 0 and t, respectively. Our research
focused on optimizing photodegradation performance by examining four crucial degradation
parameters of the synthesized heterostructure photocatalysts, which include irradiation time, pH

of the reaction mixture, catalyst dosage, and initial concentration of CFX.
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Fig. 2. XRD pattern of Bi,S3, binary composites BiOX/Bi2WOs, and Bi2S3/BiOX/Bi2WOs

heterostructure photocatalysts.
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3. Results and discussion

3.1. Structural analysis of the synthesized photocatalysts

The phase analysis and crystallite structures of the prepared heterostructure photocatalysts
were examined by powder XRD pattern obtained in the 20 range from 20 to 80° and the results
for pure BixS3, binary composites of BizWOs/BiOX, and heterostructure photocatalysts
BiOX/Bi2WOs/Bi2S3 (X = Cl, Br, I) are presented in Fig. 2. The peaks of binary and
heterostructure photocatalysts correspond to the respective Bi2S3, Bi2WOs, and BiOCl, BiOBr,
and BiOI compounds. The diffraction peaks of Bi»S3 at 25.31, 36.20, 40.63, 43.94, 47.27, 49.95
and 52.61° corresponding to (310), (420), (430), (520), (350), (610), and (061) crystal planes,
respectively, correspond to orthorhombic geometry of BixS3 which is consistent to standard
JCPDS No. 01-075-1306 [42]. The diffraction peaks of binary composite BiIOCl/Bi2WOgs were
observed at 24.45, 33.02, 47.44, 55.03, and 56.06° corresponding to (002), (200), (220), (104),
and (303), respectively. The crystal planes (002) and (104) are related to the tetragonal geometry
of BiOCl (JCPDs No. 01-082-0485) [43], and the crystal planes (200), (220), and (303) present
the tetragonal geometry of BioWOgs (JCPDs No. 00-026-1044) [44]. The characteristic peaks of
BixS3, BiOCl, and Bi2WOg can be observed in the XRD patterns of the BioO3/BiOCl/Bi2WOg
photocatalyst, which does not show any change in the crystal phase. Furthermore, the
characteristic peaks of BixS3, BioWOs, and BiOBr (JCPDs No. 01-073-2061) [45] can be
observed in Bi2O3/BiOBr/BioWOg, and the peaks of Bi>S3, BioWOg, and BiOI (JCPDs No. 00-

010-0445) [46] were observed in the XRD pattern of Bi2O3/BiOI/Bi> WOe.
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Fig. 3. FTIR spectra of heterostructure photocatalysts.

The composition of as-synthesized Bi>S3/BiOX/Bi2WOs can be determined by their bond
vibrations observed in the FTIR spectra of heterostructure photocatalysts, BWS-CI
(BiOCl1/Bi2WOe¢/Bi2S3), BWS-Br (BiOBr/BioWOe/Bi2S3), and BWS-I (BiOI/BioWOs/Bi2S3), as
shown in Fig. 3. The broad absorption IR bands at 451 cm™ and 590 cm™! in the IR spectrum of
Bi2S3/Bi0OX/Bi12WOs are associated with the Bi—O and W-O, respectively. Additionally, the IR

band at 721 cm ™! can be associated with the bending and stretching vibrational modes for the W—
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O-W bond [47]. A small IR band observed at about 1380 cm™ is due to the vibration of the Bi-X

bond [48]. The FTIR spectral analysis indicates the successful synthesis of the photocatalysts.

Fig. 4. SEM images of BWO-CI (a), BWO-Br (b), and BWO-I (c).

3.2.Morphological characteristics

Fig. 4 represents the field-emission scanning electron microscopic (FESEM) images of the
synthesized photocatalysts, which show their surface morphology. The heterojunction
photocatalysts had mostly entangled flake-like morphology [49]. They show randomly placed

irregular-shaped flakes, which are arranged into lamellar, tightly packed formations and
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disordered sheet-like structures. The flakes show distinct edges combined with smooth surfaces,
but small surface textures are detectable on certain flakes, which might arise from layer
formation during growth or from intrinsic crystal elements [50]. Particulate aggregation occurs
through flake stacking and overlapping because of both van der Waals interactions and synthesis-

related aggregate formation [51].
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Fig. 5. EDX spectra of BWS-CI (a), BWS-Br (b), and BWS-I (¢), and elemental mapping (d) of

various elements of photocatalysts.
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The EDX spectra of the photocatalysts show the elemental compositions of the prepared
heterostructure photocatalysts (Fig. 5). The EDX spectra show the presence of various elements,
such as bismuth (Bi), tungsten (W), oxygen (O), sulfur (S), and chlorine (Cl) in BWS-CI (a),
bromine (Br) in BWS-Br (b), and iodine (I) in BWS-I (¢). Fig. 5 (d) shows the distribution of
various elements in the photocatalysts, indicating homogeneous distribution of various elements

in them, and uniform mixing of BiOX/BioWOs with Bi>Ss.
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Fig. 6: N> adsorption-desorption isotherm by BET analysis

The Brunauer-Emmett Teller (BET) technique was used to analyze the data of the nitrogen
adsorption. The BET plot, which was generated after adsorption and desorption against the
relative pressure. The plot was very linear, meaning that the interval of pressure used is adequate
to apply the BET model. Fig. 6 showed the nitrogen adsorption-desorption isotherm of BWS-Cl

exhibited a hysteresis loop at a relative pressure near one, revealing the presence of large
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mesopores and macropores, which can be defended as type IV corresponding to [UPAC
classification. The BET plot in general suggests a clear adsorption cycle and confirms the

accuracy of the computed surface area.

3.3. Optical and spectroscopic studies

Fig. 7 (a—b) shows UV-visible spectra of as-prepared Bi,S3, binary composites
BiOX/Bi2WOs, BWS-CI, BWS-Br, and BWS-I heterojunction photocatalysts that were recorded
from 200 nm to 800 nm wavelength in aqueous suspension to investigate their optical properties.
All the photocatalysts exhibited an absorbance peak in the range of 300 nm to 400 nm. However,
the absorbance peaks of the photocatalysts shifted slightly to the visible region for BWS-Cl as
compared to other BWS-Br and BWS-I, indicating the broadening of the absorption wavelength
and the generation of more electron-hole pairs in the case of BWS-CI, which in turn improved
the photocatalytic activity. Optical properties and direct bandgap of the as-prepared BWS-X
photocatalysts were calculated using the Tauc’s plot, where the absorption coefficient was
plotted against the photon energy measured by the following equation for the calculation of the
direct band gap value [52]:

(ahv)? = A(hv—Eg) ()
where a is the absorption coefficient, hv is the photon energy, and E; is the optical band gap
value. The as-prepared samples showed the direct band gap of 1.78 eV, 1.89 eV, and 1.94 eV for
the BWS-CI1, BWS-Br, and BWS-I heterostructure photocatalysts, respectively.
Furthermore, to understand the light-absorption behavior of binary composites, the

bandgap energies of Bi2S3 and the as-synthesized binary catalysts were calculated using Tauc’s
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plots derived from their UV—vis spectra (Fig. 7 b). Bi,S3 exhibited a narrow bandgap of 2.04 eV,
consistent with its strong absorption in the visible-light region. The binary BiOCIl/Bi,WOe,
BiOBr/ Bi2WOg, and BiOl/ BioWOs composites showed band gaps of 2.98, 3.05, and 3.11 eV,
respectively, reflecting the influence of the halide species on the optical response. These bandgap
values correlate well with the observed absorption edges and provide a basis for understanding

the enhanced visible-light activity of the ternary heterostructures.
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Fig. 7. UV-visible spectra of as-synthesized (a) bismuth sulfide and binary composites (b) ternary
heterostructure photocatalysts, (¢) Tauc’s plots for the measurement of band gap value of BiS;

and binary composites (d), and band gap of ternary composites BWS-CI, BWS-Br, and BWS-1.
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3.4. Photoluminescence

The synthesized photocatalysts were analyzed by photoluminescence (PL) spectroscopy to
assess both electronic and optical properties. PL spectra were recorded using an excitation
wavelength of 380 nm. Multiple distinct emission peaks occurred in the range of 400 nm to 800
nm at room temperature, as shown in Fig. 8. Multiple photoluminescence sharp emission peaks
at 466, 510, 533, 558, 574, 579, 619, 635, and 655 nm indicate high structural quality and precise
electronic transitions. Material crystallinity produces these distinct features when it exists at high
levels because it reduces broadening effects and enables distinctive radiative recombination
processes. The emission peak that appears around 466 nm could be attributed to intrinsic
luminescence, which is due to charge transfer in the hybrid orbital of Bi and O atoms in BioWOs
[52]. The halogen atoms (Cl, Br, I) lead to a stepwise reduction of PL emission intensity as
shown through the color-coded spectra in the order of BWS-I > BWS-Br > BWS-CI, which
shows the limits of electron-hole pair recombination. This behavior decreased intensity and
improved charge separation efficiency, resulting in improved photocatalytic performance.
Furthermore, the photoelectric properties and transient photocurrent were determined to evaluate
the production of current response due to the electron transfer capacity of the photocatalyst by
light absorption. The higher the photocurrent, the more the electron transfer during the light
absorption, and the better the photocatalytic efficiency [52]. Fig. 9 (a) shows the response of the
photocurrent record for BWS-Cl, BWS-Br, and BWS-I, in which the photocurrent density was
progressively increased. According to the results of photocurrent, the BWS-CI heterostructures

showed maximum photocurrent, which accelerated the separation and kinetics of the photo-
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generated electron. The results reveal that the shorter the semicircle of the curve, the greater the

charge transfer efficiency in EIS analysis.
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Fig. 8. PL spectra of BWS-CI, BWS-Br, and BWS-I heterojunction photocatalysts.

Fig. 9 (b) represents the EIS curves of BWS-CI, BWS-Br, and BWS-I. The radius of the
semicircle of BWS-Cl is less than that of BWS-Br and BWS-I, which makes the charge transfer
efficiency of BWS-Cl faster. It demonstrates that the heterostructure with chlorine could be
useful to enhance the charge transfer capacity of photogenerated electrons and facilitate the

separation and migration of photogenerated electrons on the surface of the particle electrode.
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Fig. 9: (a) photocurrent response and (b) EIS measurement of BWS-CI, BWS-Br, and BWS-L.

3.5. Evaluation of photocatalytic performance

The photocatalytic performance of the synthesized heterostructure photocatalysts BWS-CI,
BWS-Br, and BWS-I was determined by photocatalytic degradation of CFX under sunlight. For
the experimental setup, the adsorption—desorption equilibrium of CFX over the photocatalyst
was achieved with continuous stirring for 20 min under a dark environment to minimize the
absorption effect, and then, the photocatalytic degradation of CFX was carried out under sunlight
irradiation with continuous stirring. Fig. 10 (a) shows that the concentration of CFX decreased
with an increase in time. Fig. 10 (b) shows that a very minor level degradation of CFX occurred
in the absence of photocatalyst, which was only 2% after 2 hours of irradiation. The adsorption
of CFX over the BWS-CI, BWS-Br, and BWS-I photocatalyst observed was 32.78, 33.07, and
43.53%, respectively. The degradation of CFX with heterostructure photocatalysts, BWS-CI,

BWS-Br, and BWS-I, after 120 min was 96.6, 91.0, and 85.9%, respectively. The reaction
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kinetics of photodegradation of CFX are well fitted with pseudo-first-order reaction kinetics [53]
as shown in Fig. 10 (c), which was determined by the following equation:

-Ln(C/Cy) = kt 3)
where Co is the initial concentration of CFX and C is the concentration of CFX after degradation.
The calculated rate constant, “k”, for the degradation of CFX over heterostructure photocatalysts
BWS-CI1, BWS-Br, and BWS-I was 0.023 min’!, 0.016 min™"* and 0.011 min’!, respectively, as
presented in Fig. 10 (d). The degradation efficiency was slightly influenced by the halogen atom
present in heterostructure photocatalysts, and maximum degradation of CFX was observed for
BiOCI/Bi2S3/Bi2WOe. It is worth noting that some levels of ciprofloxacin removal occurred
during the dark adsorption stage, particularly for the ternary composite, which can be attributed
to its enhanced surface area, surface charge, and interfacial characteristics. To clearly distinguish
adsorption from photocatalytic degradation, all photocatalytic experiments were conducted after
reaching adsorption—desorption equilibrium in the dark. Therefore, the subsequent decrease in
ciprofloxacin concentration under light irradiation is primarily associated with photocatalytic
degradation rather than physical adsorption.

The BiOX/Bi2WOQOg/Bi2S3 ternary heterostructures exhibited a synergistic effect, which is
evident from their high photocatalytic performance. Of the three composites, BWS-CI showed
the highest photodegradation efficiency (96.6% in 120 min), considerably higher than the other
two heterostructures, BWS-Br and BWS-I. This tendency can be associated with the increased
electronegativity and position of the higher valence band of CI°, which increases the oxidative
capacity of photogenerated holes [54]. The BWS-CI showed the highest absorption of CFX
under dark conditions, which was 9.8%, and was attracted to more active sites for the subsequent

photodegradation reactions, enhancing the photodegradation efficiency. The rate constant of the
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apparent reaction (k = 0.023 min™! of BWS-CI) was by far more active compared to BWS-Br and
BWS-I, which means that charge separation was more efficient and generated reactive oxygen

species more quickly.
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Fig. 10. Graphical presentation of C/Cy versus time (a), plots of percentage degradation versus
time (b), plots of In(C/Co) versus time (c) for the degradation of CFX in the presence of
heterostructure photocatalysts, BWS-Cl, BWS-Br, and BWS-I, and UV-Visible spectra for the

degradation of CFX with time for BWS-CI (d).

The complementary nature of the various components of the ternary heterostructures explains

the improved performance of the ternary composites. For example, Bi2S3, due to its narrow
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bandgap, can efficiently capture visible photons and provide electrons, and BioWOg can provide
powerful oxidative holes. The addition of BiOX also facilitates the charge migration and
interfacial electron transfer because of its layered structure and internal electric field. Such a
multi-component system allows an effective S-scheme charge-transfer pathway, which is
confirmed by band-position computations and radical-trapping findings. Throughout this
process, the highly reduced electrons of Bi2S3 and the highly oxidizing holes of BiOCl are
maintained, allowing the creation of O>™ and h+ as the most prevalent reactive species. These
species continuously attack the quinolone ring and functional groups of ciprofloxacin, leading to
rapid degradation in natural sunlight. In general, improved kinetics, expanded light absorption,
and improved charge transfer are the combination of excellent photocatalytic activity of the

ternary heterostructures relative to their binary and single counterparts.
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Fig. 11: Comparative results of degradation and TOC removal.
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The photocatalytic degradation was carried out under natural sunlight to test the
mineralization capacity of these ternary heterostructures by total organic carbon (TOC) analysis.
The mineralization efficiency of the BWS-CI composite was the best with 73.14% removal of
TOC in 120 min, but the other two heterostructures, BWS-Br and BWS-I, also showed high
mineralization efficiency, 71.03 and 68.54% respectively, as shown in Fig. 11. The high
mineralization efficiency indicates that these photocatalysts are not only active in the degradation
of the chromophore structure of CFX but also able to oxidize the intermediate species of the
photocatalyst to mineral end-products. The high correlation between the reduction of TOC and
the photodegradation trend also confirms the amplified charge separation and effective oxidative

activity of the BWS-CI heterostructure.

3.5.1. Optimization of the different parameters for photocatalytic activity

The photocatalytic efficiency of the heterostructure photocatalysts for the degradation of CFX
depends on three factors: the initial concentration of CFX, catalyst dose, and the pH of the CFX
solution. Different experimental arrangements were made to determine the best reaction
conditions for the degradation of CFX. Fig. 12 (a) illustrates that among various catalysts, the
degradation efficiency of CFX becomes more efficient when the catalyst dosage is increased
from 0.2 g/L to 0.6 g/L, and maximum degradation was achieved with a 0.6 g/L dose of
photocatalyst. Further increase in catalyst dosage, more than 0.6 g/L, decreased the production of
photoinduced carrier, leading to reduced efficiency because an extra dose of photocatalyst made
the reaction medium turbid and less effective because of the reduced light absorption. The

optimum dosage of photocatalyst was found to be 0.6 g/L for achieving the maximum
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degradation efficiency. Fig. 12 (b) shows the degradation results of CFX with different initial
concentrations of CFX while keeping the constant optimal dose of photocatalyst. When the CFX
solution concentration rises from 2.5 to 5 ppm, it does not affect the degradation of CFX, and

maximum degradation was obtained at a 5 ppm concentration of CFX.

10- (b)
i —a—02gL
0.8 Ay
—4— 0.6 gL
v 08gL
o 20 . ~ 1091
o o
(3] o
0.4 4 -
’ »>->~>.‘————
e
0.2 S —
-
0.0 : 0.0 4 :
Dark : Light On Dark_:Light On
20 0 20 40 60 80 100 120 20 0 20 40 60 80 100 120
Time (min) Time (min)

Fig. 12. Effects of initial CFX concentration (a) and catalyst dose (b) on the degradation of CFX

over BWO-CI heterostructure photocatalysts.

When the initial concentration of CFX increased from 5 ppm, a significant decrease in the
photocatalytic degradation of CFX was observed. When the concentration of CFX rises in the
system, the CFX molecules bind to active sites of the surface of the photocatalyst and form their

intermediates, which negatively affect the absorption of light, thus reducing CFX degradation.

3.5.2. Effect of initial pH of test solution and point of zero charge
The chemical nature of drug solutions, such as acidic or basic, determines how photocatalysts
work during pollutant decomposition. The interaction of CFX with the surface of photocatalysts

and CFX photodegradation depends heavily on the initial pH of the CFX solution. The
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photocatalytic degradation of CFX with a concentration of 5 ppm solution containing 0.4 g/L
catalyst dose under sunlight was conducted for 2 h at various initial pHs, such as 3, 5, 7, 9, and
11. The initial pH of the CFX solution was adjusted with 0.2 N HCI and 0.1 N NaOH solutions.

Fig. 13 (a) shows the degradation efficiency of CFX at various pH values.
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Fig. 13. Influence of pH value of drug solution on photocatalytic performance (a), and pH for the

point zero charge value of photocatalyst (b).

The interaction between CFX molecules and the photocatalyst surface depends on both the
chemical states of CFX at various pHs and the point zero charge pH (pHpzc) value of the
photocatalyst [55]. The adsorption behavior of CFX on the surface of the photocatalyst is
affected by the dissociation constant values of CFX, which are pKal= 6.1 and pKa2 = 8.7, i.e.,
the electrostatic attraction between CFX and photocatalysts is the highest at pH 6.1 and the
lowest at pH 8.7. The photocatalyst showed the experimental pHpzc value at pH 7.62, and at pH
below the pHpzc, the surface of the photocatalysts attains a positive charge, and above attains a

negative charge. The interaction between the negatively-charged -COO~ group of CFX and the
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positively charged surface of photocatalysts occurs at pH 6.1 because the negatively charged

CFX is attracted by the positively charged photocatalyst via electrostatic forces [56]. The

absorption of CFX by the photocatalyst decreases above pH 7.62 due to electrostatic repulsion as

the surface of both the photocatalyst and CFX becomes negative. However, Fig. 13(a) shows that

the maximum degradation of CFX occurred at pH 9.00, when the surface of the photocatalyst

and CFX both become negative. The results suggest that, instead of facilitating, electrostatic

attraction between the photocatalysts and CFX hinders the degradation of the latter [57].

Therefore, the optimum pH for the photocatalytic degradation of CFX by the developed

heterostructures is 9.0, when the repulsive forces between the photocatalyst and CFX are the

highest.
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3.5.3. Radical scavenging and mechanism
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The organic pollutant degradation by photocatalytic processes involves mainly four types of
reactive species, such as electrons (¢,), holes (h"), and hydroxyl (OH) and superoxide (O2)
radicals [52]. Experiments were conducted to find the dominant active species during the
degradation of aqueous CFX solution using a photocatalyst under its established optimal
conditions. Tests were conducted using isopropanol, para-benzoquinone, EDTA, and silver
nitrate as OH and +O", h™ and electron-trapping agents, respectively. The level of photocatalytic
inhibition that occurs in the presence of these scavenging agents demonstrates which reactive
species are most significant for overall degradation, as shown in Fig. 14 (a). The impact of
isopropanol and silver nitrate scavengers on degradation is minimal when compared to other
trapping agents. Use of EDTA as an h" scavenger and p-BQ as *O," scavenger resulted in reduced
photocatalytic degradation of CFX from 96.56 to 12.84% and 44.12%, respectively, which is
evidence that h" and *O;" are the main active species in the photocatalytic degradation of CFX
[58]. To quantitatively support the proposed S-scheme charge-transfer pathway, the valence band
(VB) and conduction band (CB) edge potentials for the optimized BWS-CI photocatalyst were
estimated using the Mulliken electronegativity method. To elucidate the charge transfer behavior
in the BiIOCI/Bi2WOg/Bi2S3 ternary system, an S-scheme-like heterojunction mechanism is
proposed. In this system, Bi>S; was coupled with a pre-formed BiOCIl/Bi2WOg binary
heterojunction. Therefore, the BiOCI/Bi2WOgs component can be regarded as an integrated
oxidation photocatalyst unit. The band edge positions of Bi2S; and the BiIOCI/Bi2WOg binary
composite were estimated using the Mulliken electronegativity method according to Ecz = X —
E.—0.5E; and Eyp = Ecp + E4, where X is the absolute electronegativity, and E. is the energy of
free electrons on the hydrogen scale (4.5 eV). For Bi,S; (E; =2.04 eV), the CB and VB

potentials were calculated to be —0.25 and +1.79 eV vs NHE, respectively. For the
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BiOCl/Bi2WOs binary heterojunction (£, = 2.98 eV), the CB and VB potentials were estimated
to be +0.39 and +3.37 eV vs NHE. Under solar light irradiation, both components are
photoexcited. The photogenerated electrons in the conduction band of the BiOCl/Bi2WOgs tend to
recombine with the holes in the valence band of B12S; at the interface. This selective
recombination pathway follows an S-scheme-like charge transfer mechanism, which effectively
retains charge carriers with strong redox ability. The preserved electrons and holes, therefore,
possess strong reducing and oxidizing ability, respectively, which explains the experimental
observation of enhanced reactive-species generation and superior photocatalytic activity of
BWS-CI. It should be noted that the band edge positions discussed above were estimated using
the Mulliken electronegativity method, which provides an approximate evaluation of energetic
alignment. As this approach does not account for interfacial effects, defect states, or experimental
band bending in composite systems, the absolute values should be interpreted with caution.
Therefore, the calculated band positions are used primarily to support a qualitative understanding

of the charge transfer pathway rather than to assert precise energetic alignment.

3.6. Reusability and stability

For practical usage, catalysts should be stable and reusable many times, which leads to extra
economic value and superior environmental outcomes. The heterojunction photocatalysts
synthesized in this work provided outstanding photocatalytic degradation of CFX, and reusability
was studied up to five cycles, as shown in Fig. 15. The BWS-Cl photocatalyst maintained
consistent degradation efficiency up to five cycles, with a small decline in photodegradation

efficiency from 96.6 to 92.9% after five cycles, showing its high stability. The heterostructure
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photocatalysts demonstrated high potential for practical use as they can be recovered and

separated from suspension simply by filtration.
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Fig. 15: Photocatalytic efficiency after multiple uses of heterostructure photocatalysts, BWS-CI.

3.7.Comparison of photocatalytic degradation performance with other heterostructures

Table 1 shows the comparison of photocatalytic degradation performance of heterojunction
photocatalysts developed in this work for the photodegradation of CFX with several similar
heterojunction photocatalysts studied by others for the photodegradation of CFX and other
organic contaminants (39,59—65). Of them, Fe;03/Bi203/Zn0O [59] and g-C3N4 or Bi/BiOBr [61]

showed the lowest CFX degradation efficiency, 83.0 and 84.9% respectively. Comparatively,
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Table 1. Photocatalytic degradation performance of various heterojunction photocatalysts for the

removal of CFX and other organic pollutants.

Photocatalysts Pollutants Reaction conditions Degradation  Ref.
Pollutant  catalyst Treatment Light source efficiency
conc. loading  time (min) (%)
(ppm) (g/L)
Cu3SnS4/L-BiOBr CFX 20 0.5 180 300 W Xe 93.0 [60]
BiOCl/Bi;,017Cly/Bi,03; CFX 15 1.0 60 300 W Xe 95.2 [39]
Fe>03/Bi,03/ZnO CFX 10 0.2 70 300W Xe 83.0 [59]
g-C3N, or Bi/BiOBr CFX 20 0.2 30 150W Xe 84.9 [61]
Bi2S3/BiVO4/g-C3Ny TC 10 0.5 90 visible light 80.7 [62]
BiOB1/Bi,S;/CdS MB 10 1.0 120 150 W halogen  83.3 [63]
Ag>S/Agl-Bi,S3/BiOl SA 10 1.5 360 300 W Xe 89.2 [34]
BiOCI/Bi;M0oOs/B1,03  CFX 5 0.5 180 200 W tungsten  90.8 [64]
Gd**-doped BisOsl, CFX 10 0.4 120 300 W Xe 94.5 [65]
BiOCl/Bi;WOe/Bi>S;3 CFX 5 0.6 120 200 W tungsten  96.6
This
BiOBr1/Bi;WOs/Bi,S; 91.0
Work
BiOI/Bi;WOs/Bi,S;3 85.9

similar bismuth oxide-based photocatalysts, such as Bi2S3/BiVOa4/g-C3N4 [62] and

BiOB1/Bi12S3/CdS [63], showed 80.7% and 83.3% photodegradation of TC and MB, respectively.

BiOB1/Bi1,S3/CdS can release Cd into treated water, which is a possible carcinogen. The CFX

degradation by different heterojunction photocatalysts ranged from 80.7 to 95.6% [39,60—65].

On the other hand, MnxO3/Mn3;04/MnO,, BiOC1/Bi12017Cl2/Bi203, and Gd**-doped

Bi4Os1> photocatalysts showed very good degradation of CFX, and the photodegradation

efficiency reached 95.6, 95.2, and 94.5%, respectively. In comparison, our developed
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heterojunction photocatalyst BIOCI/Bi2WOe/Bi2S3 exhibited excellent photodegradation of CFX,
which reached 96.6%. It should be emphasized that the degradation efficiency of various
photocatalysts reported here was obtained under different experimental conditions, including
variations in initial pollutant concentration, catalyst dosage, irradiation time, pH, and light
source. Therefore, a precise quantitative comparison is not feasible, and the comparison should
be regarded as indicative rather than absolute. Despite these differences, the present ternary
photocatalyst demonstrates competitive photocatalytic activity for CFX degradation, achieving
96.6% removal under the mentioned experimental conditions. Compared with other Bi-based
heterostructures listed in Table 1, the performance of the BiOCl/BioWOe/Bi,S; falls within or
above the upper range of reported degradation efficiencies, even when considering differences in
catalyst loading and irradiation conditions. This enhanced activity can be attributed to the
synergistic effect of the S-scheme-like charge transfer pathway and improved adsorption—
photocatalysis coupling, which collectively facilitate efficient charge separation and utilization

under solar-light irradiation.

4. Conclusions

In this study, we successfully synthesized a series of heterostructure photocatalysts, including
(BiOBr/Bi2WOe/Bi2S3, BIOCI/Bi2WOs/Bi2S3, and BiOI/BioWOe/Bi2S3) by the hydrothermal
process followed by calcination. The heterostructure photocatalyst BiOCl/BioWOs/Bi2S3
(96.6%) showed significantly higher photocatalytic performance compared to
BiOB1/Bi;WOs/Bi2S3 (91.0%) and BiOI/Bi2WOe/Bi2S3 (85.9%). The lowest electrons/holes pair

recombination, as evident by PL analysis, supported the highest photocatalytic efficiency of the
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BiOCl1/BioWOs/Bi2S3. The optimum conditions for the maximum CFX degradation were pH =
7-9, a 5ppm solution of CFX, and a catalyst dose of 0.6 g/L. The trapping experiment showed
that the h" and *O, were the main active species in the degradation of CFX by the
BiOX/Bi2WOe/Bi>Ssheterostructure photocatalysts. The fabricated heterostructure photocatalysts
exhibited excellent stability throughout drug degradation processes, making them a promising

candidate for practical applications in environmental remediation.

Outlook

This article reveals that BIOX/Bi2WOe/Bi12S3 ternary heterostructures can potentially be used
for the visible-light photocatalytic degradation of CFX; nevertheless, several limitations of
visible-light photocatalysts need to be considered. The seasonal variations, cloudy days, and the
change in atmospheric temperature may cause the fluctuation of the intensity and spectral
distribution of solar irradiation and variability in the performance of photocatalysts. Although the
experiments were conducted at similar solar conditions, long-term experiments under various
climatic conditions need to be conducted to ascertain the stability and reliability of the
photocatalysts for practical applications.

Future research should include the assessment of photocatalytic performance of the developed
heterostructures under controlled simulated-sunlight to supplement the data of natural sunlight
and to decouple the effect of irradiance variation. Further studies are also required to learn how
photocatalysts work in real wastewater matrices, where other ions and natural organic matter can
compete with performance. Adding more sophisticated characterizations, like the determination

of intermediate products, prolonged studies of mineralization, and electrochemical analysis,
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would provide additional information about the degradation pathway and the charge-transfer
mechanism. Furthermore, the immobilization of photocatalysts on various solid supports or the
incorporation of the photocatalysts into fixed-bed solar reactors will make their recovery from
the treated water easier. In the long term, it is possible to optimize the band structure to increase
charge isolation under dark conditions, increase recyclability, and create scalable solar-driven
treatment systems, which are promising paths to improve these materials by allowing their use in

real-world water purification processes.
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Synthesized BiOX/Bi,WQe/Bi,S3 heterostructures for visible-light photocatalysis
The heterojunctions showed excellent visible-light photodegradation of CFX

e The ternary BiOX/Bi,WOs/Bi,Ss heterojunctions showed stability and reusability
e The synthesized heterojunctions showed enhanced charge separation
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Holes and superoxide radicals played dominant roles in photodegradation
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