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Abstract

The growing interest in environmentally benign materials has driven the development of
biopolymer-based systems for wastewater remediation. In this work, chitosan-based
photocatalytic hydrogel film hybridized with Bi,O,S sub-micron particles was designed and
fabricated for the efficient removal of pharmaceutical contaminants from wastewater. A
comprehensive set of analytical techniques (including; FTIR, XRD, XPS, FE-SEM, DLS,
UTM, and UV-vis) were employed to confirm the successful incorporation and interaction
of Bi,0,S sub-micron particles within the chitosan network. The mechanical integrity of the
fabricated film was evaluated using a universal tensile testing machine, demonstrating
enhanced mechanical strength and robustness of the nanocomposite film. The prepared
photocatalytic film exhibited highly efficient visible-light-driven photocatalytic degradation
of the pharmaceutical drug doxorubicin (DOX), achieving a maximum degradation
efficiency of approximately 95 % within 60 min. of irradiation. Furthermore, the
photocatalytic film showed an excellent structural stability which can be attributed to the
strong mechanical framework and stabilizing role of the chitosan hydrogel matrix. The
chitosan film acted as a multifunctional platform by providing structural support, adsorption
sites for pollutant molecules, and effective immobilization of Bi,O,S sub-micron particles,
thereby enhancing photocatalytic performance. Owing to their green synthesis route, cost-
effectiveness, mechanical durability, and operational simplicity, the developed chitosan-
Bi,0,S photocatalytic film demonstrates a strong potential for application in advanced and

sustainable wastewater treatment technologies.
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1. Introduction

Rapid industrial growth and raising economic activity have intensified water pollution and
health-pertinent concerns globally'. Numerous contaminants originating from the textile,
food, paper and pharmaceutical industries, are known to be frequent toxins of wastewater™”.
Therefore, it is critical to use a technique that can break down toxins straight into non-toxic
components like carbon dioxide and water. Several chemical, physical and biological
techniques such as biodegradation®, oxidation®, chemical coagulation®, adsorption’,
membrane separation8 and photodegradation9 have been employed to withdraw toxins from
wastewater. Among these photocatalyst based on nanocomposites has drawn significant
attention owing to their chemical stability, nature friendly characteristics, low cost and
minimal toxicity'*'*. Compared to bulk chemical compositions, small nanocomposites with
sizes between 1 to 100 nm possess astounding surface-to-volume ratios, which lead to
notable improvements in chemical and physical propertiesls'lg. Consequently, metal oxide
nanomaterials have received significant consideration due to their high surface area, and
attractive optical, nano structural, thermodynamic and mechanical properties'*’. Various
metal oxides such as Bi20321, TiOzzz, Ccds® , Cu2024, Ag3PO425’26 etc. have been widely
employed as a photocatalyst for pollutant removal from wastewater. Out of these, bismuth
layered composites hold notable significance due to their ability to supress recombination
and effectively separate photogenerated carriers”’. Within this family, Bi,0,S has emerged
as a highly promising visible-light photocatalyst, owing to its relatively low band gap,
suitable band-edge positions, and enhanced charge transport properties. As a result,
numerous studies have focused on synthesizing Bi,O,S nanoparticles through diverse

preparation methods to evaluate and optimize their photocatalytic degradation performance
28,29

Nevertheless, these nanoparticles have several drawbacks, such as difficult post-treatment,
the possibility of secondary contamination, and nanoparticle aggregation. To overcome
these limitations, various supports- including gels®’, foams®', nanocomposites®>, and
membranes®® have been employed to immobilize the catalysts. Hydrogels, in particular,

have emerged as highly effective materials for wastewater treatment due to their superior
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mechanical strength, biodegradability, biocompatibility, three-dimensional network

structure, insolubility in water, and high swelling capacity’**’

. The incorporation of
polymers further enhances the stability of metal oxides and promotes stronger
physicochemical interactions between the catalyst and support, resulting in improved

catalytic efficiency and more effective degradation®’.

Polyvinyl alcohol (PVA), polyvinyl chloride (PVC), polyvinyl pyrrolidone (PVP), and
chitosan (CS) are examples of natural and synthetic polymers that have garnered a lot of
interest for the creation of composites that are both environmentally friendly and structurally
sound®®*. Through complexation or ion-pair formation, polymers can interact with metal
ions to stabilize metal oxide nanostructures and modify their physicochemical
characteristics*'. CS is a biodegradable and biocompatible polyaminosaccharide that is rich
in hydroxyl and amino groups. It has a strong ability to bind metal ions and can be used as a
template to create thin photocatalytic films. These characteristics make CS-based hydrogels
especially promising for use in water remediation and photocatalytic dye degradation. For
example, Gupta et al. reported 3D engineered CS hydrogels embedded with sulfur-doped
C3N4/ZnO nanoparticles for the photocatalytic removal of pharmaceutical pollutants*?, while
Kadhim et al. demonstrated effective adsorption of DOX-hydrochloride onto a CS-poly
(acrylic acid)/MWCNTs nanocomposite*’; collectively, these studies highlight the potential
of polymer-based matrices in designing high-performance materials for the removal of drug

contaminants from water.

In response to the growing environmental threat posed by pharmaceutical contaminants, this
work reports the development of an efficient photocatalytic film composed of CS coupled
with Bi,0,S nanosheets, designed as a “dip-catalyst” for the photocatalytic degradation of
DOX. Among cytostatic drugs, DOX is one of the most widely used chemotherapeutic
agents for cancer treatment, and its frequent detection in wastewater raises serious
environmental and public health concerns. Even at trace concentrations, DOX exhibits
pronounced toxicity, with the potential to disrupt aquatic ecosystems by adversely affecting

445 To the best of author’s

the growth, reproduction, and survival of aquatic organisms
knowledge, no prior reports have explored the photocatalytic degradation of DOX using a
CS-embedded bismuth oxysulfide film. In this work, Bi,0,S nanosheets were incorporated

into a CS hydrogel matrix via a single-pot synthesis route to produce a stable, flexible, and
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mechanically robust composite film. The synthesized materials were comprehensively
characterized in terms of their morphological, structural, and spectroscopic properties using
various analytical techniques. Finally, the photocatalytic performance of the composite film
was systematically investigated under visible-light irradiation using DOX as a model
pharmaceutical pollutant, and scavenger experiments were conducted to elucidate the role of
active charge carriers involved in the degradation mechanism.

2. Experimental

2.1. Materials

Bismuth (III) nitrate pentahydrate (Bi (NO3);.5H,0) was procured from Sisco Research
Laboratories (SRL), India. The surfactant Cetyltrimethylammonium Bromide (CTAB),
lithium oxide monohydrate (LiOH.H,0) and thiourea were purchased from Central Drug
House (P) Ltd (CDH). Isopropyl alcohol, p-benzoquinone, ammonium oxalate was obtained
from TCI chemicals. Biopolymer CS was procured from SRL, India. Glutaraldehyde (GA),
and sodium hydroxide (NaOH) were purchased from Merck, India and Fisher-Scientific,
respectively. Industrial water was gathered from the industrial sector of Bhagwanpur in
Uttarakhand, India. The target pollutant, DOX, was procured from a pharmaceutical store in
Chandigarh. The distilled water used for each experiment was derived from an ultra-
filtration system (Milli-Q, Millipore).

2.2. Synthesis of Bi,O,S and CS loaded Bi,O;S film

2.2.1. Preparation of Bi,O,S nanosheets

Bi,0,S was synthesized via a CTAB-assisted hydrothermal route®. Initially, 0.6 g of
cetyltrimethylammonium bromide (CTAB) was dissolved in 80 mL of deionized water
under continuous magnetic stirring for 30 min. to obtain a clear and homogeneous solution.
To improve molecular dispersion, the solution was further treated ultrasonically for 20 min.
Subsequently, 1.2 g of bismuth nitrate pentahydrate [Bi (NO3);-5H,O] and 0.09 g of
thiourea (CH4N,S) were added sequentially under constant stirring. The alkalinity of the
reaction medium was then adjusted by the gradual addition of 3 g of lithium hydroxide
monohydrate (LiOH-H,0), raising the pH to approximately 14. The mixture was vigorously
stirred for an additional 30 min. resulting in a red-colored suspension, demonstrating the
initiation of Bi-S-O formation. The resulting suspension was transferred into a 150 mL
polytetrafluoroethylene (PTFE)-lined stainless steel autoclave and subjected to
hydrothermal treatment at 200 °C for 90 min. After the hydrothermal reaction, the autoclave

was allowed to cool naturally to room temperature. The obtained precipitate was separated,
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washed thoroughly three times with deionized water followed by an absolute ethanol to
remove unreacted species and residual surfactant, and then dried overnight in a vacuum
oven at 70 °C. The final product was collected as dark red Bi,0,S powder.

2.2.2. Preparation of CS doped Bi,;O,S film

The CS@B1,0,S film was modelled through the ex-situ incorporation of Bi,O,S sub-micron
particles into the CS hydrogel framework, as illustrated in (Scheme 1). Firstly, a calculated
amount of CS was dissolved in 15 mL of 1% (v/v) CH3COOH solution and stirred for 3h to
produce a homogeneous solution. To this stirring solution, an aqueous dispersion of Bi,0,S
sub-micron particles (molar ratio CS: Bi,0,S = 1:0.5) was added followed by the addition of
cross-linker GA (60uL). The resulting solution was stirred at~40 °C until the tight hydrogel
was obtained. The hydrogel composite was casted on a petri-dish and dried at 50 °C for 24h.
The film was peeled off and subjected to a neutralizing process after drying. To neutralize
the film and remove the excess acid, the composite was immersed in 0.2M NaOH for 5 min.
Following neutralization, the film was cleaned once again and dried at 50 °C. For the sake of
simplicity, Bi,O,S is labelled as BS and CS film with embedded BS sub-micron particles as
CS@BS.

7
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Scheme 1. Illustration of the key steps involved in the synthesis of CS@BS film.

2.3.Characterization
Several analytical methods were used to investigate the morphological characteristics and

physicochemical characteristics of the prepared materials. Phase purity and structure was
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examined by powder X-ray diffraction (P-XRD) in the 26 range of 10° to 80° on Panalytical
X'Pert Pro diffractometer, UK. Functional groups existing in the prepared materials were
analyzed by recording Fourier transform infrared (FT-IR) spectra in the range of 4000—400
cm™ on Thermo Scientific Nicolet iS50 FTIR Spectrometer. The elemental composition and
chemical valencies were studied with Thermo Fisher Scientific, K- ALPHA, X-ray
photoelectron spectroscopy (XPS) instrument. The deconvolution of all XPS spectra was
performed using a Shirley background method to ensure accurate baseline subtraction. The
FWHM for all fitted peaks was maintained within a consistent range of 1.3-1.6 eV to ensure
physical reliability. Furthermore, specific fitting constraints were applied to the Bi 4f
doublet, including a fixed 4:3 area ratio and a spin-orbit splitting of~5.3 eV, ensuring the
model adheres to quantum mechanical principles. The goodness-of-fit was further validated
by an Adjusted R* of 0.999. The morphology of synthesized material was determined by
Field Emission Scanning Electron Microscopy (FE-SEM) on Hitachi-SU8010, Germany.
Using a Malvern Zetasizer Nano S90 equipment with a 633 nm He-Ne laser light source,
dynamic light scattering (DLS) measurements were performed at a scattering angle of 90° to
determine the hydrodynamic radius and polydispersity index (PDI) of the materials. A
universal tensile testing machine (UTM, BISS) was used to test the mechanical
characteristics of the film. The thermal characteristics of the samples were analyzed in the
temperature range of 25—-1000 °C by utilizing a SDT-Q-600 thermogravimetric analysis
(TGA) instrument. A JASCO model V-750 UV-visible spectrophotometer was used for
optical investigations and Photoluminescence (PL) spectra were captured using an Agilent
Cary Eclipse fluorescence spectrophotometer.

2.4. Photocatalytic analysis

At room temperature, all photocatalytic tests were carried out under ideal circumstances.
Using the as-synthesised film, photocatalytic degradation of a specific model pollutant was
investigated using a 400 W Hg lamp running at 220 V as an artificial source of visible light
illumination. In a typical experiment, the dried film (CS@BS) was added to the
contaminated solution and held for 30 minutes while stirring in the dark to reach the
adsorption-desorption equilibrium. A UV-visible spectrophotometer was then utilized to
measure the residual concentration of contaminant after removing a fixed aliquot of 3 mL

from the reaction suspension at predetermined intervals.
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3. Results and Discussion

3.1. Characterization of BS and CS@BS film

3.1.1. Structural characterizations: P-XRD, FTIR and XPS

Structural characteristics, phase composition and phase purity of the prepared materials was
analysed through P-XRD measurements. (Fig. 1a) depicts the P-XRD patterns recorded for
BS sub-micron particles and CS@BS photocatalytic film. The diffraction peaks of BS
exhibited characteristic peaks at 20 = 14.9° (020), 24.3° (110), 30.0° (040), 32.3° (130), 45.0°
(141), 45.6° (060), 47.5° (002), 57.3° (161), 59.3° (170), 62.3° (080), and 72.5° (261), which
validates the formation of orthorhombic structure of BS, matching the standard data of
JCPDS No. 34-1493%". The lattice parameters were determined to be a = 3.871 A, b = 3.874
A, and ¢ = 12.131 A. The average crystallite size (D) was determined to be 31.2 nm via the
Scherrer equation, where the calculations were performed using the most intense (130) peak.
This size confirms the nanocrystalline nature of the BS particles. In contrast, the diffraction
peaks of CS@BS reveals that the presence of polymer film sacrifices the crystallinity of the
embedded particles and reduced the inclusive long-range ordering of the sub-micron
particles. Interestingly, while most peaks exhibit a downward trend, the (040) diffraction
peak at 30.0° maintains a notable degree of stability and shows a marginal relative
enhancement compared to other crystallographic planes. This phenomenon suggests that the
(040) plane serves as a primary interfacial site for interaction or preferential alignment
within the polymer framework. Overall, the integration of BS sub-micron particles into the
CS hydrogel resulted in a perceptible reduction in the intensity of the diffraction peaks in

the XRD pattern of the composite material due to CS induced amorphous character.

FTIR spectroscopy was performed to confirm the successful incorporation of BS sub-
micron particles into the CS hydrogel matrix and to investigate the molecular interactions
within the composite (Fig. 1b). The FTIR spectrum of pristine BS exhibited characteristic
bands between 450 and 500 cm™, corresponding to Bi-S vibrations, while the peak at 517
cm” was assigned to Bi-O stretching. A band at 845 cm™ was attributed to carbonate (COs>
) species™, and the absorption at 1025 cm™ arose from C-O stretching vibrations®. Weak
peaks at 2850 and 2916 cm™, along with bands in the 1415-1539 cm™ region, were
associated with C-H stretching of -CH; and -CH, groups, indicating trace ethanol adsorption
during washing. Additionally, a broad band at 3487 cm™ corresponded to O-H stretching of
adsorbed water molecules™. In the CS@BS composite film, notable changes in the FTIR
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spectrum indicated interactions between BS sub-micron particles and the CS matrix. The Bi-
O band shifted and weakened to ~511 cm™, suggesting strong interfacial interaction. The
broad band around 1010 cm™ was attributed to C-O-C stretching of the CS backbone, while
broadening near 1347 cm™ indicated modifications of -CH, vibrations. Peaks at 1553 cm™
and 1634 cm™ corresponded to N-H bending of CS amino groups and amide vibrations,
respectively. The bands at 3270 cm™ and 1739 cm™ were assigned to O-H stretching and
C=0 stretching, respectively. Furthermore, reduced intensity of the band near 2867 cm™
reflected weakening of -CHj vibrations from residual ethanol®'2, Overall, the observed
peak shifts and intensity changes confirm the successful incorporation of BS sub-micron
particles into the CS hydrogel and suggested strong interfacial interactions between the
polymer matrix and the sub-micron particles, which likely contributed to the enhanced

structural stability and functionality of the composite film.
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Fig. 1. (a) Powder XRD patterns and (b) FT-IR spectra of the as-synthesized BS sub-
micron material and CS@BS film. [BS: Bi,0,S; CS@BS: Chitosan loaded with BS]

X-ray photoelectron spectroscopy (XPS) was employed to examine the surface
chemical composition and electronic states of the CS@BS composite film, as shown in Fig.
2. The survey spectrum (Fig. 2a) confirms the presence of the major constituent elements C,
N, O, Bi, and S, with characteristic binding energies observed at 286.0 eV (C 1s), 398.1 eV
(N 1s), 531.6 eV (O 1s), 157.3 eV (Bi 4f), and 162.5 eV (S 2p), respectively, indicating the
successful formation of the CS@BS film. The high-resolution C 1s spectrum (Fig. 2b) can
be deconvoluted into three distinct components centred at 284.6 eV, 286.3 eV, and 288.1
eV, which are attributed to C—C/C-H, C—O/C-N, and O—C-O (acetal or carbonyl-related)

functional groups, respectively, originating from the CS backbone™. The N 1s spectrum

49



JOURNAL OF ISAS VOLUME 4, ISSUE 3, JANUARY 2026

(Fig. 2¢) exhibits two characteristic peaks at 398.1 eV and 401.5 eV, corresponding to -NH-
and protonated amine (—NHx) species, respectively, confirming the presence of amine
functionalities inherent to the CS matrix. The O 1s spectrum (Fig. 2d) shows two peaks
centred at 530 eV and 531.6 eV, which were primarily associated with Bi-O and C=0
bonds, suggesting the coexistence of oxygen-containing functional groups from CS and
oxygen coordination in the bismuth oxy-sulphide framework. The high-resolution Bi 4f
spectrum (Fig. 2e) displays two well-defined peaks at 157.3 eV (Bi 4f5,;) and 162.5 eV (Bi
4fs)), characteristic of Bi** species. These peaks are attributed to Bi-O and Bi-S bonding
environments, confirming the incorporation of bismuth oxy-sulphide within the composite
structure™®. Furthermore, the S 2p spectrum (Fig. 2f) exhibits a prominent peak at ~162 eV,
which is assigned to sulphide sulphur (S%), providing strong evidence for the presence of
Bi-S bonds in the CS@BS composite. Overall, the simultaneous detection of C, N, and O
from CS together with Bi and S from the bismuth oxy-sulphide phase confirms the effective
embedding of BS within the CS matrix.
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Fig. 2. (a) XPS survey and high resolution deconvoluted XPS spectra of (b) C 1s, (¢)
N1s, (d) O 1s, (e) Bi 4f, and (f) S 2p scan for CS@BS film.

3.1.2. Morphological characterization

The morphological characteristics of the fabricated CS@BS film were examined using Field
Emission Scanning Electron Microscopy (FE-SEM) (Fig. 3). The low-magnification image
(Fig. 3a) reveals a uniform and continuous distribution of BS particles over the surface of

hydrogel matrix, while the high-magnification images (Fig. 3(b-c)) clearly demonstrate the
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characteristic brick-like morphology of BS nanosheets embedded in the hydrogel film. The
preservation of this distinct morphology indicates that the CS hydrogel network does not

alter or disrupt the inherent structural features of BS sub-micron particles during film

formation.
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Fig. 3. (a) Low magnification and (b-c) High magnification FE-SEM micrographs of
CS@BS film; elemental mapping of (d) CS@BS film, (e) Bi distribution, (f) O
distribution, (g) S distribution, (h) N distribution, (i) C distribution, (j) EDS spectra,
and (K) size distribution of BS sub-micron particles embedded in CS film.
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Furthermore, the elemental composition of the film was confirmed by Energy-Dispersive
X-ray Spectroscopy (EDS) analysis (Fig. 3(d-h)), which quantifies the presence of the major
constituent elements, namely Bi, S, O, and N, confirming the successful incorporation of BS
sub-micron particles into the CS film (Fig. 3j). The EDS quantitative investigation confirms
the production of BS, with Bi and S concentrations of 38.85 and 21.83 at%, respectively.
The elemental mapping reveals a consistent distribution of Bi and S across the sample,
indicating high compositional homogeneity. However, quantitative estimation of carbon
could not be obtained from the EDS analysis. This limitation arises from the inherent
constraints of conventional EDS in accurately detecting and quantifying low-atomic-number
elements, particularly in polymeric materials. In polymers such as CS, the low-energy X-ray
signals generated by carbon are weak and prone to absorption and background interference,
leading to unreliable quantitative results. Consequently, carbon is often excluded from EDS
compositional analysis, despite its clear presence in elemental mapping>. The (Fig. 3k)
depicts the particle size distribution of the embedded BS sub-micron particles, revealing an
average particle size of 900 = 200 nm. Additionally, the hydrodynamic radius (Ry) of bare
BS sub-micron particles was analysed using DLS (Fig. 4a). For measurement 5 x 10 g/mL
of BS sub-micron particle dispersion was utilized by equilibrating the sample for 60 sec
before each measurement. The DLS shows the average size of BS sub-micron particles
around 984.5 + 73.2 nm (PDI= 0.2 £ 0.1), corroborating the FESEM findings.

3.1.3. Mechanical strength

The mechanical strength of the CS@BS and CS film was analysed using universal testing
machine (UTM) (Fig. 4b). The CS@BS photocatalytic film and CS film were cut into a
block (16.61 mm in length, 9.53 mm in width and 0.09 thickness) and stretched with an
extension rate of 10 mm/min°®. The Pure CS film showed more ductile behaviour, with
higher elongation but lower peak load (axial load 6.6 N) (Fig. 4b). In contrast, the CS@BS
film had a substantially steeper initial slope and a greater tensile strength of 9.16 MPa (axial
load 7.8 N). While the addition of BS resulted in a 6.9 % decrease in elongation, the
increased peak load demonstrates that the inorganic filler serves as a reinforcement agent.
This improvement in stiffness and strength is critical for the film's stability as a dip-catalyst,

preventing structural deformation or ripping when used repeatedly in aquatic conditions.
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Fig. 4. (a) DLS spectra of BS sub-micron particles and (b) mechanical strength of
CS@BS and CS film with an axial load and position curve.

3.1.4. Thermal and optical measurements: TGA/DSC and UV-vis DRS

The Thermogravimetric analysis (TGA) technique was employed to examine the thermal
behaviour of the synthesized materials (Fig. 5a). The BS sub-micron particles depicted
higher thermal stability with negligible weight loss up to 800 °C. This minimal
decomposition could be attributed due to loss of adsorbed moisture adsorbed and weakly
bonded volatile species existing on the surface of sub-micron particles. The corresponding
DSC thermogram of BS indicates the prominent endothermic peak around 310 °C which
indicates the formation of BisO4S; by heating of BS sub-micron particles (Fig. 5a). On
heating, BS undergoes a decomposition-driven phase transformation. BS consists of
alternating layers of [Bi0:]*" separated by S anions. The structure was loosely packed,
making it susceptible to thermal decomposition. Bi4O4S;5 also contains [Bi,O;] layers, but
additionally includes Bi-S layers and sulfur vacancies. This structural similarity allowed a
topotactic-like transformation rather than complete breakdown’’. In contrast, the CS@BS
film displayed a different weight loss pattern with rise in temperature. The hydrogel film
lost ~40% of its weight over two consecutive thermal events. In first decomposition step (~
below 250 °C), the initial decomposition could be accredited to the weight loss due to
adsorbed water molecule and volatile species. The structural stability and functionality of
hydrogel systems depend heavily on the adsorption of a significant number of water
molecules. In second step (~ above 250 °C), the substantial change in thermogram slope
shows slower rate of degradation which suggests the release of CHy4 from the photocatalytic
film>®. the incorporation of sub-micron particles significantly restricted the weight loss to
~40%, demonstrating enhanced thermal stability due to sub-micron particle—polymer

interactions. The homogenous existence of BS nanosheets overall improved the thermal
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stability of the CS hydrogel network, thereby restricting the diffusion of volatile and
oxygen-containing decomposition product from diffusing through the composite film>®.The
corresponding DSC thermogram of CS@BS depicts a prominent endothermic peak around
310 °C which suggested the decomposition of 2-amino-2-deoxy-d-glucopyranose (GIcN)

amine group (Fig. 5a)®.
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Fig. 5. (a) TGA/DSC profiles, (b) UV-vis DRS spectra, (c) Tauc plot and (d) PL spectra
of the BS and CS@BS film.

The optical absorption characteristics of the synthesized materials were examined using
UV-vis DRS (Fig. 5b). The spectra of the BS and CS@BS material demonstrated a broad
absorption ranging from 200 to 550 nm. The electronic transitions of CS functional groups
are responsible for the absorption in the deep UV region (<300 nm). BS, a narrow band gap
semiconductor with intrinsic visible-light responsiveness, is responsible for the significant
absorption in the UV and visible ranges. The layered structure of BS could be linked to
extended absorption in the visible region. Moreover, improved dispersion and interfacial
interactions, which are advantageous for photocatalytic applications, boost light harvesting

when BS is included into the CS matrix. Overall, this modification increases the ability of
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CS@BS film to capture visible light effectively. Additionally, the optical band gaps of the

synthesized materials were evaluated to gain the deeper insights using Tauc’s Eq. (1)°':

1
ahv = A(hv — E, )2 (1)
where, a represents the absorption coefficient, h represents the Planck’s constant, v
represents the frequency of light, E,represent the band gap and A represents the

proportionality constant. The Tauc plot were recorded by plotting curves between (ahv)?
and hv. The band gap values were analysed by extrapolating the tangent on the curve at x-
axis. The calculated band gap for BS and CS@BS film was 1.40 and 1.30 eV, respectively
(Fig. 5c). This slight reduction in the band gap value after incorporation regulates the
improved generation of electron-hole pairs. This decrease indicates that CS creates
interfacial contacts that may promote charge transfer and enhance light usage rather than
substantially changing the underlying electronic structure of BS. Furthermore, photoinduced
charge carrier separation efficiency was confirmed using PL spectra. In general, high-
intensity PL spectra imply a faster recombination of charge carriers, whereas low-intensity
spectra indicate a slower recombination rate. As demonstrated in (Fig. 5d), the PL spectra
suggest that CS@BS has lower intensity than pure BS. This predicts a lower recombination
rate and better separation of photoinduced charge carriers, both of which are highly
advantageous for increasing the material's photocatalytic activity.

3.2.Evaluation of photocatalytic performance

3.2.1. Control experiment

Prior to evaluating the photocatalytic activity of the synthesized materials, a series of control
experiments were conducted. The aim of this investigation was to examine the effect of each
factor on the degradation efficiency. The time vs. percentage degradation curve for DOX
elimination under three conditions: (a) light source only, (b) catalyst only, and (c) both light
source and catalyst was recorded (Fig. 6a). Typically, for a photodegradation experiment,
aqueous solution of DOX (0.05 mM) was prepared. The degradation efficiencies were found
to be 10 % in the presence of the light source. Additionally, thorough adsorption studies
were performed for which the CS@BS film was kept in the DOX solution under dark
conditions for 60 minutes. The results indicate an approximately 24 % of removal of DOX
via adsorption (Fig. 6b). On the other hand, a prominent enhancement in degradation,
achieving 95 % when catalyst and light source were present simultaneously. To conclude,
the experiment highlights the importance of combining catalyst with light source to attain

maximum removal of DOX from aqueous solution.
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3.2.2. Effect of parameters

Multiple reaction parameters strongly affect photocatalytic performance, making their
systematic evaluation and optimization crucial for enhancing pollutant degradation.
Consequently, optimization experiments were conducted using CS@BS film as the model
photocatalyst. To note, the dosage of the film was adjusted by cutting it to the right weight.
3.2.3. Effect of pH

The initial pH of the pollutant solution has a significant impact on photocatalytic
performance because it influences the generation of reactive species as well as surface
charge characteristics (Fig. 6¢). Moreover, the CS hydrogel individually entails stimuli-
responsiveness and hence the varying pH conditions can influence the efficiency of the
catalyst. Thus, to assess the influence of solution pH, photocatalytic degradation tests were
conducted utilizing photocatalytic film (1g/L) in various pH including 3 (acidic),7 (neutral),
and 9 (basic). Under acidic conditions (pH-3), CS's excessive protonation and DOX's
cationic nature cause electrostatic repulsion which decreases the extend of degradation to
approximately 50 %. Nevertheless, upon increasing the pH value from 3 to 7, the
degradation efficiency of the catalyst improved drastically resulting in 95 % degradation. At
neutral pH, the CS surface is partially deprotonated resulting in minimal repulsion and
aiding optimal adsorption of the DOX through van der Waals interactions and hydrogen
bonding. This also provisions the balanced generation of ‘OH and ‘O, radicals and also
reduces the electron-hole recombination, manifesting the enhanced degradation efficiency.
Under alkaline circumstances, the catalyst exhibited reduced degradation of exposed
pollutant ¢ 44%) and this behaviour originates from the destabilization of DOX and CS.
Collectively, these observations underscore the decisive influence of pH on photocatalytic
degradation, with neutral conditions (pH = 7) providing the most effective degradation
performance.

3.2.4. Effect of catalyst dosage

The weight of the CS@BS film was varied from 0.5 to 1.5 g/L while maintaining a pH of 7
in order to investigate the impact of catalytic sites on the photodegradation reaction. (Fig.
6d) demonstrates that as the catalyst dose increased from 0.5 to 1 g/L, the photocatalytic
performance of photocatalytic film increases from 76 to 95 %. This might be explained by
increased number of catalytic reactive sites accessible for the adsorption of pollutant
molecules. Nevertheless, the catalytic activity decreased (~73%) when the catalyst dosage

was increased to 1.5 g/L because the light per unit area decreased and the film's bending
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shadowed the pollutant, making visible light less accessible. As a result, the catalyst dosage

for the ensuing photocatalytic reactions was 1 g/L.
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Fig. 6. (a) Comparative degradation efficiency of the pollutants under different control
conditions: light only, catalyst only and light + catalyst, (b) Adsorption Kinetics, (c)
Effect of pH, and (d) catalyst dosage on the % degradation of DOX by CS@BS film.

3.2.5. Comparison analysis of prepared materials.

The photocatalytic activity of the BS nanocomposite and CS@BS photocatalytic film was
examined through a degradation experiment, where the depletion of DOX was facilitated
under visible light irradiation of 60 minutes. The percentage of pollutant degradation (%)

was estimated using Eq. (2)%
Co —Ct

% Degradation = x 100 2

o

where, the absorbance of a pollutant solution at initial time (t = 0 min.) and at time t min. are
represented by C, and C,, respectively. (Fig. 7a) depicts the % degradation vs time plot for
the DOX on exposure of BS sub-micron particles and CS@BS photocatalytic film. Only the
photocatalytic process was taken into consideration and further investigated because both
the formed nanocomposites displayed very little adsorption under dark conditions. In the

photocatalytic experiment, BS sub-micron particles displayed lower degradation efficiency
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with 83% degradation of DOX in 60 min. of light irradiation. Whereas, CS@BS
photocatalytic film exhibited high degradation efficacy as compared to BS with 95 %
removal of DOX under similar conditions. This increased pollutant degradation can be
validated using UV-DRS and PL spectroscopy analysis. The reduced band gap of CS@BS
compared to pristine BS facilitated improved degradation, as demonstrated by the Tauc plot.
Overall, the higher degradation efficiency could be attributed to improved DOX adsorption
on CS, better dispersion of BS, and lower charge recombination due to interfacial contacts.
Furthermore, the rate kinetics of DOX degradation were investigated and revealed to follow

a pseudo-first-order kinetic model, as given by the Eq. (3)*":

In (%) = —kt 3)
where, k is the rate constant. The rate constants were calculated using linear plots of In
(C/C,) over time t, as seen in (Fig. 7b). The derived rate constants were 0.03 and 0.05 min”!
for BS and CS@BS, respectively. The kinetic analysis reveals that higher degradation
efficiencies are accompanied by larger rate constants, with the CS@BS film achieving the
maximum value, indicative of its superior photocatalytic performance. This makes CS@BS
a highly effective catalyst for the breakdown of harmful contaminants in water systems,

emphasizing its potential for use in environmental applications.
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3.2.6. Real sample analysis, recyclability, reusability and stability studies.

After evaluating the synthesized catalyst in a distilled water matrix, its practical
applicability was further examined using real wastewater collected from Bhagwanpur,
Uttarakhand (India), which was spiked with DOX (25 mg L™). Under visible-light
irradiation at neutral pH, the CS@BS film achieved approximately 81% degradation
within 60 min, demonstrating effective photocatalytic activity even in complex wastewater
matrices (Fig. 7c¢). These results indicate that the presence of background impurities in
industrial water does not significantly hinder the performance of the photocatalytic film.
Furthermore, recyclability and reusability are critical parameters for photocatalysts intended
for industrial wastewater treatment. Accordingly, the reusability of the CS@BS film was
evaluated over five consecutive cycles. After each cycle, the film was recovered using
forceps, thoroughly rinsed with distilled water, and dried at 50 °C prior to reuse. The
photocatalyst retained a degradation efficiency of approximately 86% after five cycles (Fig.
7d), indicating good operational stability. Additionally, FTIR analysis was employed to

assess possible structural or compositional changes in the regenerated catalyst. The
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characteristic absorption bands of CS, including the N-H bending vibration at ~1553 cm™
and the O-H stretching vibration at 3270 cm™, along with the vibrational features
associated with the BS framework, remained unchanged in both position and intensity after
repeated use (Fig. 8a). The preservation of these spectral features confirms the excellent
photostability of the composite film and its resistance to photocorrosion or chemical
degradation during DOX treatment.

3.2.7. Scavenger studies.

Scavenger experiments were executed to explore the roles of the main reactive species
engaged in photocatalytic degradation (Fig. 8b). The studies were performed at fix reaction
conditions involving, [catalyst] = 1g /L, pH = 7, [DOX] = 0.05mM, and light irradiation
time = 60 min. Isopropyl alcohol (IPA), ammonium oxalate (AO), and p-benzoquinone (p-
BQ) were taken as scavengers for ‘OH, h*, and ‘O, , respectively. On exposure of p-BQ and
AOQ, a considerable decline in the degradation was recorded, with degradation efficiency of
68 % and 59 %, respectively. These outcomes significantly indicate the foremost role of O,
and h' radicals in the photocatalytic removal of DOX using the synthesized catalyst. In
contrast, upon exposure of IPA a huge decrease in the degradation efficiency was observed
with a percent degradation of only 14 % in 60 min. This sharp decline in the degradation
highlights the leading role of ‘OH radicals in driving the removal of DOX. The contributions
of the reactive species to DOX degradation follow the order ‘OH > h" > ‘O, , demonstrating
that hydroxyl radicals play the dominant role in the photocatalytic removal of DOX, while
photoinduced holes and superoxide radicals have comparatively less involvement. To
conclude, the study highlights the importance of reactive species in accelerating the

effective degradation of DOX from polluted water using CS@BS photocatalytic film.
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Fig. 8. (a) FTIR spectra of fresh and regenerated CS@BS film, (b) Photocatalytic
degradation in the presence and absence of radical scavengers, and (c) XPS valence
band spectra of CS@BS film.
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3.2.8. Mechanism

The electronic band structures of pure BS and the CS@BS composite were meticulously
examined in order to obtain mechanistic understanding of the photocatalytic removal of
DOX in wastewater and the corresponding charge-transfer mechanisms. The band gap
energy of pristine BS was found to be approximately 1.4 eV, while that of CS@BS was
reduced to about 1.3 eV, indicating an enhanced light-harvesting capability after composite
formation. The superior photocatalytic performance of CS@BS toward DOX degradation is
attributed to its strong UV-light absorption and efficient photoinduced charge separation.
The reduced band gap of CS@BS facilitates electron excitation from the valence band (VB)
to the conduction band (CB), accompanied by the simultaneous generation of
photogenerated holes in the VB. This efficient charge-carrier separation is crucial for
driving the photocatalytic degradation process.

To further elucidate the redox ability of the photocatalyst, the valence band edge potential
(Eve) was experimentally determined using valence-band X-ray photoelectron spectroscopy
(VB-XPS), while the conduction band edge potential (Ecg) was estimated using the
following relationship®:

Ecg = Eyp — Eg 4)
where, E, is the band gap of the material obtained from DRS, Ecg and Evg is the conduction
and valence edge potential, respectively. By combining the band gap energy obtained from
the Tauc plot with the Eyp value derived from the VB-XPS spectra (Fig. 8c), the Eyp of
CS@BS was determined to be 2.00 eV and the corresponding Ecg was calculated to be
approximately 0.7 eV. Based on these band positions, a plausible photocatalytic mechanism
involving efficient charge transfer and reactive oxygen species (ROS) generation is

proposed (Fig. 9).
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Under UV-light irradiation, CS@BS undergoes photoexcitation as described in Eq. (5):

hv + CS@BS - e~ (CB) + h*(VB) ®)
The photogenerated charge carriers participate in a sequence of redox reactions. The
sufficiently positive valence band potential (2.00 eV), which exceeds the standard redox
potential of H,O/OH (1.23 eV vs. NHE)*, enables the oxidation of water or surface
hydroxyl groups to produce hydroxyl radicals (OH), as shown in Eq. (6) and (7):
h*(VB) + H,0 - OH* + H* (6)
h*(VB) + OH™ - OH* (7)
The scavenger studies imply that these highly reactive species aid in the breakdown of the
DOX molecular structure into smaller, less harmful intermediates, a process that normally
leads to break down into CO, and H,O (or N-based byproducts) after prolonged treatment,
and represented in Eq. (8):

DOX + OH* - Degraded products (8)
Overall, the enhanced photocatalytic activity of CS@BS can be attributed to its reduced
band gap, favourable band-edge alignment and efficient separation of photogenerated

electron—hole pairs. These features effectively suppress charge recombination and promote
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ROS generation, thereby significantly improving the photocatalytic degradation efficiency
of DOX under UV irradiation.

3.3.Conclusion

In summary, a smart photocatalytic film based on CS hybridized with BS (CS@BS) was
successfully developed, exhibiting excellent water stability and high photocatalytic
efficiency toward the degradation of DOX. The CS@BS film demonstrated approximately
95 % degradation of DOX within 60 min. of irradiation. Reactive species trapping
experiments revealed that ‘OH radicals were the dominant reactive oxygen species
responsible for the photocatalytic degradation process. The structural analysis confirmed
that BS retained its orthorhombic crystal structure even after incorporation into the CS
matrix. Unlike conventional sub-micron particle-based photocatalysts, the CS-based film
provides improved handling, structural integrity, and effectively suppresses catalyst
leaching during operation. Furthermore, the photocatalytic film operates as a “dip-catalyst,”
enabling a reversible on-off photocatalytic response that can be readily controlled by simple
immersion or removal from the reaction medium. Owing to its environmentally benign
composition, cost-effectiveness, operational simplicity, and high photocatalytic efficiency,
the CS@BS film shows strong potential for applications extending beyond wastewater

treatment.
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