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The growing prevalence of synthetic dyes in aquatic environments has intensified the search for sustainable
and efficient photocatalytic remediation technologies. Metal sulfide (MS) photocatalysts have attracted
considerable interest owing to their strong visible-light absorption and tunable electronic structures.
However, their practical application is constrained by rapid charge recombination and photo-corrosion.
This review uniquely positions metal sulfide—chitosan (MS—-CS) composites as a next-generation solution
by critically elucidating the synergistic interplay between the functional groups of chitosan (CS) and
insufficiently addressed literature. Unlike
conventional polymer-semiconductor systems, chitosan not only enhances dye adsorption and

metal sulfide band structures that remain in existing

nanoparticle stability but also actively regulates interfacial charge transfer and reactive oxygen species

(ROS) generation. This review systematically analyzes photocatalytic mechanisms, structure—property

relationships, heterojunction engineering, and performance of MS-CS composites under different
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By integrating material chemistry with mechanistic insights and application-oriented perspectives, this

DOI: 10.1039/d5ra07777) work bridges current knowledge gaps and establishes MS—CS composites as a viable and sustainable
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platform for advanced wastewater treatment.

1. Introduction

The exponential increase in industrial activities over the past
few decades, especially in textiles, dyeing, pharmaceuticals,
leather tanning, paper manufacturing, and cosmetics has led to
the indiscriminate release of synthetic dyes into aquatic
ecosystems.'™ These dyes (often composed of complex aromatic
structures®® and xenobiotic constituents®'’) pose significant
risks to environmental and human health due to their toxicity,
carcinogenicity, and resistance to biodegradation."*** Their
persistence in water bodies leads to reduced light penetration,
oxygen depletion, and disruption of aquatic biodiversity.
Therefore, the development of cost-effective, sustainable, and
environmentally friendly technologies for the efficient removal
or degradation of dye pollutants is a critical global concern.
Various methods have been used for removal of dyes from
water, but photocatalysis has garnered substantial attention
due to its potential to completely mineralize organic pollutants
into less toxic end products such as CO, and H,O under light
irradiation.'*" It offers advantages such as simplicity, minimal
sludge production, and the potential to harness solar energy.
Traditional metal oxide photocatalysts like titanium dioxide
(TiO,) and zinc oxide (ZnO) have been widely studied and
utilized due to their high photocatalytic performance under UV
light. However, their wide band gap energy (3.2 eV for TiO, and
3.3 eV for ZnO) restricts their activity under visible light, which
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constitutes a major portion of the solar spectrum.**** Moreover,
certain challenges like electron-hole recombination, limited
light absorption, and instability under long-term are present
which limit their practical implementation.

Metal sulfide semiconductors like cadmium sulfide (CdS),
zinc sulfide (ZnS), copper sulfide (CuS), and molybdenum di-
sulfide (MoS,) have emerged as the most suitable alternatives
which resolve such issues. These materials possess relatively
narrow band gaps, which enable efficient absorption of visible
light. For instance, CdS (band gap 2.4 eV) can harness visible
light more effectively than TiO,, enhancing solar energy utili-
zation in photocatalytic systems. Furthermore, the redox
potentials of metal sulfides enable favorable generation of
reactive oxygen species (ROS) (hydroxyl radicals ("OH) and
superoxide anions (O, ")) which are responsible for the degra-
dation of dye molecules."** However, the practical application
of metal sulfides is still challenged by photocorrosion,
agglomeration in aqueous media, leaching of toxic metal ions
(especially in the case of CdS), and rapid recombination of
photogenerated charge carriers.”

Metal sulfide composite with biodegradable material is the best
solution for this issue.”*?* Metal sulfide-chitosan based compos-
ites are the best to resolve these challenges and further enhance
the photocatalytic performance and environmental compatibility
for metal sulfides in composite form.>”* Chitosan (a naturally
abundant polysaccharide obtained by deacetylation of chitin
(found in crustacean shells)) is recognized for its unique physico-
chemical and functional properties. It is biodegradable, non-toxic,
biocompatible, and rich in functional groups like amino and
hydroxyl moieties that facilitate chelation with metal ions and
hydrogen bonding with dye molecules.”®** These features make
chitosan an excellent support matrix for photocatalytic materials.

Incorporation of metal sulfides into the chitosan matrix offers
multiple advantages.**** First, chitosan serves as a stabilizing
agent which prevents nanoparticle agglomeration and improves
the dispersion of metal sulfide particles, thus increasing the active
surface area for photocatalysis.****” Second, the adsorptive nature
of chitosan allows for the pre-concentration of dye molecules near
the catalytic sites, which enhances degradation efficiency.” Third,
the polymeric matrix can act as an electron mediator, facilitating
the separation of photogenerated electrons and holes and thereby
reducing charge recombination. Fourth, chitosan provides
mechanical and chemical stability, prolonging the durability and
reusability of the composite materials.*® Additionally, in cases
where magnetic components like Fe;O, are included, the
composites can be magnetically recovered, contributing to recy-
clability and process sustainability.*

This review aims to provide a comprehensive analysis of the
current progress in the development and application of metal
sulfide-chitosan composites for the photocatalytic degradation
of dyes. The mechanistic insights of dye degradation pathways,
the role of ROS, and the synergistic contributions of chitosan
and metal sulfide components are examined.” Furthermore,
the review delves into the critical factors influencing photo-
catalytic performance, including band gap energy, surface
morphology, surface area, light source, pH,"™ and dye
concentration** etc. The environmental impact on the activity of
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metal sulfide-chitosan composites has also been discussed
with respect to degradation efficiency of dyes.*>*®

Recent case studies are presented to highlight the photo-
catalytic capabilities of composites like CdS-chitosan,*” ZnS-
chitosan,” and MoS,-chitosan*® in degrading commonly used
dyes like methylene blue (MB), rhodamine B (RhB), methyl
orange (MO), congo red (CR), acid blue (AB), and crystal violet
(CV). Additionally, the review will identify existing research
gaps, such as concerns over toxicity (particularly of heavy metal
sulfides), long-term stability under irradiation, and perfor-
mance in real wastewater matrices.

Various review articles are reported on removal of pollutants
by metal sulfides*>*® or organic polymers®* or for specific dye
removal,>**® but there is no review article on the removal of
different dyes by composite based chitosan and metal sulfides.
This review specifically focuses on metal sulfide-chitosan
composites due to the distinctive synergy between abundant
functional groups (-NH, and -OH) of chitosan and the elec-
tronic band structures of metal sulfides. Chitosan not only acts
as a sustainable support matrix but also enhances photo-
catalytic performance by improving catalyst dispersion which
facilitates interfacial charge transfer, suppress recombination,
and promotes dye adsorption through electrostatic and
hydrogen-bonding interactions. The mechanistic role of chito-
san-metal sulfide interactions (particularly how functional
groups of chitosan influence band alignment, surface states,
and reactive species generation) remains underexplored and
fragmented across the literature. This review fills this knowl-
edge gap by systematically analyzing structure-property rela-
tionships, photocatalytic mechanisms, and performance trends
of metal sulfide-chitosan composites. Therefore, it provides
a unified framework to guide the rational design of next-
generation, eco-friendly photocatalysts for dye degradation.

2. Photocatalytic degradation
mechanism

The mechanism of photocatalytic degradation of dyes by metal
sulfide-chitosan based composites relies on the synergistic
integration of the semiconductor properties of metal sulfides
and the adsorptive, stabilizing, and functionalizing capabilities
of chitosan. Basically, the degradation of dyes occurs due to
metal sulfides. The bandgap energy values of these metal
sulfides are very low, and they obtained these energy values on
exposure to suitable light (typically visible light due to the
narrow band gap of metal sulfides). They generate the reactive
oxygen species (ROS) which effectively breakdown of dye
pollutants in several steps as shown in Fig. 1.

In first step, light is adsorbed and electrons-holes are
generated. When metal sulfides embedded within the chitosan
matrix are irradiated with visible light (or UV light for wider
band gap sulfides), they absorb photons whose energy matches
or exceeds their band gap energy.*>*” This excites electrons (e™)
from the valence band (VB) to the conduction band (CB) and
leave behind positive holes (h*) in the VB as given in eqn (1):

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Photocatalytic degradation mechanism of dyes by metal
sulfide—chitosan based composites.

Stabilization of
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MS + /iw — MS(e~ + h") (1)

In the second step, the electrons are shifted from VB to CB by
absorbing energy. In conventional systems, recombination of
the photogenerated electron-hole pairs is a major limitation.
However, in the chitosan-supported system, the polymer matrix
plays a crucial role in stabilizing and facilitating charge sepa-
ration. The amine (-NH,) and hydroxyl (-OH) functional groups
in chitosan can trap holes, and the structure of polymer can act
as a conduit for electron transport which reduces recombina-
tion and extends the lifetime of charge carriers.*®

In the third step, reactive oxygen species are formed. The
photogenerated electrons reduce molecular oxygen (O,) adsor-
bed on the surface of the composite to form superoxide radicals
(0,"7) as shown in eqn (2), while holes oxidize water or
hydroxide ions (OH™) to generate hydroxyl radicals ("OH) as
given in eqn (6).***>*° The generated peroxide radicals react with
water molecules to for hydrogen peroxide radicals which form
hydrogen peroxide as given in eqn (3) and (4). The hydrogen
peroxide decomposes to hydroxyl radicals as given in eqn (5).

Reaction at CB:

e +0, > 0y (2)
2'0,” + 2H" — 2HOO 3)
2HOO — H,0, + 0, (4)
H,0, — 2°OH (5)
Reaction at VB:
h*+ H,0 - "OH + H" (6)

These ROS are highly reactive and play a central role in the
oxidative degradation of dye molecules.

In the fourth step, the chitosan component enhances the
adsorption of dye molecules through electrostatic interactions,
hydrogen bonding, and van der Waals forces. This local
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concentration of pollutants near the reactive sites significantly
enhances degradation kinetics. The protonated amine groups
of chitosan at acidic pH attract anionic dyes, while hydroxyl
groups facilitate hydrogen bonding.®*

In the fifth step, the generated ROS attack the adsorbed dye
molecules and break their chromophoric structures and convert
them into smaller, less toxic, and often colorless end-products
like CO, and H,0.

Dye + "OH/O,"~ — intermediates — H,O + CO, (7)

Depending on the type of dye (azo, anthraquinone, etc.),
different intermediate products may form before complete
mineralization." Advanced analysis such as LC-MS or FTIR is
often employed to monitor the breakdown pathways.

Heterojunction formation between metal sulfides is
a powerful strategy to enhance photocatalytic performance by
improving light harvesting which promotes charge separation
and regulate ROS generation.”” When two metal sulfides
(supposed X-MS and Y-MS) with different band structures are
coupled, an interfacial electric field is established that drives
directional charge transfer and suppresses electron-hole
recombination which enable complementary redox reactions.
The mechanisms of these photocatalytic degradation reactions
are type-1, type-II, Z-scheme, and S-scheme heterojunctions.

Mostly heterojunctions follow type-II, Z-scheme, and S-
scheme heterojunctions while type-I is very rarely reported in
literature. The type-I mechanism of two metal sulfide named X-
MS and Y-MS heterojunction is represented in Fig. 2(A). The VB
energy level of X-MS is higher than Y-MS, while the CB of X-MS
is lower than CB of Y-MS. In this mechanism, the holes of Y-MS
will shift to VB of X-MS. Similarly, the CB electrons of Y-MS will
shift to the VB of X-MS. Now, the oxygen molecules reduced to
0, anion radicals from CB of X-MS, while the water molecules
or OH™ ions are reduced to hydroxyl radicals.®*** These ROS
degrade rapidly to the dye molecules from medium.

In a type-II heterojunction, the CB of one sulfide lies at
a more negative potential, while the VB of the other is more
positive. Upon illumination, photogenerated electrons migrate
to the lower CB and holes move to the higher VB and spatially
separate charge carriers. For example, X-MS/Y-MS is a hetero-
structure as shown in Fig. 2(B). The VB energy of X-MS is higher
than Y-MS, while CB energy of X-MS is also greater than Y-MS.
The CB electrons of X-MS shift to the CB of Y-MS, while VB
holes of Y-MS shift to the VB of X-MS. Now the reduction of
oxygen molecules occurs from the CB electrons of Y-MS, while
the oxidation of water molecules/hydroxide proceed from the
VC holes of X-MS. Such type of mechanism reduces recombi-
nation and extends carrier lifetimes. However, this charge
migration can weaken redox ability because the accumulated
electrons and holes occupy less energetic band edges.

Z-Scheme heterojunctions have been developed between metal
sulfides with suitably aligned band positions as shown in Fig. 2(C)
which resolve these limitations. In Z-scheme architectures, elec-
trons in the CB of the less reductive sulfide (Y-MS) recombine with
holes in the VB of the less oxidative sulfide (X-MS) which leave
highly energetic electrons and holes in the remaining bands. This
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Fig. 2 Photocatalytic degradation mechanisms of two different metal sulfide compounds as (A) type-I, (B) type-Il, (C) Z-scheme, and (D) S-

scheme heterojunctions.

configuration preserves strong reduction and oxidation potentials
which enable simultaneous generation of superoxide (O, ) and
hydroxyl (‘OH) radicals. Therefore, Z-scheme metal sulfide
heterojunctions exhibit superior dye degradation efficiency under
visible light.

S-Scheme heterojunctions have been proposed for metal
sulfide-metal sulfide systems with intrinsic differences in Fermi
levels, such as n-type X-MS coupled with p-type Y-MS as shown
in Fig. 2(D). Upon contact, band bending and an internal elec-
tric field drive selective recombination of low-energy carriers,
while high-energy electrons and holes are retained for redox
reactions.®** This mechanism combines the advantages of
type-Il charge separation with Z-scheme redox preservation
which makes S-scheme sulfide heterojunctions particularly
effective for visible-light photocatalysis.

In metal sulfide-chitosan composites, the biopolymer matrix
further stabilizes heterojunction interfaces by preventing
particle agglomeration which facilitates intimate interfacial
contact and provides functional groups that act as electron-
transfer bridges. Chitosan also enhances adsorption of dye
molecules near reactive sites which ensure efficient utilization
of the heterojunction-driven ROS pathways. Consequently,
heterojunction engineering among metal sulfides (especially
when integrated with chitosan) represents a rational design
strategy for high-performance, sustainable photocatalysts.

3. Photocatalytic activity
enhancement of metal sulfide—
chitosan based composites by chitosan

The incorporation of chitosan into metal sulfide-based photo-
catalytic systems significantly enhances their performance in
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dye degradation applications, primarily through its multifunc-
tional roles as a stabilizing agent, adsorbent, and facilitator of
charge separation. Unique structural and chemical properties
of chitosan like biodegradability, high surface area, chelating
ability, and protonable amino groups make it an ideal candi-
date for designing hybrid nanocomposites with superior pho-
tocatalytic efficiency.®®®” The photocatalytic activity of MS-CS
composites is enhanced by chitosan as follows.

3.1. Chitosan content effect on photocatalytic activity of
metal sulfide-chitosan based composites

The amount of chitosan incorporated into metal sulfide-chi-
tosan composites plays a decisive role in determining their
photocatalytic efficiency. Chitosan serves not only as structural
support but also as a functional interface that modulates
pollutant adsorption, charge separation, nanoparticle
morphology, and overall photocatalytic dynamics. When
appropriately balanced, chitosan enhances photocatalytic
degradation by improving dye adsorption due to its abundant
amino and hydroxyl groups, which interact with pollutant
molecules through electrostatic forces and hydrogen bonding.
This interaction leads to a localized concentration of dyes near
the metal sulfide surface and facilitates more efficient attack by
photogenerated reactive species such as hydroxyl and super-
oxide radicals.”

Photocatalytic performance is highly dependent on the
content of chitosan used. At low chitosan levels, metal sulfide
nanoparticles may agglomerate due to insufficient stabilization,
resulting in decreased surface area and poor light utilization.
Additionally, the limited availability of functional groups
reduces dye capture and limits the synergistic benefits of chi-
tosan. In contrast, moderate or optimal chitosan content

© 2026 The Author(s). Published by the Royal Society of Chemistry
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provides a porous matrix that enhances dye uptake, improves
the dispersion of metal sulfide nanoparticles, and aids in the
separation of photogenerated electron-hole pairs. The amine
groups in chitosan can trap holes or electrons, temporarily
prevent recombination and extend the lifetime of charge
carriers for redox reactions. This balanced configuration results
in enhanced generation of reactive oxygen species and greater
photocatalytic activity. On the other hand, excessive chitosan
content can become counterproductive. A thick chitosan
coating may insulate the active sites, hindering charge transfer
between the dye molecules and the metal sulfide surface.
Moreover, it can block incident light and limit the penetration
of the necessary photons to excite the semiconductor.®® The
overabundance of chitosan may also reduce the effective surface
area of exposed metal sulfide particles and slow the diffusion of
reactants through the polymer matrix. In some cases, excessive
chitosan leads to mechanical instability or swelling, which
disrupts the nanostructure and negatively affects perfor-
mance.*® Additionally, the amount of chitosan directly influ-
ences the photostability of composite. Metal sulfides
(particularly CdS and ZnS) are susceptible to photo-corrosion,
which leads to structural degradation and toxic ion release.
Adequate chitosan coverage forms a protective shell around the
particles, shielding them from oxidative damage and chelating
any leached metal ions, thereby prolonging catalyst life and
reducing environmental risks. Thus, finding the optimal chi-
tosan content is crucial, not only for maximizing photocatalytic
efficiency but also for ensuring reusability, environmental
safety, and structural integrity of the composite.

Vijayan and his coworker® have synthesized the silver
sulfide-chitosan (Ag,S-CS) composite with different content of
CS (0%, 0.2%, 0.4%, 0.6%, and 0.8%). They reported that the
value of the band gap decreases from 0.92 eV to 0.82 eV when
the content of CS increased from 0% to 0.8% respectively. This
decreasing band gap enhanced the photocatalytic activity of
Ag,S-CS up to a specific level. After this level of content, elec-
tron-hole recombination process dominates which reduces the
photocatalytic activity of composites. Therefore, optimized
conditions should be identified in this type of study.

The photocatalytic performance of metal sulfide-chitosan
composites is highly sensitive to the chitosan content. While
low or excessive amounts can hinder performance due to
aggregation or shielding effects, an optimized chitosan
concentration enhances dye adsorption, improves charge
dynamics, and stabilizes the catalyst. Careful tuning of this
parameter is essential for designing efficient, recyclable, and
sustainable photocatalytic systems for dye degradation and
broader environmental remediation. More research is required
in this field in future direction.

3.2. Improved dye adsorption and pollutant concentration

Chitosan is well known for its ability to adsorb a wide range of
pollutants, including anionic and cationic dyes. Its amino (-
NH,) and hydroxyl (-OH) groups facilitate strong electrostatic
and hydrogen bonding interactions with dye molecules. When
integrated into metal sulfide photocatalysts, chitosan acts as an

© 2026 The Author(s). Published by the Royal Society of Chemistry
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effective dye concentrator, localizing pollutants in close prox-
imity to reactive sites. This pre-concentration not only increases
the likelihood of photocatalytic attack by reactive oxygen
species (ROS) but also enhances the degradation rate signifi-
cantly.” The high surface area and porosity of chitosan enable it
to act as a pollutant trap, particularly under varying pH condi-
tions, where protonated amine (—NHj3;") groups attract anionic
dyes and hydroxyl functionalities interact with cationic
contaminants. This dual functionality makes chitosan excep-
tionally effective in heterogeneous wastewater systems, leading
to enhanced localized concentrations of dyes around the
centers of catalyst. Bhat et al.”* have synthesized zinc sulfide-
chitosan (ZnS-CS) composite and used them for photocatalytic
degradation of acid red-I (AR-I) and crystal violet (CV) dyes. The
percentage degradation values of AR-I and CV were found
90.67% and 93.44% in 120 min respectively and the degradation
rate of these dyes were 0.021 min " for CV and 0.018 min~ " for
AR-I. Greater photocatalytic activity against CV was due to
positive charge in the structure of CV. Therefore, the composite
has high interaction with positive charge as compared to
negative charged species like AR-I. Therefore, ZnS-CS showed
greater photocatalytic performance against CV as compared to
AR-L.

The ability of chitosan to form films, beads, or hydrogels
provides tunable morphologies that optimize pollutant inter-
action, swelling behavior, and diffusion dynamics factors that
collectively boost the overall photocatalytic degradation
kinetics.

3.3. Enhanced charge separation and reduced
recombination

A critical obstruction in metal sulfide-based photocatalysts like
CdS, ZnS, and MoS, is the rapid recombination of photogene-
rated electron-hole pairs, which drastically limits their
quantum efficiency. Chitosan integration addresses this by
promoting enhanced charge separation and suppressing charge
recombination. The nitrogen-containing functional groups
(-NH,) in chitosan act as electron donors, capturing and
temporarily stabilizing photogenerated holes, which delays
recombination.®® This temporary sequestration enhances the
availability of free electrons and holes to participate in redox
reactions, thereby increasing the generation of ROS such as
hydroxyl and radicals responsible for dye
degradation.

The semi-conductive nature of chitosan can facilitate inter-
facial charge transfer, when interacting with the conduction
and valence bands of metal sulfides, enabling a more efficient
flow of photogenerated charges between the polymer matrix
and the semiconductor. The interpenetrating structure formed
by chitosan with dispersed nanoparticles can also create addi-
tional heterojunction interfaces, which act as built-in electric
fields favoring directional charge migration.”” The synergy of
these interactions improves not only the photocatalytic effi-
ciency but also the photostability and lifecycle of the composite
catalyst.” This mechanism has particular significance for
environmental remediation, where maintaining long-term

superoxide
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photocatalyst efficiency under variable light and aqueous
conditions is essential.*®

Sheshmani and his coworker*® have synthesized ZnS-CS
composite. The band gap value of ZnS reduced from 4.25 eV to
2.60 eV on composition with CS. In this way, the CS facilitates
transporting the electron from VB to CB due to decreasing the
band gap value. The degradation of brilliant blue FCF (BBFCF)
and acid orange-II (AO-II) with ZnS was found 98.77% and
81.87% while this value was 100% and 97.99% with ZnS-CS in
the UV irradiation.

3.4. Morphological control and surface area enhancement

The morphology and surface characteristics of photocatalytic
materials play a pivotal role in dictating their efficiency in
degrading dyes. Metal sulfide-chitosan composites benefit
significantly from the ability of chitosan to tailor and control
these morphological features during synthesis. Chitosan serves
as a soft-template and stabilizer, allowing uniform nucleation
and controlled growth of metal sulfide nanoparticles like CdS,
ZnS, and AgS thereby preventing aggregation and producing
nanostructures with high dispersion.” This fine dispersion
increases the number of accessible active sites for photo-
catalytic reactions, enhancing dye interaction and
degradation.”

The inherent porosity and high surface area of chitosan
matrices (whether in hydrogel, bead, or membrane forms)
promote greater diffusion and adsorption of dye molecules
toward the catalyst surface. This not only improves mass
transport but also concentrates pollutants in close proximity to
reactive sites, which is critical for the generation and transfer of
reactive oxygen species. The presence of chitosan also modu-
lates the pore size distribution of composites and surface
roughness, creating hierarchical architectures favorable for
light trapping and dye capture.*

Chitosan enables the design of tailored morphologies like
core-shell structures, nanofibers, and hollow spheres, which
can significantly influence charge carrier mobility, light har-
vesting efficiency, and catalytic lifetime. These morphological
enhancements translate into improved photocatalytic perfor-
mance and recyclability of the composite. Thus, by acting as
a morphological modulator, chitosan not only optimizes the
physical structure but also enhances the catalytic microenvi-
ronment for efficient dye degradation.

3.5. Stabilization of metal sulfides

One of the major limitations of metal sulfide-based photo-
catalysts (especially CdS, ZnS, and CuS) is their tendency to
undergo photo-corrosion under prolonged light irradiation,
particularly in aqueous environments. This degradation occurs
when photoinduced holes (h") oxidize the sulfide anions within
the semiconductor lattice itself which leads to structural
breakdown and leaching of metal ions into the surrounding
medium. Such processes not only diminish the long-term
performance of photocatalyst but also pose toxicological risks,
especially with heavy metal ions like Cd>*.”>7
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Incorporating chitosan into metal sulfide photocatalytic
systems offers a multifaceted strategy to mitigate these chal-
lenges. As a natural biopolymer rich in amino (-NH,) and
hydroxyl (-OH) groups, chitosan interacts strongly with metal
cations via chelation, electrostatic interactions, and hydrogen
bonding. When used as a protective matrix or coating, chitosan
can physically shield metal sulfide nanoparticles from direct
oxidative attack, thereby reducing surface oxidation and stabi-
lizing their chemical structure.”

The chelating ability of chitosan plays a crucial role in
trapping any released metal ions, preventing their dispersion
into the environment. For instance, Cd*" ions released during
photo-corrosion can be sequestered by the chitosan matrix,
minimizing secondary pollution. This ion-capturing mecha-
nism is particularly relevant for environmental remediation
applications, where safety and ecological compatibility are vital.
In addition, chitosan can form core-shell or matrix-dispersed
structures with metal sulfides that enhance structural integ-
rity and slow the degradation process. It also contributes to
charging carrier stabilization by passivating surface defects that
would otherwise accelerate photo-corrosion.*®

These attributes of chitosan not only extend the lifespan of
metal sulfide photocatalysts under operational conditions but
also enhance their environmental safety profile. This makes
chitosan a critical additive for developing stable, recyclable, and
green photocatalytic systems for dye degradation and waste-
water treatment.

3.6. Functionalization and hybrid engineering

The versatility of chitosan as a polymeric matrix enables
extensive functionalization and hybrid engineering, which
significantly enhances the photocatalytic performance of metal
sulfide-chitosan-based composites. This strategy involves
chemical modification of chitosan or the integration of co-
catalysts, nanomaterials, or dopants into the composite to
tune its structural, optical, and electronic properties.

Chitosan possesses reactive amino (-NH,) and hydroxyl (-
OH) groups, which can be chemically modified or grafted with
functional moieties like carboxyl, sulfonic, or phosphonic acids.
These modifications improve solubility, adsorption capacity,
and interaction with dye molecules or metal sulfide nano-
particles. For example, carboxymethyl chitosan can enhance
water dispersibility and metal ion coordination, leading to more
stable and active photocatalytic composites.

Hybrid engineering further allows the incorporation of co-
functional materials, such as:

(1) Graphene oxide (GO) or reduced graphene oxide (rGO),
which enhances electron mobility and prevents charge
recombination.*

(2) Noble metal nanoparticles (e.g., Ag, Au, Pt), which act as
electron sinks and plasmonic enhancers to improve light
absorption.”®

(3) Magnetic nanoparticles (e.g., Fe;0,), which impart
magnetic recoverability to the photocatalyst, enabling efficient
recycling.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(4) Carbon dots or quantum dots, which expand light
absorption into the visible range and facilitate multi-electron
transfer processes.

Chitosan can serve as a structural scaffold to form core-
shell, layered, or heterojunction architectures with metal
sulfides. Such hybrid configurations improve interfacial
contact, charge carrier dynamics, and light harvesting by
creating synergistic interactions between components. For
example, Sheshmani and his coworker** have synthesized CdS-
rGO and CdS-CS-rGO composites and used them for degrada-
tion of acid orange-VII (AO-VII). The degradation efficiency of
AO-VII with CdS-rGO was found lower than CdS-CS-rGO due to
less electron mobility and high charge recombination in CdS-
rGO. The degradation efficiency of CdS-rGO was found 14.92%
while that of CdS-CS-rGO was 89.26%. For instance, CdS—chi-
tosan-GO ternary composites show higher photocatalytic
activity than binary systems due to improved charge separation
and broader light absorption. Similarly, ZnS-chitosan-Ag
hybrids exhibit enhanced photocatalytic dye degradation under
visible light through surface plasmon resonance effects of
silver.

Functionalization and hybrid engineering of chitosan in
metal sulfide-based systems unlock new dimensions in
composite design. These tailored nanostructures offer
improved photocatalytic efficiency, structural integrity, and
adaptability to various environmental conditions, making them
powerful candidates for sustainable pollutant degradation
technologies.

3.7. Green chemistry and recyclability

The integration of chitosan into metal sulfide-based photo-
catalytic systems strongly aligns with the principles of green
chemistry and enhances the recyclability of the resulting
composites. Chitosan is inherently renewable, biodegradable,
non-toxic, and readily available which makes it an ideal candi-
date for sustainable material design in environmental remedi-
ation. One of the most critical aspects of green photocatalysis is
reducing the ecological footprint of both the materials used and
the processes employed. Traditional synthetic polymers or
chemical binders often involve toxic reagents and are non-
degradable. In contrast, chitosan-based composites can be
fabricated using mild, aqueous-phase processes, often at
ambient temperatures, with minimal use of hazardous solvents
or additives. This green synthesis route significantly reduces
energy consumption and chemical waste generation.

Chitosan also enables the creation of recyclable and reusable
photocatalysts. Its film-forming and gelation properties allow
the metal sulfide nanoparticles to be embedded into stable
matrices, which prevents leaching and loss of the active pho-
tocatalyst during treatment cycles.*® For example, Bhat et al.”*
have synthesized ZnS-CS. They used this system for degrada-
tion of CV and AR-I dyes and reported that ZnS-CS have
maintained its photocatalytic activity during recycling as shown
in Fig. 3. The stability of ZnS-CS in recycling is due to the
presence of CS. If such metal sulfide systems are further
combined with magnetic nanoparticles (e.g., Fe;0,), chitosan-

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

View Article Online

RSC Advances

I cv
100 {93-44% 90.54% [ AR

_ 90.67% " o, 87.64%
S 87.17% 84.37%
. 804
2]
=
2
£ 60
>
2
2 40
=
B
S 204
=
-
[-™

0

1 2 3

No. of cycles
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Adapted from ref. 71 with permission from American Chemical
Society,” copyright 2024.

metal sulfide composites can be magnetically separated from
treated water, enabling easy recovery and reuse without the
need for filtration or centrifugation.

These materials maintain high photocatalytic efficiency over
multiple cycles. The structural integrity of chitosan prevents
aggregation of the nanoparticles and protects the photocatalyst
against degradation (e.g., photo-corrosion) and hence prolongs
its operational lifespan. Additionally, post-use disposal of these
composites poses minimal risk to the environment due to the
biodegradable nature of chitosan and the stabilization of
potentially toxic metal ions within the polymeric network. Thus,
the use of chitosan not only enhances the photocatalytic
degradation of dyes but also facilitates the development of eco-
friendly, reusable, and cost-effective treatment platforms,
essential for practical deployment in wastewater purification
and sustainable environmental technologies.

The recycling of composite has been done by ultra-fast
centrifugation machine. During this recycling, leaching of
metal sulfide can occur which reduces the photocatalytic
performance of chitosan-metal sulfide composite. This leach
produces toxicity in the environment. To resolve this, magnetic
based composites should be synthesized. Such systems can
easily reduce the leaching effect of metal sulfide during recy-
cling under magnetic field.

Excessive content of chitosan in chitosan-metal sulfide
composite has some challenges. If the content of chitosan is
much greater than metal sulfide, the chitosan itself absorbs UV
light and decreases the performance of metal sulfides for pho-
tocatalytic degradation. Another disadvantage of excessive chi-
tosan in composite is the system shows adsorption behavior
more dominantly than photocatalytic performance. Therefore,
it is crucial to maintain the ratio of composite during synthesis.
More study is required in this field in near future.

A summary of the influence of chitosan on the photocatalytic
activity of metal sulfide-chitosan based composites is described
in Table 1.
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Table 1 Photocatalytic performance enhancement of metal chitosan on photocatalytic activity of metal sulfide—chitosan based composites

Enhancement factor Role of chitosan Effect on photocatalysis References
Improved dye adsorption Amino and hydroxyl groups provide Localized dye concentration near 79
binding sites for dyes reactive sites increases degradation
rate
Charge separation and Electron-donating -NH, and -OH Enhanced lifetime of charge carriers 80
recombination suppression groups stabilize photogenerated increases ROS formation
holes
Nanoparticle morphology and Acts as a soft template, prevents Increased surface area and better 81
dispersion aggregation exposure to light
Photo-corrosion suppression ZnS-CMCS forms a protective shell Improves photostability and 82
around AgInS, longevity; reduces metal ion
leaching
Band gap tuning and light Slight band alignment/modulation Enhanced absorption in visible 83
absorption when interacting with metal region, better solar utilization
sulfides
Functionalization and hybrid Functional groups enable Multifunctionality: magnetism, 84
structure engineering integration with GO light absorption, recyclability
Recyclability and green chemistry Biodegradable, non-toxic matrix Eco-friendly and sustainable 85
supports repeated use alternative to synthetic stabilizers
Different environmental conditions Responsive behavior alters Enables tunable activity, intelligent 86

(pH, temp, light, magnetic)

adsorption, swelling, and catalyst
performance under different

pollutant targeting, and efficiency
modulation

environmental cues

4. Metal sulfide based enhancing
factors of photocatalytic activity of
metal sulfide—chitosan composites

The photocatalytic activity of metal sulfide-chitosan composites
also depends on the behavior of metal sulfides. In this case, the
factors which enhance the photocatalytic efficiency of
composite material are discussed below.

4.1. Nature of metal sulfide

The photocatalytic performance of metal sulfide-chitosan
based composites is fundamentally influenced by the nature
and intrinsic characteristics of the metal sulfide component as
given in Table 2. Metal sulfides are classified as narrow to
moderate band gap semiconductors, making them excellent
candidates for visible-light-driven photocatalysis which is a key
advantage over traditional metal oxides. Among the widely
investigated sulfides, cadmium sulfide (CdS) stands out due to
its suitable band gap (2.4 eV) and favorable conduction band
position for efficient electron transfer during photocatalysis.
However, CdS suffers from photocorrosion under illumination,
especially in aqueous environments, which limits its long-term
stability. When integrated with chitosan, this issue is mitigated
due to the formation of protective polymeric layers and
enhanced charge transfer pathways.” Similarly, zinc sulfide
(ZznS), although possessing a wider band gap (3.6 eV), exhibits
high quantum efficiency under UV light. When composited with
chitosan, the resulting hybrid system demonstrates improved
surface area, enhanced dispersion, and better light harvesting
through structural modulation and doping strategies, which
allow partial activation under visible light.** Copper sulfide
(CuS) and molybdenum disulfide (MoS,) are increasingly

5360 | RSC Adv, 2026, 16, 5353-5373

favored for visible-light photocatalysis due to their strong light
absorption in the visible range and layered structures that
support high surface reactivity. CuS offers localized surface
plasmon resonance (LSPR) effects, while MoS, provides excel-
lent catalytic edge sites. Chitosan incorporation assists in
stabilizing these nanosheets, preventing restacking and
enhancing their interaction with target dye molecules.?”*

The selection of the metal sulfide is critical not only for
defining the optical and electronic properties of the composite
but also for determining its stability, light utilization, and
reactivity. The integration of chitosan allows tailoring of these
properties which offer a flexible and green approach to devel-
oping next-generation photocatalysts with enhanced perfor-
mance for environmental remediation.

4.2. Compositions of metal sulfides

The composition of metal sulfides (whether monometallic,
bimetallic, or doped) plays a critical role in tailoring their
electronic structure, optical properties, and redox behavior,
ultimately influencing photocatalytic performance. Pure metal
sulfides like CdS, ZnS, and CusS exhibit distinct band structures,
but often suffer from drawbacks such as photocorrosion (CdS),
limited visible light response (ZnS), or insufficient stability
(CuS). These limitations have prompted the development of
bimetallic sulfides (e.g., ZnFeS, CuZnS, NiCoS) and multi-metal
chalcogenides, which combine the advantages of individual
components and introduce synergistic effects that enhance
light harvesting, charge carrier mobility, and active site
distribution.

For instance, Pure CdS and C;N, doped CdS nanoparticles
supported on chitosan demonstrated enhanced charge separa-
tion due to the internal electric field generated by the metal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of comparison of metal sulfide-based composites on the basis of photocatalytic degradation of dyes

Composites Enhancement factor Dye degraded Time (min) and light Degradation efficiency (%) References

CdS-CS-rGO Suppressed photocorrosion, improved OR-7 60, visible light 89 45
charge separation via chitosan

ZnS, ZnS-CS, Band gap tuning via doping and chitosan RhB 120, UV light 99 89

CdS-ZnS-CS stabilization

CuS-CS-P(VA)  Efficient charge transfer and surface MG 60, UV light 96 87
adsorption

MoS,-CS-Fe;0, Exfoliation and heterojunction MO 80, simulated solar light 89 39
formation

heterojunction interface, leading to improved dye degradation
under visible light.** Similarly, CuZnS-chitosan composites
benefited from Cu-induced band gap narrowing and Zn-
induced stability, achieving superior photocatalytic perfor-
mance compared to single-metal sulfide analogs. In addition to
bimetallic combinations, doped metal sulfides (e.g., Mn-doped
CdS or Ag-doped ZnS) have shown great promise. Doping
introduces new energy levels within the band structure that
facilitate visible light absorption and improved carrier
dynamics. Chitosan serves not only as a structural matrix but
also plays an active role in modulating dopant distribution
through its chelating and coordinating functional groups (e.g., -
NH, and -OH). This uniform incorporation avoids dopant
clustering, which can lead to electron-hole recombination.
Moreover, chitosan-stabilized ternary sulfides like NiFe,S, and
CoNi,S, exhibit superior conductivity, increased electroactive
surface area, and redox flexibility, all of which contribute to
rapid photocatalytic reaction kinetics.*® These complex sulfide
systems are typically synthesized via hydrothermal or sol-
vothermal routes in the presence of chitosan, which acts as
a templating and structure-directing agent.

The composition of metal sulfides from mono to bimetallic
and doped systems can drastically influence the photocatalytic
behavior of chitosan-based composites. The synergistic effects
arising from multi-metal interactions, when stabilized and
dispersed by chitosan, lead to enhanced visible light absorp-
tion, reduced charge recombination, and improved photo-
catalytic stability.

4.3. Surface area

Surface area directly influences the number of active sites
available for photocatalytic reactions. A higher surface area
leads to enhanced adsorption of dye molecules and improved
interaction between the photocatalyst and pollutants. Metal
sulfide-chitosan composites typically benefit from the porous,
interconnected network provided by chitosan, which increases
the overall surface area of the material. This porous matrix not
only facilitates the dispersion of metal sulfide nanoparticles but
also allows for rapid diffusion of reactants and light penetra-
tion.*® For example, CdS embedded in a chitosan scaffold
exhibited a marked increase in BET surface area and photo-
catalytic degradation efficiency compared to bare CdS.** Addi-
tionally, mesoporous structures achieved through chitosan

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

templating can provide hierarchical porosity, further aiding in
pollutant access and degradation kinetics. The addition of
another porous material along with chitosan in metal sulfide
further enhances the photocatalytic degradation of dyes. The
porous material increases the surface area which facilitates the
approach of dye molecules on the surface of metal sulfide.
Therefore, the degradation efficiency of dyes rapidly increases
on the addition of porous material.

4.4. Band gap engineering

Band gap engineering is a crucial strategy to enhance the pho-
tocatalytic performance of metal sulfide-chitosan composites
by tailoring the electronic structure to improve light harvesting.
Narrowing the band gap enables utilization of a broader portion
of the solar spectrum, particularly the visible region. In this
context, combining metal sulfides with chitosan aids in band
gap modulation through various approaches such as hetero-
atom doping, metal ion incorporation, and hybrid interface
design. Chitosan (containing functional groups like -OH and -
NH,) can chemically interact with metal ions during synthesis
to induce defect states or shift the conduction and valence band
edges. For example, AC-CuS-chitosan composites have shown
reduction in band gap value as compared to pure CusS, attrib-
uted to electron delocalization and interfacial interactions
between CuS and chitosan.®® ZnS-chitosan systems have
demonstrated improved photocatalytic efficiency through
engineered band gap narrowing facilitated by nitrogen atoms in
chitosan. These modifications reduce the energy threshold for
electron excitation, thus enabling more efficient generation of
electron-hole pairs under visible light.”* Consequently, band
gap engineering via chitosan incorporation represents a prom-
ising avenue for designing light-responsive, efficient photo-
catalytic materials for wastewater remediation.®* This band gap
can also be further reduced by using porous material in addi-
tion to metal sulfide-chitosan composites. These porous
materials can facilitate the delocalization of electrons as well as
enhance the stability of metal sulfides and hence reduce the
band gap. In this way, they enhance the photocatalytic perfor-
mance of composites. For example, Chola et al.** have synthe-
sized silica-chitosan-molybdenum (SC-CS-MoS,) and applied
it for degradation of MB and malachite green (MG). The pres-
ence of SC reduces the band gap value and hence increased the
dye removal percentage from water. Janani et al® have

RSC Adv, 2026, 16, 5353-5373 | 5361
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Table 3 Effect of composite formation of chitosan with two semi-
conductors heterojunction®?

Energy band Apparent rate
Photocatalyst gap (eV) constant (min*)
CuO 1.7 0.002
ZnS 3.65 0.001
CuO-ZnO-PVA-CS 2.0 0.007

synthesized a heterojunction of CuO loaded ZnS entrapped
poly(vinyl alcohol-chitosan) matrix CuO-ZnS-PVA-CS. They
used these semiconductors for photocatalytic degradation of
TC. The bandgap value of ZnS (3.65 eV) is higher than CuO (1.7
eV). Therefore, electrons are easily jumping from VB to CB in
CuO as compared to ZnS. So, the photocatalytic performance of
CuO was found to be greater than ZnS, while the photocatalytic
activity of Cu-ZnS-PVA-CS was found more greater than CuO
even higher bandgap value (2.0 eV). In this case, the polymers
(both PVA and CS) facilitate approaching the pollutant rapidly
to the semiconductor surface and degraded more rapidly as
given in Table 3. Additionally, this junction formation reduces
the electron-hole recombination as compared to CuO and
hence shows better photocatalytic activity.

4.5. Non-metal doping

Non-metal doping introduces new electronic states within the
band structure of metal sulfides, improving their visible-light
photocatalytic efficiency. Elements such as nitrogen (N),
sulfur (S), phosphorus (P), and boron (B) are particularly effec-
tive in modifying the electronic configuration of metal sulfides
to narrow the band gap and enhance light absorption.®> Chi-
tosan (rich in nitrogen-containing functional groups (e.g., -
NH,)) acts as a natural nitrogen source during the synthesis
process. This facilitates in situ doping of nitrogen into the metal
sulfide lattice, creating localized energy states within the band
gap that enables lower-energy photon absorption as shown in
Fig. 4. For example, N-doped C-MnFe,0,-CuS-CS-O; compos-
ites have demonstrated superior degradation of methylene blue
(MB) under visible light due to the enhanced electron-hole
generation and mobility. It degraded 98.14% of MB in just
12 min while degraded more than 90% of MO, RhB, and TC in
same duration.”® Additionally, the incorporation of non-metals
improves surface reactivity and adsorption capabilities by
modifying surface polarity and hydrophilicity, both critical for
efficient dye adsorption. Through this self-doping pathway,
chitosan provides a sustainable and effective route for non-
metal doping without the need for external dopant sources,
aligning with green synthesis principles while achieving
enhanced photocatalytic activity.**

4.6. Metal doping

Metal doping is an effective method for modifying the photo-
catalytic behavior of metal sulfides by introducing foreign metal
ions into the crystal lattice. This process alters the electronic
band structure, facilitates charge carrier mobility, and creates
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defect sites that serve as active centers for photocatalysis as
shown in Fig. 5. Transition metals like Ni, Mn, Co, and Fe have
been successfully used to dope metal sulfides like CdS and ZnS,
resulting in increased light absorption and reduced recombi-
nation rates of photogenerated electron-hole pairs. The pres-
ence of these dopant ions introduces intermediate energy levels
within the band gap, which acts as trap sites to promote charge
separation. Chitosan plays a vital role in stabilizing the dopant
ions during the synthesis, ensuring homogeneous distribution
and preventing agglomeration.*® For example, Cu- and Fe-doped
MoS,-chitosan composites have shown superior photocatalytic
degradation of rhodamine B (RhB) due to the synergistic effect
of metal doping and chitosan-induced dispersion.®® Addition-
ally, the presence of chitosan enhances the coordination envi-
ronment of the dopant ions through its functional groups,
thereby improving their incorporation efficiency and catalytic
activity. Overall, metal doping in the presence of chitosan leads
to robust composite systems with improved photocatalytic
properties under visible light irradiation.

4.7. Heterojunction engineering

Heterojunction engineering is a powerful strategy for
enhancing the photocatalytic performance of metal sulfide-
chitosan composites by constructing interfaces between two or
more semiconductors with different band structures.” These
heterojunctions promote efficient charge separation by creating
internal electric fields that drive photogenerated electrons and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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holes in opposite directions, reducing their recombination
probability as shown in Fig. 6. In metal sulfide-chitosan
composites, heterojunctions can be formed between metal
sulfides (e.g., CdS, ZnS, CuS) and other metal oxides (e.g., TiO,,
ZnO)™ or even between different sulfides (e.g,, CdS-MoS,).*®
Chitosan serves as a structural and chemical bridge that
enhances the interfacial contact between the components,
facilitating the formation of intimate junctions.®> Moreover,
chitosan can stabilize these structures and prevent nanoparticle
aggregation. For instance, a Co0S,-CeO, heterojunction
anchored on a chitosan scaffold exhibited significantly higher
photocatalytic degradation efficiency due to synergistic charge
transfer dynamics and improved pollutant adsorption.”® Z-
Scheme and type-II heterojunction architectures are particu-
larly beneficial in preserving high redox potential while
ensuring spatial charge separation. Through precise hetero-
junction engineering enabled by chitosan, the response of
photocatalyst to visible light and redox efficiency can be
simultaneously optimized. Kiani et al’® have synthesized
Ag;PO,, CdS, Ag;PO,-CdS, Ag;P0,~CdS-CS, and Pt-Ag;PO,-
Cds-CS and used them for photocatalytic degradation of MB
under aqueous medium in visible light irradiation. The degra-
dation efficiency of Ag;PO,-CdS was greater than pure Ag;PO,
and CdS due to decreasing band gap value. The photocatalytic
degradation further enhanced by using chitosan along with
Ag;PO,~CdS to form Ag;PO,-CdS-CS. The CS increases the
surface area and approach of MB to the surface of Ag;PO,—CdS.
The degradation efficiency of Ag;PO,-CdS was 53% while that of
Ag;P0O,—~CdS-CS was 81%. This degradation is further increased
on doping of metal in Ag;PO,-CdS-CS.

4.8. Plasmonic enhancement

Plasmonic enhancement leverages the localized surface plas-
mon resonance (LSPR) effect of noble metal nanoparticles like
silver (Ag) and gold (Au) to boost the photocatalytic activity of
metal sulfide-chitosan composites. When excited by visible
light, these plasmonic nanoparticles generate strong electro-
magnetic fields near their surface, promoting efficient light
harvesting and hot electron injection into the conduction band
of the adjacent semiconductor. This process significantly

Electron transfer

CO,+H,0

MO

Fig. 6 Junction formation during using AgzPO,4 and CdS along with
CS to degrade dye.”® Adapted from ref. 78 with permission from
MDPI,”® copyright 2020.
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enhances charge separation and expands light absorption into
the visible or even near-infrared region. Chitosan serves as
a biopolymeric stabilizer that anchors plasmonic nanoparticles
onto the metal sulfide surface, preventing aggregation and
facilitating strong interfacial contact. For instance, Ag-
decorated ZnS-chitosan composites demonstrated higher pho-
tocatalytic degradation of organic dyes under visible light due to
enhanced light absorption and interfacial charge transfer.”
Moreover, the functional groups of chitosan can interact with
both the metal sulfide and plasmonic particles, forming
a conductive bridge that aids in electron transfer. Thus, the
integration of plasmonic nanoparticles within -chitosan-
stabilized sulfide composites offers a synergistic route to
develop highly efficient photocatalysts for environmental
remediation.”

4.9. Nature and intensity of light

Light intensity and nature of light play a crucial role in dictating
the rate and extent of photocatalytic reactions in metal sulfide-
chitosan based systems.”” The generation of electron-hole pairs
in semiconductors like CdS or ZnS is directly dependent on the
photon flux received by the material. Higher light intensity
generally leads to an increase in the number of photogenerated
charge carriers, thereby enhancing the photocatalytic activity.
However, beyond a certain threshold, the rate of electron-hole
recombination may also rise, potentially limiting the photo-
catalytic efficiency. Chitosan-modified composites can help
mitigate such losses by improving charge carrier separation and
facilitating rapid electron transfer.”® For instance, under
intensified visible-light irradiation, metal sulfide-chitosan
composites showed improved degradation kinetics of dyes
compared to pure metal sulfide, attributed to chitosan-
mediated suppression of recombination. Moreover, the film-
forming nature of chitosan can create thin layers that ensure
uniform light absorption and reduce photonic scattering losses.
Thus, optimizing light intensity and tuning chitosan content
are vital strategies for maximizing photocatalytic performance
under different illumination conditions.

Sheshmani and his coworker*® has synthesized ZnS-CS and
used it for photocatalytic degradation of acid orange-II (AO-II)
and brilliant blue FCF (BBFCF). They studied the degradation
efficiency of both ZnS and ZnS-CS in dark, UV irradiation and
visible irradiation. They obtained that the photocatalytic
degradation efficiency of ZnS-CS was greater than ZnS and the
degradation efficiency in visible irradiation was greater than UV
irradiation condition. ZnS degraded to 98.77% and 81.87% of
BBFCF and AO-II dyes in UV irradiation while this degradation
efficiency was 95.23% and 70.64% in visible irradiation
respectively. Similarly, the degradation efficiency of BBFCF and
AO-II with ZnS-CS was found 100% and 97.99% respectively in
UV irradiation while 100% and 80.00% in visible irradiation.

4.10. Scavengers

Scavengers are chemical agents that are deliberately added to
photocatalytic systems to selectively quench specific reactive
species, allowing researchers to identify the dominant reactive
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Fig. 7 Effect of scavengers on photocatalytic activity of ZnS—CS
against acid red-| (AR-1) and crystal violet (CV).”* Adapted from ref. 71
with permission from American Chemical Society,” copyright 2024.

oxygen species (ROS) responsible for photocatalytic degrada-
tion. In the context of metal sulfide—chitosan based composites,
scavengers help elucidate the mechanisms behind dye degra-
dation by targeting photogenerated electrons, holes, hydroxyl
radicals ("OH), or superoxide radicals (O, ). For instance, iso-
propanol (IPN) is commonly used as a hydroxyl radical scav-
enger, while benzoquinone (BQ) targets superoxide radicals.*
The addition of scavengers during photocatalysis experiments
often results in decreased degradation efficiency, indicating the
key role of the targeted ROS. Chitosan may also influence ROS
generation and distribution due to its surface functional groups
and electron-donating nature. Furthermore, scavengers aid in
optimizing catalyst design by highlighting limitations in charge
carrier utilization or ROS production. For example, a SnS—-chi-
tosan composite tested with various scavengers revealed that
both ‘OH and O, were central to the degradation of CV, with
the suppression of activity in the presence of IPN and BQ con-
firming their involvement.** Bhat et al.”* have also studied the
photocatalytic activity of ZnS-CS against CV and AR-1. They used
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IPN and ascorbic acid (AA) as scavengers. The photocatalytic
activity of ZnS-CS was found greater in the absence of these
scavengers as shown in Fig. 7. Hence, the systematic use of
scavengers provides valuable insight into photocatalytic path-
ways and enhances the rational design of efficient metal
sulfide-chitosan photocatalysts.

Photocatalytic activity of metal sulfide-chitosan composites
is governed by a complex interplay of material composition,
structural features, and reaction parameters. Understanding
and optimizing these variables enables the development of
highly efficient, stable, and eco-friendly catalysts for dye
degradation in wastewater treatment.

Different parameters which are controlled with metal sulfide
in metal sulfide-chitosan composites are summary in Table 4.

5. Environmental impact on
photocatalytic performance of metal
sulfide—chitosan based composites

The integration of chitosan into metal sulfide-based composites
improves their photocatalytic efficiency under different degra-
dation environment.*™

51. pH

The pH of medium directly impact on the photocatalytic
performance of metal sulfide-chitosan based composites
particularly in dye degradation applications. This performance
is due to the chemical nature of chitosan, which contains
abundant amino (-NH,) and hydroxyl (-OH) groups in their
structure that can undergo protonation and deprotonation in
response to the surrounding pH. This pH sensitivity translates
into changes in surface charge, dye affinity, and ultimately,
photocatalytic performance.

Table 4 Summary of photocatalytic activity enhancement of metal sulfide—chitosan composites

Time  Degradation
Factors Enhancement Effect Dye (min) efficiency (%) References
Composition of Tailors synergistic ZnFeS shows superior MB, MO 90 91-96 89
metal sulfide effects and redox behavior dye degradation than pure ZnS
Surface area Increases number of MXene-ZnS-chitosan—cellulose MB, EBT, — 100 86
reactive sites matrices enhance adsorption and  and AB-80
kinetics
Band gap Expands light absorption CS-GO-MoS, shows red-shifted MO — 99 100
engineering to visible region absorption edge
Non-metal doping  Introduces intermediate N-Doping via chitosan MB,and MO, 12 98 and >90 93
energy levels enhances visible light absorption =~ RhB, CT
Heterojunction Promotes directional Cu,MoS, decorated WO, CV 80 100 42
engineering charge transfer embedded in chitosan
shows synergistic photocatalysis
Plasmonic Boosts visible-light absorption =~ Ag-CdS-chitosan MB 20 96 25
enhancement and hot electron transfer composite exhibits
LSPR-assisted activity
Scavengers Clarify active species IPN and BQ reveal CVand AR-I 120 93 and 90 71

and optimize performance
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‘OH and O," ™ are
key ROS in ZnS-CS

respectively
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Fig.8 pH of medium controlled the photocatalytic efficiency of CdS—
CS-rGO composite against AO-VII dye.*> Adapted from ref. 45 with
permission from Springer Nature,** copyright 2024.

Under acidic conditions, the amino groups on chitosan
become protonated to form -NH;" groups which impart a posi-
tive charge to the composite surface. This electrostatic envi-
ronment enhances the adsorption of negatively charged
(anionic) dyes like methyl orange (MO), Congo red (CR), or acid
blue (AB), concentrating them near the active sites of the metal
sulfide photocatalyst. As a result, the pre-concentration of
pollutants at the interface boosts the efficiency of photogene-
rated ROS in breaking down dye molecules. Conversely, in
alkaline media, deprotonation of the amino groups leads to
a reduction in positive surface charge which decreases electro-
static attraction for anionic dyes but potentially increases
interaction with cationic pollutants. Furthermore, changes in
surface charge at different pH values also influence the zeta
potential, stability, and dispersion of the nanocomposite in
solution, affecting light penetration and catalyst-pollutant
contact efficiency.” Additionally, the pH of the medium also
affects the formation of ‘O, through photocatalytic reactions
as given in equations from 2 to 5. In this way, the photocatalytic
performance is higher in acidic condition than neutral
conditions.”

Sheshmani and his coworker*® studied the effect of pH on
photocatalytic degradation of CdS-rGO and CdS-CS-rGO
composites against acid orange-VII (AO-VII) dye. The pH effect
on the photocatalytic efficiency of CdS-rGO is smaller than
CdS-CS-rGO. The degradation efficiency of CdS-rGO decreased
from 13.08% to 8.63% on increasing the pH from 4 to 9
respectively as shown in Fig. 8. This decline in photocatalytic
activity is due to production of similar charge on both CdS-rGO
and AO-VII on increasing the pH of medium. Therefore, repul-
sion takes place which reduced the adsorption of dyes on the
surface of composite. This decreasing efficiency was greater in
the case of CdS-CS-rGO composite. In this composite, positive
charge is present in the network of CdS-CS-rGO due to
protonation of amino groups of CS at low pH. At low pH, the
amino (-NH,) groups of composites are shifted into protonated
(-NH;") form. These positive parts of composites strongly
interact with negative structured AO-VII dye which results in
high degradation. Therefore, maximum interactions are present

© 2026 The Author(s). Published by the Royal Society of Chemistry
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between them. So, maximum degradation occurred at low pH
(70.23% at pH 4). These protonated (-NH;") forms are shifted
into deprotonated (-NH,) forms. Therefore, the electrostatic
attraction reduces which decreases the photocatalytic degra-
dation efficiency of composite. Therefore, degradation effi-
ciency decreased at high pH (20.99% at pH 9).

If a copolymer is used during synthesis of composite which
contain carboxylic group in their structure. In this case, the
composites have both acidic (-COOH) and basic (-NH,) groups
in their structure. In this case, the composites are in a swelling
state at both strong acidic (pH = 4) and basic (pH > 7) condi-
tions while deswelling at moderate pH value (4-6) as shown in
Fig. 9. In both conditions (pH = 4 and pH > 7), the structure has
positive or negative charges in their network and repulsion
takes place between the network of composite due to same
charges. Therefore, the composite is present in a swelling state
while at moderate pH (4-6), the structure of composite does not
have any charge. Therefore, no repulsion occurs and composite
present in deswelling state. During deswelling state, the metal
sulfide can come out from the network of chitosan and showed
greater photocatalytic degradation of dyes. For example, Li
et al.** have synthesized cellulose—citric acid-chitosan@nickel
sulfide (CL-CA-CS@NiS) and cellulose-citric acid—chito-
san@copper sulfide (CL-CA-CS@CuS) nanocomposites and
used them for degradation of MO. The degradation efficiency
was obtained greater at moderate pH. 98.8% of MO was
degraded at pH 6 while only 27.6% at pH 2 with CL-CA-CS@NiS
at 35 °C in 120 min. Similarly, 93.4% of MO degradation was
obtained by CL-CA-CS@CusS under similar conditions.

This dynamic pH-tunability of metal sulfide-chitosan
composites offers significant advantages for selective pollutant
targeting, wastewater with fluctuating pH conditions, and
multi-component dye systems. Tailoring the structure of
composite and functional group availability through controlled
synthesis enables researchers to optimize performance for
specific environmental applications. Therefore, pH respon-
siveness is not just a passive property but an actively tunable
parameter for enhancing photocatalytic degradation mecha-
nisms in real-world scenarios.

5.2. Temperature

The temperature of medium plays a crucial role in tuning their
photocatalytic performance of metal sulfide-chitosan based
composites, particularly under variable environmental or
operational conditions. This thermo-responsiveness is largely
governed by the physical and chemical adaptability of chitosan,
which exhibits structural changes in response to temperature
variations. Such temperature-induced transitions can signifi-
cantly influence the diffusion of dye molecules, adsorption
dynamics, charge carrier mobility, and catalytic stability.*®
Polymeric matrix of chitosan undergoes conformational
rearrangements at elevated temperatures, altering its porosity,
hydrophilicity, and swelling characteristics. As temperature
increases, the hydrogen bonding interactions between chitosan
chains and water molecules are disrupted, leading to deswelling
of the polymer network.'” This thermally induced compaction
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Fig. 9 pH effect on swelling behavior of carboxylic groups containing comonomer present in metal sulfide—chitosan composites.

may decrease the diffusion path length for dye molecules and
ROS which improve their interaction with the photocatalytically
active sites on the metal sulfide particles. Furthermore,
increased temperature often enhances the kinetic energy of dye
molecules, which can promote faster adsorption onto the
composite surface, especially in thermodynamically favorable
systems. Simultaneously, the elevated temperature may reduce
charge recombination rates by promoting faster charge sepa-
ration and transfer across the chitosan-metal sulfide interface.
This is particularly relevant for sulfide semiconductors like ZnS,
CdS, and MoS,, which often face limitations due to rapid elec-
tron-hole recombination under ambient conditions. Moreover,
chitosan can act as a thermo-tolerant stabilizer and protects the
metal sulfide nanoparticles from agglomeration or photo-
corrosion at higher temperatures. This increases the thermal
durability and reusability of the composite, making it suitable
for long-term applications in wastewater treatment systems
operating under fluctuating thermal environments.***

Modification of chitosan with temperature-sensitive moie-
ties (e.g, grafting with poly(N-isopropylacrylamide) P(NIPAM) or
similar thermos-responsive polymers), researchers can design
smart nanocomposites that exhibit controlled adsorption,
release, or catalytic activity above or below a specific transition
temperature (lower critical solution temperature (LCST)). Such
systems allow for the development of “on-demand” photo-
catalysts, which can be activated or deactivated by simple
thermal triggers.

The temperature-responsive nature of metal sulfide—chito-
san composites introduces a valuable dimension of control and
adaptability in photocatalytic systems. It enables the fine-
tuning of dye degradation rates, improves operational robust-
ness, and paves the way for smart, stimuli-responsive materials
in sustainable water purification technologies.

5.3. Light

The impact of light is central to their application in photo-
catalytic dye degradation by the metal sulfide-chitosan based
composites, as the activation and efficiency of these materials
are fundamentally dependent on light absorption and utiliza-
tion. Metal sulfides like CdS, ZnS, MoS,, and CusS are known for
their favorable band gaps in the visible region, which allow
them to harness solar energy efficiently. When integrated with
chitosan, their photo-reactivity is further modulated and often
enhanced through improved light harvesting, charge transfer,
and material stability."**

5366 | RSC Adv, 2026, 16, 5353-5373

Chitosan plays multiple roles in enhancing the light
responsiveness of these composites. First, it acts as a trans-
parent and biocompatible matrix that does not hinder the
penetration of light but instead facilitates the uniform disper-
sion of light-sensitive metal sulfide nanoparticles. This struc-
tural uniformity increases the surface-to-volume ratio which
leads to more effective light absorption.®® Additionally, chitosan
can assist in band gap tuning when doped or functionalized,
subtly modifying the electronic environment around the metal
sulfide particles to improve visible light utilization. Moreover,
chitosan can act as a photosensitizer or energy mediator,
especially when conjugated with other light-active species such
as dyes or carbon nanomaterials. This enables better charge
excitation and transfer under visible or UV light. The synergistic
interaction between chitosan and the metal sulfide components
also promotes faster charge carrier mobility, reduces recombi-
nation rates, and enhances the generation of reactive oxygen
species (ROS) like ‘OH and O, ", which are critical for dye
degradation.'®

In smart photocatalytic systems, light can also be designed
to be wavelength-selective or intensity-dependent which allow
the composite to operate efficiently under natural sunlight or
artificial light sources. This feature is especially valuable for
designing on-demand or remote-activated photocatalytic
devices in wastewater treatment, where precise control over the
catalytic process is desirable.

The light-responsive nature of metal sulfide-chitosan based
composites is a product of both the semiconducting properties
of metal sulfides and the structural, electronic, and chemical
contributions of chitosan. This responsiveness can be fine-
tuned through morphological design, chemical modification,
and hybrid engineering, enabling robust, sustainable, and
efficient photocatalytic systems for environmental remediation.

5.4. Magnetic environment

The integration of magnetic components into metal sulfide-
chitosan based composites introduces magnetic responsive-
ness, a highly valuable property for facilitating catalyst recovery,
recyclability, and process control in photocatalytic applications.
This behavior is typically imparted by incorporating magnetic
nanoparticles like Fe;O, (magnetite) or y-Fe,O; (maghemite)
within the chitosan matrix along with metal sulfide photo-
catalysts such as CdS, ZnS, or MoS,. The resulting ternary or
hybrid system retains the photocatalytic function of metal
sulfides while gaining superparamagnetic characteristics,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Summary of environmental impact of the photocatalytic activity of metal sulfide—chitosan based composites

Composites Condition Mechanism of response  Role of chitosan Photocatalytic relevance References
AgO-CS pH Protonation/ Provides pH-sensitive Enhances pollutant pre- 69
deprotonation of amine  sites for selective concentration and
and hydroxyl groups adsorption of dyes facilitates pH-tuned
alters surface charge degradation
and binding
NiS-CS Temperature Thermal impact on Enables thermal effect Improves reaction kinetics 102
chitosan modulates in hydrogels or beads; and substrate-catalyst
porosity, surface area, enhances substrate interactions at elevated
and diffusion access temperatures
MoS,-NiFe,0,-CS Light (visible/UV) Excitation of metal Acts as electron Boosts ROS production, 104
sulfide generates e /h* reservoir, light- improves light absorption
pairs; chitosan aids stabilizing matrix, and and charge separation
separation modulator of light efficiency
penetration
MoS,-CS-Fe;0, Magnetic field Magnetic nanoparticles ~ Binds magnetic Allows magnetic 106
(e.g., Fe;0,) allow particles and sulfides separation, catalyst reuse
magnetic response; simultaneously; offers without filtration
chitosan anchors them  structural integrity and
recyclability
enabling easy separation from treated water using an external pollutants. These composites combine the visible-light
magnetic field. responsiveness and semiconductor properties of metal

Chitosan plays a critical role in stabilizing and uniformly
distributing magnetic nanoparticles which prevent aggregation
and maintain high surface area and dispersion of active sites.
Its strong chelation ability with metal ions ensures robust
immobilization of magnetic and photocatalytic particles,
enhancing the durability and reusability of the composite.
Additionally, the biopolymer matrix provides structural flexi-
bility and surface functionality that can further modulate the
interaction of the composite with dye molecules and reactive
oxygen species during light irradiation."**

The magnetic responsiveness of these composites does not
interfere with their photocatalytic performance but rather
complements it by offering recyclability without centrifugation
or filtration, thereby making the overall process more sustain-
able and economically viable. Studies have reported that
magnetic-chitosan-metal sulfide composites retain high pho-
tocatalytic efficiency over multiple cycles, with minimal loss in
activity, underscoring their potential for real-world wastewater
treatment applications.**®

The magnetic field-responsive nature also opens possibilities
for magnetically targeted pollutant removal, enabling the
controlled positioning of photocatalysts in flow systems or
reactors. This functional versatility makes magnetic metal
sulfide-chitosan composites a promising class of smart, recy-
clable materials in the field of environmental nanotechnology.

The summary of environmental impact the performance of
metal sulfide-chitosan composites is provided in Table 5.

6. Conclusion and future directions

The integration of metal sulfides with chitosan-based matrices
has led to the development of hybrid photocatalysts exhibiting
improved performance in the degradation of organic dyes and

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

sulfides (like FeS,, Bi,S3, ZnS, and CuS) with the biocompati-
bility, film-forming ability, and functional surface chemistry of
chitosan. Chitosan not only enhances the dispersibility and
stability of metal sulfide nanoparticles but also plays a crucial
role in improving pollutant adsorption, facilitating charge
separation, and suppressing photo-corrosion. These synergistic
interactions result in enhanced photocatalytic degradation
efficiency, selectivity, and recyclability, positioning metal
sulfide-chitosan composites as promising materials for waste-
water treatment and environmental remediation.

Several critical challenges remain to be addressed in the
present study. One key area for future research is advanced
band gap engineering through doping and heterojunction
construction to extend light absorption into the visible and
near-infrared range and improve quantum efficiency. Another
important consideration is the development of non-toxic and
environmentally benign metal sulfide alternatives like iron
sulfide or bismuth sulfide to replace heavy-metal-based mate-
rials like CdS. Furthermore, modifying chitosan with additional
functional groups can improve pollutant specificity and allow
for multifunctional degradation systems that target multiple
classes of contaminants. In terms of application, future studies
should also focus on enhancing the structural integrity and
recyclability of the composites under repeated cycles and long-
term exposure to real wastewater conditions.

The scaling strategies such as fabricating chitosan-metal
sulfide membranes, films, or beads are essential to transition
from laboratory to field applications. This architecture allows
easier handling and recovery compared to powders. Addition-
ally, real-world testing using complex wastewater streams rather
than model dyes should become a priority to better simulate
environmental conditions. Innovations in reactor design and
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solar harvesting systems can further improve light utilization
and efficiency in practical settings. The integration of theoret-
ical modeling and data-driven design approaches can also
accelerate material optimization. Future progress in this field
will depend on bridging material chemistry with process engi-
neering which ultimately enables the widespread deployment of
metal sulfide-chitosan photocatalysts for sustainable and
effective pollutant degradation.

Morphological research has been rarely reported in litera-
ture. More research is required on the morphological charac-
terization and their impact on their photocatalytic
performance. The performance of core-shell systems will be
different from homogenous photocatalyst and the position of
photocatalyst in core-shell systems also indicate the effect of
light and synergistic effect on photocatalytic activity. The
corrosion of light can also be controlled in core-shell systems
and hence control the performance. The heterojunction
performance of two semiconductors will be different in core-
shell systems than homogenous systems. These systems should
be applied on industrial waste to identify real solutions for
pollution of water. Therefore, deep research is required in this
field in near future.
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CS Chitosan

NPs Nanoparticles

MNPs Metal nanoparticles

MS Metal sulfide

MB Methylene blue

CR Congo red

Cv Crystal violet

MO Methyl orange

RhB Rhodamine-B

GO Graphene oxide

rGO Reduced graphene oxide
AB Acid blue

ROS Reactive oxygen species
LCST Lower critical solution temperature
PAL Polyacrylate

NIPAM N-Isopropylacrylamide
CL Cellulose

CA Citric acid

NiS Nickel sulfide

AO-VII Acid orange-VII

AR Acid red-T (AR-I)

IPN Isopropanol (IPN)

BQ Benzoquinone

SRB Stimuli responsive behavior
AA Ascorbic acid

AO-II Acid orange-II

BBFCF Brilliant blue FCF

AC Activated carbon
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VB Valence band

CB Conduction band

C Carbon

Ag Silver

Au Gold

N Nitrogen

ZnO Zinc oxide

SPR Surface plasmon resonance
UV-Vis UV/visible spectroscopy
TiO, Titanium dioxide

Cds Cadmium sulfide

ZnS Zinc sulfide

CuS Copper sulfide

MoS, Molybdenum disulfide
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