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Carmoisine (CM) (also called azorubine or Acid Red 14) poses severe environmental and health risks due to
its chemical stability, persistence in environment, and generation of toxic aromatic amines. Conventional
treatment methods such as coagulation, oxidation, membrane filtration, and biological degradation are
ineffective and can lead to secondary pollution and incomplete mineralization. Thus, adsorptive and
photocatalytic processes have emerged as efficient and sustainable alternatives for CM removal.
Adsorption enables rapid dye capture through surface interactions, while photocatalysis achieves
complete degradation through light-induced reactive oxygen species. Their integration in adsorptive—
photocatalytic composites enhances dye pre-concentration, promotes in situ degradation, and improves
catalyst reusability. This review critically discusses the mechanisms, material types, and factors
controlling these processes, with emphasis on the influence of surface chemistry, electronic properties,
and operational conditions. It also addresses gaps in previous studies, including poor standardization,

lack of real wastewater evaluation, and limited environmental assessment. The novelty of this work lies in

iig:g&% g?hjagruiyz%%? its comprehensive analysis linking removal performance with mineralization efficiency, toxicity reduction,
and scalability while proposing green synthesis and standardized evaluation approaches. Overall, this

DOI: 10.1039/d6ra00148¢ review provides a concise yet critical framework for advancing efficient, eco-friendly, and practical
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1 Introduction

Dyes are essential in modern industries such as textiles,
leather,” food,* cosmetics,* and plastics,®> as well as in biomed-
ical applications,® where they confer color, functionality and
product identity. Among them, synthetic azo dyes such as car-
moisine (azorubine or Acid Red 14) widely used as food” and
textile® colorants are favored for their low cost, vivid color and
facile application. However, the physicochemical stability that
makes these molecules industrially useful (extended 7-conju-
gation, sulfonate groups for water solubility and resistance to
photodegradation) also renders them persistent in aqueous
environments.”** Therefore, effluent discharges from dyeing
and related operations contribute colored plumes, which
reduce light penetration in receiving waters, disturb photosyn-
thetic ecosystems, and introduce complex organic molecules
that resist conventional biological treatment. Thus, the ubiquity
of dyes in commercial products generates concern. Dyes are
functionally essential across sectors, yet their environmental
release poses significant ecological and human-health risks.*"**
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adsorptive—photocatalytic technologies for the removal of CM from contaminated water systems.

Carmoisine and related azo dyes exert toxicity through
multiple pathways, including acute and chronic toxicity to
aquatic organisms, formation of mutagenic and carcinogenic
aromatic amines upon reductive cleavage, and endocrine-
disrupting effects of certain degradation products.”*™ In
humans, exposure routes range from contaminated drinking
water and food to occupational inhalation or dermal contact in
dye-processing workers. Epidemiological and toxicological
studies associate some azo dyes and their metabolites with
genotoxicity, liver and kidney stress and other systemic
effects.’*® In aquatic environments, dyes damage light-driven
primary production, alter community structure, and bi-
oaccumulate or transform into more toxic species under
anaerobic conditions. These multi-faceted risks demand treat-
ment technologies that do not simply hide color but actually
eliminate toxicity and persistent organic load.

Traditional physicochemical and biological treatment
methods, such as coagulation-flocculation,” chemical oxida-
tion,* activated sludge, filtration through membrane,* and
adsorption on unmodified low-cost sorbents,*® have been widely
applied but have significant drawbacks. Coagulation and floc-
culation transfer pollutants into sludge, which requires further
handling and is time-consuming. Chemical oxidants (chlori-
nation and permanganate) can generate halogenated by-
products, which are also toxic in nature. Membranes for
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filtration can get clogged easily and produce concentrated waste
that can cause environmental pollution. Simple biological
treatments are often ineffective against highly recalcitrant,
sulfonated azo compounds. The use of activated carbon is very
effective; however, it is costly to regenerate and is not selective.
These limitations underscore the need for advanced, selective,
and sustainable routes that achieve not only color removal but
also mineralization and low secondary pollution.

Adsorptive-photocatalytic processes have emerged as
complementary advanced strategies that address many of the
shortcomings of older methods. Adsorption (particularly on
engineered carbonaceous,”* polymeric* or hybrid* sorbents)
shows rapid dye removal, operational simplicity, and applica-
bility across a wide range of matrices and pH conditions.
Modern adsorbents (functionalized carbons,*” biochar,?® MOF-
derived carbons,” and tailored polymers®) exhibit increased
selectivity and recyclability compared to raw activated carbon.
Alternatively, photocatalysis enables the in situ generation of
reactive oxygen species under light irradiation to oxidize or
mineralize dye molecules, which introduce the possibility of
complete detoxification without large chemical inputs.** When
combined in adsorptive-photocatalytic composites, the two
techniques work synergistically.*> In this way, adsorption
concentrates dyes at active sites, which improve the apparent
reaction rates, while photocatalysis degrades the adsorbed
molecules and regenerates the sorbent, minimizing secondary
solid waste. Compared with older approaches, these modern
methods promise higher removal efficiency, lower sludge
generation, potential solar operation and modular reactor
design suitable for remediation approaches.

The rapid increase in literature on adsorptive and photo-
catalytic removal of dyes shows the importance of this topic of
research. Primarily, the previous review articles consist only of
adsorptive or catalytic removal of dyes from water or use of
specific materials to remove azo dyes, and these reports present
general trends of dyes during their removal.***® However, the
removal of individual dyes through both adsorptive and pho-
tocatalytic processes varies due to differences in their interac-
tion behaviors, molecular sizes, polarities, and structural
properties. Also, there is a shortage of lifecycle and techno-
economic perspectives, little scrutiny of regeneration energy
and secondary waste management, and very limited synthesis of
pilot-scale or real-waste evaluations. Few reviews integrate
operando spectroscopic evidence or DFT-based insights linking
material electronic structure to selective degradation pathways.
These gaps hinder the translation of promising materials into
safe and scalable technologies.

Therefore, there is a need for a review article that provides
a critical and integrative appraisal going beyond performance
lists such as systematically comparing adsorbents and photo-
catalysts based on metrics that are important for environmental
safety (total organic carbon (TOC) removal, intermediate iden-
tification, and ecotoxicity), operational viability (regeneration
energy, metal leaching, and recyclability), and scalability (solar-
compatibility, reactor design implications, and cost drivers).
This review provides mechanistic evidence (radical pathways
and adsorption vs. surface reaction control) and assesses matrix
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effects (natural organic matter (NOM) and salts) with a focus on
real wastewater conditions. Novel contributions include
proposed standardized reporting guidelines for dye-
remediation studies, a decision framework linking material
properties to treatment train placement (pretreatment, main
treatment, and polishing), and a techno-environmental outlook
combining preliminary life-cycle considerations and sugges-
tions for pilot demonstration protocols.

The adsorptive and photocatalytic removal of CM provides
the most suitable path toward efficient, low-waste dye remedi-
ation, but progress requires a shift toward system-level
thinking. These approaches provide rigorous evaluation of
mineralization and toxicity, standardized experimental report-
ing, green material synthesis, and demonstration under real-
istic conditions. By addressing the methodological and
translational deficiencies in prior reviews and providing
aroadmap for integrated, lifecycle-aware research and scale-up,
this review seeks to accelerate movement from laboratory
innovation to robust, environmentally responsible deployment
for dye-contaminated waters.

2 Synthesis, applications, and toxicity
of carmoisine

Carmoisine (azorubine) is a synthetic azo dye widely used in
various industries due to its intense red coloration, high water
solubility, and cost-effectiveness. It is typically synthesized
through an azo-coupling reaction between diazotized sulfanilic
acid and 2-naphthol-3,6-disulfonic acid under controlled pH
and temperature conditions, as shown in Fig. 1. This process
involves diazotization of the aromatic amine using sodium
nitrite in an acidic medium, followed by coupling with the
activated aromatic compound to form the azo (-N=N-) linkage
responsible for its characteristic color.*” However, although this
synthesis route is industrially efficient, it generates a large
number of dye-laden effluents containing unreacted aromatic
amines and sulfonated by-products, which contribute to
significant environmental concerns.
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Fig. 1 Synthesis of carmoisine through diazotization method.
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CM is extensively used as a colorant in beverages, candies,
bakery products, textiles, leather, and personal care items.*®
However, its persistence, non-biodegradability, and strong
affinity for organic matrices make it a potential pollutant in
aquatic environments.*>** Toxicologically, CM and its degrada-
tion products (particularly aromatic amines) pose serious
health risks such as allergic reactions, cytotoxicity, genotoxicity,
mutagenicity, and carcinogenicity.*** Several studies have
demonstrated its potential to induce oxidative stress, DNA
damage, and metabolic disturbances in aquatic organisms and
human cell lines.*>** Its accumulation in water bodies interferes
with light penetration, which disrupts photosynthetic processes
and aquatic ecosystems, while its high stability under varying
pH and temperature conditions complicates its natural
degradation.®>*

Given these adverse effects, the removal of CM from water is
of great environmental importance.*® Conventional treatment
methods are not effective due to their chemical stability and
resistance to microbial attack. Therefore, advanced physico-
chemical and hybrid methods such as adsorption using bio-
logical and synthetic polymers, carbon derivatives, and their
composites, photocatalysis employing metal oxides and metal
sulfides, and advanced oxidation processes (AOPs), which
involve hydroxyl radicals, have been widely explored. Among
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them, adsorptive-photocatalytic hybrid systems show better
results, which enable both efficient dye capture and subsequent
oxidative degradation into less toxic intermediates. Thus, the
critical need for sustainable and efficient carmoisine removal
technologies stems not only from its ecological persistence but
also its potential to bioaccumulate and cause long-term health
hazards, making it a key target in modern wastewater remedi-
ation research.

3 Mechanism of carmoisine removal

Different methods are used to remove CM from aqueous
medium and each method has its own mechanism.

3.1 Adsorption removal

The adsorptive removal of CM is a complex physicochemical
process involving multiple concurrent mechanisms that
depend strongly on the surface chemistry and structure of the
adsorbent, as well as on environmental parameters. CM mole-
cules consist of extended conjugated m-electron systems, azo
linkages (-N=N-), and sulfonate (-SO;~) groups, which render
them both hydrophilic and negatively charged in aqueous
media, as shown in Fig. 2(A-F). This structural duality allows

diverse interaction modes with adsorbent surfaces. The
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Fig.2 Adsorption of carmoisine using an adsorbent through (A) electrostatic interaction, (B) T—m stacking interaction, (C) hydrogen bonding, (D)
ion exchange interaction, (E) pore filling/physical adsorption, and (F) surface complexation/chelation.
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adsorption mechanism can broadly be classified into six over-
lapping types, as follows: (1) electrostatic attraction,*” (2) -7
stacking,*® (3) hydrogen bonding,>* (4) ion exchange,” (5) pore
filling/physical adsorption,* and (6) surface complexation/
chelation.*

(1) Electrostatic interaction is one of the primary mecha-
nisms when the adsorbent surface carries a positive charge
(typically below its point of zero charge (pHp,)), as shown in
Fig. 2(A). Point of zero charge is the pH value of a medium at
which the adsorbent surface possesses no net charge.”*>
Alternatively, under conditions where the pH is above (pH >
pH,,) or below (pH < pH,,,.), adsorbents have charges on their
surface. At pHp,. < pH of the medium, the functional groups of
adsorbents are present in deprotonated form, which results in
a negatively charged surface (such as -COO™), together with
neutral groups (-NH,, -OH). Electrostatic repulsion occurs on
the negatively charged adsorbent surface. At pHp,. > pH of
medium, the functional groups on the adsorbent surface are
present in protonated forms such as -NH;", -OH,", or surface
metal sites on oxides, which attract the negatively charged
sulfonate groups of carmoisine through electrostatic interac-
tions.”® This mechanism dominates in biopolymers such as
chitosan, amine-functionalized silicas, and cationic polymer
composites.** Its efficiency is pH-sensitive; at high pH values,
the adsorbent surface becomes deprotonated, leading to charge
repulsion and decreased adsorption.

(2) m-m stacking and hydrophobic interactions occur
between the aromatic 7-electron system of carmoisine and the
delocalized mt-systems of graphitic adsorbents such as graphene
oxide (GO), reduced graphene oxide (RGO), carbon nanotubes
(CNTs), and biochar, as shown in Fig. 2(B). These interactions
are non-electrostatic and remain effective across wide pH
ranges, which make them valuable under conditions where
electrostatic attraction weakens.*® -7 stacking results in rapid
adsorption kinetics and high dye affinity, but regeneration often
requires solvent or oxidative treatment to disrupt the m-m
associations.”®

(3) Hydrogen bonding (Fig. 2(C)) plays a supportive but often
decisive role, particularly in adsorbents with surface hydroxyl,
amine, or carboxylic functionalities. The nitrogen atoms of azo
linkages or oxygen atoms of sulfonate groups form hydrogen
bonds with these surface groups, which lead to stable surface
association. Although weaker than ionic bonding, the collective
contribution of multiple hydrogen bonds enhances the
adsorption strength and selectivity, especially in natural poly-
mers and oxide-based materials.>>*”

(4) Ion exchange is a mechanistically distinct pathway in
which sulfonate groups displace anions (e.g., CI-, OH™, and
SO4>7) previously associated with positively charged sites on
materials such as modified clays, zeolites, and ion-exchange
resins,** as shown in Fig. 2(D). This results in stoichiometric
replacement and can be confirmed by shifts in ionic concen-
tration in solutions. It is typically a slower, diffusion-limited
process but leads to more permanent retention of the dye due
to inner-sphere complex formation.

(5) Pore filling or physisorption refers to the physical
entrapment of dye molecules inside the pores of high-surface-
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area materials such as activated carbons, mesoporous silica,
or MOFs, as shown in Fig. 2(E). The adsorption rate depends on
the compatibility between the dye molecular size and pore
diameter.®>** Micropores (<2 nm) favor high surface coverage
but can restrict diffusion, while mesopores (2-50 nm) allow
faster mass transfer and higher equilibrium capacities.

(6) Surface complexation or chelation is characteristic of
metal oxides and doped nanocomposites (e.g., Fe,O3, TiO,,
ZnO, and metal-organic frameworks), as shown in Fig. 2(F). The
nitrogen and oxygen donor atoms of carmoisine coordinate
with exposed metal cations and form inner-sphere
complexes.®* This chemisorption process is typically irrevers-
ible and often coupled with photocatalytic degradation under
light exposure, which converts the adsorbed dye into smaller,
less toxic intermediates.”

Physisorption components (van der Waals, pore-filling, and
weak T-7t) are generally fast, reversible and entropy-driven,
while chemisorption components (coordination, strong
hydrogen bonding, and ion exchange that produces inner-
sphere complexes) are slower, more specific and often
enthalpy driven. Importantly, experimental distinctions
between these mechanisms require corroborative spectral and
surface analyses (FTIR shifts, XPS binding-energy changes, zeta
potential, and desorption/regeneration behaviour). The reliance
solely on isotherm fits (Langmuir/Freundlich) or kinetic models
(pseudo-first/second order) can be misleading because these
models are empirical and do not uniquely identify underlying
molecular interactions.>”**%¢

Each mechanism exhibits distinct advantages and limita-
tions. Activated carbons and graphitic materials show excellent
performance due to their high surface areas and m-m affinity,
which result in high adsorption capacities.*® However, their
drawbacks include regeneration energy costs and poor selec-
tivity for carmoisine in mixed dye effluents. Chitosan-based
adsorbents provide high selectivity through electrostatic and
hydrogen bonding interactions and are biodegradable, though
they suffer from swelling and reduced stability in acidic
media.*” Functionalized clays and zeolites are low-cost alterna-
tives but limited by their low surface area and slow ion-
exchange kinetics.®® Metal-organic frameworks (MOFs) show
tunable pore environments and coordination sites, face hydro-
Iytic instability and synthesis complexity.* Biochars and
hydrochars provide sustainable, low-cost platforms, though
their performance depends critically on their activation and
surface modification.”

The transition between adsorption mechanisms can be
influenced by multiple physicochemical parameters. Solution
pH governs the charge states of both dye and adsorbent.®® At low
PH, protonation enhances electrostatic attraction, while at high
pH, deprotonation reduces it and emphasizes - or hydro-
phobic interactions. Ionic strength and the presence of
competing ions can screen electrostatic forces, shifting the
dominant mechanism from ionic to non-ionic (7-m, hydrogen
bonding). Temperature affects the thermodynamic favorability
of physisorption (generally exothermic) versus chemisorption
(endothermic).?® Higher temperatures can transform
a primarily physical adsorption system into a chemisorptive one

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00148c

Open Access Article. Published on 20 March 2026. Downloaded on 3/30/2026 10:27:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

due to enhanced molecular mobility and reaction kinetics.
Surface functionalization such as grafting amine, quaternary
ammonium, or carboxyl groups can selectively tune the
adsorption pathway toward ionic or covalent binding.”” Simi-
larly, adsorbent morphology and porosity determine whether
adsorption proceeds by surface attachment or pore filling. The
initial concentration of dye also plays a key role. At low
concentrations, monolayer chemisorption dominates, while at
higher concentrations, multilayer physisorption becomes more
significant.

The adsorption removal of CM represents a multifaceted
interplay among surface chemistry, environmental parameters,
and material design. A deep mechanistic understanding
enables the rational selection or synthesis of adsorbents
capable of switching between mechanisms depending on
operational needs. Rapid, reversible uptake occurs through w-m
or physical adsorption or strong, permanent immobilization
through ion exchange or chelation process. The current
research trend emphasizes hybrid adsorbents combining these
mechanisms such as chitosan-graphene oxide, metal oxide-
biochar, or MOF-polymer composites. These composites inte-
grate high capacity, structural tunability, and recyclability. Such
mechanism-guided designs are essential for the development of
sustainable, high-efficiency technologies for the removal of CM
and other recalcitrant azo dyes from aqueous environments.

The percentage removal of CM by physical adsorption
depends on the empty space present in the adsorbent. Greater
available empty space enables the removal of more CM from the
medium compared to chemisorption. However, a disadvantage
of physisorption is that CM easily detaches from the adsorbent
during recycling. In contrast, the detachment of CM does not
occur in chemisorption during recycling. Nevertheless, the
active sites of the adsorbent are not available for reuse due to
irreversibly attached adsorbates.

3.2 Photocatalytic degradation

The photocatalytic removal mechanism of CM involves
a complex interplay between photophysical and photochemical
processes, in which light energy activates a semiconductor
catalyst to generate reactive species capable of mineralizing the
dye into harmless end products such as CO,, H,O, and inor-
ganic ions (SO,>~ and NO; ). When a semiconductor photo-
catalyst (typically a metal oxide or metal sulfide or doped g-
C3N,) is irradiated with light energy equal to or greater than its
band gap, electrons (e™) in the valence band (VB) are excited to
the conduction band (CB), which leave behind positively
charged holes (h") in the VB, as shown in Fig. 3. This photoin-
duced charge separation forms the basis of the photocatalytic
mechanism. The photogenerated holes can oxidize surface-
adsorbed water or hydroxide ions to yield highly reactive
hydroxyl radicals ("OH), while the electrons reduce dissolved
oxygen to superoxide radicals ('O, ). These reactive oxygen
species (ROS) (along with h') attack the azo (-N=N-) and
aromatic structures of CM and break them down into smaller,
less toxic intermediates such as aromatic amines, phenolic
derivatives, and finally CO, and H,O through successive

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Photocatalytic degradation mechanism of carmoisine by
a semiconductor through the irradiation process.

oxidation reactions.*"”*”> The overall efficiency depends on the
balance among charge generation, separation, migration, and
recombination.

The types of photocatalytic mechanisms can be broadly
classified into (1) direct semiconductor photocatalysis, (2)
photosensitized degradation, and (3) heterojunction or
composite-based photocatalysis, each governed by different
charge transfer dynamics.

3.2.1 Direct semiconductor photocatalysis. In direct semi-
conductor photocatalysis, the degradation of CM occurs
through direct photoexcitation of a semiconductor material
when irradiated with photons possessing energy equal to or
greater than its band gap (E,). Common photocatalysts (metal
oxides, metal sulfide, and g-C;N,) undergo an intrinsic excita-
tion process in which electrons (e”) in the VB are promoted to
the CB and leave behind positively charged holes (h*) in the VB.
The photogenerated electron-hole pairs migrate to the catalyst
surface, where they participate in redox reactions with adsorbed
species. The electrons in the CB reduce molecular oxygen (O,)
dissolved in water to generate ‘O, , while the holes in the VB
oxidize surface hydroxyl groups (-OH) or water molecules to
produce ‘OH. These highly ROS initiate oxidative cleavage of the
azo linkage (-N=N-) in CM, which leads to decolorization and
further oxidation of the aromatic amines and sulfonated
intermediates into CO,, H,0, NO;~, and SO,>~.*%7

The efficiency of direct photocatalysis depends on several key
factors such as (i) light absorption ability (determined by the
band gap and electronic structure of the semiconductor), (ii)
charge separation and recombination rates, and (iii) surface
adsorption capacity for CM molecules.””* For example, TiO, (Eg
= 3.2 eV)®and ZnO (E, = 3.2 eV)” are highly efficient under UV
light but exhibit a limited performance under visible light due
to their wide band gaps. Furthermore, rapid electron-hole
recombination in bulk materials drastically reduces the
quantum efficiency. Thus, strategies such as metal or non-metal
doping, coupling with narrow-bandgap semiconductors, and
surface modification with carbonaceous materials have been
employed to enhance their visible-light activity and prolong
their charge carrier lifetime.

In direct photocatalysis, the degradation pathway is
primarily governed by ROS-driven oxidation, which means that
surface reactions rely on the continuous generation of ‘OH and
'O, radicals. However, excessive dye coverage or poor adsorp-
tion can hinder photon penetration and restrict access of CM
molecules to the reactive sites, respectively, and hence reduce
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the mineralization of CM. Thus, an optimal balance between
adsorption affinity and photonic activation is crucial for
achieving efficient degradation in direct photocatalytic systems.

3.2.2 Photosensitized degradation. In photosensitized
photocatalytic degradation, the dye molecule itself acts as
a photosensitizer under visible light. Because CM possesses an
extended conjugated m-system with delocalized electrons, it
absorbs visible light strongly (Amax = 515-520 nm). This
adsorption of visible light promotes an electron from its highest
occupied molecular orbital (HOMO) to its lowest unoccupied
molecular orbital (LUMO), which generates an excited singlet or
triplet state (CM*), as shown in Fig. 4. This excited CM molecule
can transfer the excited electron to the conduction band of the
semiconductor, provided the LUMO of CM lies energetically
above the CB of the photocatalyst. The transferred electron
reacts with dissolved O, to form ‘O, radicals, while the
oxidized dye cation radical (CM") undergoes self-oxidation,
which decomposes into smaller fragments or reacts with
other ROS such as "OH to achieve further degradation.*

The photosensitization mechanism is represented in eqn

1-()-

CM* + semiconductor > CM"" + ¢ (CB) (1)
e_(CB) + 02 - 02._ (2)
0, + CM"" — degraded product (3)

Unlike direct semiconductor excitation, the light absorption
in photosensitized degradation arises from the dye, not the
photocatalyst. Therefore, even wide-bandgap semiconductors
(e.g., TiO,) can operate under visible light when CM acts as
a sensitizer.”® This mechanism is particularly relevant in real
wastewater systems where colored dyes dominate visible-light
absorption. However, the process is often self-limiting
because once the sensitizing dye molecules are oxidized or
desorbed, visible-light activity ceases. Moreover, degradation
tends to produce partially oxidized intermediates unless
accompanied by a secondary ROS-driven process.”*

In practical terms, photosensitized degradation serves as an
initiation mechanism that enhances electron injection and ROS
generation under visible light, but it is rarely sufficient for
complete mineralization on its own. To overcome this,
composite systems combining photosensitization and direct
photocatalysis have been developed. These systems enable CM

H* HOO® mmmmp HO

HO70,” product

Fig. 4 Direct photodegradation of carmoisine through irradiation.
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to act as a light harvester, while the semiconductor provides
catalytic sites for radical formation and oxidation, resulting in
higher overall efficiency.*

The direct photocatalytic mechanism is primarily
semiconductor-driven, while the photosensitized mechanism is
dye-driven. In direct photocatalysis, photons excite the semi-
conductor, while in photosensitization, photons excite the dye,
which then injects electrons into the semiconductor. Direct
photocatalysis generally ensures complete mineralization when
sufficient light energy is available, while photosensitized
systems offer visible-light activation but can result in partial
degradation or surface fouling.****

The dominant mechanism can shift between these two
pathways depending on several key parameters, as follows:

1. UV light promotes semiconductor excitation (direct
mechanism), while visible light primarily excites the dye
(photosensitization).

2. If the LUMO of the dye lies above the CB of the semi-
conductor, electron transfer occurs easily, which favors photo-
sensitization, otherwise, direct photocatalysis dominates.

3. Strong dye adsorption enhances interfacial electron
injection, which promotes photosensitization, while weak
adsorption favors direct excitation.

4. High O, concentration supports the photosensitized
pathway by accepting injected electrons to form ‘O, radicals.

5. The pH and surface charge also control these mecha-
nisms. They affect the dye-surface affinity and thus determine
which mechanism proceeds efficiently.

In real water treatment systems, both mechanisms coexist.
CM first adsorbs onto the catalyst surface and can undergo
photosensitized excitation under visible light, which initially
generates radicals and partial degradation. Subsequently, direct
photocatalytic oxidation driven by the semiconductor
completes mineralization. Hence, efficient photocatalytic
materials are engineered to integrate both pathways
(combining strong light absorption, high surface area, and
efficient charge separation) to achieve rapid, selective, and
complete degradation of CM and other recalcitrant azo dyes.

3.2.3 Heterojunction or composite-based photocatalysis.
The most advanced mechanism is heterojunction-based pho-
tocatalysis, which involves binary or ternary composites. Here,
the interface between semiconductors with staggered or
matched band structures facilitates efficient charge separation
by forming type-I, type-Il, Z-scheme, or S-scheme
heterojunctions.

In advanced photocatalytic systems designed for efficient
degradation of CM, the development of heterojunction photo-
catalysts has become a fundamental strategy to overcome the
intrinsic limitations of single semiconductors, such as narrow
light absorption range, rapid charge carrier recombination, and
insufficient redox potential. By coupling two or more semi-
conductors with appropriately aligned energy band structures,
electron-hole separation can be greatly enhanced, which boosts
ROS generation and hence the overall degradation efficiency.
Among these architectures, type-I, type-lI, Z-scheme, and S-
scheme heterojunctions represent the four most intensively
studied and mechanistically distinct systems.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Photocatalytic degradation mechanism of carmoisine by two
semiconductor composites through (A) type-1 and (B) type-II.

In type-I heterojunctions, two semiconductors are combined
such that the CB of semiconductor A (red-colored material) lies
at a higher energy (more negative potential) than that of semi-
conductor B (blue-colored material), and the VB of A (red color)
is at a lower energy (high positive potential) than the VB of B
(blue color), as shown in Fig. 5(A). When light excites both
semiconductors, photoelectrons in the CB of A migrate to the
lower CB of B, while photogenerated holes in the VB of A move
to the higher VB of B. This spatial charge separation effectively
reduces electron-hole recombination, which prolongs the
carrier lifetime.

In type-II (staggered band) heterojunctions, two semi-
conductors are combined such that the CB of semiconductor A
(purple colored material) lies at a higher energy (more negative
potential) than that of semiconductor B (green colored mate-
rial), and the VB of A is at a higher energy (less positive poten-
tial) than the VB of B, as shown in Fig. 5(B). When light excites
both semiconductors, photoelectrons in the CB of A migrate to
the lower CB of B, while photogenerated holes in the VB of B
move to the higher VB of A. This spatial charge separation
effectively reduces electron-hole recombination, which
prolongs the carrier lifetime. For example, in a TiO,-CoFe,0,
heterostructure, electrons transfer from CoFe,O, (narrower
bandgap) to TiO, (wider bandgap), while holes move in the
opposite direction.*

However, despite its improved separation efficiency, the
type-II mechanism suffers from reduced redox power because
both transferred electrons and holes occupy energy levels of
lower oxidative and reductive potential, respectively. As a result,
the generation of highly oxidative ‘OH radicals or strongly
reductive 'O, radicals can be suppressed. For CM degradation,
this can lead to incomplete oxidation, which produces partially
degraded intermediates rather than full mineralization.
Therefore, while type-II systems favor charge separation, they
compromise degradation completeness unless coupled with
additional enhancements such as cocatalysts or conductive
supports.®

Z-scheme heterojunctions were developed and named for
their resemblance to the “Z” pattern of charge transfer first
described in natural photosynthesis and used to preserve strong
redox potential while preventing recombination.*® In a Z-
scheme system, two semiconductors with suitably aligned
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Fig. 6 Mechanism for the photocatalytic degradation of carmoisine
using (A) Z-scheme and (B) S-scheme semiconductor composites.

bands are connected through a solid-state conductor or by
direct interface contact. Upon light irradiation, electrons in the
CB of the less reductive semiconductor (B = light greyed
material) recombine with holes in the VB of the less oxidative
semiconductor (A = yellow colored material), as shown in
Fig. 6(A). This selective recombination leaves behind electrons
in the CB of A with strong reducing ability and holes in the VB of
B with strong oxidizing power. Consequently, both charge
carriers maintain their high redox potential, which enables the
efficient formation of ‘O, and "OH radicals simultaneously.

For instance, Nehru et al® reported a g-C3N,-NiCo,S,
system that followed the Z-scheme mechanism for CM degra-
dation. The electrons in the CB of TiO, recombine with holes
from the VB of g-C;N,. The remaining electrons in the CB of g-
C;3N, reduce O, to "0, , while holes in the VB of NiCo,S, oxidize
H,0 or OH™ to "OH radicals. This dual radical generation leads
to complete mineralization of CM into CO,, SO,>~, and NO; .
Thus, the Z-scheme mechanism is superior to type-II in main-
taining redox strength and suppressing photocorrosion.
Nevertheless, its performance depends on the efficiency of the
charge-transfer interface, where inefficient recombination at
the junction can still lead to charge accumulation and slower
kinetics.

The S-scheme heterojunction is a more recent conceptual
model that refines the classical Z-scheme by integrating modern
insights from band bending and internal electric field theory.*
In the S-scheme, two semiconductors (typically an oxidation
type (narrow bandgap) and a reduction type (wide bandgap)) are
joined to form an internal electric field at their interface due to
Fermi-level equilibration. Upon illumination, photogenerated
electrons from the oxidation photocatalyst (with a low CB
potential (light blue-colored material)) recombine with holes
from the reduction photocatalyst (with a high VB potential
(light orange-colored material)), similar to the Z-scheme, as
shown in Fig. 6(B). However, recombination occurs naturally
under the influence of the built-in electrostatic potential
(internal electric field), without requiring an external mediator.
The remaining electrons and holes are spatially separated on
opposite sides of the junction, which maintain high reduction
and oxidation potentials.
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Unlike Z-schemes, which require conductive bridges, S-
schemes achieve self-driven charge migration, making them
more stable and structurally simpler. For CM degradation, S-
scheme photocatalysts have shown superior visible-light
activity owing to their effective charge separation, sustained
redox power, and wide spectral absorption. The internal electric
field ensures the directional migration of charge carriers, which
results in a higher rate of ROS generation and more complete
dye mineralization.

When comparing these systems, type-II heterojunctions
excel in charge separation but sacrifice redox potential. Z-
scheme systems retain strong oxidative and reductive abilities
but require efficient recombination interfaces, while S-scheme
heterojunctions combine both advantages (strong redox
activity and robust charge separation) through intrinsic band
bending. For CM removal, type-II structures can achieve
moderate decolorization but often leave aromatic intermedi-
ates, whereas Z- and S-scheme systems typically yield near-
complete mineralization with superior photostability.

The dominant photocatalytic mechanism can shift depend-
ing on the material parameters and operating conditions. Band
alignment, work function differences, and Fermi-level positions
dictate whether each composite exhibits type-II or S-scheme
behavior. Interface quality (governed by synthesis route) also
affects the charge transfer pathways. pH and ionic strength alter
surface potentials and carrier migration by modifying band
bending, while light wavelength influences which semi-
conductor is excited preferentially. Additionally, defect density,
oxygen vacancies, and dopants can create intermediate energy
levels that convert a conventional type-II interface into S-
scheme-like behavior under certain illumination conditions.

The type-II, Z-scheme, and S-scheme heterojunction archi-
tectures represent the evolutionary stages of photocatalyst
design aimed at optimizing the charge carrier dynamics. For
CM and similar azo dye degradation, the S-scheme configura-
tion currently offers the most promising balance of visible-light
responsiveness, redox potential retention, and structural
simplicity. Future advancements are expected to focus on
precise interface engineering, defect modulation, and syner-
gistic adsorption-photocatalysis coupling which enable the
next generation of hybrid photocatalysts capable of complete
dye mineralization under solar irradiation.

Upon visible light excitation, plasmonic nanoparticles (e.g.,
Ag or Au) produce high-energy (“hot”) electrons through non-
radiative localized surface plasmon resonance (LSPR) decay.
These electrons can overcome the barrier at the metal-
semiconductor interface and inject into the CB of a neigh-
boring semiconductor, as shown in Fig. 7. The transferred
electrons subsequently reduce O, to generate "O,, which attack
the azo linkage (-N=N-) and aromatic rings of CM. Simulta-
neously, the residual hot holes remaining in the metal nano-
particle or trapped in the semiconductor valence band can
oxidize surface hydroxyls or water molecules to yield "‘OH radi-
cals, which lead to progressive oxidation and mineralization.
This synergistic process enables plasmonic materials to extend
the photocatalytic activity of wide-bandgap semiconductors into
the visible region, substantially improving the degradation rate
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Fig.7 Photocatalytic degradation mechanism of carmoisine by Ag- or
Au-doped semiconductor.

under solar illumination. Similar results have been reported by
Shams et al.®*® They applied Ag-doped g-C;N, for the photo-
catalytic degradation of CM. They reported that the Ag-doped g-
C3N, showed high catalytic degradation (90%) compared to
pure g-C;N, under similar conditions owing to LSPR.

LSPR also induces a strong local electromagnetic field near
the metal nanoparticle surface, which amplifies the effective
photon flux around adjacent semiconductor sites. This inten-
sified field promotes the excitation of more electron-hole pairs
within the semiconductor and accelerates interfacial charge
transfer. For CM, this localized field enhancement increases the
generation of reactive oxygen species and enhances the degra-
dation efficiency, particularly under low-intensity visible light.

In the plasmon-induced resonance energy transfer non-
radiative energy transfer process, the energy of excited plas-
mons is resonantly transferred to the semiconductor without
direct electron injection. When the LSPR energy matches the
bandgap of the semiconductor, the oscillating plasmonic field
excites electrons directly from the semiconductor VB to the CB.
This mechanism is particularly dominant in core-shell nano-
structures, where intimate contact and energy resonance facil-
itate continuous electron-hole generation, which sustains CM
degradation even under weak visible illumination.

Direct TiO, and ZnO systems show robust oxidation power
but are UV dependent and suffer rapid charge-carrier recom-
bination which limit their quantum efficiency. Doped systems
(non-metal® or metal-doped™®® semiconductor) enhance

Non-metal
doping

=) UODEIDNH

H,0 H'+ OH"
A (Non-metal doping) B (Metal doping)

Fig. 8 Photocatalytic degradation mechanism of carmoisine by (A)
non-metal-doped semiconductor and (B) metal-doped
semiconductor.
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visible-light activity by introducing intermediate energy levels,
as shown in Fig. 8(A and B), respectively. In these doped
systems, dopant stability and leaching can be issues. Hetero-
junction systems and doped semiconductors show the best
photocatalytic performance by maintaining a strong redox
potential and effective charge separation, yielding faster
mineralization and lower intermediate toxicity.** Carbonaceous
materials such as graphene, RGO, and carbon quantum dots
incorporated into these systems serve as electron mediators,
which reduce recombination and enhance dye adsorption
through -7 interactions and hence accelerate the degradation
kinetics. However, the complex synthesis and stability of
composites in real wastewater matrices remain challenges.

The photocatalytic degradation of CM using carbonaceous
material-semiconductor composites has emerged as a highly
efficient and sustainable approach for the mineralization of this
persistent azo dye. They show synergistic interactions between
the conductive carbon matrix and the semiconductor compo-
nent. Carbonaceous materials provide large surface areas,
abundant -electron sites, and high adsorption capacity, which
enhance the pre-concentration of CM molecules near the pho-
tocatalyst surface and facilitate rapid electron transfer during
photoreaction. When coupled with semiconductors, these
composites form heterojunctions that suppress electron-hole
recombination and extend visible-light absorption through m—m
conjugation and interfacial charge transfer. The carbonaceous
framework acts as an electron mediator, which accepts
photogenerated electrons from the conduction band of semi-
conductors and transfers them to dissolved oxygen or dye
molecules, as reported by Sunil and Mandal.”> They generate
ROS which are responsible for the oxidative cleavage of azo
bonds (-N=N-) in CM. The degradation process involves
stepwise breakdown of the aromatic rings and sulfonated
intermediates, which eventually form CO,, H,0, and inorganic
Compared to pristine semiconductors, carbon-
semiconductor hybrids exhibit improved photostability,
reduced band-gap limitations, and higher quantum efficiency
under solar or visible irradiation. These composites offer envi-
ronmental advantages through reusability and minimized
secondary pollution, yet challenges remain in maintaining
interfacial stability and optimizing carbon-semiconductor
coupling for scale-up applications.

Several factors influence and shift the dominant photo-
catalytic mechanism. Light wavelength and intensity determine
whether bandgap excitation or photosensitization dominates.
UV light favors direct photocatalysis, while visible light
promotes sensitized or heterojunction-based processes. pH
critically affects surface charge, dye ionization, and ROS
generation.”® At acidic pH, enhanced protonation of catalyst
surfaces promotes electrostatic attraction and efficient oxida-
tion, while under basic conditions, excessive hydroxide ions can
scavenge holes and suppress activity. Dissolved oxygen
concentration dictates electron scavenging efficiency, as O,
serves as an electron acceptor forming ‘O, radicals.>® Catalyst
morphology and crystallinity modulate charge transport and
surface reactivity. Adsorption-photocatalysis coupling is also
crucial because strong dye adsorption ensures proximity to the

ions.
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reactive sites, whereas weak adsorption limits electron transfer
and slows degradation. Thus, surface functionalization or
incorporation of adsorption-active supporters enhances the
photocatalytic performance by pre-concentrating CM molecules
near photogenerated ROS. The electron-hole recombination
rate is another determinant because materials with intrinsic
defects, surface oxygen vacancies, or heterojunction interfaces
promote charge separation and shift the mechanism toward
ROS-driven oxidation rather than direct hole oxidation.

The synergy between adsorption and photocatalysis governs
real-world performance. In the initial stage, adsorption domi-
nates, which enriches dye molecules on the catalyst surface.
Subsequently, photoexcitation generates ROS that attack these
adsorbed molecules. When adsorption is poor, the mechanism
shifts toward bulk-phase degradation, which is diffusion-
limited and less efficient. Conversely, excessive adsorption
without adequate charge transfer can suppress photocatalysis
owing to site blockage or light shielding. Therefore, optimal
systems are engineered to maintain a balance between
adsorption and photoactivity.

The photocatalytic degradation mechanism of CM is gov-
erned by the dynamic interaction among photogenerated
charge carriers, reactive oxygen species, and dye molecules,
modulated by catalyst composition, light energy, and environ-
mental conditions. A critical understanding of these mecha-
nistic transitions (among direct, sensitized, and heterojunction-
mediated pathways) enables the realistic design of photo-
catalysts that exploit visible light, minimize recombination, and
achieve complete mineralization. Future research emphasizes
hybrid materials integrating broad-spectrum light absorption,
high surface adsorption, and redox stability, which ensure the
sustainable, efficient, and environmentally benign removal of
CM and similar recalcitrant azo dyes from aquatic systems.

Table 1 provides a comparison among direct semiconductor
photocatalysis, photosensitized degradation, and
heterojunction/composite-based photocatalysis for dye removal
from water.

3.3 Adsorptive-photocatalytic degradation

The adsorptive-photocatalytic degradation process is a syner-
gistic water treatment mechanism in which physical concen-
tration of pollutants and chemical oxidation occur in
a coordinated manner within the same system. In the first stage,
adsorption acts as a pre-concentration step. Pollutant mole-
cules diffuse from the bulk solution to the surface of a porous
photocatalyst or composite material and become attached
through electrostatic attraction, hydrogen bonding, - stack-
ing, or surface complexation. This step does not alter the
molecular structure of the contaminant, as discussed in the
adsorptive removal process, rather it increases the local
pollutant concentration at the solid-liquid interface. By
reducing the mass transfer resistance and positioning the
molecules directly at the reactive surface, adsorption signifi-
cantly enhances the efficiency of subsequent photocatalytic
reactions. This adsorptive-photocatalytic degradation behavior
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Table 1 Comparison of direct semiconductor photocatalysis, photosensitized degradation, and heterojunction/composite-based photo-
catalysis for dye removal

Factors

Photosensitized degradation

Direct semiconductor
photocatalysis

Heterojunction/composite-based
photocatalysis

Basic mechanism

Light utilization
Charge separation
efficiency

Role of dye

Advantages

Disadvantages

Mineralization
efficiency
Scalability

CM absorbs visible light and
becomes photo-excited, excited dye
injects electrons into
semiconductor conduction band

Utilizes visible light for CM
excitation

Dependent on CM stability and
electron injection and can compete
with recombination

Acts both as pollutant and
photosensitizer

Effective under visible light, low
band-gap requirement

Risk of incomplete mineralization,
dye photobleaching rather than full
degradation, instability of sensitizer
Often partial degradation,
intermediates may persist

Less predictable in real wastewater,
depends on dye absorption

Semiconductor absorbs photons
(hv = band gap), generating
electron-hole (e/h") pairs that
form ROS

Often limited to UV region
(e.g, TiO, and ZnO)

Moderate, rapid e /h*
recombination is common

Targets pollutant only

Simple system, well-understood
mechanism, stable materials

Limited visible-light response,
recombination losses, lower solar
efficiency

Moderate, depends on ROS
generation efficiency

Technically scalable but energy-
intensive if UV required

Two or more semiconductors

(or semiconductor-carbon systems)
form an interface that enhances
charge separation and ROS
generation

Can extend to visible/solar
spectrum through band alignment
or plasmonic/carbon coupling
Enhanced charge separation due to
band alignment (type-II, Z-scheme,
and S-scheme)

Only pollutant, catalyst system
engineered for optimal activity
Improved quantum efficiency,
broader light absorption, reduced
recombination, higher degradation
rates

More complex synthesis, possible
interfacial instability, higher
preparation cost

Generally higher mineralization
owing to sustained ROS production
Promising for solar-driven systems
but requires durability validation

properties

of polymer-semiconductors has been reported in one of my
review articles.”

The photocatalyst generates electron-hole (e /h") pairs on
light irradiation with energy equal to or greater than the band
gap of the semiconductor component. The photogenerated
holes (h") can directly oxidize adsorbed pollutants or react with
surface-bound water/hydroxide ions to form hydroxyl radicals
(‘OH), while the photogenerated electrons (e™) reduce dissolved
oxygen to produce superoxide radicals (‘O, ), as discussed in
photocatalytic degradation section. These ROS are highly
oxidative and attack the adsorbed pollutant molecules and
break chemical bonds such as azo (-N=N-), aromatic rings, or
other chromophoric structures. Through successive oxidation
steps, complex organic molecules are converted into smaller
intermediates and completely mineralized into CO,, H,O, and
inorganic ions.*

The adsorptive-photocatalytic system provides several
advantages over individual processes. Adsorption improves the
reaction kinetics by increasing the available surface area and
minimizing diffusion limitations. In turn, photocatalysis
prevents saturation of the adsorbent by degrading the captured
pollutants and hence regenerating the active sites in situ and
extending the material lifespan. Moreover, the close proximity
between adsorbed molecules and reactive oxygen species
enhances the degradation efficiency and reduces the accumu-
lation of toxic intermediates. Thus, the adsorptive-photo-
catalytic process is not merely an additive effect but
a cooperative mechanism where physical enrichment and
chemical transformation operate simultaneously to achieve

15886 | RSC Adv, 2026, 16, 15877-15912

a higher removal efficiency, better mineralization, and
improved sustainability. Few polymer-semiconductor compos-
ites have been reported for the photocatalytic degradation of
CM, and further research is expected in the near future.

To clearly differentiate between the adsorptive removal,
photocatalytic degradation, and adsorptive-photocatalytic
degradation of CM, it is essential to distinguish them based on
their mechanism, driving force, and final outcome, which are
discussed in each section. Table 2 presents a comparison to
differentiate the processes used for the removal of CM with
different materials.

3.4 Biological degradation mechanism

The mechanism for the biological degradation of CM is
a complex, redox-dependent process in which microbial and
enzymatic pathways cooperate to convert this persistent
compound into harmless end products. Mechanistically,
degradation proceeds through two distinct but interdependent
stages, as follows: (1) anaerobic azo bond reduction®® and (2)
aerobic oxidative mineralization. Each stage involves different
microbial communities, enzyme systems, and environmental
requirements, and their efficiency is profoundly influenced by
pH, temperature, oxygen availability, and nutrient balance.

In the first stage (anaerobic), microorganisms such as Pseu-
domonas aeruginosa (P.A.), Klebsiella pneumoniae (K.P.), Entero-
coccus faecalis (E.F.), Shewanella oneidensis (S.0.), and
Clostridium (C) species utilize CM as an electron acceptor
during respiration in the absence of oxygen. The degradation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison among adsorptive removal, photocatalytic degradation, and adsorptive—photocatalytic degradation of CM

Parameter

Adsorption

Photocatalytic degradation

Adsorptive-photocatalytic
degradation

Fundamental principle

Structural change of CM
intact

Nature of process

CM)
Reactive species involved

Driving force
Outcome
phase

Environmental impact

Limitation

Surface-based accumulation of CM
onto a solid material

No chemical change, CM remains
Physical or chemical surface
interaction (no bond cleavage of

None (no radicals generated)

Electrostatic attraction, hydrogen
bonding, -7 interaction, van der
Waals forces, or chemisorption
CM transferred from water to solid

Risk of secondary waste if not
regenerated properly

Surface saturation and requires
regeneration

Light-driven chemical oxidation/
reduction of CM using

a semiconductor catalyst
Molecular structure of CM is broken
down into intermediates and
potentially mineralized
Photochemical reaction involving
generation of reactive species

Hydroxyl radicals ("OH), superoxide
radicals ('O, "), photogenerated
holes (h")

Photon absorption (energy = band
gap) producing electron-hole pairs

CM chemically transformed into
smaller molecules or mineralized
(CO,, H,0, and inorganic ions)
Potential for complete
mineralization; energy-intensive if
artificial light is used

Possible electron-hole
recombination; energy requirement

Sequential and synergistic process,
where CM is first adsorbed and then
photo-catalytically degraded
Initially unchanged (adsorption),
then chemically degraded under
irradiation

Integrated surface concentration
followed by photochemical
transformation

Reactive oxygen species generated
near adsorbed CM molecules,
which enhance degradation
efficiency

Both adsorption forces and photon-
induced redox reactions

CM captured and subsequently
destroyed which reduce risk of
secondary pollution

Improved sustainability due to in
situ regeneration and enhanced
degradation efficiency

Requires optimized material design
to balance adsorption capacity and

initiates when azoreductase enzymes catalyze the reductive
cleavage of the azo bond (-N=N-) using intracellular cofactors
nicotinamide adenine dinucleotide (NADH) or nicotinamide
adenine dinucleotide phosphate (NADPH) as electron donors.
This reaction transfers electrons from the reduced coenzyme to
the azo bond, which splits it into two amine-containing
fragments.*

For CM, azo bond cleavage produces sulfanilic acid (p-
aminobenzenesulfonic acid) and 1-amino-2-naphthol-6-
sulfonic acid as the major intermediates, as shown in Fig. 9.
These products are colorless but often toxic, mutagenic, and
resistant to further reduction, which represents a key limitation
of the anaerobic phase. The reaction proceeds efficiently under
neutral to slightly alkaline pH and moderate temperatures (30-
37 °C) after reduction and these conditions favor the stability
and activity of azoreductase enzymes. However (in strictly
anaerobic systems), these aromatic amines tend to accumulate,
which causes secondary environmental toxicity.

In the second phase (aerobic), oxidative degradation and
mineralization occur. Here, white-rot fungi (e.g., Phanerochaete
chrysosporium (P.C.), Trametes versicolor (T.V.), and Pleurotus
ostreatus (P.0.)) and aerobic bacteria (Comamonas, Acineto-
bacter, and Sphingomonas) utilize extracellular oxidative
enzymes such as laccase, lignin peroxidase, and manganese
peroxidase to attack the aromatic amines generated from the
first stage, as shown in Fig. 9. The enzymatic oxidation intro-
duces hydroxyl groups into the aromatic rings, followed by ring-
opening and decarboxylation reactions.

These oxidative enzymes are highly non-specific, which
enable them to degrade a broad spectrum of aromatic

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

photocatalytic activity

pollutants such as dye intermediates. The ring-cleavage prod-
ucts (such as catechol, hydroquinone, and maleic acid) are
further metabolized through the tricarboxylic acid (TCA) cycle

sog*
0o Azoreductase
SO\ Na
Anaerobic
O®
SO;Na
* 0N
SOsNa

Aerobic Laccase/peroxidase

Intermediate

H,0 # CO, + SO # NO;

Fig. 9 Degradation mechanism of carmoisine by biological materials.
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to achieve complete mineralization into CO,, H,O, NO; , and
SO, ions. Thus, the overall degradation pathway of CM
represents the synergistic coupling of anaerobic reduction and
aerobic oxidation, where the first phase breaks the chromo-
phore (responsible for color) and the second ensures detoxifi-
cation and mineralization.*

From a critical mechanistic standpoint, this two-stage
pathway is highly sensitive to environmental parameters. Di-
ssolved oxygen (DO) and redox potential act as the primary
regulators. At low DO, azoreductase activity is favored, whereas
under aerobic conditions, peroxidase and laccase enzymes
dominate. Hence, a shift from reductive to oxidative mecha-
nisms occurs when oxygen or alternative electron acceptors
(nitrate and sulfate) become available. The pH of the medium
plays a dual role during these reactions. Under acidic condi-
tions, it can protonate azo groups, which facilitates reduction,
while neutral-to-slightly-alkaline environments favor microbial
growth and enzyme stability.®> Temperature affects the enzyme
kinetics exponentially. However, high temperatures (>40 °C)
denature key proteins, while low temperatures slow down
metabolic activity. Nutrient availability (especially the presence
of co-metabolites such as glucose, acetate, or yeast extract)
influences the rate of electron transfer during the reductive
phase. Low nutrient levels slow degradation, whereas excessive
organics can suppress dye metabolism through substrate
competition.

Environmental factors also dictate the pathway selectivity
and toxicity outcome. In oxygen-limited sediments or anaerobic
wastewater reactors, CM undergoes rapid decolorization, but
the accumulation of aromatic amines increases the environ-
mental risk owing to their carcinogenic and mutagenic poten-
tial. Conversely, aerobic systems prevent amine buildup but
often fail to cleave the azo linkage completely, which facilitates
partial degradation and color persistence. Therefore, sequential
anaerobic-aerobic bioreactors are the most effective configu-
ration, which ensure both chromophore breakdown and
detoxification. Co-culture systems (combining bacteria and
fungi) provide metabolic diversity, which enables simultaneous
reduction and oxidation under microaerophilic conditions.

A comparative environmental assessment reveals that
bacterial systems are kinetically efficient but environmentally
incomplete unless coupled with oxidative treatment, while
fungal systems are slower yet achieve higher detoxification.
Algal systems integrate biosorption and biotransformation, but
their efficiency is constrained by light availability and nutrient
competition. Real wastewater conditions further modulate
enzyme expression, biofilm formation, and microbial stability.
For instance, metal cations can enhance laccase catalysis at
trace levels but inhibit it at higher concentrations. Additionally,
the presence of competing pollutants can divert metabolic
energy and hence reduce the degradation efficiency.

The formation of aromatic amine intermediates during CM
degradation was noted but requires deeper critical comparison
with physicochemical treatment pathways. Under reductive or
incomplete oxidative conditions, CM can generate sulfonated
aromatic amines, which are more toxic, mutagenic, and
persistent than the parent dye. These intermediates exhibit
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higher bioavailability and can resist further biodegradation due
to stabilized aromatic structures. Therefore, processes that stop
decolorization without full mineralization pose significant
ecological risks. In contrast, advanced physicochemical oxida-
tion methods (particularly well-optimized photocatalysis,
photo-Fenton, ozonation, or sulfate-radical systems) aim to
achieve complete mineralization through hydroxyl ("OH) or
sulfate (SO, ") radicals. These highly reactive species attack
aromatic rings, which leads to ring opening, short-chain
organic acids, and eventual conversion to CO,, H,O, NO;,
and SO,>". However, the effectiveness of these systems depends
strongly on the operational parameters and suboptimal radical
generation can still result in partially oxidized aromatic
fragments.

Physicochemical oxidation processes generally demonstrate
superior mineralization capacity compared to purely reductive
or adsorptive approaches, but they can incur higher energy or
chemical inputs. Therefore, sustainable process design must
balance complete degradation, intermediate toxicity suppres-
sion, and energy efficiency, which ensures that treatment does
not substitute visible color removal for hidden toxic persistence.

3.5 Catalytic reduction/oxidation with metal nanoparticles

The catalytic reduction mechanism of CM by metal nano-
particles (MNPs) and their hybrids represents a highly efficient
physicochemical approach in which the azo (-N=N-) linkage
undergoes reductive cleavage through surface-mediated elec-
tron and proton transfer.®® The process initiates when both the
(reductant or oxidant) and CM molecules adsorb simulta-
neously on the catalyst surface. The metal surface acts as an
electron relay, which transfer electrons from the reductant to
the azo bond of the dye. The catalytic surface lowers the acti-
vation energy required for the reduction, which enables rapid
cleavage of the azo linkage through successive hydrogenation
steps that transform the azo (-N=N-) bond into hydrazo (-NH-
NH-) intermediates, followed by scission into aromatic amines
in the case of oxidation, as shown in Fig. 10. However, the azo
group is converted into -N=NH and then N, and aromatic
derivates in the oxidation process, as reported by Sohrabi et al.”

H C \Ar

Fig. 10 Catalytic reduction mechanism of carmoisine by metal
nanoparticles encapsulated by a support.
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In this mechanism, adsorption is the key rate-determining
step, and thus the physicochemical characteristics of the cata-
lyst, including surface charge, crystallinity, facet exposure, and
functionalization, strongly influence the -catalytic activity.
Smaller nanoparticles with high surface area-to-volume ratios
exhibit enhanced catalytic activity due to their abundant active
sites but suffer from aggregation and leaching, which can
reduce their recyclability and increase environmental toxicity.
Hybrid nanostructures such as metal-carbon composites over-
come these challenges by offering synergistic effects. The
support provides adsorption enrichment of dye molecules near
the active sites, which enhances the charge transfer pathways
and stabilizes metal nanoparticles against sintering or disso-
lution.”® For instance, biochar and chitosan supports increase
surface affinity through m-m interactions and electrostatic
attraction, which facilitate dye proximity to the catalytic sites,
while magnetic hybrids allow easy recovery from treated efflu-
ents, improving environmental safety and reusability.

The reduction process achieves rapid decolorization, while it
does not guarantee detoxification. The cleavage of the azo bond
forms aromatic amines, which are more toxic, mutagenic, and
carcinogenic than the parent dye. Hence, although catalytic
reduction provides high kinetic efficiency and operational
simplicity, it can produce environmentally persistent interme-
diates unless coupled with subsequent oxidative or biological
mineralization stages. Comparatively, oxidative degradation or
photocatalytic processes yield complete mineralization but
often require external energy input and produce reactive oxygen
species that can be scavenged by natural organics in wastewater.
Conversely, MNP reduction is faster, less energy-intensive, and
effective under mild conditions but must be integrated with
advanced oxidation processes (AOPs) or bioremediation to
achieve full detoxification.

From an environmental sustainability perspective, MNP-
based reduction offers a high-efficiency treatment for indus-
trial effluents but introduces new ecological risks. Leached
metals can exert cytotoxic effects on aquatic microorganisms,
disrupt the ecological balance, and persist in sediments. Noble-
metal systems exhibit better chemical stability and recyclability
but are economically and resource-wise unsustainable for large-
scale use. Transition-metal and biopolymer-supported hybrids
provide a greener alternative but often show slower kinetics and
reduced durability under real wastewater conditions. Thus, to
balance performance and sustainability, hybrid systems are
increasingly engineered with magnetically recoverable cores,
biogenic stabilizers, and recyclable supports, which minimize
secondary contamination and maximize reuse.

The catalytic reduction of CM by MNPs and their hybrids is
a kinetically superior but environmentally incomplete pathway.
They are excellent for rapid color removal but inadequate for
full detoxification unless they are integrated into hybrid treat-
ment systems. While environmental impacts can be mitigated
through immobilization, recycling, and post-treatment, the
inherent trade-off among speed, selectivity, and sustainability
necessitates a holistic design approach that couples catalytic
reduction with oxidation or biodegradation for the complete
removal of CM from contaminated waters.
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The oxidative degradation mechanism offers a more
sustainable route as it leads to mineralization rather than
partial reduction. In this pathway, transition metal nano-
particles or oxide hybrids activate oxidants such as H,O, or O,,
which generate highly reactive radicals. In Fenton or Fenton-
like reactions, Fe**/Fe*" ions catalytically decompose hydrogen
peroxide to produce hydroxyl radicals ("OH), as given by eqn
(4)-(11).”

For the H,0O, oxidation reaction:

Fe’* + H,0, — Fe** + OH' + OH™ (4)
Fe'* + OH™ — Fe’" + OH" (5)
Fe’* + OH" — Fe’" + OH~ (6)

OH" + H,0, — H,0 + HOO* 7)
HOO® + HOO" — H,0, + 0, (8)

For the oxygen oxidation reaction:

Fe’* + 0, » Fe** + 0,7~ (9)
HzO + 02.7 — OH™ + HOO® (10)
HOO® + HOO® — H202 + 02 (11)

According to these equations, hydrogen peroxide reacts with
ferrous ions to form ferric ions, hydroxide, and hydroxyl radi-
cals, as shown in eqn (4). Hydroxide can further react with ferric
ions to form ferrous ions and hydroxyl radicals, as provided in
eqn (5). Fe*" can donate an electron to the hydroxyl radical to
form hydroxide and ferric ions. Hydroxyl radicals can also react
with peroxide to form water and peroxide radicals, as in eqn (7).
The peroxide radicals react with each other to form hydrogen
peroxide and oxygen molecules.'® In the case of oxidation with
oxygen, ferrous ions donate electrons to oxygen molecules to
form oxyradical anions and ferric ions, as provided in eqn (9).
‘0O, reacts with water to produce peroxyl radicals and
hydroxide and then the peroxyl radicals react with other peroxyl
radical molecules to form hydrogen peroxide and oxygen
molecules, as in eqn (10) and (11), respectively.

These radicals attack the azo bond and aromatic rings of CM,
leading to ring opening, desulfonation, and stepwise oxidation
into smaller carboxylic acids, which eventually mineralize to
CO,, H,0, and inorganic ions. Hybrid nanostructures exhibit
redox activity, adsorption capacity, and light response, which
significantly enhance the degradation efficiency.*® The surface
interaction between the metal and semiconductor components
allows electron-hole pair separation, suppresses recombina-
tion, and prolongs the charge lifetime, which are key factors in
maintaining strong oxidative power.

In plasmonic or photocatalytic degradation systems, noble
metal nanoparticles (Ag, Au) exhibit localized surface plasmon
resonance (LSPR) when irradiated with light. The oscillation of
conduction electrons generates “hot electrons” that can either
transfer directly to the conduction band of a semiconductor or
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interact with dissolved oxygen/water to produce ROS (O, and
‘OH). The generated ROS initiate oxidative cleavage of the azo
and aromatic structures of CM. Thus, plasmonic hybrids ach-
ieve dual-mode degradation of light-induced oxidative degra-
dation and surface-mediated reduction.

4 Adsorptive and photocatalytic
systems used for removal of
carmoisine

Various adsorbent, catalytic, and photocatalytic materials have
been reported for CM removal from aqueous solutions. These
systems can be broadly categorized into inorganic (carbona-
ceous derivatives, porous silica, metal-organic frameworks,
layer double hydroxides, and zeolites), organic and biopoly-
mers. Their performance varies widely depending on their
surface chemistry, porosity, and functionalization.

4.1 Inorganic adsorbent materials

Various types of inorganic materials have been used for the

adsorptive removal of carmoisine, as shown in Fig. 11(A-T).
4.1.1 Carbonaceous materials. The adsorptive removal of

CM using carbon-based materials is an essential strategy in
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wastewater purification due to its high efficiency, tunable
surface properties, and environmental adaptability.** The
mechanism primarily depends on the surface-solute interac-
tions that occur between the aromatic azo dye and the physi-
cochemical features of the carbon adsorbent. CM contains
extended 7t-conjugated aromatic rings and sulfonate groups (-
SO; ) that enable multiple adsorption pathways such as w7
stacking, electrostatic attraction, hydrogen bonding, and pore
filling. The carbon framework (rich in delocalized m-electrons)
interacts strongly with the aromatic w-system of the dye, which
facilitates -7 electron donor-acceptor interactions, especially
in graphene (Fig. 11(A)), graphene oxide (GO) (Fig. 11(B)),
reduced graphene oxide (RGO) (Fig. 11(C)), and carbon nano-
tubes (CNTs) (Fig. 11(D)). Additionally, the functional oxygen-
ated groups (-COOH, -OH, and -C=0) present on activated
carbon, biochar, or oxidized graphene surfaces participate in
hydrogen bonding and electrostatic attraction when the surface
is positively charged under acidic conditions.

The adsorption efficiency is significantly influenced by
surface area, pore volume, and surface functionality. Activated
carbon (AC) (Fig. 11(E)) (with its extensive microporous-meso-
porous network) exhibits high uptake capacities for CM through
multilayer adsorption. However, its production from nonre-
newable sources and energy-intensive activation (steam or CO,
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Fig. 11 Adsorptive removal of carmoisine by inorganic materials such as (A) graphene, (B) graphene oxide, (C) reduced graphene oxide, (D)
carbon nanotubes, (E) activated carbon, (F) layered double hydroxides, (G) porous silica, (H) zeolites, and (l) metal-organic frameworks.
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activation above 800 °C) raises environmental issues.'*® Biochar
(BC) and hydrochar (HC) (derived from agricultural or algal
biomass through pyrolysis or hydrothermal carbonization)
represent green alternatives with good adsorption capacity (but
less than AC) and the lowest carbon content.'® Their surface
contains diverse oxygen-containing groups that facilitate
chemical adsorption and cation bridging. However, their
irregular porosity and low graphitization reduce the adsorption
kinetics compared to AC or graphene-based adsorbents.
Conversely, graphene oxide (GO) and reduced graphene oxide
(RGO) combine a two-dimensional wt-conjugated structure with
abundant oxygen functionalities, which allow both -7 stack-
ing and electrostatic interactions. RGO (being partially restored
to an sp” network) shows superior -7 interactions and higher
affinity for aromatic pollutants, while GO (containing high polar
functional groups) shows better electrostatic interaction with
the polar parts of pollutants. CNTs provide tubular nanospaces
and hydrophobic graphitic walls ideal for van der Waals and m—
7 adsorption, though their dispersion and surface oxidation
determine their real-world performance.'® Hybrid composites
integrate adsorption with magnetic recovery or photocatalytic
regeneration, which mitigates adsorbent disposal issues.'*

Adsorption proceeds through two main stages, as follows: (1)
film diffusion or boundary-layer transfer of dye molecules to the
adsorbent surface and (2) intraparticle diffusion into pores or
binding onto surface sites. The kinetics often follow pseudo-
second-order models, which indicate dominant chemisorption
involving valence forces and sharing or exchange of electrons.
The adsorption equilibrium is typically described by Langmuir
or Freundlich isotherms depending on surface homogeneity.'*®
Langmuir behavior (monolayer adsorption) is typical for acti-
vated carbon and graphene, while Freundlich behavior
(heterogeneous, multilayer adsorption) is common in BC and
HC."” The thermodynamic parameters (AG°, AH®, and AS°)
often reveal the process as spontaneous and endothermic,
which suggests increased randomness at the solid-solution
interface and enhanced adsorption at higher temperatures.

Although carbon-based adsorption rapidly removes color
and organic load, it merely transfers the contaminant rather
than degrading it, which poses potential secondary pollution
risks if the spent adsorbent is not treated or regenerated.
Regeneration through heating, solvent extraction, or oxidation
(using ozone or H,0,) can lead to structural collapse, pore
blockage, or loss of active sites, which result in a gradual decline
of performance after multiple cycles. Furthermore, desorbed
CM or by-products during regeneration can re-enter the envi-
ronment if not properly controlled. Therefore, adsorption
should be seen as an intermediate or complementary process,
ideally integrated with photocatalytic or biological oxidation for
complete mineralization.'*®

Environmental factors play a decisive role in adsorption
behavior. pH is the most influential factor. Acidic conditions
enhance the protonation of carbon surfaces, which favor
attraction toward anionic dyes such as CM. Conversely, at
higher pH, electrostatic repulsion dominates, which shifts the
mechanism from electrostatic interaction toward m—7 stacking.
Ionic strength reduces the adsorption efficiency by compressing
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the electrical double layer and competing for adsorption sites,
while temperature positively affects the adsorption kinetics by
enhancing dye diffusion. Natural organic matter (NOM) and co-
existing anions (Cl~, SO,>~, and NO, ") in wastewater can either
block the active sites or alter the hydrophilicity of the adsorbent
surface. In real wastewater, multi-component competition
reduces the adsorption efficiency compared to pure laboratory
systems, which reveals the importance of surface modification
and hybrid system design for practical implementation.

Activated carbon exhibits an excellent performance but has
a high environmental cost owing to its energy-intensive
production and limited regeneration life. BC and HC are low-
cost, carbon-negative materials that sequester CO, and repur-
pose agricultural waste but exhibit lower adsorption capacities
and slower kinetics. Graphene and CNTs achieve exceptional
adsorption capacities and tunability but suffer from high
synthesis cost, scalability issues, and potential ecotoxicity if
nanoparticles leach into ecosystems.'” Thus, while graphene-
based adsorbents are superior in terms of efficiency, biochar
and hydrochar excel in sustainability, which makes them pref-
erable for large-scale applications.

The adsorption of CM onto carbon-based materials is
a physicochemical process with high efficiency but limited
permanence. Its strength lies in its versatility, tunability, and
rapid color removal, while its weakness stems from pollutant
transfer rather than degradation. Thus, to ensure both envi-
ronmental safety and long-term efficiency, the next generation
of carbon-based adsorbents should focus on biogenic synthesis,
magnetic recoverability, and hybrid integration with catalytic or
biological systems. These strategies can transform adsorption
from a mere containment process into a regenerative, circular,
and environmentally sound water purification pathway for the
sustainable removal of CM and similar recalcitrant dyes.

4.1.2 Other inorganic adsorbent materials. The adsorptive
removal of CM using advanced porous inorganic materials such
as layered double hydroxides (LDHs) (Fig. 11(F)), porous silica
(PS) (Fig. 11(G)), zeolites (ZL) (Fig. 11(H)), and metal-organic
frameworks (MOFs) (Fig. 11(I)) has gained tremendous atten-
tion because these materials have high structural tunability,
chemical stability, and surface functionality, which enable the
selective capture of complex anionic pollutants such as CM.
Each class exhibits distinct adsorption mechanisms arising
from differences in their surface charge, porosity, chemical
functionality, and framework flexibility, which critically influ-
ence their performance, regeneration potential, and environ-
mental sustainability.

Layered double hydroxides (LDHs), often represented as
[M;_.2" M,*"(OH),]*" (A" )*"-mH,O (where M** and M>" are
divalent and trivalent metal cations, respectively, and A" is an
interlayer anion), possess positively charged brucite-like layers
and exchangeable interlayer anions. For anionic dyes such as
CM (bearing -SO;~ groups), their removal occurs primarily
through anion exchange, electrostatic attraction, and interca-
lation into interlayer galleries. LDHs show high affinity under
neutral to basic pH, where their interlayer anions (e.g., CO3>~
and NO; ) are readily replaced by dye anions, which leads to the
formation of stable dye-layer composites.”’® Under acidic
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conditions, LDHs undergo partial dissolution and release metal
ions (AI**, Zn>*, and Mg”"), which not only decreases their
adsorption capacity but can also cause secondary metal
contamination. Despite this, calcined LDHs can exhibit
a “memory effect,” wherein upon hydration they reconstruct
and re-adsorb anions, which enhances their recyclability.
Therefore, LDHs show fast adsorption kinetics and high selec-
tivity but face pH sensitivity and structural instability in real
wastewater environments, particularly under acidic or high
ionic strength conditions.

Porous silica materials such as mesoporous MCM-41, SBA-
15, and functionalized silicas rely on pore-filling, hydrogen
bonding, and surface complexation mechanisms. Their
ordered mesoporous channels provide high surface areas and
uniform pore geometries, which allow the efficient diffusion of
dye molecules. Bare silica surfaces are covered with silanol (Si-
OH) groups that can hydrogen bond with the sulfonate or azo
groups of dyes, but because silica is slightly negatively charged
at neutral pH, surface functionalization is required to improve
its anionic dye adsorption. Amine-functionalized silicas (-NH,
and -NR;") can strongly interact with CM through electrostatic
attraction and hydrogen bonding. These modifications
significantly increase their adsorption capacity, as reported by
Sadeghi et al.*™ They used an Fe;0, and amino-functionalized
silica composite for the adsorption of CM in different pH
media. They reported that the adsorption capacity of the
composite decreases continuously with increasing pH from 2
to 6 owing to the shifting of the protonated amino (-NH;")
form to deprotonated form (-NH,), which results in a decrease
in interactions between the composite and negatively charged
CM. Furthermore, the chemical inertness of silica and its easy
regeneration through solvent washing or low-temperature
heating make it environmentally robust. However, its
synthesis is energy-intensive, and the surfactant templating
agents used in the preparation of mesoporous silica can be
toxic, which require thorough removal to prevent environ-
mental harm.

Zeolites (crystalline aluminosilicates with microporous
structures and tunable Si/Al ratios) remove CM primarily
through electrostatic attraction and ion exchange at the cationic
framework sites (Na* and Ca®'). Their negative framework
charge attracts cationic species.®* However, since CM is anionic,
its adsorption by zeolites often depends on their surface
modification or the introduction of cationic functional groups.
The adsorption mechanism can also involve pore-filling and
external surface adsorption when the molecular dimensions of
the dye exceed their pore spaces. Natural zeolites have lower
surface areas but are cost-effective and highly stable under
harsh chemical environments, which make them excellent for
industrial wastewater treatment. Synthetic zeolites with hier-
archical porosity (micro-mesoporous hybrid structures) exhibit
enhanced diffusion and adsorption capacity. However, molec-
ular size exclusion remains a limitation. Large aromatic dyes
cannot access microporous sites. Zeolites are chemically and
thermally stable and can be regenerated by mild heating, which
produces minimal secondary waste. Environmentally, they are
some of the most benign and recyclable adsorbents, but their
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performance can decline in multicomponent wastewater due to
competition and pore blocking.

Metal-organic frameworks (MOFs) represent the most
advanced class of adsorbents for CM removal owing to their
extraordinary porosity, tunable chemistry, and functionaliz-
able organic linkers. MOFs exhibit large specific surface areas
and accessible coordination sites that enable multiple inter-
actions such as 7w-m stacking between aromatic dye rings and
MOF linkers, hydrogen bonding, and metal-ligand coordina-
tion between dye functional groups (-SO;~ and -N=N-) and
unsaturated metal sites.*® Functionalization with amine or
hydroxyl groups enhances the affinity toward anionic dyes
through electrostatic attraction. For example,
functionalized MOFs show strong dye adsorption via
hydrogen bonding and electrostatic forces."*> However, many
MOFs suffer from hydrolytic instability in aqueous environ-
ments, which leads to their structural collapse and metal ion
leaching. This raises environmental safety concerns. More-
over, large-scale MOF synthesis often involves toxic solvents
and high energy inputs, which limit their sustainability. Thus,
strategies such as post-synthetic modification, polymer
encapsulation, and formation of MOF-carbon composites are
increasingly applied to improve their stability, recovery, and
reusability."*®

From an environmental and performance perspective,
a critical comparison reveals distinct trade-offs. LDHs are
efficient and selective but environmentally sensitive (acid
dissolution and metal leaching). Porous silicas are chemically
stable but require costly functionalization and regeneration
energy input. Zeolites are highly durable and reusable but
limited by their small pores and low affinity for bulky anionic
dyes without modification. MOFs exhibit excellent capacities
and selectivity but have complex synthesis, stability issues,
and potential metal toxicity. In real wastewater, environmental
factors such as pH, ionic strength, temperature, and
competing ions strongly affect all these systems. Acidic
conditions reduce the stability of LDHs and MOFs, while high
ionic strength suppresses electrostatic adsorption in zeolites
and silica. Temperature typically enhances the adsorption
kinetics but can promote desorption or framework distortion
in MOFs.

All four materials exhibit strong potential for the adsorptive
removal of CM, while their environmental performance and
sustainability vary significantly. LDHs and zeolites are most
suited for large-scale, low-cost applications due to their chem-
ical simplicity and recyclability. Porous silicas provide tunable
and clean adsorption but with moderate sustainability chal-
lenges, while MOFs offer unmatched tunability and capacity but
raise concerns about hydrolytic stability, toxicity, and life-cycle
impacts. The most effective and environmentally sound
approach is hybrid integration to leverage high capacity with
improved stability and low environmental risk. Therefore,
a rational, lifecycle-conscious design that balances efficiency,
stability, and environmental compatibility is critical for
deploying these advanced adsorbents in sustainable CM
removal from aqueous systems.

amine-
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Fig. 12 Adsorptive removal of carmoisine by biological polymers such as (A) chitosan, (B) alginate, (C) cellulose derivatives, (D) starch, and (E)

polysaccharides.

4.2 Biological polymers

The adsorptive removal of CM by biological polymer-based
materials has emerged as a sustainable and environmentally
friendly strategy owing to their natural abundance, non-toxicity,
biodegradability, and capability to host diverse functional
groups.'® Polymers such as chitosan (CS) (Fig. 12(A)),*** alginate
(AN) (Fig. 12(B)),"* cellulose derivatives (Fig. 12(C)),"* starch
(Fig. 12(D)),"*” and other polysaccharides (Fig. 12(E)) or protein-
based matrices exhibit multifunctional adsorption mechanisms
involving electrostatic attraction, hydrogen bonding, van der
Waals interactions, and m-m stacking, which depend on their
chemical composition and surface modification. Among them,
chitosan (a deacetylated derivative of chitin) is the most widely
studied biosorbent for anionic dyes such as CM because of its
amino groups that become protonated (-NH;") under acidic to
neutral pH, resulting in strong electrostatic interaction with the
sulfonate (-SO;™) groups of the dye. This interaction is com-
plemented by hydrogen bonding between the hydroxyl groups (-
OH) on chitosan and azo (-N=N-) or aromatic sites on the dye,
which produces a multi-interaction network that enhances the
binding stability.*®* However, pure chitosan has low mechanical
strength, is soluble in acidic media, and exhibits limited surface
area, which restricts its adsorption kinetics and reusability.
Therefore, chemical crosslinking or composite formation with

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

inorganic fillers is employed to improve its stability, surface
area, and magnetically assisted recovery.

Alginate-based adsorbents (usually in the form of Ca-
alginate beads or aerogels) operate primarily through ionic
complexation and entrapment mechanisms. Their negatively
charged carboxylate (-COO ™) groups can bind metal ions that
act as bridges for dye molecules or be functionalized with
cationic agents to attract anionic dyes such as CM."* However,
native alginates tend to repel CM because of the electrostatic
repulsion between their negatively charged groups. Thus,
crosslinking and functionalization are essential to enhance
their adsorption efficiency. Cellulose and its derivatives partic-
ularly carboxymethylcellulose, hydroxyethylcellulose, and ami-
nated cellulose possess high hydrophilicity, chemical
tunability, and large surface area."™ Aminated cellulose inter-
acts strongly with CM through electrostatic attraction and
hydrogen bonding, while aromatic-functionalized cellulose
adds -7 stacking interactions, which enhance its selectivity
toward azo dyes.

Starch and cyclodextrin-based adsorbents exploit host-guest
inclusion mechanisms, wherein the hydrophobic cavities of
cyclodextrin molecules encapsulate aromatic dye molecules
such as CM, driven by hydrophobic and van der Waals
forces.*>'” Meanwhile, protein- or peptide-based adsorbents
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rely on amide and carboxyl groups for hydrogen bonding and
electrostatic attraction. Although these materials show a lower
dye capacity compared to chitosan-based systems, they provide
biodegradability and natural abundance advantages. The
adsorption performance among these materials is strongly
governed by pH, ionic strength, and temperature. At lower pH
values, protonation enhances the cationic site density in chi-
tosan and aminated cellulose, thus improving CM uptake.
Conversely, at higher pH, deprotonation reduces charge-based
binding, which shifts the mechanism toward hydrogen
bonding or - stacking. Elevated ionic strength causes charge
screening, which reduces electrostatic interactions, while
higher temperature often enhances dye diffusion and intra-
particle penetration, increasing the equilibrium capacity but
potentially weakening non-covalent interactions.

Chitosan-based adsorbents exhibit the highest adsorption
capacities owing to their strong cationic sites and tunable
hybridization potential.™** Alginate** and cellulose derivatives
show moderate capacities (less than chitosan-based adsorbents
but higher than other bioadsorbents), which can be enhanced
by grafting amine or aromatic groups. Starch and protein-
based"® materials generally exhibit lower capacities than
alginate-based and chitosan-based adsorbents, but they offer
low cost and biodegradability. When integrated into nano-
composite systems, these biopolymers not only adsorb CM
efficiently but can also act as support matrices for photo-
catalytic or redox-active nanoparticles, resulting in adsorptive—-
photocatalytic dual functionality. This is a critical advantage for
complete dye mineralization.

Biopolymer-based adsorbents have notable benefits
compared to inorganic or synthetic polymeric systems. They are
renewable, require low energy for their synthesis, and are
biodegradable, which reduces their overall environmental
impact. Furthermore, their degradation products are generally
benign, which poses minimal ecotoxicity risks. However, their
biodegradability can become a limitation when structural
degradation occurs prematurely during their use, resulting in
mechanical instability and potential desorption of the bound
CM back into the environment. Furthermore, the disposal of
dye-loaded biosorbents requires careful management. If incin-
erated or improperly composted, the adsorbed azo dyes can
release toxic aromatic amines, thus negating their ecological
benefits.

Chitosan-based systems show higher environmental stability
and lower regeneration waste than alginate or cellulose systems,
though they can still release amine-based residues in acidic
environments. Alginate and cellulose are more environmentally
benign but less efficient, which require modification steps that
often involve chemical crosslinkers with moderate toxicity.
Hybrid composites containing magnetic or metal oxide nano-
particles can improve recyclability but introduce metal leaching
risks, which raise ecological concerns if not properly
encapsulated.

The adsorptive removal of CM by biological polymer-based
materials represents an excellent balance between efficiency
and environmental compatibility. Chitosan remains the
benchmark due to its high cationic charge density and
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modifiability, while cellulose and alginate offer greener, cost-
effective alternatives. However, its practical deployment
requires addressing stability-biodegradability trade-offs,
regeneration efficiency, and secondary pollution control.
Future research must focus on bio-derived crosslinking strate-
gies, composite reinforcement with eco-safe nanoparticles, and
closed-loop regeneration processes to achieve sustainable, high-
performance adsorbents for real-world CM remediation.

4.3 Synthetic organic polymers

The adsorptive removal of CM using synthetic organic polymer-
based materials represents a highly engineered approach that
combines molecular design precision, surface functionaliza-
tion, and structural tunability to achieve efficient, selective, and
reusable dye removal. These materials (such as ion-exchange
resins, quaternized or aminated hydrogels, conducting poly-
mers (polyaniline, polypyrrole, and polythiophene), molecularly
imprinted polymers (MIPs), hyper-crosslinked polymers
(HCPs), covalent organic frameworks (COFs), and conjugated
microporous polymers (CMPs)) show distinct adsorption
mechanisms depending on their composition and architecture.
Fundamentally, these polymers rely on electrostatic interac-
tions, -7 stacking, hydrogen bonding, van der Waals forces,
and pore-filling effects to capture CM, a complex anionic azo
dye with sulfonate groups and aromatic rings that facilitate
both ionic and 77 interactions.*!

The most common mechanism is electrostatic ion exchange,
in which positively charged sites (e.g., quaternary ammonium,
protonated amine, or imidazolium groups) on the polymer
framework attract the negatively charged -SO;~ groups of CM.
These materials (exemplified by anion-exchange resins and
quaternized polymer hydrogels) display rapid uptake, high
capacity, and easy regeneration by ion replacement using NaCl
or mild alkaline elusion. Molecularly imprinted polymers
(MIPs) provide another level of control by creating tailor-made
binding cavities with complementary geometry and function-
ality to molecular structure of CM. The imprinted sites produce
high selectivity (even in the presence of competing dyes or
organic matter) due to their precise spatial and chemical
recognition. However, diffusion limitations within the dense
polymer matrix can reduce the adsorption kinetics, and
template removal during synthesis can generate chemical
waste, which raises environmental concerns.

Conducting polymers such as polyaniline (PANI) and poly-
pyrrole (PPy) represent a special class due to their conjugated -
electron backbones. These materials adsorb CM primarily
through m-m stacking between the aromatic rings of polymers
and the azo-benzene groups of dyes, which are complemented
by hydrogen bonding and electrostatic attraction in doped
states."”” Additionally, their redox-active nature allows them to
partially reduce the azo bond (-N=N-), which integrates
adsorption with catalytic detoxification. When incorporated
into composites with carbon nanotubes, graphene oxide, or
magnetic nanoparticles, conducting polymers exhibit enhanced
surface area, better dispersibility, and facile recovery by
magnetic separation. However, they are sensitive to oxidation,

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00148c

Open Access Article. Published on 20 March 2026. Downloaded on 3/30/2026 10:27:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

undergo degradation over repeated cycles, and require acidic
conditions to maintain their conductivity, which limits their
practical wastewater application.

Hyper-crosslinked polymers (HCPs)*** and covalent organic
frameworks (COFs), due to their exceptionally high surface
areas, hierarchical porosity, and rigid aromatic frameworks,
show extraordinary adsorption performances through a combi-
nation of m-m interactions, hydrophobic effects, and size-
selective pore filling. Their rigid skeletons provide stability
under a wide range of pH and temperature, and functionaliza-
tion (e.g., with -NH,, -OH, or quaternary groups) tailors them
for anionic dye capture. Conjugated microporous polymers
(CMPs) and COFs have a major advantage in that they can
integrate adsorption with photocatalytic or photo-Fenton
functionalities, which enable dye degradation within the
adsorbent structure and thus reduce secondary waste genera-
tion.”* However, their synthesis often requires toxic solvents,
high temperatures, or costly monomers, which makes their
large-scale production environmentally and economically
challenging.

Ion-exchange resins and quaternized hydrogels demonstrate
the highest practical removal efficiencies and regeneration
potential, though their performance is limited by fouling and
decreased selectivity in saline or multicomponent waste-
water.'™* MIPs provide the best selectivity but suffer from slow
kinetics and complex, often solvent-intensive synthesis. Con-
ducting polymers excel in multifunctional adsorption-reduc-
tion behavior but degrade under prolonged exposure to
oxidants or UV light. HCPs and COFs provide excellent capacity
and structural stability but are costly and environmentally
intensive to produce. Therefore, synthetic polymers outperform
biological or inorganic adsorbents in capacity, selectivity, and
reusability, while their environmental burden during synthesis
and disposal remains a significant limitation.

The use of synthetic organic polymers for CM removal
represents a double-edged sword. On the one hand, these
materials provide durability, tunable functionality, high effi-
ciency, and excellent regeneration, which are critical advantages
in reducing operational waste and minimizing chemical
consumption during treatment cycles. On the other hand, their
synthesis pathways are resource- and energy-intensive, which
involve petrochemical-based monomers and organic solvents
that contribute to greenhouse gas emissions, residual toxicity,
and solvent waste.”” Furthermore, their non-biodegradability
makes their post-use management challenging, as polymers
can fragment into microplastics or leach monomeric residues,
leading to secondary pollution. Also, their regeneration typically
involves salt, base, or solvent washing, which generates
secondary liquid waste requiring treatment, while thermal
regeneration can cause polymer decomposition and release
volatile organic compounds (VOCs).

Biological and natural polymer-based adsorbents are more
environmentally benign but lack the robustness and adsorption
precision of synthetic polymers. Inorganic materials provide
structural stability but lack the fine-tuned selectivity achievable
by synthetic polymers. Thus, the environmental challenge lies
not in performance but in sustainable design. This involves
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adopting green polymerization methods, bio-derived mono-
mers, and recyclable frameworks that reduce lifecycle impacts.

The adsorptive removal of CM by synthetic organic polymers
illustrates the intersection of advanced materials chemistry and
environmental engineering. These materials deliver precise,
high-capacity, and regenerable adsorption through rational
functionalization and structural optimization, outperforming
natural systems under controlled conditions. However, their
real-world sustainability depends on reducing their synthetic
toxicity, improving their recyclability, and integrating hybrid
strategies (coupling polymer adsorbents with photocatalytic,
biological, or electrochemical regeneration) to achieve not only
efficient dye removal but also environmental compatibility.
Therefore, future development should focus on eco-designed
polymers that balance high adsorption performance with
minimal environmental footprint, which ensures both techno-
logical efficiency and ecological responsibility in CM
remediation.

4.4 Photocatalytic materials

The photocatalytic degradation of CM by metal oxides and
metal sulfides involves photon-induced electron-hole pair
generation, interfacial charge transfer, and oxidative decom-
position of the dye molecules into non-toxic or less toxic end
products such as CO,, H,0, NO;~, and SO,>~. When a semi-
conductor photocatalyst is irradiated with light of energy equal
to or greater than its band gap, electrons are excited from the
valence band to the conduction band, leaving behind holes that
participate in oxidation reactions. These charge carriers drive
the formation of ROS, which attack the azo (-N=N-) bond and
aromatic moieties of CM, resulting in decolorization and step-
wise mineralization. The main reactions include semiconductor
excitation, water oxidation to "OH by holes, and oxygen reduc-
tion to ‘O, by electrons, which together promote oxidative
cleavage of the dye into smaller, less toxic fragments, as di-
scussed in a previous section in detail."*

Metal oxides are the most widely used photocatalysts
because of their chemical stability, strong oxidative potential,
and environmental safety. Their wide band gaps (typically 3.0-
3.2 eV) limit absorption to the UV region, but they can produce
highly reactive hydroxyl radicals capable of complete minerali-
zation of CM without forming harmful intermediates."*® Modi-
fications such as nonmetal doping, metal incorporation, and
heterojunction construction are used to extend their light
response into the visible region and reduce electron-hole
recombination. In contrast, metal sulfides possess narrower
band gaps (1.3-2.4 eV), which allow efficient utilization of
visible light and enhanced solar activity. However, they are
prone to photo-corrosion, where photogenerated holes oxidize
$*~ to SO,>7, resulting in catalyst deactivation and potential
metal ion leaching. This instability and possible release of toxic
species such as Cd*>" and Cu®" make sulfides less environmen-
tally benign, despite their strong light absorption.

In terms of degradation mechanism, metal oxides typically
generate hydroxyl radicals through water oxidation and proceed

through  oxidative pathways, leading to complete
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mineralization. Conversely, metal sulfides mainly generate
superoxide radicals owing to their less positive valence bands,
which result in partial degradation or formation of aromatic
intermediates unless stabilized through hybridization. To
overcome these limitations, oxide-sulfide heterojunctions have
been developed, where directional charge migration enhances
the redox synergy and reduces recombination and photo-
corrosion.®® In these systems, the photogenerated electrons in
the conduction band of the sulfide migrate to the oxide, while
holes remain in the oxide valence band, maintaining a high
redox potential and stability."*!

The photocatalytic performance of both oxides and sulfides
depends critically on several operational and structural
parameters such as band-gap energy, band-edge positions,
surface area, crystallinity, morphology, defect density, and
heterojunction configuration."” Other factors such as light
intensity, wavelength, catalyst dosage, pH, dissolved oxygen
concentration, ionic strength, and presence of coexisting ions
also significantly influence their degradation efficiency. For
instance, at acidic pH, CM is more readily adsorbed on posi-
tively charged oxide surfaces, enhancing its degradation.
Alternatively, at alkaline pH, repulsive interactions can
suppress the reaction rates. Higher dissolved oxygen levels favor
electron scavenging and ‘O, formation, which reduce recom-
bination losses, whereas competing anions such as Cl~ and
HCO;™ act as radical scavengers, which diminish the photo-
catalytic efficiency. Additionally, an excessive catalyst loading
can cause light shielding or particle aggregation, which limits
photon penetration and decreases the active site availability.

Metal oxides are more sustainable and stable, which produce
minimal secondary pollution and allow easy recovery and
reuse.'”® Their long-term performance remains high owing to
their structural inertness and chemical resistance, which make
them ideal for continuous water treatment applications. In
contrast, metal sulfides (despite their superior visible-light
absorption and higher quantum efficiency compared to metal
oxides) suffer from poor durability and higher ecological risks
owing to metal ion leaching and sulfide oxidation. Thus, the
environmental impact of sulfide-based photocatalysts can only
balance their photonic efficiency if they are properly immobi-
lized or hybridized with protective oxide or carbonaceous layers.

Metal oxides achieve deeper mineralization and generate
fewer toxic intermediates, while metal sulfides show faster
decolorization but incomplete mineralization unless stabilized.
The interplay among factors such as pH, light spectrum, oxygen
availability, and heterojunction design can shift the degrada-
tion mechanism between direct hole oxidation (common in
oxides) and ROS-mediated oxidation (dominant in sulfides).
The overall conclusion is that oxide-based photocatalysts such
as TiO, and ZnO remain the most environmentally safe and
chemically stable materials for CM degradation, whereas
sulfide-based catalysts such as CdS and MoS, provide enhanced
solar utilization but demand careful stabilization to mitigate
their environmental risks. The most efficient and sustainable
strategy lies in hybrid systems that combine oxide and sulfide
components or integrate carbon-based supporters, which
enable efficient charge separation, broad-spectrum absorption,
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and suppressed photocorrosion. Thus, optimizing physico-
chemical parameters, material stability, and environmental
compatibility is essential for achieving the high-performance
and ecologically responsible photocatalytic degradation of CM
in wastewater systems.

4.5 Biological materials for degradation of CM

The biological degradation of CM involves complex redox
transformations governed by microbial enzymatic activity and
environmental conditions.'** This process typically occurs in
two main phases as initial anaerobic reductive cleavage of the
azo bond (-N=N-) followed by aerobic oxidative mineralization
of the resulting aromatic amines. In the first phase, anaerobic
or facultative microorganisms (particularly Pseudomonas,
Bacillus, Klebsiella, and Enterococcus species) use azoreductase
enzymes (NADH-dependent or flavin-based) to donate electrons
to the azo bond, which split it into aromatic amines such as
sulfanilic acid and naphthylamine derivatives. This reaction
removes color rapidly but does not completely detoxify the
effluent. The second, aerobic phase is critical for full degrada-
tion. Oxidative enzymes such as laccase, lignin peroxidase (LiP),
and manganese peroxidase (MnP) break aromatic rings,
generate quinones, and oxidize these intermediates into
smaller organic acids that enter the tricarboxylic acid cycle and
are finally mineralized to CO,, H,0O, NO;~, and SO,>". The
efficiency and selectivity of each step are strongly influenced by
the redox conditions (oxygen presence determines whether
reduction or oxidation dominates) and co-substrate availability,
pH, and temperature.

Bacterial systems are the most efficient for the first (reduc-
tive) step of CM degradation. Under oxygen-limited conditions,
bacteria achieve high decolorization rates because azor-
eductases can access the azo bond readily when the dye is
adsorbed on or near the cell surface. However, in environmental
contexts, incomplete degradation can be problematic. Aromatic
amines produced under anaerobic conditions are more toxic
and mutagenic than the parent dye. Therefore, bacterial
systems are effective for initial color removal but insufficient for
full detoxification without an aerobic stage. In large-scale
treatment plants, bacterial consortia within activated sludge
show excellent performances but face limitations due to
salinity, heavy metal interference, and unstable enzyme
expression under fluctuating environmental conditions. The
environmental implication of bacterial treatment is mixed. It
reduces color and COD efficiently, while it risks producing toxic
intermediates unless coupled with oxidative or photochemical
polishing.

Fungal systems, particularly those based on white-rot fungi
such as Phanerochaete chrysosporium, Trametes versicolor, and
Pleurotus ostreatus excel at aerobic oxidation and detoxification
of the amine intermediates. Fungal extracellular enzymes
(especially laccases and peroxidases) have broad substrate
ranges and catalyze one-electron oxidations that lead to ring
cleavage and mineralization. Compared to bacteria, fungi
degrade CM more completely, with higher total organic carbon
(TOC) removal and reduced effluent toxicity. However, fungal
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degradation is slower due to their lower growth rates and
enzyme production, which depends on optimal nutrient
balance, pH (4-6), and aeration. Environmentally, fungal
systems are cleaner and produce less sludge, but their energy
requirement for aeration and sensitivity to nutrient limitation
can hinder large-scale continuous operation. The key advantage
of fungal treatment lies in its ecological safety and complete
mineralization, which balances slower kinetics when detoxifi-
cation is the primary goal.**

Microalgae and cyanobacteria use a distinct mechanism
involving biosorption, bioaccumulation, and photo-oxidation.
Dyes such as CM are first adsorbed on algal cell walls
(through electrostatic and hydrophobic interactions) and then
undergo oxidative degradation assisted by oxygen and reactive
oxygen species (ROS) produced during photosynthesis.
Enzymes such as azoreductase and laccase-like oxidases also
contribute intracellularly. Algal systems perform best in low-
strength effluents under sunlight and provide dual benefits
such as nutrient removal (N and P) and biomass generation for
biofuel or fertilizer applications. However, they are slow at high
dye concentrations due to light attenuation (self-shading), and
their performance drops in cold or highly saline wastewater.
Environmentally, algal systems are highly sustainable, which
require no external carbon source or toxic reagents but are
limited by climatic and light constraints. Their best use is as
a tertiary polishing step after bacterial or fungal treatment to
ensure final detoxification.

Enzyme-based systems, which utilize purified or immobi-
lized enzymes (azoreductases, laccases, and peroxidases),
facilitate precise and eco-friendly degradation of CM under
mild conditions.” When immobilized on biopolymer supports
such as chitosan, alginate, or silica, enzymes exhibit enhanced
stability, reusability, and resistance to inhibitors. These systems
allow direct oxidation or reduction of dye molecules without cell
growth and prevent biomass accumulation.”*® However, they
suffer from high enzyme production costs, deactivation in the
presence of salts or surfactants, and diffusion limitations.
Conversely, immobilized enzyme systems show excellent
potential for clean, targeted removal of dyes in low-volume,
high-value effluents. Environmentally, they minimize
secondary pollution, but their large-scale sustainability
depends on cost-effective enzyme recovery and regeneration.

Dead biomass and biosorbent-based materials, such as
inactivated microbial cells, agricultural residues, and biochar,
remove CM mainly through adsorption rather than true
degradation. These biosorbents rapidly bind dyes due to surface
functional groups (carboxyl, hydroxyl, and amine), enabling
efficient color removal. However, the adsorbed dyes remain
chemically intact, and desorption or disposal of the spent bi-
osorbent poses a risk of secondary contamination. Although
biosorption is low-cost and rapid, it is not a self-sustaining
degradation method; it must be integrated with biological
oxidation or advanced oxidation to achieve full detoxification.
From an environmental perspective, biosorbents are advanta-
geous due to their renewability and simplicity, but they merely
transfer pollutants rather than eliminate them.
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Bacterial systems provide the highest rate of color removal
but risk incomplete degradation and formation of toxic inter-
mediates. Fungal systems ensure deeper mineralization and
detoxification but at slower kinetics. Algal systems contribute to
sustainable polishing and nutrient recovery but are limited by
light and temperature. Enzyme-based systems are cheap,
selective, and produce little sludge but remain economically
constrained. Biosorbent-based systems are the most affordable
but least effective in long-term pollutant elimination. Thus, the
environmental impact hierarchy can be summarized as: fungal
= enzyme-based (lowest residual toxicity) > algal (moderate) >
bacterial anaerobic (high toxicity risk) > biosorbent-only
(secondary waste risk).

The parameters controlling the biological degradation of CM
include redox potential (aerobic/anaerobic balance), pH
(enzyme-specific activity windows), temperature (optimal for
enzymes and growth typically 25-37 °C), co-substrate avail-
ability (electron donors such as glucose or acetate enhance
reductive degradation), dye concentration, light intensity (for
algal systems), and inhibitors (metal ions, surfactants, and
salts). Environmental fluctuations in these parameters can shift
the degradation pathways such as limited oxygen or high dye
load can favor reductive azo cleavage (producing amines), while
high oxygen and enzyme expression promote complete oxida-
tion and mineralization. This interplay explains why real
wastewater matrices often yield slower or incomplete degrada-
tion compared to lab-scale tests.

Biological degradation of CM represents a multifaceted, eco-
friendly, and low-energy strategy, but one that requires careful
process integration. Fast but incomplete bacterial reduction
must be coupled with fungal or enzymatic oxidation for
complete detoxification, while algal and biosorbent systems
serve best in tertiary polishing. The environmental sustain-
ability of biological methods is superior to chemical and phys-
icochemical approaches, but their operational challenges (slow
kinetics, sensitivity to conditions, and management of biolog-
ical waste) must be addressed through process optimization,
immobilization technologies, and hybrid systems combining
biological and catalytic pathways.

A critical comparison between different materials is given in
Table 3 which easily provides information on the advantages
and limitations of each material for removal of CM.

4.6 Composite materials

The photocatalytic degradation and reduction of CM using
hybrid composites that integrate metal nanoparticles, metal
oxides, or metal sulfides with synthetic polymers,"* biopoly-
mers, carbonaceous materials,'* metal-organic frameworks
(MOFs), layered double hydroxides (LDHs), or zeolites®* repre-
sents one of the most promising approaches for removing
persistent azo dyes from wastewater. These composites exploit
the synergistic coupling of multiple functionalities (adsorption,
charge transfer, and redox catalysis) to overcome the individual
limitations of pure materials. In these systems, the degradation
or reduction of CM follows a multi-step mechanism involving
dye adsorption on the composite surface, photoexcitation or
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Table 3 Critical comparison among the materials used for the removal of CM from water

Role in combined
Type of materials Examples system Advantages Limitations Performances

Inorganic adsorbents  Layered double
hydroxides (LDHs),
zeolites, metal oxides

(Fe304, Al,03), silica

Cellulose derivatives,
chitosan, alginate

Biological polymers

Photocatalytic
materials

TiO,, ZnO, g-C;N,,
BiVO,

Organic synthetic
polymers

Polypyrrole (PPy),
polyaniline (PANI),
polymer resins

Biological materials Bacteria, fungi, laccase,
(microbial/enzymatic) peroxidases

Provide surface
adsorption and act as
catalyst support

High thermal stability, Limited visible-light

tunable surface charge, activity unless

structural robustness modified, lower
adsorption capacity
than carbon materials

Poor mechanical
stability, swelling,
limited long-term
durability

High adsorption
through -NH,/-OH
groups, support
photocatalysts

Biodegradable, low-
cost, abundant
functional groups

ROS generation under Strong oxidative Electron-hole

light, oxidative potential, recombination, UV
degradation mineralization dependence (for some)
capability

Possible
photodegradation,

Conductive matrix,
adsorption and
electron mediator

Improved charge
transfer, visible-light
response, structural synthesis can involve
tunability toxic reagents
Enzymatic reduction  Eco-friendly, low energy Slow kinetics, sensitive

and adsorption

Moderate-high
adsorption, improved
degradation when
coupled with TiO,/ZnO,
stable over multiple
cycles

High initial adsorption;
enhanced degradation
when crosslinked or
combined with metal
oxides

High degradation
efficiency, improved
when combined with
adsorptive supports
Enhanced
photocatalytic kinetics,
good dye affinity,
moderate recyclability
Effective

electron donation by the catalyst, charge carrier separation
across heterointerfaces, and subsequent oxidative or reductive
cleavage of the azo bonds (-N=N-). Upon illumination,
photoinduced electrons reduce oxygen to superoxide radicals
("0, 7), while photogenerated holes oxidize water or hydroxide
ions to hydroxyl radicals ("OH), which initiate oxidative degra-
dation. Simultaneously, in reductive environments or in the
presence of reducing agents such as NaBH,, the electrons from
metal nanoparticles directly reduce the azo linkages to hydrazo
intermediates, which lead to cleavage into aromatic amines that
are later mineralized through secondary photocatalytic oxida-
tion. The overall efficiency of this process depends critically on
how effectively the composite material balances adsorption
affinity, charge transfer rate, and redox potential.'*®

The integration of polymers or biopolymers such as chito-
san, alginate, polyacrylamide, and polyaniline provides
multiple advantages. These materials introduce reactive func-
tional groups (-NH,, -OH, -COOH, and -SOz;H) that enhance
the electrostatic interaction and hydrogen bonding with the
anionic sulfonate groups of CM, which significantly increase
the adsorption preconcentration of the dye near the active sites.
Moreover, polymer matrices act as capping and stabilizing
agents, which prevent nanoparticle aggregation and leaching
while maintaining high dispersion and accessibility to the
catalytic sites. Biopolymers (being biodegradable and renew-
able) contribute to the environmental sustainability of the
catalyst. However, their thermal and photochemical stability
can be limited. Thus, their use is often optimized by cross-
linking or hybridization with inorganic supporters. Carbona-
ceous materials such as GO, RGO, CNTs, and BC further
improve the photocatalytic efficiency by acting as conductive
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demand to pH/temperature, decolorization, limited
incomplete mineralization without
mineralization post-oxidation step

electron highways that accelerate interfacial charge transfer and
suppress electron-hole recombination. Their w-7 conjugation
structures also facilitate dye adsorption through electron delo-
calization, which enhances visible-light utilization and the
overall degradation kinetics.'*%***

Metal oxides and metal sulfides incorporated into these
matrices play distinct but complementary roles. Metal oxides
show high oxidative potential and long-term chemical stability,
which favor the deep mineralization of CM into CO,, H,0, and
inorganic ions, although their wide band gaps limit visible-light
absorption. Metal sulfides exhibit narrower band gaps and thus
harvest visible light efficiently, but they are prone to photo-
corrosion and leaching, potentially introducing secondary
pollution. By embedding these sulfides within conductive or
polymeric matrices, the charge recombination and photo-
corrosion issues can be minimized through protective encap-
sulation and improved electron mobility.*** Similarly, MOF-
based composites contribute ultra-high surface areas, tunable
pore structures, and the ability to anchor nanoparticles
uniformly within their frameworks, which facilitate selective
adsorption and catalytic reactions at the molecular scale. LDHs
and zeolites provide additional benefits through their anion-
exchange capacity and well-defined microporosity, which
ensure enhanced adsorption of CM and efficient mass transfer.
The synergistic interaction between these inorganic phases and
organic supports produces a hierarchical composite with
improved photophysical, structural, and chemical properties.

The environmental impact and comparative performance of
these composite systems depend heavily on their composition,
degradation pathways, and by-product formation.” Compos-
ites containing metal oxides or carbonaceous materials are
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generally regarded as environmentally safer because of their
high recyclability, chemical stability, and low leaching poten-
tial. In contrast, sulfide-based composites show superior solar-
light efficiency, but can release hazardous ions such as Cd** or
Pb** upon prolonged exposure (especially under oxidative
conditions), which raises toxicity concerns. Reduction-based
systems that rely primarily on metal nanoparticles demon-
strate rapid decolorization through efficient electron transfer
but often produce partially reduced aromatic amines such as
sulfanilic acid or 1-amino-2-naphthol, which are mutagenic and
require secondary oxidation or biological degradation to ensure
full mineralization. The most environmentally benign and
effective composites are those that combine oxidative and
reductive functions (often in the form of Z-scheme or S-scheme
heterojunctions), where electrons and holes are spatially sepa-
rated but maintain strong redox potentials, which enable the
simultaneous reduction and oxidation of intermediate species.

The parameters controlling catalytic performance include
both material properties and operational conditions. Material-
specific factors encompass band gap energy, Fermi level align-
ment, crystal phase composition, particle size, surface area,
pore structure, surface charge, and degree of interfacial contact
between components. For instance, smaller nanoparticles
increase the density of surface-active sites, while optimized
band alignment between the semiconductor and conductive
support enhances charge separation. Defect engineering
(oxygen vacancies and sulfur vacancies) can extend the visible-
light absorption and improve the carrier mobility, though
excessive defects can increase the number of recombination
centers. Operational parameters such as pH strongly influence
the adsorption capacity (since CM is an anionic dye, acidic
conditions generally enhance electrostatic attraction), while the
presence of dissolved oxygen, ionic strength, light intensity, and
catalyst loading determine the dominant reactive species and
overall reaction rate. The surrounding environment (tempera-
ture, competing ions, and natural organic matter) also alters the
kinetics and the selectivity of degradation pathways.

The hybridization of metal-based catalysts with polymers,
biopolymers, and carbon frameworks significantly enhances
their stability, reusability, and biocompatibility. Hence, these
materials reduce nanoparticle leaching, minimizing the risk of
secondary pollution. Compared with pure metal oxides or
sulfides, composites provide more sustainable long-term
performances, as their structural integrity and catalytic
activity remain stable over multiple cycles. Furthermore, their
broad-spectrum light absorption and increased radical genera-
tion lead to more complete degradation of CM, which mini-
mizes the formation of toxic intermediates. However, critical
challenges remain in scaling up these materials, managing
synthesis costs, ensuring consistent recovery and reusability,
and evaluating their ecotoxicological impacts comprehensively.
Composite catalysts present a transformative advancement in
CM remediation, which provides a path toward high-efficiency,
solar-driven, and environmentally responsible dye removal.
Their design and application balance activity, selectivity, and
environmental safety across the entire lifecycle.
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A summary of the materials used for the removal of car-
moisine from water through photosynthesis/adsorption, along
with their optimized conditions is provided in Table 4.

5 Characterization techniques

Removal of CM from water has been identified by various
techniques such as spectral decolorization (UV-vis absorbance
at Amax Of the dye) to confirm chromophore destruction,**
intermediate identification (HPLC,'** LC-MS, and GC-MS) to
detect the presence of aromatic amines or ring-cleavage prod-
ucts, mineralization analysis (TOC/COD) to quantify organic
carbon removal, inorganic analysis of end-products (IC for
NO;~ and SO,>7) to show true oxidation, catalyst/adsorbent
characterization (XRD,*”” FTIR,"*® XPS,”** and TEM) to evaluate
structural changes, metal leaching experiments (ICP-MS) for
nanocatalysts, and ecotoxicity/genotoxicity assays (Ames,
Daphnia, algal growth, and Microtox) to evaluate environmental
safety. The results obtained during these experiments can verify
the efficiency of materials. Surface area and porosity are usually
evaluated by Brunauer-Emmett-Teller (BET) analysis, with
higher specific surface areas directly correlating to increased
CM adsorption. Rapid loss of UV-vis signal alone only proves
decolorization (not detoxification or mineralization)."** Thus,
robust studies must pair spectral kinetics with TOC/COD, LC-
MS and toxicity tests. Reuse cycling, mass balance for cata-
lysts, and leachate measurements are equally essential but
under-reported.

Photocatalytic degradation by materials can be identified
using different techniques. Pure metal oxides show reliable UV-
vis decay of CM and moderate TOC removal under ideal illu-
mination. However, pure oxides require UV or engineered
visible-light modifications to be efficient under solar light.
Metal-sulfide photocatalysts and plasmonic metal-decorated
semiconductors exhibit faster visible-light decolorization
because they harvest more photons, but many sulfides show
poorer TOC removal and evidence of photo-corrosion or metal
leaching (detected by ICP)."** Composite photocatalysts are
most frequently reported to exhibit the best combination of fast
Amax decay, higher apparent rate constants (k.pp), and signifi-
cantly improved TOC reductions. The analytical fingerprint is
the faster disappearance of LC-MS intermediates and lower
ecotoxicity after treatment. However, careful studies reveal that
even high apparent rate constants can coincide with incomplete
mineralization unless the catalyst preserves strong oxidative
power. Hence, TOC and toxicity are the decisive metrics.

Adsorption capacity of adsorbents and product identifica-
tion can also be monitored using different techniques. These
results indicate the efficiency of the adsorbent for the removal
of CM. Isotherm and kinetic analyses along with FTIR/XPS of
spent adsorbents repeatedly indicate electrostatic binding,
hydrogen bonding and m-m interactions as dominant mecha-
nisms.'** Adsorption studies show excellent color and concen-
tration removal but negligible TOC reduction. The adsorbed
concentration of CM by adsorbents can also be monitored using
a UV-vis spectrophotometer, where a decline in the absorbance
peak of CM is observed after its removal from a mixture by the
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adsorbent. In this process, the pollutant is transferred to
a solid. Therefore, regeneration tests (solvent or thermal)
become a critical performance metric, where a decline in
capacity across cycles and the nature of the desorption effluent
determine whether adsorption is a viable long-term solution or
simply a temporary containment step.

Catalytic reduction by metal nanoparticles and supported
catalysts can also monitored using different techniques. UV-vis
spectroscopy shows the near-instant disappearance of the Apay,
LC-MS shows the formation of aromatic amines almost imme-
diately, while TOC barely changes during the reduction step.
ICP-MS flags metal release if NPs are poorly stabilized. Practi-
cally, this technique is very helpful for monitoring rapid color
removal or dye conversion into more biodegradable fragments,
but not for stand-alone remediation. LC-MS and toxicity assays
almost always demand follow-on oxidation/biological polishing
to eliminate toxic amines. Bimetallic catalysts and well-
engineered supports improve catalyst stability and lower
leaching, resulting in improved reuse cycles and lower ICP
values.

Morphological analysis through scanning electron micros-
copy (SEM)"® and transmission electron microscopy (TEM)*’ is
also routine, which allows the observation of particle size,
porosity, and surface uniformity. In magnetic composites, such
as NH,-Fe;0,-WO;, TEM revealed the uniform dispersion of
the magnetic cores, while SEM coupled with energy-dispersive
X-ray spectroscopy (EDX) confirmed the presence of function-
alized amine groups and supported the observed stability
during recycling. For magnetic composites, vibrating sample
magnetometry (VSM) has been applied to confirm their strong
magnetic response,® which ensures their easy recovery from
treated water.

The performance order indicated by results is reduction >
adsorption > photocatalysis in terms of visible color removal
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speed (reduction fastest, adsorption fast, and photocatalysis
slower for TOC). For mineralization and toxicity reduction,
photocatalysis generally outperforms the others when TOC and
toxicity assays are considered.** Adsorption scores are high for
robustness in complex matrices but low on final disposal/
regeneration impacts. Catalytic reduction scores high on
kinetics but low on final ecotoxic outcome unless followed by
polishing. Regarding stability and reusability, carbon-
supported photocatalysts and immobilized composites
perform better than unsupported NPs or fragile enzyme
systems.

Best-practice interpretation and integrated strategies (how to
read technique results sensibly) are necessary. Do not judge
a material only by % color removal or a single apparent rate
constant (k,pp). Prioritize studies that report such as UV-vis and
LC-MS for intermediates, TOC/COD for mineralization,
ecotoxicity/genotoxicity before and after treatment, catalyst/
adsorbent reuse cycles and ICP-MS of leachate, and perfor-
mance evaluations in realistic matrices (NOM and salts). The
realistic treatment pathway supported by techniques is gener-
ally adsorption or fast reduction as pretreatment (rapid color
and load reduction), followed by photocatalytic or biological
polishing to ensure mineralization and detoxification.
Composites that combine adsorption plus photocatalysis or
reduction plus immediate oxidation show the most compelling
and reproducible experimental outcomes.

Prioritize composites and immobilized catalysts that show
repeatable TOC reduction and low metal leaching over multiple
cycles, minimize formation of persistent amines (demonstrated
by LC-MS disappearance and reduced ecotoxicity), work under
visible light or sunlight (demonstrated quantum yields), and
retain their adsorption capacity in the presence of NOM and
salts (breakthrough tests). When evaluating new materials,
a full analytical suite is required (UV-vis, LC-MS, TOC, toxicity,

Table 5 Materials, their components, typical characterization techniques used and factors affecting the removal of CM

Polymer Catalytic Characterization

Name of materials components components techniques Factors References
BiOI-M-MIL binary Modified MIL-101 BiOI UV-vis, XRD, SEM, TEM, BET, Catalyst loading, irradiation 113
composite DRS, FTIR, XPS, TOC, LC-MS  time, light intensity, dye conc.,

pH of medium, effect of scavengers
ZnO-tyre composite Carbon/ash derived ZnO UV-vis, BET, FE-SEM, pH effect, contact time, 108
(adsorbent/photocatalyst) from waste tyre EDX-map, XRD, FTIR adsorbent dose, initial conc.,

visible/UV light effect,

ionic strength
Fe;0,@Si0,/PAEDTC@  SiO,/PAEDTC@ Zno TEM, SEM, XRD, BET, Ultrasonic and light effect, 128
MIL-101 MIL-101 UV-vis, radical scavenger tests, pH, catalyst dose, effect of

LC-MS, TOC scavengers

Fe-Co-V nanostructure Zeolite Fe-Co-V XRD, FE-SEM, EDS, FTIR, pH effect, CM content, 49
on zeolite TEM, BET, ICP zeta potential  adsorbent dose, contact time,

temperature effect, leaching effect
Si0,-based stones Silica, zeolite, — DLS, XRD, BET, XRF, FTIR Effect of conc. of adsorbent 26
(silica, zeolite, pumice and CM, pH of medium
pumice, scoria)
Chitosan-polyvinyl Chitosan, polyvinyl — SEM, FTIR, BET, VSM PH, porosity, temperature 118
alcohol alcohol
Cysteine-coated Fe;0, Cysteine Fe;04 XRD, TEM, FTIR, VSM Effect of pH, content of adsorbent, 27

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ICP, and reuse cycles), and only then can technique results be
meaningfully compared and policy/engineering decisions be
made.

A summary of the characterization techniques used for the
identification of carmoisine removal from water through
photosynthesis/adsorption is provided in Table 5.

6 Recycling

Recycling in CM remediation involves two main points. The
regeneration and reuse of the material (adsorbent or photo-
catalyst) is the first and ensuring that degradation leads to non-
toxic, mineralized products rather than secondary pollutants is
the second. In adsorptive systems, regeneration is typically
achieved through desorption processes. After saturation with
CM, the adsorbent is separated (filtration or magnetic recovery),
washed with an appropriate desorbing agent such as ethanol,
NaOH, or dilute acid, and then rinsed and dried for reuse. The
mechanism involves disruption of electrostatic attraction,
hydrogen bonding, or 7w-7 interactions between the dye mole-
cules and surface functional groups. Thermal regeneration can
also be applied, where controlled heating removes the adsorbed
dye through decomposition. However, this method can damage
surface porosity and increase energy consumption. Critically,
efficient materials should retain at least 80% of their original
adsorption capacity after multiple cycles (typically 4-6), and
their structural stability must be confirmed through post-cycle
characterization (FTIR, XRD, and SEM). Magnetic composites
such as Fe;O,-based systems show superior recyclability
because they enable rapid external magnetic separation, which
minimizes material loss and operational cost.®*8¢136:137

In photocatalytic degradation systems, the recycling process
involves the recovery of the photocatalyst after treatment and its
reuse without significant loss of activity. Generally, this process
involves sedimentation or centrifugation (for suspended nano-
particles), washing with distilled water or ethanol to remove
intermediates, drying, and reapplication under irradiation.
Immobilized catalysts (coated on glass plates, membranes, or
carbon supports) simplify this process, as they can be directly
reused after washing without complex separation steps. Activity
loss during cycles is commonly owing to surface fouling by
intermediate by-products, partial photo-corrosion, or agglom-
eration of nanoparticles. Controlled calcination or light-
assisted self-cleaning can restore activity by removing adsor-
bed residues. Critically, recyclability tests must include kinetic
comparison (k,pp values) over multiple cycles to verify long-term
stability rather than relying solely on percentage removal. The
formula used to determine the percentage efficiency of a pho-
tocatalyst is given in eqn (12).

kapp (nth cycle)

Percentage catalytic efficiency (%) = Kapp (15t cycle)
app

x 100 (12)

A high percentage catalytic efficiency value indicates that
there is no deterioration in the performance of the photo-
catalyst during recycling, whereas a low value indicates that the
photocatalyst rapidly loses its activity during recycling.
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Accordingly, a photocatalyst that maintains its performance
during recycling is ideal for the degradation of CM because it
reduces costs through its repeated reuse.

In ecosystems, besides the reuse of a material, its pathway
for the complete mineralization of CM is important. Photo-
catalytic systems generate reactive oxygen species that cleave
the azo bond (-N=N-), break aromatic rings, and convert
intermediates into CO,, H,O, NO; ™, and SO,>, as discussed in
the photocatalytic degradation mechanism. Monitoring total
organic carbon (TOC) and identifying intermediate products
through LC-MS or GC-MS are essential to confirm that toxic
aromatic amines do not accumulate, as discussed in the char-
acterization section. Without proper mineralization, partial
degradation can pose greater ecological risk than the parent
dye.

Therefore, a sustainable recycling process contains several
steps, such as (i) efficient dye removal, (ii) easy separation of the
material, (iii) mild regeneration without hazardous chemicals,
(iv) minimal loss of structural integrity, and (v) confirmation of
non-toxic end products. Future developments should focus on
magnetically recoverable, solar-driven, self-regenerating hybrid
composites synthesized through green routes, which enable
scalable and circular wastewater treatment systems with
reduced energy input and minimal secondary pollution.

7 Challenges and outlook

The field of adsorptive and photocatalytic removal of CM faces
a set of interlinked scientific and practical challenges that must
be tackled if laboratory advances are to translate into reliable,
safe, and scalable treatments. A primary technical challenge is
the frequent discrepancy between rapid color removal (decol-
orization) and true detoxification (mineralization). Many
materials (especially reductive catalysts and simple adsorbents)
achieve fast disappearance of the azo chromophore while
producing aromatic amines (in the case of reductive catalysis)
that are more toxic and persistent than the parent dye. A clear
solution is the integration of strategies such as design treat-
ment trains or multifunctional composites that combine
adsorption or rapid reductive cleavage with a downstream
oxidative-polishing stage (photocatalysis, AOP, or aerobic
biodegradation). Therefore, future research should prioritize
system-level demonstrations (bench-to-pilot) that quantify not
only UV-vis kinetics but also TOC/COD removal, full speciation
of intermediates by LC-MS, and ecotoxicity assays across
sequential stages to prove net detoxification rather than
cosmetic color removal.

Material stability, leaching and lifetime are other crucial
constraints. Photocatalysts and metal nanoparticles suffer
photo-corrosion, aggregation, or metal ion leaching under real
wastewater conditions (salts, NOM, and variable pH), which
undermine their reuse and raise secondary pollution risks. The
remedy lies in rational materials engineering such as immobi-
lizing active phases on robust supports (biochar, RGO, silica,
and zeolites), which create core-shell or encapsulated archi-
tectures to block leaching, use alloying or single-atom disper-
sion to reduce total precious-metal loading, and exploit

© 2026 The Author(s). Published by the Royal Society of Chemistry
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magnetically recoverable platforms for easy retrieval. Future
directions include the development of water-stable, low-
leaching catalysts (e.g., covalently anchored single-atom sites
and MOF-derived carbons) and lifecycle-focused studies
reporting metal leaching (ICP-MS) across repeated cycles,
together with economic analyses for recovery and recycling.

Real-wastewater complexity is a persistent barrier in labo-
ratory tests with single-solute model solutions, which over-
estimate performance because natural organic matter,
inorganic anions (ClI~ and HCO; ), and co-contaminants
quench radicals, compete for adsorption sites, or foul cata-
lysts. Solutions include systematic matrix studies that simulate
realistic conditions (high ionic strength, NOM, mixed dyes, and
surfactants) and optimization of surface chemistry to favor the
selective sorption/oxidation of CM. Future work should
emphasize column and continuous-flow studies (not just
batch), long-term fouling/regeneration cycles, and demonstra-
tion of robustness in pilot plants treating real effluents, with
standardized reporting of breakthrough curves, mass balances,
and effluent toxicity.

Regeneration and end-of-life management of adsorbents
and photocatalysts represent another challenge with environ-
mental consequences. Thermal/chemical regeneration can
degrade materials and produce secondary waste, while disposal
concentrates the pollutant in solid residues. Remedial strate-
gies include designing regenerable adsorbents that desorb
under mild conditions (salt, pH swing, and low-energy
solvents), coupling adsorption to in situ oxidation that regen-
erates the sorbent (adsorptive-photocatalysis), and valorizing
spent materials (e.g., pyrolysis of loaded biochar to recover
energy/metal). Future research should quantify the regenera-
tion energy, capacity loss per cycle, and fate of concentrated
residues, and develop circular protocols for catalyst/adsorbent
recycling and metal recovery to reduce the lifecycle footprint.

Standardization of performance metrics is weak across the
literature and impedes meaningful comparison. Many studies
report only percent decolorization or k,p,, values under different
light sources and catalyst doses. Following points should be
need to improve the quality of research for CM remediation
such as (i) initial and time-resolved UV-vis spectra, (ii) TOC/COD
removal, (iii) LC-MS identification of intermediates and their
temporal decline, (iv) ecotoxicity/genotoxicity assays pre- and
post-treatment, (v) catalyst/adsorbent recyclability and metal
leaching (ICP), (vi) experimental conditions (light spectrum,
intensity, reactor geometry, O, level, pH, and ionic strength),
and (vii) mass balance. As the future outlook, journals and
reviewers should enforce these standards, and meta-analyses
should aggregate data to reveal truly promising systems for
scale-up.

Energy and economic viability are overlooked. Visible-light
photocatalysts, sunlight-driven reactors, and low-energy regen-
eration methods are essential for practical deployment. There-
fore, advances should target catalysts with high solar quantum
efficiencies, low-cost abundant elements (Fe, Cu, and C-based
materials) or minimal noble metal loadings (single-atom cata-
lysts), and reactor geometries that maximize photon utilization
at scale (flow-through, immobilized beds, and solar

© 2026 The Author(s). Published by the Royal Society of Chemistry
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concentrators). Techno-economic and life-cycle assessments
must accompany laboratory reports to determine real-world
feasibility. Future research should provide energy-per-mass-
removed metrics and cost projections, which enable compar-
ison with established treatments such as activated sludge or
AOPs.

Mechanistic ambiguity limits rational design. Many studies
fit kinetic models without probing elementary steps (adsorption
vs. reaction and surface vs. bulk radical pathways). Deeper
mechanistic interrogation using transient spectroscopy, radical
scavenger studies with quantified scavenging rates, in situ
operando spectroscopies, and modelling (DFT for adsorption
energies and reaction barriers; kinetic-mass-transfer coupling)
will enable predictive materials design. The outlook is a shift
from empiricism to mechanism-driven optimization. Selectivity
for CM over NOM is due to surface functional groups that drive
specific electron/hole processes, and heterojunction engi-
neering to preserve redox power while improving separation
(preferring Z- or S-schemes when mineralization is the goal) are
essential.

Health and ecotoxicological assessment of products must be
central rather than peripheral. Routine inclusion of genotoxicity
(Ames), acute toxicity (Daphnia and algae), and advanced bioassays
for endocrine or mutagenic effects will reveal whether a proposed
method actually lowers environmental risk. The solution is to
make toxicity endpoints mandatory in efficacy studies and to
develop standardized toxicity-to-TOC correlation frameworks.
Future directions include coupling remediation studies with
biodegradability tests (BOD/biodegradation indices) and tracking
long-term ecological recovery in mesocosm experiments.

Reactor design and process integration are practical chal-
lenges. Lab reactors (stirred batch with artificial light) do not
translate directly to field reactors. Solutions exist in modular
design including immobilized catalyst panels, packed bed
adsorbers with sequential AOP polishing, and integration into
existing wastewater trains (pretreatment adsorption to catalytic
reduction or photocatalysis to biological polishing). The future
will see pilot demonstrations in textile effluent facilities with real
performance reporting (mass throughput, sunlight vs. lamp
energy, and maintenance cycles), which are essential for regula-
tory acceptance and industrial uptake. Pilot-scale and real
wastewater validation must be prioritized over further small-scale
batch optimization. Most studies are conducted in synthetic dye
solutions under controlled laboratory conditions, which do not
account for competing ions, organic matter, turbidity, or fluctu-
ating pH in industrial effluents. Demonstrating performance in
continuous-flow systems, fixed-bed reactors, or solar-driven pilot
units will provide realistic evaluation of scalability, durability,
and operational cost. Techno-economic analysis (TEA) and life-
cycle assessment (LCA) should accompany pilot studies to
determine commercial feasibility in future studies.

Sustainability in synthesis must be prioritized. Many high-
performing materials rely on toxic solvents, harsh reagents, or
energy-intensive  processing. Green chemistry solutions
(biogenic synthesis of metal nanoparticles, solvent-free poly-
merization, low-temperature hydrothermal routes, and use of
biomass-derived carbon supporters) must be scaled and
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benchmarked. The future trajectory should favor materials
whose upstream environmental impacts are lower than the
benefits they deliver, as verified through cradle-to-grave life-
cycle assessment. This field should shift from maximizing
decolorization to ensuring complete mineralization and toxicity
suppression, integrating mechanistic studies with ecotoxico-
logical evaluation. By prioritizing standardization, real-world
validation, and environmentally responsible materials design,
future research can transition from laboratory innovation to
sustainable industrial application.

Combined processes such as adsorption-biological degra-
dation and adsorption-chemical reduction present capable but
complex strategies for dye removal, and thus their practical
implementation faces several scientific and engineering chal-
lenges that must be critically addressed. In adsorption-
biological degradation systems, adsorption acts as a pre-
concentration step, which capture dye molecules onto a solid
support, while microorganisms or enzymes subsequently
degrade the adsorbed pollutants. The major challenge lies in
maintaining biological activity after adsorption. High local dye
concentrations on the surface can inhibit microbial metabolism
or enzyme function due to toxicity. Additionally, environmental
factors such as pH, temperature, oxygen availability, and
nutrient supply strongly influence the biodegradation effi-
ciency. Another limitation is incomplete mineralization. Azo
dyes can be reduced to aromatic amines under anaerobic
conditions, which are potentially more toxic and persistent.
Therefore, ensuring sequential aerobic post-treatment or inte-
grating oxidative steps is critical to prevent the accumulation of
hazardous intermediates. From a stability perspective,
biofouling, microbial washout, and limited long-term opera-
tional durability also restrict scalability. Similarly, in
adsorption-chemical reduction systems, the adsorbent first
captures dye molecules, after which a reducing agent (e.g,
NaBH,, zero-valent metals, and catalytic nanoparticles) facili-
tates electron transfer to cleave azo bonds. While this approach
can achieve rapid decolorization, it generates aromatic amine
intermediates rather than complete mineralization. A key
challenge is controlling reductive pathways to avoid secondary
contamination. Moreover, the use of chemical reductants
introduces cost, safety, and waste management concerns.
Catalyst deactivation, nanoparticle aggregation, and leaching of
metal ions further limit recyclability and environmental
compatibility. Therefore, while adsorption improves contact
efficiency and accelerates reduction kinetics, the sustainability
of the process depends on reagent consumption, by-product
toxicity, and catalyst stability.

These challenges indicate that the future of CM remediation
lies in integrated, mechanism-informed, lifecycle-aware
approaches. Develop hybrid materials and integrated systems
that enable rapid pollutant capture followed by fast minerali-
zation. Emphasize material stability with negligible leaching,
adopt standardized reporting and toxicity evaluation protocols,
and demonstrate techno-economic viability at pilot scale.
Addressing these requirements will help translate promising
laboratory materials into practical, safe, and sustainable solu-
tions for treating dye-contaminated water.

15904 | RSC Adv, 2026, 16, 15877-15912
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8 Conclusion and future directions

The comprehensive study of adsorptive and photocatalytic
removal of CM highlights significant progress in pollutant
remediation, but critical challenges persist in translating
laboratory-scale results into practical, sustainable applications.
Various materials such as metal oxides, metal sulfides, carbon-
based composites, biopolymers, and metal-organic frameworks
have shown high degradation and adsorption efficiencies due to
their diverse surface chemistries, active sites, and electronic
properties. However, most studies are confined to controlled
laboratory conditions that do not accurately mimic real waste-
water environments containing competing ions, fluctuating pH,
and organic matter. This limitation results in overstated
performance outcomes that fail to represent real-world effi-
ciency. Additionally, inconsistencies in testing parameters such
as catalyst dosage, light intensity, and pollutant concentration
complicate the comparison of results across studies, while the
incomplete mineralization of CM and formation of toxic inter-
mediates remain underreported. These gaps highlight the need
for standardized testing protocols and deeper mechanistic
understanding supported by spectroscopic and computational
investigations to identify true reaction pathways and stability
factors governing degradation.

The synergistic use of hybrid composites (especially those
integrating metal oxides or sulfides with polymers, carbonaceous
matrices, or biopolymers) has emerged as a promising strategy to
overcome the limitations of pure materials. These composites
combine adsorption and photocatalytic functionalities, which
enable dye pre-concentration followed by efficient photo-
degradation through enhanced charge separation and surface
reactivity. Hybrids exhibit higher activity and recyclability
compared to their pristine counterparts, owing to their improved
porosity, lower electron-hole recombination, and tunable surface
charge. In contrast, these systems face drawbacks including
complex synthesis procedures, high production costs, and
potential nanoparticle leaching, which could pose secondary
environmental risks. To mitigate these, future work must focus
on green synthesis routes, cost-effective raw materials, and
structural stability over multiple reuse cycles, which ensure long-
term operational safety and environmental compatibility.

Future opportunities in these combined systems lie in
rational materials engineering and process integration. For
adsorption-biological systems, immobilizing enzymes or
microbial consortia onto porous, biocompatible supports can
enhance their stability and resistance to toxicity. Designing
sequential anaerobic-aerobic reactors can ensure azo bond
cleavage followed by oxidative mineralization of aromatic
amines. In adsorption-chemical reduction systems, replacing
hazardous reductants with green electron donors (e.g., plant-
derived reducing agents or electrochemical reduction) can
improve sustainability. Magnetic or immobilized catalysts can
enhance recovery and minimize metal leaching. Ultimately,
integrating adsorption with complementary degradation path-
ways (quantitatively assessing toxicity, energy demand, and
material longevity) offers a promising route toward efficient,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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scalable, and environmentally responsible dye remediation
technologies.

The environmental implications of these remediation
processes are profound, as poorly optimized systems may
generate partially degraded aromatic intermediates that are more
toxic than the parent dye. Therefore, research should prioritize
the complete mineralization of CM to CO,, H,O, and non-toxic
ions rather than focusing solely on color removal efficiency.
Moreover, the shift toward visible-light-active catalysts and solar-
driven systems is essential to minimize energy consumption and
environmental impact. In parallel, the integration of adsorption
and photocatalysis into hybrid “adsorptive-photocatalytic”
processes can enhance efficiency by capturing dyes on the surface
before photodegradation and show higher overall pollutant
removal. Nevertheless, translating these approaches to large-
scale treatment demands optimization of catalyst immobiliza-
tion, reactor design, and fluid dynamics to enable continuous-
flow operations with minimal secondary pollution.

Future directions in this field must include the development
of standardized evaluation metrics such as total organic carbon
(TOC) reduction, toxicity index, and quantum efficiency, which
can provide more meaningful measures of environmental safety
and catalytic performance. Real wastewater validation and long-
term cycling experiments should replace batch testing in
deionized water to assess durability and scalability under real-
istic conditions. Additionally, in situ spectroscopic character-
ization and density functional theory (DFT) simulations should
be employed to correlate electronic structure modifications with
photocatalytic performance, which enable the rational design of
next-generation catalysts. The incorporation of green and
circular economy principles (using biomass-derived carbons,
biodegradable polymers, and waste-derived metal sources) will
further reduce the environmental footprint of catalyst synthesis.
The future of CM removal lies in developing multifunctional,
solar-driven, and eco-friendly hybrid materials that ensure
complete degradation, recyclability, and low energy input. The
convergence of materials innovation, environmental science,
and engineering optimization will ultimately determine the
transition of these systems from laboratory experiments to
scalable, sustainable wastewater treatment technologies.
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