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Organic dyes are widely used in many industries, producing health issues after being discharged into

wastewater. Methyl orange (MO) is an organic azo dye which is also released into wastewater from

different industries and causes toxicity in the environment. Recently, eco-friendly approaches to remove

MO from water have garnered significant interest. Among these, the application of inorganic metal

nanoparticles (IMNPs) for the catalytic and photocatalytic reduction of MO is an emerging approach for

effective and sustainable pollutant remediation. Various IMNPs, which are used for reduction of MO or

conversion of MO into eco-friendly products recently through catalytic and photocatalytic reactions, are

discussed in this review, as is the synthesis of mono- and bimetallic nanoparticles with and without

capping agents which affect their stabilization as well as catalytic performance against MO. The capping

agents enhance the catalytic performance of both mono- and bimetallic nanoparticles, recyclable

properties, and tuning ability. Additionally, the characterization techniques employed to examine the

properties of IMNPs and to monitor the catalytic reduction of MO are discussed. Future research

directions should prioritize the separation and characterization of the products formed after MO catalytic

treatment to assess their potential applications and improve reaction rates.
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1. Introduction

Organic dyes are extensively used in various industries,
including plastics,1 cosmetics,2 leather,3 textiles,4 pharmaceu-
ticals,5 and food6 production. A large quantity of numerous
classes of dyes are generated every year, and approximately 15%
of them are discharged into waterbodies through the dyeing
procedure, leading to signicant health and environmental
concerns.7 The contamination of aquatic resources by these
dyes has detrimental effects on the environment and can cause
marine diseases such as mucous membrane dermatitis,8 skin
ulceration,9 hemorrhage,10 nausea,11 septal perforation,12 irri-
tation in the respiratory tract,13 and cancer.14

From various toxic dyes, methyl orange [sodium 4-{[4-
(dimethylamino)phenyl]diazenyl}benzene-1-sulfonate] (MO) is an
anionic dye with an orange color. MO is an acid azo dye, widely
used as an inductor in acid–base titrations as well as dyeing agent
in textiles.15 Use of MO as an indicator is the most common
application of it in industries as well as research departments. It
indicates the environment of both acidic and basic by various in
color.16 It gives red color in acidic and yellow in basic medium. It is
more important than phenolphthalein indicator due to its high
differentiating ability between the strong acid and weak base.17 It
also used for adulterant in counterfeit (fake) saffron18 and cooked
foods like Namkeen (salted snacks),19 tomato ketchup,20 ice
candy,21 mango shake,22 and jalebi (Indian sweet),19 etc. Azo group
is present in the structure of MO that undergoes anaerobic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 pH of medium effects on the structure of methyl orange.
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degradation through reduction,23 yielding carcinogenic amines
known to cause severe environmental, human, and biological
problems.24 Additionally, it may induce teratogenic impacts on
human health. Despite its potential hazards, MO exhibits strong
color visibility even at very low concentrations. Hence, it is
imperative to reduce MO into non-toxic or less toxic substances
before its emission into the natural environment.25–28 Due to its
high chemical and photolytic stability, MO poses challenges in
terms of biodegradation owing to its synthetic origin. Various
methods have been proposed for the decolorization, detoxica-
tion, or treatment of MO dye like catalytic reduction,29 oxidation,30

photocatalytic degradation,31 and adsorption.32 However, these
methods suffer from limitations and drawbacks, primarily con-
cerning energy costs and safety concerns. Major drawbacks
include their high cost, inadequacy, rarity of seamless product
phase transfer without demolition, and the persistence of
pollutant nature post-treatment.

In the adsorption process, the removal of MO from contami-
nated water through adsorbent leads to the generation of
Scheme 1 Synthesis of methyl orange.

© 2025 The Author(s). Published by the Royal Society of Chemistry
secondary pollutants. Despite gaining considerable attention in
current years, photocatalytic degradation of organic dyes faces
challenges such as slow reaction rates, severe irradiation envi-
ronments, and the necessity for high concentrations of photo-
catalysts, limiting their scalability. From these approaches, the
catalytic reduction of MO with IMNPs along with reductant like
(NaBH4) has emerged as themost effective approach because of its
rapid reduction rate and efficient conversion of contaminated dye
in less harmful products.33–35Various researchers have explored the
catalytic application of bimetallic,36,37 mono-metallic,38,39 and tri-
metallic40,41 NPs for both photocatalytic42–44 and chemical reduc-
tion45,46 of MO. Various review articles have been reported for
reduction/degradation of different pollutants47–49 but no compre-
hensive review has been published regarding the catalytic treat-
ment of MO dye using various types of metal nanoparticles. This
review article highlights those systems which have been used for
reduction/degradation of MO in the latest literature.

In this manuscript, Section 1, the introduction, sheds light on
the harmful impacts of MO toxicity on both the environment and
humans, as well as various methods proposed for its treatment.
Section 2 provides insights into the synthesis, origins, and uses of
MO across diverse elds. Sections 3 and 4 detail the synthesis of
various metal NPs and their integration into several support
systems to enhance their stability and catalytic performance,
respectively. Section 5 outlines the catalytic processes employed to
treat MO dye, aiming to transform it into less harmful and eco-
friendly products. Lastly, Section 6 offers an overview of the
current status and future directions in MO treatment for green
environment.
2. Synthesis and applications of
methyl orange

Methyl orange belongs to the family of azo dye. Fig. 1 illustrates
the structure of MO that contains two aromatic rings which are
connected on both sides of the azo group. One ring contains
electron-donating dimethyl amino and electron-withdrawing
RSC Adv., 2025, 15, 27668–27684 | 27669
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sulphonic groups is attached to the other ring. This attachment
of electron withdrawing and electron donating groups facili-
tates decreases the energy gap between highest occupied
molecular orbital and lowest unoccupied molecular orbital due
to resonance.50,51 This ability also enhances their stability in the
environment.52 MO nds a wide range of applications due to
their photo-physical53 properties and photostable nature.

Among the various azo dyes, MO stands out as the most
commonly used dye in this family, exhibiting remarkable sensi-
tivity to pH54 and solvent polarity.55 In acidic conditions, the
nitrogen of the azo group of MO becomes protonated, resulting in
a cationic form which is indicated by showing red as shown in
Fig. 1. Conversely, in basic environments, the protonated nitrogen
of azo group is deprotonated, leading to the molecule behaving as
an anion with negative charged sulphonate group. This shi is
indicated by variation in color from red to yellow. This structural
effect of MO can be affected by variation in solvent because each
solvent has specic impact on the lifespan and quantum yields
anionic and cationic form due to interactions abilities.56,57 Obser-
vations reveal low quantum yield and lifetime of MO lactones
owing to electron transfer reactions in excited state. Consequently,
both singlet and triplet states of the dye in anionic form are
observable. MO nds extensive use as indicator for acid–base
titration as well as serving as a colorant in the textile and food
industries. This behavior is the most common in the protonated
solvents. The synthesis of MO involves two step reaction processes
as given in Scheme 1. Initially, 4-diazobenzene sulphonic acid is
prepared from 4-aminobenzene sulphonic acid by diazotization in
acidic medium at low temperature (0–5 °C). N,N-Dimethyl aniline
attacks the nitrogen of diazonium ion of 4-diazonium benzene
sulphonic acid from ring side in basic medium.58
3. Reduction of MO with nano-
catalyst

Various systems of metal nanoparticles are used as catalysts for
reduction of methyl orange as given below.
3.1. Single metal containing nanoparticles

Various metal nanoparticles like Pt,59 Pd,60 Au,61,62 Co,63 Ag,64

ZnO,65 MgO,66 Fe3O4,67 Co3O4,68 and CeO2 (ref. 69) have been
Fig. 2 Synthesis of silver nanoparticles with the help of plant extract.

27670 | RSC Adv., 2025, 15, 27668–27684
applied as catalysts for the MO reduction/degradation. These
particles have garnered signicant attention due to their small
size and large surface area, which enhance their catalytic
activity. The synthesis of these particles involves the trans-
formation of metal precursor salts through various methods
such as microwave irradiation,70 ultrasonication,71 hydro-
thermal,72 physical,73 biosynthesis,74 and chemical methods.

In the chemical method, various reducing agents like
NaBH4,75 polyacrylonitrile,76 sodium citrate,77 ascorbic acid,78

oleylamine,79,80 hydroxylamine (NH2OH),81 and hydrazine
hydrate82,83 are utilized to reduce metal ions into corresponding
metal atoms, which subsequently aggregate to form metal
nanoparticles (MNPs). Additionally, hexamine is a novel low-
cost chemical reducing agent which has also been applied for
the MNPs synthesis like Ag NPs from the salts of precursor.84,85

However, biogenic synthesis of nanoparticles is gaining more
attention due to their simplicity, environmental friendliness,
and cost-effectiveness.86 Nevertheless, this method sometimes
yields a lesser quantity of NPs. In biogenic synthesis, biological
extracts derived from various sources like plants,87 fungi,88

algae,89 and bacteria90 are employed as a reducing as well as
stabilizing agents. They convert the metal ions into their cor-
responding metal atoms, leading to the formation of MNPs as
illustrated in Fig. 2. Various solvent media, including alcohol,
water, or mixtures of alcohol and water, are employed for bio-
logical extraction of compounds. The biologically extracted
products are notably rich in polyphenols and avonoids.91 The
hydroxyl (–OH) groups of the extracted products serve as
reductants, converting metal ions into their corresponding
metal atoms. Subsequently, they themselves undergo conver-
sion into carbonyl (–CO–) groups, which in turn stabilize the
MNPs through electron acceptor–donor linkage. Additionally,
the preparation of metal nanoparticles is achieved through
microwave irradiation of solution of precursor salts in the
presence of a capping agent in controlled reaction perfor-
mance92 as illustrated in Fig. 3. This approach eliminates the
need for chemicals which are used as reductants. However, in
some cases, chemical reductants are utilized in conjunction
with microwave irradiation to ensure an adequate yield of
nanoparticles.93 In this method, the microwave radiation is
acted as an electron supplier and converts the metal ions into
neutral atomic forms. The metal nanoparticles can also be
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Silver nanoparticles synthesis by microwave irradiation along with capping agent.

Fig. 4 Synthesis of silver nanoparticles in microgels by in situ reduction method.
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synthesized by in situ reduction method as shown in Fig. 4. The
size of synthesized metal nanoparticles is the main issue during
these synthetic methods. This issue can be resolved by using
a caping agent during the synthesis of metal nanoparticles. In
this way, the capping agent can also be used to control the size
and stability of metal nanoparticles. Solution of metal salt is
added into the dispersion of capping agent. The polar parts of
the capping agent attract the metal cations. Aer insertion of
metal cations, NaBH4 solution (freshly prepared) was added
which reduced the metal cations into neutral metal atoms.
These atoms start to coagulate to form a cluster in nano-range.

Among the various types of metal nanoparticles reported,
silver nanoparticles (Ag NPs) are valued for their catalytic
capabilities, high electrical conductivity, antimicrobial proper-
ties, and cost-effectiveness.94,95 Ag NPs exhibit signicant cata-
lytic efficiency in a variety of pharmaceutical and chemical
reactions, making them highly sought-aer in various
industries.

Gold nanoparticles (Au NPs) are utilized as catalysts in
various catalytic reactions of MO. The Au NPs possess distinc-
tive optical and electrical properties along with outstanding
chemical reactivity, implementation exibility, and non-toxic
behavior.96,97 In addition to their catalytic role is present in
the applications of pharmaceuticals, electrochemistry, and
visual sensing.98,99 The synthesis of these NPs allows for the
attainment of tailored properties, as their efficiency is greatly
inuenced by factors such as concentration, surface area,
shape, and size. Au NPs' catalytic properties render them suit-
able for MO degradation. They can be synthesized through
various methods, including biological, chemical, and physical
© 2025 The Author(s). Published by the Royal Society of Chemistry
approaches. However, the biological approach is primarily
practiced at the laboratory scale rather than on an industrial
scale due to low particle yield and limited understanding of the
factors affecting nanoparticle properties. In this method,
various microorganisms such as fungi, algae, yeast, and
bacteria have been utilized for the Au NP synthesis.

Researchers have additionally documented the production
of active Au NPs through the utilization of various metal-
tolerant fungi.100 However, the choice of an appropriate micro-
bial species is crucial for synthesizing nanoparticles with well-
dened crystallinity, shape, size, and an enhanced synthesis
rate. It is observed that the biochemical performances of
microorganisms can be impacted by high metal stress. From
these, fungi are particularly employed for extracellular nano-
particle synthesis through secreting a diverse range of metab-
olites that are large and exible.

The utilization of plant extracts to induce the synthesis of
metal nanoparticles (MNPs) through a green approach has
gained widespread acceptance because of the easy plant
components availability and ease of the processing.101,102 Au NPs
have been engineered with appropriate functionalizing agents
(like L-asparagine).103 The functionalities of plant extracted
material are very important for stability, preventing agglomer-
ation and enhancing lifespan of Au NPs. Additionally, the Au
NPs synthesis via the chemical method has been reported using
a suitable reducing agent like sodium borohydride. However,
this method involves the use of chemicals, resulting in minimal
cytotoxic effects. Despite the higher cost of precursor salts
required for the preparation of Au NPs compared to Ag NPs, it
has been noted that the catalytic performance of Au NPs is
RSC Adv., 2025, 15, 27668–27684 | 27671
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generally superior to that of reported Ag NPs in various catalytic
reactions.104

Ni nanoparticles have been effectively synthesized and
employed in catalytic reactions involving MO.105 However, Ni
nanoparticles suffer from signicant drawbacks, notably their
rapid conversion into oxides, which renders the nanoparticle
surface inactive. To enhance the performance of Ni nano-
particles, they are combined with noble metals like Pd, Pt, Au,
or Ag to produce bimetallic NPs (NixXy).106 Consequently, these
nanoparticles demonstrate synergistic properties derived from
both types of nanoparticles.

Seku and his coworkers107 described a simple method for
synthesizing Ag NPs using microwave-assisted irradiation in
water, employing green chemicals like Frankincense gum as
a reducing agent as well as a stabilizer. This method has
garnered signicant attention recently due to its adherence to
three key principles of green nanoparticle synthesis: the use of
a non-toxic reductant, a reusable and cheap stabilizer, and an
environmentally safe solvent system. Furthermore, this
approach offers several appealing characteristics, including
a lower energy consumption, short reaction time, and improved
product yield. The irradiation of microwave creates homoge-
neous growth and nucleation conditions for NPs by rapidly and
uniformly heating the medium of reaction. The authors noted
that the absorbance peak at 425 nm began to rise aer a few
mins of reaction proceeding and became more signicant aer
some time. The color of dispersion changed to a yellowish-
brown hue, conrming the Ag NP formation. The sample was
scanned in UV-visible spectrophotometer over a few months.
The results showed that the position and intensity of the surface
plasmon resonance (SPR) band remained consistent, indicating
the highly stable NP formation. They examined that the
hydroxyl groups of Frankincense stabilize the Ag NPs and the Ag
ion reduction, albeit to a limited extent. Consequently, the
hydroxyl groups of Frankincense attract the Ag+ ions because of
electrostatic attraction. Hydroxyl groups of Frankincense under
microwave irradiation contribute to the reduction of these silver
ions. Subsequently, these reduced silver starts to nucleate,
facilitating the formation of nano-sized clusters (7 ± 2) of
MNPs. Furthermore, the –OH groups encapsulate the nano-
particles, preventing their agglomeration. They used these
nanoparticles for reduction of MO, RhB, and MR as well as
antibacterial activity against Escherichia coli (E. Coli), Bacillus
series (B. Series), Bacillus subtilis (B. Subtilis), and Pseudomonas
aeruginosa (P. Aeruginosa).

Naseem et al.108 synthesized Ag nanoparticles with in situ
reduction in the presence of sodium dodecyl sulfate (SDS) as
stabilizer. The SPR peak appeared at 410 nm in UV-visible
spectrophotometer. They were employed these for MO degra-
dation along with NaBH4. Numerous other researchers have
also reported the synthesis of mono-metallic NPs using various
methods for treating MO.109–112

Monometallic systems show moderate activity but are oen
outperformed by bimetallic or trimetallic counterparts due to
synergistic effects. Here is only one atom in the cluster of
nanoparticles with show catalytic activity. The electron
27672 | RSC Adv., 2025, 15, 27668–27684
transferring capacity of monometallic systems is not better than
bi-metallic and tri-metallic nanoparticles.
3.2. Bimetallic nanoparticles

The nanoparticles which contain two different metals are called
bimetallic nanoparticles. Au–Ag,104 Au–CeO,113 Au–Cu2O,81 Pd–
Au,114 Ag–Cu,115 Cu2O–Ag,116 Ag–Co,117 AgO–NiO,118 Au–Fe3O4,119

Au–Co,120 Ni–Ag,121 Fe–CdO,122 Pd–Rh,123 Mn–Cu,124 and PdO–
NiO125 are the examples of bimetallic nanoparticles which are
used as catalysts for MO reduction. A review on bimetallic
nanoparticles loaded in microgels has been reported by me.126

The bimetallic systems showed better catalytic performance
owing to their synergistic effect compared to monometallic
nanoparticles. Bimetallic nanoparticles exhibit superior surface
properties to individual metallic NPs. These NPs possess
different structural architecture, wherein two monometallic
alloys are connected to form bimetallic nanoparticles, and their
structural arrangement depends on the synthetic conditions,
kinetics of reduction, and miscibility metal ions. As a result,
these NPs pose multiple structural morphologies than mono-
metallic NPs. It has also been noted that their surface plasmon
band energy, selectivity, catalytic activity, morphological
composition, and magnetic properties differ from those of
individual metal nanoparticles. Various strategies are employed
for the preparation of bimetallic NPs like photolytic reduction,
green synthesis using biological extracts, solvothermal
approaches, sonochemical methods, solvent extraction–reduc-
tion, borohydride reduction, polyol processes, and seed growth
method.43,127–129 Bimetallic nanoparticles exhibit superior cata-
lytic efficiency through the combination of different metal
nanoparticles. One of the key advantages of bimetallic nano-
particles is their synergistic properties, incorporating both
nanoparticles and distinctive electronic effects, which
contribute to their high catalytic activity.

Minal and his coworker130 explained the synthesis of bime-
tallic (Ag/Pd) nanomaterials using a green approach, wherein
leaves of Citrus limon served as reductant as well as structural
controlling agents. During bimetallic NP formation, both Ag+

and Pd2+ ions (produced from their corresponding precursor
salts) interacted with polar functional groups to form
complexes. Produced complexes were subsequently reduced
slowly to Ag and Pd atoms by extracted materials (carboxylic
groups containing compounds). The reduction of metal ions led
to the development of metal nuclei through homogeneous
nucleation to obtain stability. The atomic nuclei then under-
went processes such as Ostwald ripening, orientation, growth,
and crystal fusion under the inuence of compounds present in
the Citrus limon, resulting in the production of bimetallic (Ag/
Pd) nanoparticles.

Singaravelan and colleagues131 employed the electro-
chemical method to prepare both monometallic and bimetallic
(Zn/Cu) NPs, utilizing metal salts as precursors of correspond-
ing metal ions. Cu is less reactive than Zn. Therefore, Cu is
deposited on Zn during this method. These nanoparticles were
then utilized as active catalysts for the MO degradation. Ghosh
and coauthors132 reported the synthesis of bimetallic (Ag/Au)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles. They used the extracted material of leaves of
Polyalthia longifolia as reductant and controlling the size of NPs.
They degrade different dyes along with MO.

Bimetallic systems of nanoparticles are better than mono-
metallic systems because these systems have synergistic effect.
This effect facilitates transferring the electron from reductant to
MO during catalytic performance. But their structural elucida-
tion is a main task for bimetallic systems like their morphology
is core–shell or homogenous distribution of both metals. Their
recycling ability reduces catalytic activity as compared to
monometallic system due to greater leaching effect of one type
of metal nanoparticle due to various particle sizes.
3.3. Tri-metallic nanoparticles

The nanoparticles which have three metals in their morphology
are called tri-metallic nanoparticles. They were synthesized
using a seed-mediated process and were reported for their
effectiveness in the MO reduction. For this synthesis, they
employ three dissimilar precursor salts to obtain catalysts
exhibiting properties of three distinct types of metal nano-
particles.42 These nanoparticles demonstrate superior proper-
ties compared to bi- and mono-metallic nanoparticles. Riaz
et al.133 developed tri-metallic (Fe–Ni–Co) nanoparticles via a co-
precipitation approach involving single steps. They mixed the
salt solutions of all these metals in basic medium and stirred
overnight at 50 °C. The precipitated product was centrifuge and
then washed (ethanol + water) and calcinated in muffle furnace.
These nanoparticles were utilized as catalysts for MO degrada-
tion. A schematic representation of the synthesis of tri-metallic
nanoparticles is illustrated in Fig. 5.

The catalytic performance of tri-metallic particles is better
than mono- and bi-metallic systems due to greater synergistic
effect and they more easily transfer the electrons from reductant
to pollutant. The catalytic activity of these systems can be
further enhanced in composite form ref. 134 and 135. Their
structural elucidation is a task for the researchers whether they
have core shell morphology or alloy formation. Their catalytic
performance rapidly decreases on recycling due to the high
leaching effect of metal nanoparticles from these systems.
Therefore, the synergistic effect reduces and hence catalytic
activity decreases. Their reaction conditions are also greatly
affected by these systems as compared to mono- and bi-metallic
systems. Because different metals show different behavior
under different conditions while this effect is minimal in
monometallic systems.
Fig. 5 Fe/Co/Ni tri-metal nanoparticles synthesis.133

© 2025 The Author(s). Published by the Royal Society of Chemistry
4. Supporting material

IMNPs are very unstable. They tend to agglomerate and trans-
form into massive products, leading to the loss of their high
surface properties. Additionally, their small size makes it chal-
lenging to separate them from the reaction mixture, resulting in
their wastage during catalysis. To prevent agglomeration,
facilitate easy recovery, and maintain stability, various sup-
porting systems have been reported by different scholars.136–139

Several supporting materials, including polymeric,140 inor-
ganic,141,142 zeolites,143 and organic26 materials, have been
utilized by investigators to successfully fabricate IMNPs.
4.1. Organic/inorganic materials

Various inorganic compounds, including activated carbon,
nitrogen-doped carbon nanodots,144 carbon nitride (CN)
sheets,145 silver colloids,146 Fe3O4,67 TiO2,147 SiO2,148 reduced
graphene oxide (RGO),149 graphene oxide (GO),150 and graphene
sheets,151 have been identied as supporters with fabrication of
IMNPs under dissimilar reaction conditions which depend on
the desired surface active area of nanomaterials.

Fe3O4 particles with nano-scale sizes have garnered signicant
interest as supporters for noble metal nanoparticles because of
their magnetic characteristic, including irreversibility in high eld,
superparamagnetism, high eld saturation, and shiing in loops
aer cooling of eld.67,152 These characteristics arise during the
shiing of electron between Fe3+ and Fe2+ ions in the sites of
octahedral shape, enabling easy recyclability and recovery of the
material through the application of an external magnet. Various
techniques are employed for Fe3O4 NP synthesis like polymer
template method, thermal decomposition, polyol-mediated sol–
gel, and solid-state method methods. From these methods, co-
precipitation is considered as the best synthetic method,
involving two different procedures.

� Employing an oxidizing solution facilitates the co-
precipitation of partially oxidized Fe3+ and Fe2+ ions.153

� Utilizing a base enables the direct co-precipitation of Fe3+

and Fe2+ ions.154

Fe3O4 NPs exhibit some disadvantages, including instability,
larger crystallite size, poor stoichiometry, and inhomogeneity,
which can cause magnetic nanoparticles to lose their charac-
teristics. This challenge can be resolved by modication of
surface of magnetic nanoparticles with organic polymeric
networks. This modication can be achieved through various
methods like surfactant adsorption, polymer coating, organic-
vapor condensation, and direct silanation using a silane
coupling substance. Among these methods, the implant of
organic polymeric substance onto magnetic nanoparticles is
considered the most effective. A polymer network formation
round magnetic NPs (core) provides storage stability, non-
toxicity, control over chemical composition, malleability, and
the introduction of different functionalities on the NP surface
for the physical adsorption of different substances. This process
alters the properties of the superparamagnetic NPs surface,
increasing their biocompatibility (i.e., reducing their toxicity) in
aqueous media and preventing particle surface oxidation.
RSC Adv., 2025, 15, 27668–27684 | 27673
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Fig. 6 Metal nanoparticles fabrication with (a) graphene oxide, (b) mesoporous SiO2, (c) N-doped C dots, (d) metal–organic frameworks, (e)
chitosan, and (f) microgels.
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The sheets of graphene oxide (GO) represent another class of
two-dimensional materials characterized by numerous oxygen-
containing functional groups, including carboxylic acid,
hydroxyl, and epoxy groups in their structure.149 These species
have great potential for adsorption of aromatic organic dyes
because of their strong p interaction, large surface area,
aromaticity, and chemical robustness, thereby accelerating the
reduction rate of these dyes on the attachment with metal
nanoparticles. GO exhibits optical, physicochemical, and
intrinsic electronic properties along with uorescence-
quenching capabilities.155 However, GO oen requires modi-
cation for various applications. The properties of emission and
chemical performance of GO can be enhanced through
heteroatom substitution. Nitrogen (N) is particularly favored for
chemical doping of C-containing materials due to its strong
valence bonds and similar atomic size. N-doped GO (NGO)
exhibit higher chemical activity than GO alone.156 NGO serves as
catalyst for hydrogen peroxide (H2O2) decomposition, gener-
ating hydroxyl radicals which are utilized for oxidation of MO.157

GO is transformed into reduced graphene oxide (RGO) using
various reducing agents like plant extracts, ascorbic acid, or
sodium borohydride, which reduce different functional groups
of oxygen present in the network of GO with enhancing reso-
nance. This conversion reduces the hydrophilic nature of GO
and enhances its conductivity. Consequently, electron transfer
from reductant to MO is increased during the degradation with
MNPs decorated RGO compared to MNPs decorated GO. The
synthesis of MNPs in RGO, GO, and graphene sheets is depicted
in Fig. 6(a).

Silica nanoparticles have emerged as efficient supporting
materials to the MNPs. Mesoporous silica (MS) possesses a high
27674 | RSC Adv., 2025, 15, 27668–27684
surface area, large pore size, and a highly organized network.158

By treating MS with various chemicals, its functional groups can
be enhanced, thereby increasing the active sites for fabrica-
tion.159 These features facilitate the maximum loading and
widespread distribution of MNPs, resulting in enhanced cata-
lytic performance and stability.142 A schematic representation of
fabrication of MNPs in MS is illustrated in Fig. 6(b). An addi-
tional remarkable class of supporting materials is carbon (C)
NPs and N-doped CNPs (NCNPs).160 C dots offer signicant
surface properties and alleviate the barrier of diffusion of
reactants to MNPs surface.161 N-doping of CNPs effectively
modulates their intrinsic behaviors. This process enhances
their surface chemical performance, as well as their electronic
and optical properties. Consequently, N-doping increases the
active sites of the nanoparticles, facilitating approaching the
surface of MNPs. A diagrammatic representation of MNPs
fabrication with nitrogen-doped CNPs is given in Fig. 6(c).
However, MNPs are not easily separated during catalysis due to
their small particle size. This challenge can be achieved by
modication of magnetite materials like Fe3O4 NPs162,163 along
with MNPs. These materials prevent agglomeration of the
nanoparticles and enable their recovery aer catalysis. Their
magnetic properties make them perfect for catalysis due to ease
recycling property simply by applying a magnetic eld.

Activated carbon (AC) has been identied as an effective
stabilizer for the synthesis of metal nanoparticles.164 Derived
from the pyrolysis of various plant materials like soybean hulls,
sugarcane bagasse, coconut shells, and bagasse, AC is obtained
through a pyrolysis process in muffle furnace in inert atmo-
sphere and high temperatures (approximately 800 °C), resulting
in powdered C. Subsequently, its efficiency is enhanced by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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treating acidic media, yielding functional AC with higher
density. AC provides a large surface area for fabrication with
MNPs, which in turn exhibit high catalytic performance for
MO.165

Alotaibi et al.150 conducted a study on the synthesis of gold
(Au) NPs on the surface of graphene oxide (GO) in the absence of
reducing agents. They used hydrogen molecules which were
obtained by splitting water through applying UV irradiation.
They degraded the MO and MB dyes from water using H2O2.
Boukoussa and his coworkers164 synthesized different nano-
particles along with activated carbon (AC) by using NaBH4. They
synthesized Cu NPs (Cu–AC composite), Ag NPs (Ag–AC
composite) and Fe NPs (Fe–AC composite) along with AC and
then used these systems for catalytic reduction of MO, 4-nitro-
phenol (4NP), and MB along with NaBH4. Among these
composites, Cu–AC showed greater catalytic activity than Fe–AC
and Ag–AC due to better dispersity of Cu NPs on AC surface.
Obtained reduction rate were 0.0259 s−1 for MB, 0.0218 s−1 for
MO, and 0.0074 s−1 for 4NP. Bagherzadeh et al.148 have reported
the synthesis of Ag NPs containing SiO2 by g-irradiations. They
reduced MB, Congo red (CR), and MB dyes from water. They
used NaBH4 during these catalytic reduction reactions. Vu
et al.141 studied the synthesis of composites of Ag NPs and Fe3O4

by hydrothermal process. They applied this composite system
against 4NP and MO reduction.

Easy recycling ability of this composite system (Fe3O4-MNPs)
dominates over the other systems due to magnetic properties.
The leaching of metal nanoparticles is also controlled by these
systems. But the high porosity and interactions with pollutants
are present in AC-MNPs, SiO2-MNPs, and GO-MNPs.
4.2. Metal–organic framework (MOF)

In these systems, organic components are linked with metal
ions with coordinate covalent bonds to form long chain prod-
ucts. MOFs have garnered considerable interest among inves-
tigators for their intriguing role as stabilizers in the fabrication
of magnetic nanoparticles due to their high porosity.166 MOFs
are 3D structures that are very suitable matrices with distinct
functionalities which make them perfect for specic applica-
tions. Generally, they are composed of metal cations and
carboxylic groups containing aromatic ligand. These groups
make them excellent support materials for MNPs. MOFs offer
advantages such as ensuring the longevity of nano-catalysts,
enhancing their performance, and expanding the range of
reactions they can catalyze by providing the necessary compo-
nents that may be lacking.167 MOFs have also been utilized as
precursors for the synthesis of magnetic nanoparticles as well as
catalysts for MO reduction. These composites exhibit unique
structural arrangement, allowing for the creation of well-
designed porous frameworks with specic pore shapes, sizes,
compositions, and adjustable functionalities to facilitate the
expansion and detention of MNPs as needed.168,169 Three
distinct approaches are employed for production of MNPs using
MOFs as supporting materials: constructing MOFs around pre-
existing MNPs, loading MNPs onto the surface of MOF pores, or
embedding MNPs within the nanopores of MOFs. This
© 2025 The Author(s). Published by the Royal Society of Chemistry
integration of MNPs with MOFs not only leads to functional
synergy but also enhances their individual strengths while
mitigating drawbacks. The conguration of MNPs loaded onto
MOFs is depicted in Fig. 6(d).

Currently, a subgroup of MOFs known as zeolitic imidazolate
frameworks (ZIMFs) has been employed as a support for MNPs
fabrication.170 ZIMFs are characterized by the presence of
imidazole-based ligands along with transition metal cation,
resulting in materials with crystalline topology. Above 150 ZIMF
systems have been successfully synthesized. These networks
exhibit exceptional chemical and thermal stability due to their
specic surface, tunable pore apertures, and microporous
congurational properties.123

Karimi et al.171 described the synthesis of a three-
dimensional MOF loaded with Pd NPs and Au NPs, which was
then used for MB, MO, MR, 2NP, 3NP, and 4NP reduction as
well as Sonogashira–Hagihara alkynylation coupling. The cata-
lytic performance of these systems was also observed under
different solvents. High yield of products was obtained in high
polar solvents as compared to low polar solvents. This is
perhaps the highest solubility effect in high polar solvents. It
also reported that the yield of those products was high which
have electron-withdrawing groups in their structure. In this
case, the shiing of electrons from metal nanoparticle surface
to reductant increases if the electron-withdrawing group is
attached with their structure.
4.3. Polymeric material

Various polymeric materials like microgels96,117,172,173 and
hydrogels140,174,175 with various compositions and morphology,
natural polymers (alginate,176 cyclodextrin,177 poly(dopamine)
(PDA),178 cellulose,179 and chitosan180) and synthetic polymers
(poly(N-isopropylacrylamide) [P(NIPAM)],181 dendrimers,182

polyvinylpyrrolidone (PVP),183 poly(ethylene glycol) [P(EG)],184

poly(N-isopropylmethacrylamide) [P(NIPMAM)],185 and poly(-
vinyl alcohol) [P(VA)]138) have been reported as supporting
agents for the fabrication of MNPs. Chitosan (polysaccharide of
biological origin) has also been employed as supporter for
fabrication of MNPs,75 as illustrated in Fig. 6(e).

Some of these materials have been identied as surface
capping agents capable of controlling the shape and size of
MNPs.181,186,187 However, their use as surface capping agents is
limited due to strong interactions between MNPs and different
functional groups, which can block catalytically active sites and
lead to reduce the catalytic activity. To tackle this limitation,
investigators have developed porous polymer materials to serve
as support for nanoparticle immobilization.26 Porous materials
offer the advantage of creating specic surfactant-free active
sites and controlling nucleation, thereby reducing particle
aggregation and maintaining them in nano-sized regimes. For
these porous materials, long polymer chains are particularly
effective for supporting and stabilizing nanoparticles because of
unique structural network. However, there is a risk of many
MNPs leaking out or detaching from the polymer surface upon
direct exposure to the medium, potentially compromising the
catalytic activity of the composite material.
RSC Adv., 2025, 15, 27668–27684 | 27675
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From these, dopamine (DA) has emerged as a suitable
candidate for fabrication of MNPs.188,189 DA is a small organic
molecule mimicking mussel-foot-proteins and serves as
a crucial neurotransmitter in the brain. DA contains amine and
catechol in their structure and can perform self-polymerization
in basic medium to form polydopamine (PDA). The micropar-
ticles of PDA are easily synthesized at ambient temperature.
Studies have shown that PDA is hydrophilic, non-toxic, and
environmentally friendly along with safe biocompatibility. PDA
with o-quinone/catechol is readily synthesized at ambient
temperature. Their size varies based on the environments of
reaction like solvent, temperature, initial DA concentration, and
pH. PDA-decorated nanomaterials have been utilized for MO
reduction. PDA acts as a redox mediator (RM), facilitating the
decolorization of MO by NaBH4. RMs show reversible reduction/
oxidation reactions which enhance the reduction rate of dye.
Moreover, they can serve as electron carriers in multiple redox
reactions, lowering the activation energy (Ea) of the reaction.189

Others (hydrogels, nanogels, microgels, and dendrimers)
have been synthesized using methods such as precipitation
polymerization,117 dispersion polymerization,190 and inverse
microemulsion polymerization.191 These particles possess
a sieve-like shape that readily incorporates MNPs and retains
them for extended periods, ensuring stability. Additionally, they
show responses to external stimuli such as ionic strength, pH,
and temperature, allowing them to adjust their size and,
consequently, the size of MNPs. The size of the polymer parti-
cles' sieves is controlled by adjusting the contents of monomers,
comonomers, and crosslinker during synthesis. Therefore,
polymers decorated with MNPs exhibit synergistic properties,
combining the swelling/shrinking behavior of polymers with
the surface-based catalytic behavior of MNPs.181

From these materials of polymers, dendrimers have
branched into their polymeric network and MNPs are simply
fabricated on their surface at specic reaction condi-
tions.176,192,193 From these systems, NPs have the maximum
chance of leaching in the reaction medium and not recycled
easily. However, these systems have less diffusion barrier for
MO to reach the MNP surface, reducing the time required for
the reduction. In hydrogels, nanogels, and microgels, many
MNPs are inserted in the sieves. The loading of MNPs in the
sieves prevents them from leaching into the reaction medium.
Nevertheless, it creates a large diffusion barrier for MO mole-
cules to reach the surface of MNPs and hence reduce the rate of
reduction and prolong the reaction time.117

Arif121 have synthesized bimetallic (Ni/Ag) nanoparticles
containing poly(N-isopropylmethacrylamide-methacrylic acid)
Ni/Ag–P(NIPMAM-MAA) Ni/Ag–P(NM) hybrid microgels and
used it for catalytic reduction of different azo dyes from water.
The temperature and pH effect on swelling and deswelling
behavior of these hybrid systems were also investigated. The
system was present in swelling state at basic medium and
deswelling in acidic conditions. Similarly, temperature of
medium was also impact on the swelling/deswelling behavior of
Ni/Ag–P(NM). The reduction rate of MO depends upon the
content of NaBH4, MO, and Ni/Ag–P(NM) dose.
27676 | RSC Adv., 2025, 15, 27668–27684
Bawazeer33 studied the synthesis of Fe nanoparticles deco-
rated polyacrylate (Fe-PAL). Degradation studied of MO was
investigated under different conditions of temperature and pH
of medium. The degradation rate of MO increased by increasing
the temperature, pH, and Fe-PAL dose.

Numerous other researchers have utilized microgels and
hydrogels to fabricate and stabilize MNPs, extending their
longevity.181,185,194,195 The microgel network integrated with
MNPs is depicted in Fig. 6(f).
5. Catalytic treatment with methyl
orange

MO dye has been treated with various metallic systems through
different methods like photocatalytic degradation, reduction,
and oxidation with employing light, reducing agent and
oxidizing agent respectively. These processes are outlined
below.
5.1. Reduction method

In chemical reduction methods, the MNPs along with
a reducing agent are employed to treat harmful pollutants like
MO.34 In an aqueous solution, MO exhibits a strong absorption
peak (lmax) at 464 nm in the UV-visible spectrum. NaBH4

(reducing agent) converts MO into leuco MO molecules, which
subsequently degrade into less toxic substances. However, this
method is time-consuming, produces toxicity (by excess amount
of NaBH4), and therefore impractical. A nano-catalyst reduces
the barrier of energy by lowering the Ea, thus expediting the
reaction. Noble metal nanoparticles serve as catalysts,196

garnering signicant attention due to their distinctive physical
and optical properties, rendering them suitable for various
catalytic applications. Their high reactivity is attributed to their
large surface-to-volume ratio,34 which accelerates the reduction
of dye molecules into non-toxic substances by reducing the
kinetic energy (KE) required for electron transfer.33

Investigators have noted that the catalytic reduction of MO
conforms to a pseudo-rst-order kinetic model, primarily owing
to the abundant use of the reductant (NaBH4).36 The reaction
rate is solely dependent on MO concentration,197 thus making it
a rst-order reaction concerning the MO concentration.
According to a rst-order model, the representation of rate for
this reaction is represented by eqn (1).

Rate of reduction f [MO] (1)

�dCt

dt
fCt (2)

�dCt

dt
¼ kCt (3)

By rearranging eqn (3) as

�dCt

Ct

¼ k dt (4)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Catalytic reduction mechanism of methyl orange in the pres-
ence of NaBH4 and metallic nanocatalyst in capping agent.
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Integrating both sides of eqn (4)

�
ð
dCt

Ct

¼ k

ð
dt (5)

−lnCt = kt + C (6)

At initial condition of reaction, when t = 0 then Ct = Co, so eqn
(6) becomes

−lnCo = C (7)

Putting eqn (7) in eqn (6) as

−lnCt = kt − lnCo (8)

Rearranging eqn (8) as

lnCt − lnCo = −kt (9)

ln
Ct

Co

¼ �kt (10)

Here, Ct represents the MO concentration at any given time (t),
Co stands for initial MO concentration, t stands for reaction
time, and k represents a constant. Another representation of
eqn (10) in terms of absorbance (A) according to Beer's Lambert
law is shown below:

ln
At

Ao

¼ �kt (11)

In eqn (11), At represents the value of absorbance for MO at any
time (t), Ao stands for initial absorbance, t represents the reac-
tion time, and k denotes the rate constant. The value of k is
determined from the slope value of the plot between time and
ln(Ct/Co). As the reaction of reduction progresses, the MO
concentration decreases gradually, leading to a decrease in
absorbance as well. The k for the MO reduction is also inu-
enced by some other factors like the temperature, pH, concen-
tration of MO, amount and nature of the catalyst used in the
reaction.

The catalytic reduction mechanism of MO with reductant
(NaBH4) and MNPs composites is depicted in Fig. 7. It has been
observed that the MO reduction follows both the Eley Ridel (ER)
mechanism and the Langmuir Hinshelwood (LH) mechanism
during the catalytic reduction. Initially, the reactant molecules
diffuse to the MNP surface, where they adsorb and react to form
the product. The adsorbed product then desorbs and diffuses
out according to the LH mechanism. While one of the reactant
molecules adsorbs onto the catalyst surface and reacts with the
unadsorbed reactant to produce the product in the ER mecha-
nism. Products then desorb and diffuse to the reaction medium
(bulk), making the active sites accessible for remaining reactant
molecules.

5.1.1. Electrons transfer mechanism. When the catalytic
reduction of pollutants is performed in the presence of both
catalyst and reductant (NaBH4). In this process, NaBH4 initially
dissociates into BH4

− ions. These ions are then electrostatically
adsorbed onto the catalyst surface.181 Upon adsorption, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
borohydride ions further converted into hydrogen (H) atoms,
releasing electrons that are transferred to the surface of catalyst.
The catalyst serves as an electron relay system, facilitating the
transfer of electrons from BH4

− (donor) to MO (acceptor).121

5.1.2. Method of MO interaction with H atom. A hydrogen
atom (aer electron transfer) originating from the borohydride
(BH4

−) ions reacts with a neighboring MO molecule, resulting
in the simultaneous hydrogenation of MO due to electron
transfer. Electrons are transferred from the surface of catalyst to
the MO (acceptor) molecules, converting them to its reduced
form (leuco MO) (LMO).198 This process involves the cleavage of
the double bond of azo (–N]N–) group (chromophoric
component) of the MO molecule, leading to a change in the
solution's color.199

Arif et al.117 described the synthesis of bimetallic (Co/Ag)
nanoparticles in poly(N-isopropylmethacrylamide) to form Co/
Ag–P(NIPMAM) hybrid system. They investigated catalytic
behavior against MO in the presence of NaBH4. They obtained
0.48 min−1 value of apparent rate constant (k) during the
reduction of MO. The researchers elucidated the mechanism
underlying the MO reduction with catalyst through several
steps. Initially, both MO and BH4

− ions (produced from
reductant (NaBH4)) co-adsorb onto the Co/Ag nanoparticle
(catalyst) surface. Both reactants can easily adsorb/desorb from
the surface of nano-catalyst. Molecules of MO were quickly
adsorbed onto the Co/Ag surface owing to the interaction
between the MO and Co/Ag. During reduction, electrons are
transported from BH4

− (reductant) ions directly to the Co/Ag
NPs through P(NIPMAM). The functional groups present on
the surface of P(NIPMAM) help in this siing of electrons from
BH4

− ion to MNPs. Subsequently, these electrons are shied
from the surface of nano-catalyst to MO to reduce them into
non-toxic products. The catalyst demonstrated excellent recy-
clability, maintaining activity for up to ve cycles, and
remarkable efficacy in treating wastewater contaminated with
dyes. Various other researchers have also investigated different
nanocatalysts for the chemical reduction of MO using
NaBH4.200–203
5.2. Photocatalytic degradation of MO

Photo-catalysis presents an intriguing approach for addressing
MO molecules.204 Numerous studies have explored the
RSC Adv., 2025, 15, 27668–27684 | 27677
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Fig. 8 Photocatalytic degradation mechanism of methyl orange.
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photocatalytic capabilities of various catalysts for MO degra-
dation under solar light or UV exposure205–208 as illustrated in
Fig. 8. Mechanistically, it is now widely accepted that the dye
serves as the primary light-absorbing species.209 The photo-
catalytic degradation has more advantage than chemical
methods, as it avoids secondary pollutants to the ecosystem.
Many scholars have investigated the application of various types
of nanoparticles (like TiO2 (ref. 210)) for the photocatalytic MO
degradation under various reaction conditions, including
catalyst concentration, radiation intensity, and irradiation
duration.

Thi Thu Nhu and Nguyen204 investigated the photocatalytic
degradation of MO using Ag doped TiO2 nanoparticles. This
system was synthesized by gamma irradiations. The percentage
of Ag+ ions during each synthesis used ratio by weight was
different. The system with 1% wt of Pt doped TiO2 showed
excellent photocatalytic activity as compared to other ratios due
to high porosity and lowest band gap. They also investigated the
catalytic performance under different pH, dye concentration,
and content of doped material. Pt doped TiO2 also exhibits
better recycling ability aer photocatalytic degradation of MO.
The kinetic study revealed that the degradation process fol-
lowed a pseudo-rst-order model.16 Other investigators have
reported the utilization of various nano-catalysts for treating
MO.139,146,211–213 This approach aims to avoid the use of toxic and
harsh reaction conditions.
5.3. Oxidative approach of MO

MO degradation can also be achieved through oxidation, where
the dye is converted into harmless products with nano-catalysts
and oxidant.214 In aqueous medium, MO dye exists in the form
of anions. Transition metal oxides are used as catalysts to
accelerate the oxidation of MO into harmless components,
leveraging their different crystallinity and surface area proper-
ties. Wet air oxidation (WAO) stands out as one of the most
effective and easy methods for oxidizing organic pollutants like
MO. This method involves generating active oxygen species
27678 | RSC Adv., 2025, 15, 27668–27684
(hydroxyl radicals) at high pressures and temperatures.215 The
oxidation of MO through WAO produces products such as N,N-
dimethyl-p-phenylenediamine, sulfanilic acid, benzenesulfonic
acid, N,N-dimethylbenzenenamine, and benzenesulfonic acid,
which are initially harmful to the environment but eventually
break down into lower molecular weight acids and, ultimately,
into CO2, NH3, and H2O (nal products).42 Fenton-like oxidation
is another effective and environmentally friendly method for
MO degradation.73 Fe/Cr quantum dot-doped mesoporous silica
and then composite with activated carbon have been identied
as a nano-catalyst for the oxidative degradation of MO. Fenton-
like oxidation can be heterogeneous or homogeneous. Hetero-
geneous approach is particularly effective at neutral (usually 7)
pH and prohibits the Fe sludge formation. In the homogeneous
approach, hydroxyl radicals ðOH

�

Þ are generated through H2O2

and Fe2+ reaction, converting MO into non-toxic substances.
The mechanism developed by homogenous approach is depic-
ted below (eqn (12)–(16)).

Fe2þ þH2O2/Fe3þ þOH
�

þOH� (12)

Fe3þ þH2O2/Fe2þ þHO2

�

þHþ (13)

Fe2þ þOH
�

/Fe3þ þOH� (14)

OH
�

þH2O2/OH2

�

þH2O (15)

OH
�

þHO2

�

/H2O2 þO2 (16)

Some limitations restrict the efficiency of homogeneous
Fenton reactions, including the low utilization of H2O2, the
requirement for harsh pH conditions, the production of iron
sludge due to the slow transformation of Fe3+ to Fe2+, and the
presence of residual Fe3+ ions in the treated wastewater,
necessitating an additional separation step.216
© 2025 The Author(s). Published by the Royal Society of Chemistry
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To address these challenges, the combination of heteroge-
neous catalysts with these systems and the introduction of
reductant can enhance the catalytic performance of homoge-
neous methods. Copper-aluminum containing systems were
synthesized to accelerate MO degradation.217 Heterogeneous
systems offer the advantage of operating over a wide pH range.
However, these approaches have limitations, including their
cost, lengthy reaction times, and potential for secondary
pollution. Several other methods, like the photo-Fenton
process,218 sono-Fenton process,219 and electro-Fenton
process,220 have been designed to enhance hydroxyl radical
generation and reduce H2O2 consumption. Ozone-based
advanced oxidation is an affordable and easily operated
process for MO degradation. To enhance oxidation efficiency,
various catalysts, like ultrasonic and ultraviolet catalysts, are
applied along with ozone. These catalysts generate hydroxyl
radicals, improving the degradation process without producing
secondary pollution such as chemical sludge.221

Therefore, in the presence of nanocatalysts, toxic MO are
degraded into less harmful products, contributing to environ-
mental preservation. The nanocatalysts are employed as nano-
lters to treat MO present in industrial wastewater before
their discharge into water bodies.

6. Conclusion and future directions

In summary, this thorough review sheds light on various
approaches to synthesizing metal NPs and incorporating them
into various supporting materials. Various approaches to these
nanocatalytic systems are discussed for treating MO like oxida-
tion processes, photocatalytic treatment, and chemical reduc-
tion. The catalytic degradation of MO follows a pseudo rst-order
kinetic model along with the Langmuir–Hinshelwood mecha-
nism. The reaction environments inuence the MO reduction/
oxidation rate. Several major ndings have emerged from this
part of research, guiding future directions in this important area.
One signicant outcome is the improved efficiency of bimetallic
nanoparticles in catalytic degradation reactions for MO
compared to monometallic nanoparticles. This highlights the
prominence of adapting nanoparticles in nanocomposite forms
to increase catalytic effects, which appears a favorable area for
more development in this eld. Furthermore, the stabilization of
MNPs can be achieved by various supporting materials like
polymeric, organic, and inorganic materials which extend their
lifespan during catalytic performance without losing their effi-
ciency. An essential look of advancing strategies for reducingMO
involves optimizing reaction conditions. Factors like Initial MO
concentration, reductant concentration, temperature, and pH
levels play crucial roles for the reduction reaction efficiency.
Precise control and adjustment of these factors can greatly
improve the whole efficiency of metallic nanoparticles as cata-
lysts. Catalytic reduction approaches are notable for their rapid
reduction rates as well as scalability which makes them suitable
for different applications on large-scale. Conversely, photo-
catalytic reduction approaches hold potential nevertheless
further renement is also required to minimize the amount of
photocatalyst, hence improving cost-effectiveness. Moreover,
© 2025 The Author(s). Published by the Royal Society of Chemistry
oxidation reactions like Fenton-oxidation and wet air oxidation
reactions have demonstrated effectiveness in converting MO into
less harmful substances with higher costs. These approaches
remain viable choices for particular applications where treatment
efficacy outweighs cost considerations. This review contributes to
the growing body of knowledge directing us toward a more
environmentally sustainable future.

Metal nanoparticles along with caping agent are the best
materials for removal of pollutants from wastewater due to easy
recycling ability as well as adsorption capacity. The adsorption
capacity of polar parts of the capping agent facilitates the
approach pollutant towards the surface of metal nanoparticles.
The diffusion rate of different pollutants in composites is the
available vacant space of research in this eld. This study helps
to nd amost suitable composite for removal of pollutants from
wastewater and the composite has low cost, easy recycling
ability, rapid removal of pollutants.
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70 A. Ekinci, Ö. Şahin and O. Baytar, Process Saf. Environ. Prot.,
2024, 187, 644–651.

71 W. Xie, Y. Zhang, X. Yang, P. Yu and D. Ban, Inorg. Chem.
Commun., 2024, 162, 112169.

72 S. H. Mousavi, M. Yaghoobi and F. Asjadi, Sci. Rep., 2024,
14, 1–20.

73 M. Hamieh, N. Tabaja, K. Chawraba, Z. Hamie,
M. Hammoud, S. Tlais, T. Hamieh and J. Toufaily,
Molecules, 2025, 30, 1770.

74 T. Riaz, S. Nayyar, T. Shahzadi, M. Zaib, S. Shahid,
S. Mansoor, M. Javed, S. Iqbal, M. M. Al-Anazy,
E. B. Elkaeed, R. A. Pashameah, E. Alzahrani and
A. E. Farouk, Agronomy, 2022, 12, 2505.

75 M. Arif, H. Raza, S. M. Haroon, S. Ben Moussa, F. Tahir and
A. Y. A. Alzahrani, Int. J. Biol. Macromol., 2024, 270, 132331.
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