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Environmental applications of magnetic
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The distinctive characteristics and versatile functionalities of magnetic nanoparticles (MNPs) position them
as promising candidates for numerous environmental applications, attributed to their structural and
physiochemical properties. Magnetic nanoparticles can integrate organic polymers, carbon-based
materials, and metal oxides to form multifunctional composites that effectively adsorb and degrade
pollutants. This review article discusses the magnetic nanomaterials and the techniques employed to
functionalize and tailor these materials and their application for wastewater treatment, cleanup of oil
spills, and photocatalytic degradation of pollutants of emerging concern. Focusing on their regeneration
capabilities, catalytic performance, and adsorption efficiency, the article analyzes how magnetic
nanohybrids engage with pollutants remediation. Additionally, it evaluates these materials’ stability,
implications, and recyclability to assess their practical applicability in real-world environmental scenarios.
By presenting a detailed overview of the recent advancements, challenges, and prospects, this work aims
to assist researchers in developing and enhancing magnetic nanohybrids as a remediation technology to
advance sustainable environmental remediation strategies. The magnetic nanoparticles discussed in this
document exhibit remarkable efficacy in contaminant removal due to their magnetic retrievability,
facilitating easier recovery and reuse. These advantages not only enhance their practical applications but
also align with principles of sustainability and resource efficiency. The innovative integration of advanced
magnetic materials with green chemistry principles outlined in this review significantly enhances
environmental remediation initiatives. This review adopts a holistic approach by emphasizing the benefits
while addressing challenges, including instability, elevated costs, quality and functionality problems,
concerns regarding secondary pollution, and issues related to reusability.

industrial and non-industrial sources contribute to water
pollution, which harms human health,* aquatic ecosystems,

The global population has been increasing consistently with
urban areas experiencing more significant population growth,
attributed to enhanced healthcare, educational opportunities,
and job accessibility, with industrialization playing a key role in
this urbanization process." As the population increases, the
need for goods and services rises, leading to industrial growth
and additional factories.> The need to support larger pop-
ulations and urban centers drives technological innovations in
manufacturing, energy production and transportation. Many
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and biodiversity.*® The chemical manufacturing, mining, oil,
and textile sectors discharge toxic materials into water bodies
through untreated wastewater, unintentional spills, and poor
waste disposal.® These substances include organic pollutants’
like solvents, dyes, hydrocarbons, and heavy metals® such as
lead, mercury, and arsenic. Moreover, agricultural runoff
comprising fertilizers, pesticides, and animal manure causes
eutrophication, toxic algal blooms, and pathogens® contami-
nation, in addition to deforestation and soil erosion.'
Furthermore, mining results in metal leaching and acid mine
drainage," and hydraulic fracturing in oil and gas operations
puts groundwater at risk of contamination." Marine environ-
ments face threats from plastic waste, oil spills, and the atmo-
spheric deposition of pollutants such as nitrogen oxides.** To
protect water quality and ecosystem health, integrated legisla-
tion, sustainable practices, and efficient wastewater treatment
technologies must be implemented.** Managing the impact of
urbanization and industrialization is crucial for environmental
sustainability.
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In the realm of water and wastewater treatment, nanotech-
nology stands out as a highly effective and promising avenue for
advancement.” The utilization of magnetic nanoparticles
(MNPs) has shown significant benefits in wastewater remedia-
tion, owing to their exceptional optical, electrical, and magnetic
properties, as well as their high adsorption capacities, mobility,
reactivity, and catalytic abilities. Furthermore, the features and
applications of MNPs can be tailored through the application of
magnetic fields, enhancing their efficacy in treatment
processes. MNPs find extensive potential applications in catal-
ysis, biomedicine, tissue targeting, colloidal photonic crystals,
MRI, MPI, microfluidics, data storage, environmental remedi-
ation, and more.**"” MNPs of many kinds, including iron oxides
(Fe30,4), spinel ferrite (CoFe,O,), bio-metallic, carbon-based,
and others are employed for wastewater treatment. With the
potential for nearly 100% in situ treatment, MNPs in waste
treatment improve efficiency, encourage reuse, and save money,
time, and effort.®

Physical and chemical methods are essential for wastewater
treatment. Physical methods involve mechanical techniques
such as screening, filtration, and sedimentation to eliminate
suspended solids and debris. Additionally, flotation and
centrifugation are employed to separate materials based on
density. Chemical methods utilize various substances to
precipitate, neutralize, or oxidize contaminants. Coagulation
and flocculation processes introduce chemicals that promote
the aggregation of smaller particles into larger ones, improving
their removal through sedimentation or filtration.” Disinfec-
tion techniques such as chlorination and ozone treatment
eliminate harmful pathogens. Chemical oxidation can break
down complex organic pollutants into simpler compounds,
often necessitating pH adjustments to optimize these
processes. While these methods are effective, they can be costly,
require careful handling of hazardous materials, and generate
chemical sludge that must be disposed appropriately. Never-
theless, the implementation of both physical and chemical
treatments is crucial for the effective removal of diverse
pollutants, particularly in industrial wastewater.”® Wastewater
treatment utilizing physical and chemical techniques typically
considerable expenses and substantial energy
consumption, especially when dealing with large volumes.
Applying these methods often requires the use of chemicals,
which can pose environmental and safety risks, in addition to
generating chemical sludge that requires proper disposal.
Moreover, these methods may not effectively remove certain
dissolved pollutants or biodegradable organic materials,
leading to the need for further treatment processes.*

Membrane technologies are advanced methods employed in
wastewater treatment, leveraging selective barriers to efficiently
separate contaminants from water. Commonly utilized
membrane processes include nanofiltration, microfiltration,
ultrafiltration, and reverse osmosis, each characterized by
specific pore sizes and varying effectiveness in pollutant
removal. Microfiltration and ultrafiltration are adept at
removing suspended solids, bacteria, and larger particles, while
nanofiltration and reverse osmosis target smaller dissolved
contaminants, such as salts, heavy metals, and organic
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molecules.”” Nonetheless, membrane technologies can incur
significant expenses owing to the energy requirements for
sustaining pressure across the membrane and the regular
necessity for cleaning or replacing membranes due to fouling.
Membrane fouling diminishes efficiency and requires regular
cleaning or replacement, leading to increased downtime and
operational costs. Furthermore, this technology might only be
financially viable for extensive applications with considerable
investment.?

Among the advanced oxidation processes (AOPs), photo-
catalysis stands out due to its effectiveness and versatility in
wastewater treatment, surpassing methods like ozone oxida-
tion, Fenton's reagent, and UV/H,0,. A notable advantage of
photocatalysis is its ability to operate under ambient condi-
tions, which negates the necessity for high temperatures or
pressures, thus streamlining operations and reducing energy
costs.” Unlike chemical methods like Fenton's reagent that rely
on iron salts and hydrogen peroxide, photocatalysis does not
require potentially harmful chemical additives, resulting in
fewer secondary pollutants and a reduced need for subsequent
neutralization processes.”® The issue of electron-hole recom-
bination in photocatalysis, which can restrict the efficiency of
the process, is currently under investigation. Innovations like
heterojunction photocatalysts and plasmonic materials
contribute to the reduction of recombination and enhance
overall performance.*

Magnetic nanoparticles constitute a distinctive category of
nanomaterials utilized in photocatalytic wastewater treatment.
They provide specific advantages and functionalities that
differentiate them from traditional photocatalysts such as TiO,,
ZnO, CdS, and graphene-based materials.”” Magnetic nano-
particles, primarily consisting of iron oxides such as Fe;0, or y-
Fe,03;, demonstrate significant magnetic properties that facili-
tate their separation from treated water by applying an external
magnetic field. This feature enhances the recovery and reuse of
photocatalysts, tackling a considerable challenge of conven-
tional photocatalysts, which often face time-consuming, costly,
or inefficient separation from treated effluent. Materials such as
TiO, and ZnO demonstrate high effectiveness; however, their
recovery usually necessitates filtration or sedimentation,
potentially elevating operational costs. Magnetic nanoparticles
can be rapidly and effectively extracted using magnetic fields,
enhancing the overall process's economy and scalability,
particularly in large-scale wastewater treatment applications.>®
MNPs frequently act as a support or core material for other
semiconductors, improving their photocatalytic activity. A
photocatalyst such as TiO, or ZnO can be applied to the surface
of MNPs, resulting in a composite that utilizes the photo-
catalytic characteristics of the semiconductor while also
providing the benefit of magnetic separation. This hybrid
method integrates the advantageous characteristics of both
materials: the elevated photocatalytic efficiency of semi-
conductors and the straightforward recovery of magnetic
particles.”® MNPs contribute to the reduction of electron-hole
recombination in these systems, a process where electrons and
holes recombine, reducing the efficiency of the photocatalyst, as
the iron oxide core facilitates electron transfer, enhancing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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overall photocatalytic performance. This contrasts with
conventional semiconductor materials such as TiO,, ZnO, or
CdS, where recombination remains a significant challenge
restricting reactive species' production. TiO, is susceptible to
electron-hole recombination; however, incorporating magnetic
nanoparticles as a support material can enhance charge sepa-
ration and increase the efficiency of the photocatalyst.** MNPs
display distinctive surface chemistry that can be utilized for
additional functionalization. Modification or doping with
metals, oxides, or organic molecules can enhance catalytic
properties, improve light absorption, or introduce specific
functionalities for pollutant binding. Combining Fe;O, nano-
particles with silver or gold nanoparticles enhances light
absorption. It broadens their activity into the visible spectrum,
thereby overcoming a significant limitation of conventional
photocatalysts such as TiO,, which predominantly function
under UV light.**

Magnetic nanoparticles enhance process efficiency by facil-
itating improved charge separation and easier recovery post-
treatment rather than directly influencing photocatalytic reac-
tions. This renders them more complementary, in contrast to
traditional photocatalysts designed to degrade pollutants
independently.*” The interaction between MNPs and traditional
photocatalysts presents a promising approach for enhancing
wastewater treatment solutions’ efficiency, sustainability, and
cost-effectiveness.'® This review explores MNPs, focusing on
their structural characteristics and photocatalytic capabilities,
while highlighting their unique benefits in addressing different
contaminants in wastewater. It examines surface modification
and composite strategies employed to enhance the photo-
catalytic efficiency of magnetic nanoparticles, focusing on
prevalent issues such as electron-hole recombination and
material stability. This document also evaluates the versatility
of these nanoparticles in addressing various pollutants, organic
dyes, heavy metals, synthetic drugs, and oil spills across diverse
environmental conditions. The review offers insights into
recent advancements and applications, aiming to facilitate
future innovations using magnetic nanoparticles for scalable
and environmentally friendly wastewater treatment technolo-
gies. This is the first report that presents the regeneration
capabilities, the photocatalytic performance, and adsorption
efficiency of magnetic nanoparticles as a remediation tech-
nology to advance the renewable and sustainable water treat-
ment strategies. It offers insights into recent advancements and
applications, aiming to facilitate future innovations using
magnetic nanoparticles for scalable and environmentally
friendly wastewater treatment technologies.

2. Synthesis techniques for MNPs

MNPs are synthesized by various methods. In general, the
synthesis of MNPs can be broadly classified into three cate-
gories (a) physical, (b) chemical, and (c) biological or microbial
methods.*® Physical methods are based on the top-down
strategy, i.e., synthesis starts from bulk material and depletes
to generate NPs. Chemical and biological methods follow
a bottom-up or constructive approach, where the atoms/
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molecules assemble into different sizes of NPs.** Fig. 1 shows
different synthesis methods of MNPs.

2.1 Top-down synthesis

This approach employs a destructive method to reduce bulk
materials into tiny, nanoscale particles through various physical
and chemical procedures. It can be demonstrated by destructive
techniques such as physical vapor deposition, grinding,
milling, or several others.*

2.1.1 Mechanical method/ball milling method. This
method of producing nanoparticles from bulk is cost-effective.
It entails breaking down bulk materials directly into nano-
structures. During mechanical milling, the bulk material
receives the rollers which reduces grain size. Alloys of various
metals are produced using this method.** In a study by
Bououdina et al.,, nanocrystalline magnesium ferrite was
synthesized through ball milling of o-Fe,O; and MgO in
powdered form and strengthened at 700-900 °C. The synthe-
sized magnetic nanopowders were suitable for removing heavy
metals from wastewater.’” In another study, carbonaceous
magnetic adsorbents were synthesized through ball milling,
a combination of activated carbon and Fe;O, nanoparticles. The
authors found that the ball-milled magnetic adsorbents are
environmentally friendly to synthesize, have high efficiency, low
cost, and offer convenience in operation.*®

2.1.2 Thermal decomposition method. Thermal decom-
position is an endothermic process where heat causes chemical
decomposition and breaks the chemical link in a compound.
The nanoparticles result from the decomposition of metal at
a particular decomposition temperature at which an element
undergoes chemical breakdown.* Hyeon and co-workers have
also used a similar thermal decomposition approach to prepare
monodisperse iron oxide nanoparticles. They used nontoxic
and inexpensive iron(m) chloride and sodium oleate to generate
an iron oleate complex in situ, which was then decomposed at
temperatures between 240 and 320 °C in different solvents,
such as 1-hexadecene, octyl ether, 1-octadecene, 1-eicosene, or
trioctylamine.” The thermal decomposition of zero-valent
metal precursor Fe(CO)s leads to the formation of metal NPs,
but if oxidation occurs, it may form high-quality iron oxide
MNPs. On the other hand, if the decomposition of precursors
occurs with cationic metal centers, it can directly form metal
oxide NPs.** This method was successfully generalized for
synthesizing other magnetic nanocrystals, such as MnO, Co30y,
and NiO.*

2.1.3 Laser ablation. This method involves laser irradiation
to reduce particle size to nanoscale. A solid surface is exposed to
alaser beam, creating a low-flux plasma plume that is eventually
sublimated or evaporated to create NPs. The materials undergo
plasma conversion at higher flux. Due to its high yield,
improved long-term stability, and improved particle size and
shape control, this technique is a better substitute for tradi-
tional chemical procedures.*® Laser ablation has also synthe-
sized magnetic nanoparticles from transition metals and metal
alloys.** Using the laser ablation method, Sakiyama et al.
fabricated Ni particles of a selected size coated with a NiO shell.
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Fig. 1 Classification of synthesis methods for MNPs and their key features.

The oxidation of Ni nanoparticles successfully generated a Ni/
NiO core-shell structure.”> Shinde et al. also synthesized iron
oxides and strontium ferrite with laser ablation and evaluated
the magnetic characteristics.*®

2.1.4 Electron beam lithography. In the electron beam
lithography process, iron particles are transformed into iron
oxides (Fe;0,) using an electron beam, or e-beam. This process
produces nanoscale iron oxide nanoparticles (NPs) by using
specified e-beam emission across an iron particle-film surface.
This approach is acknowledged as being inexpensive, versatile,
and capable of producing stable NPs.***

2.1.5 Vapour deposition and patterning. This technique
can produce magnetic particles by filling holes in a template
and creating a continuous film. Vapour deposition methods
(laser ablation, sputtering, and evaporation) and electrodepo-
sition methods are used to deposit the material that makes up
the particles. This process has demonstrated the ability to
generate high-quality NPs, lower alloying temperatures, and
potentially be used on a wide scale.'®*®

2.2 Bottom-up synthesis

Bottom-up synthesis, the constructive method, uses chemical
and biological processes to construct MNPs from relatively
more straightforward substances such as atoms, clusters, and
molecules. This process initially creates the nanostructured
building blocks of nanoparticles, which are subsequently put
together to produce the finished product (MNPs). The final
product offers a more uniform shape (physical attributes), size,
and chemical composition. Chemical vapor deposition, sol-gel,
and pyrolysis are examples of bottom-up synthesis.*

19902 | RSC Adv, 2025, 15, 19899-19936

2.2.1 Chemical vapor deposition (CVD). In this method,
the thin film of the gaseous reactant and a mixture of additional
gas molecules are deposited onto a substrate that promotes
substrate superheating. The ions are reduced when the
combined gases and substrate come into contact. The outcome
of this reaction is typically a film from which the MNPs must be
scrapped. The production of intricate, robust, homogeneous,
and highly pure NPs is a prominent feature of the CVD method.
This technique is now highly significant in the semiconductor
and electronics industries. However, the production of
extremely hazardous gases as byproducts and the demand for
specialized equipment are the main drawbacks of this
method.” Niu et al. synthesized well-defined core/shell type
single crystalline Fe,Sg/Fe;O0, coated o-Fe hybrids (Fe,Ss/
Fe;0,@Fe) with vacuum CVD technique. The CVD process
triggers the conversion of naturally formed Fe;O, layer on the
surface of commercial Fe nanoparticles from amorphous into
a single crystalline phase.”® Another study used a room-
temperature method to synthesize Ni, Ni/Zn, and Zn ferrite
nanoparticles. Various shapes for the produced carbon struc-
tures have been observed using ferrite nanoparticles as a growth
catalyst of the CVD process to prepare crystalline MNPs.*

2.2.2 Sol-gel method. The sol-gel method is one of the
most favored straightforward techniques for synthesizing
magnetic nanoparticles. This method combines two words: sol
(a colloid made up of solid suspended particles in continuous
liquid) and gel (a solid macromolecule dissolved in solvent). An
appropriate chemical solution, such as metal oxides and chlo-
rides, is a precursor. The precursor is distributed throughout
the host liquid via various techniques, including shaking, stir-
ring, and sonication. The resulting solution comprises a liquid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and solid phase, separated using multiple methods like
centrifugation, sedimentation, and filtration to extract the
nanoparticles. It is a procedure that turns sol into gel using
hydrolysis and condensation.> This technique works very well
for creating silica-coated and iron oxide MNPs. It makes it
possible to produce MNPs in large quantities with controlled
sizes and distinct shapes.* Mohammad et al. reported a novel
visible-light-driven photocatalyst of TiO,/Au/SWCNT nano-
hybrid prepared by a sol-gel approach and successfully
assessed for the photocatalytic degradation of the organic
methylene blue. TiO,/Au/SWCNT nanohybrid was obtained by
doping TiO, lattice with Au and supporting with modified
single-walled carbon nanotubes (SWCNTSs).>* In another study,
barium ferrite spinel (BaFe,0,) was synthesized through the
sol-gel method, and its nanohybrids with copolymers of
carbazole and pyrrole were successfully synthesized via
mechano-chemical mixing. The spectral, thermal, morpholog-
ical, and magnetic properties of the synthesized nano-magnetic
materials were analyzed via thermal gravimetric analysis (TGA),
transmission electron microscopy (TEM), and vibrating sample
magnetometer (VSM) techniques.*®

2.2.3 Solvothermal method. MNPs are created using the
solvothermal process, also known as hydrothermal, in aqueous
fluids at temperature above 200 °C and extremely high pres-
sures (>13 790 kPa) using autoclaves. It primarily entails the
rapid nucleation and growth of newly created MNPs, resulting
in pure particles with controlled morphologies. During this
process, MNPs are prepared by hydrolysis and oxidation reac-
tions. The geometry of NPs can be better controlled using this
technique.*”

The synthesis of Fe;O, nanoparticles (NPs) with a size of
15 nm and a spherical shape is one of the impressive achieve-
ments obtained using this technique, which has been effectively
applied in tumor MRI applications.>® Modern nanomaterials
that are challenging to synthesize through traditional methods
are typically prepared thermodynamically in stable and meta-
stable states using the solvothermal approach. Moreover,
producing superior crystallized monodispersed nanocrystals is
one of the features of solvothermal synthesis.*®

2.2.4 Pyrolysis. Thermal decomposition is a crucial addi-
tional method for the synthesis of magnetic nanoparticles. This
process of endothermic decomposition utilizes heat to break
the chemical bonds within the compound, causing the
precursor to decompose. After that, force it into a chemical
reaction that synthesizes MNPs and other impurities in ash.
Then, NPs are separated by additional processing of the ob-
tained ash. The precursor could be in a liquid or vapor state. A
laser or plasma can also be employed in place of a flame to
generate a high temperature that facilitates evaporation. It is an
inexpensive and efficient continuous process with a high yield.*®
Nugroho et al. aimed to implement the one-pot pyrolysis for
hybrid nanomaterial synthesis consisting of graphene quantum
dots (GQDs) from solid citric acid and carbon dots (CDs), which
were hydrothermally derived from the herbal plant extract of
“Houttuynia cordata,” denoted as CDs mixed GQDs. The nano-
hybrid was structurally characterized by XPS, FT-IR, fluores-
cence, and UV-visible absorption spectroscopy.®® In another
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study, Fe/Fe;C magnetic nanohybrids were synthesized with
solid-phase pyrolysis of iron(m)-phthalocyanine. The pyrolysis
temperature and synthesis duration were altered to produce
a series of nanohybrids with distinct magnetic and structural
properties. Nine samples were obtained with synthesis
temperatures ranging from 700 °C to 1100 °C and pyrolysis
duration of 5 or 15 minutes.**

2.2.5 Coprecipitation. This technique is most accurate and
efficient approach to create superparamagnetic iron oxide
nanoparticles (SPIONs), which have a mean diameter of less
than 50 nm. In an aqueous monophasic liquid medium, it
involves chemical interactions where the development and
nucleation of coherent iron hydroxide nuclei must be
controlled. A significant parameter in the magnetization of
MNPs is the annealing temperature, with the most promising
results occurring at temperature between 900 and 1000 °C.*
The typical MNPs synthesized through this method are Fe;O, or
v-Fe,O3; NPs. Manganese ferrite (MnFe,0,) NPs were produced
using sodium hydroxide (NaOH) as a precipitant and ferric
chloride (FeCl;), manganese(u) chloride (MnCl,) as suppliers of
metal ions.>

2.3 Biological methods

Biological synthesis is a well-established method for synthe-
sizing MNPs using living organisms, including plants and
microorganisms such as fungi, viruses, bacteria, and actino-
mycetes.® The benefits of this method are its efficiency, eco-
friendliness, and clean process. The disadvantage is its poor
dispersion of the NPs.* The synthesis of NPs using plant tissue,
extracts, exudates, and other plant parts has become an area of
great interest for researchers.®® For instance, particles with an
average size of 60 nm ferromagnetic magnetite were reported to
be biologically synthesized.®® A biologically synthesized Fe;O,
magnetic material was used as a catalyst in the Suzuki-Miyaura
reaction and photocatalysis.*”

2.4 Functionalization of MNPs

The functionalization of magnetic nanoparticles has emerged
as a highly effective strategy for environmental remediation,
especially in the area of photocatalytic degradation. By modi-
fying the surfaces of these nanoparticles with photocatalytic
materials, their ability to decompose organic pollutants in both
water and air is significantly improved, leading to more efficient
environmental cleanup processes.® The use of a magnetic core
facilitates the efficient recovery and reuse of nanoparticles post-
treatment, thereby reducing secondary pollution. When sub-
jected to light, these functionalized nanoparticles produce
reactive oxygen species capable of breaking down harmful
contaminants, including dyes, pharmaceuticals, and pesticides.
This mechanism not only purifies the environment but also
presents a sustainable and cost-effective approach to managing
industrial and agricultural waste. Additionally, the custom-
ization of the nanoparticles' surface chemistry allows for tar-
geted interactions with specific pollutants, enhancing the
overall efficiency of the degradation process. Consequently, the
functionalization of magnetic nanoparticles represents
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a significant advancement in utilizing photocatalytic degrada-
tion for effective environmental remediation.®

The key element in the development of MNP is iron oxide
materials, particularly magnetite and maghemite. Various
synthesis methods, such as co-precipitation, thermal decom-
position, and hydrothermal synthesis, are employed to produce
these nanoparticles. Each technique allows for precise control
over the size, shape, and magnetic properties of the particles,
which in turn affects their performance characteristics. Among
these methods, the chemical precipitation of iron salts is the
most widely used for creating iron oxide nanoparticles. This
process involves the precipitation of iron salts under basic
conditions, resulting in the formation of Fe*" and Fe’" salts that
aggregate into nanoparticles, typically at ambient or slightly
elevated temperatures.”” This approach is favored for its
simplicity, cost-effectiveness, and scalability, making it suitable
for large-scale industrial production. In contrast, thermal
decomposition involves the breakdown of organometallic
precursors in high-boiling organic solvents, often in the pres-
ence of surfactants, allowing for precise control over the
nanoparticles’ structure and size.” High-performance materials
that are advantageous for various applications require excep-
tional magnetic properties, making the intricate and expensive
single-step decomposition of organometallic precursors in
high-boiling organic solvents with surfactants a critical process.
Hydrothermal synthesis, which involves chemical reactions at
elevated temperatures and pressures within a sealed vessel
containing an aqueous solution, offers remarkable control over
the formation of crystals and their respective particle sizes. This
production technique allows researchers to fabricate nano-
particles with outstanding magnetic saturation and stability,
suitable for complex applications.*®

MNPs can be effectively utilized in biomedical applications
by incorporating organic polymers, which enhance their
biocompatibility and stability while improving dispersibility.
This integration typically involves coating the nanoparticles
with biocompatible polymers such as polyethylene glycol (PEG),
polydopamine, or chitosan. The hydrophilic nature of PEG
significantly contributes to the nanoparticles’ compatibility
with biological environments, resulting in prolonged circula-
tion times in biological fluids. For instance, Xu et al., success-
fully immobilized B-Glucosidase (B-Glu) onto MNPs, creating
MNP-B-Glu, which was further modified with PEG to produce
MNP-B-Glu-PEG. This modification not only enhances the
stability of the nanoparticles in blood serum but also boosts the
enzyme's activity.”” PEGylated nanoparticles are designed to
avoid detection by the reticuloendothelial system, making them
ideal for applications in drug delivery and imaging. These PEG-
coated nanoparticles serve as effective drug carriers, enabling
the targeted delivery of therapeutic agents to specific tissues or
tumors while employing controlled release systems to minimize
side effects during treatment. The robust and stable coating of
magnetic nanoparticles is derived from polydopamine, a versa-
tile biopolymer inspired by mussel adhesive proteins. This
material contains reactive groups that allow healthcare profes-
sionals to attach targeting ligands or therapeutic agents.
Consequently, polydopamine-coated nanoparticles can fulfill

19904 | RSC Adv, 2025, 15, 19899-19936

View Article Online

Review

multiple roles, including targeted drug delivery, photothermal
therapy, and functioning as biosensors.” Targeted cancer cell
therapy is significantly improved through the precise delivery of
cancer cells using polydopamine-coated Fe;O, nanoparticles in
conjunction with antibodies or peptides. These magnetic
nanoparticles are enhanced by a biocompatible and biode-
gradable chitosan coating, a natural polysaccharide that facili-
tates chemical interactions with drugs, proteins, and nucleic
acids. This characteristic makes chitosan an ideal candidate for
applications in genetic delivery and tissue engineering. By
utilizing chitosan-based coatings on nanoparticles, researchers
have established a promising approach for delivering genetic
material, which holds potential for advancements in gene
therapy and regenerative medicine.”

MNPs demonstrate improved characteristics when
combined with carbon-based materials like graphene oxide
(GO) and carbon nanotubes (CNTs). This synergy leads to
a notable increase in surface area, enhanced electrical
conductivity, and greater mechanical strength. Consequently,
these hybrid composites prove to be particularly effective for
environmental applications, including the removal of pollut-
ants and the treatment of wastewater.” The oxygen functional
groups present on GO derivatives serve as effective binding sites
for magnetic nanoparticles, which, along with their adsorption
capabilities and stability, define the performance of GO-coated
nanoparticles. These advanced materials play a crucial role in
extracting heavy metals, dyes, and organic pollutants from
water sources.”® Research has demonstrated that Fe;0,/GO
composites are effective in removing toxic heavy metals such as
Pb®>" and Cd*" from contaminated water, leveraging their
magnetic recovery properties. Additionally, cylindrical CNTs are
distinguished by their remarkable electrical, thermal, and
mechanical characteristics, making them notable nano-
structures in various applications.”” The integration of magnetic
nanoparticles with CNTs enhances the performance of the
composite system. These hybrid materials are utilized in cata-
Iytic pollutant degradation and as electrode components in
energy storage applications. The Fe;0,/CNTs composites serve
as efficient catalysts for degrading wastewater dyes, attributed
to the high surface area and catalytic efficiency of CNTs.”®

By functionalizing MNPs with TiO, or ZnO, their photo-
catalytic properties are significantly improved, making them
suitable for environmental remediation. These composites
utilize a magnetic core that facilitates easy separation and reuse
while effectively degrading organic pollutants under light irra-
diation. TiO, is recognized as a reliable photocatalyst due to its
stability when exposed to UV light, and TiO,/MNP composites
exhibit strong degradation capabilities for various organic
pollutants, including water-soluble dyes, pesticides, and phar-
maceutical residues.” Specifically, Fe;0,/TiO, composites have
proven to be effective in the photodegradation of methylene
blue dye under UV light, while also allowing for convenient
magnetic recovery for recycling purposes.®* The photocatalytic
performance of ZnO is significantly enhanced under UV light,
and when ZnO is applied as a coating on MNPs, their photo-
catalytic efficiency improves, making them suitable for envi-
ronmental applications. The use of Fe;0,/ZnO composites
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facilitates water purification through sustainable methods,
promoting the degradation of organic pollutants like phenol
and bisphenol A. Furthermore, the functionalization of MNPs
represents a significant advancement in nanotechnology,
providing effective solutions to various application challenges.
By integrating MNPs with organic polymers, carbon-based
materials, and metal oxides, researchers are addressing
specific needs in both medical and environmental fields.**

2.5 Stabilization of nanoparticles

Nanoparticles possess a high surface area-to-volume ratio,
which contributes to their inherent instability and susceptibility
to aggregation, oxidation, or dissolution over time. This insta-
bility is further influenced by factors such as surface charge,
ionic strength, pH, temperature, and surface chemistry.
Consequently, stabilizing nanoparticles is crucial to maintain
their unique properties, including enhanced reactivity, capacity,
and optical characteristics. If these properties are compro-
mised, the nanoparticles may become ineffective or behave
unpredictably in various applications. Effective stabilization
ensures that nanoparticles can be reliably stored, transported,
and utilized in fields such as medicine, catalysis, and environ-
mental science.®” When nanoparticles aggregate, they form
tightly bound collections that are difficult to separate into
individual particles, causing them to behave more like bulk
materials and resulting in a loss of their unique qualities, such
as high reactivity or catalytic efficiency. By implementing
stabilization techniques, aggregation is prevented, allowing the
nanoparticles to retain their distinct and active
characteristics.®

Chemically synthesized nanoparticles are typically stabilized
by surface-capping ligands that control their final dimensions.
In the absence of these stabilizing agents, van der Waals forces
would cause the colloidal particles to aggregate and precipitate.
Stabilizers or capping agents counteract this tendency by
creating a repulsive force between the particles. For instance,
charged capping agents like sodium citrate facilitate electro-
static stabilization, where negatively charged citrate-capped
nanoparticles attract positively charged counter-cations from
the surrounding medium, resulting in the formation of an
electrical double layer that induces coulombic repulsion.
Alternatively, steric stabilization is achieved through the use of
long-chain thiols or larger molecules such as polymers. Various
stabilization methods exist, including the chemical binding of
stabilizing molecules to the nanoparticle surface, the intro-
duction of particle charges, or the creation of physical barriers
to prevent aggregation.®*

2.5.1 Electrostatic stabilization. Electrostatic stabilization
originates from the repulsive forces experienced by nano-
particles when they are surrounded by a double layer of electric
charges, which effectively prevents their agglomeration. This
stabilization process involves charging the surfaces of nano-
particles through the introduction of ions, acids, or bases, or by
ionizing surface functional groups at specific pH levels, thereby
minimizing the risk of aggregation.®® The pH of the
surrounding medium plays a crucial role in determining the
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ionization state of these functional groups, thereby influencing
the surface charge of the nanoparticles. Optimal stability is
observed at a specific pH level, where increased deprotonation
of surface groups leads to a higher negative charge on the
nanoparticles. This enhanced negative charge promotes greater
repulsion between particles, thereby improving their stability.
The zeta potential is a key measure of the effective surface
charge and potential stability of nanoparticles.®® A low zeta
potential indicates inadequate stability and a likelihood of
particle aggregation, while a high zeta potential, typically
exceeding +30 mV, suggests strong repulsive forces among
particles. The pH level can influence the dispersion character-
istics by altering the zeta potential or surface charge. In aqueous
and colloidal suspensions, electrostatic stabilization plays
a crucial role in maintaining stability.

2.5.2 Steric stabilization. Steric stabilization refers to the
mechanism by which large molecules, including polymers and
surfactants, adhere to the surfaces of nanoparticles to prevent
their aggregation.®® As the number of these adsorbed molecules
rises, the osmotic repulsive forces also increase, thereby
improving the stability of the nanostructured particles. The
repulsive forces that facilitate steric stabilization can be
understood by examining the extended interaction potential.
Factors such as temperature, average chain length, polymer
concentration, and solubility influence steric stability, which
remains unaffected by particle size due to its nature as a short-
range interaction.®”

2.5.3 Electrosteric stabilization. Electro-steric stabilization
refers to the synergistic effect of electrostatic and steric
stability,*® which is achieved by adsorbing ionic polymers onto
the surfaces of charged particles. This process generates both
electrostatic and steric barriers that effectively inhibit the
agglomeration of dispersed nanoparticles. The electrostatic
double layer formed through this technique significantly
improves the dispersion of nanofluids compared to methods
relying solely on steric repulsion. Typically, this approach
employs polyelectrolyte polymers, which consist of repeating
units linked by at least one ionized functional group, such as
carboxylic or sulfonic acid groups. Commonly used anionic
polyelectrolytes include polyacrylic acid, poly(styrene sulfonic
acid), and poly(1-vinylpyrrolidone-co-acrylic acid), while
cationic options like polyethyleneimine and poly(vinyl sulfonic
acid) are also utilized for the electro-steric stabilization of
nanoparticles in suspension.** The ionized functional groups
attach to the polymers and are distributed within the base fluid,
forming an electrical double layer around incoming particles.
For effective stabilization, it is essential that the ionic poly-
electrolytes and nanoparticles possess opposite charges. Addi-
tionally, polyampholytes, which feature both anionic and
cationic functional groups, can be utilized for electro-steric
stabilization. Ionic liquids contribute to the stabilization of
nanoparticles by offering both electrostatic repulsion and steric
hindrance, primarily due to their high charge density and
strong chemisorption on the NP surface. Table 1 outlines the
pros and cons of various synthesis techniques for magnetic
nanohybrid materials.
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Table 1 Comparison of the synthesis methods
Synthesis
method Cost Size control Yield Scalability ~ Advantages Disadvantages Ref.
Mechanical ball  Low Good High High Wide particle size Irregular shape, high 90
milling distribution, ease of energy consumption and
operation, high efficiency less production efficiency
Thermal High Excellent Low High Very narrow size Complicated synthesis, 54
decomposition distribution, highly inert atmosphere and high
scalable and good shape temperature requirement
control
Laser ablation High Good Low Low Narrow size distribution, High input energy & 91
monodispersity, simple & uneconomical
efficient, high purity &
crystallinity
Electron beam High Fine Low Low Well controlled inter- Expensive & extremely 18
lithography particle spacing costly machinery needed
Chemical vapour  High Good Limited High Production of intricate, Production of toxic gasesas 18 and 92
deposition robust, homogeneous, and  byproduct, demand for
highly pure NPs specialized equipment
Sol gel method Low Good Variable High Good control of particle Contamination of product 93 and 94
size and microstructure, with matrix component,
monodispersity, desirable weak bonding, low wear
shape and length of the resistance, high
products, good crystallinity — permeability
and high purity
Solvothermal High Excellent Marginal High Very narrow size High reaction temperature 95
distribution & high & pressure
crystallinity, precise size &
shape control
Spray pyrolysis Low Good Moderate  High Tunable magnetic High energy consumption, 96 and 97
properties, homogeneous risk of aggregation, low
coatings production efficiency
Coprecipitation Low Poor High High Simple, narrow size Poor morphology and non- 98 and 99

3. Environmental applications of
MNPs

3.1 Water purification using MNPs as adsorbents

Freshwater consumption is likely to increase due to the growing
population. Over the past century, the demand for water has
increased almost sevenfold, while the global population has
risen fourfold.'*'*> Water availability per capita is expected to
decrease by 2050, increasing the likelihood of water stress.'®
Despite 2.6 billion people gaining access to quality drinking
water since 1990, projections indicate that access to water-
stressed areas will be available to 3.9 billion people by 2030.%**
Contaminants in water resources, resulting from both natural
and human activities, are threatening various sectors, and the
quality of these resources is declining significantly. Continued
poor results in managing water quality, variations in rainfall,
over-exploitation of groundwater sources, and water pollution
are equally a problem, as are imbalances in the allocation of
resources and the occurrence of droughts. Sewages from
industries, urban/peri-urban settlements, poor disposal of
wastes, traffic irrigation water, and animal wastes, especially in
rural areas, play an excessive role in water pollution.'

19906 | RSC Adv, 2025, 15, 19899-19936

distribution and high
production rate

stoichiometric magnetite

3.1.1 Adsorption of dyes. Carboxymethyl cellulose (CMC),

a cellulose derivative, has several attributes: biodegradable,
biocompatibility, hydrophilic, nontoxicity, and the least
expensive. Nasiri et al. employed CMC to develop a nano-
magnetic adsorbent, CoFe,0,@CMC/HZSM-5, to remove
metronidazole (MNZ) from water. The structures of the adsor-
bents were characterized by using several methods. The
maximum MNZ removal was obtained at optimum conditions
of 6 pH, 20 °C temperature, 50 mg L' concentration of MNZ,
and a reaction time of 60 minutes. The average removal effi-
ciency was 94% for the synthetic wastewater samples and 85%
for the actual wastewater samples. The adsorbent lost only 14%
of its capacity in six consecutive cycles.**®

The iron oxide-flax seed-based hybrid nanocomposites were
synthesized by Choudhry et al. and were utilized and examined
for the adsorption of malachite green. Experimental outcomes
proved that the composite achieved high removal efficiency, as
90% of malachite green was obtained from a 10.0 mg L’
solution, with 1.0 g L™" of the composite, within 15 minutes at
30 °C and pH 7. The most time-consuming process in the
adsorptive removal of malachite green on the catalyst was
intraparticle diffusion, which might occur due to weak elec-
trostatic and hydrogen bonding. In conclusion, this work shows
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that this magnetic flax seed-based composite is effective for
water treatment using adsorption technology.'® Saber et al.
synthesized two categories of nanohybrids. First, cobalt iron
oxide nanoparticles were combined with Al/Zn nanolayers. The
second one used long-chain fatty acids, including stearic acid,
to increase the distance of Al/Zn nanolayers and create incor-
poration pathways for the NPs of cobalt iron oxide. Additionally,
the zinc oxide nanohybrids demonstrated a lowering in band
gap energy value from 3.20 to 2.75 eV, thus increasing the
performance of the cells in the sunlight. This high efficiency of
the nanohybrid was illustrated by the total decolorization of
Acid Green 1 dye within 10 minutes of exposure to sunlight,
unlike the pure and doped ZnO, which took 360-840 minutes.
The pseudo-first-order kinetic profile revealed that the ZnO
nanohybrid prepared from an inorganic-magnetic-organic
composite had higher activity than that prepared from an
inorganic-magnetic composite. This approach offers a viable
plan for addressing energy and water purification issues using
clean, non-harmful power sources.**®

Composites of natural polymers have great potential as
sorbents for magnetic solid-phase extraction (MSPE). Chitosan,
a natural polymer known for its amino and carboxylic groups,
offers biodegradability, biocompatibility, and ease of
modification.””™"* Recently, magnetic chitosan nanohybrid
materials were created by dispersing ferrites throughout the
chitosan matrix, forming ternary ferrites chitosan microspheres
(TFCM)."* The nanoparticles were prepared using a co-
precipitation method, and the chitosan matrix was incorpo-
rated to produce an active adsorbent for the degradation of
methylene blue dye. Zhou et al. prepared magnetic Fe;O,@-
SiO,-NH,/F;; hybrid material using a one-step reaction to
modify the surface of SiO, by an amino group and an octyl-
perfluorinated chain through a sol-gel procedure. The result-
ing material (Fe;0,@Si0,-NH,/F;3) exhibited tremendous
adsorption ability of perfluorinated compounds (PFC) from the
aqueous sample, as confirmed by HPLC-MS/MS analysis. 50 mg
of the Fe;0,@SiO,-NH,/F,3 sorbent in a 500 mL water sample
reached the adsorption equilibrium within 30 minutes. Fluo-
rine—fluorine interactions, electrostatic solid attraction, and
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size exclusion effects are attributed to the high adsorption
efficiency. The recovery rates ranged from 90.65% to 106.67%,
with low limits of detection (LODs) between 0.029 and
0.099 ng L~'. Therefore, Fe;0,@Si0,-NH,/Fy; is an effective
adsorbent for measuring the concentration of PFC in large
volumes of water samples (Fig. 2).'*

Qin et al. significantly synthesized MNPs, which were coated
with mesoporous silica, which was modified using methyl
dimethoxy and p-toluenesulfonic acid (PTSA) to prepare Fe;0,/
mSiO,-Me-PTSA material. This material was tested for
removing polychlorinated biphenyls (PCBs) from wastewater.
The material facilitated rapid magnetic separation, with an
adsorption time of just 10 minutes for PCBs. The Fe;0,/mSiO,—
Me-PTSA showed high enrichment factors for PCBs (119 to 147)
and an adsorption efficiency of 46.3 mg g '. The process
demonstrated promising outcomes with recoveries between
85.25% and 118.60% and low LODs ranging from 0.16 to
0.91 ng L™'.""* Wu et al. synthesized a polymorphic graphene-
like porous carbon with N-doping/Ni magnetic nanohybrids.
The NC@Ni-1 sample demonstrated exceptional long-term cycle
stability, exceptional rate performance, and high specific
capacity. The NC@Ni-0.75 sample showed a high adsorption
capacity for MG dye (889 mg g '). It also demonstrated
a distinctive magnetic separation characteristic, making it
suitable for the adsorptive removal of cationic MG dye."**

Choudhry et al. discuss synthesizing magnetic flax seeds
(MFS), a unique hybrid nanocomposite based on iron oxide and
flax seeds for water treatment. A straightforward
precipitation technique was used to create the composite.
With an equilibrium adsorption capacity of roughly 10 mg g™*
and the highest adsorption capacity (Qmay) of 52.91 mg g™, the
experimental results revealed that MFS successfully absorbed
over 90% of malachite green dye (MG) from a ten mg L "
solution at 30 °C at neutral pH in 15 minutes. Weak electrostatic
and hydrogen bonding interactions drove the adsorption
process, which followed the Freundlich isotherm, indicating
multilayer physisorption. The rate-determining phase was
intraparticle diffusion. According to kinetic analyses, the
pseudo-second-order model described MG adsorption. While

CoO-

-

Separation of particles Purified water

composite

Fig. 2 Removal of PFC particles from surface water using Fes04@SiO,—-NH,/F13 magnetic hybrid composite. This figure has been reproduced

from ref. 113 with permission from Elsevier, copyright 2016.
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MFS proved effective for water treatment, the study suggests
further investigation of desorption and regeneration for future
applications.*””

Elanchezhiyan et al effectively synthesized zirconium-
imprinted manganese ferrite (ZrMnFe,0,@rGO) nanohybrids
based on rGO and assessed their capacity to adsorb PFOA and
PFOS. As validated by Raman spectroscopy, appropriate Ip/Ig
ratios demonstrated the intercalation of Zr-MnFe,O, nano-
particles within rGO. Interactions with the rGO sheets
decreased the Zr-MnFe,O, nanohybrids' saturation magneti-
zation. According to kinetic studies, the highest adsorption
efficiency for PFOA and PFOS on Zr-MnFe,0,@rGO was ach-
ieved in less than 12 hours. The adsorption course was pH-
dependent for both pollutants and adhered to a pseudo-
second-order kinetic model. The Langmuir model, with
maximum adsorption capacities of 10.1 mg g~ * for PFOA and
12.6 mg g~ ' for PFOS, mainly attributable to electrostatic and
hydrophobic interactions, was found to have the best fit to the
experimental data, according to adsorption isotherm analysis.
Notably, the adsorption density of Zr-MnFe,0,@rGO remained
unchanged after four consecutive recycling tests, with no
observable mass loss of the material."*®

3.1.2 Emerging contaminants. Wastewater comprises
diverse and complex chemical contaminants; although around
700 have been identified, mainly harmful heavy metals, and
numerous others, especially organic pollutants, remain
unknown due to their diversity and low levels.”” Mostly ions of
Pb, Ni, Cr, Cu, Co, As, Cd, Zn, and Hg, originate from mining,
tanneries, fertilizers, painting, metal plating, and
batteries."***** Heavy metals are not biodegradable and toxic;
they persist in the aquatic system for extended periods in
various oxidation states. Urban pollution also brings heavy
metals from contaminated air, dust, and sediment, transport-
able commodities. These metals are most toxic in their biolog-
ical forms, particularly to ecosystems and humans.
Consequently, it is necessary to filter out these metals from the
wastewater before they are released into water sources. Due to
their large surface area and adequate adsorption capacities,
magnetic nanohybrid materials such as magnetic activated
carbon, magnetic metal-organic frameworks (MOFs), and
magnetic mesoporous carbon are frequently employed to
eliminate heavy metals from wastewater. Magnetic nano-
particles doped or deposited on biomass materials, such as
chitosan-coated magnetic nanoparticles or magnetic carbon
generated from coconut shells, can create biomass-based
magnetic nanohybrid adsorbents that additionally showed
efficacy in applications involving the removal of heavy metals.

3.1.3 Removal of metal ions. Amin et al. aim to design
affordable magnetite nanoparticles for the removal of heavy
metals from water. MNPs were made using the thermal
decomposition of iron oleate precursors, and the surface of
these nanoparticles was covered with layers of mesoporous
silica using cetyltrimethylammonium bromide. Chitosan
coating was then applied to the coated particles. The adsorption
study revealed that the adsorption was monolayer chemical
adsorption, and the adsorption capacity was 150.33 mg g~ for
Pb** and 126.26 mg g ' for Cd>", which was entirely
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satisfactory.”” Creating a magnetic nanocomposite material,
magnetic graphene oxide-covalently functionalized tryptophan,
required functionalizing graphene oxide with tryptophan and
adding magnetic characteristics to enhance its retrievability
after use. The significant adsorption capacity of the material of
766.1 mg g ' demonstrated its effectiveness in eliminating
lead(n) ions, indicating its potential for use in lead remediation.
GO was used to eliminate cadmium(u) ions, indicating a note-
worthy adsorption capacity of 530 mg g, confirming its effi-
cacy in eliminating cadmium. The high adsorption capabilities
attained imply that the materials worked well in the experi-
mental setup of the study.'*

Muntean et al. synthesized carbon magnetic nanocomposite
and used it as an adsorbent to extract heavy metal ions from
aqueous solutions, including copper, lead, and zinc. Working at
the natural pH of 5.8 for 240 minutes and utilizing a dose of 1 g
L' of the nanocomposite were the ideal circumstances for the
process, which produced high removal efficiencies of 81.36%
for copper, 84.50% for lead and 72.68% for zinc ions. The
investigation results showed that these parameters were
appropriate for effective heavy metal ion removal operations
employing the carbon magnetic nanocomposite material since
they struck a good balance within removal rate, practicability,
and adherence to ecological and socioeconomic issues.”* The
chitosan matrix can promote the growth of MNPs and, at the
same time, hinder their aggregation. Tolessa et al. synthesized
two pm magnetic chitosan hybrid materials through suspen-
sion cross-linking to eliminate Ag NPs. They suspended MNPs
in 1% chitosan solution and added toluene. The mixture was
stirred at 500 rpm for half an hour; then, the solutions of NaOH
and glutaraldehyde were added. The magnetic chitosan
composite material was separated from the solution with the
help of an external magnet. Alongside inductively coupled
plasma-mass spectrometry (ICP-MS), the material provided low
LODs for Ag NPs, from 0.016 to 0.023 pg L™ ". The high removal
efficiency of Ag nanoparticles, between 84.9% and 98.8%, is due
to the positive charges on the chitosan's surface, making it an
excellent adsorbent. The magnetic chitosan hybrid material
remains effective after three recycling uses, with an efficiency of
approximately 77.2 + 2.2%."**

In another study, a core-shell Fe;0,@RF@mTiO, material
was developed and tested as an MSPE sorbent for removing
arsenic from highly acidic samples by Zhao et al. The material
featured a 130 nm Fe;0, core, a 50 nm resorcinol-formaldehyde
(RF), and a mesoporous TiO, shell. This design provided quick
adsorption, which is 1.16 ¢ mg™" h™' and a 139 mg g~ "
adsorption capacity. The RF layer offered hydrophobic protec-
tion to the Fe;O, core against acid etching, while the meso-
porous TiO, enabled surface complexation and electrostatic
interactions with arsenate. The magnetic properties allowed
facile separation and recycling using an external magnetic field.
This multi-layer material shows promise for long-term waste-
water treatment.**® The adsorption capabilities of magnetic iron
oxide nanoparticles for heavy metals, including Pb, Cd, Cu, Zn,
and Co, in wastewater treatment procedures are significantly
increased by modification with chemicals such as thio-
salicylhydrazide. Hybrid magnetic nanohybrid materials have
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been synthesized to overcome the limits of original magnetic
nanoparticles in water remediation and to advance heavy metal
removal efficiency by combining magnetic capabilities with
other compositions. Magnetic nanohybrid materials with
enhanced adsorption capabilities and practicality for environ-
mental remediation applications have been developed due to
hybridization operations’ new compositions and chemical
structure alterations.™’

A flower-like magnetic MoS,/Fe,O, nanohybrid has been
successfully synthesized by Wang et al. and used for the removal
of Pb(u) and Hg(u) from contaminated wastewater and soil. The
nanohybrid was highly efficient in removing heavy metal ions,
with rates of 99.56% for Pb(u) and 99.08% for Hg(u). PH, contact
time, initial metal ion concentration, and temperature signifi-
cantly influence the removal efficiency. The nanohybrid also
demonstrated excellent reusability after multiple adsorption
and desorption cycles, indicating its economic and environ-
mental sustainability. The study concludes that the flower-like
magnetic MoS, nanohybrid is a promising material for effi-
cient remediation of these contaminants, with its high removal
efficiency, reusability, and sensitivity to various parameters
making it a valuable tool for environmental cleanup
processes.”® Using a facile approach, Dai et al. synthesize
a ternary adsorbent, PEHA-Phos-GO/MnFe,0,. This material
showed improved Pb(u) adsorption properties compared to GO
because of the large number of adsorption sites offered by the
amino and phosphate groups. Experimental data showed that
the adsorption process depended on the pH and involved
pseudo-second-order, which pointed to chemisorption as the
rate-controlling step. The data obtained from the Langmuir
isotherm agreed with the experimental data. The maximum
adsorption capacity for Pb(i) was 366.4 mg g~ ' at pH 5.5, which
was higher than that of pristine GO, 212.1 mg g '. Recycling
tests further supported the higher capacity of regeneration of
PEHA-Phos-GO/MnFe,0,, and the work demonstrated the
possibility of applying the synthesized material in water treat-
ment processes, as shown in Fig. 3."*°

Pirhaji et al. successfully synthesized nano NiFe,O,/HNTs/
GQDs as a novel adsorbent for Pb(u) removal (Fig. 4). Batch
experiments revealed that its strong adsorption performance is
mainly due to complexation interactions between Pb** ions and
the functional groups on the adsorbent. The Box-Behnken

PEHA-Phos-GO/MnFe,0,

Contaminated Water
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design and response surface methodology determined optimal
experimental parameters, achieving a maximum Pb removal
efficacy of 97.14%. The Langmuir isotherm model best
explained the adsorption behavior, with a Qpa of 42.02 mg g~
at 25 °C. The Elovich model suggested chemical adsorption and
kinetic studies indicated that the process followed a pseudo-
second-order model. The thermodynamic analysis confirmed
that the adsorption is endothermic and spontaneous, making
NiFe,0,/HNTs/GQDs a cost-effective and efficient option for
Pb(u) removal.*

A new magnetic solid-phase extraction (MSPE) approach
using Ni-Al layered double hydroxide/magnetite (Ni-Al LDH/
Fe;0,) nano sorbent was synthesized by Abdolmohammad-
Zadeh et al. for the enrichment and separation of Mn(vi)/
Mn(u) in water samples by flame atomic absorption spectrom-
etry. The nanosorbent selectively adsorbs Mn(vi) because of the
electrostatic attraction and intercalation of MnO, " ions into the
LDH layers. Mn(u) is quantified indirectly by calculating the
difference between the total Mn and Mn(vi) concentrations.
The nano-hybrid is paramagnetic, allowing simple separation
using an external magnet without filtration or centrifugation.
The nanosorbent is non-toxic, recyclable more than 100 times,
and offers high sensitivity, accuracy, and selectivity for Mn
speciation in water samples.***

In another study, Katubi et al. focused on synthesizing the
MnFe,0,/GO nanocomposite using an in situ method for the
adsorption of Pb*>* ions in water. The adsorption parameters,
including initial concentration, adsorbent dose, pH, and reac-
tion time, were determined to identify the best condition for
adsorption. The study revealed that with the increase in the
initial concentration of Pb®" ions, the adsorption capacity
ranged between 63 and 625 mg g~ . Also, the extent of removal
increased with the increase in the adsorbent dose from 39% to
98.8% as the number of active sites increased. The results also
revealed that the adsorption process was most effective at pH 6.
The adsorption capacity increased sharply during the first 15
minutes and then progressively at a slower rate as the surface
became fully occupied, the maximum contact time being 120
minutes. The study also exhibited that Pb** adsorption fitted
the Langmuir isotherm model, which supports monolayer
adsorption with a maximum 636.94 mg g~ adsorption capacity.
Moreover, reusability tests proved the stability and efficiency of

Purified Water

Fig. 3 Removal of lead ions using PEHA—-Phos—GO/MnFe,O4 nanohybrid.
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Fig. 4 Synthesis of NiFe,O4/HNTs/GQDs and plausible adsorption mechanism of Pb(i) ions onto NiFe,O4/HNTs/GQDs. This figure has been

adapted from ref. 130 with permission from Elsevier, copyright 2020.

the nanocomposite for at least five cycles, thus making it an
efficient and cost-effective adsorbent for Pb*>" ions in water
treatment.” rGO was synthesized utilizing the modified
Hummers' method, and ZnFe,O, nanoparticles were incorpo-
rated onto the surface of rGO to fabricate the adsorbent mate-
rial to remove lead ions. Experimental parameters, including
the amount of the adsorbent, initial concentration of the
pollutant, and pH, were thus adjusted to maximize the
pollutant removal efficiency. The developed rGO nano-
composite had an adsorption capacity of 89.8 mg g~ for lead
ions. Vacancy defects and oxygen-containing functional groups
on the rGO surface were identified as the primary mode for
pollutant elimination. Adsorption was consistent with the
Langmuir isotherm and fitted a pseudo-second-order kinetic
model, suggesting that the adsorption process was chem-
isorptive and through pollutant monolayers. The synthesized
rGO nanocomposite was stable and reusable for up to five
cycles, which is suitable for application in heavy metals and dye
removal in the water treatment process."**

In another work, coprecipitation and Hummer's modified
method were combined to synthesize the magnetic Fe;0,-GO
nanohybrid composite material. The morphology of the hybrid
sample demonstrated that the diffusion of Fe;0, nanoparticles
into the mesoporous GO layers of porous channels limited GO
nanosheet restacking and stopped magnetic nanoparticle

19910 | RSC Adv, 2025, 15, 19899-19936

leaching and agglomeration. The pseudo-second-order kinetic
and Langmuir isotherm models suit the results of the kinetic
and isotherm analyses conducted to assess the adsorption
mechanism quite well. After 60 minutes, the As(v) adsorption
efficiency, H, peaked at 99.37%. The GO/Fe;O, nanohybrid
material in an acidic media showed a Q. of 14.1 mg g~ .
Further research was also done on the function and contribu-
tion of GO and Fe3;0, nanoparticles in adsorptive capacity and
the enhancement of As(v) adsorption efficiency.***

3.2 MNPs for the cleanup of oil spills

NH,-functionalized magnetic materials can be used for
extracting oil droplets from water."*® High magnetization and
a large surface area are required for nanocomposites to have
a strong oil absorption capability.’*® Atta et al.**” synthesized
a novel class of magnetic sorbents by employing the co-
precipitation approach to coat magnetite nanoparticles with
rosin amidoximes, which produced a hydrophobic coating on
the surface of Fe,O; nanoparticles. This hydrophobic coating
can increase the oil uptake selectivity, stop Fe,O; nanoparticles
from oxidizing, and prevent magnetic nanoparticles from
aggregating. By comparing iron oxide coated with RK-AN ami-
doxime to that coated with R-AN and bare Fe;O, nanoparticles,
oil recovery measurements indicate that the latter is a worse oil
sorbent. Fe;O, nanoparticles coated with RK-AN amidoxime

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exhibit a higher level of oil removal than those coated with R-AN
amidoxime, as shown by their respective magnetization satu-
ration values of 60.9 and 70.8 emu g

Using the unique physicochemical characteristics of ZnO-T,
PDMS, and Fe,0;-NR, a magnetic nanosorbent was effectively
synthesized by Sharma et al. in 2019. With a WCA of 157°, the
as-synthesized PZF nanosorbent exhibited superhydrophobic
super oleophilic properties. With an oil removal (%) of 96% and
an adsorption capacity of 1135 mg g ', respectively, this
magnetic nanosorbent efficiently separates diesel oil from
water. The kinetics of oil adsorption showed that diesel oil
adsorptive capacity on PZF nanosorbent is high, with equilib-
rium potentially reached in as little as 50 minutes. The pseudo-
first-order kinetics and Langmuir isotherm models matched the
oil adsorption process well. The simple synthesis process and
the superhydrophobic-superoleophobic and magnetic respon-
sive characteristics of the as-prepared nano sorbent offer an
alternate method for treating oily wastewater.*® Shao and Yu
successfully made a sepiolite/graphene oxide (Sep/GO)
membrane for wastewater treatment. The excellent oil/water
selectivity and low oil adherence of the synthetic Sep/GO
membranes made them highly successful in separating oil-in-
water emulsions. Moreover, the membrane preserved its
underwater high stability and superoleophobicity in severe
settings. As a result, the Sep/GO membrane works well in
processes involving wastewater treatment and oil/water
separation.™

Qian and Chen described a TiO,/sulfonated GO/Ag NPs
membrane with beneficial photocatalytic and wettability capa-
bilities."*® When solubilized methylene blue (MB) was exposed
to UV light, the synthesized membrane demonstrated good
photodegradation and an effective oil/water separation perfor-
mance. As a result, the membrane has interesting uses in
wastewater treatment and oil/water separation.**® Zhang et al.
synthesized a superoleophilic and oil-superhydrophobic
composite nanofibrous membrane (GPNM) for gravity-driven
surfactant-stabilized water-in-oil emulsions using a straightfor-
ward one-step electrospinning technique. The synthetic
composite membrane demonstrated a remarkable separation
efficiency of 99.8% for water-in-oil emulsions. These findings
revealed that the composite nanofibrous membrane could
potentially treat oil-contaminated wastewater.'**

In another study, Cheng and Barras effectively created
a  superoleophilic/superhydrophobic =~ rGO-polydopamine
membrane functionalized with 1H,1H,2H, and 2H-per-
fluorodecanethiol (rGO-PDA-PFDT) using a straightforward
two-step procedure. The rGO-PDA-PFDT membrane was
utilized to clean water by separating oil. The membrane's
superhydrophobicity and superoleophilicity allowed it to extract
chloroform from water. Therefore, in oil/water separation
operations, the synthesized rGO-PDA-PFDT membrane is
exceptionally favorable.'** Shokry et al. synthesized a novel
magnetic sorbent material from water hyacinth to remove oil
from polluted water. The chemical and thermal treatment
established that the root segment of the water hyacinth had
a higher oil adsorption capacity than the shoot segment. The
comparison of the two segments with nano-activated carbon
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and NMAC (nano-magnetic activated carbon) showed that
NMAC had a more crystalline structure, better pore structure,
and thermal stability. It also registered a saturation magneti-
zation of 17.2587 emu g~ ". Oil removal efficiency increased with
the solution temperature and NMAC dosage increase. The
results indicated that the Freundlich isotherm model best
described the oil adsorption process rather than the Langmuir
isotherm and Dubinin-Radushkevich models, implying mono-
layer adsorption and surface heterogeneity. The pseudo-second-
order and intra-particle diffusion models were utilized to
determine adsorption kinetics. The primary process through
which oil was adsorbed on NMAC was physical absorption
through van der Waals forces.'*

Sharma et al. investigated the physicochemical characteris-
tics of ZnO-T, PDMS, and Fe,0;-NR to give large surface area,
low surface energy, and super-paramagnetism, respectively, in
synthesizing a magnetic nanosorbent. The PZF nanosorbent
exhibited superhydrophobic and superoleophilic properties,
exhibiting a WCA 157°. With an oil removal percentage of 96%
and an adsorption capacity of 1135 mg g, respectively, this
magnetic nanosorbent efficiently separates diesel oil from
water. According to the oil adsorption kinetics, diesel oil can
quickly adsorb on PZF nanosorbent, reaching equilibrium in as
little as 50 minutes. The Langmuir isotherm and pseudo-first-
order kinetics models fit the oil adsorption process well. The
easily synthesized nanosorbent's superhydrophobic and
superoleophilic properties, combined with its magnetic
responsiveness, offer a novel approach to treating oily

wastewater.*®

3.3 MNPs for photocatalytic degradation of organic dyes

Among the various pollutants, waterway dyes are recognized as
a global ecological concern that can impact humans, plants,
and animals. Materials that are widely studied for the photo-
catalytic degradation of organic dyes found in water effluents
are magnetic nanohybrids. Organic dye degradation via pho-
tocatalysis using magnetic nanohybrid materials follows the
mechanism shown in Fig. 5.

Yuan et al prepared Fe;0,@Si0,@meso-TiO,
composites with a core-shell architecture by a simple and effi-
cient method with increased photocatalytic performance. The
magnetic core, SiO, interlayer, and mesoporous TiO, outer shell
constitute the as-made core-shell architecture. It was produced
with TiOSO, as the titanium source and cetyl-
trimethylammonium bromide (CTAB) as a pore-forming agent.
Fe;0,@Si0, was made using a sol-gel method. In comparison
to Fe;0,@Si0,@solid-TiO,, the Fe;0,@Si0,@meso-TiO,
composite showed better photocatalytic efficiency for the
degradation of Rh B in aqueous suspension due to the large BET
surface area produced by the mesoporous TiO, shell.*** Aliyan
et al. have explained the immobilization of Fe;0, to modify the
surface of meso-structured silica (SBA-15) to produce a nano-
catalyst. Aliyan et al used a UV lamp as a light source to
investigate the catalytic activity of Fe;0,@SBA-15 toward the
photodegradation of MG in a photo-catalytic reactor. The
impact of several experimental factors on the process's

nano-
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Fig. 5 General mechanism for organic dye degradation by photocatalysis.

degrading performance was assessed by analyzing catalyst dose,
initial dye concentration, and dye solution pH in the presence of
Fe;0,@SBA-15 as a photo-catalyst. Even after five MG degra-
dation cycles, the described photocatalyst showed notably high
catalytic stability and low activity loss."*® Sahoo et al. investi-
gated the adsorption of methyl orange (MO) on monodispersed
magnetic mesoporous manganese ferrite composites with a size
of around 200 nm. Sonication and photolysis in the presence of
sunshine improved the MO's degrading efficiency. The authors
concluded that their catalyst exhibited adsorption, degradation,
recovery, and reusability in a single system. The electron
transfer activities inside the MnFe,O, particles cause the
potential dye degradation reaction. The following describes the
potential method by which Mn”" ions decompose H,0,.*°
Yonghong Ni et al. found that adding Mn** to TiO, nano-
particles increased their photocatalytic activity and that the
metal ions, such as Fe**, actively contributed to the degradation
of H,0, to produce OH radical species."*’

Mn?* + H,0, — Mn** + HO® + OH™
H202 + HO®" — H20 + HOO®
Mn** + HOO" — Mn?*' + H + O,

Fe’* + HOO" — Fe?* + 0, + H*

The organic dye (RH) reacts with the O, molecule and OH
produced above.

R-H + HOO® — X + H,0 + CO,

X = degraded organic product.

Santos et al. prepared the magnetic CoFe,0,/TiO, composite
through a facile solvothermal route. Compared with pristine
TiO,, the CoFe,0,/TiO, catalyst had a reduced band gap,
allowing it to exhibit higher photocatalytic efficiency. The
nanohybrid catalyst showed exceptional activity in degrading
Erionyl Red A-3G dye, with 69.4% TOC eradication after 120
minutes and 95.39% color removal after 15 minutes of reaction.
One possible explanation for the degradation of Erionyl Red A-
3G is that when the CoFe,0,/TiO, composite is exposed to UV

19912 | RSC Adv, 2025, 15, 19899-19936

light, the TiO, in the composite absorbs light and produces
more charges. As a result, holes (h*) are formed on the valence
band (VB) of TiO, due to an electron transfer (e ") from VB to CB.
A successful e"/h" pair separation is subsequently promoted by
the photogenerated electrons (e”) migrating from the CB of
TiO, to that of CoFe,0,, which helps to limit photogenerated
charge recombination and enhance photodegradation activity.
The e~ on the CB of CoFe,0, reacts with O, to produce O, ™
radical, which destroys pollutants. While the h* on the VB of
TiO, directly oxidizes organic molecules and combines with
OH™ or H,O0 to produce ‘OH radical, which also functions as an

oxidizing species.™*®

TiO, + v — e~ + h*
COF6204 + T102 i COF€204 + T102 (C_)
e + 02 - 02.7

O,"" + Erionyl dye — degradation products

OH™
H,O

h++ _>+H+

OH" + Erionyl dye — degradation product

Rehman et al. synthesized Fe;0,@GO by modifying 3-ami-
nopropyl triethoxysilane (APTES) and tetraethyl orthosilicate
(TEOS) using a mechanical stirring technique. Under UV light,
the synthesized nanocomposite was evaluated as a possible
heterogeneous catalyst for methylene blue (MB) degradation.
Over time, the catalysts' photocatalytic activity increased
progressively. The Fe;0,@GO composite catalyst had the
highest MB removal efficiency of 70.06%, which was more
excellent than pure Fe;0, (57.56%).'*° Vigneshwaran et al. re-
ported that co-precipitation created the Fe,Os-reinforced chi-
tosan (Fe,O;@CS) nanocomposite. The surface of the chitosan
was made available to develop a beneficial nanocomposite.
Because of the increased partition efficiency and quicker

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transfer of the photo-generated charge carriers, these Fe,O3
wrappings on chitosan offer synergistically enhanced charac-
teristics. MO and OG dyes were degraded using this combina-
tion. According to the data, the most significant degradations
for MO and OG were 89.2% and 94.6%, respectively. The trap-
ping study highlighted how OH radicals contributed to dye
degradation over Fe,O;@CS composites. The suggested method
used Fe,O;@CS to oxidize anionic MO and OG dyes, as shown
in Fig. 6.

Fe,0:@CS — hv (h* + ¢7) Fe,0,@CS
(e +h") - O,y + OH"
0, +H" — OH"
OH"+ OH"™ — H,0,
H,O, +e= — OH' + OH™
h* + H,O —» OH" + MO + OG — by-products + HO, + CO,

Furthermore, the production of reactive species increases
quickly due to the e -h" pair's delayed recombination. It has
a significant impact on the materials’ photocatalytic
efficiency."*

Sobhani-Nasab et al. successfully created a novel MnWO,/
TmVO, ternary nanohybrid using a straightforward sono-
chemical technique. Under visible light, the degradation of
phenol red (Ph R), eosin Y (EY), 2-naphthol, and rhodamine B
(Rh B) by MnWO,/TmVO, was examined. The corresponding
photocatalytic efficiencies for Rh B, Na, Ph R, and EY are 99.2%,
93.3%, 88.3%, and 83.1%."* When MnWO,/TmVO, is excited by
visible light, the photogenerated holes on the VB of TmVO, will
move to MnWO,, while the photoinduced electrons on the CB of
MnWO, will migrate to TmVO, (depicted in Fig. 7). The heter-
ojunction forms relatively tiny amounts of O, and OH'. The
degradation results demonstrate that MnWO,/TmVO, has
a greater photodegradation capacity than pure TmVO, or
MnWwO,.1s?

H,0+ CO,

Fig. 6 Illustration of MO and OG dye molecule oxidation after e —h*
production on a Fe,Oz@CS photocatalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Roostaee et al. investigated the reduction process by sodium
citrate, Hummer's method, and hydrothermal approach was
used to synthesize Fe;O,@Au core-shell nanoparticles deco-
rated on rGO nanocomposite, respectively. These nano-
structures were used to break down crystal violet (CV) by
photocatalysis. Under ideal circumstances and visible light
irradiation, it was found that the Fe;0,@Au-rGO performed
better than Fe;0,@Au and rGO alone. In the presence of 0.008 g
of the produced nano-photocatalyst, 100% degradation was
obtained after 1 minute, and in the presence of 0.005 g, 100%
degradation was obtained after 5 minutes.'*® Because rGO can
function as an effective electron transporter for separating
photo-generated electron-hole pairs through interfacial charge
transfer, Fe;O,@Au-rGO demonstrated remarkable photo-
catalytic activity to destroy crystal violet.>*

3.4 MNPs for photocatalytic degradation of emerging
contaminants

Emerging contaminants (EC) are new types of pollutants
recently introduced into aquatic systems that harm the envi-
ronment and the health of living things. Personal care products
(PPCPs) and medications are prominent examples of emerging
pollutants.”* Since PPCPs are more difficult to degrade than
other organic contaminants, magnetic nanohybrids are an
excellent option for eradication.' Using the sol-gel technique,
Rostami et al. synthesized ZnFe,0,-4 weight percent GR nano-
hybrids. It is evident that when exposed to visible light, ZnFe,0,
itself is nearly photo-catalytically inert; however, the addition of
graphene significantly improves photocatalytic activity. Under
exposure to visible light, the ZnFe,O,~x weight percent GR
nano-hybrids demonstrated enhanced charge separation and
nano-photocatalytic activity towards PARA decomposition.
Fig. 8 is a potential mechanism for increasing nano-
photocatalytic activity.*>”

ZnFe,0, + hv — ZnFe,0, (h" +¢")
ZnFe,O4 (e7) + graphene — ZnFe,O4 + graphene (e7)
Graphene (e7) + O, — O, + graphene
ZnFe,0, (h*) + OH™ — ZnFe,0, + OH"

ZnFe,0, (h*) + OH' + O,"~ + PARA — intermediate products
+ CO, + H,O

Tang et al., using a hydrothermal process, prepared rGO-
CdS/ZnS heterostructure composites that have been effectively
synthesized by building the CdS/ZnS heterostructure nano-
particles on rGO sheets. In contrast, GO is reduced at the same
time. With 15% RGO content, the rGO-CdS/ZnS composites, as
synthesized, show very active TC photodegradation (about
85%). When RGO is added, the rGO-CdS/ZnS heterostructure
photocatalysts show less electron-hole pair recombination than
CdS/ZnS, facilitating better charge-carrier migration and pho-
tocatalytic activity.”® The charge transfer and photocatalytic
activity by RGO-CdS/ZnS composites are schematically
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Fig. 7 Rh B degradation scheme in the presence of ternary nanohybrids.

Visible light

Fig. 8 A graphical representation of PARA's photocatalytic degrada-
tion over the ZnFe,O4—x wt% GR nano-hybrid.

illustrated in figure. The production of holes in the VB is caused
by the very initial excitation of the electron-hole pairs in CdS,
which stimulates the electrons to the conduction band (CB).
Because of the band potential, the electrons in the CB of CdS
may be immediately transported into the CB of ZnS. The
potential of ZnS is around 0.91 eV, which is less negative than
the CB level of CdS (about 0.95 V). Additionally, RGO may trap
the free photo-generated electrons in the ZnS CB, which are
linked to the 2D carbon network. Thus, the visible-light activity
was significantly produced by the photo-generated electrons of
ZnS and RGO being so active that they participated in the
surface reaction to make radicals.*

To degrade amoxicillin (AMX), a new MIL-68(In)-NH,/GO
composite was prepared as a visible-light-driven photocatalyst.
Compared to pure MIL-68(In)-NH,, the MIL-68(In)-NH,/GO
composite demonstrated much greater photocatalytic activity.
After 120 and 210 minutes of irradiation, respectively, 93%
degradation and 80% TOC removal toward AMX were possible
using 0.6 g per L MIL-68(In)-NH,/GO and pH = 5. The modifi-
cation by employing GO, which worked as a sensitizer to

19914 | RSC Adv, 2025, 15, 19899-19936

increase visible light absorption in addition to acting as an
electron transporter to reduce photogenerated carrier recom-
bination, is responsible for the increased activity for MIL-68(In)-
NH,/GO."* The photocatalytic mechanism for the degradation
of AMX is shown in Fig. 9.

MIL-68(In)-NH,/GO's ECB and EVB have been estimated to
be —0.40 and 2.03 eV vs. NHE, respectively. The photogenerated
electrons on the CB of MIL-68(In)-NH, are beneficial for
reducing the O, because the ECB of MIL-68(In)-NH,/GO (—0.40
eV) is more damaging than the O,/°0,™ potential (—0.046 eV vs.
NHE).*** Similarly, these electrons can also reduce O, to H,0,
(0,/H,0, is 0.915 eV vs. NHE), and by trapping one electron, the
resulting H,0, can be further converted into “OH. Due to the
lower positive potential of MIL-68(In)-NH,/GO’s VB (2.03 €V)
compared to the typical ‘'OH/OH™ (2.38 eV vs. NHE), the

Visblo gt MIL-68(1)-NH,

(i = 420 nm) ‘
k_/

Potential vs. NHE (eV)

UHOH COOH

oxidation products
Fig. 9 Photocatalytic mechanism of MIL-68(In)-NH,/GO composite.

This figure has been adapted from ref. 160 with permission from
Elsevier, copyright 2017.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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photogenerated holes on the VB of MIL-68(In)-NH,/GO can
simultaneously oxidize the AMX directly, but not the OH™ to
form ‘OH.'** Bastami et al. reported that magnetic Fe;O,/
Bi,WO, nanohybrids were created in two steps. A solvothermal
technique was used to develop Fe;O, nanospheres in a polyol
medium, and a subsequent hydrothermal process produced
Bi;WOs nanocrystals. Tungstophosphoric acid hydrate
(HsPW;,0,) was used as an acidic agent in the Bi,WO¢ nano-
particle manufacturing. Ibuprofen (IBP) was photo-catalytically
degraded from an aqueous solution under sunlight to assess the
photocatalyst's activity. Particularly at pH 4.7, the as-prepared
nanohybrid demonstrated significant efficiency in the photo-
catalytic destruction of IBP and was readily recovered by
a magnet."” The OH" radical may be produced due to a chain
reaction when hydrogen peroxide comes into contact with Fe(ur)
sites on the surface of the Fe;0,/Bi,WO, photocatalyst.'®* First,
the photocatalyst surface produces the Fe(ur)H,O, complex.
Then, the generated species is transformed into Fe(u) and HO;,.
Additionally, Fe(u) species are produced on the photocatalyst
surface. Every type of Fe(u) species produced on the photo-
catalyst surface has the potential to react with H,O, and create
reactive radicals (HO; and HO") (Fig. 10).

The Fe;0,/Bi,WOg photocatalyst's polyoxometalate-based
materials (POM) are considered to increase photo-efficiency by
inhibiting the rapid recombination of a charge pair (h"-e~) on
nanohybrids and generating a potent oxidant O,." When
sunlight irradiation excites Fe;0,/Bi,WOs, the electron shifts
from its conducting band to the POM's LUMO; following the
attack of radicals on organic molecules, the adsorbed O, and
H,0, can readily trap an electron in the LUMO of the POM
anion to produce the oxidizing species OH'. Consequently, the
enhanced photocatalytic activity can slow down the rapid
recombination of photo-induced electrons and holes. Sayadi
et al. produced a novel Ag-CuFe,0,@WO; magnetic photo-
catalytic nanosystem and examined how well it degraded two
drug pollutants, gemfibrozil (GEM) and tamoxifen (TAM), when

OH-’ HOZ-’ 02'7’02

POM POM-

H,0— "OH
IBP

IBP

ox

Fig. 10 A schematic illustration of the IBP photocatalytic reaction on
the Fes04/Bi,WOg nanohybrid.
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exposed to UV light. At pH 5, a photocatalyst dosage of 0.2 g L™,
a drug concentration of 5 mg L', and a contact time of 150
minutes, the highest levels of photodegradation for GEM (81%)
and TAM (83%) were attained. Excellent catalytic efficiencies
were produced by the slow electron-hole recombination
brought about by the photocatalyst's heterostructure. The
following reactions can be used to characterize the primary
mechanism of the drug models’ photodegradation process, and
the mechanism can be seen in Fig. 11.'%

hy

Ag — CuFe,0,@WO; =e~ +h"

0O, tem — Oy
0, + 2H" — H,0,
OH +h* — OH"
H,0 +h" — OH" + H"

TAM-GEM + 02'_ + H2 +OH + hJr i Hzo + C02 + C3H1()NO4
+ C¢H140 + CH3COOH + C¢H,;,0

Xie et al. synthesized Fe;0,/BiOl magnetic photocatalyst to
break down sulfadiazine sodium, which is used to treat infec-
tious disorders. As mentioned above, the photocatalyst activity
was about 80%. It was discovered that adding iron oxide to the
nanocomposite enhanced the separation of electrons and holes
and gave it magnetic properties that made it easier to separate
after drug degradation.'” Kumar et al. reported N-TiO,@-
SiO,@Fe;0, magnetic nanocomposite for prescription photo-
degradation ibuprofen, carbamazepine, and benzophenone-3
(Uv filter). The combination exhibited superior degradation
against ibuprofen (94%), benzophenone-3 (93%), and carba-
mazepine (71%). The remarkable photodegradation efficiency
has been ascribed to the modification of the electronic band
structure caused by nitrogen doping. Following the degradation
phenomena, the nanocomposite produced easy separation
(95% in 20-25 minutes) under an external magnetic field.'*®
Khan et al. described the synthesis of a magnetic photocatalyst
BiOBr/Fe;0,@SiO, by solvothermal method for large-scale
ibuprofen decontamination. Ibuprofen was nearly wholly
(99%) degraded, and the nanocomposite was recycled using an
electromagnet in under five minutes, demonstrating the pho-
tocatalyst's high stability.**® Additionally, Fe;0,/ZnO has been
synthesized to eliminate four distinct antibiotics. All four anti-
biotics showed photocatalytic efficiencies of greater than 90%.
Additionally, it was noted that the composite has comparable
photocatalytic capability in subsequent reuse cycles, indicating
its stability and reusability.*”°

Nasseh et al. reported a magnetic FeNi;@SiO,@ZnO nano-
composite to remove tamoxifen from wastewater successfully.
ZnO was the primary component of this composite because of
its appropriate bandgap. FeNi; was a magnetic core, and the
silica layer shielded the magnetic core from oxidation and
light.”* There have been reports of the photocatalytic
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Fig. 11 Photodegradation mechanism of the Ag—CuFe,O,@WOz nanoparticles in the drug models.

breakdown of anticancer medications using the magnetically
separable nanocomposite Fe;O4/Au. Perhaps because of its
magnetic iron core, the nanocomposite, as mentioned above,
was easily separated by a simple magnet. However, gold nano-
particles stopped iron oxide from oxidizing and clumping
together. After five cycles, the photocatalyst demonstrated
extraordinary reusability and outstanding photocatalytic effec-
tiveness for imipenem (84%) and imatinib (82%), both exposed
to visible light.””> Ahmadpour et al. synthesized ZnFe,0,@TiO,/
Cu using a solvothermal process and applied it against nap-
roxen photodegradation. Comparing the ZnFe,O0,@TiO,/Cu
(80.73%) nanocomposite to ZnFe,0,@TiO, (73.81%) and
ZnFe,0, (50.58%), the former demonstrated greater photo-
activity. Cu particles have been associated with increasing
ZnFe,0,@TiO,/Cu's photocatalytic effectiveness by decreasing
electron/hole pair recombination and producing more free
radicals.'”®

Wang et al. described the SnFe,0,/ZnFe,0, photocatalyst
that is active in visible light for the degradation of TC from
aqueous media. Because of its ideal magnetic saturation value
of 24.8 emu g ', this magnetic heterojunction photocatalyst
demonstrated 93.2% degrading ability and simple separation
from aqueous solution. According to the theorized process, the
holes in the valence band of SnFe,0, were neutralized by the
photoinduced electrons in ZnFe,0,4, and these electron-hole
pairs produced potent radicals that degraded tetracycline.'”* Xu
et al. revealed a Fe;0,/BivVO,/CdS nanocomposite that is visible
light active and can photocatalytically break down tetracycline.
They found that combining BiVO, and CdS reduced the rate at
which photoinduced charge carriers reacted, improving the
nanocomposite's capacity to absorb light and increasing its
surface area. On the other hand, Fe;0, loading enabled its high
separation via the magnetic field. These characteristics in one

19916 | RSC Adv, 2025, 15, 19899-19936

material have been linked with exceptional photocatalytic
performance (87%) against tetracycline. Even after five runs, the
stability and recyclability were determined to be above 81% in
catalytic efficiency.'”®

Gabelica et al. showed that magnetite-based MNPs were
effectively created utilizing a quick microwave-assisted
synthesis method. The Fe;0,/Si0,/TiO, nanocomposite was
a potential option for ciprofloxacin degradation. After three
consecutive replicates, Fe;0,/SiO,/TiO, showed a remarkable
94% photodegradation efficiency and remained intact. The
loading of Fe;0O, also confirmed the straightforward catalyst
recovery using a magnet."’® ZnFe,O,/carbon derivatives
(ZnFe,0,@CNTs, ZnFe,0,@GO, and ZnFe,O,@fullerene) have
been reported for the photocatalytic degradation of norfloxacin.
Carbon moieties enhanced light absorption in the visible
spectrum because of the carbon derivatives' conjugated w-m
structure and efficient electron trapping. However, ZnFe,O,@-
carbon nanotubes exhibited the highest degradation efficiency
(91.36%) against norfloxacin because of the outstanding charge
carrier separation efficiency brought about by the good inter-
facial connection between ZnFe,O, and CNTs.*”” Another visible
light-active nanocomposite that had been synthesized for the
efficient breakdown of 94% tetracycline is Fe;0,/g-C3N,/M0O;.
The heterojunction creation between g-C;N, and MoO; has
been attributed to this exceptional efficiency, as it has improved
the segregation of charge carriers and increased the production
of active species.””® Using a hydrothermal process, a different
magnetic composite (g-C3N,/NiO/ZnO/Fe;0,) was synthesized
for the photocatalytic degradation of esomeprazole at 95.05%.
The synergistic contribution of the individual composite
components that provided the structural and optical alterations
is the only reason for this efficiency. The creation of light-
induced charge carriers, their separation, and decreased
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recombination—all of which ultimately resulted in exceptional
photocatalytic activity are appropriate for these modifica-
tions." According to the structural analysis, the synthesized
AgCuFe,0,@MC/AC catalyst was created on a nanoscale with
a crystalline structure, large surface area, appropriate magnetic
characteristics, and optical activity. High efficiency in photo-
degrading TC, which is 90.91% from synthetic solutions and
87.17% from actual wastewater, was demonstrated by the
synthesized catalyst under ideal circumstances (neutral pH,
starting TC content of 5 mg L™, nano-photocatalyst dosage of
0.5 ¢ L', one and half hour). The results showed that the
heterogeneous magnetic nano-photocatalyst AgCuFe,0,@MC/
AC may be utilized successfully to clean wastewater from
hospitals and pharmaceutical enterprises because of its strong
capacity to degrade antibiotics, notably TC.'® Table 2 repre-
sents the MNPs used in different environmental applications.

3.5 Scalability challenges

Scalability challenges encompass several factors, including the
recovery rates and reusability of nanoparticles, treatment costs,
and the economic feasibility of the processes involved, as well as
the influence of complex environmental conditions such as
high salinity and low temperatures. Among these, the reus-
ability of MNPs stands out as a critical aspect. The economic
viability of MNPs is significantly tied to their ability to be
reused; however, issues like surface fouling and structural
degradation can diminish their adsorption efficiency after
multiple cycles.”* For MNPs to be commercially feasible in
large-scale applications, it is essential to develop more
sustainable and efficient regeneration methods. Enhancing the
reusability of MNPs can be achieved by exploring strategies that
minimize nanoparticle degradation, such as enzymatic treat-
ments or low-temperature regeneration techniques.”® Metal-
organic frameworks and metal-based adsorbents exhibit high
adsorption capacities due to the nature of adsorption through
metal complexation. However, challenges remain regarding the
recovery, stability, recycling, and potential metal leaching
associated with these materials.?*> Furthermore, the economic
feasibility of large-scale applications may be hindered by the
energy costs associated with magnetic recovery, necessitating
further optimization.>®® Recent literature reveals a shift from
traditional carbon-based materials to various promising alter-
natives that are not only more cost-effective for industrial
applications but also demonstrate comparable performance to
carbon-based adsorbents.>**

Despite the exploration of advanced adsorbent materials
such as ceramics, MOFs, graphene oxide, and composite
adsorbents in small-scale studies using simulated hospital
wastewater or simplified water sources, their long-term effec-
tiveness in real hospital wastewater (HWW) remains largely
unexamined. Currently, only granular and powdered activated
carbons have seen widespread application. Challenges such as
high operational costs, non-specific adsorption, degradation of
material and adsorption capacity due to frequent regeneration,
and the management of spent adsorbents pose significant
economic and environmental hurdles. To address these issues,
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the development of innovative adsorbent materials that offer
high adsorption capacity, durability, and ease of regeneration is
essential for effective full-scale wastewater treatment.>*® While
MOF-derived magnetic nanocomposites offer numerous
advantages, such as significant structural and chemical flexi-
bility, the costs involved in their synthesis still require optimi-
zation. This includes expenses related to raw materials, like
metallic salts and organic binders, as well as processing
methods that often utilize non-recyclable organic solvents and
activation techniques. One potential solution is to adopt
aqueous synthesis in place of solvothermal methods, which
could lead to a cost reduction of approximately USS$ 35 for every
US$ 13 spent on synthesizing MOFs at a large scale.”*® For
industrial applications to be economically viable, the cost of
these materials should ideally be below $10 per kilogram.
Consequently, it is essential to focus on less expensive organic
ligands, advocating for the use of shorter and smaller binders
rather than more expensive longer or aromatic alternatives.”®”
Nevertheless, there is a notable gap in the literature regarding
cost evaluations, which are essential for assessing economic
viability at scale. Research is increasingly focused on analyzing
the economic feasibility of pollution control methods that
incorporate these nanocomposites, taking into account
production, operational costs, waste management, and material
regeneration.”*®

Despite the advantages offered by nanostructured adsor-
bents, several challenges hinder their broader application,
primarily their high production costs and difficulties in
scaling.>®® The expense associated with manufacturing these
materials renders them impractical for large-scale water treat-
ment initiatives. Additionally, while nanostructured adsorbents
have demonstrated effectiveness in laboratory settings, trans-
lating this success to larger systems remains problematic. Key
considerations, such as the efficient distribution and mainte-
nance of these adsorbents in real-world applications, must be
thoroughly addressed before they can be adopted on a wider
scale.””*

In light of these challenges, further research and develop-
ment are essential to address the existing issues and enhance
the potential benefits of nanostructured adsorbents in water
treatment applications. These materials have proven effective in
various wastewater treatment scenarios, including the removal
of organic pollutants, dyes, and heavy metals. For instance,
surface-modified iron oxide nanoparticles have successfully
eliminated toxic elements such as lead and arsenic from
industrial wastewater. Additionally, carbon-based nano-
structured materials, including carbon nanotubes and modified
graphene, have demonstrated significant efficacy in extracting
organic contaminants and dyes due to their high surface area
and adsorption capacity. These practical applications under-
score the versatility and effectiveness of nanostructured adsor-
bents in tackling diverse challenges in wastewater treatment.

A thorough research into the use of nanostructured adsor-
bents for the continuous treatment of sewage, industrial efflu-
ents, and polluted water bodies is essential. While surface-
functionalized nanostructured adsorbents have demonstrated
effectiveness in laboratory settings, their application in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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industrial environments is limited due to high costs and
complex modification processes. To promote advancements in
wastewater treatment technologies, it is crucial to focus on
developing cost-effective preparation methods, selectively
modifying surface functional groups, and further investigating
pollutant removal mechanisms, recovery of valuable elements
from wastewater, and the recycling of adsorbents.””* Scalability
challenges such as high salinity in wastewater and low
temperatures can significantly hinder the effectiveness of MNPs
in large-scale environmental remediation efforts. These condi-
tions can diminish treatment efficiency, compromise material
stability, and reduce adsorption capabilities. The presence of
elevated salt concentrations, commonly found in oilfield brines,
desalination processes, and various industrial effluents, poses
a particular obstacle to the scalability of magnetic nanohybrid
materials. Salts like NaCl, MgCl,, and CaSO, interfere with the
electrostatic interactions between contaminants and nano-
materials, disrupting surface chemistry and leading to
decreased adsorption effectiveness due to competition for
active sites.””> Furthermore, chloride ions can promote the
leaching of iron ions from magnetite, thereby destabilizing
metal oxide nanoparticles and affecting their durability and
magnetic separability. Additionally, elevated ionic strength can
lead to the aggregation of nanoparticles, further reducing their
reactivity and active surface area.””

The effectiveness of MNPs in environmental remediation
can be significantly influenced by low ambient temperatures.
Key processes such as diffusion rates, redox reactions, and the
kinetics of pollutant adsorption, which are vital for nanohybrid-
based remediation, are all temperature-dependent. For
instance, semiconductor-metal nanohybrid-mediated photo-
catalytic degradation is notably less efficient at lower tempera-
tures due to reduced activation energy and slower electron
transfer rates. Additionally, colder temperatures increase the
viscosity of wastewater, hindering the mobility of nanoparticles
and their capacity to engage with contaminants. These thermal
constraints pose challenges to the sustainability and cost-
effectiveness of large-scale applications, making the deploy-
ment of MNPs in temperate or cold regions less feasible without
additional energy support.””*

The large-scale application of MNPs in real-world settings
faces significant challenges due to the interplay of low
temperatures and high salinity. These conditions can slow
down reaction kinetics and promote the aggregation of nano-
particles, thereby reducing their effectiveness in pollutant
removal. To address these issues, it is essential to develop more
robust nanohybrids that maintain their dispersibility and
catalytic performance across diverse environmental conditions,
such as surface-functionalized or polymer-stabilized MNPs.
Furthermore, this situation underscores the importance of
conducting pilot studies and implementing site-specific adap-
tive designs before embarking on large-scale remediation
efforts.””* Scalability is essential for enhancing productivity and
transitioning laboratory-scale synthesis to large-scale opera-
tions, particularly in both batch and continuous processes. A
key engineering challenge in designing modular reactors for
large-scale water treatment lies in achieving uniform flow
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dynamics and treatment efficacy across all modules. Typically
arranged in parallel or series within decentralized systems,
these modular reactors face theoretical difficulties in ensuring
consistent flow distribution and hydraulic retention time. Such
variations can lead to overloaded or underutilized reactor
zones, ultimately diminishing pollutant removal efficiency.
Additionally, non-uniform utilization of reactive media, such as
MNPs, can hinder effective magnetic separation and result in
unequal pollutant exposure, especially in high-flow industrial or
municipal environments.>”® While the application of nano-
particles in real-world scenarios is increasingly viable, chal-
lenges remain regarding their production and broader
implementation. Most research is still conducted at the bench
level, necessitating pilot-scale studies to validate findings. The
scaling up of green nanoparticle production is promising, as
larger-scale operations can provide more accurate data on cost-
effectiveness, repeatability, and efficiency.

3.6 Environmental impact assessment

The increasing interest in magnetic nanohybrid materials
highlights their unique characteristics and wide-ranging
applications, especially in environmental remediation. While
extensive research has been conducted on the efficacy and uses
of MNPs, it is crucial to also assess their potential environ-
mental impacts. An effective environmental impact assessment
for MNPs should concentrate on three primary aspects: the
release of harmful substances during their application, their
influence on ecosystems, and the strategies for ensuring safe
ecological remediation. A unified scientific framework is
essential for researchers to evaluate sustainable practices
associated with MNP applications. It is vital to investigate the
potentially harmful substances that may be released during
MNP usage, as their production involves various chemical
compounds, some of which could be toxic. Furthermore, the
degradation of MNPs can result in the release of nanoparticles,
metal ions, or other byproducts that may endanger human
health and the environment. For instance, a study by Osman
et al. focused on synthesizing a highly active magnetic sorbent
composite from mixed plastic and biomass waste, employing
Life Cycle Assessment (LCA) to evaluate the environmental
impacts of producing the magnetic char composite adsorbent,
adhering to the methodologies and standards set forth in ISO
14040:2006 and ISO 14044:2006.>7727%

Ferric iron is primarily transported in the body by trans-
ferrin, which interacts with transferrin receptors on cell
surfaces, while its storage occurs mainly in ferritin proteins
within cells. Initially, MNPs were considered non-toxic due to
their ability to release ferric iron into normal iron metabolism.
However, their diminutive size enables them to accumulate in
high concentrations within cells, complicating their elimina-
tion from the body.”” This accumulation raises significant
concerns, particularly because excess free iron can produce
harmful free radicals that threaten sensitive tissues, such as the
brain. Research by Bucak et al has shown that toxicity can
emerge when serum proteins adhere to the surfaces of MNPs,
thereby modifying the cellular environment. To mitigate this
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Fig. 12 Pictorial illustration of environmental impact and future challenges.

risk, coating MNPs with biocompatible materials can effectively
reduce protein binding and surface interactions, ultimately
lowering their toxicity.**

A comprehensive examination of the effects of MNPs on
ecosystems is crucial due to their distinctive magnetic proper-
ties and large surface area, which allow them to interact with
various environmental components such as water, soil, air, and
living organisms. Although MNPs can effectively break down
water pollutants, their degradation products may pose risks to
aquatic ecosystems and disrupt food webs. Furthermore, the
application of MNPs in soil remediation can modify microbial
communities, potentially hindering plant growth. To assess
these impacts, thorough ecotoxicological evaluations are
essential. Establishing best practices and guidelines for the safe
use of MNPs in environmental remediation is vital, empha-
sizing the principles of green chemistry and sustainable engi-
neering in their synthesis and design. This approach should
focus on utilizing sustainable chemical materials that foster
non-toxic interactions and incorporate recyclable, eco-friendly
processes to reduce harmful byproducts. Techniques such as
coating and functionalization can enhance the stability and
biocompatibility of MNPs, thereby lowering their toxicity. The
integration of biocompatible polymers and organic ligands can
improve the distribution of MNPs in environmental media and
prevent aggregation, which in turn minimizes their chemical
reactivity and potential negative effects.

The effective and safe integration of MNPs necessitates
collaboration among researchers, industry stakeholders, and
regulatory bodies to ensure sustainable practices. It is crucial to
disseminate research findings on the environmental impacts of
MNPs through scientific journals, conferences, and user-
friendly online platforms. Industry stakeholders are

19924 | RSC Adv, 2025, 15, 19899-19936

encouraged to adopt best practices for the synthesis, manage-
ment, and disposal of MNPs, adhering to established standards
and guidelines. Regulatory agencies must create clear regula-
tions that outline the proper control of MNPs during environ-
mental impact assessments at the company level. Additionally,
public education and community engagement are vital for
raising awareness about both the beneficial and harmful
aspects of MNPs, empowering individuals to make informed
decisions.

Environmental assessments of magnetic nanohybrid mate-
rials are essential for their sustainable application in environ-
mental remediation. By carefully evaluating the potential
release of toxic substances and their ecological effects, we can
reduce the environmental risks linked to magnetic nano-
particles through the implementation of appropriate safety
measures. This thorough evaluation framework not only
bolsters the safety and security of these materials but also
establishes a scientific foundation for their responsible and
sustainable utilization. Continued collaboration in research
and regulatory initiatives is vital to enhance our understanding
of the environmental consequences of magnetic nanoparticles,
facilitating the creation of safe and sustainable practices for
their ecological use. Fig. 12 illustrates the environmental
impact and future challenges associated with these materials.

4. Conclusions and future directions

Magnetic nanohybrid materials (MNMs) have gained recognition
as effective agents for environmental remediation due to their
distinctive properties, including high surface reactivity, magnetic
separability, and customizable functionalities for pollutant
extraction. Their versatility allows for applications in water

© 2025 The Author(s). Published by the Royal Society of Chemistry
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purification, soil decontamination, and air filtration, as they can
efficiently adsorb, catalyze, or degrade various contaminants.
Nevertheless, challenges such as agglomeration, long-term
stability in environmental settings, scalability of production,
and cost-effectiveness pose significant barriers to their broader
implementation. To overcome these issues, future research
should focus on innovative material designs and the integration
of advanced technologies. A particularly promising avenue is the
creation of stimuli-responsive MNMs, which can adjust to
changes in environmental conditions, thereby enhancing
pollutant capture and regeneration. Furthermore, the applica-
tion of artificial intelligence and machine learning holds the
potential to transform the optimization of nanomaterials by
accurately predicting synthesis parameters, surface modifica-
tions, and interactions with pollutants, ultimately facilitating
closed-loop systems for real-time performance improvements.

Avital area of focus is the enhancement of MNMs' durability
and reusability through advanced stabilization methods, such
as atomic-layer deposition and bio-inspired coatings like poly-
dopamine and cellulose derivatives, which help reduce aging
and aggregation. Additionally, employing core-shell structures
with protective layers can further bolster their chemical and
magnetic stability in challenging environments. For broader
application, it is essential to investigate green synthesis tech-
niques that utilize plant extracts or microbial processes, thereby
minimizing the use of hazardous chemicals and decreasing
production costs. Moreover, the integration of MNMs into
hybrid photocatalytic systems presents an opportunity for solar-
driven degradation of persistent pollutants, facilitating easy
magnetic recovery and effectively linking photocatalysis with
practical remediation efforts.

In conclusion, while MNMs hold immense promise for
addressing environmental pollution, their transition from
laboratory innovations to practical applications, a multidisci-
plinary approach is essential. Emphasizing smart material
design, Al-driven optimization, sustainable manufacturing, and
hybrid catalytic systems will enable researchers to address
current challenges and fully harness the capabilities of these
nanomaterials. Collaborative efforts among chemists, engi-
neers, and data scientists are crucial for refining synthesis
methods, enhancing stability, and ensuring economic feasi-
bility. With focused advancements in these domains, MNMs
have the potential to significantly contribute to sustainable
environmental remediation, fostering cleaner ecosystems and
supporting a circular economy.
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