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Magnetic nanoparticles (MNPs) have emerged as highly promising functional additives in mixed-matrix
membranes (MMMs) for advanced wastewater treatment. Their unique magnetic responsiveness, large
surface area, tunable surface chemistry, and catalytic activity enable enhanced pollutant removal efficiency,
membrane permeability, and antifouling performance. This review highlights the fundamental properties of
common MNPs such as magnetite (FesO4) and maghemite (y-Fe,Os). It discusses their incorporation into
various polymeric membranes to target heavy metals, organic dyes, pharmaceuticals, and pathogens. The
mechanisms governing pollutant separation, including adsorption, catalytic degradation, and magnetic-

assisted separation, are examined in detail. Additionally, the effects of particle loading, surface modification,
Received 23rd January 2026 d di . techni b tructural integrit d filtrati . lvzed
Accepted 20th March 2026 and dispersion techniques on membrane structural integrity an ration performance are analyzed.
Challenges such as nanoparticle leaching, stability under operational conditions, scaling-up synthesis, and

DOI: 10.1039/d6ra00618c environmental safety considerations are also evaluated. Finally, MNP-embedded MMMs offer a promising
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1 Introduction

Rapid advancements in wastewater treatment technologies have
been fuelled by growing strain on freshwater resources and
increasingly stringent discharge rules. Because of their high
removal efficiency, small footprint, and scalability, membrane
processes, especially polymeric ultrafiltration and nanofiltration
remain problematic due to fouling, inadequate selectivity for some
pollutants, and trade-offs between rejection and permeability.*
Many of these restrictions may be addressed by mixed matrix
membranes (MMM:s), which combine the processability of poly-
mers with the functionality of nanoparticles.” Particularly useful
additions for MMMs are magnetic iron-oxide nanoparticles,
mainly magnetite (Fe;0,) and maghemite (y-Fe;0,). Their variable
surface chemistry enables adsorption, catalytic/photocatalytic
degradation, and increased hydrophilicity when appropriately
surface-functionalized, while their innate magnetic responsiveness
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pathway toward efficient, selective, and energy-saving wastewater purification technologies.

facilitates easy recovery and positioning under external fields. Fe-
oxide nanoparticles have been extensively studied for dye adsorp-
tion, heavy-metal capture, antifouling modification, and photo-
catalytic pollutant destruction in water treatment applications due
to their multifunctional properties.’> Fe;0,-based nanofillers have
shown quantifiable improvements in water flux, fouling resistance,
and contaminant removal when embedded in membrane matrices
(such as PES, PSf, or PVDF), provided nanoparticle dispersion,
polymer-particle compatibility, and particle immobilization (to
prevent leaching) are carefully controlled. Careful surface modifi-
cation (PVP, silica, polymers, or graphene oxide hybrids) stabilizes
nanoparticles in the casting dope and promotes desired
membrane morphologies and surface properties, as demonstrated
by several experimental studies.* Despite these benefits, significant
obstacles remain before magnetic-nanoparticle-based MMMs can
be developed into reliable, long-lasting treatment systems. These
obstacles include nanoparticle agglomeration during membrane
fabrication, possible nanoparticle leaching during operation,
effects on mechanical integrity, and scaling up repeatable surface
functionalization routes. Additionally, magnetic membrane
bioreactors and magnetic-field-assisted operation offer promising
avenues for process intensification; however, before industrial
implementation, a thorough techno-economic and environmental
study is necessary.’

This review methodically covers Fe-oxide nanoparticle synthesis
and surface-functionalization techniques, their integration
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strategies into polymeric membranes, their mechanistic roles in
fouling mitigation and pollutant removal, and the remaining
obstacles to safe deployment and scale-up. Numerous review
articles have been published on the use of magnetic materials as
adsorbents and in biomedical applications.*” However, to the best
of the authors’ knowledge, there are no review papers specifically
addressing the incorporation of these materials into membranes.
This review establishes a focused research roadmap to accelerate
the translation of magnetic nanoparticle-enabled mixed matrix
membranes (MMMs) from laboratory studies to practical waste-
water treatment applications. It critically addresses key barriers to
deployment, including insufficient understanding of long-term
operational stability, nanoparticle leaching and environmental
risks, and the lack of integration with scalable membrane fabri-
cation and process design. Emphasis is placed on polymer
membranes incorporating charged additives, particularly iron
oxide nanoparticles, with a detailed analysis of how their surface
charge, particle size, and dispersion govern membrane
morphology, separation efficiency, fouling resistance, and inter-
facial compatibility. The multifunctional benefits of iron oxides
such as enhanced permeability, selectivity, and stimuli respon-
siveness are systematically evaluated alongside inherent chal-
lenges including aggregation and durability under realistic
operating conditions. Comparative assessment with other charged
fillers further underscores the unique advantages of iron oxides.
Finally, critical knowledge gaps and future research priorities are
identified to support the rational design and sustainable deploy-
ment of next generation charged MMMs.

2 Overview of magnetic iron oxide
nanoparticles (Fes0O4, v-Fe,05, and a-
Fe203)

Nanomaterials can be defined as materials that have one

dimension at least =100 nm. It can be used in various applica-
tions based on its characteristics, especially high surface area-to-

View Article Online

Review

volume ratio. However, the aggregation problem that exists in
nanoparticle media is usually overcome by functionalization,
which modifies the surface chemistry of nanoparticles. There are
many shapes and structures of nanomaterials, ranging from zero
dimensions (0-D), such as quantum dots and nanoparticles, to
one dimension (1-D), such as nanowires and nanopillars, to two
dimensions (2-D), such as nanosheets and nanopores, and to
three dimensions (3-D), such as complex hierarchical struc-
tures.>® Nowadays, a branch of hybrid nanoparticles, called core-
shell nanoparticles, has given rise to astonishing physicochem-
ical, optical, and biological properties. They comprise one or
more shell layers and a core.” The overall properties are deter-
mined by the core, which is chemically distinct from the other
parts of the nanoparticle. The synthesis of these materials follows
two strategies: top-down and bottom-up, where in the top-down
strategy, the bulk material is converted to a nano-sized particle,
while self-assembly of atoms governs the bottom-up approach to
form the nano-sized particle (preferred for core-shell
nanoparticles).*>*>

In recent years, magnetic nanoparticles have been widely
investigated due to their superior electrical, magnetic,
mechanical, and optical properties. Magnetic iron oxide nano-
particles are essential and the main materials in this field.
These materials can be found in nature in many forms, but the
most relevant are magnetite (Fe;0,4), maghemite (y-Fe,O3), and
hematite («-Fe,O3) as shown in (Fig. 1).*

The magnetite is known in nature as the black iron oxide. It
has a face-centered cubic structure with an inverse spinel
arrangement, containing both divalent and trivalent iron. It
shows the strongest magnetic power among other transition-
metal oxides. While maghemite is found in soils, it has
a cubic spinel structure. The O®~ ions that are found in the unit
maghemite crystal structure produce a cubic shape arrange-
ment, while Fe*' jons are distributed over tetrahedral and
octahedral sites.” Hematite is very common in soil and rocks
and has several names, such as ferric oxide and red ochre.
Actually, two-thirds of the octahedral sites are filled and

(a) Hematite (a.-Fe,0,)
Rhombohedral, R-3c

@ Oxygen @ Fe2+

(b) Magnetite (Fe,0,)
Cubic, Fd-3m

(c) Maghemite (v-Fe,0;)
Cubic, P4,32 / Tetragonal, P4,12

@ Fe3+

Fig. 1 Crystal structure of iron oxides reproduced from ref. 13 with permission from University of Technology-Irag, Copyright © 2023. Modi-

fications were made using Gemini Al-assisted tool.
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Table 1 Iron oxides' physical characteristics reproduced from ref. 17 with permission from IntechOpen, Copyright © 2018

Properties Magnetite Maghemite Hematite
Formula Fe;0, v-Fe, 05 d-Fe,0;
Density (g cm™?) 5.18 4.87 5.26
Melting point (°C) 1583-1597 — 1350
Hardness 5.5 5 6.5
Type of magnetism Ferrimagnetic Ferrimagnetic Antiferromagnetic or weak
ferromagnetic
Curie temperature (K) 850 820-986 956
Saturation magnetization (Ms) at 91-100 60-80 0.3
300K (Am kg™
Standard free energy of formation —1012.6 —711.1 —742.7
AG; (KJ mol™)
Crystallographic system Cubic Tetragonal Rhombohedral, hexagonal
Structure Inverse spinel Defect spinel Corundum
Space group Fd3m P4332 (cubic) R3¢ (hexagonal)
P4,2,2 (tetragonal)
Lattice parameter (nm) a = 0.8396 a = 0.83474 (cubic) a = 0.5034, ¢ = 1.375 (hexagonal),

occupied by Fe** ions. It is used in catalysts, gas sensors, and as
a base material in preparing (Fe;0,) and (y-Fe,053).*

It is worth mentioning that magnetic iron oxide nano-
particles are strongly affected by their size, shape, and structure,
and all these characteristics are controlled by the synthesis
method, which determines their function and where they are
applied. In general, the physical properties of the three types of

a = 0.8347, ¢ = 2.501 (tetragonal)

¢ = 2.501 (tetragonal) agy, = 0.5427,
a = 55.3° (thombohedral)

3 Synthesis methods of magnetic iron
oxide NPs
3.1 Classic synthesis methods

A wide range of synthesis routes have been extensively explored
and applied across diverse fields as illustrated in (Table 2),

‘ ) ) including co-precipitation,”* thermal decomposition,*
iron oxide are shown in Table 1."
Table 2 Performance of some magnetic iron oxide nanoparticles in different applications
Magnetic nanoparticles Synthesis method Application Performance Ref.
Iron oxide Co-precipitation Adsorption of methylene Entrapment efficiency about 87% 18
blue (MB) with approximately 3.638% (highest
loading capacity) of MB
Fe;0,4 Co-precipitation Adsorption of Au(m), Pd(u), Maximal recovery 99.8% for Au(u), 19
and Pt(v) Pt(1v), with 87.7% and then Pd(u)
72.7% with 10 mg L™ initial
adsorbate concentration
Fe;0, Hydrothermal Biological application Spherical Fe;0, NPs possibility of 21
using these NPs in biological
applications
Fe;0, Electrochemical deposition Biomedical application Can be used in biomedical 22
applications
Magnetic iron oxide NPs Microemulsion (Phosphate removal) Phosphate reduction was (>95%) in 23
5 min. and (100%) in 20 min
Magnetic iron oxide NPs Laser pyrolysis Biomedical Increase in surface charge density 24
Fe;0, Sonochemical method MRI application Exhibited high potential in the MRI 25
application
Fe;0, Microwave-assisted Advanced biomedical Can be applied in MRI, hyperthermia, 27
method sensing application disease marker detection, and in
targeted drug delivery
Magnetic iron oxide NPs Flame spray pyrolysis Biomedical application Showed a successful validation in 28
vitro biological evaluation for
biomedical application
Fe;0,-Fe,0; Chemical vapor deposition Biological activity in vivo A protective effect on (RBC, Hct, and 29

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

Hb) can be seen with a dose of
6.75 mg Fe per kg and activates the
regenerative response of bone
marrow of laboratory animals
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hydrothermal synthesis,*" electrochemical deposition,* micro-
emulsion techniques,” laser pyrolysis,> sonochemical
methods,*® radiolytic reduction,?® microwave-assisted
synthesis,”” flame spray pyrolysis,” and chemical vapor
deposition.?

In fact, the co-precipitation method has always been
considered the most common method due to its simplicity and
the absence of hazardous materials. This method includes
producing iron oxide particles by aging a stoichiometric
mixture of ferrous and ferric salts in aqueous media. Actually,
the particle shape, size, and composition depend on several
factors, such as the Fe**/Fe®" ratio, temperature, pH solution,
ionic strength of the media, and type of salts used.***" The
chemical reactions involved for Fe;O, information can be
written as follows:

Fe** + 20H™ — Fe(OH),
Fe’* + 30H™ — Fe(OH);

FC(OH)Q + 2F€(OH)3 - FC304 + 4H20

A complete precipitation of Fe;O, can be expected in the
range (9-14) of pH with a molar ratio of 2: 1 (Fe*" : Fe**) under
a non-oxidizing oxygen-free environment. The y-Fe,O; can be
obtained by oxidizing Fe;0, in the presence of oxygen, as shown
in the reaction below:

View Article Online
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Fe3O4 + 02502 + 45H20 - SFG(OH)3

ZFC(OH)3 I y-F6203 + 3H20

Maintaining an oxygen-free environment by purging the
solution with nitrogen is crucial, as it suppresses oxidation and
promotes the formation of smaller, more uniform nano-
particles. Fig. 2 illustrates the co-precipitation synthesis route
for Fe;0, nanoparticles, in which FeSO, and FeCl; precursors
are combined at a molar ratio of 1:2 to achieve controlled
magnetite formation.?*?*

The co-precipitation method consists of two steps: the first is
the formation of small nuclei in the medium when the species
concentration reaches the critical supersaturation, followed by
the second step, a slow, controlled growth of the small nuclei,
during which diffusion occurs from the solution to the crystal
surface. It is very important to separate the nucleation and
crystal growth steps to avoid a narrow particle size distribution
after crystal growth.*® A comparison of the most important
synthetic methods for magnetic iron oxide nanoparticles
(MIONPs) is shown in Table 3.

Polymer shields prevent MIONP oxidation and provide
additional stability to the nanoparticles. Different strategies
have been used to modify MIONPs with polymers, including
post-synthesis and in situ coating methods. The post-synthesis
coating can be achieved by chemical reactions or by the inter-
action of the polymer with the magnetic core, while in situ

tion

black solu

d =
dark orange solution ;

Fe,O,

washed several times

o ‘ . |

black precipitate

permanent magnet

Fig. 2 Procedure flow chart of nano magnetic FesO,4 synthesis by co-precipitation method reproduced from ref. 34 with permission from
Elsevier, Copyright © 2022. Modifications were made using Gemini Al-assisted tool.
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Table 3 A comparison of the most important synthetic methods of MIONPs

Method Advantages

Magnetic saturation

Laser pyrolysis Exhibited no aggregation, small
particle size

Easy handling, short reaction time,
higher performance

Rapid, simple, easy to control
particle size, can easily scale up

Microwave

Co-precipitation

Thermal decomposition Very high yield, high dispersion

Hydrothermal Easy to control particle size

coating can be achieved by mini/micro-emulsion polymeriza-
tion or a sol-gel process, without any degradation of the
magnetic core.***” The stability gained from coating with inor-
ganic materials is widely used, especially in biomedical appli-
cations, drug targeting, cell separation, oil recovery, and
enzyme immobilization.’®* The main inorganic compounds
that are used in coating magnetic IONPs are: metals and metal
oxides, noble metals, silica, carbon-based material, and
sulfides.?>%%>

The most thermodynamically stable iron oxide phase in
ambient circumstances is a-Fe,O;. Hematite solely contains
Fe®', in contrast to Fe;0,, which contains both Fe*' and Fe*",
hence oxidation conditions and thermal treatment are essential
during production. The a-Fe,O; is very similar to magnetite
synthesis, but with controlled oxidation:

Fe’™ + OH™ — Fe(OH); — thermal treatment — o-Fe,O;

If starting from Fe;0,:

Fe;0, — y-Fe,0; — u-Fe,0; (at elevated temperature ~500-
800 °C). Phase transformation control is critical. Slow heating
rate and sufficient annealing stabilize hematite. Comparison
between synthesis of magnetite (Fe;0,) and hematite (a-Fe,0;)
are listed in Table 4.

3.2 Greener synthesis of magnetic iron oxide NPs

Eco-friendly synthesis strategies rely on green precursors, such
as plant extracts and microorganisms (algae, bacteria, and
fungi), which can be optimized to tailor nanoparticle
morphology while maximizing the yield of magnetic iron oxide
nanoparticles.” It is an efficient method compared to other
conventional methods.** Al-Masri et al. have been synthesized

Defects value (emu g™ *)
Very expensive, complicated ~70

Not favorable for scale-up, high cost 40-100

High agglomeration makes it 20-80

difficult to control the shape and

morphology of NPs

Expensive, high temperature, long <70

reaction time

Required high temperature and 50-75

pressure

Fe;0,4 NPs by using leaves of plant (thyme and rosemary), which
the extracts of both plants were been used to be mixed with
Fe(u) and Fe(m) solutions at pH (10 to 11) followed by a centri-
fugation step at (4300 rpm for 20 min.) to collect the Fe;0, NPs,
attending with washing and drying steps, respectively.*> The
most relevant advantages of the biological synthesis of
magnetic IONPs are cost-effective, simple, fast, non-toxic to the
environment, and an eco-friendly method.*® In terms of green
synthesis advantages, the applications of green-synthesized
magnetic IONPs have been found in numerous fields, such as
biomedical (antimicrobial and anticancer) and wastewater
treatment as adsorbents.*>*~*° The green process for producing
magnetic iron oxide nanoparticles is shown in Fig. 3.

4 Modification of MIONPs surface
nhature

The modification of magnetic nanoparticles can be achieved by
adding organic or inorganic shells leading to extraordinary
changes in the nanoparticles’ morphology because of the
additional layers, which provide an extra band of properties
and, consequently, affect their performance and applications.**
Actually, the purpose behind modification is to overcome the
agglomeration of MIONPs that happen after a period of time
(due to the van der Waals forces, activation energy of the
surface, and attractive magnetic forces between the nano
particles), to get a biocompatibility for the magnetic IONPs, and
to improve the physicochemical and mechanical properties,
Fig. 4 shows various surface modification of MIONPs.>* The
prevalent Surface modification methods for magnetic iron oxide
nanoparticles are precipitation reaction method,* electrostatic
self-assembly method,** sol-gel method,*® and Stober method.>*

Table 4 Comparison between magnetite (FesO,4) and hematite (a-Fe,Os) synthesis

Hematite (o-Fe,O3)

Parameter Magnetite (Fe;0,)
Iron oxidation state Fe®" + Fe**
Stability Metastable
Magnetic behavior Ferrimagnetic

Typical synthesis Co-precipitation

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

Fe** only

Thermodynamically stable

Weakly ferromagnetic/antiferromagnetic
Hydrothermal + calcination
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Fig. 3 Green synthesis mechanism of magnetic iron oxide nanoparticles (IONPs) reproduced from ref. 50 with permission from MDPI, Copyright

© 2023. Modifications were made using Gemini Al-assisted tool.

Organic shell coatings can be made of a variety of materials,
including natural and synthetic polymers such as starch,
gelatin, chitosan, polyethyleneimine, poly(acrylic acid), poly(p,.-
lactide) (PLA), polyethylene glycol (PEG), polystyrene, and
polymethyl methacrylate (PMMA).””"* These polymer-coated
structures have been extensively employed in diverse applica-
tions, including catalysis,** adsorption,® magnetic resonance
imaging (MRI),* biosensing,* and drug delivery systems.* It is
clearly evident in Fig. 4, strong magnetic dipole-dipole inter-
actions and high surface energy of magnetic nanoparticles, like
Fe;0y, encourage aggregation during  membrane
manufacturing. Furthermore, poor compatibility with hydro-
phobic membrane polymers like PVDF, PES, or PSf is caused by
the excess of surface hydroxyl (-OH) groups. In order to control
membrane microstructure, interfacial adhesion, and nano-
particle dispersion, surface modification is crucial. Co-
precipitation-produced magnetic iron oxide nanoparticles, like
Fe;04, frequently have surface hydroxyl groups that encourage
agglomeration because of magnetic dipole interactions. By
adding functional groups (-NH,, -COOH) through surface
modification with silane coupling agents (such as APTES),
hydrophilicity is enhanced. Improve interfacial adhesion,
decrease nanoparticle aggregation, increase compatibility with
hydrophobic polymers (such as PVDF and PES), and have an
impact on membrane shape through more uniform pore
distribution and less macrovoid formation. Consequently,
higher mechanical strength, increased water flux, and improved
antifouling qualities.®® The surface characteristics of nano-
particles have a major impact on the dynamics of solvent-
nonsolvent exchange during phase inversion. Unmodified
Fe;0, aggregates in the casting solution, causing structural
flaws, pore blockage, and variations in local viscosity. Because
modified Fe;0, disperses evenly, serves as a nucleation site, and
encourages controlled demixing, the membrane displays:

18292 | RSC Adv, 2026, 16, 18287-18310

reduced macrovoid collapse, enhanced porosity, better pore
interconnectivity, and more consistent pore size distribution.
Improved porosity architecture and well-developed finger-like
structures result from modified nanoparticles’ enhanced
surface homogeneity and hydrophilic functional groups, which
speed up water input during immersion.*

5 Comparison between conventional
and sustainable manufacturing routes
for magnetic iron oxide nanoparticles

Conventional manufacturing of magnetic iron oxide nano-
particles typically relies on high temperatures, toxic chemical
reagents, and energy-intensive processes, raising concerns
about environmental impact and occupational safety. In
contrast, sustainable manufacturing approaches such as green
synthesis using plant extracts or microbial routes operate under
milder conditions and minimize hazardous by-products. These
eco-friendly methods reduce energy consumption and chemical
waste while improving biocompatibility and surface function-
ality of the nanoparticles. Moreover, green routes often enable
better control over particle stability through naturally derived
capping agents. Despite current challenges in scalability and
reproducibility, sustainable synthesis presents a promising
alternative to conventional methods for environmentally
responsible nanomaterial production.®®

For example, magnetic iron oxide nanoparticles synthesized
via conventional co-precipitation commonly require strong
bases (e.g., NaOH or NH,OH), elevated temperatures, and
synthetic surfactants to control particle growth, generating
alkaline wastewater and secondary pollution. In contrast, green
synthesis using plant extracts (such as tea leaves or neem)
employs naturally occurring polyphenols as reducing and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Various surface modifications of MIONPs reproduced from ref. 52 with permission from MDPI, Copyright © 2021. Modifications were

made using Gemini Al-assisted tool.

stabilizing agents under ambient conditions. This bio-assisted
route significantly reduces energy demand and eliminates
toxic reagents, while simultaneously imparting surface func-
tional groups that enhance nanoparticle dispersion and envi-
ronmental compatibility.*

6 Characterization of magnetic
IONPs

Multiple techniques have been used to characterize the
magnetic iron oxide nanoparticles, as shown in Fig. 5, which

Retentate

(%)
@]
Permeate )

Fig. 5 Membrane basics configuration reproduced from ref. 107 with
permission from In Tech, Copyright © 2011. Modifications were made
using Gemini Al-assisted tool.

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

reveal their physical, chemical, and surface properties. These
techniques can be classified into: microscopic, magnetometric,
and spectroscopic techniques.”

6.1 Microscopic techniques

These techniques are commonly used to determine the shape,
particle size, and morphology of magnetic IONPs, and this is
achieved using high-resolution electron microscopy. Atomic
force microscopy (AFM), transmission electron microscopy
(TEM), and scanning electron microscopy (SEM) techniques are
examples of this technology. Although SEM technique provides
high-resolution images by the reflected electrons, TEM tech-
nique works with the detecting transmitted electrons which
gives an information of the inner structure like crystal structure
and the stress state for the magnetic IONPs, in addition, there is
an atomic force microscopy (AFM) that also provides images of
high resolution, three-dimensional topographic and gives
a valuable information of physical and chemical properties.”™

6.2 Magneto metric techniques

The most common techniques to measure the magnetic prop-
erties are vibrating sample magnetometry (VSM) and the
superconducting quantum interference device (SQUID), and
this is achieved by exposing the magnetic IONPs to a magnetic
field H with a range of (—10 000 Oe to 10 000 Oe) for measuring
field, saturation magnetization, and remnant
magnetization.”®>*

coercive
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6.3 Spectroscopic techniques

Many of these techniques can provide a clear picture of
magnetic IONPs' properties; for example, the structure and
functional groups can be obtained by Fourier Transform
Infrared spectroscopy (FTIR), which is characterized by its
speed, accuracy, and high precision. The FTIR basis work is
summarized by the atomic vibrations of a molecule that absorb
specific frequencies and energies of infrared radiation, and
generally the absorbing light is in the region (2.5 pm-15 pm),
corresponding to a wavenumber range (4000 cm ' to
660 cm ').”? In contrast, X-ray diffraction (XRD) is used to
obtain information on the crystalline structure of IONPs.
Furthermore, Dynamic Light Scattering (DLS) has been used to
measure the hydrodynamic diameter of magnetic IONPs in the
range of (30 nm-190 nm) with the aid of the Stokes-Einstein
equation.” The surface charge can be obtained by Zeta potential
measurement.” Also, there is thermogravimetric analysis (TGA)
to determine the optimal reaction temperature and thermal
stability of magnetic IONPs.”

7 Adsorption powerful of magnetic
IONPs

In the recent years, nanotechnology have been taken an
important role as an adsorbent and it can be used in diverse
applications, which is because of its magnificent characteristics
(high surface area and the tunable surface chemistry) as
compared to other treatment techniques, and consequently an
enhancement in efficient removal of pollutants as well as easy
separation from the solutions.”®”® Among several kinds of
nanomaterials, magnetic IONPs have proven their impact in
wastewater treatment applications.***** The adsorption
capacity of MIONPs is very high, reaching up to 99.8% for
adsorbing Al ions from polluted aqueous solutions, and only 3
minutes were required to achieve complete removal of Al ions.”
Rashid et al. studied arsenic removal using prepared nanoscale
zero-valent iron (NZVI), achieving a removal efficiency of
99.57%. In comparison, a model predicted 99.82% removal
efficiency, which is very close to the experimental result.** In
contrast, the removal efficiency was 84.72% for Cu(u) adsorp-
tion using APTMS-BCAD-modified Fe;0,, with an adsorption
capacity of 43.67 mg g ', in real water samples and CRM. The
study demonstrated that complexes with oxygen-containing
functional groups and amine groups form a surface structure
when Cu(u) is adsorbed on the nanocomposite surface, and this

Table 6 Characterization techniques of magnetic (MMMs)
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improves the adsorption capability because of the presence of
free amine groups as the pH rises.** Quach and Doan prepared
superparamagnetic iron oxide nanoparticles (SPIONs) within
particle size around 13.6 nm modified with polyvinyl alcohol,
graphene oxide, and chitosan, to be used in methylene blue
(MB) adsorption, where the study achieved approximately 87%
entrapment efficiency at pH 7 after 13 days, while (36.385 +
0.095 mg g~ ') was the highest loading amount, so, the results
indicated very good impacts toward dyes adsorption.'® Au(i),
Pt(wv), and Pd(u) were recovered from aqueous solutions by
Amuanyena et al. The adsorption was investigated at room
temperature (25 °C). The results showed that the modified iron
oxide nanoparticles were successful in the selective recovery of
precious metal ions, with maximum recoveries of 99.8%, 87.7%,
and 72.7% for Au(m), Pt(iv), and Pd(n) at pH 2.5, 10 mg L "
initial adsorbate concentration for 120 minutes of agitation
time and 0.065 g adsorbate dosage." Cusioli et al. developed
modified magnetic iron oxide nanoparticles (MOM-Fe;0,) by
functionalizing the residues of Moringa oleifera Lam. Seed
husks on the surface of iron nanoparticles, to be applied in the
removal of metformin from contaminated water, the study
achieved 93.9% reduction after 720 minutes in metformin
content with 65.01 mg g ' adsorption capacity, so the study
indicated that (MOM-Fe;0,4) as a low-cost adsorbent particle
was successful for the removal of pharmaceuticals like metfor-
min.*” Table 5 summarizes the most important studies pub-
lished in the last few years on adsorption processes using
magnetic nanoparticles to remove various pollutants.

The dispersion behavior, magnetic responsiveness, surface
activity, and overall impact on membrane performance of
magnetic iron oxide nanoparticles (IONPs), especially Fe;O,4
and vy-Fe;O,, are all determined by their physicochemical
characteristics. Thus, thorough characterization with alterna-
tive analytical methods is crucial. The most popular character-
ization techniques are included in this part, along with an
analysis of their importance based on published research. The
crystalline phase, structural purity, and crystallite size of
magnetic IONPs are frequently ascertained by X-ray diffraction
(XRD). The typical inverse spinel cubic structure of magnetite
(Fe30,4) has diffraction peaks that correspond to the (220), (311),
(400), (422), (511), and (440) planes. The Scherrer equation is
commonly used to estimate the average -crystallite size.
According to findings in the literature, IONPs with crystallite
sizes less than about 20 nm frequently display super-
paramagnetic behavior, which is ideal for membrane

Technique Outcome

Vibrating sample magnetometry (VSM)

X-ray diffraction (XRD)

Dynamic light scattering (DLS)
Fourier-transform infrared spectroscopy (FTIR)
Atomic force microscopy (AFM)

(SEM)

(TEM)

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

Saturation magnetization, coercivity

Crestal lattice data, average crestal size

Hydrodynamic particle size distribution, polydispersity index

Existence of organic and inorganic components (functional groups)

Poor size, shape, surface topology

Images with high resolution for analyzing the magnetic MMMs surface topography
Images with high resolution showing magnetic MMMSs' poor size distribution and shape
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separation applications since it eliminates magnetic remanence
and aggregation when an external magnetic field is removed.*
FTIR spectroscopy is used to verify chemical interactions
between IONPs and the polymer matrix and to identify surface
functional groups. Iron oxide production is confirmed by the
Fe-O stretching vibration of magnetite, which usually appears
between 550 and 600 cm™'. Surface-modified IONPs exhibit
extra peaks corresponding to hydroxyl, carboxyl, or silane
groups, which improve compatibility with polymeric
membranes. For confirming chemical bonding or intermolec-
ular interactions between IONPs and functional groups in
polymers like PES, PVDF, or PSf, FTIR measurement is espe-
cially crucial in membrane systems.** Membrane surface
morphology, pore structure, and nanoparticle dispersion are
investigated using scanning electron microscopy (SEM). IONPs
must be distributed uniformly across the membrane matrix to
prevent agglomeration, which can impair mechanical stability
and permeability. On the other hand, nanoparticle size, shape,
and aggregation state can be directly observed at the nanoscale
using transmission electron microscopy (TEM). Several inves-
tigations published in desalination have shown that while

View Article Online

Review

excessive loading causes particle clustering and pore blockage,
well-dispersed Fe;O, nanoparticles improve membrane hydro-
philicity and antifouling capabilities.®

8 Fundamentals of membrane
technology

Membrane technology can be considered the preferred tech-
nology for water treatment, due to its remarkable features of
high separation efficiency, lower energy consumption, the
ability to remove various contaminants, and its continuous
operating mode.*** The membrane essentially acts as a barrier
separating two phases and controls the transport of different
components, as seen in Fig. 5. Membrane categories under
different classifications according to membrane geometry,
material, preparation techniques, and morphology. Membrane
geometric shapes can take flat-sheet, hollow-fiber, or tubular
forms. Membranes can be composed of organic materials
(polymers), inorganic materials (ceramics), or both, which is
called a mixed matrix membrane (MMM). Polymeric
membranes are known for their physical strength, flexibility,
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Iron nanoparticles synthesis
A

Nanocomposite film fabrication

Fig. 6 Fabrication of magnetic iron oxide by (A) chemical reduction, (B) sol-gel methods and (C) nanocomposite MMMs reproduced from ref.
115 with permission from Elsevier, Copyright © 2018. Modifications were made using Gemini Al-assisted tool.
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and chemical stability. However, polymeric membranes suffer
from low tolerance to elevated temperatures and a corrosive
environment, as well as to organic solvents.’® The most prev-
alent polymeric material known for its chemical and thermal
stability is polysulfone (PSF).** A wide range of polymers is also
used in membrane fabrication, including polyethersulfone
(PES), polyvinylidene fluoride (PVDF), polyvinyl chloride (PVC),
polyacrylonitrile (PAN), polyvinyl alcohol (PVA), polyamide (PA),
polypropylene (PP), and polyethylene (PE)."> Ceramic
membranes are widely used in separation processes due to their
compatibility with strong media such as acids and strong
solvents, as well as extreme conditions such as high tempera-
ture and pressure.'® On the other hand, ceramic membranes
are recognized as excessively brittle and have high production
costs, which can limit their application in large-scale indus-
tries.’® Actually, Cellulose acetate (CA), cellulose, and ethyl
cellulose were the materials of the first commercial
membranes.'® Membranes are usually synthesized by using the
phase-inversion method or mechanical stretching for polymeric
materials, and by the colloidal suspension method for metal
hydroxide deposition on porous supports for ceramic
materials.'®

8.1 Advances in mixed matrix membranes (MMM:s)
fabrication techniques

The combination of polymeric membranes and inorganic or
organic fillers in MMMs has contributed to an additional
improvement in membrane separation performance. Because
of this superior mixture, a range of fabulous properties have
been observed in the MMMs, such as increased polymer flexi-
bility and the superb thermal, chemical, and mechanical
properties of fillers like magnetic iron oxide nanoparticles
(MIONPs) or zeolites. There are various characterization tech-
niques for MMMs in order to characterize the morphology and
structure, which are described in Table 6 (ref. 108 and 109) and
study the performance of the membrane (fouling with (FRR)
parameter, permeability with (PWF) parameter, and selectivity).
Actually, the presence of magnetic iron oxide nanoparticles
(MIONPs) can improve the membrane's permeability, selec-
tivity, and durability, making it more effective in various
applications such as water treatment and gas separation.”>*

There are several fabrication techniques for mixed matrix
membranes (MMMs), such as phase inversion,"® electro-

spinning,'** and self-assembly layer-by-layer (LBL).

9 Fabrication methods of magnetic
mixed matrix membranes (MMMs)

The advancement of mixed matrix membranes has been
significantly enhanced by utilizing magnetic IONPs, owing to
the remarkable properties of magnetic materials. The
commonly fabricated MMMs methods are the sol-gel
method,"*'"* solution mixing, and in situ polymerization.
Synthesis of magnetic MMMs is achieved by using organic
monomers or polymers with the inorganic magnetic NP
precursor in a solution, and during the hydrolysis process, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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inorganic magnetic precursor will generate a uniform distri-
bution of magnetic NPs, and consequently, a polymer matrix
will be created, as shown in Fig. 6.'*°

While solution mixing or blending method is almost iden-
tical to the regular manufacture of (MMMs), which involves the
dissolving of polymer in solvent and then stirring, followed by
the addition of inorganic particles to the polymer solution, as
well as, the inorganic fillers can also be added and dispersed
into the solvent before the addition of polymer and stirred
individually apart from the step of dissolving polymer into the
solvent, after that, the particle suspension is integrated into the
polymeric solution, followed by a casting with blade for the
resultant mixture. Finally, it was exposed to an allowable solvent
evaporation at a specified temperature.'*® So, magnetic (MMM:s)
can be fabricated using magnetic IONPs such as Fe;0,.'"

In the in situ polymerization fabrication method, organic
monomers are incorporated during the blending of filler
materials prior to the polymerization reaction; as a result,
a functional group is attached to the filler particle surface,
thereby enhancing the polymerization of monomers on that
surface. A covalent bond can form between nanoparticle fillers
with functional groups and the polymer chains, thereby
improving the compatibility between the polymer and particle
I:)l,la.ses.1123,119

To obtain a uniform distribution of magnetic IONPs, the
membrane is exposed to an external magnetic field, which
creates a magnetic channel within the membrane that enhances
the dispersion of the magnetic IONPs within the magnetic
membrane and, consequently, improves membrane perfor-
mance, such as permeability and selectivity. Also, the selection
of fillers and their physicochemical compatibility with the
membrane polymer type is very important for obtaining
substantial magnetic MMMs.

10 IONPs incorporated into mixed
matrix membranes in wastewater
treatment

The role of magnetic IONPs has been very effective and crucial
in improving the MMMs performance, including the perme-
ability and the selectivity, which drive it to be used in gas
separation'® and diverse aquatic separation processes such as
wastewater treatment,”* desalination,” dye removal,*** and
heavy metal removal.”** The modified properties of magnetic
(MMMs), especially membrane antifouling, can limit opera-
tional expenses and increase the durability of the membrane, as
seen in Zhang et al., where a polyethersulfone (PES) membrane
incorporated with Fe;O, NPs was prepared by the casting
method. The study found that there was an enhancement in
antifouling capability and an increase in membrane perme-
ability and rejection performance to 913.39 LMH bar' and
93%, respectively, owing to the tiny pores formed on the
membrane surface, which facilitated solvent diffusion during
phase separation."” In another study, the results showed a high
flux value of 16.35 L m~> h™" when 0.01% of magnetic IONPs
(Fe;04) is added. A flux value of 2.81 L m > h™" was observed for
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the bare membrane, and the salt rejection increased from 60%
to 90% for the magnetic membrane.

Furthermore, it has been observed that magnetic IONPs have
a positive charge. Still, at high concentration levels of (Fe;0,),
these particles tended to agglomerate, and their surface charge
was noticed to be a negative charge.'® Suryanto et al. have been
studied dye (congo red and acid orange) and bacterial removal
by utilizing pineapple biowaste extraction to fabricate a bacte-
rial cellulose acetate-based membrane incorporated magnetic
nanoparticles(Fe;0,) of (0.25, 0.5, 0.75, and 1 wt%), the study
revealed that there is been an increasing in tensile strength to
73%, and the work has been successful in removing bacteria
from river wastewater to 67.4% and very good in improving the
adsorption of dyes.**®

Esmail et al. have been utilized (0.2 wt%) magnetic (Fe,O3)
NPs in (poly vinylidene fluoride) PVDF to fabricate a magnetic
MMM for oily wastewater treatment, and the study revealed
a magnificent effect of iron oxide NPs on MMMs properties,
which exhibited 46 L m~> h™" of water flux (20% higher than
neat PVDF), while for oil rejection was (more than 94%).**® So,
incorporating a small loading (0.2 wt%) of magnetic iron oxide
(Fe,O3) nanoparticles into PVDF membranes significantly
enhances mixed-matrix membrane performance for oily
wastewater treatment, improving water permeability without
compromising separation efficiency.

Functional membranes' wettability and polarity affect water
movement, fouling resistance, and pollutant rejection, all of
which are important factors in water treatment applications.
Higher water flux results from membranes with hydrophilic
surfaces because they assist water adsorption and encourage
capillary flow through the pores. Hydrophobic surfaces, on the
other hand, may increase fouling tendencies and restrict water
permeability. Similar to this, the membrane's surface polarity
controls how it interacts with solutes; polar or charged surfaces
can improve the rejection of dyes, ionic pollutants, and other
polar pollutants through hydrogen bonding and electrostatic
interactions. By functionalizing membranes with magnetic
nanoparticles or other nanomaterials, surface wettability and
polarity can be changed, increasing water permeability and
decreasing fouling while preserving or improving selectivity.
Therefore, creating high-performance membranes for water
purification and other separation processes requires optimizing
wettability and polarity in addition to incorporating nano-
particles. By encouraging water adsorption and facilitating
capillary flow through the membrane pores, hydrophilic
surfaces improve water flux. Surface polarity influences rejec-
tion efficiency by affecting how the membrane interacts with
solutes, such as dyes, heavy metals, and other impurities. By
functionalizing membranes with magnetic nanoparticles or
other nanomaterials, surface wettability and polarity can be
changed, improving water permeability and antifouling char-
acteristics without sacrificing selectivity.">” 3

The nanohybrid materials, such as graphene oxide nano-
sheet (GO) with iron oxide NPs, were used to synthesize a poly-
ether sulfone (PES)-based (UF) mixed matrix membrane (MMM)
(GO/Fe30,4/PES). The best performance of this membrane was
observed at a permeance of 252 L m > h™* bar * and 53.9° of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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water contact angle (WCA). Also, the pure water flux (PWF)
increased up to 76.2%, and (WCA)decreased by 35% if
compared with the neat PES membrane. Furthermore,
(MMM)(GO/Fe;0,/PES) showed high rejection against bovine
serum albumin (BSA) of around 92% and 87.9% for the flux
recovery ratio (FBR)."*> Hosseini et al. have been working on the
fabrication of mixed matrix PES-based nano-filtration
integrated  with  magnetic  (iron
polyvinylpyrrolidone) composite nanoparticles for separation
processes of salt rejection and BSA solution filtration, which
were enhanced (up to 0.1% of Fe;0,/PVP) in the membrane
body and then reduced with a higher NPs ratio. And this is to
overcome the agglomeration of the nanocomposite that may
occur at high concentration and reduce the performance of the
magnetic MMMs. The water flux showed 9.96 L m~> h™" and
3.14 L m > h™" for the membrane with and without magnetic
nanocomposite, respectively. Also, the measured FRR was
approximately 46.2% for the bare membrane, and with the
range (69,9-89.5%) for the nanocomposite membrane. Finally,
the contact angle has decreased from 65.18° for the bare
membrane to 50.5° for the nanocomposite membrane."** Table
7 presents the most important studies published in the past few
years on employing magnetic iron oxide nanoparticles in
MMMs for wastewater treatment.

These improvements include notable reductions in contact
angle, increased pure water flux (PWF), enhanced pollutant
rejection, and higher flux recovery ratio (FRR). For instance,
Suter et al. reported swelling ratios of 76.87 ¢ ¢! and 58.23 g
g~ ' for pristine CNCs and N6 membranes, respectively. Upon
incorporation of Fe;O, nanoparticles, the swelling ratio
increased to 109.54 g g~ for CNCs/N6@Fe;0, nanocomposites
without chitosan and further to approximately 168.24 g g~ in
the presence of chitosan. This substantial increase highlights
the synergistic role of magnetic IONPs, attributed to their high
specific surface area and pore-forming capability, which
collectively enhance membrane hydrophilicity and water
uptake.”* Overall, Table 8 clearly demonstrates the superior
performance of MMMs containing magnetic IONPs relative to
their non-magnetic counterparts.

membrane oxide-

11 Mechanism of pollutant removal in
magnetic MMMs

The separation process in membrane technology usually
depends on the solution-diffusion mechanism, which assumes
that each permeating molecule is sorbed at one membrane
interface, transported across the membrane by diffusion
through the polymeric chains, and desorbed at the other
interface. Pollutant removal in magnetic mixed matrix
membranes (MMMs) occurs through a synergistic combination
of size exclusion, adsorption, and electrostatic interactions. The
embedded magnetic nanoparticles introduce additional active
sites that enhance the adsorption of organic pollutants and
heavy metals via surface complexation and hydrogen bonding.
Improved membrane hydrophilicity and pore connectivity
facilitate higher water permeability while maintaining effective

RSC Adv, 2026, 16, 18287-18310 | 18299


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra00618c

View Article Online

Review

RSC Advances

(o1 HA) 1& SWAIN
DEA I0J o7 TS 03 PaseaIdap s[Sue J0BIU0D
o) pue ‘oueiquiowr (DgA/SAd 103)

oL’0L Sem J[Sue 10BIU0D
oy ‘oueiquuawt (Dg/SAd 103)

1D 10} %8°66 PUE SV 10] %6'66

(0494) "Ofad-1eyd01q

INOYIIM) JOUBULIOJId]

[eAOWIAI 10 9,uon3[oy

0ST 1Y ,_W T ¥'65€ 03 Pasea1dul Amd YL U ,_W T 6'6£T Sem AMd UL SBM SSOUIAIIDDYJD [BAOWAI YL 1D ‘(a)sy /sad ‘(Dg) 1eyoolq/Sad
UONEBIPRLIL A} 19pUN % €8~
pUE 99/~ 21oMm SUI[NOJ S[ISIOAIIIL
pue 9[qIs1aaa1 ayL, “(3ys1] AN 1opun) sueIqUIdW JSd
U ,_W Tg, paydeal xnjj jeawtad JedU AU} 10} |_Y , W T ST Sem uoneIpeLl
o) oIy ‘(dueiquuatu A1sodwod a1 103) xnpj areaurtad oy, ‘(sueIqUISL AN I9pUN 0,66 pue YIEp oY) Ul (vs) aysodwoooueu
6FT 1431[ AN I9PUN 9, S6 03 PAseaIdUT YA YL ASd YeaU 10J) 959 Sem WAI YL 0S8 Sem AOUIIOYJD [BAOWIDI VS o1joIqIUE dpIWEUOj[NS 2OIS®YO%AIN-OLL/ISd
?\ck.m& og pue (%6£'16)
%8'¥8 Payoeal ajel Ao\oﬁ.ma “(%52°06)
90UB)SISaI 3UINOJ WNWIXeW 33 ‘0T 8¥ ol'0L~ SBM d (%P, 16) 0D (%LL7T6)
0] PaseaIdap J[3UE JOBIU0D Y3 [IYM 913ue 10eIU00 A} ‘(dUuBIqUISW CN “(%8£°16) IN “(%¥L°S6)
‘(Puerqudw OHAd) ,_Y ,_W T T'80F 03 Sad 2ind) |_y . w T €0¥T nD {(%£LT6) 1D (%6£°06) (o9 pue ‘11 ‘Ul ‘o4 ‘0D ‘uz ansodwodoueu (0H49)
8¥T paseadur AIMd ‘(%IMG T) UONIPPE a3 IV Aoyewrxordde sem Imd SV :919M SIIOUIIOYJD [BAOWII Y, ‘IN ‘nD ‘1D ‘sy) s[elowr AaeoHq aprxo auayde1rd/FQfod/sad
sueIqUIdW
(I9.L/SHd) Y3 POZ1I2J0eIBYD ALY
J13ue j0e3U0D pue ‘satpmys Arsorod ‘LI
‘NASEI ‘INAL "A[9A102dSaI ‘oG € PUR 9457
Zuroueyua A1sorod pue AIqernam yim (ouerqUIDW SAJ (191/sdd) 02419
LVT ‘(490/S8d 105) | ,_w B 65 SeM AMd aind 10§) (;_Y ,_w 3 0T) AMd (uonoafe1 ¥D) %¥8 Y6 (4D) pax 03uoD ~COLL/oU0J[NSIOYIA[0d
%S T¥ Sem SUI[NOJ [€303 U ATYM ‘%6°L8
INOQE JO O1IeI A19A0091 XN[j Y} pue
‘(06°€S) a18ue 30BIU0D ‘Teq | _{ W TTST
Jo doueouwIdd B YIIM Sem dUBIQUIIW
(Sad/"0f24/0D) 103 souewIOjIad
359q YL ‘dURIqUIAW SHJ 182U Y3 YIIm
uostredwod ur 9,79/ Aq pasearour AMd (sad/rofaa
ST PUR ‘04 GE AQ PISBIIIAP dUBIqUISW 06°78 d[3ue J0LIU0D /0OD) suoj[ns1ay3a-Ajod
9T (SAd/*O%24/0D) 2u3 Jo a[3ue 10€IU0D O, ‘05SE F8 Sem SUINOJ [€303 AL uonoafa1 vsd %76 (Vsd) urunqre wnias aursog /opIX0 uoii/apixo auaydein
"Xad pue ‘qenuaod €10z ‘WAL ‘aIX
‘NAS YLLA ‘149 ‘Sunsa) [edrueyoawW
‘opdue 30BIU0 Aq pazIIaloeIRYD dI1aM SIN
pue sueiquiaw YL, *(%.8) (q¥d) oner (2%82) (DIN) 9reTEXO USRI
A19A0021 XnJJ 93 pue (2%9°86) uondafo1 (¥94) one1 1940021 xnjj oY) Aryoerew pue ‘(YD) pa1 (A1) va
‘req ST 3B (;_Y , W T SE) DuBIqUaW SON pue ‘0,G°8g uonoafar ‘req Gt e 03u0d {(OIN) d8ueIo [Aypowr wiy ury) aprweijod/(IANZ)
SHT (AL)VA/IANZ (DIALL) 10J Xn[j 197em 2Ind ?\s LW T¢) Xn[J 197eM 2Ing uondafa1 3[es 10j %9°86 () an[q dusAyowW ‘siTes UOII JUS[BA-OURU 0137
(Wav) pue (WAS-4d) Aq pazliaoeieyo
a19M SAN YL "%G"S6 JO OIIeI A19A0931
X0[J YIM | _{ ,_W T ¢H'€6 Sem AMd
‘5€°09~ 03 WOIJ J[3UE JOBIUOD JUBIQUISW SAN onaudewr SHA/SAN dUISOouIed
VT Pa9NPaI 9%IM 1°0 JO SAN dNUTeN %M T°0 1B 59/~ J[SUE J0BIU0D — o /ISIND/T-DD31/?01S/70%24
BEN| (sANOI onUdeW IIM) SOUBULIOJID (sdNOI onoudewr [(¥5liE bliie) jueIn[jod QUBIqUISIA

SdNO| dheubew INOYIM pue Yim SN JO aouewliopad ay] g aiqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 90:82°TT 920Z/T/9 U0 papeojumod "920z [Hdy L0 Uo pausiiand 8|01y sse00y uedo

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

18300 | RSC Adv, 2026, 16, 18287-18310


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra00618c

Open Access Article. Published on 07 April 2026. Downloaded on 6/14/2026 11:28:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review
VATions Contacs with
contaminants
pollutants
Synthesized iron
nanoparticle
................ " ADSORPTION )
Magnetic ~
separation
4 LHOTOCATALYSIS]J Generation
of ROS
4 5 ©
= ©
Recombinati j &

of charges
5 Pollutant

. adsorption

View Article Online

RSC Advances

7 {1 MEMBRANE FILTTION ) Lo

Membrane
modiﬁcation'o'

Redox reactions
i > @®
P cﬁ@ —.° ® X

" Chemical
reactions

[ ELECTROCHEMICAL OXIDATION '}

Pollutant oo °
adsorptlon

{C ELEcTROCHEMICAL OXIDATION )

Anode: Fe => Fe®” + 3e- —> H, + 2 OH"
Cathode: 2H,0 + 2e- —> H, + 20H "~

Fig. 7 The mechanism of magnetic mixed matrix membranes (MMMs) reproduced from ref. 155 with permission from Elsevier, Copyright ©

2025. Modifications were made using Gemini Al-assisted tool.

rejection. Moreover, magnetic responsiveness enables external
field-assisted fouling mitigation and, in some cases, in situ
regeneration. Collectively, these mechanisms result in
enhanced separation efficiency and antifouling performance
compared with conventional MMMs."> However, when
magnetic nanomaterials are incorporated into the membrane
structure, the mechanism changes to adsorption.****** The role
of magnetic IONPs can be considered as adsorbent materials for
the pollutant because of the electrochemical oxidation and
generation of the reactive oxygen species (ROS), like ‘0,>7, "0, ",
OOH, and H,0, as shown in Fig. 7.*** These oxidizing agents
have the ability to perform the function of photocatalysts, which
can effectively degrade the pollutants.’*® Fig. 8 illustrates the
mechanism of magnetic mixed matrix membranes (MMMs).

12 Toxicity of magnetic IONPs

The ability of magnetic nanoparticles (MNPs), such Fe;0,, to
improve the separation performance of mixed matrix
membranes (MMMs) has drawn a lot of interest to their inte-
gration into polymeric membranes. It is crucial to stress that
physical sieving, which rejects macromolecules and particles
based on pore size and distribution within the polymer
matrix—remains the major retention mechanism of polymeric
membranes. Additional features that enhance this sieving
mechanism are provided by the embedded MNPs. In particular,
because of their hydroxyl-rich surfaces, Fe;O, nanoparticles

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

offer surface adsorption sites that allow for improved removal of
charged or polar contaminants through adsorption and elec-
trostatic interactions. This improves the membrane's ability to
reject colors, heavy metals, and organic pollutants without
changing the membrane's basic sieving process. Therefore,
rather than altering the main retention mechanism, the addi-
tion of nanoparticles improves membrane function. MNPs can
occasionally take part in more complex oxidation processes like
electrochemical oxidation or photocatalysis, however these
reactions are conditional and only take place in response to
external stimuli like light or applied potential or when
combined with photocatalytic materials. These procedures do
not take the place of the primary filtration and adsorption
mechanisms; rather, they constitute an addition to them.
Although MNPs enhance membrane performance, it is impor-
tant to take into account their possible effects on the environ-
ment and biology. Reactive oxygen species (ROS), such as
hydroxyl radicals ("OH), hydrogen peroxide (H,0O,), and super-
oxide anions (O, ), can be produced by Fe;O, nanoparticles
under oxidative circumstances.’” Fig. 8 shows cell destruction
caused by nanoparticles and clarifies the general mechanism of
nanoparticle toxicity. These ROS can cause cytotoxic effects like
genotoxicity, apoptosis, or other cellular stress responses. In
vitro exposure of THP-1 cells to Fe;O, nanoparticles at 25 pg
mL~" can result in cellular damage, according to toxicity
studies, whereas in vivo tests in rats demonstrate apoptosis at
12 mg kg '. These results emphasize how crucial it is to

RSC Adv, 2026, 16, 18287-18310 | 18301
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Modifications were made using Gemini Al-assisted tool.

regulate the concentration of nanoparticles, guarantee stable
integration within the polymer matrix, and stop leaching during
membrane operation in order to reduce biological and envi-
ronmental concerns. In conclusion, adding magnetic nano-
particles to polymeric membranes offers two advantages: better
membrane selectivity through the current sieving mechanism
and increased pollutant removal through adsorption. In order
to ensure safe and efficient use in water treatment and other
industrial processes, proper design and handling are also
required to reduce possible toxicity.'?***°

In another study, it was found that coated Fe;O, nano-
particles showed excellent biosafety compared to uncoated iron
oxide nanoparticles, as assessed by biochemical and neuro-
behavioral assays.'™ On the other hand, magnetic IONPs are
considered the least toxic among other nanomaterials, because
of their short-term, temporary effects, their low sensitivity to
oxidation, and their lack of contribution to permanent organ
damage.**>*** Where only high doses of 500 mg Fe per kg can
cause pathological changes in the spleen and liver.'®® Actually,
addressing these limitations is crucial to ensuring safety when
using magnetic IONPs across various fields.

13 Challenges and prospects in the
application of magnetic MMMs

In recent years, there has been an expansion in nanomaterials
technology and their synthesis methods, especially magnetic
IONPs.”” These nanomaterials play a crucial role and have

18302 | RSC Adv, 2026, 16, 18287-18310

applications in various fields; however, challenges related to
filler aggregation persist and require further study to achieve
uniform dispersion and meet the growing demands of different
industrial applications. There are multiple opportunities for
designing multifunctional MNP-based MMMs that integrate
photocatalytic, antimicrobial, and regenerative capabilities for
sustainable industrial wastewater treatment. However, the
researchers’ concern must be to introduce not only a good
separation from the magnetic MMMs but also the possibility of
achieving permanent performance for these membranes, with
emphasis on cost control. Nevertheless, the focus on developing
the magnetic IONPs and their applications in various fields of
our life must open the door to use greener chemicals and even
methods in its fabrication to conserve and secure the
ecosystem, especially when these materials applied in MMMs
and their contribution in separation processes of wastewater
treatments to reach the standard environmental requirements
and consequently, to reduce as possible the environmental
pollution.

14 Conclusion

In conclusion, this review highlighted the adaptability of
magnetic IONPs for diverse applications in catalysis, sensors,
drug delivery, imaging, and environmental remediation,
particularly in membrane technology. Membranes are superior
barriers for controlling the transport of components between
phases and play an important role in industrial and selective

© 2026 The Author(s). Published by the Royal Society of Chemistry
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separation processes. Its synthetic techniques of phase inver-
sion, LBL self-assembly, and electrospinning have been crucial
in advancing membrane technology for different separation
processes. The study highlights the unique features of magnetic
IONPs, biodegradability, and compatibility, which are consid-
ered very promising to be used in membrane technology and
especially mixed matrix membranes (MMMs). Also, the
synthetic methods for magnetic IONPs and the significant
contribution of (MMMs) were very important in reducing
fouling and nanofiller agglomeration problems. In fact, the
adsorption power of these materials made them number one for
pollutant removal in wastewater treatment and membrane
separation processes.
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