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Graphical Abstract

Abstract

Nanomaterials, defined as materials with at least one dimension below 100 nm,
have gained immense attention due to their unique physicochemical, electrical, op-
tical, and magnetic properties that differ significantly from bulk materials. Among
them, magnetite nanoparticles (FesO4) and their nanocomposites stand out for their
tunable surface chemistry, biocompatibility, and ease of magnetic recovery, ena-
bling wide-ranging applications in medicine, catalysis, environmental remediation,
electronics, and biotechnology. This study provides a comprehensive overview of
magnetite nanoparticles and nanocomposites, including their synthesis strategies
with emphasis on green and sustainable approaches, structural characteristics, and
functional performance. Characterization techniques such as UV—Vis spectroscopy,
FTIR, SEM, and EDX are discussed to highlight methods for evaluating their mor-
phology, crystallinity, and composition. Particular attention is given to their role in
targeted drug delivery, bioimaging, antimicrobial activity, heavy metal adsorption,
and wastewater treatment, demonstrating their versatility in addressing environ-
mental and biomedical challenges. By summarizing recent advances, challenges,
and opportunities, this review offers a consolidated understanding of magnetite na-
nomaterials as a platform for next-generation technologies.

Keywords

Magnetite nanoparticles; Magnetite nanocomposites; Green synthesis; Biochar; Na-
nomaterials; Environmental remediation; Drug delivery; Antimicrobial activity;
Heavy metal adsorption; Characterization techniques

SYNTHESIS ) CHARACTERIZATION
)L BOTTOM-UP XRD VSM
=

|
Fe,0, Nanocolloid

APPLICATIONS: A

BIOMEDICAL

Drug-loaded Fe,0, Tumor
nanoparticles

ENVIRONMENTAL <\g

Li-ion battery

L P~ CATALYSIS o°°
S/ 5

DOI: 10.26855/sa.2026.03.001

1 Scientific Access


https://www.hillpublisher.com/journals/sa/

Noor Zulfigar et al.

1. Introduction

Nanomaterials are a wide range of materials that involve particular nano substances (nanoparticles), having one di-
mension less than a hundred nanometers at least. It originates from the Greek word nano, which stands for “dwarf”.
It is a new advancement in science, with numerous practical applications in medicine. Nanostructured constituents
give a larger surface area that improves the rate of reaction, which has been used in a few fields, for example, medi-
cation, environment, food, biotechnology, drug delivery, fabrics, agribusiness, and vitality. Nanomaterials have ex-
ceptional electrical, optical, and magnetic properties compared to the bulk materials that brought the technological
revolution. These properties vary according to their size, shape, and structure of the nanoparticles, which can be
further refined by optimization of the synthetic method [1-3].

Magnetite nanoparticles are very fascinating because of their numerous properties, for example effect of size,
magnetic isolation, specificness, as well as surface chemistry. Magnetite nanocomposite has a structure like a core-
shell. Magnetite as well as iron oxyhydroxide nanocomposite are synthesized when the metallic core shell in iron
nanoparticles is oxidized. The functional mechanism of magnetite (Fe304) Nanocomposite relies on several mecha-
nisms that occur among the layers of core-shell, for example, diffusion & casualization at the core part for strong
oxidizing agents [4-6].

Table 1. Overview of Magnetite (FesO4) Nanoparticles and Nanocomposites — Synthesis, Properties, Characterization, and Ap-

plications
Aspect Details/Examples Key Features/Advantages
Magnetite nanoparticles (FesO4), Magnet-
Material Type ite-based nanocomposites (e.g., FesOa/bi- Superparamagnetic, biocompatible, high

Particle Size

Synthesis Methods

Surface Functionalization

Magnetic Properties

Characterization Techniques

Biomedical Applications
Antimicrobial Applications
Environmental Applications
Catalytic Applications

Advantages of Magnetite Nanocom-
posites

Limitations

Future Directions

ochar, Fe;Oa/graphene, Fe;O4/phenol-for-
maldehyde resin)
Typically 10-50 nm (depending on syn-
thesis)
- Green synthesis (plant extracts, e.g., Eu-
calyptus globulus)
- Chemical co-precipitation
- Hydrothermal synthesis
- Thermal decomposition
Coating with biochar, silica, polymers, or
organic ligands
Superparamagnetism, magnetic saturation
up to 69.2 emu/g

UV-Vis spectroscopy, FTIR, SEM, TEM,
XRD, EDX

Drug delivery, hyperthermia treatment,
MRI contrast agents
Gram-positive and Gram-negative bacte-
ria
Adsorption of heavy metals, degradation
of antibiotics and dyes, water treatment
Fenton-like reactions, organic pollutant
degradation
- Increased surface area and porosity
- Thermal and mechanical stability
- Synergistic functional properties
Agglomeration, limited large-scale syn-
thesis, potential environmental and bio-
logical toxicity
Green synthesis, hybrid composites (gra-
phene, MOFs, biochar), Al-guided de-
sign, toxicity assessment

surface area, core-shell structures

Small size enhances surface reactivity, ad-
sorption capacity, and biomedical uptake

Eco-friendly, tunable particle size, scalable,
cost-effective

Stabilizes nanoparticles, prevents aggrega-
tion, improves selectivity, biocompatibility
Allows easy magnetic separation, recovery,
and targeted drug delivery
Determines particle size, morphology, crys-
tallinity, elemental composition, surface
groups
Targeted therapy, reduced side effects, im-
aging enhancement
Strong antibacterial activity due to high sur-
face area and reactivity
High adsorption capacity, photocatalysis,
reusability via magnetic separation
Enhanced reaction rates due to high surface
area and active sites

Better performance than individual nano-

particles, multifunctional use

May affect reusability, reproducibility, and
industrial translation

Improved stability, scalability, multifunc-
tionality, and safety
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A composite is synthesized by combining at least two different constituents. These are blended to get the improved
characteristics of both materials. A composite is a mixture of two constituents with distinctive properties to give a
material with characteristics better than both the constituents taken separately [7]. A nanocomposite is formed when
nanoparticles are loaded on a solid reinforcement that increases surface area and gives stability. Nanocomposites
contain nanoscale pores that exhibit higher selectivity, permeability, good thermal stability, and mechanical stability
[1, 8, 9]. Constituents of a nanocomposite have a high surface-to-volume ratio due to their small size and surface
activity. That is the reason nano-constituents act as support in increasing mechanical properties for packaging material
of food; furthermore, it provides the unique structures for smart and active wrapping applications. Bio-composites
are an explicit type of constituents which have a fine stage measurement, especially a few nanometers [10, 11].
Magnetite nanocomposites generally retain high adaptability, for example, they show unobtrusive development, small
particle size, large surface area to volume ratio, bio-adsorption and photo catalytic advantages. As compare to others,
magnetite nanocomposite is beneficial, viable, and have better outcomes towards wastewater treatment because they
can remove micro-contaminants of various ranges and different types of environmental waste from agro waste. Iron
oxide nanocomposites are classified into different categories, such as antiferromagnetic hematite (Fe,O3), supermag-
netic magnetite (Fe3O4), and orthorhombic composite structures [5, 12].

Magnetite nanocomposites have been used extensively owing to their extraordinary properties, such as good cata-
lytic properties, greater chemical reactivity, magnetite properties, large surface area, smaller size, and microwave
absorption properties. The above-mentioned characteristics have enhanced the use of iron oxide nanocomposites in
different fields like bio-imaging, diagnosis, gene delivery, drug delivery, catalysis, cell separation, and tumor therapy.
Iron oxide nanocomposites have scope in physics, chemistry, industry, medicine, material sciences, also used in hard
drives for data storage, bioremediation of the environment, in MRI scanners for detailed imaging of body organs, and
degradation of antibiotics from wastewater [13-15].

Magnetite Nanocomposites are colloidal iron oxide (Fe3O4) materials that display superparamagnetic characteris-
tics at room temperatures. Magnetite nanocomposites are used in nanotoxicology and magnetic nanotechnology fields
of research and advancement. Their size, non-toxic nature, and superparamagnetic characteristics make them fasci-
nating for applications in numerous fields, e.g., biosensors, catalysis, magnetic separations, ferro fluids, as well as in
magnetic resonance imaging. Magnetite nanoparticles from the nano composite are roughly 20 nm in size. This mag-
netite material is unwounded, profoundly concentrated, and introduced in the aqueous solution as a dried powder that
promptly redisperses in the water [16].

Magnetite nanocomposites were efficiently manufactured by chemical co-precipitation of precursors of magnetite
in the plant leaves extract. It was noted that the characteristics of the nanocomposites were an imprint of the properties
of magnetite nanostructures. Increasing the ratio of magnetite in the nanocomposites increases the magnetic proper-
ties, higher surface area, thermal stability aa well as better crystallinity. Decreasing the amount of magnetite, or
increasing the amount of carbon content in the nanocomposites, leads to a smaller particle size, and the rate of ag-
glomeration was also decreased [17, 18].

1.1 Magnetite nanosized particles

Magnetite nanoparticles have outstanding properties, such as being synthesized cheaply and easily, having a small
size, high magnetism, being biocompatible, having microwave absorption properties, surface chemical properties,
catalytic properties, better stability, and being recoverable easily by using an external magnet. These properties widen
the applications of magnetite nanoparticles, i.e., medical implications containing identification, drug delivery, DNA
repairing, cyst therapy, cell parting, disciplines including physics, chemistry, industry, medicine, material sciences,
hard drives for storage of data, degradation of dyes, environmental bioremediation, expulsion of natural and inorganic
toxins from water. Nanoscience has interlinked different trains and broadened the scope of use, for example, pre-
scription, treatment, chemical sensors, biosensors, and environmental applications [5]. Magnetite nanoparticles are
interesting owing to their properties, i.e., high coactivity, super para magnetism, interparticle interactions, and intra-
particle interactions. Magnetite nanoparticles can be separated from the solution using a permanent magnet for further
use. Attributable to their size in nanometers, such particles end up being of significance in organic applications [19].
For bio related application, biocompatibility is a significant factor.

For such reason, iron oxide nanomaterials are approved by the FDA (Food and Drug Administration) and EMA
(European Medicines Agency). Magnetite Fe304, magnetite Fe203, and other iron oxides are the most studied. As
of late Nano particles are being utilized as adsorbents because of their enormous surface area and synthetic reactivity.
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Thus, for the disconnection of substantial metals from waste waters Nano adsorbents are utilized, including graphene,
CNT's, and metallic oxides, and so on. Oxide based Nano particles are, for the most part, inorganic in nature.

TiO2, ZnO, MgO, and Fe2O3 are a portion of the models. Nano-adsorbents for substantial metal evacuation ought
to be less lethal, adsorb heavy metals at parts per billion scale, and be reusable. Size, agglomeration state, shape,
chemical composition, crystalline structures, and solubility are a portion of the fundamental components controlling
nano-adsorbent properties. Out of magnetite nanoparticles, magnetite is considered most efficient [20].

1.2 Magnetite nanocomposite materials

A composite material is made up of two materials that have distinct physical and chemical properties. When they are
combined, they form a material that is advanced to perform a specific task, such as becoming stronger, lighter, or
more resistant to electricity. They can also cope with stiffness and strength. The materials are mixed to form a com-
posite material. Constituent materials are individual materials that make up a product, and there are two types of them.
The matrix (binder) is one, and the reinforcement is the other. Therefore, at least some of each type is required. When
the matrix surrounds the reinforcement and maintains its relative position, the reinforcement is supported by the
matrix. As the reinforcements add their exceptional physicochemical characteristics, the matrix properties are bol-
stered. Synergism makes the mechanical properties of the individual constituent materials obsolete. At the same time,
the product or structure's designer has the choice of selecting the best combination of matrix and reinforcing materials
from a vast selection [21].

A nanocomposite is a composite material in which one of the elements has at least one dimension, which is about
10-9m in size, nanoscopic. These nanocomposites have enhanced properties when contrasted with the individual
component materials through the synergetic influence of both components. Nanocomposites possess multifunctional
properties like a high surface to volume ratio for loading of biomolecules such as enzymes, high mechanical strength
(increased stability with no decrease of strength- scratching resistance), catalytic activity due to nano size, high elec-
tric conductivity, thermal stability, chemical resistance, low weight, and cost-effective [5, 22].

Recently, development in the field of nanocomposites has opened new technological prospects for application in a
rapidly developing field. With increasing nanocomposites efficiency, these materials are useful in many fields, from
packaging to biomedical applications. Biochar-based nanocomposites may be synthesized not only to enhance the
physical and chemical properties of biochar but also to produce modern composites to integrate the benefits of biochar
with nanomaterials. The resulting composites usually show great improvement in functional group, porous properties,
active sites of the surface, catalytic degradation, and fast separation.

Such composites have the potential to adsorb pollutants from aqueous solutions, and they may be used as a potential
sorbent for contaminated soil and sediment management [23, 24]. Biochar coated with catalytic material will simul-
taneously exert adsorption and catalytic degradation features for the removal of organic pollutants from wastewater.
A nanocomposite is a multiphase solid material where one of the phases has one, two, or three dimensions of less
than 100 nanometers (nm) or structures having nano-scale repeat distances between the different phases that make
up the material. The idea behind Nanocomposites is to use building blocks with dimensions in nano meter range to
design and create new materials with unprecedented flexibility and improvement in their physical properties. In the
broadest sense, this definition can include porous media, colloids, gels, and copolymers, but is more usually taken to
mean the solid combination of a bulk matrix and nano-dimensional phase(s) differing in properties due to dissimilar-
ities in structure and chemistry. The mechanical, electrical, thermal, optical, electrochemical, and catalytic properties
of the nanocomposite will differ markedly from those of the component materials. Nanocomposites are found in
nature, for example, in the structure of the abalone shell and bone. The use of nanoparticle-rich materials long pre-
dates the understanding of the physical and chemical nature of these materials [25-27].

Recently, many researchers have focused on magnetite nanomaterials because of their outstanding characteristics
and easy isolation methods in adsorption and other techniques. Using iron-based nanomaterials allowed the separation
process to be not only simple through the use of a magnetic field but also boosted the overall performance by en-
hancing the adsorption capacity. Recently, nanocomposite Fe;Os/biochar derived from the pyrolysis of agro waste
has shown excellent efficiency for removing aqueous heavy metals. Furthermore, the highest value of magnetic sat-
uration,69.2 emu/g, allowed for easier magnetic isolation from an aqueous solution. The higher surface area of nano-
materials has definite importance in terms of ion uptake in the adsorption process. Research has reported the produc-
tion of a nanocomposite. Fe3sOs/phenol-formaldehyde resin that was synthesized by hydrothermal carbonization. The
highly ultra-fine size of 3.2 nm of carbon aerogel, which showed a higher surface area of 487 m?/g, was formed. In
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addition, it was used for removing arsenic from water, exhibiting a higher adsorption capacity of 216.9 mg/g. The
nano size of Fe3Os-based adsorbents was found suitable for the transmission of arsenic ions from an aqueous solution
to the electrostatic site on the surface of the nanocomposite.

Moreover, by using an iron oxide—based nanocomposite, the surface of the material was stabilized with the help of
organic or inorganic modification, which also protects the material from oxidation and therefore offers a special
upgrade in the material that can be helpful in improving overall performance in the adsorption of heavy metals.

2. Synthesis of Magnetite Nanomaterials

Chemical Synthesis Physical Synthesis Biological Synthesis
Metal ions Laser ablation Microorganisms/plant
(eg. Fe?*/Fe*) extracts and/or enzymes
. ! Metal Biological

ions substances
Lens ;

Alkaline n rd ‘
solvent 1

Metal

Synthesis

\C Magnetic Synthesis
g Nanoparticles

l Precipitation /

Figure 1. Phyto-fabrication of magnetite NPs [30].

Magnetite nanoparticles (FesOs NPs) have attracted considerable attention due to their unique magnetic properties
and diverse applications in biomedicine, environmental remediation, and catalysis. Among various synthetic ap-
proaches, green synthesis has emerged as an environmentally friendly and sustainable method, avoiding the use of
toxic chemicals. For instance, leaf extracts of Eucalyptus globulus can serve simultaneously as reducing, stabilizing,
and capping agents in the fabrication of magnetite nanoparticles. In this process, an iron precursor such as ferric
chloride hexahydrate (FeCls-6H20) is mixed with the plant extract under continuous stirring at elevated temperatures
(~80°C). Sodium hydroxide is added dropwise until the formation of a dark black precipitate, which is then subjected
to drying at 400-500°C to yield black powdered magnetite nanoparticles. In addition to green synthesis, magnetite
nanoparticles can also be prepared by co-precipitation, thermal decomposition, solvothermal/hydrothermal, and mi-
croemulsion techniques, each offering control over particle size, morphology, and magnetic properties. While chem-
ical and physical methods, as shown in Figure 1, often provide precise size tuning and crystallinity, green synthesis
offers biocompatibility and eco-friendliness, making it highly suitable for biomedical applications such as drug de-
livery, magnetic resonance imaging (MRI), and cancer cell targeting [28, 29].

For the preparation of magnetite/biochar nanocomposites, biochar is first processed to the nanoscale by sieving
through a nano sieve, ensuring uniform particle size. A weight ratio of 1:2 is maintained between magnetite nanopar-
ticles and nano-biochar powder. In a typical procedure, 2 g of magnetite nanoparticles and 4 g of sieved biochar are
dispersed in distilled water, which acts as a medium, and the mixture is agitated on a shaker at 313 rpm for 4 hours
at 25°C to promote uniform interaction and composite formation. The resulting magnetite/biochar nanocomposite is
then separated from the aqueous medium using an external magnet, washed to remove unbound particles, and subse-
quently dried in an oven. The dry nanocomposite is collected and stored in airtight containers for further applications,
such as adsorption, catalysis, or environmental remediation. This straightforward synthesis approach ensures efficient
integration of magnetite nanoparticles with biochar, enhancing the composite’s magnetic and surface-active proper-
ties while maintaining eco-friendly and cost-effective processing conditions.
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3. Characterization Techniques for Nanomaterials

Magnetite nanocomposite and magnetite nanoparticles are mainly characterized by their: 1) shape, ii) size, iii) pore
volume and distribution, and iv) surface area. Selectivity, toxicity, lifetime, ease of preparation, and cost are param-
eters to consider when choosing the ideal catalyst. Different techniques, such as UV-Visible spectrophotometer, scan-
ning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), among
others, were used to physically characterize the produced photocatalysts. The different characterization techniques
are given below:

3.1 Ultraviolet-visible spectroscopy

A UV-Visible spectrophotometer is used to study the absorption behavior of a substance in the ultraviolet region,
ranging from 10 to 800 nm [31].

3.1.1 Advantages of UV-Visible spectrophotometer

v Ability to examine substances quickly

v' Usage of the UV-Visible spectrophotometer is easy

v' A minute amount of sample is needed

v Quantitative analysis of different chemical species, for example, transition metallic ions, conjugate organic an-
alytes, as well as organic macromolecules.

3.1.2 Components of a UV-Visible spectrophotometer
light source

Monochromator

Sample holder

Detector

Interpreter

ANANENENEN

3.1.3 Principle of UV/VIS Spectroscopy

The absorption of UV/Vis rays by molecules is related to the excitation of valence e from the ground state to the
higher energy states. Electronic transitions usually occur from the highest occupied molecular orbital (bonding or
nonbonding) to the lowest unoccupied molecular orbital (antibonding). The wavelength of the rays that are absorbed
depends on the difference in energy between the orbital primarily occupied by the e and the orbital to which it is
jumping. When a molecule absorbs UV/Vis rays of a discrete wavelength, only one photon is absorbed, and it is
supposed that only one electron is excited to a higher energy level while leaving another electron remaining electro.
A schematic diagram of a UV-Visible Spectrophotometer is given in Fig 2.

Light Source LW

Diffraction | \ .
Grating I Mirrar 1
slit 1 /
Slit 2 Light Source Wis
Filter
Reference
Mirrar 4 Cuvette Detector 2
Reference
Bearn U WI“
Lens 1
Half Mirror

¢ Mirrar 2 Sample
cuvetts n Detector 1

Sample

e
Bearmn I

Mirror 3 ULens 2

Figure 2. Schematic diagram of UV-Visible Spectrophotometer.
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3.2 Fourier transform-infrared spectroscopy

The interaction between capping agents and NPs is demonstrated by this technique. The interactions of functional
groups of biomolecules and metal NPs are observed. IR spectra shows a number of absorption bands which are also
distinguished with very minute differences. The unique features have been observed for NPs owing to their high
surface area. The vibrational spectrum of NPs is examined by the atoms present at surface. In this technique, light is
emitted from a source, a beam splitter divides it into two halves; 1° half enters the sample, while 2" half goes to the
control. The NPs adsorb light according to their properties [32]. A detector sent an electrical signal to an analog
recorder. A schematic diagram of the FT-IR Spectrophotometer is given in Fig. 3.

Pinhole B Upper dichroic
Mirror e aperture lExtesrgLaI:‘!:ser M mirror
Cc
Confocal Diffraction Detector

Clean-up  Mirror hole grating cassegrain
Q fitter

I
[@\‘) . Adjustable a7
. D W aperture
Filter Lens Lens e
wheel s
@ Edge/notch | PN
O filter Digitalised IR
Microscope spectrum Upper
. camera Cassegrain

Beam .0' |
splitter, & Charged R

. source Biological
Mirror M coupled I

Optical
substrate

device I

Objectivel . i e
i ) oo ﬁ Movin cam cassegrain
Optical S 9 _splitter

mirr

N
&
o L \
e - Fixed
Biological Digitalised Raman > mirror Lower dichroic
sample spectrum Michelson interferometer mirror

Figure 3. Schematic diagram of FT-IR Spectrophotometer [32].
3.3 Scanning electron microscopy (SEM) analysis

SEM is a type of electron microscope by which images of a sample are produced by scanning the surface of the target
substance with a beam of electrons. Signals are generated by the interaction of electrons with the atoms of the sample
that give information about composition and surface topography. Secondary electrons are released from atoms by
exciting the sample, that detected electron intensity from most of the common SEM modes. It depends on the speci-
men. SEM analysis can show better resolving power than 1nm. A Hitachi ultra-high-resolution field emission scan-
ning electron microscopy is used to investigate the surface topography of the nanocomposite. The cold field emission
gun, with a small energy spread emitted electrons interacts with the atoms in the sample surface. Many signals were
then derived from such an electron-sample interaction. Received by the detector, these signals containing sample
information (e.g., external morphology, crystalline structure, chemical information, and orientation of materials) were
consequently converted to ultra-high-resolution images. Fig 4 shows the diagram of the Scanning Electron Micro-

scope (SEM)[19, 33].
Condenser lens ﬁ\ﬂbj

[~

Vacuum pump

X

N\l

ET Detector Deflector

==

|—— Objective lens
Detectar signal
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| Specimen

5 | Stage

7

-—

Chamber

— Ny
E tucuumpump

Figure 4. Schematic diagram of Scanning Electron Microscope (SEM) [34].
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3.4 Energy dispersive X-ray (EDX) analysis

Energy dispersive X-ray analysis (EDX) is an analytical technique used for elemental analysis. The data obtained in
the form of spectra that show peaks about elements' composition of the target sample. When a sample is bombarded
by an electron beam, inner shell electrons are ejected; after this electron from higher energy levels go to the inner
shells, producing higher energy photons in the X-ray range. The silver and other elementary compositions are con-
firmed by this technique. TEM was employed to perform EDX analysis of samples. The EDX technique is non-
destructive, and specimens of interest can be examined in situ with little or no sample preparation. EDX Analysis
also determines stoichiometry, elemental composition, and chemical purity of prepared magnetite nanoparticles and
magnetite NC’s. Fig. 5 shows a diagram for the Principle of EDX [35].

www.globalsino.com/EM/ EDS detector
Electron beam

Auger emission ZGAUQef emission

Figure 5. Schematic diagram for the Principle of EDX [36].
4. Applications of Magnetite Nanomaterials
4.1 Medicinal applications

Use of magnetite nano or micro particles as drug carriers to targeted tumor cells was first proposed in the 1970s. The
therapeutic drug can be either attached to or encapsulated within magnetite nanoparticles. These drug carriers are
injected into the bloodstream close to the cancer site. Magnetic fields are used to move these magnetite nanoparticles.
While this is effective for sites on the body's surface, it easily becomes difficult to target internal organs. Hyperthermia
is an alternative approach to cancer treatment that involves heating the cancerous cells without damaging the nearby
cells. Injecting magnetite nanoparticles near the tumor and heating them up by alternating magnetic fields achieves
this. Alternating the direction of the magnetic fields results in changing particle magnetization, which in turn results
in hysteresis or heating up of the particles.

4.1.1 Administration of medicine

Magnetite NPs are used extensively for drug delivery due to their high stability. The use of magnetite nanoparticles
is an effective and safe means to administer drugs and eliminates the side effects of standard chemotherapy. The
smaller scale and greater area of NP drug transporters will shield them from degradation and increase precipitation
time. However, magnetite nanoparticles face many obstacles when providing drugs to targeted tissues in the body,
such as the need to penetrate the vascular endothelium biological barrier [37]. The performance of magnetite nano-
particles, however, depends on the distance, the chemical morphology of the surface, and the charge. Big NPs greater
than 200 nm can be stopped by splenic macrophages, whereas tiny NPs smaller than 10 nm can be quickly removed
by extravasation and renal clearance. Around the same time, particles that are 10-100 nm in diameter are the safest
form of injection. To facilitate drug delivery and identification, the new embedded and coated NP core has been
optimized. Moreover, certain hazardous NPs with high magnetic moments can be used in the use of modern surface
coatings (such as gold or silica shells). Moreover, hollow microspheres, such as silicon dioxide-coated magnetite,
can carry a significant range of drugs and can be controlled by an externally applied magnetic field.
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4.2 Identification

Magnetite nanoparticles are widely utilized as contrast agents in magnetic resonance imaging (MRI) because of their
superparamagnetic properties, which enhance image contrast and improve the sensitivity of MRI scans. Their ability
to alter the relaxation times (T1 and T2) of surrounding hydrogen protons makes them particularly effective for high-
resolution imaging. By functionalizing their surfaces with targeting ligands, antibodies, or peptides, these nanoparti-
cles can selectively bind to cancerous cells, enabling the precise differentiation of malignant tissues from healthy
ones. This targeted imaging capability not only improves early cancer detection but also supports image-guided ther-
apy and monitoring of treatment efficacy.

4.3 Antimicrobial applications

The magnetite nanoparticle showed a strong antimicrobial effect. Their antimicrobial action might be related to the
small size of iron oxide NPs. Their antimicrobial activity impact was better for Gram-positive bacteria compared to
Gram-negative. These nanoparticles proved antimicrobial activity for various types of bacteria [38, 39].

4.4 Separating agents

Magnetite particles and fluids have also been used for separating cells and proteins. In biological applications, the
particles have a ligand to which a specific protein or cell can attach and be separated from the solution by magnetic
means.

4.5 Environmental role

Some of the other applications involve using nano magnetite particles as a selective photocatalyst material for targeted
solutes, such as radionuclides, antibiotics, heavy metals, pesticides, or organic dyes [40]. Highly porous magnetic
beads have also been used effectively for removing metal ions from water. It has also been demonstrated that na-
noscale bimetallic particles are effective in the transformation of trichloroethene (TCE) into benign hydrocarbons
like ethane. NPs of bimetals of Fe-Ni show an acceleration of the reduction of chloroform. Recently, iron NPs have
been used for arsenic removal from drinking water. In addition, field implementations of nanomaterials for environ-
mental cleanup have also been gaining popularity [41]. This thesis addresses the practicability of using functionalized
magnetite nanostructures for the removal of antibiotics from an aqueous stream [8].

* Medicinal applications

* Identification

Apphcatlons of * Antimicrobic
Magnetite applications
nanomaterials * Separating agents
* Administration of
medicine

e Environmental Role

Figure 6. Applications of Magnetite nanoparticles.
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5. Limitations and Future Perspectives
5.1 Limitations

Despite their remarkable versatility, magnetite nanoparticles and nanocomposites face several challenges that hinder
their widespread adoption in biomedical, environmental, and industrial sectors:

(1) Agglomeration and Stability Issues

Due to their high surface energy and magnetic properties, magnetite nanoparticles tend to agglomerate, reducing
surface area and functional performance. This limits their reusability and consistency in catalytic or adsorption pro-
cesses.

(2) Synthesis Challenges

Many synthesis methods, particularly chemical and thermal routes, require expensive precursors, high energy inputs,
and multiple purification steps, which make large-scale production costly. Even green synthesis methods lack scala-
bility and often result in heterogeneous particle sizes.

(3) Surface Functionalization Complexity
Achieving precise surface modification is critical for biomedical applications, yet the process remains time-intensive
and may involve toxic solvents or reagents, which contradict the goal of sustainable nanomaterials.

(4) Environmental and Biological Toxicity

Limited research has been conducted on the long-term ecotoxicological impact of magnetite nanomaterials. Concerns
include bioaccumulation, oxidative stress in biological systems, and potential groundwater contamination during
large-scale environmental remediation efforts.

(5) Lack of Standardization
There is no universal protocol for nanoparticle characterization, leading to inconsistencies in size, shape, crystallinity,
and magnetic property measurements across different studies. This limits reproducibility and industrial translation.

(6) Economic Constraints
The high cost of advanced characterization tools (SEM, TEM, XPS) and specialized coatings increases production
costs, creating a gap between laboratory-scale innovation and industrial application.

5.2 Future Perspectives

(1) Green and Scalable Synthesis
Future research should emphasize eco-friendly, energy-efficient, and cost-effective synthesis methods, such as plant-
based extracts, microbial synthesis, or waste-derived precursors, to make magnetite nanomaterials industrially viable.

(2) Surface Engineering and Functionalization
Advanced functionalization techniques, including biomolecule conjugation, polymer coatings, and hybrid nanostruc-
tures, can enhance biocompatibility, stability, and selectivity for biomedical and environmental targets.

(3) Toxicological and Regulatory Studies

Comprehensive in vitro and in vivo toxicity assessments are essential to establish safe concentration ranges, degra-
dation pathways, and environmental impacts of magnetite nanoparticles, paving the way for clinical and environmen-
tal approvals.

(4) Hybrid and Smart Nanocomposites
Integration with advanced materials like graphene, carbon nanotubes, MOFs, or biochar can create multifunctional
composites with enhanced magnetic, catalytic, and adsorption properties for targeted applications [42].

(5) Industrial Scale-Up and Commercialization

Research should focus on developing cost-effective synthesis routes, batch-to-batch consistency, and reusable nano-
composites, enabling transition from laboratory prototypes to commercial products in sectors such as water treatment,
drug delivery, and sensing.
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(6) Computational Modeling and Al Integration
Machine learning algorithms and computational modeling can be employed to predict nanoparticle properties, opti-
mize synthesis conditions, and accelerate the discovery of novel nanocomposite materials.

(7) Circular Economy Approaches
The reuse of agro-waste and industrial byproducts in nanoparticle synthesis should be expanded, aligning nanotech-
nology with sustainable development goals (SDGs) and minimizing waste generation.

6. Conclusion

This work highlights magnetite nanoparticles and magnetite-based nanocomposites as promising multifunctional ma-
terials, offering a combination of superparamagnetic behavior, high surface-to-volume ratios, tunable surface chem-
istry, and environmental compatibility. The green synthesis method employed demonstrates a cost-effective and eco-
friendly approach to producing stable nanomaterials with controlled size and crystallinity, making them suitable for
biomedical imaging, targeted drug delivery, catalysis, and environmental remediation. Incorporating biochar and
other supports into magnetite nanocomposites further enhances surface activity, thermal stability, and adsorption ef-
ficiency, enabling the removal of heavy metals and organic pollutants from wastewater. The diverse applications of
magnetite nanocomposites, from medical diagnostics to environmental sustainability—showcase their potential in
addressing global challenges. Future research should focus on scaling production, improving surface functionaliza-
tion, and exploring hybrid nanocomposite systems to further expand their applicability in next-generation nanotech-
nology-driven solutions.

References

[1] Aboelfetoh EF. One step hydrothermal synthesis of magnetically separable rGO supported Fe;O4 and Ag nanoparticles for adsorp-
tion and reduction of organic pollutants. Sci Rep. 2025;15(1):27342.

[2] Oliveira JR, Santos A, Silva L, et al. Green magnetic nanoparticles CoFe204@Nb502 applied in paracetamol removal. Magneto-
chemistry. 2023;9(8):200.

[3] Zulfigar N. Photocatalytic Degradation of Antibiotics From Aqueous Solution via Exploitation of Magnetic Nanocomposite: a
Green Nanotechnology Approach Towards Drug-infested Water Reclamation. SSRN. Preprint posted online 2021. DOI:
10.2139/ssrn.4572757.

[4] Zulfigar N, Nadeem R, Musaimi OAI. Photocatalytic Degradation of Antibiotics via Exploitation of a Magnetic Nanocomposite:
A Green Nanotechnology Approach toward Drug-Contaminated Wastewater Reclamation. ACS Omega. 2024;9(1):1-10.

[5] Abd-Elrahman R, Mohamed A, El-Kady MF, et al. Highly efficient magnetic iron oxides-polyaniline nanocomposite for electro-
chemical removal of lead and cadmium ions from contaminated water. J Taiwan Inst Chem Eng. 2025;173:106187.

[6] Zulfigar N, Shariatipour M, Inam F. Sequestration of chromium (vi) and nickel (ii) heavy metals from unhygienic water via sus-
tainable and innovative magnetic nanotechnology. Nanoscale Adv. 2024;6(1):287-301.

[7] Zulfigar N. Polymer Matrix Composites: Delving Deep Into Types, Properties, Manufacturing Techniques, and Their Multifaceted
Applications Across Diverse Sectors. SSRN. Preprint posted online September 15, 2023.

[8] Zulfigar N. Exploring the World of Graphene Nanocomposites: Properties, Applications, and Progress. SSRN. Preprint posted
online January 7, 2021.

[9] Farooq M, Khan I, Sadiq A, et al. Phytoassisted synthesis of CuO and Ag—CuO nanocomposite, characterization, chemical sensing
of ammonia, degradation of methylene blue. Sci Rep. 2024;14(1):1618.

[10] Zulfigar N. Synthesis and Characterization of Pure and Zirconium Doped NiO-ZnO Nanocomposite for the Photodegradation of
Brilliant Green Dye. SSRN. Preprint posted online 2023.

[11] Mostafaloo R, Hosseini S, Ghasemi M, et al. Photocatalytic degradation of ciprofloxacin antibiotic from aqueous solution by
BiFeO3 nanocomposites using response surface methodology. Glob J Environ Sci Manag. 2020;6(2):191-202.

[12] Wang X, Chen Y. ZnIn2S4/CoFe204 p-n junction-decorated biochar as magnetic recyclable nanocomposite for efficient photo-
catalytic degradation of ciprofloxacin under simulated sunlight. Sep Purif Technol. 2022;303:122156.

[13] Zulfigar N. Advanced Oxidation Processes for Lindane Degradation: A Leap Toward Water Purification Excellence. SSRN. Pre-
print posted online 2025.

DOI: 10.26855/sa.2026.03.001 11 Scientific Access



Noor Zulfigar et al.

[14]

[15

—_

[16

—_

[17]

(18]

[19]

[20]

(21]

[22]

(23]

(24]

(25]

[26]

(27]

(28]

[29]

[30]

[31]

(32]

(33]

[34]

[33]

[36]
[37]

[38]

Rahman A, Zhang B, Liu C, et al. Fabrication of Ce3+ substituted nickel ferrite-reduced graphene oxide heterojunction with high
photocatalytic activity under visible light irradiation. J Hazard Mater. 2020;394:122593.

Zulfigar N, Ahmed S, Khan MM, et al. Sustainable Fabrication of Metal-doped rGO Nanocomposites for Photocatalytic Antibiotic
Degradation in Aqueous Systems. Adv Sustain. 2025;5(1):18-27.

Shekofteh-Gohari M, Habibi-Yangjeh A, Abitorabi M, et al. Magnetically separable nanocomposites based on ZnO and their ap-
plications in photocatalytic processes: a review. Crit Rev Environ Sci Technol. 2018;48(10-12):806-57.

Abid N, Khan AM, Shafi S, et al. Synthesis of nanomaterials using various top-down and bottom-up approaches, influencing
factors, advantages, and disadvantages: A review. Adv Colloid Interface Sci. 2022;300:102597.

Balamurugan M, Saravanan S, Soga T. Synthesis of iron oxide nanoparticles by using Eucalyptus globulus plant extract. e-J Surf
Sci Nanotechnol. 2014;12:363-7.

Almutairi TM, Alhadlag HA, Aljohani SA, et al. Green Synthesis of Magnetic Supramolecules f-Cyclodextrin/Iron Oxide Nano-
particles for Photocatalytic and Antibacterial Applications. ACS Omega. 2023;8(35):32067-77.

Almomani F, Bhosale R, Khraisheh M, et al. Heavy metal ions removal from industrial wastewater using magnetic nanoparticles
(MNP). Appl Surf Sci. 2020;506:144924.

Mahmoudi M, Sant S, Wang B, et al. Superparamagnetic iron oxide nanoparticles (SPIONs): development, surface modification
and applications in chemotherapy. Adv Drug Deliv Rev. 2011;63(1-2):24-46.

Zhang X, Li Y, Wang P, et al. Magnetically induced anisotropic conductive hydrogels for multidimensional strain sensing and
magnetothermal physiotherapy. Chem Eng J. 2023;474:145832.

Zulfiqar N. Industrial and Agricultural Contributions to Water Pollution in Pakistan: Policy Interventions for Sustainable Water
Management. SSRN. Preprint posted online 2025.

Zulfigar N, Tariq S, Ali MA, et al. Policy Interventions for the Sustainable Management of Industrial and Agricultural Water
Pollution in Pakistan. Int J Sustain Energy Environ. 2025;2(2):63-9.

Zulfigar N. Unlocking Chemical Transformations by Demystifying Mechanisms, Diverse Types, and Wide-ranging Applications
of Phase Transfer Catalysis. SSRN. Preprint posted online 2023.

Zulfigar N. Osmium/Graphene Single Atom Catalyst for CO Oxidation: Advancements in Efficient Catalytic Processes. SSRN.
Preprint posted online 2025.

Baig MM, Yousuf MA, Warsi MF, et al. Structural and photocatalytic properties of new rare earth La3+ substituted MnFe204
ferrite nanoparticles. Ceram Int. 2020;46(14):23208-17.

Zulfigar N. Magnetic Marvels: Comparative Synthesis and Characterization of Multifaceted Nanoscale Magnetic Particles for
Innovative Applications. J] Nanomed Nanotechnol. 2024;15(2):721.

Aksu Demirezen D, Yildiz YS, Yilmaz DD. Amoxicillin degradation using green synthesized iron oxide nanoparticles: Kinetics
and mechanism analysis. Environ Nanotechnol Monit Manag. 2019;11:100219.

Stiufiuc GF, Stiufiuc RI. Magnetic Nanoparticles: Synthesis, Characterization, and Their Use in Biomedical Field. Appl Sci.
2024;14(4):1623.

Acharya R, Parida K. A review on TiO2/g-C3N4 visible-light- responsive photocatalysts for sustainable energy generation and
environmental remediation. J Environ Chem Eng. 2020;8(4):103896.

Monaghan JF, Smith A, O'Connor R, et al. Radiobiological Applications of Vibrational Spectroscopy: A Review of Analyses of
Ionising Radiation Effects in Biology and Medicine. Radiation. 2024;4(3):276-308.

Golmohammadi M, Hanafi-Bojd H, Shiva M. Photocatalytic degradation of ciprofloxacin antibiotic in water by biosynthesized
silica supported silver nanoparticles. Ceram Int. 2023;49(5):7717-26.

Okano Y. Scanning Electron Microscopy. In: The Surface Science Society of Japan, editor. Compendium of Surface and Interface
Analysis. Singapore: Springer Singapore; 2018. p. 563-9.

Newbury DE, Ritchie NW. Is scanning electron microscopy/energy dispersive X-ray spectrometry (SEM/EDS) quantitative? Scan-
ning. 2013;35(3):141-68.

Liao Y. Practical electron microscopy and database. An Online Book. 2006;3:1412.

Zulfigar N, Aslam A, Rehman K, et al. Nano-magnetism unleashed: Targeted healing in yoga and physiotherapy with magnetic
nanoparticles. Nano Med Mater. 2024;3(2):1377.

Zulfiqar N. Application of microwaves for the synthesis of silver nanoparticles via acacia nilotica extract and their evaluation for
antimicrobial efficacy. SSRN. Preprint posted online 2023.

DOI:

10.26855/5a.2026.03.001 12 Scientific Access



Noor Zulfigar et al.

[39] Sandhya J, Kalaiselvam S. Biogenic synthesis of magnetic iron oxide nanoparticles using inedible borassus flabellifer seed coat:
characterization, antimicrobial, antioxidant activity and in vitro cytotoxicity analysis. Mater Res Express. 2020;7(1):015045.

[40] Zulfiqar N, Igbal M, Raza A, et al. Synthesis of metal nanoparticles and their role in degradation of pesticides/herbicides: a review.
Discov Appl Sci. 2025;7(6):1-24.

[41] Zulfiqar N. Effect of adding surfactant additives (sodium lauryl sulphate) in water on the performance of flat plate solar distillation
system for the purification of water. J Water Process Eng. 2023;52:103501.

[42] Zulfigar N, Arsalan M, Inam F. Heat-Induced Morphological Changes in Silver Nanowires: A review. Int J Adv Nano Comput
Anal. 2025;4(1):55-74.

DOI: 10.26855/sa.2026.03.001 13 Scientific Access



