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Iron oxide nanoparticles (MNPs) have emerged as a versatile class of nanomaterials
with promising biomedical applications, particularly in targeted drug delivery,
imaging, and diagnostics. This study reports the synthesis of iron oxide magnetic
nanoparticles via a chemical coprecipitation method, stabilized with citric acid to
prevent aggregation and improve colloidal stability. The synthesized nanoparticles
were thoroughly characterized using dynamic light scattering (DLS), zeta potential
measurements, scanning electron microscopy (SEM), transmission -electron
microscopy (TEM), Fourier-transform infrared spectroscopy (FTIR), ultraviolet-
visible (UV-Vis) spectroscopy, and X-ray diffraction (XRD). The results confirmed
the successful synthesis of uniformly sized, spherical iron oxide nanoparticles with
high crystallinity and surface stability. This foundational work sets the stage for the
incorporation of these MNPs in advanced biomedical systems, including targeted
drug delivery.
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1.0 INTRODUCTION

Iron oxide nanoparticles (MNPs) have emerged as a
critical class of nanomaterials with a broad spectrum
of applications across disciplines, including catalysis
and photocatalysis, magnetic fluids (ferrofluids),
environmental remediation, energy storage, and
particularly, biomedical sciences [1-3]. Among these
fields, the biomedical applications of iron oxide
nanoparticles have garnered the most attention due to
their unique combination of physical and chemical
properties, making them highly suitable for targeted
drug delivery, magnetic resonance imaging (MRI),
hyperthermia therapy, magnetofection, and tissue
engineering [4-6]. The ability to manipulate these
nanoparticles using external magnetic fields,
combined with their biocompatibility and nanoscale
size, allows for high precision in diagnostics and
therapeutics.

Iron oxide nanoparticles, particularly magnetite
(FesO4) and maghemite (y-Fe:0s), are the most
widely studied MNPs due to their favorable magnetic
properties, relative non-toxicity, and ease of synthesis
[4-6]. For biomedical applications, several criteria
must be met to ensure functionality and safety. These
include chemical stability in physiological
environments, particle sizes typically below 100 nm
to facilitate cellular uptake, superparamagnetic
behavior at body temperature, high magnetic
saturation, and a narrow particle size distribution [3,
5]. However, one of the primary challenges lies in
ensuring the stability and dispersibility of these
nanoparticles in aqueous and physiological solutions.
Bare MNPs tend to aggregate and oxidize due to high
surface energy and magnetic dipole-dipole
interactions, thereby losing their superparamagnetic
properties and biocompatibility [7-9].

To overcome these limitations, surface modification
is essential. Coating MNPs with biocompatible
materials prevents agglomeration, sedimentation,
and oxidative degradation while simultaneously
improving their colloidal stability and functional
versatility [7-9]. Both organic and inorganic
materials have been investigated for this purpose, but
organic molecules offer greater versatility in tailoring
surface chemistry for specific biomedical uses.
Among them, citric acid (CsHsO-) has recently
attracted considerable interest as a stabilizing agent
due to its strong chelating ability and exceptional
biocompatibility [10]. Citric acid contains three
carboxylic acid groups and a hydroxyl group, which
allow it to form stable coordination complexes with
iron ions on the nanoparticle surface. This not only
provides a steric barrier against aggregation but also
renders the nanoparticles hydrophilic, enhancing
their dispersibility in biological media [11, 12]. Citric
acid-coated MNPs have shown great promise in
applications such as MRI contrast agents,
hyperthermia treatment, drug delivery systems, and
biosensors [11, 12].
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Moreover, citric acid plays a dual role during
nanoparticle synthesis. It influences the nucleation
and crystal growth phases, contributing to the
formation of uniform, monodisperse nanoparticles
[13, 14]. However, the choice of synthesis method
remains critical in determining the final properties of
the nanoparticles. Several synthetic routes exist,
including  sol-gel,  thermal  decomposition,
hydrothermal, and co-precipitation techniques [4—6].
Among these, co-precipitation stands out for its
simplicity, scalability, and environmental
friendliness. It allows for relatively low-temperature
synthesis using aqueous precursors and results in
nanoparticles with tunable properties by controlling
parameters such as pH, temperature, and reagent
concentration [5, 6]. Additionally, the reaction by-
products of this method, typically nitrogen, water,
and carbon dioxide, are environmentally benign,
making it a green synthesis approach.

Despite the abundance of literature on MNPs
synthesis and stabilization, challenges remain in
developing a one-step, eco-friendly method that
yields nanoparticles with consistent morphology,
high stability, and functional performance in
biological systems. In this study, we report the
synthesis and characterization of iron oxide
nanoparticles stabilized with citric acid via a
chemical co-precipitation method. The objective is to
obtain biocompatible, monodisperse MNPs with
appropriate physicochemical properties for future
biomedical applications. By optimizing the synthesis
conditions and leveraging citric acid’s stabilizing and
chelating capabilities, this work aims to contribute to
the growing field of nanoparticle-based diagnostic
and therapeutic technologies.

2.0 MATERIALS AND METHODS

2.1 Materials

Iron (III) chloride hexahydrate (FeCls;-6H>0), iron
(I) chloride tetrahydrate (FeCl,-4H,0), 25%
ammonia solution, citric acid, deionized water, and
ethanol were purchased from Sigma-Aldrich. All
reagents were of analytical grade and used as
received.

2.2 Synthesis of Iron Oxide Nanoparticles (MNPs)
The MNPs were synthesized via the conventional
chemical co-precipitation method as described by
Braim et al. [15], with slight modifications. Briefly,
ferric chloride hexahydrate (FeCl;-6H,O, 3.65 g,
13.5 mmol) and ferrous chloride tetrahydrate
(FeCl,-4H,0, 1.34 g, 6.75 mmol) were dissolved in
10 mL of deionized water in a 100 mL two-neck
round-bottom flask. The solution was heated to 80 °C
and maintained under a nitrogen atmosphere with
constant stirring at 650 rpm for 30 minutes to prevent
oxidation of Fe?" ions. Subsequently, 12.5 mL of 25%
aqueous ammonia was added dropwise via syringe
under the same temperature and inert conditions. This
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resulted in a visible color change from brown to
black, indicating the formation of iron oxide
nanoparticles. After 30 minutes of additional stirring,
citric acid (1.5 g) was introduced as a capping agent
to prevent agglomeration of the particles. A 2:1 molar
ratio of Fe** to Fe?" was used to ensure stoichiometric
formation of FesO4, and the citric acid dosage (1.5 g)
was optimized based on preliminary trials for
maximum stability without excess surface residue.
The mixture was then allowed to cool to room
temperature. The black precipitate was magnetically
separated, washed three times with deionized water
and twice with ethanol to remove residual ions and
impurities. The purified nanoparticles were finally
air-dried at ambient temperature for 24 hours to yield
dried iron oxide nanoparticles.

Figure 1: laboratory setup during MNPs synthesis

2.3 Characterization
2.3.1 Dynamic Light Scattering (DLS)
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Figure 2: Schematic diagram showing the principle
of a DLS [16]

Dynamic Light Scattering (DLS) was employed to
evaluate the hydrodynamic diameter, polydispersity
index (PDI), and zeta potential of the synthesized
iron oxide nanoparticles. DLS measures the intensity
of light scattered by particles undergoing Brownian
motion, with smaller particles diffusing faster than
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larger ones [16,17]. The measurements were
performed at room temperature using a Nano Plus
zeta/nano particle analyser. For hydrodynamic
diameter and PDI measurements, 0.015 g of
synthesized MNPs was dissolved in 10 mL of
distilled water and sonicated for 30 minutes. The
resulting suspension was loaded into a 2 mL cuvette
using a syringe and analysed following the NickRes
Group standard operating procedure (SOP). The zeta
potential was measured using the same instrument
but with a separate zeta cell. The sonicated
nanoparticle suspension was loaded into the zeta cell
using a 1 mL syringe. The measurement parameters
included a viscosity of 0.890 cP, refractive index of
1.3350, dielectric constant of 78.3, and a repetition
count of 1.

2.3.2 Magnetic Properties

To assess the magnetic properties of the synthesized
MNPs, an external magnetic field (magnet) was
applied. Images were taken before and during
magnetic exposure to visually demonstrate the
nanoparticles’ superparamagnetic-like behaviour or
magnetic responsiveness.

2.3.3 Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray Fluorescence
Spectrometry (EDS)

The surface morphology and elemental composition
of the magnetite nanoparticles were characterized
using a SEM (JEOL JSM-7100FLV, Germany)
equipped with EDS. SEM utilizes both electrostatic
and electromagnetic lenses to produce high-
resolution images by scanning the particle surface
with an electron beam [16]. Before analysis, the
samples were mounted on aluminium stubs with
double-sided carbon tape. The stubs were placed in
specimen holders and introduced into the chamber.
SEM measurements were carried out at an
accelerating voltage of 15 kV and a working distance
of 10.0 mm. Images were captured at various
magnifications using the MALIGN and wobbler
alignment tools. Image analysis was performed with
Image] software. EDS was used to determine the
elemental composition of selected SEM image
spectra. The analysis was performed at accelerating
voltages of 20-30 kV and a working distance of 10.0
mm.

2.3.4 Transmission Electron Microscopy (TEM)

TEM (JEOL 2100 Plus, Germany) was used to
examine the morphology and core size of MNPs.
TEM projects an electron beam through a thin slice
of the sample to generate two-dimensional images
[16]. Sample preparation involved dispersing 0.01 g
of the nanoparticles in 10 mL of deionized water,
followed by 30 minutes of sonication. A 50 pL drop
of the suspension was placed on a TEM grid and
dried for 15 minutes. The grid was then loaded into
the sample holder for analysis. The microscope was
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operated at a current of approximately 5.6 pA and a
magnification of 40,000x. Images were captured
using the GATPC software, and particle size was
calculated using ImagelJ software.

2.3.5 FT-IR Spectroscopy

FT-IR spectroscopy was conducted using an Agilent
CARY 630 spectrometer (Santa Clara, CA, USA)
within a scanning range of 400-4000 cm™. The aim
was to identify functional groups and bond
characteristics of the synthesized and modified
nanoparticles. No prior sample preparation was
required. The diamond sample window and press tip
were cleaned with  acetone.  Background
measurements were first taken, after which samples
were placed on the crystal surface for scanning. The
data was processed using ACD Labs software.

2.3.6 UV-Visible Spectroscopy

A Jasco V-670 spectrometer was used to determine
the optical properties of the nanoparticles in the range
of 200—800 nm. The absorption profile was used to
confirm nanoparticle synthesis and optical behavior.

2.3.7 X-Ray Diffraction, XRD

XRD analysis was carried out using a Rigaku
Smartlab X-ray diffractometer (China) to determine
the crystalline structure of synthesized and coated
nanoparticles. XRD operates on the principle of
constructive interference between incident X-rays
and the crystalline sample, producing a diffraction
pattern unique to each material. Prior to analysis,
nanoparticle powders were finely ground and loaded
onto polyethylene XRD plates. The analysis was
performed at a tube voltage of 40 kV and current of
50 mA. The diffraction patterns were recorded across
a 20 range and used to confirm crystallinity.

3.0 RESULTS AND DISCUSSION

3.1 Visual Observation and Magnetic Properties
The nanoparticles synthesized via chemical
coprecipitation method were black in colour,
suggesting the formation of iron oxide. When
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brought close to a magnet the nanoparticles were
attracted towards it as seen in Figure 3 and returned
to their non-magnetic state on removal of the magnet
confirming magnetic responsiveness.

Figure 3: of the iron

nanoparticles

Images synthesized

3.2 Particle Size Distribution and Surface Charge
Analysis

The dynamic light scattering analysis data (Figure 4)
revealed an average hydrodynamic size of 171.1 £
76.8 nm, which exceeds the ideal range (<100 nm)
for biomedical uptake. This is likely due to
agglomeration and hydration shell formation in
aqueous medium, as TEM results (below) show a
much smaller core size. The PDI of 0.138 indicates a
narrow size distribution, suitable for biomedical use.
Zeta potential was measured as —36.01 mV, which is
more negative than —30 mV, confirming good
colloidal stability [18]. Values more negative than —
30 mV typically reflect strong electrostatic repulsion
between particles.
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Figure 4: DLS size and Zeta Potential data for the iron oxide nanoparticles
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Table 1: DLS Data for the Synthesized iron oxide nanoparticles

Compound Average Diameter (nm)

PDI Zeta potential (mV)

Synthesized MNPs 171.1+£76.8

0.138 36.01

3.3 Morphology Analysis by SEM and TEM

The SEM images (Figure 5) of the MNPs at varying
magnifications showed images that are spherical in
shape with different sizes from 1 pm to 100 nm. This
indicates that some of the particles are aggregated

I
10.0kV SEI

because of the magnetic properties of the
nanoparticles. When compared with the average
diameter from DLS, this suggests that the measured
value might be because of aggregated particles rather
than individual particles.

x10,000 10.0kV SEI

Figure Sa: SEM Images of the Synthesized iron oxide nanoparticles at varying magnification values (a & b)
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Figure 5b: SEM Images of the Synthesized iron oxide nanoparticles at varying magnification values (¢ & d)

10ym

Figure 5c: SEM Images of the Synthesized iron oxide nanoparticles and EDS Mapping ()

Transmission  electron  microscopy  (TEM)
determines the size and shape of the nanoparticles
and gives insight on their morphology. The images
(Figure 6) showed the formation of spherical shaped
nanoparticles with an average size of 7.04 £ 1.71 nm.
Though there were few large particles due to the
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aggregation of smaller particles, the majority of the
particles in the TEM images were less than 20nm,
indicating that they are superparamagnetic. This
further confirms the suitability of the synthesized
nanoparticles for anticancer drug delivery systems
[19-21].
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Figre 6: TEM Images of te synthesized iron nanoparticles

3.4 FTIR Spectroscopy

The FT-IR analysis was also used in the
characterization of the synthesized MNPs to ascertain
the bond-level and the functional groups. The
spectrum (Figure 7) of the prepared iron oxide
nanoparticles exhibited defined peaks at 552, 1060,
1559, 2952, and 3130 cm ™. The peak at 552 cm™! fell
within the fingerprint region of metal-oxygen bond,
in this case, Fe-O bond, which further confirms that
the developed nanoparticles were iron oxide [22].
The peak at 1060 cm™ likely corresponds to C-O
stretching vibrations from citrate groups bound to the
nanoparticle surface, while the peak at 1394 cm™!

indicates the presence of an O-H bending, attributed
to the citric acid used as a capping agent to minimise
aggregation. The broad peak between 2952 and 3130
cm™! is attributed to O—H stretching vibrations, likely
from surface-bound hydroxyl groups and adsorbed
water. These results were consistent with the SEM-
EDX mapping analysis (Figure 5¢) which showed the
elemental composition at various spectrum of the
SEM images to be mostly Fe and O. The findings
agree with those of Frounchi and Shamshiri [20], as
well as other studies using hydrothermal synthesis
methods [23, 24].
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Figure 7: FT-IR Spectrum of the iron nanoparticles
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3.5 UV-Visible Spectroscopy

The UV-Visible spectrum (Figure 8) of the powdered
iron oxide nanoparticles showed a broad peak
between 400 — 600 nm. From other studies, an
absorption peak in the wavelength range of 400-600

J. Chem. Allied Sci. July. 2025; 1(1): 41~50

nm defines the characteristic of iron oxide
nanoparticles [22, 25]. This is in good agreement
with the characteristic FT-IR peak at 552 cm™ for Fe-
O bond.
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Figure 8: UV-Visible Spectrum of the iron nanoparticles

3.6 X-Ray Diffraction (XRD) Analysis

Finally, the XRD study was used to assess the
structure and crystallinity of the synthesized
nanoparticles. From the XRD spectrum (Figure 9),
peaks detected were 35.56°, 56.9° and 62.60° at 20
range. The conspicuous peak at 35.56° confirms the

formation of an iron oxide nanoparticle, which agrees
with Jones et al. [19] that standard diffraction peaks
of magnetite and maghemite are 35.43° and 35.62°
respectively. In addition, the peak pattern was
identical to the Bragg reflections of the spinel ferrite
structure [26, 27].
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Figure 9: XRD Spectrum of the iron nanoparticles
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4.0 CONCLUSION

Citric acid-stabilized iron oxide nanoparticles were
successfully synthesized using a green co-
precipitation approach. The particles exhibited
superparamagnetic-like core sizes (<20 nm by TEM),
good dispersibility (zeta potential of —36.01 mV), and
strong Fe—O bonding as shown by FTIR and XRD.
While TEM confirmed their suitability for
biomedical use, DLS revealed larger hydrodynamic
sizes due to aggregation or surface hydration. The
magnetic  behavior was only qualitatively
demonstrated; thus, further magnetic characterization
using vibrating sample magnetometer (VSM) or
superconducting quantum interference device
(SQUID) is needed to determine superparamagnetic
properties. This study provides a sustainable and
reproducible method for producing biocompatible
MNPs and lays the groundwork for future
functionalization studies in  nanomedicine,
environmental remediation, and smart materials.
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