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ABSTRACT

Iron oxide nanoparticles possess remarkable properties including high surface area, strong magnetic response and good
biocompatibility. The co-precipitation method is widely used because of its simplicity, mild operating conditions and high scalability.
Using ascorbic acid as reducing agent helps maintain the Fe2*/Fe3+ balance, which improves dispersion stability and supports the
formation of magnetite. In this study, iron oxide nanoparticles were synthesized at reaction temperatures from 30 °C to 90 °C. X-ray
diffraction (XRD) patterns, field emission scanning electron microscope (FESEM) images and vibrating sample magnetometer (VSM)
curves were evaluated to determine the phase evolution, crystallite size, full width at half maximum (FWHM), particle morphology,
and magnetic properties. Standard thermodynamic parameters were calculated to link with the experimentally observed structural
quality magnetic transformations. The results show that 70 °C is the minimum temperature required to form a stable cubic spinel iron
oxide phase. The lower investigated temperature at 50 °C forms only hematite (a-Fe,03) due to accelerated oxidation and insufficient
thermal energy. The reaction temperature at 80 °C produced a uniform agglomerated particulates due to their highly magnetic
behaviour as evaluated by VSM. The best structural quality, with the largest crystallite size of 7.42 nm and the narrowest FWHM of
0.0205 rad was recorded at 80 °C. Reaction temperatures from 70 °C to 90 °C show exothermic and spontaneous formation of the
spinel phase. However, pushing the reaction to 90 °C limits structural and magnetic optimization. At this temperature, the saturation
magnetisation (Ms) decreases from 30.6170 emu/g (at 80°C) to 22.6610 emu/g. This behaviour indicates that excessive thermal
energy promotes aggressive nucleation, which reduces crystal order and magnetic behaviour. Reaction temperatures from 70 °C to
90 °C also confirm the exothermic, spontaneity and randomness of the reaction. This investigation serves as a crucial preliminary
screening and feasibility phase to establish the baseline temperature level required for subsequent Design of Experiment (DOE).
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1. INTRODUCTION

Iron oxide nanoparticles typically have a cubic spinel In general, the formation of iron oxide nanoparticles
structure, typically ranging from 1 to 100 nm in diameter. through co-precipitation begins with the dissolution of Fez*
Their high surface area [1] and unique superparamagnetic and Fe3+ salts in water, followed by the addition of a high
properties allow them to be manipulated by external concentration alkali that precipitates tiny solids. The
magnetic fields, enabling applications in targeted drug  detailed chemical pathway consists of three main stages
delivery [2], wastewater treatment [3] and heterogenous [10]:
catalysis. Applying magnetite as a coating material or
nanofiller greatly improves the separation and purification )] Initial precipitation of intermediate hydroxides.
efficiency [4].

(ii) Solid-state  transformation, where thermal
The co-precipitation method is the most common technique dehydration and co-condensation into the cubic inverse
for synthesizing iron oxide nanoparticles compared to spinel structure occurs.
hydrothermal or solvothermal [5], sol-gel [6], thermal
decomposition [7] and green biosynthesis [8]. It is simple, (iii) Oswald ripening, where smaller dissolved particles
operates under mild conditions, and is easily scalable,  redeposit onto larger ones to promote crystal growth.
producing nanoscale magnetite (5-20 nm) with high purity
and crystallinity [9].
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A major challenge during co-precipitation is maintaining a
sufficient amount of Fe?* ions. Under ambient conditions,
rapid oxidation of Fe2* to Fe3* is expected, leading to the
formation of non-magnetic hematite phase [11]. Bubbling
nitrogen or argon is commonly practiced suppressing this
transformation [12]. Another approach is the use of
ascorbic acid to maintain the Fe2*:Fe3+ ratio at 1:2 [13]. In
this case, ascorbic acid is introduced during the reaction as
a reducing agent that partly contributes to control core
nucleation and growth, rather than applied after particle
formation for surface coating and to ensure colloidal
stability, enhancing dispersion, biocompatibility and MRI
contrast properties [14].

Temperature generally plays an important role in providing
the activation energy dehydration and in controlling the
rate of ion diffusion during the crystal-growth phase. As a
result, the crystallite size and overall structural quality of
the iron oxide are affected [15], [16]. Temperature also
influences the thermodynamic behaviour during phase
formation. This includes determining the standard changes
in enthalpy, entropy and Gibbs free energy at different
reaction temperatures. From these values, the spontaneity
and driving force of the reaction can be assessed, and the
size- and shape - dependent stability can be understood and
predicted. Ultimately, the dynamics of these parameters can
be linked to the growth of kinetics and phase evolution.
However, most current studies focus on the
thermodynamics of pollutant adsorption of iron oxides [17],
[18] rather than the thermodynamics of nanoparticle
formation itself. This study aims to fill that gap by acting as
preliminary screening stage to identify temperature factors
and to establish baseline boundaries. This screening stage is
crucial for defining the temperature ranges for subsequent
optimization using Design of Experiments (DOE). It
correlates phase evolution and crystal quality with the
calculated thermodynamic properties and identifies the
minimum reaction temperature for iron oxide
nanoparticles formation in ascorbic acid-assisted co-
precipitation.

2. EXPERIMENTAL DETAILS
2.1. Materials

Ferrous chloride tetrahydrate, (FeCl2-4H20, 97%), Ferric
chloride hexahydrate (FeCls-6H20, 97%) and ammonium
hydroxide (NH4OH) solution at 29% concentration were
purchased from Sigma Aldrich. Ascorbic acid with purity of
99.8% acted as the reducing and capping agent, was
obtained from HmbG Reagent Chemicals. All chemicals
were used as received without further purification.

2.2. Samples Preparation

Iron oxide nanoparticles were produced from co-
precipitation method. 0.30 g FeCl2.4H20 and 0.81 g
FeCl3.6H20 was dissolved in 150 mL deionised water in
molar ratio of 1:2 and then stirred at a constant speed of 350
rpm using magnetic stirrer on a heating plate at room
temperature. Subsequently, 0.05 g of ascorbic acid was
added to the solution to maintain the Fe2+ ions. Then, 5 ml
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of NH4OH was added dropwise until the solution reached a
pH of 10. At this point, characteristic brownish-black
precipitate started to form. The resulting suspension was
then heated at the target temperatures of 50 °C, 70 °C, 80 °C,
or 90 °C in a water bath for 120 minutes. The precipitates
were separated from the solution using a strong
neodymium magnet and repeatedly washed with deionised
water until the pH of supernatant turned neutral. The
isolated powders were dried at 60 °C for 24 hours prior to
characterisations.

2.3. Samples Characterisations

The phases of the precipitates formed were qualitatively
analysed using X-ray diffraction (XRD) on a Bruker D8
Advance with Cu Ko radiation (A = 1.54184 A) by recording
the patterns over a 26 range of 20 to 80° with a step size of
0.02° and a scanning rate of 0.5°/min. The average
crystallite size (D) was calculated from the intense
reflection of the spinel structure using the Scherrer
equation [19] as shown in Equation (1),

_ K2
- B cos@

(1)

where K is the non-spherical shape factor (0.9), p is the
FWHM of the diffraction peak in radians and 6 is the Bragg
angle.

Because the nanoparticles are extremely small (below 10
nm), their diffraction peaks are naturally very broad,
causing the observed FWHM values above 0.02 rad. In
comparison, the instrumental broadening of the
diffractometer is only about 0.0012 rad, which is much
smaller than the broadening caused by the sample itself.
When the instrumental value is subtracted using the
standard correction formula, the change in peak width is
less than 0.2%. The difference is too small to affect the
Scherrer calculation, so the instrumental broadening can be
considered negligible for this analysis [20].

Morphology of nanoparticles was observed using field
emission scanning electron microscope (FESEM) (NOVA
NanoSEM, FEl, Hillsboro, Oregon, US) operating at
acceleration voltages between 10.00 kV and 15.00 kV under
high vacuum mode. Images were captured at 35,000x and
100,000x magnifications. A qualitative separation test was
performed using an external neodymium magnet to
evaluate the macroscopic magnetic properties. Room
temperature magnetic properties including saturation
magnetisation (Ms), remanent magnetisation (M:) and
coercivity (Hc) were quantified using a Vibration Sample
Magnetometer (VSM, Lakeshore 7404 Series) across an
applied magnetic field range of -13,000 to +13,000.

This screening stage focuses on confirming the baseline
transitions during the reaction. Since this work serves as a
feasibility study to identify the active thermal boundaries
before moving into full DOE optimisation, replications with
error bars or standard deviations were not conducted at
this point. Instead, the reliability of the observed trends is
supported by the consistency of the results obtained from



independent characterization methods. This is considered
sufficient for establishment of the baseline temperature
range for further systematic studies.

2.4. Thermodynamic Analysis

Thermodynamic behaviour of iron oxide nanoparticles
formation was analysed by determining the standard
enthalpy change (4H®xn), standard entropy change (45°xn)
and standard free Gibbs energy (4G°x) of each species
involved in co-precipitation reaction at target reaction
temperatures. The thermodynamic analyse the main
precipitation reaction producing magnetite (Fes04) to
emphasize the initial nucleated phase prior to any
secondary phase such as maghemite (y-Fe203). The reaction
is represented by Equation (2) [21],
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Fe?*(aq) + 2Fe3*(aq) + 80H (aq) - Fe;0,(s) +

4H,0 (1) (2)

The standard enthalpy (AH;i), and entropy (ASAQ) of

species [ at each temperature T were calculated using

standard thermodynamic equations as shown in

Equations (3) and (4) [22],

AH®¢;(T) = AH%;(298.15) + C°,;(T — 298.15) 3)
T

AS°;(T) = $°;(298.15) + C°p‘iln(m) (4)

The standard thermodynamic properties required for the
calculation are listed in Table 1.

Table 1. Standard thermodynamic properties of reactants and products at 298 K.

Species AHf Ref. o Ref. Cﬂ Ref.
(k] /mol) (k]/mol.K) (k]/mol.K)

Fe304 (s) -1118.400 [22] 0.145890 [23] 0.143400 [24]

H20 () -285.830 [22] 0.069950 [23] 0.075351 [23]

Fe2* (aq) -90.295 [23] -0.102171 [23] 0.023.000 [23]

Fe3+(aq) -50.056 [23] -0.282404 [23] -0.108000 [23]

OH-(aq) -230.015 [23] -0.010900 [23] -0.148532 [25]

The AH®xn and AS°xn were calculated using Equation (5) and
(6), by incorporating the stoichiometric coefficients for

reactants 7, and products, n].:

AH®,., (T) = Zv;AH%; ;(products) — Zv;AH ;(reactants)
(5)
AS®y .y (T) = Zv;5° (products) — Xv;S°(reactants)  (6)
Finally, AG°xn» was calculated from Equation (7) using the
values of total AH°wm and AS°w obtained using the
fundamental equation [22],
AG®;n (T) = AH® 1 (T) — TAS®n(T) (7)
This thermodynamic model assumes ideal, macro-scale
equilibrium conditions, infinitely dilute ions, and bulk
crystal properties. On the other hand, it is understood that
nano-scale systems deviate from these ideal values due to
high surface energies, localised pH and chemical variations,
and rapid intermediate reaction steps [26],[27].
Nevertheless, these classical calculations provide a useful
foundation for comparing theoretical thermodynamic
trends with the actual experimental crystal growth.

3. RESULTS AND DISCUSSION
3.1. Phase Evolution Analysis
The XRD patterns as shown in Figure 1 clearly show the

phase evolution of the precipitates formed at co-
precipitation temperatures of 30 °C, 50 °C, 70 °C, 80 °C and
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90 °C. All major diffraction peaks are indexed to their
corresponding Miller indices.

90 °C
¥: Cubic Spinel

(400)

—70°C

Intensity (a.u.)

20 (degree)

Figure 1. XRD patterns of precipitates formed at reaction
temperatures of 30 °C, 50 °C, 70 °C, 80 °C and 90 °C.

Characteristic reflections of a cubic inverse spinel iron oxide
emerge within the reaction temperature range of 70 °C to
90 °C. However, the diffraction peaks exhibit a slight shift
from the standard magnetite pattern according to JCPDS
01-075-0449 due to lattice strain and nanoscale surface
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effects [28], [29]. The cubic inverse spinel structure is
confirmed based on the characteristic reflections appearing
at (220), (311), (400), (511) and (440). However, it is
important to note that standard XRD analysis has limited
capacity to distinguish between magnetite (Fe304) and
maghemite (y-Fez203), which is known as its fully oxidized
derivative sharing the identical cubic inverse spinel
structure with very close lattice constants (a = 8.896 A for
magnetite versus a = 8.346 A for maghemite) [30]. These
configurations merge entirely due to their small
nanoparticle dimensions that causes the line broadening in
XRD patterns.

These temperatures provide sufficient thermal energy to
initiate the formation of intermediate hydroxides from
FeCl,, FeCl; and NH,OH based on the following reaction as
shown in Equation (8) [21],

Fe?*(aq) + 2Fe3*(aq) + 80OH (aq) — Fe(OH),(s) +
2Fe(OH)3(s) (8)
The two intermediate hydroxides then undergo
dehydration and transform into the cubic inverse spinel
framework, which remains suspended in water as shown in
Equation (9) [21],

Fe(OH),(s) + 2Fe(OH)3(s) = Fe30,(s) + 4H,0(l) (9)
At temperature of 50 °C, the thermal energy is insufficient
for these reactions to proceed effectively. As a result, only
the diffraction peak of hematite (a-Fe,03) was detected
(JCPDS 01-089-8104), corresponding to the (104) plane. At
this temperature, Fe?* is not adequately stabilized by
ascorbic acid, causing Fe(OH), to oxidize into Fe(OH)s,
which subsequently forms hematite as the stable phase as
shown in Equation (10),
2Fe(OH);3(s) = Fe,05(s) + 3H,0() (10)
Meanwhile, no spinel-related peaks were observed at the
lowest temperature of 30 °C. Weak and broad features of the
XRD pattern at this temperature indicate that precipitation
is incomplete; hence, there is an absence of crystalline iron
oxide phases.

At reaction temperatures of 70 °C to 90 °C with a reaction
time of 120 minutes, ascorbic acid effectively reduces Fe3*
to Fe?* and maintains the nominal stoichiometric ratio of
1:2. This prevents over-oxidation and ensures that phase
evolution proceeds toward the cubic spinel phase.

Overall, this behaviour differs from other reports on iron
oxide synthesis without a reducing agent, where spinel
phase can form at lower temperatures of 25 °C to 40 °C [31]
[32] [33]. In contrast, the presence of ascorbic acid makes
the process more dependent on reaction temperature.
Temperatures above 50 °C accelerate the formation of
intermediate  hydroxides, while dehydration and
transformation into the cubic inverse spinel structure occur
only when the reaction temperature reaches 70 °C and
above. Therefore, 70 °C marks as the minimum tested
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temperature required to nucleate a stable cubic spinel iron
oxide phase under the investigated conditions.

3.2. Analysis of Crystallite Size and Structural Quality

Figure 2 shows the crystallite size and structural quality
(FWHM) of precipitates synthesized at 70 °C, 80 °C and
90 °C of reaction temperatures, where the cubic spinel iron

oxide phase is successfully nucleated.

B FWHM
I Crystallite Size

0.030 T T

0.020

FWHM (rad
Crystallite Size (nm)

70

80
Reaction Temperature (°C)

90

Figure 2. Crystallite size and structural quality of cubic spinel
iron oxide phase synthesized at reaction temperatures from 70 °C
to 90 °C.

At temperature of 70 °C, the diffusion of ions and molecular
species is slow, and therefore the growth of the crystallites
is limited, eventually weakening the Ostwald ripening
process [31], [34]. This creates the smallest crystallite size
of 5.62 nm. The thermal energy is also not sufficient for
structural ordering, as shown by the broadest FWHM to
0.0271 rad.

However, as the reaction temperature increases to 80 °C,
diffusion becomes faster and enhances the Ostwald
ripening, allowing the crystallites to grow to 7.42 nm. The
narrowest FWHM (0.0205 rad) confirms that this
temperature provides an ideal thermal environment to
transform intermediate hydroxides into a more structurally
ordered of spinel iron oxide matrix [31], [34].

Supplying more heat by increasing the reaction
temperature to 90 °C leads to the dissolution of less
crystalline or less stable precursors such as ferrihydrite,
lepidocrocite, goethite, and occasionally hematite [35]. This
triggers aggressive nucleation and rapid growth of the more
stable phases but results in smaller crystallites of 6.14 nm.
The rapid growth also hinders structural optimisation, as
indicated by the increase in FWHM to 0.0248 rad.

Across all investigated temperatures, the crystallite sizes
remained below 20 nm. This range consistently associated
with near-superparamagnetic properties in iron oxides,
with the reaction temperature of 80 °C exhibiting a marked
improvement in structural order [36].

3.3. Morphological and Magnetic Performance Analysis



The surface morphology and aggregation characteristics of
the iron oxide nanoparticles synthesized at 80 °C are
displayed in Figure 3.

Figure 3. FESEM micrograph of the iron oxide nanoparticles
synthesized at 80 °C at magnifications of (a) 35,000x and (b)
100,000x.

Figure 3(a) reveals a highly nanostructured, continuous
network composed of interconnected nanoparticle clusters,
whereas Figure 3(b) which zooms in to reveal that these
clustered networks are composed of extremely small, near-
spherical primary nanoparticles. The widespread physical
agglomeration is a typical observation for magnetic
nanoparticles in the sub-10 nm range due to evaporative
capillary forces, high thermodynamic surface energy and
magnetic dipole-dipole interactions [37]. Due to this heavy
agglomeration, the determination of individual particle
boundaries to construct a size distribution histogram is not
possible. Therefore, this study relies primarily on the
Scherrer method to measure the core crystallite size (7.42
nm). This XRD-calculated crystallite size confirms that the
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FESEM clusters consists of single-crystallite domains that
physically aggregate into larger cluster networks.

As shown in Figure 4(a), the dry, black powder synthesized
at 80 °C responds rapidly to the external magnetic field,
aligning cleanly against the vial wall and demonstrating a
strong magnetic response. This is due to the quantified
magnetic properties and superparamagnetic behaviour of
the iron oxide nanoparticles as presented in Figure 4(b).
The extracted magnetic parameters as summarized in
Table 2.

= 80°C
304 e goc

Moment/Mass(emu/g)

=15000 -10000  -5000 o 5000 10000 15000
Field(G)

(b)

Figure 4. Magnetic characteristics of the synthesized iron oxide
nanoparticles. (a) Macroscopic magnetic attraction of the
synthesized sample at 80 °C toward an external neodymium
magnet, and (b) Room temperature VSM hysteresis loops of the
iron oxide nanoparticles synthesized at 80 °C and 90 °C.

Table 2. Magnetic parameters extracted from room temperature VSM measurement for iron oxide nanoparticles synthesized at 80 °C

and 90 °C.
Reaction Saturation Coercivity, Hc (Oe) Remanent Squareness Ratio,
Temperature (°C) Magnetisation Ms Magnetisation, M M:/M;
(emu/g) (emu/g)
80 30.6170 99.1720 4.0627 0.1327
90 22.6610 110.7400 3.5216 0.1561

VSM measurements were focused on the 80 °C and 90 °C
samples to obtain a high-resolution and comparative
physical understanding of the structure-magnetisation
correlation in developed cubic spinel systems. Both samples
display narrow hysteresis loops with extremely low
squareness ratio (Mr/Ms) of 0.1327 for 80 °C sample and
0.1561 for the 90 °C sample. The small, non-zero coercivity
(He = 99.1720 Oe at 80°C and 110.74 Oe at 90 °C) and
remanent magnetization (Mr = 4.0627 emu/g and 3.5216
emu/g, respectively) represent a near-superparamagnetic
transition state. This behaviour is highly typical of capped
nanoparticles. It is driven by weak dipole - dipole
interactions within the clusters [38].

The saturation magnetisation (Ms) of the 80 °C sample
(30.6170 emu/g) is significantly higher than that of 90 °C
sample (22.6610 emu/g) which correlates perfectly with
the crystallite size calculated from XRD analysis (7.42 nm at

80 °C vs 6.14 nm at 90 °C). As crystallite size decreases, the
surface -to- volume ratio increases, promoting to a larger
volume fraction of magnetically disordered surface layer
and a higher relative mass contribution from the non-
magnetic capping shell. Because of that, the net saturation
magnetisation of 90 °C sample is reduced. This confirms
that the structural and magnetic qualities of the synthesised
cubic spinel iron oxide nanoparticles can be controlled by
modifying the reaction temperature.

3.4. Thermodynamic Analysis on Cubic Spinel Iron
Oxide Nanoparticles Formation

The standard thermodynamic parameters of AHxn, AS°wxn,
and AS°x» were calculated across the successful spinel
phase zone (70 °C to 90 °C) and summaried in Table 3.
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Table 3. Calculated standard thermodynamic parameters for the formation of cubic spinel iron oxide nanoparticles.

Temperature (°C)

AH ' (kJ/mol)

AS” (kj/molK) | AG_ (k]/mol)

70 -146.95 1.443 -642.13
80 -128.23 1.497 -656.83
90 -109.51 1.549 -672.06

The calculated AH°xw confirms that the co-precipitation
process is exothermic (4Hx» < 0), indicating that heat is
released at all reaction temperatures of 70 °C to 90 °C. The
amount of heat released becomes lower as the temperature
increases, mainly because more energy is required for
hydration of precursor ions (specifically Fe2+ and Fe3+),
nucleation and the continuous growth of high purity cubic
spinel phases. Higher energy is also needed to form better
crystal quality as supported by the FWHM results in
Figure 2.

The AS°xn values are positive and show an increasing trend
with temperature. This is expected because heating up to
90 °C promotes the release of water from iron complexes,
which enhances the randomness of nanoparticle
movement in the solution. This also play a role in
increasing the disorder of the system. At the same time,
surface water gains enough energy to free themselves,
leaving a more concentrated solution. This condition
promotes rapid nucleation, which explains the smaller
magnetite crystallite as 6.14 nm.

The negative AG°x values indicate that the reaction is
spontaneous and becomes more thermodynamically
favourable at higher reaction temperatures. The most
negative value at 90 °C aligns with the higher disorder and
the rapid nucleation behaviour that drives the
transformation of the outer magnetite layers into
maghemite (y-Fez03). While this transformation remains
undetected in XRD profiles due to peak overlap, it is clearly
identified by the significant drop in Ms to 22.5 emu/g.
Therefore, although 90°C maximises theoretical
spontaneity, an intermediate processing temperature of
80 °C is required to balance thermodynamics and
crystallization kinetics to optimise both the structural
order and magnetic properties of iron oxide nanoparticles.

CONCLUSION

This study evaluated the structural, morphological, and
thermodynamic properties of cubic spinel iron oxide
nanoparticles synthesised from ascorbic acid-assisted co-
precipitation. The main conclusions are listed as follows:

1. This work serves as a preliminary screening and
feasibility stage to establish baseline temperature ranges.
70 °C shows the minimum tested reaction temperature
required to initiate nucleation of a stable, single-phase
cubic inverse spinel structure. Reaction temperatures
below 50 °C produce only hematite (a-Fe203) due to
insufficient thermal energy for dehydration.
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2. Reaction temperature of 80 °C serves as ideal
thermal environment to balance thermodynamics and
crystallization kinetics with highest structural order with
the largest crystallite size of 7.42 nm and the narrowest
FWHM of 0.02025 rad. This result establishes the critical
input boundary for future temperature factor in Design of
Experiments (DOE) optimisation. This temperature also
shows near-superparamagnetic behaviour, with saturation
magnetisation (Ms) of 30.6170 emu/g and a low
squareness ratio (Mr/Ms = 0.1327).

3. Bulk thermodynamic calculations show that the
formation reaction is exothermic and spontaneous. Further
heating to 90 °C increases the thermodynamic driving force
but results in a significant drop in saturation magnetisation
to 22.6610 emu/g. This is due to aggressive nucleation and
topotactic surface oxidation of magnetite to maghemite (y-
Fe:03), which can be successfully controlled by
maintaining the reaction temperature at 80 °C as verified
by this screening.

ACKNOWLEDGEMENTS

The authors express gratitude for the financial assistance
provided by the Ministry of Higher Education (MoHE)
Malaysia through the Fundamental Research Grant Scheme
(FRGS) [Grant No. FRGS/1/2022/TK08/UNIMAP/02/76].

REFERENCES
[1]]. L. Ma, Y. Wang, X. Wu, Q. Dong, Q. Ma, C. Qiao, Q.
Zhang, and ]. Zhang, “Facile synthesis of Fe ;0 ,
nanoparticles with a high specific surface area,”
Materials Transactions, vol. 55, no. 12, pp. 1900-
1902, 2014. doi: 10.2320/matertrans.M2014184.

Z. M. Avval, L. Malekpour, F. Raeisi, A. Babapoor, S.
M. Mousavi, S. A. Hashemi, and M. Salari,
"Introduction of magnetic and supermagnetic
nanoparticles in new approach of targeting drug
delivery and cancer therapy application,” Drug
Metabolism Reviews, vol. 52, no. 1, pp. 157-184,
2020. doi: 10.1080/03602532.2019.1697282.

A. Lourens, A. Falch, and R. Malgas-Enus, "Magnetite
immobilized metal nanoparticles in the treatment
and removal of pollutants from wastewater: a
review," Journal of Materials Science, vol. 58, pp.
2951-2970, 2023. doi: 10.1007/s10853-023-
08167-2.

M. Liu, Y. Ye, J. Ye, T. Gao, D. Wang, G. Chen, and Z.
Song, “Recent advances of magnetite (Fe ;0 ,)-
based magnetic,” Magnetochemistry, vol. 9, 2023

[2]

[3]



[11]

[12]

N. Yousif, S. Al-Jawad, A. Taha, and H. Stamatis, "A
Review of Structure, Properties, and Chemical
Synthesis of Magnetite Nanoparticles," Journal of
Applied Sciences and Nanotechnology, vol. 3, no. 2,
pp- 2-11, 2023. doi:
10.53293/jasn.2022.5179.1178.

J. Jesus, ]. Regadas, B. Costa, ]. Carvalho, A. Padua, C.
Henriques, P. L. P. Soares, S. Gavinho, M. A. Valente,
M. P. F. Graga, and S. S. Teixeira, "Green Sol-Gel
Synthesis of Iron Oxide Nanoparticles for Magnetic
Hyperthermia Applications,” Pharmaceutics, vol. 16,
no. 12, p. 1578, 2024, doi:
10.3390/pharmaceutics16121578.

E. A. Bakr, M. N. El-Nahass, W. M. Hamada, and T. A.
Fayed, "Facile synthesis of superparamagnetic
Fes04@noble metal core-shell nanoparticles by
thermal decomposition and hydrothermal methods:
comparative study and catalytic applications," RSC
Advances, vol. 11, pp. 781-797, 2020. doi:
10.1039/d0ra08230a.

S. Elarbaoui, "Magnetite nanoparticles (Fe304 NPs)
performed by the co-precipitation and green
synthesis processes," Main Group Metal Chemistry,
vol. 47, no. 1, p. 20230029, 2024. doi:
10.1515/mgmc-2023-0029.

M. S. A. Darwish, H. Kim, H. Lee, C. Ryy, ]. Y. Lee, and
J. Yoon, "Synthesis of Magnetic Ferrite Nanoparticles
with High Hyperthermia Performance via a
Controlled Co-Precipitation Method,"
Nanomaterials, vol. 9, no. 8, p. 1176, 2019. doi:
10.3390/nano9081176.

J. Wu, M. Shi, F. Feng, ]. Hao, D. Zhao, X. Wang, ]. Li,
W. Zhang, Q. Wang, Y. Ke, X. Yan, Z. Lin, and L. Chai,
"Recent Advances in Magnetite Crystallization:
Pathway, Modulation, and Characterization," Crystal
Growth & Design, vol. 23, no. 8, pp. 6201-6218, 2023.
doi: 10.1021/acs.cgd.3c00530.

. Kinebuchi and A. Kyono, "Study on magnetite
oxidation using synchrotron X-ray diffraction and
X-ray absorption spectroscopy: Vacancy ordering
transition in maghemite (y-Fe203)," Journal of
Mineralogical and Petrological Sciences, vol. 116, no.
4, pp. 211-219, 2021. doi: 10.2465/jmps.210304.

J. Liy, Y. Yu, S. Zhuy, J. Yang, J. Song, W. Fan, H. Yu, D.
Bian, and M. Huo, "Synthesis and characterization of
a magnetic adsorbent from negatively valued iron
mud for methylene blue adsorption," PLOS ONE, vol.
13, mno. 2, p. e0191229, 2018. doi:
10.1371/journal.pone.0191229.

J. Chen, M. Tu, M. Xu, D. Gong, X. Li, and C. Zhang,
"Synthesis of Controllable Superparamagnetic Nano
Fe30s4 Based on Reduction Method for Colloidal
Clusters of Magnetically Responsive Photonic
Crystals," Nanomaterials, vol. 14, no. 10, p. 852,
2024. doi: 10.3390/nano14100852.

V. Sreeja, K. N. Jayaprabha, and P. A. Joy, "Water-
dispersible ascorbic-acid-coated magnetite
nanoparticles for contrast enhancement in MRL"
Applied Nanoscience, vol. 5, pp. 435-441, 2015. doi:
10.1007/s13204-014-0335-0.

711

International Journal of Nanoelectronics and Materials (IINeaM)

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Volume 19, No. 4, October 2026 [705-712]

I. Nkurikiyimfura, Y. Wang, B. Safari, and E.
Nshingabigwi, "Temperature-dependent magnetic
properties of magnetite nanoparticles synthesized
via coprecipitation method," jJournal of Alloys and
Compounds, vol. 846, p. 156344, 2020. doi:
10.1016/j.jallcom.2020.156344.

M. Raz, F. Moztarzadeh, A. Hamedani, M. Ashuri, and
M. Tahriri, "Controlled Synthesis, Characterization
and Magnetic Properties of Magnetite (Fe304)
Nanoparticles without Surfactant under N2 Gas at
Room Temperature,”" Key Engineering Materials, vol.
493-494, pp- 746-751, 2011. doi:
10.4028/www.scientific.net/kem.493-494.746.

R. Singh and R. Bhateria, "Experimental and
Modeling Process Optimization of Lead Adsorption
on Magnetite Nanoparticles via Isothermal, Kinetics,
and Thermodynamic Studies," ACS Omega, vol. 5, no.
19, pp- 10826-10837, 2020. doi:
10.1021/acsomega.0c00450.

A. K. C. Estrada, F. C. Lozano, and R. A. L. Diaz,
"Thermodynamics and Kinetic Studies for the
Adsorption Process of Methyl Orange by Magnetic
Activated Carbons," Air, Soil and Water Research, vol.
14, pp- 1-11, 2021. doi:
10.1177/11786221211013336.

S. Fatimah, R. Ragadhita, D. F. A. Husaeni, and A. B.
D. Nandiyanto, "How to Calculate Crystallite Size
from X-Ray Diffraction," ASEAN Journal of Science
and Engineering, vol. 2, no. 1, pp. 65-76, 2022. doi:
10.17509/ijost.v6ix.

K.-Q. He, N. Chen, C. Wang, L. Wei, and ]. Chen,
"Method for Determining Crystal Grain Size by X-Ray
Diffraction," Crystal Research and Technology, vol.
53, no. 3, p. 1700157, 2018. doi:
10.1002/crat.201700157.

A. Rajan, M. Sharma, and N. K. Sahu, "Assessing
magnetic and inductive thermal properties of
various surfactants functionalised Fe304
nanoparticles for hyperthermia," Scientific Reports,
vol. 10, p. 15045, 2020. doi: 10.1038/s41598-020-
71703-6.

J. M. Smith, H. C. Van Ness, M. M. Abbott, and M. T.
Swihart, Introduction to Chemical Engineering
Thermodynamics, 9th ed. New York, NY, USA:
McGraw Hill, 2022.

R. J. Lemire, U. Berner, C. Musikas, D. A. Palmer, P.
Taylor, and 0. Tochiyama, Chemical
Thermodynamics of Iron, Part 1, ]. Perrone, Ed. Paris,
France: OECD Nuclear Energy Agency (NEA) / OECD
Publishing, 2013. doi: 10.1787/g2g3f031-en.

W. M. Haynes, Ed., CRC Handbook of Chemistry and
Physics, 95th ed. Boca Raton, FL, USA: CRC Press /
Taylor & Francis, 2014. doi: 10.1201/b17118.

]J. F. Zemaitis, Jr., D. M. Clark, M. Rafal, and N. C.
Scrivner, Handbook of Aqueous Electrolyte
Thermodynamics: Theory & Application. New York,
NY, USA: Wiley-AIChE (John Wiley & Sons), 1986.

C. Nanev, "Thermodynamic and molecular-kinetic
considerations of the initial growth of newly born
crystals; crystal size distribution; Dissolution of



Hussin, et al. / Temperature-driven structural thermodynamic analysis of cubic spinel iron oxide nanoparticles synthesis via ascorbic acid-
assisted co-precipitation

[27]

[28]

[30]

[32]

small crystals during Ostwald ripening due to
temperature changes," Progress in Crystal Growth
and Characterization of Materials, vol. 69, no. 3, p.
100604, 2023. doi:
10.1016/j.pcrysgrow.2023.100604.

M. Titus, R. K. Rhein, P. Wells, P. C. Dodge, G.
Viswanathan, M. Mills, A. Van der Ven, and T. Pollock,
"Solute segregation and deviation from bulk
thermodynamics at nanoscale crystalline defects,"
Science Advances, vol. 2, no. 12, p. e1601796, 2016.
doi: 10.1126/sciadv.1601796.

S.]. Iyengar, M. Joy, C. K. Ghosh, Subhrajyoti Dey, R.
K. Kotnala, and S. Ghosh, "Magnetic, X-ray and
Mossbauer studies on magnetite/maghemite core-
shell nanostructures fabricated through an aqueous
route," RSC Advances, vol. 4, no. 110, pp. 64919-
64929, 2014. doi: 10.1039/C4RA11283K.

P. P. Rodenbough, "Crystallite Size Dependency of
the Pressure and Temperature Response in
Nanoparticles of Ceria and Other Oxides," Ph.D.
dissertation, Dept. Chem., Columbia University, New
York, NY, USA, 2016. doi: 10.7916/D8QN66WH.

W. Kim, C.-y. Suh, S.-W. Cho, K. Roh, H. Kwon, K. Song,
and I. Shon, "A new method for the identification and
quantification of magnetite-maghemite mixture
using conventional X-ray diffraction technique,”
Talanta, vol. 94, pp. 348-353, 2012. doi:
10.1016/j.talanta.2012.03.001.

A. Fadli, Komalasari, A. Adnan, Iwantono, Rahimah,
and A. S. Addabsi, "Synthesis of Magnetite
Nanoparticles via Co-precipitation Method," IOP
Conference Series: Materials Science and Engineering,
vol. 622, p. 012013, 2019. doi: 10.1088/1757-
899X/622/1/012013.

F. V. Gutierrez, I. S. Lima, A. De Falco, B. M. Ereias, O.
Baffa, C. D. A. Lima, L. I. M. Sinimbu, P. de la Presa, C.

712

[33]

[34]

[35]

[36]

[37]

[38]

Luz-Lima, and ]. F. D. F. Araujo, "The effect of
temperature on the synthesis of magnetite
nanoparticles by the coprecipitation method,"
Heliyon, vol. 10, no. 4, p. e25781, 2024. doi:
10.1016/j.heliyon.2024.e25781.

A. H. M. Yusoff, M. N. Salimi, and M. F. Jamlos,
"Dependence of lattice strain of magnetite
nanoparticles on precipitation temperature and pH
of solution," Journal of Physics: Conference Series, vol.
908, p. 012065, 2017. doi: 10.1088/1742-
6596/908/1/012065.

Rahimah, A. Fadli, Yelmida, Nurfajriani, and Zakwan,
"Synthesis and Characterization Nanomagnetite by
Co-precipitation,” Indonesian Journal of Chemical
Science and Technology (IJCST), vol. 2, no. 2, pp. 88-
94, 2019.

C. M. Hansel, S. G. Benner, and S. Fendorf
"Competing Fe(II)-Induced Mineralization
Pathways of Ferrihydrite," Environmental Science &
Technology, vol. 39, no. 18, pp. 7147-7153, 2005.
doi: 10.1021/es050666z.

Q. Li, C. W. Kartikowati, S. Horie, T. Ogi, T. Iwaki, and
K. Okuyama, "Correlation between particle
size/domain structure and magnetic properties of
highly crystalline Fes0s4 nanoparticles," Scientific
Reports, vol. 7, p. 9894, 2017. doi: 10.1038/s41598-
017-09897-5.

E. W. C. Lim and R. Feng, "Agglomeration of
magnetic nanoparticles," The Journal of Chemical
Physics, vol. 136, no. 12, p. 124109, 2012. doi:
10.1063/1.3697865.

S. Mgrup, M. F. Hansen, and C. Frandsen, "Magnetic
interactions between nanoparticles," Beilstein
Journal of Nanotechnology, vol. 1, pp. 182-190, 2010.
doi: 10.3762 /bjnano.1.22.



	1. introduction
	2. EXPERIMENTAL DETAILS
	2.1. Materials
	2.2. Samples Preparation
	2.3. Samples Characterisations
	2.4. Thermodynamic Analysis

	3. RESULTS AND DISCUSSION
	3.1. Phase Evolution Analysis
	3.2. Analysis of Crystallite Size and Structural Quality
	3.3. Morphological and Magnetic Performance Analysis
	3.4. Thermodynamic Analysis on Cubic Spinel Iron Oxide Nanoparticles Formation

	CONCLUSION
	ACKNOWLEDGEMENTS
	The authors express gratitude for the financial assistance provided by the Ministry of Higher Education (MoHE) Malaysia through the Fundamental Research Grant Scheme (FRGS) [Grant No. FRGS/1/2022/TK08/UNIMAP/02/76].
	REFERENCES


  D =   K 𝜆  𝛽  cos ⁡  𝜃


  F   e  2 +  ( a q ) + 2 F   e  3 +  ( a q ) + 8 O   H −  ( a q )   →   F   e 3   O 4    ( s ) + 4   H 2 O   ( l )


  ∆   H °  f , i  ( T ) = ∆   H °  f , i  ( 298 . 15 ) +     C °  p , i ( T − 298 . 15 )


  ∆   S °  i  ( T ) =   S °  i  ( 298 . 15 ) +     C °  p , i ln ⁡ (   T  298 . 15 )


  ∆   H °  r x n  ( T ) = Σ  υ  i ∆   H °  f , i  ( p r o d u c t s ) − Σ  υ  i ∆   H °  f , i  ( r e a c t a n t s )


  ∆   S °  r x n  ( T ) = Σ  υ  i   S °  i  ( p r o d u c t s ) −   Σ   𝜐  j   S °  j  ( r e a c t a n t s )


  ∆   G °  r x n  ( T ) = ∆   H °  r x n  ( T ) −   T ∆   S °  r x n  ( T )


  F   e  2 +  ( a q ) + 2 F   e  3 +  ( a q ) + 8 O   H −  ( a q )   →   F e    ( O H ) 2  ( s ) + 2 F e    ( O H ) 3 ( s )


  F e    ( O H ) 2  ( s ) + 2 F e    ( O H ) 3 ( s ) →   F   e 3   O 4  ( s ) + 4   H 2 O ( l )


  2 F e    ( O H ) 3  ( s ) →   F   e 2   O 3  ( s ) + 3   H 2 O ( l )


    3


    4


    3


    4

