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ABSTRACT

Poor stability and dispersibility, as well as aggregation are considered as major challenges in clinical
application of iron oxide nanoparticles (IONPs). Several studies have shown that the synthesis param-
eters and post-synthesis treatments e.g., drying methods, have the capability to improve the particles’
characteristics. Herein, we investigate the combined effect of synthesis and post-treatment parameters
on the particle size, stability and magnetism of IONPs. Magnetite (Fe304) NPs were prepared via co-
precipitation and post-treated using different methods, i.e. (i) freeze dried at —53 °C, 0.133 mbar for
48 h (liquid nitrogen frozen (LFD) and freezer frozen (FFD)), (ii) vacuum oven dried (VOD) at 60 °C for
24 h, and (iii) kept wet colloidal (WET), dispersed in deionized water. The Fe304 NPs’ chemical functional
groups, size, shape, crystallinity, stability, aggregation, porosity, and magnetic properties were further
analysed using different characterisation techniques. Analytical results showed that, while the WET
sample had the best stability and significantly less aggregation at different temperatures, amongst post-
treated Fe3O4 NPs, LFD sample exhibited the best stability (up to 37 °C), dispersion and smallest poly-
dispersity index. Furthermore, all dried NPs had superparamagnetic characteristics, while, LFD Fe304 NPs

had better magnetic properties and stability than other drying methods.
© 2024 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of
Sciences. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creative
commons.org/licenses/by/4.0/).

1. Introduction

saturation field, accessibility, and tunability (Novoselova, 2021).
Fe304 has a cubic inverse spinel crystal structure and the space

Fabrication of iron oxide nanoparticles (IONPs) has been
extensively investigated by numerous researchers in the field of
nanotechnology for different applications. In this regard, hematite
(a-Fe;03), maghemite (Y-Fe;03), magnetite (Fe304) IONP species
have been extensively scrutinised across a wide range of fields,
particularly, in clinical utilization e.g., targeted drug delivery (TDD),
as a contrast medium in magnetic resonance imaging, as heat
mediator in magnetic hyperthermia or as biosensor probes (Chen,
Cheng, et al., 2021; Priyadarshi et al., 2021; Zhao et al., 2023), etc.
In particular, Fe304 NPs have been mostly investigated because of
their exclusive traits such as low solubility in most solvents,
chemical stability, outstanding magnetic properties, and high
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group of Fd 3 m, that is composed of thirty-two oxygen atoms in a
face-centred-cubic (fcc) closed packing in which the iron (II) cation
occupies half of the octahedral sites while iron (III) cation resides in
the other half and also occupies the whole tetrahedral lattice site.
The fcc close packing permits the Fe-O atoms to have strong in-
teractions with other atoms, and also to have an energetically stable
structure (Mahmoudi et al., 2011). Fe304 is an amphoteric solid,
with Fe-OH surface sites being able to undergo protonation/
deprotonation reactions, depending on the reaction/processing
conditions. Moreover, Fe304 has a tendency for isomorphic sub-
stitutions in which, one cation can be replaced with another similar
sized cation, providing additional, permanent surface charge for
the Fe304 nanoparticles (NPs). Therefore, the colloidal stability of
Fe304 NPs is highly driven by electrostatic repulsion and can be
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Abbreviation

API Active pharmaceutical ingredients

ATR Attenuated total reflection

BET Brunauer—Emmett—Teller

DDS Drug delivery system

DLS Dynamic light scattering

EDX Energy dispersive X-ray spectroscopy

XMF External magnetic field

Fcc Face-centred-cubic

FT-IR Fourier transform infrared spectroscopy

FD Freeze dry

FFD Freezer frozen-freeze dry

HPLCW  High-Performance Liquid Chromatography grade
water

Dy Hydrodynamic size

Il Instability index

IONPs Iron oxide nanoparticles

LFD Liquid nitrogen frozen-freeze dry
NA No aging

NPs Nanoparticles

SCM Superconducting magnet

TDD Targeted drug delivery

Temp Temperature

TEM Transmission electron microscopy
VOD Vacuum oven dry

VDr Vacuum desiccator

VSM Vibrating sample magnetometer
WET Wet colloidal

XRD X-ray diffraction

ZP Zeta potential

ZFCFC Zero-field cooled, and field cooled

further enhanced by NP functionalisation to induce additional
steric stabilisation (Demangeat et al., 2018; Vindedahl et al., 2016).

The utilization of Fe304 NPs for TDD relies on two important
factors, including size and magnetization effect (Chomoucka et al.,
2010). The modifications of size by altering the synthesis parame-
ters can tune the saturation magnetization of Fe304 NPs. Percep-
tibly, their superparamagnetic properties are fundamental features
of Fe304 NPs in TDD since it permits the navigation of Fe304 NPs
within the body via an external magnetic field (XMF), at the same
time after switching off XMF the NPs do not maintain any residual
magnetism leading to their dispersion (Das et al., 2020). Dong et al.
(Dong et al., 2016) demonstrated that regulating the concentration
of iron ions in one-pot-synthesis can generate Fe304 NPs with a size
between 67 nm and 143 nm which resulted in the rise of the
saturation magnetization from 63.0 emu/g to 68.9 emu/g (Dong
et al., 2016). In another study, elevating the temperature from
18 °C to 80 °C caused the size of the particles to decrease from
120 nm to 20 nm, resulting in a reduction of the saturation
magnetization from 81.7 emu/g to 71.0 emu/g. In addition, they
reported at the optimal synthesis temperature of 60 °C stable Fe304
NPs with 25 nm size and saturation magnetization of 82.8 emu/g
were generated (Chen, Ilyas, et al., 2021). As Fe304 NPs’ unique
behaviour undisputedly depends on their size, morphology and
surface chemistry, the preparation pathways must be as repro-
ducible as possible (Mihai et al., 2020; Shaoqiang et al., 2018). There
are numerous synthesis pathways, conventional and emerging
technologies, including hydrothermal, co-precipitation, thermal
decomposition, microwave assisted, gas phase flame synthesis,
bacteria/fungi mediated, and microfluidic methodologies (Yang
et al.,, 2022). Amongst these synthesis pathways, the conventional
one-pot co-precipitation is the most common route to produce
nano-scale and highly magnetised Fe304 NPs, due to its simplicity
(Ba-Abbad et al., 2022; Saragi et al., 2018). However, in a poorly
controlled co-precipitation reaction nucleation and growth steps
may develop intermittently, leading to aggregation and Ostwald
ripening (Kregar et al., 2020; Wu et al., 2022). Smaller NPs that have
higher surface energy may decompose and precipitate on larger
NPs to obtain thermodynamically stable state in which the surface
to area ratio will be lessened. This may result an undesirable size
increase or wide size distribution, which is commonly known as
Ostwald ripening (Gommes, 2019; Kregar et al., 2020; Rinkel et al.,
2014). Reaction conditions such as prolonged reaction time, low pH
and high temperature could lead to the formation of irregular sized
NPs that may support the dominant growth of Ostwald ripening.
(Fadli et al., 2017). Darminto et al. (Darminto et al., 2011) reported
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that at low pH the crystallite sizes of Fe304 NPs were larger due to
Ostwald ripening (Darminto et al., 2011).

In manufacturing of active pharmaceutical ingredients (API),
stability is one of the key aspects that have an impact on API quality
(Boukoufi et al., 2022), and plays a vital part in a drug delivery
system (DDS). Stability refers to the ability of pharmaceutical agent
to preserve its integrity and the same feature from the time of its
formulation throughout the storage until it reaches the site of in-
terest in biological cells/tissue (Shah et al., 2020). Factors that
should be considered for the formulation of magnetic nano DDS are
chemical and physical instabilities, such as chemical reactions or
drug leakages during storage (Abdelwahed, Degobert, Stainmesse,
& Fessi, 2006; Franzé et al., 2018), solubility, dispersion and ag-
gregation (Majeed et al.,, 2013). Keeping MNPs in aqueous form
might help with their colloidal stability, however, this depends on
concentration and intrinsic behaviour of the particles in an aqueous
suspension (Demangeat et al., 2018). It was reported that the long-
term storage of the magnetic pharmaceutical agents in aqueous
form may often be insufficient for practical application, since the
particles suspended in the aqueous solution could become unstable
and prone to agglomeration over longer time scales. A common
cause for instability issues, is the hydrolysis action of water that can
break down the polymer coating of IONPs, causing drug leakage,
then either leads to undesirable degradation or early elimination
from the blood system (Lemoine et al., 1996). In some other studies,
as described below, it has been suggested that the conversion of
nano-suspensions into solid form during post-synthesis processes
can also lead to instability issues during IONPs re-dispersion
(Abdelwahed, Degobert, Stainmesse, & Fessi, 2006; Aisida et al.,
2020; Camacho et al., 2018; Chen et al., 2016; Mpelane et al.,
2022; Nanda et al., 2014; Pinto et al., 2018). Therefore, to identify
the key attributes of physico-chemical instabilities of Fe304 NPs, the
most common post-synthesis treatment methods of freeze drying
and vacuum oven drying are reviewed in the following.

Vacuum oven is one of the most common and fastest drying
procedure utilized in industry and academia. Aisida et al. (Aisida
et al., 2020) reported the Fes04 NPs dried in vacuum oven at
60 °C, had particle size of 18-19 nm (as measured by scanning
electron microscopy (SEM)) and superparamagnetic characteristic
with saturation magnetization of 72.07 emu/g (Aisida et al., 2020).
Lyophilisation/Freeze drying is the process of eliminating water
from the frozen sample via sublimation. It was developed to
enhance the stability and improve the shelf life and storage of
pharmaceutics (Tang et al., 2004) and only started to gain attention
after 1990s due to the increased application of biological materials,
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e.g., protein (Park, 2017). Drying procedure can cause physical
structural changes, such as porosity (Joardder et al., 2016). The
porosity can have an impact on physico-chemical properties of
Fe304 NPs and increase the surface area to volume ratio for high
drug loading capacity or adsorption effects (Pinto et al., 2018). In
this respect, Mpelane et al. (Mpelane et al., 2022) studied the
adsorption of levofloxacin onto mesoporous IONPs. The author
reported that the surface adsorption and inter-particle diffusion
drove the adsorption of levofloxacin to the mesoporous IONPs
(Mpelane et al., 2022). Numerous studies have shown that lyo-
philisation can generate porous scaffolds without the need for toxic
chemicals or further synthesis pathways (Camacho et al., 2018;
Chen et al., 2016; Nanda et al., 2014). Yang et al. (Yang et al., 2017)
designed a simple method to prepare an atelocollagen/gelatin
sponge via lyophilisation instead of using toxic chemical solvents.
The study demonstrated that the formation of ice crystals during
the sublimation influenced the size and shape of the formed pores.
Therefore, any condition such as freezing time/temperature and
concentration of media have an impact on generation of ice crys-
tals, consequently, determines the structure of the pores, for
instance, the freezing temperature above —30 °C expanded pore
size (Yang et al., 2017). In addition, conditions; including freezing
and drying temperatures, pressure, formulation of the material,
annealing procedure at which materials are subjected, can induce
desiccation or freezing stresses with destructive consequences to
the stability of NPs (Abdelwahed, Degobert, & Fessi, 2006).

Despite an extensive reported work in the literature, to the best
of our knowledge, there are no studies on comparing the syner-
gistic effects of synthesis conditions such as pH, temperature, sol-
vent, and post-synthesis treatments (e.g. liquid nitrogen freeze
drying (LFD), freezer frozen freeze drying (FFD), vacuum oven
drying (VOD) and wet colloidal (WET) suspension with no drying)
on the stability, magnetic and physico-chemical properties of Fe304
NPs. Furthermore, there is a lack of understanding the influence of
post-treatment temperature, resembling conditions during storage
and preparation for administration (ambient) and in vivo (normal
tissues and tumour), on the abovementioned properties. Therefore,
here, the material physico-chemical characteristics inherent to the
aforementioned synthesis and post-synthesis procedures were
systematically explored. To this end, IONPs were produced via a
well-known precipitation synthesis at different synthetic condi-
tions (different pH, different solvent compositions), and, crucially,
at different post-synthetic processing conditions (freeze drying,
vacuum oven drying, colloidal dispersion). The structural (e.g.,
particle size, surface area, porosity) and chemical (e.g., elemental
composition, surface charge) properties of the resulting Fe304 NPs
were comprehensively characterised through a wide range of
analytical techniques (including Fourier transform infrared spec-
troscopy (FT-IR), nitrogen adsorption, Dynamic light scattering
(DLS), SEM, Energy dispersive X-ray spectroscopy (EDX), and then
linked to application-relevant performance parameters, such as
magnetic properties and re-dispersion stability.

2. Experimental
2.1. Material

Anhydrous iron (II) chloride (FeCls, AR grade), iron (II) sulfate
heptahydrate (FeSO4e7H,0, AR grade), and ammonium hydroxide
(NH40H 25—30 wt%; AR grade, for adjusting pH) were purchased
from Sigma-Aldrich, UK. Ethanol (70%, AR grade) and High-
Performance Liquid Chromatography grade water (HPLCW) were
purchased from VWR International Ltd, UK.
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2.2. Synthesis of Fe304 nanoparticles

The synthesis method for preparing Fe;O4, partially adapted
from the reported literatures (Antarnusa et al., 2020; Shalaby et al.,
2020; Shirzadi et al., 2020), and is presented in Fig. 1. In brief, fixed
amounts of FeCls (2.892 g) and FeSO4e7H,0 (1.473 g), with the
molar ratio of 2:1, were dissolved in water (40 mL) with two
different cases of (i) with adding ethanol (10 mL) and (ii) without
adding ethanol. Sonicator was applied to homogenise the solution,
then it was placed on a heat mantle stirrer, and vigorously stirred
(800 rpm) for 45 min at two different temperatures of (i) 80 °C and
(ii) 25 °C under reflux condition in an inert environment. NH,OH
was added to adjust pH (it was varied from 9.5 to 11), and induce
precipitation at different basic reaction conditions. Each batch was
prepared with aging (1 h) and without aging (no aging, NA) once it
reached the desired pH. The samples were rinsed with ethanol and
water (2:1) few times and several times with HPLCW only. The NPs
were collected by centrifuge (10000 rpm, 40 min, 25 °C) followed
by a permanent magnet. After final decantation, each batch then
was divided into four equal sub-batches for different post-synthesis
treatments: (i) frozen by liquid nitrogen for 20 min then placed in
freeze dryer for 48 h (LFD), (ii) frozen in the freezer at —4 °C for 12 h
then freeze dried for 48 h (FFD), (freeze drying condition; —53 °C
and pressure of ~0.133 mbar), (iii) placed into a vacuum oven at
60 °C for 24 h (VOD), (iv) keeping the sample dispersed in HPLCW
and stored in a fridge at (1 °C) (WET). Fig. 2 schematically illustrates
the post-synthesis treatment of the as-synthesised Fe304 NPs.

2.3. Characterisation

FI-IR (Thermo Fisher Scientific Nicolet™ iS10 spectrometer
applying the attenuated total reflection (ATR)) at room temperature
was employed to identify the functional groups of the as-
synthesised Fe304 NPs in the range of 4000—400 cm’}, at resolu-
tion of 32 cm™ and 64 scans. The spectra were collected in the
percentage of transmittance. The structural and crystal phase
analysis of the Fe304 nanoparticles were investigated by Bruker D2
Phaser X-ray diffractometer with Cu-Ka radiation (A = 1.541 A)
equipped with a Lenxeye detector. The operating voltage was at
30 kV and with an applied current of 10 mA. All the samples
scanned in the angular range of 5°<26<80° and exposure time of
10 s and total measurement time of 11 h. The average crystallite size
was calculated from the obtained XRD data using the Scherrer
equation. The surface morphologies and elemental composition of
the Fe304 NPs were assessed, using a FEI TECNAI TF20: FEG-TEM
Field emission gun TEM/STEM fitted with HAADF detector (Ox-
ford Instruments INCA 350 EDX system/80 mm X-Max SDD de-
tector and Gatan Orius SC600A CCD camera). The morphology of
the Fe304 NPs was assessed by Hitachi SU8230, high performance
cold field emission (CFE) scanning electron microscopy (SEM). The
surface area and porosity of the dry powder Fe3O4 NPs were
measured by Brunauer-Emmett-Teller (BET) gas adsorption/
desorption using Micromeritics Tristar-3000 surface area and
porosity analyser. The measurements were performed by initially
degassing the NPs overnight at 200 °C. The synthesised Fe304 NPs
were explored using the Zetasizer (Nano ZSP ZEN5600, Malvern
Instruments Ltd, UK) to inspect the hydrodynamic size (Dy) and
colloidal stability (zeta potential measurements) in the solutions.
The Fe304 NPs dispersed in HPLCW were homogenised by Fisher
Scientific Model FB705 ultra-sonic probe and then transferred into
a disposable cuvette for examination. Dispersion Analyser (LUMi-
Sizer LUM GmbH, Germany) was used to measure the stability of
the dispersed Fe304 NPs in HPLCW at different temperatures. The
magnetic properties of the powder Fe304 NPs were measured using
a Quantum Design MPMS3 superconducting quantum interference
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Fig. 2. Schematic illustration of the post-synthesis treatment of the as-synthesised Fe;04 NPs.

device-vibrating sample magnetometer (SQUID-VSM) at 300 K, and
magnetic field of 7 T.

3. Results and discussion

The effect of synthesis process conditions (pH, temperature,
ethanol content and aging) and post-treatment methods on the
hydrodynamic size (Dy) and instability index (II) of synthesised
Fe304 NPs are collected in Fig. 3.

Prior to investigating the effect of the synthesis and the post-
synthesis treatments of Fe304 NPs, factors such as the intrinsic
magnetic characteristics, surface chemistry and van der Waals
Forces were taken into consideration, as these can be the major
contributors of particles’ aggregation. Also, washing, centrifugation
and magnetic collection processes can potentially initiate over-
oxidation, aggregation or agglomeration. In washing step, to obtain
a highly pure final Fe304 NPs and to prevent overoxidation, once
the reaction finished, the solvents were decanted. Fresh ethanol
and water were added to the flask and the particles were left
dispersed in overnight under N, environment. The sample was
then transferred into a centrifuge followed by further rinsing steps.
The centrifugation condition (duration and speed) was optimised
since the mechanical forces and agitation could potentially result in
nanoparticles collision and aggregate.

Moreover, as it can be observed in Fig. 3, Fe304 NPs synthesised
at low temperature (25 °C) had a higher instability index (II>2) and
significant particle aggregation for all other synthesis and post-
treatment conditions. SEM images are provided in the electronic
Supplementary Fig. S1(a). According to the literature (Mascolo
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et al,, 2013), this could be as a result of slow or incomplete reac-
tion between Fe?t and Fe>* jons at a low temperature. Similarly,
high instability index (II>2) results obtained for Fe304 NPs prepared
at relatively mild basic conditions (pH 9.5 and pH 10) and high
temperature (80 °C). This could potentially be attributed to the
faster charge neutralisation between acidic Fe** and Fe>* pre-
cursors (pH 1.1) and basic NH4OH during the synthesis at high
temperature which caused the particles to sediment rapidly and
agglomerate (Godymchuk et al., 2019). Therefore, low pH (pH 9.5
and pH 10) and high temperature (80 °C) may have influenced the
reaction kinetics, particles nucleation and growth rate which led to
wider size distribution and Ostwald ripening phenomena.
Moreover, high temperature (80 °C), high pH (pH 11), and the
absence of ethanol during the first step of synthesis led to high
instability index for all other process and post-treatment condi-
tions. In addition, it was noted that in the absence of ethanol, not
only higher amount of NH4OH was required to reach the desired pH
but also the hydrolysis of FeCl; in water was more pronounced.
Meanwhile, the use of ethanol had a positive effect on the particles
Dy (smaller Dy value) and instability index (below 1). The findings
were parallel with the literature where it was reported, the pres-
ence of ethanol can influence the oxidation rate and dissolution of
iron salts, hence it can control the nucleation and particle growth
producing monodisperse Fe304 NPs (Dang et al., 2009). In addition
to, it was observed that the elevated temperature (80 °C) of the
reaction enhanced the solubility of iron precursors accelerating the
rate of nucleation and particles growth, forming particles with
uniform size distribution. The elevated temperature may have
facilitated extra thermal energy which overcame attractive forces
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Fig. 3. Preparation pathways of Fes04 NPs at different process conditions and post-synthesis treatments together with the hydrodynamic size (Dy), and instability index (II).

and prevented them from drawing the NPs together and causing
aggregation. These findings are in line with the findings in other
studies (Chen, Ilyas, et al., 2021; Mascolo et al., 2013). Additionally,
it is postulated that the formed Fe304 NPs at high pH will have Fe-
OH groups (negatively charged) on their surface which can be
deprotonated at high pH to Fe-O leading to better electrostatic
stabilisation and overcoming the aggregation. The samples pre-
pared at high temperature (80 °C), high pH (11) with no aging and
the use of ethanol generated highly homogenous NPs system with
decreased likelihood of Ostwald ripening. While, aging the same
sample for 1 h after reaching the desirable pH, negatively impacted
the instability index and Dy, causing agglomeration for all post-
treatment methods. The Ostwald-ripening phenomenon can
explain the enlargement of particle size at prolonged reaction time
(aging 1 h) (Baojun Liu and Zhao, 2020; Yusoff et al., 2018). Plus, as
particles start to co-precipitate and grow, they may undergo sec-
ondary co-precipitation, leading to agglomeration and the rate
depends on the collision force of water/ethanol molecules with the
colloidal NPs (Thanh et al., 2014). Also, due to the particles' strong
intrinsic magnetic interactions, they have a natural tendency to
coalescence over the long aging duration (Jang et al., 2013).
Polydispersity index (PDI) is another parameter that provides
information about the heterogeneity of the sample based on the
particle size distribution (Rubio et al., 2019). There seems to be a
direct correlation between PDI and instability index values, these
measurements provide information regarding size distribution and
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stability (aggregation, sedimentation, and dispersion rate) in
colloidal NPs systems. If PDI is high, particles will have broader size
distribution, which also indicates likelihood of higher instability
index values as particles aggregation, and sedimentation rate will
be high. Our result showed the PDI of Fe304-pH11-80 °C-NA-
ethanol (LFD, FFD, VOD and WET) were <0.3, confirming the sam-
ples had narrow particles size distribution. It also was an indicative
of reduced particle aggregation.

The results for final post-treatments confirmed that the WET
suspension displayed the least coagulation. Freeze-drying of the
synthesised IONP after liquid-nitrogen plunge-freezing (LFD sam-
ples) showed more coagulation than the WET samples, but
exhibited better dispersibility in HPLC water, compared to FFD
samples (freeze-dried IONP after freezing at —4 °C), or VOD sam-
ples (vacuum-oven-dried IONP) where the particles were highly
aggregated. Although, the VOD samples had smaller Dy (e.g., in
VOD sample, Fe304 NPs-pH11-80 °C-NA-ethanol Dy: 125.5 nm), the
dispersion was poor, the instability index was higher and the DLS
graph was bi-modal/multi-modal, indicating the particles were
settling swiftly. Amongst all the samples, the WET Fe304 NPs pre-
pared using ethanol solvent at higher temperature, (80 °C) and
higher pH (pH 11) with no aging had the best stability, with the
narrowest size distribution. Therefore, for further characterisation
and analysis of synthesised Fe304 NPs, the focus is on the synthesis
conditions of pH 11 at 80 °C with no aging and the use of ethanol, in
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order to explore the impact of the four different post-treatment
methods (LFD, FFD, VOD and WET) in more detail.

Fig. 4(a and b) illustrates the Dy and zeta potential of the Fe304
samples (pH11-80 °C-NA-ethanol (WET, LFD, FFD, VOD)) after
different post-treatment methods. The Dy, zeta potential and PDI
data of the samples are also summarised in Table 1. As seen in
Fig. 4(a), the WET sample had the smallest Dy (68.6 nm) while, the
drying processes significantly affected the Dy and the size distri-
bution of the samples (LFD, FFD and VOD). The VOD sample had the
worst results producing three different Dy values, (92.8, 18.1,
5560 nm), a multi-modal graph, which were an indicative of high
aggregation and colloidally instable sample. Also, in the case of
freeze-dried samples (LFD and FFD), the variation in Dy may be
attributed to the freezing condition (freezer at —4 °C which was
prolonged or the fast-freezing procedure using liquid N,) prior to
freeze drying. Likewise, as seen in Fig. 4(b), the variation in zeta
potential values suggest post-treatment methods considerably
affected the surface charges of the particles. The zeta potential
values of WET, LFD, FFD and VOD were -21 mV,
—3.23 mV, +6.19 mV, and 10.7 mV respectively. WET sample
showed a high stability while, different drying (vacuum/freeze
drying) techniques altered surface properties of the samples (LFD,
FFD, VOD), as each technique had varied drying rate. In vacuum
oven drying, the water was eliminated at 60 °C, which caused high
level of aggregation, leading to greater particle size, also the crystal
structure of the particles may have been affected leading to
compact structure, these may have affected the zeta potential of
VOD sample. The freeze-drying seems caused fragility to the
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Table 1
Dy, ZP and PDI results of Fe304 NPs-pH11-80 °C-NA-ethanol (WET, LFD, FFD, VOD).

Parameters Fe304 NPs-pH11-80 °C-NA-ethanol

LFD FFD VOD WET
Dy major mode (minor) (nm) 141.8 146.1,28.2 92.8, 18.1,5560.0 68.6
ZP major mode (minor) (mV) 6.1 -3.2 10.7 -20.8
PDI 021 033 0.23 0.20

samples (LFD and FFD), leading to smaller and highly dispersible
particles with varied surface characteristics. Consequently, this may
have influenced the availability of the charges on the particles
surface and affected the zeta potential.

The dispersion stability of the Fe3O4 NPs-pH11-80 °C-NA-
ethanol (WET, LFD, FFD and VOD) were also assessed by LUMiSizer
at 25 °C, 37 °C, and 43 °C, resembling ambient, normal human body
and hyperthermia conditions, consecutively. As it can be seen from
Fig. 4(c) for WET samples, the particles were stable at 25 °C, which
is also supporting the finding by zeta potential at (25 °C). As the
analysis temperature increased to 37 °C, the instability index rose.
However, raising the temperature from 37 °C to 43 °C did not imply
major changes, indicating the particles are stable at high temper-
ature and can be a potential candidate for clinical applications. In
contrast, the dried samples (LFD, FFD and VOD) exhibited a rise in
instability index, when the temperature was increased from 36 °C
to 43 °C with the LFD samples showing poorest stability at 43 °C.
The poor stability could be due to the good dispersity of LFD sample

15 -{b) [ ZP(mv)

10

-5

-10

Zeta Potential (mv)

-15 -

-20

25
a) —— LFD — VOD —— FFD WET
20 |
F151
2
2 10
@
E
5 -
0 /;c A
T T
10 100 1000
Size (d.nm)
1.4 —c)

Instability Index

Fe,0,@25 °C

Fe,0,@37 °C

A

CIWET

Increasing instability

Instability Index <1 ideal for medical application

Y

Fe,0,@43 °C

Fig. 4. (a) DLS, (b) Zeta potential, and (c) instability index measurements for Fe304 NPs-pH11-80 °C-NA-ethanol (WET, LFD, FFD, VOD).
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because at elevated temperature (43 °C), the thermal energy of the
highly dispersed LFD sample may have increased and the particles
may have had greater kinetic energy, resulting to intensified
Brownian motion and making the particles prone to agglomeration
and increase of instability index.

Fig. 5(a) depicts the Fe304 NPs-pH11-80 °C-NA-ethanol (WET)
crystal morphology with an average size of about 7 nm (Fig. 5(c)).
The diffraction points in the selected area diffraction pattern
revealed that the sample has well-defined crystallinity with inter-
planer spacing of 0.26 nm. Crystal planes of (111) (220), (311),
(400), (422), (511), (440), and (533) confirm the formation of Fe304
NPs (Fig. 5(b)), which align with the literature (Radon et al., 2017).
In addition, slight aggregation can be observed from the images,
however, as Fe304 NPs particles are not treated with a surfactant or
a coating agent, due to their intrinsic magnetic properties accept-
able minor aggregation can occur.

The EDX spectra showed the chemical compositions of the
sample, Fe and O peaks with high intensities and with no other
impurity or contamination (Fig. 5(d), C and Cu are from TEM grids).
The TEM images of Fe304 NPs-pH11-80 °C-NA-ethanol (LFD, FFD,
VOD) are presented in Supplementary Fig. S1(b). It can be seen that
particle morphologies are more or less similar, however the crystal
size of VOD and FFD are slightly bigger than those of LFD and WET
(see Table 3).
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Fig. 6. BET analyses of Fe;04 NPs-pH11-80 °C-NA-ethanol LFD, FFD, and VOD.
For BET, XRD, FT-IR and VSM, only dry powders were used since

the available facilities could be utilized for a dry system. Fig. 6 il-
lustrates the surface area properties of Fe304 NPs-pH11-80 °C-NA-
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Fig. 5. (a) High-Resolution TEM images, (b) SAED Pattern, (c) d-spacing, and (d) EDX (Cu is from the cupper grid) of WET Fe304 NPs-pH11-80 °C-NA-ethanol.
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ethanol (LFD, FFD, VOD) investigated by BET nitrogen adsorption-
desorption measurements. Due to the wet-suspension nature, the
WET sample could not be analysed by BET, so that the following
results solely focus on the LFD, FFD and VOD samples. The N,
adsorption-desorption isotherm displays the type IV(a) isotherm,
which is in a good agreement with the results reported by Ambroz
et al. (Ambroz et al., 2018). The hysteresis loop between the N;
adsorption-desorption isotherm branch of the Fe304 NP samples
corresponds to H1 type isotherm (according to de Boar) (Alothman,
2012; Sun et al.,, 2017), indicating the samples had discrete cylin-
drical pores or aggregate of relatively uniform spheres. According to
IUPAC classifications, mesoporous materials are defined to have
pore sizes between 2.0 and 50.0 nm (Tangestaninejad et al., 2009).
Therefore, as it can be seen from the summery of BET analysis data
which are summarised in Table 2, the samples (LFD, FFD and VOD)
were mesoporous (pore size<50 nm), with the meso-porosity likely
originated from the interstitial spaces between primary particles in
the IONP aggregates. The VOD sample had a larger pore size and
volume, compared to LFD and FFD samples, 11.9 nm, 10.8 nm, and
6.8 nm sequentially. The aggregation of VOD samples may have
caused larger internal pores within the agglomerates. The surface
area of Fe304 NPs, LFD, FFD and VOD samples were 139 m?/g,
207 m?/g, and 374 m?/g respectively. The larger surface area in the
case of the VOD sample might be due to smaller primary particle
sizes.

The TEM confirmed the particles have spherical shapes; the
following formula (Dallavalle, 1948) can be utilized to attain BET
equivalent spherical average diameter of the primary
nanoparticles.

6000
BET SA (m2 / g)

(1)

DBET:

*Ptheory

where Dpggr is equivalent average diameter of spherical Fe304 NPs,
BET S.A is the experimentally measured specific surface area, and
Ptheory 1S the theoretical density of Fe304 NPs (5 g/cm?) (Blaney,
2007; Dallavalle, 1948). The Dggr values Fe304 samples are
collected in Table 2. All Dggr values were considerably larger than
the primary nanoparticle size observed by TEM (~7 nm), indicating
a considerable degree of aggregation. In line with the observations
on dispersion stability and hydrodynamic radius, the Dggr values
also indicated the largest degree of aggregation for VOD sample
(3.2 nm), followed by the FFD sample (5.8 nm) and LFD sample
(8.6 nm).

The PXRD analysis was performed on Fe304 NPs to verify the
crystallite size, and lattice structure. The PXRD showed that the d-
spacing values of major peaks corresponded well with those re-
ported in the literatures (Loh et al., 2008; Shagholani et al.,
2015).The diffraction peaks at 20 = 18.87°, 30.60°, 36.03°, 43.65°,
53.76°, 57.76°, 63.23° and 74.47° correspond to the reflections of
the (111), (220), (311), (400), (422), (511), (440) and (533) planes of
Fe30y4, respectively, in the magnetite crystal phase, as shown in
Fig. 7(a) (Aende et al., 2022; Antarnusa et al., 2020; Yazdani et al.,
2016). The comparison of PXRD results with the TEM indicates

Table 2
Summary of BET results of Fe;04 NPs-pH11-80 °C-NA-ethanol (LFD, FFD, and VOD).

Parameters Fe304 NPs-pH11-80 °C-NA-
ethanol
LFD FFD VOD
Pore size (nm) 10.8 6.9 11.9
Pore volume (cm?/g) 0.37 0.36 1.16
BET S.A (m?/g) 140 208 375
Hydrodynamic size diameter Dggr (nm) 8.6 5.8 3.2
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that the crystal planes are consistent with TEM results reported in
Fig. 5

From XRD patterns, the Scherer's equation, D311y = K.A/6.cos,
was used to calculate the average crystallite size (Zoleikha
Hajizadeh, 2022), where D311y is the crystallite size (along the
(311) lattice plane of magnetite), K is the Scherrer's constant
(K = 0.94), 1 is the wavelength (CuKe, = 1.54178 A), § is full width at
half maximum of plane (311) and 6 is the corresponding Bragg's
diffraction angle (see the supplementary data Section S2).

The mean particle size (as determined by TEM, XRD and BET) for
Fe304 NPs-pH11-80 °C-NA-ethanol after different post-synthesis
processing (WET, LFD, FFD, and VOD) are compared in Table 3.
XRD crystallite sizes are in excellent agreement with TEM results,
indicating that the primary particles observed in TEM are single-
crystalline Fes04 nano-crystals. Both TEM and XRD suggest that
FFD and VOD processing lead to slightly larger primary particle
sizes compared to LFD processing. In the case of FFD sample, the
larger crystal size most likely could be due to the longer freezing
rate (in the freezer) and drying procedure, while in VOD sample, it
could be related to high drying temperature (60 °C) and Ostwald
ripening. With respect to LFD sample, the small crystal size could be
because of the freezing rate, as the particles were frozen by liquid
N> in a short time and sublimed under a low pressure. This rapid
temperature change (freezing and drying) could have induced
stress within the particles, resulting in the reduction of Fe304
crystals size.

Dy values are noticeably larger than the primary particle sizes
(as determined by TEM), indicating a significant degree of primary
particle aggregation both in the dried powder form and upon re-
dispersion into aqueous media. This effect is however consider-
ably less pronounced for LFD processing, compared to FFD and
especially VOD processing, likely again due to the higher temper-
atures and longer time scales involved in the latter two processing
methods. In addition, Dy values indicate that avoiding drying
altogether, by keeping IONPs as colloidal dispersion (WET sample),
less aggregation will occur, in line with much better dispersion
stability of the WET samples discussed earlier.

While for the LFD processing, the Dggr agrees well with the
crystal sizes from XRD and TEM, for VOD and FFD, Dggr is noticeably
smaller than the XRD and TEM crystal sizes. This could be due to the
higher N, adsorption, probably due to the surface and/or internal
porosities of primary particles, which leads to a higher BET surface
area measurements.

The FT-IR was obtained for Fe304 NPs-pH11-80 °C-NA-ethanol
(LFD, FFD and VOD), as shown in Fig. 7(b). The peak at 559.27 cm™!
confirms the formation of Fe-O bond which is characteristic of
Fe304 IONPs species. In all samples, the broad absorption band at
3236.10 cm™ and at 1631.55 cm™! correspond to the vibration of O-
H bonds of IONP O-H surface groups and associated surface-bound
water.

Fig. 8 displays the magnetic behaviour of the Fe304 NPs-pH11-
80 °C-NA-ethanol (LFD, FFD, VOD) samples under the effect of
magnetic field at 300 K. The applied field was corrected against a
palladium reference sample to moderate the influence of trapped
flux in the superconducting magnet coil. The details are included in
the supplementary section S3. The results, as summarised in
Table 4, exhibited that LFD, FFD and VOD samples interestingly
possessed superparamagnetic characteristics in the absence of
XMEF, this was supported by the negligible remanence (M;) and low
coercivity (Hc) (Chen, Ilyas, et al., 2021; Mohammadi et al., 2014).
The magnetization curves were normalised to the total mass of the
samples. The saturation magnetization (Ms) for LFD, FFD and VOD
samples were 78.50 emu/g, 71.38 emu/g and 63.87 emu/g,
respectively, as depicted in Table 4. As it is reported in literatures
(Chen, Ilyas, et al., 2021; Dong et al., 2016), the effect of synthesis
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Table 3
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Mean particle size of Fe304 NPs-pH11-80 °C-NA-ethanol (LFD, FFD, VOD and WET) by TEM, XRD, BET.

Sample description Dy by DLS (nm)

Dger by BET (nm)

Dionp by TEM (nm) D(311) by XRD (nm)

LFD 14138 8.6
FFD 28.2, 146.1 58
VoD 18.1, 92.8, 5560.0 32
WET 68.6 N/A

8.0 78
10.0 103
12.0 106
7.0 N/A

Dionp: mean diameter of primary particles as observed in TEM, Dggr: average particle diameter as estimated from BET surface area and Fe304 density, D311y is the crystalline

size. N/A: not applicable.
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Fig. 7. (a) PXRD and (b) FT-IR spectra of Fe304 NPs-pH11-80 °C-NA-ethanol (LFD, FFD and VOD).
80 Table 4
1 v Magnetic properties of Fe304 NPs-pH11-80 °C-NA-ethanol (LFD, FFD, VOD) at 300 K.
60 7 samples LFD FFD VOD
Y o
—_ £ y7a Hc (T) 0.0006(2) 0.0005(3) 0.0007(2)
> 40; . M; (emu/g) 0.661(2) 0.571(5) 0.588(2)
g i D M, (emu/g) 78.50 71.38 63.87
5 2042 K M;/M, 0.00969 0.00801 0.00921
‘E ] £ e MPSD by TEM 8.0 10.0 12.0
S 4 [P B.T (K) 285 300 250
g Magnetic Field (T) Hc: coercive field (the strength of the utilized magnetic field needed to reduce the
E= -20 magnetization of Fes04 NPs to zero). M;: remnant moment (the residual magneti-
g zation in Fe304 NPs when XMF is removed. Mg: the highest magnetization. MPSD:
g mean particle size diameter by TEM. B.T: blocking temperature.
s =40 1
-60 - —=—Fe;0, LFD the VOD sample had larger particle size, with low saturation
] +— Fe,0, FFD magnetization, implying the dominance of aggregation on the
-804+ e — L ":e3°‘: Vo'? magnetic characteristics of the particles. In addition, the FFD
-6 -4 -2 0 2 4 6 sample had slightly smaller particle size compared to the VOD,

Magnetic Field (T)

Fig. 8. Magnetization hysteresis loop of the Fe304 NPs-pH11-80 °C-NA-ethanol (LFD,
FFD, VOD) at 300 K.

pathways or parameters such as concentration of iron oxide pre-
cursors, pH, temperature, size of the particles can influence the
magnetic characteristics of Fes04 NPs. Herein, our work shows the
post-treatment methods also can affect the magnetic properties of
the samples. In comparison, between the three dried samples, LFD
had the smallest particle size but greater magnetization. This could
be due to the uniform size and the monodispersed particles. While,
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hence it produced higher saturation magnetization.

Table 5 provides a comparison of effects of synthesis and post-
synthesis parameters on saturation magnetism of co-precipitation
synthesised Fe304 in this work and other reported literatures (Ba-
Abbad et al.,, 2022; Mascolo et al.,, 2013; Shalaby et al., 2020;
Shirvalilou et al, 2018; Shirzadi et al, 2020). Our findings
confirmed the iron precursors, reducing agent, pH, temperature,
aging, post-synthesis methods (drying/or colloidal suspension), the
physico-chemistry (shape and size) can affect the saturation
magnetism Fe3O4 NPs.

It is well-established that Fe304 exhibits ferrimagnetic proper-
ties characterized by high saturation magnetization (M) and low
coercivity (H¢). This behaviour is attributed to the



M. Moeni, M. Edokali, M. Rogers et al.

Particuology 91 (2024) 155—-167

Table 5
Comparison of Dy (nm), TEM (nm), and M (emu/g) of this work and other reported literatures.
Sample Reactants Reducing Temp pH Aging Post-synthesis Dy (nm) TEM  Crysal size M Shape Ref.
agent (%) Q) (h) process (h, °C) (nm) (nm) (emu/
g)
Additive- FeCl;, FeSO4e7H,0, HPLCW, 25-30 80 11 N/K  WET 68.6 7.0 N/A N/A Sphere This work
free Fe30, ethanol NH,OH LFD (48 h, =53 °C) 141.8 8.0 7.8 78.50 Sphere
FFD (48 h, —=53 °C) 28.2,146.1 100 10.3 71.38 Sphere
VOD (24 h,60°C) 18.1,92.8, 12.0 10.6 63.87 Sphere
5560.0

FeCls, FeSO4e7H-0, water, 30 60+5 11 2 VOD (24 h,75°C) NJK 100 8 27.35 Sphere Ba-Abbad et al.
ethanol, NH,OH (2022)
FeCl3e6H,0, FeSO4e7H,0, water, N/A 60+5 11 2 VOD (24 h, 75°C) NJ/K 32+2 25 45.14 Cubic Ba-Abbad et al.
ethanol, NaOH (2022)
FeCl;e6H,0, FeCl,e4H,0, water, 25 85 N/K N/K  WET 15 N/K — 66.5 Sphere Shirzadi et al.
NH3 (2020)
FeCl;e6H,0, FeCl,e4H20, water, 28 80 11 1/2 VOD (24 h,70°C) 100-300 10 — 6.07 Sphere Shalaby et al.
NH4OH (2020)
FeCl;e6H,0, FeCl,e4H,0, water, N/A 25 12.20 3 VDr N/K 11 109 69.4 Sphere Mascolo et al.
NaOH (2013)
FeCl;e6H,0, FeCl,e4H,0, water, 25 70 N/K 2 VOD (N/K, 45°C)  N/K 115 - 55.14 Sphere Shirvalilou et al.
NH3 (2018)

Temp: temperature, N/K: not known, N/A: not applicable, VDr: vacuum desiccator.

antiferromagnetic coupling of Fe>* cations within the tetrahedral
and octahedral sites of its crystal structure, as previously eluci-
dated. The magnetic attributes of Fe304 iron oxide nanoparticles
(IONPs), including M and H, are significantly influenced by various
factors such as particle size, surface effects, magnetic ordering,
temperature, and pressure (Kolhatkar et al., 2013; Lisjak et al., 2018;
Lu et al., 2007). These factors, interconnected and strongly reliant
on the size and geometry of the nanoparticles (NPs), contribute to
the classification of Fe304 spherical IONPs based on their structures,
crystallinity, and magnetic behaviours. Spherical Fe304 IONPs,
particularly those with a size smaller than 25 nm and a single-
crystalline structure, are identified to potentially exhibit super-
paramagnetic behaviour at room temperature (Kolhatkar et al.,
2013; Nguyen et al., 2021), aligning with existing literature pre-
sented in Table 5. Despite the consistency in particle size and crystal
structure among the compared results in Table 5, notable variations
in the obtained M; values are observed. Noteworthy is the persis-
tent high Mg value obtained in our results compared to other re-
ported literature, even though similar particle size and crystal
structure are maintained. Additionally, it is essential to note that
defects or impurities within the crystal lattice can impact the
magnetic properties of Fes04 IONPs. These imperfections can
disrupt the alignment of magnetic moments, introduce disorder,
and consequently induce changes in saturation magnetization
(Demortiere et al., 2011; Park et al., 2004). Notably, our findings

suggest that the absence of the maghemite phase in the magnetite
nanoparticles contributes to an increase in saturation magnetiza-
tion, as proven by lattice parameters and d-spacings in Fig. 5(c).
This observation is further supported by the confirmation of the
dominant magnetite phase through the analysis of lattice param-
eters presented in Fig. 7(a). Furthermore, the qualitative presence
of magnetite materials is affirmed by FT-IR results in Fig. 7(b),
illustrating the formation of Fe-O bonds characteristic of Fe304
IONPs species. Overall, our study provides valuable insights into the
magnetic properties of Fe304 IONPs, emphasizing the intricate
interplay of various factors and highlighting the significance of
crystal structure and phase composition in influencing magnetic
behaviour.

The thermal hysteresis of the sample was measured. The zero-
field cooled, and field cooled (ZFCFC) magnetization curve mea-
surements started off at 400 K, de-magnetising the sample then
removing the trapped flux from the superconducting magnet, fol-
lowed by cooling in zero field to the base temperature (Fig. 9(a)). A
very small field was then applied (~5 mT), as the temperature
increased, thermal energy was applied to the Fe304 NPs to make the
transition to have spin aligned with the XMF. Hence, with the rise of
the temperature the magnetic moment increased too. However,
susceptibility reduced after reaching the blocking temperature
where the samples started to behave superparamagnetic (Martien,
2001). At 300 K, the hysteresis loops did not close and continued
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Fig. 9. Zero-field cooled, and field cooled (ZFCFC) (a), AC susceptibility, real (b), and imaginary (c) components of Fe304 NPs-pH11-80 °C-NA-ethanol (LFD, FFD and VOD).
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which indicated Fe304 NPs (LFD, FFD, VOD) at a temperature be-
tween 300 K and 400 K have some ferromagnetism characteristic
remaining, this might be due to the aggregation (Chen et al., 2020).

The temperature dependent AC susceptibility of Fe3O4 NPs-
pH11-80 °C-NA-ethanol (LFD, FFD and VOD) was measured at
75.7 Hz. The AC susceptibility (c), which describes the response of
Fe304 NPs powder to applied magnetic field, was measured using a
dynamic oscillating magnetic field. The AC produced an in-phase or
real component (c’) (Fig. 9(b)) and an out-of-phase or imaginary
component (c”’) (Fig. 9(c)). The ¢’ and the ¢”” components of the AC
susceptibility illustrate the distribution of relaxation frequencies
(Garaio et al., 2014). In all samples, the ¢’ demonstrated similar
results to the static ZFCFC warming branch (Fig. 9(a)) in which with
the increase of the temperature, the susceptibility increased as
well. The ¢’ in Fe304 samples at a lower temperature started to rise
gradually, indicating some of the NPs remained frozen also at a
higher temperature (250 K) and slightly curved peaks were
observed due to the presence of fewer spins remaining frozen.

The imaginary component provides insights about the reso-
nance in the spin dynamic which usually shows a peak at the
blocking temperature. In LFD sample, the greatest response was
observed at 285 K, which indicated the narrower particle size of the
sample resulted in the whole system becoming superparamagnetic
after passing 285 K. While, in VOD sample prior to behaving
superparamagnetic, two peaks were observed at 180 K and 250 K
that could have been due to the polydispersity of the particles.
Similarly, in FDD sample initially the peaks were observed at 50 K
and then at 300 K prior to the system becoming superparamagnetic
above this temperature.

4. Conclusion

This study revealed that in addition to the synthesis parameters,
different post-synthesis treatments (LFD, FFD, VOD and WET) can
also have substantial impact on particle characteristics, i.e., size,
morphology, stability, magnetism, and aggregation. In terms of
synthesis conditions, this work found that the Fe304 NP generated
with water-ethanol solvent at 80 °C, pH 11, with no aging after
reaching the desired pH, produced the best IONPs with the po-
tential for biomedical applications (small primary particle size,
homogeneous particle distribution, good dispersion stability). In
terms of post-synthesis processing, this work showed, while the
WET sample was less aggregated and had the smallest hydrody-
namic size and the best stability at different temperatures, amongst
all post-treated Fe3O4 NPs, the LFD samples had the smallest
crystalline size with the best PDI compared to the FFD and the VOD
samples. In addition, stability of post-treated samples characterised
at different temperatures showed LFD is the most stable at 37 °C
(body temperature), however, at 43 °C its stability significantly
deteriorates. Although, freeze-dried samples had the best dis-
persibility among dried samples, avoiding IONPs drying and storing
materials as colloidal suspension (WET) resulted in the least degree
of aggregation and the best stability in aqueous dispersion at both
room temperature and physiologically relevant higher tempera-
tures. All post-treated dried samples showed superparamagnetic
characteristics, however, the LFD sample had the highest saturation
magnetization according to ¢’ in AC susceptibility measurements.
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