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Abstract: Iron oxide nanoparticles (IONs) with good water dispersibility were prepared by the ther-
mal decomposition of iron acetylacetonate (Fe(acac)3) in the high-boiling organic solvent polyethylene
glycol (PEG) using polyethyleneimine (PEI) as a modifier. The nucleation and growth processes of
the crystals were separated during the reaction process by batch additions of the reaction material,
which could inhibit the nucleation but maintain the crystal growth, and products with larger particle
sizes and high saturation magnetization were obtained. The method of batch addition of the reactant
prepared IONs with the largest particle size and the highest saturation magnetization compared with
IONs reported using PEG as the reaction solvent. The IONs prepared by this method also retained
good water dispersibility. Therefore, these IONs are potentially suitable for the magnetic separation
of cells, proteins, or nucleic acids when large magnetic responses are needed.

Keywords: iron oxide nanoparticles; methods of adding reaction materials; nanoparticle size;
nucleation and growth separation; saturation magnetization

1. Introduction

Nanomaterials have been continuously developed and improved for their usage in
various fields, including energy [1], the environment [2], information [3], medicine [4–8],
and others. Nanoparticles match the size of many biological macromolecules such as
nucleic acids and proteins [9]. In addition, magnetic nanoparticles possess unique magnetic
properties that mean their movement is controllable under the action of an applied magnetic
field [9,10]. Therefore, they have a broad application prospect in the biomedical field. For
in vivo applications, magnetic nanoparticles can not only be used as markers to assist in the
detection and diagnosis of clinical pathology [11,12], but also as a tool for loading certain
drugs to achieve directional transport and release [13,14]. For in vitro applications, the
surface of magnetic nanoparticles can be modified with a variety of ligands (or receptors),
which can be specifically bound to the receptors (or ligands) for the detection and separation
of specific cells, viruses, proteins, and nucleic acids under the action of an applied magnetic
field [15–18].

IONs synthesized by thermal decomposition have the advantages of high magneti-
zation and good dispersion, making them suitable as a medium for magnetic separation.
The common organic compound precursors used for the synthesis of IONs by thermal
decomposition are iron pentacarbonyl, iron acetylacetonate, metal complexes of oleic acid,
etc. And the commonly used solvents are oleic acid, oleylamine, 1-octadecene, imidazolium
ionic liquids, and different molecular weight polyethylene glycols. IONs prepared with
oleic acid, oleylamine, 1-octadecene, imidazolium ionic liquid as solvents or modifiers are
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generally non-water-soluble, and need to be dispersed in weakly polar or non-polar organic
solvents [19,20] such as hexane, toluene and so on. To achieve good dispersion of IONs
synthesized using these solvents in water, it is generally necessary to use water-soluble
surfactants [21]. PEG is a non-toxic, hydrophilic solvent with good biocompatibility [22].
IONs prepared using PEG as a solvent, PEI as a modifier and iron acetylacetonate as a
precursor exhibit good water dispersibility [23].

The high magnetic requirement of IONs in the process of magnetic separation imposes
stringent demands on their particle size [24,25]. Generally, larger particle sizes correspond
to better magnetic properties [26]. Several methods have been proposed for the control
of the particle sizes of non-aqueous dispersed IONs. For instance, using an iron oleate
complex as the precursor and 1-octadecene as the solvent, IONs with sizes ranging from 9
to 14 nm can be prepared by adjusting the temperature and reaction time [27]. Additionally,
employing the seed-mediated method allows for the preparation of larger crystals [21].
However, there are fewer methods available for increasing the particle size of water-
dispersible, especially PEG-coated, IONs. Additionally, the saturation magnetization
of IONs synthesized with PEG as solvent and modifier is generally below 60 emu/g
at 300 K [23]. It was observed that increasing the temperature and reaction time only
marginally increased the particle size of these water-dispersible nanoparticles [28]. In fact,
we also attempted to use the seed-mediated method to further increase the size of these
PEG-modified water-dispersible nanoparticles, but found only a limited increase in the
sizes of the particles.

The nucleation and growth of crystals is a complex process. The current theories used
to describe the nucleation process are mainly the LaMer classical nucleation–diffusion
model [29] and the non-classical two-step nucleation mechanism [30]. The classical nucle-
ation theory posits that monomers in solution aggregate and nucleate when the degree of
supersaturation surpasses a threshold sufficient to overcome the nucleation energy barrier.
Subsequently, the monomers diffuse to the surface of the nucleus and merge with the
crystal structure. The non-classical nucleation theory suggests that monomers form sub-
stable dense liquid-phase clusters before nucleation, which nucleate with a greater energy
advantage than monomer nucleation. Moreover, it proposes that the smallest growing
unit for growth is not the monomer, as stated in classical theory, but rather the sub-stable
dense clusters or even nanoparticles [31,32]. Both the classical nucleation theory and non-
classical nucleation theory regarding crystal nucleation and growth can be summarized in
three steps: 1. nucleation; 2. the diffusion of the growth unit; 3. growth unit merging and
crystal growth. Generally, in the synthesis process of nanoparticles, the raw materials are
added at once; adding a large amount of raw material at the beginning of the reaction leads
to excessive supersaturation, causing numerous nucleation to occur and resulting in the
generation of a large number of grains subsequently but with limited particle sizes.

Based on this, the present work draws from the previous literature on the control of
organo-metallic skeleton size [33] and proposes a method involving the batch additions
of Fe(acac)3 to differentiate the nucleation and growth processes of IONs. This method
aims to increase the size of the IONs modified by PEG and PEI. In this approach, the
nucleation and growth of crystals are separated by gradually adding reaction materials in
batches. Initially, nucleation occurs at a high supersaturation level, but as the monomer
concentration decreases, nucleation ceases. The subsequent addition of an appropriate
amount of Fe(acac)3 maintains the monomer concentration, allowing for crystal growth
without promoting new nuclei formation. The nanoparticles prepared using this method
exhibit significantly larger sizes than those synthesized via one-time addition of the reac-
tion material, resulting in enhanced magnetic properties while still retaining good water
dispersibility. These IONs can find applications in magnetic separation and other fields.
This method of the batch additions of the reactant to increase the particle sizes may be used
for other material systems.
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2. Experiments
2.1. Materials and Reagents

Iron (III) acetylacetonate was purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo,
Japan). Poly (ethylene glycol) (PEG, Mw = 1000, 95%), toluene (99%) and acetone (99%)
were purchased from Xilong Science Co., Ltd. (Shantou, China). Polyethyleneimine (PEI,
Mw = 1800, 99%) was purchased from Shanghai Aladdin Biochemical Science Technology
Co., Ltd. (Shanghai, China).

2.2. Preparation of IONs

PEG and PEI were used as solvents and modifiers to prepare IONs by decomposing
Fe(acac)3 at a high temperature, respectively. The experimental procedure proceeded as fol-
lows: PEG and PEI were mixed in a three-necked flask at room temperature; subsequently,
when the solution reached 80 ◦C, a portion of Fe(acac)3 was added, and the temperature
was maintained at 80 ◦C for 10 min before being gradually increased to 320 ◦C at a rate of
10 ◦C/min. Throughout the process, the solution was stirred continuously and argon gas
was introduced into the reaction system to eliminate dissolved oxygen and prevent the
formation of by-products. The experimental design was as follows:

In the experimental (batch additions of the reactant) group, 0.7 g of Fe(acac)3 were
added to the PEG and PEI at 80 ◦C. After holding at 320 ◦C for 60 min, 0.15 g of Fe(acac)3
were added 10 times at 12-minute intervals. The total amount of Fe(acac)3 added was 2.2 g
and the total holding time was 180 min. The schematic diagram of the synthesis steps in
the experiment group is as follows:
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2.3. Characterization

X-ray diffraction (XRD, X’ Pert PRO, Amsterdam, The Netherlands) was used to
analyze the crystal structure of the nanoparticles and determine the physical phase. Fourier
transform infrared (FT-IR, NEXUS 670, Madison, WI, USA) spectroscopy was used to
analyze the modification of organic matter on the surface of the magnetic nanoparticles.
Malvern laser particle sizer (Nano ZS, Manchester, UK) was used to test the hydrodynamic
particle size and zeta potential of particles in aqueous solution, which were used for
observing the size distribution of the particles and the colloidal stability. Transmission
electron microscope (TEM, FEI Tecnai F20, Hillsboro, OR, USA) was used to observe the
magnetic nuclei of the magnetic nanoparticle size; the diameter size of the magnetic nuclei
was counted, and the distribution range was analyzed using ImageJ software (ImageJ 1).
The observation of the crystal structure of the samples was performed by using high-
resolution transmission electron microscopy (HRTEM, FEI Tecnai F20, Hillsboro, OR, USA).
A thermogravimetric analyzer (TGA, STA449, Stuttgart, German) was used to calculate the
mass of the samples with water and organic modification layers being removed. The M-H
curves of the nanoparticles obtained by different methods of syntheses were compared
using a Magnetic Property Measurement System (MPMS, MPMS-3, San Diego, CA, USA)
to evaluate their magnetic response properties.
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3. Results and Discussion
3.1. X-ray Diffraction and Fourier Transform Infrared Spectroscopy of IONs

Figure 1 compares the XRD patterns of the IONs prepared in the batch additions of
the reactant and one-time addition of the reactant. The wavelength of the X-rays used for
testing is 0.154056 nm. The diffraction peaks of both samples have the same position, and
the peak intensity distributions are consistent. This indicates that the crystal structure of the
samples obtained by changing the synthesis method has not been altered. The diffraction
peaks at 2θ values of 30.12◦, 35.48◦, 43.12◦, 57.03◦ and 62.63◦ are consistent with the peak
positions of the PDF standard card (75-0033) of Fe3O4, which, respectively, correspond to
the (220), (311), (400), (511) and (440) crystal planes of Fe3O4, indicating that the prepared
samples contain the Fe3O4 phase. By using the Scherrer formula (Formula (1)), the particle
sizes of two ION products were calculated. In the formula, D represents the particle size
of IONs. The shape factor k is set to 0.9. The wavelength of the incident radiation λ is
0.154056 nm. β represents the full width at half maximum (FWHM) of the diffraction peak
corresponding to the (311) crystal plane (θ = 17.74◦), which shows the strongest diffraction
peak with values of 0.2598◦ and 0.5117◦ for IONs from the experimental group and the
control group, respectively. The calculated particle sizes of IONs prepared by the batch
additions of the reactant and by the one-time addition of the reactant were 32.1 nm, 16.3 nm,
respectively. Thus, the particle size of IONs prepared by the batch additions of the reactant
was significantly larger than that of IONs prepared by the one-time addition of the reactant.

D =
kλ

βcosθ
(1)
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Figure 1. XRD patterns of IONs (iron oxide nanoparticles) prepared by the batch additions of the
reactant (0.15 g Fe(acac)3 added 10 times at 12-minute intervals) and the one-time addition of the
reactant (2.2 g Fe(acac)3 added at once during the initial stage of the reaction). The diffraction peaks
correspond to the crystal planes of Fe3O4.

Figure 2 displays the nearly identical infrared absorption spectra of the IONs prepared
by the two synthesis methods. During the reaction process of preparing the IONs, PEG
was used as a reaction solvent, PEI as a modifier, and Fe(acac)3 as a precursor. The -OH
group at the end of PEG was oxidized to -COOH [23], which was attached to the surface of
nanoparticles through the covalent bonding of Fe-O, while PEI was bound to the nanoparti-
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cles through -NH2. Additionally, PEG and PEI may also be connected to each other through
hydrogen bonding. The absorption peak at wavenumber 584 cm−1 corresponds to the
characteristic peak of Fe-O. The absorption peak at 1093 cm−1 is attributed to the stretching
vibration of the C-O bond. The absorption peak at 1249 cm−1 is attributed to the stretching
vibration of amide III bond C-N [34]. The absorption peak at 1633 cm−1 is attributed to
the symmetric stretching vibration of the -COO- group. The absorption peak at 2862 cm−1

represents the C-H characteristic absorption peak, and the absorption peak at 3422 cm−1

corresponds to -OH. The infrared absorption spectra of the samples indicate that the surface
of the IONs prepared by the two methods is enriched with -OH and -COOH groups. The
organic layer is successfully modified on the surface of the nanoparticles.
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3.2. Analysis of Colloidal Stability and Particle Size Distribution of IONs

Dynamic light scattering (DLS) determines particle size by measuring the velocity of
the Brownian motion of the particles in solution, which includes the size of the iron oxide
crystals, the thickness of the organic layer modified on the surface, and the hydration layer.
The organic layer on the IONs consists of PEG and PEI; PEG is a non-toxic hydrophilic
solvent that is covalently bonded to IONs through Fe-O bonds. PEI is a water-soluble
polymer that forms hydrogen bonds with both IONs and PEG. The modification of PEI and
PEG enhances the water solubility of IONs. It can be found, in Figure 3, that the hydrody-
namic sizes of the samples prepared in the batch additions of the reactant and the one-time
addition of the reactant during the reaction were distributed around 220 nm and 85 nm,
respectively. The particle size distribution of the IONs prepared by the batch additions of
the reactant is relatively wide (Figure 3), which is consistent with the results of particle size
statistics in the TEM images in the following Figure 4. In the process of the batch additions
of the reactant, although the reactant added later is used mainly for crystal growth due
to its lower concentration, there are still fewer nucleation processes occurring at this time
(Figure 5). This increases the particle size distribution, and therefore, the hydrodynamic
size distribution. The synthesis by the one-time addition of the reactant firstly produces
a larger number of nuclei, but later produces few new nuclei, thus forming a relatively
narrow size distribution. IONs prepared by batch addition of the reactant have PDI values
below 0.3, which can be considered as still possessing good aqueous dispersibility.
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Figure 6 shows the results of the zeta potential test of the aqueous solutions of IONs
obtained by the two methods. The pH of the sample solutions was calibrated to 7.0 prior to
testing. The zeta potential value of the sample solution prepared by the batch additions of
the reactant and by the one-time addition of the reactant are −18 mV, −11.8 mV, respectively.
The negative zeta potential may be due to the high concentration of Fe(acac)3, which results
in more IONs with relatively few PEI modifications. The larger the absolute value of
the zeta potential, the better the colloidal stability of the solution. By comparison, the
sample prepared by the batch additions of the reactant exhibits better dispersion stability
in aqueous solution.
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As shown in Figure 4a,b, the morphology and sizes of the two samples were observed
under TEM, and the diameters of nanoparticles were measured to calculate their size distri-
bution. The diameter distributions of the IONs prepared by the batch additions and the
one-time addition of Fe(acac)3 were 30.6 ± 2.9 nm, 15.3 ± 1.7 nm, respectively. The diameter
of the IONs prepared by the batch additions of the reactant group were significantly larger
than that prepared by the one-time addition of the reactant, which demonstrated that the
batch additions of the reactant method that separate crystal nucleation from growth by
adding the reactant step by step in the course of the reaction could effectively increase the
size of the prepared nanoparticles. In addition, the HRTEM of the products in Figure 7a,b
shows that the IONs prepared by the gradual addition of the Fe(acac)3 retain their highly
crystalline nature.

The formation of nuclei and crystal growth means the transformation from a disor-
dered state to an ordered state that is a first-order phase transition [35]. Certain energy
barriers must be overcome during the formation of nuclei [36], and nucleation is more
likely to occur when the supersaturation of a solution rises as the solute concentration
increases. Figure 5 simulates the nucleation growth process in both the one-time addition
of the reactant group and the batch additions of the reactant group. At the initial stage
of the reaction, a larger number of nuclei can be formed in the one-time addition of the
reactant group due to the addition of a larger amount of Fe(acac)3 because of the higher
solution concentration and higher degree of supersaturation. The reactant in the solution
diffuses toward the surface of the nuclei, and the growth units merge and crystals grow
to form iron oxide nanocrystals of about 15.3 nm in size. In contrast, in the batch addi-
tions of the reactant group, the lower initial concentration leads to the generation of fewer
nuclei. Subsequently, the addition of 0.15 g of Fe(acac)3 for 10 times is used to maintain
the concentration of growth units in the reaction system for crystal growth. The reactant
concentration in the solution is kept below the threshold favoring the overcoming of energy
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barriers for nucleus formation, resulting in few new nuclei being generated. Consequently,
the initially formed nuclei eventually grow into larger IONs, with particle sizes of about
30.6 nm in our case. It should be noted that the particle size increase of nanoparticles
simply by increasing the amount of the reactant, reaction time and temperature, but with
the one-time addition of the reactant, is difficult to achieve at this level. It can be expected
that this method of the batch additions of the reactant to increase the particle sizes may be
used for other material systems.
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3.3. Hysteresis Loop Analysis of IONs

The surface organic modifier content was calculated from the thermogravimetric
curves, and the hysteresis loops of the two samples were analyzed after removing the mass
of the organic modification layer. The thermogravimetric curves of the samples were tested
under N2 atmosphere with a heating rate of 10 ◦C/min. In Figure 8, the thermogravimetric
curve shows that the IONs prepared by the batch additions of the reactant contained less
organic substance for surface modification; this is because, compared to the IONs obtained
by the one-time addition of the reactant, the IONs prepared by the batch additions of the
reactant are larger in size and have a smaller specific surface area. In Figure 9, the saturation
magnetization at 300 K of the sample by the batch additions of the reactant and by the
one-time addition of the reactant are 113 emu/g with an intrinsic coercivity of −94 Oe, and
96 emu/g with the intrinsic coercivity of −87 Oe, respectively. The results show that the
sample prepared by the batch additions of the reactant in the reaction process possesses a
higher saturation magnetization; this is because the saturation magnetization of magnetic
nanoparticles generally increases with increasing particle size [21,26]. IONs prepared by
the batch additions of the reactant have larger particle sizes, resulting in higher saturation
magnetization.

Previous studies have utilized the co-precipitation method to synthesize magnetite
nanoparticles coated with polyethyleneimine (PEI-Fe3O4) at 90 ◦C and 20 ◦C. The saturation
magnetizations at 300 K of these nanoparticles are about 70 emu/g [37] and 60 emu/g [38],
respectively. In contrast, the IONs prepared by the batch additions of the reactant in this
work have a much higher saturation magnetization, indicating a better response to an
external magnetic field.

The yield of IONs prepared by the thermal decomposition method can meet the
demands in the field of medical research applications. The commercialization of the product
can be achieved through increasing the reaction quantity and implementing production
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automation. These large particles can be used for the separation of cells, proteins, and
nucleic acids, as well as for magnetic resonance imaging applications that require high
imaging effects.
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4. Conclusions

In this work, we demonstrated a method to increase the size of the IONs by the batch
additions of the reactant; this increase is due to the separation of nucleation and crystal
growth. Specifically, the IONs prepared by the batch additions of the reactant have a
particle size of 30.6 nm, with a saturation magnetization of 113 emu/g. These values are
much greater than the particle size of 15.3 nm and the saturation magnetization of 96 emu/g
observed in IONs prepared with the same amount of reactants and the same reaction time,
but with the reactant added all at once. The IONs prepared by the batch additions still have
good single crystal structure of the Fe3O4 phase and possess water-dispersion properties.
Compared to the IONs prepared by the previously reported methods, such as thermal
decomposition using PEG as a reaction solvent or co-precipitation, the IONs prepared by
the batch additions of the reactant in this work exhibited the largest particle size and the
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highest magnetization. These IONs are expected to have better applications in biomedical
fields such as magnetic separation. This method of the batch additions of the reactant to
increase particle size may be used for other material systems.
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