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Size and Magnetization Control of Magnetite NPs via Ethylene Glycol
and Temperature for Ferrofluid and Magnetotargeting: Model Experiments

Magnetic nanoparticles (NPs) are highly promising materials for diverse biomedical applications, particularly
in magnetotargeting, owing to their tunable magnetic properties. Achieving precise control-over their synthe-
sis parameters is critical for optimizing these properties and ensuring their efficacy. This study investigates
the impact of synthesis conditions on the properties of magnetite (Fe;O,) nanoparticles. A set of magnetite
NPs were prepared via co-precipitation of ferrous and ferric ions by a.base in'ambient conditions, systemati-
cally varying the ratio of ethylene glycol/water (EG/water) solvents and temperatures (4, 20, and 70 °C).
Crystal structure, morphology and magnetic parameters were analyzed. Additionally, rheological experiments
were conducted to study the dynamic viscosity of ferrofluids containing varying sizes and concentrations NPs
in polyglucinum. Results showed that Fe;O, NPs size‘linearly increased with the EG/water volume ratio only
at 70 °C. Increasing EG from 0 % to 50 % elevated magnetite stoichiometry from Fe, ;,0, to Fe, 9,04 with
higher concentrations reducing it. The effect of temperature on stoichiometry varied depending on the eth-
ylene glycol (EG) content. At low EG content, stoichiometry decreased with increasing temperature. But, at
higher EG content, maximum stoichiometry was observed at 20 °C. Increasing polydispersity of NPs (0.07—
0.13) decreased viscosity in polyglucinum from ~10 to ~4 mPa s (1-5 % EG). Evaluation tests of the magnet-
ic induction gradient on NPs capture in a flow-through setup were also performed. A sigmoidal relationship
(R*=0.97) was established between the'NPs capture efficiency and the magnetic induction gradient. These
findings provide valuable insights for.optimizing the synthesis and suspension performance for magnetic flu-
ids for magnetotargeting applications.

Keywords: Synthesis of magnetic NPs, Ethylene glycol, Synthesis temperature, Oxidation, Size control, Satu-
ration magnetization, Rheology, Magnetic capture

Introduction

Magnetite (Fe3Q,4) is among the most extensively studied magnetic NPs due to its unique combination
of various properties making it highly attractive for numerous biomedical applications, such as magnetic res-
onance imaging [1], drug/gene delivery [2-5], in catalysis [6-8], in ferroptosis therapy due to Fe*"'Fe®* me-
diators of Fenton and Fenton-like reactions [9-11] as well as ferrofluids [12]. Uniformity of magnetite NPs
size, shape, and.crystalline structure is crucial in biomedical applications [13] that require the design and
synthesis of NPs with the perfectly controlled features such as magnetization of NPs. The latter is a size de-
pendent property, so, it can utilize its size-in dependent version that is called saturation magnetiza-
tion (o5) [14]. Many reports of solution-phase synthesis of monodisperse magnetite nanocrystals (MNCs)
have been published [15-17]. However, lack of reproducibility of MNC synthesis is a persistent problem,
and the keys to producing monodisperse MNCs remain elusive [18]. The structural characteristics and subse-
guently magnetic properties of materials are greatly originated from their synthesis process [19-23]. In re-
cent studies of coprecipitation synthesis, there have been many reports on changing various experimental
parameters to control the size of Fe;0, NPs, such as altering the reaction temperature and reaction time in
synthesis [24, 25], varying the Fe*/Fe* cation ratio, and pH [26], stirring velocity [27], etc. Interfacial ten-
sion of the medium is also expected to be one factor in controlling the size NPs. Ethylene glycol (EG) is a
solvent miscible with water at any composition [28]. Besides, EG have a high boiling point (246 °C) and a
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low interfacial tension (47.99 mN m*) [29]. It can be therefore expected that EG becomes a useful additive
for controlling the size of magnetite produced by a forced hydrolysis reaction at an elevated temperature.
Moreover, EG being a polyol capable of acting as a reducing and stabilizing agent, influencing stoichiometry
of magnetite as well as nucleation and growth processes. Recent mechanistic work also shows that, in alco-
hol-based systems, the water fraction and oxygen access can be decisive for iron nanoparticle oxidation
pathways and kinetics, underscoring why solvent composition must be treated as a primary control parame-
ter [30]. This paper demonstrates a synthesis of magnetite NPs via co-precipitation of ferrous and ferric ions
by a base in ambient conditions of 10 to 34 nm in diameter regulated by changing the ratio of EG/water and
temperature from 4 to 70 °C. We investigated in this paper the influence of both EG and temperature on the
size, polydispersity, stoichiometry and saturation magnetization (o;) of NPs. Selected NPs samples were test-
ed under model conditions to assess their effect on the dynamic viscosity of polyglucinum-based ferrofluids,
as well as the influence of magnet induction on NPs capture in a model flow-through setup.

Experimental

Preparation of Fes04 NPs

Magnetite NPs Fe;O4 with different sizes were synthesized using the co-precipitation method by
Elmore reaction [31] by changing the volume ratio of ethylene glycol/water (EG/water) and temperature
while keeping the other experimental conditions the same. 150 mL of a 0.05/M FeSQ, 7H,O and 0.1 M
FeCl;-6H,0 solution was poured in a beaker in ambient (air) conditions for technological reason and the so-
lution’s temperature was maintained at 4, 20 or 70 °C. 1 M NaOH was added dropwise into the solution in
order to reach pH 9 and stirred at 300 rpm for 30 min. pH control was overtime. The product was harvested
by magnetic separation, washed repeatedly with deionized water 3 times with a hydromodulus of 1:50 and
then dried at 70 °C. Storage conditions were in a sealed container in a dark place. Synthesis conditions and
cipher of NPs are presented in Table 1.

Table 1

Synthesis conditions and cipher of NPs

T, °C EG, volume ratio
0 25 50 75
4 4/0* 4/25 4/50 4/75
20 20/0 20/25 20/50 20/75
70 70/0 70/25 70/50 70/75
*the code in the name of the samples indicates the temperature (first index)
and the volumetric content of EG.

Characterization of NPs

NPs samples were characterized using X-ray diffraction (XRD) analysis, transmission electron micros-
copy (TEM), and vibrating-sample magnetometer (VSM) analysis. Method descriptions are provided in Sup-
porting Information (SI).

Results and Discussion

The Influence of Ethylene Glycol Concentration and Temperature on the Morphology of NPs

The TEM-images taken to determine the morphology, shape and size distribution for the selected NPs
produced at the different volume ratios EG/water and temperature are shown in Figure 1. The resulting mag-
netite nanoparticle samples are found to be nearly of spherical/cubic shape. For samples 4/25, 20/25 and
70/25, the average particle size was 16.7, 19.1 and 14.1 nm, respectively; for samples 70/0, 70/50 and 70/75,
it was 9.8, 22.6 and 33.6 nm, respectively. The size particle distribution histograms constructed from TEM
images show that with increasing EG in the synthesized solution, the range of particle sizes increases. The
electron diffraction patterns in the selected region obtained by TEM are shown in Figure S1 (SI). The ring
diameters of the corresponding atomic planes indicate that the main phase of the NPs is magnetite [AMCSD
0002400, Supplementary Materials].
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Figure 1. TEM images and plotted particle size distribution histograms
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For these samples, graphs were constructed showing the dependence of NPs size on the EG content in
the solution and the synthesis temperature. The results are presented in Figure 1a, b.
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Figure 2. Dependence of NPs size on the EG content (a) and the synthesis temperature (b)

Although size distribution NPs with irregular shapes (Fig. 1) could be.found due to the inevitable fluc-
tuations in a coprecipitation system, the trend that the size and shape of the NPs controlled by the synthesis
conditions was obvious. Figure 2a shows that with increasing EG content, the particle size increases, which
is due to an increase in the viscosity of the solution, since the density of EG is higher than the density of wa-
ter, and the density of the solution increases with increasing EG'concentration (from 0.41 to 2.3 mPa s for
water and 75 % EG, respectively, at 70 °C). A statistically significant difference exists only between samples
70/0 and 70/75, p-value = 0.009. Xu et al. found that anisotropic octahedral Fe;sO,4 NPs vary the particle sizes
from 30 to 115 nm by changing the volume ratios of ethylene glycol/diethylene glycol in hydrothermal syn-
thesis [32].

Temperature can play a crucial role in the phase formation in process, e.g. due to the increased loss of
ammonia (in case of NH," present in the system) with-increased temperature and its implications for the
phase formation kinetics [33]. According to [33] in aqueous solution, synthesis at the lowest temperature of
5 °C exhibit magnetite phase, while increase in the growth temperature to 95 °C leads to pure maghemite
phase. Authors noted that since the temperatures used here are too small for solid state transformations, the
observed changes should occur primarily in the particle formation process itself where the role of precursor
radicals can be temperature sensitive. Moreover, the grains in the case of the 27 °C sample are much smaller
(6-8 nm), in the case of the 95.°C sample, the grains are somewhat bigger than the 27 °C case and they are
again better faceted though smallerithan the 5 °C case. But, in our experiments no dependence of NPs size is
observed on the temperature of EG-assisted synthesis. The above phenomena about the influence of tempera-
ture on the size of Fe;O,4 particle can be interpreted by thermophysical properties of EG: heat capacity and
thermal conductivity decrease (compared to water) by up to 20 % with increasing EG concentration and de-
creasing operating. temperatures in the low zone; kinematic and dynamic viscosity are 2-3 times higher than
that of water at positive temperatures and increase by 8-10 times as the concentration increases to the practi-
cal limit of 65 %.

X-Ray Diffraction Analysis

The phase composition of magnetic NPs was also investigated by XRD (Fig. 13). A typical diffraction
pattern was observed, confirming the presence of the magnetite phase (Fe;O,). The content of magnetite and
maghemite was calculated using the Rietveld method (Fig. 3). The obtained unit cell parameter values for all
samples were smaller than those of magnetite (8.396-8.400 A according to ICDD-PDF 19-629), but larger
than those of maghemite (8.33—8.34 A according to ICDD-PDF 39-1346). This is explained by partial oxida-
tion of Fe®* ions during drying and/or storage and modification, leading to the formation of non-
stoichiometric magnetite with the formula Fe; ;0,, where & can vary from zero (stoichiometric magnetite) to
1/3 (fully oxidized).
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Figure 3. Diffraction patterns of NPs

The calculated stoichiometric formulas of magnetite samples.and crystallite sizes calculated using the
Williamson-Hall method [34] are presented in Table 2.

Table 2
Formula and crystallite size of iron oxide NPs

Sample a, A (GoF)? Composition Amount, % D, nm No. COD
4/0 8.363 0.7 Fe, 8304 88.1 8.40 9005838
4/25 8.374 1.1 Fes 0004 96.1 22.20 9005838
4/50 8.358 1.6 Fep 8004 92.6 29.00 9005838
4175 8.354 09 Fe, 7704 96.2 18.40 9005838
20/0 8.361 0.8 Fe, 204 96.4 12.50 9007706
20/25 8.373 0.8 Fep 8004 96.5 26.00 9005839
20/50 8.378 1.0 Fe 01,0, 96.5 31.50 2101926
20/75 8.368 1.1 Fep 8604 96.4 24.40 9005839
70/0 8.345 1.0 Fep 7204 96.2 11.80 9002319
70/25 8.359 0.9 Fep 8104 96.5 20.80 9005842
70/50 8.376 0.6 Fep 0104 96.1 27.90 2101926
70/75 8.357 0.6 Fep 7904 95.9 28.20 9005839

The average size of NPs for the 70/0, 70/25, 70/50 and 70/75 samples are close to the results obtained
using TEM. According to X-ray diffraction data, the presence of EG in the reaction mixture, compared to
temperature and solution viscosity, is the most significant factor influencing crystallite size (Fig. 4a). The
maximum magnetite content and its most stoichiometric form (with a 3-6 parameter in the range of
2.89-2.91) were observed at a solution viscosity of 1.3—4.5 mPa s and an EG content of 25-50 % (Fig. 4b).
This confirms the active participation of EG in the reduction of iron (I11) salts in an alkaline medium. A fur-
ther increase in the EG concentration to 70 % and the observed decrease in the stoichiometry of magnetite
are associated with a decrease in the equivalent water content in the system required for coprecipitation
methods where the hydrolysis of ferrous and ferric ions, ferrous hydroxide (Fe(OH),) and goethite
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(-FeOOH), are coprecipitated as precursors in an alkaline solution according to Elmore reaction. For the
samples synthesized at 20 and 70 °C, the peak stoichiometry was achieved at a content of 50 % EG and
amounted to Fe; 4,0, and Fe, 4,04, respectively, while at 4 °C the peak stoichiometry was achieved at a con-
tent of 25 % EG and amounted to Fe, 40, (i.e. mixture 60 % magnetite and 31 % maghemite) [35]. Our pre-
vious studies showed that a change in the stoichiometry of magnetite, associated with the partial transfor-
mation to maghemite phase, leads to a change in the biological activity of NPs compared to stoichiometric
magnetite [36, 37].

The stoichiometry of magnetite is important and essential parameter because the Fe**/Fe* ions pair me-
diates Fenton oxidation-reduction reactions, which are the primary mechanism triggering ferroptosis [38].
The magnetite stoichiometry in samples prepared at volume ratios of 0/100 and 25/75 (EG/water) steadily
decreases with increasing synthesis temperature, likely due to the oxidation of iron ions. In contrast, samples
prepared at 50/50 and 75/25 (EG/water) exhibited a peak at 20 °C of coprecipitation conditions followed by
decline. This behavior is explained by the fact that, at this temperature, the reducing potential of EG out-
weighs the oxidizing effect of increasing temperature.
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Figure 4. Dependence of crystallite size (a) and magnetite stoichiometry (b)
on solution viscosity and synthesis temperature

The optimal EG content facilitates controlled synthesis due to two factors: firstly, as a reducing agent, it
determines the kinetics of magnetite nucleation; secondly, by modifying the viscosity of the medium, it in-
fluences the diffusion coefficient of the reactants, slowing the growth rate and promoting the formation of
larger, more perfect crystals with a minimum of defects.

Magnetic Properties of Magnetite NPs

The results of‘the analysis of the magnetic properties of magnetite are presented as hysteresis loops
(Fig. 5). Table 3 presents the values of saturation magnetization (o;), remanent magnetization (o), and
coercivity (Hc) for magnetite NPs.
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Figure 5. Hysteresis loops of magnetite samples

Table 3

Magnetic characteristics of magnetite samples

Sample og emug’ on emu g’ H,, Oe
410 335 2.5 30.0
4/25 70.5 8.0 58.0
4/50 68.7 7.0 55.0
4/75 61.8 4.0 41.0
20/0 41.2 2.5 36.5

20/25 71.9 6.5 455
20/50 59.5 9.3 98.0
20/75 68.3 6.7 55.0
70/0 56.7 25 255
70/25 58.7 2.9 355
70/50 67.0 1.7 65.0
70/75 72.0 7.2 70.0

The saturation magnetization (cs) of magnetite NPs demonstrates variations influenced synthesis tem-
perature (Fig. 5). Specifically: at a synthesis temperature of 4 °C and 25 % EG content, the saturation mag-
netization reaches a peak of 70.5 emu g * before subsequently decreasing. At 20 °C, o5 does not show a clear
correlation with increasing EG content. At 70 °C, o increases from 56.7 to 72 emu g * as EG content chang-
es. When EG content is 0 % and 75 % in the synthesis solution, os increases from 33.5 and 61.8 emu g to
56.7 and 72 emu g, respectively. At 25 % EG, o5 decreases from 70.5 to 56.7 emu g, at 50 % EG, o5 does
not exhibit a clear dependence on increasing synthesis temperature (Fig. 6).
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The samples exhibiting the highest o5 values are those synthesized at 20 °C with 25 EG (20/25) and at
70 °C with 75 % EG (70/75).
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Figure 6. Dependence of saturation magnetization on the EG content in the synthesis solution

As a result, the key factors determining the magnetic characteristics of the synthesized NPs were identi-
fied as follows: 1) crystallite size: larger NPs have a smaller specific surface-area, which reduces the propor-
tion of disordered spins in the surface layer and leads to an increase in the total magnetic moment; 2) mag-
netite stoichiometry (Fe;;0,): the saturation magnetization of magnetite directly depends on maintaining the
balance between Fe?" and Fe** ions in the octahedral positions of the crystal lattice, since their electron ex-
change ensures ferrimagnetic order.

Optimal conditions for synthesizing magnetite NPs with high.Fe** content (Fig. 4b) and saturation mag-
netization (Fig. 6), suitable for ferroptosis-inducing applications were determined to be 25 % EG at 4 °C and
25 °C, and 50 % EG at 70 °C.

Changes in the Viscosity of Nanofluids at NPs Different Concentrations in Polyglucinum

To investigate the influence of NPs on viscosity, samples synthesized at 70 °C were selected. TEM data
revealed a linear increase in NPs size from 10 to 34 nm with increasing EG concentration. The intrinsic dy-
namic viscosity of the PG base fluid, measured.at room temperature, was 3.952 mPa s. Figure 7 presents the
dynamic viscosity values of PG suspensions containing varying volumes and average particle sizes of Fe;O4
NPs with different PDI.

-
L

P&, 70, —=— 1%, 36.6°C
104 34nm ~-e--5%,36.6°C
2 4 1%,40°C
g 9+ % Feye10, v--5%,40°C -
= 8 \%3 nm ]
‘D .\Q_
g 71 W -
2 *
> .
L 64 1
= 3
] 5] >, Fear0, FezerOs |
2 .
<
44 ]
3 r . T
0.06 0.08 0.10 0.12 0.14

PDI

Figure 7. Influence of volume concentration, size and dispersion on the absolute viscosity
in Fe30,4-PG suspensions (EG/water ratios, vol.%: 70/0, 70/25, 70/50, 70/75)

As shown in Figure 7, the volume concentration of NPs in the PG suspensions ranged from 1 % to 5 %.
An increase in NPs content was observed to correlate with an increase in viscosity. At a constant particle
size, increasing the NPs concentration causes the flow behavior to transition from Newtonian to shear-
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thinning, and subsequently to shear-thickening. In Newtonian regime, low NPs interaction predominates.
Shear-thinning arises as weak particle interactions are disrupted at higher shift deformations. At higher parti-
cle concentrations, physical collisions and aggregation lead to shear-thickening behavior.

The nanofluid’s viscosity increased with larger NPs sizes and decreasing polydispersity index (from
0.13 to 0.07). This is due to the fact that NPs with a wider size span (PDI = 0.13) pack more efficiently than
monodisperse particles (PDI = 0.07), creating more free space for NPs movement. Consequently, the fluid
flows more easily, resulting in lower viscosity.

Model Experiments: Influence of Magnet Induction on NPs Capture in a Flow-Through Setup

The NPs test sample was synthesized via coprecipitation with EG/water volume ratio of 70/50. This
sample exhibited minimal viscosity change in PG, a monodisperse particle size distribution (PDI = 0.08), and
high stoichiometry (3—6 = 2.91). These characteristics are crucial for the efficient occurrence of Fenton and
Fenton-like processes.

An experimental setup was assembled, considering both hydrodynamic and magnetic parameters
(Fig. S2). The setup parameters included: distance from the magnet (0; 0.5; 1; 2; 3; 5.cm); a flow velocity of
9.5 mm s (appr. 56.61 cm min™); introduced NPs masses (0.02, 0.04, 0.08, 0.1, 0.2, 0.3, 0.5.g), and a Neo-
dymium disk magnet (50x20 mm, NbFeB, N42, 298 g) with axial magnetization. The conversion of the dis-
tance (r) from the magnetite surface to the NPs localization site into magnetic field induction (B) is detailed
in SI. Experiments were conducted at room temperature using distilled water as the liquid medium. Gravi-
metric data analysis, aimed at determining the optimal fixed mass of magnetite NPs on a magnet based on
external magnetic field induction, is presented in Table S3 and Figure S4. /A-mathematical model describing
the dependence of NPs capture efficiency on magnetic field parameters and.target distance is proposed in
Table S4.

A sigmoidal relationship (R?= 0.97) was established between the NPs capture efficiency and the mag-
netic induction (based on the gradient of distance from the target) (Fig. 8). The injection mass at which the
proportion of captured NPs reaches its maximum corresponds to the‘injection mass that maximizes particle
capture efficiency. This is defined as the optimal injection mass for maximum injection efficiency (Fig. S5b
and Table S5).
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Figure 8. Sigmoid models illustrating the dependence of optimal captured NPs masses (a)
and the dependence of the saturation mass on magnetic induction (b)

Figure 8a presents an approximation of the optimal captured NPs masses. Additionally, the maximum
capacity line, shown in Figure 8b, is significant as it allows for the estimation of the maximum NPs mass
reaching the target organ at a given magnetic induction.

Conclusions

In summary, NPs size regulation of Fe;O, can be effectively achieved by adjusting the volume ratio of
EG to water. X-ray diffraction data demonstrated that the presence of EG in the reaction mixture, compared
to temperature and solution viscosity, is the most significant factor influencing crystallite size. Increasing the
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EG concentration to 50 % enhances the Fe;O, stoichiometry, indicating improved oxidation states, while
higher concentration beyond this point lead to a decline likely due to restricted hydrolysis pathways that im-
pede Fe;O, NPs formation. Temperature variations influence the magnetite’s composition differently de-
pending on EG content with optimal stoichiometry achieved at specific combinations, which correlates di-
rectly with saturation magnetization. Additionally, rheological studies with Fe;O4-polyglucinum suspensions
revealed that viscosity decreases as the particle size distribution broaden from 0.07 to 0.13. This is due to the
fact that NPs with a wider size span pack more efficiently than monodisperse particles, creating more free
space for NPs movement. Consequently, the fluid flows more easily, resulting in lower viscosity. A mathe-
matical model is proposed to describe the dependence of NPs capture efficiency. A sigmoidal relationship
(R?=0.97) was established between the NPs capture efficiency and the magnetic induction gradient. These
findings provide insights into controlling NPs synthesis parameters in ambient conditions and suspension
properties for advanced magnetic fluid applications.
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