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Abstract: Iron oxide nanoparticles (IONs) are extensively used in biomedical applications due to
their unique magnetic properties. This study optimized ION synthesis via the co-precipitation
method, exploring the impact of the reactant concentrations (Fe(II) and Fe(III)), NaOH concentration,
temperature (30 ◦C–80 ◦C), stirring speed (0–1000 rpm), and dosing rate (10–600 s) on particle size
and growth. Using small-angle X-ray scattering (SAXS), we observed, for example, that higher
temperatures (e.g., 67 ◦C compared with 53 ◦C) led to a 50% increase in particle size, while the stirring
speed and NaOH concentration also influenced nucleation and aggregation. These results provide
comprehensive insights into optimizing synthetic conditions for targeted applications in biomedical
fields, such as drug delivery and magnetic resonance imaging (MRI), where precise control over
nanoparticle size and properties is crucial.

Keywords: iron oxide nanoparticles; small-angle X-ray scattering; nanoparticle synthesis; nanoparticle
size; nucleation and growth dynamics; biomedical applications; aggregation behavior

1. Introduction

The field of nanomedicine is continuously evolving, driven by the development of
innovative materials that enhance diagnostic and therapeutic technologies. Iron oxide
nanoparticles (IONs) exemplify this innovation, known for their superparamagnetic prop-
erties, minimal toxicity, and high surface-to-volume ratio [1–3]. These unique characteristics
make IONs particularly effective in treating and diagnosing diseases such as cancer.

In oncology, IONs are utilized for both therapeutic and diagnostic purposes. They
enhance magnetic resonance imaging (MRI) as T2 contrast agents, providing clearer delin-
eation of anatomical structures and enabling more accurate diagnoses, such as detecting
small tumors in preclinical models like mice [4–7]. IONs are also used in targeted drug
delivery and magnetic hyperthermia therapy, where they accumulate in tumor tissues and
generate heat in response to external magnetic fields, selectively destroying cancer cells
while minimizing damage to healthy tissue [8–11].

IONs are typically synthesized using the co-precipitation method, which is favored
for its speed and cost-effectiveness [12,13]. This method produces magnetically responsive
particles that can be easily manipulated by magnetic fields, making them ideal for appli-
cations in both imaging and therapy. A key aspect of our research focused on exploring
the kinetics of ION formation through this synthetic process, aiming to optimize their
use in medical applications [14–17] since nanoparticles’ morphology (e.g., nanoflowers,
rod-shaped, or cubic) determines their interconnections by influencing properties like
alignment, aggregation, stability, and magnetic behavior, which are critical in applications
such as hyperthermia and magnetic sensing [18,19].
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To deepen our understanding of IONs and their potential applications, it is impor-
tant to examine both the synthetic methods and characterization techniques employed
in their development. Several synthetic routes, such as thermal decomposition [20,21],
hydrothermal synthesis [21], and sol–gel methods [22], offer varying degrees of control over
particle size, shape, and crystallinity. Thermal decomposition, while offering better control
over particle size and crystallinity, often leads to structural defects and polycrystallinity,
reducing magnetic properties [23]. Additionally, the formation of nonmagnetic phases like
wüstite in oxygen-deficient conditions further limits performance unless post-synthetic
oxidation is applied, making it less ideal for producing highly magnetic nanoparticles [23].
Hydrothermal synthesis produces high-quality particles but often results in inconsistent
sizes, requires longer reaction times, and operates at high pressures, making scaling up and
cost-effectiveness challenging compared with co-precipitation [24].

The co-precipitation method is widely favored due to its speed and cost-efficiency [13,
25,26]. This method involves the simultaneous precipitation of ferrous and ferric ions
in an alkaline medium, producing nanoparticles with desirable magnetic properties for
subsequent applications, such as imaging and therapy.

To thoroughly investigate nanoparticle properties, it is crucial to employ advanced
characterization techniques that provide comprehensive insights into particles’ size, shape,
and distribution, especially very detailed during and after processes, such as Ostwald
ripening [27,28]. Understanding these characteristics enables the optimization of IONs
for specific diagnostic and therapeutic applications. For example, in cell separation, ag-
glomerated particles are preferred over single particles [29]. In contrast, for drug delivery,
maintaining a strict particle size is crucial to ensure both efficacy and safety [30], as a
consistent particle size is the key to reproducible results.

Small-angle X-ray scattering (SAXS) has been extensively used to characterize nanopar-
ticles produced by co-precipitation. This technique is particularly valuable for understand-
ing the early stages of nanoparticle formation, including particle seeding and growth
kinetics. SAXS is sensitive to variations in electron density and can provide detailed infor-
mation on particles’ size, shape, and distribution, making it ideal for studying the dynamics
of nanoparticle synthesis. For instance, studies have utilized in-situ SAXS experiments
to monitor the formation of IONs in real time, revealing the rapid formation of primary
nanoparticles and their subsequent aggregation into larger structures [31].

In the context of co-precipitation, SAXS has been employed to elucidate the mecha-
nisms of ION formation under different conditions. For example, in a gas/liquid mixed-
phase fluidic reactor, SAXS measurements helped clarify how the reaction time, pH, and
valence state of iron ions affected the formation of nanoparticles. It was observed that at
higher pH levels, the rapid precipitation and aggregation of primary particles led to the
formation of Fe3O4 nanoparticles within minutes [31]. Similarly, in situ SAXS has been used
to study the impact of quick mixing modes in co-precipitation, demonstrating how rapid
and homogeneous mixing can prevent the formation of intermediate crystalline phases,
thereby streamlining the synthetic process [26].

These insights highlight the critical role of SAXS in advancing our understanding of
nanoparticle synthesis, particularly in optimizing the conditions for producing IONs with
desirable properties for medical applications.

We employed SAXS, a technique that quantifies the elastic scattering of X-rays at small
angles, to derive information regarding the size, shape, and distribution of particles within
the nanometer scale [32]. In situ SAXS is a powerful tool for the real-time monitoring
of nanoparticle growth, from initial seed formation to the mature phase. This technique
facilitates the observation of nanoparticle evolution, providing insights into the dynamics of
nanoparticle formation and growth mechanisms, such as Ostwald ripening, a process where
larger particles grow at the expense of smaller ones, influenced by solubility gradients.

This investigation delved into the synthetic parameters that influence the character-
istics of IONs, such as size, magnetization, and chemical composition. By systematically
investigating these properties and monitoring their evolution over time using SAXS, we
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provide a detailed analysis of how the synthetic process unfolds. This approach allows us
to understand how nucleation and growth are also influenced by time, offering valuable
insights into the optimal duration of synthesis. Unlike earlier studies that focused solely on
endpoint analyses, our research captures the dynamic changes during the process. Building
on foundational research, we seek to expand our knowledge of the potential and adaptabil-
ity of IONs, advancing their application in both diagnostic and therapeutic modalities in
medicine.

2. Materials and Methods
2.1. Instrument Settings

Combined small- and wide-angle X-ray scattering (SAXS/WAXS) experiments were
performed at the SAXSMAT beamline P62 at DESY (Deutsches Elektronen-Synchrotron),
Hamburg, Germany, at a beam energy of 12 keV [33]. For the experiments, the samples
were reacted in a small glass beaker at different temperatures according to the respective
conditions. The suspensions were continuously pumped through a 3 mm glass capillary,
where the samples were measured every 5 s using combined SAXS/WAXS techniques. The
SAXS patterns were recorded using an Eiger2X 9M detector, and an Eiger2X 4M was used
for WAXS. The sample-to-detector distance was calibrated to be 1.966 m for SAXS and
0.277 m for WAXS. A schematic representation is given in Figure 1.
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Figure 1. A schematic illustration of the experimental setup and potential outcomes.

2.2. Synthetic Parameters

Ferrous and ferric chloride were used as Fe(III)Cl3·6H2O and Fe(II)Cl2·4H2O, respec-
tively. As specified in Table 1, these salts were weighed and dissolved in 20 mL of deionized
and degassed water. Sodium hydroxide was dissolved in 100 mL of deionized and degassed
water, resulting in a total reaction volume of 140 mL for each experiment.
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Table 1. Parameters for experimental planning.

Parameter −1 0 1

A: Iron(II)chloride in g 0.35 0.7
B: Iron(III)chloride in g 0.519 1.037

C: Sodium hydroxide in g 0.72 1.44
D: Temperature T in ◦C 30 55 80
E: Stirring speed in rpm 0 500 1000

F: Dosing rate in s 10 30 600

The sodium hydroxide solution was stirred with a magnetic stirrer in a glass beaker.
Before adding the iron chloride solutions, the reaction temperature was adjusted and
maintained. The solutions were added at controlled dosing speeds. For experiments with
long reaction times at high temperatures, the reaction volume was kept constant by adding
deionized and degassed water. Each reaction was conducted for 100 min.

Experiments were carried out under varying conditions to assess the impact of the
temperature and stirring speed on the reaction. Specifically, reactions were performed at
three different temperatures (20 ◦C, 55 ◦C, and 80 ◦C) and at three different stirring speeds
(0, 500, and 1000 rpm).

2.3. SAXS Data Analysis

The small-angle X-ray scattering (SAXS) data were processed and analyzed using R
and Python. The analysis involved several key steps to understand the structural behavior
of the complex materials.

2.3.1. Guinier Region Analysis

The code identified the linear Guinier region (q < 1/Rg) by computing the first deriva-
tive of the scattering intensity, log(I(q)), with respect to the scattering vector, log(q). A
sixth-degree polynomial was fitted to this derivative to identify inflection points, which
indicated changes in the curvature of the scattering data. These inflection points indicated
transitions in particle size, shape, and aggregation phenomena, offering insights into the
material’s structure under various conditions, and were denoted as q∗. The hydrodynamic
diameter of a particle was calculated based on:

RG =
1
q∗

; Rh =
1
q∗

·
√

5
3

and dh = 2·Rh

where RG is the radius of gyration; Rh is the hydrodynamic radius; and dh is the hydrody-
namic diameter.

2.3.2. Starting Point

The analysis focused on identifying key points in the scattering data related to particle
aggregation dynamics. This included calculating the mean of the first 5 points of the lowest
q at the beginning of the measurement, which indicated the presence of single particles
and small aggregations, as well as the slope and endpoint of aggregation, defined as the
measurement endpoint after 6000 s.

2.3.3. Slope Analysis

The synthesis speed was determined by the slope analysis of particle size increases
using LOESS (locally estimated scatterplot smoothing) [34] fitting and Savitzky–Golay
filtering. LOESS provided a smooth representation of the intensity changes over time by
modeling the data’s underlying trend without assuming a specific parametric form. The
Savitzky–Golay filter, a digital smoothing polynomial filter, enhanced the trend detection
by preserving higher-moment features like peaks and troughs [35]. Both filter methods



Crystals 2024, 14, 961 5 of 16

were applied to each dataset, and their effectiveness was manually compared to determine
the best approach for each case.

2.3.4. Endpoint Calculation

The endpoint (threshold) for each synthesis was determined by using a rolling median
to identify a stable region. This was realized by locating areas with minimal variance, such
as regions where the Ostwald ripening trend became limited or reached a steady state.

2.3.5. Response Surface Methodology (RSM)

All identified data points were used in a response surface methodology (RSM) model
to calculate the significant parameters influencing three key factors: the minimal particle
diameter (starting point), synthesis speed (slope analysis), and aggregation diameter after
10 min (endpoint calculation). The formula for the RSM was:

y = β0 +
k

∑
i=1

βixi +
k

∑
i=1

βiix2
i + ∑

i<j
βijxixj + ε

Outliers were identified using Cook’s distance, with the threshold set at 4/numbers of
observations.

2.4. WAXS Data Analysis

WAXS analysis was performed by plotting q versus I(q) for all data points in each
experimental setup and calculating the q-value and corresponding intensity I(q) at the
maximum. The mean and standard deviation of all 1200 values per measurement were
then calculated and compared across all experiments.

3. Results and Discussion

WAXS analysis confirmed the presence of crystallinity from the beginning of synthesis
(Figures A1 and A2; Appendix A). The analysis of the I(q)- and q-values indicated that
the crystallinity was consistent and well-defined across most of the datasets. The average
intensity, I(q), remained stable between 1500 and 1600, with low standard deviations, indi-
cating uniform scattering properties and a homogeneous crystalline structure throughout
the samples. Additionally, the q-values, corresponding to the interplanar distances, were
consistently around 2 Å−1, confirming stable interplanar spacing in the crystalline regions.
These observations suggest uniform and well-maintained crystallinity across the majority
of the samples, with minimal variations in both the scattering intensity and structural
periodicity.

The structural characteristics and aggregation dynamics of particles were evaluated
with SAXS measurements. In Figure A3 in Appendix A, a comparison of the Guinier plots
for Dataset 3 at the first and last measurement points is shown. In the Guinier plots for
5 s and 600 s (10 min), we observed differences in the Guinier region (the linear region at
low q2-values). The steeper slope in this region at 5 s suggests that the particles in this
dataset were smaller than those at 600 s, as the slope of the Guinier plot is inversely related
to the radius of gyration (Rg). At 600 s, the Guinier region extended over a larger range
of q2-values, indicating that the probed structure had a broader distribution of scattering
particles or potentially larger particles.

For further evaluation, the inflection points in the Guinier region were evaluated.
The scatter plot in Figure 2 illustrates the change in the particle diameter over time for

the two datasets conducted under different experimental conditions. Dataset 4 was charac-
terized by low iron salt concentrations (0.35 g (Fe(II)Cl2) and 0.519 g (Fe(III)Cl3)), a temper-
ature of 53 ◦C, a stirring speed of 860 rpm, and a moderate dosing rate of 266.65 µL/min.
In contrast, Dataset 3 was obtained at a higher temperature of 67 ◦C and a slower stirring
speed of 136 rpm, with a comparable dosing rate of 211.35 µL/min. The salt concentrations
in Dataset 3 were higher, at 0.534 g and 1.037 g.
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Figure 2. Changes in particle hydrodynamic diameter over time for two different synthesis methods
for Dataset 3 and Dataset 4. Dataset 4 featured low iron salt concentrations (0.35 g and 0.519 g), a
temperature of 53 ◦C, stirring at 860 rpm, and a dosing rate of 266.65 µL/min. Conversely, Dataset 3
had higher salt concentrations (0.534 g and 1.037 g) and was recorded at 67 ◦C with a slower stirring
speed of 136 rpm and a similar dosing rate of 211.35 µL/min. Datapoints per synthesis = 1.200.

The differences in these conditions—particularly temperature, stirring speed, and salt
concentration—highlighted their impacts on the kinetics of particle growth, including the
synthesis speed, final particle diameter, and Ostwald ripening [36]. Ostwald ripening, a
process where larger particles grow at the expense of smaller ones, was more prominent
in Dataset 3 due to the longer time taken to reach a stable particle diameter. In contrast
with the detailed measurement of particle formation, it can be seen that Dataset 4 reached
a stable particle diameter more quickly, therefore indicating that the synthesis could be
stopped earlier. The scatter plot visually captures these dynamics, demonstrating how
variations in the experimental parameters can lead to significant changes in particle size
evolution over time.

TEM analysis revealed predominantly cubic nanoparticles, with sizes ranging from
10 to 25 nm for individual particles. However, due to differences in the sample preparation,
the agglomeration observed in SAXS could not be replicated in TEM. The cubic, hexagonal,
and spherical shapes of the nanoparticles synthesized by co-precipitation resulted from the
balanced growth of crystal facets under the reaction conditions, such as pH and temperature,
and the absence of anisotropic growth drivers or shape-directing agents that would promote
more complex forms like rods or nanoflowers [37].

XRD data were evaluated earlier by Schwaminger et al. to identify the phase of iron
oxide nanoparticles [13].

3.1. RSM Analysis of Starting Point

To explore the relationships between the predictors—(A) Fe(III), (B) Fe(II) salts,
(C) sodium hydroxide amount, (D) temperature, (E) stirring rate, and (F) dose rate—and
the response variable of particle size during and after synthesis, the RSM (response surface
methodology) was applied to the start of particle formation using the mean of the first five
data points. The mean of the lowest stable initial values in the SAXS data was calculated
by averaging the reciprocal values of the first five inflection points. This provided a direct
measurement of the initial particle size at the beginning of synthesis.
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The ordinary least squares (OLS) regression analysis revealed a strong model fit
between the radius of gyration and the predictors A–F, with an R-squared value of 0.919
and an adjusted R-squared value of 0.730, indicating that 91.9% of the variance in the
dependent variable was explained by the model.

In the context of magnetic nanoparticle synthesis, the RSM regression analysis identi-
fied several key factors that influence particle size. Variable B, representing Fe(III), had a
positive coefficient of 435.4094. This indicates that an increasing concentration of Fe(III)
leads to larger particle sizes. This suggests that Fe(III) plays a crucial role in enhancing
the nanoparticle growth process, potentially due to its involvement in the nucleation and
particle formation mechanisms, which aligns with the literature [38]. The availability of
Fe(III) ions may facilitate the formation of larger nanoparticles by providing more material
for growth [13,39].

Variable C, which represented sodium hydroxide, showed an even more pronounced
positive effect, with a coefficient of 569.6892, especially when interacting with temperature,
variable D (p = 0.312) (Figure 3). This emphasizes the critical contribution of temper-
ature to increasing particle size. Sodium hydroxide likely acts as a key driver in the
synthetic process by controlling the pH, which can affect the rate of hydrolysis and pre-
cipitation of iron ions. The literature emphasizes that the alkaline environment provided
by sodium hydroxide is essential for achieving a high degree of supersaturation, which
is necessary for the nucleation and subsequent growth of nanoparticles [13]. Also, in
other co-precipitation processes, the observation that higher alkaline molarities result in
higher particle sizes has been made [40]. As seen in Figure 2, at high temperatures and
high NaOH concentrations, the nucleation rate of IONs can increase. The rapid growth
of the particles can lead to quicker aggregation into larger clusters. The study by Siregar
et al. [41] demonstrated that varying the NaOH concentrations from 0.5 M to 6 M and
synthesis temperatures from 30 ◦C to 120 ◦C significantly affected the microstructural and
magnetic properties of Mn0.5Zn0.5Fe2O4 nanoparticles, indicating that such conditions can
influence the nucleation rate and growth dynamics of IONs. Another study highlighted
that superparamagnetic IONs require NaOH concentrations above a critical threshold, with
both particle size and magnetic properties being significantly influenced by stirring rates
during co-precipitation, underscoring the importance of synthesis parameters in controlling
nanoparticle characteristics [42].
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Figure 3. Contour plot depicting the impact of sodium hydroxide amount (−1:0.72 g; 1:1.44 g) and
temperature (−1:30 ◦C; 1:80 ◦C) on the hydrodynamic diameter, indicated in nanometers by different
stirring speeds (E = −1:0 rpm; E = 1:1000 rpm).

However, the significance of the synthesis parameters on the initial particle formation
was generally low, with only a significant quadratic effect for temperature (p = 0.013). One
study from the literature observed that a decrease in the synthesis temperature leads to
increased crystallinity and larger nanoparticle size while maintaining a Fe2+–Fe3+ molar
ratio of 1:2 with 0.4 M NaOH [43]. It should be noted that in our observations, this applied
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only to the initial nucleation, not to the overall particle growth. All other parameters did
not show a significant impact on the synthesis at a significance level of p < 0.05.

3.2. RSM Analysis of Slope

To analyze the particle growth rate and the impact of parameters A–F on the growth
speed, we examined the slopes of the time to the inflection point graph (Figure 4).
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Figure 4. Analysis of maximum slope, corresponding to the particle growth rate of Dataset 4. Dataset
4: salt concentrations of 0.35 g and 0.519 g, temperature of 53 ◦C, stirring speed of 860 rpm, and
dosing rate of 266.65 µL/min. Grey: measurement data of hydrodynamic diameter; red: smoothed
data; green: smoothed slope of measurement data.

The RSM regression analysis mentioned above for the slope of the growth rate in-
dicated a strong model fit, with an R-squared value of 0.967, showing that 96.7% (adj.
R-squared: 0.840) of the variance in the growth rate was explained by the model.

The analysis revealed that the interaction between the Fe(II) (A) and Fe(III) amounts
(B) significantly impacted the growth rate, with a coefficient of −0.2818 (p = 0.024) (Figure 5).
While both Fe(II) and Fe(III) individually contributed positively to the growth process, their
combined increase resulted in a decreased growth rate. This negative interaction might be
due to the formation of larger particles or aggregates, which could slow down the overall
growth dynamics [44].

In contrast, the interaction between the Fe(II) mass (A) and sodium hydroxide (C)
showed a significant positive effect on the growth rate, with a coefficient of 0.2387 (p = 0.021).
Higher concentrations of Fe(III) coupled with elevated temperatures appeared to accelerate
growth. This likely resulted from the enhanced kinetic energy and reaction rates that
facilitated particle nucleation and growth.

However, the interaction between sodium hydroxide (C) and the stirring rate (E)
was significant, with a negative coefficient of −0.1711 (p = 0.026). While an increased
temperature generally promotes growth, excessive stirring may counteract this effect by
potentially breaking up aggregates, thereby reducing the overall growth rate.
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Figure 5. Contour plot showing the relationship between Fe(II) and Fe(III) amounts and the slope, indi-
cating the speed of agglomeration formation by different stirring speeds (E = 0:0 rpm; E = 1:1000 rpm).

3.3. RSM Analysis of the Endpoint Particle Size

The R-squared value of 0.939 indicated that 93.9% of the variance in the response
variable was explained by the model. The adjusted R-squared value was 0.735, suggesting a
good model fit even after accounting for the number of predictors. The F-statistic was 4.589
with a p-value of 0.0153, indicating that the overall model was statistically significant. The
significant factors in the model with p-values of less than 0.05 were temperature (D), the
interaction between Fe(II) and Fe(III) (A–B); the interaction between Fe(II) and the stirring
speed (A–E); and the interaction between the temperature and the stirring speed (D–E).
Lastly, the sodium hydroxide term had a quadratic effect (I(C2)).

The temperature (D) (p < 0.001) positively influenced the aggregation size, with a
unit increase in D leading to an increase in the particle size, indicating bigger aggregation
sizes (Figure 6). This is supported by Qu et al. [45], who demonstrated that higher reaction
temperatures lead to an increase in cobalt ferrite nanoparticles’ size. Similarly, Siregar
et al. [41] confirmed this trend, showing that crystallite sizes grew from 14.1 nm to 26.7 nm
as the temperature increased. Conversely, as mentioned earlier, it has been observed
in a study that a decrease in the synthesis temperature leads to increased crystallinity
and a larger nanoparticle size while maintaining a Fe2+–Fe3+ molar ratio of 1:2 with 0.4 M
NaOH [43]. The conditions were not exactly the same as seen in the other mentioned studies
due to the use of higher NaOH concentrations and the type of nanoparticles. Therefore,
the observations cannot be directly compared but should still be taken into account for
interpretation.
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The analysis indicated that the final aggregate diameters were influenced by a complex
interplay of factors. Higher temperatures (D) consistently enhanced growth, likely due
to increased reaction kinetics [31]. The interactions between the Fe(II) concentration (A)
and both the Fe(III) concentration (B) and stirring rate (E) suggested synergistic effects that
boosted aggregate size. However, the negative interaction between sodium hydroxide (C)
and the stirring rate (E), along with the significant negative quadratic effect of temperature,
suggested that excessive temperatures can hinder growth, pointing to an optimal tempera-
ture range for synthesis. Besenhard discussed the use of in situ SAXS for understanding
nanoparticle formation kinetics [26]. He noted that the concentration ratios and stirring
rates affect the nucleation and growth rates, which subsequently influence the final particle
size and distribution [26], supporting our findings.

Our observations reveal that adding NaOH to increase pH accelerates nucleation but
can lead to uneven nanoparticle growth unless properly mixed. This interaction between
sodium hydroxide concentrations and stirring rates suggests that maintaining an optimal
balance is crucial to prevent excessive aggregation or the formation of unwanted phases,
aligning with the literature findings [26,31]. This hypothesis is further supported by the
findings of the study conducted by Wicaksono et al. [46], which showed that fine-tuning the
Fe(II)/Fe(III) ratio can significantly enhance control over the synthetic process and improve
the magnetic properties of nanoparticles. Additionally, the research by Mona et al. [47]
demonstrates that variations in temperature and precursor concentrations impact the
morphological and structural characteristics of IONs, with higher temperatures inducing
phase transitions and influencing particle size. These insights collectively emphasize the
importance of meticulously controlled synthetic conditions to achieve specific nanoparticle
characteristics.

4. Conclusions

This study demonstrates the significant roles of temperature, sodium hydroxide con-
centration, and stirring speed in the synthesis and growth of IONs. The initial particle
size is reduced by temperature, but when combined with higher stirring speeds, the final
particle diameter is increased. Elevated temperatures and higher concentrations of sodium
hydroxide markedly increase particle size through accelerated reaction kinetics and nucle-
ation. The ratios of iron(II) chloride, iron(III) chloride, and sodium hydroxide significantly
influence particle growth and final size. While increased stirring speeds enhance particle
growth by improving mixing and mass transfer, overly vigorous stirring can disrupt ag-
gregate formation and hinder Ostwald ripening. Additionally, the dosing rate decreases
particle growth. The growth and final particle diameter results are consistent with earlier
findings [13,38], whereas the initial particle diameter results are less significant and contrast
with recent studies. In summary, our findings underscore the necessity of meticulously
optimizing synthetic conditions to finely tune the nanoparticle size and achieve uniformity
in production. The precise control of experimental parameters is essential for tailoring
nanoparticle characteristics to meet specific application needs, highlighting the delicate
balance between promoting growth and maintaining the desired particle structure. Future
studies could focus on applying these insights to scalable industrial processes, ensuring
consistent nanoparticle quality, exploring the role of these parameters in tailoring nanopar-
ticles for advanced applications, such as drug delivery and catalysis, and investigating the
potential cytotoxic effects of these particles to ensure their safety in biomedical applications.
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Appendix A.2. Statistical Analysis

Table A1. RSM Results of Starting Point; ** indicates quadratic effect.

coef. std. err. t P > |t| [0.025 0.975]
Intercept −842.9686 3550.179 −0.237 0.818 −8874.032 7188.095

A 426.1208 1757.904 0.242 0.814 −3550.535 4402.776
B 435.4094 1789.391 0.243 0.813 −3612.473 4483.292
C 569.6892 2366.665 0.241 0.815 −4784.080 5923.458
D 568.1735 2366.364 0.240 0.816 −4784.913 5921.260
E −570.2061 2366.706 −0.241 0.815 −5924.067 4783.654
F 456.3835 1893.237 0.241 0.815 −3826.415 4739.182

A–B 857.0640 3550.097 0.241 0.815 −7173.814 8887.942
A–C −571.4257 2365.252 −0.242 0.815 −5921.997 4779.146
A–D −569.4814 2366.945 −0.241 0.815 −5923.882 4784.919
A–E 570.8060 2364.412 0.241 0.815 −4777.865 5919.477
A–F −454.3472 1890.490 −0.240 0.815 −4730.933 3822.239
B–C −563.3839 2365.556 −0.238 0.817 −5914.643 4787.876
B–D −566.8439 2364.165 −0.240 0.816 −5914.957 4781.270
B–E 563.4867 2366.356 0.238 0.817 −4789.583 5916.556
B–F −452.8683 1894.253 −0.239 0.816 −4737.965 3832.229
C–D −2.2129 2.068 −1.070 0.312 −6.891 2.466
C–E −2.5247 1.962 −1.287 0.230 −6.964 1.914
C–F 2.8983 1.582 1.832 0.100 −0.681 6.477
D–E 0.5874 2.317 0.253 0.806 −4.655 5.829
D–F 0.2099 2.416 0.087 0.933 −5.256 5.676
E–F −1.8872 1.001 −1.885 0.092 −4.152 0.377

I(A) ** 429.8288 1792.032 0.240 0.816 −3624.030 4483.688
I(B) ** 423.7768 1759.641 0.241 0.815 −3556.809 4404.362
I(C) ** 1.3066 2.458 0.532 0.608 −4.255 6.868
I(D) ** −10.1404 3.281 −3.090 0.013 −17.563 −2.718
I(E) ** 7.9543 3.797 2.095 0.066 −0.636 16.544
I(F) ** 1.7173 4.239 0.405 0.695 −7.873 11.307

Table A2. RSM Results of Slope; ** indicates quadratic effect.

coef. std. err. t P > |t| [0.025 0.975]
Intercept 0.2659 0.167 1.592 0.155 −0.129 0.661

A 0.0854 0.076 1.129 0.296 −0.093 0.264
B −0.0914 0.053 −1.716 0.130 −0.217 0.035
C −0.0307 0.044 −0.699 0.507 −0.135 0.073
D −0.1022 0.082 −1.244 0.254 −0.297 0.092
E −0.0004 0.065 −0.007 0.995 −0.155 0.154
F 0.0381 0.047 0.819 0.440 −0.072 0.148

A–B −0.2818 0.098 −2.876 0.024 −0.514 −0.050
A–C 0.2387 0.081 2.957 0.021 0.048 0.430
A–D −0.0182 0.165 −0.111 0.915 −0.408 0.371
A–E −0.1685 0.105 −1.598 0.154 −0.418 0.081
A–F −0.1870 0.081 −2.309 0.054 −0.378 0.004
B–C −0.0957 0.091 −1.048 0.329 −0.312 0.120
B–D 0.1696 0.111 1.524 0.171 −0.094 0.433
B–E 0.2347 0.065 3.613 0.009 0.081 0.388
B–F 0.0807 0.070 1.150 0.288 −0.085 0.247
C–D 0.0281 0.085 0.331 0.751 −0.173 0.229
C–E −0.1711 0.061 −2.802 0.026 −0.316 −0.027
C–F −0.0116 0.063 −0.184 0.859 −0.160 0.137
D–E −0.0412 0.128 −0.321 0.757 −0.344 0.262
D–F 0.0805 0.066 1.226 0.260 −0.075 0.236
E–F 0.1423 0.088 1.615 0.150 −0.066 0.351

I(A) ** 0.1045 0.072 1.447 0.191 −0.066 0.275
I(B) ** 0.0998 0.079 1.256 0.249 −0.088 0.288
I(C) ** 0.1673 0.077 2.184 0.065 −0.014 0.348
I(D) ** −0.1391 0.075 −1.843 0.108 −0.317 0.039
I(E) ** 0.0789 0.213 0.370 0.723 −0.426 0.584
I(F) ** −0.3032 0.101 −2.998 0.020 −0.542 −0.064
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Table A3. RSM Results Endpoint; ** indicates quadratic effect.

coef. std. err. t P > |t| [0.025 0.975]
Intercept 78.0686 4.665 16.733 0.000 67.310 88.827

A 3.3778 1.938 1.743 0.120 −1.091 7.847
B −3.8613 2.130 −1.812 0.107 −8.774 1.052
C 4.1408 2.034 2.036 0.076 −0.549 8.831
D 11.8782 2.081 5.708 0.000 7.079 16.677
E −3.1578 2.036 −1.551 0.159 −7.852 1.537
F −1.7741 1.984 −0.894 0.397 −6.349 2.801

A–B 7.0448 2.630 2.678 0.028 0.979 13.111
A–C 0.7316 2.487 0.294 0.776 −5.003 6.466
A–D 0.4087 2.536 0.161 0.876 −5.438 6.256
A–E 8.0901 2.397 3.375 0.010 2.563 13.617
A–F 0.3619 2.456 0.147 0.887 −5.303 6.027
B–C 5.4117 2.519 2.148 0.064 −0.397 11.221
B–D −0.6871 2.595 −0.265 0.798 −6.671 5.297
B–E −2.0634 2.588 −0.797 0.448 −8.030 3.903
B–F −1.3129 2.714 −0.484 0.642 −7.572 4.947
C–D 3.0157 2.466 1.223 0.256 −2.672 8.703
C–E −5.0761 2.455 −2.068 0.073 −10.738 0.585
C–F 1.6900 2.471 0.684 0.513 −4.009 7.389
D–E 6.2209 2.534 2.455 0.040 0.378 12.064
D–F 0.6270 2.617 0.240 0.817 −5.407 6.661
E–F −0.0233 2.445 −0.010 0.993 −5.663 5.616

I(A) ** −2.9300 3.622 −0.809 0.442 −11.282 5.422
I(B) ** −6.4246 3.768 −1.705 0.127 −15.113 2.264
I(C) ** −13.9334 4.072 −3.422 0.009 −23.324 −4.543
I(D) ** 6.8123 3.819 1.784 0.112 −1.993 15.618
I(E) ** −4.6823 4.122 −1.136 0.289 −14.187 4.822
I(F) ** 2.5178 3.981 0.632 0.545 −6.662 11.698
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