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ARTICLE INFO ABSTRACT
Keywords: For this work, iron oxide nanoparticles are synthesized by the co-precipitation method with
Nanoparticles stoichiometric amounts of Fe>* and Fe>* salts in a 1:2 ratio in distilled water and the pH is raised

Superparamagnetic: magnetite
Co-precipitation method
Experimental design

by adding an aqueous ammonia solution by controlled dripping. Nanoparticles precipitating after
the reaction time are magnetically filtered and stored in ethanol for further analysis. Super-
paramagnetic FesO4 nanoparticles with a slight deviation from the stoichiometry are obtained,
with sizes between 7.4 and 12.8 nm and saturation magnetization between 40 and 78 emu/gr. At
pH 6, rod-shaped nanoparticles are obtained in addition to spherical ones. With a statistical
design, it is shown how the morphological, structural and magnetic properties of the resulting
nanoparticles can be manipulated by the synthesis parameters, offering many possibilities to
tailor the materials to a wide range of applications.

1. Introduction

Magnetic nanoparticles (MNP) are versatile materials that have practical uses in fields like magnetic recording, drug delivery,
bioimaging, hyperthermia, photothermal therapy, sensors, water purification, and magnetic separation [1-11]. Different kinds of iron
oxide nanoparticles are promising, with Fe3O4 and y-Fe,O3 being the most extensively explored [12]. In particular, magnetite (Fe3O4)
displays the highest level of magnetism and saturation magnetization (Ms) at room temperature, measuring 84 emu/g.

One important aspect of nanoscale materials is their significantly larger surface area relative to bulk matter, which leads to distinct
physicochemical properties. Specifically, magnetite nanoparticles with diameters less than 30 nm demonstrate superparamagnetic
behavior, exhibiting a strong response to external magnetic fields with no residual magnetization and reduced agglomeration ten-
dencies [4].

For most applications, nanoparticles need to have uniform size and shape while being well dispersed in a solvent. The synthesis
method typically controls the size and shape of the nanoparticles. Various techniques are available to synthesize magnetite nano-
particles, including co-precipitation, thermal decomposition, hydrothermal and solvothermal, sol-gel and polyol, microemulsion,
electrospray, sonochemical and microwave-assisted, and biosynthesis methods [2,8-14]. Due to its rapid processing, efficient reaction
conditions, simplicity and high yield, wet chemical synthesis by co-precipitation is widely used [13]. In general, novel phenomena can
be achieved by careful control of particle size and dispersion in composites. Accordingly, synthesis represents the critical parameter in
developing crystalline iron-oxide polymorphs that have desirable and distinctive properties well-suited for various technological
applications [15].
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While numerous articles discuss the co-precipitation synthesis of magnetite, there is no consensus regarding the regulation of
properties through synthesis parameters. Instead, there is a preference for the conventional use of the Massart procedure [16],
accompanied by slight modifications that do not account for parameter interrelationships. Additionally, a particular case study with a
statistical approach that covers only some of these parameters has been considered [13].

The aim of this study is to synthesize iron oxide nanoparticles while varying conditions, such as the drip rate of the alkaline so-
lution. These modifications may affect the properties of the nanoparticles, leading to differences in the resulting product. It is,
therefore, crucial to analyze the impact of such changes on the properties of the nanoparticles.

We used a statistical approach to describe and forecast the influence of certain vital synthesis parameters, which is crucial in
producing tailored MNPs for numerous applications. We examined the morphological, structural, and magnetic characteristics of the
synthesized magnetite nanoparticles. A model was generated to predict particle properties accurately within the studied range of
synthesis parameters, offering numerous possibilities for material customization across a wide range of applications.

2. Materials and methods
2.1. General information

This study optimized nanoparticle synthesis variables via iron co-precipitation using the Box-Behnken design (BBD) and response
surface methodology (RSM). Magnetic properties of MNP were characterized with a vibrating sample magnetometer (VSM), whereas
morphological, chemical, and structural properties were analyzed by transmission electron microscopy (TEM) and powder X-ray
diffraction (XRD). All experiments were conducted using STATGRAPHICS Centurion XVI software, based on the "design of experi-
ments" (DoE) methodology. The resulting models were further validated through additional experiments.

2.2. Experimental design and statistical analysis

To identify the optimal combination of co-precipitation variables for synthesizing MNP, we utilized a three-level, four-factor Box-
Behnken design (BBD) based on the preliminary range of co-precipitation variables established through single-factor experiments. The
BBD constitutes a rotating spherical response surface that features a center point, as well as midpoints between the corners, all of which
are circumscribed on a sphere. This design, determined by the process requirements, can optimize multiple chemical and physical
processes with a suitable number of experiments [17-20].

We selected the alkalization drip rate (Vnu4), reaction time (Ty.s), temperature (Temp), and stirring rate (Stirr) as the parameters of
interest. All syntheses were executed in a precisely controlled reaction setup.

The Box-Behnken design was then applied to an expanded study range that covered the preliminary parameters. Thus, the Vyu4
factor was evaluated between 10 and 90 ml/h, Tyes between 10 and 50 min, Temp between 30 and 90 °C, and Stirr between 300 and

Table 1
BBD experiments parameters.

PH V_NH4 T reac Temp Stirr
BBDO1 9 50 30 30 300
BBD02 9 50 30 60 600
BBDO03 9 10 30 30 600
BBD04 9 10 30 60 900
BBDO5 9 10 30 90 600
BBDO06 9 90 10 60 600
BBDO7 9 10 30 60 300
BBD08 9 50 30 90 300
BBD09 9 50 30 60 600
BBD10 9 90 30 60 300
BBD11 9 50 50 30 600
BBD12 9 10 10 60 600
BBD13 9 90 30 90 600
BBD14 9 90 50 60 600
BBD15 9 50 30 90 900
BBD16 9 50 50 90 600
BBD17 9 50 50 60 900
BBD18 9 50 30 30 900
BBD19 9 50 50 60 300
BBD20 9 50 30 60 600
BBD21 9 90 30 60 900
BBD22 9 50 10 30 600
BBD23 9 50 10 90 600
BBD24 9 920 30 30 600
BBD25 9 50 10 60 300
BBD26 9 10 50 60 600
BBD27 9 50 10 60 900
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900 rpm (Table 1).

The chosen variables for synthesizing the nanoparticles were: mean diameter of the resulting nanoparticles (NPgj,e and NPy.q),
expressed in nm; the distribution of the nanoparticle sizes (Disp), expressed as a percentage of NPg,e; the agglomeration of the
nanoparticles (Aglo), expressed in arbitrary units.; the saturation magnetization (My), expressed in emu/gr; the coercive field (H),
expressed in Oerted; the remnant magnetization (M;), expressed in emu/gr; and the oxidation state of magnetite (3-x of F3404). To
minimize the effects of unanticipated variables, all experiments were conducted in random order.

The generalized polynomial model of the second order that is used in response surface analysis is described in Eq. (1).

n—1

Y=A+ Xn:A[X,' + i:AiiXiz + Z zn:AiniX/' W
] i=1 =2

i=1

where Y represents the response variable; A,, Aj, Ajj, and Ay; are the regression coefficients for the intercept, linear, quadratic, and
interaction terms, respectively; and X; and X; are the independent variables where i is not equal to j. A positive or negative sign in-
dicates a direct or inverse effect of the variable on the target, respectively. The models were used to assess the impact of each inde-
pendent variable on the responses.

STATGRAPHICS Centurion XVI (version 16.1.03) was used for the analysis of the experimental design and the calculation of the
predicted data. The effectiveness of the polynomial model equations was measured via the coefficient of determination R2 using
analysis of variance (ANOVA). This method was utilized to assess variable impacts, interactions, and the statistical significance of the
models. The optimal synthesis conditions were estimated through regression analysis and 3D response surface plots. To confirm the
experimental statistical strategies’ validity, we conducted three additional experiments. (See Ref. [21] for more information on
experimental design and statistical analysis.).

In general, our results are statistically significant for the resulting effects, which indicates that the fitted models explain approx-
imately 70 % or more of the variability in all the cases.This implies that the data have high variability, but still show a significant trend.
This trend indicates that even though the data points are far from the regression line, the predictor variable is still providing infor-
mation about the response.

2.3. Syntesis of iron oxide nanoparticles

In theory, the co-precipitation synthesis method entails the addition of a base, typically NaOH or NH3 (aq), to a distilled water
solution containing Fe*? and Fe™® salts in a 1:2 stoichiometric ratio, which matches the stoichiometry for magnetite precisely. This
process aims to produce magnetite nanoparticles with high purity. Eq. (2) shows the resulting reaction.

Fe™> 4+ 2Fe™3 +80H™ — Fe;04 + 4H,0 2)

In this work, a specific set of 27 magnetite NPs samples were synthesized by co-precipitation according to a Box-Behnken experimental
design.

For each synthesis, 486 mg of FeCl3.6.H>0 and 250 mg of FeSO4.7.H20 were specifically diluted in a total of 60 mL of distilled
water. The resulting mixture was added to a three-necked glass flask with an additional 60 ml of heated distilled water, reaching the
specified temperature on a hotplate in a silicone bath. The final volume of the solution was 120 ml. The system is used sealed with
septum plugs through which a constant flow of Ny is injected to prevent oxidation during the synthesis. At the same time, the mixture is
stirred at Stirr speed with a mechanical PTFE stirrer with four 45° angled blades. Once the desired temperature has been reached, a 28
% ammonia solution is injected with a programmable syringe pump at Vnp4 until a pH of 9 is achieved. The system maintains these
conditions until the indicated Tyes time has elapsed. The resulting solution is magnetically filtered using a neodymium permanent
magnet. Then, 100 ml of deionized water is added again to wash the nanoparticles, followed by sonication for 1 min. This process is
repeated thrice, and in the final step, the water is replaced by 40 ml of ethanol. Finally, each sample is labeled and stored in two clear
glass vials with a capacity of 20 mL. One of the vials is then oven-dried at 30 °C.

It is important to note that all samples were replicated consistently to achieve accurate results for proper analysis.

2.4. Characterization of nanoparticles

2.4.1. TEM

Transmission electron microscopy was utilized to assess the morphology of the nanoparticles. Since the nanoparticles are
agglomerated, the measure of the average size of each sample were made measuring hundreds of nanoparticle diameters individually
in multiple TEM images. These data are used to create a histogram, which is finally satisfactorily distributed according to a function f
(D) described by a log-linear distribution (Eq. (3)).

1 In*(D/Dy)
f(D)= maDexp{— o }

where Dy is the mean value of particle diameter and o2 is the variance.

(3)
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2.4.2. XRD

Powder XRD patterns were obtained with PAN analytical, X’pert PRO using 40 kV, 30 mA, Cu Ka radiation (A = 1.5405 A) in the
scanning range of 10°-65° (20).

X-ray diffraction was used for structural characterization, considering that the patterns provide information on particle size while
the relative intensities of the peaks provide the information to identify the crystalline phase.

The Debye-Scherrer equation (Eq. 4) is a widely used tool to calculating the mean crystallite size, considering the broadening of a
peak in the spectrum at half height.

kA
" Bcos©

@

where D is the average diameter of the nanoparticles, k is Sherrer’s constant which can be assumed to be 0.89 for magnetite, B is the full
width at half maximum or the broadening of the diffraction line in radians, A is the wavelength of the X-ray used, and 20O is the
diffraction angle.

2.4.3. VSM

The magnetic properties of MNP were characterized using a vibrating sample magnetometer, wich provides information on the
magnetic moment as a function of the applied magnetic field. This information represents the corresponding magnetization curve,
wich was used to obtain the saturation magnetization (M), remnant magnetization (M;) and coercivity (He).

(@)

(b)

(©

Fig. 1. TEM images of the nanoparticles for (a) pH 6, (b) pH 9, (c) pH 11.
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3. Results and discussion

3.1. Effect of the pH on iron oxide

In a preliminary analysis, varying the pH, we obtained specific results for pH 6, 9, and 11. In the TEM images, Fig. 1 (a, b, c), it can
be seen that in all three cases spherical nanoparticles were synthesized, except that in the case of pH 6, that were observed mixed with
nanorods. In the TEM images it is also possible to visualize the lattice spacing of individual nanoparticles for each case. In Fig. 1, part
(a) displays a nanorod having a lattice spacing of 0.46 and 0.18 nm that corresponds to twice the (200) and (211) goethite planes,
respectively. Moreover, there is a rhombohedron that can be visualized with a lattice spacing of 0.44 and 0. Three types of nano-
particles were identified through XRD diffractogram analysis of the samples, as shown in Fig. 2 (a, b): (a) Rods measuring 15 nm
corresponded to the (210) and (310) planes of goethite, each occurring twice; (b) A nanoparticle with a lattice spacing of 0.58 nm
corresponds to two (200) magnetite planes; and (c) Another nanoparticle with a lattice spacing of 0.52 nm corresponds to 2 times (311)
magnetite plane. Therefore, it is possible to determine that the identified rods are made of goethite.

This study presents a clear demonstration of the reaction and formation pathways in the co-precipitation of magnetite nano-
particles. The addition of base to the iron solution resulted in the nuclei and growth of nanoparticles passing through the goethite phase
before reaching the magnetite phase, corroborating previous findings [13,22-25]. In the diffractograms obtained for pH9 and pH11 it
is possible to observe that the peak positions are slightly shifted towards higher 26 values, indicating that the lattice parameter is
contracted potentially due to the eventual oxidation of magnetite (This will be discussed later in this article.). On the other hand, the
Ms measurements obtained for the samples (Fig. 3), with values corresponding to 41.5, 77.8 and 68.2 emu/g, for the samples at pH 6, 9
and 11, respectively. The magnetic properties of the nanoparticles decrease as pH increases above 9. Thus, it is evident that pH plays a
critical role in the formation pathway, rather than a specific ammonia dilution (molar ratio between ammonia and iron ions) as stated
in a recent paper [3].

Based on the data, pH 9 was chosen as it guarantees the creation of a nanoparticulate material with exceptional magnetic properties
[26]. Likewise, after some tests prior to those presented in this work, in which an ambient environment was used, with the presence of
oxygen, vs. a controlled environment, with nitrogen injection, it was decided to work in a controlled environment in order to generate
an oxygen-free environment to avoid uncontrolled oxidation of the material.

It should be noted that even the manipulation of the synthesis parameters for the specific obtention of goethite could be particularly
useful in some applications taking advantage of its shape [3].
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Fig. 2. XRD diffractograms of the resulting nanoparticles for (a) pH 6, (b) pH 9 and pH 11, with their structural pattern identification.
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Fig. 3. VMS of samples. Magnetic moment vs the applied magnetic field.

3.2. Experimental design results

3.2.1. Effects on NP

The average diameters of all resulting nanoparticles ranged from 7.4 to 12.8 nm, as determined from the TEM images. Using the
presented statistical tool we obtained the estimated effects and interactions of the selected parameters. We use the Pareto Chart of the
standardized effects (Fig. 4). In this graph, the effects are represented as horizontal bars, in decreasing order of importance. In addition,
a vertical blue line is displayed. Crossing this line with an effect signifies a significant difference from zero with 95 % confidence. Thus,
it can be seen that the relationship between Vyy4 and Ty is the most important factor in determining the NPg;,.. Moreover, the greater
the correlation value, the bigger the size of the nanoparticles. The explanation rests on the fact that the lower the Vyp4 the longer it
takes for the reaction to come to completion. As a result, less subsequent Ty is required for the reaction to reach completion.

Taking into account the aforementioned interrelationship, observing the estimated response surface of Fig. 5, it is possible to
predict that the largest nanoparticle size will be obtained when both Vyp4 and Ty are at their minimum values. This means that the
aforementioned intermediate times, relative to Vnpg, favor particle formation and growth to a greater extent than Tyes. Furthermore,
the rapid addition of the ammonia solution to the reaction solution favors continuous nucleation with respect to growth, thus allowing
the formation of small particles [27], and a slow addition of the base allows to promote growth with respect to nucleation. Thus, Three
would correspond mostly to time associated with the continuity of particle growth rather than particle nucleation.

From the XRD patterns, it was observed that all the resulting nanoparticles had average diameters between 7.5 and 17.8 nm. The
Pareto Chart of the standardized effects (Fig. 6) shows that the interrelationship between Vg4 and Ty is the most important factor in
determining the NPxgrp. The higher the value of Vyy4 and T, interrelationship, the larger the nanoparticle size.

Although it is possible to observe a difference between the sizes obtained by the two analysis systems, particularly visible towards
the larger sizes, it is possible to confirm that the main dependence is related to the interrelation between Vyp4 and Tyes. The similarity
of the low size values between the two measurement systems confirms that the peak broadening is essentially due to size effects and
that microtensions can be neglected. The difference in larger sizes can be explained by considering a slight broadening of the
diffraction peaks due to a partial shift caused by partial oxidation of magnetite. Something similar has been proposed earlier [28] and
will be corroborated later in this article.

The results of the model obtained through experimental design are presented in Eq. (4).The adjusted equation predicts NPg;, values
between 8.6 and 14.1 nm.

With this achievable size range, we have nanoparticles that at least double their specific surface area, which allows for size
management to optimize the specific surface area according to the needs of each application.

AB
B:T res NSNS NS SN N\ 8 +
ESSSSSSSSSNY

FAVAVAVAVAVAVAVAW.AV.|

BN S SN\
AN NN N

AR

NN N NT

XY

AR

NANIN]

[ &4

X1

NI

0 0,5 1 1.5 2 2,5 3
Standardized effect
Fig. 4. Standardized Pareto chart for NPg;,.. Parameters of interest: (A) V_NH4, alkalizing drip rate; (B) T_res, reaction time; (C) Temp, temperature;

and (D) Stirr, stirring rate.
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Fig. 5. Estimated response surface of NPg;,. with Temp and Stirr set to 60 and 600 respectively.

N4 +

BD AN NN
D:Stirr | (NN N
CC XX Xt
C Ter% AN YN
Cl RN
B:T_res [N
AA | KNI
DD |
0 4 5

2 3
Standardized effect

Fig. 6. Standardized Pareto chart for NPxgp. Parameters of interest: (A) V_NH4, alkalizing drip rate; (B) T_res, reaction time; (C) Temp, temperature;
and (D) Stirr, stirring rate.

NP,ie =25.4 — 0.29Vyps — 0.18T,eq — 0.08Temp + 4.05556¢ > Stirr — 1.82292¢ Vi, + 56 Vi Tres + 1.64583¢ > Vg Temp
+ 6.25¢7° Vs Stirr + 2.02083¢ > T.,, — 2.08333¢ T,e, Temp — 1.20833¢*T,., Stirr + 634259 *Temp? — 416667 > TempStirr
— 1.99074e~5Stirr @

3.2.2. Effects on disp

Assuming a size dispersion dependent on the NP obtained, expressed as a percentage thereof, all the design results correspond to
dispersions between 23.9 and 43.4 %. In this case, the Pareto Chart of the standardized effects (Fig. 7) shows that the square of Vyy4 is
the most important factor determining the Disp. The higher the value of this correlation, the greater the dispersion of the nanoparticles
obtained.

Considering this and observing its effects in Fig. 8, it is possible to predict that the minimum dispersion is obtained when Vyy4 is at
its middle value, around 50 ml/h. This means that a medium value of Vyy4 favors the homogeneous nucleation and growth of the
particles. Abruptly adding the base solution can cause pH inhomogeneity in the reaction medium before complete mixing, which alters
the reaction rate and pathway [23], favoring particle nucleation over growth. Conversely, adding the base solution very slowly favors
particle growth over nucleation.

The results of the model obtained are shown in Eq. (5). The adjusted equation predicts Disp values between 15.7 and 45.6 %, and
can be optimized according to the needs of the application.
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Fig. 7. Standardized Pareto chart for Disp. Parameters of interest: (A) V_NH4, alkalizing drip rate; (B) T_res, reaction time; (C) Temp, temperature;
and (D) Stirr, stirring rate.
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Fig. 8. Estimated response surface of Disp with Temp and Stirr set to 60 and 600 respectively.
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(5)

3.2.3. Effects on aglo

The agglomeration of the nanoparticles was qualitatively analyzed in relation to their total size observed in the TEM images, using
an arbitrary scale from 0 to 10. From the results, an analysis of the effect of the parameters was also performed. According to Fig. 9, the
level of particle agglomeration is primarily determined by the interaction between Vyg4 and Tres. A lower value of this relationship
leads to smaller Aglo.

Observing the response surface in Fig. 10, it is possible to conclude that the synthesis time is the parameter with the highest
incidence in the agglomeration of the nanoparticles. This in turn implies that agglomeration is inversely related to particle size,
reaching the minimum when Vyy4 and Ty are at their minimum values.

The resulting model is shown in Eq. (6). With this model Aglo values can be optimized as a function of the application.

Aglo= — 8.46354 + 0.339583Vyys + 0.121875T,e, + 0.105556Temp -+ 4.375¢ Stirr — 2.60417e *Vay,, — 4.0625¢ Vi,
— 1.25¢ 3V Temp — 1.45833¢ # Vi Stirr — 1.04167e T, + 1.25¢ Ty, Temp — 1.25¢ T, Stirr — 1.43519¢ > Temp®

+ 1.66667e *TempStirr + 9.25926E 7 Stirr? (6)

So far, we can say that if we want low dispersion and less agglomerated nanoparticles, the parameters to use during the synthesis
would be with low Vyy4 and Tyes, without the values of Temp or Stirr having a greater incidence. This could be very good for
application cases where there is no option to increase the temperature, either for feasibility or cost savings.

3.2.4. Effects on M;

From the VSM results, it was observed that all the nanoparticles have superparamagnetic behavior with Mg between 40.2 and 72
emu/gr. All of these values are excellent as they facilitate the effortless collection of all nanoparticles using a standard magnet in just
one step [26]. Using the statistical effects and interactions (Fig. 11), it is possible to observe that the interrelation between Vyy4 and
Tres is the most important factor in determining the M. Furthermore, the higher the value of said interrelation, the greater the
saturation of the magnetization. This agrees with previous research as larger sizes of magnetite nanoparticles within the range where
superparamagnetic behavior occurs exhibit greater saturation magnetization [24,29].

In fact, observing the response surface in Fig. 12, it is possible to notice that it is very similar to that observed for NPgj,., impling that
the Ms is directly related to the NP. The explanation of this will be the subject of discussion later in this article, after the topic of
nanoparticle stoichiometry has been discussed.

The model results obtained are shown in Eq. (7). The adjusted equation predicts Mg values between 46 and 76.2 emu/gr, and can be
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Fig. 9. Standardized Pareto chart for Aglo. Parameters of interest: (A) V_.NH4, alkalizing drip rate; (B) T_res, reaction time; (C) Temp, temperature;

and (D) Stirr, stirring rate.
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Fig. 11. Standardized Pareto chart for M;. Parameters of interest: (A) V_NH4, alkalizing drip rate; (B) T _res, reaction time; (C) Temp, temperature;
and (D) Stirr, stirring rate.
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Fig. 12. Estimated response surface of Mg with Temp and Stirr set to 60 and 600 respectively.

optimized depending on the application.
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— 9.72222e 5 TempStirr 4 1.36574¢~>Stirr?
)

For example, how to obtain 10 nm nanoparticles with almost 80 emu/gr and almost no temperature application, which would be
ideal for industrial applications, has already been demonstrated at this point.
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Fig. 13. Standardized Pareto chart for Mr. Parameters of interest: (A) V_NH4, alkalizing drip rate; (B) T_res, reaction time; (C) Temp, temperature;
and (D) Stirr, stirring rate.
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3.2.5. Effects on M,

In the case of Mr, values between 1.1 and 5.4 emu/gr were obtained, which are quite low values and allow us to determine that
MNPs are obtained that maintain their superparamagnetic properties. This enables their quick redistribution after the external
magnetic field is eliminated [30]. Using the statistical effects and interactions (Fig. 13) it is possible to observe that the Ty.s x Temp and
Vnu4 X Tres interrelationships are the most important factors in determining the M;. Moreover, the lower the value of T;es x Temp and
the higher the value of Vyua4 x Ty interrelationships, the higher the remnant magnetization. The second interaction in turn implies that
Mr depends on Ms and therefore on the particle size.

Considering this and observing its effects in Fig. 14, it can be predicted that the minimum remnant magnetization is obtained when
Tres and Temp are in their maximum values. This means that the high temperature and the long reaction time during the process favor
the stability of the superparamagnetic properties of the nanoparticles. This could be explained considering that the reaction time favors
particle growth and the temperature facilitates structural ordering, thus allowing its correct and complete formation.

The resulting model is shown in Eq. (8). The adjusted equation predicts M; values from 0.8 to 6.9 emu/gr, that can be optimized
depending on the needs of the application.

M, =5.14271 — 5.72917¢ > Vyuy — 0.0198958 T, + 0.0252083Temp — 6.45139e > Stirr — 5.20833(;‘,’5V12\”_,4 +1.21875¢ > Vipy Tres

— 3.958336’4VNH4Temp —2.08333¢ Vs Stirr + 1.01042&:’3TfBS —1.70833¢ T, Temp — 1.66667e Ty, Stirr — 9.25926¢ ~*Temp*
+ 5.27778¢ > TempStirr + 3.10185¢*Stirr>
(8)

3.2.6. Effects on H,

In the case of H, values between 8.9 and 37.2 Oersted were obtained, which is very good in all cases because they are very small
values, which ensures the obtaining of superparamagnetic nanoparticles because very small coercivity is often regarded as a signature
of superparamagnetism [31]. The Pareto Chart of the standardized effects (Fig. 15) shows that, as in the case of M, there is a strong
dependence on M, as well as the interrelation between Tyes and Temp, but there is also an inverse relationship with Temp.

Observing the response surface in Fig. 16, it is possible to establish that the minimum coercitivity is obtained when T;.s and Temp
are in their maximum values. This confirm what was mentioned above, that a high temperature during the process and a long reaction
time favor the completion of the reaction and thus the stability of the superparamagnetic properties of the nanoparticles.

The resulting model obtained are shown in Eq. (9). The adjusted equation predicts H. values from 5 to 48 Oersted that can be
optimized depending on the application.

H, =44.3417 — 0.0552083Vxps — 0.297292T,q, + 0.0266667Temp — 0.0537361Stirr — 4.0625¢ *Viyy, + 8.5¢ > Vi Tres

— 2.5¢ Vs Temp — 3.33333¢° Vs Stirr + 9.78125¢ T, — 0.0119167T,e Temp — 1.125¢ * T, Stirr + 5.41667¢*Temp?
+ 4.58333e~*TempStirr + 2.44444e > Stirr? )

3.2.7. Effects on Fes,O4

Most of the authors do not clarify the obtaining of magnetite or maghemite, but simply assume the phase obtained [32]. This is
because it is difficult to distinguish these phases using classical characterizations. Nevertheless, there are authors who have shown that
when the size is less than 20 nm, the magnetic hyperfine structure can be described as magnetite with a slight deviation from the
stoichiometry and the overall formula can be written as Feg yO4 [32,33]. Considering this, we perform an XRD analysis of the obtained
oxide nanoparticles to study possible variations and their possibility of control. Values between 2.886 and 3 were obtained for the
relative deviation from the stoichiometry of Fe3Og4, (3-x). The Pareto diagram of the standardized effects (Fig. 17) shows that Ty,
Temp and Vg4 are determining factors in the stoichiometry of the magnetite obtained. The higher the values, in the presented order,
the lower the stoichiometric variation obtained.

Considering the above effects and looking at the estimated response surface of Fig. 18, it can be seen that the most correct stoi-
chiometric magnetite is obtained when Ty, Temp and Vyg4 are at their maximum values. This implies that the stoichiometric de-
viation of the resulting magnetite decreases with increasing particle size and formation temperature. Furthermore, it is possible to
explain that T, is the most important factor, since it is precisely the time that favors growth over particle formation. This in turn can
explain what has been observed for the magnetization, since if the larger the size, the more complete the stoichiometry, the closer its
magnetic behavior will be to that of magnetite, and if its stoichiometry is more displaced, its magnetic behavior will increasingly
resemble that of maghemite.

The model results obtained are shown in Eq. (10). The adjusted equation predicts Fes yO4 with 3-x from 2.8 to 3, that can be
optimized depending on the application.

3 —x = 2.73885 + 8.15625¢ *Vyuy + 3.92708e T, +2.01181e*Temp + 1.39375e~*Stirr — 1,04167e V2, — 1.34375¢ 7 Vg T

— 8.125¢ *Vyus Temp + 9, 79167e 7V Stirr + 3.33333e’5Tr2es —4.41667e T, Temp + 4.41667e T, Stirr
+1.92593¢ Temp® — 2.55556¢ *TempStirr — 1,26852¢ " Stirr>
(10)
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Fig. 15. Standardized Pareto chart for H.. Parameters of interest: (A) V_.NH4, alkalizing drip rate; (B) T_res, reaction time; (C) Temp, temperature;
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Fig. 16. Estimated response surface mesh plot of H, with Stirr set to 600.
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Fig. 17. Standardized Pareto chart for (3-x). Parameters of interest: (A) V_NH4, alkalizing drip rate; (B) T_res, reaction time; (C) Temp, temperature;
and (D) Stirr, stirring rate.

3.2.8. Validation experiments

Finally, three validation experiments were carried out (Table 2). These experiments were chosen to be interesting to verify because
they imply extremes in the parameters that turned out to be the most important.

The first case M1 corresponds to extreme maximum Vypg4. The result obtained for the NP was 12.6 nm, which corresponds quite
well to the 13.1 that our model would predict for this case, with less than 4 % of error. In parallel, the Disp result of 35.1 % while the
model predict 35.4 %, less than 1 % of error. For the M2 case, we extreme de minimum T,¢s value and use a low Vyy4 to obtain a high
value of Ms and high stoichiometry of the resulting magnetite. According to the corresponding model, the Ms should be of 74.3 emu/
gr, and the experiment results in a value of 69.3 emu/gr, which is equivalent to 7.2 % of error. In parallel, the (3-x) result 2.939 while
the model predict 2.887, 1.8 % of error. In the last case M3 we prove a extreme minimum value of Vygs, which give us very good
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Fig. 18. Estimated response surface mesh plot of (3-x) with Stirr set to 600.

Table 2
Validation experiments parameters.
PH V_NH4 T_res Temp Stirr
M1 9 100 30 77 600
M2 9 10 0 50 300
M3 9 2 50 50 500

camparative results, since the NP varied by only 0.9 % (11.2 exp. vs 11.4 model) and the Ms by 26 % (65.3 exp. vs 48.3 model).
These results are completely satisfactory for the control of the properties of the resulting nanoparticles by managing the synthesis
parameters. Even more so considering that in the case of magnetic properties, where we have the greatest differences, specifically at
Vnu4 extreme values, is where probably the speed of addition of the base solution would make it possible to modify which reaction
pathway is dominant, thus favoring the obtaining of one oxide.
It should be noted that although this article did not carry out a complete study of the efficiency of the synthesis, the samples made
after optimization of the parameters show a visually complete recovery of the material with a totally transparent remaining solution.

4. Conclusions

A statistical technique, rooted in "Design of Experiments" (DoE), was employed to design a reaction setup for co-precipitating
specific iron oxide nanoparticles. The primary interest was to determine how reaction conditions affected the size and saturation
magnetization of the output. The nanoparticles synthesized underwent analysis through XRD, TEM, and VSM methods.

The synthesis yields mainly spherical magnetite morphology, with pH as the decisive factor in the formation process. All samples
display superparamagnetic behavior at room temperature. Successful synthesis of iron oxide nanoparticles is achieved in the size range
of 7.4-12.8 nm with dispersion in the range of 21.4-42.1%. The nanoparticles demonstrate varying magnetic properties, featuring
saturation magnetization ranging from 46 to 78 emu/g, a remarkably low coercive field, and remanent magnetization ranging from 7
to 37 Oe and 1-5 emu/g, respectively. The oxide nanoparticles are characterized as Fe3-xO4 with the alkali drop rate serving as the
critical parameter for modifying "x." Overall, the alkalization drop rate and reaction time can be manipulated to control particle size
and magnetic properties. The magnetic properties vary due to both size and composition, as the oxidation rate increases with
decreasing size.

Finally, it has been demonstrated that optimizing the achieved models enables a selective choice of the synthesis parameters,
depending on the preferred characteristics of the final nanoparticles. This creates new opportunities for more precise investigations in
each application case.
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