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Abstract

Magnetite superparamagnetic nanoparticles (MNP) are becoming one of the firsts
nanocommodity products. MNP find a number of applications and they are been produced at
relatively large scale. The co-precipitation method presents many technical and economical
advantages among alternative processes. However, the relationships between physical and
chemical reaction conditions during the co-precipitation process and the resulting properties of
obtained MNP are not yet fully understood. The novelty of this contribution is the establishment
of the cross-dependency effects of the main physical and chemical parameters of the co-
precipitation reaction on the properties of resulting MNP. The conditions were varied by
following an experimental design. The crystallite size, particle size and magnetization of the
MNP and the Z-potential and size of their aggregates were selected as main response properties.
A set of equations in the form of 4D surface responses in the space of co-precipitation process
variables was obtained and analyzed in terms of the resulting properties. The set of equations is
useful to predict, optimize and tailor very precisely the properties of resulting MNP as a function
of reaction conditions.

Keywords: industrialization, process optimization, chemical engineering, production of
nanoparticles, nanomagnetite

(Some figures may appear in colour only in the online journal)

1. Introduction between geometrical, chemical, physical and biological

properties of MNP with potential uses. In the field of medi-

Magnetite nanoparticles (MNP) present many interesting
properties and have found a number of uses and potential
applications in key technological fields. Lately, several
comprehensive reviews have been published underling the
emerging progress in the understanding of the relationships

0957-4484,/20,/185604+10$33.00

cine MNP were reviewed for targeting specific tissues [1-4],
for diagnosis and medical imaging [4-9], for the treatment of
iron related diseases [1, 3], for antimicrobial therapies
[3, 10, 11], for drug delivery [2, 5, 8, 12-14], for hyper-
thermia treatments [4, 15], and for many other biomedical

© 2020 IOP Publishing Ltd  Printed in the UK
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applications [8, 16, 17]. In the field of environmental pro-
tection and remediation MNP are been explored for heavy
metal removal [18] and enzyme carriers [19] in wastewater
treatments and to detect environmental pollutants in new
analytical techniques [20]. In the fields of building materials
and chemical industry they are been used for enhancing the
properties of cements and composites [21] and as industrial
catalysts [22], respectively. And, very interestingly, in the
field of sustainable energy production MNP are been pro-
posed as material for electrochemical energy storage [23] and
as enhancer of biological production of hydrogen [24].

The unquestionable progress in the knowledge of prop-
erties and the ever growing number of uses and potential new
applications of MNP has pushed the scientific interest in
tailoring their properties and structures through smart con-
trolling of reaction conditions during the processes of
syntheses [25]. Among several methods, the co-precipitation
method is an extended method with many advantages. It is
robust, cheap, easy to scale up and very extended for large
industrial productions [26]. The chemical co-precipitation
method consists in mixing ferrous and ferric salts in aqueous
medium to form magnetite. Here, the conditions of synthesis
greatly affect the geometrical, chemical and physical prop-
erties of resulting MNP [27].

The formation of MNP was demonstrated to progress
within the framework of classical nucleation theory [28]. In
this theory, temperature plays a crucial role. The effect of
reaction temperature on the size of MNP has been extensively
reported. For example, the size of MNP was found to increase
from 3.8 to 10.9 nm when the temperature changed from 1 °C
to 95 °C in a co-precipitation carried out at very high mixing
strength. In these conditions, the temperature dependence of
the size distribution was found to follow the terms of the
Ostwald ripening [29]. Another study, reported the minimum
size of MNP as 8 nm when synthesized at 45 °C in a co-
precipitation carried out at medium mixing strength [30].
Higher and lower reaction temperatures promoted the synth-
esis of bigger MNP. Here, the temperature was proposed to
alter the critical size, the extent of aggregation of growing
nucleus and the degree of mobility and collisions of reacting
species. Evidently, the degree of mixing also participates in
the definition of resulting properties of MNP.

The effect of the degree of mixing on the size of MNP has
been also extensively investigated [29, 30]. The increase of the
stirring rate of reaction medium from 400 to 800 rpm was
reported to decrease the size of MNP from 9.41 to 7.83 nm.
This effect was explained in terms of the mechanical energy
transferred to the reaction medium [31] and the reduction of the
growth kinetics of nucleus through the enhancement of
anomalous diffusion of species [32]. Additionally, MNP with
sizes in the range between 8.9 and 12.5 nm were obtained by
varying the mixing strength at room temperature [33]. And,
ultrafast jet mixing was reported to promote stable nucleation
and kinetics of grows useful to control the resulting particle
size of MNP within 3.8-10.9 nm [29]. Finally, the effects of
chemical recipe formulation such as the total iron content, the
relative concentration of ferrous and ferric ions, the dissolved
oxygen and the injection fluxes on the size and magnetic

properties of resulting MNP were reported [34]. It was found
that stoichiometric 2:1 amounts of ferrous to ferric ions is
optimal to obtain MNP and to avoid the apparition of other
by-product iron oxides.

The size of MNP is extensively study because it is
intrinsically related to their magnetic properties [30]. The
smaller the size of MNP, the lower their saturation magneti-
zation. Several authors explained this effect in terms of the
surface/bulk order/disorder interactions and the geometrical
irregularities of the nanoparticles [35-39].

In general, the literature reports the effects of reaction
conditions on the size, magnetization and other key properties
of obtained MNP by studies carried out following the one-
factor-at-a-time method. It means to vary one parameter while
keeping constant all the others. However, the variation of
physical reaction parameters such as the temperature and the
degree of mixing seems to be inherently related to the var-
iation chemical reaction parameters such as pH, solubility of
reacting species and the ratio of formation of between mag-
netite and other iron oxide by-products such as maghemite
and hematite [36]. Therefore, it is important to develop a
comprehensive model including both, physical and chemical
reaction parameters, to predict the structure and properties of
resulting MNP.

This work presents a comprehensive model to predict the
size and the magnetization of MNP and the Z-potential and
the size of MNP aggregates obtained by a chemical co-pre-
cipitation method. The model uses as inputs four key reaction
parameters. The reaction temperature and the degree of
mixing were selected as key physical reaction parameters.
And the total iron content in the co-precipitating medium and
the volume of base used as pH regulator were selected as key
chemical reaction parameters. These four key parameters have
been selected according to the common agreement found in
the literature respect to the most influencing parameters on the
resulting characteristics of MNP. It is important to mention
that other parameters such stoichiometry of iron ions and
pH are not considered since they were already optimized to
avoid the apparition of iron oxide by-products. The exper-
imental conditions were defined using to a Taguchi type
experimental design [40].

A 4D surface response was built with the experimental
results. The obtained set of equations is useful to predict the
size and magnetization of MNP and the Z-potential and the
size of MNP aggregates as functions of the key chemical and
physical reaction parameters set during the chemical co-
precipitation.

2. Experimental part

2.1. Materials

Ultrapure ferric chloride hexahydrate, FeCl;-6H,0, (Biopack,
Argentina), ultrapure ferrous chloride tetrahydrate, FeCl,-4H,0,
(Biopack, Argentina), ammonium hydroxide aqueous solution,
NH4OH, 28% w/w (Anedra, Argentina), ultrapure N, gas grade
4.5 (Indura, Argentina), Type 1 ultra-pure water with resistivity
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of 18.2 MQ and density 6, = 0.99704 g cm > and absolute
methanol (Cicarelli, Argentina) were used as iron sources,
pH regulator, non-oxidant atmosphere, reaction medium and
swashing solvents, respectively. Glycerol (Cicarelli, Argentina)
was used as dispersion medium of obtained nanoparticles.

2.2. Synthesis of MNP

MNP were synthesized using a co-precipitation method [41].
Firstly, an aqueous solution of FeCl;-6H,O and FeCl,-4H,O
was prepared. The molar ratio between FeCl;/FeCl, = 2.
Secondly, the solution was put under stirring at certain speed
and thermostatted at a defined temperature. Thirdly, a certain
amount of NH,OH 28% w/w solution was added to induce
the precipitation of Fe;O,4. The precipitation reaction was left
to proceed during 60 min under N, atmosphere. The stirring
speed and temperature were kept constant during all the
experiment. The obtained dark precipitate was washed with
deionized water to remove Cl~ ions and the remaining
NH,OH. The sedimentation of the precipitate was assisted
using strong neodymium magnets. Subsequently, the pre-
cipitate was washed with methanol and magnetically decanted
again. And finally, it was vacuum dried for approximately
45 min and then stored in a hermetically sealed container.

The total iron content, the degree of mixing, the temp-
erature and the amount of NH,OH added to the iron solution
were selected as synthesis variables.

2.3. Experimental design

The Taguchi method is commonly used to study processes
with four interdependent parameters [42, 43]. The method
proposes that the response (Y) to the stimuli of the simulta-
neous variation of four parameters (A, B, C, D) can be
expressed as a polynomial function according to equation (1).

Y = ShiimaniinA"B*C'D™. (1)

The indexes h, k, [ and m are non-negative integers going
from O to co. Each term of the sum is composed by the
product of an empirical coefficient (ay;,,) determined by a
least squares fit and the variables powered to non-negative
integer exponents. The higher the complexity of the response
to a given stimuli, the higher are the exponents in the terms
and the higher is the number of terms of the sum. The
resulting polynomial function may has infinite terms and can,
eventually, describe any functionality Y (A, B, C, D).

In the present contribution, the number of experiments
was limited to nine. Therefore, nine experiments give the
possibility to define a polynomial function of nine terms. The
selection of the nine terms was carried out using experimental
raw data and iterating using Minitab 17 software. Minitab 17
software is a mathematical software that solves equation
systems easily.

The reaction parameters: A, B, C and D correspond to the
total iron content in the solution, the temperature, the degree
of mixing and the amount of base used to pH adjustment in
the co-precipitating solution, respectively. Each variable was

Table 1. Experimental design.

Parameters
A B C D
Iron Degree of

content Temperature mixing NH,OH

Samples (mol) (°C) (rpm) 28% (ml)
S1 0.034 50 30 1000 34
S2 0.01725 70 1000 42
S3 0.069 00 50 1000 26
S4 0.069 00 70 500 34
S5 0.034 50 70 750 26
S6 0.034 50 50 500 42
S7 0.017 25 26 500 30
S8 0.069 00 42 750 30
S9 0.017 25 34 750 50

set at three different levels. Five responses were analyzed and
correspond to the crystallite size (CS), the particle size (PS)
and the maximum magnetization (M,,,x) of the MNP and the
Z-potential (ZP) and size (AS) of their corresponding
aggregates.

The responses were first studied in an attempt to find
correlations among them and to minimize the number of
surface responses. The selected responses for surface analysis
resulted in 4D surfaces in the space of the mentioned vari-
ables. Subsequently, 2D plots were used to conclude and
predict properties of resulting MNP to the simultaneous var-
iation of their reaction conditions.

2.4. Synthesis conditions

Nine experiments with different conditions give the possibi-
lity to define a polynomial fit of nine terms. Here, the total
iron content in the solution was set at 0.01725, 0.0345 and
0.069 mol. The degree of mixing was set at 500, 750 and
1000 rpm. The temperature was set at 30 °C, 50 °C and 70 °C.
Finally, the amount of NH,OH solution was set at 26, 34 and
42 ml. Table 1 presents the precipitation conditions according
to the Taguchi L9 experimental design.

The amounts of NH4OH used in the experiments were
enough to saturate the pH at 12 in all cases. The variation of
NH4OH did not varied the pH level. The pH remained con-
stant and equal to 12 during the co-precipitation reaction in all
the experiments. High pH is important to avoid the formation
of by-product iron oxides: maghemite and hematite.

2.5. Characterization

The obtained precipitates were characterized by x-ray dif-
fraction (XRD), (x-ray Diffractometer Model XD-DI
Shimadzu, Japan) to analyze their purity, crystalline phase
and the size of the ordered domains, also named as CS.
The diffractometer operated with a Cu-Ka x-ray source with
wavelength X\ = 1.54 A. The PS were measured using a high-
resolution transmission electron microscope (TEM), (JEOL
100 CX II) operating at 100 kV and magnifications of
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Figure 1. X-ray diffraction patterns of synthesized magnetite.

270 000x—450 000x. The software of the microscope per-
mitted to discriminate, count, measure and perform statistical
analysis of the particles. The AS and ZP of MNP (27% w/v)
dispersed in a 50% v/v glycerol aqueous solution were
measured using dynamic light scattering (DLS), (Zetasizer
Nano-ZS, Malvern Instruments, UK), at a scattering angle of
173°. The Nano-ZS contains a 4 mW He-Ne laser (633 nm),
operating with a digital correlation, model ZEN3600 and a
Non-Invasive Back Scatter (NIBS®) technology. All the
samples were analyzed at 25 °C. Refractive index (RI) and
viscosity were 1.39 and 5 cP, respectively. Results are
expressed as mean of at least three independent samples
prepared under identical conditions. The software of the
Zetasizer instrument used for the analysis of the data was
v7.12 software (Malvern Instruments Ltd Malvern, UK). The
magnetization and M, of the precipitates were characterized
using a Vibrating Sample Magnetometer (VSM).

3. Results and discussion

3.1. XRD analysis

Figure 1 shows the diffractograms of samples 1-9. Table 2
presents the 26 position of the main peaks and their corre-
spondence to the Miller indices (hkl) of their crystal lattices.
Table 2 also reports the 26 positions of reference magnetite
taken from reference literature [44].

The pattern of peaks positions and intensities are well
correlated with the values for magnetite reported in the lit-
erature [44]. These results indicate that all the obtained pre-
cipitates are composed of pure magnetite. No odd peaks were
identified in the diffractograms. The absence of odd peaks is
an evidence of the absence of any compound different than
magnetite including maghemite and hematite. Maghemite and
hematite are common by-products obtained during the
synthesis of magnetite. The result of synthesis 1-9 is 100%
magnetite despite the great variations of the studied reaction
parameters. In fact, this would be a great advantage linked to
the robustness required by industrial production processes.

The CS was calculated by means of the Debye—Scherrer
equation [45]. Equation (2) relates the average CS to the

Table 2. XRD peaks positions in the diffraction patterns of
samples 1-9.

hkl 220 311 400 422 511 440
20 [44] 30.1 3546 43.09 5346 5699 62.58
S1 — 353 436  — 57.3 62.8
S2 30.1 356 433 53.8 574 629
S3 302 354 431 536 57.0 626
S4 30.7 357 444 545 57.7 63.3
S5 299 351 43.1 53.5 572 62.5
S6 29.8 352 426 53.7 56.9 62.5
S7 30.1 354 431 53.3 57.0 625
S8 300 352 431 533 624 624
S9 29.8 353 43.0 535 56.7 62.5

broadening of a peak in a diffraction pattern.

CS = k A(Bcos(0) . 2)

Here, kK = 0.89 is a constant of proportionality for integral
breadth of spherical crystals, A = 1.54 A is the wavelength of
the Cu-Ka radiation, 3 and 6 are the broadening and the
Bragg angle of the main peak, respectively. The average CS
varied from a minimum of 6.9 nm corresponding to sample 2
to a maximum of 9.4nm corresponding to sample 4. The
calculated CS are reported in table 3.

3.2. TEM image analysis

Figure 2 shows, exemplary, TEM images of samples 1-9.
Near spherical shape of the particles are clearly visible. This
fact, justify the use of k= 0.89 in equation (2). The average
PS varied from a minimum of 6.1 nm corresponding to
sample 5 to a maximum of 9.4 nm corresponding to sample 8.
The measured averages PS are also reported in table 3.
Figure 3 shows the correlation between PS and CS. Inter-
estingly, the difference between the average CS and their
corresponding average PS are less than 5%. Moreover, such
differences are the same when the average CS is bigger
than the average PS and when the average CS are smaller than
the average PS. It worth to be mentioned, that physically, the
average CS have to be smaller or eventually equal to
the average PS. When the CS is smaller than the PS, the
particle is polycrystalline. When the CS is equal to the PS,
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Figure 2. TEM images of MNP synthesized according the conditions for samples 1-9.

Table 3. Average CS, PS,

AS, ZP and M,,,, of MNP.

Responses
Crystallite size  Particle size =~ Aggregates size  Z-Potential Maximum magnetization
Samples (nm) (nm) (nm) (mV) (emug™)
S1 8.7 9.0 321 —7.11 50.8
S2 6.5 6.5 801 —-1.27 429
S3 8.4 8.7 780 —1.65 49.7
S4 94 9.1 740 +0.19 51.2
S5 6.0 6.1 694 +1.36 40.4
S6 7.3 7.6 672 +2.28 52.0
S7 9.1 8.9 600 +4.39 45.6
S8 8.9 9.4 800 —-0.32 53.0
S9 8.5 8.8 477 +5.70 534

the particle is monocrystalline. It is not physically possible the
CS to be bigger than the PS. Therefore, the 5% difference
between the results obtained from XRD measurements and
TEM measurements can be assumed as normal experimental
errors. Therefore, it can be stated as preliminary conclusion
that the method allowed to produce pure spherical mono-
crystalline MNP. Further details about the fundamentals of PS

and CS correlations can be found in the excellent work of
Li et al [46].

The fact the PS ~ CS, i.e. monocrystalline nano-
particles, in all cases should also be considered an
advantage for industrialization. The method here described
allows to obtain spherical, pure and monocrystalline
nanomagnetite.
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Figure 3. Correlation between PS determined by TEM and CS
determined by XRD of samples 1-9.
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Figure 4. Correlation between AS and ZP of MNP.

3.3. DLS analysis

Figure 2 also shows the nanoparticles to be arranged in
aggregates. The AS dispersed in glycerol was determined by
DLS. The measured average AS are reported in table 3.
Additionally, the ZP was also determined and reported in
table 3. The agglomeration of particles is expected since
magnetite naturally develops magnetic domains. The magn-
etic domains are easily self-oriented to develop attractive
magnetic forces between the particles. However, the particles
also develop electrostatic repulsive charges. Then, a compe-
tition between attractive magnetic forces and repulsive elec-
trostatic forces is established. The AS is a result of the final
equilibrium state of such competition.

A relationship between AS and ZP is evidenced and
showed in figure 4. Here, the AS was plot against the absolute
value of the ZP (|ZP|). Clearly, the smaller the AS, the higher
the ZP. The biggest possible AS is about 820 nm for elec-
trically neutral aggregates (|ZP| =0). The smallest possible
AS is defined as an aggregates composed of two nano-
particles. Such aggregates would have AS ~ 16 nm. And they
would exist at |ZP| of nearly 12.8 mV. Conversely, figure 5
shows that the PS slightly affects the ZP of resulting
aggregates.

The development of electrostatic charges on the surface
of MNP and aggregates of MNP may have several impli-
cations from the application point of view. Functionalization
of the MNP surface can be required to facilitate their
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Figure 5. Correlation between PS and ZP of MNP.

dispersion in hydrophilic or hydrophobic media or to facil-
itate or impair diffusion through membranes. From the
industrial point of view the increase of the size of aggregates
greatly facilitate the recovery of products by magnetically
assisted sedimentation.

3.4. Magnetic properties

The magnetization curves of samples 1-9, measured at 290 K
with a VSM, are show in figure 6.

The absence of hysteresis loops together with the
observation of practically null coercive fields are a clear
indication of the superparamagnetic behavior of the MNP.
Although the saturation magnetization was not reached with
the maximum field applied, the M., attained. The M ..
values are reported in table 3. The obtained values of M.«
are close to the ones reported previously for MNP of similar
size [37]. The M.« tends to saturate, with a soft dependence
on CS, as can be observed in figure 7. M ,,.x increases with the
increasing of the CS. This behavior can be expected for
materials whose dependence of its superparamagnetic state is
described by a Langevin function with an argument sensitive
to the volume of the MNP [47]. This result is consisting with
a inherent characteristics of pure magnetite [36, 48].

Finally, combining the results of sections 3.1, 3.2 and
3.4, it can be concluded that the precipitation method used in
this contribution allowed to produce pure monocrystalline
superparamagnetic spherical MNP. The robustness of the
process is demonstrated. Moreover, the method allows to vary
the PS and AS while maintain the magnetization properties,
purity, and shape of MNP.

3.5. Response surface analysis and correlations

Equations (3)—(7) are own results and describe the simulta-
neous effects of the selected reaction parameters on the
properties of MNP.

The surface responses of the PS and the AS to the stimuli
of the simultaneous variation of the total iron content in the
solution (A), the temperature (B), the shear rate (C) and the
amount of NH4OH solution (D) were developed as
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polynomial functions according to equations (3) and (4).

PS = 15.67 + 16.184 — 0.2977B — 0.005510C
+ 0.001010D + 477.0A*> + 0.002392B>
+ 0.000003C? + 0.000887D2, 3)
AS = —1646 + 400814 + 72.79B + 1.271C
+ 64.11D + 404390A% — 0.6580B
— 0.000952C? — 1.058D>. “)

The correlations between PS and CS, M,,,, and CS and AS
and ZP are shown in equations (5)—(7) and were obtained by
fitting the plots in figures 3 and 4 and and 7, respectively.

CS = 1.01PS —0.22 )
AS = —63.19ZP + 824 (6)
Minax = 24.675 In(CS) — 3.2927. 7)

Equation (3) allows to visualize the effects of physical
(temperature and stirring speed) and chemical (iron and
NH,4OH contents) reaction variables on the PS of resulting
MNP. Figures 8 and 9 show their corresponding 2D plots.
The temperature of precipitation plays a crucial role on
the resulting PS and AS of MNP. The derivative of
equation (3) permits to find the minimum PS. The minimum
PS occurs when the co-precipitation reaction is carried out at
T = 62.2 °C. Higher and lower co-precipitation temperatures
result in higher PS. This behavior is explained by the
nucleation theory of the chemical co-precipitation process
[26, 34]. On the one hand, the higher the temperature, the
faster the mobility of species and the higher the rate of grow

15
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©

g o N ®

0 10 20 30 40 50 60 70 80 90 100

temperature (°C)

Figure 8. Effect of reaction temperature on the PS of MNP. Stirring
speed: 500 rpm (dotted), 750 rpm (dashed) and 1000 rpm
(continuous). Reaction conditions: total iron content = 0.0345 mol,
NH,OH solution = 35 ml.

15
14
13
12
1
10

9

particle size (nm)

o o N ®

0.04

iron content (mol)

0.06 0.08 0.10

Figure 9. Effect of total iron content on the PS of MNP. NH,OH
solution: 25 ml (dotted), 350 ml (dashed) and 450 ml (continuous).
Reaction conditions: temperature = 50 °C, stirring

speed = 750 rpm.

of nuclei. Additionally, the higher the temperature, the greater
the tendency to dissolution of the small nuclei and only the
big ones tend to grow. As consequence, the higher the
temperature, the higher the PS. On the other hand, the lower
temperature, the bigger the critical size of nuclei and the
higher is the final PS.

Equation (4) allows to visualize the effects of physical
(temperature and stirring speed) and chemical (iron and
NH4OH contents) reaction variables on the AS of resulting
MNP. Figures 10 and 11 show their corresponding 2D plots.
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Figure 10. Effect of reaction temperature on the AS of MNP. Stirring
speed: 500 rpm (dotted), 750 rpm (dashed) and 1000 rpm
(continuous). Reaction conditions: total iron content = 0.0345 mol,
NH,OH solution = 35 ml.
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Figure 11. Effect of total iron content on the AS of MNP. NH,OH
solution: 25 ml (dotted), 35 ml (dashed) and 45 ml (continuous).
Reaction conditions: temperature = 50 °C, stirring speed = 750 rpm.

The derivative of equation (4) permits to find the maximum
AS. The maximum AS occurs when the co-precipitation
reaction is carried out at 7= 55.3 °C. The co-precipitation
reaction carried out at 7=55.3°C and 500 rpm gives as
result MNP with AS ~800nm and ZP ~0OmV. In those
conditions the surface of the resulting MNP are electrically
neutral when dispersed in glycerol. As consequence, the
nanoparticles aggregate due to the absence of repulsive
electrostatic forces and the inherent presence of attractive
magnetic forces developed by the magnetic domains of
magnetite crystals.

The mixing degree seems to have a small effect on PS
and AS. A decrease of PS and AS of less than 10% is
observed when the stirring speed is increased from 500 to
1000 rpm in all the range of co-precipitation temperatures.
The slight decrease of PS with the increase of the rpm is
explained in terms of the finer dispersion of nuclei promoted
by the higher shear rate of the system [33].

The PS increases monotonically with the increase of the
amount of iron and ammonium in the solution. The higher
the concentration of both reactants, the bigger the PS of
resulting MNP. However, the concentration of iron and
ammonium in the co-precipitation medium seems to have
differential effects on the electrostatic nature of the surface

of resulting MNP. On the one hand, the higher the ammo-
nium concentration in the co-precipitation medium the
higher the surface charge of resulting MNP and thus the
higher the electrostatic repulsive forces between them and
the smaller AS. On the other hand, a co-precipitation med-
ium with total iron content of 0.05 mol results in minimal
AS of MNP. Total iron content higher than 0.05 mol tend to
generate negatively charged MNP. Conversely, total iron
content lower than 0.05mol tend to generate positively
charged MNP. In both cases, the resulting AS is decreased
by the action of repulsive electrostatic forces due to the
development of negative or positive charges on the surface
of resulting MNP, respectively.

4. Conclusions

The cross-dependencies of main physical and chemical
reaction parameters of co-precipitation synthesis on the
resulting properties of MNP were investigated. A set of
equations in the form of 4D surfaces was developed. The set
of equations relates the temperature, the degree of mixing, the
total iron content and the amount of ammonium hydroxide
used for pH adjustment during the co-precipitation reaction
with the CS, PS and M,,,,, of MNP and the ZP and AS of their
corresponding aggregates. The results were discussed in terms
of crystal nucleation and growth theories. The synthesis
protocol results in pure monocrystalline superparamagnetic
spherical magnetite nanoparticles. The 4D surface response
set of equations permits to predict precisely the properties of
resulting MNP by adjusting the main physical and chemical
reaction conditions. The integrated set of equations (3)—(7)
models a prediction of the properties of MNP using as input
data the values corresponding to the main reaction para-
meters. This integrated set of equations can be useful to
monitor, control and correct on real time basis the path of the
co-precipitation process for industrial fabrication of MNP.
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