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Synthesis of zinc ferrite (ZnFe;04) by mechanical grinding and calcination with a
magnetite/maghemite precursor obtained by coprecipitation, its influence on crystalline,
morphological and thermal properties, for its potential use at high temperatures.

Sintesis de ferrita de zinc (ZnFe;0,) mediante molienda mecanica y calcinacién con un
precursor de magnetita/maghemita obtenido por coprecipitacion, su influencia en las
propiedades cristalinas, morfolégicas y térmicas, para su potencial uso a altas temperaturas.
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Abstract

Magnetite/maghemite produced by chemical coprecipitation at different temperatures was reacted with reagent-grade zinc oxide to
produce zinc ferrite (ZnFeyO4) by mechanical grinding. After grinding, calcination was applied at 400 °C for 3 hours. The obtained
samples were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), thermogravimetric analysis (TGA),
and differential scanning calorimetry (DSC). After grinding treatment, three-phase combinations were observed of the same ferrite,
which had not been reported previously and which were stabilized by the application of a calcination treatment. The crystallite
sizes of the zinc ferrite (ZnFe,O4) compound ranged from 10.602 nm to 11.602 nm. Particle agglomerations were found by SEM,
while TGA analysis shows possible moisture loss, in addition to stability at high temperatures. DSC analysis shows endothermic
and exothermic reactions. The best results were obtained with magnetite/maghemite stabilized at 300 °C.

Keywords: mechanical milling, zinc ferrite, coprecipitation, magnetite/maghemite, calcination.

Resumen

La magnetita/maghemita producida por coprecipitacién quimica a diferentes temperaturas, se hizo reaccionar con 6xido de zinc
grado reactivo para producir ferrita de zinc (ZnFe,O4) mediante molienda mecénica. Luego de la molienda, se aplicé calcinacién
a 400 °C durante 3 horas. Las muestras obtenidas se caracterizaron por difraccién de rayos X (DRX), microscopia electrénica de
barrido (MEB), andlisis termogravimétrico (TGA) y calorimetria diferencial de barrido (DSC). Luego del tratamiento de molienda,
se observaron combinaciones trifdsicas de la misma ferrita, lo cual no habia sido reportado previamente y que se estabilizaron con
la aplicacion de un tratamiento de calcinacion. Los tamafios de cristalita del compuesto de ferrita de zinc (ZnFe,Oy4) variaron de
10.602 nm a 11.602 nm. Se encontraron aglomeraciones de particulas por medio de MEB, mientras que el andlisis TGA muestra
una posible pérdida de humedad, ademds de estabilidad a altas temperaturas. DSC muestra reacciones endotérmicas y exotérmicas.
Los mejores resultados se obtuvieron con magnetita/maghemita estabilizada a 300 °C.

Palabras clave: molienda mecdnica, ferrita de zinc, coprecipitacién, magnetita/maghemita, calcinacion.
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1 Introduction

Zinc ferrite (ZnFe;04) is a magnetic ceramic material
that has been studied since the 1950s. Its magnetic
properties are of great research interest because of
their potential multiple applications. The uses of zinc
ferrite are highly varied and include microwave devices,
recording media, devices used at high frequencies,
biomedical devices, and permanent and temporary
magnets (Baena et al., 2011).

Iron oxide with the oxides of one or more
other metals combine to form ferrite, not all ferrites
develop spinel structure, but many do. While bulk
zinc ferrites are paramagnetic at ambient temperature,
nano-crystalline zinc ferrites can be ferrimagnetic
at the same temperature. Its structural formula is
(ZnFe)x[ZnFe],_xOy4, in which the coordination sites
marked by the parentheses represent Tetrahedron A,
the brackets represent Octahedron B, and x represents
the degree of inversion, which is defined as the
fraction of the A sites occupied by Fe’*. One of
the precursors of the zinc ferrite compound may
be Fe,O3; (maghemite), which can be obtained by
chemical coprecipitation, which, as an easily scalable
process, enables the industrial use of zinc ferrite for
the manufacture of iron oxide nanoparticles. Chemical
coprecipitation consists of adding Fe?* salt and Fe3*
solutions to an excess basic medium. The advantages
of this method are its simplicity and low cost, while
the disadvantage is the high number of uncontrolled
variables and the wide distribution of particle sizes
(Baena et al., 2011). Various methods are used to
obtain zinc ferrite, such as the ceramic method, sol-gel
synthesis, chemical coprecipitation, the hydrothermal
method, and microemulsion. In recent times, alternative
synthesis methods have been explored in search of
a more economical, faster, and purer process, one
of which alternatives is mechanical milling, which
presents the above-described advantages.

Synthesis by mechanical milling is defined as the
chemical reaction induced by the direct absorption of
mechanical energy (James et al., 2012). Mechanical
energy is produced by the combination of impact,
shear, and friction forces that activate the surface
and produce defects in the network, radicals on the
surface, and even break bonds, causing the activation
and chemical reaction of the mixed powders (Fuentes
et al., 2013). The interaction of forces during milling
generates local temperatures and pressures at the
points where collisions occur, which are believed to
reach up to 10,000 K and 17 GPa. This, in turn,
promotes a local fusion phenomenon that induces the
dissolution of chemical species of immiscible elements,
consequently inducing the formation of alloys that
cannot be synthesized by other techniques (BaladZ et
al., 2009). Over the last few decades, mechanical

milling has developed from an elementary method
used primarily for particle size reduction in mineral
processes to a potent technique for the preparation
of materials with improved mechanical and physical
properties, and new phases and engineering materials
(El-Eskandarany et al., 2021).

Koch (1983) observed that mechanical milling
induces the amorphization of the material when
he subjected Ni and Nb powders to high-energy
grinding. Since then, research has continued, with the
combination of coprecipitation and mechanical milling
reported by various authors for the preparation of both
ferrites and nanoferrites. Ding et al. (1999) used a
combination of both methods to produce BaFe 2019,
CoFeQy4, and NiFeOy4, while Shi et al. (1999) produced
NiFe,04 and Shenoy et al. (2004) manufactured
ZnFe;04 via similar processes. Sheikhi et al. (2006)
produced BaFe ;019. All of the authors mentioned
above emphasize the possibility of obtaining ferrites
by combining coprecipitation and mechanical milling.
Sani et al. (2007) synthesized CoFe;O4 using only
mechanical milling and in the same year, Rao et al.
(2007), compared the separate use of coprecipitation
and mechanical milling to obtain various ferrites of (Ni-
Zn-In-Ti), (Ni-Zn), and (Mn-Zn). Zhigang et al. (2015)
synthesized nickel ferrite nanoparticles (NiFe;Oy4)
achieving a solid-state reaction through milling. The
technique is considered a simple and effective synthesis
method for NiFe,O4 and other nanomaterials. Pedrosa
et al. (2016) reported the use of mechanical grinding
for the synthesis of the ferrite CoFe,O4, while Sarkar
et al. (2019) prepared the Cog 5sZng 504 nanoferrite by
applying a combination of coprecipitation and various
thermal treatments in addition to mechanical milling.

Mahdikhah et al. (2019) produced the ferrite
CoFe;04 via mechanical milling and Cobos et al.
(2020) compared various ferrite synthesis methods,
including mechanical grinding, for manufacturing
ZnFe,04. Navipour et al. (2020) investigated the sole
use of mechanical grinding to manufacture ZnFe, Oy,
while Sukmarani et al. (2020) synthesized MnFe,;O4
and Moravvej-Farshi et al. (2020) manufactured Ni-
Zn ferrites, both using the same technique. Younes
et al., (2021) synthesized CuFeO4 via mechanical
milling and Tomiczek et al., (2021) produced the ferrite
CoFe;04. Hejazi et al. (2024) produced ZnFe,;O4
ferrites using the separate application of coprecipitation
and mechanical milling, investigating the effects of
each method on crystallinity, purity, and particle size
distribution. A recent study, reported by Leal et al.
(2024) investigated the production of ZnO, which
can be a precursor to zinc ferrite. The study sought
to produce ZnO nanoparticles using ion exchange
and thermal treatments, which, although at different
temperatures, were also used in the present study.
According to a review by Bhattu er al. (2024),
zinc ferrites have a variety of production methods
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and intriguing applications. Characteristics such as
crystallite size, doping, and manufacturing process
influence their use in biological applications, sensors,

magnetic data storage, and catalysis. Garg et al.

(2024) mentioned, zinc ferrite (ZnFe;O4) nanoparticles
are considered to be non-toxic and to have better

drug delivery properties than other nanoparticles.

Wider uses of ZnFe;O4 nanoparticles for the
treatment of infectious illnesses and cancer have been
documented in several research. The reduction of both
organic and inorganic environmental contaminants is
another advantage of these nanoparticles. Additionally,
their environmental and biological uses have been
extensively studied. Similarly, studies of ZnO (ferrite
precursor) and its nanostructures have received recent
attention for potential use in environmental applications
such as solar cells (Garcia et al., 2024).

The present study sought to combine mechanical
milling and the chemical coprecipitation of magnetite
to synthesize a ZnFe,Oy4 ferrite, aiming to ascertain the
behavior of ferrite synthesis when applied with both
one precursor obtained via coprecipitation and another
that was reagent grade. All this is done in the interest
of the various potential applications discussed in the
introduction.

2 Materials and methods

The methodology reported by previous studies was
used for the present study. The technique reported
by Zhang et al. (2009) was used for the synthesis of
magnetite, wherein FeClz-6H,O and FeCl,-4H,0 (2:1
ratio) were mixed in 50 mL of deionized water, while
150 ml of deionized water was placed in a ball flask
and heated to 50 °C with constant stirring. 50 ml of
concentrated ammonium hydroxide was then added in
order to provide a basic medium for the solution. The
precursors were used to obtain the highest possible
purity of the desired compound.

The iron chloride mixture was added drop by drop
to the basic solution and subjected to constant stirring
for 30 minutes, after the elapse of which, the precipitate
was washed with 2 liters of deionized water to eliminate
excess chlorides and left to dry at room temperature for
three days. Finally, the product obtained was washed
with 1 liter deionized water and 250 ml ethanol and left
to dry at room temperature. The quantity of magnetite
obtained was divided into five parts and heated at 100
°C (T1), 200 °C (T2), 250 °C(T3), 300 °C(T4), and 350
°C (T5), with a residence time of 3 hours. Once heating
had been completed, the samples were left to slowly
cool inside the oven, to ensure greater crystallinity.
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2.1 Mechanical milling and calcination

The preparation of zinc ferrite used two powders
obtained from the precursor oxides ZnO (reagent grade
99.8% pure, SkySpring Nanomaterials) nanometric
zinc oxide (9-20 nm) and magnetite obtained via
chemical coprecipitation.

At a 1:1 ratio, the powders were mixed, placed
in a 25-ml stainless steel vial, and then placed in a
RETSCH mill to apply the milling process. A 2:1 ball-
material ratio was used for the milling, which was
conducted at a frequency of 20 cycles per second (1200
rpm) for five hours for all samples. Dry grinding was
used, without any type of additive or binder. Once
the milling treatment had been completed, calcination
was conducted in a Witeg brand muffle (capacity of
1200 °C) on all samples at 400 °C for three hours to
stabilize the metastable phases that had formed during
the mechanical milling process. The smallest crystallite
sample was then characterized via scanning electron
microscopy (SEM), thermogravimetric analysis (TGA),
and differential scanning calorimetry (DSC).

2.2 X-ray diffraction (XRD)

This technique was applied to identify the ferrite phases
and determine crystallite size, using a Bruker D8
Advance X-ray diffractometer, with a scanning range
of 10 to 80° on the 26 scale and a scanning speed of
0.01°/s. For Co-Ka type radiation, the conditions of
operation were 40 mA and 40 kV, while the Match
1.1 diffraction software was used to achieve sample
identification.

2.2.1 Crystallite size (Debye Scherrer equation)

To achieve correct measurements of the crystallite size,
the results of the XRD analyses were used with the
help of the Origin 2019 (b) software together with the
peak analyzer (using the longest peak as a reference)
and the Gauss mathematical function included in the
software. Based on the data obtained, the Debye
Scherrer equation (Eq.1) was used, where each variable
means the following:

_ 0.9 X A1
P2o X oS Omax

(D

e [: the crystallite size

e 1,1: the wavelength of the X-ray source
implemented using Co-Ka (1,1 = 1.54056 A)

® Omax: the value of the angle at 26 for reflection
(311)

e [3r9: the amplitude, at half the height of the peak,
for this reflection
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2.3 Scanning electron microscopy (SEM)

The measurement of the magnetite level after chemical
coprecipitation used a JEOL 6010 Plus scanning
electron microscope with a resolution of up to 4.0
nm (at 20 kV), magnification from 8X to 300,000X,
acceleration voltages from 500V to 20kV, and the
secondary and backscattered electron imaging mode.

The SEM technique was used to determine the
morphology, structure, and particle size. A microscope
with the Hitachi cold cathode technique, model
SU8230, was used. The sample was fastened to the
sample holder using carbon tape. The images were
taken by applying a 6 kV and 5 uA energy level at a
working distance of 2.2 nm.

2.3.1 PFarticle size measurement using SEM image

The public domain ImageJ 1.54g software was used
to measure particle size distribution. An area of
the image was selected, and particle quantification
and size measurements were performed using the
software’s measurement functions, taking 500 nm as
the standard. The particles were measured according
to the researchers’ interpretation, taking into account
their feasible delimitation.

2.4  Thermogravimetric analysis (TGA)

Thermogravimetric analysis was used to ascertain both
how the samples behave at high temperatures and
their thermal stability, using, for the gas, atmospheric
air with a temperature range of 30°C to 800°C at a
heating rate of 10°C/min. The equipment used was a
DISCOVERY Series model manufactured by the TA
Instruments.

2.5 Differential  scanning
analysis (DSC)

The gas used for the DSC analysis was atmospheric
air, while heating, cooling and heating cycles were
applied in a temperature range of 30 to 500 °C, with
a heating rate of 5 °C/min. The equipment used was a
DISCOVERY Series model manufactured by the TA
Instruments.

calorimetry

3 Results and discussion

3.1 Chemical coprecipitation of magnetite
and crystallography

Based on previous studies (Park et al., 2001;
Gnanaprakash et al., 2007) the following chemical
equations are adapted according to the possible growth
and nucleation of the ferrites in the present study. The

iron II and III salts were mixed in an aqueous medium,
immediately taking on an orange-yellowish hue, and
then poured drop by drop into the basic medium, which
was kept at a constant temperature of 70 °C and a
pH of 14 and was subject to constant stirring. The
Fe3*/Fe”* iron salt solution changed color when added
to ammonium hydroxide, along with the formation of
a black precipitate, which is the characteristic color
of magnetite. This precipitate (iron oxide) is sensitive
to magnetic fields (magnetite phase). Ammonium
hydroxide was used as a precipitating agent due to
its high solubility and alkaline conditions (pH > 11),
presenting due to the formation of OH™ (Eq. 2):

NH; + H,O — NH* + OH~ 2)

This base generates OH™ ions slowly, enabling
homogeneous nucleation with the formation of iron
oxo-hydroxides, thus preventing the aggregation of
disordered clusters and, therefore, controlling the
reaction rate. With a pH of between 8 and 14, the
reaction given in Equation 3 could have occurred during
this process:

Fe’* +2Fe’* + OH™ — Fe304 +4H,0  (3)

Three regimes of particle generation are applied
during the precipitation process: the induction period,
in which solid building units are formed (still in
solution); the nucleation period, in which nucleation
occurs when the concentration of building units reaches
the saturation level; and the growth phase, which occurs
after the nucleation period and until the reacting species
in the solution reach equilibrium.

Once the nucleus generated attains the critical
radius (R), it remains stable and continues with its
subsequent growth, while particles with a radius of less
than R will dissolve in the reaction medium. It can
be said that, given a certain concentration of reactants,
a maximum number of nuclei will be formed if the
reaction is given sufficient time for stable nuclei to
form.

At short reaction times, a low number of stable
nuclei are generated, as the residence time of the nuclei
in the mother liquor is likely to be very short, meaning
that, at low reaction times, the particle yield will be
low. Increasing the reaction time should have a positive
effect on the yield, as more stable nanoparticles may
be generated. However, this may not be true if a range
of reaction times is applied, as secondary processes,
such as Ostwald ripening, may dominate, causing larger
particles to grow at the expense of smaller particles,
which could adversely affect the reaction yield (Thanh
etal., 2014).

According to stoichiometry, the reaction yield
is that for every 2 moles of Fe*?, one mole of
magnetite Fe30y4 is produced. The theoretical amount
of magnetite produced was 10.59 g, and an actual
9.4 g was obtained at the time of synthesis, giving a
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Figure 1. Diffractogram of the magnetite sample obtained via
coprecipitation.

reaction yield of 88.79%. The diffractogram for the synthesis
of magnetite, reveals that the highest peak corresponds to the
magnetite phase (Figure 1).

The phase obtained is consistent with the findings of
Aliramajia et al. (2015), who synthesized magnetite by
means of the sonochemical method. This phase was found
at 26 angles of 21, 35, 41, 50, 63, 67, and 75, with their
corresponding reflection planes of (111), (220), (311), (400),
(422), (511), (440), thus indicating that it is a magnetite
compound with a cubic spinel crystalline structure. Measured
with the Debye-Scherrer formula, the particle size of the
magnetite phase was 9.790 nm.

3.2 Calcination

crystallography
After thermal treatments of 100, 200, 250, 300, and 350
°C were applied to the maghemite samples, they presented
a change in color from black (magnetite) to different
shades of red-brown (maghemite). Further evidence of the
aforementioned color change is observed in Figure 2, section
a) where after synthesis by coprecipitation, a black color is
obtained, and after the application of heat treatment it changes
to a red-brown color (section b) (Castano et al., 1998).
According to the literature (Teja et al., 2009), the magnetic
behavior of the iron oxide structure varies from hematite (-
Fe,>03), maghemite (y-Fe,O3), and magnetite (Fe304) and
depends on the synthesis conditions. This, therefore, confirms
that the magnetite changes to the maghemite structure, as
observed in the present study, occur due to the thermal
treatments applied.

of magnetite  and

The diffractograms of the maghemite samples, when
heated to 100, 200, 250, 300, and 350 °C, were compared to
the diffraction patterns and found to be of the crystallographic
phases of maghemite (Figure 3).

Table 1 shows variations ranging from 21.077-9.751 nm.
A correlation is observed, in which increasing the temperature
results in a reduction in particle size, behavior which could
be explained by an increase in crystallinity during calcination
treatment. It is un-known whether increasing the temperature
further would result in a greater reduction in particle size.
Contrary to what was expected, the crystallite size decreases
as the temperature increases, but this is possible and already
reported by Méndez and collaborators in 2019, when an
increase in the calcination temperature led to a smaller
crystallite size.

Figure 2. Change from a) magnetite to b) maghemite after
calcination.

@ aghemite

0 L] .&J
100°C P e

s

arbitrary units

Figure 3. Diffractogram of maghemite samples heat treated
at 100, 200, 250, 300, and 350 °C.
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Table 1. Particle size variation of maghemite

Maghemite Heat Particle
Sample treatment  size (nm)
(°C)
T1 100 21.077
T2 200 10.954
T3 250 10.7448
T4 300 10.433
T5 350 9.751

3.3 Crystallography of ferrite synthesis via

mechanical milling
Figure 4 shows the diffractograms corresponding to the
reactions observed after five hours of the mechanical
grinding of maghemite and reagent grade zinc oxide,
with the corresponding powders prepared in stoichiometric
proportions, in accordance with Equation 4

Fey03 +ZnO — ZnFe; 0y @)

The presence of three phases is observed at the highest
intensity peaks, which are very close to each other. The first
peak, located at angle 41.71 in scale 26, indicates the presence
of the franklinite phase (Zhang et al., 2008). The zincite phase
is identified at angle 42 in scale 26 (Verwey et al., 1947) while
the last in this combination of phases, the maghemite phase,
is identified at angle 42.5 26 (Wyckoff, 1963). At this point,
the measurement of particle size using the Debye-Scherrer
equation and the Origin 2019 (b) software became difficult
because a main peak could not be defined, due to the three-
phase combination. This triphasic combination, about which
abundant information is not available in the literature, was
not expected. A possible explanation is that, as the franklinite
crystalline phase is just beginning to form and the zinc oxide
and oxide phases still contain iron (maghemite), the phase
in question cannot be identified with certainty because the
phases are mixed.

From the foregoing findings, it can also be considered
that, as occurs in solid systems, the equilibrium state has
not been completely reached and that additional energy is
required to reach the equilibrium phases as, in this case, there
are mixed phase peaks. The compounds could be considered,
at this point in the mixing of the phases, to be in a state
of non-equilibrium and, thus, corresponding to intermediate
phases. While this combination of phases may also indicate
the presence of crystallinity, inclusions of different elements
in a semi-defined crystalline network were observed. It would
be expected that more milling time could rearrange the atoms
completely to achieve a totally defined phase or structure. As
the coexistence of the zincite, maghemite, and franklinite
phases is observed at the most intense peaks, a thermal
treatment was conducted at 400 °C, giving a residence time
of three hours. The result of the thermal treatment is shown in
the diffractograms presented in Figure 5. The samples were
left to cool inside the oven to achieve greater crystallinity.
The temperature applied, 400 °C, was able to generate
sufficient activation energy to transform the maghemite and
zinc oxide into the crystalline ZnFe,Oy4 structure, and to
obtain a completely defined crystalline structure, as some
had already been transformed during the mechanical grinding
process. The atoms are able to migrate to the equilibrium

positions corresponding to the zinc-ferrite phase. The crystal
structure corresponds to space group number Fd3m (Oh7),
indicating that they present the spinel phase crystal structure.
The lattice parameters observed were a = 8.441 1A (Tehranian
etal., 2019).

In contrast to other authors, who used a combination of
coprecipitation and mechanical milling (Ding et al., 2000;
Shi et al., 1999; Shenoy et al., 2004) the present study did
not use a combination of two types of precursors, namely one
obtained via coprecipitation and one reactive grade. The type
of synthesis applied could give rise to different results, such
as the interphases reported previously.
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Figure 4. Diffractogram obtained for the maghemite Fe,O3
samples (obtained from magnetite at 100, 200, 250, 300, and
350 °C) with ZnO reacted by mechanical grinding for five
hours.
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Figure 5. Diffractogram of the maghemite plus zinc oxide
samples, subjected to mechanical grinding for five hours and
a heat treatment at 400°C for three hours.
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Table 2. Particle size variation.

Maghemite (Fe;03)
obtained at:

Time, in hours, of
maghemite grinding
treatment (Fe,03)

Heat treatment of Particle size (nm)

maghemite (Fe,O3) at
400 °C + ZnO grinding

+ ZnO. mixture
No treatment No treatment No treatment 9.790
100 °C 5 3 11.602
200 °C 5 3 11.421
250 °C 5 3 11.544
300°C 5 3 10.602
350°C 5 3 11.473

Those other authors who have synthesized the
ZnFe; 04 ferrite via milling only (Shenoy et al., 2004;
Cobos et al., 2020; Navidpour et al., 2020) also
did not report metaphase formation, which could
be attributable to the precursors, but also confirmed
that calcination treatments can be effective for the
stabilization of the phases described here. Table 2
shows that the particle size of the ferrite ranges from
10.602 nm to 11.602 nm, while the maghemite particle

obtained at 300 °C was found to be the smallest.

However, no considerable variation in particle sizes
was observed among all the samples synthesized.

The present study found that mechanical milling
had a great influence on the formation of zinc ferrite

after the mixtures had been milled for five hours.

The mechano-chemical activation occurring during the
grinding stage provided sufficient mechanical energy to
initiate the solid-state reaction, which can accumulate
during the plastic deformation of the crystals and
the generation of their surfaces, thus producing
regions of special chemical reactivity that facilitate the
development of the solid phase processes. According
to Takacs (1998), under the system and activation
conditions of interest, solid phase reaction can occur

during mechanical treatment at room temperature.

However, as the grinding times applied during the
present study were insufficient to complete the reaction,
a heat treatment must be applied at relatively low
temperatures to complete the reaction and form the
zinc ferrite.

In many reactions, depending on the nature of
the precursors involved, the temperature increases and
results in the decomposition of both the reactants and
the products themselves, requiring long reaction times
that reduce the advantages of the method, thus leading
studies to resort to synthesis techniques which use
a solvent. No solvent was used in the present study,
which is considered an advantage because it makes the
process more efficient without affecting the quality of
the compound obtained.

In general, these mechanical milling processes
can be said to change the structure according to the
movement of the cations, which, when displaced,
distorts the cubic structure of the initial oxides, giving
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rise to new compounds. In the present study, this
dynamic gave rise, albeit partially, to an arrangement
corresponding to the ZnFe>O4 spinel-type structure.

3.4 Morphological analysis of maghemite
obtained by chemical coprecipitation
and calcination

The 150,000 X micrograph of maghemite calcined at
300 °C (T4) (Figure 6) enables better observation of
the spherical shape of the particles that tend to form
branched agglomerations, the sizes of which range from
10.2, 13.8, and 14.6 nm. These agglomerations may
occur due to the method of chemical coprecipitation
applied and any potential magnetic tendency of the
synthesized compounds.

3.5 Morphological analysis of zinc ferrite
obtained by mechanical milling

The micrograph of sample T4 shows agglomerates with
irregular zinc ferrite particle shapes, an agglomeration
that may be due to the mechanical grinding and/or
the magnetic nature of the material. In other regions,
agglomerates with diffuse sharpness are observed
(Figure 7).

“# 14 bnm

= 10.2nm

1000
Figure 6. Morphology, at 150,000 X, of maghemite, as
obtained by coprecipitation and thermal treatment at
300°C for three hours (T4).
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Figure 7. T4 morphological mapping (yellow rectangle
area analyzed).

SEM particle size distribution

Figure 8. SEM particle size histogram.

Figure 8 shows a histogram of the particle size
analyzed based on the image obtained by SEM. The
yellow rectangle (Figure 7) was analyzed, and various
particle sizes were found, ranging from 30 nm, 40 nm,
50 nm, 60 nm, 70 nm and 80 nm, with an average
particle size of 49.93 nm, following an almost standard
distribution.

Differences in particle size were found between the
maghemite obtained by chemical coprecipitation and
calcination and the zinc ferrite obtained by mechanical
milling. This difference could be due to a greater
agglomeration of particles and the methods used for
their synthesis.

3.6 Thermal analyses (TGA and DSC)

As shown in Figure 9, the TGA analysis conducted
on T4 shows a high level of physical and thermal
stability because the material only lost 4.5% of
mass, presenting small losses at 150 °C and 600
°C-700 °C. In other studies, such as that of Vidales
et al. (1999), their materials lost around 20% of
mass in some TGA tests under relatively similar
conditions. The effects of the loss of mass could
have occurred due to a certain degree of potential
humidity in a precursor especially maghemite, as it

had undergone coprecipitation in an aqueous solution.
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Figure 9. TGA analysis of T4.
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Figure 10. DSC analysis of T4.

The thermal stability observed enables the synthesized
ferrites to be used in applications where they must
be brought to high temperatures without losing their
properties or becoming degraded. An example of the
above could be its possible use in high-temperature
piezoelectrics (Wang et al., 2024).

Endothermic and exothermic reactions may help
us understand material trends. Glass transition
temperature, melting and crystallization temperatures,
heat of fusion, heat of reaction, purity, heat capacity,
and liquid crystal transition measurements are a few
examples (Prime ef al.,2009). The DSC conducted
on the T4, shown in Figure 10, revealed three little
endothermic reactions at 75°C, 150°C, and 360°C, the
most significant of which being the second. Another
small exothermic reaction, crystallization, is observed
at 410°C, at which point, a sudden and pronounced
decrease in energy is observed, wherein the heat being
released proves an exothermic reaction.

When the sample undergoes exothermic processes,
such as crystallization, the precursor molecules of
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the zinc ferrite compound gain sufficient freedom of
movement to arrange themselves into a crystalline
form. All these changes could be correlated with
the arrangement of the final crystalline structure and
the thermal stability achieved in the material, as its
structure and properties may have been completely
different had these energy changes not occurred (TIP,
2023).

4 Conclusions

In the present study, chemical coprecipitation proved
to be a good method of preparing magnetite, which,
upon calcination, is converted into maghemite, which
exhibits a reduction in particle size as its temperature
increases. Mechanical milling is a useful tool for the
preparation of ferrites. The reactions observed between
ZnO and maghemite after five hours of grinding
presented different phases, with the coexistence of
the zincite (ZnO), maghemite, and franklinite phases
observed, which is a hitherto unreported behavior that
requires further research. This triphasic effect may be
explained by the failure of the grinding conditions
to provide sufficient energy to complete the reaction
between zinc oxide and iron oxide, achieving only
partial reactions, thus explaining the three phases
observed.

The mechanochemical activation occurring during
the milling stage provided sufficient mechanical
energy to initiate the solid-state reaction, which can
accumulate during the plastic deformation of the
crystals and the generation of their surfaces, thus
producing regions of special chemical reactivity that

facilitate the development of the solid phase processes.

The results observed for calcination at 400 °C show
that this temperature was able to generate sufficient
activation energy to completely transform maghemite
and zinc oxide into zinc ferrite and obtain a completely
defined crystalline structure, thus eliminating the three
phases and leaving only the formation of the phase
of interest, zinc ferrite. The crystallite size found for
this phase was 10.602-11.602 nm, with sample T4
presenting the smallest crystallite size. The spinel phase
crystal structure corresponds to space group number
Fd3m (Oh7). The lattice parameters were observed as
a=8.4411 A, can be concluded from the findings of the
present study that thermal treatments are capable of
stabilizing phases.

The scanning electron microscopy analysis shows
agglomeration at various levels, even allowing for
the conclusion that there may be a systematization
of the agglomerations. The maghemite obtained by
chemical coprecipitation and calcination had particle
size variations between 10.2 and 14.6 nm. Moreover,
the zinc ferrite obtained by mechanical milling had
particle sizes of 30-80 nm. Differences in particle

WWW.rmiq.org

size were found that could be due to greater particle
agglomeration and the methods used for their synthesis.

The thermogravimetric analysis showed physical
and thermal stability due to the low level of losses
of mass (4.5%), which may have occurred due to
moisture loss. These characteristics could be good in
high temperature applications such as piezoelectric.
The differential scanning calorimetry analysis showed
endothermic and exothermic reactions at different
temperature points.
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