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Abstract We present the process of synthesis and char-
acterization of magnetite-maghemite nanoparticles by
the ball milling method. The particles were synthesized
in a planetary ball mill equipped with vials and balls of
tempered steel, employing dry and wet conditions. For
dry milling, we employed microstructured analytical-
grade hematite (α-Fe2O3), while for wet milling, we
mixed hematite and deionized water. Milling products
were characterized by X-ray diffraction, transmission
electron microscopy, room temperature Mössbauer
spectroscopy, vibrating sample magnetometry, and
atomic absorption spectroscopy. The Mössbauer spec-
trum of the dry milling product was well fitted with two
sextets of hematite, while the spectrum of the wet mill-
ing product was well fitted with three sextets of spinel
phase. X-ray measurements confirmed the phases iden-
tified by Mössbauer spectroscopy in both milling

conditions and a reduction in the crystallinity of the
dry milling product. TEM measurements showed that
the products of dry milling for 100 h and wet milling for
24 h consist of aggregates of nanoparticles distributed in
size, with mean particle size of 10 and 15 nm, respec-
tively. Magnetization measurements of the wet milling
product showed little coercivity and a saturation mag-
netization around 69 emu g−1, characteristic of a nano-
spinel system. Atomic absorption measurements
showed that the chromium contamination in the wet
milling product is approximately two orders of magni-
tude greater than that found in the dry milling product
for 24 h, indicating that the material of the milling
bodies, liberated more widely in wet conditions, plays
an important role in the conversion hematite-spinel
phase.

Keywords Ball milling . Hematite tomagnetite-
maghemite conversion . Nanoparticles . Mössbauer
spectroscopy. Transmission electronmicroscopy.

Synthesis by attrition

Introduction

Iron oxides are a group of materials that have attracted
increasing attention due to their broad range of applica-
tions, such as industrial pigments (Escobar et al. 2007),
precursor for magnetic fluids, and precursor for thin
films (Feng et al. 1975), among others. Magnetite
(Fe3O4) and maghemite (γ-Fe2O3) are the most studied
compounds because of their highmagnetic response and
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semiconducting behavior (Chiba et al. 2002). Different
methods for synthesizing iron oxide particles have been
reported in the literature, and among them are sol-gel
(Chang et al. 1997), coprecipitation (Iwasaki et al.
2009), and hydrothermal (Morales et al. 2011) and
solid-state reactions (Iwasaki et al. 2010; Chicinas
2006). Wet methods are a good alternative for obtaining
crystalline particles with high magnetization; besides,
they are low cost and little instrumentation is required.
However, purely wet methods are not friendly with the
environment and often, they require control of many
variables, such as pH, addition rate of reagents, deaera-
tion, agitation speed, and temperature, among others. In
the search for other cleaner methods, high-energy ball
milling turns out to be a good method to prepare nano-
particles of a variety of materials and alloys (Chicinas
2006) due to its simplicity, environmentally friendly,
and its possibility of scaling to an industrial level.

In this work, we report a simple method for obtaining
nanoparticles of the spinel systemmagnetite-maghemite
by the ball milling technique, starting from
microstructured analytical-grade hematite. For this pur-
pose, we carried out two experiments, the first one
employing only hematite as precursor material and the
second one employing a mixture of hematite and deion-
ized water. Milling conditions for both experiments
were selected based on previous studies (Iwasaki et al.
2010; Chicinas 2006; Can et al. 2010; Kaczmarek and
Ninham 1994; De Carvalho et al. 2013; Zdujic´ et al.
1999; Sahebary et al. 2009; Meillon et al. 1995; Globus
et al. 1977; Randrianantoandro et al. 2001), where fac-
tors such as precursor materials, milling time, atmo-
sphere, ball-to-powder mass ratio (massballs/masspowder),
and angular velocity of vials are pointed as determinant
to activate the transformation hematite to magnetite-
maghemite. The mechanism of conversion hematite to
magnetite-maghemite by mechanosynthesis is still an
object of study. To cite some works developed in this
field, Zdujic´ et al. (1999) achieved complete conver-
sion hematite-magnetite by dry milling in air atmo-
sphere. They proposed a mechanism based on reduction
of partial oxygen pressure generated during milling
process, this process being favored by the high and
rapid energy transfer from milling bodies to powder
through continuous fracture and particle size reduction,
which makes unstable the hematite phase and promotes
the formation of magnetite as stable phase in that
condition. Sahebary et al. (2009) have proposed a mech-
anism based on thermodynamic methods, where the

energy transference from the grinding bodies to the
milling material by amorphization and dislocations gov-
ern the transformation of hematite tomagnetite at 325K.
Meillon et al. (1995) obtained sub-micrometric particles
of maghemite through the method described by Globus
et al. (1977); in this method, micrometric particles of
hematite are comprised and sheared between two rub-
bing surfaces under constant flow of ethanol; the trans-
formation of hematite-maghemite is observed after
55 days of milling, with 57% of maghemite and 43%
of hematite in the product, these percentages being
estimated from saturation magnetization measurements.
Randrianantoandro et al. (2001) reported direct conver-
sion of microstructured hematite to nanostructured
maghemite by high-energy ball milling, starting from a
mixture of hematite and ethanol, by using a ball-to-
powder mass ratio of 110:1 and working to the maxi-
mum angular velocity of the mill (1460 rpm); ethanol
was used as dispersing liquid to limit reduction of Fe3+

ions of hematite during its contact with the material of
the milling bodies as well as prevent aggregation of the
particles in the final products. The authors point the
shearing effect on the crystalline grains of hematite
during ball milling as the main mechanism to drive the
transformation.

Taking into account this background, our intention
with these experiments is to corroborate the possibility
of producing nanostructured magnetite-maghemite par-
ticles starting from microstructured hematite, by using
simplified milling conditions, where a reasonable mill-
ing time and a low weathering of the mill allow
obtaining an efficient transformation of the precursor
material to the spinel system, the foregoing looking to
contribute to standardize synthesis methods of magnetic
materials for technological applications, without the
need to make much experiments.

Materials and methods

Mechanosynthesis experiments were performed with a
planetary ball mill FRITSCH, model Pulverisette 7 pre-
mium line. Two hardened steel vials, 80 cm3 volume,
charged with 60 hardened steel balls 3 mm in nominal
diameter, were used as the milling bodies. In both mills,
2.0 g of analytical-grade hematite (α-Fe2O3) with parti-
cle size around 0.5 μm, supplied by Sigma-Aldrich, was
used as the precursor material. In the wet milling, 5 ml
of deionized water was added to the hematite precursor.
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In both mills, the angular velocity of the mill was
programmed to 200 rpm, without atmosphere control.
The milling time was 24 h in both cases and the vials
were kept closed during all the experiments. The sample
obtained by wet milling was placed in a drying oven
Memmert UNE 400, at 60 °C for 24 h, in order to
remove the residual water.

The identification of the phases and the structural
analysis of the milling products were performed by X-
ray diffraction, by using a diffractometer XPERT-PRO
from PANalytical, operating at 45 kV, 40 mA, with Cu-
Kα radiation (λ = 1.540598 Å) in the range of 2θ = 10–
80° and angular step of 0.0167°. Diffractograms were
processed with the software Powder X (Dong 1999) in
order to remove the continuous background signal of the
tube and obtain the position of the peaks, the full width
at half maximum of peak, the integral breadth, and the
indexing of peaks. Morphology and particle size were
analyzed with a transmission electron microscope
Tecnai F20 Super Twin TMP, operating at 200 kV. The
magnetic phases and hyperfine interactions in the mag-
netic nanoparticles were studied by transmission
Mössbauer spectroscopy at room temperature, with a
Mössbauer spectrometer developed in our laboratory
(Velásquez et al. 2005), which operates in the constant
acceleration mode, with a radioactive source of
57Co(Rh), with initial activity of 25 mCi and velocities
between − 12 and 12 mm/s. Thin absorbers with disk
shape and effective thickness of 6 mg/cm2 of iron were
prepared for these measurements. Hysteresis loops at
room temperature were obtainedwith a vibrating sample
magnetometer developed in our laboratory, which has a
resolution of 3 × 10−4 emu in magnetic moment and a
range of 5 kOe in magnetic field. Traces of chromium
coming from the milling bodies were analyzed with a
UNICAM 929 AA spectrometer with chromium lamp;
the samples were first solubilized in HCl solutions and

then diluted in water to keep the chromium concentra-
tions within the linear region of quantification.

Results

The milling products

Figure 1 shows a view of the milling materials, before
and after milling. In the case of the dry milling, the final
product presented a color change, passing from red in
the precursor material to brown. In the case of the wet
milling, the final product presented a crumb texture of
black color. The sample recovered from the vial of the
wet milling was put in a drying oven at 60 °C during
24 h to remove the residual water present.

X-ray diffraction measurements

Figure 2a–c shows the X-ray diffraction patterns of the
precursor, dry milling product, and wet milling product,
respectively. The peaks of the diffraction pattern of the
precursor powder are consistent with those of hexagonal
phase of hematite (National Bureau of Standards 1981).
In the case of dry milling, presented in Fig. 2b, only
peaks of the hexagonal phase of hematite were ob-
served, which are wider and less intense than those of
the precursor hematite. This pattern shows that dry
milling reduces the crystallinity and/or the particle size
of the precursor material, but it does not promote the
transformation of hematite tomagnetite or maghemite in
our milling conditions. On the other hand, in the diffrac-
tion pattern of wet milling, presented in Fig. 2c, only
peaks of spinel magnetite-maghemite systemwere iden-
tified, which points the important role of the water in the
activation of the transformation hematite-spinel under
mechanical milling.

Fig. 1 View of the milling materials. a Before and after dry milling. b Before and after wet milling
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Table 1 reports the parameters derived from the X-ray
patterns; the mean crystallite diameter (D) was calculat-
ed from the method described by Monshi et al. (2012),
where it is pointed out that the Cauchy-type profile gives
less error than the Gaussian-type profile to estimate
structural parameters. In a Cauchy-type profile, the
broadening β of the peaks of the diffractogram is ap-
proximated by the contribution of two terms, namely,

β ¼ βm þ βn ð1Þ
The first term is the broadening resulting from the

small crystallite size, given by

βm ¼ λ
Dcosθ

ð2Þ

where

λ X-ray wavelength used (1.540598 Å)
D mean crystallite diameter

The second term is the broadening resulting from the
lattice microstrain (βn), given by

βn ¼ 4ε tanθ ð3Þ
where ε is the lattice microstrain, defined as

ε ¼ Δd
d

ð4Þ

with d being the interplanar distance between (hkl)
planes.

In all diffractograms, we calculated the broadening β
as the integral breadth; this is the area under the peak
divided by its maximum height (in radian). Because Eq.
(1) involves the unknowns D and ε, two equations are
necessary to solve both parameters. In our case, we
selected two peaks without overlap in each diffractogram,
located at angles 2θ1 and 2θ2, with 2θ1 being the angle of
the most intense peak. Afterward, we applied Eq. (1) in
each angle and solved the system of two equations to
obtain

D ¼ λ sinθ2−sinθ1ð Þ
β1sinθ2cosθ1−β2sinθ1cosθ2

ð5Þ

ε ¼ β1Dcosθ1−λ
4Dsinθ1

ð6Þ

The application of Eqs. (5) and (6) to the
diffractogram of the precursor hematite gave negative
values for D and ε, suggesting the absence of effects of
microstrain in this sample. In this case, we applied the
Scherrer equation to estimate the value of D, as follows:

D ¼ Kλ
FWHMcosθ

ð7Þ

Fig. 2 X-ray diffraction patterns
of the samples

72 Page 4 of 13 J Nanopart Res (2018) 20: 72



where the Scherrer constant was taken as K= 0.9 and
FWHM is the full width at half maximum of the main
peak. The calculation of the uncertainties in the param-
etersD and ε is described in the supplementary material.

From the table, it is notable the increasing of both
FWHM and β of the main peak in the diffraction pattern
of the precursor hematite, as well as the decreasing of its
maximum intensity (Imax) during dry milling, indicating
a reduction in the crystallinity and/or particle size of the
precursor, effect consistent with the milling process,
where continuous fracture and defect propagation pro-
cesses take place (Sahebary et al. 2009).

The lattice parameter of a crystalline magnetite
(Fe3O4) is around 8.39 Å while the mean lattice
parameter derived from the X-ray diffractogram is
around 8.32 Å, a value closer to that of maghemite (γ-
Fe2O3), around 8.35 Å (Randrianantoandro et al. 2001),
indicating that wet milling process with the conditions
here employed promotes the formation of a spinel sys-
tem composed by a mixture of magnetite and
maghemite. As we will see in the BMössbauer
measurements^ section, the Mössbauer spectrum of
the wet milling product shows, in addition to the char-
acteristic sextet of Fe3+ ions occupying tetrahedral and
octahedral sites in the spinel system, a second sextet
with isomer shift characteristic of Fe2.5+ ions of magne-
tite, where thermally activated electrons perform a hop-
ping current between Fe3+ and Fe2+ ions occupying
neighboring octahedral sites, which confirms the coex-
istence of magnetite and maghemite in this sample.

TEM measurements

Figure 3 presents the TEM micrographs of the samples.
Particles of the precursor hematite, shown in Fig. 3a,
present a hexagonal shape, with distributed sizes in the
microscale. We do not have an image of the sample
obtained during 24 h dry milling; however, Fig. 3b
presents a micrograph of the sample obtained by dry
milling for 100 h, where it is possible to observe that this
consist of aggregates of nanoparticles. X-ray and
Mössbauer spectroscopy measurements performed to
this sample (not presented here for sake of brevity) did
not evidence transformation of hematite to magnetite,
indicating that the main effect of dry milling of hematite
in air atmosphere is to reduce the crystallinity and par-
ticle size. Figure 3c, d presents two micrographs of the
sample obtained by wet milling, where it is possible to
observe some particles with sizes between 13 andT
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17 nm, as well as their crystalline planes, which assume
a single orientation on the whole volume of the particles,
indicating the formation of single-crystalline nanoparti-
cles during wet milling.

Figure 4 shows the particle size histograms corre-
sponding to the TEM micrographs presented in Fig.
3b, c. Both histograms were well described by distri-
butions of log-normal type. The hematite nanoparti-
cles distinguished in the sample obtained by dry
milling for 100 h presented a mean particle size of
10 nm, with a standard deviation of 3 nm, while the
spinel nanoparticles observed in the sample obtained
by wet milling for 24 h presented a mean particle size

of 15 nm, with a standard deviation of 11 nm. Al-
though in the wet milling product the particles are
aggregates, it is possible to recognize particles in the
nanoscale, distributed in size, being 14 nm the most
abundant size found in the micrographs. It is impor-
tant to note that the mean crystallite size estimated by
XRD in this sample is around twice the mean particle
size estimated by TEM in the nanoparticles observed,
which can be explained if one takes into account that
the sample consists of particles very distributed in
size, each composed of different crystallite volumes.
The X-ray diffractogram gives account of the average
crystallite size of the analyzed portion of the sample,

Fig. 3 TEM micrographs of the samples. a Precursor. b Dry milling for 100 h. c, d Wet milling
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being this more representative of the overall sample
than the local region analyzed by TEM.

Mössbauer measurements

Figure 5 presents the room temperature Mössbauer
spectra of the samples, and Table 2 presents the hyper-
fine parameters derived from the fitting of the spectra
with Lorentzian profile lines, by using the least square
software MOSF (Vandenberghe et al. 1994). The spec-
trum of the precursor material shows a single sextet with
hyperfine parameters characteristic of a crystalline and
stoichiometric hematite (Vandenberghe 1990); on the
other hand, the spectrum of the sample obtained by
dry milling was well fitted with two sextets attributed
to hematite but with different hyperfine magnetic fields.
This spectrum presented peaks wider than that of the
precursor hematite, indicating a reduction in the crystal-
linity and/or a wider particle size distribution during dry
milling, this effect being consistent with the observa-
tions found in the X-ray pattern of this sample, where
the diffraction peaks were widened and their intensity
was reduced relative to the precursor sample. The fitting
of this spectrum with two sextets can be explained from
the partial reduction of the hyperfine magnetic field of
the 57Fe nuclei by the continuous mechanisms of frac-
ture and amorphization occurring during the milling
process, where particles with different sizes and degree
of crystallinity are formed. The reduction in the crystal-
linity and particle size diminishes the hyperfine magnet-
ic field in the 57Fe nuclei because this interaction is

sensitive to the environment of these nuclei via antifer-
romagnetic interactions with neighboring nuclei, this
magnetic ordering being lower in less crystalline and
smaller particles. Therefore, we attribute the sextet with
hyperfine magnetic field of 51.6 T to those particles
whose size and crystallinity are not significantly affect-
ed by milling, while the sextet with hyperfine magnetic
field of 50.5 T is attributed to those particles whose size
and crystallinity are significantly reduced by milling.

The spectrum of the sample obtained by wet milling
was well fitted with three sextets, characteristic of a
mixture of the phases of magnetite and maghemite.
The sextets with hyperfine magnetic field of 49 T are
attributed to Fe3+ ions of magnetite and Fe3+ ions of
maghemite; on the other hand, the sextet with hyperfine
magnetic field of 45.2 T is attributed to Fe2.5+ ions
occupying octahedral sites of magnetite, where hopping
current between ions Fe2+ and Fe3+ occupying neigh-
boring octahedra takes place. This contribution is attrib-
uted to the particles with largest sizes, where the inner
ions Fe2+ do not reach to be oxidized.

The ratio R =A(Fe2.5+)/A(Fe3+) = 1.5(1) for the mag-
netite phase obtained by wet milling is lower than the
value of 1.8 expected for a crystalline and stoichiometric
magnetite (Vandenberghe 1990), which accounts for an
overpopulation of Fe3+ in this sample that increases the
spectral area A(Fe3+) and therefore decreases the ratio R.
The formation of maghemite can have two routes, the
first one being the direct transformation of hematite to
maghemite by mechanical activation during milling and
the second one being the conversion of hematite to

Fig. 4 Particle size distribution of the samples. a Dry milling for 100 h. b Wet milling
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Fig. 5 Room temperature
Mössbauer spectra of the samples.
a Precursor hematite. b Dry
milling. c Wet milling
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magnetite by mechanical activation and the subsequent
oxidation Fe2+→ Fe3+, as well as vacancy creation of
Fe3+ in some particles of magnetite, giving place to the
maghemite phase. The second route is expected to be
more efficient in the smallest magnetite particles, due to
their significant surface to volume ratio.

Magnetization measurements

Room temperature magnetization curves of the samples
are presented in Fig. 6, and the main hysteresis param-
eters derived from the curves are presented in Table 3.
Both, the precursor hematite and the hematite obtained
by dry milling, present a low maximum magnetization,
characteristic of antiferromagnetic phases; however, the
maximum magnetization of the hematite with 24 h mill-
ing is reduced by 60% with respect to the maximum
magnetization of precursor hematite, which is an indi-
cation of the effects of magnetic disorder produced by
propagation of defects during the milling process.

It is also notable the increase by 123% of the
coercive magnetic field of the dry milling sample
with respect to the precursor sample, indicating a
greater difficulty for the movement of the domain
walls in the milled sample under reduction of the
magnetic field. Again, this effect is consistent with
the processes of fracture and defect propagation pro-
duced during ball milling, which increases the energy
necessary for moving the domain walls (Özdemir and
Dunlop 1997).

As can be observed in Fig. 6c, the magnetization of
the sample obtained by wet milling does not reach the
saturation state for magnetic fields less than 5 kOe. In
order to estimate the saturation magnetization (Ms) of
this sample, we fitted the magnetization curve with a

ferromagnetic contribution of the type proposed by Beth
and Cheng (1994), namely,

M Hð Þ ¼ 2MsF

π
tan−1

H � Hcð Þ
Hc

tan
πS
2

� �� �
ð8Þ

where Ms
F is the saturation magnetization of the ferro-

magnetic component of the sample, Hc is the coercive
magnetic field, and S is the squareness of the hysteresis
loop, defined as S =Mr/MS

F. From the fitting curve,
presented in Fig. 7, we obtained the following parame-
ters: Ms

F = 69.4 emu g−1, Hc = 148 Oe, and S = 0.14.
According to this model, the spinel sample saturates
approximately atH = 15 kOe (B = 1.5 T). The saturation
magnetization is less than that expected for a crystalline
and stoichiometric magnetite, around 92 emu g−1 (Can
et al. 2010), but is higher than the saturation magnetiza-
tion of a nanostructured maghemite, around 60 emu g−1

(Ramos et al. 2014), which supports the presence of
both phases in the wet milling product. Although a
Langevin model allows estimating the saturation mag-
netization of the sample by assuming non-interacting
single-domain particles, the coercive field observed in
the spinel sample indicates the presence of multi-
domain particles, which, according to TEM micro-
graphs, are distributed in size. These particles do not
exhibit a superparamagnetic behavior within the win-
dow time of measurement of Mössbauer spectroscopy
of 57Fe (10−8 s); this is due to the absence of doublets or
very broaden lines in the spectrum. On the other hand,
the hysteresis loop of the spinel system is very similar to
that observed in sub-micrometric spinels synthesized by
us in previous works (Morales et al. 2011), where mag-
netic saturation is observed for magnetic fields around

Table 2 Mössbauer parameters of the iron phases identified in the milling products

Sample Subspectrum Bhf (T) IS (mm s−1) QS (mm s−1) W (mm s−1) A (%)

Precursor Hematite 51.6 ± 0.2 0.36 ± 0.02 − 0.22 ± 0.02 0.27 ± 0.02 100

Dry milling Hematite 1 51.6 ± 0.2 0.36 ± 0.02 − 0.19 ± 0.02 0.27 ± 0.02 36 ± 2

Hematite 2 50.5 ± 0.2 0.37 ± 0.02 − 0.22 ± 0.02 0.35 ± 0.02 64 ± 2

Wet milling Magnetite Fe3+ 49.0 ± 0.2 0.34 ± 0.02 0.01 ± 0.02 0.39 ± 0.02 28 ± 2

Magnetite Fe2.5+ 45.2 ± 0.2 0.63 ± 0.02 − 0.08 ± 0.02 0.48 ± 0.02 43 ± 2

Maghemite 49.0 ± 0.2 0.26 ± 0.02 0.01 ± 0.02 0.35 ± 0.02 29 ± 2

Bhf hyperfine magnetic field, IS isomer shift relative toα-Fe,QS quadrupole splitting,W linewidth of the innermost lines of each spectrum,A
spectral area
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1 T, which supports the use of a model based on ferro-
magnetic contribution.

Atomic absorption measurements

The vials and balls of the mill employed in our experi-
ment are composed of tempered steel (FeCr). Table 4
shows the chromium traces found in the samples: dry
milling for 24 h, dry milling for 100 h, and wet milling
for 24 h. We did not analyze iron content because this
element is the major component, both in the milling
bodies as the precursor material, which does not allow
us to separate the iron coming only frommilling bodies.

From the table, it is important to observe that the
chromium content found in the dry milling products
increases with the milling time. On the other hand, it is
possible to observe that the chromium content found in
the sample obtained by wet milling is two orders of
magnitude higher than that found in the sample obtained
by dry milling for 24 h, indicating that deionized water
promotes an important contribution of the material of
the vial and the balls to the milling products. In partic-
ular, the iron present in the alloy FeCr of the milling
bodies can play an important role in the transformation
of hematite-spinel phase, via the contribution of Fe2+ to
the products through production of ionic pairs FeO
during the milling process.

Possible mechanism of conversion of hematite-spinel
phase

The mechanism of conversion of hematite to spinel
phase by ball milling is very complex and controversial;
however, we propose two possible routes for this
transformation, which can occur simultaneously in
our wet milling conditions in the presence of deion-
ized water. As we have presented in the BThe milling
products,^ BX-ray diffraction measurements,^ BTEM
measurements,^ BMössbauer measurements,^ and
BMagnetization measurements^ sections, no spinel
phase is formed in dry milling conditions, which is
an indication of the important role of water in the
transformation of α-Fe2O3 to Fe3O4 and γ-Fe2O3.
Considering the liberation of material of the milling
bodies to the products during the milling process,
confirmed by atomic absorption spectroscopy, the
first mechanism proposed suggest the obtaining of
aqueous Fe2+ during reaction of the atmospheric ox-
ygen inside the vial and that dissolved in the deion-
ized water with the surfaces of the balls and the
internal wall of the vial. This process is favored by
the slightly acidic pH of deionized water employed
(pH = 6.4), through the reaction

Fe solidð Þ þ
1

2
O2 þ 2Hþ→Fe2þaqueousð Þ þ H2O ð9Þ

Fe2+ ions solvated by water molecules can diffuse
through the grains during collisions ball-powder-wall of
the vial and ball-powder-ball. The diffusion of Fe2+ ions
through the grains in the presence of the high energy
provided by the constant mechanisms of fracture-
coalescence occurring during milling favors the trans-
formation from rhombohedral (hexagonal) to cubic
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Fig. 6 Room temperature hysteresis loops of the samples. a Precursor hematite. b Dry milling. c Wet milling

Table 3 Hysteresis parameters of the samples

Sample Mm (emu g−1) Mr (emu g−1) Hc (Oe)

Precursor 4.8 ± 0.1 0.9 ± 0.1 200 ± 2

Dry milling 1.9 ± 0.1 0.7 ± 0.1 446 ± 2

Wet milling 65.6 ± 0.2 13.3 ± 0.2 153 ± 2

Mm maximum magnetization reached in the experiment, Mr rem-
anent magnetization, Hc coercive magnetic field
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phase. Those grains where no entrance of ions Fe2+

takes place give rise to the formation of maghemite.
The second mechanism proposed suggests an inter-

mediate step occurring during wet milling process,
consisting of the formation of wüstite (FeO) on the
surface of the milling bodies, which is promoted by
the reaction of these surfaces with the oxygen, both
atmospheric inside the vial and dissolved in the deion-
ized water. Ionic pairs of FeO can adhere superficially to
the grains during collisions ball-powder-wall of the vial
and ball-powder-ball, penetrating through the crystalline
structure of these. Diffusion of ionic pairs of FeO
through the grains in the presence of the high energy
provided by the constant mechanisms of fracture-
coalescence occurring during milling favors the conver-
sion of hematite to magnetite, following the reaction

Fe2O3 þ FeO→Fe3O4 ð10Þ

Those grains where no entrance of ionic pairs FeO
takes place give rise to the formation of maghemite.

By considering that formation of aqueous Fe2+ or FeO
in wet milling is a non-controlled process, we do not
expect to obtain a stoichiometric magnetite, which can
support the value of the ratio R =A(Fe2.5+)/A(Fe3+) =
1.5(1) obtained for this phase in the Mössbauer measure-
ments. It is very important to emphasize here that the
formation of aqueous Fe2+ or FeO is promoted by the
chemical composition of the vial and balls of our mill,
which is rich in iron. This process has been reported in the
literature (Štefanić et al. 2013, 2015), where the iron
present in balls and vials of hardened steel is pointed as
promoter of the formation of ferrous phases that react
with the precursor material, this process not being ob-
served in mills of other materials, such as tungsten car-
bide or corundum.

Conclusions

& Through the ball milling method, we have obtained
nanostructured particles of the spinel system mag-
netite-maghemite, starting from a mixture of
microstructured, analytical-grade hematite and de-
ionized water.

& We have employed simplified milling conditions,
where a complete conversion hematite-spinel sys-
tem is obtained during 24 h milling, without an
extreme power demand of the mill.

& With the milling parameters used in this work, the
presence of water promotes the conversion of

Fig. 7 Fitting of the hysteresis
loop of the sample obtained by
wet milling with a ferromagnetic
contribution

Table 4 Chromium traces obtained by atomic absorption
spectroscopy

Sample Cr (μg/g)

Dry milling for 24 h 0.01255 ± 0.00001

Dry milling for 100 h 0.0350 ± 0.0002

Wet milling for 24 h 1.192 ± 0.006
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hematite to spinel phase during the milling process.
In absence of water, no conversion of hematite to
spinel phases is observed for the same parameters
used in the wet milling.

& The main effect observed in dry milling is a reduc-
tion in the crystallinity and particle size of the he-
matite particles.

& The presence of deionized water in the process and
the iron liberated from the vial and balls of the mill
can play an important role in the activation of the
conversion of hematite to spinel system via genera-
tion of FeO ionic pairs.

& The magnetite phase obtained by wet milling is
highly oxidized, which is evidenced by the value
of the area ratio R =A(Fe2.5+)/A(Fe3+) obtained in its
Mössbauer spectrum, which is less than the value
expected for a stoichiometric and crystalline
magnetite.

& Further experiments are required to achieve milling
parameters that allow obtaining particles less dis-
perse in size; however, the wet milling conditions
employed in our experiment are a good starting
point for achieving this objective, considering the
magnetic response, high conversion efficiency of
hematite-spinel phase, and the scale of particle size
obtained.
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