
ARTICLE IN PRESS
0022-4596/$ - se

doi:10.1016/j.jss

�Correspond

E-mail addr
Journal of Solid State Chemistry 178 (2005) 3243–3250

www.elsevier.com/locate/jssc
Mechanosynthesis of zinc ferrite in hardened steel vials: Influence of
ZnO on the appearance of Fe(II)

Thomas Verdier, Virginie Nachbaur, Malick Jean�
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Abstract

Nanocrystalline ZnFe2O4 spinel powders are synthesized by high-energy ball milling, starting from a powder mixture of hematite

(a-Fe2O3) and zincite (ZnO). The millings are performed under air using hardened steel vials and balls. X-ray diffraction and

Mössbauer spectrometry are used to characterize the powders. A spinel phase begins to appear after 3 h of milling and the synthesis

is achieved after 9 h. Phase transformation is accompanied by a contamination due to iron coming from the milling tools. A redox

reaction is also observed between Fe(III) and metallic iron during milling, leading to a spinel phase containing some Fe(II). The

mechanism for the appearance of this phase is studied: ZnO seems to have a non-negligeable influence on the synthesis, by creating

an intermediate wüstite-type phase solid solution with FeO.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Spinel ferrites crystallize to a cubic closed-pack
structure of oxygen ions in which tetrahedral (A) and
octahedral (B) sites are occupied by cations. They have
the general formula (M1�lFel)A(MlFe2�l)BO4 where M

represents a metal cation and l is the inversion
parameter. l is 1 for a perfectly inverse spinel, 2/3 for
the random arrangement and 0 for a perfectly normal
spinel. ZnFe2O4 is usually identified as a normal spinel
when it is synthesized by ceramic way with the formula
(Zn2+)A(Fe3+Fe3+)BO4 [1].

These compounds are widely used for their technolo-
gical applications, which are essentially their magnetic
and catalytic properties. Zinc ferrite presents a high
interest as an absorbent for desulfurization of hot coal
gas, capable of removing hydrogen sulfide [2], but it also
can be used as an starting materials for obtaining
e front matter r 2005 Elsevier Inc. All rights reserved.
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substituted ferrites with particular magnetic character-
istics. In both cases, the syntheses with new methods
may allow to improve their properties and their use [3].
For example, high-energy ball milling leads to a change
in the distribution of cations in both sites, resulting in an
increase of magnetic properties [4].

Indeed, mechanosynthesis of ferrites usually leads to
nanometric powders with structural properties deviating
from the ceramic compound. In particular, cation
distribution is characterized by an inversion phenomen-
on in ferrites which are known as normal [5,6] and/or by
the apparition of unexpected iron valencies [7].

Indeed, we observed Fe2+ cations in the spinel
structure even though only Fe2O3 and ZnO are
introduced in the vials [7]. We also observed that the
obtained structure depends on the choice of the
rotation speeds of the vials and the main disk, which
defines milling modes. In the present study, we try to
elucidate the formation of Fe2+ leading to zinc-
substituted magnetites obtained with one of the milling
modes.
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Fig. 1. X-ray powder diffraction patterns of ball-milled ZnO–a-Fe2O3

mixture.
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2. Experimental

Millings are performed under air in a high-energy
planetary mill (Vario-Mill, Fritsch) using tempered steel
vials (80mL) and steel balls. Initial powders are
hematite (a-Fe2O3) and zincite (ZnO) obtained from
Alfa Aesar (99% purity or better). Particle sizes are
observed by scanning electron microscopy. Their size
range are between 150 and 500 nm for zincite and
between 100 and 300 nm for hematite. We use 5 new
balls of 15mm of diameter for each milling and 3.455 g
of powder. In this conditions the ball-to-powder weight
ratio is 20. The velocities are 500 r.p.m. for the main
disk, �500 r.p.m. for the vials.

The samples are called ZnFet where t is the milling
duration (in hours), a letter a, b or c may follow to
denote several trials. The notation ZnFecera is used for
the ceramic zinc ferrite.

X-ray powder diffraction (XRD) analysis is per-
formed on a Siemens D5000 diffractometer, using
Co Ka radiations (lKa1 ¼ 0:178897 and lKa2 ¼

0:179285 nm). Diffraction intensity is measured in the
2y range between 201 and 901, with a 2y step of 0.031 for
8 s per point. X-ray diffraction line broadening is
influenced by the microstructure of the solid, i.e., size
and morphology of crystallites (coherently diffracting
domains) and imperfections (for example, microstrains,
stacking faults, etc.). In order to obtain these para-
meters, peak profiles are modeled with pseudo-Voigt
functions [8]. Pattern decomposition is carried out by
means of the profile fitting program Winplotr [9]. After
correcting data from instrumental effects, the micro-
structure is studied using the XRD profile analysis
described by Langford [10].

Mössbauer measurements are performed at room
temperature using a constant acceleration spectrometer
and a 57Co/Rh source, which is calibrated relative to
a-Fe. Hyperfine parameters are given using the follow-
ing notation: DI for isomer shift, D for quadripole
spilitting, e for quadripole shift and B for magnetic
hyperfine field.
3. Results and discussion

3.1. X-ray diffraction analysis

After 3 h of grinding, X-ray diffraction pattern
(Fig. 1) shows a decrease in peak intensities of ZnO
and a-Fe2O3, whereas peaks attributed to a spinel phase
appear. The intensity ratio of 100(ZnO)/104(Fe2O3),
which was 0.8 before grinding, is almost 0, indicating
that zinc oxide becomes rapidly amorphous compared
to a-Fe2O3. It has already been observed that the size of
ZnO seems to be a critical parameter, it must reach 7 nm
before the appearance of a spinel phase [11].
After 6 h of grinding (Fig. 1), the peaks of hematite
have almost disappeared, the spinel phase is still
observed and a new phase is found, identified as a cubic
wüstite-type phase.

After 9 h of grinding (Fig. 1), the spinel phase is pure
excepting one peak of metallic iron. This peak is also
observed for the 6 h grinding, and its origin is the
abrasion of the balls and vials made of tempered steel.

The 9 h milling has been performed three times
(ZnFe9a, b and c) and no noticeable difference between
X-ray diffraction patterns has been observed.

For a prolonged grinding time (24 h), the X-ray
pattern is identical to the 9 h pattern.

The results of cell parameter and crystallite size are
provided in Table 1. For comparison, the cell para-
meters of JCPDS file no. 22-1012 and this of a ceramic
zinc ferrite are also reported.

Cell parameters and crystallite size are very similar for
the four samples, indicating a good reproducibility of
the millings, and showing that increasing the time of
milling has no noticeable influence. The cell parameters
are slightly less than that of JCPDS file and than that of
ceramic zinc ferrite.
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Table 1

Cell parameters and crystallites sizes for pure spinel phase

Sample Cell parameter (nm) Size (nm)

ZnFe9a 0.843870.0001 11.370.5

ZnFe9b 0.843870.0001 11.170.5

ZnFe9c 0.843770.0001 10.970.5

ZnFe24 0.843770.0001 10.570.5

ZnFecera 0.8443170.00001 —

JCPDS 22-1012 0.84411 —
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Fig. 2. (a) Mössbauer spectra of ZnFe2O4 ceramic and ball-milled

ZnO–a-Fe2O3 mixture. Grey curves: contribution of a-Fe2O3, a-Fe or

FeO. Dashed black curves: contribution of spinel phase. (b) Hyperfine

field distribution corresponding to the ZnFe9 spectra. Column:

experimental values. Points and curve: average values calculated with

Aaverage ¼ ðAn�1 þ 2An þ Anþ1Þ=4.
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For O’Neill [12], on compounds obtained by ceramic
route with inversion parameters l lower than 0.2, the
cell parameter decreases with l according to the
following equation: a (nm) ¼ 0.84423–0.001247l.

To our knowledge, Ermakov et al. [6] reported for the
first time that the effect of a high-energy ball milling on
zinc ferrite is a change in the structure of zinc ferrite
(normal to inverse). Same results have been obtained
later by Sepelak [5,13], who observed that this inversion
leads to a contraction of the crystal lattice from 0.84432
(ceramic sample) to 0.84136 nm (same sample milled for
24min). The same authors report that the structure of
zinc ferrite obtained by mechanosynthesis from ZnO
and a-Fe2O3 is close to that of milled ZnFe2O4 [14].

Based on the only X-ray diffraction results, it is
hazardous to conclude to an inversion phenomenon.
Actually, Li et al. [15] have determined an inversion
parameter of 0.6 by Mössbauer spectroscopy on a milled
ZnFe2O4 without observing any decrease in the cell
parameter (initial: 0.8442 nm, after milling: 0.8440 nm).
Similar results are also reported by Hamdeh et al. [16],
where a 10 h milling in WC vials of ZnFe2O4 (initial
a ¼ 0:845 nm and d ¼ 0:21) leads to an inversion
parameter of 0.55 with a constant cell parameter.

3.2. Mössbauer study

Room temperature Mössbauer spectra for 3, 6 and 9 h
of milling are plotted in Fig. 2a, along with the spectrum
of a ceramic zinc ferrite.

At room temperature, ceramic zinc ferrite is char-
acterized by a paramagnetic doublet (IS ¼ 0.34mm s�1,
D ¼ 0:37mms�1). Below 10K, it becomes antiferro-
magnetic and is then characterized by a sextet
(IS ¼ 0.47mm s�1, � ¼ �0:016mms�1, B ¼ 51:2T) [17].

After 9 h of grinding, the spectrum can be fitted by a
distribution of hyperfine fields with an average value of
24T. The distribution (Fig. 2b) reveals two maxima, the
first at low fields (around 7T), and the second at high
fields (around 36T).

At this stage of the discussion, as a doublet alone is
expected for ZnFe2O4, several hypotheses can be
expressed concerning the shape of the Mössbauer
spectrum.
The spectrum, constituted of a magnetically ordered
six-line pattern along with a paramagnetic doublet, can
be explained on the basis of the presence of Fe ions with
several environments (sites and neighbours), like in zinc-
substituted magnetites [18].

The spectrum can also be typical of superparamag-
netic relaxation with a distribution of relaxation times,
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consequence of a particle size distribution in a magnetic
sample. This effect is also observed and perfectly
described in mechanosynthesized titanium ferrites by
Guigue-Millot et al. [19] As ZnFe2O4 is know to be non-
magnetic, the unexpected magnetism of this sample
could be due to an inversion of the ferrite, commonly
observed by mechanosynthesis [14–16]. In this case, the
doublet arises from the superparamagnetic particles and
the magnetic pattern results from the blocked particles.
These two effects can be superimposed.

The existence of the only first effect (several environ-
ments for iron) is unlikely if we pay attention to the
shape of X-ray diffraction lines. They have a super-
Lorentzian shape, which is an evidence for a crystallite
size distribution [20].

The Mössbauer spectrum of ZnFe3 and ZnFe6 are
fitted taking into account the several phases observed by
X-ray diffraction. The subspectrum due to spinel phase
is fitted similarly to ZnFe9, along with a marked
background curvature and a central doublet. The
subspectrum due to wüstite-type phase is fitted with a
doublet [21], a-Fe and a-Fe2O3 by sextets. Table 2 gives
the hyperfine parameters the contibutions of each phase
assuming that Lamb–Mössbauer factors are identical.

3.3. Discussion

X-ray diffraction and Mössbauer spectrometry results
show that the milling of a-Fe2O3+ZnO leads to the
formation of an intermediate wüstite-type phase (con-
taining some Fe(II)) along with a spinel phase, and at
the end of the milling, to the formation of a pure spinel
phase. Initially, iron is on the valency III in a-Fe2O3 and
Table 2

Hyperfine parameters and contributions of each phase for the different sam

Sample (%) Phase Isomer shift

(mm s�1)

Qua

quad

ZnFe3 a-Fe2O3 0.38b �0.2

a-Fe 0b 0b

Spinel 0.3670.01 0.00

ZnFe6 a-Fe2O3 0.38b �0.2

a-Fe 0b 0b

(Zn, Fe)O 0.9470.01 1.19

Spinel 0.3870.01 0.00

ZnFe9 Spinel 0.4070.01 �0.0

ZnFecera ZnFe2O4 0.3470.002 0.37

a-Fe2O3 9 h a-Fe2O3 0.3770.005 �0.0

3a-Fe2O3+1ZnO 9h a-Fe2O3 0.38b �0.2

a-Fe 0b 0b

Spinel A site 0.2970.01 0.02

Spinel B site 0.4970.01 0.01

aLamb–Mössbauer factors are supposed identical for each phase.
bImposed.
0 in Fe coming from vials and balls. In order to explain
the presence of iron on the valency II, two reactions may
occur:

Oxidation of iron by the atmospheric oxygen

2FeþO2 ! 2FeO

Reduction of FeðIIIÞ:

The volume of the airtight vials is 80mL, if the volume
of the 5 balls is substracted, a volume of 14mL of
oxygen is available to oxidize iron, which leads to the
formation of 1.16mmol of Fe(II), representing about
4% of the total amount of iron in Fe2O3. Mössbauer
analysis show that Fe(II) represents 25% of the total
amount of Fe. Then, the hypothesis of a reduction of
Fe(III) must also be considered to explain the presence
of such an amount of Fe(II).

A change in the valency of iron has already been
reported during the milling of a-Fe2O3 [22–24]. Kosmac
et al. [23] have shown that hematite can be reduced by
iron from vials or balls following the reaction:

Feþ a-Fe2O3 ! Fe3O4: (1)

The reduction may continue up to the obtention of FeO.
Kaczmarek et al. [24] suggest that iron-oxygen bonds

are broken during the milling and oxygen is removed:

6Fe2O3 ! 4Fe3O4 þO2: (2)

In our case, a slight decompression when opening the
mill containers after milling in air, indicating oxygen
consumption, is noted. This fact allows to eliminate
reaction (2).
ples studied

drupole splitting or

rupole shift (mm s�1)

Average field (T) Contributiona (%)

1b 51.5b 2072

33b 571

70.01 1671 7575

1b 51.5b 271

33b 1073

70.01 — 2575

70.01 16.3 6375

570.01 24.471 100

70.005 — 100

9570.005 50.970.1 100

1b 51.5b 471

33b 371

70.01 46.771 2372

70.01 39.671 7075
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Then, two phenomena have to be checked: if iron
from milling tools is the origin of the reduction, and if
this reduction concerns Fe3+ cations from a-Fe2O3 or
from ZnFe2O4. For this purpose, millings of a-Fe2O3

and ZnFe2O4 separately have been made. Balls are
weighed before and after milling, and XRD analysis is
performed. Results are reported in Table 3.

X-ray diffraction patterns and Mössbauer spectra
after milling of commercial hematite on the one hand,
and of ceramic zinc ferrite on the other hand are
represented, respectively, in Figs. 3 and 4.

In both cases, a broadening of the lines is noticed, and
except iron, no FeO phase is detected. After the milling,
zinc ferrite has a cell parameter of 0.8442 nm with
crystallite size of 9.6 nm.

Mössbauer spectrum of milled a-Fe2O3 consists in one
broadened sextet with hyperfine parameters (DI ¼
0.37mm s�1, � ¼ �0:095mms�1, B ¼ 50:9T) corre-
sponding to unmilled hematite [25].

Mössbauer spectrum of milled ZnFe2O4 consists in a
broadened doublet which does not allow to detect the
presence of Fe(II). The broadening of the doublet is
usually attributed to a change in the ions location,
zinc leaving progressively tetrahedral sites to go into
octahedral sites during milling [15,26,27], and to
the intersublattice exchange interaction of the
Table 3

Balls weight losses

Sample and milling time Weight loss

a-Fe2O3 6 h/9 h 40mg/50mg

ZnFe2O4 6 h 40mg

1a-Fe2O3+1ZnO 9h 110mg

3a-Fe2O3+1ZnO 6h 190mg

3ZnFe2O4+1ZnO 6h 80mg

ZnO 6h/9 h �3mg/�6mg
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Fig. 3. X-ray powder diffraction patterns of ball-milled a-Fe2O3 (9 h)

and ZnFe2O4 (6 h).

(6 h).
Fe3+[B]–O2�–Fe3+[B] allowed by the deformation of
bond angles induced by milling [28].

For ZnFe2O4 and a-Fe2O3 , as no reduction is
observed neither by XRD nor by Mössbauer spectro-
metry, and as the balls weight losses are very low
(around 40mg) compared with this of a-Fe2O3+ZnO
(around 110mg), we can assume that iron from balls
(and probably from vials) is responsible for the
reduction of hematite but this reduction seems to occur
only in the presence of ZnO.

In order to show the influence of ZnO, a-Fe2O3 and
ZnFe2O4 have been milled with zinc oxide (in a molar
ratio 3 for 1) for 6 h.

For the mixture 3ZnFe2O4+1ZnO, in spite of a high
weight loss of the milling balls (see Table 3) which could
be linked to a reduction, XRD analysis (Fig. 5) does not
exhibit the presence of a wüstite-type solid solution. The
only observed lines are these of the initial products and
traces of metallic iron. Lines corresponding to ZnO are
very broadened, and almost vanish. This indicates that,
as for the milling of 1a-Fe2O3+1ZnO, zinc oxide
becomes amorphous. The obtained zinc ferrite has a
cell parameter of 0.8447 nm and a particle size of 8.2 nm.

Mössbauer spectrum is characterized by a broadened
doublet (Fig. 6). However, this doublet is clearly less
broadened than this of zinc ferrite milled without ZnO
(Fig. 4). One can wonder if the inversion is less
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important, which seems to be true regarding the value of
cell parameter, or if the broadening is reduced by the
particle size (ZnFe2O4 milled alone: 9.6 nm, ZnFe2O4

milled with ZnO: 8.2 nm).
On the opposite, the milling of 3a-Fe2O3+1ZnO

allows to put in evidence the reduction of Fe(III) into
Fe(II). After the milling, which is accompanied by a high
balls weight loss (190mg, Table 3), an almost pure spinel
phase is obtained, along with some traces of a-Fe2O3
and Fe (Fig. 5). The cell parameter of the spinel phase is
0.8414 nm, lower than this of milled zinc ferrite or this of
ceramic zinc ferrite. Mössbauer spectrum (Fig. 6) is
characterized by a sextet with broadened and dissyme-
trical lines. It can be fitted with two distributions of
sextets corresponding to iron in A and in B sites, and
with two sextets for a-Fe2O3 and a-Fe. Hyperfine
parameters are ISA ¼ 0.29mm s�1, average BA ¼

46:7T and ISB ¼ 0.495mm s�1, average BB ¼ 39:5T ;
respectively, for iron in A and B sites.

Based on the value of the cell parameter, on the
Mössbauer spectrum and on the results observed in
literature [29,30], this spinel phase can be identified as a
zinc-substituted magnetite ZnII

x FeIIð1�xÞFeIII2 O4 with a
substitution rate x close to 0.4–0.5.

The formation of this phase can be explained by the
following redox reaction:

3a-Fe2O3 þ 1ZnOþ 0:5Fe ! 2:5Zn0:4Fe0:6Fe2O4: (3)

The formation of an intermediate wüstite-type phase
is not observed, maybe it disappears very rapidly,
leading to the spinel phase by reaction with a-Fe2O3.

Milling of a-Fe2O3 alone does not lead to reduction of
Fe(III) whereas adding zinc oxide allows the obtaining
of zinc-substituted magnetite. Then reduction of hema-
tite is clearly favoured by the presence of ZnO.

In a first approach, the role of ZnO may be linked to
its abrading capacity. If this one is higher compared to
the other oxides, balls and vials would be highly
damaged and small iron particles could be released in
the mixture. Then, a-Fe2O3 could easily react with iron.
Values of hardness for ZnO, ZnFe2O4 and aFe2O3 are,
respectively, 4, 6 and 6 [31], which are not very different
and reveal similar abrading capacities. Nevertheless,
milling of ZnO for 6 and 12 h are performed. Values of
weight losses are reported in Table 3, they are close to
zero, even slightly negative (a small layer of zinc oxide
remains at the surface of the balls). The balls are
perfectly smooth, whereas for the other millings, some
pits are observed. So, ZnO has no abrading capacity and
it cannot make the reduction of Fe(III) easier.

Zinc oxide may form a solid solution with FeO, with a
cubic structure and a cell parameter slightly increasing
with the amount of zinc [21,32]. It seems that the solid
solution between ZnO and FeO facilitates the reduction
of Fe(III). Similar results have already been described in
nickel, magnesium and manganese ferrites, where solid
solutions of Ni1�xFexO, Mg1�xFexO and Mn1�xFexO
are synthesized along with the spinel phase [33–35]. In
the system Fe–Zn–O, such a solid solution is also
observed in the case of milling a-Fe2O3 and ZnO, where
the synthesis of the spinel phase is followed by its
complete transformation into a wüstite-type phase [23].
This phase is also obtained in the case of milling
magnetite with zinc (leading to zinc oxide and iron), as
an intermediate state [36]. In all the cases, the nature of
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the milling media (steel) plays an important role and is
linked to the reduction phenomenon. Oxydoreduction
reaction between a-Fe2O3 and Fe, associated with the
presence of ZnO, may be written:

a-Fe2O3 þ ZnOþ bFe

! ð1� bÞZn0:4Fe0:6Fe2O4 þ 4bðFe0:75Zn0:25ÞO: (4)

With this reaction, we assume that after 6 h of milling,
only a spinel phase and a wüstite-type phase are
obtained. In this condition, the ratio Fe/Zn in the solid
solution is imposed by the stoichiometric coefficients.

Two mechanisms are possible to explain the vanishing
of the solid solution (Fe–Zn)O and the obtaining of an
almost pure spinel phase: an insertion of Fe(II) in the
spinel structure, or a replacement of Zn(II) by Fe(II)
leading to the formation of ZnO. These two phenomena
correspond to the following reactions:

ð1� bÞZnFe2O4 þ 4bðFe0:75Zn0:25ÞO

! ZnxFe3�xO4þd (5)

with x ¼ 3=ð3þ bÞ and d ¼ �4b=ð3þ bÞ;

ð1� bÞZnFe2O4 þ 4bðFe0:75Zn0:25ÞO

! ð1� bÞZnx
IIFeð1�xÞ

IIFe2
IIIO4 þ 4bZnO (6)

with x ¼ ð1� 4bÞ=ð1� bÞ:
Non-stoichiometric ferrites (i.e., deviating from the

ideal formula AB2O4) may be written MxFe3�xO4+d. M

is a metal cation and d is the deviation from
stoichiometry [37,38]. If d is positive, the spinel is cation
deficient and exhibits some cation vacancies. On the
opposite, if d is negative, the spinel is oxygen deficient
and may present either oxygen vacancies or interstitial
cations in usually empty A or B sites.

Insertion of cations has been observed in several types
of ferrites, in particular in lithium ferrites [39] or in
copper ferrites [38]. Some non-stoichiometric Mn–Zn
ferrites (�0:04odo0:015) have been obtained [37], and
according to the authors, they present some oxygen
vacancies for negative d and some cation vacancies for
positive d. Finally, Colombo et al. [40] have shown the
existence of iron-rich magnetite Fe3+wO4 without
indicating if it was a compound presenting oxygen
vacancies or inserted cations. Anyway, for negative
values of d, the non-stoichiometry remains low (�0.04
[41], �0.015 [37]).

Chemical analysis of the sample ZnFe9a show that
the molar ratio Fe/Zn is 2.3 (expected value: 2) and that
the amount of chromium is 830 ppm. This contamina-
tion agrees with the balls composition in which
majoritary impurities are chromium (1.5%) and carbon
(1%). The excess of iron comes from the wear of the mill
and the grinding balls and also from the reaction of
Fe with Fe(III) giving Fe(II). If we try to calculate
the formula of the different spinel phases with the two
hypotheses, we can assume that if we do not want to
take into account metallic iron, the molar ratio Fe/Zn is
close to 2.1 (b ¼ 0:1). For this value, the hypothesis of
non-stoichiometry leads to the formula Zn0.97Fe2.03
O4�0.13, and the hypothesis of the replacement to the
mixture 0.9 ZnII

0:67FeII0:33FeIII2 O4+0.4ZnO.
The obtaining of a non-stoichiometric ferrite is

probable but it cannot, alone, explain the vanishing of
the wüstite phase, because the value (–0.13) for d is too
high compared to the literature values.

Formation of zinc substituted magnetite has to be
considered, which imposes that a fraction of zinc oxide
does not react (Eq. (6)). With X-ray diffraction, it is
difficult to identify unreacted zinc oxide which becomes
amorphous during milling. Nevertheless, zinc oxide may
be selectively dissolved by an ammonia solution, and
then titrated by an EDTA solution [42]. By this method,
it is found that about 3% in weight of the initial zinc
oxide is unreacted after 9 h of milling. The formation of
zinc substituted magnetite is then evidenced.
4. Conclusion

The spinel compound obtained after milling hematite
and zincite is not a zinc ferrite containing only Fe3+

cations, but it is a zinc substituted magnetite. The
presence of Fe(II) allows to explain the shape of the
Mössbauer spectrum which is unusual for this type of
milling. The appearance of this Fe(II)-containing phase
is explained by a contamination due to iron from vials
and balls, and by a redox reaction between iron and
Fe(III) of hematite. This reaction only occurs in the
presence of ZnO by the intermediate formation of a
wüstite-type phase solid solution between ZnO and FeO.
We have shown that the disappearance of this phase
proceeds in the replacement of Zn2+ by Fe2+ inside the
spinel phase, but this phase contains also probably an
excess of Fe2+ ions (inserted cations or oxygen defects).
Low-temperature Mössbauer experiments are planned
in order to clarify this hypothesis.
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