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a b s t r a c t

The commercial magnetite powder was characterised as substoichiometric magnetite (Fe2.93O4) with a
small hematite fraction (�7 wt%). It consisted of micrometer-sized particles of regular (octahedral) and
irregular morphologies. Reference sample was subjected to reduction by hydrogen gas and reoxidation
at a temperature of up to 600 �C. The oxidation experiments were performed in an oxygen stream. Ref-
erence sample oxidised to a maghemite–hematite mixture, whereas the fraction of each phase was very
sensitive to the oxidation temperature. XRD and FT-IR spectroscopy indicated the superstructure charac-
ter of obtained maghemite samples with the ordering of cation vacancies in the maghemite crystal lat-
tice. Mössbauer spectroscopy was very sensitive to magnetite stoichiometry, however, it could not
detect less than 10 wt% of hematite in the maghemite–hematite mixture. In reduction experiments, con-
ditions for the reduction of reference sample to stoichiometric magnetite (Fe3.00O4) were found. The
reduction was performed by hydrogen gas under static conditions (375 �C, 150 min). Under this static
condition the relatively high amount of water condensed inside the evacuated quartz tube. The formation
of water is due to the chemisorption of hydrogen molecules on the iron oxide, which then dissociate from
iron oxide generating an intermediate hydroxyl group according to the general equations:
2O2�ðsÞ þH2ðgÞ ! 2OH�ðsÞ þ 2e�and2OH�ðsÞ ! O2�ðsÞ þ�a þH2OðgÞ; where (s) signifies a solid (hema-
tite or substoichiometric magnetite), (g) a gas phase and �a an anionic vacancy formed in hematite or
substoichiometric magnetite. Thus, in order to ensure a good reduction condition, water vapour was
removed from the quartz tube and the tube was refilled with hydrogen gas every 30 min.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Synthetic iron oxides [1–5] (a group name for iron oxyhydrox-
ides and oxides) are important materials with numerous applica-
tions. Amongst them, magnetite (Fe3O4) and maghemite (c-
Fe2O3) are ferrimagnetic at room temperature and they possess un-
ique electric and magnetic properties. They are widely used as
material in catalysis, magnetic separation, ceramics processing, en-
ergy and magnetic data storage, and as protection against micro-
wave radiation. Moreover, both magnetite and maghemite have
been extensively investigated for application in biomedicine
[6,7]. For example, they have been recognised as suitable magnetic
materials for MR imaging, drug delivery, drug targeting, cell label-
ling and magnetic separation, as well as a hyperthermia agent.
Magnetite has better magnetic properties than maghemite, how-
ever, magnetite tends to oxidise easily due to the presence of
Fe2+, whereas maghemite is chemically and physically very stable.
The oxidation of magnetite deteriorates its magnetic properties.
The common process for the preparation of maghemite starts from
acicular precursor crystals of either non-magnetic a-FeOOH (goe-
ll rights reserved.
thite) or non-magnetic c-FeOOH (lepidocrocite) [8]; these are
dehydrated directly to a-Fe2O3 (hematite) and further reduced to
Fe3O4 (magnetite). Magnetite is then carefully oxidised to yield fer-
rimagnetic acicular c-Fe2O3 (maghemite) particles. Schematically
the process can be shown as follows:

a� FeOOH !dehydration

300 �C
a� Fe2O3 !reduction in H2

350 �C
Fe3O4 !oxidation in air

300 �C
c

� Fe2O3

Generally, the maghemite particles thus obtained showed high
saturation magnetization and high coercivity due to their shape
anisotropy. However, each of the above steps is important, since
the magnetic properties of the final product depend on particle
size, morphology, crystallinity and present impurities. Hematite
is the most frequent impurity accompanying maghemite. The pres-
ence of hematite may significantly disturb the magnetic properties
of maghemite.

Magnetite (Fe3O4) has an inverse spinel structure in which cat-
ions occupy tetrahedral and octahedral sites in the face-centred cu-
bic close-packed oxygen lattice [9,10]. Stoichiometric magnetite
contains eight Fe3+ at tetrahedral (8a) or A-sites and 16 cations
(8Fe3+ + 8Fe2+) at octahedral (16d) or B-sites. Fe2+ ions in stoichi-
ometric magnetite easily oxidise to form the structure deficient
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Fig. 1. Field emission scanning electron microscopy (FE SEM) images of reference
sample M-0. Micrometer-sized particles of regular (octahedral) and irregular
morphologies are visible.
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in Fe2+, i.e., the nonstoichiometric magnetite (Fe3�xO4). When all
Fe2+ cations in the nonstoichiometric magnetite are oxidised the
Fe2.67O4 compound known as maghemite (c-Fe2O3) is obtained.
The stoichiometric formula of maghemite [11,12] can be written as

ðFe3þ
8 Þ

A½ðFe3þ
4=3�8=3ÞFe3þ

12 �
BO32

Or equivalently as

ðFe3þÞA½ðFe3þ
5=3�1=3Þ�BO4

(where () stands for the tetrahedral or A-sites, [] stands for the octa-
hedral or B-sites and � denotes the cation vacancies. The vacancies
in maghemite are located on the octahedral B-sites exclusively, or
on the both tetrahedral A-sites and octahedral B-sites [13,14],
which establish a neutral charge of the whole structure. It has been
suggested that the vacancies can be distributed [15–21] (i) at ran-
dom (space group Fd�3 m); (ii) ordered as the lithium cation in
LiFe5O8 (space group P4132); and (iii) with an ordered distribution
with tetragonal symmetry (space group P43212). It has also been
shown that infrared spectroscopy is very sensitive to the order–dis-
order distribution of the cationic vacancies in the maghemite struc-
ture [16,20].

In this work, micrometer-size magnetite particles as a model
system were subjected to reduction and reoxidation at a tempera-
ture of up to 600 �C. The reduction of magnetite by hydrogen was
performed under static conditions, whereas the oxidation experi-
ments were performed in an oxygen stream. Samples were charac-
terised using field emission scanning electron microscopy (FE
SEM), X-ray diffraction (XRD), Fourier transform infrared spectros-
copy (FT-IR) and Mössbauer spectroscopy. The sensitivity of each
technique in the structural characterisation of maghemite and stoi-
chiometric magnetite as well as in the detection of hematite impu-
rity is discussed.

2. Experimental

Iron (II, III) oxide, supplied by Ventron, 99.5%, spectroscopically
pure KBr supplied by Merck and commercial gases H2 and O2 of
analytical purity supplied by Messer Croatia Plin were used.

The starting chemical supplied by Ventron was used in the
reduction and reoxidation experiments. Experimental conditions
for the preparation of reduced and reoxidised samples are given
in Table 1.

In order to obtain stoichiometric magnetite the starting chemi-
cal (sample M-0) was dried under vacuum at room temperature,
then put into a quartz tube. The quartz tube was properly evacu-
ated and then overfilled with H2. Thus prepared the quartz tube
was put into a tubular furnace and heated to the predetermined
temperature (static-hydrogen condition, heating up to 375 �C). In
Table 1
Experimental conditions for the preparation of samples M-1 to M-12.

Sample Time of heating (min) Temperature
of heating (�C)

Bubbling with O2 H2

atmosphere

M-0 – – – –
M-1 10 250 Yes –
M-2 30 250 Yes –
M-3 120 250 Yes –
M-4 1440 250 Yes –
M-5 2880 250 Yes –
M-6 30 200 Yes –
M-7 30 300 Yes –
M-8 30 400 Yes –
M-9 30 600 Yes –
M-10 30 250 – Yes
M-11 150 300 – Yes
M-12 150 375 – Yes
order to remove water vapour released during the sample heating
under static-hydrogen conditions, the quartz tube was evacuated
Fig. 2. XRD patterns of reference sample M-0 and oxidised samples M-3 and M-4.
Reference sample M-0 is assigned in accordance with the JCPDS card 19-0629
(magnetite). The hkl indices of magnetite (space group Fd�3 m) are given. The
presence of a small quantity of hematite (JCPDS card 33-0664) as impurity is also
detected in reference sample M-0. The XRD patterns of samples M-3 and M-4 are
assigned in accordance with the JCPDS card 39-1346 (maghemite). The hkl indices
of maghemite, space group P4132 are given. The peaks not present in XRD patterns
of magnetite are marked with asterisks. Hematite peaks are marked with H.



Fig. 3. XRD patterns of samples M-7 and M-9. Sample M-7 is assigned in
accordance with the JCPDS card 39-1346 (maghemite) and the JCPDS card 33-
0664 (hematite). The hkl indices of maghemite are indicated. The peaks not present
in XRD patterns of magnetite are marked with asterisks. Sample M-9 is assigned as
pure hematite. The hkl indices of hematite are indicated. The two lines marked # are
due to the sample holder.

Fig. 4. XRD patterns of samples M-10, M-11 and M-12, prepared under the
reduction of reference sample M-0 in hydrogen atmosphere. Samples M-10 and M-
11 correspond to substoichiometric magnetite with a small hematite fraction,
whereas sample M-12 is characterised as stoichiometric magnetite. The hkl indices
of magnetite are indicated. Hematite peaks are marked with H. The line marked # is
due to the sample holder.

Fig. 5. Mössbauer spectra of samples M-0, M-2 and M-3 recorded at 20 �C. The
Mössbauer spectrum of sample M-0 is fitted for three sextets. The outermost small
sextet belongs to hematite and the other two sextets correspond to magnetite. The
inner sextet of magnetite is due to Fe2+ and Fe3+ ions at the octahedral B-site. With
the oxidation the inner sextet of magnetite decreases (sample M-2) and then
completely disappears (sample M-3). Mössbauer parameters are given in Table 2.
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every 30 min and refilled with hydrogen. Temperature in the tubu-
lar furnace was controlled by a digital thermocouple thermometer.

The reoxidation of sample M-0 was performed in the tubular
furnace under the flow of pure O2. Temperature in the tubular fur-
nace was measured directly by the thermometer (up to 500 �C).

The 57Fe Mössbauer spectra were recorded in the transmission
mode using a standard instrumental configuration by WissEl GmbH
(Starnberg, Germany). The 57Co in the rhodium matrix was used as
a Mössbauer source. The spectrometer was calibrated at 20 �C
using the standard a-Fe foil spectrum. The velocity scale and all
the data refer to the metallic a-Fe absorber at 20 �C. The experi-
mentally observed Mössbauer spectra were fitted using the
MossWinn program.

The FT-IR spectra were recorded at 20 �C using a Perkin-Elmer
spectrometer model 2000. The FT-IR spectrometer was coupled
with a personal computer loaded with the IRDM (IR data manager)
program to process the recorded spectra. The specimens were
pressed into small discs using a spectroscopically pure KBr matrix.
The spectra were recorded using a KBr beam splitter in the mid IR
region (4000–400 cm�1) and a Mylar beam splitter in the far IR
region (700–200 cm�1).



Table 2
57Fe Mössbauer parameters at 20 �C calculated for selected samples using the MossWinn program.

Sample Assignation IS (mm s�1) QS (mm s�1) Bhf (T) LW (mm s�1) Relative area A/% Stoichiometry Chi

M-0 M1 0.29 �0.02 49.0 0.31 42.0 Fe2.93O4 1.31
M2 0.66 �0.04 45.7 0.47 51.0
H 0.37 �0.2 51.2 0.29 7.0 a-Fe2O3

M-1 M1 0.31 �0.01 49.6 0.51 67.3 Fe2.79O4 1.82
M2 0.51 �0.19 42.5 1.50 23.9
H 0.37 �0.13 51.0 0.29 8.8 a-Fe2O3

M-2 M1 0.35 �0.03 49.8 0.54 76.1 Fe2.74O4 1.25
M2 0.51 �0.37 41.2 0.94 14.6
H 0.37 �0.13 50.9 0.29 9.3 a-Fe2O3

M-3 MH1 0.32 �0.01 49.7 0.54 85.3 c-Fe2O3 1.41
H 0.36 �0.15 51.1 0.26 14.7 a-Fe2O3

M-6 M1 0.32 0.01 49.5 0.48 64.1 Fe2.80O4 1.30
M2 0.65 �0.02 45.4 0.65 26.6
H 0.37 �0.13 51.0 0.28 9.3 a-Fe2O3

M-7 MH1 0.32 �0.01 49.7 0.54 81.8 c-Fe2O3 1.31
H1 0.36 �0.15 51.4 0.24 18.2 a-Fe2O3

M-8 H1 0.37 �0.17 51.4 0.29 54.0 a-Fe2O3 1.11
MH1 0.34 �0.05 49.5 0.60 46.0 c-Fe2O3

M-10 M1 0.33 �0.04 49.1 0.35 43.2 Fe2.93O4 1.12
M2 0.69 0.00 45.6 0.51 50.7
H 0.37 �0.13 51.1 0.29 6.1 a-Fe2O3

M-11 M1 0.27 �0.02 48.9 0.29 35.2 Fe2.98O4 1.30
M2 0.66 0.01 45.9 0.41 60.3
H 0.36 �0.13 51.4 0.29 4.4 a-Fe2O3

M-12 M1 0.27 �0.02 48.8 0.27 33.6 Fe3.00O4 1.32
M2 0.66 0.02 45.8 0.38 66.4

Key: IS = isomer shift given relative to a-Fe at 20 �C; QS = quadrupole shift; Bhf = hyperfine magnetic field; LW = line width; Chi = goodness of fitting (1.00 = relatively very
good fitting; 2.00 = relatively weak fitting).
Error: IS = ±0.01 mm s�1; QS = ±0.01 mm s�1; Bhf = ±0.2 T.
Remarks: M1 = outer sextet of magnetite; M2 = inner sextet of magnetite; MH1 = sextet of maghemite; H = sextet of hematite.
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The XRD patterns were recorded at RT using APD 2000 X-ray
powder diffractometer (Cuka radiation, graphite monochromator,
NaI-Tl detector) manufactured by ItalStructures, Riva Del Garda,
Italy.

The thermal field emission scanning electron microscope (FE
SEM, model JSM-7000F), manufactured by Jeol Ltd., was linked to
the EDS/INCA 350 (energy dispersive X-ray analyzer) manufac-
tured by Oxford Instruments Ltd.
3. Results and discussion

In the present work, the commercial magnetite powder (sample
M-0) was subjected to reduction and reoxidation at a temperature
of up to 600 �C. Fig. 1 shows the FE SEM micrographs of reference
sample M-0. It consists of micrometer-size particles of regular
(octahedral) and irregular morphologies. The morphology of the
particles did not change significantly while heated up to 400 �C.

Fig. 2 shows XRD patterns of reference sample M-0 and oxidised
samples M-3 and M-4. Reference sample M-0 is assigned in accor-
dance with the JCPDS card 19-0629 (magnetite). The declared mag-
netite cell constant is a = 8.396 Å. The calculated cell constant of
reference sample M-0 is a = 8.373 Å and can be characterised as
substoichiometric magnetite.

The hkl indices of magnetite (space group Fd�3 m) are given. The
of a small quantity (�7 wt%) of hematite (JCPDS card 33-0664) as
impurity is also detected in reference sample M-0. The XRD pat-
terns of samples M-3 and M-4 are assigned in accordance with
the JCPDS card 39-1346 (maghemite). The hkl indices of maghe-
mite, space group P4132 are given. The peaks not present in the
XRD patterns of magnetite are marked with asterisks. These extra
peaks indicate the ordering of cation vacancies in the maghemite
crystal lattice. The XRD patterns of maghemite and magnetite are
very much alike, so very often these two phases cannot be distin-
guished by XRD. This is because the structural properties of
maghemite depend on the preparation conditions. If maghemite
crystallises in cubic space group Fd�3 m (the vacancies are distrib-
uted at random), the XRD patterns of maghemite and magnetite
will be virtually the same, the only difference being in their lattice
constant which is smaller for maghemite than for magnetite. If
maghemite crystallises in cubic symmetry, space group P4132 or
tetragonal symmetry, space group P43212 (cation vacancy order-
ing), its XRD patterns should differ from the XRD patterns of mag-
netite due to the presence of extra superstructure peaks. Likewise,
the superstructure peaks were observed in the nanocrystalline
maghemite. Nevertheless, the good model system chosen in this
work (micrometer-size particles of good crystallinity) and the good
statistics of collected XRD patterns easily demonstrated the extra
XRD lines of maghemite in comparison with magnetite. The
amount of hematite in samples M-3 and M-4 increased with the
heating temperature, but not in excess of about 28% upon 24 h of
heating at 250 �C. Thus, the time of heating is not a determining
factor for the maghemite-to-hematite transition.

Fig. 3 shows the XRD patterns of samples M-7 and M-9 oxidised
at 300 and 600 �C for 30 min, respectively. Sample M-7 is a mixture
of maghemite and hematite, whereas sample M-9 is a pure hema-
tite. The conversion of magnetite/maghemite to hematite is highly
sensitive to temperature increase.

Fig. 4 shows the XRD patterns of samples M-10, M-11 and M-12
obtained under the reduction of reference sample M-0 in hydrogen
atmosphere. Samples M-10 and M-11 correspond to substoichio-
metric magnetite with a small hematite fraction, whereas sample
M-12 is characterised as stoichiometric magnetite. The lattice
constants are a = 8.373 Å, a = 8.376 Å and a = 8.400 Å for samples



Fig. 6. Mössbauer spectra of oxidised samples M-6, M-7 and M-8 recorded at 20 �C.
With the increase in oxidation temperature substoichiometric magnetite with a
small hematite fraction (sample M-6) rapidly oxidised to a maghemite–hematite
mixture (sample M-7). Hematite is a dominant phase in sample M-8. Mössbauer
parameters are given in Table 2.

Fig. 7. Mössbauer spectra of samples M-10, M-11 and M-12 obtained upon
reduction of reference sample M-0 in hydrogen atmosphere. The spectra were
recorded at 20 �C. The sextet corresponding to hematite was introduced on the
basis of XRD results. The magnetite stoichiometry changed from substoichiometric
Fe2.93O4 in sample M-10 to stohiometric Fe3.00O4 in sample M-12. Mössbauer
parameters are given in Table 2.
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M-10, M-11 and M-12, respectively. On the basis of lattice con-
stants, the approximate stoichiometries for samples M-10, M-11
and M-12 are Fe2.86O4, Fe2.87O4 and Fe3.00O4, respectively.

Fig. 5 shows the Mössbauer spectra of samples M-0, M-2 and M-
3 recorded at 20 �C. The Mössbauer spectrum of sample M-0 is fit-
ted with three sextets. The outermost small sextet belongs to
hematite [10,22] and the other two sextets correspond to magne-
tite. The outer magnetite sextet belongs to Fe3+ ions at the tetrahe-
dral sites, whereas the inner magnetite sextet is due to Fe2+ and
Fe3+ ions at the octahedral B-site. At room temperature the elec-
tron exchange between these two oxidation states occurs faster
(s � 1 ns) than the decay of the excited state of 57Fe (s � 98 ns)
and for that reason the inner magnetite sextet is fitted to the aver-
age charged Fe2:5þ

B . The ratio of relative surface areas of the inner
and outer sextets is a good measure of the magnetite (non)stoichi-
ometry. The calculated stoichiometry and other Mössbauer param-
eters for all samples investigated in this work are given in Table 2.
The stoichiometry of reference sample M-0 is Fe2.93O4 and with
oxidation it drops to Fe2.74O4 in sample M-2. With further oxida-
tion the inner magnetite sextet disappeared, which proved a com-
plete conversion of substoichiometric magnetite to maghemite. In
this work the Mössbauer spectrum of maghemite is fitted to one
sextet. The hematite sextet in samples M-0 and M-2 is introduced
on the basis of XRD results. In other words, because of the similar
parameters for outer sextet of magnetite and sextet of hematite,
the presence of less than 10 wt% of hematite in the mixture of sub-
stoichiometric magnetite/hematite or powder mixtures of maghe-
mite/hematite was not detectable with Mössbauer spectroscopy.

Fig. 6 shows the Mössbauer spectra of oxidised samples heated
in an oxygen stream at 200, 300 and 400 �C for 30 min (samples M-
6, M-7 and M-8, respectively). With the increase in temperature
the substoichiometric magnetite rapidly oxidised and the hematite
fraction increased, which is in accordance with XRD results.

Fig. 7 shows the Mössbauer spectra of samples M-10, M-11 and
M-12 prepared upon reduction of reference sample M-0 in hydro-
gen atmosphere. The sextet corresponding to hematite was intro-
duced on the basis of XRD results. The magnetite stoichiometry
changed from substoichiometric Fe2.93O4 in sample M-10 to stoi-
chiometric Fe3.00O4 in sample M-12. These results are in accor-
dance with XRD results; however, the magnetite stoichiometry
obtained by Mössbauer spectroscopy is more stoichiometric than



Fig. 8. FT-IR spectra of reference sample M-0 and oxidised samples M-1, M-2, M-3,
M-4 and M-5. The spectra were recorded using a KBr beam splitter in the mid IR
region (lower scale) and a Mylar beam splitter in the far IR region (upper scale).

Fig. 9. FT-IR spectra for samples M-6 to M-9 prepared by the oxidation of reference
sample M-0 at different temperatures (200–600 �C) for the same period of time
(30 min).
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that obtained by XRD. By contrast, the calculated stoichiometry for
sample M-12 using Mössbauer spectroscopy and XRD matched
perfectly, and strictly speaking corresponded to a little over-stoi-
chiometric magnetite in both cases.

Fig. 8 shows the FT-IR spectra of reference sample M-0 and oxi-
dised samples M-1, M-2, M-3, M-4 and M-5. The spectra were re-
corded using a KBr beam splitter in the mid IR region (lower scale)
and a Mylar beam splitter in the far IR region (upper scale). Refer-
ence sample M-0 is characterised by a strong band at 586 cm�1, not
well-resolved bands at 473 and 453 cm�1 and shoulders at 724,
690 and 630 cm�1. In the far infrared region a band at 397 cm�1

is present. Group theoretical calculations predicted four IR active
modes in the vibrational spectra of the inverse cubic spinels (mag-
netite) with two main bands at 570 and 360 cm�1 and another two
at lower wave numbers, which were difficult to observe due to low
intensity. Thus the band at 586 cm�1 is assigned to the m1 FeAO
stretching mode of the tetrahedral and octahedral sites and the
band at 397 cm�1 is assigned to the m2 FeAO stretching mode of
the octahedral sites of the magnetite crystal lattice [23,24]. The
additional bands in the FT-IR spectrum of reference sample M-0
are due to magnetite nonstoichiometry. The confirmation for this
is the fact that the IR bands of maghemite in sample M-1 fit in very
well with the shoulders in reference sample M-0. The FT-IR spec-
troscopy is highly sensitive to the short range order and thus can
detect an early change in the local symmetry of magnetite. In the
present case, with the oxidation of substoichiometric magnetite
(sample M-0) to maghemite (samples M-1 to M-5) the crystal lat-
tice symmetry changed from cubic symmetry, space group Fd�3 m
to cubic symmetry, space group P4132. This decrease in symmetry
is induced by the ordering of cation vacancies and as a result a new
set of bands forbidden in the inverse spinel cubic group Fd�3 m ap-
peared in FT-IR spectrum at 726, 695, 638, 584, 565 481, 465, 448,
426 and 400 cm�1. In our earlier work we managed to synthesise
pure c-Fe2O3 by thermal decomposition of a mixture of Fe(II)-



Fig. 10. FT-IR spectra of samples M-10, M-11 and M-12 prepared by the reduction
of reference sample M-0 in hydrogen atmosphere under static conditions.
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and Fe(III)-oxalate salts and the FT-IR spectrum of that sample was
virtually identical to the FT-IR spectra of samples M-3 to M-5.
Moreover, in the FT-IR spectrum of pure c-Fe2O3 a band at
609 cm�1 was also present (sample S15 in Ref. [1]). This band at
609 cm�1 is not observed in the FT-IR spectra of samples M-1 to
M-5 due to the presence of hematite impurity. The assignations
of FT-IR bands for samples M-1 to M-5 are in accordance with
XRD results and the cation vacancy ordering found in other studies.
Also, the FT-IR spectrum of nanocrystalline maghemite showed the
same characteristic.

Fig. 9 shows the evolution of FT-IR spectra for samples M-6 to M-
9 that were oxidised at different temperatures (200–600 �C). The FT-
IR spectrum of sample M-6 contains the maghemite bands (725, 689,
626, 473 and 446 cm�1), but basically resembles that of nonstoichio-
metric magnetite with intensive and broad bands at 588 and
401 cm�1. With an increase in oxidised temperature the FT-IR band
of maghemite fully developed, however, the absence of a band at
about 609 cm�1 indicated a hematite impurity in sample M-7. With
further increase in oxidised temperature the band of maghemite at
638 cm�1 slightly shifted to the lower wave numbers and its relative
intensity decrease thus indicated a higher hematite impurity frac-
tion in sample M-8. At 600 �C the pure hematite formed (sample
M-9) and its FT-IR spectrum is characterised by shoulders at 621,
590 and 388 cm�1 and broad bands at 566, 480 and 340 cm�1.

Fig. 10 shows the FT-IR spectra of samples M-10, M-11 and M-
12 that were prepared upon reduction of reference sample M-0 in
hydrogen atmosphere under static conditions. The FT-IR spectrum
of sample M-10 is similar to reference sample M-0 due to the sub-
stoichiometric nature of this sample obtained in a weak reductive
condition. Sample M-11 was prepared under a better reductive
condition and its FT-IR spectrum does not contain a shoulder at
688 cm�1. Both samples, M-10 and M-11, contained small quanti-
ties of hematite impurity as determined by XRD. Sample M-12 cor-
responds to stoichiometric magnetite (XRD and Mössbauer
analyses) and only two FT-IR bands at about 580 and 390 cm�1

should be contained. However, it is characterised by three bands,
a strong highly asymmetric and broad band at 582 cm�1 and two
almost connected bands at 430 and 390 cm�1. The presence of
two connected bands in the low wave number region could be ex-
plained by a greater sensitivity of this FT-IR region to magnetite
nonstoichiometry. There are two possible explanations for the
nonstoichiometry of sample M-12, (i) sample M-12 is slightly
above-stoichiometric, and (ii) the FT-IR spectrum of sample M-12
shows a short range order nonstoichiometry due to the ‘‘memory
effect” caused by the reduction process. One can argue that two
connected bands in the low wave number region of FT-IR spectra
could be due to surface oxidation of the magnetite particles; how-
ever the FT-IR spectroscopy in transmission mode is basically
insensitive to surface effect.

The reduction of iron oxide by hydrogen gas under static condi-
tions is a more comfortable experiment than working with flow
hydrogen gas due to very strict safety rules for laboratory work
with hydrogen gas. The main problem encountered with a static
condition is condensation of water vapour inside the evacuated
glass tube. In order to create a good reduction condition, water va-
pour should be repeatedly removed (in this work every 30 min)
from the glass tube. The formation of water is due to the chemi-
sorption of hydrogen molecules on the iron oxide, which then dis-
sociate from iron oxide generating an intermediate hydroxyl group
according to the general equations [25]: 2O2�ðsÞ þH2ðgÞ !
2OH�ðsÞ þ 2e�and 2OH�ðsÞ ! O2�ðsÞ þ�a þH2OðgÞ, where (s) sig-
nifies a solid (hematite or substoichiometric magnetite), (g) gas
phase, and �a an anionic vacancy formed in hematite or substoi-
chiometric magnetite. Similarly, a reduction step Fe3þ ! Fe2þ

could be regarded as a water desorption step resulting from two
hydroxyl group condensation [26].
4. Conclusions

� Micrometer-size magnetite particles as a model system were
subjected to reduction and reoxidation at a temperature of up
to 600 �C.

� XRD and FT-IR spectroscopy indicated the superstructure char-
acter of obtained maghemite samples with the ordering of cat-
ion vacancies in the maghemite crystal lattice.

� Mössbauer spectroscopy (measured at 20 �C) was highly sensi-
tive to the magnetite stoichiometry, however, it could not detect
less than 10 wt% of hematite in a maghemite–hematite mixture.

� During the reduction experiments the experimental conditions
for the reduction of reference sample to stoichiometric magne-
tite (Fe3.00O4) were found. The reduction was performed by
hydrogen gas under static conditions (375 �C, 150 min). Under
these static conditions the relatively high amount of water con-
densed inside the quartz tube was directly observed. The forma-
tion of water is due to the chemisorption of hydrogen molecules
on the iron oxide, which then dissociate from iron oxide gener-
ating an intermediate hydroxyl group according to the general
equations:
2O2� ðsÞ þH2 ðgÞ ! 2OH� ðsÞ þ 2e�

2OH�ðsÞ ! O2� ðsÞ þ�a þH2O ðgÞ;
where (s) signifies a solid (hematite or substoichiometric mag-
netite), (g) a gas phase, and �a an anionic vacancy formed in
hematite or substoichiometric magnetite. Thus, in order to en-
sure a good reduction condition, water vapour was removed
from the quartz tube and the tube was refilled with hydrogen
gas every 30 min.
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