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The Mdssbauer effect has been used to examine the phases produced by hydrogen
reduction of hematite to «-iron at 535°C. No evidence has been found for spinels other than
that of essentially stoichiometric magnetite; nor has there been any evidence of wiistite
formation, in contrast to recent Russian experiments on the reduction of iron oxides at
temperatures well below the eutectoid transition point of 570°C.

1. Introduction

We have previously used the Mossbauer effect to
study the growth behaviour of oxides formed on
a-iron [1-3]. The technique was found to be
useful for oxide identification and also for the
investigation of growth kinetics. In the present
work, we have applied the technique to gain
information on the oxides produced during
low-temperature hydrogen reduction of hematite
(«-Fe,0;) to a-iron.

Our interest has been two-fold. First, we
aimed to provide information on the form(s) of
the spinel phase produced in the reduction
process; in particular, whether oxidized or
reduced versions of magnetite (Fey—,0O,,
Fe,+,,0,, respectively) were formed as sig-
nificant intermediate phases. As far as we are
aware, only Colombo ef al. [4], using chemical,
thermogravimetric and X-ray diffraction tech-
niques, have observed a spinel more reduced than
magnetite during the gaseous reduction of iron
oxides (with w up to 0.06), although Pritchard
et al. [S5] have reported such a phase in a
Mossbauer study of the hydrothermal decom-
position of Fe(OH),.

Secondly, we were interested to see whether
we could support the recent Mossbauer observa-
tions of Romanov et al. [6, 7] that wiistite
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(Fe;—;0) is produced during hydrogen reduction
of hematite at temperatures substantially below
the eutectoid transition point of 570°C.

2. Experimental

The «-Fe,O, starting samples were scales
produced by prolonged oxidation of degreased,
9.6 um thick, iron foils of purity 99.9 + 9% in 760
Torr oxygen. Reductions were carried out in 1
Torr “static” (i.e. non-flowing) hydrogen; the
sample was exposed to the hydrogen before
heating to the reduction temperature, and after
reduction was quickly cooled to room tempera-
ture by removing the furnace and quenching the
reaction vessel in cold water. The oxidations and
reductions were performed at 535 £ 3°C.

The Mossbauer spectra were recorded in
transmission geometry with both source and
specimen (the absorber) at room temperature.
The spectrometer was of the constant accelera-
tion type employing a 400-channel pulse-height
analyser for data storage. As a single-line source,
we used 20 mCi of Co* diffused into palla-
dium.

To complement the Mdssbauer studies,
thermogravimetric measurements were made and
some specimen cross-sections examined by
optical and scanning electron microscopy.
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3. Mossbauer spectra of the iron oxides
Room temperature spectra determined on
standard absorbers of wiistite, hematite and the
spinels magnetite and maghemite (y-Fe, O3, the
equivalent of the oxidized spinel Fe;—,0, with
z = }) are presented in Fig. 1, together with an
a-iron spectrum.

Wiistite shows as a broad paramagnetic
singlet. The detailed absorption profile for this
oxide depends in a complex way on its defect
structure and overall composition [8], frequently
appearing as an asymmetric doublet. Like a-Fe,
the «-Fe,O; spectrum is a single, six-line,
magnetically-split pattern due to Fe nuclei in
equivalent environments [9]. In the spinel
structure, the cations occupy “A” and “B” sites
possessing, respectively, tetrahedral and octa-
hedral symmetries. In stoichiometric magnetite,
A sites are occupied by Fe®+, and B sites by equal
numbers of Fe3* and Fe?* ions. The Mossbauer
absorption of Fe O, is a superposition of two
six-line patterns which are incompletely resolved.
The first (with lines labelled A,, A,, A; . . . in Fig.

1) is due to the Fe3* at A sites, and the second
(B, By, B; . . ) is due to the Fe?*+ and Fe®+ at B
sites [10]. Fe?* and Fe3* ions at the B sites do
not show separate spectra because of the rapid
electronic exchange occurring between these
ions; the observed spectrum is an average of
those expected for the two ion species.

In non-stoichiometric magnetite, Fe;—,0,, it is
generally accepted that the cation vacancies
occur at the B sites. Charge balance is preserved
by a greater proportion of B-site Fe3t ions.
According to Daniels and Rosencwaig [11],
B-site Fe®+ ions which are not paired with Fe?+
ions do not take part in fast electronic exchange
and give rise to their own six-line pattern which
overlaps that due to the A-site Fe3t ions. Thus,
compared with stoichiometric magnetite, the
effect of an iron deficit is to increase the intensity
I, of the “A pattern” and to decrease the
intensity Iz of the “B pattern”. The change in
intensity ratio Is/Is with z is marked, as may be
seen directly in the spectra of Coey et al. {12].
For example, for Fe,. 4,0, they found Is/ls =
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Figure 2 Weight-change curves for complete oxidation of 9.6 um iron foil at 535°C in 760 Torr oxygen followed by

reduction at 535°C in 1 Torr hydrogen.

1.06 which may be compared with /g/Ia = 1.88
expected for Fe;O,*. For y-Fe,O,, all cations
are Fe*+ and the B pattern due to Fe?*/Fed+t
pairs is, therefore, of zero intensity; the spectrum
is correspondingly a superposiiion of two
unresolved six-line patterns due to Fe®+ at the
two lattice sites.t

Similar considerations should apply to the
reduced form of magnetite, Fe; ,,O,, reported by
Colombo ef al. [4] and Pritchard ef al. [5]. In
this case, however, there will be an excess of
Fe2~ (relative to Fe;O,) in octahedral sites. From
the work of Pritchard ef al. [5] we can expect that
Fe?+ not paired with B-site Fe?* ions will pro-
duce a six-line pattern with splitting ~ 79 less
than the Fe?+/Fe3*+ B pattern. Consequently, it
should be readily distinguishable from the
normal A and B spectra. The appearance of this
third six-line spectrum in Fez4.,,0, should also
be accompanied by a decrease in the intensity of
the B pattern (as for Fe,_,0,) due to a reduced
number of B-site Fe?+/Fe3* pairs,

4. Results and discussion
4.1, General

As may be noted in the thermogravimetric data
of Fig. 2, in preparing the starting hematite it
was necessary to oxidize the iron foils for ~ 300

h at 535°C for complete conversion of metal
to the oxide. The cross-sections in Fig. 3 show
that a fairly uniform layer of oxide was pro-
duced and provide information on the «-Fe,Oy

Figure 3 Sections through hematite produced from 9.6 pm
iron foil heated at 535°C in 760 Torr oxygen for ~ 300 h.
(a) scanning electron micrograph of fracture section;
(b) metallographic cross-section.

*In/Ix is not equal to 2, as would be expected from the site occupancy in stoichiometric magnetite, because the recoil-
free fractions differ slightly for the two Fe sites [13]. The expected value of 1.88 also assumes that thin absorbers are
used. In practice, observed values of Is/Ia are likely to extend down to around 1.80 because of thickness effects.

1The line-widths in our y-Fe,O, standard spectrum appear to be greater than those in the y-Fe, O, spectrum of Coey

et al. [12]. Possibly this is an impurity effect.
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Figure 4 Sections through specimen reduced at 535°C for
3 h, H, replaced every 15 min: (a) metallographic cross-
section showing the distribution of «-Fe (white phase)
in spinel (grey phase); (b) scanning electron micrograph
of fracture section shows o-Fe to be porous.

grain structure. The scale (Fig. 3a) is seen to be
mainly columnar with a finer-grained outer layer
and a coarser-grained oxide towards the centre.

The weight-loss curves of Fig. 2 illustrate the
overall reduction behaviour of our hematite
scales. The upper curve indicates that the
reduction rate in static hydrogen was initially
rapid, but slowed considerably with time. The
latter can be attributed to a lowering of the
reducing capability of the gas as the H,O/H,
ratio increased. By replacing the reducing gas
with fresh hydrogen, a fast reduction rate could
be re-established, as shown at 3.3 hand 4.5h.The
lower curve in Fig. 2 was obtained by replacing
the reducing gas with fresh hydrogen every 15
min. The curve is smooth and the reduction
remained at a fast rate. Reduction procedures
with or without fresh hydrogen replacement were
used to produce specimens at various stages of
conversion of «-Fe,0; back to a-Fe for the
Mossbauer analysis. The weight-loss curves
presented are meant to show fairly typical
behaviour; however, it must be noted that, for a
given reduction schedule, the extent of reduction
between specimens was found to vary con-
siderably (e.g. by a factor of 2 in oxygen loss).
This is not surprising perhaps in view of the
generally complex structure of the reduced scales
revealed in cross-sections. For example, Fig. 4
shows sections of a specimen reduced to ~ 50 %
metal. It is evident that «-iron is scattered
throughout the spinel oxide (Fig. 4a) rather than
continuing to grow as an outer layer; extensive
hydrogen transport has occurred down cracks/
pores in the oxide and the highly porous metal
(Fig. 4b) has permitted continued ingress of
hydrogen for further reduction.
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Some representative Mdossbauer spectra of
reduced hematite scales are shown in Fig. 5. Also
included is spectrum (a) for unreduced oxide.
Spectrum (b) is for a scale reduced for 5 min.
Some spinel has been produced, but «-Fe, O,
remains the major phase. After a 10 min reduc-
tion, spectrum (c), further development of the
spinel is apparent. The relative total absorption
intensities due to spinel and «-Fe,O3 show that
the sample consisted very roughly of equal
proportions of the two components. Spectrum
(d), obtained following a 3.3 h reduction (with-
out hydrogen replacement, as for (b) and (c))
shows spinel as the major phase, although a
substantial amount of «-Fe,O; is still evident.
Spectra (e) and (f) are for oxides more extensively
reduced and in both cases the x-Fe,O4 has been
totally reduced to spinel and metal. Spectrum (¢)
was observed for the specimen used in deter-
mining the upper reduction curve of Fig. 2, and
thus corresponded to a 5.2 h reduction with two
hydrogen replacements, while (f) was obtained
by reducing for a period of 3 h with hydrogen
replacement at 15 min intervals.

In the spectra presented in Fig. 5, and indeed in
all our reduction experiments at 535°C, we have
found no evidence of wiistite formation. This is,
of course, consistent with the iron-oxygen phase
diagram, but contrasts with the Russian
Moéssbauer data [6, 7] which indicate that
wiistite forms on reduction of iron oxides at
temperatures as low as 425°C. By reducing our
hematite scales at temperatures greater than
570°C, we had no difficulty in producing
wiistite. In Fig. 6, for example, we show the
spectrum of an «-Fe,O; specimen reduced at
595°C. The reduction iime was 20 min, with
hydrogen replacement at the 10 min mark. In
addition to «-Fe and spinel, wiistite is strikingly
evident as the intense central absorption. (This
observation of wiistite provided a check that our
quenching procedure to room temperature was
sufficiently rapid to retain the oxide as a metas-
table phase.)

4.2. Reduction of a-Fe,0, {o spinel

The initial reduction at 535°C of «-Fe,O; to
spinel was observed to be a fairly rapid process.
It was also evident from Mdssbauer spectro-
scopy and metallography that «-Fe did not form
in significant quantities until the hematite had
completely converted to the spinel phase.

Two possible mechanisms for the low-
temperature reduction of «-Fe,O, to spinel were
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outlined by Colombo et al. [4]. The first, which
their experiments support, postulates the direct
conversion of hematite to stoichiometric mag-
netite, while in the second it is proposed that
«-Fe,0; converts first into a spinel more
oxidized than Fe;O,, i.e. y-Fe,O; or Fey—,0,.
1t is immediately evident from spectra (b), (c) and
(d) of Fig. 5, which show only «-Fe,O; and
spinel, that the spinel composition does not
correspond to y-Fe,O,. It is also evident from
Section 3 that the overall composition of the
spinel does not correspond to a highly oxidized
form of magnetite, since the intensity ratio
Ip/Ia associated with the spinel A and B sub-
patterns is substantially greater than unity. This
is readily seen by comparing the intensities /a,
and fs, of the first lines A, and B, of the sub-
patterns and by appreciating that I /Ia, may be
equated with Ig/Ia. Evaluation of J, and /g, in
spectra (b), (¢) and (d), by both computer and
hand-fitting procedures, yielded ratios Ie/la as
follows: spectrum (b), 1.83 4 0.15; spectrum
(c), 1.76 - 0.15; and spectrum (d), 1.91 4 0.15.
Comparing these ratios with the thin-absorber
value of 1.88 characteristic of Fe;O,, it may be
concluded that the spinel formed during this
stage of reduction is essentially of stoichiometric
magnetite. If an intermediate, highly oxidized
magnetite did form in our experiments, it clearly
represented only a small proportion of the
spinel phase.

10 m

Figure 7 Metallographic cross-section of «-Fe,0; at an
early stage of reduction in H, at 535°C. Note the thin
external magnetite layer, and also the lining of magnetite
within cavities which are presumably open to the re-
ducing gas.

Assuming that o-Fe, Oy does convert directly
to Fey0,, hydrogen reacts with the surface
oxygen of the hematite to produce water
vapour and, after a short time, a surface layer of
magnetite (cf. Fig. 7). As detailed by Colombo
et al. [4], this removal of oxygen is accompanied

by the reduction of ferric to ferrous ions which
provoke local rearrangement of the lattice to
form the spinel phase. In continued reduction,
Fe*t+ ions diffuse through the magnetite and
convert hematite to magnetite at the spinel/
hematite interface. This migration of Fe?+ ions
probably occurs via easy diffusion paths (e.g.
grain boundaries) and the process continues until
all the «-Fe,O, has been transformed to Fe;O,.

4.3. Reduction of Fe,0O, to a-Fe

Following complete conversion of their
powdered «-Fe,0,4 to Fe;O,, Colombo et al. [4]
observed an induction period during which the
reduced version of magnetite, Fe;4, 0,4 Wwas
formed together with a small quantity of «-Fe.
At the end of the induction period, the reduced
spinel proceeded to convert to «-Fe. Their
overall scheme could be summarized as follows:

o-Fe,O3 — Fe,0, — Fey4 ,,0, + a-Fe — «-Fe .

In Section 3, it was seen that the spinel
Fe;.,,0, should give rise to a Mobssbauer
spectrum consisting of three partially resolved
six-line patterns: the normal A and B patterns
plus a further pattern, of smaller splitting, due to
non-paired Fe?t ions at the octahedral sites.
Inspection of the spectra (e) and (f) in Fig. 5,
where spinel and «-Fe are the only phases
indicated, reveals no evidence of a third pattern
due to non-paired, Fe®* ions. To indicate the
sensitivity of the Mossbauer technique for
observing-a reduced spinel, via this third pattern,
it may be noted that for a sample with a 1%
iron excess (Feg. 030y 5% of the cations in the
oxide will be non-paired Fe?**+ octahedral ions,
if we accept the proposition [4, 5} that the
tetrahedral sites are filled as in stoichiometric
magnetite.* The corresponding level of resonant
absorption, ~ 5% of the spinel total, would be
just within the anticipated detection limit.

Analysis for Ip/Ia of the spinel component in
spectra (e) and (f) gave the values 1.74 + 0.15
and 1.77 = 0.15 respectively which are essentially
as found earlier in spectra (b), (¢) and (d). It is
apparent that the overall composition of the
spinel produced is again virtually that of
stoichiometric magnetite.

5. Conclusion

Maossbauer spectroscopy has shown that in H,
at 535°C a-Fe,0, is reduced to a-iron through

*If the tetrahedral sites are occupied as in stoichiometric magnetite, then, per formula unit, the occupancy of the
octahedral sites will be 1 - 3w Fe 2+ and 1 — 2w Fe®*. The corresponding number of non-paired Fe** ions is Sw.
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essentially stoichiometric magnetite. No evidence
has been found for y-Fe,0,, oxidized or reduced
forms of magnetite as significant intermediate
phases. Nor has there been any indication of
wiistite formation at this temperature, in con-
trast to Russian Mossbauer observations that
wiistite 1s produced by reduction of iron oxides
at temperatures well below 570°C.
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