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Influence of Crystallite Size on the Oxidation Kinetics of Magnetite
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The oxidation of magnetite yields the lacunar phase y-Fe,0,, for sizes less than 5000 A and the rhombo-
hedral phase, a-Fe,0,, for sizes above 10 000 A. For intermediate sizes, oxidation kinetics and X-ray
analysis have confirmed that the y-Fe, O, phase forms at the beginning of the reaction, followed by phase a-
Fe,0, forming from y-Fe,0, and then directly from the still-unoxidized magnetite. Influence of size could
be accounted for in terms of structure and stresses at the crystal lattice level.

Introduction

Feitknecht et al. (I-4) had already shown
that, depending on magnetite crystallite size,
either phase y-Fe,0; with similar, cubic but
lacunar structure could be obtained according
to:

Fe,0, - Fe,;_,0, - y-Fe,0,,

or the rhombohedral phase a-Fe,0, according
to:
Fe, 0, » Fe,;_,0, » a-Fe,0; +

temperature rise
Fe;0, ———— a-Fe,0,,

the critical size being close to 3000 A,
Alternatively, Colombo (5, 6) maintained
that size was not the governing factor for
obtaining y-Fe,0O, and that nuclei from the a-
Fe,0, phase or stacking faults initially present

! All correspondence should be addressed to B. Gillot,
Laboratoire de Recherches sur la Réactivité des Solides
associé au C.N.R.S., Faculte des Sciences Mirande
21000 Dijon, France.

263

in magnetite were required to obtain the a-
Fe,0O, phase. In addition, he maintained that
the y-Fe,0, phase could only be obtained from
disordered magnetite.

But Colombo used samples of natural
magnetite containing some impurities, which
could stabilize the y-Fe, O, phase whereas the
synthetic samples used by Feitknecht were
always partially oxidized, since for sizes about
2000 A, the amount of Fe?* ions never
exceeded 26% of total iron compared to the
theoretical value, 33.33%. This may have
given rise to the disagreement between both
authors.

Influence of crystallite size on reaction acti-
vation energy could be shown on investigating
the kinetics of the oxidation of aluminum-
substituted magnetite, (Fe2*Fe3t A1*")02-, to
the lacunar phase y(Fei* JAl3*),03 (0 < x <
2 and x = 3y) (7). So, during the oxidation of
pure magnetite (x = 0), this energy rises from

23.70 to 27.90 kcal mole~! when size increases
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TABLE1

SaMPLE CHARACTERISTICS

TDA peak
Specific area Size Oxidation range
Sample inm¥g A) (°C) Oxidation yoa

Fe,0,(MP) 110 90 80-170 120 490
Fe;0,(A) 16.3 600 150-255 140 470
Fe,0,(B) 12.9 900 175-260 170 460
Fe;0,(0) 8 1400 190-280 230 380
Fe,0,(D) 1.17 6000 240-320 290 460
Fe,0(E) 0.80 9000 280-380 300 480
Fe,0,(F) 0.50 15 000 300-600 350

Fe,0,(F)1 0.65 11 000

Fe,0,(F)2 0.80 9000

Fe,0,(F)3 1.50 5000

from 600 to 1400 A; for ferrialuminate (x = tiny amounts (3 to 4%) of the rhombohedral
0.27) it rises from 22.80 to 32.85 kcal mole™! a-phase (8).

when size increases from 200 to 3400 A. For The present paper deals with the oxidation
the latter size, the oxidized product contains kinetics and X-ray analysis of magnetite

1 L
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F1G. 1. a=f(¥) curves of Fe,0,(D) oxidation.



OXIDATION KINETICS OF MAGNETITE

samples of large size variation (100-15,000 A)
to supplement previous results concerning
oxidation to the )-Fe, O, phase (7) and to
understand better the formation process of the
a-Fe,O, phase in the presence of y-Fe,0,.

Samples

Preparation conditions of samples (A), (B),
(C), and (D) (Table I) have already been fully
stated (9, 10). It may be recalled that an iron
sesquioxide of given granulometry is sub-
mitted to an oxido-reducing treatment. This a-
Fe,0; sesquioxide is obtained by decompo-
sition of (NH,), [Fe(C,0,);]-3 H,0 in air.
The salt decomposition temperatures, those of
reduction, and the water vapor content in
hydrogen govern the average crystallite size.
For samples (E) and (F) those treatments were
followed by annealing under vacuum at 800
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and 1000°C, respectively. Sample (MP) con-
sisting of small crystallites of 100 A was
obtained in the wet way by heat treatment of
adequate amounts of a solution of ferrous and
ferric salts in a solution of ammonia.

The characteristics are listed in Table I. Iron
titration shows that the Fe?* content versus
total iron is above 32% for those samples
whose average crystallite sizes are over 600 A
(theoretical value 33.33%) whereas the adsor-
bed water content becomes negligible. The
Fe?* percentage is 31% in sample (A) where-
as it is only 12% in sample (MP) whose
stability is low with respect to oxygen from
room temperature. The latter sample contains
an adsorbed water content as high as 8%.

The techniques used to characterize these
samples, namely, X-ray analysis, S.E.M., and
D.T.A., have also been already reported (9,
10).

40 time in mn

333°C

"""""""" 308°C

Fe30, (E)
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FIG. 2. a=f(?) curves of Fe,O,(E) oxidation.
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FI1G. 3. a=f(f) curves of Fe,0,(F) oxidation.

Resuits
1. Kinetic Study

The technique used to investigate total or
partial oxidation and the results concerning
magnetites (A), (B), and {C) have also been
reported (7, 11). It has been especially shown
that the a = f(¢) curves (a = conversion ratio)
follow the same course in time. The same
holds for curves relative to the oxidation of
Fe,0,(MP).

The kinetic curves of Fe,0,(D), (E), and (F)
oxidation are plotted in Figs. 1, 2 and 3.
Figure 1 also shows two oxidation curves of
Fe,0,(C). The oxidation ranges are listed in
Table L.

The Fe,0,(D) curves showed an affinity up
to a conversion ratio @ = 0.80 and those of
Fe,0,(E) up to about & = 0.45. The Fe,0(F)
curves did not show any affinity, at least for
reaction temperatures less than 500°C.
Variation of the affinity ratio versus tempera-

ture allows the experimental activation energy
to be calculated. It is 38 kcal mole~! for
Fe,0,(D) and 39.3 kcal mole™! for Fe,0,(E),
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FiG. 4. Evolution of the experimental activation
energy with pure magnetite crystallite size.
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FiG. 5. Evolution of the @ = f(f) curves of (a)
Fe,0,(E) and (b) Fe,0,(D) with the curves of Fe,0,(C).

in agreement with what had already been
observed (7) that energy rises with crystallite
size (Fig. 4).

Beyond @ = 0.80 for Fe,0,(D) and a =
0.45 for Fe;O,(E), the curves have no longer
any affinity and, compared to Fe,0,(C), a
different behavior is observed, which for
Fe,0,(D) results in a more rapid reaction
followed by a slowing down (Fig. 5b), and for
Fe,0,(E) in a pseudostage also followed by a
slowing down (Fig. 5a). For Fe,O,(F)
acceleration occurs from the beginning of the
reaction (Fig. 3) followed by a slowing down,
then a blocking, such that the higher the
temperature the greater the extent of reaction,
e.g., at 318°C, the conversion ratio cannot be
over ¢ = 0.25; the temperature has to be
raised above 500°C to obtain total oxidation,
which in this case takes several days.

In the case of Fe,O,(F), for temperatures
above 500°C, however, as isotherm network
could be plotted; for @ > 0.5, the a = f(§)

curves are superimposable in an affinity versus
time. They are transformed into straight lines
using 4@ + (1 — a)¥® — 1 = kt obtained in
spherical symmetry by solving the elementary-
step equations in which only the diffusion step
is not in quasi-equilibrium (/2). In addition,
the calculation uses the expansion coefficient 4
as being 1, which may be easily justified, as the
Fe,0, and Fe,0, specific weights are close to
each other. Influence of temperature on
reaction rate results in an apparent activation
energy of 51 + 2 kcal mole™! related to the
diffusion process in a biphase medium (I3).
This value is close to that obtained by
Channing et al. for a-Fe,0, growth from
Fe,P, (14).

2. X-Ray Analysis

Oxidation was jointly followed by X-ray
analysis for various conversion ratios. The
results are listed in Table IL. For Fe,0,(D), a
lacunar spinel phase is first obtained whose
composition lies between Fe,O, and }-Fe,0,
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F1G. 6. Change in the diffusion coefficient D vs a for
various magnetite sizes (a) % of decrease of D, (b)
ecrease of D for a similar temperature of 224°C.
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TABLEII
PHASES OBTAINED BY X-RAY ANALYSIS

Oxidation
Conversion ratio temperature

(a) (°C) Phase obtained

Fe,0,(D)
0.30 300 Lacunar spinel without superstructure rays
0.41 300 Lacunar spinel without superstructure rays
0.71 300 Lacunar spinel with superstructure rays
0.80 300 Lacunar spinel with superstructure rays + aFe,0, (traces)
0.91 300 Lacunar spinel with superstructure rays + @Fe,0,
0.96 300 a-Fe,0, + spinel phase (traces)
0.93 270 a-Fe,0, + spinel phase

Fe,O,(E)
0.40 280 Lacunar spinel with superstructure rays
055 320 Lacunar spinel with superstructure rays + aFe,0, (traces)
0.63 320 Lacunar spinel + a-Fe,0, + spinel phase
0.76 320 a-Fe,0, + spinel phase
0.82 318 a-Fe,0, + spinel phase
0.96 380 a-Fe,0, + spinel phase

Fe,0,(F)
0.24 312 a-Fe,0, + spinel phase
042 448 a-Fe,0, + spinel phase
0.90 519 a-Fe, 0, + spinel phase
0.97 546 a-Fe,0, + spinel phase (traces)

Fe,0,(F) ground

045(1) 312 Lacunar spinel + a-Fe,O, + spinel phase
0.45(2) 312 Lacunar spinel + a-Fe,0,
045(3) 312 Lacunar spinel
0.78 (2) 312 Lacunar spinel + oFe,0, (traces)
097 (3) 318 Lacunar spinel

and which, from a structural standpoint, may
be written as: Fe+[O,Fe?* ,, Felt ,;,]03~ (with
0 = 4 when oxidation is complete).

It is to be noticed that this homogeneous,
mixed phase with lacunar spinel structure
shows superstructure rays from a = 0.50
(Table II), which involves a vacancy-ordering
on octahedral sites occurring well before & =,
corresponding to »-Fe,O;. As advocated by
some authors (15), however, the latter com-
pound only should favor a vacancy ordering
since the ratio of the vacancy number to cation
number in the same type of site is }. As will be
shown later, it is not unlikely that there is a
higher vacancy concentration in a layer close

to the surface, which would make possible a
vacancy ordering on octahedral sites.

For Fe,O (E), the a-Fe,0, phase occurs at
a = 0.50, and for Fe,O,(F) it is obtained from
the beginning of the reaction. In all cases,
traces of the spinel phase along with the
rhombohedral a phase are almost always
obtained at the end of the reaction. The
amount of spinel phase identified as magnetite,
however, depends on oxidation temperature.
Thus, in the case of Fe,0,(D) this phase is
larger when oxidation occurs at 270°C than at
310°C. It has also been noticed that tempera-
ture affects the a phase occurrence during
oxidation. Thus, for Fe,O,(E) it may occur
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for a conversion ration above a = 0.50 if the
temperature is high. This is especially due to
the kinetics of the transformation y = a {I6),
for in the latter case oxidation to the y-phase
occurs within short times, which prevent the a-
phase from forming.

Discussion

As already accounted for (7), the profile of
kinetic curves and their affinity relative to the

T (400) Fey0,
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oxidation of Fe,0,(A), (B), and (C) to the
lacunar p-Fe,O, phase shows that the reaction
is solely ruled by bulk ionic diffusion, which
must be considered under variable working
conditions. In addition, this has resuited in the
assumption that the diffusion coefficient D
used to resolve Fick’s second law in spherical
symmetry was not constant but declined as the
reaction proceeded. This decrease, however,
was crystallite-size dependent (7) and the plot,
the percentage of D decrease versus conver-
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FiG. 7. Nature of the phases obtained by X-ray analysis over oxidation of Fe,0,(E) for various conversion ratios.
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sion ratio, adequately showed this phe-
nomenon (8), which was in agreement with
Feitknecht’s results on the oxidation of sub-
micronic-sized magnetites (3).

In the present paper, a similar situation of
Fe,0,(MP), whatever a; of Fe,0,(D) (a <
0.80); and Fe,OE) (¢ < 0.50) allows a
similar mechanism to be considered as far as
magnetite oxidizes to a homogeneous, mixed
phase. Figure 6a shows the decreasing percen-
tage of D-versus a for the various crystallite
sizes. These curves show that, for grains about
100 A with a somewhat disordered lattice (X-
rays are diffuse), the diffusion coefficient is
practically constant. The structural disorder
may then be assumed as promoting migration.
For sizes between 600 and 900 A, the bigger
the crystallites, the lower the diffusion co-
efficient over the reaction. It is, however, found
that for a similar temperature, ie., 224°C, it
remains constant whatever the size for a layer
of 100 to 200 A, which represents—for grains
about 6000 A—an extent of reaction less than
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a = 0,10 (Fig. 6b). The diffusion coefficient in
this layer, thus, is not affected by annealing.
But above this thickness and for bigger grains,
the crystal stacking is improved, which may
hinder ion diffusion during the reaction. The
substantial concentration change then occurs
in a layer close to the surface, whereas grain-
core concentration remains close to equilib-
rium. For Fe,O,(E) this results, at a conver-
sion extent as low as @ = 0.40, in a layer rich
in vacancies at the surface (almost pure -
Fe,0,) whereas at the grain core the layer is
far less rich in vacancies. Stresses may occur
in the lattice and promote the formation of
nuclei in the fresh a-rhombohedral phase
owing to the difference in the lattice para-
meter between the thin, superficial area and the
grain core. Therefore, a-Fe,O, forms from the
superficial y-Fe,O, and that phase whose
composition nears that of magnetite is directly
converted into the a-phase, which causes the
profile of the kinetic curves to change beyond
a given conversion ratio.
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Fic. 8. Influence of grinding on the oxidation kinetics of Fe,0,(F).
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This assumption has been confirmed by
Feitknecht (1) and the present authors through
X-ray analysis of the (440) and (400) rays of
magnetite(E) during oxidation (Fig. 7). First,
oxidation to a homogeneous, mixed phase was
observed, causing the rays to shift and
broaden as the reaction proceeded (@ = 0.46);
then, from a given conversion ratio (a = 0.60),
further rays occurred due to the a-Fe,O,
phase. For higher conversion ratios (a = 0.72
and a = 0.90), the (440) and (400) rays of
magnetite resumed their initial position while
the a-Fe,O, rays increased considerably.

A similar sample of magnetite (F) was used
to show even better the role played by size in
oxidation to phase y or a; as has been seen,
this magnetite oxidizes only to a-Fe,O,.
Smaller sizes could be obtained (see Table I)
by grinding the magnetite in a mortar for
various lengths of time (10 min, 30 min, and 1
hr). The previous results are confirmed by
oxidation kinetics (Fig. 8) and the phases
obtained for a = 0.45 (Table II). Indeed, it is
observed that, whereas the smaller the crystals
the higher the oxidation rate, the
homogeneous, mixed phase with a spinel
structure occurs first, followed by the a-Fe,0,
phase for the first grinding, and the homo-
geneous, mixed phase alone, whatever the
conversion ratio, occurs for the most finely
ground magnetite (third grinding). In the latter
case, an isotherm set could be plotted over the
temperature range 270 to 350°C and the
reaction activation energy could be calcu-
lated. It is 37.8 kcal mole~?, i.e., very close to
that of Fe,0,(D) of similar size.

Conclusion

The present paper has shown that the size of
Fe,O, crystallites, indeed, is the governing
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factor for obtaining either the » or a-Fe,0,
phase. Temperature of annealing being the sole
factor involved in the preparation of those
magnetites, it should no longer be assumed, as
some authors still do, that stabilizing im-
purities (Na or Al) initially present in Fe,O,,
or even H,O traces, are elements which may
promote the formation of either phase. For-
mation of the nuclei in the fresh a-Fe,0, phase
is rather due to the various stresses occurring
either at preparation temperature or during
grinding, which, as has been pointed out,
change the concentration gradient in the grain
thickness and hence the diffusion coefficient.
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