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Abstract: Phase transitions, morphology changes, and oxidation mechanism of the ilmenite oxidation process were investigated.
FeTiO; transforms to hematite and rutile when oxidation at 700-800 °C, and pseudobrookite is formed when the oxidation
temperature reaches 900 °C. The initial ilmenite powder exhibits paramagnetism; however, after being oxidized at the intermediate
temperature (800—850 °C), the oxidation product exhibits weak ferromagnetism. The oxidation mechanism was discussed. The
microstructure observations show that a lot of micro-pores emerge on the surfaces of ilmenite particles at the intermediate
temperature, which is deemed to be capable of enhancing the mass transfer of oxygen during oxidation.
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1 Introduction

Ilmenite (FeTiO;) is the most abundant mineral
which is the raw material for producing TiO, and Ti. And
it is one of the candidates for interesting electronics and
spintronics ~ materials [1,2]. Recent theoretical
calculations predicted that the a-Fe,O;—FeTiO; system
had possibility to lead a magnetic semiconductor with
strong  spin-dependent transport properties and
high Curie temperature of approximately 727 °C [3—6].
Moreover, FeTiO; is a low-cost and promising oxygen
carrier for solid fuels combustion in a chemical-looping
combustion (CLC) system [7,8]. On the other hand,
preoxidation is also a common pretreatment before
subsequent reduction to separate Fe from the titanium
oxides in many processes such as the industrial processes
for producing synthetic rutile from FeTiO; and some
novel gaseous reduction processes [9—14].

Phase transition behaviors of FeTiO; oxidation have
been investigated by many researchers [15,16]. One of
the main oxidation products is usually pseudobrookite
when oxidation temperature is above 900 °C, which is
stable phase at the high temperatures. Due to the
different valence states of Fe, phase transitions occur
during oxidation process. It is important to understand

the phase transition process during oxidation and the
phase composition in the oxidized products. At a lower
temperature in the range of 500—800 °C, both rutile,
hematite, and crystallographic shear (CS) structure
phases are formed simultaneously during the oxidation of
natural and synthetic FeTiO; [17-19]. The CS phases
were first discovered by KARKHANAVALA and
MOMIN in an FeTiO; sample heated at 650 °C in air
[17]. GUPTA et al [20] reported that TiO,, hematite, and
CS phase series were the stable products when the
ilmenite sample was heated at the temperature lower than
850 °C.

In order to achieve a comprehensive understand
about the oxidation behavior of FeTiO;, isothermal
thermogravimetric (TG) experiments were carried out by
a TG analyzer, and the phase compositions of products
were determined by X-ray diffraction (XRD). The
mechanism involved the oxidation pathway of the
FeTiO; was also discussed in this work.

2 Experimental

2.1 Preparation and characterization of synthetic
FeTiO;
In this work, FeTiO; was synthesized by a solid
state reaction process. Fe;O; and TiO, powders were
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firstly mixed at a appropriate stoichiometric ratio
corresponding to FeTiO;, and then the mixture was
reacted at 1200 °C for 10 h, afterwards, the intermediate
product was partially reduced by CO/CO, (the volume
ratio is 3:2) gaseous mixture in a static bed reactor. The
sintered FeTiO; was milled by a planet-type grinding
mill. The crystal structure of the product (FeTiO3) was
characterized by XRD. And the particle size distribution
was measured by a laser particle analyzer. The
morphology of the FeTiO; was observed by a scanning
electron microscopy (SEM).

2.2 Oxidation experiments

A horizontal furnace was used as a static bed reactor,
and the synthetic FeTiO; powder was spread in the
bottom of a porcelain combustion boat. The gaseous
mixture flowed through high-accuracy mass flowmeters,
and then entered into the furnace chamber. The gaseous
mixture was composed of pure O, and high-purity Ar.
When the temperature of the furnace reached the
required temperature, ilmenite sample loaded in
combustion boat was put into the furnace and oxidized
for a prestted time.

2.3 TG—DSC thermal analysis

TG and DSC experiments were carried out by a
simultaneous TG—DTA/DSC apparatus (STA 449 F3
Jupiter, Netzsch Ins.). The balance protective gas was
high purity N,, and the purge gas was pure air. The
exothermic and endothermic signals were measured by a
platinum thermoprobe, and the gravimetric changing was
detected by a high accuracy balance.

3 Results and discussion

3.1 Oxidation of ilmenite

Phase compositions of the initial material and the
partial reduced products determined by XRD are shown
in Fig. 1. As evidenced from Fig. 1 for synthetic ilmenite,
the peak positions corresponding to (211), (110), (220)
plane are 26=32.525, 35.258, and 48.722, respectively,
therefore it is obvious that the FeTiOs is formed.

TG—DSC plots of FeTiO, oxidation are shown in
Fig. 2. TG plot shows a slow increase in mass at 300—
800 °C, which is coincident with the main reaction
temperature zone. A wide exothermic peak is found at a
relatively low temperature range, and there is another
exothermic peak at the temperature range of 600—900 °C.
The initial FeTiO; powder can be oxidized slowly below
600 °C, and the peak at 724.4 °C is corresponding to the
formation of new phases. As shown in Fig. 3, no
significant change is observed from room temperature to
500 °C, and the main phase is the initial FeTiOs.

Isothermal oxidation experiments of the synthetic
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Fig. 1 XRD patterns of samples: (a) Mixture of rutile and
hematite; (b) Sintering product; (c) Synthetic FeTiOs
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Fig. 2 TG—DSC plots of oxidation process of FeTiO; powder

FeTiO; sample were carried out at temperature range of
500—-1000 °C. The phase transitions of FeTiO; at
different temperatures were analyzed by XRD. Figure 3
shows XRD patterns of the synthetic FeTiO; oxidized at
different temperatures in air for 2 h. At the temperatures
of 500 and 600 °C, the diffraction peaks of initial
synthetic ilmenite are strong, this may attribute to the
slow reaction rate. The main phases of the oxidized
product obtained from oxidation at 500 and 600 °C are
FeTiO; with a small amount of hematite and Fe,Ti;O,. At
700—800 °C, the main oxidized products are rutile
(TiO,) and hematite (Fe,O3;) with a small amount of
Fe,Ti;O9. Above 900 °C, the main product is
pseudobrookite, but coexists with a small amount of
hematite and rutile.

Isothermal TG plots of oxidation obtained from
different temperatures are shown in Fig. 4, from which
the oxidation conversion rate can be determined. There is
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no detectable oxidation of large particle size FeTiO;
below 500 °C. The reaction rate is slow at lower
temperatures and increases rapidly with rising
temperature, especially above 800 °C. At 900 °C, the
FeTiO; samples can be completely oxidized within 30
min.
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Fig. 3 XRD patterns of synthetic FeTiO; oxidized at different
temperatures in air for 2 h

104
103f
©
2
o
S 102}
= —500°C
101 o — 600°C
A —700°C
v — 800°C
+—900°C
100 . - - : - :
) 20 40 60 80 100 120

Time/min

Fig. 4 Isothermal oxidation TG plots of FeTiO; at different
temperatures

3.2 Factors determining phase transitions at specific
temperatures

3.2.1 Oxygen partial pressure
The oxygen partial pressure for the oxidation
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reaction was varied from 0.01 MPa to 0.1 MPa. The
samples were oxidized at 600 °C for 30 min. The
changes of the oxygen partial pressure did not affect the
phase composition obviously. After 30 min oxidation, the
main phases are also FeTiO; and a small amount of
rutile, but the diffraction peaks of Fe,Ti;Oy become
stronger with the increase of oxygen partial pressure (see
Fig. 5). The results indicate that the stability of Fe,Ti;Oq
is enhanced with increasing O, partial pressure.
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Fig. 5 XRD patterns of products obtained from oxidation under
different oxygen partial pressures at 600 °C: (a) p(0,)=0.1 MPa;
(b) p(0,)=0.05 MPa; (c) p(0,)=0.01 MPa

3.2.2 Particle size of initial ilmenite

The oxidation rate of FeTiO; with different particle
sizes at 700 °C is shown in Fig. 6. Since the specific
surface area increases with decreasing particle size, the
oxidation rate increases in the row from samples (a) to
sample (d), and the medium diameters (D50) of different
samples are 21, 11, 5.6, and 0.76 pm, respectively.

104
(d)
103f
X
£ 102}
=11}
101f
o—2] um
v— 1] pm
o— 356 um
100 4 —0.76 ym
0 20 40 60 80 100 120

Time/min

Fig. 6 Isothermal oxidation TG plots of ilmenite powders with
different particle sizes
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3.3 Effect of oxidation on magnetic property

Figure 7 shows the plots of magnetization (M)
versus magnetic field (H) for the synthetic ilmenite and
oxidation products measured at room temperature. The
coercive field and magnetization of the initial FeTiO;
powder are around 0.01254 T and 0.00725 A/m (see
Fig. 7(a)). It exhibits a paramagnetism, which reveals
that the magnetic behavior of synthetic FeTiO; powder is
different from the bulk FeTiO; (antiferromagnetism)
[1,2,21]. The paramagnetic component could originate
from the cation-disordered antiphase domain boundaries.
The larger coercivity might result from the increase of
the grain boundaries in the powder samples [22]. After
being oxidized in air for 15 min, the sample exhibits a
weak ferromagnetism, and its coercive field is 0.082199
T (see Fig. 7(b)). The main reason for transition of
magnetism is the formation of hematite. And the
magnetization is still not saturated at a high magnetic
field (1.8 T), indicating a few of paramagnetic
component is presented in the oxidized product. The
sample changes into paramagnetism again after 2 h
oxidation at 700 °C, although a very weak
ferromagnetism is observed in the low magnetic field.
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Fig. 7 Magnetization with magnetic field of different samples
at room temperature: (a) Synthetic ilmenite; (b) Oxidized at
700 °C for 2 h; (c¢) Oxidized at 900 °C for 2 h

3.4 Oxidation mechanism of FeTiO;
The pathway of the phase transition during the
oxidation of FeTiOs is as follows:

4FeTiOs(s)+05(g) —= 4TiOs(s)+2Fe,05(s) (1)

A small amount of Fe,Ti;0y is formed as the
product of the parallel reaction:

12FeTiOs(s)+30,(s) —4Fe,Ti304(s)+2Fe,0; 2)

The rate of Eq. (1) is faster, and rutile and hematite
are the main products in the relatively low temperature
oxidation. On the other hand, the formation rate of

Fe,Ti30y increases slightly with the increase of the
oxygen partial pressure. The experiments are carried out
in which rutile reacts with hematite in the temperature
range of 600—700 °C, but Fe,Ti;Oy is not observed. By
calculations of thermodynamics data which have been
reported [24], Fe,Ti;0y cannot be produced by the
pathway described in Eq. (3). And its reverse reaction
can occur, in other words, Fe,Ti;Oy may be an
intermediate product which only exists in the relatively
low temperature oxidation process.

3Ti02(S)+F6203(S)_’FezTig}Og(S) (3)

When oxidation temperature reaches up to 900 °C,
the crystal lattices of rutile, hematite and Fe,Ti;Oq
disintegrate, in contrast, a new pseudobrookite crystal
phase is formed. The pseudobrookite is the main stable
phase at high temperatures (above 900 °C). Equations
(4)—(6) may be responsible for the formation of
pseudobrookite.

TiO(s)+Fe,05(s) — Fe,TiOs(s) )
FezTi309(s)+2Fe203(S) - 3F62Ti05(S) (5)
4FeTiO3(S)+2F€203(S)+02(g) _’4F62Ti05 (6)

Fe,Ti30y is found to be stable below 900 °C in the
experimental conditions, and it may play an important
role in the transmission of O . It is suggested that iron is
mobile toward the interface layer where it is oxidized
[23]. The tentative mechanisms are shown schematically
in Fig. 8. Hematite and rutile are formed during the
oxidation of FeTiO; below the temperature of 900 °C. O,
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Fe 1‘02—
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Fig. 8 Schematic representation of proposed mechanism for
oxidation of FeTiO;: (a), (b) Oxidation pathway at low
temperature (<900 °C); (c) Pathway at high temperature (=900
oC)
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must approach the vicinity of the reaction layer and
penetrate it, then, further reaction can take place at the
interface of FeTiOs;—Fe,0s.

The diffusion rate of O, is assumed to be low, and
the solid-phase diffusion mechanism has been proposed
by RAO and RIGAUD [15,24] to explain how ilmenite
can be oxidized in the absence of pores for the mass
transfer of the oxygen reactant. However, the oxidation
rate at the intermediate temperatures becomes too rapidly
to be explained by the solid-phase diffusion mechanism
(Fig. 4).

SEM characterization was used to study the detailed
morphology of the oxidation products. An interesting
observation is that many micro-pores emerge on the
surface of the FeTiO; particles at moderate and high
temperatures.

After being oxidized at 650 °C for 30 min, the
surface of the sample changes greatly (Fig. 9(a)). A lot of

clusters generate on the sample surface which has been
reported as the formation of the ferric oxide layer
[25—32]. The enrichment behavior of the ferric oxide on
the particle surface and the morphology of this layer is
similar to that occurring during the oxidation of Fe
[25-30] and the cationic-selective oxidation of alloys
[31,32]. If the temperature increases continuously, the
irregular clustered morphology will disappear and the
particle surface becomes rough (Fig. 9(b)). In the
detailed observation, shown in Fig. 9(d), a large number
of micro-pores which are deemed to be capable of
enhancing the mass transfer rate of O, in the oxidized
reaction are created on the particle surface. The
micro-pores less than 100 nm in diameter can be served
as the mass transfer channels of O,. The O, molecule can
reach the vicinity of the reaction layer directly, therefore,
the oxidized reaction can be completed in a short
time. However, the porous structure is presented as an

Micropore

Fig. 9 Typical morphology of sample surface: (a) Oxidized at 650 °C for 30 min; (b) Oxidized at 800 °C for 30 min; (c) Oxidized at

950 °C for 30 min; (d), (e) Partial enlarged view of (b) and (c)
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intermediate form. As the temperature increases, the
micro-pores will be closed and a sintered structure
appears on the surface of the particle (Figs. 9(c) and (¢)).

4 Conclusions

The phase transition of FeTiO; oxidized by O, is
influenced significantly by the oxidation conditions. The
oxidation products obtained in the temperature range
from 500 to 800 °C comprise rutile, hematite, and
Fe,Ti;0o. During the oxidation process at intermediate
temperatures (800—850 °C), rutile and Fe,Ti;Oq are
formed by parallel reactions. When temperature is above
900 °C, pseudobrookite is the only stable phase. With the
phase transition, the magnetism of the oxidized product
changes from paramagnetism to weak ferromagnetism,
and then paramagnetism again. The
micro-morphology of the oxidized products changes
greatly, at the relatively low temperatures (600—650 °C),
cluster structure which is the formation of ferric oxide

becomes

layer generates on the surface of the FeTiO; particles. As
the temperature increases, porous structure is observed,
which may enhance the mass transfer of O, and also is
responsible for the rapid oxidation rate at intermediate
temperatures.
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