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Abstract Thermal oxidation of commercial ilmenite con-
centrate from Kahnouj titanium mines, Iran, at 500–950 "C
was investigated for the first time. Fractional conversion was

calculated from mass change of the samples during oxida-
tion. Maximum FeO to Fe2O3 conversion of 98.63 %

occurred at 900 "C after 120 min. Curve fit trials together

with SEM line scan results indicated constant-size shrinking
core model as the closest kinetic mechanism of the oxidation

process. Below 750 "C, chemical reaction with activation

energy of 80.65 kJ mol-1 and between 775 and 950 "C,
ash diffusion with activation energy of 53.50 kJ mol-1 were

the prevailing mechanisms. X-ray diffraction patterns

approved presence of pseudobrookite, rutile, hematite, and
Fe2O3!2TiO2 phases after oxidation of ilmenite concentrate

at 950 "C.

Keywords Ilmenite ! FeO ! Isothermal oxidation !
Kinetics ! Thermal mass change ! Phase transformation

Introduction

Ilmenite is an important source material of titania. It is
usually extracted from magma rocks. With growth of

titanium industry, gradual depletion of known reserves of

natural rutile is taking place [1]. This has led to extensive
efforts for conversion of still abundant ilmenite to what is

known as synthetic rutile [2]. In recent years, there have

been some efforts for using red mud with about 18 % TiO2

to produce titanium dioxide [3, 4]. The conversion of

ilmenite to synthetic rutile involves removal of iron species

from ilmenite. There are two main processes for achieving
this purpose: (1) production of a titanium-rich slag and

reduction of its iron oxide to metallic iron and (2) removal

of iron oxide by acid leaching [5–8]. These methods give
synthetic rutile usable in TiO2 chloride technology [9].

Different iron oxides of variable amounts are contained

in natural ilmenite. Changeable rates of reduction are thus
obtained. To fix these rates, natural ilmenite may first be

oxidized and then be reduced to form metallic iron [10].

Many researchers have studied the oxidation process. Some
have only looked at oxidation without discussing eventual

reduction or leaching rates [11–14]. Others have discussed

subsequent reduction and/or leaching rates plus morphol-
ogy of the oxidized/reduced products as influenced by pre-

oxidation [15–17]. Contradictions exist, however, between

results of various researchers. Some have observed
increasing maximum attainable reduction [16, 18], others

have seen rate-increase of the iron oxide reduction [5, 19],
a few have reported decreasing of the reduction tempera-

ture [5], and some others have recognized enhancement of

the rate of leaching of the reduced iron [20–22]; all due to
natural ilmenite pre-oxidation. Pistorius and Motlhamme

[23] have observed enhancement of oxidation of ilmenite

due to presence of water vapor during titanium-rich slag
oxidation. Jones [18] and Janssen and Putnis [24] have

concluded, on the other hand, that pre-oxidation has det-

rimental effects on subsequent reduction and leaching
rates. Ogasawara and Veloso de Araujo [25] have reported

that pre-oxidation has no significant effect on the leaching

process.
Oxidation has also been used as a magnetizing roast for

removal of chrome spinels from ilmenite concentrates [26]
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and to extract rutile from natural ilmenite ore [27]. The

oxidation processes in the most of these researches were
done by mechanochemical, fluidized bed, or TG method.

Acid leaching of ilmenites of different origins has also

been studied with both dilute and concentrated HCl
[28, 29]. The affinity of ilmenite towards hydrochloric acid

depends on its mineral nature and whether it has been

altered or not. Altered and unaltered ilmenite mixtures
containing in some cases rutile and leucoxene have been

found in some deposits worldwide [30]. Inconsistencies in
interpretation of physical structure and chemical compo-

sition of the utilized ilmenites, of course, exist among

previous researchers [31].
Kinetics of reduction of ilmenite concentrates have been

studied before [5, 18, 19, 32–34]. Jablonski and Prezepiera

[35, 36] have focused on oxidation kinetics of Norwegian
ilmenite concentrate and Canadian titanium slag using TG.

They have concluded that contracting interfacial surface

with activation energy of 30.88 kJ mol-1 has the main
influence on the oxidation kinetics of theNorwegian ilmenite

concentrate. Sun et al. [37, 38] have studied oxidation

kinetics of pellet-shaped cement-bonded ilmenite in tem-
perature range 800–1,000 "C. Based on un-reacted core

data-analysis, they have found a mixed mechanism consist-

ing of (a) intra-pellet oxygen diffusion, (b) intrinsic chemical
reaction, and (c) heat transfer process. Poor heat conduction

through the product shell had significant effect on the oxi-

dation rate. They calculated rate constant and effective dif-
fusivity in the temperature range 800–1,000 "C. They

studied non-isothermal oxidation and reduction of synthetic

ilmenite pellets in the temperature range 800–900 "C by
dilute oxygen some years later. According to their results,

shrinking core model described oxidation of synthetic

ilmenite by intra-particle diffusion [39].
According to another study [13], oxidation of ilmenite

powder during 10 h milling was describable by Eq. 1:

" d#1" a$
dt

% 2:1& 10"5R2:44a2:616c #1" a$2: #1$

Rao and Rigaud [40] investigated the kinetics of the

isothermal oxidation of both synthetic ilmenite powders and

pellets for 6 h with pure oxygen and air. They found that the
logarithmic ratewas primarily obeyed.Activation energy for

oxidation of ilmenite powder in the range of 507–704 "Cwas

8.5 kcal mol-1 (35.59 kJ mol-1) with oxygen and in the
range of 503–803 "C was 9.5 kcal mol-1 (39.71 kJ mol-1)

with air [40]. These authors have also investigated the

oxidation of pellet-shape pressed ilmenite powder in the
range of 600–970 "C. In this case, the rate of oxidation was

parabolic and the activation energies were 20 kcal mol-1

(83.6 kJ mol-1) in the temperature range of 612–802 "Cand
43 kcal mol-1 (179.74 kJ mol-1) in the temperature range

of 848–970 "C.

In another study, the redox reactions during the oxida-

tion and reduction of ilmenite powder have been investi-
gated for chemical-looping combustion. In this study,

ilmenite samples have been pre-oxidized for 24 h at

1,000 "C and then have several times been activated before
beginning of the study. The oxidation of pre-oxidized

ilmenite has been performed in the range of 800–950 "C
by non-isothermal method. For oxidation reaction, the
changing grain size model (CGSM) with chemical reaction

control in the grains has been used to predict the solid
conversion and to determine the kinetic parameters. The

activation energies have been obtained *11 kJ mol-1 for

pre-oxidized and 25 kJ mol-1 for activated ilmenite [41].
From what mentioned above, it has become obvious that

method of oxidation (continuous, isothermal, or mecha-

nochemical oxidation) as well as the difference in physical
structure (pellet or powder) and chemical composition of

the utilized ilmenite play remarkable role in mechanisms of

oxidation.
Most of these studies have been on compacted ilmenite

pellets by non-isothermal continuous heating method. One

of the two studies performed on pre-oxidized and activated
ilmenite powder has been by non-isothermal heating [41]

and the other on a synthetic ilmenite sample has been by

isothermal method in the range of 503–803 "C [40]. The
lack of published information about kinetics of isothermal

oxidation of natural ilmenite concentrate powders above

803 "C becomes, therefore, obvious.
Information available in the literature on Iranian

ilmenite is, on the other hand, extremely, limited [12, 42].

Importance of the origin of ilmenite on its kinetic behavior
is clear from the above discussion. Since previous infor-

mation is mostly related to the synthetic ilmenite powder

oxidized for 6 h (in comparison with commercial powder
oxidized in this study for 2 h), there exist enough impetus

for our current study. This study was, therefore, focused on

investigation of the oxidation kinetics of Iranian ilmenite
concentrate via isothermal heating.

Experimental procedure

Materials

Commercial Kahnouj ilmenite concentrate produced via

crushing, grinding and concentration processing of hard
rocks were used as the starting raw material in this

research. Chemical composition of the concentrate was as

shown in Table 1. The mass ratio of titanium to iron in
the concentrate was 0.74:1. Elemental compositions

determined by XRF (Bruker S4 Explorer, Bruker AXS

Karlsruhe, Germany) were used to evaluate compounds
percentages. The Fe2?/Fe3? ratio was determined by
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well-known analytical method [43]. As a result, the con-

centrate contained 75.16 % ilmenite and 4.84 % rutile.

Procedure

A sample of ilmenite concentrate was ground and dried

before investigation. Particles of 63–80 lm diameter were

separated by standard DIN sieves (DIN 4188) and dried at
250 "C in order to remove the moisture and volatile com-

pounds to obtain a constant mass. The iron content of the

concentrate had two Fe2? and Fe3? oxidation levels. Oxi-
dation of the sample was investigated by thermal mass

change method. Before measurement, samples of ilmenite

were ground in a rotating disk mill. Investigations were
carried out at temperatures ranging from 500 to 950 "C for

at most 120 min. Mass of the samples was 100 mg. Alu-

mina boats containing the samples were placed inside a
muffle-type electric furnace for oxidation with 1 L min-1

blown air. Mass of the samples, dimension of the boats

(2 cm 9 7 cm), amount of powder (4.7 g cm-3) and
height of the concentrate in the boat (152 lm) resulted in

less than 4 particle layers lying down on each other, taking

the spaces between particles into account, assuring
unlimited oxygen transfer through the concentrate bed. The

air blow was chosen in order to eliminate the influence of

outer diffusion factors on kinetics of process.
Samples of ilmenite concentrate were placed inside the

furnace having a specified temperature for 20, 40, 60, 80,

100, and 120 min. Each sample was then taken out to cool
down under argon atmosphere. It was weighed by Sartorius

AG Gottingen scale (GC 1603 S-OCE, Germany). At each

temperature the sample which was heated for 120 min,
was selected for X-ray diffraction (XRD) to determine the

structural changes. X-ray diffractometer (Bruker D8

Advance X-ray equipped with copper X-ray tube) was used
for this purpose. Automatic divergence slit and 0.1 mm

receiving slit were used for data collection. The X-ray tube

operated at 40 kV and 35 mA. Intensity measurements
were made at 2h intervals of 0.02" in the angular range of

2h = 20"–80". Optical and scanning electron microscopy

were performed to confirm the proposed oxidation mech-
anisms. SEM microscopy and EDS line scan were per-

formed with VELA 3 XMH FIB-SEM (Tescan, USA).

Plotting fractional conversion against time and temperature
helped determining the mechanism of the oxidation reac-

tion. From Arrhenius law, the activation energy of the

reaction was evaluated.

Results and discussion

Phase transformation during oxidation

XRD experiments were performed to determine phase
conversion during the oxidation reaction. XRD patterns of

the raw and oxidized ilmenite (at 500, 700, and 950 "C for

2 h) are shown in Fig. 1. The first curve shows the XRD
pattern of raw ilmenite concentrate at room temperature. It

can be seen that the concentrate consists of ilmenite,

hematite, and rutile. Combining XRF results with the mass
balance data indicated the content of the concentrate to be

75.16 % ilmenite, 4.84 % rutile, and 11.6 % hematite,

at the room temperature. After heating up to 500 "C,
while the main phase was still ilmenite, a new phase had

appeared according to the XRD spectrum. Based on the

standard XRD cards, this was pseudorutile phase. It was,
hence, concluded that at 500 "C, the ilmenite of the con-

centrate oxidizes to pseudorutile phase according to the

following reaction:

3FeO!TiO2 '
3

4
O2 ! Fe2O3!3TiO2 '

1

2
Fe2O3m: #2$

At 700 "C, ilmenite and pseudorutile XRD peaks shrank,

while another new peak appeared. The new peak according
to Gupta et al. [15] belongs to Fe2O3!2TiO2. This is a

metastable intermediate phasewhich forms during heating of

ilmenite and pseudorutile phase under oxygen at 700–
1,000 "C [44]. It was, therefore, concluded that the ilmenite

of the concentrate first converted into pseudorutile (Eq. 2)

and then into Fe2O3!2TiO2 and rutile according to Eq. 3.

Fe2O3!3TiO2 ! Fe2O3!2TiO2 ' TiO2 #3$

Since Eq. 2 was the sole accountable reaction which

caused the mass gain of the concentrate, it was merely
used for fractional conversion calculations and was used

in kinetics mechanism determination. Pseudorutile phase

was not detected by Janssen and Putnis [24] during
heating of the ilmenite sample at 700 "C for 12 h. This

may has been due to his prolonged heating metastable-

phase conversion into hematite and rutile phases. This is
consistent with the decrease in the intensity of the

pseudorutile and ilmenite peaks occurring at longer times

and higher temperatures of this study. At this temperature,
other new peaks of hematite also appeared. This could be

related to the decomposition of Fe2O3!2TiO2 to Fe2O3

and rutile according to Eq. 4 which would occur below
800 "C [15]:

Table 1 Chemical composition of the ilmenite concentrate (mass%)

Composition TiO2 FeO Fe2O3 MgO SiO2 CaO Al2O3 MnO

Wt% 45.2 35.6 12.8 1.2 3.2 0.5 0.7 0.8
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Fe2O3!2TiO2 % Fe2O3 ' 2TiO2: #4$

Increase in peak intensity of TiO2 is also related to this
reaction.

At 950 "C, the XRD pattern represented another new

phase called pseudobrookite (Fe2O3!TiO2). Three possible
reactions could have caused pseudobrookite formation:

a. Heating of Fe2O3–TiO2 mixture in the presence of air
[45, 46].

b. Decomposition of Fe2O3!2TiO2 to rutile and pseudo-

brookite above 800 "C [44].
c. Decomposition of Fe2O3!3TiO2 to rutile and pseudo-

brookite at 950 "C [16].

Navrotsky [45] has reported that temperature of
1,350 "C and duration of 72 h are required for process

(a) to occur. Furthermore, the intensity of TiO2 peak has

not decreased at 950 "C. So TiO2 has not been consumed
by mechanism (a) to form pseudobrookite. Therefore,

mechanism (a) could not be the pseudobrookite generating

source, at 950 "C.
Disappearance of Fe2O3!3TiO2 decreases in intensity of

Fe2O3!2TiO2 peaks and increases the intensity of TiO2

peaks, all together. This indicates that mechanisms (b) and
(c) are responsible for production of the pseudobrookite

phase, at 950 "C.
It is concluded that at 950 "C, the ilmenite of the con-

centrate oxidizes to pseudorutile (Eq. 2) and then pseu-

dorutile decomposes to Fe2O3!2TiO2 and rutile, according
to the reaction 3. After this process, Fe2O3!2TiO2 decom-

poses to Fe2O3!TiO2 and rutile, according to Eq. 5. As it

was specified, Eq. 2 is responsible for the mass gain and
thus is used for kinetic evaluations.

Fe2O3!2TiO2 ! Fe2O3!TiO2 ' TiO2: #5$

In the range 500–950 "C, reaction 2 is, hence, responsible
for all the mass gain. Fe2O3!2TiO2 and Fe2O3!3TiO2 phases

are metastable and their thermodynamic data corresponding

to reactions 2–5 are not available.
At 950 "C, pseudobrookite accompanied with rutile,

hematite, and Fe2O3!2TiO2 were present. These results

were in agreement with Zhang et al. [16]. Gupta et al. [15]
and Vasquez et al. [22] have not detected hematite at

1,000 "C, however. Figure 2 represents FeO–Fe2O3–TiO2

[5] equilibrium diagram with reaction pass of ilmenite part
of concentrate oxidation, schematically shown for 950 "C
on the ternary system.

Effect of temperature on oxidation

As was shown in the previous section, the only reaction
comprising mass gain is Eq. 2. The stoichiometric oxygen

amount absorbed by the system (indicated as maximum

mass gain in this article) is, thus, 3.956 % of initial
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concentrate mass according to Eq. 2. This calculated value

is very close to the value obtained from the thermo-
gravimetric experiment (3.949 % for oxidation of ilmenite

concentrate at 950 "C for 2 h). The main mass gain observed

during oxidation is, therefore, related to Eq. 2 and no other
reaction may have considerable contribution. The mass

increase of the ilmenite concentrate divided by the stoichi-

ometric mass gain gives, hence, the oxidation fraction.
Effect of temperature on oxidation of ilmenite concentrate

was investigated in the range of 500–950 "C.Results shown in
Fig. 3 indicated that the oxidation amount increased with
temperature. This increase was, especially, remarkable when

temperature rise from 700 to 800 "C indicating a possible

change of the rate controlling mechanism within this range.
For this reason, temperature was increased by 25 "C intervals

from 700 to 800 "C to focus on every possible compositional

change within this specific range. The curves for these tem-
peratures were added to Fig. 3.

Effect of temperature on the maximum attainable oxi-
dation percentage is shown in Fig. 4. Maximum fraction

for each temperature was assumed corresponding to

120 min oxidation (Fig. 3). The curve in this figure pre-
sents three distinct regions. From 500 to 600 "C, the oxi-

dation percentage increases very slowly by the increase of

oxidation temperature, but from 600 to 775 "C, the rate of
oxidation percentage increase scales up very rapidly by the

increase of temperature. Finally, after 800 till 950 "C,
oxidation percentage rate slows down again. This trend has
been observed by Vijay et al. [5] for ilmenite hydrogen

reduction in fluidized bed reactor too. Shape of the curve

resembles that given by Jablonski and Prezepiera [35]. The
isothermal nature of this study which has been carried out

at constant temperatures differs from that of the above

researchers (carried out at 10 "C min-1). The oxidation

fractions obtained in this study are a bit less than those
obtained by them, especially below 700 "C. Since the FeO
contents of the concentrates used in both researches have

almost been the same and the residence time for the present
work was longer than that for the dynamic heating (i.e.,

120 min against 95 min for dynamic heating), the only

reason of the larger oxidation percentages of Jablonski and
Prezepiera should be their smaller particle size (less than

40 lm in comparison 63–80 lm for present study). The

smaller particle size has also caused the oxidation to be
completed at 800 "C by their work, but the temperature of

950 "C was needed for the complete oxidation of ilmenite

concentrate by present work. This explanation is in
agreement with the Caplan et al. [47] report about the

initial higher oxidation rate constant and lower activation

energy for fine grained FeO scale which will reach a
constant value as FeO coarsens with time.

When the results of Rao and Riggaud [40] were com-

pared to recent study and the results of Jablonski and
Prezepiera [35], very big differences were observed. As

oxidation percentages data for powders were illustrated

only in 610 "C by Rao and Rigaud, only one dot has been
represented in Fig. 2 for particle sizes almost near to the

particle sizes used by current (63–80 lm) and Jablonski

and Przepiera’s studies (-40 lm). These big differences
are may be due to the synthetic nature of ilmenite samples

used by Rao and Riggaud which were free from impurities
which affected diffusion properties of oxygen into the

ilmenite powder.

As the increase in the oxidation fraction from 900 to
950 "C was only 1.3 %. So 900 "C and 120 min of oxi-

dation (98.63 % oxidation attained) were chosen as the best

oxidation conditions of ilmenite concentrate from the
economical point of view.

100

90

80

70

60

50

40

30

20

10

0
0 20 40 60

t/min.

950 °C

900 °C
800 °C

775 °C

750 °C
725 °C

700 °C

600 °C

500 °C

O
xi

da
tio

n 
pe

rc
en

ta
ge

/%

80 100 120

Fig. 3 Effect of temperature on the oxidation percentage of ilmenite
concentrate

100

90

80

70

60

50

40

30

20

10

0
500 550 600 650 700 750

Temperature/°C

–37 µm
37–44 µm

74–90 µm

800

Current study

Jablonski and Przepiera's
study
Rao and Rigaud

850 900 950

O
xi

da
tio

n 
pe

rc
en

ta
ge

/%

Fig. 4 Maximum oxidation percentage obtained at any studied
temperatures after 120 min compared with Jablonsky and Przepiera
[35] and Rao and Riggaud [40] data

Kinetics and reaction mechanism of isothermal oxidation

123

Author's personal copy



Kinetics and reaction mechanism identification

The results obtained in Fig. 3 were examined by well-

known kinetics models. Since the radius of the particles did

not change during the oxidation process, so the shrinking
core-constant particle size model was used to identify the

reaction mechanism. There are some other articles in the

literature which have selected the shrinking core model as
the best describing model for the oxidation of ilmenite

[38, 39]. According to the solid state kinetics models, if the

reaction at the interface of particle core and newly formed
product layer is the rate controlling step, the kinetics model

would be:

1" #1" x$1=3 % kct: #6$

And if the diffusion process is the rate controlling step, the

kinetics model would be as follows [48]:

1' 2#1" x$ " 3#1" x$2=3 % kdt: #7$

where x is the fraction oxidized at time t (min), kc and kd
are apparent first order rate constants.

But if both chemical reaction and diffusion have a control-

ling influence on the reaction rate, the relation of the kinetics

model would be of the following forms [33, 34, 49, 50]:

3k1 1" #1" x$1=3
h i

' 3=2k2 1" 2=3x" #1" x$2=3
h i

% t

#8$

1" #1" x$1=3
h i

' y=6 #1" x$1=3 ' 1" 2#1" x$2=3
h i

% kMt #9$

1" #1" x$1=3 ' B 1" 2=3x" #1" x$2=3
h i

% kMt #10$

where B = kc/kd, kM = 2bMkC/qr2, y = kd0/2De, De is the

effective diffusivity, d0 is the initial particle diameter, r is
the radius of particles, b is the stochiometric coefficient,

and k is the true rate constant.

Figures 5 and 6 show the mathematical fitting of the

experimental data obtained during oxidation of ilmenite to
the solid state kinetics equations in the range of 500–700

and 800–950 "C, respectively. Based on these results, it

was found that below 700 "C chemical reaction was rate
controlling step and above 800 "C diffusion through the

product layer controlled the oxidation reaction. Mixed

control mechanism was checked by relations 8–10, but
a good fitting of the experimental data to these relations

in the range of 500–950 "C (specially in the range of
700–800 "C) was not observed.

As was stated in the temperature effect section (‘‘Phase

transformation during oxidation’’ section), there was a
remarkable increase in the oxidation amount, when the

temperature increased from 600 to 700 "C. This could be

related to the activation energy barrier which was over-
come by the increase of temperature. Since the activation

energy barrier has been overcome, the extent and the rate

of ilmenite oxidation increased.
The other great increase in the oxidation amount which

was observed as the temperature increased from 700 to

800 "C (Fig. 3), could be attributed to the change in the
reaction rate controlling step from chemical reaction to

diffusion through the product layer.

To investigate the rate controlling mechanism in the
range of 700–800 "C, Eqs. 6 and 7 were applied to the

related data in Fig. 3 to find the more accurate temperature

range of mechanism change from chemical reaction to
diffusion control. Figures 7 and 8 show mathematical

fitting of oxidation data in the range of 700–800 "C to

the chemical reaction and diffusion control models,
respectively.

By studying the correlation coefficients of the lineari-

zation (Figs. 7, 8), it can be concluded that at 725 and
750 "C the chemical reaction control mechanism was

dominated. But by increasing the temperature to 775 "C,
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the dominated mechanism shifted to diffusion through the
product layer.

The rate controlling mechanism is still unidentified at

the temperature range of 750–775 "C.

Evaluation of activation energies

The relation between the overall rate constant and tem-

perature may be expressed by the Arrhenius equation [48]:

k % A exp#"Ea=RT$ #11$

where k is the overall rate constant (m2 min-1), A is the fre-
quency factor (min-1), Ea is the activation energy (J mol-1),

R is the universal gas constant (8.314 J K-1 mol-1), and

T is the reaction temperature (K).
In order to find the activation energy, the Arrhenius plot

of -ln k as the function of T-1 was established at Fig. 9.

The k values for different temperatures were extracted from
slopes of lines in Figs. 5, 6, 7, and 8. From Arrhenius plots

of Fig. 9, activation energies of 80.65 and 53.50 kJ mol-1,

were calculated for the temperature ranges of 500–750 and

775–950 "C. The activation energy for both temperature
ranges differs from the values reported in the literature by

Jablonski and Przepiera [35] and Rao and Riggaud [40]

which were 30.88 and 39.71 kJ mol-1, respectively. It is
for the first time that activation energy for the isothermal

oxidation of ilmenite powders is published in the literature

(specially for the range above 803 "C) as the value reported
by Jablonski and Przepiera was obtained by continuous

heating of ilmenite and that by Rao and Riggaud was
obtained from a synthetic ilmenite in the range of

503–803 "C. These contradictions in the oxidation activa-

tion values confirmed the role of method of heating and
concentrate nature, in the mechanism of reaction. This

difference is even more remarkable when the evaluated

activation energy is compared to what Abad et al. [41]
reported (11 kJ mol-1). This confirms that the pretreatment

history (pre-oxidation and activation) of ilmenite powder

before starting the tests has a very great influence on the
activation energy and the kinetics of the ilmenite powder.

Both activation energies obtained by current study

confirmed the rate controlling step declared for two dif-
ferent temperature ranges at previous section. Although it

was stated somewhere else that the rate controlling mech-

anism of heterogeneous reactions is sometimes better pre-
dicted from kinetic models rather than activation energy

values themselves [2].

Optical and scanning electron microscopy

As proposed kinetics mechanisms by both Rao–Riggaud
and Jablonski and Przepiera differed from the mechanism

declared by this study, scanning electron microscopy

accompanied by optical microscopy was done to prove the
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proposed kinetics mechanism of ilmenite concentrate oxi-

dation. Figure 10a shows a not oxidized particle of ilmenite
concentrate. Figure 10b shows another particle which was

oxidized at 800 "C for 2 h. It is evident that oxidation

started from the outer surface of the particle and extended
to its core. Therefore, the particle core remained not oxi-

dized. To prove this fact a line scan was performed along

the line as shown in Fig. 10b. It should be stated that due to
the same atomic number of Fe and O for both FeO and

Fe2O3 phases, the rim which was appeared in the optical

microscopy image could not be detected by SEM.

Accordingly, two images of optical and scanning electron

microscopy were super imposed. This led to the possibility
of illustrating the rim of oxidation reaction interface and

the performed line scan simultaneously. The line scan

result is shown in Fig. 10c. This figure shows that as the
line enters to the not oxidized area, the oxygen percentage

drops remarkably and by going out of it, increases again.

This can be another reason which protects the proposed
kinetics theory of shrinking core model to be the dominant

mechanism during oxidation of ilmenite concentrate.

Conclusions

1. Oxidation at 900 "C for 120 min caused maximum

mass gain with 98.63 % of FeO converting to Fe2O3.
2. Up to 750 "C, chemical reaction with activation

energy of 80.65 kJ mol-1 and between 775 and

950 "C diffusion through the product layer with
activation energy of 53.50 kJ mol-1 were rate con-

trolling mechanism for ilmenite oxidation.

3. SEM–EDS line scan confirmed that the shrinking core
model with constant particle size was the dominant

mechanism for oxidation of ilmenite concentrate.

4. Raw material consisted of 75.16 % ilmenite, 4.84 %
rutile, and 11.6 % hematite at room temperature. By

increasing the oxidation temperature up to 500 "C,
peaks pseudorutile compound appeared, although the
main constituent phase still was ilmenite. At 700 "C, the
intensity of ilmenite and pseudorutile peaks decreased

while the new phase of Fe2O3!2TiO2 was appeared. At
950 "C, pseudobrookite accompanied by rutile, hema-

tite, and Fe2O3!2TiO2 were the phases present.
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