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The effects of thermal pretreatment on the leaching of Yunnan ilmenite ores were investigated
from two aspects: the dissolution of iron and titanium, and the proportion of fine precipitations.
The results indicate that high-temperature reduction or oxidization produces phase and
structure transformations on ilmenite that facilitate the dissolution of iron, reduce the
dissolution of titanium, and facilitate the hydrolysis of dissolved titanium. The results further
indicate that oxidation at temperatures ranging from 1023 K (750 �C) to 1273 K (1000 �C) can
significantly decrease the proportion of fine products. It is believed that the structure of oxidized
ilmenite played an important role in minimizing the proportion of fine materials.
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I. INTRODUCTION

ILMENITE accounts for 90 pct of the world demand
for titanium minerals, mainly for the production of
titanium dioxide pigment. Titanium dioxide pigment is
produced industrially by the sulfate and chloride pro-
cesses. The chloride process generally enjoys more
favorable economics and generates less waste. However,
the chloride process needs natural rutile, synthetic rutile,
or high-grade titanium slag as raw materials. The
shortage of natural rutile has encouraged research
efforts to convert ilmenite into synthetic rutile to meet
the raw material requirements of the chloride pigment
manufactures.[1–3]

Hydrochloric acid leaching of ilmenite is used in the
so-called Benilite process to manufacture synthetic
rutile. It is also used in the Austpac process, which is
still at the pilot stage.[4] Many leaching studies of
ilmenite by hydrochloric acid were performed in order
to obtain optimum conditions for upgrading the
ilmenite into synthetic rutile. The leaching rate of iron
and the recovery of titanium are affected by the acid
concentration, temperature, acid to ilmenite mole ratio,
particle size, and additives.[2,5–7] Furthermore, the reac-
tivity toward hydrochloric acid also depends on the
nature of the mineral, whether it has been altered or
not.[2]

In order to enhance the leaching rate of iron, a
reduction is necessary to convert the ferric into ferrous
which is more soluble in hydrochloric acid.[8] It has also
been found that oxidation prior to reduction of ilmenite

can enhance the rate of reduction and leaching.[9] The
high-temperature oxidation process can remove the
organic components, which limit the leaching rate.
Furthermore, the heating process can produce cracks
permitting faster penetration of acid solution into the
ore grain. The oxidation treatment also converts the
titanium in ilmenite to rutile, which is less soluble in
hydrochloric acid, and a high recovery of titanium is
obtained.[10,11] However, some investigators observed
that oxidation before leaching has no advantages in the
manufacture of synthetic rutile.[12] It is possible that the
nature of the mineral was different in that study.
The quality of synthetic rutile is mainly influenced by

two factors. Namely, the percentage of titanium content
and the particle size of the material. Generally speaking,
the higher content of titanium and the less impurities,
the better synthetic rutile is as raw material for the
chloride process. In order to meet the chlorination fluid
bed requirements, the particle size of synthetic rutile
must be in the range of �10 and +200 US mesh (i.e.,
between 74 and 2000 lm).[7]

One of the most important factors in the production
of synthetic rutile is the control of its fines content.
Several studies have been performed in order to reduce
the percentage of the TiO2 hydrate fines and the
dissolution of titanium in the mother liquor. In one
process with two-step leaching of ilmenite with
hydrochloric acid, the percentage of fines can be
minimized when using a mixed acid solution for the
first leaching step.[13] The fines or slime formation in the
mother liquor also can be minimized when a small
amount of sulfate ions is added to the hydrochloric
acid.[7] Heating the ilmenite ores and hydrochloric acid
reactants to an elevated temperature prior to admixing
in the leaching operation, and heating to a leaching
temperature from about 383 K (110 �C) to about 423 K
(150 �C) at a faster rate can reduce fines or slimes
formation.[14] Agitation has also an obvious impact on
the formation of fines. Fluidization leaching has advan-
tages to rotary and agitated leaching in minimizing the
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formation of TiO2 fines. Large particles are broken into
smaller ones by the stirring paddles or by friction
against each other.

In this study, the structure of untreated, reduced, and
oxidized Yunnan ilmenite concentration was investi-
gated. Furthermore, the leaching behavior of iron and
titanium in hydrochloric acid solution (8 mol/L) at
381 K (108 �C) was studied. It was expected that this
investigation would help establish the best possible route
for the production of synthetic rutile from Yunnan
ilmenite.

II. EXPERIMENTAL

A. Materials

The ilmenite concentrate utilized in this investigation
was acquired from Yunnan Xinli Nonferrous Metals
Co., Ltd. in China. The X-ray pattern (Figure 1a)
showed that the major crystalline phase in the ilmenite
concentrate is FeTiO3. It can be seen from Figures 2(a)
and (b) that the untreated ilmenite ore has a dense
texture and is smooth in appearance. The materials were
analyzed by the same methods used by other research-
ers.[15] Results of chemical analysis are shown in Table I
(untreated ilmenite). The particle size distribution of the
samples was measured with sieve analysis. As shown in
Table II, all particles were finer than 425 lm (20 US
mesh).

B. Thermal Pretreatment

Reduction tests were performed in a horizontal
tubular furnace. CO and N2 were used as reduction
and protection gas, respectively. Samples were placed in
an alumina crucible and introduced inside the furnace
once the temperature had reached 1173 K (900 �C). The
reduction lasted for 60 minutes. The X-ray pattern
(Figure 1b) showed that the major crystalline phase in
reduced ilmenite is FeTiO3, with a low amount of rutile

(TiO2). The chemical analysis presented in Table I
(reduced ilmenite), shows an 8 pct drop in Fe2O3 after
reduction. The surface of the reduced ilmenite is badly
shattered, and with a large amount of cracks and
crevasses, as shown in Figures 2(c) and (d). Further-
more, the surface of the reduced ilmenite is covered with
numerous small needle crystals with an average length
of about 1 lm. These crystals could be identified as
rutile by EDX and XRD measurements.
Oxidation experiments were performed in a labora-

tory open muffle furnace. The oxidation was conducted
at temperatures of 923 K (650 �C), 1023 K (750 �C),
1073 K (800 �C), 1173 K (900 �C), and 1273 K
(1000 �C) for 60 minutes.

C. Leaching

Leaching experiments were performed at 381 K
(108 �C) for periods of up to 7 hours in HCl solution.
A four-necked round-bottomed flask equipped with a
water condenser, a mechanical stirrer, a thermocouple,
and a thermometer was used. The HCl gas that escaped
from water condenser, would be absorbed by water,
then neutralized by a solution of sodium hydroxide.
During leaching, 50 g ilmenite sample was mixed with
500 mL of acid solution. In all cases, 400 rpm rotating
speed was necessary for good mixing. During leaching,
5 mL of solution was siphoned from the flask at regular
time intervals and analyzed to determine the amount of
iron and titanium dissolved. The fraction of iron and
titanium dioxide dissolved was calculated based on the
amount of iron and titanium dioxide contained in the
raw materials.

III. RESULTS AND DISCUSSION

A. Leaching Behavior of Different Treated Ilmenite Ores

In this part, a series of comparisons among untreated
ilmenite, reduced ilmenite, and oxidized ilmenite (oxi-
dized at 1073 K (800 �C) for 60 minutes) were observed.
Figure 3 shows the fraction of iron and titanium

dissolved after 7 hours of leaching at three different acid
concentrations of HCl. From the results shown in
Figure 3, it can be observed that the fraction of iron
dissolved dramatically increased by increasing the
hydrochloric acid concentration. When utilizing 18 pct
HCl solution, the fraction of iron dissolved only 40, 67,
and 72 pct for untreated ilmenite, oxidized ilmenite, and
reduced ilmenite, respectively. When the concentration
of HCl solution was raised to 26 pct, the fraction of iron
dissolved reached about 71.8 pct for untreated ilmenite,
93.4 pct for oxidized ilmenite, and 94 pct for reduced
ilmenite. The fraction of titanium dissolved in solution
for untreated ilmenite is much higher than reduced
ilmenite and oxidized ilmenite. This may be caused by
the low dissolution rate of ilmenite and delay the
hydrolyzation of dissolved titanium. The fraction of
titanium dissolved in solution for reduced ilmenite is
very similar with oxidized ilmenite, only about 4 pct
under 26 pct HCl solution.

Fig. 1—XRD pattern of raw materials (a) untreated ilmenite, (b) re-
duced ilmenite.
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Figure 4 shows the leaching behaviors of iron
and titanium when utilizing 26 pct HCl solution. As
Figure 4 illustrates, the dissolution rate of iron is very
fast at the initial stages of leaching and decreases with
time. From the results obtained, it is clear that the
fraction of iron dissolved increased slowly with the time
for untreated ilmenite. The fraction of iron dissolved

increased dramatically when utilizing reduced or oxi-
dized ilmenite. The extraction behavior of iron in
oxidized ilmenite is very similar with reduced ilmenite.
Compared with reduced ilmenite, the extent of iron
dissolved is a little lower in oxidized ilmenite. After
7 hours of leaching, the fraction of iron dissolved in
solution reached about 80 pct for untreated ilmenite,

Fig. 2—SEM images of ilmenite ore (a, b) untreated, (c, d) reduced at 1173 K (900 �C), (e, f) oxidized at 1073 K (800 �C).

Table I. Chemical Composition in Weight Percent of Raw Materials and Leaching Products

Chemical Composition

Raw Materials Leaching Products

Untreated Reduced Oxidized Untreated Reduced Oxidized

TiO2 45.92 46.27 45.55 83.98 92.76 92.36
Fe2O3 17.15 9.36 41.44 — — —
FeO 31.67 39.15 7.83 5.93 0.52 0.5
CaO 0.15 — — 0.13 0.13 0.11
MgO 1.21 — — 0.59 0.12 0.11
Al2O3 1.01 — — 0.45 0.2 0.19
SiO2 2.84 — — — — —
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nearly 93 pct for reduced, and about 92.5 pct for
oxidized. The fraction of TiO2 dissolved was also
significantly influenced by the thermal pretreatment. In
all cases, the fraction of TiO2 dissolved reached to a
maximum value (about 38 pct for untreated ilmenite,
22 pct for reduced, and about 18 pct for oxidized) and
then decreased with time. The downward trend can be
explained by the hydrolysis of the dissolved titanium
dioxide, which has been reported by other investiga-
tors.[15,16] The inflection point for untreated ilmenite did
not appear until 4 hours of leaching. Then the fraction

of TiO2 dissolved dropped down slowly, there was still
about 18 pct TiO2 dissolved in solution after 7 hours
leaching. Compared with untreated ilmenite, the frac-
tion of TiO2 dissolved reached a high value in 1 hour,
then dropped down dramatically, finally reached a
relatively low value after 3 hours (about 5 pct).
The particle size distribution of the leaching residue

which acquired at 381 K (108 �C) after 7 hours reaction
time is presented in Table II. The leaching residue from
untreated or reduced ilmenite presented a large percent-
age of fines (�74 lm), about 21 pct for untreated and
37 pct for reduced. Almost 75 pct of the residue is finer
than 150 lm for untreated ilmenite and 70 pct for
reduced ilmenite. On the other hand, the leaching
residue produced from oxidized ilmenite [1073 K
(800 �C)] had a better (more coarse) particle size, as
shown in Table II. Only 48.8 pct is smaller than 150 lm.

Table II. The Particle Size Distribution of Materials

Cumulative
Passed (pct) Raw Material

Leaching Products

Untreated Reduced

Oxidized

923 K (650 �C) 1023 K (750 �C) 1073 K (800 �C) 1173 K (900 �C)

425 lm 100 100 100 100 100 100 100
150 lm 32 75 69.86 65.1 51.6 48.8 52.6
74 lm 3.3 20.9 37.46 19.3 3.3 3.92 4.6
47 lm 0.3 5.1 4.98 4.4 0.4 0.31 0.2

Fig. 3—Effect of acid concentration on leaching efficiency of ilme-
nite.

Fig. 4—Effect of time on leaching efficiency of ilmenite.

Fig. 5—XRD pattern of ilmenite oxidation at different temperatures.
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The amount of fines (�74 lm) in the residue did not
exceed 4 pct.

In short, untreated ilmenite exhibits low reactivity
with hydrochloric acid, while reduced or oxidized
ilmenite are more reactive. Utilizing thermal oxidation,
by contrast, has obvious advantages for Yunnan
ilmenite, with high leaching efficiency of iron and
relatively low production of fines.

B. Effects of Preoxidation Temperature

In order to explore the influence of different
oxidization temperatures on the leaching residues, a

series of oxidization experiments was conducted. As
listed in Table II, when roasting at 923 K (650 �C),
the amount of fines was the highest after leach-
ing, with about 65 pct—150 lm and 19 pct—74 lm.
There is no significant influence on the amount of
fines when the roasting temperature is increased
from 1023 K (750 �C) to 1273 K (1000 �C), with
52 pct smaller than 150 lm, and 4 pct smaller than
74 lm.
As shown in Figure 5, when oxidized at 923 K

(650 �C), the main phase in the ilmenite is still
FeTiO3. When the oxidation temperature is raised to
1023 K (750 �C), the intensity of ilmenite (FeTiO3)
peaks is significantly reduced, and peaks of hematite
(Fe2O3) and rutile (TiO2) appear as a result of the
reaction:

4FeTiO3 þO2 ! 2Fe2O3 þ 4TiO2: ½1�

The ilmenite phase (FeTiO3) no longer exists after oxi-
dation at 1073 K (800 �C). A small amount of pseudo-
brookite (Fe2TiO5) occurred as a new phase. Hematite
(Fe2O3) and rutile (TiO2) are the dominant phase. The
formation of pseudobrookite (Fe2TiO5) could be repre-
sented by the reaction

4FeTiO3 þO2 ! 2Fe2TiO5 þ 2TiO2: ½2�

When the oxidation temperature is raised to 1173 K
(900 �C), the hematite (Fe2O3) and rutile (TiO2) peaks
are significantly reduced or disappear, and the

Fig. 6—XRD pattern of leaching product (produced from oxidized
ilmenite).

Fig. 7—SEM images of leaching residual (a, b) reduced at 1173 K (900 �C), (c, d): oxidized at 1073 K (800 �C).
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pseudobrookite (Fe2TiO5) diffraction peaks increased.
This can be explained by the reaction

Fe2O3 þ TiO2 ! Fe2TiO5: ½3�

When the temperature is further increased to 1273 K
(1000 �C), there is no remarkable difference in diffrac-
tion peaks obtained by oxidation at 1173 K (900 �C).

When roasting at 1073 K (800 �C) for 60 minutes, the
major crystalline phase in the ore is hematite (Fe2O3)
and rutile (TiO2). As observed in Figures 2(e) and (f),
the morphology of oxidized ilmenite is rough and
multilayered. Unlike reduced ilmenite, the surface of
oxidized ilmenite is covered with an interlaced crystal
structure. That interlaced crystal structure was defined
as hematite (Fe2O3) by other investigators.[11]

C. Characteristics of the Leaching Residues

The produced residue at the optimum conditions was
washed, dried at 383 K (110 �C), and calcined at 1173 K
(900 �C) for 1 hour. X-ray powder diffraction spectra of
the leaching product produced by oxidized ilmenite
(1073 K (800 �C)) are shown in Figure 6. The main
phase is rutile. The chemical composition is shown in
Table I. The leaching residue produced from untreated
ilmenite contained about 84 wt. pct TiO2 and 6 wt. pct
FeO. The leaching residue produced from reduced or
oxidized ilmenite contained about 92.5 wt. pct TiO2 and
only about 0.5 wt. pct FeO. The total amount of CaO
and MgO in the material produced from reduced or
oxidized ilmenite does not exceed 0.25 wt. pct.

After acid leaching of reduced ilmenite (Figures 7(a)
and (b)), the residue is much smaller in size when
compared with raw materials. Moreover, the surface of
the residue is covered with many more needle crystals
than that of reduced ilmenite ore. Figures 7(c) and (d)
shows that, the surface of the leaching residual made by
oxidized ilmenite is covered with large amounts of
granular titanium dioxide crystals.

IV. CONCLUSIONS

This study revealed that thermal pretreatment is
required for hydrochloric acid leaching of Yunnan

ilmenite to produce synthetic rutile. The leaching
fraction is very low for untreated ilmenite. Both
reduction and oxidization can enhance the dissolution
of iron, and facilitate the hydrolysis of dissolved
titanium. Prereduction cannot reduce the amount of
fines, while preoxidization can. After preoxidization,
especially oxidized higher than 1023 K (750 �C), the
particle size of products was much smaller than that of
untreated or reduced ilmenite. The synthetic rutile is
produced from oxidized ilmenite containing about
92.5 wt. pct TiO2, 0.5 wt. pct FeO as well as combined
CaO and MgO of 0.25 wt. pct. The results could
provide a theoretical guidance for optimization of the
utilization of Yunnan ilmenite in the manufacture of
synthetic rutile with a hydrochloric acid leaching
process.
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