
Kinetics of Hydrochloric Acid Leaching of Titanium
from Titanium-Bearing Electric Furnace Slag

FUQIANG ZHENG,1 FENG CHEN,1 YUFENG GUO,1,3 TAO JIANG,1

ANDREW YAKOVLEVICH TRAVYANOV,2 and GUANZHOU QIU1

1.—School of Minerals Processing and Bioengineering, Central South University, Changsha
410083, Hunan, China. 2.—National University of Science and Technology ‘‘MISIS’’, Leninsky
Prospect, Moscow 119049, Russia. 3.—e-mail: guoyufengcsu@163.com

The hydrochloric acid leaching of titanium from titanium-bearing electric
furnace slag was investigated under different experimental conditions. The
results indicate that particle size, hydrochloric acid concentration and reac-
tion temperature were of significance to the leaching kinetics. Specifically,
reaction temperature was the most important factor followed by hydrochloric
acid concentration and particle size. The shrinking core model was used to
describe the leaching process which was controlled by surface chemical reac-
tion. The kinetic equation was obtained and the activation energy was found
to be 43.16 kJ/mol. Iron and calcium species were almost completely dissolved
in the acid when the extraction degree of titanium reached 99.84%. MgO
(19.34 wt.%) and Al2O3 (32.45 wt.%) in the spinel were still in the leaching
residue and SiO2 (43.53 wt.%) in the form of quartz remained in the leaching
residue.

INTRODUCTION

Vanadium titanomagnetite ore is a valuable raw
material containing iron, vanadium, titanium and
other metal elements. The Panzhihua-Xichang
region of China is rich in vanadium titanomagnetite
resources with reserves of about 9.66 billion tons.
The reserves of iron, vanadium, titanium in Panzhi-
hua-Xichang area account for 19.6%, 62.2% and
90.5% of that in China, respectively. In addition, the
vanadium and titanium reserves account for 11.6%
and 35.17% of that worldwide. Vanadium titano-
magnetite resource has become increasingly impor-
tant in China for its high values of utilization in
high-tech industries.

Vanadium titanomagnetite concentrate and
ilmenite concentrate are nowadays obtained by
beneficiation methods in the exploitation and
utilization of the vanadium titanomagnetite ore
resource in the Panzhihua-Xichang region. The
vanadium titanomagnetite concentrate contains
about 52% titanium and 89% vanadium of the
vanadium titanomagnetite ore. However, only iron
and vanadium can currently be extracted from
vanadium titanomagnetite concentrate by the con-
ventional blast furnace process. Almost all the

titanium remains in the slag which forms tita-
nium-bearing blast furnace slag with 22–25 wt.%
TiO2.1 Such slag is largely stockpiled without
effective utilization. Obviously, it wastes titanium
resources and simultaneously causes environmen-
tal pollution. Therefore, it is of great significance
to develop effective methods to comprehensively
recover iron, vanadium and titanium from vana-
dium titanomagnetite concentrate. The methods2–6

developed or under development are direct reduc-
tion-electric furnace smelting, sodium salt roast-
ing-direct reduction-electric furnace smelting and
direct reduction-magnetic separation and so on.
The direct reduction-electric furnace smelting has
been commercialized in South Africa and New
Zealand,3 while the other methods are still under
investigation due to technological problems.

Coke serves as fuel and reductant in blast
furnace smelting. The excessive reduction poten-
tial in hearth causes difficult control of vanadium
and titanium in the smelting process, which
accounts for the inability of the blast furnace
process to treat vanadium titanomagnetite concen-
trate without mixing other iron ores. When mixed
with other iron ores, the lower titanium grade of
blast furnace slag inhibits further treatment.
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Compared with the blast furnace process, direct
reduction–electric furnace smelting does not rely
on coke. It is short and environmental friendly
because the pre-reduced concentrate (in the form
of pellets) are heated by electrode. This process is
beneficial to control the reduction tendencies of
vanadium and titanium which favors smelting of
the concentrate. The titanium-bearing electric
furnace slag (TEFS) produced in the process has
a high TiO2 grade of 48–52%, which is easier to
recover and utilize compared to titanium-bearing
blast furnace slag. Therefore, the direct reduction–
electric furnace smelting process has received
much attention in China.7,8 However, this process
can only extract iron and vanadium. The titanium
in the slag thus obtained cannot be recovered
effectively though the TiO2 grade is higher than
that of the titanium-bearing blast furnace slag.3

Thus, how to effectively extract titanium from
TEFS has become a significant problem, which is
crucial for the development of direct reduction–
electric furnace smelting.

There are a few of studies on recovering and
utilizing the titanium resource from TEFS.9 In
spite of its high TiO2 grade, it contains many
impurity elements such as calcium and magne-
sium. Consequently, it is not suitable to be utilized
by the traditional methods aimed at producing
high-quality synthetic rutile. Most of the reported
studies focused on sulfuric acid leaching of TEFS
for titanium dioxide preparation. With the devel-
opment of anticorrosion materials, there has been
increasing attention on the hydrochloric acid leach-
ing method which has been used for the treatment
of ilmenite and titanium-bearing slag.10–13 The
cooled hydrochloric acid leaching solution can be
the solvent to remove impurities and upgrade the
titanium-bearing solution. The solution with high
titanium grade can be hydrolyzed, filtered, dried
and calcined to produce TiO2 pigment powders.
Hydrochloric acid can also be regenerated by
pyrohydrolysis.10 Other useful elements such as
Al and Mg in the filtrate and leaching residue can
be recycled through further treatments. Appar-
ently, hydrochloric acid leaching may effectively
extract the titanium resource and other useful
elements from TEFS and thereby promote the
process of direct reduction-electric furnace smelt-
ing by utilizing the titanium resource in the
vanadium titanomagnetite concentrate.

As expected, hydrochloric acid leaching is affected
by a variety of parameters. In the present study, the
kinetics of hydrochloric acid leaching of TEFS was
investigated, with an emphasis on the effects of
particle sizes, hydrochloric acid concentration, and
reaction temperatures on the leaching process. The
findings will provide a technical basis for titanium
dioxide preparation by hydrochloric acid leaching
process of TEFS.

MATERIALS AND METHODS

Materials

The TEFS used in this study was provided by the
Chongqing Iron & Steel Company (Sichuan, P.R.
China). The particles with size< 1 mm were used in
the experiments. The chemical composition of the
sample is listed in Table I. It can be seen that the TiO2

content of the TEFS was 51.8 wt.%, and the major
impurities were aluminum, silicon, magnesium, and
calcium-bearing diopside and spinel. The XRD pat-
tern of the TEFS is shown in Fig. 1a. The major
phases in the TEFS were MxTi3�xO5(0 £ x £ 2), diop-
side and spinel. The microstructure of the TEFS is
shown in Fig. 1b. All reagents used in the experi-
ments were of analytical grade.

Experimental Apparatus and Procedure

Figure 2 shows the structure of the leaching
experimental apparatus used in this study. Leach-
ing experiments were carried out in a 60-mL
cylindrical stainless steel reactor with a PTFE
lining. The reactors were heated in a thermostati-
cally controlled glycerol bath. The TEFS samples
were crushed, ground, dried and screened into
different parts with different average particle sizes
of 30.5 lm, 57.5 lm, and 92.0 lm, respectively. A
constant solid/liquid ratio of 1:16 g/mL was used in
all experiments. The experimental procedure was
initiated by pouring 3.125 g of TEFS and 50 mL of
the required concentration hydrochloric acid into
the reactor. The reactor with the acid/slag mixture
was well sealed and rapidly heated to the target
reaction temperature in a glycerol bath in 1 min
and then the reaction time was, measured. The
rotation speed of the cylindrical stainless steel
reactor was kept at 30 rpm to obtain a homogenous
suspension in all experiments. After the reaction,
the reactor was cooled to 25�C by water in 2 min.
The slurry was filtered and washed with distilled
water and the washed residue was dried for 4 the h
at 110�C for the chemical composition and XRD
analyses, etc.

Experimental Conditions

The effects of reaction temperature, particle size
and hydrochloric acid concentrate on the leaching
kinetics were investigated in this work. Five tem-
perature points in the temperature range from 80�C
to 160�C with the interval of 20�C were examined.
The average particle sizes tested were 30.5 lm,
57.5 lm, and 92.0 lm, respectively. The hydrochlo-
ric acid concentration was varied from 30% to 36%
to show its effect on the titanium extraction.

Definition of Parameters

The extraction degree of titanium is defined as
follows:
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X ¼ 1 � m�wTi

m0 �w0

� �� �
� 100% ð1Þ

where X is the titanium extraction degree, m is the
mass of the dry leaching residue (g), wTi is the
weight fraction of Ti in the leaching residue (wt.%),
m0 is the initial mass of the dry TEFS sample (g),
and w0 is the weight fraction of Ti in the TEFS
sample (wt.%).

Analysis and Characterization

The chemical compositions of the TEFS, residue
and leach solution were analyzed by EDTA titration
and ICP analysis. The particle size was measured
by a laser particle size analyzer (Mastersizer 3000).

The TEFS samples were mounted into epoxy
resin, mechanically ground and polished. Then, the
polished surface was characterized by an electron
microscope (LEICA DMI5000 M).

The compositions of the TEFS and residue were
characterized by x-ray diffraction (Cu Ka radiation,
k = 0.154056 nm, 40 kV, 250 mA, SCAN: 10.0/80.0/
0.02/.15 s, D/max2550PC; Rigaku, Japan).

RESULTS AND DISCUSSION

Dissolution Reactions

The main mineral of TEFS is MxTi3�xO5, which
could react with hydrochloric acid as follows:

Table I. Chemical composition of the original TEFS (wt.%)

TiO2 TFe FeO V2O5 Al2O3 SiO2 MgO CaO S P

51.80 1.22 1.29 0.488 15.31 12.36 11.62 6.00 0.011 0.003

Fig. 1. XRD pattern and micrograph of the original TEFS.

Fig. 2. The structure of the leaching experimental apparatus.
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MgTi2O5ðsÞ þ 6HClðaqÞ
¼ MgCl2ðaqÞ þ 2TiOCl2ðaqÞ þ 3H2O

ð2Þ

FeTi2O5ðsÞ þ 6HClðaqÞ
¼ FeCl2ðaqÞ þ 2TiOCl2ðaqÞ þ 3H2O

ð3Þ

Because TiCl4 is easily hydrolyzed, the titanifer-
ous product is often TiOC12, even H2TiO3 or
H4TiO4.14 Actually, a large number of unreacted
acids existed in the leaching solution, and a tita-
nium ion was surrounded by many acid molecules to
keep it from hydrolyzing. It is implied that the
phase of titanium in the hydrochloric should be
TiOC12ÆnHCl.15

The main gangues in the TEFS are spinel and
diopside. The main reactions occurred in the solu-
tion are as follows.

MgAl2O4ðsÞ þ 8HClðaqÞ
¼ 2AlCl3ðaqÞ þ MgCl2ðaqÞ þ 4H2O

ð4Þ

CaSiO3ðsÞ þ 2HClðaqÞ ¼ CaCl2ðaqÞ þ H2SiO3ðsÞ
ð5Þ

MgSiO3ðsÞ þ 2HClðaqÞ ¼ MgCl2ðaqÞ þ H2SiO3ðsÞ
ð6Þ

FeSiO3ðsÞ þ 2HClðaqÞ ¼ FeCl2ðaqÞ þ H2SiO3ðsÞ
ð7Þ

Al2SiO5ðsÞ þ 6HClðaqÞ
¼ 2AlCl3ðaqÞ þ H2SiO3ðsÞ þ 2H2O

ð8Þ

Most of the TEFS could react with hydrochloric
acid except spinel which was partially dissolved or
undissolved at the leaching temperature range (80–
160�C) in this study. A high liquid–solid ratio of
1:16 g/mL with a large excess of hydrochloric acid
was used in this work as mentioned above; that is,
the hydrochloric acid concentration was kept con-
stant in the whole leaching process as the acid
consumption of the reactions with MxTi3�xO5 and
gangues could be neglected.

Parameters Effect on Titanium Extraction
Degree

This study discusses the effects of experimental
parameters (reaction temperature, TEFS particle
size and concentration of hydrochloric acid) on the
titanium extraction degree from TEFS.

Reaction Temperature

Figure 3a shows a series of experiments con-
ducted in a temperature range from 80�C to 160�C
under the conditions of average particle size of
30.5 lm and initial acid concentration at 36%. It
was found that the titanium extraction degree

increased with increasing reaction temperature.
For leaching at 80�C for 30 min, the titanium
extraction degree was only 6.0%. When the reaction
temperature was increased to 160�C, the titanium
extraction degree increased to 80.52%. This shows
that the reaction temperature had a significant
effect on the titanium extraction degree.

Particle Size

The average particle sizes of these samples were
30.5 lm, 57.5 lm and 92.0 lm, respectively. The
titanium extraction degree increased with decreas-
ing particle size, as presented in Fig. 3b, which
shows the effect of particle size on the titanium
extraction degree at leaching temperature of 120�C
and initial acid concentration at 36%. The maxi-
mum titanium extraction degree reached 96.65%
with the average particle size of 30.5 lm leaching
for 180 min, whereas only 65.46% Ti was extracted
with the average particle size of 92.0 lm under the
same conditions. The larger specific surface area of
finer particles increased the interface between the
hydrochloric acid and the TEFS particle, which
effectively promoted the leaching reactions.

Hydrochloric Acid Concentration

TiOC12ÆnHCl may hydrolyze when the hydrochlo-
ric acid concentration is less than 9.5 mol/L (about
30 wt.%).15 Therefore, the minimum hydrochloric
acid concentration was selected to be 30% in this
study. Figure 3c shows the effect of initial
hydrochloric acid concentration on the titanium
extraction degree at leaching temperature of 120�C
and average particle size of 30.5 lm. The results
show that the titanium extraction degree increased
with increasing hydrochloric acid concentration.
When the hydrochloric acid concentration was
30%, the titanium extraction degree reached
70.28% after leaching for 120 min. The titanium
extraction degree increased to 85.98% when the
hydrochloric acid concentration was raised to 36%.
The increase of the titanium extraction degree
became slower after 120 min.

Selection of Leaching Kinetics Model

The typical solid–fluid reaction models are
shrinking core, homogeneous, grain and pore mod-
els. Because TEFS particles consist of essentially
dense grains which could be regarded as non-porous
particles, and the slag grains gradually shrink
during leaching, the most appropriate reaction
model should be the shrinking core model in this
study. Other models are usually applied to the
porous solid–liquid systems.16 Thus, the shrinking
core model was chosen as the leaching kinetics
model.

The experimental data obtained in this study
were analyzed by the shrinking core model, and it
was determined that the data fit the shrinking core
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model quite well. The steps of shrinking core model
can be described as: diffusion through the liquid
film, diffusion through the ash/product layer and
chemical reaction at the surface of the solid parti-
cles. The step with the highest kinetic resistance is
the rate-controlling step.17,18 Integrated rate equa-
tions for shrinking core model are shown in
Table II.

In the concentrated hydrochloric acid system, the
silicic acid formed by dissolving silicate minerals
will transform into gel or condensate producta.
These products may be attached to the surface of
unreacted TEFS particles, resulting in the leaching

process being controlled by the diffusion through
the ash or production layer. Therefore, it is neces-
sary to determine the rate-controlling step. The
kinetic data were treated by equations in Table II.

All the experimental data were analyzed by linear
regression using the equations in Table II. The
results show the plots of 1 � (1 � X)1/3 obtained a
very good linear relationship with time. Figure 4
shows the comparison between the plots of
1 � (1 � X)1/3 and 1 � 2/3X � (1 � X)1/3 versus
time at a leaching temperature of 140�C with
average particle size of 30.5 lm and initial acid
concentration of 36%. This indicates that the

Fig. 3. Effects of different parameters on titanium extraction degree: (a) effect of reaction temperature (average particle size 30.5 lm, initial acid
concentration 36%); (b) effect of particle size (leaching temperature 120�C, initial acid concentration 36%); (c) effect of initial hydrochloric acid
concentration (leaching temperature 120�C, average particle size 30.5 lm).

Table II. Integrated rate equations for shrinking core model

Rate-controlling step Rate equation

Surface chemical reaction 1 � ð1 � XÞ1=3 ¼ krt kr ¼ kCn
0M=qr0 (9)

The film diffusion control 1 � ð1 � XÞ1=Fp ¼ k0rt k0rt ¼ D1C0M
ad1rPq

(10)

Diffusion control through the ash or production layer 1 � 2
3X � ð1 � XÞ2=3 ¼ k00r t k00r t ¼ 2MD2C0

aqr2
0

(11)

X titanium extraction degree; t time (min); kr apparent rate constant (min�1); k reaction rate constant; C0 initial concentration of sulfuric
acid (mol/L); M molecular weight of solid reactant (kg/kmol); q density of solid reactant (kg/m3); r0 initial radius of solid reactant (m); FP

coefficient of shape; D coefficient of diffusion (m2/min); a number of hydrochloric acid when one mole of slag dissolved; d effective thickness
of the film diffusion; rp equivalent radius.
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leaching rate was controlled by surface chemical
reaction. The plots of 1 � (1 � X)1/3 versus reaction
time under different conditions are given in Fig. 5.

Determination of Rate Constant

The apparent rate constant kr is affected by
particle size, hydrochloric acid concentration and
reaction temperature as indicated in Eq. 12 from
Eq. 9 in Table 2.

kr ¼
kCn

0M

qr0
ð12Þ

The empirical formulas of kr versus particle size,
hydrochloric acid concentration and reaction tem-
perature can be established. Therefore, the rate
constant can be determined by quantitatively cal-
culating the relationships between each factor and
kr.

Reaction Temperature

The relationship between reaction temperature
and kr obeys the Arrhenius equation.

ln kr ¼ � Ea

RT
þ const ð13Þ

Fig. 4. Comparison between the plots of 1 � (1 � X)1/3 and 1 � 2/
3X � (1 � X)1/3 versus time (average particle size 30.5 lm, initial
acid concentration 36%, leaching temperature 120�C).

Fig. 5. Plot of 1 � (1 � X)1/3 versus time for different parameters: (a) reaction temperature (average particle size at 30.5 lm, initial acid
concentration 36%); (b) particle size (leaching temperature 120�C, initial acid concentration 36%); (c) initial hydrochloric acid concentration
(leaching temperature 120�C, average particle size 30.5 lm).
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The Arrhenius plot which describes the relation-
ship of apparent rate constant kr and temperature is
shown in Fig. 6a. The correlation coefficient (R2) of
the straight line in Fig. 6a is 0.9946. The activation
energy of the reaction calculated from the slope of
the line is 43.16 kJ/mol. This value confirms that
the dissolution rate was controlled by chemical
reaction. It has been reported that the activation
energy of the reaction controlled by surface chem-
ical reaction is in excess of 40.0 kJ/mol.18,19

The const was calculated to be 7.68. The relation-
ship between kr and T can be expressed as:

kr ¼ 2154:04e�43160=RT ð14Þ

Particle Size

Equation 12 shows that the apparent rate con-
stant kr is inversely proportional to the particle size.
While kCn

0M=q is regarded as constant A1, Eq. 12
can be transformed into:

ln kr ¼ lnA1 � ln r0 ð15Þ

The plots of lnkr versus lnr0 is presented in
Fig. 6b. The slope of the fitted straight line was
calculated to be �0.75 according to Fig. 6b. Then the
relationship between kr and r0 can be written as:

kr ¼
A1

r0:75
0

ð16Þ

Hydrochloric Acid Concentration

While kM=qr0 is regarded as constant A2, Eq. 12
can be transformed into:

ln kr ¼ lnA2 þ n lnC0 ð17Þ

The plot of lnkr versus lnC0 is shown in Fig. 6c.
The slope of the fitted straight line was calculated to
be 1.21 according to Fig. 6c. The relationship
between kr and C0 is:

kr ¼ A2C
1:21
0 ð18Þ

Fig. 6. Relationship between lnkr and 1/T, lnr0, lnC0: (a) the Arrhenius plot of the dissolution process. (average particle size 30.5 lm, initial acid
concentration 36%); (b) relationship between lnkr and lnr0 (leaching temperature 120�C, initial acid concentration 36%); (c) relationship between
lnkr and lnC0 (leaching temperature 120�C, average particle size 30.5 lm).
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Determination of Leaching Kinetics

The relationships between the tree factors and kr

are established in Eqs. 14, 16 and 18. The semi-
empirical kinetic equation can be obtained by
synthesizing the three relationships.

kr ¼
kC1:21

0 M

qr0:75
0

¼ C1:21
0 M

qr0:75
0

A3e
�Ea

RT

¼ C1:21
0 M

qr0:75
0

A3e
�43160

RT ¼ A0 C
1:21
0

r0:75
0

e�
43160
RT

ð19Þ

where A3 is frequency factor, A0 ¼ MA3

q .

The Arrhenius equation obtained from Fig. 6a is

kr ¼ 2154:04e�43160=RT, and then, A0 C1:21
0

r0:75
0

¼ 2154:04.

Substituting C0 = 11.6 mol/L and r0 = 15.25 9
10�6 m, gives A¢ = 2.85 9 10�2.

Therefore, the semi-empirical kinetic equation is

1 � ð1 � XÞ
1
3 ¼ 2:85 � 10�2 � C

1:21
0

r0:75
0

� e�43160=RT � t ð20Þ

where X is the fraction of Ti extracted, C0 is the
initial concentration of hydrochloric acid (mol/L), r0

is the average particle radius (lm), R is the molar
gas constant (8.314 J mol�1 K�1), T is the reaction
temperature (K), and t is the reaction time (min).

The semi-empirical kinetic equation shows that
the effects of the parameters on the titanium
extraction degree in the order of significance were:
reaction temperature, hydrochloric acid concentra-
tion, and particle size. The final semi-empirical
kinetic equation for titanium extraction from TEFS
by hydrochloric acid leaching obtained in this work
is Eq. 20.

Comparison of Experimental and Calculated
Results

A comparison between the experimental values of
the titanium extraction degree and those calculated
by the semi-empirical kinetic equation developed
above using Eq. 20 is shown in Fig. 7. This indicates
that the calculated results agreed well with the
experimental ones.

Leaching Residues

The impurities were also dissolved in the
hydrochloric acid in the process. Figure 8 shows
the XRD patterns of different leaching residues and

Fig. 7. Comparison between the calculated titanium extraction de-
gree using Eq. 20 and the experimental results for all the runs made
in this work.

Fig. 8. XRD patterns of different leaching residues and original TEFS.
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original TEFS. The results indicate that the peak
strength of MxTi3�xO5 remained weak with increas-
ing the titanium extraction degree. When the
titanium extraction degree was 85.98%, the phases
of diopside disappeared. The silicic acid, which was
formed from silicate dissolved in the hydrochloric
acid, eventually converted into SiO2 in the leaching
residue. When the titanium extraction degree was
99.84%, the main phases of leaching residues were
spinel and quartz.

The titanium extraction degree of the slag was
99.84% when leached for 45 min at a leaching
temperature of 160�C with average particle size of
30.5 lm and initial acid concentration of 36%. The
chemical composition of the leaching residue under
this condition is listed in Table 3, and the extraction
degrees of the main elements are shown in Table 4.
It was found that iron and calcium were almost
completely dissolved in the acid when the titanium
extraction degree was 99.84%, while part of mag-
nesium and aluminum in the spinel still existed in
the leaching residue and silicon in the form of SiO2

remaining in the residue.

CONCLUSION

The main minerals of TEFS are MxTi3�xO5,
diopside and spinel. The titanium extraction degree
obviously increased with increasing reaction tem-
perature, higher initial hydrochloric acid concen-
tration and smaller particle size. The results
indicate that these three parameters were of signif-
icance to the leaching kinetics, and that the reaction
temperature was the most important factor followed
by hydrochloric acid concentration and particle size.
The shrinking core model was selected to describe
the leaching kinetics of the TEFS in hydrochloric
acid solution, which was controlled by the surface
chemical reaction. The leaching equation was
obtained with the activation energy of 43.16 kJ/mol.

The titanium extraction degree reached as high
as 99.84% after leaching for 45 min at 160�C with
average particle size of 30.5 lm and initial acid
concentration of 36%. Iron and calcium mainly in
the diopside were almost completely dissolved in

hydrochloric acid. The MgO (19.34 wt.%) and Al2O3

(32.45 wt.%) in the spinel were still in the leaching
residue and SiO2 (43.53 wt.%) in the form of quartz
remained in the leaching residue.
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Table III. Chemical composition of the residue with 99.84% titanium extraction degree (wt.%)

TiO2 TFe V2O5 Al2O3 SiO2 MgO CaO S P

2.32 0.10 0.071 32.45 43.53 19.34 0.32 0.028 0.02

Table IV. The extraction degrees of main elements (%)

Ti Fe Ca Mg Al Si

99.84 99.97 99.59 57.28 43.43 8.56
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