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Study on leaching Ti from Ti bearing blast
furnace slag by sulphuric acid

T. Jiang, H. G. Dong*, Y. F. Guo, G. H. Li and Y. B. Yang

The treatment for leaching Ti using sulphuric acid was investigated in order to utilise Ti bearing

blast furnace slag including water quenched slag (WQS) and naturally cooled slag (NCS). Ti

bearing blast furnace slag was subjected to direct agitation leaching with dilute sulphuric acid.

Variables such as acid concentration, temperature, leaching time, liquid/solid ratio, particle size

and stirring speed were studied. It was shown that, when WQS material (size range, 0–0?5 mm)

was reacted with sulphuric acid of 50% concentration at a stirring speed of 400 rev min–1 with a

liquid to solid weight ratio of 10 at 100uC for 1 h, Ti recovery from leaching was up to 72?3%.

However, for NCS, Ti recovery was only ,45% under comparative leaching conditions. A possible

leaching mechanism and the difference of leaching effect between WQS and NCS are discussed.

Unlike NCS, WQS is a type of activated slag, making it more favourable for extraction of Ti.

Keywords: Ti bearing blast furnace slag, Sulphuric acid leaching, Water quenched, Activation

Introduction
V–Ti bearing magnetite is composite ore containing Fe,
V and Ti, in addition to many other valuable metals
(such as Co, Ni, Cr, Sc, Ga, etc.). V–Ti bearing
magnetite ores are abundant in Pan-Xi area of China.
Reserves of Ti in the area account for 90?5% of total Ti
resource.1 Using the present process in Panzhihua Iron
& Steel Company, a large amount of blast furnace slag
containing 22–25%TiO2 has been produced. Based on
the method of cooling, the Ti bearing blast furnace slag
(TBFS) was classified into water quenched slag (WQS)
and naturally cooled slag (NCS). In considering the
potential for producing synthetic rutile, titanium tetra-
chloride (TiCl4) and titanium white, TiO2 grade of
TBFS was too low. For producing cement and concrete
active blend, the TiO2 grade of TBFS is too high, leading
to poor hydraulicity of the raw material. As a result,
TBFS material has been piling up largely as waste
material.2,3

Several studies4 on comprehensive utilisation of TBFS
have been carried out in China from the 1960s. Owing to
a greater specific surface area and strong absorbability,
WQS has been used to treat with coal gas purified
water.5 However, the method is still not industrialised
because of limited production capacity, and the valuable
Ti resource is not recovered. The Institute of Pan Steel
has developed two new technologies to produce TiCl4
with TBFS. Using silicothermic process, Si–Ti alloy was
obtained as the reduction reagent for ferrosilicon
containing 75%Si. TiO2 in the TBFS was reduced and
carbonised in an electric furnace; then, the TiC was

chlorinated under low temperature to obtain TiCl4. To
some extent, Ti resource was utilised synthetically by
these methods. However, the technologies have some
disadvantages, especially as the electricity consumption
and costs are very high so that these processes are not
industrialised on a large scale.6 On the basis of physical
and chemical characteristics of TBFS, the technology for
Ti component enrichment separation has been investi-
gated to enrich Ti as a mineral phase with a definite
reclaimable particle size; Ti bearing phase was separated
from the slag. Ti component in TBFS was enriched
selectively as CaTiO3 phase with an average grain size of
55 mm using a roasting temperature of 1723 K for
20 min followed by cooling at 0?5 K min21. The Ti rich
material with the grade 38?9% has been obtained by
flotation.7 Investigation showed that Ti component in
TBFS was enriched selectively as rutile (TiO2) phase by
pre-oxidisation, incorporation of additives and a high
temperature treatment.8 The investigation9 indicated
that the addition of SiO2 and slow cooling rate were
favourable in improving crystallisation of anosvite
(Ti2O3.TiO2) under a reducing atmosphere. Crystal-
lisation of anosvite (Ti2O3.TiO2) was up to 19% with a
SiO2 dosage of 25%. However, the conditions used in
those treatments above were harsh. Separation was low
due to the fine particle size of Ti bearing phases. The
experiments were carried out in the lab and have not
been adopted on an industrial scale.

Hydrometallurgical extraction of Ti is advantageous
from the point of view of dust generation, ease of tech-
nology and reaction conditions and also easy imple-
mentation in industrial production. The investigation10

showed that TiO2 extraction of 88% could be obtained
from TBFS using concentrated sulphuric acid (89–
93 mass-%). After removing iron by magnetic separa-
tion, TBFS was leached out under pressure with dilute
sulphuric acid11,12 (20–60 mass-%), and Ti recovery by
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leaching was .85%. However, additional consumption
of sulphuric acid on dissolving CaO, MgO and Al2O3 in
the matrix could result in a higher cost and increased
environmental contamination. Pressure leaching as an
alternative option needs air tight and pressure equip-
ment, which will lead to high cost and increased
complexity in the process.

Therefore, it is very necessary to explore a reasonably
simple and a more economic process to recover Ti by
hydrometallurgical extraction method from TBFS. In
the present paper, the feasibility of recovering Ti by
dilute sulphuric acid (10–60%) from TBFS (including
WQS and NCS) of Pan Steel was investigated under
normal atmosphere. In addition, the mechanism of
leaching and the difference of leaching behaviour
between WQS and NCS are described.

Experimental

Materials
The materials used in the present study were offered by
Panzhihua Iron & Steel Company and their composi-
tions are given in Table 1.

Table 1 indicated that the compositions of WQS and
NCS were comparative, although they were cooled at
different rates.

Macroscopic appearance and microscopic morphol-
ogy of the TBFS sample were recorded by SEM (Fig. 1).

Main minerals in NCS

According to the literature,13 the main Ti bearing
minerals in NCS are perovskite and titanaugite, and
the TiO2 content in the perovskite accounts for ,55% of
the total TiO2. Secondary mineral is spinel, which
aggregates strongly with perovskite. Distribution of Ti
is dispersive; each mineral in NCS contains Ti.

Main minerals in WQS

The main minerals in WQS were analysed by X-ray
diffraction (XRD). The results are shown in Fig. 2.
Results of XRD results show that there is only one
crystal phase of perovskite (CaTiO3) in the sample, but a
large diffused diffraction peak centred at y30u 2h
indicates that non-crystalline substances are present in

the sample. Therefore, according to XRD results, Ti
occurred as CaTiO3 mainly in the slag, but there should
be a fraction of Ti existing as non-crystalline substances.

Leaching experiments
At selected ratios of liquid/solid (L/S), the sample of
TBFS (with a granularity) and sulphuric acid at a
selected concentration were well mixed at a constant
temperature reactor with an agitator. After the reaction
was allowed to occur for a certain time, the reaction
mixture was filtered. After being dried and weighed, the
productivity of the filter residue was calculated (the mass
percentage of filter residue over raw material), and the
chemical composition of the filter residue was analysed.
The leaching effect of the TBFS was judged by the Ti
leaching, which was calculated by the following equation

g~(1{
bc

100a
)|100 (1)

where g is Ti leaching, a the Ti grade of raw material, b
the Ti grade of the filter residue and c productivity of the
filter residue (all in %).

Analytical reagent grade sulphuric acid and distilled
water were used in all experiments.

Analysis techniques
The chemical compositions of all residues were detected
by BFT minifluorescence analysis instrument.

An XRD (Philips, The Netherlands) was used to
determine the mineral phases present. The voltage and
anode current used were 40 kV and 40 mA respectively.

Table 1 Chemical composition of materials

Slag species Fetotal TiO2 CaO SiO2 MgO Al2O3 Na2O K2O MnO

WQS, % 1.16 22.36 27.81 23.46 7.98 13.89 0.35 0.73 0.73
NCS, % 1.80 22.00 26.28 22.80 7.14 12.30 0.40 0.83 0.74

a b

a WQS; b NCS
1 Image (SEM) of TBFS 6200

2 X-ray diffraction pattern of WQS

Jiang et al. Leaching Ti from TBFS by sulphuric acid
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The wavelength was from Cu Ka50?15405 nm, and the
diffraction was performed in a continuously scanning
mode with 0?02 interval and 0?25 s set time used to
collect the XRD patterns of samples.

Micromorphology of the slag was observed using a
JEOL/EO JSM-5900 SEM at an accelerating voltage of
20 kV.

Results

Leaching tests of WQS
Effect of sulphuric acid concentration on Ti leaching

Under the conditions of leaching time of 2 h, leaching
temperature of 80uC, L/S ratio of 10, material particle
size of 0–3?5 mm and stirring speed of 400 rev min–1,
the effect of sulphuric acid concentration (mass fraction)
on Ti leaching is shown in Fig. 3.

It can be seen from Fig. 3 that the Ti leaching
increased with increasing the concentration of sulphuric
acid. Ti leaching increased sharply when sulphuric acid
concentration was .45%, which possibly resulted from
the dissolution of Ti from the other minerals phases
present. During the experimental process, a white
colloid substance was found when sulphuric acid con-
centration was .45%. Chemical composition of the
white colloidal substance was analysed, and results are
given in Table 2 and the XRD of the substance shown in
Fig. 4.

From Table 2 and Fig. 4, it can be concluded that the
white colloidal substance was CaSO4. The conclusion
was in accordance with the literature investigation,14

which would affect possibly the Ti leaching.

Effect of leaching time on Ti leaching

The reaction between the 0–3?5 mm material and
sulphuric acid at 50% concentration with an L/S ratio
of 10 and a stirring speed of 400 rev min–1 was studied
at 80uC while varying the leaching time from 0?5 to
2?5 h. The results in Fig. 5 showed that Ti leaching
increased with leaching time, but when leaching time
was more than 1 h, Ti leaching did not increase any

further. Meanwhile, it was observed that the quantity of
white colloid substance increased gradually with leach-
ing time. Ti leaching did not exceed 67% due to the
formation of this white colloidal substance.

Effect of leaching temperature on Ti leaching

Figure 6 showed that the increase in temperature was
found to be effective in increasing Ti leaching under the
conditions of 50% sulphuric acid concentration, 0–
3?5 mm material at L/S ratio of 10 with a stirring speed
of 400 rev min–1 for 1 h. Ti leaching was ,71% when
leaching temperature was 100uC. This might be in
favour of diffusion of sulphuric acid on the surface of
the slag and improves the reaction rate.

Effect of particle size on Ti leaching

A set of experiments were carried out to examine the
effect of particle size under reaction conditions of 50%
sulphuric acid concentration, leaching time of 1 h, L/S

3 Effect of sulphuric acid concentration on Ti leaching

for WQS

Table 2 Chemical composition of white colloid substance

Elements O S Ca Ti Al Si Fe

Percentage, % 56.40 17.50 23.79 1.77 0.06 0.33 0.04

4 X-ray diffraction pattern of white colloid substance

5 Effect of leaching time on Ti leaching for WQS

6 Effect of leaching temperature on Ti leaching for WQS

Jiang et al. Leaching Ti from TBFS by sulphuric acid
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ratio of 10, leaching temperature of 100uC and stirring
speed of 400 rev min–1. The results are shown in
Table 3.

It is shown in Table 3 that the finer the particle size is,
the greater Ti leaching becomes. The leaching of Ti was
72?3% when particle size was ,0?5 mm, while Ti leach-
ing was only 73?6% when particle size was ,0?074 mm.
However, the particle size of the material was too fine,
reaction rate was quick and the material would cling to
the surface of the reactor. The best leaching of Ti would
be obtained when particle size of material was
,0?5 mm.

Effect of L/S ratio on Ti leaching

These experiments were performed to find the suitable
L/S ratio for Ti leaching. All the other leaching
conditions were kept constant as given before while
varying the L/S ratio from 5 to 15. The results are shown
in Fig. 7.

It was found that the liquid will not fully cover the
solid if the L/S ratio was ,5 due to the loose and porous
structure of the slag. From Fig. 6, L/S ratio did not
affect Ti leaching when the L/S ratio was .10.

Effect of stirring speed on Ti leaching

Several experiments were carried out to explore the
effect of stirring speed on Ti leaching under reaction
conditions of 50% sulphuric acid concentration, leaching
time of 1 h, material granularity of 0–0?5 mm, leaching
temperature of 100uC and L/S ratio of 10. The results
are shown in Fig. 8.

From Fig. 8, it was found that Ti leaching changed a
little when stirring speed increased. It could be
concluded that the leaching reaction was not controlled
by diffusion but by chemical reaction.

Therefore, for WQS, other minerals bearing silica and
calcium were leached by sulphuric acid during the
leaching process, and the white colloidal substance,
namely CaSO4, was produced, which made the ore pulp
viscous and covered over the surface of the material and
hindered the diffusion of sulphuric acid. Therefore, the
Ti leaching could not be increased any further, and the
Ti leaching recovery was ,72%. However, in other
hydrometallurgical treatments, the Ti leaching was

reported to be .85% using concentrated sulphuric acid
(98 mass-%) and with pressure leaching.10,11 Therefore,
the key reason for low Ti leaching in the present work
was the formation of CaSO4. If this problem could be
solved, Ti leaching could be increased. Investigations
should be carried out to avoid the formation of CaSO4

or weaken its influence on the leaching to improve the Ti
leaching from the slag.

Leaching tests of NCS
Effect of sulphuric acid concentration on Ti leaching

A set of experiments were performed at 100uC. The
leaching process was carried out by mixing 0–0?105 mm
material with sulphuric acid under a stirring speed
400 rev min–1 with an L/S ratio of 10 for 1 h. The results
are shown in Fig. 9.

Figure 9 illustrated that Ti leaching in NCS did not
exceed 40%, which was less than in WQS. The white
colloidal substance, as mentioned before, was not
observed in the leaching process of NCS. The Ti
leaching was low, possibly resulting from the character-
istics of NCS.

Effect of leaching time on Ti leaching

The effect of leaching time on Ti leaching was carried
out under leaching conditions of 50% sulphuric acid
concentration, material granularity of 0–0?105 mm,
leaching temperature of 100uC, stirring speed of

Table 3 Effect of particle size on Ti leaching for WQS

Particle size, mm 0–0.074 0–0.5 0–1.0 0–3.5
Ti leaching, % 73.6 72.3 71.0 70.7

7 Effect of L/S ratio on Ti leaching for WQS 8 Effect of stirring speed on Ti leaching for WQS

9 Effect of sulphuric acid concentration on Ti leaching

for NCS

Jiang et al. Leaching Ti from TBFS by sulphuric acid
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400 rev min–1 and L/S ratio of 10. The results are shown
in Fig. 9.

It is illustrated in Fig. 10 that with the extending of
leaching time, Ti leaching increased. Ti leaching increased
rapidly within the first 2 h and then remained steady.

Effect of leaching temperature on Ti leaching

A set of experiments were carried out to examine the
effect of temperature on Ti leaching. These experiments
were conducted using 50% sulphuric acid concentration
and 0–0?105 mm material size at an L/S ratio of 10 for
2 h under a stirring speed of 400 rev min–1. The results
are illustrated in Fig. 11.

Figure 11 revealed that increasing the leaching tem-
perature is favourable for Ti leaching. Nevertheless, Ti
leaching with sulphuric acid at various temperatures was
,45%. Even if the leaching temperature is 100uC, Ti
leaching was ,45%. This might be attributed to the
presence of refractory minerals in NCS.

Effect of particle size on Ti leaching

The reactions between the material of different granula-
rities and 50% sulphuric acid agitated at 400 rev min–1

speed with an L/S ratio of 10 at 100uC for 2 h. The
results are illustrated in Table 4.

The results in Table 4 showed that the Ti leaching
increased with the decrease in particle size. However, it
was found that when the particle size of material was too
fine while the reaction rate was fast, the products were
consolidated in the reactor due to the rapid release of
heat.

For NCS, the maximum Ti leaching was ,45%. The
characteristic of NCS has determined the Ti leaching.
Therefore, to increase Ti leaching, other measures
should be used to change the characteristic of NCS.
The main reason of NCS’s lower leaching is its higher
crystallinity compared to the WQS.

Studies on mechanism of leaching
process

Thermodynamics
Reactions involved in acid leaching of TBFS are very
complex. It was necessary to find out the feasibility and

the maximum extent of reactions. Thermodynamic data
of the relevant reactions are given below.

DGo
f,298(TiO2z) and DGo

f,298(Ti3z) could be obtained
by the following equations15–18

TiO2zz2Hzz4e?TizH2O, wo~{0:89V (2)

DrG
o
298~{nwoF~343:54 kJ mol {1 (3)

TiO2zz2Hzze?Ti3zzH2O, wo~0:1V (4)

DrG
o
298~{nwoF~{9:65 kJ mol {1 (5)

From equations (2)–(5), the following values were
obtained

DGo
f,298(TiO2z)~{589:73 kJ mol {1

DGo
f,298(Ti3z)~{353:19 kJ mol {1

Based on thermodynamic data,18 DrG
o
298 of possible

reactions between sulphuric acid and TBFS are given in
Table 5.

As shown in Table 5, among these reactions of
titaniferous minerals with sulphuric acid, only the
DrG

o
298 value of reaction between CaTiO3 and sulphuric

acid is negative. It can be concluded that Ti bearing
minerals in the slag are not insoluble in H2SO4 but in
CaTiO3.

The XRD of WQS showed that the main minerals in
WQS are perovskite (CaTiO3) and non-crystalline
substances. The main Ti bearing minerals13 in NCS are
perovskite (accounts for 55% of the total TiO2) and
insoluble titanaugite in H2SO4. Therefore, the Ti
leaching for WQS is higher than that for NCS after
leaching using H2SO4.

Effect of crystallisation
Because non-crystalline substance is of short range order
and in metastable state, the energy is not at the lowest
state, while the crystalline mineral is at the lowest energy
state. Therefore, breaking up the structure of a crystal-
line mineral needs greater external energy than breaking
a non-crystalline mineral.19,20

Water quenched slag was rapidly cooled by high
pressure water in refining processing of blast furnace.
Formation and growth of crystalline core were limited.
Therefore, lots of non-crystalline substances were
formed besides CaTiO3 with crystal defect in this slag.

10 Effect of leaching time on Ti leaching for NCS
11 Effect of leaching temperature on Ti leaching for NCS

Table 4 Effect of particle size on Ti leaching for NCS

Particle size, mm 0–3.5 0–0.5 0–0.105
Ti leaching, % 23.3 31.3 44.6

Jiang et al. Leaching Ti from TBFS by sulphuric acid
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Therefore, it could be conclude that water quenching
played a role in activating the slag in the cooling process.
This activated slag was more favourable for extracting
Ti by hydrometallurgy process, while NCS was naturally
cooled in air and various Ti bearing minerals and
aluminosilicates with good crystallinity were formed. In
hydrometallurgical leaching, more energy is needed to
destroy the crystalline structure. For these reasons,
under comparative leaching conditions, Ti leaching
effect of TiO2 for WQS was better than that for NCS
by sulphuric acid.

Effect of morphology of slag
From Figs. 1 and 2, it can be concluded that the body of
WQS is loose, and the strength of the particle itself is
low. Sulphuric acid easily penetrates through the inner
micropore of the slag, which improved the reaction rate
and strengthened the leaching process, and the Ti
leaching is .72% within 1 h under optimum conditions,
while compact structure of NCS hindered the diffusion
of sulphuric acid, which decreased the reaction rate.
Hence, the difference of the two types of slag in terms of
morphology is another reason for the different Ti
leaching behaviours.

Conclusions
The present paper involved the feasibility and beha-
viours of Ti leaching by dilute sulphuric acid from
TBFS. Two kinds of slag, WQS and NCS, were
investigated, and the following conclusions are made.

1. For WQS, a Ti leaching up to 72% was obtained by
stirring leaching with sulphuric acid at a concentration
of 50%, L/S ratio of 10 and a stirring speed of
400 rev min–1 at the temperature of 100uC for 1 h.
However, for NCS, only ,45% Ti leaching was obtained
under comparative leaching conditions of WQS.

2. Thermodynamic analysis showed that the titanifer-
ous mineral dissolving in the sulphuric acid is perovs-
kite; the presence of non-crystalline substances and
defect crystallinity of CaTiO3 as well as loose structure
for WQS resulted in a greater Ti leaching than for NCS.

3. For WQS, the formation of CaSO4 (white colloidal
substance) occurred during the leaching process, which
affected further increase in Ti leaching.
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