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Acid-leaching behaviors of the titanium slag obtained by selective reduction of
vanadium-bearing titanomagnetite concentrates were investigated. It was
found that the optimal leaching of titanium and silicon were 0.7% and 1.5%,
respectively. The titanium and silicon in the titanium slag were firstly dis-
solved in the acidic solution to form TiO2+ and silica sol, and then rapidly
reprecipitated, forming hydrochloric acid (HCl) leach residue. Most of the sil-
icon presented in the HCl leach residue as floccules-like silica gel, while most of
the titanium was distributed in the nano-sized rod-like clusters with crystallite
refinement and intracrystalline defects, and, as such, 94.3% of the silicon was
leached from the HCl leach residue by alkaline desilication, and 96.5% of the
titanium in the titanium-rich material with some rutile structure was then
digested by the concentrated sulfuric acid. This provides an alternative route
for the comprehensive utilization of titanium and silicon in titanium slag.

INTRODUCTION

The Panzhihua–Xichang region is widely recog-
nized for its abundant vanadium-bearing titano-
magnetite resources, and it accounts for 35.2% and
11.6% of world total titanium and vanadium
resources, respectively.1,2 Generally, the titanomag-
netite concentrates are smelted in a blast furnace to
produce blast furnace slag (TiO2 22–25%).3,4 How-
ever, it is difficult to recover the titanium from the
blast furnace slag because of the dispersive distri-
bution with very fine-grained mineral phases.5,6

Recently, some alternative processes based on direct
reduction and electric furnace smelting7–10 or magnetic
separation3,11,12 have been proposed. In the electric
furnace smelting process, the obtained molten iron is
smelted in a basic oxygen furnace to produce vanadium
slag. This is then roasted with sodium salts at 750–
850�C, and multiple-stage roasting is usually employed
because of the very stable spinel structures, giving rise
to an over-consumption of energy and resources.13,14

Moreover, the discharge of hazardous V5+ and Cr6+ in
the roast-leach process also poses a great threat to the
environment.15,16

To reduce the discharge of hazardous V5+ and Cr6+,
the titanomagnetite concentrates are first selectively
reduced, with subsequent magnetic separation to
produce metallic iron powder and low-grade titanium
slag, in which most of the vanadium and chromium is
concentrated.11 Hydrochloric acid (HCl) leaching is the
most commonly used technique to upgrade titanium
slag and produce synthetic rutile,17–23 and, as such, the
titanium slag is leached with HCl at high temperatures
to produce HCl leach residue and yield high leaching of
vanadium and chromium. However, pulverization of
synthetic rutilealwaysoccursduringHCl leaching,and
higher temperatures induce the formation of fine-
grained synthetic rutile.24 Thus, it is difficult to make
the particle size of the HCl leach residue meet the
requirements of the chloride process (above 85% of the
particle size larger than 100 lm). Moreover, the effi-
cient redox pretreatment25 seems to be unsuitable for
the low-grade titanium slag because of the complicated
processes. In order to figure out an alternative route for
comprehensive utilization of the low-grade titanium
slag, it is necessary to investigate in depth the leaching
mechanism of titanium and the impurity of silicon
during HCl leaching.
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MATERIALS AND METHODS

Materials

Titanium slag was prepared by selective reduc-
tion of the Hongge titanomagnetite concentrates
with subsequent magnetic separation.11 The
chemical composition is listed in Table I. The slag

consists mostly of irregular granular particles
with a very compact structure (Fig. 1a), and is
mainly composed of titanomagnetite ((Fe2.5Ti0.5)

1.04O4), pseudobrookite ((Mg,Fe)Ti2O5), ilmenite
(FeTiO3), and amorphous silicates (Fig. 2a).
All the other reagents used were of analytical
grade.

Fig. 1. SEM images of (a) titanium slag, (b) HCl leach residue, and (c) titanium-rich material.
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Experimental Procedures

Pressure acid-leaching experiments were con-
ducted in a 0.25-L Teflon autoclave with a stainless
steel shell (see Fig. S1). Titanium slag was first mixed
with a HCl solution in an autoclave. The autoclave
was heated at a rate of 5�C/min after which it was
affixed and sealed completely, and then held at the
preset temperature for a certain time. After leaching,
the autoclave was cooled quickly, and the slurry was
filtered and washed with distilled water, forming HCl
leach residue.

The HCl leach residue was mixed with sodium
hydroxide (NaOH) solution in a 0.25-L cylindrical
stainless steel reactor, and then the slurry was
agitated at 350 rpm. After the reaction, the slurry
was filtrated and washed with distilled water,
forming titanium-rich material.

Characterization

Chemical compositions were analyzed by an
Optima 5300DV ICP-OES. At least triplicate anal-
yses were carried out for each sample, and the
relative standard deviation (n = 3) was less than
3%. Morphological changes were observed using a
JSM-7001F scanning electron microscope (SEM).
Phase compositions were investigated using an
X’Pert PRO MPD x-ray Diffraction instrument
(XRD). Infrared spectra were measured using a
Fourier-transform infrared spectrometer (FT-IR;
Spectrum GX) with a resolution of 4 cm�1. X-ray
photoelectron spectroscopy (XPS) measurements

were performed using a Thermo XPS ESCALAB
250Xi instrument. Solid-state 29Si CP/MAS nuclear
magnetic resonance (NMR) measurements were
performed using a Bruker Advance 400
spectrometer.

RESULTS AND DISCUSSION

Optimization of Hydrochloric Acid Leaching

According to Fig. 2b, pseudobrookite still exists in
the HCl leach residue after atmospheric acid leach-
ing, indicating incomplete decomposition of the
pseudobrookite, in which 31.7% of the vanadium
and 21.7% of the chromium are distributed (see
Table SI). To efficiently extract the vanadium and
chromium, pressure acid leaching was employed
(see Fig. S2), and the leaching of the vanadium and
chromium were 90.9% and 92.3%, respectively,
while the leaching of titanium and silicon was
relatively stable (< 2%) under the conditions of
initial acid concentration of 281 g/L, acid-to-slag
mass ratio 4.5:1, leaching temperature 140�C, and
leaching time 4 h. Most of the vanadium, chromium
and impurities of Fe, Al, Ca, Mg were leached out,
while almost all the titanium and silicon still
remained in the HCl leach residue with the Ti/Si
mass ratio preserved (Table I).

Acid Leaching Mechanism of Titanium
and Silicon

To clearly elucidate the ‘abnormal phenomenon’
of titanium and silicon during HCl leaching, the
XPS technique was used. Generally, bridging oxy-
gen (Ob), non-bridging oxygen (Onb) and metal-
bridging oxygen (Omb) refer to the oxygen that
bonds two Si atoms together (Si-O-Si), bonds a Si
atom to a metal cation (Si-O-Al and Si-O-Ti), and
bonds two metal atoms together (Ti-O-Ti), respec-
tively.26 The binding energy (BE) of O1 s signals
usually decreased upon substitution of the Si atoms
by less electronegative, more polarizable atoms (Ti
and Al).27 Thus, Ob, Onb, and Omb signals for the
titanium slag appeared at 531.8, 530.9, and
529.8 eV, respectively (Fig. 3a). After acid treat-
ment, the Onb signal disappeared, and the Ob and
Omb signals were observed (Fig. 3b). The surface
composition of the titanium slag was about Ob/
Omb = 1.23, which was much less than that of the
HCl leach residue (Ob/Omb = 5.55). This was more
likely to be caused by the adsorption of Si-rich
species on the surface of Ti-rich species (Fig. 1b).
Moreover, a relative symmetry could be observed in

Fig. 2. XRD patterns of (a) titanium slag, (b) HCl leach residue after
atmospheric acid leaching (initial acid concentration 281 g/L, acid-to-
slag mass ratio 4.5:1, leaching temperature 110�C, and leaching
time 4.5 h), and (c) titanium-rich material.

Table I. Chemical composition of the titanium slag, HCl leach residue and titanium-rich material (wt.%)

Sample TFe FeO TiO2 V2O5 Cr2O3 CaO MgO Al2O3 SiO2 MnO Na2O

Titanium slag 18.16 22.23 28.87 0.99 1.70 1.55 11.05 9.61 12.71 0.45 4.03
HCl leach residue 0.46 64.32 0.19 0.28 0.29 1.48 1.21 27.97 0.03 0.00
Titanium-rich material 0.61 91.38 0.25 0.36 0.38 1.77 1.35 2.28 0.04 0.00
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both Si2p and Ti2p3/2 peaks, indicating the presence
of only one environment for Ti and Si atoms (both in
tetravalent). A shift towards higher BE of Si2p and
Ti2p3/2 was observed after acid treatment, probably
indicating the Ti-rich and Si-rich species with more
stable structures were formed. Thus, it could be
speculated that titanium and silicon in the titanium
slag might be first dissolved in the acidic solution
and then precipitated with some Si-rich species
adsorbed on the Ti-rich species.

To give more direct evidence for the dissolution of
titanium and silicon, the effect of the initial heating
time on the leaching of titanium and silicon was
studied. As shown in Fig. 4, about 20% of the

titanium and silicon were dissolved in the initial
leaching period. However, almost all of the titanium
and silicon were reprecipitated as the holding time
prolonged to 1 h (see Fig. S2d).

FT-IR and solid state 29Si CP/MAS NMR tech-
niques were used to specify the leaching behavior of
silicon. According to Fig. 5a, Si-O stretching vibra-
tions of the tetrahedral structure of the silicates
(1002 cm�1) could be observed in the titanium
slag.28,29 A shift of about 100 cm�1 towards higher
wavenumbers of the Si-O stretching vibrations was
observed as the acid attack occurred, and a new
band at about 952 cm�1 appeared (Fig. 5b), which
could be interpreted in terms of Si-OH groups.30 The

Fig. 3. XPS spectra of (a) titanium slag and (b) HCl leach residue.
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NMR spectrum indicated that the silicon existed in
the HCl leach residue as isolated silanol groups
(SiO)3SiOH (Q3, � 101 ppm) and siloxane without
hydroxyl groups (SiO)4Si (Q4, � 111 ppm),31–33 with
relative peak areas of 27.9% and 72.1%, respectively
(see Fig. S3). This could be attributed to the more
rigid structure of amorphous silica gel, in which the
deformation of the Si-O-Si angles was more difficult
than in the silicates.29

Therefore, titanium and silicon in the titanium
slag were first dissolved in the acidic solution,
forming TiO2+ and silica sol. TiO2+ and silica sol
were then rapidly reprecipitated to form HCl leach
residue, since higher temperatures and ionic
strength induced the hydrolysis of TiO2+ and the
gelation of silica sol. In conclusion, the acid leaching
behaviors of titanium and silicon could be inter-
preted by a dissolution–reprecipitation mecha-
nism,34,35 and, as such, the silicon in the HCl
leach residue is expected to be dissolved in an
alkaline solution, while the titanium is expected to
be digested by concentrated sulfuric acid (H2SO4)

because of the very strong interfacial/surface free
energy caused by crystallite refinement and
intracrystalline defects (Figs. 1b and 2c).

Alkaline Desilication and H2SO4 Decomposi-
tion

The HCl leach residue after pressure acid leach-
ing was leached with 175 g/L NaOH solution and
liquid-to-slag mass ratio 3:1 at 40�C for 35 min,
resulting 94.3% of the silicon being leached out,
forming a titanium-rich material with TiO2 purity
of 91.38%. The floccules-like Si-rich species disap-
peared after alkaline treatment while titanium was
still presented in nano-sized rod-like clusters
(Fig. 1c), indicating the efficient removal of amor-
phous silica gel. The obtained alkaline Na2SiO3

solution might be used for water glass production.
The obtained titanium-rich material with above

88% of the particle size less than 13 lm (see Fig. S4)
could not meet the requirements of the chloride
process, but the main phase was identified as a
rutile structure (Fig. 2c), which is widely considered
to be resistant to H2SO4. However, most of the
titanium presented in the titanium-rich material as
nano-sized rod-like clusters with very strong inter-
facial/surface free energy. Therefore, the titanium-
rich material was digested by 98% concentrated
H2SO4 with a H2SO4/TiO2 molar ratio of 1.7:1 at
190�C for 3 h in which 96.5% of the titanium was
leached out in the following dilute acid leaching,
together with a titanyl sulfate solution with TiO2

concentration of 144.8 g/L and H2SO4/TiO2 mass
ratio of 2.07, indicating complete digestion of the
titanium-rich material by concentrated H2SO4.

CONCLUSIONS

(1) The optimal leachings of titanium and silicon
were 0.7% and 1.5%, respectively, while those
of vanadium and chromium were 90.9% and
92.3%, respectively, when using pressure acid
leaching.

(2) Hydrochloric acid leaching behaviors of the
titanium slag could be clearly interpreted by a
dissolution–reprecipitation mechanism, in
which the titanium and silicon were first
dissolved in the acidic solution to form TiO2+

and silica sol, and then rapidly reprecipitated
to form HCl leach residue.

(3) Most of the silicon presented in the HCl leach
residue as floccules-like silica gel, while most
of the titanium presented as nano-sized rod-
like clusters with crystallite refinement and
intracrystalline defects, and, as such, 94.3% of
the silicon could be leached out by the NaOH
solution, and 96.5% of the titanium could then
be digested by concentrated H2SO4 despite its
rutile structure.

Fig. 5. FT-IR spectra of (a) titanium slag and (b) HCl leach residue.

Fig. 4. Leaching of titanium and silicon as a function of heating time
during acid leaching (initial acid concentration, 281 g/L; acid-to-slag
mass ratio, 4.5:1; leaching temperature, 140�C; heating time refers
to the time used in heating at a heating rate of 5�C/min).
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