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Abstract: In order to achieve high-efficiency alkali conversion and impurity removal of high titanium slag under the
condition of low alkali concentration, a new way of oxygen-rich alkali conversion in KOH solution was proposed. The
conversion law of element occurrence state and the influence of the conversion conditions on the titanium conversion
rate and removal rate of silicon and aluminum were studied. The results showed that the KOH solution converted the
titanium oxide in high titanium slag into whisker-like potassium titanate. Silicon and aluminum elements were
dissolved into the solution. Under the following conditions, KOH concentration of 6 mol/L, conversion temperature of
260 °C, initial oxygen partial pressure of 2 MPa, liquid—solid ratio of 35 mL/g, conversion time of 4 h, and high
titanium slag particle size of 48—74 pm, the conversion rate of titanium was 97.0%, and the removal rates of silicon and
aluminum were 90.2% and 76.2%, respectively. Oxygen-rich alkali conversion product was converted to rutile with a

TiO, grade of 99.1% by acid hydrolysis conversion.
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1 Introduction

Titanium dioxide, as one of the best white
pigments, has been widely used in coatings, plastics,
paper and other industries because of the following
advantages, such as the best opacity and whiteness,
along with its nontoxicity and stability [1-3]. At
present, the main processes for the industrial
production of titanium dioxide are still the sulfuric
acid process and the chlorination process. The
sulfuric acid process has a simple process flow and
low requirements for raw materials. However, the
product quality of sulfuric acid process is not good.
Additionally, this process is not environmentally
friendly due to its large waste emissions [4—7]. The
products of the chlorination process are of high
quality. However, this process has strict

requirements on equipment materials and the grades
of raw materials, especially the content of
impurities [8—10].

In recent years, new processes that convert
titanium raw materials to titanates and then use
titanates to prepare titaniferous solutions or directly
hydrolyze them to obtain titanium dioxide have
received increasing interest [11—13]. Compared
with the raw materials before conversion, the
conversion product has better acid solubility. And
dilute acid can be used in the subsequent process
instead of concentrated acid to prepare titanium
dioxide. This can reduce the difficulty of recycling
the acidic medium and reduce waste discharge. The
alkali conversion process can also remove some
impurities, which provides the possibility to
produce higher-quality titanium dioxide. As shown
in Table 1, LIU et al [14] studied the conversion of
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Table 1 Comparison of different alkali conversion methods
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Alkali conversion medium Titanium raw material

Optimal conditions (temperature,

Conversion rate under

medium concentration, particle size) optimal conditions/%

Concentrated KOH solution [14]
NaOH molten salt [15]

NaOH—-KOH binary
molten salt [16]

NaOH solution [17]

Titanium concentrate

Titanium slag
Titanium slag

Titanium slag

220 °C, 80 wt.% KOH, 160—180 pm 8085

475 °C, 100 wt.% NaOH, 48—58 pm 95-98
350 °C, 50 mol.% NaOH + 08
50 mol.% KOH, 76—105 pm

220 °C, 10 mol/kg H,O, 51—61 pm 100

titanium concentrate in a concentrated KOH
solution. The results show that temperature and
particle size have a significant effect on titanium
conversion. When using an 80 wt.% KOH solution
to convert a titanium concentrate (particle size
160—180 um) at 220 °C, the titanium conversion
rate is 80%—85%. XUE et al [15] used the NaOH
molten salt to convert titanium slag at 475 °C and
with a titanium slag particle size of 48—58 um; they
found that 95%— 98% titanium could be converted.
WANG et al [16] studied the conversion process of
titanium slag in the NaOH—KOH binary molten salt
(50 mol.% NaOH + 50 mol.% KOH). After 90 min
of conversion at 350 °C and with a titanium slag
particle size of 76—105 um, the titanium conversion
rate was greater than 98%. However, the existing
high- concentration alkali conversion cannot
guarantee the effective removal of silicon and other
impurities in titanium raw materials [18]. In
addition, high-concentration molten salt media have
strict equipment requirements. ZHANG et al [17]
studied the conversion effect of titanium slag in a
NaOH solution. After 4 h of conversion at 220 °C, a
NaOH concentration of 10 mol’kg H»,O, and a
titanium slag particle size of 51-61 pum, the titanium
conversion rate approached 100%. Additionally, the
concentration of the alkaline medium used for the
conversion was significantly reduced.

In order to further reduce the concentration of
alkaline medium, in this work, high titanium slag
was converted in an oxygen-rich atmosphere.
Oxygen was used to oxidize the low-valence
titanium in the high titanium slag to promote the
conversion process. This method can significantly
improve the conversion efficiency of titanium in
low- concentration alkaline medium, and weaken
the requirement for alkaline medium concentration.
At the same time, the silicon and aluminum
impurities in the high titanium slag can be
efficiently removed. In addition, the decrease in the

alkali medium concentration can also simplify the
separation process between the alkali medium and
the conversion product and the circulation process
of the alkali medium. The alkali conversion product
can be used to prepare titanium dioxide by dilute
acid. The concentration of acid and alkaline
medium required by the process is reduced, which
provides a new way to realize the high-efficiency
and clean production of titanium dioxide. In this
work, the occurrence state and phase transition of
titanium and impurities during the conversion of
high titanium slag into potassium titanate in a
potassium hydroxide solution under an oxygen-rich
atmosphere were specifically studied. The effects of
conversion conditions on the titanium conversion
rate and the removal rates of silicon and aluminum
impurities were investigated through single-factor
experiments.

2 Experimental

2.1 Materials

The high titanium slag used in the experiments
of this study was purchased from Fuxin Titanium
Industry Company (Liaoning province, China).
Both the potassium hydroxide solution and the
hydrochloric acid solution used in the experiments
were prepared from analytical grade reagents and
deionized water, and the used oxygen was industrial
grade.

2.2 Experimental procedure

The high titanium slag and KOH solution were
added into the stainless steel reactor according to a
certain liquid—solid ratio. Then, the temperature
was raised to the set value according to the program
for constant temperature conversion. After the
reaction was completed, the conversion slurry was
cooled to room temperature and removed for
separation by suction filtration. The solid-phase
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product was washed with deionized water to
neutrality and then placed in a drying oven at 70 °C
for 12—24 h. In an oxygen-free atmosphere, the
high-titanium slag was converted for 1, 2, 3, 4 and
5 h under the conditions of KOH concentration of
6 mol/L, temperature of 260 °C, liquid—solid ratio
of 40 mL/g, and particle size of 48—74 um. A
certain pressure of oxygen was introduced during
the oxygen-rich alkali conversion. The specific
experimental parameters are shown in Table 2.

2.3 Analysis

The alkali conversion products were dissolved
at a low concentration of hydrofluoric acid. The
dissolution process was carried out in a shaking
table. The specific dissolution conditions were
hydrofluoric acid concentration of 0.25 wt.%,
temperature of 25°C, liquid—solid ratio of
1000 mL/g, time of 12h and rotating speed of
150 r/min. Under the same conditions, high
titanium slag was dissolved as a blank. The content
of titanium in the conversion products and solution
was tested by inductively coupled plasma atomic
emission spectroscopy (ICP-AES, Prodigy XP).
The titanium conversion rate was calculated by
formulas (1) and (2):

mi=ntimri+(1-nt)mma (1)
a =" x100% 2)
my;

where #r is the titanium conversion rate, %; a is the
titanium dissolution rate of the high titanium slag in
a low concentration of hydrofluoric acid, %; mri
and m'r are the masses of titanium in the conversion
products and high titanium slag, respectively, g; mr
and m' are the masses of titanium in the
hydrofluoric acid solution after dissolving the
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respectively, g.

The contents of silicon and aluminum in the
conversion products were detected by X-ray
fluorescence spectrometer (XRF, ZSX Primus II).
The removal rates of silicon and aluminum were
calculated by

s :[1—"’—5’}100% 3)

mp

where #np is the removal rate of silicon or
aluminum, %; mp
aluminum in the conversion products, g; mp is the
mass of silicon or aluminum in the high titanium
slag, g.

The phase compositions of the samples were
determined by X-ray diffraction (XRD, Ultima IV
and D8 ADVANCE). The microscopic morphology
of the samples was observed by scanning electron
microscopy (SEM, SU-8010).

1s the mass of silicon or

3 Results and discussion

3.1 Composition and phase analysis of high
titanium slag

The chemical compositions of the high
titanium slag with different particle sizes used in the
experiments are shown in Table 3. The XRD pattern
of the high titanium slag is shown in Fig. 1.
Titanium element in high titanium slag mainly
existed in the form of anosovite in the Ti3O0s and
MgO_OGTi2‘94OS phases.

The SEM image and elemental distribution
maps are shown in Fig.2. The magnesium,
aluminum and zirconium impurities were mainly
dispersed in the form of solid solutions in anosovite.
The silicon, iron, manganese and sulfur impurities
enriched, and magnesium and

were clearly

conversion products and high titanium slag, aluminum in the silicon-rich region were relatively
Table 2 Conditions of experiments
(0] KOH)/ Liquid-solid
xygen o 7)1 Temperature/°C Time/h l.qul 50 171 Particle size/um
pressure/MPa ~ (mol-L™) ratio/(mL-g™")
0,1,2,3,4 8 240 2 40 48—74
2 2,4,6,8,10 240 2 40 48-74
2 6 200, 220, 240, 260, 280 2 40 48—74
2 6 260 1,2,3,4,5 40 48-74
2 6 260 4 20, 25, 30, 35, 40 48-74
270— 1502
5 6 260 4 95 70-550, 150-270,

106—150, 74—106, 48—74
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Table 3 Chemical compositions of high titanium slag (wt.%)

Particle size/pum Ti Si Al Mn Fe Mg S Zr Vv Ca Cr Nb
48—74 550 058 127 073 254 088 076 031 0.19 0.12 049 0.07
74-106 545 051 1.03 063 254 077 135 032 020 0.09 047 0.07

106—-150 546 051 101 064 287 075 1.18 032 021 0.08 048 0.07
150-270 552 052 091 072 259 083 135 032 020 0.08 049 0.07
270-550 543 055 120 073 243 076 1.14 031 019 010 051 0.07
3.3 Titanium conversion and impurity removal
: = — Ti,0; during oxygen-rich alkali conversion

¢ — Mg 6Ti2,040s

10 20 30 40 50 60 70 80 90
20/(°)

Fig. 1 XRD pattern of high titanium slag

enriched. According to the EDS microanalysis
results in Table 4, the silicon impurity component in
the high titanium slag was mainly in the form of
free silica and existed together with impurities such
as aluminum, magnesium and calcium (Spectrum 1).
Iron and manganese existed mainly in the form of
oxides and sulfides, and chromium components also
existed in the sulfide-rich regions of iron and
manganese (Spectra 3, 5 and 6). In addition, some
iron and niobium coexisted (Spectrum 4), and some
sulfur and carbon coexisted (Spectrum 2). Notably,
the oxygen content of these two regions was low.
3.2 Influence of atmosphere on titanium

conversion rate

Figure 3 shows the variation of titanium
conversion rate with time under oxygen-rich and
oxygen-free conditions. The overall trend of the two
was similar. The titanium conversion rate increased
rapidly in the early stage of conversion, and then
tended to balance. However, compared with the
oxygen-free condition, the titanium conversion rate
under the oxygen-rich condition was increased by
more than 30%. The oxygen-rich atmosphere had a
significant strengthening effect on the alkali
conversion process.

The effects of oxygen-rich alkali conversion
conditions on the conversion rate of titanium and
the removal rates of aluminum and silicon
impurities were systematically studied. The phases
of the conversion products under different
conditions were characterized by XRD.

3.3.1 Effect of initial oxygen partial pressure

As seen from Fig.4(a), when the initial
oxygen partial pressure increased from 0 to 1 MPa,
the titanium conversion rate increased from 38.4%
to 54.8%, and the aluminum removal rate increased
from 42.4% to 48.6%. When the initial oxygen
partial pressure continued to increase to 4 MPa, the
titanium conversion rate and aluminum removal
rate still increased slightly. The silicon removal rate
was hardly affected by the initial oxygen partial
pressure. Figure 4(b) shows the XRD patterns of the
alkali conversion products at different initial
oxygen partial pressures. The phases of the products
mainly were K3TigO17 and K,TisO;7 phases. The
characteristic peaks of Ks3TisO;7 and K,TisOy7 at
11.32°, 29.6° and 47.8° were more obvious. The
initial oxygen partial pressure has little effect on the
XRD patterns of the alkali conversion products.

The above change trends of the conversion rate
of titanium and the removal rates of aluminum and
silicon impurities are related to the occurrence state
of elements and the law of ore-phase intercalation
(Fig. 2). The titanium in the high titanium slag
existed in the form of the low valence anosovite
phase. The majority of aluminum was solid-
dissolved in the anosovite phase, and a small
amount of it was concentrated with silicon. When
oxygen was present, the oxidation of low-valence
titanium to high-valence titanium led to the
destruction of the anosovite phase. This further
promoted the conversion to potassium titanate. The
reaction equations are shown in Reactions (4) and
(5). LI et al [19] used ilmenite and a concentrated
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Fig. 2 SEM image (a) and elemental distribution maps (b—i) of high titanium slag

Table 4 EDS microanalysis of impurity-rich regions (wt.%)

Spot in Fig. 2(a) C O S Si Ti Mg Al Zr Fe Mn v Ca Cr Nb

1 476 544 039 183 534 281 742 0.86 030 1.04 029 1.80 0.09 -

2 247 4.02 689 0.07 089 020 020 047 - 0.06 - - - -

3 424 239 264 - 140 031 0.06 0.03 453 219 0.59 - 16.7 -

4 740 11.0 3.78 396 281 0.51 054 022 41.7 088 0.82 - 2.56 225

5 2.65 38.7 - - 9.25 0.25 0.32 - 47.1 141 - 0.13 0.18 -

6 229 379 245 - 248 030 0.04 - 1.19 47.7 - 0.07 191 -
100 potassium hydroxide solution to synthesize
sl potassium  titanate = (K4Ti3Og) in  different
= atmospheres. The results also showed that the
‘% ol oxygen atmosphere was conducive to the oxidation
g of Fe(Il) and could promote the conversion of
2 40l ilmenite to potassium titanate. With the destruction
g —=— Oxypen:rich of the anosovite phase, aluminum dissolved in it
2 20k —e— Oxygen-free was released. Then, aluminum reacted with
potassium hydroxide to enter the liquid phase. The
0 : . : - : silicon in the high titanium §lag basicglly existefi in
Time/h a free form. It reacted directly with potassium

Fig. 3 Influence of atmosphere on titanium conversion
rate (In an oxygen-rich atmosphere, the oxygen pressure
was 2 MPa. Other experimental conditions were KOH
concentration of 6 mol/L, temperature of 260 °C, liquid—
solid ratio of 40 mL/g, and particle size of 48—74 um)

hydroxide in the solution during the oxygen-rich
alkali conversion process. The chemical reactions
that may occur are shown in Reactions (6) to
(10). Therefore, with the increase in initial oxygen
partial pressure, the titanium conversion rate and
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Fig. 4 Effect of initial oxygen partial pressure on
conversion: (a) Conversion rate of titanium and removal
rates of silicon and aluminum; (b) XRD patterns of
conversion products

aluminum removal rate increased, while the silicon
removal rate was basically unchanged.

32Ti305+36KOH+130,—12K;5TigO;7+18H,0 (4)

8Ti;05+6KOH+40,—3K,Tis017+3H,0 (5)
ALOs+20H —2AI10,+H,0 (6)
ALOs+20H +3H,0—2Al(OH); (7)
Si0,+OH +H,0—SiO(OH); (8)
Si0,+20H —Si0,(OH)3 )
Si0,r30H —Si0s(OH)* +H,0 (10)

3.3.2 Effect of KOH concentration

As shown in Fig. 5(a), when the potassium
hydroxide concentration changed from 2 to
10 mol/L, the titanium conversion rate and
aluminum removal rate first increased and then
decreased. When the concentration of potassium
hydroxide was 6 mol/L, the titanium conversion

100 Fay 7100
90 G bl e 190
[ .
X 80t ¢ 180
L °
B 70t 170 &
[=] =
2 60} {60 E
B <
2 50} 150 3
: :
© 40t 140
30 - 130
20 + 4120
10 L | 1 L | 10
2 4 6 8 10
KOH concentration/(mol-L™")
(b) 1—K;3Tig0y; 2 —K,Tig0y5
2 27 3 3 3 3T TiSOS
R e 10 MOV
29 2 1275 2 3 5
o lwwlwi 1 L . 8 1n01/L
2 2 o 3 N
T 6 mol/L
! H
Wonne wuww‘* i, 4 TOVL
3
W} | 2 mol/L
o ‘
10 20 30 40 50 60 70 80 90
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Fig. 5 Effect of KOH concentration on conversion:
(a) Conversion rate of titanium and removal rate of
silicon and aluminum; (b) XRD patterns of conversion
products

rate and aluminum removal rate reached their
highest values of 67.3% and 57.4%, respectively.
The silicon removal rate increased with increasing
potassium hydroxide concentration, reaching 93.5%
at 8 mol/L. Since silicon was free of the titanium-
rich phase, the potassium titanate product formed
during the oxygen-rich alkali conversion process
did not form a product layer on the surface of the
silicon-rich phase. The effect of the alkali
concentration on the silicon removal rate was not
significant during the process of alkali conversion
and impurity removal. Aluminum mostly coexisted
with titanium, and potassium titanate formed by
alkali conversion formed a product layer that
hinders the reaction. Therefore, as the alkali
concentration increased, the mass transfer resistance
increased, and the aluminum removal rate and
titanium  conversion rate  decreased. The
concentration of potassium hydroxide has a
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significant effect on the XRD patterns of the
alkali conversion products (Fig. 5(b)). When the
potassium hydroxide concentration was 4 mol/L,
the characteristic peaks of potassium titanates
(K3Ti8017 and KzTigOn) at 11.32° and 12.96° were
clearly stronger than those of the alkali conversion
products at other concentrations. As the potassium
hydroxide concentration increased from 2 to
6 mol/L, the peak intensity of the Ti3Os phase in the
conversion products at 25.17° became significantly
weaker. However, after further increasing the
potassium hydroxide concentration, the peak
intensity of the Ti3Os phase was enhanced. JIN
et al [20] and YAN et al [21] reported that as the
concentration of potassium hydroxide increased, the
solubility of oxygen decreased rapidly, and the
viscosity of the solution increased. This increase in
viscosity reduced the diffusion coefficient of
dissolved oxygen, which in turn affected the redox
process in the solution. According to Reactions (4)
and (5), the increase in the potassium hydroxide
concentration was favorable for the conversion
reaction to proceed to the right. However, its effect
on oxygen dissolution and diffusion was not
conducive to the destruction of the anosovite phase
(Ti30s5) by oxidation.
3.3.3 Effect of conversion temperature

With increasing conversion temperature, the
titanium conversion rate and aluminum removal
rate increased significantly (Fig. 6(a)). When the
alkali conversion temperature increased to 280 °C,
the titanium conversion rate reached 86.5%, and the
aluminum removal rate reached 75.1%. The silicon
removal rate was always maintained above 88.0%.

100
901
80r
70
601
50
40
30
201
10

Conversion rate/%

220 240 260 280

Temperature/°C

200

100
90
80
70
60
50
40
30
20
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As the temperature increased, the characteristic
peaks of the Ti3;Os phase in the XRD patterns of the
alkali conversion products gradually weakened, and
the characteristic peaks of the potassium titanate
phase increased significantly (Fig. 6(b)).
3.3.4 Effect of conversion time

The titanium conversion rate and aluminum
removal rate increased rapidly over time and then
equilibrated (Fig. 7(a)). After 4 h of oxygen-rich
alkali conversion, the titanium conversion rate
reached more than 94.0%, and the aluminum
removal rate reached 76.2%. The silicon removal
rate was maintained at approximately 90.0%. The
characteristic peaks of K;TigO;7 and K,TigO;7 in
the XRD patterns of the products also gradually
increased  with conversion  time
(Fig. 7(b)).
3.3.5 Effect of liquid—solid ratio

When the liquid—solid ratio was greater than
20 mL/g, the effect of the liquid—solid ratio on the
oxygen-rich alkali conversion was not obvious
(Fig. 8). However, when the liquid—solid ratio was
less than 20 mL/g, the solid phase agglomerated on
the inner wall of the reactor near the liquid level
during the alkali conversion process. This affected
the contact between the solid and liquid phases and
worsened the effect of alkali conversion.
3.3.6 Effect of particle size

As shown in Fig. 9, the particle size of the
high titanium slag had a significant effect on the
conversion rate of titanium and removal rate of
aluminum. As the particle size decreased, the
conversion rate of titanium and removal rate
of aluminum increased rapidly. The characteristic

increasing

i (b) 1—K3TigOy; 2 —K,Tig0y
j% 2,2 5 3_Ti305
2 11 11 1 2
Mm L 280°C
°\\Q N 11” 2
Q o,
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g
Q
[ 23 2 2 2 ? 2
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w‘wM‘W\ m . 200°C
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200(°)

Fig. 6 Effect of temperature on conversion: (a) Conversion rate of titanium and removal rates of silicon and aluminum;

(b) XRD patterns of conversion products
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Fig. 8 Effect of liquid—solid ratio on conversion: (a) Conversion rate of titanium and removal rates of silicon and

aluminum; (b) XRD patterns of conversion products
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Fig. 9 Effect of particle size on conversion: (a) Conversion rate of titanium and removal rates of silicon and aluminum;
(b) XRD patterns of conversion products

peaks of the potassium titanate phase in the XRD

patterns of the products also gradually increased.

The removal rate of silicon impurities varied

slightly.

3.4 Law of transition of different constituents in
process of oxygen-rich alkali conversion

Figures 10 and 11 show the SEM images and
elemental distribution maps of the oxygen-rich
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Fig. 10 SEM images of conversion product: (a) Conversion at 200 °C for 2 h; (b) Conversion at 240 °C for 2 h;
(c, d) Conversion at 260 °C for 1 h (KOH concentration of 6 mol/L, oxygen pressure of 2 MPa, liquid—solid ratio of
40 mL/g, and particle size of 48—74 pm)

Fig. 11 SEM image (a) and elemental distribution maps (b—i) of conversion product (KOH concentration of
6 mol/L, oxygen pressure of 2 MPa, temperature of 260 °C, time of 4 h, liquid—solid ratio of 25 mL/g, and particle size
of 48—74 um)
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alkali conversion products, respectively. As seen
from Figs. 10 and 11, after the high titanium slag
was alkali-converted, the titanium-containing phase
changed from smooth and dense particles mainly
consisting of anosovite to agglomerates that are
nearly spherical. Further observation of the
near-spherical agglomerates in Fig. 11 showed that
the agglomerates were formed by a large number of
whiskers or rod-shaped crystals. From the SEM
images of the alkali conversion products shown in
Fig. 10, as the alkali conversion temperature
increased, the diameter and length of these alkali
conversion product whiskers increased significantly,
and the product layer formed by the conversion
product became loose. When alkali conversion was
performed at 200°C for 2h, the conversion
products were mainly composed of fine whiskers
and nanowires (Fig. 10(a)). When converted at
240 °C for 2 h, the nanowires in the conversion
product were greatly reduced, and whiskers with
high aspect ratios were formed (Fig. 10(b)). As the
conversion temperature increased, the whiskers
developed more completely (Fig. 10(c)).

To analyze the internal structure of the
conversion product, it was rolled with a toothpick
tip to peel off the product layer, as shown in
Fig. 10(d). After the whisker-like product layer of
the sample converted at 260 °C for 1 h was peeled
off, the unconverted titanium slag particles wrapped
by the product were exposed. XIE et al [22]
believed that in an alkaline solution under
hydrothermal conditions, titanium of various
titanium-containing precursors was dissolved under
the action of hydroxide ions. After supersaturation,
nucleation occurred to generate titanate crystals. At
the same time, DU et al [23] studied the process of
generating potassium titanate through the reaction
of titanium dioxide and potassium hydroxide
solution. The results showed that potassium titanate
crystal nuclei were first formed on the surface of
titanium dioxide particles and continued to grow on
the surface over time. Figure 10(d) shows that from

Table 5 EDS microanalysis of conversion products (wt.%)

the inside to the outside of the potassium titanate
product layer, the crystal size gradually increased,
and the whisker developed more complete.
Furthermore, small potassium titanate crystal grains
only existed on the surface of the high titanium slag
particles. This shows that, similar to the research of
DU et al [23], after the titanium-containing phase
(Ti30s) in the high titanium slag was decomposed,
the dissolved titanium nucleated on the surface of
the high titanium slag to form potassium titanate
crystals. This can also be explained by the fact
that heterogeneous nucleation requires a lower
concentration than homogeneous nucleation [24,25].

The elemental distribution maps are shown in
Fig. 11. The impurities, magnesium, aluminum and
zirconium, were still spread-out in the conversion
product. However, the distribution of the silicon,
iron, manganese and sulfur enrichment in high
titanium slag changed significantly. They had not
significant enrichment in the conversion products. It
is known from Table 5 that the relative content of
silicon and sulfur in the slag after alkali conversion
significantly decreased, indicating that they were
effectively dissolved in the liquid phase. Free silica
was converted to soluble silicate, and low-valence
sulfur was oxidized to sulfate under the action of
oxygen. Magnesium, zirconium, iron and calcium
impurities were difficult to remove by alkali
conversion because they could enter the potassium
titanate lattice by substitution. A part of aluminum
and manganese were leached and the others entered
into the potassium titanate product by substitution.
Moreover, there was a small amount of common
enrichment of iron, manganese and chromium,
which may be due to the common enrichment of
these three elements as sulfides in high titanium
slag. The concentrations of iron, manganese and
chromium in the enriched region during the alkali
conversion process were higher. And they were still
relatively enriched after being substituted into
potassium titanate crystals [17].

Spot in Fig. 11(a) C (0] K Ti Si

Mg Al Ca v Cr Mn Fe Zr

1 1.59 347 142 477 0.04
2 2.00 34.0 134 49.1 -

3 2.00 40.7 13.0 404 -
4

245 263 134 530 - 0.02

033 025 032 010 - - 064 0.15
043 024 023 011 - - 038 0.06
023 021 031 — 013 023 280 0.04
040 040 0.16 — 030 052 280 0.29
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3.5 Acid hydrolysis conversion of alkali

conversion product

According to the phase analysis results of the
alkali conversion products, titanium oxide was
converted into the K;TigO;7 and K,TigO;7 phases
during the oxygen-rich alkali conversion process.
Most of the silicon and aluminum impurities were
dissolved into the liquid phase and removed.
Impurities such as magnesium, zirconium and iron
entered the potassium titanate crystal lattice by
substitution. To obtain high-purity titanium dioxide,
it is necessary to further convert the alkali
conversion products by acid hydrolysis. After
reacting at a temperature of 260 °C, an oxygen
partial pressure of 1 MPa, and a KOH concentration
of 6 mol/L for 10 h, an alkali conversion product
was obtained. Then, it was subjected to acid
hydrolysis for 4 h at a temperature of 130 °C, a
hydrochloric acid concentration of 15 wt.% and a
liquid—solid ratio of 25 mL/g to obtain an acid
hydrolysis conversion product. The XRD pattern
and SEM image of the acid hydrolysis conversion
product are shown in Fig. 12. Its phase was rutile
TiO,, and its morphology was the short rod-like
crystal with a diameter and length of approximately

(@)
+ — TiO, (rutile)

«(110)

W 11: L : L e = >",;7 m,‘
Fig. 12 XRD pattern (a) and SEM image (b) of acid
hydrolysis conversion product

200 and 800 nm, respectively. Additionally, some of
these short rod-like crystals self-assembled into
dendritic or flower-like shapes. Figure 13 shows the
XRD pattern and SEM image of the acid hydrolysis
conversion product after being calcined at 850 °C
for 2 h. The calcined product was still rutile TiO,.
Compared with that before calcination (Fig. 12(a)),
the full width at half maximum of the characteristic
peak of the TiO, phase was greatly reduced, and the
peak intensity was significantly enhanced. The fine
crystals in the product decreased, and the overall
appearance did not change much (Fig. 13(b)). XRF
analysis showed that the calcined product had a
TiO, grade of 99.1%, and iron impurities were
further removed (TFe 0.03%). However, zirconium
impurities were enriched (ZrO; 0.43%).

(@

«(110)

¢ — TiO, (rutile)

Fig. 13 XRD pattern (a) and SEM image (b) of calcined
product

4 Conclusions

(1) The oxygen-rich atmosphere significantly
increased the titanium conversion rate.

(2) The potassium hydroxide solution
converted titanium oxide into whisker-like
potassium titanate. And silicon and aluminum
elements were dissolved into the solution.
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(3) Under the following conversion conditions,
potassium hydroxide concentration of 6 mol/L,
conversion temperature of 260 °C, oxygen partial
pressure of 2 MPa, liquid—solid ratio of 35 mL/g,
conversion time of 4h, and high titanium slag
particle size of 48—74 pum, the conversion rate of
titanium was 97.0%, and the removal rates of
silicon and aluminum were 90.2% and 76.2%,
respectively.

(4) After the alkali conversion product was
subjected to acid hydrolysis conversion and
calcination, rutile with a TiO, grade of 99.1% was
obtained.
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