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Abstract: To recover titanium from tionite, a new process consisting of NaOH hydrothermal conversion, water washing, and H,SO,
leaching for TiO, preparation was developed. The experimental results show that under the optimum hydrothermal conversion
conditions, i.e., 50% NaOH (mass fraction) solution, NaOH/tionite mass ratio of 4:1, reaction temperature of 240 °C, reaction time of
1 h and oxygen partial pressure of 0.25 MPa, the titanium was mainly converted into Na,TiO;, and the conversion was 97.2%. The
unwanted product Na,TiSiOs remained stable in water washing, and its formation was prevented by improving NaOH concentration.
In water washing process, about 97.6% of Na" could be recycled by washing the hydrothermal product. The NaOH solutions could be
reused after concentration. 96.7% of titanium in the washed product was easily leached in H,SO, solution at low temperatures,

forming titanyl sulfate solution to further prepare TiO,.
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1 Introduction

TiO, is an important inorganic chemical reagent that
is widely used in white pigment, plastic, paper, and
photocatalyst [1-3]. The industrial technologies for TiO,
production mainly include the sulfate process and the
chloride process [4]. In China, more than 90% of TiO, is
produced via the sulfate process [5]. One of the major
solid wastes in the sulfate process is the undissolved
residue generated during the digestion of titanium-based
minerals [6,7]. This undissolved residue, known as
tionite in some literatures [8,9], is a fine-grained mud
composed of titanium, iron, and silicon minerals. Up to
0.4—0.6 tons of tionite (wet basis) are generated per ton
of produced titanium oxide, and the content of TiO, in
the dry basis of tionite is 35%—50% (mass fraction). In
this sense, tionite can be regarded as a valuable
secondary titanium resource. Residual H,SO, and

particular heavy metal ions are also present in fresh
tionite [10]. Tionite is listed on the National Hazardous
Waste List of China (waste code: 261-056-34). At
present, tionite usually neutralizes with lime or limestone
and is directly stacked in landfills. More than 10 million
tons of tionite are discharged per year in China. The
treatments previously mentioned not only create great
environmental risks and dilemma in disposal space but
also cause a significant loss of titanium resource.

Several processes have been reported for the reuse
of tionite or the recovery of titanium from tionite. As an
example, tionite has been utilized in construction
materials, such as clay bricks [8], sulfur polymer cement
[11], and ceramic material [9,12]. However, assuring the
inertness of hazardous species in the obtained products is
a significant concern, and the titanium resource in tionite
is wasted. In addition, physical separation methods
combining gravity concentration, flotation, or magnetic
separation for recycling titanium minerals from tionite
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have gained significant attention [13—15]. However,
these physical separation methods only recycle part of
the ilmenite from tionite, and the rest of titanium
minerals, such as rutile and anatase, could not be
recovered. Due to its fine particle size and high content
of impurities, tionite cannot be used as the raw material
in the chloride process for TiO, production. The high
content of silicon and rutile (H,SO4 can hardly digest
rutile) has also impeded the reuse of tionite in sulfate
process. Thus, it is of great importance to develop new
method for recovering titanium from the tionite.

Hydrometallurgical processes offer easy and
eco-friendly approaches of recovering valuable metals
from solid industrial wastes [16,17]. Hydrothermal
conversion in alkali solution is an effective method for
the conversion or decomposition of titanium and silicon
minerals [18,19]. Na,TiO;, which was
obtained by roasting titanium-based minerals with
molten NaOH, was the ideal titanate for TiO, pigment
production in our previous studies [20, 21]. However, no
studies have been reported on the preparation of Na,TiO;
via NaOH hydrothermal method as well as the
competitive formation of Na,TiSOs and the whole
process for recovering titanium.

To avoid environmental issues and recover titanium
from tionite, this study presented a new eco-friendly
process. The flow sheet of this process combining NaOH
hydrothermal conversion, water washing, and H,SO,
leaching for TiO, production is shown in Fig. 1. This
new process seems to be more energy-saving and can
consume solid waste tionite and even the waste acid
produced in the sulfate process. It appears a promising
supplement to the existing sulfate process of TiO,
industry. The effects of key factors on the NaOH
hydrothermal conversion of tionite and the recovery of
titanium from tionite were investigated.

originally

2 Experimental

2.1 Materials

The fresh tionite (wet basis) used in this study was
supplied by Shandong Dongjia Group Co., Ltd., China.
Prior to the experiments, the fresh tionite was washed
with water and filtered for the removal of acid. Next, the
tionite was treated with a dilute alkaline solution to
neutralize the residual acid. The filtration cake was then
dried at 100 °C overnight to obtain dry tionite. The
chemical composition of dry tionite is listed in Table 1.

Table 1 Composition analysis results of tionite (mass fraction, %)

Fresh tionite

|Washing and neutralizing

— NaOH solution  Dry tionite

! '

Hydrothermal
conversion

NaOH
recirculation

— Converted solution Hyrothermal products

Washed solution

Washed products

!

| H,S0, leaching |

Ti0, production«—— Titanyl sulfate solution

Fig. 1 Flow sheet of new process for recovery of titanium from

tionite

The content of TiO, in dry basis is 46.4%. The X-ray
diffraction (XRD) analysis of dry tionite shown in Fig. 2
indicates that rutile, anatase, ilmenite, and quartz are the
main phases of tionite. Some titanium and silicon oxides
may also exist in tionite as amorphous form [10].

Analytical-grade solid NaOH and deionized water
were used throughout the experiments. Commercial-
grade pure in  hydrothermal
conversion.

oxygen was used

2.2 Experimental procedures
2.2.1 Hydrothermal conversion

The hydrothermal conversion experiments were
carried out in a 1L nickel autoclave, which was
thermostatically controlled within £2 °C. A mechanical
agitator with a stirring speed of 250 r/min was applied to
keeping the slurry suspended. For each experiment, the
dry tionite was dispersed in the NaOH solution in the
autoclave with the working volume of 65%—70%.
Different amounts of O, was injected into the autoclave
prior to the reaction. Then, the autoclave was heated in
advance for about 1.5 h to reach the selected temperature.
Once the temperature was reached, the time was set as
the starting point of the reaction time. After the reaction,
the mixture in the autoclave was filtered. The filter cake
(hydrothermal product) was sampled and dried for
further analysis.

Material T102 SlOz F6203 CaO A1203 MgO MnO HzO H2$O4 Nast4
Fresh tionite 27.83 12.47 8.86 1.58 1.69 0.84 0.49 31.62 11.23 -
Dry tionite 46.37 21.12 14.76 3.14 2.81 1.44 0.83 0.63 - 2.06
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. ¢ — Rutile TiO,
A — Anatase TiO,
A # — FeTiO,
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Fig. 2 XRD pattern of dry tionite

2.2.2 Water washing for NaOH recirculation

Water washing experiments were performed in a
flask reactor heated by an oil bath. The filter cakes
obtained from hydrothermal conversion were washed
with water at 55 °C. CaO was added into the water
washed solution to remove the Si impurities. The water
washed solution after desilicication and the hydrothermal
converted solution obtained after hydrothermal
conversion were then concentrated using a vacuum
rotary evaporator to recycle the NaOH solution.
2.2.3 Acid leaching for TiO, production

In the acid leaching experiments, the washed filter
cake was mixed with H,SO, solution in a flask reactor
heated by an oil bath. After the reaction, the mixture was
filtered to obtain the titanyl sulfate solution. The
prepared titanyl sulfate solution was hydrolyzed at
boiling temperature, and the hydrolysis product was
washed and calcinated to prepare TiO,.

2.3 Characterization

The XRD patterns of the solid samples were
obtained using an X-ray diffractometer (X’Pert PRO
MPD, PANalytical, Netherlands) with Cu K, radiation.
The chemical compositions of the solid samples and the
solutions were determined via inductively coupled
plasma optical emission spectrometry (ICP-OES)
(Optimal 5300DV, Perkin-Elmer, USA).

Titanium in tionite could be converted into Na,TiO3
or Na,TiSiOs via NaOH hydrothermal conversion. The
solid sample was dissolved in 3.1% HCI (mass fraction)
solution. The dissolution process occurred according to
the following reactions:

Na,TiOs+4HCI=TiO*'+4Cl +2Na'+2H,0 )
Na, TiSiOs+4HCI=TiO**+4Cl +2Na'+H,Si0;+H,0 (2)

After dissolution of the hydrothermal product (the
titanium in the unreacted tionite cannot be dissolved),
titanium conversion was calculated via the analysis of

ICP-OES.

The morphologies of the solid samples were
characterized by scanning electron microscopy (SEM)
(JSM—6700, JEOL, Japan) equipped with energy
dispersive X-ray spectroscopy (EDS) (INCA X-MAX,
Oxford Instruments, US).

3 Results and discussion

3.1 Hydrothermal conversion
3.1.1 Effects of NaOH concentration and NaOH/tionite
mass ratio

The effects of NaOH concentration and
NaOH/tionite mass ratio on the conversion of titanium
are shown in Fig. 3. The results indicate that the
conversion of titanium increased with increasing the
NaOH/tionite mass ratio at a known NaOH concentration.
The conversion rapidly increased from 59.2% to 84.1%
when the NaOH/tionite mass ratio increased from 2:1 to
6:1 in 40% NaOH solution. The theoretical mass ratio for
the complete reaction is 0.77:1. Excess NaOH, which
acts as a mineralizer in the hydrothermal process, is
necessary to ensure that the reaction goes into
completion. The results shown in Fig. 3 also indicate that
the conversion of titanium increased with increasing the
NaOH concentration. Furthermore, the conversion of
titanium  slightly increased when the NaOH
concentration increased from 50% to 60% at NaOH/
tionite mass ratios above 4:1.

90
S
g 80r
=
‘g
8
=701
[
=]
[ =]
(=}
‘@ 60r —— 30%
L —— 40%
B —— 50%
&) —— 60%
40 . L . .
2:1 3:1 4:1 5:1 6:1

NaOH/tionite mass ratio

Fig. 3 Effects of NaOH concentration and NaOH/tionite mass
ratio on conversion of titanium (Reaction temperature of
240 °C and reaction time of 1 h)

The XRD patterns of the hydrothermal products
obtained at different NaOH concentrations and NaOH/
tionite mass ratios are shown in Fig. 4. The main phases
of the solid samples obtained at 50% NaOH solution
were a-Na,TiO;, Na,SiO;, and a small amount of
Na,TiSiOs. Na,CO; was detected due to the reaction of
residual NaOH in hydrothermal product with CO, in
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drying the hydrothermal sample for analysis. Fewer
peaks of iron components in the hydrothermal products
were detected because iron oxide may react with NaOH
and exist with low crystallinity. o-Na,TiO; (JCPDS
No. 028—1152) was a metastable phase of Na,TiO;
according to the previous study [20,21]. However, with
the decrease of NaOH concentration, the amount of
Na,TiSiOs increased. The dominant phase of titanium
was Na,TiSiOs in the hydrothermal products obtained in
30% and 40% NaOH solutions. Some unreacted rutile,
anaste, and ilmenite were also observed. No peaks of
Na,SiO; were detected in the above hydrothermal
products, which indicates that most of Si and a part of Ti
reacted with NaOH to form Na,TiSiOs. Na,TiSiOs
(JCPDS No. 048-1892), namely natisite, is a stable
titanosilicate with a dense structure [22].

The hydrothermal products obtained in 50% NaOH
solution with NaOH/tionite mass ratio of 4:1 and 40%
NaOH solution with NaOH/tionite mass ratio of 4:1
shown in Fig. 4 were named hydrothermal products A
and B, respectively. The SEM images and EDS results of
hydrothermal products A and B are shown in Fig. 5. The
results show that a-Na,TiO; was somewhat porous and
full of loose rough-etched traces. The rough-etched
surface and porous structure could endow a-Na,TiOs
good ion-exchange ability when it was treated with water,
contributing to the subsequent Na" recycling. Whereas,
with a smooth square sheet structure, Na,TiSiOs;

+— Ilmenite *— a-Na,TiO;
*— Rutile 4— Antase

*  »— Na,SiO _
8 ¥ w0 2215 0%, 4:1
. ¢ "Na,TiSiO;
* % |o o - 50%, 6:1
* o— Na,CO
1.2 2 50%, 4:1
50%, 3:1

v 0 .
vard |xm o Yu ve g 40% 41

ax?® 30%, 4:1

10 20 30 40 50 60 70 80
201°)

Fig. 4 XRD patterns of hydrothermal products obtained at
different NaOH concentrations and NaOH/tionite mass ratios
(Reaction temperature of 240 °C and reaction time of 4 h)

remained stable in water (Section 3.2) and slowly
disintegrated in H,SO, solution to form a large amount
of gel that contained silicon and titanium, which would
result in significant loss of Na and Ti components.

Thus, the formation of Na,TiSiOs must be avoided
in NaOH hydrothermal conversion. a-Na,TiO; was the
ideal target product in NaOH hydrothermal conversion,
and 50% NaOH solution was favorable for the formation
of a-Na,TiOs.

Energy/keV

Energy/keV

Fig. 5 SEM images of hydrothermal product A (a) and hydrothermal product B (b), and EDS point analysis of spot 1 (c¢) and spot

2(d)
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3.1.2 Effect of reaction temperature and reaction time

The effects of reaction temperature and reaction
time on the titanium conversion are shown in Fig. 6. The
results indicate that the conversion of titanium reached
87.7% at 240 °C for 1 h, whereas a less conversion of
68.3% was observed at 210 °C for 1h. The results
indicate that increasing the temperature was favorable to
titanium conversion, which could be attributed to the fact
that high temperatures can change the chemical
equilibrium constants and boost the reaction rates [23].
Furthermore, the reaction time had less influence on the
conversion of titanium after 1h, especially at high
temperatures, meaning 1 h was the optimum reaction
time.

100 -

. 901

<

g 70f

T 60}

g 210 °C

2 | =

§ 2 —— 240 °C

S 40t —— 270 °C

O —v— 240 °C with 0.25 MPa O,
30k 240 °C with 0.50 MPa O,
20 1 I L L 1 1 1 L

0 05 1.0 15 20 25 30 35 4.0

Reaction time/h

Fig. 6 Effects of reaction temperature, reaction time, and
oxygen partial pressure on conversion of titanium (50% NaOH
solution and NaOH/tionite mass ratio of 4:1)

The XRD patterns of the hydrothermal products
obtained at different reaction temperatures and reaction
time are shown in Fig. 7. This result indicates that a long
reaction time favored the formation of Na,TiSiOs
probably because the produced metastable a-Na,TiO;
transformed into stable Na,TiSiOs. In comparison with
product obtained at 240 °C for 4 h, those products
obtained at 240 °C for 1 h had less Na,TiSiOs. As shown
in Fig. 7, more Na,TiSiOs was also observed with
increasing the reaction temperature. Although less
Na,TiSi0s formed at 210 °C, the conversion of titanium
remained lower than 83% even for a long reaction time
of 4 h (Fig. 6). As shown in Fig. 7, some unreacted rutile,
anaste, and ilmenite still remained in the hydrothermal
product at 210 °C. When the temperature increased to
270 °C, more than 94% of titanium conversion of tionite
could be obtained, but much Na,TiSiOs was observed.
The formation of Na,TiSiOs might be attributed to the
combination of Na,TiO; and Na,SiO; at such a high
temperature.

3.1.3 Effect of oxygen partial pressure
Different amounts of O, were injected into the

=— |Imenite +— a -Na, TiO,
e — Rutile v— Na,TiSiOs
v o Na28i03
v * o
v v Le + 270°C,4h
*
P 210 °C, 4 h
3 5 * -
v o 1l . 240°C,4h
PO o 4
* x Tt
" W 240 °C, 1 h

10 20 30 40 50 60 70 80
20/(%)

Fig. 7 XRD patterns of hydrothermal products obtained at
different reaction temperatures and reaction time (50% NaOH
solution and NaOH/tionite mass ratio of 4:1)

autoclave prior to the hydrothermal reaction to
investigate the effect of oxygen partial pressure. The
results shown in Fig. 6 indicate that the conversion of
titanium increased obviously with increasing the oxygen
partial pressure with the reaction time of 1h. At an
oxygen partial pressure of 0.25 MPa for 1h, the
conversion of titanium was 97.2%, which was much
higher than that without adding O,. Further increasing
the O, partial pressure to 0.50 MPa led to no evident
increase of the conversion of titanium with a reaction
time of 1 h. Thus, 0.25 MPa of oxygen partial pressure
was optimal for this reaction. The XRD patterns of
hydrothermal products shown in Fig. 8 indicate that the
addition of oxygen facilitated the decomposition of
ilmenite in tionite, and the dominant phase of titanium in
hydrothermal products remained Na, TiO;.

+— o -Na,TiO,
w— Na25i03

*— Jlmenite

, 0.50 MPa O,

* e 8

+ 0.25 MPa O,

Y 0MPaO,

L 1

10 20 30 40 50 60 70 80
20(%)

Fig. 8 Effect of oxygen partial pressure on XRD patterns of
hydrothermal products (50% NaOH solution, NaOH/tionite
mass ratio of 4:1, reaction temperature of 240 °C, and reaction
time of 1 h)
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3.1.4 Mechanism on NaOH hydrothermal conversion of

tionite

Titanium components undergo a dissolution/
precipitation process in NaOH solution under
hydrothermal conditions [24]. The reaction of

titanium-based minerals in tionite with NaOH solution
resulted in the release of titanium as Ti(IV), probably in
the form of TiO%’. Among many kinds of meta-silicic
ions, SiO%f was the predominant ion in highly
concentrated NaOH solutions [25]. The dissolved Ti(IV)
could form Na,TiO; or integrate with SiO%‘ to form
Na,TiSiOs. Thus, the overall hydrothermal reactions
could be described as follows:

TiO,+20H —> Ti0} +H,0 3)
2Na'+ Ti0j” —>Na,TiOs(s) “)
Si0,+20H —> Si03” +H,0 (5)

2Na'+8i0; + Ti0;” +H,0—>Na,TiSiOs(s)+20H  (6)

Na,TiSiOs contains layers of tetrahedral SiO4 and
square pyramidal TiOs joined at the corners and
separated by layers of Na' ions [26]. Na,TiO; was in the
form of a-Na,TiO; in this study, and it exhibited the
NaCl-type structure with the Na and Ti ions randomly
placed in the cation sites. It had a closely packed array of
Na and Ti atoms in an octahedral coordination [27]. The
bond length of Ti—O calculated by XRD was about
2.250 A in Na,TiO;, which was longer than those in
rutile (from 1.949 to 1.980 A) and Na,TiSiOs (from
1.695 to 1.990 A) [28]. This result indicates that the
Na,TiO; structure was more active and metastable.

The XRD patterns shown in Fig. 4 indicate that
more Na,TiSiOs formed with decreasing the
NaOH/tionite mass ratio. When the NaOH/tionite mass
ratio was 6:1 in 50% NaOH concentration, Na,TiSiOs
was not detected. According to Egs. (3) and (5), the
NaOH concentration decreased as the hydrothermal
conversion proceeded because the reactions consumed
NaOH. At a high NaOH concentration of 50%, TiO3"
and SiO%’ would combine with Na* to form Na,TiOs
and Na,Si0s;, respectively. At a low NaOH concentration,
Na,TiO; would be unstable or disintegrated, and TiO%f
would integrate with SiO§_ to form Na,TiSiOs, as
demonstrated in Eq. (6). The low NaOH concentration is
inferred to be the key factor that leaded to the formation
of Na,TiSiOs.

In addition, the reaction of ilmenite with NaOH
solution under oxygen atmosphere is shown as
follows [29]:

4FeTiO3+8NaOH+02—>4Na2Ti03+2FezO3+4H20 (7)

O, has an important function in the hydrothermal
conversion of ilmenite. O, could aid the decomposition
of FeTiO; and increase the total conversion of titanium
in tionite. When the amount of O, is low, Reaction (7)

will generate Fe;O0, or FeO, which are hardly soluble in
NaOH solution and would surround the ilmenite particle
to prevent further conversion reactions. However, with
enough O, amount, the generated Fe,O; underwent a
dissolution/precipitation process in NaOH solution which
could promote the decomposition of ilmenite. The
re-precipitated Fe,O; had low degree of crystallinity, thus,
fewer peaks were shown in the XRD patterns. The
solubility of Fe,O; increases with increasing the reaction
temperature and NaOH concentration [30], and the
reaction is present as follows:

Fe,05+2NaOH—> 2Fe0; +2Na'+H,0 (8)

As shown in Fig. 6, a higher oxygen partial pressure
led to a higher reaction rate and intense conversion of
titanium-based minerals. In concentrated NaOH
solutions, an acid-base equilibrium existed [31]:

20H —H,0+0* 9)

Another solubility equilibrium is described as
follows [32]:

120,40 — 03~ (10)

When the oxygen partial pressure increased, the
quantity of O® and O%‘ clusters increased. They
oxidized the iron components in ilmenite and facilitated
the breakage and decomposition of Ti—O bonds. In this
sense, a certain amount of oxygen must be injected into
the autoclave to obtain the complete conversion of
titanium-based minerals, especially ilmenite in tionite.

The following optimal hydrothermal parameters
were proposed to obtain the ideal phase of Na,TiO; and
avoid the formation of Na,TiSiOs: NaOH concentration
of 50%, NaOH/tionite mass ratio of 4:1, reaction
temperature of 240 °C, reaction time of 1 h and oxygen
partial pressure of 0.25 MPa. The hydrothermal product
obtained under the above optimum hydrothermal
conditions, namely hydrothermal product C, had a
titanium conversion of 97.2% and its prominent phase of
titanium was Na,TiOs.

3.2 Water washing of hydrothermal products and
NaOH recirculation

Na® in the hydrothermal products should be
recovered for NaOH recirculation by water washing. Up
to now, there was no report on the behaviors of
Na,TiSiOs in water. To further figure out the difference
in ion-exchange ability of Na,TiSiOs and Na,TiO;, the
representative hydrothermal products B (main phase is
Na,TiSiOs) and C (main phase is Na,TiOs), were washed
in water with the water/hydrothermal product mass ratio
of 1.5:1 at 55 °C four times. The XRD patterns of the
water washed products are shown in Fig. 9. The peaks of
Na,TiO; and Na,SiO; in hydrothermal product C both
disappeared, and the water washed product C remained
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as an amorphous phase with very weak TiO, and FeTiO3
peaks, which means that Na,TiO; had excellent
ion-exchange ability in water. However, Na,TiSiOs in
hydrothermal product B remained stable in water washed
product B. Further ICP-OES analysis shows that Na* in
Na,TiSiOs could hardly be leached in water. Hence, the
loss of Na" was greatly attributed to Na,TiSiOs
formation. Just as reported before, Na' in Na,TiO; could
easily exchange with H" in water [27]. This exchange
was the basis of NaOH recirculation in this process. The
ion exchange reaction could be described as follows:

Na, TiOs+xH,0—>Na,_ H, TiO;+xNaOH (11)

e — Rutile TiO,

v = FCT103
a— Anatase TiO,
v — Na,TiSiOs

Water washed product B
v v ~

A v v
v v

Water washed product C

1 1 1 1

10 20 30 40 50 60 70 80
20(°)
Fig. 9 XRD patterns of hydrothermal products B and C after
water washing

Thus, Na' in the structure of Na,TiO; could also be
recycled via water washing. The leaching results of Na*
and the removal fractions of other impurities via water
washing are shown in Fig. 10. The total recovery of Na*
after washing four times was 97.6%. Moreover, the total
removal fractions of Si, Al, and Mn were 78.3%, 93.3%
and 29.7%, respectively. The compositional analysis
results of the water washed product are listed in Table 2.

100 +

R k-

80T

601

40+

20¢

Leaching fraction of element/%

[=]

0 1 2 3 4
Water washing times
Fig. 10 Leaching fractions of Na, Si, Al and Mn at varying
water washing times (Water washing time of 0 indicates
leaching results in hydrothermal converted solution)

Table 2 Compositional analysis results of water washed
product (mass fraction, %)

T102 FeZO3 NaZO SIOZ CaO MgO MnO A1203
56.69 1456 7.02 548 383 153 095 035

Si was the major impurity which could lead to the
formation of Na,TiSiOs. Thus, Na,SiO; in the recycled
NaOH solution should be limited. Table 3 indicates that
the solubility of Si decreased with the increase of NaOH
concentration. The concentrations of NaOH and Si in
hydrothermal converted solution (CS) was 735.6 and
4.6 g/L, respectively. This result indicates that Si would
not accumulate in the solution when it was reused.
Further experiments reveal that residual Si exhibited no
effect on the hydrothermal conversion when CS was
directly reused without desilication. The results shown in
Fig. 10 indicate that only 16.5% of Si remained in CS,
and 61.8% of Si was leached in water after water
washing. To remove Si impurities from water washed
solution (WS), CaO was added when WS was heated at
95 °C, and more than 92% of Si was removed from WS
with the precipitation of calcium silicates. After
desilication, the concentration of Si in WS was less than
0.6 g/L.

Table 3 Solubility of Si in NaOH solutions with different
concentrations (Calculated from solubility of Na,SiO; in NaOH
solutions at 50 °C from Ref. [33])

NaOH/(g-L ™) Si/(g-L™h
332.0 63.48
3525 51.96
392.7 37.69
478.2 24.29
635.0 7.46
723.7 5.25
739.1 4.51
761.7 3.90

The NaOH concentrations in the CS and WS
obtained from four times of countercurrent washing were
about 735.6 and 202.7 g/L, respectively. The moderate
NaOH concentration gaps made them both economically
and technically feasible to be evaporated to a
concentration of 50% (about 762.6 g/L) for reuse in
hydrothermal conversion.

3.3 Leaching of titanium by H,SQO, solution for TiO,
preparation
Titanium in the washed solid product could be
leached by H,SO, solution to prepare titanyl sulfate
solution for TiO, production. The effect of temperature
on the leaching fraction of titanium was investigated
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with 20% H,SO,. The results shown in Fig. 11 indicate
that a large portion of titanium could be easily leached by
20% H,SO4 at low temperatures for 60 min. The leaching
fraction of titanium increased with increasing the
reaction temperature. However, the amount of titanium
leached at 75 °C decreased after 120 min. This decrease
may be due to the hydrolysis of titanium at higher
temperature for a long time.

100

90

80

70

Titanium leaching fraction/%

60r

0 20 40 60 80 100 120 140 160 180
Time/min

Fig. 11 Effect of leaching temperature and time on titanium

leaching fraction (20% H,SOy solution, acid/solid mass ratio of

2.6:1)

The results shown in Table 4 indicate that higher
H,SO, concentration tended to obtain higher titanium
leaching fraction, and 96.7% of titanium could be
leached in 40% H,SO, solution at 55 °C for 60 min. The
composition of the prepared titanyl sulfate solution was
shown in Table 5. The results indicate that with the
exception of Si, most of the other impurities could be
leached. Most of the Si was separated from the solution
in the form of silica gel remaining as a solid residue
under the above conditions.

Table 4 Titanium leaching fraction by different H,SO,

concentrations
H,S0O, concentration/% Titanium/%
20 92.9
40 96.7
60 97.4

Reaction condition of 55 °C, 60 min, and acid/solid mass ratio of 2.6.

The H,SO, concentration and reaction temperature
in this process were much lower than those used for the
digestion of ilmenite in the traditional sulfate process
(85%—95% H,SO4, 180200 °C) [10]. The apparent
activation energy for the decomposition of titanium
intermediates Na,_H,TiO; by H,SO,4 was reported to be
28.7 kJ/mol, which was much lower than that for the
decomposition of ilmenite by H,SO, (72.6 kJ/mol) [33].
Therefore, the titanium in the washed solid product could

be easily leached by 20%—60% H,SO, solution at
30—75 °C. Due to its good acid-leaching performance of
the washed solid product, the waste acid containing
about 20% H,SO,4 generated from the sulfate process for
TiO, production could be used directly or after
concentration in the above acid leaching process.

After concentration, the titanyl sulfate solution was
hydrolyzed at boiling temperature, and the obtained
hydrolysis product H,TiO; was then washed and
calcinated to prepare TiO,. The XRD pattern and SEM
image shown in Fig. 12 indicate that the obtained TiO,
product was well-crystallized rutile with the average
sizes of elementary particles of 0.3—-0.5 um. The
chemical composition of the obtained product was 99.4%
TiO,, 0.037% SiO,, 0.013% > Fe, 0.051% MgO, and
0.113% SOs3. The product could be used as TiO, white
pigment after post-treatment.

Table 5 Compositional analysis results of prepared titanyl
sulfate solution (g/L)

Ti(IV) H,SO, Na(I) YFe Mg(II) Mn(IV) Ca(IT) AI(III) Si(IV)
102.29341.61 15.7430.86 2.87 2.58 1.01 055 0.12

«— Rutile TiO,
L ] [ ]
. " "
L ';l'n il ST
10 20 30 40 50 60 70 80

20/(°)
Fig. 12 XRD pattern and SEM image of obtained TiO, product

4 Conclusions

1) A new process for the recovery of titanium from
tionite was proposed. This process comprised of NaOH
hydrothermal conversion, water washing, and H,SOj,
leaching for TiO, preparation.

2) Under the optimum hydrothermal conversion
conditions, i.e., NaOH concentration of 50%, NaOH/
tionite mass ratio of 4:1, reaction temperature of 240 °C,
reaction time of 1h, and oxygen partial pressure of
0.25 MPa, about 97.2% of titanium in tionite was
converted and Na,TiO; was the main phase of titanium.
The increase of NaOH concentration and NaOH/tionite
mass ratio in hydrothermal conversion prevented the
formation of the unwanted product Na,TiSiOs.

3) About 97.6% of Na' could be recycled after
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washing the optimum hydrothermal products with water
four times. The hydrothermal converted solution could
be reused without desilicication. More than 92% of Si
was removed from the water washed solution by adding
CaO, and the obtained NaOH solution could be reused
after concentration.

4) Titanium in the water washed product was easily
leached by 20%—-60% H,SO4 solution at 30-75 °C,
forming titanyl sulfate solution to further produce TiO,.
The optimum recovery of titanium was up to 96.7%.
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NaOH 7K #4%{¢—H,S0, ;2 HE MM
Ml L N BB 5% (2B fe) S B FI FB 8K

BRI, BRI, B REZ P, F %

1. FEREER R TRV AT RSB A E R TR =, Jbx 100190;
2. MERERE SR TEVRR SRS TRERE SRS, JE5 100190;
3. REBEERE RS, JERT 100049

W OE: RH AR ECR HERNE TE, 1% T 265 NaOH /K. KA H,S0, 3% il % TiO,. 1
AT B2 PE T, B NaOH ¥R E N 50% (5 54030« NaOH/HYe s Loy 4:1. PR 240 °C JRiRY
84 1 h FES S EN 0.25 MPa, EkELRATIE 97.2%, TEEESZYIIE Na,TiOs. JE H R4 Na,TiSiOs 7E/K ¥
HRRFEERERE , TE/K IR N AR 3R T NaOH ¥R B ] LI Na,TiSiOs fI4E . /KIGFEMEITKIEIG, 97.6%HH Na™a] LA
FIC. 2 H NaOH MRk 4E 2 5T AR o ERMIRE T, /KEDE T 96.7% Bk BB BRI E M BRER IR
AR R FTSERIE — B & & #% TiO, 7= o

4R EIR; KAl NaOH KB, 7K¥E; H,SO, R
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