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Abstract: The leaching behavior and kinetics of ilmenite ore in NaOH hydrothermal system were researched, and an

innovative metallurgical process of leaching titanium from ilmenite ore by NaOH hydrothermal method was proposed to

overcome the severe dilute H,SO4 waste water pollution of current titanium extraction process in industry. Results that the

optimal reaction conditions are as follows: the reaction temperature 240 °C, NaOH concentration 400 g-L"', the mass ratio of

alkali to ore 3.5:1, partial oxygen pressure 0.5 MPa, reaction time 2 h, agitation speed 600 r/min, and ore particle size <75um,

and the leaching degree of titanium can reach 95%. Based on XRD analyses and SEM microstructure observation, the

decomposition behavior of ilmenite ore was investigated and the generating of sodium titanium particles was observed. The

producing phenomenon of the product layer is not found during leaching. The leaching kinetics study shows that the leaching

rate of ilmenite ore in NaOH hydrothermal system is controlled by the solid product layer diffusion with the apparent
activation energy of 47.39 kJ/mol, and the empirical rate equation is “1-2X/3—(1-X)**=[735.09exp(~47389.8/RT)]7".
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Titanium dioxide is regarded as one of the important raw
materials in chemical industry, which is widely used in
coatings, plastics, papermaking, etc '), Production of ex-
tracting titanium dioxide from ilmenite (FeTiOs) is pre-
dominant. However, there are many problems in the process,
such as large discharge of three wastes, toxic gas release,
and serious environmental pollution *°!. Traditionally, the
main methods for producing titanium dioxide are sulphate

process and chloride process

. Sulphate process is cur-
rently the most popular titanium extraction process in China.
It is a simple technology and is widely applied, accounting
for over 90% of China’s titanium production. In the sul-
phate method, ilmenite FeTiO; has to be dissolved under
the condition of high-acidity (85%~90% H,SO,) and high

temperature (160~200 °C). Therefore the emission of toxic
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steam of sulfuric acid is unavoidable during the hydrolysis
process. It is impossible to recover the waste acid because

10131 1

of the high concentration of the dissolved acid
general, the dilute waste water with the concentration of
20% is treated via lime neutralization method, and as a re-
sult, a large amount of red plaster is discharged, which re-
sults in serious environmental problems. Due to its limited
waste discharging method, the chloride method has great
advantagesm'”’]‘ However, in order to increase the content
of TiO, by pyrometallurgical and/or hydrometallurgical
processes, careful upgrading of low grade ilmenite deposits
is required. The partial reduction from iron to divalent iron
at elevated temperatures, which can be easily leached by
acid, or the pre-oxidation process followed by high tem-
perature reduction to metallic iron with coal is involved in

Foundation item: Natural Science Foundation of Hebei Province (E2017318007); Key Program of National Natural Science Foundation of China (U1502273)
Corresponding author: Xue Xiangxin, Ph. D., Professor, School of Metallurgy, Northeastern University, Shenyang 110819, P. R. China, E-mail:

xuexx@mai.neu.edu.cn

Copyright © 2020, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved.



Gao Minglei et al. / Rare Metal Materials and Engineering, 2020, 49(5): 1512-1520 1513

these pyrometallurgical and/or hydrometallurgical proc-
esses. Alternatively, ilmenite ore can be smelted in an elec-
tric furnace in the presence of carbonaceous reducing
agents, in which the iron with high quality together with ti-
tanium-rich slag can be gained, which is different from il-
menite from chemical and mineralogical sides''"'*).
Digesting ilmenite with dilute acid is beneficial for recy-
cling waste acid as well as reducing the gas emission. In
order to solve the mentioned serious environmental prob-
lems of the titanium dioxide pigment industry in China,
many alternative methods have been proposed, such as the

NaOH molten salt system!"’

process” %!
technology™ **!. Among them, the NaOH molten salt de-

composition process is regarded as the most promising

, hydrochloric acid leaching
I and high leaching speed and acid regeneration

process since it takes the advantages of acid digesting. The
titanium-bearing materials are decomposed by NaOH mol-
ten salt in this process, forming the intermediate product of
Na,TiO; with NaCl-type crystal structure®* **). The gained
intermediate product is washed with water in order to recy-
cle the NaOH reaction medium and to obtain the layered
H,.Na,TiO; intermediate. The H, Na,TiO; intermediate
can be easily converted into the TiOSO, solution under the
condition of low-temperature and low-acidity sulphuric
acid solutions"”®’. The final TiO, pigment can be obtained
afire hydrolysis of the titanylsulfate solution. However, the
obtained 20 wt% NaOH solution is still difficult to be recy-
cled into the NaOH molten salt in roasting process because
of the high energy consumption of evaporation.

In order to realize the recycle of dilute acid and NaOH
solution, and to further optimize the acid solution reaction
of titanium dioxide production process, NaOH hydrother-
mal method was used to realize the leaching of ilmenite in
this work. By studying the reaction parameters and the ki-
netics of ilmenite leaching with NaOH hydrothermal
method systematically, the key factors and reaction control
step of the process were determined. The obtained interme-
diate sample was then washed with water for recycling
NaOH reaction medium in order to obtain the layered in-
termediate. Unlike the traditional sulphate process for TiO,
preparation, the intermediate can be easily converted into
TiOSO, solution at low-temperature (50 °C) and low-acidity
(20% H,SO,) in one step, in which the recycling of diluted
H,SO, solution can be realized. The obtained NaOH solu-
tion can also be recycled for ilmenite leaching process after
the removal of Al and Si. The leaching process with NaOH
can be considered as a mineral activation process, which is
beneficial for the suitable and pro-environmental use in the
sulphate process for TiO, preparation. Consequently, the
leaching behavior of the ilmenite ores with NaOH hydro-
thermal method was studied and different influencing fac-
tors during leaching were researched in detail. Besides, the
leaching kinetics was further investigated to determine the

rate controlling steps and corresponding reaction mecha-
nism of ilmenite decomposition and leaching. Furthermore,
on the basis of above systematic studies in this work, in
order to overcome the severe dilute H,SO, waste water
pollution of current titanium extraction process in industry,
an innovative technology for ilmenite leaching and latter
TiO, preparation was proposed using NaOH hydrothermal
method with the process of intermediate product transfor-
mation by low concentration acid.

1 Materials and Methods

1.1 Experimental materials

The ilmenite ore sample was obtained after crushing,
grinding and dry sieving, and adopted for latter experiments.
The chemical composition of the ilmenite ore is shown in
Table 1, and the main phase is shown in Fig.1, from which
it is found that the predominant titanium-bearing phase of
the ilmenite ore is FeTiO;. The sodium hydroxide and sul-
phuric acid used in the experiments were of analytical grade
and obtained from the Xilong Chemical Group. Deionized
water was produced by the water super-purification ma-
chine (Millipore-Q, Millipore) and then used throughout the
experiments.

1.2 Experimental apparatus

The diagrammatic sketch of experimental device is
shown in Fig.2. The experiments were performed in a stain-
less steel autoclave with an effective volume of 1.0 L. The
autoclave was equipped with a temperature control unit
which was composed of a thermocouple and a regulator of
heating furnace, a magnetic driven agitator with the stan-
dard turbine propeller, and an internally mounted cooling

Table 1 Chemical composition of ilmenite ore (wt%)

Component TiO, FeO AlLO;3 SiO, MgO

Content 41.02 35.48 15.42 4.85 2.89

Note: total chemical composition is not 100% because of burning
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Fig.1 XRD pattern of the raw materials of ilmenite
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Fig.2 Diagram of experimental set-up

coil. The temperature of the reactor was controlled by a
programmable temperature controller, with a precision of
+1 °C. The oxygen enters the bottom of autoclave through
the gas pipe, and the oxygen flow rate was set and con-
trolled by the flow control device in the reaction process.
1.3 Experimental procedure

For each experiment, 75 g ilmenite ore particles, 265 g so-
dium hydroxide (the mass ratio of alkali to ore was 3.5:1)
and the ultra-pure water (NaOH concentration was 200~500
g-L") were used. The sodium hydroxide was put in and dis-
solved, and then ilmenite ore particles were added. When the
autoclave was sealed, the magnetic stir was opened at 200
r/min to mix the slurry completely. Then the reaction was
heated at a predetermined temperature and oxygen flow.
Subsequently, the reaction was initiated by speeding up the
agitation, and about 10 g slurry was withdrawn at each time
and then separated to obtain titanium intermediate at selected
time intervals. The intermediate was washed with hot ul-
tra-water and then dissolved by acid solution reaction in or-
der to obtain the titanium leaching materials. All experimen-
tal data was calculated as the average values collected from
three parallel experiments. The titanium leaching degree (Xt;)
and ferrum leaching degree (Xz.) were calculated using the
following equations:

Xy = [ _—[[iii}riﬁrj“(’(’% ()
X, = (1——[[:} XAA:I[’JXIOO% @)

where [Ti]; is Ti concentration of the residues (wt%), [Ti], is
Ti concentration of the ilmenite ore (wt%); [Fe], is Fe con-
centration of the residues (wt%), [Fe], is Fe concentration of
the ilmenite ore (wt%); M, is mass of residues (g), M, is
mass of ilmenite ore (g).

The chemical composition of ilmenite ore and the resi-
dues was measured by ICP-OES (PE Optima 5300DV,
PerkinElmer), and the mineral phases of ilmenite ore and
residues were determined by X-ray diffraction (XRD, Phil-
lips PW223/30). The microstructure and micro area compo-
sition of ilmenite ore and residues were observed and ana-
lyzed by SEM-EDS (FEI MLA 250, Australia). The water
applied for the analysis above was of ultra-purified level
produced by the water super-purification machine (Milli-Q,
Millipore).

2 Results and Discussion

2.1 Leaching behavior
2.1.1 Effect of oxygen pressure
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Ilmenite (FeTiOs) can be oxidized by the oxygen in NaOH
hydrothermal medium based on the following chemical reac-
tions:

FeTiO,+2NaOH+1/20, —> Na,TiO,+1/2Fe,0,+H,0 (3)

2FeTiO,+2NaOH+1/20, — Na,Ti,0,+Fe,0,+H,0 (4)

3FeTiO,+2NaOH+3/40, — Na,Ti,0,+3/2Fe,0,+H,0 (5)

The standard Gibbs free energies of the reactions at the
temperature of 350~600 K were determined based on the
standard Gibbs energy data of corresponding reactive species
during the oxidation process, as presented in Fig.3. It is
shown that the A,G° values of the chemical oxidation reac-
tions are all negative in the temperature range of 350~600 K,
so it can be concluded that the above three reactions are
thermodynamically feasible. Furthermore, it is obtained that
the generating of Na,TiO; is more thermodynamically fa-
vorable compared with the generating of Na,Ti;O; and
Na,Ti,0s.

Fig.4 summarizes the leaching degree under initial oxy-
gen pressure from 0.3 MPa to 1.0 MPa in 400 g-L"' NaOH
solution, with alkali-to-ore mass ratio of 3.5:1, reaction
temperature of 240 °C, stirring speed of 600 r/min, reaction
time of 2 h, and mineral particle size <75 pm. It can be seen
from Fig.4 that the leaching degree of titanium can be in-
creased from 0% to 60.25%, and 94.74% when the partial

pressure of oxygen is set to 0, 0.3 and 0.5 MPa, respectively.

It is suggested that increasing the oxygen pressure can
promote the leaching process when the oxygen pressure is
lower than 0.5 MPa. However, no obvious change in leach-
ing degree is observed with further increasing the oxygen
pressure to 0.5 MPa.
2.1.2 Effect of alkali concentration

In order to gain the optimal conditions of chemical oxi-
dation reaction during leaching, the effect of the concentra-
tion of alkali (200, 300, 400, and 500 g-L"') was examined
under standard conditions: reaction temperature 513 K, alkali
to ore mass ratio 3.5:1, partial oxygen pressure 0.5 MPa,
stirring speed 600 r/min, reaction time 2 h, and mineral
particle size <75 pm. The results of the experiment are
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Fig.4 Effect of partial pressure of oxygen on titanium leaching

exhibited in Fig.5, from which it is demonstrated that the
leaching degree of titanium and iron exhibits a parabolic
trend with increasing the concentration of alkali. The reason
for this phenomenon is derived from the increased activity
of the dissolved oxygen, the decreased oxygen solubility,
and the decreased mass transfer efficiency. As the medium
becomes more concentrated, the activity coefficient of the
component increases evidently, so it is suggested that the
high NaOH concentration is more beneficial for the oxida-
tion reactions on the consideration of its thermodynamic
properties. In addition, with increasing the NaOH concen-
tration, the viscosity of the medium increases obviously,
and the salting-out effect is greatly enhanced, bringing
about the vital decrease of the mass transfer efficiency and
also the oxygen solubility.
2.1.3 Effect of temperature

The leaching temperature is another significant parameter
that has great effects on the leaching of titanium and ferrum
from both thermodynamic and kinetic aspects. Fig.6 exhib-
its the effect of temperature on the leaching degree of tita-
nium and ferrum under the standard conditions: NaOH
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Fig.5 Effect of NaOH concentration on titanium and ferrum

leaching
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concentration 400 g-L™', alkali to ore mass ratio 3.5:1, par-
tial oxygen pressure 0.5 MPa, stirring speed 600 r/min, re-
action time 2 h, and mineral particle size <75 um. Similar
to the effect of the concentration of alkali, the influence of
the reaction temperature on the leaching of titanium and
ferrum presents a parabolic characteristic, and this is due to
the fact that the oxygen dissolution is restricted whereas the
mass transfer is beneficial because of the reduction of me-
dium viscosity at high temperature. And the solubility and
mass transfer efficiency of oxygen are more significant for
controlling the leaching kinetics of titanium and ferrum.
The reaction temperature of 240 °C was chosen as the op-
timal temperature for leaching and thus adopted for the
following experiments.
2.1.4 Effect of reaction time

The effect of reaction time on leaching of titanium and
ferrum from the ilmenite was investigated under the fol-
lowing conceived conditions: reaction temperature 240 °C,
NaOH concentration 400 g-L™', alkali to ore mass ratio 3.5:1,
partial oxygen pressure 0.5 MPa, stirring speed 600 r/min,
reaction time 2 h, and ore particle size <75 pm. The leach-
ing degree of titanium and ferrum at different reaction time
is presented in Fig.7, and it is shown that the leaching de-
gree of titanium and ferrum increases with increasing the
reaction time, and the leaching degree reaches the maxi-
mum and then remains at the reaction time of 2 h.
2.1.5 Effect of agitation speed

The effect of the agitation intensity was researched under
the following conditions: reaction temperature 240 °C,
NaOH concentration 400 g-L'l, alkali to ore mass ratio 3.5:1,
partial oxygen pressure 0.5 MPa, reaction time 2 h, and ore
particle size <75 pm. The stirring speed in the range of
200~1000 r/min was studied, and results are shown in Fig.8.
The leaching of ilmenite ore is independent of the agitation
when the stirring speed is higher than 600 r/min, from
which it is suggested that the distribution of oxygen and
particle suspension are appropriate. Consequently, the agi-
tation speed was kept at 600 r/min in the subsequent ex-
periments in order to exclude agitation intensity as a vari-
able in the kinetics study.
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Fig.6 Effect of temperature on titanium and ferrum leaching
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Fig.8 Effect of stirring speed on titanium and ferrum leaching

2.2 Leaching kinetics

To investigate the mechanism of the leaching process of
ilmenite ore, the mineral phase analysis and microstructure
characterization of the ilmenite ore and tailing particles
were performed by XRD and SEM, respectively, and cor-
responding patterns and images are shown in Fig.9 and
Fig.10, respectively. The results show that the unreacted
ilmenite particles have smooth compact surfaces, and with
the proceeding of the reactions, the surfaces gradually be-
come loose and porous because of the decomposition of il-
menite. The diffraction peaks of the ilmenite ore almost
disappear after 2 h reactions, so it is suggested that FeTiO;
in the ilmenite ore is completely decomposed, and the dif-
fraction peaks of Fe,Oj;and sodium titanate appear and the
corresponding peak intensity is strengthened as the reaction
proceeds.

According to Ref.[27, 28], it is suggested that the reac-
tion rate can be generally controlled by one of the following
steps: the diffusion of reactants through the liquid boundary
layer, the solid product layer, or the chemical reaction at the
surface of the unreacted core from the shrinking core model.
Accordingly, there are three possible rate-controlling steps:
liquid boundary layer diffusion, solid product layer diffusion
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Fig.9 XRD patterns of reaction products

Fig.10 SEM images of reaction products: (a) 0 min, (b) 60 min,
and (c) 120 min

and surface chemical reaction. If the leaching process of
ilmenite ore is controlled by liquid boundary layer diffusion,
Eq.(6) can be adopted for small particles:
XY= 3k MC, ; (6)
opsR,

Similarly, if the process is controlled by the surface
chemical reaction, the integral rate Eq.(7) is used, and if the
process is controlled by the step of diffusion through solid
layer around the unreacted core, the integral rate Eq.(8) is

used:
1= (1= x)% = kaMCo 7
opR,
T+2(1- x)-3(1- x)# = 82 MCy (8)
opsR,

where X is titanium leaching degree (%), ky is mass-transfer
coefficient of the medium in liquid boundary layer, k., is
reaction rate constant, D, is mass transfer coefficient of the
cluster in the product layer, M is molar weight of ilmenite
ore (g), Cy is initial concentration of the cluster at /=0 min
(mol/L), R, is average radius of ilmenite particles investi-
gated (cm), o is stoichiometric coefficient, p, is density of
ilmenite ore (g/cm’), ¢ is reaction time (min). The kinetic
data can be fitted by Eq.(6~8) to study the kinetics of the
leaching reaction.

To understand the rate controlling steps of the titanium
leaching process, the data of leaching degree of titanium at
180 °C was used to fit the kinetic Eq.(6~8) above, with the
results shown in Fig.11. It can be concluded that the
experimental data is perfectly fitted with Eq.(8), with
Pearson R correlation of 0.9954, and the Kkinetics of the
leaching rate is controlled by the solid product layer
diffisiditanium leaching degree over time at different tem-
peratures was also investigated, and the results are exhib-
ited in Fig.12, Fig.13 and Table 2. It is found from Table 2
that the reaction rate constant k presents an increased feature
with the increase of temperature in range of 140~200 °C.
Furthermore, the leaching process is controlled by the solid
product layer diffusion under the optimal reaction condi-
tions. In view of above discussions, it is appropriate to
conclude that the titanium leaching process can be further
promoted with enhancing the mass transfer efficiency.
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Fig.11 Titanium leaching degree versus time at 180 °C fitted by

three kinds of kinetic equations
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Table 2 Rate constants of the reaction at different

temperatures
T/K k/min™! Ink T'/x10° K
413.15 0.00068 -7.13 242
433.15 0.00155 -6.49 2.31
453.15 0.00267 -5.89 2.21
473.15 0.00397 -5.50 2.11

According to above analyses, from the Arrhenius equa-
tion, the apparent activation energy can be calculated by
Eq.(9), with the result shown in Fig.14.

Ink=Ilnd-E,/RT 9)
where k, A4, E,, R, and T are Kkinetics constant,
pre-exponential factor, apparent activation energy (J/mol),
molar gas constant (J/(mol-K) ), and the Kelvin temperature
(K), respectively. From the kinetic data, following kinetic
Eq.(10) is gained, which can be applied to describe the
present leaching process of ilmenite ore under certain par-
tial oxygen pressure conditions in the 400 g-L™" solution.

2/3

1-2X/3-(1-X)"" =[735.09exp(-47389.8/RT) |r  (10)

5.4F
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6.9[

E =47.3898 kJ/mol
R’=0.991

Ink

-1.2¢
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T'/x 107K

Fig.14 Relationship between Ink and 7'

2.3 Development of a new method for ilmenite ore
treatment

On the basis of aforementioned theoretical and experi-
mental results, an innovative process for leaching TiO,
from ilmenite ore was proposed and the flow sheet of this
process is shown in Fig.15. Ilmenite ore is thermally de-
composed by sodium hydroxide. The liquid alkali solution
can be directly recycled. After washing, the formed sodium

llmenite NaOH  H:O

02 —{ NaOH hydrothermal

Separation
J!

Sodium titanium
l Evaporation

L (NaOH solution)

H20 —»{  Washing

}
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L (NaOH solution)

S (Titanic hydroxide)

4% Dilute acidleaching ’—» Residue

L (Leaching solution)

Separation of ferrum —» FeSO4+7H20

Dilute H2S04
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}

Hydrolyzation

|s

HaTiOs
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Fig.15 Principal flow chart of ilmenite ore treated by
hydrothermal method
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titanate can be transformed to titanate intermediately and
the washing solution can be evaporated to return to the de-
composition step to realize the circulation of alkali medium.
Titanate intermediate is then dissolved by dilute acid to
prepare TiO,, and dilute acid is returned to the leaching step
after treatment to realize the circulation of acid medium.
The new clean production technique for titanium extraction
has the advantages of high conversion degree of titanium
from less than 90% by traditional sulfuric acid process to
more than 95%. Moreover, the consumption of acid and al-
kali is greatly reduced and there is no waste water produced
throughout the whole flow sheet. It is considered a green
preparation process of titanium oxide.

3 Conclusions

1) An improved innovative metallurgical process for the
leaching of ilmenite ore using NaOH hydrothermal medium
is proposed, which is proven to be effective and feasible,
and is greatly beneficial for overcoming the severe dilute
H,SO, waste water pollution of current titanium extraction
process in industry. Under optimal reaction conditions (re-
action temperature 240 °C, NaOH concentration 400 g-L'],
alkali-to-ore mass ratio 3.5:1, partial oxygen pressure 0.5
MPa, reaction time 2 h, agitation speed 600 r/min, and ore
particle size <75 pum), the leaching degree of titanium can
reach 95%.

2) The leaching process of ilmenite ore and the generat-
ing of sodium titanium particles are investigated, observed
and confirmed through XRD and SEM analysis. It is con-
cluded that no product layer is produced during leaching.
The activation energy of the ilmenite ore leaching process
is 47.39 kJ/mol, and a valid rate equation is obtained to de-
scribe the NaOH hydrothermal leaching process. It is indi-
cated that the leaching process of ilmenite ore is controlled
by the solid product layer diffusion according to the kinet-
ics investigation.
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ERELHT NaOH 7K AR B 1T 0 B3 71 W5

WUIE S, BRI, EAWS, EUARL MOA L BEE2 WENC
(1. ZRAEKR%:, 5 PkFH 110819)
(2. TANAERIAE 5], Idb ATE 067102)
(3. T EFR G R TR RET BEH i AR AR E FE AR E, ks 100190)

OE: T MRRORRVEAE R AT E IR R IR R R KT R 0, ST NaOH 7K #W2: 4 R ER R LU AR I A 12, o
FU T KR 7E NaOH 7K H k2 b I 40 AT 0 B 8 2% o W08 Sk K0 R N 4 AE A+ S NABLIE 240 °C, NaOH ¥R JE 400 g-L™', il b
3.5:1, A4k 0.5 MPa, NV 2 h, #EFEEEE 600 t/min, R <75 um, EKHEHFATEE] 95%LL . #id XRD F1 SEM FI1iE,
8 T BRI 1 2 AT S SRR I A AL . E BN D) 9 R M, KR T I ERTE NaOH /K #uik & b A Ak - i i R 75 & R
R WCAZ AR, o TR 2 ) S B ], o AR BN I R R R AR A 47.39 ki/mol; EKERATTE NaOH 7K ik R i i
¥ TR 1-2X3-(1-X)*=[735.09exp(-47389.8/RT)]t.

FHEIE: KPR NaOHUKIWE: KB HE: BHATH: g%

fEF RN =&, Y, 1984 42, -+, MR TR, RIEKFEHRE%E, L7 P 110819, E-mail: gaominglei.nsd@163.com



