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Abstract: A hydrometallurgical process for the selective removal of silicon from titanium–vanadium slag by alkaline leaching was 
investigated. X-ray diffraction, scanning electron microscopy and electron dispersive spectroscopy were used to characterize the 
samples. The results show that anosovite, pyroxene and metallic iron are the major components of the titanium–vanadium slag. 
Anosovite is presented in granular and plate shapes, and pyroxene is distributed in the anosovite crystals. Metallic iron is spheroidal 
and wrapped in anosovite. Silicon is mainly in the pyroxene, and titanium and vanadium are mainly in the anosovite. The effects of 
agitation speed, leaching temperature, leaching time, sodium hydroxide concentration and liquid–solid (L/S) mass ratio on the 
leaching behavior of silica from titanium–vanadium slag were investigated. The leaching temperature and L/S mass ratio played 
considerable role in the desilication process. Under the optimal conditions, 88.2% silicon, 66.3% aluminum, 27.3% manganese, and 
only 1.2% vanadium were leached out. The desilication kinetics of the titanium–vanadium slag was described by the chemical 
control model. The apparent activation energy of the desilication process was found to be 46.3 kJ/mol. 
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1 Introduction 
 

Panzhihua titanomagnetite deposits account for 
more than 90% titanium and 60% vanadium reserves in 
China [1]. Presently, titanomagnetite concentrates in 
China are smelted in a blast furnace to produce 
vanadium-bearing cast iron and titanium slag. The 
obtained vanadium-bearing cast iron is in converters to 
yield steelmaking iron and vanadium slag [2]. The 
titanium slag contains 22%−25% titanium dioxide (TiO2) 
[3]. More than three million tons of titanium slag is 
produced every year. Due to the dispersed distribution of 
titanium components in various fine grained (<10 μm) 
mineral phases with complex interfacial combination, the 
recovery of the titanium components is difficult [2,4]. 
Therefore, titanium slag results in wasted resources and 
pollutions to the environment. In addition, the vanadium 
slag with alkali additives or limestone is subjected to an 
oxidizing roast to transform vanadium into its soluble 
form. The roasted cinder product is then leached with 

water or weak sulfuric acid. Vanadium is deposited from 
the solution, either in the form of metavanadate or 
ammonium poly vanadate, in the presence of ammonium 
sulfate or as commercially pure vanadium pentoxide 
upon hydrolysis [5,6]. This process is costly and 
complicated, with a low vanadium recovery rate. 
Moreover, the resulting poisonous gas and water cause 
serious environmental pollution [7]. 

More than 90% of TiO2 pigment plants in China are 
operated using the sulfate process [8]. However, the 
sulfate process faces severe environmental challenges. 
The digestion reaction of titanium slag with concentrated 
sulfuric acid is highly exothermic, which can be 
catastrophic if not properly controlled [9]. In addition, 
the dilute spent acid (~20% in mass fraction) formed 
during hydrolysis is not recycled into the process, not 
only causing environmental problems, but also resulting 
in a waste of sulfur resource. 

To utilize the titanomagnetite concentrates in China, 
a new process based on the novel metallurgical process 
for preparing TiO2 was proposed by CHEN et al [10,11]. 
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In this process, titanomagnetite concentrates are reduced 
by pulverized coal at approximately 1200 °C, followed 
by magnetic separation to produce iron concentrate 
powder and titanium– vanadium slag. The next step is 
desilication from the titanium–vanadium slag by alkaline 
leaching. The obtained products are decomposed with 
molten NaOH salt under atmospheric pressure, forming 
the intermediate products. Finally, the intermediate 
products are converted into TiO2 and vanadium 
component after further treatment. 

However, in the molten NaOH salt decomposition 
process, the silicon and the titanium–vanadium slag form 
Na2SiO3 and Na2O·Al2O3·2SiO2 with high viscosity 
[12,13]. The high viscosity of the products inhibits the 
progression of molten salt decomposition and increases 
the viscosity of the solution, hindering filtration and 
separation in the subsequent water leaching process. 
Therefore, removal of the silicon from the 
titanium–vanadium slag is necessary prior to the NaOH 
molten salt decomposition process and, simultaneously, 
to hinder vanadium dissolution. 

Up to now, the leaching behavior of silicate from 
the titanium–vanadium slag in NaOH solution has been 
studied rarely. Therefore, the aim of this work is to 
develop a hydrometallurgical process for the selective 
removal of silicon from the titanium–vanadium slag by 
alkaline leaching to obtain the sample with low silica and 
high vanadium content. The focus of the current work is 
to investigate the desilication behavior of the titanium– 
vanadium slag by alkaline leaching. The effects of 
agitation speed, leaching temperature, leaching time, 
sodium hydroxide concentration and the mass ratio of 
sodium hydroxide solution to slag on the desilication 
process are discussed. 
 
2 Experimental 
 
2.1 Materials 

The titanium–vanadium slag used in this study was 
prepared by the direct reduction reaction and magnetic 
separation process [14,15]. The chemical analysis of the 
sample by inductively coupled plasma optical emission 
spectroscopy (ICP-OES, Optima 5300DV, PerkinElmer, 
USA) is shown in Table 1. Figure 1 shows the 
mineralogical analysis of the sample by XRD (Philips 
1140, Cu Kα, 40 mA, 30 kV), which indicates that the 
main crystalline phases of the sample are anosovite 
(MgTi2O5 and M3O5, M=Ti, Fe, Mg), metallic iron and 
silicon dioxide. Figure 2 shows the scanning electron 
microscopy−energy dispersive spectroscopy (SEM, 
JEOL JSM-6510A, Japan) analysis results of the 
polished titanium–vanadium slag, which show that the 
sample is composed of anosovite (gray), pyroxene (dark 
grey), and metallic iron (white). The anosovite has 

granular and plate shapes, and pyroxene is distributed in 
the anosovite crystals. The metallic iron is spheroidal, 
and is wrapped in anosovite. The spheroidal edge is 
oxidized, as shown in Fig. 2(b). Silicon is mainly in the 
pyroxene. Titanium and vanadium are mainly in the 
anosovite. All the chemical regents were of analytical 
grade. Deionized water was used in the experiments. 
 
Table 1 Chemical composition of titanium−vanadium slag 
(mass fraction, %) 

TFe TiO2 MgO Al2O3 CaO MnO SiO2 V2O5

10.1 38.2 9.7 10.4 5.1 0.75 15.3 0.92
 

 

Fig. 1 XRD pattern of titanium–vanadium slag 
 
2.2 Apparatus and procedure 

All the experiments were conducted in batch mode. 
The leaching experiments were conducted in a 300 mL 
cylindrical stainless steel reactor. The slurry was agitated 
with a stainless steel bladed overhead stirrer. The reactor 
was heated using a hotplate equipped with a temperature 
control (accuracy ±2 °C) system. A condenser with 
circulating ice-water was employed to minimize the 
evaporation of the solutions from the reactor during the 
experiment. The calculated sodium hydroxide solution 
was added to the reactor and heated to the selected 
temperature. When the desired temperature was reached, 
the titanium–vanadium slag was added and the reaction 
began. After reacting at the selected intervals, the slurry 
was filtered and the residue was washed with deionized 
water at 50 °C for 5 min. The contents of silicon, 
aluminum, manganese, and vanadium in the residue were 
analyzed by ICP-OES. The leaching rates of rate silicon, 
aluminum, manganese and vanadium were calculated by 
the following formula: 
 
x=(1–mr/ms)×100%                           (1) 
 
where x is the leaching rate of silicon, aluminum, 
manganese or vanadium; mr is their mass in the residue; 
ms is their mass in the titanium–vanadium slag. 
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Fig. 2 SEM–BSE image and EDS spectra of polished surfaces of titanium–vanadium slag 
 
 
3 Results and discussion 
 
3.1 Alkaline leaching of titanium–vanadium slag 
3.1.1 Effect of agitation speed 

The effects of agitation speed on the leaching rates 
of silicon, aluminum, manganese and vanadium were 
investigated. These experiments were performed under 
the following conditions: leaching temperature 110 °C, 
leaching time 120 min, NaOH concentration of 40% and  
liquid–solid (L/S) mass ratio 4:1. The results are 
presented in Fig. 3. 

It is evident from Fig. 3 that the agitation speed has 
a little effect on the leaching rates of silicon, aluminum, 
manganese and vanadium. As expected, the leaching 
rates of silicon, aluminum and manganese are almost 
independent of stirring speeds when it was higher than 
400 r/min. Therefore, all experiments were carried out at 
a constant stirring speed of 400 r/min in the following 
experiments. In this case, solid particles were 
homogeneously suspended in the solution. 
3.1.2 Effect of leaching temperature 

The effects of the leaching temperature in the range 

 

 
Fig. 3 Effects of agitation speed on leaching rate of silicon, 
aluminum, manganese and vanadium 
 
of 70−120 °C on the leaching rates of silicon, aluminum, 
manganese and vanadium were investigated. In these 
experiments, agitation speed, leaching time, NaOH 
concentration and L/S mass ratio were fixed at 400 r/min, 
120 min, 40% and 4:1, respectively. The results are 
presented in Fig. 4. 
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Fig. 4 Effects of leaching temperature on leaching rates of 
silicon, aluminum, manganese and vanadium 
 

The leaching results in Fig. 4 show that only 20.5% 
silicon, 6.3% aluminum, 0.8% manganese and 0.1% 
vanadium are leached out at 70 °C. With the increase of 
leaching temperature, the leaching rates of silicon, 
aluminum and manganese are also increased. When the 
temperature reaches 110 °C, the 88.2%, 66.3% and 
27.3% of silicon, aluminum and manganese are leached, 
respectively. This could be attributed to the soluble 
sodium silicate and sodium aluminate is easy to form 
with the increase of leaching temperature, but the soluble 
sodium vanadate is not formed in the temperature range 
of 70–120 °C [15]. There is no significant effect on the 
leaching when the temperature is increased further to 120 
°C. So, the optimal leaching temperature is 110 °C. 
3.1.3 Effect of leaching time 

The effects of leaching time in the range of 5−120 
min on the leaching rates of silicon, aluminum, 
manganese and vanadium were investigated under the 
conditions of 110 °C, agitation speed 400 r/min, L/S 
mass ratio 4:1 and NaOH concentration 40%. The results 
are presented in Fig. 5. 
 

 
Fig. 5 Effects of leaching time on leaching rates of silicon, 
aluminum, manganese and vanadium 

The leaching results in Fig. 5 show that the leaching 
rate of silicon rapidly reaches 80.1% at the initial stage 
of the leaching process and then increases slowly. The 
maximum leaching rate of silicon is 88.2% at a leaching 
time of 120 min. The leaching rates of aluminum, 
manganese and vanadium increase slowly, achieving 
66.3%, 27.3%, and 1.2%, respectively, at a leaching time 
of 120 min. So, the optimal leaching time is 120 min. 
3.1.4 Effect of NaOH concentration 

The effects of NaOH concentration on the leaching 
rates of silicon, aluminum, manganese and vanadium 
were studied. In this experiment, the leaching 
temperature was 110 °C, leaching time was 120 min, 
agitation speed was 400 r/min and L/S mass ratio was 
4:1. The results are presented in Fig. 6. 
 

 
Fig. 6 Effects of NaOH concentration on leaching rates of 
silicon, aluminum, manganese and vanadium 
 

Figure 6 shows that the leaching rates of silicon, 
aluminum and manganese are improved with the increase 
of NaOH concentration. Sodium hydroxide acts as a 
fluidizing and fluxing agent in the reaction. Excess 
sodium hydroxide is necessary to maintain the liquidity 
of the reactants and ensure sufficient reactions. However, 
the leaching rate of silicon surprisingly does not increase 
with the increase in NaOH concentration. Such results 
indicate that the rate-limiting step of the desilication 
reaction may be not controlled by external diffusion. 
This is because a higher NaOH concentration increases 
the viscosity of the system and the mass transfer 
resistance in the L/S interface. In order to investigate the 
other parameters, NaOH concentration of 40% is chosen. 
3.1.5 Effect of L/S mass ratio 

The effects of the L/S mass ratio on the leaching 
rate of silicon, aluminum, manganese and vanadium 
were investigated. In these experiments, the agitation 
speed, leaching temperature, leaching time and NaOH 
concentration were fixed at 400 r/min, 110 °C , 120 min 
and 40%, respectively. The results are presented in   
Fig. 7. 
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Fig. 7 Effects of L/S mass ratio on leaching rates of silicon, 
aluminum, manganese and vanadium 
 

The leaching results in Fig. 7 indicate that the 
increase in the L/S mass ratio from 1.0 to 4.0 causes a 
sharp increase in the leaching rates of silicon and 
aluminum from 28.4% and 11.5% to 88.2% and 66.5%, 
respectively. This can be explained by the increase in the 
amount of free NaOH and lower viscosity during the 
reaction. No significant effects on the leaching rates of 
silicon and aluminum are observed when the L/S mass 
ratio is increased further from 4.0 to 6.0. So, the optimal 
L/S mass ratio is 4:1. 
 
3.2 Kinetics analysis 

Desilication of titanium–vanadium slag in sodium 
hydroxide system is a typical liquid−solid reaction, 
which can be analyzed with the shrinking core model 
[16]. According to the assumption, the particle of 
titanium–vanadium slag is spherical and the reaction 
between sodium hydroxide and titanium–vanadium slag 
is first-order for NaOH. The following two kinetic 
equations are applied to different rate-controlling step. 

Chemical reaction controlled process, 
 
1−(1−x)1/3=krt                                (2) 
 

Diffusion through ash layer controlled process, 
 
1+2(1−x)−3(1−x)2/3=kdt                        (3) 
 

In the kinetics analysis experiments, the solution 
volume, agitation speed, leaching time, NaOH 
concentration and L/S mass ratio were fixed at 200 mL, 
400 r/min, 40% and 4:1, respectively. The effect of 
leaching temperature on the silicon leaching rate is 
shown in Fig. 8. According to Eq. (2) and the leaching 
rate of silicon in Fig. 8, the values of 1−(1−x)1/3 were 
calculated and plotted against the respective reaction 
time t in Fig. 9. According to Eq. (3) and the leaching 
rate of silicon in Fig. 8, the values of 1+2(1−x)−3(1−x)2/3 
were calculated and plotted against the respective 
reaction time t in Fig. 10. In the calculations, the best 
value of the regression coefficient correcting the rate 

expression is for surface control. Figure 9 gives a good 
linear relation for each leaching temperature, with a 
correlation coefficient (R2) varying from 0.996 to 0.999, 
which indicates that the reaction is chemically 
controlled. 

 

 
Fig. 8 Effects of leaching temperature on leaching rate of 
silicon in NaOH solution 

 

 
Fig. 9 Plots of 1−(1−x)1/3 versus time at different leaching 
temperatures 
 

  
Fig. 10 Plots of 1+2(1−x)−3(1−x)2/3 versus time at different 
leaching temperatures 
 

The relationship between temperature and the 
constant kr obtained from Eq. (2) can be expressed by the 
Arrhenius equation: 
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kr=Aexp[−Ea/(RT)]                            (4) 
 
where kr is the overall rate constant, A is the frequency 
factor, Ea is the apparent activation energy, R is the gas 
constant (8.314 J/(K·mol)), and T is the leaching 
temperature. 

Plotting the values of ln kr obtained at different 
leaching temperatures against 1/T gives a straight line 
with a correlation coefficient of 0.989 (Fig. 11). From the 
slope of this plot, the apparent activation energy of the 
desilication process of the titanium–vanadium slag by 
sodium hydroxide solution was calculated to be 46.3 
kJ/mol. 
 
3.3 Phase transformation during alkaline leaching 

process 
In the alkaline leaching process, the titanium– 

vanadium slag and the leached samples after different 
leaching time were analyzed by XRD and SEM. The 
results are shown in Figs. 12 and 13, respectively. Figure 
12 shows that the intensity of SiO2 peaks becomes weak 
and the metallic iron is oxidized to ferriferous oxide as 
the leaching time increases. No new phases form during 
the alkaline leaching process. The final leached sample is 
composed of MgTi2O5, M3O5 (M=Ti, Fe, Mg), Fe, and 
Fe3O4, with a small amount of SiO2. Table 2 shows the 
chemical composition of the final leached sample. The 
SEM micrographs in Fig. 13 indicate that the surface of 

 

 
Fig. 11 Arrhenius plot of data from Fig. 9 
 

 
Fig. 12 XRD patterns of samples leached at 110 °C for 
different time: (a) 15 min; (b) 60 min; (c) 120 min 

 

 
Fig. 13 SEM images of titanium–vanadium slag and samples leached for different time: (a) Titanium–vanadium slag; (b) 15 min;   
(c) 60 min; (d) 120 min 
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Table 2 Chemical composition of final leached sample (mass 
fraction, %) 

TFe TiO2 MgO Al2O3 CaO MnO SiO2 V2O5

12.1 44.5 11.1 4.1 6.3 0.54 2.1 1.03
 
the titanium–vanadium slag is dense (Fig. 13(a)), and 
stepwise eroded by the sodium hydroxide (Figs. (b) and 
(c)). Finally, a porous surface is formed after the leaching 
reaction at 110 °C for 120 min (Fig. 13(d)). This could 
be attributed to the higher concentration of NaOH, which 
is considered an ionized solvent. 
 
4 Conclusions 
 

1) Anosovite, pyroxene, and metallic iron are the 
major components of the titanium–vanadium slag. 
Anosovite is presented in granular and plate shapes. 
Pyroxene is distributed in the anosovite crystals. Metallic 
iron is spheroidal and wrapped in anosovite, and the 
spheroidal edge is oxidized. Silicon is mainly in the 
pyroxene. Titanium and vanadium are mainly in the 
anosovite. 

2) The leaching rate of silicon is significantly 
affected by the leaching temperature and L/S mass ratio. 
Other factors, such as agitation speed, leaching time, and 
NaOH concentration, also have a certain influence. 

3) The optimal alkaline leaching conditions for the 
titanium–vanadium slag are as follows: leaching 
temperature of 110 °C, leaching time of 120 min, NaOH 
concentration of 40%, and L/S mass ratio of 4:1. Under 
these conditions, 88.2% silicon, 66.3% aluminum, 27.3% 
manganese, and only 1.2% vanadium in the titanium– 
vanadium slag are leached out. 

4) The desilication kinetics of the titanium– 
vanadium slag by alkaline leaching is described by the 
chemical control model. The apparent activation energy 
of the desilication process is 46.3 kJ/mol. 
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摘  要：研究一种选择性脱除钒钛渣中二氧化硅的工艺。利用 XRD、SEM 和 EDS 对钒钛渣和碱浸出后的样品进

行表征。结果表明：钒钛渣的主要组分是黑钛石、辉石和金属铁。黑钛石为板状和颗粒状，分布于辉石中；金属

铁为球型，呈蠕虫状被包裹于辉石和黑钛石中，边缘被氧化；硅主要分布在辉石中；钛和钒主要分布在黑钛石中。

对搅拌速度、浸出温度、浸出时间、NaOH 浓度和液固比对浸出的影响进行研究。结果表明：浸出温度和液固比

对 SiO2的浸出率有较大的影响，在最佳实验条件下，Si、Al、Mn 和 V 的浸出率分别为 88.2%、66.3%、27.3%和

1.2%。钒钛渣碱浸脱硅动力学过程受化学反应控制，其表观活化能为 46.3 kJ/mol。 
关键词：脱硅；钒钛渣；碱浸；动力学 
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