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Abstract: Through leaching from residue directly and leaching after a roasting treatment, respectively, the experimental research on 
sulfuric leaching of vanadium from residue of stone coal that came from power generation was conducted. Factors which influence 
the leaching of vanadium such as concentration of sulfuric acid, leaching temperature, leaching time and liquid-to-solid ratio were 
investigated in both processes. In the process of direct leaching, to achieve a leaching rate of 74.49%, H2SO4 concentration of up to 
5.4%, leaching temperature of 90 ℃ and leaching time of 8 h were necessary reaction factors. The results show that after a roasting 
treatment at the optimum condition of 950 ℃ at 1 h, 76.88% vanadium can be leached under the experimental condition of 0.45% 
of H2SO4, 30 ℃ for 1 h with a liquid-to-solid ratio of 2 mL/g. Leaching after an oxidation roasting treatment is an efficient way to 
leach vanadium from the residue of stone coal, which has some advantages, such as high recovery, low economic cost and less 
impurities in leaching solution. 
Key words: stone coal; roasting; acid leaching; vanadium 
                                                                                                             
 
 
1 Introduction 
 

Vanadium-bearing stone coal is a type of 
carbonaceous shale with low calorific value. Currently, 
stone coal is widely used as a kind of fuel for power 
generation in south China. Vanadium element is enriched 
in the waste residue resulted from the combustion of 
carbon, which can be exploited as a type of vanadium 
resource[1−4]. The gross reserve of vanadium in stone 
coal is 1.18×108 t in terms of V2O5 in China, which 
accounts for more than 87% of the domestic reserve of 
vanadium[5−7]. Therefore, the effective utilization of 
such a great resource of vanadium is very important for 
the vanadium industry in China. Some companies have 
begun to extract vanadium from stone coal by the 
classical technology since the 1970s. The brief flow of 
such technology includes chloridizing roasting, water 
leaching, deposition, alkali melting, and thermal 
decomposition[8]. These classical technologies have two 
main problems, namely, low recovery of vanadium (＜
50%) and serious environment pollution[9]. Nowadays, 
efficient and environmental-friendly methods of 
vanadium extraction from stone coal are intensively 
investigated, and many novel technologies are developed 
to get higher recovery[10−12]. To a great extent, the 

leaching degree determines the recovery of vanadium, 
and a high leaching degree leads to a high vanadium 
recovery[13]. Many researchers found that the roasting 
treatment exerted significant influence on the leaching 
process. Various roasting processes were investigated in 
order to get high vanadium leaching rate, such as 
microwave roasting[14] and calcified roasting[15]. The 
acid leaching after oxidation roasting without additives is 
a promising technique to leach vanadium from stone coal 
in an environmental-friendly way, but the related 
research is relatively less[16−17]. This investigation was 
laboratory study for leaching vanadium from the residue 
of stone coal that came from power generation using the 
process of acid leaching after the oxidation roasting 
without additives (RL). To make the comparison, the 
process of leaching directly from residue without the 
roasting treatment (DL) was also studied. The purpose of 
the research is to identify the effect of oxidation roasting 
on leaching process and to realize the comprehensive 
utilization of vanadium from the waste residue. 
 
2 Experimental 
 
2.1 Materials 

The raw material used in this study was taken from 
Shuangxi Coal Company, Hunan Province, China. The 
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material consists of the stone coal residue from a 
fluidized-bed roasting process for power generation. The 
main chemical compositions of the material are as 
follows: 0.93% V2O5, 88.78% SiO2, and 1.70% C. 
 
2.2 Methods 

As shown in Fig.1, part of the raw material (residue 
from a fluidized-bed roasting process for power 
generation) is used in Leaching directly (DL), and the 
rest part of it is oxidation roasted in a rotary kiln, then 
the oxidation roasted residue is used in Leaching after 
oxidation roasting (RL). Both of the leaching materials 
are crushed and grinded to ＜0.074 mm of 75%−80%, 
which is suitable for leaching. The residue is leached 
with sulfuric acid in a conical flask using magnetic 
stirring. After being leached for the specified time, the 
slurry is filtered. The leach residues are dried, weighed 
and subjected to atomic absorption spectroscopy analysis 
to determine the content of vanadium. 
 

 

Fig.1 Flowsheet of roasting and leaching 
 
3 Results and discussion 
 
3.1 Effect of roasting time and temperature in RL 

A series of experiments were carried out to 
investigate the effect of oxidation roasting on leaching 
degree of raw material in RL, and the result is shown in 
Fig.2. Roasting temperature varied from 800 to 950 ℃ 
and roasting time ranged from 0.5 to 1.5 h. All of the 
leaching experiments were conducted with fixed 
parameters including sulfuric acid concentration of 
0.68% (mass fraction, all sulfuric acid concentrations in 
this work are mass fraction), liquid-to-solid ratio (L/S) of 

2 mL/g, leaching temperature of 15 ℃ and leaching 
time of 1 h. As shown in Fig.2, the leaching degree 
improves with the increase of roasting temperature. 
Longer roasting time does not bring a higher leaching 
degree at 800−850 ℃, but at 900−950 ℃, leaching 
degree increases significantly with the increase of 
roasting time. When the roasting time increases from 1 h 
to 1.5 h at 950 ℃, the increase in leaching degree is not 
significant. So, the residue roasted for 1 h at 950 ℃ is 
chosen as the material for RL in all the subsequent 
leaching experiments. The main chemical composition of 
the oxidation roasted residue transforms to 1.02% V2O5, 
88.30% SiO2, and 0.06% C. 
 

 
Fig.2 Effect of roasting temperature and time on leaching 
degree of vanadium in RL 
 
3.2 Effect of sulfuric acid concentration 

To study the role of sulfuric acid concentration on 
the leaching degree of vanadium, the sulfuric acid 
concentration varied from 0 to 1.35% in RL and 0.9% to 
27% in DL. The results are shown in Fig.3. It can be seen 
from Fig.3 that the leaching degree of vanadium 
increases with the increase of sulfuric acid concentration 
in both processes. Although a much lower leaching  
 

 
Fig.3 Effect of sulfuric acid concentration on leaching degree 
of vanadium 
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temperature and shorter leaching time are used in RL, the 
necessary sulfuric acid concentration needed in RL is 
much lower than that in DL. To obtain a leaching degree 
above 60% under their respective conditions, sulfuric 
acid concentration should reach 5.4% in DL, but in RL, 
necessary sulfuric acid concentration is only 0.45%, 
which indicates 1/10 consumption of sulfuric acid than 
that used in DL. 
 
3.3 Effect of leaching temperature 

The effect of temperature on leaching degree was 
investigated in the range from 15 to 90 ℃. The result is 
shown in Fig.4. From Fig.4, it can be concluded that the 
leaching temperature exerts an obvious influence on the 
leaching degree in DL. When keeping other reaction 
conditions fixed and increasing the reaction temperature, 
the leaching degree improves in the range from 40 to 90 
℃. In RL, the leaching degree increases rapidly under 
the range of the temperature from 15 to 30 ℃, but little 
improvement to the leaching degree is observed for a 
further increase of the temperature. Thus, 30 ℃ is the 
optimum leaching temperature for RL, and 90 ℃ is 
necessary for DL. 
 

 
Fig.4 Effect of leaching temperature on leaching degree of 
vanadium 
 
3.4 Effect of liquid-to-solid ratio 

Fig.5 presents the effect of liquid-to-solid ratio on 
the leaching degree. It can be seen from Fig.5 that the 
leaching degree goes up with the increase of 
liquid-to-solid ratio in RL, while it does not reveal a 
significant increase in DL. Not only does a higher 
liquid-to-solid ratio increase the amount of sulfuric acid 
available, the vanadium concentration in the leach liquor 
decreases with an increase of the liquid-to-solid ratio. 
Too low concentration of vanadium in the leach liquor is 
harmful to the solvent extraction process. Therefore, the 
liquid-to-solid ratio should not be too high. Moreover, at 
a liquid-to-solid ratio of 1.5 mL/g, the leach solution is 
too thick, which is detrimental to the leaching process.  

 

 
Fig.5 Effect of liquid-to-solid ratio on leaching degree of 
vanadium 
 
Hence, a liquid-to-solid ratio of 2 mL/g is appropriate. 
 
3.5 Effect of leaching time 

The effect of leaching time on leaching degree was 
studied from 0.5 to 8 h. It can be seen from Fig.7 that the 
leaching degree increases with the increase of the 
leaching time from 1 to 8 h in DL, and the leaching 
degree reaches 74.49% after 8 h leaching with the fixed 
parameters of sulfuric acid concentration of 5.4%, 
liquid-to-solid ratio of 2 mL/g and leaching temperature 
of 90 ℃. In RL, after leaching for 1 h, a further increase 
in the leaching time results in less influence over the 
leaching degree, and about 76.88% of the vanadium can 
be leached at reaction time of 1 h, sulfuric acid 
concentration of 0.45%, reaction temperature of 30 ℃, 
and liquid-to-solid ratio of 2 mL/g. 
 

 
Fig.6 Effect of leaching time on leaching degree of vanadium 
 
3.6 Discussion 

Generally, it is difficult to realize leaching 
vanadium from stone coal without roasting. Three 
reasons can be concluded as follows. Firstly, the valence 
of vanadium in stone coal is mostly V(Ⅲ), which is very 
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hard to be leached by H2SO4; secondly, V(Ⅲ) replaces 
Al(Ⅲ) in crystal lattice of clay minerals, consequently, 
clay lattices must be destroyed in order to leach this part 
of vanadium[18]; in addition, there is a large amount of 
carbon (usually ＞12%) covering the surface of mineral 
particles in stone coal, which can depress the reaction 
between clay lattices and H+[19]. 

During the process of roasting in a fluidized-bed for 
power generation, heat energy is utilized due to the 
combustion of carbon (C reduces to 1.70% in roasted 
residue). Without being covered with carbon, minerals 
can react with H+, and many pores which form during the 
carbon combustion can provide channels for the 
diffusion of H+. Therefore, vanadium can be leached by 
H2SO4. Nevertheless, clay lattices is not significantly 
destroyed because of the short roasting time, and the 
oxidization of vanadium is hindered because of the 
participation in the reaction of reducing substances, such 
as organic carbon and pyrite[18, 20], thus, high acid 
consumption, high temperature and long leaching time 
must be satisfied in DL due to the result of bad roasting. 

Without the depression of reducing substances, the 
following reactions massively occur during oxidation 
roasting: 
 
2V2O3+O2=4VO2                            (1) 
 
4VO2+O2=2V2O5                            (2) 
 

Most of V(Ⅲ) is oxidized to V(Ⅳ) and V(Ⅴ); 
vanadium is released because of the destroy of clay 
lattices and almost no carbon exists (0.06% in this work). 
It is much easier to leach vanadium from residues due to 
the oxidation and transformation of vanadium. Besides, 
the acid consumption is largely reduced; the leaching 
temperature is lower; and the necessary leaching time is 
shorter. In the leaching process, the main chemical 
reactions for vanadium in the leaching process are as 
follows[13]: 
 
MVO3+H+=VO2++M++H2O                    (3) 
 
V2O5+H2SO4=(VO2)2SO4+H2O                 (4) 
 
V2O4+H2SO4=2VOSO4+2H2O                  (5) 
 

In Eq. (1), M is Al, Mg and Fe; and M+ is Al3+, 
Mg2+, Fe2+ and Fe3+. 

Compared with DL, RL can realize higher leaching 
rate of vanadium, greatly decrease the concentration of 
sulfuric acid, lower the leaching temperature and shorten 
the leaching time. According to Eq. (3), impurities such 
as Al, Fe and Mg are leached along with the vanadium, 
and Si are leached plentifully. These impurities will 
influence the preparation of vanadium pentoxide. A 
lower sulfuric acid concentration means less impurities 
existing in the leaching solution, which is beneficial to 
the purification of leaching solution and obtaining high 

quality vanadium pentoxide. Therefore, it is necessary to 
get a good roasting effect to lower the sulfuric acid 
concentration. Moreover, the good roasting effect is 
obtained by oxidation roasting process without additives, 
which is friendly to environment. 
 
4 Conclusions 
 

1) In the process of direct leaching from residue, to 
achieve a leaching rate of 74.49%, H2SO4 concentration 
of up to 5.4%, leaching temperature of 90 ℃  and 
leaching time of 8 h are necessary reaction factors. After 
a roasting treatment at the optimum condition of 950 ℃ 
at 1 h, as much as 76.88% vanadium can be leached 
under the experiment condition of H2SO4 of 0.45%, 
liquid-to-solid ratio of 2 mL/g, reaction temperature of 
30 ℃, and reaction time of 1 h. 

2) Leaching after a roasting treatment is an efficient 
way to leach vanadium from residue of stone coal that 
comes from power generation, which has some 
advantages such as high recovery, low economic cost and 
less impurities in leaching solution. 

3) The combustion of carbon, oxidation and 
transformation of vanadium contribute to the change of 
leaching conditions. 
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