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Abstract: Extraction of vanadium from black shale was attempted in pressure acid leaching. The chemical components of the sample 
obtained from Guizhou Province of China show that it contains 3.258% V2O5, 52.880% SiO2 and 16.140% Al2O3. Phase analyses of 
vanadium indicates vanadium mainly exists in the free oxide and mica. Vanadium contents in the two phases are 18% and 53%, 
respectively. The contents of V3+, V4+ and V5+ are almost equal. Under the optimum parameters of one-step leaching (reaction time 
of 3 h, sulfuric addition of 25%, temperature of 150 ℃, liquid to solid ratio of 1.2 mL/g, catalyst (FeSO4) addition of 5% and size of 
85% particle 0.074 mm), about 77% of vanadium is recovered. After two-step countercurrent leaching, the leach recovery of 
vanadium can reach above 90%. Air replacing oxygen is completely feasible. The impurity metals can dissolve into solution in 
different degrees. 
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1 Introduction 
 

Vanadium is currently recovered as a by-product or 
a best co-product from mineral resource[1]. Many 
industrial sub-products have been investigated and used 
for vanadium recovery, including oil fly ash[2−4], spent 
catalyst[5−8] and petroleum coke[9]. HOLLOWAY and 
ETSELL[3] reported the vanadium (V2O5) content of oil 
sands fly ash from Aberta in Canada is 3.6%−6.2%. This 
is thus an interesting resource for the recovery of 
vanadium. MISHRA et al[6] reported the vanadium level 
of spent hydro-processing catalyst from the SK 
Petroleum Corp in South Korea is 7.7%−10.3%. 

Vanadium-bearing black shale (also called stone 
coal) is an alternative resource of vanadium in China in 
addition to vanadium-titanomagnetite. It extensively 
exists in Yunnan, Guizhou, Hunan, Zhejiang, Jiangxi, 
Guangxi, Gansu and Xinjiang Province or autonomous 
regions. The gross reserve of V2O5 in black shale is 110 
Mt, accounting for more than 87% of the domestic 
reserve of vanadium and black shale containing less than 
0.5% V2O5 accounts for 60% of the total reserve[10]. 
The mineral compositions of black shale are very 
complicated and inconstant. Generally, more than five 

kinds of vanadium-bearing minerals are present in black 
shale such as mica, kaolin, free oxide, taltalite and 
garnet[10]. XU[11] found that for the black shale in 
south of China the most vanadium is present in the form 
of isomorphism where V3+ substitutes for Al3+ in the 
crystal lattice of aluminosilicate, for instance, mica, 
taltalite and garnet. Vanadium (V5+) exists in free oxide 
and is present in the absorption form. Vanadium (V4+) 
might exist in the form of isomorphism and absorption. 
The leachability of vanadium in different minerals is 
quite different, and vanadium in free oxide is more easily 
leached than that existing in aluminosilicate. 

For the recent twenty years, the vanadium recovery 
from black shale has received considerable attention. 
Many studies have focused on the recovery of vanadium 
from black shale using several processes: roast 
leaching[12−15] or direct acid leaching[16−20]. 
AMER[21] studied the pressure acid leaching of 
Egyptian black shale of the Quseir-Safaga region and 
obtained a vanadium recovery of up to 95% using 10% 
H2SO4 solution with an oxygen partial pressure of 8×10 
Pa for 40 min. 

In this work, the feasibility of extracting vanadium 
from black shale obtained from Guizhou was analyzed in 
pressure acid leaching. 
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2 Experimental 
 
2.1 Materials 

Black shale was collected from Guizhou Province 
of China. It was dried to a constant mass at 75 ℃, and 
85% of black shale was subsequently ground to 0.074 
mm which was used in most of the experimental work. 
Table 1 depicts the main chemical components of the 
sample. It can be seen that content of vanadium in form 
of V2O5 is 3.258%. Vanadium phase analysis was carried 
out according to the sequential extraction 
procedures[22−23]. The vanadium phase and valence 
state of vanadium are given in Table 2. Vanadium 
mainly exists in mica (80.530%) and next in free oxide 
(18.00%). 
 
Table 1 Main chemical components of studied sample (mass 
fraction, %) 

Al2O3 C CaO Fe2O3 Mg Na2O S SiO2 V2O5

16.140 6.930 0.685 3.590 0.886 0.560 0.871 52.880 3.258

 
2.2 Method 

In the leaching experiments, a titanium autoclave 
with an agitation stirrer (speed was kept at 580 r/min in 
all leaching experiments) was used. Sample (200 g) was 
mixed with a measured amount of distilled water and 
calculated amounts of sulfuric acid (AR). The slurry was 
added to the autoclave and then was heated. At the same 
time, oxygen was continuously aerated into the reactor at 
1.2 MPa (total pressure). When temperature reached the 
specified value, the reaction was initiated. At the end of 
each leaching test, the insoluble leach residue was 
separated from the pregnant leach solution by vacuum 
filtration and the solids were washed with distilled water. 
The washed leach residues were dried, weighed and 
analyzed by ICP-AES for vanadium content. The leach 
recovery of vanadium was calculated using the analysis 
of V2O5 content in the black shale and leach residue and 
their respective masses. 
 
3 Results and discussion 
 
3.1 Effect of reaction time on leach recovery of 

vanadium 
Reaction time was varied between 1 h and 5 h. As 

shown in Fig.1, the leach recovery of vanadium increases 

sharply with the increase in reaction time from 1 h to 3 h 
and is 75.79% at a reaction time of 3 h. This is probably 
due to vanadium in the form of adsorption easily 
dissolved into solution, so before 3 h the dissolution of 
vanadium is quick. However, for 3−5 h reaction time, the 
leach recovery of vanadium seemingly has a gradually 
declined trend. With the increase in reaction time, the 
more aluminosilicate reacts with H2SO4 to produce a 
condensation product of silicon which can absorb the 
positive cations of vanadium such as VO2+ and VO2

+. So, 
in the subsequent experiments, reaction time is chosen to 
be 3 h. 
 

 
Fig.1 Effect of reaction time on leach recovery of vanadium at 
180 ℃ , 25% addition of H2SO4, 1.2 mL/g L/S and 85% 
particle of 0.074 mm 
 
3.2 Effect of temperature on leach recovery of 

vanadium 
Fig.2 shows the leach recovery of vanadium 

obtained by varying temperature from 120 to 180 ℃, 
using an addition of H2SO4 of 25% with a liquid to solid 
ratio (L/S) of 1.2 mL/g for 3 h. It can be seen from Fig.2 
that the leaching temperature obviously affects the 
recovery of V. Up to 75% of vanadium can be recovered 
when the temperature reaches 180 ℃. In the subsequent 
experiments, temperature is chosen to be 180 ℃. 
 
3.3 Effect of addition of sulfuric acid on leach 

recovery of vanadium 
The effect of H2SO4 addition (mass fraction of 

material) on the leach recovery of vanadium was studied 
in the range from 15% to 40%, as shown in Fig.3. The 
leach recovery of vanadium increases from 51.1% to 

 
Table 2 Distribution of vanadium in different phases 

Vanadium phase Valence state 
Category TV 

Free oxide Mica Insoluble aluminosilicate V3+ V4+ V5+ 
Percent/% 100.00 18.00 80.53 1.47 34.34 28.86 36.80 

Mass fraction/% 1.826 0.328 1.472 0.026 0.627 0.527 0.672  
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Fig.2 Effect of temperature on the leach recovery of vanadium 
at 3 h, 25% addition of H2SO4, 1.2 mL/g L/S and 85% particle 
size of 0.074 mm 
 

 
Fig.3 Effect of H2SO4 addition on leach recovery of vanadium 
at 3 h, 180 ℃, 1.2 mL/g L/S and 85% particle size of 0.074 
mm 
 
91.02 % with an increase in H2SO4 addition from 15% to 
40%, but there is an increase in residual concentration of 
H2SO4 in leachate with increased addition of H2SO4. 
When the addition of H2SO4 is 40%, the residual 
concentration of H2SO4 reaches above 65 g/L for the 
addition of H2SO4 of 40%. This needs a more addition of 
ammonia the in adjusting the pH process and adds the 
production cost during the solvent extraction. So, an 
optimum H2SO4 addition of 25% is chosen. 
 
3.4 Effect of liquid solid ratio on leach recovery of 

vanadium 
A series of five experiments were carried out by 

varying L/S in the range of 1.1−3.0 mL/g. The results are 
shown in Fig.4. It can be seen from Fig.4 that the leach 
recovery of vanadium decreases with the increase of L/S, 
due to the fact that the concentration of H2SO4 decreases 
with the increase of L/S under the same H2SO4 addition 
of 25%. However, the leach recovery at L/S of 1.1 mL/g 

is lower than that at L/S of 1.2 mL/g. The reason is that 
ore slurry is very ropy at L/S of 1.1 mL/g and is 
unfavorable for the diffusion and mass transfer. The 
leach recovery of vanadium reaches the highest value 
(75.3%) at L/S of 1.2 mL/g. The optimum liquid solid 
ratio is chosen to be 1.2 mL/g. 
 

 
Fig.4 Effect of L/S on leach recovery of vanadium at 3 h, 180 
℃, 25% addition of H2SO4 and 85% particle size of 0.074 mm 
 
3.5 Effect of size of particle on leach recovery of 

vanadium 
The effect of size of particle on the leach recovery 

of vanadium is shown in Fig.5. It can be seen form Fig.5 
that leach recovery of vanadium is not evidently changed 
in the range of 0.095−0.048 mm. However, when the size 
of particle is less than 0.048 mm, the leach recovery of 
vanadium sharply decreases. This might be due to the 
fact that the carbonaceous components in the sample, 
which is exposed to surface in the grinding process, 
might cover the vanadium-bearing mineral, and makes it 
become more difficult when leaching agent reaches the 
mineral surface to react. Meanwhile, the smaller the size 
of particle, the higher the energy consumption in 
grinding process. So, optimum particle size of 85% 
 

 
Fig.5 Effect of size of particle on leach recovery of vanadium 
at 3 h, 180 ℃, 25% addition of H2SO4 and L/S of 1.2 mL/g 
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particle is chosen to be 0.095 mm. 
 
3.6 Effect of catalyst on leach recovery of vanadium 

To improve the leach recovery of vanadium and 
decrease the leaching temperature, the two kinds of 
catalysts (ferrous sulfate and copper sulfate) were used. 
Four experiments were carried out under the following 
conditions: reaction time of 3 h, leaching temperature of 
150 ℃, addition of H2SO4 of 25%, L/S of 1.2 mL/g and 
size of 85% particle of 0.074 mm. As shown in Fig.6, 
compared with no catalyst (150 ℃) and no catalyst (180 
℃), the leach recovery increases by about 7.7% and 
2.5% for FeSO4, respectively. This indicates that the 
addition of FeSO4 contributes to an increase in recovery 
of vanadium. However, addition of CuSO4 does not 
affect leach recovery compared with no catalyst (150 
℃). So the catalyst is chosen to be FeSO4. 

The effect of the addition of ferrous sulfate on the 
leach recovery of vanadium is shown in Fig.7. It can be 
seen form Fig.7 that the leach recovery of V increases 
from 70.4% to 75.2% with the increase of FeSO4 
addition from 0 to 0.8%. While with a further increase in 
catalyst addition, the leach recovery increases slightly 
and only increases from 76.1% at 2.5% FeSO4 to 78.1% 
at 5% FeSO4. This result may be related to the 
leachability of iron compound in material. In the acid 
leaching process, iron compound reacts with sulfuric 
acid to produce dissolvable species (Fe3+ or Fe2+), which 
might also play an important role during transferring 
oxygen process in the presence of the dissolved oxygen. 
So, the catalyst addition does not significantly affect the 
leach recovery of vanadium. 

According to the above results, the optimum 
processing parameters for the one-step leaching of 
vanadium are as follows: reaction time of 3 h, sulfuric 

 

 
Fig.6 Effect of catalyst kinds on leach recovery of vanadium at 
3 h, 25% addition of H2SO4, 1.2 mL/g L/S and 85% particles 
size of 0.074 mm 

 

 
Fig.7 Effect of addition of ferrous sulfate on leach recovery of 
vanadium at 3 h, 150 ℃, 25% addition of H2SO4, 1.2 mL/g L/S 
and 85% particle size of 0.074 mm 
 
addition of 25%, leaching temperature of 150 ℃ , 
liquid/solid ratio of 1.2 mL/g, FeSO4 addition of 5% and 
size of 85% particle of 0.074 mm. Three experiments 
were carried out under these optimum conditions. The 
mean leach recovery of vanadium is around 77%. 
 
3.7 Two-step countercurrent leaching of black shale 
3.7.1 Leaching of vanadium 

To further improve the leach recovery of vanadium, 
the two-step countercurrent leaching experiment which 
consisted of five unit experiments was performed. The 
flow sheet is given in Fig.8, and the results are shown in 
Fig.9. The leach recovery of the first-step leaching is 
only about 51% and decreases by 24% compared with 
one-step leaching (77%), but the total (sum of first-step 
and second-step) recovery reaches 90% and increases by 
15% compared with one-step leaching. 
3.7.2 Feasibility of air replacing oxygen 

The feasibility of substituting air for oxygen was 
investigated under the same conditions (as shown in 
Fig.9). As shown in Fig. 10, the leach recovery of 
first-step, second-step and the total (sum of first-step and 
second-step) does not appear an obvious change 
(88%−89%) and only decreases by 1%−2% compared 
with that of oxygen. This shows that the method 
substituting air for oxygen is absolutely feasible. 
3.7.3 Enrichment behavior of vanadium in two-step 

countercurrent leaching process 
The enrichment behavior of vanadium in the 

two-step countercurrent leaching process was 
investigated. The results are shown in Fig.11. It can be 
observed that the concentration trend of vanadium in the 
first-step leachate is consistent with that in the second- 
step leachate. The concentration of V2O5 in the first-step 
leachate can reach above 16 g/L after 4 cycles. In theory, 
this is a maximum for the two-step countercurrent  
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Fig.8 Flow sheet of two-step countercurrent leaching 
 

 
Fig.9 Vanadium recovery of two-step countercurrent leaching 
experiment (First-step leaching: 2 h, 150 ℃, 25% addition of 
H2SO4, 1.2 mL/g L/S, 85% particle size of 0.074 mm and 5% 
addition of FeSO4; Second-step leaching: 3 h, 150 ℃, 35% 
addition of H2SO4, 1.2 mL/g L/S and 5% addition of FeSO4) 
 

 

Fig.10 Vanadium recovery using air under same condition of 
two-step countercurrent leaching (Conditions as Fig.9) 

 
Fig.11 Enrichment behavior of vanadium in different solutions 
during two-step leaching 
 
leaching process used in this work due to the fact that a 
complete cycle is achieved after 4 cycles. And then this 
leachate is used to extract vanadium pentoxide through 
solvent extraction. Similarly, the concentration of V2O5 
in the different washing liquors increases with an 
increase in the cycles. After 4 cycles, the mass 
concentration of V2O5 is only 1.95 g/L for the 3 washing 
liquor. 
2.7.4 Leaching of impurity metals 

Due to the poor selectivity of acid leaching, the 
impurity metals dissovle into solution in different 
degrees. Consequently, on one hand, this is a main 
reason that causes the high acid consumption for the 
direct acid leaching of black shale. On the other hand, 
the higher concentration of these impurity metals brings 
some difficulties to the subsequent solvent extraction 
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procedure, specially the ferric iron. The leaching percent 
of the main impurity metals is shown in Fig.12. About 
45% Fe, 64% Al2O3, 50% K2O, 77% Mg, 15% Na2O and 
38% CaO are removed from black shale. 
 

 
Fig.12 Leaching percent of impurity matal in two-step 
countercurrent leaching process 
 
4 Conclusions 
 

1) The leaching of vanadium from black shale 
obtained from Guizhou Province of China is achieved 
using pressure acid leaching process. The leach recovery 
of vanadium is about 77% at the following optimum 
leaching parameters of one-step leaching: reaction time 
of 3 h, temperature of 150 ℃, 25% addition of H2SO4, 
L/S of 1.2 mL/g, 85% particle size of 0.074 mm, and 5% 
addition of FeSO4. 

2) The extraction yield of vanadium reaches 90% 
for the two-step countercurrent leaching process. The 
feasibility substituting air for oxygen is well 
demonstrated and the recovery of vanadium using air is 
above 88%. The main impurity metals, such as Fe, Al2O3, 
K2O, Mg, Na2O and CaO dissolve into solution in 
different degrees. 
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