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Abstract: A novel staged leaching process has been reported in this paper to selectively extract
vanadium from roasted stone coal and the mechanisms have been clarified. Results showed that
the leaching efficiency of V, Al, P and Fe was 80.46%, 12.24%, 0.67% and 3.12%, respectively, under
the optimum dilute sulfuric acid dephosphorization (DSAD)-two-stage pressure acid leaching (PAL)
conditions. The efficient separation of V from Fe, Al and P was realized. As apatite could be leached
more easily than mica, the apatite could completely react with sulfuric acid, while the mica had
almost no change in the DSAD process, which was the key aspect in realizing the effective separation
of V from P. Similarly, the hydrolyzation of Fe and Al could be initiated more easily than that of V by
decreasing the residual acid of leachate. The alunite and iron-sulphate compound generated in the
first-stage PAL process resulted in the effective separation of V from Fe and Al.
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1. Introduction

In China, the gross reserve of vanadium in stone coal was 118 million tons in the terms of
V2O5 [1,2]. The vast amount of these deposits has made stone coal be of considerable interest as
a vanadium source. As for the traditional vanadium extraction process from stone coal, the salt
roasting-water leaching technology was already eliminated due to the low vanadium recovery and
the serious environmental pollution [3]. Recently, the acid leaching process for vanadium extraction
from stone coal after oxidizing roasting, which was efficient and environmental-friendly, has attracted
increasing attention, and the pressure acid leaching (PAL) process, with advantages of higher recovery
and shorter production cycle, has become the research hotspot in this area [4,5]. However, the
impurities content in leachate is usually very high [6]. These impurities, particularly the Fe, Al
and P, could decrease the recovery of vanadium in a series of ways: Fe will be accumulated in the
D2EHPA/TBP (Bis(ethyl)-phosphonic acid/Tributyl phosphate) [7], which results in the reduction
of solvent saturation capacity; Al will also be accumulated in the D2EHPA/TBP, which results in
a sharp decrease of vanadium extraction ratios [8]; P will combine with vanadate ions to produce
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heteropolyacid anions, which inhabits the precipitation of ammonium vanadates [9]. Therefore, it is
urgent to solve the problem of selectively leaching vanadium from the roasted stone coal, which still
remains a challenge in industrial operations.

The effective separation of valuable metals from impurities had been realized in many other fields
by selective leaching technology. Xia studied the removal of phosphorus from high phosphorus iron
ores by selective HCl leaching method and found that, under proper conditions, the removal rate of
phosphorus could exceed 98% [10]. The removal of phosphorus from high phosphorus iron ores using
acid leaching had also been investigated by Chen and Jin, and the high removal rate of phosphorus
has been realized [11,12]. Their studies showed that it is possible to realize the effective separation of
V from P by DSAD. On the other hand, Önal investigated the PAL of Çaldağ lateritic nickel ore and
found that, under high temperature reaction conditions, the Fe and Al leached were re-precipitated
as hematite and alunite respectively and decreasing the residual acid of leachate could accelerate the
precipitation of Fe and Al [13]. For decreasing the residual acid of leachate, the two-stage PAL process
was usually used and a good effect could be obtained [14]. Moreover, the two-stage acid leaching was
also cost-effective due to the lower acid consumption [1]. Thus, it was possible to achieve the effective
separation of V from Fe and Al by two-stage PAL.

In this study, the effect of sulfuric acid concentration and temperature on dephosphorization
efficiency and vanadium loss has been studied. Then the effect of various factors such as the first-stage
initial sulfuric acid concentration, the first-stage leaching temperature, the second-stage sulfuric acid
concentration and the second-stage leaching temperature on the leaching of V, Fe, Al and P were
studied. Finally, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and thermodynamics
analysis were carried out to study the basic principles on the selective leaching of vanadium from
roasted stone coal.

2. Experimental

2.1. Materials

In this work the stone coal was obtained from Tongshan located in Hubei Province, China. The raw
ore was crushed to ´3 mm and it was roasted in a SXZ-10-B muffle furnace (Shanghai Experimental
Furnace Plant, Shanghai, China) at 850 ˝C for 60 min and then dry ground to 80% ´0.074 mm in
size with a XZM-100 vibration mill (Wuhan Hengyue Mineral Engineering Company, Wuhan, China).
The roasted and gained ore was referred to as the roasted stone coal throughout this work.

The main chemical composition of roasted stone coal was analyzed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) (Thermo Scientific, Waltham, MA, USA) listed in Table 1.
It was indicated that the composition of roasted stone coal was complex. The roasted stone coal
was mainly composed of quartz, hematite, gypsum, calcite and mica (Figure 1). The vanadium that
existed in mica was mainly in the form of lattice replacement according to the study of Zhang [15].
The quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN) analysis
(FEI, Hillsboro, OR, USA) (Figure 2) of roasted stone coal showed that there were small amounts of
apatite existed in this roasted stone coal and the apatite was the only source of P.
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Figure 2. Quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN) analysis
result for the stone coal roasted residue.

Table 1. Main chemical composition of the stone coal roasted residue (wt %).

Element SiO2 CaO Al2O3 V2O5 Fe2O3 K2O Na2O MgO P2O5

Content 66.0 5.29 9.81 0.83 4.96 2.51 0.30 1.67 1.03

All the reagents used in this study were of analytical reagent grade and the water used was
distilled water.

2.2. Experimental Procedure

The experiments were preformed according to the flow sheet as show in Figure 3. According to
our previous study, all of these tests were conducted at the liquid-to-solid ratio of 1.5 mL/g (the
volume/mass ratio of dilute sulfuric acid to raw ore) for 120 min [16].
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2.2.1. DSAD Test

In order to achieve the effective separation of V from P, the DSAD tests were conducted. In this
process the roasted stone coal was leached in a SZCL-2A magnetic and controlling temperature stirrer
(Wuhan Keer Instrument Company, Wuhan, China). The sulfuric acid concentration was 1.0% (v/v),
1.5% (v/v), 2.0% (v/v), 2.5% (v/v), 3.0% (v/v), 3.5% (v/v) and 4.0% (v/v) and the temperature was
controlled at 20, 40, 60, 80 and 100 ˝C. After DSAD process, the slurries were filtrated by SHB-III
vacuum suction filter device (Wuhan Keer Instrument Company, Wuhan, China). Then the contents of
V and P in filtrate were analyzed.

2.2.2. Two-Stage PAL Test

For achieving the effective separation of V from Fe and Al, the two-stage PAL tests were
carried out.

In the first-stage PAL process the dephosphorization sample was leached by leachate (II) in a
GSH-2 autoclave (Weihai Shandong Chaoyang Chemical Machinery Co., Ltd., Weihai, China) at the
liquid-to-solid ratio of 1.5 mL/g, the leaching time of 120 min and the total pressure of 1.0 MPa.
The first-stage sulfuric acid concentration was adjusted to 2.50% (v/v), 3.75% (v/v), 4.50% (v/v), 6.00%
(v/v), 7.50% (v/v) by adding Ca(OH)2 and the temperature was controlled at 90, 120, 150, 180 and
210 ˝C, respectively. After the first-stage PAL the slurries were filtrated and then the contents of V,
Fe, Al and P in leachate (I) were analyzed. Leaching residue (I) was leached by H2SO4 solution in the
second-stage PAL process which was performed in a GSH-2 autoclave (Weihai Shandong Chaoyang
Chemical Machinery Co., Ltd., Weihai, China) at the liquid-to-solid ratio of 1.5 mL/g, the leaching
time of 120 min and the total pressure of 1.0 MPa. In this process, the second-stage sulfuric acid
concentration was 7.5% (v/v), 10.0% (v/v), 12.5% (v/v), 15% (v/v), 17.5% (v/v) and 20.0% (v/v), and
the temperature was controlled at 90, 120, 150, 180 and 210 ˝C, respectively. After the second-stage
PAL the slurries were filtrated. The leachate (II) was returned to the first-stage leaching for utilizing the
residual sulfuric acid. After recycling the leachate (II) seven times the equilibrium result was obtained.

2.3. Analysis Methods

(1) The determination of vanadium content was measured in accordance with Test Methods of
Vanadium in Coal Standard (GB/T 19226-2003) [16]. Other elements in this study were analyzed
by using ICP-AES method which was conducted by an inductively coupled plasma-atomic
emission spectrometer (Thermo Scientific) Advantage ER/S inductively coupled plasma-optical
emission spectrometer (Thermo Scientific).

(2) The residual sulfuric acid concentration in leachate was determined by titration using 0.1 mol/L
Na2CO3 solution with methyl orange as an indicator [17].

(3) XRD analysis was conducted by an Xpertpro X-ray diffractometer (D/MAX 2500PC, Rigaku,
Tokyo, Japan) with Cu-Kα radiation, voltage 40 kV, current 30 mA and at the scanning rate of
15˝¨min´1 from 5˝ to 70˝.

(4) Detailed mineralogy on the roasted stone coal was done using quantitative evaluation of minerals
by QEMSCAN analysis which was conducted by the QEMSCAN analysis system (FEI).

(5) The chemical species was analyzed by using a VG Multilab 2000 X-ray photoelectron spectrometer
(Thermo Scientific) and an Al-Kα X-ray source with a solution of 0.47 eV.

3. Results and Discussion

3.1. The DSAD-Two-Stage PAL Result

3.1.1. DSAD Result

Figure 4a reported the dephosphorization efficiency and the vanadium loss obtained by varying
sulfuric acid concentration. It can be seen that the dephosphorization efficiency apparently increased
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to 98.75% with the sulfuric acid concentration increased to 3.0% (v/v). Further increase of the sulfuric
acid concentration had only a slight effect on dephosphorization efficiency. Hence, the sulfuric acid
concentration should be 3.0% (v/v).
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and the vanadium loss rate.

The effect of temperature on dephosphorization efficiency and vanadium loss were studied.
The results (Figure 4b) showed that the vanadium loss increased from 3.52% to 9.25% with the increase
of the temperature from 20 to 100 ˝C. However, the dephosphorization efficiency changed a little with
the increase of the temperature. So the temperature was controlled at 20 ˝C in this study.

As discussed above, under these conditions that the temperature of 20 ˝C, the sulfuric
acid concentration of 3.0% (v/v), the liquid/solid ratio of 1.5 mL/g, and the time of 120 min,
the dephosphorization rate could reach 98.75% and the vanadium loss was just 3.52%, the
dephosphorization effect was significant.

3.1.2. Pressure Acid Leaching (I) Result

According to the research of Rubisov [18], the higher the residual acid concentration in leachate,
the more Fe and Al could be leached under these PAL conditions. Thus, the Ca(OH)2 was added
into pressure acid leaching (I) to decrease the residual sulfuric acid concentration of leachate (I).
It was showed that both the residual sulfuric acid concentration and the leaching efficiency of
Fe and Al decreased with the decrease of the initial sulfuric acid concentration of the first stage
(Figure 5a). However, there was a sharp decrease in the leaching efficiency of V from 80.46% to
66.76% with the decrease in the first-stage initial sulfuric acid concentration from 3.75% (v/v) to
2.5% (v/v). Therefore, the optimum initial sulfuric acid concentration of the first stage was determined
as 3.75% (v/v).
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Figure 5b showed that the leaching efficiency of Fe and Al decreased sharply with the increase
of the leaching temperature of the first stage from 90 to 180 ˝C. When the temperature was over
180 ˝C, the leaching efficiency of Fe, Al and V remains unchanged. Therefore, the first-stage leaching
temperature was recommended as 180 ˝C and the leaching efficiency of V, Fe and Al was obtained as
80.46%, 3.12% and 12.24%, respectively.

3.1.3. Pressure Acid Leaching (II) Result

It was indicated that the leaching efficiency of V increased with the increase of the second-stage
sulfuric acid concentration. When sulfuric acid concentration of the second stage was over 15% (v/v),
the leaching efficiency of V slowly increased (Figure 6a). Therefore, the second-stage sulfuric acid
concentration of 15% (v/v) was utilized in this study.
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It was shown that, by increasing the leaching temperature of the second stage from 90 to 150 ˝C,
the V leaching efficiency increased from 42.31% to 80.46%. Upon further increase of the leaching
temperature of the second stage, the leaching efficiency of V, Fe and Al changed a little (Figure 6b).
Thus, 150 ˝C was chosen as the optimal leaching temperature of the second stage in this study.

Therefore, the optimal conditions for the two-stage PAL were as follows: the liquid/solid ratio of
1.5 mL/g, the leaching time of 120 min, the leaching pressure of 1.0 MPa, the first-stage initial sulfuric
acid concentration of 3.75% (v/v), the first-stage leaching temperature of 180 ˝C, the second-stage
sulfuric acid concentration of 15% (v/v), the second-stage leaching temperature of 150 ˝C. The leaching
efficiency of V, Al and Fe was 80.46%, 12.24% and 3.12%, respectively. Under these conditions, the
leaching efficiency of P was just 0.67% (Table 2). Compared to the conventional PAL (i) and (ii), both
the residual H2SO4 concentration and the leaching efficiency of Fe, Al and P has been significantly
decreased (Table 2).

Table 2. Effect of leaching process on the residual H2SO4 concentration and leaching efficiencies of V,
Fe, Al and P from the roasted stone coal (%).

Process V Fe Al P Residual H2SO4 (v/v)
a Conventional PAL (i) 80.51 18.92 79.25 99.21 4.39
b Conventional PAL (ii) 82.13 19.96 60.48 98.20 4.29
c DSAD-two-stage PAL 80.46 3.12 12.24 0.67 1.90

Note: a Conventional PAL (i) was conducted with roasted stone coal in 15 % (v/v) H2SO4, liquid/solid ratio of
1.5 mL/g at 150 ˝C, 1.0 MPa for 120 min; b Conventional PAL (ii) was conducted with roasted stone coal in
15 % (v/v) H2SO4, liquid/solid ratio of 1.5 mL/g at 180 ˝C, 1.0 MPa for 120 min; c DSAD-two-stage PAL was
conducted with roasted stone coal under the optimum conditions.
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3.2. Analysis of Leaching Residue and Leachate

In order to investigate the main reactions of Fe, Al and P species in these processes, each stage
residue was analyzed by XRD (Figure 7) and each stage filtrate was analyzed by ICP-AES (Table 3).
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Table 3. Content of V, Fe, Al and P for each stage filtrate (mg/L).

Each Stage Filtrate V Fe Al P

Filtrate 94 58 120 2864
Leachate (I) 2163 623 3672 19
Leachate (II) 1487 10019 20532 22

Compared with the intensity of mica peaks of roasted stone coal (curve (a) in Figure 7), the
intensity of mica peaks of dephosphorization sample (curve (b) in Figure 7) had almost no changes,
indicating that the mica has almost not dissolved in the DSAD process, which resulted in the low
vanadium loss (Figure 4).

The XRD analysis of leaching residue (I) (curve (c) in Figure 7) showed that the peaks of alunite
appeared in the first-stage PAL process. Accordingly, the content of Al in leachate decreased from
20,532 to 3672 mg/L (Table 3). These phenomena show that the alunite formed by Al hydrolysis was the
controlling solid balancing of Al concentration in leachate (I). According to the research of Rubisov [18],
increasing reaction temperature or decreasing residual acidity could promote the hydrolysis of Al at
these PAL conditions with the result that lower leaching efficiency of Al was obtained (Figure 5).

It was indicated that the residual mica of leaching residue (I) completely dissolved in the
second-stage PAL process (curve (c) and (d) in Figure 7), which was the key to realizing the effective
leaching of V. According to the study of Li [5], increasing leaching temperature and acidity could
promote the dissolution of mica, which resulted in the increase of vanadium leaching efficiency
(Figure 6).

In order to further reveal the main reactions of Fe, Al and P species in these processes from the
surface chemistry perspective, the XPS analysis was conducted in the binding energy regions of P 2p,
Ca 2p, Fe 2p and Al 2p (Figure 8).
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The P 2p spectrum could be fitted to the peak at 133.8 eV, which was the characteristic of
pentavalent phosphorous in PO4 tetrahedra (curve (a) in Figure 8) [19]. The raw Ca 2p spectrum was
composed of three fitted curves. The binding energy at 347.1, 347.7 and 348.2 eV was the XPS peaks of
Ca 2p3/2 for calcite, apatite and gypsum, respectively (curve (a) in Figure 8) [20–22]. After DSAD, the
peaks at 133.8, 347.1 and 347.7 eV disappeared. However, the peak at 348.2 eV became stronger, which
suggested that the apatite and calcite had already completely reacted with sulfuric acid in the DSAD
process. This was the key to achieving the high dephosphorization rate.

The Fe 2p XPS spectrums in Figure 8a–d showed two peaks near 711.7 and 710.0 eV corresponding
to hematite and magnetite [23], respectively. After the first-stage PAL, a new peak around 713.6 eV
corresponding to Fe 2p3/2 for Fe-SO4 appeared [24,25]. It was suggested that a new kind of
iron-sulphate compound generated, which resulted in the decrease of Fe concentration from 10,019
to 623 mg/L (Table 3). According to the recent published paper [26], this iron-sulphate compound
generated by Fe hydrolyzation was probably the schwertmannite Fe8O8(OH)6SO4, a jarosite precursor
phase, and increasing reaction temperature or decreasing residual acidity could promote the formation
of schwertmannite, which resulted in the lower leaching efficiency of Fe (Figure 5). After the first-stage
PAL, the peaks’ intensity of hematite became smaller (curve (b) and (c) in Figure 7). It was suggested
that the hematite partly dissolved. The generation of iron-sulphate compound and the dissolution
of hematite in the first-stage PAL process indicated that the formation of iron-sulphate compound
by Fe hydrolyzation could be initiated more easily than that of hematite under these pressure acid
leaching conditions, because the strong binding anions like SO4

2´ could favor the formation of this
iron-sulphate compound [27].

The Al 2p XPS peak centered at 74.5 eV assigned to mica [28] had almost no change in the DSAD
process (curve (a) and curve (b) in Figure 8). It is suggested that the mica structure has not been
destroyed. After the first-stage PAL, another peak centered at 75.3 eV assigned to Al-SO4 bonds [29]
appeared. This phenomenon was consistent with the generation of alunite (curve (b) and (c) in
Figure 7). After the second-stage PAL, the peak of mica disappeared, which suggested that the mica
has completely dissolved, which was in accordance with the XRD analysis result (curve (c) and (d) in
Figure 7). The presence of alunite and the absence of mica reflected that the alunite was more difficult
to leach than mica.
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3.3. Thermodynamics Analysis

In order to achieve a better understanding of the principles of selective leaching of V from
roasted stone coal by DSAD-two-stage PAL, thermodynamics was applied into the analysis. As
discussed above, it was inferred that the possible main equilibrium reactions in these processes could
be described as Equations (1)–(20) in Table 4. The Equations (21)–(29) were equilibrium reactions of
the species involved in Equations (1)–(20) [30]. All of these equilibrium reactions could be expressed
as Formula (1).

aA` nH` “ bB` cH2O (1)

Table 4. pHθ
T of different equilibrium reactions at 373–473 K.

Number Equilibrium Reaction pHθ
273 pHθ

323 pHθ
373 pHθ

423 pHθ
473

1 CaCO3 + HSO4
´ + H+ = CO2Ò + CaSO4Ó + H2O 13.23 12.53 12.14 11.95 11.91

2 CaCO3 + SO4
2´ + 2H+ = CO2Ò + CaSO4Ó + H2O 7.43 7.40 7.58 7.87 8.25

3 CaCO3 + SO4
2´ + H+ = CaSO4Ó + HCO3

´ 7.17 6.81 6.79 6.95 7.26
4 Fe2O3 + 6H+ = 2Fe3+ + 3H2O 0.49 ´0.16 ´0.65 ´1.03 ´1.36
5 KAl2(AlSi3O10)(OH)2 + 10H+ = 3Al3+ + K+ + 3H4SiO4 2.20 1.35 0.72 0.22 ´0.20
6 KAl2(AlSi3O10)(OH)2 + 7H+ = 3Al3+ + K+ + 3HSiO3

´ + 3H2O ´1.90 ´2.65 ´3.30 ´3.89 ´4.46
7 KAl3(SO4)2(OH)6 + 8H+ = 3Al3+ + 6H2O + K+ + 2HSO4

´ 1.07 0.38 ´0.21 ´0.74 ´1.24
8 KAl3(SO4)2(OH)6 + 6H+ = 3Al3+ + 6H2O + K+ + 2SO4

2´ 0.89 ´0.24 ´1.29 ´2.25 ´3.18
9 Ca5(PO4)3F + 2H+ + 5HSO4

´ = 5CaSO4Ó + 3H2PO4
´ + HF 6.88 5.22 3.99 3.05 2.34

10 Ca5(PO4)3F + 5H+ + 5HSO4
´ = 5CaSO4Ó + 3H3PO4 + HF 0.63 0.41 0.50 0.67 0.92

11 Ca5(PO4)3F + H+ + 5SO4
2´ = 5CaSO4Ó + 3PO4

3´ + HF ´37.99 ´36.35 ´35.16 ´34.29 ´33.67
12 Ca5(PO4)3F + 4H+ + 5SO4

2´ = 5CaSO4Ó + 3HPO4
2´ + HF ´0.02 0.05 0.28 0.58 0.94

13 Ca5(PO4)3F + 7H+ + 5SO4
2´ = 5CaSO4Ó + 3H2PO4

´ + HF 3.13 3.11 3.30 3.58 3.95
14 Ca5(PO4)3F + 10H+ + 5SO4

2´ = 5CaSO4Ó + 3H3PO4 + HF 1.13 1.34 1.76 2.23 2.75
15 Ca5(PO4)3F + H+ + 5HSO4

´ = 5CaSO4Ó + 3H2PO4
´ + F´ 10.79 7.12 4.28 2.03 0.21

16 Ca5(PO4)3F + 4H+ + 5HSO4
´ = 5CaSO4Ó + 3H3PO4 + F´ 0.04 ´0.32 ´0.30 ´0.18 0.03

17 Ca5(PO4)3F + 3H+ + 5SO4
2´ = 5CaSO4Ó + 3HPO4

2´ + F´ ´1.02 ´1.04 ´0.86 ´0.58 ´0.24
18 Ca5(PO4)3F + 6H+ + 5SO4

2´ = 5CaSO4Ó + 3H2PO4
´ + F´ 6.30 6.16 6.46 6.99 7.71

19 Ca5(PO4)3F + 9H+ + 5SO4
2´ = 5CaSO4Ó + 3H3PO4 + F´ 0.92 1.12 1.54 2.02 2.56

20 V2O4 + 4H+ = 2VO2+ + 2H2O 2.62 1.74 1.14 0.70 0.36
21 SO4

2´ + H+ = HSO4
´ 1.62 2.27 3.02 3.79 4.59

22 HSiO3
´ + H+ + H2O = H4SiO4 11.80 10.69 10.10 9.82 9.76

23 SiO4
4´ + 3H+ = HSiO3

´ + H2O 13.68 12.90 12.72 12.95 13.43
24 HCO3

´ + H+ = CO2Ò + H2O 7.68 7.99 8.36 8.78 9.24
25 CO3

2´ + H+ = HCO3
´ 10.62 10.17 10.09 10.22 10.51

26 F´ + H+ = HF 2.98 3.33 3.70 4.07 4.48
27 H2PO4

´ + H+ = H3PO4 ´3.54 ´2.80 ´1.83 ´0.92 ´0.04
28 HPO4

2´ + H+ = H2PO4
´ 7.32 7.19 7.32 7.58 7.95

29 PO4
3´ + H+ = HPO4

2´ 12.64 12.19 12.09 12.21 12.48

The Gibbs free energy change of reaction Formula (1) could be calculated as Formula (2).

∆rGT “ ∆rGθ
T ` RTln

ab
B

aa
A
` 2.303nRTpHT (2)

For dissolving A, the Gibbs free energy change should satisfy that: ∆rGT ď 0. Formula (2) could
transform to Formula (3).

pHT ď
´∆rGθ

T
2.303nRT

`
1
n

lg
ab

B
aa

A
(3)

For simplifying calculation, the activities of all species involved in the reactions have been
considered to be 1, i.e., aA = aB = 1. The Formula (3) could transform to Formula (4)

pHT ď pHθ
T “

´∆rGθ
T

2.303nRT
(4)

The Gibbs free energy data required at high temperature were obtained from the research of
Yang [31], and then the pHθ

T values of these reactions calculated (Table 4) as Formula (4) [32]. It was
indicated that the lower the pHθ

T values was, the easier the A could be leached.
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The theoretical equilibrium reactions of minerals in sulfuric acid solution were determined by the
following methods: for the equation 1 in which CO2 and HSO4

´ involved, this equation should balance
in the stable region of CO2 and HSO4

´ (according to the Equations (21)–(29), CO2 and HSO4
´ exist

in the acid solution of pH < pHθ
T (24) and pH < pHθ

T (21), respectively), i.e., the pHθ
T of Equation (1)

should be lower than that of Equations (21) and (24). However, the calculated result was inconsistent
with this (Table 4). Thus, Equation (1) was not the equilibrium reaction of calcite in sulfuric acid
solution. With this method, the Equation (2) was determined as theoretical equilibrium reaction of
calcite in sulfuric acid solution. Similarly, the theoretical equilibrium reactions of hematite, mica,
alunite, apatite and V2O4 in sulfuric acid solution were determined as Equations (4), (5), (7), (18) and
(20), respectively.

According to the calculated results of Equations (4), (5), (7), (18) and (20), the pHθ
T value of these

minerals were in this order: calcite > apatite > mica > alunite > hematite (Table 4). Therefore, the
difficult degree sequences of leaching could be inferred as follows: hematite > alunite > mica > apatite
> calcite. As apatite could be leached more easily than mica, the apatite could completely reacted
with sulfuric acid while the mica almost has no change in the DSAD process which was the key to
achieving the effective separation of V from P. Table 4 also showed that the pHθ

T value of V2O4 was
higher than that of hematite and alunite, i.e., the difficult degree sequences of hydrolyzation could
be inferred as follows: V2O4 > alunite > hematite. According to the former analysis, the formation of
the iron-sulphate compound by Fe hydrolyzation could be initiated more easily than that of hematite
under these leaching conditions. Therefore, the conclusion could be obtained that the hydrolyzation
of Fe and Al could be initiated more easily than that of V by decreasing the residual acid of leachate,
which was the key to achieving the effective separation of V from Fe and Al. This explained very well
that the Fe and Al concentration decreased greatly but the V concentration had not decreased after the
first-stage PAL (Table 3).

4. Conclusions

From the results of this study, the following conclusions could be drawn:
(1) The selective leaching of vanadium from roasted stone coal could be realized by

DSAD-two-stage PAL. The optimum DSAD conditions were: the temperature of 20 ˝C, the sulfuric acid
concentration of 3.0% (v/v), the liquid/solid ratio of 1.5 mL/g and the time of 120 min. Under these
DSAD conditions, the dephosphorization rate could reach 98.75%, while the vanadium loss rate
was just 3.52%. After the DSAD, the effective separation of V from P was realized. Then the
dephosphorization sample was treated by two-stage PAL with these conditions that the liquid/solid
ratio of 1.5 mL/g, the leaching time of 120 min, the leaching pressure of 1.0 MPa, the first-stage sulfuric
acid concentration of 3.75% (v/v), the first-stage leaching temperature of 180 ˝C, the second-stage
sulfuric acid concentration of 15% (v/v), the second-stage leaching temperature of 150 ˝C. The leaching
efficiency of V, Al, P, and Fe was 80.46%, 12.24%, 0.67% and 3.12%, respectively. After the two-stage
PAL, the effective separation of V from Al and Fe was realized.

(2) The mechanisms of selective leaching of vanadium from roasted stone coal by DSAD-two-stage
PAL could be described as follows: the apatite could be leached more easily than mica. Thus, the apatite
could completely reacted with sulfuric acid while the mica almost had no change in the DSAD process,
which was the key to achieving the effective separation of V from P. Similarly, as the hydrolyzation of
Fe and Al could be initiated more easily than that of V by decreasing the residual acid of leachate, the
alunite and the iron-sulphate compound were generated in the first-stage PAL process, which resulted
in the effective separation of V from Fe and Al.
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