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tions of vanadium recovery from
refractory stone coal by novel NaOH molten
roasting and water leaching technology

Zhenlei Cai *abc and Yimin Zhang*abcd

In this study, a novel NaOH molten roasting and water leaching technology, an eco-friendly process with

good selectivity and good availability, was investigated for vanadium recovery from refractory stone coal.

In addition, the phase transformations during the vanadium recovery process were also studied. During

the NaOH molten roasting process, the monoclinic crystalline structure of muscovite

(K(Al,V)2[Si3AlO10](OH)2) was converted into the orthorhombic crystalline structure of Na2SiO3 and the

tetragonal crystalline structure of gehlenite (Ca2Al2SiO7); this could promote the liberation and recovery

of vanadium. During the water leaching process, the tetragonal crystalline structure of gehlenite

(Ca2Al2SiO7) was converted into the monoclinic crystalline structure of Ca3Si2O7$H2O. Ca3Si2O7$H2O,

a kind of C–S–H gel, produced during the water leaching process probably covered the surface of the

roscoelite and thus prevented effective vanadium recovery from roscoelite.
1. Introduction

Vanadium plays signicant roles in many elds such as ferrous
and nonferrous alloy production,1 catalysts,2 and redox ow
batteries.3 More than 87% of the vanadium resources exist as
stone coal in China. Moreover, most of them are refractory for
vanadium recovery because vanadium in this stone coal usually
exists as isomorphism substitution in the mica (muscovite or
illite) lattice structure, which is named as roscoelite.4

In recent years, many additives were employed for the
recovery of vanadium from different vanadium resources, which
could be divided into leaching additives and roasting additives.
The study on the leaching additives utilized for vanadium slag
or spent catalysts was mainly focused on oxalic acid,5 NaClO3,6

Na2SO3,7 etc. Moreover, the existence of leaching additives for
vanadium recovery from stone coal is universal. These additives
primarily include FeSO4,8 NaClO,9 CaF2,10 H2SiF6,11 etc. Most of
these leaching additives are effectively used under acidic
conditions, resulting in lower selectivity and increased disso-
lution of impurities. The increase in impurity concentration
probably causes negative effects in the subsequent purication
process. Although there have been a few investigations on the
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basic additives for the vanadium recovery from stone coal, such
as on the use of NaOH12 solution for vanadium leaching from
roasted stone coal, the efficiency of vanadium recovery is low
since high roasting or leaching temperature and extended
roasting time are required.

Based on the developments of the roasting additives and
technologies for the vanadium recovery, Na2CO3 (ref. 13 and 14)
and CaO15 were effective roasting additives. They were not,
however, suitable for vanadium recovery from stone coal with
high alumino–silicate content because of the requirement for
high roasting temperatures. Although the utilization of NaCl16

or Na2SO4 (ref. 17) was relatively effective for vanadium extrac-
tion from stone coal, it was gradually restricted in China
because of serious poisonous emissions of Cl2, HCl or SO2

gases. The effect of calcied roasting via CaCO3 (ref. 18) or
Ca(OH)2 (ref. 19) on vanadium extraction from stone coal was
limited because of low crystalline destruction of roscoelite and
vanadium oxidation degree. Moreover, composite additives
such as NaCl and CaO can also be effective for vanadium
extraction from stone coal and remove Cl from fuel gas, but
their application has been conned to a uidized bed roasting
reactor.20 Recently, our research group reported a novel BaCO3/
CaO composite roasting additive and acid leaching technology
for vanadium recovery from stone coal. However, its industrial
application and feasibility remains to be further studied.21,22

While the NaOH molten roasting technology exhibits eco-
friendliness (no discharge of poisonous gases and wastes),
good selectivity (low extraction of impurities), and good avail-
ability (low roasting temperature and high recovery efficiency),
to date, it has only been applied for the recovery of titanium or
chromium from secondary resources.23,24 However, the
RSC Adv., 2017, 7, 36917–36922 | 36917
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Fig. 1 XRD image of raw stone coal and blank roasted sample. ((A) Raw
stone coal, (B) blank roasted sample).

Table 2 Electron microprobe analysis of raw stone coal (wt%)

Mineral SiO2 V2O3 Al2O3 FeO MgO CaO Na2O K2O

Pyrite 0.06 0.00 0.00 59.12 0.00 0.00 0.00 0.00
Calcite 0.03 0.00 0.00 0.07 0.55 63.44 0.00 0.00
Quartz 98.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muscovite 51.08 3.48 27.22 0.23 4.53 0.02 0.07 9.52
Illite 31.88 2.25 16.98 0.18 1.56 0.74 0.02 6.11
Anorthose 56.94 0.00 25.25 0.00 0.10 6.51 6.82 0.98

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
10

:0
8:

16
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
feasibility and applicability of this technology to vanadium
recovery from stone coal, especially for high alumino–silicate-
containing refractory stone coal, still lacks sufficient scientic
evidence. In addition, the phase transformation and the ion
leaching behavior during the recovery process require further
investigation for the guidance and reference of this technology.

In this study, the effectiveness of the novel NaOH molten
roasting and water leaching technology for vanadium recovery
from refractory stone coal was investigated. Many technical
conditions were optimized, and the leaching behaviors of
vanadium, silicon, aluminum, and potassium were studied.
Moreover, the phase transformations were also investigated to
reveal the mechanisms responsible for the vanadium recovery
process.

2. Materials and methods
2.1. Materials

The raw stone coal was obtained from Hubei, China. The raw
ore was crushed and ground into powder with the particle size
of �0.074 mm accounting for 75% of the sample. The chemical
multi-elemental analysis of the raw stone coal is listed in Table
1. The main mineral phase compositions of the raw stone coal,
which were determined by XRD (Fig. 1), included quartz,
muscovite, phlogopite, calcite, and pyrite. The electron micro-
probe analysis of the raw stone coal is provided in Table 2. The
vanadium-containing minerals mainly consisted of muscovite
and illite.

The raw stone coal was subjected to carbon removal pre-
treatment by blank roasting in a muffle furnace at 750 �C for
1 h. The chemical multi-elemental analysis and the XRD pattern
of the blank roasted sample are shown in Table 1 and Fig. 1,
respectively. The results when compared with those of the raw
ore indicated that the V2O5 content increased to 0.91% and the
crystalline phase diffraction peak of pyrite was converted into
that of hematite. Additionally, a new crystalline phase diffraction
peak of anhydrite appeared. The BEI and EDS elemental distri-
butions of the blank roasted sample are shown in Fig. 2. The EDS
spectra analysis of the (i) point showed that the aluminium
content was 11.80%, which was close to the theoretical
aluminium content 12.80% of muscovite (K(Al,V)2[Si3AlO10](-
OH)2) containing vanadium. Moreover, the relevance of V, O, Al,
Si, and K in the blank roasted sample indicated that vanadium
probably existed in muscovite (K(Al,V)2[Si3AlO10](OH)2).

2.2. Experimental procedure

Herein, 20 g of blank roasted sample was added to a nickel
crucible with a certain mass ratio of NaOH added to it and
completely mixed. Aer the crucible was placed in a muffle
Table 1 Chemical multi-elemental analysis of raw stone coal and blank

V2O5 SiO2 Al2O3 CaO F

Raw stone coal 0.77 51.15 9.08 8.33 2
Blank roasted sample 0.91 56.36 10.69 9.27 2

36918 | RSC Adv., 2017, 7, 36917–36922
furnace, the NaOH molten roasting process was started at the
required temperature for a certain period of time. When the
roasting process was complete, the roasted product
was transferred to a leaching pod containing 100 mL water.
The solution was continuously stirred at the required
temperature for a certain period. Aer the leaching solution
was ltrated, vanadium, silicon, aluminium, and potassium
in the ltrate were analysed by ICP-OES to calculate the
leaching efficiency. The leaching efficiency can be calculated
as follows:

h ¼ Vb

ma
� 100% (1)

where h is the leaching efficiency for a certain element (wt%),
V is the volume of the ltrate (mL), b is the content for
a certain element in ltrate (g mL�1), m is the mass of the
blank roasted sample of stone coal (g), and a is the content
for a certain element in the blank roasted sample of stone coal
(wt%).
roasted sample (wt%)

e2O3 K2O MgO Na2O SO3 P2O5 TC

.44 1.97 1.82 0.45 3.55 1.29 17.89

.83 3.81 2.75 0.44 1.42 1.18 2.67

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) BEI of blank roasted sample, EDS elemental distribution: (b)
O; (c) Al; (d) Si; (e) K; (f) V and (g) EDS spectramarked from BEI by circle.

Fig. 4 Effects of roasting temperature and roasting time on vanadium
leaching efficiency.
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3. Results and discussion
3.1. NaOH molten roasting process

3.1.1. Effects of mass ratio of NaOH to blank roasted
sample and roasting time on vanadium leaching efficiency. The
effects of mass ratio of NaOH to blank roasted sample and
roasting time on the vanadium leaching efficiency are shown in
Fig. 3, and the roasting temperature is xed at 550 �C. The
vanadium leaching efficiency increased with the increasing
mass ratio of NaOH to blank roasted sample until themass ratio
was 1 : 1, when the condition of the roasting temperature was
intermediate level (550 �C). The vanadium leaching efficiency
increased with the extension of the roasting time. When the
roasting time was 1.5 h, the vanadium leaching efficiency was
maximized.
Fig. 3 Effects of mass ratio of NaOH to blank roasted sample and
roasting time on vanadium leaching efficiency.

This journal is © The Royal Society of Chemistry 2017
3.1.2. Effects of roasting temperature and roasting time on
vanadium leaching efficiency. Effects of roasting temperature
and roasting time on vanadium leaching efficiency are pre-
sented in Fig. 4, with a xed mass ratio of NaOH to blank
roasted sample at 1 : 1. The vanadium leaching efficiency did
not reduce until the roasting temperature was over 550 �C when
the condition of the mass ratio was intermediate level (1 : 1).
Longer roasting times beneted the vanadium leaching effi-
ciency. However, when the roasting time was over 1.5 h, further
extension of the roasting time only slightly improved the
vanadium leaching efficiency.

3.1.3. Phase transformation during the NaOH molten
roasting process. The phase transformation of the samples
during roasting was studied using XRD; a mass ratio of NaOH to
blank roasted sample of 1 : 1 and a roasting temperature of
550 �C were used, with the roasting time ranging from 10 min to
90 min. The XRD patterns are shown in Fig. 5. The results
indicated that the muscovite and phlogopite crystalline phases
disappeared, and new crystalline phases of Na2SiO3 and geh-
lenite were present in the roasted sample, indicating that the
Fig. 5 XRD patterns of roasted samples at different roasting times. ((A)
roasting for 10 min; (B) roasting for 20 min; (C) roasting for 30 min; (D)
roasting for 60 min (E) roasting for 90 min).

RSC Adv., 2017, 7, 36917–36922 | 36919
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Fig. 7 Effect of leaching temperature on leaching efficiency of
vanadium, silicon, aluminium and potassium.
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structure of muscovite or phlogopite was effectively destroyed.
The diffraction peaks of the quartz crystalline phase were rst
enhanced during the rst 30 min of roasting and then weakened
in the following period. This is mainly because of the selective
dissolution of mica during the NaOHmolten roasting process in
the rst period and the dissolution of quartz in the subsequent
stage. Moreover, V(III), which was an isomorphic replacement of
Al(III) in the octahedral alumina in the mica of stone coal, was
liberated from the crystal lattice and oxidized into V(IV) or V(V) for
the preparation of the following water leaching process.

The crystal transformation relationship of muscovite
(K(Al,V)2[Si3AlO10](OH)2), Na2SiO3, and gehlenite (Ca2Al2SiO7) is
shown in Fig. 6. The crystalline structure of muscovite
(K(Al,V)2[Si3AlO10](OH)2) is with a monoclinic crystal system,
and the unit cell parameters are a ¼ 0.5193 nm, b ¼ 0.9045 nm,
c ¼ 2.0044 nm, a ¼ g ¼ 90�, and b ¼ 95.8�. During the NaOH
molten roasting process, Si–O and Al–O bonds were broken.
Moreover, the orthorhombic structure of Na2SiO3 and the
tetragonal structure of gehlenite (Ca2Al2SiO7) were formed. The
crystalline structure of Na2SiO3 is with the CMC21 space group
and the unit cell parameters are a ¼ 1.0466 nm, b ¼ 0.603 nm, c
¼ 0.471 nm, and a ¼ b ¼ g ¼ 90�. The crystalline structure of
gehlenite (Ca2Al2SiO7) is with the P�421m space group and the
unit cell parameters are a ¼ b ¼ 0.7693 nm, c ¼ 0.5072 nm, and
a ¼ b ¼ g ¼ 90�. Al3+ ion and the Si4+ ion locate at the same
position in the unit cell with different occupancies. Al–Si–O
oxides form a double close packed type array with the inclusion
of Ca2+ through tetragonal coordination.

The crystal transformation usually includes two steps: modi-
cation and reconstruction. The modication only refers to the
change of cell parameters, but not the chemical bonds. However,
reconstruction refers to the original large area breakage of
chemical bonds and the rebuilding of new structure. Therefore,
according to the abovementioned analysis, the phase trans-
formation in the NaOH molten roasting process belongs to the
reconstruction, and vanadium can be liberated during this
process. The reaction equation corresponding to the phase
transformation in the NaOHmolten roasting process is as follows:

2K(Al,V)2[Si3AlO10](OH)2 (muscovite)

+ 6NaOH + 6CaCO3 + 5O2 /

3Na2SiO3 + 3Ca2Al2SiO7 (gehlenite)

+ 2V2O5 + K2O + 6CO2 + 5H2O (2)
Fig. 6 Crystal transformation relationship of muscovite (K(Al,V)2[Si3AlO
roasting process.

36920 | RSC Adv., 2017, 7, 36917–36922
3.2. Water leaching process

3.2.1. Effect of leaching temperature. The effect of leaching
temperature from 30 �C to 95 �C on the leaching efficiency of
vanadium, silicon, aluminium, and potassium is shown in
Fig. 7, with a leaching time of 2 h and a liquid-to-solid ratio of 5
mL g�1. It can be seen that the vanadium leaching efficiency
gradually decreased with the leaching temperature ranging
from 30 �C to 95 �C. Moreover, the leaching efficiency of silicon
and aluminium increased until 45 �C and then decreased with
increasing leaching temperature. This is mainly because of the
production and dissolution of sodium aluminate and sodium
silicate in the initial period. However, with the increase of
leaching temperature, the reaction activity was enhanced and
the sodium alumino–silicate precipitated, which could there-
fore result in the adsorption and inclusion loss of vanadium.25,26

The potassium leaching efficiency slightly increased with
increasing leaching temperature. Therefore, the optimum
leaching temperature should be 30 �C.

3.2.2. Effect of leaching time. The effect of leaching time in
the range from 10 min to 180 min on the leaching efficiency of
vanadium, silicon, aluminium, and potassium is shown in
Fig. 8, with a xed leaching temperature of 550 �C and a liquid-
to-solid ratio of 5 mL g�1. The results indicated that the
potassium leaching efficiency steadily increased with the
increasing leaching time. In contrast, the similar change
10](OH)2), Na2SiO3 and gehlenite (Ca2Al2SiO7) in the NaOH molten

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Crystal transformation relationship of gehlenite (Ca2Al2SiO7)
and Ca3Si2O7$H2O in the water leaching process.

Fig. 9 XRD patterns of water leaching residuals at different leaching
times. ((A) leaching for 10 min; (B) leaching for 20 min; (C) leaching for
30 min; (D) leaching for 60 min; (E) leaching for 120 min).

Fig. 8 Effect of leaching time on leaching efficiency of vanadium,
silicon, aluminium and potassium.
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tendency of the leaching efficiency of vanadium, silicon, and
aluminium during the water leaching process could be ob-
tained, i.e. it increased in the initial period of 120 min and then
decreased till 180 min. The leaching efficiency of vanadium,
silicon, aluminium, and potassium was 80.44%, 31.66%,
12.14%, and 55.45%, respectively. Therefore, the optimum
leaching time should be 120 min.

The chemical multi-elemental analysis of the leachate under
the optimal conditions is shown in Table 3. The V2O5 content
was 0.72 g L�1, and the main impurities were SiO2 (22.54 g L�1),
K2O (2.28 g L�1), and Al2O3 (1.28 g L�1).

3.2.3. Phase transformation during the water leaching
process. The phase transformation during the water leaching
process was investigated according to the XRD analysis of the
leaching residuals from 10min to 120min, with a xed leaching
temperature of 550 �C and a liquid-to-solid ratio of 5 mL g�1.
The XRD patterns are shown in Fig. 9. The results indicated that
the Na2SiO3 and gehlenite crystalline phases in the NaOH
roasting samples disappeared, whereas the diffraction peaks of
the quartz crystalline phase in the water leaching residuals
intensied with the increasing leaching time from 10 min to
120min. In addition, the new crystalline phase of Ca3Si2O7$H2O
formed in the water leaching residuals.

The crystal transformation relationship of gehlenite (Ca2-
Al2SiO7) and Ca3Si2O7$H2O is shown in Fig. 10. During the water
leaching process, the Al–O bond of gehlenite (Ca2Al2SiO7) was
broken. Moreover, the Ca–Si and Ca–O bonds were shaped, and
the monoclinic structure of Ca3Si2O7$H2O was formed. The
crystalline structure of Ca3Si2O7$H2O is with the P21/M space
group and the unit cell parameters are a ¼ 0.6824 nm, b ¼
1.5465 nm, c ¼ 0.6839 nm, a ¼ g ¼ 90�, and b ¼ 97.692�. The
reaction equation corresponding to the phase transformation
during the water leaching process is as follows:
Table 3 Chemical multi-elemental analysis of leachate (g L�1)

Element V2O5 SiO2 K2O Al2O3 CaO MgO

Content 0.72 22.54 2.28 1.28 0.50 0.08

This journal is © The Royal Society of Chemistry 2017
3Ca2Al2SiO7 (gehlenite) + Na2SiO3 + 4NaOH /

2Ca3Si2O7$H2O + 6NaAlO2 (3)

The BEI and EDS elemental distributions of water leaching
residual are shown in Fig. 11. The results indicate that the
Fig. 11 (a) BEI of water leaching residual, EDS elemental distribution:
(b) O; (c) Al; (d) Si; (e) K; (f) V; (g) Ca and (h) EDS spectra marked from
BEI by circle.
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element distribution of O, Si, and Ca have obvious relevance.
Combined with the XRD analysis of the water leaching residual,
Ca3Si2O7$H2O indeed existed aer the NaOH molten roasting
and water leaching process. The EDS spectra analysis of the (i)
point showed that the aluminium content was 10.96%, which
was close to the theoretical aluminium content 12.80% of
muscovite (K(Al,V)2[Si3AlO10](OH)2) containing vanadium.
Moreover, the relevance of V, O, Al, Si, and K in the leaching
residual indicated that there was still a small amount of
roscoelite le in the leaching residual. Ca3Si2O7$H2O, a kind of
C–S–H gel,27 produced during the water leaching process
probably covered the surface of the roscoelite and thus pre-
vented the effective recovery of vanadium from the roscoelite.

4. Conclusions

(1) The novel NaOH molten roasting and water leaching tech-
nology, an eco-friendly process with good selectivity and good
availability, was found to be feasible for the recovery of vana-
dium from refractory stone coal.

(2) During the NaOH molten roasting process, the mono-
clinic crystalline structure of muscovite (K(Al,V)2[Si3AlO10](-
OH)2) in stone coal was converted into the orthorhombic
crystalline structure of Na2SiO3 and the tetragonal crystalline
structure of gehlenite (Ca2Al2SiO7), which could promote the
liberation and recovery of vanadium.

(3) During the water leaching process, the tetragonal crys-
talline structure of gehlenite (Ca2Al2SiO7) was converted into
the monoclinic crystalline structure of Ca3Si2O7$H2O. Ca3Si2-
O7$H2O, a kind of C–S–H gel, produced during the water
leaching process probably covered the surface of the roscoelite
and thus prevented the effective recovery of vanadium from the
roscoelite.
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