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The kinetics of extracting vanadium (V) from microwave-roasted (MR) vana-
dium slag (V-slag) with concentrated H2SO4 were investigated. The micro-
wave irradiation experiments were performed in a modified microwave muffle
furnace at temperatures ranging from 150�C to 750�C. The x-ray diffraction
analysis indicated that the spinel phase of the V-slag is destroyed after 10 min
of roasting. The phase composition of the V-slag was changed by the roasting
process, and a new Fe2O3 phase appeared in the samples roasted at higher
temperatures. Compared to the raw slag, the surface area, pore volume, and
pore size of the MR slags were much lower. It was easier to leach V from the
MR samples than the raw sample with the H2SO4 solution, and the leaching
process was accelerated in the MR samples. When the V-slag was roasted at
150�C and 350�C (MR@150 and MR@350, respectively), the apparent activa-
tion energy was decreased from 77.65 kJ/mol to 68.42 kJ/mol and
66.68 kJ/mol, respectively. The process of leaching V from the raw and MR
slags was controlled by both the surface chemical reactions and internal dif-
fusion. The reaction orders of the raw, MR@150, and MR@350 V-slags, with
respect to the H2SO4 concentration, were 1.23, 0.75, and 0.70, respectively.

INTRODUCTION

V is one of the most important rare metals
because of its wide range of uses in ferrous metal-
lurgy and the aerospace and chemical industries as
a result of its excellent physical and chemical
properties.1 Although it is widely distributed in
nature, V never occurs in its pure state; it is found
in combination with other elements.2 In China, the
main sources of V are V-slag and stone coal. V-slag
is a by-product of V-Ti magnetite and accounts for
more than 40% of the V produced.3

In general, V(II), V(III), V(IV), and V(V) are the
main states of V in nature. However, V(III) is the
dominant state in V-slag because it can occupy the
Fe, Mn, and Cr crystal-lattice sites to form an
isomorphous spinel phase.4 When the V in the V-
slag is embedded in the spinel phase, it is difficult to
extract the V by direct acid leaching. The extraction
of V from slag involves the oxidation of V(III) to either
V(IV) or V(V), and then it is leached by acid or water.5

Typical methods for extracting V from V-slag include

sodium-salt roasting/water leaching, calcified-salt
roasting/acid leaching, and additive-free roasting/
acid leaching techniques.6,7 Although the whole V
recovery rate has been beyond 70% for a single flow
from converter V-slag to V2O5 product with the
traditional sodium-salt roasting/water leaching pro-
cess, the roasting process still has a low energy
efficiency and it causes a large amount of additive
waste.8,9 Furthermore, a large volume of harmful
gases, such as Cl2, HCl, and SO2, are discharged
during the roasting process, which causes serious
environmental pollution.10,11 Thus, a new method for
extracting V, which is more efficient and environ-
mentally friendly, must be developed.

Microwave irradiation is a unique and distinct
technology in the field of materials processing.12

The advantages of microwave irradiation include
clean energy, short processing time, non-thermal
effects, and the selective and volumetric heating of
materials.13 The application of microwave irradia-
tion to the extraction of metals, such as Ni, Zn, and
Au, has been reported in the literature.14–16 In the
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present study, a novel microwave-roasting and acid-
leaching process for treating V-slag was investigated.
The V-slag was subjected to microwave irradiation
and then leached to recover the V. The results of the
microwave-roasted (MR) V-slag were compared to
that of raw V-slag. In addition, the effects of
microwave roasting on the kinetics of extracting V
from V-slag were systematically investigated.

EXPERIMENTAL METHODS

Materials

The V-slag sample was collected from the Panzhi-
hua area of the Sichuan province of China. All the
samples were crushed and screened to >0.075 mm
for the roasting and leaching tests. The chemical
composition of the V-slag was analyzed by XRF, and
the results are shown in Table I. The x-ray diffraction
(XRD) pattern of the raw V-slag is shown in Fig. 1,
demonstrating that the main phases in the raw V-
slag are spinel, fayalite, and titanomagnetite phases.

Instrumentation and Experimental
Procedures

The MR slags were prepared in a modified HM-
X08-16 type microwave muffle furnace manufac-
tured by Kunming University of Science and Tech-
nology, Yun Nan province, China. The frequency of
the microwave reactor was 2450 MHz. The reactor
contained four 1.5-kW microwave generators that
could be cooled via the circulation of water. To
measure the temperature, a thermocouple was
inserted into the sample through the top of the
muffle furnace; the control cabinet was used to
control the temperature.

For each experiment, 50 g of V-slag was added to a
100-mL porcelain crucible, and insulating materials
were then packed around the crucible. After the
samples were roasted at the chosen temperature
(±50�C) for 10 min, the device was shut down and
cooled by the circulating water. The leaching exper-
iments were performed in a three-necked flask
(500 mL) with a water bath. The samples were
leached with H2SO4 using a liquid-to-solid ratio of
70:1 (350 mL of H2SO4 to 5 g of slag). The mixed
solution was stirred at a speed of 350 rpm and heated
at the chosen reaction temperature (±1�C). At fixed
intervals, less than 5 mL of the reaction solution was
removed from the flask. After separating the solid
and liquid via vacuum filtration, the liquid was
diluted to analyze its chemical composition.

RESULTS AND DISCUSSION

Characterization of the MR V-slags

The XRD patterns of the raw and MR V-slags are
shown in Fig. 1. The diffraction peaks of the MR
samples appear to shift, especially the peak posi-
tions of the (Mn, Fe)(V, Cr)2O4 phase (Reference
code: 00-035-0550). Furthermore, a new Fe2O3

phase is present in the XRD patterns of the slags
roasted at 350�C, 550�C, and 750�C (MR@350,
MR@550, and MR@750, respectively); the peaks
corresponding to this new phase appear at
2h = 33.37�, 35.85�, 49.65�, and 64.20�. In addition,
because there are differences in the microwave-
absorbing properties of the various phases, the
microwave roasting causes phase transformations.
In the microwave field, the heating rate of Si is very
slow, but the heating rate of V and Fe is fast. Due to
the difference of thermal expansion coefficient,
different minerals generate a stress in the lattice,
thereby causing cracks in the mineral particles.17

The calculated surface areas, pore volumes, and
pore sizes of the raw and MR V-slags are shown in
Table II. Compared to the raw slag, the surface

Table I. Chemical composition of the vanadium slag

Compound V2O5 Fe2O3 SiO2 TiO2 MnO Al2O3 CaO MgO Cr2O3 Others

wt.% 16.17 36.47 17.09 11.97 8.43 3.85 2.06 1.95 1.18 0.83

Fig. 1. The XRD patterns of raw and roasted samples (1-
(Mn,Fe)(V,Cr)2O4, 2-Fe3O4, 3-Fe2.5OTi0.5, 4-Fe2SiO4, 5-Fe2O3).
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area, pore volume, and pore size of the MR@150 slag
has changed little. However, the slags roasted at
350�C or higher exhibit sharp decreases in the
surface area, pore volume, and pore size.

According to the thermodynamics analysis of the
oxidation processes of spinel, the products for oxida-
tion reactions are V (V) and Cr(VI).18 In the MR V-
slags, the following reactions may occur with the O2

in the air during the roasting and leaching processes:

4FeV2O4 þ 5O2 ! 2Fe2O3 þ 4V2O5 ð1Þ

4MnV2O4 þ 5O2 ! 2Mn2O3 þ 4V2O5 ð2Þ

4FeCr2O4 þ 7O2 ! 2 Fe2O3 þ 8CrO3 ð3Þ

4MnCr2O4 þ 7O2 ! 2Mn2O3 þ 8CrO3 ð4Þ

V2O5 þ 5H2SO4 ! V2 SO4ð Þ5þ5H2O ð5Þ

The V-extraction rates for the raw and MR slags
are shown in Fig. 2. The microwave roasting has a
positive effect on the V-extraction rate; approxi-
mately 32% of the V was extracted from the
MR@150 slag after 5 min of leaching, whereas only
approximately 18% was leached from the raw slag

after the same dissolution time. As the roasting
temperature increases from 150�C to 350�C, the V-
extraction rate increases significantly. Under the
same experimental conditions, the extraction rate
for the MR@350 slag is 30% higher than that of the
raw sample after 60 min of leaching. Thus, the
enhancing effect of microwave roasting on the V-
extraction rate of V-slag is significant. However,
because of the altered lattice structure of the slag,
such as the formation of the new Fe2O3 phase and
decreasing surface area, roasting temperatures
above 350�C do not significantly enhance the reac-
tivity of the V-slag.

Effect of the Leaching Temperature

The effects of the leaching temperature on the
dissolution of V in the raw, MR@150, and MR@350
slags are presented in Fig. 3. The results indicate
that the leaching of V from all the slags increases
with increasing leaching temperature (within 50–
90�C). In addition, the V-leaching behavior of the
raw slag exhibits a greater monotonic increase over
time compared to that of the MR slags. When the
leaching temperature is 90�C, the V-extraction rate
for the MR@350 slag reaches approximately 88%
after 60 min. However, under the same leaching
conditions, only about 60% of the V was extracted
from the raw slag. These results indicate that a
greater proportion of the active materials in the MR
slags than that in the raw slag can be dissolved into
the H2SO4 solution.

Effects of H2SO4 Concentration

The effects of the H2SO4 concentration on the V-
extraction rate of the raw and MR slags was
investigated using H2SO4 concentrations ranging
from 100 g/L to 250 g/L, with all other conditions
held constant. Figure 4 shows that the V-extraction
efficiencies of the MR samples increase sharply
before 5 min, especially for the MR@350 slag. The
V-extraction rate of the MR@350 slag reaches
approximately 94% after 60 min in the 250 g/L
solution of H2SO4.

Table II. Analysis of the surface area, pore volume and pore size of raw slag and roasted slag

Material

Surface area (m2/g)
Pore volume (cm3/g) Pore size (nm)

Single point BET Langmunir Single point Adsorption average pore width

Raw slag 2.8279 3.0077 4.2613 0.005153 6.85307
MR@150 2.4659 2.5476 3.5431 0.002897 4.54830
MR@350 1.6234 1.7572 2.5035 0.002231 5.07949
MR@550 1.4420 1.5623 2.2357 0.002109 5.40051
MR@750 1.3712 1.5357 2.2556 0.002046 5.32918

Fig. 2. Effect of microwave roasting on vanadium extraction from
vanadium slag (80�C; 200 g/L H2SO4; 350 rpm stirring speed).
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Analysis of the Leaching Kinetics

Kinetic Model

The leaching of V from the V-slag in a H2SO4

solution is a solid-liquid heterogeneous reaction.
The shrinking-core model is a typical kinetic model
for heterogeneous reactions. In this model, the rate-
controlling step of the leaching process is the
surface chemical reactions, internal diffusion, or
external diffusion. In this study, it was found that
the leaching of V was independent of the stirring
speed when it is above 300 rpm. Thus, to ignore the
effects of external diffusion, a stirring speed of
350 rpm was used.

If the leaching process is controlled by the surface
chemical reactions, the leaching kinetics can be
expressed with Eq. 6:19

1 � 1 � xð Þ1=3¼ k1t ð6Þ
where:

k1 ¼ kCn
0M=bqr ð7Þ

If the leaching process is controlled by the inter-
nal diffusion, the leaching kinetics can be expressed
with Eq. 8:19

1 � 2x=3ð Þ � 1 � xð Þ2=3
h i

¼ k2t ð8Þ
where:

k2 ¼ 2MDCn
0=bqr

2 ð9Þ

If the leaching process is a controlled by the
surface chemical reactions and internal diffusion,
the leaching kinetics can be expressed with
Eq. 10:20

ln 1 � xð Þ=3ð Þ þ 1 � xð Þ�1=3�1
h i

¼ k3t ð10Þ
where:

k3 ¼ F k1; k2ð Þ ð11Þ

In Eqs. 6–11, x is the V-extraction rate (%), k1 is
the rate constant of the surface chemical reactions,
k2 is the rate constant of the internal diffusion, k3 is

Fig. 3. Effect of temperature on vanadium extraction from (a) raw slag; (b) MR@150; (c) MR@350; (200 g/L H2SO4; 350 rpm stirring speed).
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the rate constant of the multi-phase reaction, and
F(k1, k2) is the function describing the relationship
between k1 and k2. In addition, t is time (min), q is
the density of the solid reactant (kg/m3), M is the
molecular weight of the solid reactant (kg/kmol), C0

is the initial concentration of the H2SO4 solution
(mol/L), n is the reaction order, k is the reaction-rate
constant, D is coefficient of diffusion (m2/min), b is
the mole ratio of H2SO4 consumed when 1 mol of the
solid reactant is leached, and r is the initial radius
of the solid reactant.

To confirm the rate-controlling step and kinetics
equation of the leaching of V from the raw and MR
V-slags in H2SO4 solutions, Eqs. 6, 8, and 10 were
applied to the experimental data. Compared to
Eqs. 6 and 8, the regression coefficient of Eq. 10 is
better. This indicates that the leaching step is
controlled by both the surface chemical reactions
and internal diffusion. Therefore, Eq. 10 was used
to describe the kinetics of leaching V from the raw
and MR slags. Figure 5 shows a plot of (ln(1 � x)/
3) + [(1 � x)�1/3 � 1] as a function of t for different
reaction temperatures.

Calculating the Activation Energy and Reaction
Order

From the results in Fig. 5, the rate constants for
different reaction temperatures (k3T) were calcu-
lated and an Arrhenius plot was constructed
(Fig. 6). The activation energies for the leaching of
V from the raw, MR@150, and MR@350 V-slags
were calculated to be 77.65 kJ/mol, 68.42 kJ/mol,
and 66.68 kJ/mol, respectively. Thus, it is confirmed
that the activation energy decreases after the
microwave-roasting process. These results also indi-
cate that the microwave-roasting process enhances
the reactivity of the V-slag, and thus, increases the
extraction rate.

The reaction orders with respect to the H2SO4

concentration were determined with the aforemen-
tioned kinetic model. As the volume of the H2SO4

solution is large enough, the concentration of the
acid is assumed to remain constant. From the
results of the leaching data and calculations used
to fit the plots, the values of the rate constants at
different H2SO4 concentrations (k3A) and the

Fig. 4. Effect of H2SO4 concentration on vanadium extraction from (a) raw slag; (b) MR@150; (c) MR@350; (90�C; 350 rpm stirring speed).
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correlation coefficients were calculated, as shown in
Table III. The relationship between ln[H2SO4] and
ln[k3A] is shown in Fig. 7. The reaction orders for
the leaching of V from the raw, MR@150, and

MR@350 V-slags, with respect to the H2SO4 con-
centration, were found to 1.23, 0.75, and 0.70,
respectively. The decrease in the reaction order
after the microwave-roasting process indicates that
microwave roasting might decrease the dependency
of the V-extraction rate on the H2SO4 concentration.

To describe the kinetics clearly, a full equation
that contains the effects of the main leaching factors
is indispensable. In this study, the control factors
were the temperature and concentration of the
H2SO4 solution. The effects of these factors on the
rate constant can be expressed with Eq. 12:21

k3 ¼ ko H2SO4½ �nexp �Ea=RTð Þ ð12Þ

where k0 is a constant determined by both k3T and
k3A (min�1), [H2SO4] is the concentration of the
H2SO4 solution (g/L), Ea is the activation energy of
the leaching process (kJ/mol), R is an ideal gas
constant (8.314 kJ/(kmol K)), and T is temperature
(K).

Thus, Eqs. 13, 14, and 15 can be used to describe
the kinetics of extracting V from the raw, MR@150,
and MR@350 V-slags in a H2SO4 solution,
respectively.

Fig. 5. Plots of ln(1 � x)/3 + [(1 � x)�1/3 � 1] versus temperature for leaching vanadium (a) raw slag; (b) MR@150; (c) MR@350.

Fig. 6. Arrhenius plot for leaching vanadium from (a) raw slag;
(b) MR@150; (c) MR@350.
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ln 1 � xð Þ=3ð Þ þ 1 � xð Þ�1=3�1
h i

¼ 2:1 � 10�6 � H2SO4½ �1:23�exp �77650=RTð Þ � t
h i

ð13Þ

ln 1 � xð Þ=3ð Þ þ 1 � xð Þ�1=3�1
h i

¼ 4:2 � 10�5 � H2SO4½ �0:75�exp �68420=RTð Þ � t
h i

ð14Þ

ln 1 � xð Þ=3ð Þ þ 1 � xð Þ�1=3�1
h i

¼ 6:5 � 10�5 � H2SO4½ �0:70�exp �66680=RTð Þ � t
h i

ð15Þ

CONCLUSION

In this study, it was found that the leaching of V
from V-slag is affected by microwave roasting. The
microwave roasting decreased the intensity of the
peaks in the XRD patterns and altered the spinel
structure of the V-slag. Compared to the raw slag,
the surface area, pore volume, and pore size of MR

slags were significantly decreased by the high-
temperature microwave roasting. The leaching
results for the raw and MR slags at different
temperatures showed that the microwave roasting
enhanced the reactivity of the V-slag. The analysis
of the leaching kinetics indicated that the micro-
wave roasting increases the leaching of V from the
V-slag while decreasing its sensitivity to tempera-
ture. The apparent activation energies of the leach-
ing of V from the raw, MR@150, and MR@350 V-
slags were calculated to be 77.65 kJ/mol,
68.42 kJ/mol, and 66.68 kJ/mol, respectively. The
kinetics of the raw and MR V-slags were controlled
by both the surface chemical reactions and internal
diffusion. The reaction orders of the leaching of V
from the raw, MR@150, and MR@350 V-slags, with
respect to the H2SO4 concentration, were 1.23, 0.75,
and 0.70, respectively.
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