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Abstract: In order to promote the industrial application of the magnesiation roasting—acid leaching method, the acidic
leaching kinetics of vanadium from magnesiation-roasted vanadium slag was investigated. By combination of XRD,
XPS, and SEM, it was revealed that MgSiO; and most vanadates consumed acid sharply to produce SiO, and
V(V)-containing vanadyl in the initial 10 min. The variation of vanadium extraction efficiency with leaching time was
studied to establish the kinetic models for leaching. Results indicated two distinct stages in the leaching process and the
kinetics of both stages followed the shrinking core model. The leaching rate in 0—10 min was controlled by both solid
product layer diffusion and chemical reactions, while the leaching rate in 10—30 min was controlled only by chemical
reactions. Therefore, it is essential to accelerate the mass transfer in initial 10 min and accurately control the

temperature in the following 20 min during leaching.
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1 Introduction

Vanadium is a strategic metal [1—3] that has
widespread applications in national defense,
chemical and metallurgical engineering due to its
special properties [4—8]. For vanadium extraction,
the vanadium slag obtained from the V-Ti
magnetite ores is the major raw material [1,9,10]. In
the vanadium slag, V exists as V(III) and
concentrates in the spinel phase [11-13]. The
V(III)-bearing spinels transform into leachable
vanadates (V(V)) during the oxidative roasting—
leaching process of vanadium slag for vanadium
extraction [14—17].

At present, the common methods of vanadium
extraction from vanadium slag are the sodium
roasting—water  leaching method and the
calcification roasting—acid leaching method [18].
The sodium roasting process produces harmful

gases, including sulfur dioxide, sulfur trioxide,
chlorine, and hydrogen chloride, which are harmful
to the environment [19,20]. For the calcification
roasting—acid leaching process, the leaching
residues contain high content of calcium sulfate,
which makes their iron resource difficult to be
utilized [21,22]. In order to solve the problems
associated with methods above, our group has
proposed a green method of magnesiation roasting—
acid leaching to selectively extract vanadium and
make the associated resources utilizable [6]. To put
forward the industrial application of this green
vanadium extraction method, it is essential to study
the acidic leaching kinetics of vanadium from the
magnesiation-roasted vanadium slag in order to
maintain the high leaching efficiency at a large
reaction scale.

Many researchers have studied the leaching
kinetics of vanadium from vanadium slag roasted
with non-Mg additives. AARABI-KARASGANI
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et al [23] studied the acid leaching kinetics of
vanadium from alkaline-roasted Linz-Donawitz
(LD) converter slag and found that the leaching
kinetics at low temperature was controlled by
chemical reactions in the whole leaching process.
PENG et al [24] reported the leaching kinetics of
vanadium from calcification-roasted vanadium slag
in acidic medium, and found that the leaching
process followed the shrinking core model (SCM)
and was mainly controlled by the solid product
layer diffusion. LI et al [25] investigated the
leaching kinetics of vanadium in non-salt roasted
vanadium slag with ammonium bicarbonate as the
leaching agent. It was found that the ammonium
bicarbonate leaching process followed the SCM and
the leaching process can be divided into two
distinct stages. The first stage, which is in the time
range of initial 30 min, was controlled by the solid
product diffusion and the second stage, which is in
the time range of 30—150 min, was controlled by
the surface chemical reactions. All these studies
investigated the kinetics of leaching process in
which the solid products were produced during
leaching and they could wrap the vanadates and
inhibit the vanadium dissolution. However, in the
case of the acid leaching process of magnesiation-
roasted vanadium slag, all products of vanadium
leaching reactions are soluble, whose leaching
kinetics cannot be directly identical to the kinetic
behavior mentioned in above cases.

Therefore, this study focused on the leaching
kinetics of vanadium in the magnesiation-roasted
slag, including the leaching mechanism and the
kinetic models. Via combination of XRD, XPS,
FT-IR and SEM, the leaching mechanism of
vanadium was systematically investigated. The
influences of liquid/solid (L/S) ratio, leaching
temperature, and pH value on the vanadium
leaching kinetics were studied to explore the
rate-controlling step and the kinetic models.

2 Experimental

2.1 Materials and characterization

The vanadium slag was supplied by the Pan
Steel Company, China. The chemical composition
of the vanadium slag (Table 1) was determined
using X-ray fluorescence (XRF, Shimadzu XRF—
1800, Japan) technique. The phase compositions of
the vanadium slag (Fig. 1), the roasted slag and the

leaching residues were determined via powder
X-ray diffraction (XRD, Rigaku D/MAX 2500PC,
Japan) analysis using Cu K, radiation. In Fig. 1, the
major phases present are (Fe,Mg)V,04 spinels and
Fe;Si0; fayalite, while MnFe,O04, Mg TiO4 spinels,
Ca(Ti,Mg,Al)(Si,Al),Os pyroxenes, and Fe;O4 are
the minor phases in the vanadium slag. The
elemental vanadium concentrations in the leaching
liquid were analyzed using inductively coupled
plasma-atomic emission spectrometry (ICP-OES,
Optima 8000, USA). X-ray photoelectron
spectroscopy (XPS, ThermoFisher ESCALAB250Xi,
USA) was utilized to characterize the chemical
valences of major elements in the vanadium slag,
the magnesiation-roasted slag, and the leaching
residue. Scanning electron microscopy (SEM,
TESCAN MIRA LMS, Czech) equipped with
energy-dispersive X-ray spectrometry (Xplore 30)
was used to conduct the microscopic observation of
the vanadium slag (Fig.2), the magnesiation-
roasted slag, and the leaching residues. As shown in
Fig. 2, V and Ti are distributed in the same areas
while Si is distributed in the surrounding areas,
which is in accordance with the spinel phase
containing V and Ti and the fayalite phase
containing Si as indicated by the XRD pattern in
Fig. 1. The bonding information of original and
roasted vanadium slags and the leaching residue
was determined via FT-IR spectrometer (FT-IR,
Thermo Scientific Nicolet 6700, USA).

Table 1 Chemical compositions of vanadium slag (wt.%)
FeO SiOz TiOz V203 MnO CaO MgO A1203
38.53 13.51 12.60 15.37 9.47 3.02 4.01 347
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Fig. 1 XRD pattern of vanadium slag
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Fig. 2 SEM image of vanadium slag with element mapping

2.2 Magnesiation roasting

The vanadium slag was crushed and sieved
into a particle size of <74 pm. The vanadium slag
and MgO were mixed in a Mg/V molar ratio
(n(Mg)/n(V)) of 0.6. The mixture was roasted in
muftle furnace at 1173 K for 90 min. After roasting,
the roasted sample was then air-cooled to room
temperature and ground into powder.

2.3 Sulfuric acid leaching

The magnesiation-roasted slag was leached for
0—-30 min using sulfuric acid in a magnetically
stirred water bath with a liquid/solid (L/S) ratio of
(5-8) (mL/g) and solution pH of 0.5-1 at
temperatures of 313—338 K and stirring speed of
200 r/min. The leaching liquid was separated from
the leaching residue via filtration. The vanadium
extraction efficiency was calculated according to

Eq. (1):
n=(c¥V/m)x100% (1)

where # is the extraction efficiency; ¢ and V
represent the vanadium concentration and volume of
the leaching liquid, respectively, and m denotes the
vanadium mass in the magnesiation-roasted slag.

3 Results and discussion

3.1 Leaching mechanism of vanadium
3.1.1 Phase evolution

As shown in Fig. 3, the main phases in the
magnesiation-roasted slag are Fe,O;, Mg,V,0s,

Mn, V>0,

FezTi05,
Caj2Al14033. In the process of the acid leaching,

MgSiOs;, MgTi,Os, and
Mg2V207, MH2V207, and MgSiO3 in the
magnesiation roasted slag reacted with sulfuric acid

as follows:

Mg V>207+3H2S04=(V0,),S04+2MgS04+3H,0 (2)
Mn,V>,07+3H2S04=(V0,),S04+2MnSO4+3H,0 (3)
MgSiO3+H>S04=H,Si03;+MgSO4 4)

Figure 3 showed the XRD patterns of the
roasted slags leached at 0—30 min. After leaching
for 10 min, the partial diffraction peaks of Mg,V,0-
and Mn,V,0; disappeared, indicating that most of
Mg,>V,07 and Mn,V,07 reacted with sulfuric acid.
In addition, the diffraction peaks of MgSiO3
disappeared, indicating that MgSiOs; completely
dissolved in sulfuric acid to form H,Si0O; during the
acid leaching process. The diffraction peaks of
H»SiO3 were not seen due to their low crystallinity.
The diffraction peaks of SiO, appeared, which may
be due to the aggregation of a large amount of
H,SiO3 to form SiO; precipitate in the residue.
When the leaching time prolonged to 30 min,
the diffraction peaks of MgV,0; and Mn,V,0;
completely disappeared, indicating that all Mg,V,0;
and Mn,V,07 have reacted with sulfuric acid at this
time.

3.1.2 Bonding structure change

The FT-IR spectra of the original vanadium
slag, the roasted slag, and the leaching residue in
the wavenumber range of 4000—400 cm™' were
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compared in Fig. 4. The absorption bands at 3438
and 1630 cm™! can be attributed to the O—H
stretching vibrations and the H—O—H bending
vibrations of water molecules absorbed on the
sample surface, respectively. In the original
vanadium slag, the absorption bands at 480 and
584 cm™! were the characteristic peaks of spinels.
The absorption bands at 828, 876, 923, and
961 cm™! were attributed to the vibration of [SiO4]
tetrahedra in olivine phases, and bonds at 1050 cm™!
was assigned to the Si— O —Si asymmetric
stretching vibrations [14]. In fact, more absorption
bands of spinels and olivines were expected
theoretically in the wavenumber range of
4000-400 cm™!. However, only partial absorption
bands of spinels and olivines were observed in
Fig. 4 because some lower frequency bands were
consolidated in far-infrared region and others were
consolidated by stronger bonds of other groups [4].

7 1 —Fe,04 3 —Mn,V,0,
T 2—4Mg2V207 4 —Fe,TiOs
§slls 44‘1‘ 6‘71 8441’ 30 min
7 5—MgSiO; 7—Ca;Al,0s;
. 1 6—MgTi,0; 8—Si0,
1 ¢,
6 1
T 1 , wll 10 min
7
7
5 7
32
4 1 § I 11
2.2 g 1264 | 41s 0 min

30 40 50 60 70 80 90
200(°)

10 20

Fig. 3 XRD patterns of leaching residues at different
leaching time in sulfuric acid with pH=0.5 and L/S ratio
of 8:1
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Fig. 4 FT-IR spectra of original vanadium slag, roasted
slag, and leaching residue

After roasting, the absorption bands of spinels
and olivines disappeared. Bands at 503 and
616 cm ™! were related to the M—O vibrations such
as Fe—O from Fe,0s. The characteristic band at
681 cm™! was due to different types of Ti—O—(Ti)
vibrations that were related to the tetrahedrally and
octahedrally coordinated Ti ion [26]. Bands at 854
and 924 cm™! were assigned to the V—O stretching
vibration bands of [VOs4] [4], which proved the
formation of magnesium vanadates. The band at
1063 cm™! shifted to 1083 cm™!, indicating that
there was a phase transition at this time, and
the phase transition process involved Si—O—Si.
Combined with Fig. 3, it was deduced that the
roasting process involved the decomposition of
olivine phases to generate SiO, which reacted
further with the additive MgO to produce MgSiOs.

In the leaching residue, the disappearance
of bands at 854 and 924 cm™' illustrated the
dissolution of magnesium vanadates. The bond at
1091 cm ! belonged to SiO»[27], indicating that the
MgSiO; reacted with the sulfuric acid to produce
Si0; during the leaching process.

3.1.3 Valence state shift

The global XPS survey of the original
vanadium slag, the roasted slag, and the leaching
liquid was shown in Fig. 5(a). Results demonstrated
the presence of major elements in samples through
the specific binding energies of different orbitals of
different elements. Figures 5(b:) and (bz) showed
the detailed XPS spectra of Fe 2p and V 2p in the
original vanadium slag, respectively. For Fe,
shoulders (726 and 712 eV) were observed on the
major peaks at 723.5 and 710.4 eV, respectively.
The 7104 and 723.5eV signals corresponded
to Fe*" [28], and the 712 and 726¢V signals
corresponded to Fe** [29], which indicated that Fe**
and Fe*'coexisted in the original vanadium slag
with Fe(II) as the major chemical valence of Fe. For
V, the 516.8 and 515.9 eV signals were attributed to
the V 2ps» of V3* [30], which indicated that the V
element in the original vanadium slag existed in the
form of V3*. After roasting, only the signals of Fe**
and V° can be observed in Figs. 5(ci) and (c2),
indicating that all the Fe** and V3' ions were
oxidized to Fe** and V', respectively, which
were consistent with the previous XRD results.
After sulfuric acid leaching, V in the leaching liquid
presented in the form of V** (Fig. 5(d»)). However,
the Fe was hardly detected in the leaching liquid,
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which was because Fe in the roasted slag
mainly existed as acid-insoluble products, which
maintained in the leaching residue during the
leaching process (Fig. 5(d1)).
3.1.4 Microstructure change

The SEM images of the magnesiation-roasted
slag with energy dispersive spectrometer (EDS)
point scanning were shown in Fig. 6(a). Compared
with Fig.2, the surface morphology of the
magnesiation-roasted slag undergone great changes,
indicating that the additive MgO reacted strongly
with the vanadium slag during the magnesiation
roasting process. In addition, the point scanning
results showed that the major phases in the regular
area (the area where the vanadium spinels were
located in the vanadium slag) were vanadates,
indicating that the vanadium spinels were transformed
into vanadates during the magnesiation roasting
process. After leaching, the surface morphology
of the Ileaching residue (Fig. 6(b)) changed
significantly compared with Fig. 6(a). The spot
scanning results showed that the vanadium content
in the region corresponding to vanadates was low,
indicating that the vanadates were dissolved in the
sulfuric acid, which was in accordance with the
XRD results in Fig. 3.

3.2 Influences of leaching conditions on leaching
kinetics

The dependence of vanadium leaching kinetics

on L/S ratio, pH value of leaching reagent, and

10 15

Energy/keV

Encrgy/kc\]/5
Fig. 6 SEM images of roasted slag before (a) and after
(b) leaching with EDS point scanning (Leaching
condition: sulfuric acid solution pH=0.5, leaching time

of 30 min, and L/S ratio of 8:1)

leaching
investigated.
The influence of L/S ratio on vanadium
leaching kinetics was illustrated in Fig. 7(a). As
shown in Fig. 7(a), there were two distinct stages in
the leaching process at all L/S ratios, but the stage
ranges were different. At low L/S ratio of 5:1, the
vanadium leaching efficiency increased sharply in
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Fig. 7 Effects of leaching conditions on vanadium
leaching kinetics: (a) L/S ratio; (b) Leaching temperature;
(c) pH value
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the initial 3 min, and reached a plateau at 5 min,
after which the vanadium leaching -efficiency
increased slowly. When the L/S ratio increased to
7:1, the vanadium leaching efficiency increased
more rapidly in the initial 10 min and then reached
a plateau of leaching efficiency higher than that at
L/S ratio of 5:1. As the L/S ratio increased to 8:1,
both the increase rate and the plateau value of
vanadium leaching efficiency increased further,
with the leaching time of 10 min as the boundary
for two leaching stages.

The influence of leaching temperature on
vanadium leaching kinetics was demonstrated in
Fig. 7(b). As the leaching temperature increased
from 313 to 333 K, the increase rate and plateau
value of vanadium leaching efficiency increased
significantly. ~However, when the leaching
temperature increased further to 338 K, the increase
rates of leaching efficiency in both stages
(0—10 min and 10—30 min) were almost the same
compared to the case of 333 K; the maximal value
of leaching efficiency only increased slightly. Thus,
in order to save energy, 333 K was the optimal
leaching temperature in this study.

The pH wvalue of sulfuric acid (leaching
reagent) had significant influence on the vanadium
leaching kinetics. As shown in Fig. 7(c), when the
pH value of leaching reagent decreased from 1.0 to
0.8, the increase rate and plateau value of vanadium
leaching efficiency increased obviously. When the
pH value decreased further to 0.5, the leaching
efficiency increased much more rapidly in the
initial 10 min and slightly rapidly in 10—30 min; the
maximal leaching efficiency was almost 3 times
that at higher pH values. This indicated that the
increase in sulfuric acid concentration largely
promoted the leaching kinetics of vanadium.

3.3 Kinetic model of leaching process

The pseudo-first order model, pseudo-second
order model, and SCM were used for Kkinetic
analysis [31]. Among them, the SCM showed the
highest fitting coefficient. In SCM, the solid—fluid
reaction can be represented by the following
reaction:

A(fluid)+bB(solid)—Products )

where A, B and b represented H,SO4, magnesiation-
roasted vanadium slag and stoichiometric
coefficient, respectively.

The acid leaching process of magnesiation-
roasted vanadium slag consisted of the following
five steps: (1) transport of H.SO4 from the bulk
solution to the particle surface; (2) diffusion of
H,SO4 through the solid ash layer from the particle
surface to the surface of wunreacted core of
magnesiation-roasted vanadium slag; (3) reaction
between H,SO4 and magnesiation-roasted vanadium
slag on the surface of the wunreacted -core;
(4) diffusion of the resultant (VO,)>SO4 through the
solid ash layer from the reaction interface to the
particle surface; (5) transport of the resultant
(VO2)2S04 from the particle surface to the bulk
solution.

Each step above can be the rate-controlling
step during the acid leaching process. Their relative
integral rate equations were derived and shown in
Egs. (6)—(8) [32]:

If the leaching rate is controlled by the
diffusion through solid ash layer, the integral rate
equation will be

1-3(1=x)¥3+2(1-x) =kt (6)

If the leaching rate is controlled by the surface
chemical reaction, the integral rate equation will be

1-3(1—x) 3=kt (7

If the leaching rate is controlled by the
diffusion through liquid film, the integral rate
equation will be

1—(1—x)* =kt (8)

where x and ¢ are the vanadium leaching efficiency
and leaching time, respectively; k4, kr and ki are the
apparent rate constants for pore diffusion, surface
chemical reaction, and liquid film diffusion,
respectively.

As shown in Fig. 7, there were two stages
in the leaching kinetics of vanadium from
magnesiation-roasted vanadium slag. The first stage
occurred at the beginning of the acid leaching
process (0—10 min) and the second stage occurred
after 10 min. Therefore, the leaching kinetics of
vanadium was analyzed separately in two stages.
3.3.1 Leaching kinetics in short time stage

The kinetic data for the initial stage (0—10 min)
of the acid leaching was fitted with Egs. (6)—(8)
under various conditions. The rate constants and
correlation coefficients of regression were listed
in Table 2. As shown, the largest regression
coefficients were obtained for the regime type of
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solid layer diffusion control, indicating that the
diffusion through solid ash layer contributed
significantly to the leaching rate of vanadium in the
initial stage. The rate constant k4 was obtained from
slopes in Fig. 8 and In k4 was plotted against 1/7 to
calculate apparent activation energy (£,). According
to the Arrhenius equation, £, was calculated to
be 20.21 kJ/mol (R?=0.9908) in the initial stage
(Fig. 9). It is commonly known that the activation
energy of diffusion-controlled process is typically

0.4 @

03

02+

1-3(1-x)**+2(1-x)

0.1

1-3(1=x)2342(1-x)

1-3(1-x)?*+2(1-x)

4 6 8 10

t/min
Fig. 8 Plots of 1-3(1—x)**+2(1—x) vs leaching time (¢) at
different L/S ratios (a), leaching temperatures (b) and pH
values (¢)

-3.1

In £,;==2430.9858/T+4.0658
R?=0.9908

In kg

295 3.00 3.05 310 315 320
T7/107K™!
Fig. 9 Arrhenius plot for leaching system (0—10 min)

below 12 kJ/mol while that of chemical-reaction-
controlled process is usually above 40 kJ/mol.
Thus, the activation energy of process controlled by
both diffusion and chemical reactions is usually
between 12 and 40 kJ/mol [33]. The calculated E,
(20.21 kJ/mol) was between 12 and 40 kJ/mol,
indicating that the leaching rate in the initial stage
was controlled by both solid ash layer diffusion and
chemical reaction. However, solid layer diffusion
contributed more than chemical reaction to the
controlling of leaching rate. This was because at the
beginning of the leaching process, MgSiO; reacted
with H,SOs to form HSiOs; colloids, which
hindered the diffusion of vanadate ions, thereby
influencing the reaction kinetics of Mg,V,07 and
Mn,V,0; with H>SO4. This was also proved by R?
values of fitting results as shown in the last column
in Table 2. To sum up, the leaching rate in the
initial stage was controlled by both solid ash layer
diffusion and chemical reactions.
3.3.2 Leaching kinetics in long-time stage

Equations (6)—(8) cannot be applied directly to
the long-time stage (10—30 min) since the boundary
conditions of this stage have changed. Under new
boundary conditions Egs. (6)—(8) were transformed
respectively and expressed as follows:

Solid ash layer diffusion control:

1-3[(1=x)/(1=x1)234+2[ 1= (1=x1) B (xc—x1)]=

ka(t—11) )
Chemical reaction control:
1-[(1=x)/(1=x1)]P=kd(t—t1) (10)

Liquid film diffusion control:
1=[(1=x)/(1=x) 1 *=ki(t—11) (11)
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where x; is the vanadium extraction efficiency at
10 min, and # is 10 min. Experimental data were
fitted into Egs.(9)—(11) in various conditions.
The results were shown in Table 3 and Fig. 10. In
Table 3, the largest regression coefficients were
obtained for the regime type of chemical reaction
control. This proved that the leaching efficiency
in the long-time stage was controlled by chemical
reactions. This was because when the reaction
progressed, the pH value of the liquid was constantly

increased, and the chemical reaction rate in the
system was lower than mass transfer rate. Thus,
the chemical reactions became the rate-controlling
step. The E, value for the long-time stage was
calculated by linear regression of Ink; against
1/T (Fig. 11). The obtained E, was 40.94 kJ/mol
(R*=0.9912), which was greater than 40 kJ/mol.
This confirmed that the leaching process was
controlled by the chemical reaction in the stage of
10—-30 min.

Table 2 Apparent rate constants for kinetics models and correlation coefficients (0—10 min)

Diffusion through liquid

Surface chemical reaction,

Diffusion through solid ash

Parameter film, 1-(1-x)* 1-3(1-x)"" layer, 1-3(1—x)**+2(1-x)
ky R ki R ka R
51 0.0432 0.7883 0.0249 0.8057 0.0161 0.8927
L/Sratio  7:1 0.0624 0.8932 0.0391 0.9286 0.0347 0.9891
8:1 0.0635 0.8557 0.0400 0.8917 0.0399 0.9690
313K 0.0505 0.8606 0.0298 0.8855 0.0242 0.9702
remperature K 00621 0.8856 0.0388 0.9208 0.0323 0.9903
33K 0.0635 0.8557 0.0400 0.8917 0.0399 0.9690
338K 0.0688 0.8960 0.0446 0.9379 0.0429 0.9965
0.5 0.0635 0.8557 0.0400 0.8917 0.0399 0.9690
pH 0.8 0.0208 0.8788 0.0110 0.8867 0.0035 0.9500
1.0 0.0145 0.8299 0.0075 0.8352 0.0017 0.9418

Table 3 Apparent rate constants for kinetics models and correlation coefficients (10—30 min)

Difflliziuoir:i %f;ugh Surfizeaé:tlilznmical Diffusion through solid ash layer,
Parameter -1y (1) P I e SR
ki R ke R? ka R?

5:1 0.002 0.967 0.001 0.9672 0.0042 0.9667

rI;iiSo 7:1 0.0139 0.9491 0.0074 0.9591 0.0367 0.9493
8:1 0.0197 0.9663 0.0098 0.9867 0.0522 0.9648

313K 0.007 0.9612 0.0036 0.9641 0.0362 0.9641

323 K 0.0106 0.9494 0.0056 0.9503 0.0277 0.9496

Temperature

333K 0.0197 0.9663 0.0098 0.9867 0.0522 0.9648

338 K 0.0196 0.9901 0.011 0.9904 0.054 0.9899

0.5 0.0197 0.9663 0.0098 0.9867 0.0522 0.9648

pH 0.8 0.0028 0.852 0.0015 0.8675 0.0034 0.8558
1.0 0.0023 0.8278 0.0012 0.8344 0.002 0.8335




678 Jie CHENG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 669—680

0.20

0.15

0.10

I={(1=x)/(1=x)]

0.05

10 15 20 25 30
t/min

0.25

0.20

0.15

0.10

I=[(1=)/(1=x )]

0.05

t/min

0.20

< 0.15
®

< 0.10
Iy

,ﬁ 0.05

0

10 15 20 25 30
t/min

Fig. 10 Plots of 1-[(1—x)/(1=x1)]"? vs leaching time (7)
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Fig. 11 Arrhenius plot for leaching system (10—30 min)

4 Conclusions

(1) During the acid leaching process, the
MgSiO; and most vanadates reacted with the
sulfuric acid in the initial 10 min, and the remaining
vanadates reacted with the sulfuric acid within the
following 20 min. V in the leaching liquid existed
in the form of V°*, while Fe did not enter the
leaching liquid during the whole leaching process.

(2) The influences of leaching conditions on
vanadium leaching kinetics were systematically
investigated. The acid leaching proceeded as two
stages, namely the initial stage of 0—10 min and the
long-time stage of 10—30 min. In the initial stage,
the leaching efficiency increased sharply, while
the leaching efficiency increased gradually at the
long-time stage.

(3) Kinetic studies showed that the acid
leaching kinetics followed the SCM. In the short
time stage of the acid leaching, both solid layer
diffusion and chemical reactions contributed to the
control of leaching rate. The leaching rate in the
long-time stage was controlled by the chemical
reactions.
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