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Abstract: The feasibility and kinetics of vanadium (V) recovery from oxidative leaching of low-grade
stone coal using MnO, were investigated. Oxidative leaching processes (OLPs) were designed
using response surface methodology (RSM) based on the central composite design (CCD) model.
The results show that the order of factors that influence OLPs is leaching temperature > H,;SOy4
concentration > leaching time > MnO, dosage. The interaction between leaching temperature and
H,SO4 concentration on the OLP is the most significant. Vanadium leaching efficiency was 89.3%
using 31% HySO4 and 3% MnO, at 90 °C for 7.9 h. The kinetics of V leaching from stone coal show
that the leaching rate is controlled by chemical reaction through a layer according to the shrinking core
model and the activation energy is 55.62 k]/mol. A comparison of the SEM-EDS results of minerals
before and after leaching confirms that the muscovite structure was significantly destroyed and V
and aluminum (Al) were effectively dissolved during the OLP.
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1. Introduction

Vanadium (V) is commonly used in the production of alloy steels, catalytic agents, and vanadium
batteries. The recovery of vanadium by leaching from stone coal, vanadium titano-magnetite, and
waste catalyst has been widely studied [1]. Stone coal is a unique and abundant V resource in China
with an estimated reserve of approximately 61.88 billion tons. The total amount of V reaches 118 million
tons, which accounts for over 87% of the domestic V reserve [2-5]. With the increasing demand for
V-bearing products, V extraction from stone coal has become an important direction for V resource
development. However, the average V grade in stone coal is generally low, with only 2.8% of stone
coal with grade >1.0% and more than 60% with grade <0.5%. The mining of low-grade stone coal is
not economically feasible based on current technology, which leaves a large quantity of low-grade
stone coal unexploited (i.e., “dead ore”) in China [6,7]. Exploring the feasibility of processes to recover
V from low-grade stone coal is, therefore, of great significance to comprehensively develop the use of
low-grade stone coal resources in China.

Processes 2020, 8, 1534; doi:10.3390/pr8121534 www.mdpi.com/journal/processes
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High salt roasting—water leaching is a traditional process to extract V form stone coal, followed
by the development of calcification roasting leaching, blank roasting leaching, low-temperature
sulfating roasting leaching, as well as a variety of V extraction processes, such as direct acid-leaching
technology [6]. Pyrometallurgical methods are gradually losing competitiveness in the treatment of
low-grade stone coal owing to high-energy consumption, environmental pollutants, and additional
burdens associated with environmental treatment. Direct acid-leaching technology has become a
research hotspot for extracting V from low-grade stone coal because of its simple process, environmental
protection, solid experimental research foundation, and industrial application prospects [8,9]. Most V
in a low oxidation state in stone coal exists in the crystal lattice of aluminosilicate minerals and
isomorphically replaces Al(III) in muscovite. The transformation and oxidation of V are, therefore,
essential for leaching efficiency [10]. Leaching efficiency can be improved by adding oxygen pressure
or oxidants [8,11,12]. However, oxygen pressure leaching is not cost-effective for low-grade stone coal
and is only applied to stone coal with a grade higher than 1% to generate an industrially recoverable
value [6]. The characteristics of stone coal resources in China and terms of environmental protection
and operation make V extraction feasible when assisted by oxidant leaching. Common leaching
oxidants are NaClO3, Na;S,0g, MnO,, and Oj [8,13-15]. However, harmful gases are easily produced
during the leaching process of NaClO3 and Na;S,0g, and the Os-assisted leaching process is unstable.
In this study, MnO, is used as an oxidizer in the leaching process, which is clean, pollution-free,
and allows effective recovery of manganese after oxidative leaching processes (OLPs) with excellent
industrial application value.

In this study, we established a data model of V extraction from stone coal by an OLP using response
surface methodology (RSM) based on the central composite design (CCD) model. The recovery of V by
the OLP of stone coal was comprehensively optimized and analyzed. Based on an in-depth discussion
of the experimental conditions, the OLP mechanism of V was further studied, including transformation
of the mineral lattice and analysis of V leaching kinetics. The kinetics determine the reaction rate and
directly affect the engineering and industrial planning of this process [16]. Shrinking core models for
spherical particles of a constant size based on the Arrhenius equation are empirically used to study the
kinetics of leaching low-grade stone coal. The obtained data are used to calculate leaching activation
energies based on kinetic models of the chemical reaction stage. The kinetic model provides theoretical
guidance for the application of oxidants in V extraction from low-grade stone coal.

2. Experimental Procedures

2.1. Materials

Stone coal was obtained from Hunan Province in China. The samples were evenly mixed and
then crushed to —0.180 mm. The chemical composition of the raw ore is shown in Table 1. The surface
morphology of the minerals is shown in Figure 1 from analysis using a scanning electron microscope
(SEM, Hitachi SU8010), and the element distribution in minerals was analyzed by an energy-dispersive
X-ray spectrometer (EDAX, OCTANESUPER). The energy spectrum analysis of muscovite shows an
Al content of 12.02 wt.% in the raw stone coal, which is close to the theoretical Al content of V-bearing
muscovite (12.8 wt.%) [17]. The correlation of V, O, Al Si, and K in raw stone coal indicates that V may
exist in the muscovite.

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

\% Si Al K Na Mg Ca Ba Fe Cr S Loss
0.30 36.12 2.37 0.56 0.09 0.94 0.05 0.11 0.56 0.05 0.54 11.00
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Figure 1. SEM-EDS results of the minerals before leaching: (A) muscovite; (B) quartz.
2.2. Experimental and Analytical Methods

In the single-factor and optimal experiments, 10-g samples were heated in a water bath with
50 mL of different concentrations of H,SO,4. The V content of the leaching solution was measured
by Chinese standard YB/T 5328-2006, and the V leaching efficiency was calculated by Equation (1).
In the kinetic experiments, 50 g of sample and 2 g of MnO, were heated and leached with 250 mL of
30% HSOy4. The reaction system was stirred at 400 r/min. Solid samples were collected by vacuum
filtration at fixed time intervals. After washing and drying, the V content was measured by Chinese
standard GB/T 19226-2003. The solid-liquid ratio was held constant during the leaching process, and
the V leaching efficiency was calculated by Equation (2).

Cu- Vi
_ 1
CUSMS ( )

where C,; is the V content of the leaching solution; V] is the volume of the leaching solution; Cy; is the
V content of the raw ore sample; and M; is the mass of the raw ore sample.

n=1e, ()

where C, is the V content of the unit mass residue sample and Cj, is the V content of the unit mass raw
ore sample.

The experimental results were also entered into Design Expert 10.0 software to fit the model by
multiple linear regressions. The CCD regression model can be described as follows:

k k k
Y =1by+ 2 b X; + Z biiX? + Z; bl’]'Xin 3)
i=1 im1 ij=1, i#]

where Y is the predicted response (leaching efficiency); by is the constant coefficient; b;, bj;, and b;; are
the linear, quadratic, and interaction coefficients, respectively; X; and X; are the coded values of the
independent variables; X;X; and X;? represent the interaction and quadratic terms, respectively; and k
is the number of independent variables (in this study, k = 4).
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2.3. Optimization of Experimental Design

Both CCD and Box-Behnken design (BBD) can be used in RSM to build a second-order (quadratic)
model for the response variables [18]. CCD is more effective than BBD in reflecting the interaction
of different variables while the numbers of variables and levels are high (variable number > 3,
level number > 3). The total number of required experimental runs was 2 + 2k + Ny, where Ny is the
number of replications at the center points (Ng = 6) [19]. We therefore performed thirty experiments
corresponding to the four CCD variables. The center points were duplicated to determine the
experimental error. The coded levels and range of independent variables for the experimental design
are listed in Table 2.

Table 2. Coded levels and range of independent variables for experimental design.

Range and Levels

Parameter _n 1 0 1 o

A: HySOy4 concentration (%) 8 16 24 32 40
B: leaching temperature (°C) 60 70 80 90 100
C: leaching time (h) 2 4 6 8 10

D: MnO, dosage (%) 0 1 2 3 4

3. Results and Discussion
3.1. Optimization and Analysis of the Leaching Process

3.1.1. Single-Factor Experiments

Six factors, including leaching temperature, HySO4 concentration, leaching time, MnO, dosage,
liquid—solid ratio, and stirring rate, were investigated by single-factor experimental sensitivity analysis.
The experimental results are shown in Figure 2. V leaching efficiency increases continuously with
increasing leaching temperature, HySO, concentration, and leaching time. The growth rate of V
leaching efficiency slows after 9 h of leaching. V leaching efficiency increases with increasing MnO,
dosage in the range of 1-4%. When the dosage of MnO, reaches 4%, the V leaching efficiency reaches a
maximum of 83.4%. Excessive MnO, reacts with sulfuric acid and reduces its concentration, resulting
in a decrease in V leaching efficiency. The effect of stirring rate on V leaching is not significant.
The V leaching efficiency increases by 12.2% when the liquid—solid ratio is increased from 0.5 to 5.
An increase in liquid-solid ratio leads to increasing sulfuric acid consumption. Considering the cost
and subsequent enrichment process, the liquid—solid ratio was set to 5:1. According to the results of the
single-factor experiments, the key variables affecting V leaching efficiency and range of optimal values
were determined to be leaching temperature, H,SO, concentration, leaching time, and MnO, dosage.

3.1.2. Data Analysis

The analysis of variance (ANOVA) results are presented in Table S1. The Fischer variation ratio
(F-value) is a statistically valid measure of how well factors describe data variation about its mean [20].
An F-value of 198.91 implies the model is significant, and there is only a 0.01% chance that an F-value
this large could occur due to noise. The R? and R2ad]- values are 0.9611 and 0.9820, respectively, which
are sufficiently high and comparable and indicate that the given quadratic response surface model
well describes the experimental data [19]. To obtain an accurate second-order polynomial function,
the linear, second-order and interaction of the input variables were evaluated. Values of (P > F) that
are less than 0.05 indicate significant model terms. In this experiment, the P values of A, B, C, D, AB,
BC, A2, and C? are <0.0001, <0.0001, <0.0001, 0.0004, <0.0001, 0.0027, 0.0147, and 0.0039, respectively,
which shows that all factors have a significant first-order effect. The effect of each individual factor is
as follows: leaching temperature > HySO4 concentration > leaching time > MnO; dosage. AB < 0.0001
indicates that the intersection of H,SO,4 concentration and leaching temperature is extremely apparent
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in the OLP. The “Adequate Precision” feature measures the signal to noise ratio. A ratio greater than 4
is desirable in these experiments, and a ratio of 52.120 indicates an adequate signal and that the model
can be used to navigate the design space.
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Figure 2. Results of sensitivity analysis of single-factor experiments.

To further evaluate the adequacy of the given quadratic model in fitting the experimental OLP
data, an important diagnostic plot of actual versus predicted values was established, as shown in
Figure 3. The points are distributed in a straight line that passes through the origin with a slope of 1,
which indicates that the quadratic model accurately predicts the actual values. The actual leaching
efficiencies of V and Fe are shown in Table 52, according to the experimental design conditions.
MnQO; has a positive effect on V leaching but no discernible effect on Fe leaching. The following
regression (Equation (4)) was developed from the CCD results and shows the empirical relationship
between V leaching efficiency and the four experimental variables in terms of their coded forms.

Y =49.85 + 11.20A + 15.96B + 9.68C + 2.37D + 4.28AB + 2.33BC — 1.37A% — 1.67C> 4)



Processes 2020, 8, 1534 6 of 13

where Y is the V leaching efficiency and A, B, C, and D are the coded values of the experimental
variables H,SO4 concentration, leaching temperature, leaching time, and MnO, dosage, respectively.

100 |  Cobr ponts byvaue of
v

893
I16.1

Predicted

Actual
Figure 3. Diagnostic plots of quadratic model (actual versus predicted values).

3.1.3. Internal Relationships between Factors

Interaction terms with p-values < 0.05 in the fitted model (AB (H,SO, concentration*leaching
temperature) and BC (leaching temperature*time)) were selected as axes of the response surface plots
to account for surface curvature. The interaction implies that the effect produced by changing one
variable depends on the level of other variables [19].

The dependence of V leaching efficiency on H,SO,4 concentration and leaching temperature is
shown in Figure 4a, where time and MnO, dosage were held constant at 6 h and 2%, respectively.
Between 70 and 90 °C, the concentration of HySO4 increased from 16% to 32% and the V leaching
efficiency increased by 13.48% and 30.96%, respectively. The effect of increasing H,SO4 concentration
on leaching is more significant at a high temperature. The ion diffusion rate of the solution increases
with increasing leaching temperature, and hydrogen ions entering the mica lattice react more easily.
The effect of hydrogen ions destroying mica is enhanced by increasing H,SO4 concentration at a high
temperature, and the V leaching efficiency significantly increases [21].

80 - 80

B: Leaching temperature (°C)

——B=70TC —<C=8h

70+ =
——B=90TC ——C=4h

C: Leaching time (h)

70+

60 X,=A: H,80, 604

Xz = B: Temperature

other factors
C: Leaching time =6 h

50 4 50 -

V leaching efficiency (%)
V leaching efficiency (%)

404 D: MnO, =2% 40 X, = B: Temperature
4 X, = C: Time

304 30 other factors
] A: H,SO, =24%

204 a 20 b D: MnO, =2%

L) L) L) L) L) L) L) L) L) L)
16 20 24 28 32 70 75 80 85 20
A: Concentration of H,SO, (%) B: Leaching temperature (°C)

Figure 4. Effect of H,SO4 concentration and leaching temperature (a) and leaching temperature and
time (b) on V leaching efficiency.

The dependence of V leaching efficiency on leaching temperature and leaching time is shown in
Figure 4b, where H,SO, concentration and MnO, dosage are held constant at 24% and 2%, respectively.
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A linear relationship is observed between V leaching efficiency and temperature when the leaching
time is 4 and 8 h. Longer times are associated with more significant temperature effects on leaching.
With increasing leaching temperature, the number of activated molecules increases, the number of
effective collisions between molecules increases owing to mutual electron repulsion, and the solution
viscosity decreases. Reduced viscosity accelerates the diffusion rate of molecules and ions, which
makes it more convenient for hydrogen ions to enter the V-bearing mica lattice and improve the V
leaching efficiency [15].

Three-dimensional surface plots and contour plots of the regression model are useful to graphically
interpret the associated interactions. Each response surface curve represents the level change of two
factors while the remaining two factors are maintained at zero.

Figure 5a shows the interaction effect between H,SO, concentration and leaching temperature
on V leaching efficiency. A three-dimensional surface diagram shows a curved surface with bending
slopes, and the surface becomes steep with increasing HySO4 concentration and leaching temperature.
This is primarily because mineral dissolution requires the participation of hydrogen ions as well as
anions during acid-leaching [22,23], and H* can efficiently remove the muscovite’s structural oxygen
and expose structural cations (Si/Al). HSO,~ and 50,2 then react with Si/Al and fracture the entire
muscovite structure [9]. Muscovite disintegration requires a sustained supply of heat [24]; increasing

the temperature and H,SO,4 concentration can, therefore, accelerate V-bearing mica disintegration and
promote V leaching.

a

©
13

80"

70

3
a

V leaching efficiency(%o)
3

75

B: Leaching temperature (°C)

§

-~
=}

-
o

20 24 28
A: Concentration of H,SO, (%)

80"

-

2
> 3
N

o
o

V leaching time(%)
C: Leaching time(h)

]

70 75 80 85 20

B: Leaching temperature(°C)

Figure 5. 3D response surface and contour plots showing the relationship between V recovery and
leaching parameters (a,b). Other parameters are held at center levels.

Figure 5b shows the interaction effect between leaching temperature and leaching time on V
leaching efficiency. Both time and temperature have positive effects on the OLP. The AGY(25 °C)
of reactions (5)—(9) is calculated to be —228.101, —226.095, —88.458, —86.451, and —139.643 kJ/mol,
respectively, using HSC chemistry 6.0 software. The above processes can be spontaneously performed
from a thermodynamic viewpoint. The reaction rate of the interface is mainly controlled by two
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factors analyzed from a kinetics perspective [9,25,26]: (1) the reagent diffusion rate through the
product layer and (2) the reagent chemical reaction occurring on the mineral surface. According to the
Stokes-Einstein equation, the diffusion coefficient is proportional to temperature [9] and higher leaching
temperatures increase the diffusion rates of H* arriving at the muscovite surface as well as oxygen
diffusion rates [27,28]. Longer leaching times lead to more MnQO,; dissociation to Mn?2* in the solution.
The maximum V and Mn concentrations in the leach liquor were 0.012 and 0.09 mol/L, respectively.
The activity of the selected dissolved state of V is, therefore, 1072 and the activity of the dissolved state
of Mn is 10~!. The V-Mn-H,O system at 298 K was calculated using recent information regarding
the existence and free energies of various V/Mn ionic and solid species, as shown in Figure 6 [29,30].
The black lines in the diagrams represent V-H;O, the black dotted lines describe the boundaries at
which the available V is equally distributed between the two ionic species that predominate in the
contiguous areas, and the red dotted lines represent Mn-H,O systems. Oxidant MnO, increases the
oxidation potential of the leaching environment, and under high temperatures and a strong oxidation
atmosphere, low-valent V gradually transforms into V oxide ions (VO**, VO, ™). Low-valent V oxidizes
to high-valent V to constitute the soluble phase, which promotes V leaching [29,31]. The leaching
temperature and time, therefore, have an interactive effect on V leaching by promoting the oxidation
process of low-valent V.

1
V503 + 5oz(g)+4H+ — 2VO**T 42H,0 (5)
V5,03 + MnO;+6H" — 2VO?*t +Mn?t +3H,0 (6)
4Fe’T +0,(g) + 4H' — 4FeT +2H,0 ?)
2Fe?t +MnO,+4H ' — 2Fet +Mn** +2H,0 (8)
V,0342Fe3t +2HT — 2VO?*T +2Fe? T +H,0 )
2.5 T
., ! " '
L . A ! P ' <
~N ) o~
2.0 | Vo, VO o, S )
-0 Al <
BRI 275 ;N : ; : >
7 M S ' Mn04':
............... 1-....................'
| wno, | ! r—
10 F =~~ec_ [ ' '
~ed. Tfeeee.. ,"" '
L \ ' R TITR beonn..
V02+ v e g oteeeeees

Electrode potential / V

Figure 6. Potential-pH diagrams for the V-Mn-H,O system with a dissolved V activity of 1072 and
dissolved Mn activity of 107! at 298.15 K.
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3.1.4. Process Optimization

The optimum condition for V leaching efficiency was obtained by applying the RSM, as shown
in Table 3 case (1)—three validation experiments confirmed that the V leaching efficiency was 88.7%,
90.1%, and 89.0% under conditions of 31% H>SOy at 90 °C, leaching time of 7.9 h, and 3% MnO,, which
are consistent with the predicted value of 90.2%. Compared with the single-factor experiments without
MnO; for leaching in cases (3) and (4), more economical and environmentally friendly optimization
conditions can be obtained by modeling the OLP of stone coal and considering the interaction of
various parameters.

Table 3. Case studies.

H>S04 Leaching . . o V Leaching
Number Concentration (%) Temperature (°C) Leaching Time (h)  MnO; (%) Efficiency (%)
1 30.7166 89.9453 7.9357 2.99625 90.2
2 31 90 79 3 89.3
3 30 85 9 0 76.1
4 30 95 6 0 74.9

3.2. Kinetics of Leaching Process

3.2.1. Controlling Mechanism of Leaching

To confirm the leaching process, it is important to establish a quantitative measurement of the
leaching kinetics and mechanism [25]. Assuming that the particles are spherical and nonporous, that ore
grains gradually shrink, and that porous product layers form around unreacted grains during leaching,
the experimental data can be analyzed using the shrinking core model (SCM) [25,32]. The SCM
considers that the leaching process contains external diffusion control, chemical reaction control, and
internal diffusion control. The results of the single-factor experiments show that the stirring speed has
little effect on the V leaching efficiency so external diffusion is not a controlled-speed step. The kinetic
studies, therefore, mainly focused on chemical reaction control and internal diffusion control [17,25].

Assuming the leaching process is controlled by internal diffusion, the following leaching kinetics
expression can be used:

t:[l—ga—(l—a)%]/Kﬂ (10)

Assuming the leaching process is controlled by chemical reaction, the following expression can be
applied for leaching kinetics:

- [1—(1—a)%]/1<b (11)

where ¢ is reaction time (s), a is V leaching efficiency (%), K; is the rate constant of internal diffusion,
and Kj is the rate constant of chemical reaction.

The effect of different reaction temperatures on V leaching is shown in Figure 7. The results
demonstrate that « is generally low at low temperatures and significantly increases with the increase
in temperature. Prolonged leaching time has no notable effect on V leaching at 60 °C. Figure 7b shows

that the fitting effect of both zero point intercepts and straight 1 — (1 — a)% and ¢t is improved, and the

correlation coefficient R? > 0.98, which indicates that the leaching reaction is controlled by surface
chemical reactions.
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Figure 7. (a) Relationship between V leaching efficiency and time at different temperatures. (b) Plots of
1-(1-a)'® versus time at different temperatures.

3.2.2. Determination of Activation Energy

We considered the kinetics model of the surface chemical reaction using given kinetic rate constants
at studied temperatures. Figure 8 shows InKj, vs. 1/T to linearize the curve fitting. The activation
energy was calculated to be 55.62 kJ/mol using Equation (12), which is close to 47 kJ/mol reported for
the V,03 oxygen leaching process by Tavakoli et al. [28]. For chemical-controlled reactions, which are
strongly dependent on reaction temperature, the activation energy is >41.8 kJ/mol [33], which supports
that the OLP is controlled by chemical reaction. From the Arrhenius equation, the rate constant K is:

K=Ax exp(—%) (12)

where E is the apparent activation energy; T is the temperature; A is the frequency factor.

-6.0
-6.5
y=—6.69x+12.15
R?=0.991
=
X -7.0 4
=
754 E, =55.62 kJ/mol
-8.0 1 ]
T

T T T T T
275 280 2.85 290 295  3.00
110K

Figure 8. Relationship between InK, and T~'.
3.2.3. Changes of the Mineral Structure before and after Leaching

SEM images of the stone coal sample and acid leaching residue are shown in Figure 9. Before leaching,
the ore sample structure was very dense and most of the particles were spherical or quasi-spherical,
indicating the appropriateness of the SCM model selected in the kinetic study process. The residue
leached by adding MnO; becomes loose when the specific surface area of the ore sample increases
and more readily reacts with H,SO4. Figure 9 shows a significant correlation between V and Al in
the raw ore, and the process mineralogy of the mica-type stone coal shows an intimate association
between V-bearing muscovite and other aluminosilicates [24]. However, a correlation between V and
Al in the residue is not apparent and their contents clearly decrease, which indicates that the structures
of muscovite and certain aluminosilicates are severely damaged and V and Al are effectively dissolved
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after the OLP. Except for some aluminosilicate that was destroyed before and after leaching, most of
the Si remains stable in the form of SiO; without reacting with sulfuric acid.

Figure 9. SEM-EDS results of the minerals before and after leaching.

4. Conclusions

V was extracted from low-grade stone coal through an OLP. RSM was used for the experimental
design and optimization of V leaching, in which a statistical experimental model is suggested to model
V recovery based on the studied parameters. The model results suggest that leaching temperature has
the strongest influence over leaching efficiency, and the interaction between H,SO, concentration and
leaching temperature is the most significant. The leaching parameters were optimized in consideration
of energy, chemical consumption, and leaching efficiency. Leaching conditions using 31% H;SO4
and 3% MnO, at 90 °C for 7.9 h yielded 89.3% V recovery. Chemical reaction was determined as
the controlling reaction mechanism of the SCM. An Arrhenius diagram was plotted for the leaching
reaction and an activation energy of 55.62 k]/mol was obtained. SEM-EDS analysis before and after
mineral leaching shows that the muscovite lattice is effectively destroyed after oxidation leaching.
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Extracting vanadium through OLP does not require roasting treatment. The addition of MnO, can
reduce the dependence of the leaching process on high temperature and strong acid concentrations.
This shortens the leaching time and effectively improves the V leaching effect, which provides a
low-cost and eco-friendly method for extracting vanadium from low-grade stone coal.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/12/1534/s1,
Table S1: ANOVA for RSM model for leaching of V from stone coal, Table S2: CCD matrix and response values of
four variables.
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