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Vanadium-Chromium Reducing Resid

ABSTRACT: Oxidative-alkaline leaching of vanadium from vanadium-

chromium-reducing residues with K,Cr,O, was investigated in this paper. Melamingl  ssorption I
The effects of processing parameters including dosage of NaOH, dosage of = ¥:C120;( Apcaline Leaching

K,Cr, 0, reaction time, and reaction temperature on the leaching efficiency

of vanadium were studied. The results simulated by response surface
methodology indicated that vanadium leaching was affected significantly by

the dosage of K,Cr,0O, and NaOH, and the processing parameters that

affected the leaching efficiency of vanadium followed the order m(NaOH)/ rdpiation | Leachate 2
m(residue) > m(K,Cr,0,)/sssssm(residue) > reaction temperature > reaction

time. The leaching efficiency of vanadium was up to 99.92% under optimal  Leaching residue 1 Lzﬂ‘fga;?) 1 vo

conditions: reaction temperature of 90 °C, reaction time of 60 min, liquid-to- l ¢ s

solid ratio of 5:1 mL g™, m(K,Cr,0,)/m(residue) = 0.10, and m(NaOH)/ _

m(residue) = 0.30. The kinetics analysis indicated that diffusion through the "™ reseuree
product layer was the controlling step and the apparent activation energy for
vanadium leaching was calculated to be 58.275 kJ-mol ™.

1. INTRODUCTION Electro-oxidation technology was applied to enhance the
leaching process both in acidic and alkaline media,"*"> which
offered selectivity for vanadium leaching, although it was hard
to industrialize. Roasting technology was the most common
technology, including sodium-roasting, calcium-roasting, and

Vanadium and its compounds are widelzr used in many fields
due to their excellent properties.' ™ After recovery of
vanadium from a vanadium-producing plant, a large amount
of toxic wastewater containing vanadium (V) and chromium

(VI) remains to be treated. Usually, some reductants are added blank-roasting; most vanadium and chromium were leached
followed by neutralization to form a vanadium-chromium- out, but some poisonous gases were emitted and the processes
reducing residue (VCRR) in which low-valence vanadium (IV) require high energy. Microwave-roasting and ultrasound-
accounts for 3—10 wt % and low-valence chromium (III) assisted leaching have also received more attention.'*™*' Ion-
accounts for about 10 to 20 wt %. In China, every year, more exchange technologyzz_24 and solvent extraction technol-
than 500,000 tons of the vanadium-chromium-reducing ogyzs_27 were also investigated to further improve the recovery
residue is produced.’”® The ineffective treatment of the efficiency of vanadium. However, these processes were
VCRR results in wastage of vanadium and chromium resources noneconomical and were only applied on a small scale.
and environmental pollution. This paper introduced a novel process for the recovery of
In order to leach out low-valence vanadium and chromium, vanadium from the vanadium-chromium-reducing residue. In
some oxidative leaching technologies were used. Oxidants like this process, K,Cr,O; which has high oxidizability, was
KCIO;, H,0,, and MnO, were applied to enhance the leaching introduced as an efficient oxidant for oxidation leaching of
process.” ! During the leaching process, the low-valance vanadium in alkaline medium. The redox product (Cr(IIL))

vanadium was brought into contact with an oxidant and was
oxidized to high-valence vanadium in order to leach out. High-
valence vanadium (99.80%) and 97.93% low-valence chromi-
um were leached out during oxidative acid leaching with —
MnO,, but they were very har§ to filter due to the high cgontent Received:  January 24, 2020
of Si. H,O, alkaline leaching is a very environment-friendly AccePted: Mar.ch 27, 2020
technology for vanadium and chromium leaching, except for its Published: April 7, 2020
high cost. Submolten technology is used to recover vanadium

with high alkalinity and energy consumption.'>"? Meanwhile,

some supplementary methods have attracted more attention.

retained in the leaching residue could be used as a chromium
source for chromium production. The effect of experimental
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parameters including reaction time, reaction temperature, mass
ratio of NaOH to residue, and mass ratio of K,Cr,0, to
residue was studied. The leaching kinetics and also the optimal
conditions for vanadium leaching were also investigated.

2. RESULTS AND DISCUSSION

Vanadium exists as a low-valence element in the VCRR, and it
is hard to leach out in alkaline medium directly.” It is known
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Figure 1. Relationship between AG and temperature for reaction
equations.
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Figure 2. Effect of the mass ratio of K,Cr,O, to residue on the
leaching efliciency of vanadium.

that B, o ¢ = 1.33 V and Ej . yon = 1.00 V; therefore,

K,Cr,0, was used to oxidize low-valence vanadium during the
leaching process. The AG of the main reactions were
calculated at 298 K.***’ The results displayed in Figure 1
show that the AG was negative, indicating that the oxidative
leaching of low-valence vanadium with K,Cr,O, was feasible.

2.1. Oxidation Leaching of Vanadium in Alkaline
Medium. 2.7.1. Effect of the Mass Ratio of K,Cr,0; to the
Residue. Based on the above analysis, the oxidation of low-
valence vanadium with K,Cr,O, was feasible thermodynami-
cally. Thus, the dosage of K,Cr,0, had a significant effect on
the leaching efficiency of vanadium. Figure 2 shows the results
of the effect of the mass ratio of K,Cr,O, to residue
(m(X,Cr,0,)/m(residue)) on the leaching efficiency of
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Figure 3. Effect of the mass ratio of NaOH to residue on the leaching
efficiency of vanadium.
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Figure 4. Effect of reaction temperature on the leaching efficiency of
vanadium.
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Figure S. Effect of reaction time on the leaching efficiency of
vanadium.

vanadium while other reaction conditions are kept constant:
reaction time of 60 min, reaction temperature of 90 °C, liquid-
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Table 1. Levels for Parameters in Actual Values

level
independent parameter unit =l 0 1
A: m(K,Cr,0,)/m(residue) 1 0 0.05 0.1
B: m(NaOH)/m(residue) 1 0.01 0.15 0.3
C: reaction temperature °C 30 60 90
D: reaction time min 10 30 60
Table 2. Analysis of Variance
source S D¢ mean square F value p value probability
model 106.62 14 7.62 12.07 <0.0001
residual 8.84 14 0.63
lack-of-fit 8.27 10 0.83 5.89 0.0511
pure error 0.56 4 0.14
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Figure 6. Perturbation plot for the leaching efficiency of vanadium
(A: m(K,Cr,0,)/m(residue); B: m(NaOH)/m(residue); C: reaction
temperature; and D: reaction time).

to-solid ratio of 5:1 mL g~', and mass ratio of NaOH to
residue (m(NaOH)/m(residue)) = 0.3.

The results shown in Figure 2 indicate that the leaching
efficiency increased with the increase of the dosage of
K,Cr,0;. Only a small amount of vanadium leached out in
alkaline medium without oxidation. During the leaching
process, the low-valence vanadium made contact with
K,Cr,0, and was oxidized to high-valence vanadium
(VO,*"), which was easy to dissolve in alkaline medium and
contributed to the high leaching efficiency of vanadium. Only
56.65% of the vanadium leached out without K,Cr,0, and the
leaching efficiency was up to 99.92% at m(K,Cr,0,)/
m(residue) 0.10. As the leaching solution had strong
alkalinity, the Cr(1II) in the VCRR and reduced K,Cr,O, were
retained in the leaching residue, and it acted as an eflicient
chromium source. Compared with oxidative leaching with
H,0,,'”""? it offered selectivity for vanadium and separation
of vanadium and chromium. The above results confirmed that
K,Cr,0, was an efficient oxidant for low-valence vanadium
leaching, and m(K,Cr,0,)/m(residue) = 0.10 was chosen as
the optimal condition for further experiments.

2.1.2. Effect of the Dosage of NaOH. Alkaline leaching
technology was preferred to acidic leaching technology in this
paper as 11.30 wt % Si was present in the VCRR. The effect of
mass ratio of NaOH to residue on the leaching efficiency of
vanadium was investigated with the following reaction

8779

conditions: reaction time of 60 min, reaction temperature of
90 °C, liquid-to-solid ratio of S:1 mL g~', and m(K,Cr,0,)/
m(residue) = 0.10. The m(NaOH)/m(residue) was set as 0.00,
0.10, 0.15, 0.20, 0.25, and 0.30.

Figure 3 shows that just 6.54% vanadium leached out in
neutral medium and it increased up to 99.92% at m(NaOH)/
m(residue) = 0.30. Low-valence vanadium was oxidized to
high-valence vanadium by K,Cr,0, in concentrated NaOH
solution and achieved high leaching efficiency.

2.1.3. Effect of Reaction Temperature. Higher reaction
temperature often increases the activity of reagents, decreases
the medium viscosity, and enforces the reaction intensity.
Figure 4 shows the effect of reaction temperature on the
leaching process under standard conditions: reaction time of
60 min, liquid-to-solid ratio of S:1 mL g~', m(K,Cr,0,)/
m(residue) = 0.10, and m(NaOH)/m(residue) = 0.30. The
leaching efficiency of vanadium was significantly improved at
higher reaction temperature. The leaching efficiency increased
from 24.39 to 99.92% as the reaction temperature increased
from 30 to 90 °C. Therefore, 90 °C was selected for further

experiments.

2.1.4. Effect of Reaction Time. Figure S shows the leaching
efficiency of vanadium by varying the reaction time ranging
from 10 to 60 min under selected conditions: reaction
temperature of 90 °C, liquid-to-solid ratio of 5:1 mL g™,
m(K,Cr,0,)/m(residue) = 0.10, and m(NaOH)/m(residue) =
0.30. Further increasing the reaction time could increase the
chances of contact of the VCRR with NaOH and K,Cr,0;,
giving the low-valence vanadium in the VCRR enough time to
be oxidized. Almost all of the vanadium was leached out within
60 min, and the leaching efficiency of vanadium increased from
48.64 to 99.92% as the reaction time increased from 10 to 60
min. Therefore, 60 min was sufficient to leach out vanadium.

Above all, K,Cr,O, was an efficient oxidant for low-valence
vanadium leaching from the VCRR in an alkaline medium, and
the leaching efficiency of vanadium was up to 99.92% under
the optimal conditions: reaction temperature of 90 °C,
reaction time of 60 min, liquid-to-solid ratio of 5:1 mL g™,
m(K,Cr,0,)/m(residue) = 0.10, and m(NaOH)/m(residue) =
0.30.

2.2. Response Surface Analysis. A single factor experi-
ment was not enough to investigate the optimal reactions as it
ignored the effects of the interactions between different
factors."" An effective method called response surface method-
ology was used to study the effects of interactions between
different factors.”' ™ In this study, response surface method-
ology simulated in Design-Expert software was used to
optimize the reaction conditions. The operating parameters
were set as: A: m(K,Cr,0,)/m(residue); B: m(NaOH)/
m(residue); C: reaction temperature; D: reaction time, and the
leaching efficiency of vanadium was set as a response. The
actual values for each factor are detailed in Table 1.

The square root was used to express the simulated results for
the leaching efficiency of vanadium after insignificant terms

and it is presented in eq 1:

https://dx.doi.org/10.1021/acsomega.0c00339
ACS Omega 2020, 5, 8777—-8783
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Figure 7. Response surface plots for factors.

Table 3. Kinetics Models and Equations”
controlling step equations
diffusion through a liquid film Kt=n (2)
diffusion through a product layer Kyt =1-2/3p— (1 -n)**> (3)
surface chemical reaction Kt=1-(1- D3 (4)

“n is the leaching efficiency, K;, K,, and Kj, are the apparent rate
constants for three different models, min~!, and ¢ is the reaction time,
min.

Sqrt (Leaching efficiency)
=676 + 0.60 X A 4+ 2.51 X B 4+ 0.53 X C
+1333x10* XD+ 029X AXB
—1LI0XAXC—-020XxAXD+046 XBxC
—0.057 X Bx D — 043 x A* — 0.66 X B
— 1.08 X C* — 0.12 X D* (1

The analysis of variance results are detailed in Table 2. The
F value and p value for the model were 12.07 and <0.0001,

8780 https://dx.doi.org/10.1021/acsomega.0c00339
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Table 4. Apparent Rate Constants K;, K, and K; for the Kinetics Models and Correlation Coefficients

parameter (°C)

30
45
60
75
90

diffusion through the liquid film

diffusion through the product layer

surface

chemical reaction

n

1-2/3n— (1 —n)??

1— (1 _ ”)1/3

K, (min™?%)
0.0032
0.0090
0.0101
0.0108
0.0119

R2
0.9596
0.9699
0.9428
0.9524
0.9207

K, (min™")
0.00013
0.00067
0.00280
0.00348
0.00635

R?
0.9950
0.9960
0.9846
0.9928
0.9843

K; (min™")
0.01807
0.02306
0.02247
0.02279
0.02311

R?
0.9377
0.9273
0.9203
0.9344
0.8866

4

LnK=14.564-58.275/RT

S a

LnK

AN

8|

A = 1 R I R 1 R L R I . L
0.0027 0.0028 0.0029 0.0030 0.0031 0.0032 0.0033

/T

Figure 8. Natural logarithm of the reaction rate constant versus
reciprocal temperature for the leaching process.

respectively, which indicated that the model was significant
and could be used to describe the optimization process.

The coefficients before A, B, C, and D represent the
direction and influence of the parameters on the response
(Figure 6). Their coefficients were 0.60, 2.51, 0.53, and 1.333
X 107% respectively, which confirmed that all the processing
factors had a positive effect on the leaching efficiency. Also, the
influence of the processing factor on the obtained leaching
efficiency response followed the order: m(NaOH)/m(residue)
(B) > m(K,Cr,0,)/m(residue) (A) > reaction temperature
(C) > reaction time (D). The increase in m(NaOH)/
m(residue) increased the reaction activity of the hydroxide
ions and enabled the oxidation reactions to be more
thermodynamically favorable.'” It also intensified the oxidation
solubility and mass transfer efficiency during the leaching
process. In the H,0O,-alkaline leaching process, the most
significant factor was the dosage of H,0,, while the dosage of
alkali occupied the third place.'’ For the oxidative-leaching
process, the influence order of the factors were not unalterable
but dependent on the oxidant.

The contour plots were used to investigate the interaction
between processing factors. The results detailed in Figure 7
show that the leaching efficiency of vanadium increased with
the increase in the dosage of NaOH and K,Cr,0,.

2.3. Adsorption of Vanadium. Many technologies have
been used to recover vanadium from solutions, such as
hydrolysis, ammonium precipitation,34’35 solvent extrac-
tion,”**°™*’ and ion exchange.23’24’40_44 In this work,
adsorption with melamine was introduced to recover
vanadium.”>*® The recovery of vanadium from the leaching
solution was conducted by selective adsorption with melamine;

almost all of the vanadium was adsorbed. The detailed
adsorption conditions could be obtained from refs 50 and SI.
Lastly, V,0; was obtained by roasting the adsorption
precipitate at 550 °C for 150 min in a muffle furnace.

2.4. Kinetics Analysis. The shrink core model is widely
used to describe the kinetics behavior of the leaching process
between solid and liquid reagents."**’~>* The typical three
kinetics models are represented in Table 3.

The experimental data were simulated with the above three
equations and the apparent rate constant and correlation
coeflicients are provided in Table 4. The results indicated that
the regression coefhicient of diffusion through the product layer
was maximum, and it meant that diffusion through the product
layer was the rate-controlling step. Therefore, eq 4 was selected
to describe the leaching kinetics behavior of vanadium from
the VCRR. The results shown in Figure 8 indicate that the
apparent activation energy for vanadium leaching was 58.275
kJ-mol™", which proposed that the leaching process was
controlled mainly by diffusion of the solution through the
surface layer, which was consistent with the results discussed
above.

InK=InA - E,/(RT) (5)

where E, is the apparent activation energy, A is the pre-
exponential factor, and R is the molar gas constant.

3. CONCLUSIONS

This paper focused on the oxidative leaching of vanadium with
K,Cr,0, from vanadium-chromium-reducing residues in
alkaline medium. The conclusions are given as follows:

(1) The optimal processing factors were obtained from
response surface methodology, and the influence of
processing parameters on the leaching efficiency of
vanadium followed the order m(NaOH)/m(residue)
(B) > m(K,Cr,0,)/m(residue) (A) > reaction temper-
ature (C) > reaction time (D). Under optimal
conditions, leaching efficiency of vanadium was up to
99.92% (reaction temperature of 90 °C, reaction time of
60 min, liquid-to-solid ratio of $:1 mL g7 ',
m(K,Cr,0,)/m(residue) = 0.10, and m(NaOH)/m(res-
idue) = 0.30).

(2) The diffusion through the product layer was the rate-
controlling step, and the leaching kinetics behaviors
followed the shrink core model. The apparent activation
energy for vanadium leaching was calculated to be
58.275 kJ-mol ™.

4. MATERIALS AND METHODS

4.1. Materials. The VCRR was dried and ground to a
suitable particle size before each experiment. The X-ray
fluorescence (XRF) (XRF-1800, Shimadzu, Japan) and X-ray

https://dx.doi.org/10.1021/acsomega.0c00339
ACS Omega 2020, 5, 8777—-8783
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diffraction (XRD) (XRD-6000, Shimadzu, Japan) results
indicated that the VCRR contained 18.80% Cr, 11.30% Sij,
and 3.11% V, and the main phases were FeCr,O, NaCr-
(S0,),, Na,(Cr,V)Si,O,, and VOSO,'**° All the reagents
used in the experiments were of analytical grade, which were
purchased from Kelong Co., Ltd., Chengdu, China, and used as
received without purification.

4.2. Experimental Procedure. The experiments were
performed according to the flow sheet as shown in Figure 9,
which includes the procedures of oxidation leaching of
vanadium and adsorption of vanadium. All experiments were
performed in a glass beaker (250 mL) with a thermostatic
mixing water bath pot. The detailed experimental procedure
could be seen in references 10 11, and S1.
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