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Abstract: A novel method for the separation and reclamation of vanadium and chromium from acidic solution was proposed. The
principle for the separation is based on selective complexation. In specific, V(V) can be complexated by dithiocarbamate to form
VO(RR,NCS,); precipitate, leaving Cr(III) remained in the acidic solution. Then the reclamation of V and Cr from VO(R;R,;NCS,);
precipitate and Cr(III)-bearing solution can be reached by decomplexation and neutralization, respectively. The kinetics of the
complexation reaction was studied. In addition, the precipitation ratio of vanadium reached 97% and the loss of chromium was less
than 4% after process optimization. The complexing agent could be regenerated with a high ratio of 99.5%. The method was
successfully applied to treating chromium—vanadium-bearing slag produced in conventional vanadium production industry.
Vanadium and chromium could be extracted from the slag in the form of calcium vanadate and Cr,O; product with a purity of over

98%.
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1 Introduction

Vanadium and chromium are important strategic
metals and play an important role in the development of
society. Vanadium is widely used in steel, chemical and
battery industries due to its excellent mechanical,
catalytic, electrochemical, and other physicochemical
properties [1,2]. Chromium has wide application in alloy
production, electroplating, leather tanning and refractory
material preparation [3—5].

Vanadium and chromium are often associated in
many minerals, such as vanadium titano-magnetite and
chromite ore because of their similar physicochemical
nature [6,7]. Vanadium titano-magnetite is the most
important resource for vanadium extraction [8,9] through
the blast furnace (BF) process. During BF smelting,
titanium is concentrated in titanium slag, while iron,
vanadium and chromium turn into vanadium-bearing pig
iron. Then vanadium and chromium are separated from

the pig iron in the form of vanadium slag by converter
smelting [10]. Vanadium, as the most valuable element in
the vanadium slag, is conventionally extracted by sodium
salt roasting and water leaching process [11]. However, a
large amount of wastewater containing Cr(VI) and V(V)
is generated in this process, which has to be treated by
reduction, neutralization, and filtration,
chromium—vanadium-bearing slag. This sort of slag
exhibits a complex composition containing amorphous
chromium hydroxide, tetravalent vanadium hydroxide,
ferric hydroxide, and soluble sulfate salts [12,13].
Furthermore, it is urgent to harmlessly treat this slag
since heavy metals in it bring huge environmental risk.
To date, abundant of researches can be found in
open literatures on the treatment of the chromium-—
vanadium-bearing slag. Using the property that
vanadium is more prone to be oxidized than chromium
in alkaline medium (for instance NaOH solution) by the
oxidant of H,0,, KClOs, or O,[14—17], vanadium alone
can be extracted in the form of vanadate after oxidation.

generating
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The slag can also be oxidized via alkaline roasting to
selectively extract vanadium [18,19]. But chromium is
not able to be extracted by this type of method, and the
remained residue after vanadium extraction generally
contains highly toxic Cr(VI), which can cause even
severer environmental issues. Thus, it is strongly
required to extract vanadium and chromium
simultaneously when dealing with the chromium—
vanadium-bearing slag.

However, the challenge of separating vanadium and
chromium with high efficiency will spring out during
co-extraction of V and Cr. The chromium product of
Cr,03 requires vanadium content less than 0.15%, and
the vanadium product of V,0s requires chromium
content less than 0.1%. Therefore, a strategy for deep
separation of vanadium and chromium is of high
demand. Using the frequently reported methods of the
ion exchange [20], solvent extraction [21-23], chemical
precipitation [24,25], membrane filtration [26], and
adsorption [27] are difficult to meet the target because of
the similarities of their properties. In addition, each
method has its own disadvantages, such as poisoning of
the resin in the ion exchange method, expensive
extractants and pollution from organics in the solvent
extraction method, low separation efficiency and high
impurity content in the chemical precipitation method.

Recently, a novel method for deep separation of
vanadium and chromium in the acidic solution was
proposed by the present authors of this research [28]. It
was found that some sort of amines can react with V
selectively to form V-containing complex precipitates but
it will not act on Cr(Ill) in acidic solution. The
V-containing complexes can be readily dissociated in
alkaline medium to regenerate the complexing agent and
reclaim the valuable vanadium metal. However, there are
still a few questions to be answered in this new method,
including the inherent principle and the kinetics of the
complexation and decomplexation reactions, and the
optimization of the process parameters, which will be the
main contents for this study. The application of this
technology to harmlessly treat chromium—vanadium-
bearing slag will also be reported in this research.

2 Experimental

2.1 Materials

The chromium—vanadium-bearing slag used in this
study was obtained from the Pangang Group Co., Ltd.,
China. After preprocessing by selective oxidation of
V(IV) to V(V), the composition of its acid leaching
solution is listed in Table 1. Therefore, the solutions
containing 5 g/L V(V) and 10 g/L Cr(IlI) were used in
the experiments and prepared in the laboratory using
sodium metavanadate and basic chromic sulfate. A

dithiocarbamate (R;R,NCS,) complexing agent was
used, where R; and R, can be the same or different alkyl.
All reagents and materials used in the research were of
analytical grade and without further purification.
Deionized water was produced by a water purification
system.

Table 1 Composition of acid leaching solution of chromium—
vanadium-bearing slag (g/L)

V(V) Cr(I1D) Si Fe
1-5 10-50 0.01 0.8

2.2 Experimental procedure

The complexation separation process was carried
out according to the flow sheet shown in Fig. 1. For
better separation of vanadium and chromium, the
solution was acidified using sulfuric acid to a pH ranging
from 2.5 to 3.0 with constant stirring at room
temperature. Vanadium reacts with the complexing agent
added to form an insoluble V complex (a yellow solid
precipitate), and the precipitate was filtered out to obtain
V-free Cr(Ill)-bearing solution. The slurry was obtained
by mixing the V complexes with deionized water, and
then the slurry was alkalized by adding NaOH to a pH
value of 11.0 to 12.0 with stirring at 40—50 °C. After the
V complex was dissolved (also decomplexation), CaO
was further added to precipitate vanadium in the form of
calcium vanadate. Thus, the alkaline complexing agent
solution was reused for the next batch of separation.

Acidic solution of V(V) and Cr(IIT)

Complexing
agent

—>‘ Complexation precipitation |

—— V-free Cr(I1I)-
FlltratlLI_’ bearing solution

V complexes

o0

g

E \

5‘ .

& | Decomplexation |<— NaOH

| Recovery of V |<_ Ca0

Complexing Caicinm

M _vanadate _

Fig. 1 Flow chart of complexation separation of V and Cr in
acidic solution

2.3 Sample analysis
The vanadium and chromium concentrations in
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solutions were measured by inductively coupled plasma
optical emission spectrometry (ICP-OES). Elemental
analyses of vanadium complexes were performed on a
Vario-EL cube Elementar to determine the contents of C,
N, and H. Vanadium complexes and complexing agent
were characterized by X-ray diffraction (XRD) at
diffraction angles (26) ranging from 5° to 90° to
determine the phases. The structure of the complexes
was also resolved by Fourier Transform Infrared (FT-IR)
analysis with a resolution of 4 cm™' in the range of
400-4000 cm .

3 Results and discussion

3.1 Principle of complexation separation
3.1.1 Reaction between vanadium and complexing agent
It is accepted that V(V) exists in the form of VO**,
VO3, V,0/5, V,,0% or other polyvanadate anion in
acidic solution with a pH value of 0—4.0 [29—-31], thus it
can be predicted that the complexation reaction may be
as in reactions (1)—(5). During the complexation reaction
the polyvanadate anion would be transformed into
vanadate cation to react with complexing agent anion.

VO**+3RR,NCS, —VO(R;R,NCS;);5d (1)
VO, + R;R,;NCS, »RR;NCS,VO0, 2)
VO, +2H ==VO*'+H,0 (3)
V,0;; +8H <=4 VO? +4H,0 4
5V,0}; +8H'<=2 V,,0%; +4H,0 )

WANG et al [32] reported a reliable method to
determine the coordination number and complexing
constant for complexation reaction. The experimental
results in this research show that the coordination
number of the V complexes is 3.18, which is consistent
with reaction (1). Meanwhile, the complexing constant of
the V complexes is 6.54x10".

The elemental analysis results are given in Table 2.
The analyzed data are quite fitted with the theoretical
data of VO(R|R,NCS,);, further demonstrating the
empirical formula of the V complexes is
VO(RR,NCS,)s.

Table 2 Elemental analysis of V complexes (wt.%)

) Theoretical
Element Experimental
VO[R;R,NCS,);  RiR,NCS,VO,
\Y 11.65 11.91 25.12
N 9.7 9.83 6.9
C 25.13 25.28 17.73
H 4.13 4.24 2.96

The XRD patterns of the V complexes and
complexing agent are shown in Fig. 2. The patterns
reveal that a new crystal phase was obtained but this

could not be matched to any known crystal phases.

The IR absorption spectra of the complexing agent
and V complexes are given in Fig. 3 and Table 3. All the
dithiocarbamate complexes show bands assigned to
W(C==N) vibrations in the 1505-1450 cm ' range,
which lies between those of w(C=N) and v(C—N) at
1690-1640 cm ' and 1350—1250 cm ™', respectively. The
bands in the 995-950 cm ' range can be attributed to
the prevailing contribution of v(C+==S) [29]. The strong
or medium-strong bands observed at 985-945 cm’'
in the V(V) derivatives are characteristic of vanadyl
compounds with terminal V=0 groups [29,31].

V complexes

i [ \ ‘ ‘[ J lComl?lexAing agent

L 1 L 1 1 1

10 20 30 40 50 60 70 80 90
200(°)

Fig. 2 XRD patterns of V complexes and complexing agent

(2)

(b)

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber/cm™!
Fig. 3 IR absorption spectra of V complexes (a) and

complexing agent (b)

Table 3 Most important IR bands for complexing agent and V

complexes
Wavenumber/cm '
Compound
W(C=N) v(C=S) »V=0)
Complexing agent 1485 962 -
V complex 1444 987 949

Therefore, in the acidic solution containing V(V)
and Cr(IIT), V can react with complexing agent and can
be transformed to V complexes, VO(R;R,NCS,);, for
precipitation, thus to be separated from Cr.
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3.1.2 Kinetics of complexation reaction between
vanadium and complexing agent
According to the dissociation mechanism of the
complex substitution reaction, when the concentration of
the substitution ligand X is large, the rate equation of
complexation reaction can be expressed as

ML,+X—ML, | X+L (6)
ML, X
r:%:kl[MLn] (7)

where ML, is the coordination ion formed by vanadium
ion with water or a hydroxyl in aqueous solution, and X
is the complexing agent. It shows that the reaction rate (r)
is proportional to the concentration of ML,, but
independent of the concentration of X [33].

Since the precipitation of vanadium ions with
complexing agent will lead to the decrease of the total
amount of ions in the solution, conductivity of the
solution was used in this research as an indirect indicator
of the concentration of vanadium ion during the reaction.
Figure 4 shows the relationship between the conductivity
(0) and the initial V concentration (c(V)) in the solution,
and a satisfactory linear relationship is exhibited.

1.2+
L1t
0=2.527¢(V)~0.0857
1.0t R?=0.993
09}
S 0.8}
E 071
0.6}
0.5t

04 =
0.3

~

cm™!

o/(mS

0.20 0.25 0.30 035 040 045 0.50
c(V)/(mmol-L™")

Fig. 4 Relationship between conductivity and V concentration

Figure 5 shows the conductivity of the solution as a
function of time during precipitation. It can be seen that
with different initial vanadium concentrations, the
change on conductivity due to the complexation reaction
is similar. It is obvious that the curves of conductivity
with time can be divided into two stages. The stage with
rapid decreasing of conductivity should be due to the
nucleation, and the stage with slow decreasing should be
attributed to the crystal growth [34]. Since the
complexation reaction happens very fast, only two points
were caught in the nucleation stage.

Kinetic calculations were performed for each set of
data with different reaction orders, and the highest
correlation coefficient was obtained for both nucleation
and crystal growth stages with the first-order reaction.

Figure 6 shows the calculated fitting results for
nucleation and crystal growth. In addition, the fitted
values of the reaction rate constants for the four
vanadium-bearing solutions are listed in Table 4.

The reaction rate constants at 25, 30, 37, and 52 °C
were determined in the same manner. Then the reaction
rates of nucleation and crystal growth at different
temperatures are fitted in Fig. 7, and the values of K; and
K, are obtained, where K is the reaction rate constant
corresponding to the slopes of the straight lines.
Nucleation and crystal growth are the first-order reaction
at all temperatures, with the rate constants listed in
Table 5.

1.2+
Nucleation

1.0t
. Crystal growth
T 0.5 mmol/L
g 0.8+
n 0.4 mmol/L
E 06t
S

0.3 mmol/L

0.2 mmol/L

w_v VvV VvV VvV VvV v—v—v—vv

0 10 20 30 40 50 60
t/s
Fig. 5 Relationship between conductivity and time

0.4 -(a)
02F
| N/L
g -02 N/L
o —04f
5 —06l 0.3 mmol/L
S
£ -0.8F
~10} v\0.2mmol/L
-1.2r
_1'4 L 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
t/s
0(b)
0.5 mmol/L
02f ®—8—8 3 3 3 3 5 5
08 S te v & 0.4=mm§l/L
£ o6l
s 06 0.3 mmol/L
W A—AA A A at A A A P
£ -08f
5
£ -1.0f
-2y o 0.2 mmol/L
_14t v v v v v v T
2 4 6 8 10

t/s
Fig. 6 Calculated fitting results for nucleation (a) and crystal

growth (b) at different concentrations of V
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Table 4 Reaction rate constant at different concentrations of V

e(V)/(mmol-L™") Ky Ky/s™!
0.2 0.302 0.0056
0.3 0.32 0.004
0.4 0.31 0.0034
0.5 0.321 0.0038

Table 5 Reaction rate constant at different temperatures

Temperature/°C K /s Ko/s™!
25 0.30996 0.00337
30 0.32723 0.00401
37 0.33934 0.00486
52 0.40007 0.00619
0 @

[6/(mS+cm™)]

S o o o

N w [\S] —

//
= O W
a

0.5 C
°C

-0.6
52 °C

-0.7

0 0.2 0.4 0.6 0.8 1.0
t/s
(b)
-0.4

el M
= 30°C
(o]
2
=9 M
5
= 37°C
071 ¥
M
52°C
08l - . , :
2 4 6 8 10 12
t/s

Fig. 7 Calculated fitting results for nucleation (a) and crystal
growth (b) at different temperatures

Figure 8 shows the linear diagram of In K vs 7" of
nucleation and crystal growth. Then the specific apparent
activation energy could be calculated based on the
Arrhenius equation, and the result is shown in the linear
diagram. The apparent activation energy of the
nucleation was calculated to be 7473.7 J/mol. And the
apparent activation energy of the crystal growth was
calculated to be 17748.8 J/mol.

-0.90 1@
~0.95}
~1.00}

-1.05

In (K/s™)

-1.10

InK=1.8402-7473.7/(RT)

“LISE Rsp9676

-1.20 VR S S S S S S
3.04 3.08 3.12 3.16 3.20 3.24 3.28 3.32 3.36
T71/1073K"!

-5.0
=51+ "

In (K/s™")

In K=1.5086-17748.8/(RT)
R?*=0.9682

=5.7F .

3.04 3.08 3.12 3.16 3.20 3.24 3.28 3.32 3.36
T7/103K™!
Fig. 8 Linear diagram of InK vs 7' of nucleation (a) and

crystal growth (b)
3.2 Optimization of complexation separation
efficiency of V and Cr
The effects of pH, reaction temperature, reaction
time, and dosage of the complexing agent on the
separation of vanadium and chromium were studied. The
separation efficiency of vanadium and chromium was
measured in terms of V precipitation () and Cr loss (x).

_ P (VW —p(V)V %100% (8)
Po(V)V
= Po(Cr)Vy — p(Cr)V %100% ©)
Po(C)

where po(V) and p(V) are the V concentrations (g/L) in
the solutions before and after precipitation, po(Cr) and
p(Cr) are the Cr concentrations (g/L) in the solutions
before and after precipitation, and ¥, and V¥ are the
volumes of the solutions before and after precipitation,
respectively.
3.2.1 Effect of pH

Figure 9 shows the effect of pH on V precipitation
and Cr loss. Other experimental parameters are a mass
ratio of the complexing agent to V of 12:1, constant
stirring for 20 min, and a temperature of 25 °C. As can
be seen, the rate of precipitated V increased from 87.4%
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to the highest of 97.1% with the increased pH value from
1.5 to 2.8, followed by a gradual decrease of the V
precipitation rate with further increased pH value to 4.0.
Thus the optimized pH value for complexation reaction
should be in the range of 2.5-3.0.

100 - 120
U0 116
S
.g 80+ °
2 112 2
B 70t = — V precipitation °
S 4 —Crloss )
2 18
=60t
>

sof e S b

40l 10

1.0 1.5 20 25 3.0 35 4.0
pH

Fig. 9 Effect of pH on separation efficiency of V and Cr

The trend in Fig. 9 versus pH is related to the
chemical state of vanadium ions in aqueous solution and
the solubility of the V complexes. In low pH solution
(pH<3.0), the pentavalent vanadium ion is mainly in the
form of VO3 and VO®. With increased pH, VO3
and VO™ react with OH ™ to form V,,0%; and V,0;;
anions [35,36] which would be repelled by complexing
agent because they have the same charge as R;R,NCS; .
The pH of the solution also affects the solubility of
vanadium complexes thus the vanadium precipitation
ratio. As shown in Fig. 10(a), the vanadium complex has
the minimum solubility in the pH range of 3.0-7.0 at
25°C, and the remarkably increased solubility in
alkaline region is also the basis for the regeneration of
the complexing agent by decomplexation reaction.

3.2.2 Effect of reaction temperature

Figure 11 shows the effect of temperature on V
precipitation and Cr loss in a solution with a pH value of
2.8, a mass ratio of the complexing agent to V of 12:1 for
20 min. When the temperature was elevated from 25 to
70 °C, V precipitation was rapidly decreased from 96.9%
to 50.3%. Thus the temperature for complexation
reaction should be as low as possible. The reasons for the
adverse impact of temperature on V precipitation lie in
two aspects, the increased solubility of the V complexes
with temperature, which is shown in Fig. 10(b), and the
nature of exothermic reaction of driving the
decomplexation reaction with temperature.

3.2.3 Effect of dosage of complexing agent

Figure 12 shows the effects of the dosage of the

complexing agent on V precipitation and Cr loss. The

80 F(a)
70+
60
50
40
30+
20+
10f

Solubility/(mg-L™")

(b)
2.0t

1.0}

051 -

Solubility/(g+L™")

0+

40 45 50 55 60 65
7/°C

Fig. 10 Solubility of V complex at different pH (a) and

temperatures (b)

20 25 30 35

100 + 120
= —V precipitation

90 r 4—Cr loss
- 116
=
£ 80F .
s 112 &
8 701 2
Q
2 18 S
> 60 [

50 14

40 L 1 1 1 0

20 30 40 50 60 70
7/°C
Fig. 11 Effect of temperature on separation efficiency of V and
Cr

mass ratio of the complexing agent to V changed from
4:1 to 22:1 at 25 °C under pH of 2.8 for 20 min. It can be
seen that there is a turning point at a mass ratio of 12:1.
Lower than the ratio, the V precipitation rate increased
almost linearly from 50% to 97%; higher than that ratio
of 12:1, it reached a plateau. Thus the optimized mass
ratio of the complexing agent to V was 12:1.
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100 120
90+
S 116
= 80+
=] o
5 112 S
& 70t S g
g = — V precipitation —
a. a—Cr loss 18 ©
> 60r
50} I
k_______a_“r

1 L 1 L 1 0
4:1 8:1 12:1  16:1  20:1 24:1
Mass ratio of complexing agent to V

Fig. 12 Effect of mass ratio of complexing agent to V on
separation efficiency of V and Cr

3.2.4 Effect of reaction time

The effects of reaction time on V precipitation and
Cr loss are shown in Fig. 13. Other parameters were a pH
value of 2.8, a mass ratio of the complexing agent to V of
12:1 and at 25 °C. It could be seen that a slight
decreasing of the V precipitation rate and Cr loss was
observed with prolonged time from 5 to 60 min, but the
effect was negligible. Consistent with the results
indicated by the conductivity before, the complexation
reaction can reach equilibrium very quickly. A reaction
time of 10 min was chosen for the complexation
precipitation with a V precipitation rate of 97.1%.

100+ 120
.

90
° 116
Z sol S
= 112 @
B oonl = —V precipitation 3
3 70 4—Cr loss =
] ©]
g 18
> 60f

50+ \\‘\L 14

50 . | L L L O

0 10 20 30 40 50 60
#/min

Fig. 13 Effect of reaction time on separation efficiency of V
and Cr

3.2.5 Effect of mass concentration ratio of chromium to
vanadium

Figure 14 shows the effects of the initial
concentration of vanadium on V precipitation and the V
concentration in the filtrate. The initial vanadium
concentration changed from 0.5 to 10 g/L at 25 °C under
pH of 2.8 for 20 min, a mass ratio of the complexing
agent to V of 12:1 and the initial chromium
concentration is constant at 10 g/L. It can be seen that the

Xue-feng PENG, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2400—2410

V precipitation rate peaked at 98.7% when the mass
concentration ratio of Cr to V is 5:1 and slightly
decreasing with the decrease of the V concentration. The
vanadium concentration in the filtrate is less than
100 mg/L when the mass concentration ratio of Crto V is
greater than 2:1. Therefore, the mass concentration ratio
of Cr to V should be controlled to be more than 2:1, and
the mass concentration ratio of Cr to V of the acid
leaching solution of chromium—vanadium-bearing slag is
actually greater than 2:1.

0.9
1100

2081
=
80 0.7} 150
g 0.6+ 4— V concentration in filtrate S
= = —V precipitation S
= 051 160 S
£ 3
g 047 5
T 03f 140 8
= =8
g 02r >
£ _
S 0.1 20
> of | x .

0 5:1 10:1  15:1  20:1

Mass concentration ratio of Cr to V
Fig. 14 Effect of mass concentration ratio of Cr to V on
separation efficiency of V and Cr

3.3 Decomplexation of V complexes and regeneration
of complexing agent

3.3.1 Principle for decomplexation of V complexes

As indicated earlier, there is a chance that the
vanadium complexes can be dissociated under alkaline
circumstance. The dissociation reaction can be expressed
by following reactions (10) and (11). In alkaline solution,
reaction (10) happens due to the increased solubility of V
complexes, and the transformation from VO into
pervanadyl anion by reaction (10) further promotes the
reaction (11) to shift to the right direction of dissociation.

VO(RR,NCS,)3(s)==VO0*"+3R,R,NCS; (10)
2VO** +100H — V,03” +5H,0 (11

After V complexes are dissociated in alkaline
solution to be near complete, CaO can be added to
precipitate VZO‘;’ in the form of Ca,V,0; solid via
reaction (12), then vanadium and complexing agent are
separated from each other. Meanwhile, the alkaline
complexing agent solution can be regenerated and
recycled for complexation separation of V and Cr for the
next batch.

V,04” +2Ca0 4 +2H,0—>Ca, V0 +40H (12)

3.3.2 Effect of key parameters
complexing agent
As shown by reactions (10)—(12), pH value should

on recycling of
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be the critical factor influencing the regeneration of the
complexing agent. In addition, other factors including
temperature, time and the dosage of CaO have to be
considered too. The effects of these factors were
evaluated in terms of the vanadium removal (y) and the
complexing agent regeneration (z),
calculated by the following formula:

_ Po(VVy —p(V)V
LoV,
=10 100%
U

which were

x100%

(13)
(14)

where 7, is the initial V precipitation, and #; is V
precipitation using the regenerated complexing agent
solution as the new complexing agent. The V
precipitation was calculated as shown in Eq. (8).

The experimental results for the effects of pH,
temperature, dosage of CaO and time on dissociation are
shown in Fig. 15. Other parameters for each single factor
experiment are also listed out in the figure captions. By
comprehensively analyzing the data, it was demonstrated
that the optimized conditions for the removal of
vanadium and the regeneration of the complexing agent

100 |- (2) 1100
3 S
90 - 190 g
< 80+ 180 §
—_— Q
% 70 - 170 §°
§ 60 - 160 go
> 501 150 o
£
L J %
40 = —V removal 40 2
30k 4~ Complexing agent regeneration | 30 §

20 1 1 1 1 1 1 L 1 20
10.0 10.5 11.0 11.5 12.012.5 13.0 13.5
pH

00 F(c) 1100
=
90 190 E
80 180
NS 5
S 701 170 5
g L
o - _ =
g 60 = — V removal 69 °§o
; 50k +— Complexing agent 150 &,
regeneration k=
40t 140 %
=Y
30+ 130 £
Q

20 1 1 1 1 1 1 1 20
1:1 2:1 3:1 4:1 5:1 6:1 7:1 8:1 9:1
Mass ratio of CaO to V

V removal/%

V removal/%
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were at a temperature of 60 °C, under a pH circumstance
of 11.5, a mass ratio of CaO to V of 6:1 and a time of
1.5 h. The regeneration rate of the complexing agent can
reach 99.5% under the optimized conditions.

3.4 Application in harmless treatment of chromium—
vanadium-bearing slag

The method of complexation separation of
vanadium and chromium has been successfully applied
industrially to treat chromium—vanadium-bearing slag.
The flow sheet of the entire process can be seen in
Fig. 16.

A pilot plant with a scale of processing 18000 t of
chromium—vanadium-bearing slag was first built in
Liaoning province, China, and the project is being
operated successfully and stably. Later on, another
similar pilot plant was also built in Panzhihua city, China.
Some of the operating data for the second project can be
found in Table 6, Table 7 and Fig. 17.

The results show that the complexation separation
can work well under high Cr concentration and low V
concentration in the initial solution. The remaining
concentration of V in solution is less 50 mg/L, whereas
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Fig. 15 Effect of key parameters on regeneration of complexing agent: (a) pH, reaction condition: mass ratio of CaO to V of 6:1,
temperature of 60 °C and time of 2 h; (b) Temperature, reaction condition: mass ratio of CaO to V of 6:1, pH of 12.0 and time of 2 h;
(c) Dosage of CaO, reaction condition: pH of 11.5, temperature of 60 °C and time of 2 h; (d) Time, reaction condition: mass ratio of

CaO to V of 6:1, pH of 11.5 and temperature of 60 °C
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Fig. 16 Flow sheet for treatment of chromium—vanadium-bearing slag

Table 6 Concentrations of V and Cr in initial and vanadium
precipitated solution (g/L)

Solution Cr v
Initial 50-70 1-5
Vanadium precipitated 40-50 <0.05
Table 7 Compositions of Cr,O; product (wt.%)
Sample No. Cr,05 A\ Fe Si
1 97.4 0.12 0.018 0.14
2 98.7 0.09 0.007 0.13
Sample No. S P Al Others
1 0.002 0.003 - -
2 0.003 0.002 - -
1000:1
A
A
800:1
> Mean value A
8 A A A
B TR S, e — I y—
O 600:1 A iy
° AaA
2 A, A
£ 400:1f
S
S o — Initial solution
= 200:1- A — Vanadium precipitated solution
A ° ° 0%@B%0p050

n I? of - 0o
0 2 4 6 8 10 12 14 16 18
Batch number

Fig. 17 Results after 72 h operation for the second project in

Panzhihua city

the concentration of Cr is still at a high level. The molar
ratio of Cr to V can increase from initially about 40:1 to
an average level of 610:1 after selectively precipitating
vanadium by the complexing agent. The V-free
Cr(Ill)-bearing solution was further neutralized to get
Cr,0; product, and its purity was around 98% which
meets the requirement for the producing of chromium
metal.

Table 8 further compares the vanadium and
chromium separation results by different methods
from the open literature. It shows that both the solvent
extraction and ion exchange have a high recovery of
vanadium, but the separation efficiency for vanadium
and chromium is low in acidic conditions. Furthermore,

Table 8 Separation of vanadium and chromium by various
methods under acidic conditions

Optimum separation

Method pH . Ref.
efficiency
~16
Solvent Pue
. 5.0 V recovery>90% [37]
extraction
Cr loss<10%
Pvic: =17
Ion exchange  2.5-6.5 V recovery=99% [20]
Cr loss=15%
~1121 )
Complexation ﬂ.w.c . This
. 2.5-3.0 V precipitation=97.1%
precipitation work

Cr loss=2%

*PBycrrepresents the ratio of the relative content of vanadium to chromium
in the solutions before and after the separation



Xue-feng PENG, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2400—2410

the Cr loss rate is high because of the loss of chromium
in the resins and extractants are unavoidable. It is
showing that the method proposed in this work is with
the highest separation coefficient and lowest Cr loss rate.

4 Conclusions

(1) The complexing agent of dithiocarbamate
(R;R,NCS, ) can react selectively with V(V) to form V
complexes of VO(R;R,NCS,);, which is a precipitate.
And the target of separating vanadium from chromium
can be reached.

(2) The kinetics of nucleation and crystal growth of
the complexation reaction between complexing agent
and V(V) both belong to the first-order reactions. The
apparent activation energies of nucleation and the crystal
growth are 7473.7 and 17748.8 J/mol, respectively.

(3) The optimized conditions for complexation
separation are under pH 2.8, a temperature of 25 °C, a
mass ratio of the complexing agent to vanadium of 12:1,
a time of 10 min, and a mass ratio of chromium to
vanadium of greater than 2:1. The vanadium
precipitation rate can reach 97.1% with a low loss rate of
Cr less than 4% under the optimized operation
parameters.

(4) The optimized conditions for the regeneration of
the complexing agent are under pH of 11.5, a
temperature of 60 °C, a mass ratio of CaO to vanadium
of 6:1 and a time of 1.5 h, and the regeneration rate can
reach 99.5%.

(5) The technology of complexation separation of
vanadium and chromium has been successfully applied
to treating chromium—vanadium-bearing slag in pilot
scale plants. The industrial operation data show that
vanadium and chromium can be separated with very high
separation coefficients, and qualified Cr,O3 product can
be produced.
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