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Abstract: A process for preparing vanadium electrolyte accompanied by the recovery of valuable elements from
vanadium shale was proposed. The results showed that under the optimal extraction conditions of the feed solution at a
pH of 2.6, D2EHPA concentration of 20%, phase ratio (O/A) of 1:1, extraction time of 8 min, H»SO4 concentration of
4 mol/L, and stripping time of 30 min, the vanadium extraction rate was 99.3% and the vanadium stripping rate was
99.8%. The composition and electrochemical performance of the electrolyte were studied in detail. The solution
chemical and FTIR analysis showed that chloride ions in the leaching solution formed complexes with vanadium ions,
promoting vanadium extraction. The proposed method in this study realized the comprehensive utilization of vanadium

shale and prevented toxic environmental pollution in the preparation process of vanadium electrolyte.
Key words: vanadium shale; solvent extraction; vanadium electrolyte; electrochemical performance

1 Introduction

With the consumption of fossil fuels and
increasingly strict environmental protection policies,
the development and utilization of renewable
energy, such as wind and solar energy, has become
urgent [1]. The all-vanadium flow battery is one of
the most promising energy storage systems for
commercial applications due to its long cycle
life, no cross-contamination, fast response, deep
discharge, and flexible location design [2—4].

The electrolyte preparation involves high-

purity V,0s (99.5%) as the raw material. However,
a large number of reagents are consumed, especially
in the process of vanadium precipitation. For
instance, the use of excessive ammonium salts
leads to high concentration ammonia nitrogen
wastewater in the vanadium precipitation process,
which increases the treatment cost and leads to
environmental pollution [5,6]. In addition, numerous
dissolution and precipitation cycles are needed to
remove the various impurity ions. Vanadium shale,
as an important vanadium-bearing resource, is a
suitable raw material for electrolyte preparation as
it contains less harmful elements such as Mn and
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Cr. Therefore, shortening the process and reducing
the generation of environmental pollutants are
necessary, for instance, by obtaining vanadium
electrolyte directly through purification and
enrichment.

Solvent extraction technology is a highly
efficient and selective process used for purification
and enrichment. For the purification and enrichment
of V(IV), organic phosphonic acid extractants are
often used, including D2EHPA [7,8], PC88A [9,10],
and Cyanex272 [11]. For V(V), amine extractants,
such as primary amines, secondary amines
and tertiary amines, have been most widely
studied [12—15]. Chelating extractants have also
been studied due to their excellent extraction
performance and selectivity at low pH [16]. Among
them, D2EHPA has been most widely used for V(IV)
extraction in the industry due to its high extraction
activity and low cost [17,18]. In addition, the
vanadium-rich solution obtained from this system is
a sulfuric acid solution mainly containing VOSOs,
which is a potential raw material for the vanadium
redox flow battery (VRFB). Therefore, it is
important to develop an efficient solvent extraction
process to prepare the vanadium electrolyte from
the vanadium shale leaching solution.

In this work, the process parameters of
extraction and stripping were optimized and
the extraction mechanism was studied. The
performance of electrolyte was also characterized in
detail. Additionally, Cr-rich and Na-rich slags were
prepared from the raffinate. Compared with the
traditional electrolyte preparation process, the
generation of ammonium salt during the vanadium
precipitation was prevented, and the vanadium
electrolyte was achieved directly from the leaching
solution.

2 Experimental

2.1 Chemicals and materials

The vanadium shale was supplied by Pingfan
Mining Co., Ltd., Yunxi, Hubei Province, China,
and the wvanadium-rich leaching solution was
prepared via roasting (7 wt.% NaxCOs, 3 wt.%
NaCl, and 830 °C) and water leaching technology.
The chemical composition of the obtained
vanadium shale leaching solution is listed in
Table 1.

The analytical

reagents, NaOH, H>SOs,

Na»SO;, D2EHPA, and TBP, were supplied by the
Sinopharm Group Co., Ltd., and were used without
further purification.

Table 1 Main chemical composition of vanadium shale
leaching solution (mg/L)

v Si Al Fe Ca Mg K
177289 288.7 5.1 40 2241 1503 5616.2

Na Mn P Cr Ni Cu Mo

43430.1 19 9391 1094.1 <I <l 1083
As Au Pt Pd Cl SO
10.5 <1 <1 <1 31187.5 63867.5

2.2 Methods

2.2.1 Solvent extraction

The solvent extraction experiment was carried
out in a 100 mL beaker at 25 °C. The stirring speed
was 250 r/min. The organic phase was composed of
20 vol.% D2EHPA as the extractant, 5 vol.% TBP
as the phase modifier and 75 vol.% sulfonated
kerosene as the diluent. The pH of the feed solution
was adjusted by 6 mol/L HCI and 10 mol/L. NaOH
solutions. Each experiment was performed three
times to obtain accurate and reproducible data.

2.2.2 Electrochemical measurements

A three-electrode system was used for
electrochemical testing, with a graphite electrode
(1 cm x 1 cm) as the working electrode, a platinum
electrode (2 cm x 2 cm) as the counter electrode,
and a saturated calomel electrode as the reference
electrode.

Cyclic voltammetry (CV) tests were conducted
within a potential range of 0.4-1.4V at a scan
rate of 10 mV/s. The electrochemical impedance
spectroscopy (EIS) test was carried out on a
CHI660E electrochemical workstation. The results
were fitted with a simplified equivalent electric
circuit model.

2.2.3 Charge—discharge tests

Firstly, the V(IV) electrolyte was placed into
the positive and negative electrode storage tanks at
a volume ratio of 2:1. After the preliminary
charging was completed, the electrolyte in the
positive and negative electrode storage tanks
consisted of V(V) and V(II), respectively. Half of
the electrolyte was poured into the positive
electrode storage tank, and the charge—discharge
tests were performed. The cell performance was
measured on a CT2001B—5V/10A battery test
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system (Wuhan Land Co., Ltd., China) at a constant
current density of 40 mA/cm within a potential
range of 0.65—1.65 V. The electrolyte was circulated
through a peristaltic pump, and the flow rate was
set to the 40 mL/min. After the charge—discharge
test, the coulombic efficiency, voltage efficiency
and energy efficiency were calculated.
2.2.4 Instruments and analysis

The pH value was measured on a pH meter
(PHS—-3C, supplied by Shanghai INESA). The
concentration of vanadium ions in the solution was
determined by titration method (GB/T 8704.5—
2007, China). UV—Vis spectrometry measurement
of the prepared vanadium electrolyte was carried
out on a UNIC 4802S UV—Vis spectrophotometer
(Shanghai, China). The composition of the solution
was analyzed by inductively coupled plasma atomic
emission spectrometry (ICP-AES). The oxidation
states of the V ions at different pH values, as shown
in Fig. 1, were calculated by the thermodynamic
software Visual Minteq 3.1. The main indicators
and calculation methods are shown in Egs. (1)—(3):

C

D= (1)
Caq

=  x100% 2

U AT 2
D

p, =D 3)
Db

where C,q and C, are the ion concentrations in
the feed solution and organic phases, respectively, #
is the extraction rate, D is the ratio of ion
concentration in the organic phase to that in feed
solution phase, f.p is the separation coefficient of
vanadium and the impurity ions, and Vg and Vo
are the volumes of the feed solution and organic
phase, respectively.

3 Results and discussion

3.1 Pretreatment of vanadium shale leaching

solution

The existing form of vanadium in the feed
solution is known to have a strong impact on the
extraction efficiency [19]. According to Table 1, the
leaching solution contained a large number of
chloride ions. Previous studies [20,21] have shown
that the chloride ion has a strong coordination
ability; therefore, the oxidation states of the

vanadium ions need to be studied first. Figure 1(a)
shows that V(V) anions are found under acidic and
neutral pH conditions. It is worth noting from
Fig. 1(a) that Na* and K, which may be introduced
during solvent extraction, easily form complex ions
with vanadium. Figure 1(b) shows that chloride
ions can be complexed with vanadium ions, and
that vanadium exists mainly in the form of VOSOs,
VOCI*, and VO?*' under acidic conditions, which
can be theoretically extracted with D2EHPA by
cation exchange. Therefore, Na,SO; was used to
reduce the vanadium leaching solution [22], and the
mass of Na,SO; was two times the theoretical
requirement. Thus, the reduction solution was
obtained.
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Fig. 1 V(V) (a) and V(IV) (b) ions found in feed solution

The primary and reduction solutions, i.e.,
Solutions A and B, respectively, obtained from the
vanadium shale leaching solution, were studied by
UV—Vis spectrometry, as shown in Fig. 2. Solution
A shows a series of miscellaneous peaks from
200 to 400 nm, which are the characteristic peaks
of V(V). After the reduction, Solution B shows one
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Fig. 2 UV—Vis spectra for primary vanadium shale
leaching solution (Solution A) and vanadium shale

leaching solution after reduction (Solution B)

characteristic absorption peak at 772 nm, which
is the characteristic peak of the V(IV) ion [23,24].
Thus, mainly pentavalent vanadium is found in the
leaching solution, which is related to the oxidizing
roasting process [25]. The results also show that
Na»SO; could effectively reduce V(V) to V(IV).
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3.2 Preparation of vanadium electrolyte
3.2.1 Extraction

The effects of pH, D2EHPA concentration,
phase ratio, and extraction time on the vanadium
extraction were investigated, as shown in Fig. 3.

The pH of the feed solution had a significant
impact on the vanadium extraction. It was found
that a blue precipitate was easily obtained when
the pH value of the feed solution exceeded 3.
Therefore, the effect of the feed solution pH, from
1.8 to 2.8, on the vanadium extraction was studied,
as shown in Fig. 3(a). The vanadium extraction rate
slowly increased from 1.8 to 2.2 and plateaued from
2.2 to 2.8. In the D2EHPA—vanadium extraction,
previous studies [26,27] showed that the extraction
reaction released hydrogen ions, indicating that an
increase in pH was conducive to the forward
reaction of extraction. In this study, the pH value of
the leaching solution was neutral, so a pH value of
2.6 was selected as the optimal point, which
prevented the precipitation of V(IV) and reduced
the reagent consumption in the pH adjustment
process.
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Fig. 3 Effects of pH (a), D2EHPA concentration (b), phase ratio (c), and extraction time (d) on vanadium extraction rate
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As a reactant with vanadium ions, the
concentration of the extractant plays an important
role in the extraction process and can be divided
into two stages, as shown in Fig. 3(b). The
extraction rate of vanadium showed a rapid increase
in the extractant concentration range of 5%—10%.
When the concentration of the vanadium extractant
was greater than 10%, the extraction rate slowly
increased. However, the viscosity of the organic
phase tended to increase with the extractant
concentration, which can lead to large mass
transfer resistance. Therefore, the optimal extractant
concentration was determined to be 20% in the
subsequent experiments.

Phase ratio plays an important role in the
solvent extraction, as it largely determines the
enrichment ratio of vanadium ions
efficiency. The influence of the phase ratio (O/A)
on the vanadium extraction is shown in Fig. 3(c).
The vanadium extraction rate showed a significant
decrease with the decrease in phase ratio,
particularly when the phase ratio was lower than
1:1. Since the initial vanadium concentration of the
feed solution in this study reached 16 g/L, further
enrichment of vanadium could be achieved in the
subsequent stripping process. The main task in the
extraction process was to separate vanadium from
the impurity ions. Therefore, the optimal phase ratio
(O/A) was selected to be 1:1.

The effect of extraction time on vanadium
extraction is shown in Fig. 3(d). The vanadium
extraction rate increased from 50.20% to 79.20%
when the mixing time increased from 2 to 4 min.
Above 4 min, the vanadium extraction rate showed
a slight upward, followed by a downward trend.
The highest extraction rate was 82.15% at 8 min.
Long duration extraction may lead to an increase in
co-extraction of impurity ions; therefore, the best
extraction time was found to be 8 min.

According to the above mentioned results, the
optimal conditions for the extraction process
involved a feed solution with a pH of 2.6, D2EHPA
concentration of 20%, phase ratio (O/A) of 1:1, and
extraction time of 8 min. Under these conditions,
the vanadium single-stage extraction rate was
82.15%. To determine the number of extraction
stages in the counter-current experiment, the
extraction isotherm was studied under optimal
conditions. The McCable—Thiele diagram was
drawn by the variable phase method, as shown in

and rate

Fig. 4. Thus, theoretically, three levels were
required to reduce the vanadium concentration from
15.956 to 0.15 g/L, for a vanadium extraction rate
greater than 99%. However, an additional stage was
required in the actual operation process to ensure
the extraction rate. After 4 stages of counter-current
solvent extraction, an organic phase containing
15.8 g/l vanadium was obtained, and 99.3% of
vanadium was extracted. Then, the organic phase
was washed with water for 5 min, with an O/A ratio
of 2:1, in two stages. Thus, the inclusions in the
organic phase were washed, and no vanadium was
lost.

20
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Fig. 4 McCable—Thiele plot for vanadium extraction
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3.2.2 Stripping

In the extraction process, vanadium was
separated from the main impurity ions, but it was
necessary to further enrich vanadium by the
stripping process. For this purpose, the physical and
chemical properties of the stripping solution should
meet the requirements of the electrolyte. Studies
show that the vanadium concentration of the
conventional electrolyte needs to be greater
than 1.6 mol/L [28]. The obtained vanadium
concentration in the stripping solution met the
requirements of the electrolyte theoretically when
the calculated phase ratio (O/A) was 6:1. Sulfuric
acid was selected as the stripping agent since most
existing electrolytes used sulfuric acid as a medium.
Additionally, the impact of the sulfuric acid
concentration and stripping time on the stripping
rate was investigated, as shown in Fig. 5.

Figure 5(a) shows that the vanadium stripping
rate increased from 56.55% to 79.00% while
increasing the H>SOs concentration from 2 to
3 mol/L. The vanadium stripping rate presented a
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Fig. 5 Effects of H,SO4 concentration (a) and stripping
time (b) on vanadium stripping rate

slow upward trend when the H,SO4 concentration
was more than 3 mol/L. To ensure the concentration
of hydrogen ions and sulfate ions in the electrolyte,
4 mol/L sulfuric acid was selected as the stripping
agent concentration.

The impact of stripping time is shown in
Fig. 5(b). The stripping rate of vanadium showed an
upward trend with the extension of the stripping
time. To improve the stripping efficiency, 30 min
was chosen as the optimal stripping time, and an
81.15% single-stage stripping rate was achieved.

The McCable—Thiele diagram of vanadium
counter-current extraction was drawn by the
variable phase method at 4 mol/L H»SOs, and a
stripping time of 30 min, as shown in Fig. 6.
Theoretically, vanadium concentration in the
organic phase could be reduced below 50 mg/L
through two-stage stripping. During actual
operation, a vanadium stripping rate of 99.80%
could be obtained through three-stage stripping.
After stripping, the organic phase was regenerated
by two-stage counter-current washing with 20%
sulfuric acid and one-stage water washing to obtain
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Fig. 6 McCable—Thiele plot for vanadium stripping

a regenerated organic phase, which was used for
circulating the extractant.
3.2.3 Separation performance

To study the separation performance of
vanadium and impurity ions in the extraction and
stripping processes, the compositions of the feed
solution, raffinate and vanadium-rich solutions are
shown in Table 2. The separation of vanadium and
most of the impurity ions in the leachate was
effective. The vanadium concentration in the
vanadium-rich solution obtained by the extraction
method reached 1.77 mol/L, which met the
requirement of vanadium concentration in common
electrolytes. However, it is not clear if the
performance of the electrolyte is impacted by trace
amounts of impurities; thus, necessitating further
studies.
3.2.4 Extraction mechanism

The fresh organic phase and the loaded organic
phase were analyzed by FTIR to study the
vanadium extraction mechanism, as shown in Fig. 7.
The peaks at 2336.79, 2731.25, 1235.05, and
1034.73 cm™! are attributed to the stretching
vibration of hydrogen bond-associated P—O—H
bond, bending vibration of hydrogen bond-
associated P—O—H bond, associated P—=0 bond
coupling vibration and P — O — C vibration,
respectively [29,30]. After vanadium extraction, the
stretching and bending vibrations of the P—O—H
bond shifted to 2317.49 and 2730.62cm’!,
respectively. The characteristic peak of coupling
vibration of P==0 bond shifted to 1231.69 cm™!,
while the shift of the characteristic peak for
P—O—C was not significant. The FTIR analysis
showed that the vanadium extraction mechanism in
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Table 2 Compositions of raffinate and vanadium-rich solutions (mg/L)
Sample v Si Al Fe Ca Mg K
Feed solution 15956.3 229.9 2.8 1.6 179.1 124.9 3715.1
Raffinate 111.7 226.9 2.0 0.8 173.5 123.6 3704.0
Vanadium-rich solution 90093.3 11.3 4.6 2.7 21.7 1.7 48.8
Sample Na Mn P Cr Ni Cu Mo
Feed solution 59758.1 1.8 89.2 793.1 <1 <1 29.9
Raffinate 59676.0 1.6 86.1 791.4 <1 <1 28.3
Vanadium-rich solution 468.8 <1 12.7 <1 <1 <1 <1
Sample As Au Pt Pd Cl
Feed solution 6.5 <1 <1 <1 65199.7
Raffinate 6.3 <1 <1 <1 63472.5
Vanadium-rich solution <1 <1 <1 <1 10195.0

Fresh organic phase .

Loaded organic
phase

Regenerated
organic phase

2731.06

1232.79| | 1033.38

1234.40

233679
2337.49)
2337.17

2500 2450 2400 2350 2300 2250
Wavenumber/cm™'

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

Fig. 7 FTIR spectra of fresh, loaded and regenerated
organic phases

this system was similar to that in the sulfuric acid
system, which involves the exchange of H' and
vanadium ions. However, in this study, in addition
to sulfate ions, there were also a large number of
chloride ions in the feed solution; thus, a
considerable part of vanadium exists as VOCI".
Therefore, the main chemical reactions that are
expected to occur during the extraction process are
shown in Reactions. (4) and (5), and the possible
forms of vanadium complexes with D2EHPA are
demonstrated in Fig. 8.

2+ +
VO(yq) +2(HA) (g = VOA, - (HA), () +2H
4)
VOCl?aq) +(HA)(org) = VOCIA - (HA) ) + H(+aq>
)

N N cl
VRN 7\ AN
RO o 0 OR VO
A4 N
VO RO. 00 o OR
RO O/ \O \P/ \P/
OR N\ 7\
Np? N rOT oH—07 or
7N\ Z N\
RO OH---- (¢} OR
(a) (b)
Fig. 8 Possible vanadium complexes formed with
D2EHPA
Figure 7 also shows that the main

characteristic peaks of the infrared spectra of the
regenerated organic phase were similar to those
of the fresh organic phase, indicating that the
regeneration process achieved the regeneration of
D2EHPA.

3.3 Performance of vanadium electrolyte
3.3.1 Cyclic voltammetry

Cyclic voltammetry (CV) was used to study
the electrochemical activity and electrochemical
reversibility of the V(IV) electrolyte sample
prepared from the vanadium shale. To better
understand the performance of the experimental
electrolyte (EE), the standard electrolyte (SE) was
prepared as the control group. The concentrations of
the vanadium ion and sulfuric acid in the SE were
consistent with those in the EE, as shown in
Fig. 9(a). The oxidation peak current density (Jpa),
reduction peak current density (Jpc), oxidation peak
potential (¢pa), reduction peak potential (p,) and
peak potential difference (Ag,) were obtained from
the CV results, as shown in Table 3.
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Fig. 9 CV curves (a), Nyquist plots and equivalent electric circuit model (b), Charge—discharge curves at the 1st cycle
(¢), capacity change of VRFB in 50 cycles (d), and coulombic, voltage and energy efficiency (e) of EE and SE

Table 3 Parameters of CV tests for experimental electrolyte (EE) and standard electrolyte (SE)

Oxidation peak Reduction peak
Sample App/V Jpal Jpe
Jp/(mA-cm?)  @pa(vs SCE)/V Jpo/(MA-cm?) @pe(vs SCE)/V
EE 114.40 1.098 79.95 0.685 0.413 1.43
SE 103.20 1.166 74.47 0.796 0.370 1.39

Figure 9(a) showed that the CV curves of EE the value of Jpa/Jpe for EE was closer to 1, implying
and SE presented a symmetrical shape, indicating that the reversibility of SE was better than that of
electrochemical reversibility. Table 3 showed that EE. In addition, the current densities of the
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oxidation and reduction peaks of EE were higher
than those of SE, indicating that the corresponding
redox reaction on the surface of the electrode was
kinetically favorable. The CV test involved a
three-electrode system, where the working electrode
was a graphite electrode, and the potential
difference with SE was 1.39 V, which was mainly
affected by the graphite electrode. Under the same
test conditions, the potential difference of EE
increased, which may be mainly affected by
impurity ions. There were still trace amounts of
impurity ions in the electrolyte prepared in this
experiment. Impurity ions can increase the current
density of the electrolyte to a certain extent, but
also reduce the reversibility of the electrolyte.
Compared with the SE electrolyte, EE had higher
current densities of oxidation and reduction peaks,
and the overall CV curve shifted towards the left,
indicating that EE had a faster redox reaction,
suggesting better capacity and higher efficiency.
3.3.2 Electrochemical impedance spectroscopy

EIS was used to analyze the electrode reaction
kinetics of the EE and SE, as shown in Fig. 9(b).
The EIS curves were composed of a semicircular
arc in the high-frequency region and a straight line
in the low-frequency region, indicating that the
V(IV)/V(V) oxidation—reduction reaction process
in the electrolyte was jointly controlled by the mass
transfer and charge transfer processes. As the
frequency decreased, the ion diffusion resistance
increased and since the ions at the interface tended
to adsorb the same number of electrons, the low-
frequency region in the Nyquist spectrum was a 45°
straight line.

The electrode reaction kinetic parameters of
EE and SE were fitted by the corresponding
equivalent circuit model. The fitting wvalues
of the solution resistance (R:), the charge transfer
resistance (R.), the electric double-layer capacitance
(O), of the electrode/solution interface, and the
diffusion resistance (/) are shown in Table 4. The
Ry in EE was lower, while R and W were higher
than those in SE. As a result, the solution
impedance and charge transfer resistance of the EE
electrolyte were larger, which led to an increase in
the electrochemical polarization of the electrolyte
and a severer side reaction on the electrode surface.
Compared with SE, the increase in R and W of EE
tended to be affected by the increase in electrolyte
viscosity. The viscosity of EE (4.42 mm?/s) was

higher than that of SE (4.34 mm?/s), indicating that
the electrolyte prepared from shale had a slower
charge transfer rate and diffusion rate. Combined
with the viscosity test, it was found that the
viscosity of EE was relatively large, which might be
mainly affected by impurity ions in the electrolyte.
A previous study [31] showed that a small amount
of impurity ions in the electrolyte might had a
favorable effect on the electrochemical performance
of the electrolyte.

Table 4 Fitting results of EIS obtained from equivalent

circuit
Sample Ri/ C/ R/ wi
(Q:cm?) (102F-cm?) (Q-cm?) (S's"2-cm™)
EE 1.259 5.344 7.064 0.1536
SE 3348 5271 5477 0.1022

3.3.3 Charge—discharge performance

As the active material of the VRFB, the
performance of the electrolyte also impacts the
performance of the VRFB. Therefore, the
electrolyte prepared from the vanadium shale
leaching solution was evaluated through charge—
discharge battery performance tests to determine its
applicability in VRFB. The efficiency of the
vanadium battery can be affected by many aspects,
such as the electrolyte, electrode and battery
structure. In this study, the same single-cell system
and test conditions for EE and SE, such as current
density and flow rate, were selected to reduce error.
The main reason for the decrease in the capacities
and efficiencies of SE and EE after multiple
charge—discharge cycles was the migration of the
electrolyte. It was found that SE had a greater
capacity loss in this test system, indicating that this
was not caused by the electrolyte itself. It might be
affected by the single-cell system and membrane,
resulting in an imbalance in the volume and
concentration of the positive and negative
electrolytes, thereby affecting its charge—discharge
performance. Excluding the influence of the system,
the detailed comparison results of the charge and
discharge performance of the EE and SE are
described as follows.

To study the cycle performance for the battery
efficiency, the charge—discharge curve and capacity
change of EE and SE were studied, as shown in
Figs. 9(c) and (d). As shown in Fig. 9(c), the EE
and SE initially had a lower charging voltage
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platform and a higher discharge voltage platform,
and the charging and discharging capacities were
higher. As shown in Fig. 9(d), as the number of
cycles increased, the charge and discharge
capacities of the battery decreased significantly. The
charge and discharge capacities for EE, in the first
cycle, were 0.989 and 0.853 A-h, respectively, and
the charge and discharge capacity retention rates
after 50 cycles were 8.09% and 8.56%, respectively.
The charge—discharge capacities for SE in the first
cycle were 0.857 and 0.753 A-h, respectively. The
charge—discharge capacity retention rates after
50 cycles were 7.00% and 7.30%, respectively.
Thus, the electrolyte obtained by the extraction
method showed a good charge—discharge capacity,
and the capacity retention rate was consistent with
that of the standard electrolyte.

The coulombic, voltage and energy
efficiencies of the battery during 50 cycles are
shown in Fig. 9(e). As the number of cycles of
charge and discharge increased, the coulomb
efficiency presented a slight upward trend, the
voltage efficiency showed a slight downward trend,
while the energy efficiency remained stable.
The coulombic, voltage and energy efficiencies
of the first cycle for EE were 86.25%, 82.90%
and 71.50%, respectively. Across all the charge—
discharge cycles, the average coulombic efficiency,
voltage efficiency and energy efficiency for EE
were 88.65%, 80.06%, and 70.93%, respectively.
The coulombic, voltage and energy efficiencies of
the first cycle for SE were 87.86%, 85.70% and
75.30%, respectively. Across all the charge—
discharge cycles, the average coulombic, voltage
and energy efficiencies for SE were 90.28%,
82.92% and 74.71%, respectively.

These results indicate that the prepared
electrolyte  exhibited good  electrochemical
performance during the actual operation of the
VRFB. The oxidation and reduction peak current
densities, solution resistance and charge—discharge
capacity of the prepared electrolyte were superior to
those of standard electrolytes. These advantages can
be attributed to the coordination effect of a large
number of chloride ions in electrolytes. Previous
studies [32—34] have shown that the addition of
different concentrations of chloride ions in the
electrolyte could effectively improve the electro-
chemical reaction on the electrode surface and the
performance of the electrolyte. In this study,

chloride ions were extracted into the electrolyte in
the solvent extraction process. The introduction of
chloride ions resulted in vanadium—chloride
mononuclear or binuclear complexes, which could
effectively reduce the vanadium ion cross-over,
reduce battery capacity loss and improve efficiency.
To avoid the corrosive effect of chloride ions,
reactors are composed of anti-corrosion materials in
the industry. In addition, no significant chlorine
volatilization was observed in this study, but in the
industry it is necessary to control the charging
cut-off voltage to prevent the release of harmful
chlorine gas.

3.4 Recovery of valuable elements and
establishment of separation flow chart

According to the results in Section 3.2.4,
vanadium was effectively recovered and high-value
utilization for VRFB was realized through the
solvent extraction process. However, hazardous but
valuable ions were still present in the raffinate, such
as Cr and Na ions. SHI et al [35] have shown that
Cr ions in water are toxic to the environment, and
high concentration of Na ions is one of the main
reasons for wastewater with high salt content [36].
Therefore, it is necessary to further process the
raffinate and recover valuable elements; thus, the
process is environmentally friendly, and provides
by-products to save costs.

After Na,SO; reduction, mainly trivalent
chromium was found in the solution [37]. Chemical
precipitation is an effective method to remove
trivalent chromium ions. On adjusting the pH value
of the raffinate to 7 with 10 mol/L NaOH, after 1 h
of reaction at room temperature, a green powder
was obtained. The XRD patterns and SEM—EDS
analysis results of the by-product are shown in
Fig. 10.

Figure 10(a) showed that the XRD pattern of
the precipitate mainly contained a dispersion peak,
indicating that the precipitate was not crystalline. In
addition, the characteristic peaks of NaCl could be
seen, suggesting that the chloride and sodium ions
in the solution were entrained into the precipitate.
Further SEM—-EDS analysis (Fig. 10(c)) of the
precipitates showed that the precipitates mainly
contained Cr, and showed good consistency with
the O. Previous studies [38,39] indicated that Cr
was mainly precipitated in the form of Cr(OH)s.
Additionally, a large amount of vanadium was found
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in the precipitate, which can be attributed to the
precipitation of V(IV) ions in the form of VO,
during the pH adjustment process. EDS analysis
showed that the Cr content reached 45.3 wt.%, in
which chromium-rich slag could be used as raw
material for the preparation of chromium products.
The main chemical reactions that occur in this
process are shown in Reactions (6) and (7):

Cr**+30H —Cr(OH);| (6)
VO +H,0—VO0,|+2H" (7)

Thus, Cr was removed from the raffinate and

12.45 wt.%

1537 wt.% 8.48 wt.%

531 wt.%
3.86 wt.%

9.23 wt.%

453wt%

Fig. 10 Analysis results of by-products: (a) XRD pattern of Cr-rich sediment; (b) XRD pattern of Na-rich sediment;
(c) SEM—EDS data of Cr-rich sediment

the removal rate was 99.6%. By evaporating and
crystallization of the residual liquid, a white solid
was obtained. The XRD results in Fig. 10(b)
indicate that the crystals mainly consisted of NaCl
and Na,SO4, which could be used as additives in the
roasting process.

Based on the above mentioned results, an
ultra-short and eco-friendly process for preparing
vanadium electrolyte, accompanied by the recovery
of valuable elements, was established in Fig. 11. In
this schema, firstly, selective extraction and stripping
were achieved using D2EHPA. Most of the impurities
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Fig. 11 Ultra-short and eco-friendly process for preparing vanadium electrolyte accompanied by recovery of valuable

elements

were separated and high value-added electrolyte
was obtained from the vanadium shale leaching
solution. Then, the chromium ion was recovered by
the chemical precipitation method to obtain the
chromium-rich slag. Finally, the remaining liquid
was concentrated and crystallized to obtain a
mixture of sodium chloride and sodium sulfate,
which could be used as additives in the roasting
process.

Compared with the traditional preparation
process for electrolytes, this process avoided the
generation of ammonium salt in the vanadium
precipitation process, and realized the preparation
of the vanadium electrolyte directly from the
leaching solution. In addition, the Cr and Na ions in

the raffinate were also recovered, which avoided the
generation of potential hazards to the environment.

4 Conclusions

(1) Under the optimal extraction condition of
the feed solution, with a pH of 2.6, D2EHPA
concentration of 20%, phase ratio of 1:1, and
extraction time of 8 min, the vanadium extraction
rate was 99.3%. Under the optimal stripping
condition of 4 mol/L H,SO4 and stripping time of
30 min, the vanadium stripping rate was 99.8%.
The separation of vanadium from the main impurity
ions was achieved. Solution chemistry and FTIR
analyses indicate that the chloride ions can form
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complexes with vanadium ions in the feed solution,
promote vanadium extraction, and finally enter the
electrolyte in the stripping process.

(2) The electrolyte prepared from the
vanadium shale exhibited good electrochemical
performance in the electrolyte and battery tests. The
CV, EIS and charge—discharge tests indicated that
the oxidation and reduction peak current densities,
solution resistance and charge—discharge capacity
of the prepared electrolyte were superior to those
of standard electrolytes. The average coulombic,
voltage and energy efficiencies for EE were
90.28%, 82.92% and 74.71%, respectively.

(3) Cr was precipitated in the form of Cr(OH)s,
and Na was recycled as NaCl and Na,SOs, which
can be used as roasting additives for vanadium
shale. In this way, vanadium and the main valuable
elements, Cr and Na, in the leaching solution
can be recovered stepwise, which can reduce the
production cost and environmental pollution.
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