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Abstract: A possible process for the purification of crude indium by two-stage cyclone electrowinning was proposed.
In accordance with a linear sweep voltammetry (LSV) results and the evaluation of the diffusion coefficient
(D=6.15x10""" ¢cm?/s), indium electrodeposition in Iny(SO4); solution was controlled by a diffusion-controlled
irreversible process, and mass transfer can be significantly enhanced by electrolyte flow. During the 1st-stage indium
cyclone electrowinning, a current efficiency (CE) of 80.15%, specific energy consumption (SEC) of 2.11 kW-h/kg and
average cell voltage (ACV) of 2.04 V were achieved under the optimum conditions. Meanwhile, the purity of indium
increased from 94.34% to 99.95%. During the 2nd-stage indium cyclone electrowinning, 98.95% purity of cathode
indium was conducted by electrowinning under the optimum conditions, while the CE, SEC, and ACV were 75.23%,
2.23 kW-h/kg and 2.40 V, respectively. After two-stage cyclone electrowinning, the comprehensive recovery of indium

is as high as 98.22%.
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1 Introduction

Indium is an important scattered metal. Due to
its excellent optoelectronic properties, indium is
widely used in high-precision fields such as
electronic materials, semiconductors, and special
alloy materials [1]. Indium-containing products,
such as InP, InSe, InAs, copper indium selenide
(CIS), copper indium gallium selenide (CIGS)
and indium tin oxide (ITO), are essential for
components of electronic and optoelectronic
devices [2]. Therefore, the above products have
increasingly stringent requirements for the purity of
indium raw materials. Electrolysis is the most
widely used method to prepare indium metal
products. As a rule, electrolysis of indium is carried
out in a conventional parallel electrolytic cell with
crude indium as the anode and a titanium plate as

the cathode [3]. The electrolyte is prepared by
dissolving high purity indium (>99.99%) into
sulfuric acid, and NaCl is added as a conductive
agent [4]. KANG et al [5] obtained high purity
indium (>99.99%) by electrolytic refining of
indium from chloride solution in a conventional
parallel electrolytic cell, but >99.50% purity of the
electrolyte was needed. LEE and OH [6] studied the
electrowinning of indium from chloride solutions
at a current density of 100 mA/cm? A current
efficiency (CE) of 90% was achieved when both
the initial concentrations of indium and NaCl
were higher than 50 g/L. However, because of the
presence of Cl™ in the electrolyte, Cl, was produced
at the anode, which caused environmental risk. The
indium electrolysis process is available worldwide
because of its applicability. However, it has some
important limitations [7-9]: (1) The Sn, Cd and
TI impurity levels in the crude indium anode and

Corresponding author: Zhi-peng XU, Tel: +86-731-88876839, E-mail: zhipeng.xu@csu.edu.cn

DOI: 10.1016/S1003-6326(23)66326-5

1003-6326/© 2023 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



3186 Qing-hua TTAN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3185-3197

electrolyte should be strictly controlled; (2) Many
waste anodes are produced during the electrolysis
process, accounting for more than 40% of indium
anodes; (3) The indium concentration needs to be
kept at 70—80 g/L during the electrolysis process,
resulting in a large backlog of funds. Consequently,
it is of great interest to develop an efficient method
for indium electrolysis.

Cyclone electrowinning is an efficient, selective,
and readily adaptable method to recover metal/
metalloid ions from an aqueous solution [10,11]. By
introducing a high flow rate of electrolytes, the
diffusion layer thickness decreases considerably in
the cyclone electrowinning process [12,13]. The
mass transfer is effectively enhanced by the
turbulence developed by the high flow rate of the
electrolyte [14]. Moreover, the concentration
polarization, which tends to slow down the rate
of anodic and cathodic reactions, is greatly
reduced [15]. It has been reported that this
technology has been used in the electrowinning of
metals with good results, such as Cu, Sn, Bi, Sb, Te,
Se, and Pt [16—18]. GUO et al [16] recovered
copper from sulfuric acid leaching solution by
cyclone electrowinning at a high current density of
400 A/m?, while 99.98% purity of cathode copper
and 94.96% CE were obtained. Tellurium was
efficiently electrodeposited from an alkaline
solution by cyclone electrowinning with a CE of
95.25% [17]. However, the purification of crude
indium by cyclone electrowinning is seldom
reported in the literature. The existing drawbacks of
indium conventional parallel electrolytic refining
may be overcome by cyclone -electrowinning
technology, and the indium electrodeposition
process may be enhanced at the same time. That is,
cyclone electrowinning may serve as a promising
alternative for efficient electrodeposition of indium
from an aqueous solution.

In the present study, a possible purification
process for crude indium by two-stage cyclone
electrowinning was proposed. The electrochemical
behavior of indium(III) in sulfate media was studied
by linear sweep voltammetry (LSV). The effects
of various parameters, including current density,
electrolyte flow rate, electrolyte temperature, and
electrolysis time on various indexes of two-stage
indium cyclone electrowinning were systematically
investigated.

2 Experimental

2.1 Materials

The crude indium used in the experiments was
provided by First Rare Materials Co., Ltd.,
Guangdong Province, China. The chemical
composition of crude indium is listed in Table 1.
This result indicated that in addition to In (94.34%),
the following main elements were found: Bi 1.95%,
Pb 1.48%, Sn 0.99%, and Si 0.75%. The chemical
reagents used in this study were all of analytical
grade.

Table 1 Chemical composition of crude indium (wt.%)
In Bi Pb Sn Si Cd Cu Others
9434 195 148 099 0.75 040 0.04 0.05

2.2 Equipment and procedures

A standard three-electrode cell was employed
in all electrochemical experiments. The working
electrode was a 316L stainless steel plate
(1 cm x 1 cm), the counter electrode was a Pt plate
(1.5 cm x 1.5 cm), and the reference electrode was
a saturated calomel electrode (0.24V vs SHE,
25°C). All electrochemical measurements were
carried out at 25°C using an electrochemical
workstation (PGSTAT302N, Metrohm, Switzerland).

Figure 1 shows the schematic diagram of
two-stage cyclone electrowinning. The cyclone
electrowinning cell had an IrO,—Ta,Os-coated
titanium anode in the center, with 316 L annular
stainless steel foil cathode surrounding the anode.
The area of the cathode was 400 cm? and the
distance between the cathode and anode was 3 cm.
The electrolytes used in the indium cyclone electro-
winning experiments were prepared by dissolving
crude indium in concentrated sulfuric acid
(98 wt.%). Then, sodium hydroxide was used to
adjust the pH of the electrolytes to a value of 2.
Table 2 lists the chemical composition of the
prepared indium electrolyte. The 2L of the
prepared indium electrolyte was used in each
electrowinning experiment. A high-precision DC
power supply (RXN—1520D, Zhaoxin, China) was
applied to maintaining a constant current. During
the electrowinning process, sodium hydroxide
solution (3 mol/L) was pumped to the electrolyte by
a peristaltic pump at a constant speed to keep the
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pH of the electrolyte at 2. The amount of sodium
hydroxide pumped into the electrolyte was
depended on the applied current and electrolysis
time. After electrowinning, the indium deposits
obtained at the cathode were washed with deionized
water three times and dried in an oven at
approximately 50 °C for 12 h.

Crude indium

Electrolyte

H,S0,

| 1st-stage cyclone electrowinning|

|
' '

Ist-stage indium products  Spent electrolyte

|2nd—stage cyclone electrowinning|

!

Waste electrolyte

Fig. 1 Proposed flowsheet for purification of crude

2nd-stage indium products

indium by two-stage cyclone electrowinning

Table 2 Chemical composition of electrolyte (g/L)
In Bi Pb Sn Si Cd Cu Ni Fe
68.20 1.41 1.08 0.72 0.54 0.50 0.05 0.02 0.01

The calculation formula for the current
efficiency (n) of the electrowinning process is
shown in Eq. (1):

n=wm/(glf) (1)

where m (g) is the actual mass of indium deposits,
w 1is the purity of indium deposits, ¢ is the
electrochemical equivalent mass of indium
(1.428 g-rA1-h'™Y), 1 (A) is the applied current and ¢
(h) is the electrolysis time.

The recovery of indium (», %) for the
electrowinning process is calculated using Eq. (2):

I":(C1 V1—C2V2)/C1 V1x100% (2)

where C) (g/L) is the initial concentration of indium
in the electrolyte, V1 (L) is the initial volume of
electrolyte, C> (g/L) is the final concentration of
indium in the electrolyte after electrowinning and
V> (L) is the final volume of electrolyte.

The specific energy consumption (SEC) (W,
kW-h-kg™") is calculated according to Eq. (3):

W=El(qn) 3)
where E (V) is the average cell voltage (ACV).

The volume of sodium hydroxide solution
pumped into electrolyte (V3, L) can be calculated
using Eq. (4):

V3=36001t/(FC3) 4

where F is Faraday’s constant, and C; is the
concentration of the sodium hydroxide solution
(3 mol/L).

2.3 Characterization methods

The chemical compositions of the crude
indium, indium deposits and electrolytes were
determined by inductively coupled plasma atomic
emission spectrometry (ICP) (Optima 5300DV,
Perkin Elmer, USA). XRD patterns of indium
deposits were collected using a Bruker D8—Discover
diffractometer in the 26 range of 10°-80° at a
scanning rate of 1 (°)/min with Cu K, radiation. The
cell voltage was measured using a digital universal
meter (UT61E, UNI-T, China).

3 Results and discussion

3.1 Electrochemical behavior of indium(III) ions

in sulfate media

The electrodeposition of indium from aqueous
solutions has been extensively studied and is well
understood [19]. The first reliable determination
of the In*/In potential was reported by
HAKOMORI [20]. The standard reduction potential
of the In*"/In couple is —0.34 V [21]. This was
followed by the investigations of HATTOX and
VRIES [22], KANGRO and WEINGARTNER [23],
LIETZKE and STOUGHTON [24], COVINGTON
et al [25] and HAMPSON and PIERCY [26]. For
the study of the electrodeposition of indium, one of
the important variables is the electrolyte used [21].
Most studies of the electrodeposition of indium
have been carried out in perchlorate, chloride,
cyanide, tartrate, formate, sulfate and halide
sulfate [6,21]. Sulfate electrolytes have been the
most extensively studied and the most widely
used commercially by virtue of their relative
simplicity [27]. Most studies have been focused on
using In**+H,SOy; as an electrolyte, by adding NaCl
as a supporting electrolyte, and gelatin as an
additive [28]. The electrolyzer was separated by a
cation membrane, and electrolytic refining was
carried out with crude indium as the anode and a
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titanium plate as the cathode [29]. However, the
electrochemical behaviors of indium are different
under different electrolyte systems [30]. The
electrochemical behavior of indium in Inx(SOa);
solution has not been reported in the literature. A
few research groups reported the systematic
study of electrochemical kinetics during the
electrodeposition of indium [31]. In accordance
with the voltamperometric study and the evaluation
of the diffusion coefficient, D, indium electrode-
position was controlled by a diffusion process at a
high current density [21]. The mass transfer of the
liquid phase can be enhanced, and the concentration
polarization can be reduced by strengthening
stirring and increasing the temperature [32].
However, the control steps and related kinetic
parameters of the electrodeposition process in
In2(SO4); solution are not clear.

The electrochemical behavior of indium in
Inx(SO4); solution was studied by the LSV
measurements at 25 °C. Figure 2 shows the LSV
curve of Iny(SQOq); solution (65 g/L In**, pH=2) and
H,SO4 (blank) solution (pH=2). It can be seen from
the LSV curve of the blank solution that the current
density started to increase when the potential
shifted to approximately —0.40 V. The -current
density increased with the potential shifting
negatively, indicating that hydrogen evolution
occurred at the cathode [21]. In addition, a clear
reduction peak (marked as Peak C;) at —0.75V
with a peak current density of 6.20 mA/cm? was
observed in the presence of In**, while there was no
reduction peak in the forward scan of the blank
solution. This suggested that Peak C; was
attributed to the reduction of indium(IIl) ions to
indium(0) [33,34].

To identify the controlling step of the indium
electrodeposition process, LSV measurements of
the Iny(SO4); solution (65 g/L In*, pH=2) were
performed at different potential scan rates ranging
from 2 to 20 mV/s at 25 °C (Fig. 3). As the scan
rate increased, a negative shift of the C; cathodic
peak potential and an increase in the peak current
were observed. This suggests that the indium
electrodeposition process is a diffusion-controlled
irreversible reaction [6]. For a diffusion-controlled
reaction, there is

(nF)3/2

I,=0.4463
(RT)I/Z

ADI/Z Cv1/2 (5)

where /I, (A) is the peak current, 7 is the number of
electrons, R (8.314 J/(mol-K)) is the molar gas
constant, 7' (K) is the thermodynamic temperature,
A (cm?) is the surface area of the working electrode,
D (cm?/s) is the diffusion coefficient, C (mol/mL) is
the bulk concentration, and v (V/s) is the scan rate.

G
(In3*/In)
— 5 mmol/L H,SO,+65 g/L In®*
— 5 mmol/L H,SO,
-1.2 -10 -08 -06 —-04 -02 O
Potential (vs SCE)/V

Current density/(mA-cm™2)
L

Fig.2 LSV curves of Iny(SOs); solution and blank
solution (Scan rate: 5 mV/s)
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Fig. 3 LSV curves of Iny(SO4)s solution at different scan
rates

Figure 4 illustrates the relationship between
the C; cathodic peak current and the square root of
the scan rate (v?). The plots exhibited a good linear
relationship, suggesting that indium electrode-
position was diffusion-controlled [17]. According to
Eq. (5), the diffusion coefficient of In*" at 25 °C
was estimated to be 6.15x107cm?s. It can be
found that the diffusion coefficient is relatively low,
which may be expected to be overcome by cyclone
electrowinning technology for better recovery and
purification performance.
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Fig. 4 Variation in reduction peak current as function of
square root of scan rate

3.2 1st-stage indium cyclone electrowinning
3.2.1 Effect of current density

The influence of current density on the
Ist-stage indium cyclone electrowinning was
carried out at a flow rate of 200 L/h and electrolyte
temperature of 30 °C for 20 h with a current density
from 40 to 120 A/m?. The effect of current density
on CE and recovery of indium is shown in Fig. 5(a).
It can be observed that the CE decreased from
83.31% to 63.40% with an increase in current
density from 40 to 120 A/m>. The above
phenomenon is ascribed to the fact that the
hydrogen evolution at the cathode was enhanced by
increasing the current density [35]. The rate of the
electrodeposition reaction was much higher than the
diffusion rate at a higher current density, resulting
in hydrogen evolution becoming a major reaction
on the cathode. These results are similar to the
electrodeposition of zinc in acid solutions, where
hydrogen evolution becomes more intense at higher
current densities [36]. Meanwhile, the recovery of
indium increased from 28.20% to 66.77% with
increasing current density. Figure 5(b) shows the
effect of the current density on the ACV and SEC.
With increasing the current density from 40 to
120 A/m?, the ACV increased from 2.44 to 2.78 V.
These results are consistent with the results reported
by DELL’ERA et al [37] that as the current density
increased, the cathodic and anodic overpotentials
rose, leading to an increase in the cell voltage. On
the other hand, SEC increased from 2.04 to
3.07 kW-h/kg with increasing current density.

During the electrodeposition of indium, in
addition to the reduction of indium and the

hydrogen evolution reaction in the cathode, some
impurities in the electrolyte can also codeposit with
indium, which affects product quality and technical
indicators. The specific reaction equation and
standard reduction potential are given in Table 3.
Table 3 shows that the standard reduction potential
of impurities nickel, tin, lead, and bismuth is more
positive than that of indium, so it is easy to deposit
on the cathode during the electrowinning process.
In particular, the properties of tin, lead, and indium
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4 — Recovery of indium
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4 — Specific energy consumption ©
200 . s 1.5

40 60 80 100 120
Current density/(A+cm™2)

Fig. 5 Effect of current density on various indexes of
Ist-stage indium cyclone electrowinning: (a) CE and
recovery of indium; (b) ACV and SEC

Table 3 Typical
reduction potential in sulfate electrolyte

reduction reaction and standard

Reduction reaction  Standard reduction potential/V

Fe*" + 2e = Fe —0.440
Cd*" +2e=Cd —0.403
In’" +3e=1In —0.343
Ni?" +2e =Ni —0.257
Sn*" +2e=Sn —-0.136
Pb*" + 2e =Pb —0.126
2H"+2e=H, 0
Bi*" + 3e = Bi 0.308
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are similar, and they are easy to codeposit with
indium during electrowinning. Although the
standard reduction potential of the impurities iron
and cadmium is more negative than that of indium,
it is very close to the reduction potential of indium,
so it is also easy to codeposit with indium.

The main impurity content of the product at
different current densities is given in Table 4. As
shown in Table 4, the main impurities in the
product are Sn, Cd, Pb, Bi, Ni, and Fe. When the
current density is low, the contents of impurities Sn,
Cd, Pb, Bi, etc., decrease with increasing current
density. However, as the current density further
increases, the electrodeposition of impurities is
strengthened so that the impurity content in the
product increases. After calculation, the purity of
indium obtained by cyclone electrowinning at all
current densities reaches more than 99.9%. Based
on the above results, 80 A/m> was considered the
optimum current density, which was higher than
that applied in indium electrolysis (60 A/m?).

Table 4 Main impurity content of cathode indium at
different current densities (107°)

Cu“&l,trg?gs“y/ Sn cd Pb  Bi Ni Fe
40 2064 250.1 969 1349 153 198
60 1383 248.1 627 1072 7.6 5.0
80 1553 2151 639 926 73 6.7
100 292.0 2272 1433 1792 73 83
120 2960 2613 164.1 196.0 13.4 212

3.2.2 Effect of electrolyte flow rate

The effect of the electrolyte flow rate was
determined by varying the flow rate of the
electrolyte in the range from 100 to 500 L/h using
current density of 80 A/m? at 30 °C for 20 h. As
shown in Fig. 6(a), the CE increased by 4.63% from
100 to 300 L/h. This was attributed to the fact that
the diffusion layer thickness of the electrolyte near
the cathode decreased with increasing electrolyte
flow rate. The CE showed a value of more than
80% at 300 L/h. However, the CE decreased
sharply to approximately 30% at a flow rate of
500 L/h. This was because the indium deposits were
washed away from the cathode by the high-speed
electrolyte flow and came into contact with the
anode rod, resulting in a short circuit in the
electrolytic cell (Fig. 7). In addition, the movement

of hydrogen ions was enhanced by the high flow
rate electrolyte so that the charge transfer was
beneficial to the hydrogen evolution. Figure 6(b)
shows that ACV decreased from 2.55 to 2.51 V by
increasing the electrolyte flow rate from 100 to
300 L/h. This is due to the enhanced mass transfer
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Fig. 6 Effect of electrolyte flow rate on various indexes

of 1st-stage indium cyclone electrowinning: (a) CE and
recovery of indium; (b) ACV and SEC

Fig. 7 Deposited indium in electrolytic cell at flow rate
of 500 L/h
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and decreased concentration polarization at a higher
electrolyte flow rate [38]. When the flow rate
increased to 400 L/h, the ACV performed a slight
increase to 2.52 V. As mentioned above, at an
electrolyte flow rate of 500 L/h, a short circuit
occurred, which caused the cell voltage during
the experiment to be unmeasurable. The energy
consumption of a kilogram of indium was seen to
decrease from 2.29 to 2.20 kW-h with increasing
the electrolyte flow rate from 100 to 300 L/h and
then increased sharply to 2.47 kW-h at 400 L/h.

The main impurity content of indium products
at different electrolyte flow rates is given in Table 5.
It can be seen that the electrolyte flow rates have
little effect on the content of Ni and Fe in the
product but have a greater effect on the content of
Sn, Cd, Pb and Bi. The contents of Sn, Cd, Pb and
Bi decreased with increasing electrolyte flow rate
from 100 to 300 L/h, and the impurity content
reached its lowest value at 300 L/h. Because the
increase in the electrolyte flow rate reduces the
thickness of the diffusion layer so that the indium
ions in the electrolyte near the cathode can be
quickly replenished, the deposition of indium is
strengthened, and the precipitation of impurity ions
is reduced. At a high electrolyte flow rate, the
short-circuit phenomenon of the electrodeposition
cell causes impurity ions to easily codeposit with
indium. Therefore, the impurity content in the
product increases sharply. In summary, an
appropriate range of electrolyte flow rates is
beneficial to indium deposition. A flow rate of
300 L/h was considered the optimum flow rate of
electrolyte for subsequent experiments.

Table 5 Main impurity content of cathode indium at
different electrolyte flow rates (107°)

Flow rate/(L-h™) Sn Cd  Pb Bi Ni Fe

100 1543 217.6 86.2 884 7.88 7.8
200 1553 215.1 639 926 73 6.7
300 136.7 181.7 375 224 73 6.2
400 2014 2114 556 188 6.7 5.0
500 698.3 481.7 191.0 148.8 6.6 5.1

3.2.3 Effect of electrolyte temperature

The effect of electrolyte temperature on
indium cyclone electrowinning was investigated
under the following conditions: current density
80 A/m?, electrolyte flow rate 300L/h, and

electrolysis time 20 h. As shown in Fig. 8(a), the
CE increased from 76.79% to 80.15% as the
temperature increased from 20 to 30 °C and then
decreased gradually. When the electrolyte
temperature increased to 60 °C, the CE decreased
sharply to 40.24%. The recovery of indium
followed a similar trend as that of CE. During the
electrowinning process, indium deposition and
hydrogen evolution competed at the cathode, and
the kinetic process of mass transfer was enhanced
by increasing temperature, causing hydrogen
evolution to be an even more favorable thermo-
dynamic reaction [39]. In addition, the indium
deposits were more easily dissolved by the acid
electrolyte at high temperatures, leading to a
decreased CE at 50 and 60 °C. Figure 8(b) presents
the effect of the electrolyte temperature on the ACV
and SEC. These results indicated that the electrolyte
temperature had a significant influence on the ACV
and SEC. The ACV decreased linearly from 2.58 to
1.91 V with increasing electrolyte temperature from
20 to 60 °C, which was attributed to the enhanced
ion diffusion and the decreased concentration
overpotential at high temperature [40]. Meanwhile,
the plots demonstrated that the SEC decreased from
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Fig. 8 Effect of electrolyte temperature on various
indexes of Ist-stage indium cyclone electrowinning:
(a) CE and recovery of indium; (b) ACV and SEC
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236 to 1.98kW-h/kg with an increase in the
temperature from 20 to 50 °C, but the SEC
increased sharply to 3.33 kW-h/kg because of the
decreased CE.

The main impurity content in indium products
at different electrolyte temperatures is shown in
Table 6. When the electrolyte temperature increased
from 20 to 30°C, the content of Sn and Cd
in the product decreased. However, as the
temperature increased further, the contents of Sn
and Cd in the product increased gradually. The
electrolyte temperature had little effect on the Pb,
Bi, Ni, and Fe contents in the product and maintains
a low level. The effects of electrolyte temperature
on the current efficiency, recovery rate, cell voltage,
energy consumption and impurity content were
analyzed comprehensively. A temperature of 30 °C
was selected as the optimum electrolyte temperature
for subsequent experiments.

Table 6 Main impurity content of cathode indium at
different temperatures (107°)

te i;fgg}f; o S» Cd Pb Bi Ni Fe
20 1922 307.8 460 39.5 63 6.3
30 1367 1817 37.5 224 73 62
40 2754 2741 644 223 6.1 58
50 326.6 2939 847 200 7. 58
60 5313 3426 488 227 69 59

3.2.4 Effect of electrolysis time

To investigate the effect of the electrolysis
time on indium cyclone -electrowinning, the
experiments were conducted under the following
conditions: the current density 80 A/m? the
electrolyte flow rate 300 L/h and the electrolyte
temperature 30 °C for 16, 18, 20, 22 or 24 h,
respectively. As illustrated in Fig. 9, the CE
decreased slightly with an increase in electrolysis
time. The explanation is that with increasing
electrolysis time, the concentration of indium in
the electrolyte decreased, which decreased the rate
of indium deposition. As the electrolysis time
increased, more indium was deposited on the
cathode, increasing the recovery of indium.
Meanwhile, the results showed that with increasing
electrolysis time, the ACV decreased slightly, as did
the SEC.

Table 7 lists the main impurity content of

cathode indium at different electrolysis time. It can
be seen that the electrolysis time has a significant
effect on the content of Sn and Cd. With increasing
electrolysis time, the contents of Sn and Cd
increased. Especially when the electrolysis time
exceeds 22 h, the content of Sn and Cd increases
sharply, which seriously reduces the purity of the
product. However, the electrolysis time has little
effect on the contents of impurities Pb, Bi, Ni and
Fe. In summary, 20 h was selected as the optimum
electrolysis time for subsequent experiments.
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Fig. 9 Effect of electrolysis time on various indexes of
Ist-stage indium cyclone electrowinning: (a) CE and
recovery of indium; (b) ACV and SEC

Table 7 Main impurity content of cathode indium at
different electrolysis time (107%)

Elefiiloel/ylfis S cd Pb Bi Ni Fe
16 1129 1757 362 214 6.1 58
18 1256 1783 364 217 63 59
20 1367 1817 375 224 73 62
2 2436 2839 377 222 72 62
24 3364 3868 372 226 68 65

3.2.5 Characterization of indium deposits
Based on the results above, the optimum
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conditions of 1st-stage indium cyclone electro-
winning were found to be current density of
80 A/m?, electrolyte flow rate of 300 L/h,
electrolyte temperature of 30 °C, and electrolysis
time of 20 h. Under these conditions, 80.15% CE,
2.11 kW-h/kg SEC, 66.39% indium recovery, and
2.04 V of ACV were achieved. Table 8 lists the
chemical composition of the indium deposits
obtained under the optimum conditions. The purity
of indium reached 99.95%. Compared with crude
indium, the purity of indium is significantly
improved. Figure 10 presents the XRD pattern of
the indium deposits. The diffraction peaks were in
good agreement with the standard card profile of
elemental indium (PDF# 85-1409). The preferred
crystallographic orientations of indium deposits
were in the order of (101), (110), (112) and (211).

Table 8 Chemical composition of indium deposits
obtained in 1st-stage cyclone electrowinning

Purity/ Impurities content/107
% Sn Cd Pb  Bi Ni Fe

99.95 136.7 181.7 375 224 73 6.2

(101)

(110)

(002)

(112) @)
200 (103) | (202)

PDF# 85-1409
. L A B Y
20 30 40 50 60 70 80
20/(%)

Fig. 10 X-ray diffraction pattern of indium deposits

under optimum conditions

3.3 2nd-stage indium cyclone electrowinning

The spent indium electrolyte was collected
after the 1st-stage electrowinning process. Table 9
lists the chemical composition of the spent
indium electrolyte. This result indicated that the
concentration of indium in the spent indium
electrolyte was 22.92 g/L. To recover the indium in
the spent electrolyte, the 2nd-stage indium cyclone
electrowinning process was applied as a down-
stream treatment.

Table 9 Chemical composition of spent indium
electrolyte (g/L)
In Na Bi Pb Sn
22.92 25.83 1.12 0.85 0.52
Si Cd Cu Ni Fe
0.43 0.35 0.04 0.02 0.01

The effects of current density, electrolysis time,
electrolyte flow rate and electrolyte temperature on
CE are presented in Fig. 11(a). It is observed that
the CE decreased from 82.20% to 51.12% by
increasing the current density from 20 to 100 A/m?.
The CE decreased slightly with increasing the
electrolysis time. Increasing the flow rate from 100
to 300 L/h, the CE increased from 60.01% to
75.23%, showing that the transport-enhanced
process affected the CE significantly. However, a
further increase in the flow rate decreased the CE,
which is due to the short circuits in the electrolytic
cell. It can be seen that the CE decreased from
75.23% to 60.35% with an increase in electrolyte
temperature from 30 to 60 °C. Figure 11(b) presents
the effects of the current density, electrolysis time,
electrolyte flow rate, and electrolyte temperature on
the recovery of indium. The recovery of indium
increased from 28.96% to 90.18% by increasing
the current density from 20 to 100 A/m?. The
electrolysis time experiments were carried out at a
current density of 60 A/m? and the recovery of
indium increased from 68.48% to 93.56% with
increasing electrolysis time from 18 to 24 h. The
flow rate of the electrolyte was beneficial to the
recovery of indium in the range from 100 to
300 L/h. A high electrolyte temperature harmed the
deposition of indium, and the recovery of indium
decreased significantly with increasing temperature.
Figure 11(c) presents the effects of the current
density, electrolysis time, electrolyte flow rate, and
electrolyte temperature on the ACV of the
electrowinning process. It is shown that increasing
the current density had a significant effect on the
ACV which increased from 2.12 to 2.65V. In
contrast, increasing electrolysis time and flow rate
had a slight effect on ACV. Additionally, the
increased temperature enhanced ion diffusion and
decreased the concentration overpotential, leading
to decreased cell voltage. The ACV decreased
from 2.40 to 1.89 V with increasing the electrolyte
temperature from 30 to 60 °C. The effects of current
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Fig. 11 Effect of different parameters on various indexes

(b) Recovery of indium; (¢c) ACV; (d) SEC

density, electrolysis time, electrolyte flow rate, and
electrolyte temperature on SEC are presented in
Fig. 11(d). As shown in Fig. 11(d), SEC showed a
sharp increase from 1.81 to 3.63 kW-h/kg with
increasing the current density from 20 to 100 A/m?.
SEC increased from 2.31 to 2.50 kW-h/kg with an
increase in electrolysis time. SEC decreased with
increasing flow rate from 100 to 300 L/h and then
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of 2nd-stage indium cyclone electrowinning: (a) CE;

increased at 400 L/h. In addition, as illustrated in
Fig. 11(d), the electrolyte temperature had no
significant effect on the SEC.

During the 2nd-stage -electrowinning, the
optimum conditions were found to be current
density of 60 A/m? electrolysis time of 24 h,
electrolyte flow rate of 300 L/h, and electrolyte
temperature of 30 °C. Under these conditions,
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75.23% CE, 2.23 kW-h/kg SEC, and 2.40 V of
ACV were achieved. The indium recovery of the
2nd-stage cyclone electrowinning was 94.72%, and
the total indium recovery of the whole process was
98.22%. Table 10 lists the chemical composition of
the indium deposits obtained in the 2nd-stage
cyclone electrowinning. Table 10 shows that the
contents of impurities Sn, Cd, Pb and Bi in the
product are relatively high. This is because
impurities are easier to codeposit with the host
metal when the host metal concentration is lower.
The purity of the indium deposits was 98.95%. As
presented in Table 11, the indium concentration in
the electrolyte after the 2nd-stage cyclone electro-
winning was 1.21 g/L, which can be recovered by
solvent extraction. The impurities in the solution

Table 12 shows the process parameters and key
performance indicators of the proposed process and
Fig. 12 shows the flowsheet. The obtained products
can be directly applied to fields with low
requirements for purity of indium or further purified
by vacuum distillation. In industry, crude indium
sulfate solution can be directly electrochemically
recovered and purified by two-stage cyclone
electrowinning without sulfuric acid dissolution.

Table 12 Process parameters and key performance
indicators of proposed process

Process parameter or
key performance
indicator

Ist-stage 2nd-stage
electrowinning electrowinning

. o
can be purified by adjusting to weak acidity Crude indium purity/% 94.34 94.34
followed by sodium sulfide precipitation. Product purity/% 99.95 98.95
Based on the mechanism described above Initial 63.20 .00
and the optimized experimental results, a two- concentration/(g-L™") ’ ’
stage cyclone electrowinning process is proposed. Final
. 3 22.92 1.21
concentration/(g-L™")
Table 10 Chemical composition of 2nd-stage indium Recovery/% 98.22 98.22
1 o
deposits (wt.%0) Current density/ 20 60
In Sn Cd Pb Bi Ni Fe (A'm™?)
98.95 0.41 028 0.21 0.12 4.02x107° 1.15x1073 Electrolyte flow
5 300 300
rate/(L-h™")
Table 11 Chemical composition of electrolyte after Electrolyte 30 30
2nd-stage cyclone electrowinning (g/L) temperature/°C
In Na Bi Pb Sn Electrolysis time/h 20 24
1.21 40.33 0.83 0.65 0.36 CE/% 80.15 75.23
cd Si Cu Ni Fe SEC/(kW-h-kg ™) 2.11 2.23
0.24 0.37 0.04 0.01 0.01 ACV/V 2.04 2.40
Indium
: ~——

Sulfuric acid Cathode

Crude indium
‘\ +/ Anode\.l /

Y

Electrolyte

Cathode plate

~

CE: 80.15%
Concentration: 68.20-22.92 g/L
SEC: 2.11 kW-h/kg
Purity: 99.95%

Ist-stage cyclone electrowinning

Indium

CE: 75.23%
Concentration: 22.92-1.21 g/L
SEC: 2.23 kW-h/kg
Purity: 98.95%

2nd-stage cyclone electrowinning

Fig. 12 Proposed flowsheet for efficient electrochemical recovery of indium by two-stage cyclone electrowinning
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4 Conclusions

(1) In accordance with a linear sweep
voltammetry (LSV) study and the evaluation of
the diffusion coefficient (D=6.15x10""cm?s™!),
indium electrodeposition in Inx(SO4); solution is
controlled by a diffusion-controlled irreversible
process, and mass transfer can be significantly
enhanced by electrolyte flow.

(2) During the Ist-stage indium cyclone electro-
winning, a CE of 80.15%, SEC of 2.11 kW-h/kg,
and ACV of 2.04V were achieved under the
optimum conditions: current density of 80 A/m?,
electrolyte flow rate of 300 L/h, -electrolyte
temperature of 30 °C and electrolysis time of 20 h.
Meanwhile, the purity of indium increased from
94.34% to 99.95%. The indium concentration in the
electrolyte was reduced from 68.20 to 22.92 g/L.

(3) During the 2nd-stage indium cyclone
electrowinning, 98.95% of cathode indium was
conducted electrowinning at 30 °C for 24 h with
current density of 60 A/m? and electrolyte flow rate
of 300 L/h, while the CE and SEC were 75.23%
and 2.23 kW-h/kg, respectively. After two-stage
cyclone electrowinning, the indium concentration in
the electrolyte was reduced to less than 1.21 g/L,
with a total indium recovery of 98.22%.
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