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This paper studies the kinetic process of cation discharge in the flow field of a forced-flowing electrolyte
during copper electrorefining. Through electrochemical methods such as rotating disk electrodes, linear
sweep voltammetry curves and cathodic polarization curves, the diffusion coefficient (D), reaction rate
constant (k°), transfer coefficient (o) and other electrochemical parameters were obtained. A theoretical
model revealing the mass transfer and discharge process of cations in the copper electrolyte was
established. This model can be used to analyze the reduction behavior of Cu?* and Bi** at the surface of
the cathode and give the theoretical influence of various electrolysis factors on the purity of the cathode
copper. The actual electrorefining experiments confirmed that the variation regularity of copper purity
Is consistent with the theoretical model. Meanwhile, optimized copper electrorefining experiments were
conducted in the simulated industrial electrolyte according to theoretical analysis results with high
impurity concentration, by which the purity of the cathode copper reached 99.995%.
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1. INTRODUCTION

With the rapid development of copper smelting technology, flash smelting [1, 2] and bath
smelting [3, 4] processes are widely used in copper pyrometallurgy. Despite the fast smelting speed and
high intensity of these methods, they have a weak purification ability [5, 6]. At the same time, due to the
gradually decreasing grade of copper ore [7], the content of impurities such as arsenic, antimony,
bismuth, iron and lead in the ore is gradually increasing, resulting in a higher content of impurities in
anode copper smelted by these processes [8]. In the copper electrorefining process, the concentration of
these detrimental impurities dissolved from the anode copper to the electrolyte increases and negatively
impacts the quality of the cathode copper, seriously even endangers the entire electrolytic system [9-11].
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By means of electrolyte purification, As, Sh, Bi and other impurities can be removed to reduce
their inclusion and deposition in the cathode and obtain a cathode copper with a higher purity [12, 13].
However, with the elevated content of these impurities in the electrolyte, the production load and
treatment cost of the purification process also increases. To solve this problem, researchers proposed
technology such as cyclone electrolysis [14, 15], parallel flow electrolysis [16] and side flow electrolysis
[17], which force the electrolyte into a forced flow state and improve the mass transfer of copper in the
electrorefining process to effectively reduce the frequency of electrolyte purification without affecting
the preparation of a high-purity cathode copper. However, current research is mainly focused on the
exploration of electrolyte flow technology; the mass transfer process and concentration variation law of
cations on the cathode surface have not been studied in detail.

In the flow field of a forced-flowing electrolyte, the diffusion coefficient, reaction rate constant,
exchange current density and transfer coefficient of the cation reduction process can be determined by
the RDE technique [18,19], which reveals the law of cation mass transfer on the electrode surface and
the Kinetic process of reduction. For example, Volgin [20] studied the influence of complex formation
onmass transfer in a solution containing three types of ions (metal cations, cation complexes and
nonelectroactive anions) on a rotating disk electrode and clarified the concentration distribution of these
ions near the electrode surface. Diaz [21] obtained a mathematical model of the behavior of ammonia
electrooxidation on a rotating platinum disk electrode through a micro kinetics approach. For the copper
electrorefining process, Taina [22] used a rotating disk electrode to measure the diffusion coefficient of
copper in the electrolyte, so as to qualitatively analyze the difficulty of Cu?* reduction and the energy
consumption of the copper electrorefining process. David [23] proposed a model which can elucidate
the influence of solution composition, transport properties, kinetic constants, and convective flow on
current distribution and polarization characteristics in the process of copper electrorefining with the
assistant of diffusion coefficient and other kinetic parameters. However, they didn’t clarify a quantitative
model for the reduction rate of cations at the cathode. Meantime, the influence of impurity ions on the
reduction behavior of copper ions and product purity in actual electrorefining has not yet been explored.
Simultaneously, there are few completed theoretical explanations for why the forced flow system can
effectively improve the purity of cathode copper.

In this paper, a rotating disk electrode was used to investigate the diffusion coefficients and other
electrochemical parameters of Cu?* and Bi®* in the copper electrorefining process under different
temperatures, H.SO4 concentrations, electrode speeds and other conditions. Combined with the diffusion
layer theory and the mass transfer rate equation, our findings were used to establish a mathematical
model indicating the influence of different temperatures, acidities, speeds and other conditions on the
reduction reaction rate of Cu?* and Bi®* in the flow field of a forced-flowing electrolyte. This model can
be used to reveal the concentration change and reduction behavior of Cu?* and Bi** in the copper
electrorefining process and the effect of different electrolytic conditions on the purity of copper. And the
model can also be well applied in the actual copper electrorefining process, only need to substitute the
corresponding cation concentration, temperature and other parameters to this model, the reduction rate
of Cu?* and other impurity cations can be effectively predicted, so as to obtain the best electrorefining
conditions in advance.
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2. EXPERIMENTAL

2.1 Electrolyte preparation

Analytical grade sulfuric acid (H2SOa4, >98%), copper(ll) sulfate pentahydrate (>99%), and
bismuth oxide (>99%) were used to prepare the copper electrolyte and bismuth electrolyte. All aqueous
solutions were freshly prepared with deionized water. In this work, an electrolyte with a composition
similar to that of an industrial electrolyte was prepared for experiments to verify the applicability of the
model. Before each experiment, high-purity argon was blown into the electrolyte for 15 minutes to
remove dissolved oxygen. During the experiment, 30 mL of the electrolyte was placed in a 50 mL
electrolytic cell, and the temperature was kept constant by a water bath. All tests were carried out
between 313 and 333 K.

2.2 Electrochemical test and analysis

Linear sweep voltammetry curves (LSV) were measured on a CHI660C electrochemical
workstation (CH Instrument, Shanghai, China). The working electrode was a rotating glassy carbon
electrode (ATA-1B, Jiangsu Jiangfen, China), the counter electrode was a platinum wire, and the
reference electrode was a saturated calomel electrode (SCE). The glassy carbon electrode was
mechanically polished with wet alumina powder (0.05 to 0.3 um). During the tests, the rotation speed of
the working electrode was 100, 200, 300, 400, and 500 rpm. The potential was swept negatively from
0.2t0-0.5V at ascan rate of 50 mV s In addition, the electrode surface was allowed to reach a dynamic
steady state for 5 minutes before each test.

2.3 Electrorefining experiment

A three-electrode system was used in the potentiostatic electrorefining experiments, in which the
cathode was stainless steel (diameter =4 mm) , the anode was platinum wire , and the reference electrode
was the saturated calomel electrode [24]. During electrorefining, the concentration of Cu?* is 30-50 g L
! the concentration of H,SO4 is 150-250 g L™, the concentration of Bi®* is 1.5 g L%, the temperature is
313-333 K, and the electrorefining time is 2 h. The copper obtained by electrorefining was thoroughly
rinsed twice with distilled water and dried in an oven filled with Ar gas to prevent surface oxidation
before measurements. The copper and bismuth contents in the electrolyte and the products were
quantitatively analyzed by EDX-LE and ICP-MS.

3. MATHEMATICAL MODELS

In the flow field of a forced-flowing electrolyte, when the electrolyte polarization is large (n>100
mV), the reaction rate of cations (v) on the electrode surface is given by equation 1:
I o0, anFE
V—E—k C*Aexp(—

i) (1)
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Meanwhile, according to the mass transfer rate equation, the diffusion rate (v’) of cations from
the bulk solution to the electrode surface is shown in equation 2:

v =k, A(Co — C) 2)

In this equation, the mass transfer rate k; = %, where D is the diffusion coefficient, o is the
thickness of the diffusion layer, C™ is the cation concentration on the electrode surface and Cy is the bulk
solution concentration of cation.

When the electrolysis process reaches an ideal steady state, the reaction rate and diffusion rate

of cations reach equilibrium (equation 3):
anFE

v=kC"exp(———) = k.(Co— C") ©)
The theoretical model (equation 4) can be calculated from the following steps:
First step
v _ ¢
dt  1/Ak+1/(Ak0 exp(-2a0))
Second step
1 1 pt 1
N fEdC ~ v 70 14K, +1/(akO exp(—aziE)) dt
Third step
C(t) = Coexp(—3 ; dt) (4)
0 V70 1Ak, +1/(4KO exp(—EE

)
RT
where V is the volume of the electrolyte, A is the exposed area of the electrode, ki is the function

for the flow rate of the solution, k° is the reaction rate constant, « is the transfer coefficient, n is the
number of transferred electrons, F is the Faraday constant, and E is the electrodeposition potential.

In the flow field of a forced-flowing electrolyte, this mathematical model can be used to reveal
the functional relationship between the copper ion concentration variation (C(t)) and electrolysis
conditions such as the solution flow rate and polarization potential. Similarly, the relationship between
the impurity ion concentration and these electrolysis conditions can also be explained. The diffusion
coefficient, the thickness of the diffusion layer, the reaction rate constant and the transfer coefficient can
be obtained by using a rotating disk electrode combined with electrochemical tests.

3.1 Determination of model parameters

3.1.1 Diffusion coefficient and the thickness of the diffusion layer

The diffusion coefficients of Cu?* and Bi®* can be determined by measuring the limiting current
density when copper and bismuth are deposited on a glassy carbon electrode under different conditions
in a forced-flowing electrolyte [25]. The function of the diffusion coefficient’s impact on the limiting
current density is shown in the following Levich equation (equation 5), and the function presenting
diffusion layer thickness based on the diffusion coefficient is shown in equation 6 [22, 26, 27].

g = 0.62nAFD§v1_%C°a)% (5)

5 = 1.61D3Ys0 "z 6)

where igq is the cathode limiting current density, n is the number of electrons transferred during
the reaction, F is the Faraday constant, A is the surface area of the electrode, D is the diffusion coefficient,
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o 1s the rotating angular velocity, v is the kinematic viscosity of the electrolyte, Y is the dynamic
viscosity of the electrolyte, and C° is the bulk concentration of cations.

Fig. 1 shows the linear voltammetry curves of Cu?* and Bi®*. Under different Cu?*
concentrations, the limiting current density plateau of Cu?* appears at a potential of approximately -0.35
V, and 1.5 g L™ Bi®* appears at approximately -0.1V.
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Figure 1. The linear voltammetry curves of Cu?* and Bi®*. (T = 323 K, H2S04 = 200 g L™, 500 rpm)
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Figure 2. i-o*? diagrams of Cu?* and Bi®*. (T = 323 K, H2S04 =200 g L%, 500 rpm)
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Fig. 2 shows the relationship between the limiting current density (i) and the corresponding
rotating speed (w) obtained from Fig. 1. Both i and w*? of Cu?* and Bi®** show a linear relationship.
Based on the line slope, the corresponding diffusion coefficient and the thickness of the diffusion layer
can be calculated.

3.1.2 Reaction rate constant and transfer coefficient

Important kinetic parameters, such as the reaction rate constant (k°) and the transfer coefficient

(o), can be calculated by Tafel curves using equations 7 and 8 [28, 29].
anFE

i® =nFCyk%exp(— —) (7)
an = 2.3(;{3RT ®)

where k is the slope of the dotted line shown in the Fig. 3.

Fig. 3 shows the Tafel curves of Cu?* and Bi®* reduction at the cathode. Through the extrapolation
method, the corresponding exchange current density (i% were inferred. Then, the reaction rate constant
and the transfer coefficient were acquired. These three parameters were used to reveal the difficulty of
reducing copper and impurity ions under different conditions. For example, as the concentration of Cu?*
increases, the exchange current density increases accordingly, that is, the driving force required for
reduction decreases, and the deposition of copper becomes easier.

log i logi

—15gL"'Bi"

Mk N % M

Figure 3. Tafel curves of Cu?* and Bi**. (T = 323 K, H2S04 = 200 g L%, 500 rpm)

4. RESULTS AND DISCUSSION

4.1 The influence of various factors on the cathode copper purity with the theoretical model

In the copper electrolyte containing bismuth impurities, the reduction process of Cu?* and Bi®*
under different temperatures, electrode speeds and other electrolysis conditions was investigated by a
rotating disk electrode. The influence of bismuth on the theoretical composition of deposited copper was
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calculated according to the theoretical model. The electrolyte with a high concentration of bismuth was
used in the theoretical study to better understand the effect of bismuth impurities on copper purity.
Electrorefining experiments were carried out to define the accuracy of the model. In addition,
electrorefining experiments in simulated industrial electrolytes were also conducted to verify the
applicability of the model under complex conditions.

4.1.1 Influence of different initial copper concentration

Table 1 shows the D, &, k® and an of Cu?" and Bi®* as calculated by equations 5, 6, 7 and 8 in
the flow field of the forced-flowing electrolyte. As the Cu®* concentration increases, the diffusion
coefficient of Cu?* decreases slightly. This is consistent with the conclusion given by Michael [30].
Meanwhile, as the concentration increases, an shows an upward trend because the higher bulk
concentration makes it easier for Cu?* to migrate to the electrode surface.

Table 1. D, §, k° and an of Cu?* and Bi®* under different initial Cu®* concentrations. (T = 323 K, H2SO4
=200 g L, 500 rpm)

C@Lh Dem?st)  S(em) k°(cms?) an
Cu=30 9.37x10°  2.19x1073 0.398 0.76
Cu=40 9.20x10°®  2.17x10°3 1.003 0.87
Cu=50 8.57x10° 2.17x10°3 1.775 0.95
Bi=1.5 9.03x10°® 2.07x10° 0.0827 0.75

The above data are substituted into the theoretical model (equation 4), and the corresponding
Cu?* and Bi** concentrations at different times are shown in Fig. 4.

With increasing initial Cu?* concentration, the deposition rate of Cu?* increased from 0.182 g h-
110 0.246 g h. As the ion concentration in the bulk solution rises, the ion concentration on the electrode
surface also increases, resulting in the affect of ion mass transfer on the cathodic reduction rate being
weakened. The control step determining the reaction rate gradually shifts from diffusion control to
charge control, leading to an accelerated deposition rate [31, 32].

Fig. 5 shows the theoretical composition of deposited copper at different initial Cu?*
concentrations. (The initial concentration of Bi** is 1.5 g L™). It can be concluded that as the initial
concentration of Cu?* increases from 30 g L™ to 50 g L™, the purity of the cathode copper increases by
0.30%. Based on the analysis of Table 1, the increase in the Cu?* concentration significantly increases
on and k°. Furthermore, the rise of Cu?* concentration in the bulk solution significantly increases the
Cu?* concentration on the electrode surface, and causes the potential required for deposition to move
forward according to the Nernst equation (equation 9), resulting in a decrease of the electrodeposition
resistance.

RT
Pyt = Pune gy + = In[M™] 9)
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Figure 4. Theoretical Cu®* and Bi** concentration with time under different initial Cu?* concentrations.
(@) Cu**=30gL% b)Cu**=40gL?:c)Cu?=50gL?d)Bi* =15gL? T=323K, H,SOs
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Figure 5. Theoretical composition of deposited copper under different initial copper concentrations. (Bi
=159 L% T=323K, H,S0,=200g L?, 500 rpm, E =0.01 V)

Therefore, Cu?* is easier to reduce at the cathode. In summary, actual electrorefining should be
carried out in an electrolyte with a Cu?* concentration higher than 40 g L™, and the electrolyte should be
replenished regularly to maintain the Cu?* concentration at a high level.
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4.1.2 Influence of different temperature

Table 2 shows the D, §, k® and on of Cu?* and Bi** at different temperatures calculated by
equations 5, 6, 7 and 8 in the flow field of the forced-flowing electrolyte. Table 2 shows that the diffusion
coefficient of Cu?* and Bi®" increases with increasing temperature [30], and that high temperatures can
significantly accelerate the diffusion rate of ions in the electrolyte [33]. However, it can also be observed
that the transfer coefficient of Cu®* decreases when the temperature is higher than 323 K.

Table 2. D, §, k° and an of Cu?* and Bi*" at different temperatures. (Cu=30gL?, Bi=1.5g L™, H,SO4
=200 g L%, 500 rpm, E = 0.01 V)

Cu Bi

Dx10% §x10° k© Dx10% §x10° kO

cm?st)  (em)  (emshH M (em?sh  (em)  (cms?)
313 7.6 206 0159 067  7.87 204 00588 0.64
318 843 213 0286 072 837 205  0.0692 0.69
323 937 217 0398 080  9.03 207 00827 0.75
328 1018 221 0549 078  9.62 209 01019 0.81
333 1176 223 0724 077 1040 211 01241 0.86

T

on

By substituting the data in Table 2 into the theoretical model (equation 4), the relationship
between the concentrations of Cu?* and Bi®** and time is calculated at different temperatures, as shown
in Fig. 6. As the temperature rises, the deposition rate of Cu?* first increases and then decreases; the
reduction rate is the fastest at approximately 323 K. For Bi®*, the deposition rate increases monotonically
with increasing temperature. The reduction rate of Cu?* decreased after the temperature increased past
323 K, which was most likely due to the amount of Cu?* diffusing to the electrode surface reaching the
limit of electrochemical reduction at high temperature. Currently, the reduction rate of Cu?* is less
affected by the liquid phase mass transfer process, and the charge transfer step becomes the rate-
determining step of the reduction. In addition, when the temperature is higher than 323 K, the transfer
coefficient of Cu?* decreases; in other words, the activation energy required for the reduction increases,
and the reduction of Cu?* becomes difficult.

&
g

w
=
=

in

=

%
hed
n

I

b
|

—313K
—— 318K
— 323K
—— 328K
— 333K

—313K
— 318K
— 323K
— 328K
—333K

'
-
n

Cu®’ concentration / g L
2
=
=
5

Bi"* concentration / g L
.
=)

e
g
=

'S

=

0 6000 12000 18000 24000 30000 36000 0 6000 12000 18000 24000 30000 36000
time /s time /s

Figure 6. Theoretical curves of Cu?* and Bi®* concentration with time at different temperatures. (a) Cu
=30gL% b)Bi=15gL% HSO4=200¢g L?, 500 rpm, E = 0.01 V)
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Fig. 7 shows the theoretical composition of deposited copper at different temperatures. As shown
in Fig. 7, with increasing temperature, the purity of copper decreases, from 99.00% at 313 K to 98.38%
at 333 K. When the temperature was lower than 323 K, it had little impact on the purity, but when the
temperature was higher than 323 K, the copper purity dropped rapidly. This happened was mainly
because the reduction rate of copper decreased while the reduction rate of bismuth increased.
Simultaneously, the rise of temperature possibly also accelerates the dissolution rate of the cathode
copper , resulting in a decrease in the deposition amount and purity of copper. Because a low temperature
will affect the solubility of copper in the electrolyte and the production efficiency of electrorefining, 323

K is the most suitable electrolysis temperature.

Figure 7. Theoretical composition of deposited copper at different temperatures. (Cu=30g L?, Bi =
1.5gL?, H,S04=200g L%, 500 rpm, E =0.01 V)
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4.1.3 Influence of different electrode rotating speeds

Table 3. §, k° and an of Cu?* and Bi** under different electrode rotating speeds. (Cu=30g L, Bi =

15gL% T=323K, H2S0, =200 g L%, E = 0.01 V)

Speed Cu Bi
f:)eni 5% 103 K0 5% 107 R
(cm) (cms?) (cm) (cms?)
100 4.86 2.578 0.95 4.63 13.37 1.26
200 3.44 1.886 0.91 3.28 3.066 1.11
300 2.81 0.971 0.85 2.68 0.732 0.97
400 2.43 0.589 0.80 2.32 0.589 0.86
500 2.17 0.398 0.76 2.17 0.0827 0.75

Table 3 shows the &, k° and an of Cu?" and Bi®*" at different electrode rotating speeds as
calculated by equations 5, 6, 7 and 8 in the flow field of the forced-flowing electrolyte. Among them,
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Dcu=9.37x10° mA cm?, Dgi=9.03x10° mA cm™?. With increasing electrode rotating speed, the
thickness of the diffusion layer of Cu?* and Bi®* decreases significantly, indicating that their diffusion
resistance is reduced. However, the increase in rotational speed also leads to a decline in the transfer
coefficient, which may be attributed to the convection of the solution and the destruction of the double
layer on the electrode surface at a higher rotating speed, which results in a decrease in the apparent
concentration of ions in the solution. The activation energy needed for reduction is increased.

The Cu?* and Bi** concentrations shown at different times are shown in Fig. 8 and were found
by substituting the data of different electrode rotating speeds in Table 3 into the theoretical model
(equation 4). It can be observed that with the continuous increase of the rotating speed during
electrorefining, the deposition rate of Cu?* first rises first and then decreases while the deposition rate of
Bi** always shows a downward trend. The increase in rotational speed can accelerate the migration of
Cu?" and Bi** in the bulk solution but can also lead to the reaction rate constant of the two ions decreasing
continuously, which might also be caused by the negative reaction of hydrogen evolution on the
electrode surface. At the same time, a high rotational speed decreases the transfer coefficient of the two
ions, and increases the activation energy required for the reduction. The combined influence of the above
factors eventually leads to a slower deposition rate of Cu?* and Bi®* at a higher electrode rotating speed.
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Figure 8. Theoretical curves of Cu?* and Bi** concentration with time under different electrode rotating
speeds. (a) Cu=30g L% b)Bi=159gL? T=323K,H:S04=200gL? E=0.01V)

Fig. 9 shows the theoretical composition of deposited copper at different electrode rotating
speeds. With increasing rotating speed, the purity of the copper product continuously increases, from
98.36% at 100 rpm to 98.84% at 500 rpm. In other words, a higher electrode rotation speed during
deposition slightly hinders copper deposition, but the inhibition effect on Bi®* is greater, which is helpful
to improve the purity of the copper. In actual electrorefining, it is ideal to control the speed at
approximately 400 rpm or keep the solution flow rate at an equivalent level.
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Figure 9. Theoretical composition of deposited copper under different electrode rotation speeds. (Cu =
30gLY Bi=159gL? T=323K,H;S0,=200gL?, E=0.01V)

4.1.4 Influence of different H2.SO4 concentration

Table 4 shows the D, &, k® and an of Cu?* and Bi®* at different HSO4 concentrations as
calculated by equations 5, 6, 7 and 8 in the flow field of the electrolyte. Table 4 shows that with
increasing sulfuric acid concentration, the diffusion coefficients of Cu?* and Bi®* decrease, but the
thickness of the diffusion layer remains practically constant. Michael [30] found that increasing the
sulfuric acid concentration from 160 g L™ to 200 g L™ reduced the diffusion rate of copper ions by 20%.

The increase in sulfuric acid concentration may cause the viscosity of the electrolyte to increase greatly,
which makes diffusion difficult [34].

Table 4. D, 5, k° and on of Cu?* and Bi** under different H,SO4 concentrations. (Cu=30g L?, Bi =
15g L% T=323K, HSO4 = 200 g L, E = 0.01 V)

Cu Bi
C(HZLS_?“) Dx10% §x10°  k° Dx10% §5x10°  k°
g cm?sY  (em) (ems?) ™ (em?sd  (m) (cmst) "
150 9.77 218 0207 074 957 208 00493 0.70
200 9.37 217 0398 076 903 207 0.0827 0.75
250 9.09 218 0454 083 849 206 01472 0.78

The Cu?* and Bi®* concentrations at different times corresponding to the data of different H.SO4
concentrations in Table 4 being substituted into the theoretical model (equation 4), are shown in Fig. 10.
It is obvious that the changes in the Cu?* and Bi®" reduction rates are different. For Cu?*, when the
sulfuric acid concentration was 200 g L™, the reduction rate was the fastest, while the reduction rate of
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Bi* increased with increasing sulfuric acid concentration. Combined with Table 4, it can be seen that
within the adopted H2SO4 concentration range, the reaction rate constant and transfer coefficient of the
two cations both increase; that is, a high H2SO4 concentration can promote the reduction of Cu?* and
Bi* [35]. However, when the H.SO4 concentration increases from 200 g L™ to 250 g L%, the reaction
rate constant of Cu?* only has a small change, indicating that there is a strong hydrogen evolution side
reaction in the electrolyte, which affects the reduction of Cu?*. In addition, at this time, the viscosity of
the electrolyte is high, so the generated hydrogen cannot quickly separate from the electrode, which
hinders the reduction of Cu?*. For Bi®* with a lower concentration, fewer sites are required for discharge
reduction on the cathode surface, and the reaction rate is less affected by the hydrogen evolution reaction.
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Figure 10. Theoretical curves of Cu?* and Bi®" concentration with time under different H2SOq4
concentrations. () Cu=30g L% b)Bi=15gL™ T=323K,500rpm, E =0.01V)
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Figure 11. Theoretical composition of deposited copper under different H.SO4 concentrations. (Cu = 30
gL1, Bi=15gL? T=323K,500rpm, E=0.01V)

Fig. 11 shows theoretical composition of deposited copper under different H.SO4 concentrations.
Obviously, the copper obtained when H,SO4 was 200 g L™ had the highest purity. Compared with 250
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g L™ H,S04, the theoretical composition of deposited copper can be increased by 1.3%. The purity of
copper obtained in 150 g L™t H,SO4 was also better than 250 g L. Therefore, the H2SO4 concentration
should not be too high in actual electrorefining; approximately 200 g L™ is appropriate.

4.1.5 Influence of different deposition potential

Fig. 12 shows the theoretical curves of the Cu?* and Bi®* concentrations at different times
calculated by the theoretical model under different deposition potentials. It can be concluded that when
the potential is negatively shifted during deposition, the deposition rates of Cu?* and Bi®*" are both

accelerated significantly, which is attributed to the greater driving force for reduction at a more negative
potential.
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Figure 12. Theoretical curves of the Cu?* and Bi®* concentrations under different deposition potentials.
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Fig. 13 shows the theoretical composition of deposited copper at different electrode rotating
speeds. As the deposition potential shifts negatively, the purity of the copper gradually decreases. At this
time, both Cu?* and Bi®* obtain a larger reduction driving force, in other words, they have a faster
reduction rate, resulting in an increase of the Cu?* depleted area on the electrode surface, more Bi®* can
be reduced at the cathode. And the copper reduction rate is affected by the side reaction of hydrogen
evolution at a relatively negative potential, which reduces the copper purity [36].

In actual industrial electrorefining processes, a more positive potential should be selected for
electrorefining. However, an excessively positive potential also leads to a deceleration of the deposition
rate, eventually affecting the production efficiency of copper electrorefining. Therefore, it is appropriate
to control the deposition potential between -0.01~0.01 V.

4.2 Experimental verification of the theoretical model

The effects of temperature, rotation speed and deposition potential on the theoretical composition
of deposited copper were analyzed by a theoretical model. The results indicate that the higher Cu?*
concentration and rotating speed, the lower temperature and deposition potential are beneficial for
obtaining high-purity cathode copper, while a sulfuric acid concentration of 200 g L is the most
favorable to improve the purity of copper. To verify the validity of the theoretical model, electrorefining
experiments were carried out under the corresponding conditions.
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Fig. 14 shows the variation in the cathode copper purity during electrorefining. Under the same
conditions, the change rule of copper purity in the actual electrorefining process is consistent with that
obtained by the above theoretical model, which means that the model can effectively reflect the change
in copper purity after electrorefining.

At the same time, the applicability of the theoretical model to industrial electrolytes was verified.
Combined with the above experimental results, the electrorefining experiments were carried out in the
industrial electrolyte using the optimal process given by the theoretical model. The obtained products
were dissolved in nitric acid for ICP-MS detection. The results are shown in Table 5. The Cu?®'
concentration in the electrolyte decreases from 40 g L™ to 37.96 g L™ and 37.31 g L after 10 h
electrolysis, which is almost consistent with the calculated Cu?* concentration of 37.75 g L. It is worth
mentioning that the purity of copper can reach 99.995% in electrolytes with high impurities. Overall, the
optimal process given by the theoretical model is also suitable for industrial electrolyte systems and can
effectively predict the change in ion concentration in different copper electrolytes to obtain the optimal
electrolysis conditions for the preparation of high purity cathode copper.

Table 5. Electrolyte composition and actual cathode copper purity (T = 323 K, H2SO4 = 200 g L, 400

rpm, E =0.01 V)
“ Electrolyte composition (g L™?) 10 h electrolysis (g L ™) Copper
Cu As Sb Bi Ni Cu (theory/actual) purity (%)
1 40 12 0.6 0.4 10 37.75/37.96 99.984
2 40 8 0.2 0.2 10 37.75/37.31 99.991
3 50 8 0.6 0.2 10 47.54/47.18 99.995

5. CONCLUSIONS

In the flow field of the forced-flowing electrolyte, the influence of the temperature, H.SO4
concentration, deposition potential and other electrolysis factors on the cation reduction rate was
determined based on diffusion layer theory. A theoretical model was established, which can be used to
predict the rules for changes in Cu?* and Bi®* concentrations in different electrolysis conditions during
electrorefining. The most favorable conditions for the deposition of Cu?* according to the theoretical
model and for minimizing the precipitation of Bi** were found to be 323 K, 400-500 rpm, 200 g L
H2SO4 and a relatively positive potential . Electrorefining experiments confirmed that the change rule of
copper purity under the same conditions is consistent with the theoretical model, indicating that the
model can be used in electrorefining processes. Based on theoretical research, copper electrorefining
experiments that simulate industrial electrolysis were carried out, and the results showed that the change
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in Cu?* was consistent with the results obtained by the theoretical model. The purity of copper reached
99.995% when Cu was 50 g L%, Ni was 10 g L™ and As, Sb, and Bi were 8, 0.6, and 0.2 g L™,
respectively. This paper provides effective guidance for industrial copper electrorefining.
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