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Abstract: Increasing current density is one of the main methods for improving the productivity of
copper electrorefining. However, in the conventional bottom-inlet/top-outlet mode, an increase
in current density leads to a deterioration of the surface quality of the cathode copper. This paper
describes an experimental study of the influence of the jet flow between electrodes on the cathode
quality. The surface roughness and the standard deviation of the cathode copper were used to
evaluate the cathode quality. The results showed that in the single-side jet inlet mode, the electrolyte
circulation rate has great influence on the surface roughness of the cathode copper, which is inversely
correlated. However, when the electrolyte circulation rate is small, the surface roughness of the
cathode copper is not uniform. The farther the position at the surface of the cathode copper is to the
jet region, the coarser the cathode copper surface, and vice versa.
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1. Introduction

Copper electrorefining is the final process in copper pyrometallurgy to achieve the purity of
the product. The copper ions dissolved from the blister copper anode are deposited at the cathode.
Meanwhile, the impurities enter the anode slime, and thus high purity copper is produced. High
current density electrolysis occurs in the direction of copper electrorefining and also becomes the most
effective way to enhance productivity and production [1].

At present, there are two main methods for copper electrorefining according to the cathode
type. One is the conventional starting sheet process with a current density of 220–280 A·m−2,
and the other is the permanent stainless steel cathode process with a higher current density of
280–330 A·m−2 [1]. Regardless of the process, in the conventional way of the electrolyte circulation,
namely bottom-inlet/top-outlet, an increase in current density leads to an increase in the thickness of
the diffusion boundary layer and a depletion of copper ions near the cathode. Therefore, both particles
and streaks occur at the surface of the cathode copper, which eventually cause the deterioration of the
cathode quality [1,2].

In order to increase the electrolyte flow between the cathode and the anode, several new ways of
altering the electrolyte circulation have been proposed. Kawai and Miyazawa [3] studied three different
alternatives: Bottom inlet to top outlet, top inlet to bottom outlet, and side inlet to top outlet. The results
of the calculation have shown that the electrolyte flow between the electrodes is caused mainly by
natural convection, and it is insensitive to the electrolyte circulation way. Zeng et al. simulated the

Metals 2018, 8, 833; doi:10.3390/met8100833 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0002-0630-0763
http://www.mdpi.com/2075-4701/8/10/833?type=check_update&version=1
http://dx.doi.org/10.3390/met8100833
http://www.mdpi.com/journal/metals


Metals 2018, 8, 833 2 of 8

copper concentration profile and slime particle trajectory in a newly designed copper electrolytic cell
with only a single anode–cathode pair. This cell has three different inlet/outlet configurations: With its
inlet on the side wall near the cell top and its outlet on the opposite side wall near the cell bottom [4], its
inlet at the cell top and its outlet near the cell bottom [5], and direct side inflow from inlets on the side
wall [6]. In 2005, the METTOP-BRX-Technology was developed by Mettop GmbH (Austria) for copper
electrorefining [7,8]. This technology utilizes a manifold inlet to achieve a parallel electrolyte flow and
to introduce the fresh electrolyte directly to the cathode surface. Both the copper ion concentration
and the temperature of the electrolyte become more homogeneous in the entire cell, which reduces
the thickness of the diffusion boundary layer at the cathode and ensures very good cathode quality in
copper electrorefining at high current densities.

Although the METTOP-BRX-Technology has been in use industrially, the influence of the parallel
flow on the cathode quality in copper electrorefining with high current density has rarely been
reported. In the present paper, an experimental study of the application of a similar technique in copper
electrorefining was carried out. The effects of the electrolyte inlet mode, the electrolyte circulation rate,
and the position of the jet on the surface quality of the cathode copper were investigated, providing
theoretical guidance for better application of the technology.

2. Experimental Details

Figure 1a is a schematic diagram of the experimental device for copper electrorefining. A 2 L
Plexiglass container (Dieneng Inc., Chongqing, China) was used as the electrolytic cell, which was
connected to a 25 L plastic barrel with plastic pipes, pumps, and flowmeters to circulate the electrolyte
during the electrorefining process. Before and during the experiment, a heating belt around the barrel
was utilized to keep a constant electrolyte temperature, and an electrically powered stirrer was used to
ensure the homogeneity of both the temperature and the composition for the bulk of the electrolyte.

Figure 1. Schematic diagram of the experimental apparatus for copper electrorefining in
(a) conventional bottom-inlet/top-outlet mode and (b) single-side jet inlet mode. 1, plastic barrel; 2,
heating belt; 3, electrolyte outlet; 4, anode; 5, cathode; 6, electrolytic cell; 7, electrolyte; 8, pump; 9,
electrolyte inlet; 10, electrically powered stirrer; 11, thermometer; 12, nozzle; 13, reservoir (Unit: mm).

A blister copper anode (Oudifu Inc., Shenzhen, China) was used in the copper electrorefining
experiments, whereas the cathode was made of 2B stainless steel with an average surface roughness
of 0.39 µm after being polished with the sandpaper. The grit size of sandpaper was 10 µm. Four
anodes and three cathodes were fixed in the electrolytic cell to simulate the actual electrolyte flow in an
industrial cell, but only a single anode–cathode pair in the middle of the cell was powered. The cathode
was covered with transparent tape except for an area of 180 cm2 (150 mm × 120 mm) on which the
pure copper was to be electrodeposited. The same process conditions used in all experiments were as
follows: The electrolyte temperature was 50 ◦C, the distance between the cathode and the anode was
20 mm, the current density was 450 A·m−2, the concentrations of cupric ion and sulfuric acid were
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45 g·L−1 and 180 g·L−1, respectively, and no additives were used in the electrolyte. Before electrolysis,
the concentration of cupric ion in the electrolyte was measured by iodometric titration [9] and that of
the hydrogen ion was measured by acid-base titration with the bromocresol green−methyl red mixed
indicator solution. Both were adjusted to keep these concentrations constant.

Two inlet modes of the electrolyte were designed, and the outlet was the same near the cell top
in the present paper. One design was the conventional bottom-inlet/top-outlet mode, as shown in
Figure 1a. The advantage of this mode is that the anode slime suspended in the electrolyte can flow
out of the electrolytic cell quickly. The other design was the single-side jet inlet mode, as depicted
schematically in Figure 1b. The fresh electrolyte was introduced directly in the neighborhood of each
cathode as a jet flow from 3-mm-diameter plastic nozzles mounted in a specially designed Plexiglas
reservoir within the electrolytic cell. The nozzles could be inserted in any one of four equidistant rows
of round holes in the reservoir, and they were at a distance of 5 mm from the cathode surface.

Because the surface of cathode copper becomes coarser with increasing current density in copper
electrorefining [1,2], both the surface roughness and the morphology of cathode copper were used for
evaluating the cathode quality. Five measurement positions were selected at the surface of the cathode
copper, as shown in Figure 2, and the surface roughness of each position was measured with the stylus
method. The surface roughness of the five positions were averaged to evaluate the roughness of the
cathode copper. The standard deviation of the five data was calculated for reflecting the uniformity of
the roughness across the cathode copper. The surface morphology of cathode copper was observed
with a field emission scanning electron microscope (FESEM; JSM-7800F, Tokyo, Japan).

Figure 2. Measurement position of the surface roughness and morphology of cathode copper
(Unit: mm).

3. Results and Discussion

In copper electrorefining, the electrolyte is commonly circulated by the bottom-inlet/top-outlet
mode, as shown in Figure 1a. At high current density, as the electrolysis time increases from 1 h to
5 h, the surface roughness of cathode copper increases sharply from 1.32 µm to 8.18 µm (see Figure 3).
It can also be seen from Figure 4 that with an increasing electrolysis time, the surface morphology
of cathode copper becomes more uneven and the grain size increases significantly on the microscale.
In copper electrorefining production, the electrolysis time is up to 7 days, and it is expected that the
surface of the cathode copper will become much coarser at a high current density of 450 A·m−2. Due
to the limitations of the experimental conditions, the electrolysis time of all subsequent experiments
was 5 h.
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Figure 3. Effect of electrolysis time on the surface roughness of cathode copper in the conventional
inlet mode. Bars represent standard deviation. The electrolyte circulation rate was 1.0 L·min−1.

Figure 4. Surface morphology of cathode copper for different electrolysis times in the conventional
inlet mode: (a) 1 h; (b) 3 h; (c) 4 h; (d) 5 h. The SEM (Scanning Electron Microscope) sampling was at
the No. iii position of the cathode copper as shown in Figure 2 and the electrolyte circulation rate was
1.0 L·min−1.

In the conventional bottom-inlet/top-outlet mode, the surface roughness and standard deviation
of cathode copper gradually decrease with an increasing electrolyte circulation rate, as shown in
Figure 5. When the electrolyte circulation rate is greater than 2.0 L·min−1, the decline is slightly
reduced. This can be explained as a result of an increase in the electrolyte circulation rate, leading
to the quick renewal of electrolyte in the cell. However, because the distance between the cathode
and the anode is small and the area of the electrode plate is relatively large, fresh electrolyte flows out
mainly from the bottom and both sides of the cell, bypassing the electrodes [10], and very little fresh
electrolyte flows into the region between the electrodes. Therefore, after the electrolyte circulation rate
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is increased up to a certain point, the effect of improving the cathode quality is no longer obvious.
In general, the length of the industrial electrolytic cell is about 5 m and in that length, more than 100
electrode plates are positioned in parallel. It is inefficient to reduce the surface roughness of cathode
copper by increasing electrolyte circulation rate in the conventional inlet mode.

Figure 5. Effect of electrolyte circulation rate on the surface roughness of cathode copper in the
conventional inlet mode. Bars represent standard deviation.

In the single-side jet inlet mode, the fresh electrolyte was introduced directly between the anode
and the cathode as a jet flow. The electrolyte circulation rate has a great influence on the surface
roughness of cathode copper, as can be seen from Figure 6. As the circulation rate increases from
0.5 L·min−1 to 4.0 L·min−1, the surface roughness decreases obviously from 6.86 µm to 2.97 µm, and
the standard deviation drops sharply from 2.43 µm to 0.23 µm. It can thus be concluded that the jet
flow is able to improve the cathode quality effectively compared with the conventional inlet mode (see
Figure 5) during copper electrorefining at high current density.

Figure 6. Effect of electrolyte circulation rate on the surface roughness of cathode copper. Bars
represent standard deviation. The position of the single-side jet inlet was at the No. ii nozzle as shown
in Figure 1b.
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Figure 7 illustrates the variation in the surface roughness of cathode copper at different electrolyte
circulation rates. In the single-side jet inlet mode, the surface roughness is small at the center of
the cathode copper and gradually increases towards both ends when the circulation rate is less than
2.0 L·min−1. This is because the agitation range of the jet flow is limited when the circulation rate
is low, thus the jet flow has a large effect on the surface quality at the center of the cathode copper
and has little influence on that at both ends. As a consequence, the closer the position at the surface
of the cathode copper is to the jet region, the more flat the cathode copper surface, and vice versa,
as shown in Figure 8. As the circulation rate increases, the unevenness of the surface roughness of
cathode copper gradually decreases and almost disappears at 4.0 L·min−1.

Figure 7. Profile of the surface roughness at different positions of the cathode copper for various
electrolyte circulation rates. The position of the single-side jet inlet was at the No. ii nozzle as shown in
Figure 1b.

In the single-side jet inlet mode, the effect of the jet position on the surface roughness of cathode
copper is as shown in Figure 9. The cathode quality is the best at the No. ii nozzle (the surface
roughness is 3.62 µm and its standard deviation is 0.28 µm), and it is the worst at the No. iv nozzle (the
surface roughness is 4.53 µm and its standard deviation is 0.42 µm). The mechanism of the influence
of jet position on the cathode quality has to be found by analyzing both the electrolyte flow behavior
and the thickness of the diffusion boundary layer on the electrode surface. In our future study, we will
perform numerical simulations to reach these aims.

Figure 8. Cont.
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Figure 8. Surface morphology of cathode copper for different electrolyte circulation rates:
(a,b) 0.5 L·min−1; (c,d) 2.0 L·min−1; (e,f) 4.0 L·min−1. The position of the single-side jet inlet was
at the No. ii nozzle as shown in Figure 1b. The SEM samplings of (a,c,e) were at the No. i position of
the cathode copper, and the SEM samplings of (b,d,f) were at the No. iii position of the cathode copper,
as shown in Figure 2.

Figure 9. Effect of jet position on the surface roughness of cathode copper in the single-side jet inlet
mode. Bars represent standard deviation. The electrolyte circulation rate was 3.0 L·min−1.

4. Conclusions

In this paper, the effects of the electrolyte inlet mode, the electrolyte circulation rate, and the
position of the jet on the surface quality of the cathode copper were investigated experimentally during
copper electrorefining at high current density. The following conclusions were reached.

1. In the conventional bottom-inlet/top-outlet mode, an increase in electrolyte circulation rate has a
limited effect on the decrease of the surface roughness of cathode copper.

2. When a jet flow is introduced between the cathode and the anode, the electrolyte circulation rate
has a large influence on the surface roughness of cathode copper, and the two are negatively
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related. When the circulation rate is small, the surface roughness of cathode copper is not uniform.
The closer the position at the surface of the cathode copper to the jet region, the flatter the surface
of the cathode copper, and vice versa.

3. In the single-side jet inlet mode, when the jet position is at the middle height of the cathode
deposition zone, the cathode quality is the best.
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