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This work describes the design and optimization of a laboratory-scale copper elec-
trowinning cell based on reactive electrodialysis that incorporates a cathode made of
copper granules contained in a rotating squirrel-cage—type enclosure. It also incorporates
the Fe*" — Fe’™ + e anodic reaction to overcome the principal disadvantages of
conventional electrowinning technology. With this design, anolyte (aqueous FeSO, +
H,S0,) and catholyte (aqueous CuSO, + H,SO,) are kept separate by an anion mem-
brane that prevents cation transport between the electrolytes. Experiments were carried
out to characterize cell performance under various conditions, and results show that
energy requirements with this cell can be 25% lower than conventional industrial values.
The same results also show that the squirrel-cage cell can be used to electrowin copper
from impoverished electrolytes. © 2005 American Institute of Chemical Engineers AIChE J, 51:

2273-2284, 2005
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Introduction

Limitations of conventional copper electrowinning
technology

Although the technology involved in modern solvent extrac-
tion and electrowinning (EW) is over 30 years old and despite
the fact that electrowinning accounts for almost 1/5 of the
world’s copper production, there are several major disadvan-
tages associated with copper EW that have never been success-
fully overcome.

In traditional Cu EW cells, the Cu?>*/Cu® cathodic reaction
takes place on square sheet cathodes (height: 1 m, width: 1 m,
thickness: 0.1-1 cm) that alternate, side by side, with sheet lead
anodes of similar dimensions. The recirculation flow rate is be-
tween 10 and 15 m*h and the cell volume is about 8 m®. This
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causes a very low degree of electrolyte agitation in most of the cell
volume.

The disadvantages of conventional cells include a low mass-
transfer rate to the cathode surface (which in turn limits current
density); low specific cathode surface area (m*/kg) and the use
of an anodic reaction (2H,0 — O, + 4H" + 4e), which
requires elevated cell voltages resulting in high energy require-
ments (2 kWh per kg of deposited Cu); and environmental
issues associated with the production of acid mist. Attempts
have been made at producing improved cell designs by increas-
ing the mass-transfer rate, using particulate cathodes and re-
placing the anodic reaction by less energy-demanding reac-
tions. In spite of these efforts, no integral solutions have been
proposed. The limitations of conventional cells and attempts at
overcoming them have been reviewed by Cifuentes et al.!

Objectives

The work described here sets itself two distinct tasks:
(1) To design an alternative copper electrowinning cell that
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simultaneously overcomes the aforementioned shortcomings of
conventional EW technology.

(2) To carry out a series of laboratory-scale experiments to
characterize and optimize the kinetics of copper EW using this
design.

Overcoming the Limitations of Conventional
Electrowinning Cells

Cell designs

Although modifications of conventional cells have proven
useful in reducing cell voltage and increasing current density?
their drawbacks (such as accelerated corrosion of lead anodes
as a result of the dislodging of the oxide layer under ultrasonic
agitation, or air sparging and elevated pumping costs associ-
ated with forced electrolyte circulation) have limited the use of
such adaptations. This in turn has led to the more radical
approach of redesigning the Cu electrowinning cell, with par-
ticular emphasis placed on large cathode specific surface area
and electrolyte agitation.?> Various authors?>°® have suggested
the use of mesh, particulate bed, or fluidized bed cathodes,
although these designs have generally been considered for the
recovery of metals from dilute aqueous solutions and not as
alternatives to current EW technology.

The use of a particulate bed electrode (PBE) or of a fluidized
bed electrode (FBE)—where the particles are smaller and move
faster than in the PBE—has two clear advantages, given that
these designs promote electrolyte agitation, thereby improving
mass transfer, and the bed exhibits a larger specific surface area
compared to that of sheet electrodes. However, new electrode
types introduce new complications. Shortcomings of the fluid-
ized bed include problems arising from clogging of membranes
used in the cell (caused by the small particle sizes involved),
uneven potential distribution throughout the bed, and metal
deposition on the current feeders.>” A particulate bed cathode,
on the other hand, retains most of the advantages of the FBE
while eliminating some of its more problematical characteris-
tics. In addition to being simpler than the FBE in terms of
design and construction, applications of the PBE such as those
reviewed by Kammel® feature continuous contact between
cathode particles and current feeder, even while maintaining a
high degree of agitation. For the reasons listed above the
particulate bed cathode was chosen as the basis for the cell
developed in this work.

Anodic reactions

The cell voltage can be reduced by means of an alternative
anodic reaction that can lead to a lower equilibrium potential
difference between the cathodic and anodic reactions and lower
anodic overpotential. Several energetically advantageous reac-
tions have been considered,>%81° although some of these in-
volve toxic reactants or products, whereas others require ex-
pensive chemicals. One particular alternative that has proven
favorable in terms of cell voltage without introducing numer-
ous complications is the Fe** — Fe®>" + e anodic reaction. In
addition to having an equilibrium potential 0.46 V lower than
that of the conventional water decomposition reaction, research
shows that the ferrous to ferric ion reaction can produce lower
anodic overpotentials, provided an adequate anodic material is
used.! This alternative is also devoid of potentially hazardous
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or overly expensive reagents. Moreover, the generated ferric
ion can be used as an oxidizing agent in combined leaching
processes; it may also produce ferric compounds of commer-
cial value.

The presence of the Fe** ion in Cu EW electrolytes can lead
to a drastic reduction of the cathodic current efficiency as a
result of the reduction of ferric to ferrous ion on the cathode.®*
A practical solution is to separate anolyte and catholyte by
using electrodialytic membranes, thereby obtaining specific
reactions at both electrodes in a process known as reactive
electrodialysis (RED). In this case, the Cu’t + 2¢e - Cu°
reaction is to take place in the cathode, whereas the Fe?t —
Fe*" + e anodic reaction occurs in a separate anodic partition.
Recent developments in the application of ED include treat-
ment of solutions from copper electrometallurgy, as well as the
thermodynamic modeling of the speciation of these sys-
tems.!!-15

Experimental results show that a laboratory-scale copper
electrowinning cell using an anion membrane to separate ca-
thodic and anodic compartments can operate at cell current
densities in the 250—400 A/m? range with cell voltages ranging
between 1.0 and 1.9 V, depending on the anode material.:!3
This suggests that, from an energy consumption perspective, a
design based on RED with a ferrous ion anolyte is able to
perform better than conventional Cu EW technology, which is
characterized by cell current densities in the 250-350 A/m?
range with cell voltages = 2 V. However, energy is not the
only variable to be considered in a full comparison between the
performance of a new cell design and conventional technology
(see Conclusions).

Anode materials

The criteria for selecting anode materials must consider
anodic kinetics as well as more practical aspects. Cifuentes et
al.! recently investigated the effectiveness of several anode
materials for the ferrous to ferric ion reaction. In the cited
study, potentiodynamic experiments were carried out using
lead sheet (Pb), platinum sheet (Pt), platinum on titanium mesh
(Pt/Ti), ruthenium bioxide on titanium mesh (RuO,/Ti), irid-
ium bioxide on titanium mesh (IrO,/Ti), and graphite. Cell
voltages were measured in a RED cell using each material in
turn but otherwise operating under identical experimental con-
ditions, allowing a direct comparison of their efficacy as cata-
lysts for the Fe>" — Fe** + e anodic reaction. Pb did not
catalyze the studied reaction, but the remaining materials did.
Table 1 shows that, under the conditions studied, the reaction
is fastest on Pt, whereas the performances of Pt/Ti, RuO,/Ti,
IrO,/Ti, and graphite are satisfactory and not substantially
different.

Based on the aforementioned results, graphite bar anodes
were chosen for the RED cell developed in this work. The
decision was based on the performance shown by graphite
anodes as well as its unit cost, which is lower than that of the
alternatives.

Experimental Methodology
Cell and cathode design

In accordance with the findings relating to overcoming the
limitations of conventional electrowinning cells, it was decided
to incorporate the following key elements in the design:
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Table 1. Reactive Electrodialysis Cell Voltage (in V) for Three Cell Current Densities and Five Anode Materials

icen (A/m?) Pt PyTi RuO,/Ti IrO,/Ti Graphite
400 1.73 1.93 1.92 2.02 1.93
250 1.17 1.30 1.36 1.38 1.33
200 0.99 1.14 1.18 1.18 1.14

*Average value over 3-h tests. From Cifuentes et al.!

® Separate compartments for cathode/catholyte and anode/
anolyte.

e Particulate bed cathode consisting of Cu particles between
1 and 3 mm in diameter, with a proper current feeder system.

e Use of graphite bar anodes catalyzing the Fe**/Fe®* an-
odic reaction.

® Incorporation of agitation mechanisms for both catholyte
and anolyte.

The squirrel-cage RED cell design is a direct result of the
need to fulfill these objectives in the simplest way possible,
while adapting to laboratory conditions. The cell is a batch
reactor that incorporates 1800 cm® double-jacket recirculation
tanks for both anolyte and catholyte to increase electrolyte
capacity and maintain constant temperature. As previously
stated, the design incorporates a particulate bed cathode in
combination with graphite anodes catalyzing the ferrous to
ferric ion reaction. The use of anion membranes permits the
separation of a Fe(II) anolyte from a copper EW type catholyte.
A side-by-side layout was chosen for the anodic and cathodic
compartments (Figure 1) because of the simplicity of assem-
bling and disassembling the cell when using this arrangement.
Both compartments are made of 18-mm-thick acrylic sheet, a
material that shows high stability in the presence of moderate
concentrations of sulfuric acid and temperatures up to 70°C.
The two box-shaped sections are linked by a 12 X 13-cm
opening. The effective compartment volume is 975 cm? in both
cases. Both compartments are separated by an anion mem-
brane. The anode consists of 30 partially submerged graphite
bars (diameter: 4.85 mm; length: 200 mm). These are placed
vertically and are wired together with 0.5-mm copper wire in
their exposed upper ends. The apparent submerged anode sur-
face area was 550 cm?. Cifuentes et al.! determined that the
effective surface area of the graphite rods is 26% greater than
its apparent surface area, which gives a corrected figure of 690
cm? for these anodes.

The copper granules that constitute the cathode are contained
in a cylindrical enclosure intended to rotate about its central
axis (a “squirrel cage”). This cathode assembly was designed to
provide agitation as well as to serve as a current feeder for the
particles, given that the cage’s drive axle is also the main
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Figure 1. Cell layout.
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cathode bus bar (Figure 2). The cage consists of a polymeric
frame and covering mesh that minimizes both weight and
exposed conducting surfaces. Its internal measurements are 10
cm in diameter and 1.5 c¢cm in thickness, and internal volume is
about 115 ¢cm?®. Metallic current feeders are connected to the
drive axle (see Figure 2). They also allow for the lifting of the
granulated copper mass during the rotation of the squirrel cage.
Two graphite brushes, placed on the external part of the axle,
provide the electrical connection to the power supply. The bus
bar/drive axle was fashioned from cylindrical copper stock to
improve conductivity with the carbon brush assembly. A vari-
able-speed electric motor drives the cage through a polyamide
pinion situated on the external part of the axle.

The anode—membrane and cathode—-membrane distances
were 3 cm each, so that the anode—cathode separation was 6
cm.

Cell operation

The studied variables were current density (i..;, A/m? ref-
erenced to the apparent membrane surface area), temperature
(°C), electrolyte flow rate (cm’/min), cathode particle type
(granules or wire segments), cathode mass (g), and Cu concen-
tration in the catholyte (g/L). The cell’s performance was
evaluated by comparing cell voltage (V.;, V), current effi-
ciency (CE), and specific energy consumption (SEC, kWh/kg)
under different conditions. Anolyte/catholyte compositions and
basic experimental conditions were determined for cell opera-
tion (Table 2). Electrolytes were prepared using analytical-
quality CuSO,*5H,0, FeSO,-7H,0, and H,SO,. A cell rotation
velocity of 30 rpm was used as a standard condition, as was a
temperature of 50°C, which is similar to that of conventional
EW operations. Power was provided by a 20-A, 30-V Idisa
rectifier.

To separate anolyte from catholyte an Ionac MA3475 anion
membrane was fitted between both compartments. Membranes
were conditioned twice, for 24 h each time, in an agitated
beaker filled with a 190 g/L. H,SO, solution at 25°C, and were
disposed of after each use. The membranes were kept in place
by two 2-mm-thick rubber seals that left an exposed membrane

Catholyte Outiet

Squirrel Cage

HodeMiain Bus Bar

Current FMBE: F

Cathode
Particles.

Figure 2. Squirrel-cage cathode assembly.
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Table 2. Electrolyte Properties under Standard Conditions

Electrolyte Composition (g/L)

Temperature Flow Rate
Electrolyte [Cu*] [Fe**] [H,S0,] (°C) (cm®/min)
Catholyte 40.0 0 190 50 900
Anolyte 0 55.8 190 50 900

surface of 10 X 10 cm. The entire cell was held together by 11
stainless steel bars bolted at both ends. Recirculation of the
electrolytes was carried out by two Watson-Marlow 505S
peristaltic pumps, and additional agitation was provided by
means of a Stuart Scientific SS3 stirrer in the anodic compart-
ment (equipped with a 3-cm-diameter impeller) and by the
rotation of the squirrel cage in the cathodic compartment. Total
volumes for anolyte and catholyte were 2000 cm® each. Two
double-jacket 1800 cm? recirculation glass tanks were used and
the temperature of both electrolytes was kept constant by
means of a Julabo thermostatic bath. Cell voltage was mea-
sured at rectifier connection points by means of a Fluke model
179 multimeter. Cell current was given by the rectifier itself
with a precision of 0.1 A.

Under standard operating conditions the cage was filled with
400 g of granulated copper that, having an apparent density of
5.13 glem?®, constitutes 2/3 of the cage’s internal volume. The
apparent density is defined as bulk mass/apparent volume. The
apparent volume is measured by means of a graduated cylinder
and it includes the empty volume between copper granules. As
a result, the apparent density is smaller than the density of a
solid copper block. Standard electrolyte conditions are as listed
in Table 2.

Three experimental protocols were devised to compare the
results obtained from operating under different conditions:

(1) Current density (i..;;) sweeps to determine V., for the
i, Tange available (300 to 1800 A/m?).

(2) Cu deposition at constant current density for a total of
3 h, with the objective of comparing deposition mass with
applied current and thus calculating current efficiency and
power consumption.

(3) Cell voltage vs. cage rotation speed (rpm).

Tests were carried out using a total of 15 combinations of the
experimental variables. Conditions for all tests are shown in
Table 3, where items in boldface type represent deviations
from standard conditions.

Cell voltage and specific energy consumption

The principal operational indicators are current efficiency,
cell voltage, and specific energy consumption. Current effi-
ciency was obtained by using Faraday’s equation to relate
deposition mass to applied cell current

mpr

It
eq F

(D

where the equivalent weight is eq = 63.546/2 for the Cu®"/Cu’°
cathodic reaction.

Current efficiency (CE) is thus obtained as the relationship
between Cu mass given by Faraday’s equation (m;) and total
deposition mass (m;), measured as the cathode assembly
weight difference before and after the experiment

m
CE= "
mg

2

Another important parameter is current efficiency for depo-
sition on the particulate cathode (CE,), which does not con-
sider copper deposition on the current feeders

mp
E,=—
¢ P mg

3)
Here m,, is the weight difference of the cathode particles before
and after deposition.

Specific energy consumption (SEC) considering all Cu dep-
osition, in kWh/kg Cu, is given by

Vcelllt _ F Vce]]

SEC == . = 3600¢q CE

“4)

Table 3. Experimental Conditions

Flow Rate Cathode Experimental
icen® (A/m?) T (°C) [Cu®"] (g/L) (cm?/min) Cathode Type Mass (g) Protocol*#

1000 50 40 900 Granular 400 1,2,3
1000 22 40 900 Granular 400 1,2,3
1000 35 40 900 Granular 400 1,2,3
1000 50 40 500 Granular 400 1,2,3
1000 50 40 1470 Granular 400 1,2,3
1000 50 40 900 Granular 200 1,2,3
1000 50 40 900 Granular 600 1,2,3
1000 50 40 900 1 mm wire 200 1,2,3
1000 50 40 900 1 mm wire 400 1,2,3
1000 50 10 900 Granular 400 1,2,3
500 50 40 900 Granular 400 1,2,3
n/a 50 40 900 Cu sheet n/a 1

n/a 50 10 900 Cu sheet n/a 1

*Cell current density (referred to apparent membrane surface area) used during prolonged deposition.
**Indicates which protocols were carried out under each set of conditions: 1 = current density sweep; 2 = prolonged deposition at constant i
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Figure 3. Cell voltage vs. cell current density for base
conditions.

T = 50°C, [Cu*"] = 40 g/L, Q = 900 cm*min, cathode =
400 g of granular type.

Thus, SEC is a function of average cell voltage V., (during
deposition at constant cell current /) and CE.

If deposition on current feeders is not considered, the spe-
cific energy consumption for deposition on the particulate
cathode is

Vcelll 1 F Vcell

SEC, = = 3600eq CE,

®)

Results and Discussion
Cell current

Experiments show that anodic and cathodic current densities
have the greatest effect on cell voltage and thus on energy
requirements. As Figure 3 shows, under standard conditions the
cell voltage exceeded 2 V at current densities > 930 A/m?.
Current efficiency did not substantially change and specific
energy consumption decreased from 1.67 to 1.06 kWh/kg when
the cell current density decreased from 1000 to 500 A/m’
(Table 4). This represents a 37% improvement in energy effi-
ciency with a 50% decrease in production rate.

If one examines the components of cell voltage (Eq. 6), the
potential drop in anolyte, catholyte, and membrane as well the
anodic and cathodic overpotentials all increase with cell current

Vcell = AE@ + Na + |77r| + (IR)a + (IR)C + (IR)m + 14 (6)

The standard equilibrium potentials at 25°C are 0.34 V for
the cupric/copper reaction and 0.77 V for the ferrous/ferric
reaction, both against SHE (standard hydrogen electrode). The
equilibrium potential for the anodic reaction (E, ,) at 50°C was
found to increase from an initial value of 0.67 to 0.78 V
(average value = 0.73 V) as the Fe* "/Fe** ratio in the anolyte
increased, whereas the equilibrium potential for the cathodic
reaction at 50°C remained at 0.33 V. Thus the average equi-
librium potential difference during the experiment was 0.40 V.

Whereas the electrolyte and membrane potential drops in-
crease proportionally with /, overpotentials do so according to
Egs. 8 and 9 derived from Fick’s law for mass-transfer control,

AIChE Journal August 2005

a high-field approximation to the Butler—Volmer equation for
charge-transfer control, and a relationship that links them both

1 1 1
it )

Imc et ImTe

In Eq. 7, iype, the current density under mass-transfer con-
trol, corresponds to the limiting current density i,.

In normal electrodialysis reversal (EDR) cell operation, both
reactions (cupric ion reduction and ferrous ion oxidation) are
under mixed control. As a function of cell current / and
electrode surface area S, the resulting expressions for the
overpotentials are, for an anodic reaction under mixed control

_RT (S 1 .
na - aaF n lO,a 7 - E ( )
and, for a cathodic reaction under mixed control
_RT ul S, 1 9
In.] = F M7 lied )

Given that the effective anode surface area is 690 cm?, under
standard conditions (/ = 10 A) the anodic current density is
145 A/m?. The value of the limiting current density for the
Fe’"/Fe’" reaction (i, ) was found to be 390 A/m>. Using
values for o, and i, , obtained under similar conditions' the
anodic overpotential given by Eq. 8 is 0.34 V. This suggests
that the Fe?"/Fe*" anodic reaction always takes place under
mixed control, as was previously assumed.

Electrolyte resistance, on the other hand, can be obtained
from the following equation

(10)

Cifuentes et al.»-'3 provide average values for the conductiv-
ity of electrolytes of the type used in this work

Anolyte Kosoc = 16.5Q7 'm™!

Catholyte Kesoe =73.9Q 'm™!

Equation 10 applies to a standard sheet electrode cell with a
fixed electrode distance d. For the squirrel-cage cell, individual
electrolyte resistances can be obtained by considering the an-
ode—-membrane distance (d,) and cathode—membrane distance
(d,), approximately 3 cm each. The area (a) used in Eq. 10 was

Table 4. Operational Indicators for Deposition at
1000 and 500 A/m> *

ien (A/M?) V™ (V) CE (%) SEC (kWhikg Cu)
1000 1.91 96.7 1.67
500 1.21 96.7 1.06

*Conditions: T = 50°C, [Cu*"] = 40 g/L, Q = 900 cm*/min, cathode =
400 g of granular type. CE, current efficiency; SEC, specific energy con-
sumption.

**Average cell voltage while operating at constant i

cell*
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Table 5. Cell Voltage (V,.,;, V) Quantification for Deposition at 1000 A/m> under Standard Conditions*

AE,**

MNa

[n]**

(IRq),**

(IRg),**

(Rgp),,**

p

Total

0.40

0.34

0.10

0.37

0.41

0.30

0.05

1.97

*T = 50°C, [Cu®*] = 40 g/L, O = 900 cm*/min, cathode = 400 g of granular type, d,, = 6 cm.

**From Cifuentes et al.!-1¢
"Measured.

that of the membrane, 0.01 m>. The resistances thus obtained
were 0.039 ) for the anolyte and 0.041 ) for the catholyte.
Combined, these are accountable for 0.8 V (42%) of the cell
voltage at 1000 A/m? under standard conditions.

The conductivity of both electrolytes should vary with pH,
given that the H" ion exhibits the highest mobility and diffu-
sivity, but measurements indicated that the pH varies by only
about 0.01 units during the tests. This is because no H" or OH™
ions are produced or consumed by the anodic and cathodic
reactions during normal cell operation. In other words, pH
variations do not contribute in a significant measure to cell
voltage variations.

Because the electrolytes are agitated, the assumption has
been made that they are well mixed, so that there are no
significant concentration gradients that could alter the conduc-
tivity and, as a result, there is no dependency of the conduc-
tivity on the Reynolds number.

Cifuentes et al.-'3 measured a 0.15-V potential drop across
an Ionac MA3475 membrane when operating under similar
conditions at 500 A/m> This extrapolates to 0.30 V when
operating at 1000 A/m?, under standard conditions.

The term p for various voltage drops deals mainly with the
effect of the resistance of the anode and cathode assemblies.
Because of the difficulty of obtaining dependable resistance
values of the various cell components, potential differences
while operating at 10 A were measured instead. Several such
measurements showed that an average voltage drop of 40 mV
occurs between anode bars and the anode assembly connecting
wire, whereas an additional voltage drop of 10 mV occurs
between the cathode connecting point and the drive axle. This
means that the total assembly resistance is only about 0.005 ()
and therefore it accounts for about 2.5% of cell voltage under

450 s -
- 35°C -

4.00 -
—50°C ]

3.50

Veen [V]
Now
o o
3 3
R
.
R
.
,

2.00 /
1.50 /
1.00

0.50 T T T T
300 600 900 1200 1500 1800
ieon [AMNT]

Figure 4. Cell voltage vs. cell current density for 22, 35,
and 50°C.
[Cu®"] = 40 g/L, Q@ = 900 cm*/min, cathode = 400 g of
granular type.
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standard operating conditions. This term does not include the
apparent resistivity of the particulate bed.

Table 5 shows a breakdown of the cell voltage for the
squirrel-cage cell operating under standard conditions. The
experimental value of V., (1.91 V, Table 4) is slightly lower
than the value obtained from published data (1.97 V, Table 5).

Temperature

An increase in electrolyte temperature can be expected to
affect mass transport by means of increased ion mobilities and
diffusivities as well as a lower viscosity, which in turn im-
proves convective and diffusive transport. The effect on cell
performance is shown in Figure 4, where there is a clear
relationship between temperature increase and cell voltage
reduction. The same is true for specific energy consumption
(Table 6), which is lowest for 50°C.

Cathode mass and cathode type

The granulated copper used for the cathode consists of
regular-shaped particles (Figure 5), 94% of which are between
1 and 5 mm in diameter. Apparent density (defined above) is
5.13 g/cm’. An alternative cathode material consisting of
I-mm-diameter copper wire, cut into 1-cm segments, was also
tested. The chopped wire has a homogeneous length distribu-
tion, ranging from 0.8 to 1.5 cm, and an apparent density of
2.66 g/cm>. Because of the narrow size ranges involved, both
particle distributions were obtained through photographic anal-
ysis.

Tests were carried out using 200, 400, and 600 g of granular
cathode. Increasing cathode mass has a two-pronged effect on
the charge-transfer characteristics of the cell. The cathode
surface area increases in direct proportion with cathode mass.
In addition to this, electrical contact between cathode particles
improves when the cage is filled so that cathodization of
particles can be expected to be more efficient with greater
cathode mass. Experimental results show that an increase of
granular cathode of 200 g results in a decrease in cell voltage
of 0.1 V (Figure 6).

Chopped wire cathode proved less adequate from an ener-
getic perspective than its granular counterpart, causing a 0.25 V
increase in average cell voltage. This was associated with an

Table 6. Operational Indicators for Deposition at Various
Electrolyte Temperatures*

T (°C) Ve (V) CE (%) SEC (kWh/kg Cu)
22 2.69 95.8 2.37
35 2.29 95.2 2.03
50 1.91 96.7 1.67

*Conditions: [Cu®>"] = 40 g/L, @ = 900 cm*min, cathode = 400 g of
granular type. CE, current efficiency; SEC, specific energy consumption.
**Average cell voltage while operating at i, = 1000 A/m°.

cell
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Figure 5. Granular (left) and chopped wire (right) cath-
ode particles.

increase in specific energy consumption of 9 and 13% for 200
and 400 g of cathode, respectively (Table 7).

For cell optimization under varying conditions, current effi-
ciency (CE) and specific energy consumption (SEC) are cal-
culated considering total copper deposition. An exception is
made when changing cathode mass and type because these
variables have a direct effect on the percentage of copper
deposition on the current feeders. For this reason, current
efficiency for Cu deposition on the particulate bed (CE,) and
specific energy consumption for Cu deposition on the particu-
late bed (SEC,) must also be compared.

Deposition on the current feeders was as high as 28.1%
when 200 g of granular cathode were used vs. an unwanted
deposition of only 2.6% for the same mass of chopped wire
(Table 8). Unwanted deposition on current feeders increases
when these are not obscured by cathode particles and are
directly exposed to the electric field. This explains why un-
wanted deposition decreases with increasing cathode mass, and
is partially responsible for the better performance of the
chopped wire, which has a lower apparent density (and thus
occupies more of the cage’s internal volume). In addition to
this the chopped wire is more abrasive than the well-rounded
granular cathode type. This is important because abrasion will
also hinder deposition on the fixed-current feeders.

4.50

=« 200 g granular
—— 400 g granular
—— 600 g granular
—e— 200 g wire
-9~ 400 g wire

4.00

3.50

0.50 v T T T
300 600 900 1200 1500 1800

iceu [AImZ]
Figure 6. Cell voltage vs. cell current density for differ-
ent cathode masses and types.

i = 1000 A/m?, T = 50°C, [Cu®"] = 40 g/L, QO = 900
cm”/min.
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Table 7. Operational Indicators for Various Cathode
Types and Masses*

Cathode

Mass SEC
Cathode Type (2) Veer®™* (V) CE (%)  (kWh/kg Cu)
Granular 200 1.97 96.2 1.73
Granular 400 1.91 96.7 1.67
Granular 600 1.79 99.3 1.52
Chopped wire 200 2.23 99.4 1.89
Chopped wire 400 2.12 97.6 1.83

*Conditions: T = 50°C, [Cu**] = 40 g/L, Q = 900 cm*/min. CE, current
efficiency; SEC, specific energy consumption.
*#Average cell voltage while operating at i_.,, = 1000 A/m?.

cell

Electrolyte recirculation

Tests were carried out using three different electrolyte flow
rates (Table 9). Electrode reaction rates increase with the
degree of forced convection caused by mechanical agitation
and recirculation of the electrolyte. This is to be expected
because the thickness of the diffusion layer (8), which forms
next to the electrode surface, diminishes with increasing agi-
tation, so that the limiting current density (i,) increases accord-
ing to Fick’s law

C
i, = zFD 3” = 7FkC, (11)

Changes in electrolyte circulation flow rate proved relevant
in the 500 to 900 cm’/min range, but had a negligible effect
when increased from 900 to 1470 cm?/min (Figure 7). Elec-
trolyte recirculation is not the only source of forced convection,
however. The anodic compartment is provided with a stirrer,
which lessens the contribution of anolyte recirculation. On the
other hand, although the rotating cathode assembly provides
some agitation of the catholyte, it is this part of the cell that
benefits most from recirculation because the squirrel cage
normally rotates at a slow speed (30 rpm). The mesh that
covers the cage, however, provides an obstruction to electrolyte
flow and probably accounts for the lack of improvement be-
yond 900 cm*/min.

Cage rotation speed

Experimental data in Figure 8 provide insight as to how the
rotation speed of the squirrel cage affects both the charge-
transfer and mass-transfer characteristics of the cathode. If
rotation is slow (<70 rpm) the particles settle to the bottom,
thus improving contact with the current feeders, which leads to

Table 8. Effect of Cathode Mass Type on Cu Deposition on
Current Feeders*

Mass  Deposition on CF CEp** SEC,**
Cathode Type (2) (%) (%) (kWh/kg Cu)
Granular 200 28.1 69.2 2.40
Granular 400 6.8 90.2 1.79
Granular 600 2.6 96.7 1.56
Chopper wire 200 2.6 96.8 1.94
Chopper wire 400 1.6 96.1 1.86

*Conditions: T = 50°C, [Cu?>*] = 40 g/L, Q = 900 cm®/min.
**CE,, current efficiency for deposition on particulate cathode; SEC,, specific
energy consumption for deposition on particulate cathode.
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Table 9. Operational Indicators for Deposition at Various
Electrolyte Flow Rates*

Flow Rate

(cm®/min) Vear®* (V) CE (%) SEC (kWh/kg Cu)
500 2.07 97.5 1.79
900 1.91 96.7 1.67
1470 1.89 97.8 1.63

*Conditions: T = 50°C, [Cu®>*] = 40 g/L, cathode = 400 g of granular type.
CE, current efficiency; SEC, specific energy consumption.
*#Average cell voltage while operating at i, = 1000 A/m*.

cell

a better potential distribution throughout the cathode and a
decrease in cell voltage (this corresponds to the V., minimum
in Figure 8). At fast rotation speeds (>150 rpm) the particles
are driven together by centrifugal force, forming a packed ring
inside the cylinder, which produces a similar effect to that of
slow rotation, but with better mass transfer resulting from the
high agitation and thus a V_;; minimum generally occurs in this
region. Intermediate velocities lead to a cascade-type flow of
the cathode particles, with intermittent contact with the current
feeders and a corresponding decline in cell performance (man-
ifested as the maximum cell voltage in the curves in Figure 8)
stemming from the poorer cathodization of the particulate bed.

Although the previous results suggest high rotation speeds to
be advantageous, continued operation under such conditions
led to a packing of the electrode particles with a subsequent
deterioration of mass-transfer characteristics and an early onset
of limiting current density as the Cu concentration in the
catholyte decreased. In addition to this, there is the practical
consideration of handling a solid-packed cathode mass. For
these reasons, a cage rotation speed of 30 rpm was chosen.

The effects of cage rotation speed are different under varying
flow rates and cathode types. When recirculation is low, the
cathode’s mass-transfer capabilities become more dependent
on cell rotation (its only other source of forced convection) and
the difference between maximum and minimum V., is widest,
as shown by the first data series in Figure 8.

The curves corresponding to high recirculation and low
recirculation (first and third data series in Figure 8) are closest
together at high cage rotation speeds, where cage rotation

450
- - 500 cm*min
4.00 4| = 900 cm*min
—— 1400 cm®min
3.50 .
3.00 et T
= L.
3 2.50 S
= . M&/
2.00 —
1,50 o
1.00 /
0.50 - — : ‘
300 600 900 1200 1500 1800
icen [AIM]

Figure 7. Cell voltage vs. cell current density for 500,
900, and 1470 cm3/min recirculation flow rates.

T = 50°C, [Cu®**] = 40 g/L, cathode = 400 g of granular
type.
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Figure 8. Cell voltage vs. cage rotation speed for various
flow rates and cathode types.
ioen = 1000 A/m?, T = 50°C, [Cu®>*] = 40 g/L.

provides most of the agitation and the flow rate difference is
least relevant. The opposite is true for low rotation speeds.

Results show that, when using a chopped-wire cathode, the
cell voltage is least dependent on cell rotation speed. This type
of material has a lower apparent density and when 400 g are
used the wire takes up most of the cage’s internal volume. This
suggests that the movement characteristics of the chopped wire
remain largely unchanged throughout the studied velocity
range.

Copper concentration and limiting current density

To obtain information on the mass-transfer capabilities of
the particulate electrode two experiments were carried out,
with catholyte Cu concentrations of 10 and 40 g/L, using a
sheet cathode of dimensions similar to those of the squirrel-
cage assembly. The sheet cathode consists of a 0.5-mm-thick
copper disc with a diameter of 11.3 cm. The disc was fastened
to the end of the drive axle, where the squirrel cage would
normally be mounted. The back of the disc was coated with
epoxy resin, leaving a total cathode surface area of 100 cm?
facing the membrane. Agitation was provided (as with the
squirrel cage), by rotating the disc at 30 rpm.

At [Cu?*] = 40 g/L the sheet cathode presented better
performance up to a membrane current density of 925 A/m?>
(Figure 9). Beyond that point the cell voltage with the sheet
cathode became substantially higher than that with the partic-
ulate electrode and hydrogen evolution was observed at 1300
A/m?, signaling the limiting current density for the Cu®"/Cu’°
reaction.

When the catholyte copper concentration was reduced to 10
g/L, the sheet cathode outperformed the particulate cathode
only at current densities between 300 and 500 A/m?, and a
limiting current density for the Cu®*/Cu® reaction on the sheet
cathode was reached between 500 and 600 A/m?.

The previous findings indicate that, when the rate-determin-
ing step for the Cu®"/Cu® cathodic reaction is charge transfer
(or when the electrode potential is in the mixed control range
but closer to charge-transfer control), the sheet electrode is
preferable because of its more uniform potential distribution.
One must keep in mind that the particulate cathode is charac-
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Figure 9. Cell voltage vs. cell current density for sheet
cathode and squirrel-cage assembly, operat-
ing with catholyte Cu concentrations of 10 and
40 g/L.

T = 50°C, Q = 900 cm*/min. H, denotes hydrogen evolution
(only on sheet cathode).

terized by a potential distribution where the cathodic potential
of the current feeders is shared only by those particles in direct
or indirect contact with them.

When mass transfer becomes a relevant factor at elevated
current densities, the particulate cathode is preferable to the
sheet cathode. The squirrel-cage cathode shows adequate per-
formance throughout the tested i..;; range, and independent test
runs place the limiting current density for the Cu”**/Cu® reac-
tion at >2500 A/m” under standard conditions compared to
1300 A/m? with the sheet cathode. The use of a catholyte with
a copper concentration of 10 g/L provides further proof. Here
the sheet cathode was altogether ineffective, whereas the squir-
rel cage allowed a sustained cell operation at 1000 A/m? with
Cu concentration in the catholyte becoming as low as 0.5 g/L
toward the end of the experiment, despite which specific en-
ergy consumption was <2 kWh/kg Cu (Table 10). This is
largely explained by the fact that the H*/H, cathodic reaction
did not occur until the end of the experiment and total current
efficiency was as high as 95.8%.

Cell voltage and specific energy consumption:
comparison with conventional electrowinning cells

The behavior of cell voltage over time while operating at
constant membrane current density, under standard conditions,
is shown in Figure 10. The cell voltage decreases during the
first 80 min of cell operation and then it slowly increases. This
behavior can be explained in terms of five effects:

(1) An initial increase in the conductivity of the membrane

Table 10. Operational Indicators for Two Cu
Concentrations in the Catholyte*

[Cu?*] (g/L) Ve* (V) CE (%)  SEC (kWh/kg Cu)
10 2.24 95.8 1.98
40 191 96.7 1.67

*Conditions: 7 = 50°C, Q = 900 cm*/min, cathode = 400 g of granular type.
CE, current efficiency; SEC, specific energy consumption.
**Average cell voltage while operating at i, = 1000 A/m>.

cell
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Figure 10. Cell voltage vs. time of operation at constant
icen = 1000 A/m? under standard conditions.

[Cu**] = 40 g/L, T = 50°C, Q = 900 cm>/min, cathode =
400 g granular.

as it absorbs ions (other than H" and SO; ) from both electro-
lytes. This effect, which implies a reduction in cell voltage,
ceases when the membrane becomes saturated.

(2) A decrease in catholyte conductivity as cupric ions are
slowly depleted by copper electrodeposition. This effect leads
to a steady cell voltage increase.

(3) An increase in anolyte conductivity as the oxidation of
ferrous ions gives rise to ferric ions and the [Fe*"1/[Fe**] ratio
increases. This effect results in a steady cell voltage decrease.

(4) A decrease in the concentration of ferrous ions, which
causes a decrease in the production rate of ferric ions, leading
to a decrease of both the exchange current density (i,) and the
limiting current density (i;) of the anodic reaction. These
phenomena produce a steady increase in the anodic overpoten-
tial and, therefore, in the cell voltage.

(5) A decrease in the concentration of cupric ions, which
causes a decrease in the exchange current density and the
limiting current density of the cupric ion reduction reaction,
which steadily increases the cathodic overpotential and, there-
fore, the cell voltage.

Two of these effects tend to reduce the cell voltage, one
permanently (3) and one temporarily (1) at the start of the
operation, whereas the remaining three effects (2, 4, and 5)
tend to permanently increase it. The overall result of these five
effects is that the cell voltage first decreases after which it
gradually increases.

Current efficiency and specific energy consumption thus far
consider all Cu deposition, with the exception of the analysis
dealing with the effects of different cathode types and mass.
The gap between total current efficiency (CE) and current
efficiency for deposition on the particulate bed (CE,) is indic-
ative of the amount of unwanted deposition on the current
feeders. It averaged 6.5% under standard conditions.

Taking this into account the squirrel-cage cell nonetheless
outperforms current copper EW technology by a significant
margin, particularly when dealing with depleted electrolytes.
Under standard conditions specific energy consumption of the
particulate deposit was 1.79 vs. 2 kWh/kg for conventional
electrowinning cells. Table 11 lists all experimental conditions
for which CE, was <2 kWh/kg Cu (where as in Table 3 items
in boldface type represent deviations from standard conditions)
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Table 11. Experimental Conditions Leading to Low Specific Energy Consumptions for the Production of Particulate Deposits™*

Flow Rate
icen (A/m?) T (°C) [Cu**] (/L) (cm®/min) Cathode Type Mass (g) Vear¥* (V) CE, (%) SEC, (kWh/kg)

1000 50 40 900 Granular 400 1.91 90.2 1.79
1000 50 40 900 Granular 600 1.79 96.7 1.56
1000 50 40 900 1 mm wire 200 2.23 96.8 1.94
1000 50 40 900 1 mm wire 400 2.12 96.1 1.86
1000 50 40 1470 Granular 400 1.89 90.4 1.77

500 50 40 900 Granular 400 1.21 82.0 1.25

*CE,, current efficiency for deposition on particulate cathode. SEC,, specific energy consumption for deposition on particulate cathode.

**Average cell voltage while operating at constant i

cell*

and the corresponding cell current sweeps are shown in Figure
11.

When a catholyte containing 10 g/LL Cu was used, SEC,
reached a value of 2.06 kWh/kg Cu, which is comparable to
that of conventional EW cells operating with an electrolyte
containing 40 g/L Cu. In addition to being energetically more
efficient, the aforementioned result corresponds to the squirrel-
cage cell operating at a current density of 1000 A/m?> Under
such conditions, the same cell operating with a sheet cathode
was able to attain only 500 A/m? before the appearance of a
limiting current density for the Cu®"/Cu® reaction.

Comments on scale-up

The present study did not include experimental scale-up of
the squirrel-cage cell. It should be pointed out that, among the
components of the cell voltage (Eq. 6), the overpotentials of the
anodic and cathodic reactions, as well as the ohmic drop across
the membrane, depend on current density and are independent
of the size of the reactor, provided that the electrolyte compo-
sition and the temperature remain unchanged. The equilibrium
potential difference does not vary with cell size either because
the electrochemical system would remain the same. Thus only
the potential drops in anolyte and catholite are direct functions
of cell geometry, that is, functions of the distance between
anode and cathode (cathode—-membrane plus anode-mem-
brane), factors that should be considered in an eventual
scale-up of the squirrel-cage cell.

Table 12 shows the effect of the anode—cathode distance

4.50 e S —
-~~~ Standard conditions
—— Cathode = 600 g particulate, ali other conditions standard
4.00 - —*— Cathode = 200 g wire, all other conditions standard
~~~~~~~ Cathode = 400 g wire, ail other conditions standard
= = Q=1470 cm:‘/min, all other conditions standard /
3.50 —
3.00
E=: 2.50
8
>
2.00
1.50
1.00
0.50 T :
300 600 900 . 1200 1500 1800
'cell[Alm ]

Figure 11. Cell voltage vs. cell current density.

Standard conditions: [Cu®>*] = 40 g/L, T = 50°C, Q = 900
cm?/min, i, = 1000 A/m*, cathode = 400 g particulate.
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(d,.) on the cell voltage. If the distance on scale-up could be
reduced from 6 cm (Table 5) to 1 cm, the cell voltage would
decrease from 1.97 to 1.32 V (a 33% decrease). On the other
hand, if d,,. increased from 6 to 10 cm, the cell voltage would
increase from 1.97 to 2.49 V (a 26% increase). This shows the
importance of cell dimensions on the energy requirements to
drive the cell.

An additional contribution to the cell voltage depends on the
frequency of granule—feeder and granule—granule contacts in-
side the squirrel cage. This term was discussed above and is
represented in Figure 8. It is likely to vary with the cage size,
the overall mass of granules, and the cage rotation speed, so its
effect on scale-up should be experimentally determined.

Conclusions

Among the operational variables considered in this work,
those most relevant to the energy efficiency of the squirrel-cage
cell in terms of cell voltage and specific energy consumption
are electrolyte temperature, cathode mass and type, Cu®" con-
centration in the catholyte, and operating current density. Elec-
trolyte flow rate has a less significant effect that becomes
irrelevant above 900 cm®/min. Cage rotation speed, on the
other hand, produces variations in V,, that are only <0.1 V for
the studied conditions.

Current efficiency (CE) ranged from 95.2 to 99.4% and
appears to be adversely affected by a decrease in temperature.
For experiments carried out at 50 °C and [Cu®*] = 40 g/L, CE
averaged 97.5%.

Current efficiency for Cu deposition on the particles (CEp)
follows the same tendencies as CE but it is always lower, given
that CE, does not consider the copper deposition on the current
feeders (which is about 7% under standard conditions). The
difference between CE and CE, was lowest for the wire cath-
ode because of its abrasive nature (which results in continual
removal of Cu deposit on the current feeders) as well as its
higher apparent volume, which allows it to mask the current
feeders. On the other hand, CE, was lowest when using 200 g
of particulate cathode because the low volume of the particle
bed left the feeders highly exposed to unwanted Cu deposition.

Specific energy consumption (SEC) averaged 1.67 kWh/kg
Cu under standard conditions. SEC is a function of cell voltage
and current efficiency and, because CE showed little variation
throughout, the differences in SEC arose from dissimilarities in
cell voltages. For operations at 1000 A/m?, the SEC was worst
(2.37 kWh/kg Cu) when electrolyte temperature was reduced to
22°C, and reached its best value (1.52 kWh/kg Cu) when using
a 50% greater mass of particulate cathode.

It is necessary to put the performance of the squirrel-cage
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Table 12. Cell Voltage (V.,,) Quantification for Deposition at 1000 A/m* for Two Anode—Cathode Distances (d,, = d, + d,)*

d,. (cm) AE, (V) M. (V) ] V) (Rg), (V) (Ry). (V) (Ry,),, (V) p V) Total (V)
1 0.40 0.34 0.10 0.06 0.07 0.30 0.05 1.32
10 0.40 0.34 0.10 0.60 0.70 0.30 0.05 2.49

Note: Based on data from Table 5.

*Conditions: T = 50°C, [Cu®>*] = 40 g/L, 0 = 900 cm?*/min, cathode = 400 g of granular type.

cell into context to compare it with conventional Cu electrow-
inning technology. The SEC,, for tests carried out under stan-
dard conditions averaged 1.79 kWh/kg Cu and unwanted cop-
per deposition on current feeders was limited to about 7%.
When using the maximum amount (600 g) of particulate cath-
ode, SEC,, reached its lowest value of 1.56 kWh/kg Cu. This is
substantially lower than the 2 kWh/kg Cu typical of conven-
tional Cu electrowinning operations. However, energy con-
sumption is not the only significant variable in copper elec-
trowinning. A full comparison between the performance of the
squirrel-cage cell and conventional technology should include
a study of the effect of impurities on cathode quality, pilot-
scale testing, economic analysis, and other considerations. Fur-
ther work is needed before such comparison can be made.

The squirrel-cage cell benefits greatly from operating with a
nearly full cathode cage because of a greater cathode surface
area, a more efficient cathodization of Cu particles, and a
drastic reduction of Cu deposition on the current feeders, all of
which have a positive effect on energy requirements. Changing
(1) the shape of the cathode particles and (2) the cathode—anode
distance can also have very significant effects on cell perfor-
mance.
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Notation

a = apparent membrane surface area, m”
¢, = bulk concentration, mol L!
CE = current efficiency, %
CE, = current efficiency for Cu deposition on the particulate
bed, %
d = thickness of compartment, m
d,. = anode-cathode distance = d, + d_
d, = anode-membrane distance, m
d. = cathode-membrane distance, m
D = diffusivity, m* s~
E, = equilibrium potential, V
AE, = difference between E, values of anodic and cathodic
reactions, V

F = Faraday’s constant, C eq "

i.en = cell current density measured over membrane surface
area, A m~ >
icre = electrode current density under charge-transfer control,
Am™?
iyre = electrode current density under mass-transfer control, A
m—2

2
2

iye = electrode current density under mixed control, A m™~

iy I o i = limiting current density, anodic, and cathodic, A m™

igs io.a» lo. = exchange current density, anodic, and cathodic, A m™
I = cell current, A

2
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(IR),, = potential drop in anolyte, V
(IR), = potential drop in catholyte, V
(IR),, = potential drop in membrane, V
k = mass-transfer coefficient, m s~
mg = Cu deposition mass at 100% current efficiency, kg
mp = mass of Cu deposition on particulate bed, kg
mr = mass of Cu deposition on particulate bed and current
feeders, kg
p = other undesired potential drops, V
0 = electrolyte flow rate, cm*/min
R = electrical resistance, ()
S, S,, S. = electrode surface area, anode, and cathode, m?
SEC = specific energy consumption, kWh/kg Cu
SEC, = specific energy consumption for Cu deposition on the
particulate bed, kWh/kg Cu
t = time of operation, s
T = temperature, K
V.en = cell voltage, V
z = charge number

1

Greek letters

a, = anodic charge-transfer coefficient
a, = cathodic charge-transfer coefficient
& = thickness of the diffusion layer, m
n, M, M. = overpotential, anodic, and cathodic, V

K, K, K, = electrical conductivity, anolyte, and catholyte, Q' m™'
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