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Abstract

This work reports the development of a mathematical model for the operation of a laboratory-scale copper electrowin-
ning cell based on reactive electrodialysis (RED). Data were obtained from experiments and from the literature. The catho-
dic reaction was copper electrodeposition and the anodic reaction was ferrous to ferric ion oxidation. The catholyte was
aqueous cupric sulphate in sulphuric acid and the anolyte was aqueous ferrous sulphate in sulphuric acid. An anion mem-
brane separated anolyte from catholyte while keeping a conductive path between them. The model includes (a) the cathodic
and anodic kinetics, (b) the speciation of catholyte and anolyte and (c) ion transport through the membrane. The computer
code was implemented in MATLAB software. The model was calibrated and validated and its predictions are in good
agreement with experimental results for: amount of deposited copper, amount of produced Fe(III) species, cell voltage
and specific energy consumption.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

1.1. Limitations of conventional copper electrowinning cells

The operation of conventional copper electrowinning cells is limited by three main factors [1–3]: (a) Low
mass transfer rates due to a low electrolyte flowrate. (b) Low specific surface area (m2/kg) of the cathodes,
due to the fact that sheet cathodes offer little surface area per unit weight to the reaction. (c) High energy
requirements (about 2 kW h per kg of produced copper), which is a result of an anodic reaction
(2H2O! O2 + 4H+ + 4e), which takes place on lead anodes. The standard equilibrium potential for this
0307-904X/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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Nomenclature

a anodic subindex
a, s anodic subindex for a secondary reaction
A surface area perpendicular to ion migration path, m2

Aa, Ac, Am surface area of anode, cathode and membrane, m2

Ac Debye-Hückel parameter, kg0.5 mol�0.5

Bc Debye-Hückel parameter, kg0.5 mol�0.5 Å�1

_B B-dot parameter, kg mol�1

c cathodic subindex
c, s cathodic subindex for a secondary reaction
C, C2þ

Cu, C2þ
Fe concentration of ionic species, mol L�1

Ctot total concentration of charged species in anolyte, mol L�1

Csulphate average sulphate concentration (anolyte and catholyte), mol L�1

d length of ion migration path, m
D diffusivity, m2 s�1

Def effective diffusivity, m2 s�1

DHþ diffusivity of H+, m2 s�1

Ee,a equilibrium potential, main anodic reaction, V
Ee,c equilibrium potential, main cathodic reaction, V
F Faraday constant, C eq�1

G gas constant, J mol�1 K�1

i, ia, ic current density, anodic and cathodic, A m�2

iL, iL,a, iL,c limiting current density, anodic and cathodic, A m�2

ib0, ib0;a, ib0;c exchange current density, anodic and cathodic reactions, in terms of reactant concentrations in
the bulk solution, A m�2

i00
b modified exchange current density, A m�2 L mol�1

isf
0 exchange current density in terms of reactant concentrations at the electrode surface, A m�2

I cell current, A
Ic ionic strength, mol kg�1

j species subindex
k, ka, kc mass transfer coefficient, anodic and cathodic, m s�1

K0
f equilibrium constant of formation

m membrane subindex
mCu, dep experimentally determined deposited copper mass, kg
mCu, calc deposited copper mass calculated by Faraday’s law, kg
N ionic flux, mol m�2 s�1

Ndif diffusion flux, mol m�2 s�1

Nmig migration flux, mol m�2 s�1

n amount of H+ transported through the membrane, moles
r ionic radius, m
Ra, Rc, Rm electrical resistance of anolyte, catholyte and membrane, X
t time of operation, s
T temperature, K
Va anolyte volume, m3

Vcell cell voltage, V
x membrane thickness, m
z, za, zc charge number, anodic and cathodic reactions
zsulphate sulphate charge number
aa, ac anodic and cathodic charge transfer coefficients
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c activity coefficient
DEe difference between the equilibrium potentials of the main reactions, V
j electrical conductivity, X�1 m�1

g, ga, gc overpotential, anodic and cathodic, V
gcurr current efficiency, %
U inner or Galvani potential, V
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reaction is 0.89 V higher than the corresponding value for the cathodic reaction (Cu2+ + 2e! Cu0); it also
exhibits an anodic overpotential close to 0.8 V. Additionally, this reaction produces ‘acid mist’ (air contam-
ination with sulphuric acid) in industrial plants.

To increase the cell current density it would be advantageous to use reactor designs which allowed electro-
lyte agitation and cathodes of high specific surface area, e.g. particulate, porous or mesh cathodes. It would
also be convenient to use a less energy-intensive anodic reaction and a more catalytic anode material to reduce
the cell voltage and the energy cost of the operation.

1.2. New electrowinning cell designs

Various cell designs have been studied during the last 20 years [1,4,5], the best known of which are the flu-
idized bed cell [6,7] and the spouted bed cell [4,5,8], however, few industrial implementations of non-conven-
tional copper electrowinning cells are known.

Several alternative anodic reactions have also been studied [2,9]. On cost and environmental grounds, the
one which appears most promising is the ferrous to ferric ion oxidation (Fe2+! Fe3+ + e) [9,10]. One way of
using this reaction, while avoiding the deleterious effect of the ferric ion on cathodic efficiency, consists of
using two electrolytes (anolyte and catholyte) instead of one, while conserving a conductive path between
them. This is possible by using an electrodialytic membrane to separate species and to obtain specific reactions
at one or both electrodes. This process is known as reactive electrodialysis [11,12]. The study of these systems
requires a detailed knowledge of the speciation of the electrolytes, i.e., the determination of the species present
and their concentrations as functions of pH, temperature and the abundance of key system components [13].
The application of electrodialysis to copper electrometallurgy, as well as the thermodynamic modelling of the
speciation of the related electrolytes, are recent developments [12–15].

A lab-scale cell which implements a reactive electrodialysis design with mesh electrodes, agitated electro-
lytes and ferrous to ferric ion oxidation as anodic reaction on various anode materials, has recently been devel-
oped [11,12].

1.3. Electrowinning cell models

Mathematical models of electrochemical cells have been proposed by a number of authors. Modelling
principles, including formulation of equations and numerical methods for their solution, have been published
for fluid mechanics, heat transfer, chemical kinetics and transport processes [16]. Several authors have
also included the electrode kinetics [16–19]. Models for conventional electrowinning cells have been produced
[20].

2. Experimental methodology

2.1. Reactive electrodialysis (RED) cell

Experiments were carried out in a lab-scale copper electrowinning cell based on reactive electrodialysis
(Fig. 1). The cell is made of acrylic and it consists of two compartments. The first one contains anode and
anolyte and the second one, cathode and catholyte. Both electrolytes were recirculated to separate 1 L tanks
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Fig. 1. Experimental set up, showing RED cell, rectifier and recirculation tanks.
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by means of Watson–Marlow 505 S peristaltic pumps at a flow rate of 900 cm3/min. The effective volume of
catholyte and anolyte in the compartments was 275 cm3 each, while their total volume was 450 cm3 each.

The cathode was a 4 cm2 copper sheet (its back face masked with Teflon tape) and the anode was a 4 cm2

platinum sheet, equally masked. An Ionac MA3475 anion membrane, whose aim was to hinder the passage of
cations between the electrolytes, was placed in a 2 cm by 2 cm window cut in the acrylic plates between the
compartments. The membrane was kept in place by two 2 mm thick rubber seals. The anolyte composition
was 190 g/L H2SO4 and 28 g/L Fe(II) (as FeSO4 Æ 7H2O). The catholyte composition was 190 g/L H2SO4

and 40 g/L Cu(II) (as CuSO4 Æ 5H2O). The cell was operated at 50 ± 1 �C. The temperature was kept constant
by a Julabo thermostatic bath. The conditions described here were applied to all the experiments reported in
this work.

2.2. Electrochemical kinetics

Potentiodynamic experiments were carried out in the RED cell with a Solartron 1286 electrochemical inter-
face in order to determine the anodic and cathodic kinetics on the studied electrodes and electrolytes. A mer-
cury/mercury sulphate reference electrode with Luggin capillary was used (E0

50 �C ¼ 0:645 V against SHE). For
the cathodic sweep, the working electrode was copper sheet and the counterelectrode was platinum sheet; for
the anodic sweep, the working electrode was platinum sheet and the counterelectrode was copper sheet. The
sweep rate was 1.0 mV/s.

2.3. Electrical conductivity

The electrical conductivity of anolyte and catholyte was measured with a Jenco 1671 conductivity unit.

2.4. Limiting current density for transport through the membrane

An experiment was carried out in the RED cell in order to establish the value of the limiting current density
for ion transport through the membrane. The cell current was increased in 80 mA steps and the cell voltage
was continuously monitored. After each current increase, it was waited until the cell voltage reached a con-
stant value and then its value was recorded. The test finished when the cell current came close to the rectifier’s
upper current limit (2 A).
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2.5. RED cell validation run

In order to validate the model, a 4 h run was carried out in the above described RED cell in order to deter-
mine the dependence on time of: (a) the cell voltage; (b) Cu(II) concentration in the catholyte and (c) Fe(II)
and Fe(III) concentrations in the anolyte. The cell was operated with a cell current density of 400 A/m2 pro-
vided by a 2 A, 30 V rectifier. The cell voltage was continuously monitored. Copper and iron were analyzed by
atomic absorption spectroscopy. The deposited copper mass was also measured.

3. Modelling

The developed model describes and quantifies the anodic and cathodic electrode kinetics, ion transport
through the membrane and the speciation for the Cu(II)–H2SO4–H2O catholyte and the Fe(II)–Fe(III)–
H2SO4–H2O anolyte.

3.1. Electrolyte speciation

Tables 1 and 2 present the components, species and main chemical reactions at 50 �C for catholyte and
anolyte.

The speciation model consists of a set of equations for the mass balances of the system’s components and
the equilibrium relationships for all the species present in the studied systems [13]. The activity for each species
is obtained from the equilibrium constants ðK0

f Þ and activity coefficients (c) calculated by an extended Debye–
Hückel equation:
Table
Specia

Specie

HSO�4
FeHSO
FeSO4

FeHSO
FeH(S
FeðSO
FeSOþ4
Molali

Table
Specia

Specie

HSO�4
CuSO4

Molali
log cj ¼ �
Acz2

j

ffiffiffiffi
Ic

p
1þ rjBc

ffiffiffiffi
Ic

p þ _B � I c: ð1Þ
Mass balance equations for anolyte and catholyte in the studied systems have been published elsewhere
[13,21].
1
tion model for the anolyte: Fe(II)–Fe(III)–H2SO4–H2O

s Components log K0
f ð50�Þ

H+ SO2�
4 Fe2+ Fe3+

1 1 0 0 2.32
þ
4 1 1 1 0 1.90

(aq) 0 1 1 0 2.44
2þ
4 1 1 0 1 3.48

O4)2(aq) 1 2 0 1 10.2

4Þ�2 0 2 0 1 7.64
0 1 0 1 4.76

ty 1–5 0.5–2.5 0–1 0–1

2
tion model for the catholyte: Cu–H2SO4–H2O

s Components log K0
f ð50�Þ

H+ SO2�
4 Cu2+

1 1 0 2.32

(a) 0 1 1 2.61
ty 1–5 0.5–2.5 0–1
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3.2. Electrode kinetics

Possible electrode reactions are:
At the anode: Fe2þ ! Fe3þ þ e ðmain reactionÞ ð2Þ
2H2O! O2 þ 4Hþ þ 4e ðsecondary reactionÞ ð3Þ

At the cathode: Cu2þ þ 2e! Cu0 ðmain reactionÞ ð4Þ
2Hþ þ 2e! H2 ðsecondary reactionÞ ð5Þ
If an undesired transport of ferric ions through the anion membrane takes place, then the additional cathodic
reaction:
Fe3þ þ e! Fe2þ ð6Þ
could reduce the cathodic current efficiency.
For the main reactions, the current densities are calculated by expressions for mixed control derived from

Butler–Volmer and Fick equations [22]. For the cathodic reaction:
jicj ¼
ib
0cjiLcj

ib
0c þ jiLcj exp acF

GT gc

� � ð7Þ
and for the anodic reaction:
ia ¼
ib
0aiLa

ib
0a þ iLa exp �aaF

GT ga

� � : ð8Þ
Taking into account that the exchange current density may be expressed as
ib
0 ¼ i0b0 C; ð9Þ
where C is the bulk concentration of the reacting species, and given that the limiting current density is given by
iL ¼ zFkC; ð10Þ

then the expression for the cathodic reaction rate with explicit reactant concentrations is
jicj ¼
i0b0cC

2
Cu2þzcFkc

i0b0c CCu2þ þ zcFkcCCu2þ exp acF
GT gc

� � ð11Þ
and for the anodic reaction:
ia ¼
i0b0aC2

Fe2þzaFka

i0b0aCFe2þ þ zaFkaCFe2þ exp �aaF
GT ga

� � : ð12Þ
For secondary reactions, i.e., hydrogen ion reduction to gaseous hydrogen at the cathode and water oxidation
to gaseous oxygen at the anode, high-field approximations to the Butler–Volmer equation were used to cal-
culate the reaction rates, as they are controlled by charge transfer in the studied potential range.
ia;s ¼ isf
0;a;s exp

aa;sF
GT

ga;s

� �
; ð13Þ

jic;sj ¼ isf
0;c;s exp

�ac;sF
GT

gc;s

� �
: ð14Þ
The cell voltage is:
V cell ¼ DEe þ ga þ jgcj þ IðRa þ Rc þ RmÞ; ð15Þ

where DEe = Ee,a � Ee,c.
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The electrical resistances of anolyte and catholyte are given by
R ¼ 1

j
d
A
: ð16Þ
The method used to determine the membrane resistance is given in the following section.

3.3. Transport phenomena

Taking into account migration and diffusion phenomena, the transport flux through the membrane in dilute
solutions is given by
N j;m ¼ Nmig þ N dif ¼ �
zjF
GT

DjCj;m
oU
ox
� DjrCj: ð17Þ
For concentrated solutions, the transport flux is given by the same expression, but the diffusivities are replaced
by ‘effective diffusivities’ (Def), which are experimentally determined (see Section 3.6).

Ohm’s law provides a relationship between current density and potential gradient:
i ¼ �jrU ð18Þ

and the electroneutrality condition is
X

Cjzj ¼ 0: ð19Þ
The electrical conductivity of dilute electrolytes is given by
j ¼ F 2

GT

X
z2

j CjDj: ð20Þ
As in Eq. (17) above, for concentrated electrolytes the diffusivities are replaced by ‘effective diffusivities’.
Faraday’s law links current density to ion flux as
i ¼ F
X

zjNj: ð21Þ
The membrane resistance (Rm) was calculated from a mass balance of charged species in anolyte and cath-
olyte assuming: (a) electroneutrality in both electrolytes and (b) that H+ transports through the membrane
only by diffusion whereas sulphate transports only by migration [23,24]. The resulting expression is
Rm ¼
GTV ax Ctot � n

V a

� �
IFAmt2DHþzsulphateCsulphate

: ð22Þ
3.4. Algorithm

The implemented algorithm begins with data input and then defines a time step which determines the num-
ber of iterations to be carried out for a given cell operation time. For each iteration, the following calculations
are performed: (a) speciation of anolyte and catholyte; (b) transport of ionic species through the membrane;
(c) electrical conductivity of anolyte and catholyte; (d) anodic and cathodic overpotentials; (e) equilibrium
potentials for electrode reactions; (f) cell voltage; (g) deposited copper mass; (h) produced amount of Fe(III)
species; (i) mass balances for anolyte and catholyte. Then, the time of operation is incremented by a time step
(5 min) and the calculations are performed once again, taking into account the changes in the concentrations
of reactants caused by the electrode reactions. The process is repeated until the total operation time is reached.

3.5. Model solution

The speciation model consists of a set of non-linear equations. It is solved by an iterative algorithm which
implements a Newton–Raphson method for a multi-dimensional system. Results from the speciation model
are fed into a dynamic model of cell operation, which includes calculations for both the electrode kinetics



L. Cifuentes et al. / Applied Mathematical Modelling 31 (2007) 1308–1320 1315
and the mass transport across the membrane. Both models were coded using MATLAB software on a per-
sonal computer. Kinetic parameters were determined from experimental data; mixed control Eqs. (7 and 8)
were fitted to data for the main reactions (2 and 4) and high-field approximations to the Butler–Volmer
Eqs. (13 and 14) were fitted to data for secondary reactions (3 and 5). Other data (effective diffusivities,
Debye–Hückel parameters and electrical conductivities of solutions) are presented in Tables 3a and 3b. Fur-
ther data for the speciation model have been published elsewhere [25].

3.6. Model calibration

‘Effective diffusivities’, i.e., diffusivities of species in concentrated electrolytes were obtained from experi-
mentally determined electrical conductivity values (see Section 2) according to a procedure proposed by Casas
et al. [13,15,26]. The measured conductivities are in Table 3b. The obtained ‘effective diffusivities’ (Def, Table
3a) allowed the use of Eq. (17) for the concentrated electrolytes used in this work. They also allowed the use of
Eq. (20) for the calculation of electrical conductivities at any given concentration of the relevant solution com-
ponents. Diffusivities in the membrane (Table 3a) were estimated from published data [23,24].

The kinetic parameters for all the relevant electrochemical reactions were obtained from experiments as
explained above. The potentiodynamic sweeps produced the parameters shown in Table 4. Fig. 2 shows the
Table 3a
Model data at 50 �C – effective diffusivities

Effective diffusivities in solutiona, m2 s�1 · 108

Catholyte

H+ 0.295
SO2�

4 0.664
Cu2+ 0.443
HSO�4 0.664
CuHSOþ4 0.664

Anolyte

H+ 0.278
SO2�

4 0.626
Fe2+ 0.417
Fe3+ 0.278
HSO�4 0.626
FeHSOþ4 0.626
FeHSO2þ

4 0.626
FeðSO4Þ�2 0.626
FeSOþ4 0.626

Diffusivities in the membraneb, m2 s�1

H+ 2.4 · 10�6

SO2�
4 4.5 · 10�8

a Calculated from conductivity measurements.
b Estimated from published data [23,24].

Table 3b
Other model data at 50 �C

Debye–Hückel parameters for the electrolytesa

Ac, kg0.5 mol�0.5 0.5365
Bc, kg0.5 mol�0.5 Å�1 0.3329
_B, kg mol�1 0.0430

Electrical conductivities of electrolytesb, X�1 m�1

Anolyte 76.5
Catholyte 73.9

a Estimated from published data [13,25].
b Measured.



Table 4
Kinetic parameters for cathodic and anodic reactions at 50 �C (determined by experiment)

Reaction i0, A/m2 a iL, A/m2

Cu2+/Cu0 36.0 0.46 1211
H+/H2 4.1 0.24 –
Fe2+/Fe3+ 53.0 0.64 735
H2O/O2 0.023 0.17 –
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Fig. 2. Evans diagram showing experimental results and fitted curves for potentiodynamic sweeps. Cathodic reactions are copper
deposition and hydrogen evolution. Anodic reactions are Fe(II) oxidation and oxygen evolution.
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result of the curve fitting procedure. The hydrogen reduction and water oxidation reactions do not exhibit lim-
iting current densities in the studied potential ranges, because of the very high concentrations of the reactants
(protons and water) in the studied solutions.

3.7. Model validation

Model validation was achieved by carrying out an ad hoc experiment in the RED cell and comparing the
results with the corresponding model calculations. The test variables were copper production rate, Fe(III) pro-
duction rate, cell voltage and specific energy consumption. The operation parameters for the cell during the
validation experiment are in Table 5.
Table 5
Operation parameters for the EW-RED cell

Parameters Values

Cell current density 400 A/m2

Anolyte composition 190 g/L H2SO4; 28.0 g/L (as FeSO4 Æ 7H2O)
Catholyte composition 190 g/L H2SO4; 40.0 g/L Cu(II) (as CuSO4 Æ 5H2O)
Electrolyte temperature 50 �C
Electrolyte flow rate 900 cm3/min
Anode material Platinum sheet
Cathode material Copper sheet
Interelectrode distance 10 mm
Surface area Am = Aa = Ac = 0.0004 m2
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4. Results and discussion

4.1. Speciation of anolyte and catholyte

Results for the speciation of anolyte and catholyte at 25 �C and 50 �C are presented in Table 6. Both elec-
trolytes exhibit high ionic strengths (about 3.2 molal) and high association degrees between metallic ions and
sulphate.

The main species predicted by the speciation model in the anolyte were HSO�4 , H+, Fe2+, FeSO4(aq) and
FeH(SO4)(aq), and in the catholyte, they were HSO�4 , H+, CuSO4(aq) and Cu2+. The concentrations of
Fe3+ and free SO2�

4 were very low due to their tendency to associate as iron (III) sulphate. The concentrations
of H+, HSO�4 , Fe2+ and Cu2+ were high, indicating that these species were stable in studied conditions.

4.2. Limiting current density for transport through the membrane

For the experimental run designed to determine the limiting current density for ion transport through the
membrane, the final cell current density was 4700 A/m2, which represents the upper limit for the power source.
Up to that value no limitation was apparent. This means that the limiting current density originated by the
Table 6
Aqueous speciation for anolyte and catholyte at 25 and 50 �C

Species Concentration (mol/kg)

25 �C 50 �C

Anolytea

H+ 1.79 1.71
SO2�

4 9.44 · 10�2 4.91 · 10�2

Fe2+ 3.70 · 10�1 3.62 · 10�1

Fe3+ 8.19 · 10�7 6.11 · 10�8

HSO�4 2.36 2.40
FeHSOþ4 2.30 · 10�2 6.50 · 10�2

FeSO0
4 1.07 · 10�1 7.33 · 10�2

FeHSO2þ
4 1.39 · 10�5 4.91 · 10�6

FeðSO4Þ�2 6.71 · 10�5 2.19 · 10�4

FeSOþ4 4.56 · 10�5 8.40 · 10�6

FeHðSO4Þ02 9.87 · 10�3 9.77 · 10�3

Ionic strength 3.01 2.91

Catholyteb

H+ 1.73 1.65
SO2�

4 1.02 · 10�1 5.37 · 10�2

Cu2+ 4.66 · 10�1 4.93 · 10�1

HSO�4 2.45 2.53
CuSO0

4 1.84 · 10�1 1.57 · 10�1

Ionic strength 3.23 3.18

a Anolyte composition: [H2SO4] = 2.09 m; [Fe(II)] = 0.5 m; [Fe(III)] = 0.01 m.
b Catholyte composition: [H2SO4] = 2.09 m; [Cu(II)] = 0.65 m.

Table 7
Experimental and simulated results for the operation of a copper electrowinning cell based on reactive electrodialysisa

Variable Unit Experimental value Simulated value Relative error (%)

Copper production kg/h 1.85 · 10�4 1.90 · 10�4 2.7
Fe(III) production kg/h 3.27 · 10�4 3.30 · 10�4 0.9
Average cell voltage V 0.893 0.895 0.2
Energy consumption kW h/kg Cu 0.771 0.795 3.1

a Cell operation parameters are shown in Table 1.
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membrane is higher than 4700 A/m2. As the cell was run at 400 A/m2, mass transfer through the membrane
did not limit the operation of the RED cell.

4.3. Model validation

A comparison between experiment and model prediction for the test variables is given in Table 7 and dis-
cussed in the following paragraphs.

4.4. Cell voltage

The variation of the cell voltage with time, for a cell current density of 400 A/m2 in a 4 h run, is given in
Fig. 3. Initially, the model overestimates the cell voltage by about 13%, but after 5 min (cell operation time),
the predicted value coincides with the measured value. From then on, the simulated and experimental values
are practically the same, with a relative error of 0.2% for the predicted average cell voltage.

The cell voltage is made up of the following components: (a) difference between the equilibrium potentials
of the main reactions, 23%; (b) anodic overpotential, 32%; (c) cathodic overpotential, 28%; (d) potential drop
in the anolyte, 3%; (e) potential drop in the catholyte, 4%; (f) potential drop in the membrane, 10%.

4.5. Copper production

The measured amount of deposited copper for a 4 h run was 7.4 · 10�4 kg and the theoretical mass, calcu-
lated with Faraday’s law, was 7.6 · 10�4 kg.

The cathodic current efficiency (gcurr), calculated as
gcurr ¼
mCu;dep

mCu;calc

� 100 ð23Þ
was 97.4%.
Fig. 4 shows the dependence on time of the concentration of copper species in the catholyte and of the mass

of deposited copper, as predicted by the model. As copper is deposited on the cathode, the concentration of
copper-containing species decreases with time.

4.6. Production of ferric species

Fig. 5 shows the dependence on time of the concentration of Fe(II) and Fe(III) species. As Fe(II) species are
continuously oxidized at the anode, the concentration of Fe(III) species in the anolyte increases with time,
whereas the concentration of Fe (II) species decreases.

The rate of production of Fe(III) species predicted by the model was 3.27 · 10�4 kg/h, whereas the exper-
imental value was 3.30 · 10�4 kg/h (Table 7). The error is 0.9%.
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4.7. Specific energy consumption

Table 7 shows that the difference between calculation and experiment for specific energy consumption is
about 3.1%, which confirms the good agreement exhibited by previous results.

5. Conclusions

(1) In the studied conditions, it is possible to simulate the behaviour of a lab-scale copper electrowinning cell
based on reactive electrodialysis using a dynamic (time-dependent) mathematical model which includes
the cathodic and anodic electrochemical kinetics, the speciation of catholyte and anolyte and ion trans-
port through the membrane.

(2) Agreement between experiment and model prediction is good (between 0.2% and 3.1% error) for copper
production rate, Fe(III) production rate, cell voltage and specific energy consumption.

(3) The developed model could be useful to assist in the design and operation of copper electrowinning cells
based on reactive electrodialysis.

(4) The model can be enhanced by allowing for variations in temperature, recirculation flowrate and cell
geometry.
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