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Abstract

Hybrid ion exchange electrodialysis processes allow the removal of metal ions from dilute waste liquids and the
recovery of more concentrated solutions. The work reported here was aimed at investigating the two steps in
the treatment process, namely, adsorption of metal ions onto the packed bed of resin and electromigration (i.e., the
transport of these ions in the complex system under the applied electrical field). The case of copper sulfate was
investigated. Dowex� resins with a cross-linking degree of 2 and 8% were used. The flux of copper through the resin
bed and the current efficiency for ion transfer to the cathode compartment were determined as a function of
potential gradient and copper ionic fraction in the bed. Apparent diffusion coefficients of Cu2+ in the overall system
were deduced from the experimental data.

List of symbols

Abed area of the ion exchange bed perpendicular to
the potential gradient (m2)

C concentration (mol m)3)
DCu diffusion coefficient of copper ions in the

solution (m2 s)1)
DCu,eff apparent diffusion coefficient of copper ions in

the cell (m2 s)1)
DCu diffusion coefficient of copper ions in the ion

exchanger (m2 s)1)
DEcell potential difference in the cell (V)
DEempty potential difference in the empty cell (V)
DEbed potential difference in the bed (V)
F faradaic constant (96 485 As mol)1)
I cell current (A)
M molecular weight (kg mol)1)
nCu number of moles of all forms of copper

recovered in cathode compartment (mol)
nCu2þ number of moles of copper ions recovered in

the cathode compartment (mol)
nCu2þ;max number of moles of copper ions recovered at

infinite time (mol)
R gas constant (J mol)1 K)1)

r0 bead radius (m)
Rep particle Reynolds number
Sc Schmidt number
T temperature (K)
ui mobility of species i in the resin phase

(m2 s)1 V)1)
v superficial velocity of the liquid (m s)1)
V volume of all forms of resin in the solution

(m3)
V w
H volume of H-type resin in the water (m3)

Xi molar fraction of concentration of species i in
the solution

X i molar fraction of concentration of species i in
the solid phase

zi valence of ion i

Greek letters
aAB separation factor
dbed thickness of the bed (m)
d film thickness (m)
gCu differential current efficiency for ion i
e bed porosity
F potential (V)
FCu total current efficiency of copper transport
UCu2þ total current efficiency of copper ion transfer
s time constant of the process (s or h)
nH Helfferich criterion [10] (Relation 6)

q This paper was originally presented at the 6th European

Symposium on Electrochemical Engineering, Düsseldorf, Germany,

September 2002.

Journal of Applied Electrochemistry 33: 875–884, 2003. 875� 2003 Kluwer Academic Publishers. Printed in the Netherlands.



1. Introduction

The recovery of heavy metals from industrial process
solutions has received great attention in recent years.
This is mainly due to more stringent legislations for the
protection of the environment. Most heavy metals are
very toxic and cause great environmental damage [1, 2].
For instance, the limiting values for copper ions in
Germany were reduced in the period 1983–1991 from 2
to 0.5 ppm. The conventional techniques for the remov-
al of metal ions abatement such as hydroxide precipi-
tation or direct electroreduction do not allow sufficient
removal efficiency, and secondary treatment processes
are operated downstream. An important technique for
secondary treatment below ppm levels, is ion-exchange:
the metal ions contained in the waste solution are
exchanged by the less toxic ions contained in the fixed
matrix of an ion-exchanger. Electrodialysis, an alterna-
tive technique, is an electrically driven process involving
the use of ion selective membranes. This technique not
only concentrates metals from the rinse streams, but also
helps to maintain the quality of a plating bath. How-
ever, electrodialysis cannot be carried out at ppm
concentrations. Hybrid systems combining ion-exchange
with electrodialysis have been suggested to conciliate the
advantages of the two individual techniques and in
particular, to remove heavy metals from dilute solutions
in a continuous process.
The hybrid system is obtained by inserting a bed of

ion-exchanging resin into the central compartment of an
electrodialysis cell. This compartment is located between
two ion-selective membranes that essentially divide the
cell into three separate compartments. Water electrolysis
occurs in the two external electrode compartments, and
H+ formed at the anode is to transferred to the resin
bed.
Combination of electrodialysis and ion-exchange for

removal of ions from solution has received great
attention. One of the first to mention such a combina-
tion was Glueckauf [3] for the treatment of radioactive
wastes, Much of the work, however, has focused on the
production of ultrapure water, as claimed in the
Millipore process [4, 5]. This method was first presented
at the Achema Fair in Frankfurt, Germany, in 1994, and
has been developed at the Research Centre Jülich [6] for
the prediction of ion exchange and electrochemical
regeneration of ion exchangers in ultrapure water
production. The above process was used for the removal
of monovalent metals. These ions have a much greater
mobility in the exchanger when compared to divalent
metals such as copper [7] and can thus be removed with
much greater ease. The combined technique was inves-
tigated for the case of Ni2+ ions [8, 9], and the migration
rate of the ions in the resin bed was shown to depend
strongly on the resin flexibility and on the intensity of
the electrical field, as expected.
The present paper deals with investigations of the

technique for Cu2+ removal from a copper sulfate
solution using a three-compartment cell similar to that

used for the case of Ni2+ [8, 9]. The two elementary
processes, namely the adsorption of the metal ion and
the migration in the resin bed and through the mem-
brane have been investigated separately. Two ion-
exchange materials with different flexibility levels were
used. First, the equilibrium between an ion exchanger
and a solution of copper sulfate in sulfuric acid was
carefully determined. Then, the migration rate of Cu2+

was measured depending on the potential gradient
across the bed and the concentration of Cu2+ ions.

2. Sorption isotherm of the Cu2+/H+ system

The active sites of the resin are occupied by H+ ions in
competition with Cu2+ species, depending on various
parameters, and mainly the solution pH. The equilibri-
um between an ion exchanger and a solution of copper
sulfate in sulfuric acid was carefully studied to predict
the capacity of the ion exchangers and their selectivity
coefficient.

2.1. Theory [10–13]

The monodivalent ion exchange process between Cu2+

and H+ is represented by Equation 1:

2Hþ
resin þ Cu2þsolution +( Cu2þresin þ 2Hþ

solution ð1Þ

The selectivity coefficient of the ion-exchange process
can be defined on the basis of concentrations or mole
fractions. On the latter basis, KX,Cu/H is expressed as

KX;Cu=H ¼ XCu2þ

XCu2þ

� �
� XHþ

XHþ

� �2

ð2Þ

where Xi and X i are the equivalent ionic fractions of
species i in the solution and in the resin phase,
respectively. The equivalent fractions of Cu2+ and H+

are defined as

XHþ ¼ ½Hþ�
2½Cu2þ� þ ½Hþ�

XCu2þ ¼ 2½Cu2þ�
2½Cu2þ� þ ½Hþ�

ð3Þ

XHþ ¼ ½Hþ�
2½Cu2þ� þ ½Hþ�

XCu2þ ¼ 2½Cu2þ�
2½Cu2þ� þ ½Hþ�

ð4Þ

where ½Cu2þ� and ½Hþ� are the ion concentrations in the
ion-exchanger phase, and [Cu2+] and [H+] are the
concentrations of ions in the solution. The phase
equilibrium can also be described by the separation
factor, aCuH , defined as

aCuH ¼ YCu2þ

XCu2þ

 !
� XHþ

YHþ

� �
ð5Þ
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The essential difference between the separation factor
and the selectivity coefficient is that the latter contains
the ionic valences as exponents. The total normality of
the solution is defined as the sum [H+] + 2[Cu2+].

2.2. Experimental details

Two styrene-based cation exchangers Dowex� were
used:
i(i) A cation exchanger Dowex HCR-S, with 8% degree

of cross-linking (Divinylbenzene, DVB) and a size
distribution of 20–50 mesh, that is, from 297 to
841 lm.

(ii) A less stiff resin, Dowex 50WX-2 in the H+ form,
where the degree of cross-linking (DVB) is only 2%.
Its size distribution is 50–100 mesh, that is, from 150
to 297 lm.

The experiments were carried out at room temperature
with mixed CuSO4 and H2SO4 solutions of various
concentrations by fixing the total normality at
0.5 (equiv.) l)1. The composition of these solutions
was calculated using a thermodynamic model of the
mixed solution for various proportions of copper salt
over sulphuric acid, with the total normality at
0.5 (equiv.) l)1. The model derived from previous inves-
tigations of the ZnSO4–H2SO4 system [14] takes into
account the nonideal behaviour of the various species by
means of the Pitzer model for the various interactions.
In addition, the partial dissociation of copper sulfate
was also accounted for, as recommended in [15].
Figure 1 shows the results of the model, in terms of
the variation of the amount of copper sulfate to be
introduced, pH of the mixed solution and XCu2þ , with the
concentration of sulfuric acid introduced. As expected,
the dissociation of copper sulfate is not complete and
from 20 to 35% of the copper sulfate introduced
remains in the form of ion-pairs. Contrary to most

investigations dealing with ion-exchange, the sorption
equilibrium of Cu2+/H+ was determined considering the
actual concentrations of ions, and not the concentra-
tions of the electrolytes introduced for the preparation
of the solution.
The sorption equilibrium was determined by contin-

uous percolation of a large volume of the mixed solution
considered through the resin bed. Two beds were used:
(i) a small glass column, 6.5 cm long and 1 cm in
diameter, and (ii) the central compartment of the
electrodialysis cell, described in the following Section,
being 10 cm high and with a cross section of 1.5 cm2.
The solution was driven into the resin bed by a

peristaltic pump at 2 cm3 min)1 for the 1 cm column,
and 5 cm3 min)1 in the central compartment of the cell.
Preliminary measurements showed that a volume of
liquid over fivefold the volume of the bed allowed the
equilibrium to be attained, corresponding to identical
compositions of the inlet and outlet solutions.
When the resin and the solution were in equilibrium,

the bed was quickly rinsed with deionised water to
remove the electrolyte contained in the liquid between
the resin particles. The resin bed was then regenerated
by injection of 2 M H2SO4 and the quantity of Cu2+ was
determined by titration of the recovered acid solution
with EDTA.

2.3. Results and discussion

The capacity of the two ion-exchange resins was first
determined using a 0.385 M copper sulfate solution
corresponding to a total normality of 0.5 (equiv.) l)1

and XCu2þ ¼ 1. The capacity of the 50WX-2 and HCR-S
grades was found at 0.76 and 1.80 (equiv.) l)1, respec-
tively: replicate experiments yielded these values with an
accuracy of 2%. The concentration of H+ in the resin
was deduced from the concentration of Cu2+ taking into
account the valence of the latter ion, and led to the
equivalent ionic fraction of Cu2+ in the resin, XCu2þ . The
values of the equivalent ionic fractions XCu2þ and XCu2þ

allowed the selectivity coefficient and the separation
factor to be calculated for each solution. The average
values of the two variables were deduced and used for
fitting of the experimental data, as shown in Figure 2.
The results obtained with the two beds of HCR-S

resin are perfectly similar (Figure 2). The isotherm
profile indicates that copper is strongly preferred by
this resin over protons. A similar comment can be made
for the less rigid resin even though the affinity of the
resin for Cu2+ ions is slightly weaker. For both resins,
the simple laws for the sorption isotherm fit well with
the experimental data.
The preference of ion exchangers for one ion over

another is often expressed by the separation factor. It is
well known that in the case of divalent–monovalent
exchange, the separation factor is a decreasing function
of the total ion concentration in the bulk solution [10].
The values of the average selectivity coefficient were
found to be 9.5 and 13.7 for the 2% and 8% cross

Fig. 1. Thermodynamic equilibrium of a mixed CuSO4–H2SO4 solu-

tion at 25 �C with total normality of 0.5 (equiv.) l)1: pH, mole fraction

of copper ion in the solution and concentration of copper sulfate to be

introduced in preparing the solution.
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linking resins respectively, in fair agreement with the
literature [16, 17]. For the exchange of inorganic ions
[17], the selectivity coefficient increases with the DVB
degree, because the affinity of resins for an ion is
governed by the dimension of the hydrated ion, and
therefore by the change in its structure to accommodate
the ion. Accordingly, a higher separation factor is
allowed for the more rigid resin (Table 1).

3. Transport phenomena in the process investigated

3.1. Diffusion of ions in the resin beds

As ion exchange is in most cases a diffusion process, the
rate-controlling step is the interdiffusion of counter ions
to and from ion exchanger particles. Two rate-control-
ling steps frequently considered are particle diffusion
control and film diffusion control: both of them are
governed by the resin properties and the operating
conditions. A relatively simple criterion based on a
dimensionless modulus was suggested by Helfferich [10]
to predict the nature of the rate-controlling step:

nH ¼ ð5þ 2aCuH Þ
r0

� d
½Cu2þ�
½Cu2þ�

� DCu

DCu
ð6Þ

where d is the thickness of the diffusion layer at the
external surface of the resins particles with a radius r0,
and DCu, the diffusion coefficient of Cu2+ in the resin

structure. This criterion is homogeneous to the ratio of
the external transfer rate to the internal diffusion rate.
Values of nH far below unity correspond to particle
diffusion control whereas the control from the external
mass transfer prevails for nH far above unity.
Two parameters, d and DCu, required for estimation

of the diffusion criterion were estimated, and details in
the calculated procedure are given in the Appendix.
Values for DCu were estimated at 8.7 · 10)11 and
1.13 · 10)11 m2 s)1 for the 50WX-2 and HCR-S resins,
respectively. Concentrations in the resin and in the
solution were calculated at equilibrium from the sorp-
tion isotherm, depending on XCu2þ . As shown in
Figure 3, nH is a decreasing function of XCu2þ , due to
the nonlinear profile of the sorption isotherm. For the
more rigid resin, nH varies from 1.3 to 0.2, indicating
slow diffusion in the resin particles, even though the
external diffusion exerts a noticeable control of the
transfer phenomena. Internal diffusion seems to be
faster in the 50WX-2 grade (Figure 3), corresponding to
mixed control by the two diffusion processes.

3.2. Ion transport in the presence of an electrical field

In the presence of an electrical field, charged species are
mainly transported in the bed by convection, diffusion
and migration. Even though the occurrence of convec-
tion phenomena in the resin bed has been reported in a
few papers, there is no means to quantify its significance
and convection is neglected in most cases. For sufficient
intensity of the electrical field, diffusion fluxes are much
smaller that the flux generated by migration. As
assumed previously by Spoor et al. [8] it can then be
assumed that the Nernst–Planck equation applied to the
resin bed in the presence of an electrical field reduces to
the migration term:

~NNCu ¼ �zCuCCu2þuCu grad
��!

U ð7Þ

where the mobility of Cu2+ is linked to the apparent
diffusion coefficient:

Fig. 2. Sorption equilibrium of copper ion on two resins investigated.

Solid lines correspond to fitting after Relation 2 and average value of

the selectivity coefficient.

Table 1. Selectivity coefficient and separation factor of the two Dowex

resins used with a 0.5 (equiv.) l)1 total concentration in solution

Resin Selectivity coefficient Separation factor

KX,Cu/H aCuH

50 WX-2 (2%) 9.5 ± 2.8 4.2 ± 1.7

HCR-S (8%) 13.7 ± 3.9 6.1 ± 1.7

Fig. 3. Calculated variation of the nH for internal/external diffusion

with bed of resins, with molar fraction of copper ion in the resin.
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uCu ¼ DCu;effF
RT

ð8Þ

The transport of charges in the resin can occur (i)
through the resin particles, or (ii) in the liquid film
surrounding the solid particles. The concentration
appearing in Equation 7 refers to the solid resin or to
the solution, depending on the transport process.
Process (i) predominates when the conductivity of the
liquid is very low, as for the present case when deionized
water is injected (Section 4.1). Conversely, process (ii)
could be the more significant in case that the conduc-
tivity in the liquid largely exceeds that of the resin, as for
concentrated solutions. For the present case of a resin
bed inserted between two ion membranes, two addi-
tional processes have to be considered: (iii) the internal
transport through the membrane solution, and (iv) the
external transport in the stagnant film at the membrane
surface.
Thorough investigation of transport phenomena in

the process of interest is of high complexity. Therefore,
as explained in Section 4, transport phenomena were
observed through the overall flux of copper ions
accumulated in the cathode site. This flux results from
desorption from the resin particles, transport through
the bed, and transfer through the membrane. The
measurement of the overall flux led to apparent diffu-
sivity DCu,eff.

4. Electromigration of copper ions in ion-exchanger resins

4.1. Experimental details

The experimental cell was a three-compartment device
(Figure 4) 10 cm high and machined out of Perspex
material. The resin bed was prepared in the central
compartment 15 mm wide and 10 mm deep. The 5 mm
compartments near the electrodes, were separated from
the resin bed by cationic membranes (Nafion� 117).
Both electrodes were platinum-coated titanium plates.
The bed was continuously percolated downward by the
considered solution at flow rates up to 10 cm3 min)1

using a peristaltic pump (BVK, Ismatec). A sulfuric acid

solution at 0.5 M was continuously circulated in each
electrolytic compartment at 30 l h)1 by a centrifugal
pump (Iwaki) through a flow meter and a tank reservoir.
The experiments were performed at room tempera-

ture, around 22 �C. Prior to electromigration experi-
ments, the resin bed was loaded with copper ions upon
continuous percolation of the selected (CuSO4–H2SO4)
solution with a total normality of 0.5 (equiv.) l)1, at
5 ml min)1. The impregnation was stopped for a volume
of percolated solution tenfold the volume of the bed
(15 cm3). The bed was rapidly rinsed with 2 volumes of
deionized water. Then deionized water was passed once
at 5 ml min)1 through the ion-exchange bed while a
constant voltage was applied between the electrodes.
The current was continuously measured using a cali-
brated 1 ohm resistor inserted in the circuit. The pH of
the liquids was measured at the outlet of the three
compartments of the cell. Samples of the three liquids
were taken on a 15 min basis for 4 h experiments and
every 30 min for longer-term runs. The fractions with a
copper concentration below 100 ppm were analysed by
air–acetylene ‘flame atomic absorption’, in particular for
determination of the mole number of copper ion in the
cathode side. After switching off the electrical supply,
the bed was percolated with a 2 M sulfuric acid solution
for desorption of the remaining copper ions. The cell
was taken apart and the cathode was immersed in dilute
nitric acid for dissolution of the traces of metal formed
by side-electroreduction of copper ions. Both liquid
fractions were submitted to chemical analysis.
The resin bed was loaded with various amounts of

copper for investigation of the electromigration:
XCu2þ ¼ 0.98, 0.61 and 0.36 for Dowex 50 WX-2, and
XCu2þ ¼ 1.00, 0.73 and 0.47 for Dowex HCR-S.

4.2. Experimental observations

During experiments, a front of ion-exchange was
observed to form and to move towards the cathode
where both H+ and Cu2+ ions migrate with different
rates because of their different mobility [10]. As a rule, a
zone of dark blue colour is visible at the top of the bed
after one hour. This zone corresponds to a Cu2+

concentration in the solution higher than the value
predicted by sorption equilibrium. The phenomenon
evidenced by visual observations may be due to the
accumulation of copper ions in the region induced by
the rate-controlling transfer of Cu2+ ions through the
membrane. On the other hand, the orange zone corre-
sponding to H+-form resin extended towards the
cathode. Figure 5 shows the aspect of the bed of Dowex
50 WX-2 after one hour and at the end of the
experiment. At this time, the front is fairly visible in
the bed and H+-form resin predominates in the lower
part of the bed and closer to the anode membrane. For
the HCR-S resin initially saturated with copper ions,
two main zones are observed as for the 50WX-2 resin,
but the front of ion exchange is less clearly defined, with
a progressive change in composition of the resin between

Fig. 4. Schematic view of experimental set-up for electromigration

experiments.
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the two zones. When the bed of HCR-S resin is not fully
loaded at the closure of the electrical circuit, the front of
ion exchange and the predominant zones cannot be
defined accurately in the bed whose composition is to be
more uniform. The local change in aspect of the bed
presented above, corresponds to local changes in the bed
conductivity and the current distribution is probably far
from uniform, in particular with the 50 WX-2 resin.
The pH of the three solutions sampled, changed very

little during the batch experiments. In particular, the pH
of the sulfuric acid solutions remained near 0.6, with a
slight increase at the cathode side due to production of
OH) ions. The solution leaving the central compartment
has a pH near 3.3 within 0.3, due to the flux of H+

transferred from the anode side. The copper contents of
the various liquids are given and discussed in Section 4.4.

4.3. Potential gradient and current in the cell

The average potential gradient in the bed was calculated
considering a one-dimensional model, that is, assuming
that the current lines are perpendicular to the electrode
planes. The average gradient was then expressed as the
ratio of the ohmic drop in the bed, DEbed, over its
thickness, dbed:

rU ¼ DEbed

dbed
ð9Þ

The ohmic drop in the bed was deduced from the total
cell voltage, DEcell, by subtracting the potential differ-
ences in the two electrode compartments and the
membrane. For estimation of these two contributions,
the fixed bed was replaced by a 0.5 M H2SO4 solution
and the voltage in the resin-free cell, DEempty, was
measured depending on the applied current I. The ohmic
drop in the central liquid vein, RIcentral, was estimated
from the conductivity of the electrolyte solution at 22 �C
(0.21 W)1 cm)1) and the channel dimensions. This con-
tribution had to be subtracted from the voltage in the
empty cell, DEempty. DEbed was therefore calculated as

DEbed ¼ DEcell � ðDEempty � RIcentralÞ ð10Þ

The cell voltage was fixed below the empirical
threshold corresponding to a maximal current of

250 mA. As a matter of fact, too high currents with
uneven distributions were shown to be the cause of local
degradation of the resin by occurrence of water elec-
trolysis. In spite of its significance, non-uniformity of the
current distributions caused by the local changes in bed
conductivity was not taken into account in the present
investigation.
For resins saturated with copper ions, the current

became higher as H+ ions replace Cu2+ ions because of
the higher conductivity of the H+-form resin. This
phenomenon is particularly visible for the softer resin
saturated with copper ions, and fourfold increases in the
current were recorded. For initial values of XCu2þ near
0.7, the current was found to increase with the 50WX-2
resin, and to decrease with the stiffer resin. Moreover,
with resins poorly loaded with copper (XCu2þ below 0.5),
fairly high currents were recorded at the beginning of
the run, due to the significant presence of H+ in the
resin. The current decreased throughout the experiments
with both types of resin, in spite of the progressive
replacement of Cu2+ in the resin bed.
Applying Relations 9 and 10, shows that the potential

gradient is not constant throughout the experiment.
DEbed and rU were calculated at the arbitrary basis of
the cell current averaged over the first hour: this is of
restricted consequence since the potential gradient
varied by less than 15% during the run, even with fully
loaded resins.

4.4. Copper in the cathode compartment

The amount of copper ions transported from the ion-
exchange bed to the cathode compartment, nCu2þ, against
time is shown in Figure 6. In all cases, the amount of
Cu2+ ions increased regularly with time, depending on
the potential gradient over the bed, the initial fraction of
copper in the resin, and the resin grade. Higher
desorption and transfer rates were allowed by higher
potential gradients, as expected. Higher rates were
observed with the more flexible resin 50WX-2 and
initial values for XCu2þ near unity. The final amount of
Cu2+ ions recovered in the cathode compartment could
exceed 3 · 10)3 mol with both resins, to be compared
with the initial amounts sorbed of 6 · 10)3 and
13.5 · 10)3 mol for the 50WX-2 and HCR-S grades,
respectively.
The number of moles of metal copper deposited on

the cathode, nCu,m, was generally much lower than that
of cupric ions. The amount of metal copper increased
with the applied voltage, varying from 9.4 · 10)5 to
1.6 · 10)4 mol for DEbed varying from 4.25 to 7.97 V
with the 50WX-2 resin, and from 1.85 · 10)5 mol at
1.48 V to 8.51 · 10)5 mol at 10.08 V for the HCR-S
resin. The initial concentration of Cu2+ in the resin was
shown to also affect the amount of metal deposited even
though no evident relationship between the two vari-
ables could be established.
Besides, the analysis of the liquid fractions collected

from the anode side revealed the occurrence of side

High concent. Cu2+ form

Initial Cu2+ form

H+ and Cu2+ forms

H+ form.AA CC

After 1 hour After 4 hours

Fig. 5. Schematic view of resin bed (Dowex 50 WX-2) during

electromigration experiments. A and C refer to electrode polarity.
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diffusion of Cu2+ ions to the anode compartment. The
amount of Cu2+ ions accumulated in the anode com-
partment represents a few percent of that recovered in
the cathodic solution. Finally, the concentration of
copper ion in the liquid issuing from the packed bed is at
ppm levels or below, and integration of the copper flux
from the central compartment over time led to molar
amounts below 10)5 mol in most cases. Mass balances
on copper species were controlled for all experiments
and were shown to hold within 15% in most cases.
For electromigration of nickel ions, Janssen et al. [8]

proposed an empirical model of the resin regeneration,
assuming first-order kinetics with respect to the metal
ion concentration in the resin, and with a maximal
amount of ions extracted from the resin, depending on
the potential gradient. Neglecting the loss of Cu ions in
the anode compartment and in the liquid issuing from
the packed bed, the regular increase in Cu2+ ion
concentration in the cathodic solution corresponds to
the depletion of the resin. Therefore, applying the above
model to the case of copper sulfate yields exponential

laws for the number of moles of Cu2+ in the cathode
compartment:

nCu2þ ¼ nCu2þ;max � ð1� expð�t=sÞÞ ð11Þ

where nCu2þ;max is the maximal quantity of copper ion in
the cathode compartment at infinite time and s is the
time constant for the regeneration process. Experimen-
tal data were fitted to Equation 11.

4.5. Current efficiency

The ratio of the quantity of copper transferred to the
cathode compartment and the charge passed during
electrodialysis taking into account the faradaic constant,
expresses the efficiency of copper transport induced by
the electrical field. The integral current efficiency, UCu2þ ,
is then expressed as

UCu2þ ¼ zCuFnCu2þR t
0 Idt

ð12Þ

Because a fraction of the copper cations transferred is
reduced into metal copper, the current efficiency of the
ion transfer can also be defined taking into account the
copper deposited:

UCu ¼
zCuF ½nCu2þþnCu;m�R t

0 Idt
ð13Þ

even though the two yields differ from each another by a
few percentage points. The values of FCu are given in
Table 2. For both resins saturated with copper, the
current efficiency ranges from 25 to 45%. The efficiency
is drastically reduced for partially impregnated resins as
shown in Table 2: in such cases the current is essentially
transported in the complex medium by highly mobile
ions. The fraction of copper removed from the bed for a
given electrical charge seems independent of the poten-
tial drop over the bed and the current efficiency is not
affected by the cell voltage. This phenomenon is
particularly observable for the 50 WX-2 resin.
In addition, the differential current efficiency between

t1 and t2 can be defined as

Fig. 6. Time variations of the number of moles of Cu2+ in the

cathodic compartment for the two resins: (a) 50 WX-2; (b) HCR-S.

Effect of potential difference in bed and initial impregnation of bed:

white symbols refer to initial XCu2þ near 1, grey symbols are for

intermediate value of XCu2þ ; dark symbols refer to the lowest initial

value of XCu2þ .

Table 2. Values of the integral current yield of copper recovery in the

cathode compartment after 4 h and of the apparent diffusion

coefficient of copper ions in the packed bed inserted between the

Nafion 117 membranes

Resin YCu2þ initial Current yield,

FCu

1011 DCu;eff

/m2 s)1

50 WX-2 (2%) 0.98 0.32–0.45 2.6–3.3

0.61 0.13 2.4–2.7

0.36 0.05–0.11 1.5–5.4

HCR-S (8%) 1.00 0.17–0.42 0.17–0.44

0.73 0.10 0.34

0.47 0.035 0.36
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gCu2þ ¼ zCuF ½nCu2þðt2Þ � nCu2þðt1Þ�R t2
t1
Idt

ð14Þ

Figure 7 shows the relation between the differential
current efficiency and the ionic fraction of Cu2+

remaining in the resin, as a function of cell voltage
and initial concentration in the resin. The efficiency of
Cu2+ transport reaches 100% at the first instants of
electromigration runs when Cu-form resin predominates
in the bed. The differential current efficiency for the
regeneration process is strongly decreased by the pres-
ence of H+ in the resin, even in the first hour, due to the
side-transport of the current by the available protons.
For all cases, the differential current efficiency was
observed to decrease with time, due to the partial
regeneration of the bed, most likely near the inlet of the
cell. Since the diffusion coefficient of H+ in the resin is
an order of magnitude greater than that of Cu2+, H+

transport predominates, which reduces the regeneration
rate and the differential current efficiency.
For the 50WX-2 resin, the differential yield is weakly

dependent on the potential gradient and the initial
amount of copper ions adsorbed on the resin (Fig-
ure 7(a)). For the more rigid resin, the rate of decrease
does not only depend on the regeneration extent equal
to ð1� XCu2þÞ, and the plot does not suffice to explain
the global behaviour of the process. For low potential
gradient, gCu2þ is shown in Figure 7(b) to decrease
rapidly below 0.2 for low regeneration extents. This
could be explained by observations of the bed during the
runs: for such conditions, a small fraction of the bed at
the bottom can be converted into H+-form resin, and
the current flows near exclusively through the regener-
ated part.

4.6. Apparent diffusion coefficient of copper species

Derivating Relation 11 and introducing Abed, the cross-
section of the packed bed for the current, leads to the
expression of the specific flux, NCu:

NCu ¼
nCu2þ;max

sAbed
exp � t

s

� �
ð15Þ

Equating 7 and 15, taking into account Relation 8
yields:

nCu2þ;max

sAbed
� exp � t

s

� �
¼ zCuFDCu;eff½Cu

2þ�
RT

�rU ð16Þ

The ion concentration in the resin is involved in the
above relation since the resin bed is much more
conducting than the percolating liquid. Because the
concentration of copper ions in the resin is assumed to
decrease with time at the same rate than the specific flux,
as discussed above, the apparent coefficient is simply
deduced:

DCu;eff ¼
nCu2þ;max

sAbed
� RT

zCuF ½Cu
2þ�0rU

ð17Þ

where subscript 0 refers to t ¼ 0. It can be noticed that
from the model assumptions, the apparent diffusion
coefficient is constant throughout the regeneration of the
resin bed, regardless of the form of the ion-exchange
resin. The model developed here does not yield a
rigorous description of the complex process. However,
it is perfectly supported by the exponential profiles of
the variations of nCu2þ with time.
The values of this overall coefficient are reported in

Table 2. For the 50WX-2 resin, the average apparent
diffusion coefficient was found at (3.0 ± 0.4) ·
10)11 m2 s)1. For the HCR-S grade, the average appar-
ent diffusion coefficient was equal to (0.32 ±0.04) ·
10)11 m2 s)1. The average apparent diffusion coefficient
in 50 WX-2 and HCR-S resins, represents 1/25 and 1/

Fig. 7. Current efficiency of Cu2+ transfer to the cathodic compart-

ment against molar fraction of copper ions in resin bed: (a) 50 WX-2;

(b) HCR-S. Effect of potential difference in bed and initial impregna-

tion of bed: white symbols refer to initial XCu2þ near 1, grey symbols

are for intermediate value of XCu2þ ; dark symbols refer to lowest initial

value of XCu2þ .
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225, respectively, of the corresponding coefficient in the
water. In addition, these coefficients are roughly three
times lower than the predicted diffusion coefficient in a
resin particle (Section 3). The deviation has the follow-
ing reasons: first, the apparent diffusion coefficient yields
an overall description of diffusion/migration phenome-
na in the packed-bed, and not in isolated particles, as for
DCu: the two diffusivities have different physical mean-
ings. Besides, the presence of the membrane is to result
in additional hindrance to ion transfer, and this point
should be confirmed by further investigations.

5. Conclusion

Elementary processes involved in the operation of
hybrid ion-exchange electromigration process have been
investigated for the case of copper sulfate solutions.
First the adsorption equilibrium of cupric ions has been
determined depending on the solution pH and the cross-
linking degree of the Dowex resins. Secondly, the
electromigration of cupric ions in the resin bed under
an applied electrical field has been thoroughly observed
with formerly impregnated beds: the current efficiency of
the desired migration can attain 100% for fully impreg-
nated resins and the rates are governed by the potential
gradient and the stiffness of the resin. The transport
rates and the current efficiency are drastically reduced
for partially impregnated resins since the current flow is
strongly favoured by the presence of highly mobile ions
in the solid phase. Non-uniform composition of the bed
alters dramatically the yields and the regeneration of
Cu-form regions can hardly be achieved due to the
above short-circuit phenomena.
A more suitable design of the three-compartment cell

has to searched for higher performance, with a view to
larger applications of the hybrid process for the treat-
ment of dilute solutions.

Acknowledgements

The costs of the exchange of scientists (S.V. and A.A)
were covered by NATO within the Science for Peace
Program (contract 972490). Thanks are also due to
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Appendix

The film thickness was calculated using the relation
proposed by Dwidedi [19] for the external mass transfer
rate:

kd ¼ 1:1� v
e

Re�0:72
p

Sc2=3
for Rep < 10 ð18Þ

as it was established by compilation of various sources
of data. Rep is the particle Reynolds number, defined
on the average diameter of the resins and v, the
superficial velocity of the solution, and e the bed
porosity. The parameters selected for the calculation

Fig. 8. Diffusion coefficient of metal ions in ion-exchange resins

depending on the cross-linking degree: comparison of the values for

Cu2+ ion calculated from [20] with experimental data obtained by

Boyed and Soldano [21].
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were: v ¼ 0.425 mm s)1 (corresponding to 2 ml min)1

in the column), e ¼ 0.40, v ¼ 10)6 m2 s)1, DCu ¼ 7.2 ·
10)10 m2 s)1. The average particle radius was taken as
112 and 285 lm for resins 50WX-2 and HCR-S, respec-
tively. The thickness of the diffusion film defined as the
ratio (DCu/kd) was found at 14.2 and 27.7 lm for the
two resins used.
The diffusion coefficient of copper ion in the resin was

estimated using the empirical correlation proposed in
[20], as follows:

DCu

DCu
¼ 0:55� exp �0:174zXcl

V w
H

V

� �� �
ð19Þ

where z is the valence of the copper ion, V w
H is the

volume of H-type resin in the water and V, the volume
of all forms of resin in the solution. The ratio of the
two volumes appearing in Relation 19 can be calculated
[20]:

V w
H

V
¼ ½1� 0:52ðz½Cu2þ�� 1Þexpð�0:205XclÞ�

� exp 0:023
MCu

z
ð1:51� 0:51z½Cu2þ�Þexpð�0:192XclÞ

� �
ð20Þ

where MCu is the molecular weight of Cu2+ ions. The
calculations were carried out for a concentration of
cupric ions of 0.25 M varying Xcl (%) from 2 to 16, even
though the original law was established for Xcl greater
or equal to 3, and considering the value of DCu at
infinite dilution and at 25 �C (i.e., 7.2 · 10)10 m2 s)1).
As expected, the estimated diffusion coefficient decreases
with the crosslinking degree, varying from 8.7 · 10)11 to
1.1 · 10)12 m2 s)1 when Xcl (%) passes from 2 to 16
(Figure 8). The predicted variation is in satisfactory
agreement with the experimental values of the diffusivity
of other ions obtained by Boyed and Soldano [21] and
reported in [10]; in particular, the data for Cu2+ ion are
fairly close to the experimental data for Zn2+ ion
(Figure 8).
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