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Abstract

The removal of nickel ions from dilute solutions using a process that combines an ion-exchange bed with
electrodialysis has been studied. The main aspects include: the concentration of nickel ions in the diluate, the voltage
over the cell and the current density distribution along the ion-exchange bed. The current density distribution
provides insight into the state of the bed as it is simultaneously loaded with Ni2þ and regenerated with an electric
potential difference applied perpendicular to it. A simple model is used to describe the state of the bed and the
quantity of nickel removed from it as a function of time. Under specific conditions the precipitation of metal
hydroxides is observed in the compartment containing the ion-exchange bed. The results show that hydroxide
precipitation is related to the nickel concentration in solution and the electric potential gradient across the bed.

List of symbols

Ab area of the bed perpendicular to feed flow
(m2)

c concentration of species (mol m�3)
D diffusion coefficient (m2 s�1)

d species deposited on cathode
dbed distance between the two ion-exchange mem-

branes (m)

Ei potential difference over component i (V)

F Faraday constant (C mol�1)
grad u potential gradient (V m�1)
Ka equilibrium constant

km transport coefficient to cathode membrane
(m s�1)

l characteristic length (m)
N flux of species to cathode compartment

(mol m�2 s�1)

n quantity of species (mole)

Qs volumetric flow rate of solution (m3 s�1)
R resistance (X), gas constant (VC mol�1 K�1)
Re Reynolds number

Sc Schmidt number
Sh Sherwood number

T temperature (K)
t time (s)
tcap time at which a bed segment was converted to

the nickel form (s)
Vi volume of bed in i form (m3)

w width of ion exchange bed perpendicular to the
potential gradient (m)

z axial position in ion-exchange bed (m), ionic
valence (�)

DEi electric potential difference over component i (V)
e void fraction of ion-exchange bed
m linear solution flow rate (m s�1)
t kinematic viscosity (m2 s�1)

Subscripts
a anode compartment, anolyte
anode platinum anode
bed ion exchange bed
c centre compartment
d deposit on cathode
cathode platinum cathode
cell entire cell including electrodes, electrolytes,

membranes and ion-exchange bed
cap capacity
e effluent solution
eff effective or apparent parameter
f feed
k cathode compartment, catholyte
i ion
lim limiting
R resin phase
r quantity removed from model feed solution
S solution phase
S–R combination of solution and resin phase
seg segment
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Symbols with over bars (e.g. �ccI ) indicate values within
the ion-exchanger.

1. Introduction

The electrodeionisation process is a means by which the
continuous and cost-effective recovery of heavy metals
from dilute solutions may be realised. By placing an ion-
exchange resin in the diluate compartment of an
electrodialysis cell, the technique combines the added
selectivity and conductivity provided by the ion-
exchange column with the advantages of electrodialysis.
Several factors regarding the removal of sorbed nickel
ions from a bed of ion-exchange particles have been
studied in previous papers [1–3]. These include the effect
of Ni2þ concentration in the particles, magnitude of the
applied cell voltage, bed width, acid concentration of the
electrolytes as well as other factors that were observed to
affect the steady state of the process at longer periods of
operation.

The aim of the present work is to study the effects of
nickel feed concentration, and to examine the current
density distribution along the cell as it is simultaneously
fed with a dilute nickel solution and regenerated with
a constant potential difference. Two different ion-
exchange materials have been used, one with a flexible
gel matrix and one with a rigid macro-reticular matrix.
The rigid macro-reticular Amberlyst 15 ion exchange
resin was used in the study incorporating various nickel
concentration in the feed solution. Its high degree of
cross-linking (approximately 20%) renders it very stable
and, consequently, the size of the ‘macro’ pores are
fixed. The second type, the Dowex 50WX-2 ion-
exchanger, is a 2% cross-linked gel that swells and
creates space between the polystyrene chains through
which ions can migrate [4]. This resin was used in the
study of the current density distribution over a 0.5 m tall
bed during the electrodeionisation process. The two
resins differ greatly in their electrical conductivity and
physical stability; it was found that the highly flexible
Dowex 50WX-2 ion-exchange resin has a much higher
conductivity but lower stability than Amberlyst 15 [1, 2].

2. Experimental

2.1. Mass transfer during electrodialysis

The electrodialysis experiments were carried out using a
cell consisting of three compartments (anode, cathode
and centre) divided by an anion-selective membrane on
the anode side and a cation-selective membrane on the
cathode side of the centre compartment. The effective
area of the cell (i.e. membrane and electrode area) was
0.001 m2 (0.100 m in height). The centre and outer
compartments had widths of 0.015 and 0.0050 m re-
spectively.

Each experiment employed one of the following
exchange resins: (a) Amberlyst 15 containing sorbed

Ni2þ and Naþ, (b) Amberlyst 15 containing sorbed Hþ,
(c) Dowex 50WX-2 containing sorbed Ni2þ. Exchanger-
a was prepared in batch by equilibrating the resin,
originally in the sodium form, with two bed-volumes of
215 mol m�3 NiSO4 solution over a period of 20 days.
The resin was then washed with deionised water and
later stored in a beaker containing two bed-volumes of
deionised water. The retinate was then analysed for
nickel content. Exchanger-b was prepared by placing a
quantity of the resin in a column and, to ensure its
hydrogen form, it was subsequently regenerated with
2 M sulphuric acid. It was then washed with deionised
water until the retinate was neutral. The preparation of
exchanger-c was performed in batch and is described in
Ref. [2].

The effects of the NiSO4 concentration in the feed
solution (1.3, 2.8, 4.7, 5.7 and 8:2 � 10�4 M) on the mass
transfer of Ni2þ were studied using exchanger-a. Ex-
changer-a was used to ascertain the origin of the ions
present in the effluent, i.e. Naþ from the exchanger and
Hþ from the outer compartments [1]. The results were
then compared to experiments using Amberlyst 15 in the
hydrogen form (exchanger-b) and the Dowex resin in the
nickel form (exchanger-c). These latter experiments were
carried out with a 0.001 M NiSO4 feed solution.

All experiments were performed by placing an aliquot
of the resin in the centre compartment of the cell. A
solution containing a pre-determined concentration of
NiSO4 at a pH of 5.70 was introduced to the centre
compartment at a flow rate of 25 cm3 min�1, while
sulphuric acid solutions with concentrations of 0.1 M

were circulated through the outer compartments. Dur-
ing each run a constant cell voltage of 30 V was applied
and the following characteristics were monitored:
• current (hourly)
• centre compartment solution conductivity and pH at

the outlet
• temperature of all three solutions
Samples of the catholyte (1 cm3) and effluent (2 cm3)
were taken on an hourly basis and analysed for Ni2þ.
Effluent samples from a selection of the experiments
were also analysed for Ni2þ and Naþ.

Nickel and sodium concentrations were determined
using a Perkin-Elmer 3030 atomic absorption system.
The absorption was linear between 0 and 1 ppm for
sodium and 0 and 2 ppm for nickel, while solutions
found outside these ranges were diluted with deionised
water. The lower detection limit for nickel was approx-
imately 4:3 � 10�3 and 2:0 � 10�4 ppm for sodium. All
analyses were performed using an air/acetylene flame
and a detection wavelength of 232.0 nm for nickel and
589.0 nm for sodium.

2.2. Current distribution along a tall vertical cell
with segmented electrodes

The cell used in this series of experiments contained
segmented electrodes. It is depicted in Figure 1. The
effective height of the cell was 0.50 m and it consisted of

2



three compartments (anode, cathode and centre) sepa-
rated by two Nafion 117 cation selective membranes.
The outer compartments, which housed the electrodes,
were 0.01 m wide and 0.005 m thick while the centre
compartment had horizontal dimensions of 0.01 by
0.01 m respectively. Each electrode comprised 20 flat
platinum segments. Each segment was 0.0240 m in
height, 0.010 m in width and separated by a distance
of 0.0010 m. The segments in the electrode compart-
ments were aligned directly opposite one another and
each of the 20 pairs were connected to a separate
channel of a power supply [5].

The anode and cathode compartments were connected
to separate flow circuits, each containing a 1 M H2SO4

solution, while a bed of Dowex 50WX-2 ion-exchange
particles in the hydrogen form was placed in the centre
compartment. A 0.001 M NiSO4 model solution was
then treated by passing it through the centre compart-
ment of the cell at a flow rate of 33 cm3 min�1. All
solutions were kept at a constant temperature of 298 K.
During electrodialysis, the current density across each
electrode segment pair was recorded every 15 min and
1.5 cm3 catholyte samples were taken periodically and
analysed for Ni2þ content. This procedure was carried
out for cell voltages of 5, 10 and 15 V.

2.3. Apparent nickel capacity of Dowex 50WX-2

Due to the large degree of swelling of the 2% cross-
linked resin, the apparent concentration of fixed sites in
its Ni2þ form distinctively varies from that of the Hþ

form, and hence that given by the supplier (600 mol
m�3). To determine the apparent nickel capacity of the
ion-exchange bed, a quantity of Dowex 50WX-2 resin in
the hydrogen form was placed in a calibrated column
with a cross sectional area of 1 cm2. The settled volume
of the resin was 19.1 cm3. Top down flow of deionised
water was then induced by a suction pump at a pressure
of 0.6 bar (equal to the initial pressure across the 70 cm
tall cell filled with the nickel form of a 50 cm tall Dowex
50WX-2 bed). The bed volume was then re-measured and
was found to have decreased by 7% to 17.8 cm3. A 0.1 M

NiSO4 solution was then trickled through the column
until the retinate had the same composition as the NiSO4

feed (at this point the bed had been fully converted to the
nickel form; it was determined by measurement of the
retinate pH). The ion exchange bed, now in the nickel
form, was then washed with five bed-volumes deionised
water (to remove NiSO4 from the interstitial solution),
and the retinate analysed for nickel content by AAS. The
quantity of nickel sorbed by the bed was determined by
calculating the difference between the quantity of nickel
fed to the bed and the quantity remaining in the retinate.
Top down flow of deionised water was again stimulated
by a suction pump at a pressure of 0.6 bar to determine
the volume of the bed under operating conditions. The
volume of the resin in the nickel form was found to have
decreased by approximately 40% to 10.8 cm3 upon
conversion from the hydrogen to nickel form and the
effective nickel capacity of the contracted Dowex 50WX-
2 was found to be 534 mol m�3.

3. Results

3.1. Mass transfer during electrodialysis, Amberlyst 15

The effect of nickel concentration in the feed solution,
cNi,f, on the migration rate of nickel in a bed of
Amberlyst 15 particles loaded with nickel and sodium
was studied [effective nickel content: 334 mol m�3 wet
settled bed (40%), effective sodium content 1050 mol
m�3 (60%)]. During the course of the experiment a
gradual increase in current density, from approximately
5 to 14 mA cm�2, and the formation of a greenish
precipitate on the ion-exchange particles at the inlet side
of the cell were observed. The quantity of nickel
transported from the centre compartment, through the
cation-selective membrane and into the cathode com-
partment is presented in Figure 2 for the 1.3, 2.8, 5.7
and 8:2 � 10�4 M NiSO4 experiments. The rate of nickel
transport increased with increasing cNi,f and decreased
with increasing time of electrodialysis.

The various contributions to the mass balance of the
system is depicted in Figure 3 as a function of the nickel

Fig. 1. Section of the segmented electrode cell depicting the anode (a),

cathode (k), and centre (c) compartments.
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feed concentration, cNi,f. These include the amount of
Ni2þ transported to the cathode compartment, nNi,k, the
total amount feed to the cell, nNi,f, and the amount
remaining in the effluent, nNi,e after 8 h electrodialysis.
The difference between the quantity of Ni2þ fed to the
cell and the quantity transported to the catholyte as well
as remaining in the effluent, nNi,f � ðnNi,k + nNi,eÞ, is
also depicted in Figure 3 and is equal to the amount of
Ni2þ remaining in the bed. After 8 h electrodialysis, the
quantity of nickel remaining in the bed is observed to
increase substantially with increasing nickel feed con-
centration. This was primarily due to the formation of a
green precipitate, Ni(OH)2 [6], around the outside of the
particles at the bottom, or inlet, of the bed; it tended to
‘cement’ the particles together. The precipitate formed
in a triangular region whose sides partially bordered the
bottom of the bed and the cation-selective membrane.

The green region of precipitation grew in both size and
density over time. By comparing the nickel concentra-
tion in the effluent with its original concentration in the
feed, it was found that an average of 92% of the nickel
was removed from the feed solutions.

Typical results for the effluent pH, pHe, and sodium
ion concentration, nNa,e, are given in Figure 4 for nickel
feed concentrations of 2.8, 4.7 and 5:7 � 10�4 M. For
cNi,f ¼ 4.7 and 5:7 � 10�4 M, pHe increased from ap-
proximately 3.5 to 10.3 for a period of time after which
it returned to a constant value of approximately 3.1.
When cNi;f ¼ 2:8 � 10�4 M, the pHe remained nearly
constant at 3.5 for the entire experiment; this was also
the case for cNi,f below 2:8 � 10�4 and above
5:7 � 10�4 M. Moreover, the pHe profile closely fol-
lowed that of nNa,e.

A further experiment was conducted in which a bed of
Amberlyst 15 particles originally in the Hþ form was fed
with a 0.001 M NiSO4 solution at a cell voltage of 30 V.
Figure 5 depicts the transport of nickel ions from the
centre compartment to the cathode compartment during
electrodialysis. The amount of Ni2þ in the effluent from

Fig. 2. The amount of nickel ions in the catholyte as a function of time

for the series of experiments in which a bed of Amberlyst 15 particles

loaded with Ni2þ and Naþ was used and the nickel concentration in

the feed solution, cNi,f, was varied. A constant cell voltage of 30 V was

applied for all experiments and feed solution flow rate was 25 cm3

min�1. cNi,f: (+) 1:3 � 10�4; (n) 2:8 � 10�4; (+) 5:7 � 10�4; (m) 8:2 �
10�4 M NiSO4.

Fig. 3. The total quantity of nickel transported into the cathode

compartment, nNi,k at a cell voltage of 30 V (s), the total quantity of

nickel fed to the cell, nNi,f (n), the total quantity of nickel remaining in

the centre compartment, nNi,c (+), and the total quantity remaining in

the effluent, nNi,e (d) after 8 h electrodialysis as functions of the nickel

concentration in the feed solution.

Fig. 4. pH [(n) 2:8 � 10�4, (h) 4:7 � 10�4, (+) 5:7 � 10�4 M NiSO4]

and sodium content [(m) 2:8 � 10�4, (+) 4:7 � 10�4, (j) 5:7 � 10�4 M

NiSO4] of the centre compartment effluent solution with time at

various nickel feed concentrations. A constant cell voltage of 30 V was

applied across the Amberlyst 15 ion-exchange bed.

Fig. 5. Nickel content in the catholyte as a function of time for the

series of experiments in which a bed of Amberlyst 15 particles initially

in the hydrogen form was used. The nickel concentration and flow rate

of the feed solution was 1:0 � 10�3 M and 25 cm3 min�1 respectively.

The cell voltage was constant at 30 V.
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the centre compartment was less than the detection limit
of the AAS instrument (�20 ppb) and after an electro-
dialysis time of 8 h the quantity of Ni(OH)2 precipitate
was significantly less than that observed when Amberlyst
15 beds originally containing Ni2þ and Naþ were used.
The average pH of the effluent was approximately 2.9
during the entire experiment; this is less than that of the
previous series using an Amberlyst 15 bed loaded with
Ni2þ and Naþ.

A similar experiment was carried out in which a bed
of Dowex 50WX-2 resin initially in the nickel form was
used with a 0.001 M nickel feed. During the experiment
it was observed that nickel from the model solution was
sorbed nickel or deposited as Ni(OH)2 near the inlet of
the cell in the same triangular manner described for
Amberlyst 15, while the remainder of the bed was
regenerated (in contrast to the Amberlyst 15 resin, a
clear distinction between the (green) nickel and (yellow)
hydrogen forms of the Dowex resin could be observed
[2]). Nickel hydroxide formation was only observed in
areas of the bed already converted to the nickel form.

3.2. Current distribution in a tall vertical cell
with segmented electrodes

To determine the current distribution along an ion-
exchange bed a cell with segmented electrodes was used.
The centre compartment of the cell contained a bed of
Dowex 50WX-2 resin initially in the hydrogen form. A
nickel solution was fed upwards through the centre
compartment and a cell voltage was applied. The nickel
ions were subsequently sorbed by the resin and trans-
ported to the cathode compartment under the potential
gradient. During the process an interface between the
nickel and hydrogen forms of the bed was observed and
is termed the nickel front. The position and dispersion of
the nickel front were affected by the vertical nickel fluxes
produced by feed solution flow and the horizontal fluxes
directed towards the cathode compartment produced by
the electric potential gradient.

Upon sorption of Ni2þ at the front, the ion-exchange
particles contracted and caused an increase in the
pressure drop of the feed solution through the bed.
This produced a decrease in the flow rate of the feed
solution that then had to be periodically re-adjusted;
more detail of this effect can be found in Ref. [2].

The amount of Ni(OH)2 precipitation was observed to
vary with applied cell voltage. No nickel hydroxide was
visibly observed to form at a cell voltage of 5 V, but
precipitation was observed at cell voltages of 10 and
15 V. It was found on the cathode side of the bed in
regions where the ion exchanger had already been
converted to the nickel form. The rate at which the
nickel front progressed upwards through the column was
also observed to decrease with increasing cell voltage.

Figure 6 depicts the current density for various
electrode segment pairs at a cell voltage of 5 V as a
function of electrodialysis time (the segments increment
from 1 at the bottom of the cell where the feed solution

was introduced to 20 at the top of the cell). At the start
of electrodialysis a relatively high current density
through each segment is visible. This was caused by
the relatively high interstitial solution conductivity
resulting from H2SO4 diffusion from the outer com-
partments before electrodialysis and feed flow was
initiated. After the model solution was fed through the
centre compartment for approximately 15 min, the
conductivity of the centre compartment decreased to a
constant level. After this start-up period, the current
density across each segment (excepting pairs 1 and 2)
was relatively high for a period of time, i.e. 0.04–
0.068 A cm�2, and then decreased sequentially along the
length of the cell to nearly 0. The current decrease
occurred as nickel ions from solution replaced Hþ

originally sorbed by the ion exchange particles. Due to
the relatively low mobility of sorbed nickel ions, the ion
exchange bed increased in resistance upon conversion to
the nickel form (the conductivity of the hydrogen and
nickel forms of the Dowex 50W-X2 resin are 6.7 and
2:04 � 10�3 X�1 cm�1 respectively).

After the start-up period, the curves can be divided
into three sections; a, b and c, which are depicted in
Figure 6 for segment pair 8. Section a, where the current
density is relatively large, corresponds to the time during
which only Hþ was transported through the bed between
segment 8; b, where the current decreases sharply,
corresponds to the time period during which Ni2þ/Hþ

exchange had occurred; and c, where the current density
is relatively small, corresponds to the time period during
which the bed was largely in the nickel form and only
Ni2þ was transported across the segment. The location of
the nickel front can then be ascertained as a function of
electrodialysis time. For instance, the time at which the
bed adjacent to an electrode segment was fully converted
to the Ni2þ form corresponds to the time at which the
current across that bed segment reached its lowest level,
tcap. In Figure 6, tcap is indicated for three electrode
segments.

Fig. 6. Current densities across various electrode segment pairs at a

5 V cell voltage vs. electrodialysis time. The ion-exchange compart-

ment contained a bed of Dowex 50X-2 particles originally in the Hþ

form and was fed by a 1:0 � 10�3 M NiSO4 solution at a flow rate of

33 cm3 min�1. The segments are numerically labelled, where segment 1

is located at the feed inlet of the cell.
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In Figure 7, the quantity of sorbed nickel, �nnNi, is
represented as a function of electrodialysis time, t, for
cell voltages of 5, 10 and 15 V. To calculate �nnNi, the
volume of the bed in the nickel form, VNi, was used
along with the nickel capacity of the bed, �ccNi;cap,
determined in Section 2.3:

�nnNi ¼ �ccNi;capVNi ð1Þ

VNi was calculated as a function of time using the
position, or height, of the fixed segment at time tcap:

VNi ¼ ztcap
Ab ð2Þ

where Ab is the cross-sectional area of the bed perpen-
dicular to the flow of the feed solution.

The quantity of sorbed nickel was observed to
decrease with increasing cell voltage. It was clearly
larger for a cell voltage of 5 V.

The quantities mentioned above are part of the mass
balance of the system:

nNi;f ¼ nNi;k þ �nnNi þ nNiðOHÞ2
þ nNi;e þ nNi;d ð3Þ

This states that the quantity of nickel introduced to the
system, nNi,f, is equal to the sum of the quantity in the
catholyte, the quantity sorbed by the resin, the quantity
precipitated as Ni(OH)2, the quantity remaining in the
effluent and the quantity deposited on the cathode. nNi,f,
nNi,k and nNi,e were determined by analysing samples
using AAS while �nnNi and nNiðOHÞ2

were calculated using
Equations (1)–(3). The quantity of nickel in the effluent,
nNi,e, was found to be less than the detection limit of the
AAS analysis in all cases, whereas the quantity depos-
ited on the cathode, nNi,d, was not observed until later in
the 5 V experiment. Figure 7 also shows a comparison
between the quantity of Ni2þ fed to the cell, nNi,f, with
the sum of the quantity sorbed by the bed and

transported to the cathode compartment, ðnNi;k þ �nnNiÞ,
for the 5 V experiment. A good agreement between nNi,f

and ðnNi;k þ �nnNiÞ was found in the 5 V case, but not
when cell voltages of 10 and 15 V were used.

The quantity of nickel transported to the catholyte,
nNi,k, is given in Figure 8 as a function of time. It was
clearly higher for the 5 V experiment (due to the absence
of nickel hydroxide formation), but contrary to the 10
and 15 V experiments it was observed to decrease after
t ¼ 5 h. This was caused by the deposition of metallic
nickel on the cathode; such behaviour was also observed
in previous work at a cell voltage of 40 V and a nickel
concentration in the catholyte of approximately
0.02 mol l�1 [2].

4. Discussion

4.1. Mass transfer during electrodialysis

4.1.1. Amberlyst 15
Nickel ions were removed from the feed solution either
by sorption into the ion-exchange particles and subse-
quent transport to the cathode compartment or by
precipitation as Ni(OH)2. For an ion-exchange bed
consisting of Amberlyst 15 resin initially loaded with
Ni2þ and Naþ (40 and 60% respectively), it was found
that the flux of nickel to the cathode compartment
increased with increasing Ni2þ feed concentration
(Figure 2). This was most likely due to the increased
quantity of sorbed Ni2þ (note the higher rate of Ni2þ/
Naþ exchange exhibited with increasing nickel feed
concentration in Figure 4) as well as the increased flux
of Ni2þ in the solution phase. The majority of nickel
removed from the feed solution during the 8 h Amber-
lyst 15 experiments, however, remained in the central
compartment and its quantity increased practically
linearly with nickel feed concentration (Figure 3). One
of the consequences of nickel hydroxide precipitation

Fig. 8. The quantity of nickel transported to the catholyte, nNi,k [(d)

5; (n) 10; (h) 15 V] as a function of time. The ion-exchange com-

partment contained a bed of Dowex 50X-2 particles initially in the Hþ

form and was fed by a 1:0 � 10�3 M NiSO4 solution at a flow rate of

33 cm3 min�1. The dotted line represents the calculated quantity of

nickel transported to the catholyte [Equations (6)–(10)].

Fig. 7. The quantity of nickel sorbed by the ion exchange bed, �nnNi [(d)

5; (n) 10; (h) 15 V], and the quantity of nickel fed to the cell, nNi,f (- - -),

are presented as a function of time for the experiments utilising the

segmented electrode cell. nNi;k þ �nnNi is presented for the 5 V experiment

(r). The ion-exchange compartment contained a bed of Dowex 50X-2

particles originally in the Hþ form and was fed by a 1:0 � 10�3 M

NiSO4 solution at a flow rate of 33 cm3 min�1.
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was a drop in the efficiency of the process. The current
efficiency, for example, decreased from an average of
approximately 11% after 1 h electrodialysis to approx-
imately 3% after 8 h; there is no clear effect of nickel
feed concentration.

Figure 4 indicates that the increase in effluent pH
during this series of experiments was related to the
exchange of Ni2þ in solution with Naþ in the resin. It
shows that after a large part of the sodium ions had been
removed from the bed, the effluent pH decreased to a
value slightly above 3. The decrease of effluent pH below
that of the feed solution (pH ffi 5:7) was due to the
exchange of Ni2þ with sorbed hydrogen and the addi-
tional diffusion of sulphuric acid from the outer cell
compartments (mainly from the anode compartment
[1]). The high effluent pH, i.e. 10.3, during a short period
of electrodialysis, was only observed for two experi-
ments in this series and was produced by the formation
of NaOH, the mechanism of which was most likely
similar to that of Ni(OH)2 formation explained below.

A deposit of nickel hydroxide was found in all
Amberlyst 15 experiments. It was observed to dissolve
after electrodialysis and feed flow were stopped as a
result of a decrease in the centre compartment pH
brought about by sulphuric acid diffusion from the
outer compartments. Although dehydrated nickel hy-
droxide was found to be practically insoluble in 1 M

H2SO4 [7], the nickel hydroxide formed during this
process was most likely hydrated. The dissolution of
hydrated Ni(OH)2, which has a solubility product of
6:3 � 10�7 mol3 m�9 [8], occurs at a pH of 3. It follows
that the nickel hydroxide was formed in regions of the
bed with a pH greater than 3, namely about 7 or higher.

The formation of both Ni(OH)2 and NaOH occurred
due to the decomposition of water in the centre
compartment. Water dissociation at ion-exchange mem-
branes is well documented [9–14]. ‘Extraordinary vio-
lent’ water dissociation was observed on the desalting
surface of a cation exchange membrane placed in a
NiCl2 solution [13]. In Ref. [11], the entire current
density of 40 mA cm�2 across a Selemion CMV cation
exchange membrane placed in a 0.1 M NiCl2 solution
was carried by Hþ formed during Ni(OH)2 precipita-
tion. During electrodialysis, Linkov et al. [6] found
nickel hydroxide deposited on particles of cation ex-
change resin placed in an electrodialysis chamber fed
with 0.05 M Na2SO4 solutions containing 0.15–0.4 g
dm�3 Ni2þ. To explain the formation of this deposit
they proposed that hydrogen and hydroxyl ions were
generated on the boundaries of the granules when these
were saturated with metal ions. The hydrogen ions were
sorbed by the particles to replace nickel ions removed by
migration while the hydroxyl ions combined with the
nickel to form a hydroxide. Taky et al. [10] proposed
that nickel hydroxide precipitation at a cation selective
membrane occurred as a result of the decomposition of
water molecules involved in the hydration of the nickel
ion. These water molecules have a larger equilibrium
constant, Ka, than water molecules not complexed with

nickel, and should therefore dissociate with greater ease.
Based on the work mentioned above, it can be conclud-
ed that the dissociation of water, and the consequent
precipitation of Ni(OH)2, occurs primarily above the
limiting current density for nickel transport. The reac-
tions are as follows [15]:

1: Ni H2Oð Þ6

� �2þ! NiOH H2Oð Þ5

� �þ þ Hþ

K1 ¼ 5:0 � 10�9

2: NiOH H2Oð Þ5

� �þ! Ni OHð Þ2 H2Oð Þ4

� �
þ Hþ

K2 ¼ 2:7 � 10�5–8:5 � 10�3

4.1.2. Dowex 50WX-2
When a 5 V cell voltage was applied across a bed of
Dowex 2% cross linked resin initially in the Hþ form, no
nickel hydroxide was observed to form in the centre
compartment. This also follows from Figure 7 where the
following mass balance was shown to be true:

nNi;f ¼ nNi;k þ �nnNi ð4Þ

The deviation at later electrodialysis times (t > 5 h) is
attributed to nickel deposition on the cathode. For cell
voltages greater than 5 V, no metallic nickel deposition
was observed. The mass balance given by Equation (3)
can then be rearranged to determine the amount of
nickel hydroxide formation:

nNiðOHÞ2
¼ nNi;f � nNi;k þ �nnNi

� �
ð5Þ

Using Equation 5, the nickel hydroxide precipitation
was found to start after 1.11 and 0.43 h electrodialysis at
a cell voltage of 10 and 20 V respectively while the rate
of precipitation increased with both electrodialysis time
and cell voltage.

4.2. Current distribution in a tall vertical cell

The current distribution in the hybrid cell was studied
using Dowex 50WX-2, and the bed’s change in conduc-
tivity with time was determined. From this information,
the distribution of sorbed nickel ions can be determined
as a function of time. Figure 9 shows the position of the
‘tip’ and ‘base’ of the nickel front as a function of time.
The tip represents the time at which the current across
an electrode segment began to decrease (Figure 6) due
to the sorption of nickel by the ion-exchange bed located
adjacent to it. The ‘base’ of the nickel front represents
the position of the front at tcap. The distance between
the two lines in Figure 9 indicates the length of the
disperse nickel front along the axis of solution flow.

In a conventional ion-exchange bed the velocity at
which a concentration front travels through the ion-
exchange column can be described by the following
equation [4]:
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mF ¼ Dz
Dt

¼ ms
�ccNi;cap

cNi
þ e

ð6Þ

where mF is the velocity of the front in m s�1, ms the
linear solution flow rate in m s�1, �ccNi;cap the nickel
capacity of the resin in mol m�3, cNi the nickel concen-
tration in the feed solution in mol m�3, e represents the
void fraction of the bed and Dz the distance the nickel
front travelled through the bed in time Dt. From this
equation the height of the nickel front was calculated as
a function of time and is given in Figure 9 as a dotted
line. In the hybrid ion-exchange/electrodialysis system
described here, however, the change in cNi due to
sorption at continually regenerated sites must first be
taken into account. This was done by expressing the
mass balance of the system as a function of bed height
and then assuming that the rate of sorption in regions of
the bed converted to the nickel form was equal to the
regeneration rate of the bed, NNi:

cNi ¼
QscNi � wzNNi

Qs;
ð7Þ

where cNi is the concentration of nickel ions in the
interstitial solution in regions of the bed completely
converted to the nickel form (mol m�3), Qs the volu-
metric solution flow rate in m3 s�1, w the width of the
bed perpendicular to the potential gradient in m and NNi

the flux of nickel into the cathode compartment in
mol m�2 s�1. By substituting ms ¼ 5:5 � 10�3 m s�1, Qs ¼
5:5 � 10�7 m3 s�1, cNi,f ¼ 1.0 mol m�3, �ccNi;cap ¼ 534
mol m�3, e ¼ 0:5 and NNi ¼ 1:5 � 10�4 mol m�2 s�1 into
Equations (6) and (7), the height of the bed fully
converted to the nickel form was solved as a function of
time. NNi was calculated from the migration term of the
Nernst Planck equation:

NNi ¼ zNi�ccNi;cap

�DDNi;effF
RT

grad u ð8Þ

where �DDNi;eff, the effective diffusion coefficient of nickel
in the fully loaded Dowex 50WX-2 resin, is 1:13 �
10�11 m2 s�1 [2]. The potential gradient over the ion-
exchange bed is:

grad u ¼ DEbed

dbed
¼ Ecell � ðEanode þ Ecathodej j þ DEk þ DEaÞ

dbed

¼ 320 Vm�1 ð9Þ

where (Eanode þ Ecathodej j þ DEk þ DEa) was found to be
1.8 V from I/E measurements of the hybrid cell con-
taining the Dowex resin. The resistance of the mem-
branes were neglected due their relatively small
contribution to the resistance of the cell at low current
densities [1]. The calculated height of the ‘ideal’ nickel
front as a function of time is given in Figure 9 as a solid
line and it agrees well with the experimental data for the
‘base’ of the nickel front. The ‘tip’ of the front cannot be
accurately predicted by this model since its formation
has largely to do with the migration of ions in the
solution phase towards the cathode (the shape of the
front is triangular with the hypotenuse running upwards
from the anode to the cathode membrane).

This model was further used to simulate the quantity
of nickel transported to the catholyte, where:

DnNi;k ¼ wzNNið ÞDt; ð10Þ

where z is calculated using Equations (6) and (7) as a
function of time. The dashed line in Figure 8 shows the
calculated result for the 5 V experiment. The agreement
between the experimental and calculated result is good
until metallic nickel deposition on the cathode occurred.
Note that in the above model, the transport of nickel
through the solution phase was not taken into consid-
eration and yet the calculated results show a good
agreement with the experimental results.

The conductivity of the interstitial solution was lower
than that of the ion-exchange particles themselves
(4:5 � 10�4 vs. 2:04 � 10�3 X�1 cm�1) and hence the
current during the electrodialysis process flowed mainly
through the ion-exchange particles. The three mecha-
nisms of transport include: solely through the resin (R),
solely through the solution (S) and alternating through
the resin and solution (S–R). The resistance of the ion-
exchange bed can then be expressed as [4]:

1

Rbed
¼ 1

RS
þ 1

RR
þ 1

RS–R
ð11Þ

The amount of current transported through the solution
phase can be estimated using ohm’s law and was found
to be 1.4 mA cm�2 at a potential gradient over the ion-
exchange compartment of 3.2 V cm�1; this compared to
an estimated 6.5 mA cm�2 through the resin phase.
This, along with the agreement between the model and

Fig. 9. Height of the tip (m) and base (d) of the nickel front as a

function of time for the 5 V experiment. The ion-exchange compart-

ment contained a bed of Dowex 50X-2 particles initially in the Hþ form

and was fed by a 1:0 � 10�3 M NiSO4 solution at a flow rate of

33 cm3 min�1. The solid line represents the calculated result [Equa-

tions (6)–(9)] while the dotted line represents the height of the nickel

front without continuous regeneration of the bed, i.e. conventional

ion-exchange.
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experimental results, indicate that transport through the
resin phase was the predominant transport mechanism
of the nickel ions.

The limiting current density to the membrane through
the solution phase was estimated by assuming that the
transport of ions to the membrane surface was similar to
the transport of ions to particle surfaces in a packed bed;
the corresponding Sherwood correlation for a packed
bed of particles is [16]:

Sh ¼ 1:52Re0:55Sc0:33 ð12Þ

where Re ¼ ml
t , Sc ¼ t

D and l is the characteristic length, in
this case the average particle diameter ¼ 2.25 · 10�4 m.
Substituting the linear flow rate m ¼ 5:5 � 10�3 m s�1,
the kinetic viscosity of water t ¼ 8:98 � 10�7 m2 s�1

and the diffusion coefficient of Ni2þ in water ¼ 6.9 ·
10�10 m2 s�1 at 25 �C and very low concentrations [17],
into the above equations, the Reynolds, Schmidt and
Sherwood numbers were found to be, 1.37, 1301 and
19.33 respectively. The mass transport coefficient, km, to
the membrane can then be calculated using:

Sh ¼ kml
DNi

ð13Þ

and was found to have a value of 5:93 � 10�5 m s�1.
Taking migration into account, the limiting current
density to the membrane through the solution phase can
be calculated using the following equation [18]:

ilim ¼ zNi 1 þ zNi

zSO4

����
����

� �
FkcNi ð14Þ

and was found to be 2.2 mA cm�2. This limiting current
density, above which nickel hydroxide precipitation is
expected to occur, is greater than the estimated current
density transported through the solution phase at a bed
voltage of 3.2 V cm�1, i.e. 1.4 mA cm�2. At a bed
voltage of 8.2 V cm�1 (the 10 V experiment), however,
Ohm’s law estimates a current density of 3.7 mA cm�2.
This is above the calculated limiting current density,
which would explain the nickel hydroxide formation at
this, and higher, cell voltages.

5. Conclusions

The removal of nickel ions from solution using a
combined ion-exchange/electrodialysis technique was
studied. The nickel ions were removed by the following
mechanisms: either by transport through the solution
phase to the cathode compartment, by sorption in the
ion-exchanger and subsequent transport to the cathode
compartment or by precipitation as a hydroxide in the
centre compartment. As the aim of this research
program is to create a continuous system for removing
nickel ions from very dilute solutions, the latter mech-
anism must be avoided. Key factors involved in obtain-
ing a continuous system are cell voltage, concentration

of nickel in the feed solution and the ionic nature of the
ion exchanger. It was shown that the concentration of
nickel in the feed affected the quantity of nickel
hydroxide in the ion-exchange bed and that the pH of
the effluent can be affected by the presence of sodium
ions in the resin. Both nickel hydroxide and sodium
hydroxide were formed due to the decomposition of
water within the central compartment.

The flexible Dowex 50WX-2 resin performed remark-
ably better than the macro-reticular Amberlyst 15 resin;
this due to the greater conductivity of the Dowex resin.
The absence of precipitation in one of the experiments
using the Dowex 2% cross linked resin showed that it
was possible to continuously deionise a dilute nickel
solution. Of the cell voltages used, the 1 mM NiSO4

solution in question was deionised without hydroxide
precipitation at a cell voltage of 5 V while cell voltages
of 10 and 15 and 30 V were high enough to cause
Ni(OH)2 formation. The potential gradient over the bed
must be chosen sufficiently low. The concentration of
nickel and hydrogen ions in the feed solution will also
determine whether hydroxide formation will occur and
it has been found that the rate of nickel hydroxide
precipitation increased with both nickel concentration in
the feed as well as cell voltage. Under our experimental
conditions, cell voltages higher than about 5 V should
be avoided; this corresponds to approximately
320 V m�1 bed width.

In previous work it was shown that the current
efficiency of the system is 100% when the bed is
completely in the nickel form [2]; it follows that the
current efficiency of the system greatly depends on the
ionic state of the bed. The simple model presented in this
paper gives an accurate prediction of the portion of the
bed fully converted to the nickel form, where the current
efficiency is highest, but it cannot predict the dispersion
of the nickel front, where the current efficiency will
decrease substantially due to the presence of sorbed
hydrogen ions. This model also successfully predicted
the quantity of nickel transported to the catholyte as a
function of time.
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