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Abstract

This paper describes the continuous removal of nickel ions from a dilute solution using a hybrid ion-exchange/electrodialysis process.
Emphasis was placed on the ionic state of the bed during the process, and the mass balance of ions in the system. Much of this information
was obtained by analysing the current distribution across the cell. The effects of temperature, feed nickel concentration and feed solution
flow rate were ascertained. It was found that a steady, continuous process can be achieved. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction The process involves a bed of ion-exchange patrticles
placed between two ion-selective membranes. The nickel
The combination of electrodialysis and ion-exchange par- from the feed solution will be absorbed by the particles
ticles for the removal of ions from solution has received and migrate under a potential gradient to the cathode.
a great deal of attention. One of the first to mention such The system can be described in two ways: either as an
a combination, in this case for the treatment of radioac- ion-exchange column continuously regenerated by the
tive wastes, was Glueckauf [1]. Much of the work, how- application of a potential gradient perpendicular to the
ever, has been focused on the removal of monovalent ionscolumn length or as an electrodialysis system whose con-
and the production of ultra-pure water [2—6], while the re- ductivity and selectivity is aided by the presence of a
moval of bivalent ions has been studied to a lesser degreepacked bed of ion-exchange particles in the dilute compart-
[7—10]. This work follows previous studies involved in the ment.
treatment of dilute nickel solutions; parameters such as the
fraction of nickel in the packed bed [11], the potential dif-
ference over the bed [12], bed width [11,12], concentration 2. Experimental
of nickel ions in the feed solution and the migration rate
of the nickel front through the bed at various bed voltages The experimental set-up has been previously described
[12] were examined. This paper will focus on the long-term in [12]. It consisted of a three-compartment cell with an
behaviour of the combined process. The studies were car-effective area of 50 ch(1 cm widex 50 cm long (Fig. 1).
ried out for up to 100 h and involved variations in the feed The outer compartments contained the electrodes and were
flow rate, temperature and the concentration of the nickel each connected to separate 1MS3@, electrolyte cir-
feed. These parameters are important as they may affect theuits. The centre compartment contained a packed bed of
nickel flux and current efficiency of the process. The pur- ion-exchange particles (Dowex 50X-2 50-100 mesh) ini-
pose is to design a continuous deionization system for thetially in the H form, while two Nafion 117 cation-selective
removal of various heavy metals from process solutions of membranes were used to separate the three compartments.
low concentration. Various NiSQ feed solutions were fed through the centre
compartment top-down.
The electrodes were comprised of 20 separate platinum
* Corresponding author. segments that were 0.024m in height, 0.010m in width
E-mail addressyp.b.spoor@tue.nl (P.B. Spoor). and separated by a distance of 0.001 m. Each electrode
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Nomenclature

A area of the bed perpendicular to nickel
migration (m)

AE cell voltage (V)

H bed position measured from top of the cell (m)

n; quantity of species (mol)

N;  flux of species (molm2s-1)

compartment
cell entire cell including anode, cathode and
centre compartments
eff  centre compartment effluent solution Computer
feed feed solution
k cathode compartment
t tip of nickel front

pair was connected to a separate channel of a potentiostat.
Segment-1 was located at the top of the cell where the feed

solution was introduced, while segment-20 was located at
the bottom, or exit, of the cell. This set-up allowed for an
- |l

t time (s) j
v feed solution flow rate (cAs1)

Subscripts

a anode compartment J

b base of nickel front

bed bed of ion-exchange resin occupying centre Potentiostats

accurate determination of the current distribution down the

column during operation at a constant cell voltage. Other

measurements included the temperature along the column

(Pt-100 thermocouples inserted into the wall of the centre Fig. 1. Section of the segmented electrode cell depicting the anode (a),

compartment), and the pH and conductivity of the pro- cathode (k), and centre (c) compartments.

cessed solution. These data were recorded continuously

with the aid of a computer. Mass transport information was

acquired by analysing the nickel contents in the catholyte, 3- Results

processed effluent solution and anolyte. Regular sampling

of these solutions and subsequent analysis of the samples-1. Experiment 1: initial experiment

by either Flame AAS or UV/Vis spectroscopy, depend-

ing on concentration, were carried out. The pressure drop In this experiment, all parameters mentioned in Table 1,

across the cell as well as the position of the nickel front, aside from the temperature, were held constant. This experi-

measured from the top of the cell, was measured periodi- ment was carried out to determine if the process would reach

cally. a steady state during its 110 h duration. During the week-
The experiments follow the same procedure as describedlong experiment, it was found that changes in the ambient

in [12] with a few changes to the experimental parameters. temperature affected the temperature in the cell; this will be

These parameters are given in Table 1. discussed in more detail below.

Table 1

Experimental parameters

Experiment Cell voltage (V) Feed Rii Feed flow rate (crhs™1) Electrolyte and feed
concentration (mM) temperature °C)

1 5 1 0.53 25 initial

2 5 2 0.53 Incremented: 25, 30, 35, 40

3 5 1 Incremented: 0.25, 0.38, 0.58, 0.8, 0.92 25
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When the 1 mM NiSQ feed solution was introduced to Niz+
the centre compartment, thedNiions were absorbed by the  Segmented Cathode ‘ Segmented Anode
ion-exchanger. This caused the bed to turn from its original IEM l IEM

yellow colour when in the hydrogen form to the dark green
colour indicative of its nickel form. A clear yellow/green 1
boundary, or front, resulted (Fig. 2). This front was observed }
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to move down the bed.

As the front moved down the column it was also observed
to change in shape; it became less flat and more elongated
along the cathode side of the cell. The resulti and
baseof the front is indicated in Fig. 2. The position of the
front in the column was not constant over the course of
the experiment. It was observed to retreat and advance on
a daily basis, hovering around an average position. A sharp
decrease in particle volume occurred upon the conversion of
the particles from the hydrogen to nickel form [12,13]. This
caused the bed to contract, leaving the first three segment
pairs without an adjacent resin bed.

The current that passed through the various electrode pairs
for the first 80 h of this experiment is given in Fig. 3 as a
function of time. For clarity, only the channels involved in
exchange with Nit are given. The position of the nickel
front can be determined from the current distribution. This
is possible due to the large mobility difference between the
divalent nickel ion and the hydrogen ion in the system [13].
When the current across a pair of segments was relatively
high the bed between the segments was in the hydrogen
form. A low current across a pair of segments corresponded
to a section of the bed in the nickel form. It was found that
when the tip of the front reached the top of a segment, its Fig. 2. D_iagram of the nickel front. This figure depi_cts the sections of
current began to decrease. This current stabilized when thel® Ped in the Ni", H' and NP*/H* forms. The bed is regenerated by
base of the front reached the bottom of the segment pair. ItH supplied by the anolyte, while nickel is concentrated in the cathode

compartment. The nickel solution is fed top-down.
can be seen that the current across a number of the segment
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Fig. 3. Current distribution for the first 80 h of experiment 1. The first 11 channels, representing a bed position of 27.5cm, are depicted. A cell voltage
of 5V was applied. The current across the remaining portion of the bed remained relatively constant at currents between 0.15 and 0.25A. During the
first 24 h, the current across the segments decreases in consecutive order.
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Fig. 4. Quantity of nickel transported to the cathode compartm@tand the total amount of nickel introduced to the cell during experiment 1 (dashed
line). The NiSQ feed had a concentration of 1 mM and a flow rate of 0.53sm. A cell voltage of 5V was applied.

pairs (segments 10-16) was not stable, but oscillated peri-hydroxide dendrite formation occurred on this section of
odically. membrane, because due to bed contraction, it did not have
The total amount of nickel introduced to the cell and the an adjacent bed of particles.
amount transported into the cathode compartment is shown Along the cathode cation-selective membrane, precipitate
in Fig. 4 as a function of time. This figure shows that the flux was also observed as non-uniform patches in the bed. Precip-
of nickel into the cathode compartment was relatively con- itate only formed in areas of the bed in the nickel form. Due
stant over the entire experiment. Only a small difference be- to the absence of ion-exchange particles adjacent to segment
tween the amount of nickel entering the cell and the amount pairs 1-4, these segments were turned off at 30 h to
removed from the bed was observed. The amount of nickel prevent further Ni(OH) precipitation on the membrane; the
in the effluent of the centre compartment was below the de- precipitate subsequently detached itself from the membrane.
tection limit (~20 ppb) of the AAS instrument used for the At t = 24 h, the temperature of the system was increased
analysis. The effluent pH during the experiment averaged to 30°C. Shortly after the increase in temperature, the nickel
2.65, this corresponds to atttoncentration of 2.24 mM. front was observed to re-enter the cell and retreat to a bed
The formation of a green Ni(OH)deposit in the centre  position of approximately 0.275 m. Subsequent increases in
compartment, the occurrence of which was observed in pre-temperature resulted in further decreases in the fraction of
vious experiments yet to be published, was not observed inthe bed in the nickel form.

this case. The amount of Ni(OH) precipitation was observed to
abate after the first increase in temperature. In subsequently
3.2. Experiment 2: temperature variation regenerated areas of the bed, the precipitate dissolved and the

nickel ions were absorbed and transported. The precipitate

The temperature of the system affects the conductivity, that had formed in areas of the bed still remained in the
and hence the ionic fluxes in the bed. Its effect on the systemnickel form.
was, therefore, studied. This experiment was carried out over The current distribution for each segment pair as a func-
a period of 90 h at various temperatures and a nickel feedtion of time is given in Fig. 5. This figure shows that for
concentration of 2mM. This higher feed concentration was each increase in temperature, an increase in the segment’s
used in order to: (a) utilize a greater portion of the cell current occurs, particularly for segments at the nickel front.
than that used in experiment 1 (i.e. resulting in a larger At ¢t = 24h, e.g., the current for segment pairs 1-5 was ob-
region of the bed in the nickel form); (b) observe any other served to increase; this was due to the first increase in tem-
consequences it may have. perature at that time (25-3C). At r = 48 h (temperature

During the first 24 h the experiment was run at°25 increases from 30 to 3%), the current across pairs 6 and
During this time, the nickel front was observed to exit the 7 were observed to increase, while the rate of current in-
cell at the bottom of the packed bed. This was due to the crease across the fourth segment escalated. The decrease in
increased quantity of nickel fed into the cell. The formation current for segments 2—6 at= 60 h was due to a decrease
of Ni(OH); in the centre compartment was observed after in the ambient temperature. At= 72 h, the current across
approximately 6 h of operation. It formed as dendrites on the pairs 4—7 were observed to increase after the temperature
cathode side membrane in the top 0.1 m of the cell. Nickel was changed from 35 to 4C. It can be concluded that the
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Fig. 5. Current distribution during experiment 2. The feed solution had a nickel concentration of 2mM and a flow rate o853 dine temperature
was periodically increased. A cell voltage of 5V was applied. During the first 24 h, the current decreases across each segment in consecutive order. All
20 channels representing the entire cell are depicted.

temperature strongly affects the position of the nickel front  The amount of nickel transported to the cathode com-
and hence the deionization process. partmentni k, is depicted in Fig. 7. Fig. 7 illustrates that
By analysing the current distribution, the position of the during the first 24 h of operation, the flux of nickel into
nickel front could be obtained. Fig. 6 depicts the position of the cell was much greater than the transport of nickel to
the tip and base of the front measured from the top of the the cathode compartmenty; k. A breakthrough of nickel
cell, H; and Hy, for the first 17 h of experiment 2. During at the outlet of the central compartment resulted. After the
this time the entire bed contained nickel. From this figure, first increase in temperature, the flux of nickel in the bed
it can be seen that the tip and base leave the bottom ofincreased significantly, and after further increases in tem-
the cell, corresponding to segment pair 20, at approximately perature theu; /¢ curve, indicating the quantity of nickel
t = 12 and 17 h, respectively. The dispersion of the front removed from the bed, moves closer to thg total/¢ Curve
can be expressed as the distance between the tip and basedicating the quantity fed to the bed.
From Fig. 6, it can be seen that the dispersion of the front  No Ni?t was found in the effluent after= 24 h, but it was
increases as it moves further down the column. found in the anolyte. Approximately, 8 mmol of nickel were
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Fig. 6. Position of the tigH; (+) and baseHy, (A) of the nickel front as a function of time (first 17 h) of experiment 2.



132 P.B. Spoor et al./Chemical Engineering Journal 85 (2002) 127-135

0.40
/,/’/o
030 |-
— e e ®
2 S
é ////
> 020 [ i
z - e
< e °
Ve .
010 | I
°
L °
P °®
L7 °
0.00 (1 ® | | | |
0 20 40 60 80 100
t/h

Fig. 7. Quantity of nickel transported to the cathode compartm@tand the total amount of nickel introduced to the cell during experiment 2 (dashed
line).

removed by diffusion to the anode compartment during the During the remainder of the experiment, the pH aver-
entire experiment. The average transport rate of nickel to theaged 2.66 or 4.36 mM #. Since all nickel is absorbed
anode compartment during the first 24 h, when the systemafter r+ = 24h, 4mM of H" is produced by the ex-
temperature was 2%, was found to be 6.6Zmol s . This change with the 2mM Nit solution fed to the bed:;

was compared to an average transport rate of 163l s* the remainder enters the cell from the outer compart-
nickel to the catholyte. The transport of nickel to the anolyte ments.
drastically decreased to an average of QuB¥ls 1soon The pressure drop through the centre compartment was

after the temperature was increased t¢@GPwhile that of observed to decrease as the front moved down the bed. At

the catholyte increased to 6ol s 1. t = 0.5h, the pressure drop over the entire centre com-
The effluent pH during the first 24h averaged 2.70. partment was measured at53x 10*Pa. It decreased to

This corresponds to a hydrogen concentration of 3.98 mM. 3.0 x 10*Pa atr = 325h. The decrease in the pressure

0.25 [7

0.20 |

1 /mA
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Fig. 8. Current distribution during experiment 3. The feed solution had a nickel concentration of 1 mM. The flow rate was increased periodically from

0.25 to 0.92cris™! and the temperature was constant af@5A cell voltage of 5V was applied. During the first 24 h, the current decreases across
each segment in consecutive order. All 20 channels representing the entire cell are depicted.
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Fig. 9. Flux of nickel into the catholyte as a function of feed solution flow rate. Nickel flux is presented with respect to the area of Magylf+il,
area of the bed until the tip; (@) and baseA, (A) of the nickel front.

drop is attributed to the contraction of the bed upon uptake front, H, and Hy, respectively, were plotted for each feed

of nickel ions. solution flow rate.
The flux of nickel into the catholyte was found to increase
3.3. Experiment 3: flow rate variation after each increase in feed flow rate. Fig. 9 depicts the nickel

flux into the catholyte as a function of flow rate. The nickel

During this experiment, the flow rate of the 1 mM Ni$O  flux with respect to the entire area of the béddy), the area
feed solution was increased stepwise. After every increase inof the bed until the tip of the nickel fron#() and the area
flow rate the nickel front was observed to move further down until the base of the nickel fronfg) are depicted. From this
the column. The temperature during this experiment was figure, it can be seen that the nickel flux with respect to the
kept constant at 28C and no nickel hydroxide precipitation  entire bed increases strongly with flow rate, while the nickel
was observed. flux with respect toA; andAy, increased only slightly.

The current distribution down the cell is given in Fig. 8. Fig. 10 shows the average concentration of ki the
From this data, the location of the tip and base of the nickel effluent for each flow rate. The concentration of kh the
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Fig. 10. H" concentration in the centre compartment effluent as a function of feed solution flow rate during experiment 3.
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Fig. 11.H¢ (+) andHp, (A) during experiment 3 as a function of feed solution flow rate.

effluent is seen to decrease exponentially with increasing interstitial solution of the bed in the nickel form were not
flow rate. The nickel concentration in the effluent was not absorbed and thus flowed further down the column. The
detectable with the Flame AAS method used; it was, there- preferred absorption of nickel along the anode side of the
fore, below approximately 20 ppb [11]. cell and the migration of nickel in the interstitial solution
The development of the nickel front during experiment caused the nickel front to elongate along the cathode side
3 is depicted in Fig. 11. In this figure, it can be seen that of the bed.
after each increase in flow rate, the nickel front progressed The nickel flux into the catholyte during experiment 3 was
further down the column. It is apparent that the increase in observed to increase with increasing flow rate. The increase
flow rate increased the dispersion of the nickel front. It was is strong when viewed with respect to the entire bed, but
found that the current efficiency of the process decreasedis only slight with respect to the area of the bed in the
with increasing solution flow rate. nickel form (A, or A;). The slight increase of the latter is
most likely due to the increase in conductivity of the bed
upon increasing flow rate. Upon increase in flow rate, the
4. Discussion pressure drop over the bed increased, causing the contact
area between the particles to increase and, thereby increasing
The current distribution can be used to track the position the conductivity of the bed.
of the nickel front. The front stopped when the amount of  The concentration of H in the effluent during all of the
nickel removed from the bed by migration and diffusion experiments was slightly higher than two times the nickel
equalled the total amount supplied to the cell concentration in the feed. This was due to the transport of
sulphuric acid from the outer compartments. Fig. 10 shows
that the concentration of Hin the effluent decreased ex-
where 1’ is the quantity in moles, ‘k’ the cathode compart- ponentially with increasing flow rate. When extrapolated to
ment, ‘a’ the anode compartment, ‘bed’ the packed bed of infinite flow rate, the fit from Fig. 10 gives a*Hconcen-
ion-exchange particles. tration in the effluent equal to 2.16 mM; nearly equal to the
The dispersion of the front increased as the front equivalent concentration of Rif in the feed. Hence, the re-
progressed further down the column (Fig. 6). This was es- sulting concentration of H in the effluent would be equal
pecially true when the flow rate of the feed solution was to the equivalent concentration of ions exchanged during the
increased (Fig. 11). As both'Hand NPt ions are trans-  process, plus the Hions transported from the outer com-
ported at the nickel front, the efficiency for nickel transport partments.
decreases there. The dispersion of the front arises because The occurrence of Ni(OH)precipitation in experiment
of Ni2t migration in the interstitial solution towards the 2 showed that its formation during this process depends on
cathode, and because nickel ions were only absorbed inthe nickel concentration of the feed solution.
regenerated areas of the bed. Since the bed was regenerated Nickel ions were also transported to the anode compart-
from the anode side of the cell, there was a nickel con- ment due to diffusion. The exchange of nickel ions from
centration gradient over the bed.?Niions present in the  the highly concentrated resin with protons from the anolyte

NINi total = 7INi,bed + 1IN k + 1INi,a (1)
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took place across the cation-selective membrane. The transthat the temperature, feed concentration and solution flow
port due to diffusion was highest during experiment 2 as the rate are all important parameters during the longer term.
area over which diffusion takes place was greatest during They were found to affect the flux of nickel to the catholyte,
this experiment. At = 24 h, when the temperature of the the current efficiency of the process, the volume of resin
system was increased to 30 from a previous temperature required for the process as well as the formation of nickel
of 25°C, the flux of nickel to the catholyte increased and hydroxide in the centre compartment. It has been shown
a portion of the bed was regenerated to the hydrogen form.that by controlling these parameters, a continuous process
At the same time, nickel transport to the anolyte decreased.is possible.

The transport of nickel to the anolyte is, therefore, greater
when Hy, is greater. The volume of the bed in the nickel
form increased with increasing nickel concentration in the
feed and feed flow solution flow rate and decreased with
increasing migration rate of nickel in the system.
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