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• Composite ion exchangerwas obtainedby
modification of flexible cation-exchange
resins with zirconium phosphate.

• This material was applied to electro-
deionization processes.

• The method of Ni2+ removal from com-
bining solutions, which contain also Ca2+

and Mg2+, has been developed.
⁎ Corresponding author. Tel.: +380 444240462; fax: +
E-mail addresses: dzyazko@ionc.kiev.ua, dzyazko@hot

0011-9164/$ – see front matter © 2013 Elsevier B.V. All ri
http://dx.doi.org/10.1016/j.desal.2013.11.030
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 9 July 2013
Received in revised form 2 November 2013
Accepted 7 November 2013
Available online 19 December 2013

Keywords:
Ion-exchange membrane
Ion-exchange resin
Electrodialysis
Electrodeionization
Organic–inorganic ion-exchanger and
membrane
Zirconium hydrophosphate
Nanoparticles
Aggregates
Organic–inorganic ion-exchangers have been obtained by modification of gel-like flexible resin with zirconium
hydrophosphate, which form both single and aggregated nanoparticles in the polymer matrix. Insertion of the
inorganic constituent into the resin up to 40 mass % was found to increase electrical conductivity of the resin
from 0.2 to 0.7 Ω−1 m−1. Total ion-exchange capacity also increases from 600 to 1800 mol m−3. The organic–
inorganic ion-exchanger with the highest amount of the inorganic constituent was used for electrodeionization
processes to remove Ni2+ from low-concentrated solutions containing also hardness ions and organic sub-
stances. The “once-through” processes have been developed based on ion transport investigation under variation
of the initial pH, concentration, and flow velocity of the solution being purified. Residual Ni2+ content in the
solution was 0.7–0.9 ppm, the energy consumptions have been estimated 0.4–0.7 kWh per 1 m3. The organic–
inorganic ion-exchanger was found to demonstrate stability against fouling with organic substances as opposed
to the unmodified resin.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Electrodeionization (EDI) is a technique combining ion exchange
and electrodialysis [1]. The potential gradient causes transport of
species through the ion-exchanger bed and membranes, and the ion-
exchanger is regenerated continuously by this manner. Thus EDI
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permits the removal of species from a solution on the one hand and
their concentration in the liquid phase on the other hand. Now EDI pro-
cesses are applied mainly to demineralization of brackish water and its
purification from organic matters traces. Water of geothermal searches
[2,3], groundwater [4] and tapwater [5] can be treated by means of this
technique, which allows us to obtain drinking [6–8] or ultrapure water
[9] as well as water for boilers [10] and power plants [11]. EDI method
was also applied to the purification of phosphoric acid [12] and capro-
lactam [13].

EDI processes are highly developed for the removal of alkaline
cations and some anions: Cl−, SO4

2− etc. The attempt to use this method
for the recovery of bacteria and endotoxins from aqueous media is also
known [14]. However, electrodeionization of the solutions, which con-
tain hardness or d-metal ions, is usually complicated with formation
of insoluble compounds on cation-exchange membranes and ion-
exchanger particles [15,16]. The first way to solve this problem is to
use a flexible cation-exchange resin, which contains 2% divinylbenzene
(DVB) [16–22]. Another way is determination of optimal operation con-
ditions. For instance, regular change of polarity has been developed to
prevent the deposition of Ca and Mg compounds [23]. Previous acidifi-
cation of the initial solution was proposed [19], cyclic operation of the
solution passage through the ion-exchanger bed was also suggested
for Ni2+ [19,24] and Cu2+ [24] removal. The process with bipolarmem-
brane has been investigated for Ni2+ recovery [25].

In the case of electrodeionization of multicomponent solutions,
which contain d-metal ions as well as Ca2+ and Mg2+, hardness ions
are removed preferably [19,20]. Moreover, resins are gradually poisoned
with organic substances [26]. The use of zirconium hydrophosphate
(ZHP) hydrogel allows us to increase Ni2+ removal degree [27], since
the inorganic ion-exchangers of this type are selective towards d-metal
ions [20,28]. The selectivity is explained by complex formation of sorbed
ions with phosphorus-containing groups [28,29]. However, mechanical
strength and chemical stability of hydrogel-like ion-exchangers is
lower in a comparison with polymer materials.

The use of organic–inorganic ion-exchangers obtained by modifica-
tion of polymer with inorganic nanoparticles can be a solution of the
problems. These materials are selective towards toxic ions [30–34] and
stable against fouling with organic substances [26]. Thus, the aim of the
work was to investigate the EDI processes, which involve organic–
inorganic ion-exchangers, in order to remove d-metal species from
solutions containing also hardness ions and organics like humates.
Moreover, we intended to determine the optimal operation conditions,
at which the removal of toxic ionic impurities is the most complete.

Nickel ionswere chosen asmodel species due to the practical impor-
tance of their recovery from waste solutions. Salts of this metal are
widely used for electroplating tomanufacture coatings with high corro-
sion and temperature resistance [35]. The extensive utilization of
Ni-containing products leads to environmental pollution, this
causes pathological effects in humans varying from contact dermati-
tis to lung fibrosis, cardiovascular and kidney diseases, and even
cancer. Owing to this, nickel content in wastes is strongly controlled.

2. Experimental

2.1. Ion-exchangers

Dowex 50WX-2 resin (Dow Chemical) has been chosen as a model
polymer matrix. This gel-like cation-exchanger containing 2% DVB was
used successfully for the removal of divalent ions from aqueous solu-
tions [16–22].

The ion-exchanger was modified according to the method, which
had been developed for resins containing 8%DVB [26,34,36]. Aweighted
amount of the resin was impregnated with a 1 M ZrOCl2 solution for
24 h, then treated with a 1 M H3PO4 solution, washed with deionized
water, and dried in a desiccator over CaCl2 at room temperature down
to constant mass. The dry sample was treated in deionized water with
ultrasound at 3 × 105 Hz using a Bandelin cleaning device (Bandelin).
The treatmentwas necessary to remove ZHP fromouter particle surface.
The cleaning completeness was controlled with a JEOL JSM 6700F scan-
ning electron microscope (Jeol). Previously a layer of platinum was
deposited onto the particle surface at 3 Pa using a JEOL JFC-1600 Auto
fine coater (Jeol).

The synthesis procedure was repeated several times; after each
modification cycle a sample was taken for further investigations.

Individual ZHP was obtained by direct deposition from ZrOCl2 with
H3PO4 solution followed by dispergation in octane-filled column [37].
Hydrogel particleswere dried in air down to constantmass, ZHP xerogel
formed by this manner.
2.2. Characterization of the ion-exchangers

The total ion-exchange capacity (towards Na+, ANa) of the samples
was determined by treatment of their H-formswith a 0.1 MNaOH solu-
tion. Then the samples were washed up to neutral reaction of the efflu-
ent and regenerated with a 3 M H2SO4 solution, which was analyzed
using a PFM-U4.2 flame photometer (Analitpribor).

The dependence of ion-exchange capacity of the samples towards
Na+ ions on pH was determined as follows. A 0.1 M NaCl solution,
which had been previously acidified with HCl down to predetermined
pH, was passed through an ion-exchange column similarly to [37]. The
passage was stopped, when the solution conductivity at the inlet and
outlet became approximately equal. A HI 9932 conductometer (Hanna
Instruments) was used for the measurements. After loading, the sam-
ples were washed with water, dried at room temperature and treated
with a 3 M H2SO4 solution. The effluent was analyzed as mentioned
above.

Swelling was investigated by means of volumetric measurements
before and after contact of air-dry samples with water [38].

TEM imageswere obtained using a JEOL JEM1230 transmission elec-
tron microscope (Jeol), SEM method was also applied as described in
Section 2.1, particularly for elemental analysis. The samples were previ-
ously crushed and treated with ultrasound.

Electrical conductivity of H-forms of the ion-exchangers was mea-
sured at 298 K similarly to [26,34,39]. The sample waswashed with de-
ionized water to remove additionally sorbed electrolyte, placed into a
prismatic cell between platinum electrodes, then deionized water was
added as a non-conductive medium. The measurements were carried
out using an Autolab impedance system at 10−2–106 Hz and 298 K.
The ion-exchanger conductivity was determined from frequency spec-
tra of the real part of admittance.
2.3. Ion exchange under dynamic conditions

Tap water, which contained ≈0.9 mol m−3 Ca2+, 0.3 mol m−3

Mg2+ as well as 2.5–2.8 ppm TOC (total organic carbon), and
NiSO4·7H2O salt were used for preparation of multicomponent solu-
tion (0.3 mol m−3 Ni2+). The solution was passed through the col-
umn (0.8 cm of a diameter) with a flow velocity of 0.54 dm3 h−1.
The volume of ion-exchanger in the column was 5 cm3. The solution
at the column outlet was analyzed with atomic absorption method
using a Pye Unicam 8800 UV/VIS device (Philips) at the wavelength
of 232 nm. The removal degree (RD) of ions was estimated as:

RD ¼ C−C′
C

� 100% ð1Þ

Here C and C ′ are the concentration of species at the inlet and outlet
respectively.



Table 1
Characteristics of ion-exchangers.

Number of
modification
cycle

ZHP mass
content, %

Molar
ratio of Ph:Zr

ANa,
mol m−3

Swelling,
%

Electrical
conductivity,
Ω−1 m−1

0 – – 569 75 0.20
1 20.9 1.60:1 462 120 0.21
2 25.0 1.4:1 612 110 0.27
3 29.8 1.4:1 1064 100 0.28
4 33.5 1.4:1 1406 90 0.33
5 38.2 1.4:1 1711 85 0.38
6 38.7 1.4:1 1775 75 0.42
7 39.5 1.4:1 1778 65 0.46
8 40.1 1.4:1 1791 60 0.70
ZHP 100 0.7 2000 – 0.05
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2.4. Experimental set-up for electrodeionization

The experimental set-up, which involved a three-compartment
cell, three separate liquid lines, power supplier and measurement
instrumentation, was similar to that described earlier [20,40,41].
Two cells with different geometric parameters were used. The
effective area of the membranes and electrodes was 10 cm2

(1 cm × 10 cm) and 100 cm2 (10 cm × 10 cm) for the home-made
(1) and produced by Electrocell (2) cells respectively. The distances
between two membranes and bed height were 1 cm and 10 cm re-
spectively for each cell. Electrodes made of platinized titanium
were used.

2.5. Investigation of EDI processes

Н2SO4 and HCl solutions (250 cm3 of each) were circulated through
the anode and cathode compartments respectively; their initial concen-
tration was 1 M. Hydrochloric acid was needed to prevent CaSO4 depo-
sition in the cathode compartment.

Tapwater, the composition of whichwas similar to that described in
Section 2.3, was used for preparation of Ni2+-containing solutions. The
solution thermostated at 298 K was passed through the center com-
partment of the cell according to “once-through” operation from
bottom to the top. The cell voltage (U) was kept at 5 V. The catholyte
as well as the solution at the outlet of the center compartment were
analyzedwith atomic absorptionmethod asmentioned above. The elec-
trical conductivity and pH of the solution passing through the ion-
exchanger bed were also measured.

2.5.1. Effect of initial pH of Ni2+-containing solution
The cell 1, in which the electrode compartments were separated

from the center chamber with homogeneous Nafion 117 cation-
exchange membranes (DuPont), was used. The center compartment
was filled with unmodified or organic–inorganic (eight modified with
ZHP) ion-exchange resins. The processes, which involved ZHP and
inert glass particles, were also studied. Unmodified resin contained
initially ≈100 mol m−3 Ni2+ in order to avoid a decrease of the bed
height due to Ni2+ → H+ exchange. Since no decrease of volume of
the modified resin and ZHP occurs, H-forms of these materials were
used.

The solution containing 0.3 mol m−3 Ni2+ was acidified previously
with H2SO4 down to pH 3 or 2, or remainedwithout acidification. It was
passed through the center compartment with a flow velocity of
3.6 dm3 h−1. The EDI processes were carried out for 20 h.

TOC content in the resins was determined by means of Pregl com-
bustionmethod [42] after the end of the process. The amount of carbon,
which is a constituent of organicmatters sorbed by ion-exchangers, was
estimated as a difference between TOC amounts in the resins before and
after the EDI process.

2.5.2. Effect of flow velocity of the solution being purified
Flow velocity of a Ni-containing solution was varied in the series of

experiments, which involved eight modified resins. The solution was
previously acidified down to pH 3. Other experimental conditions
were similar to those described in Section 2.5.1. After the process was
finished, the ion-exchanger was removed from the cell, mixed, washed
and regenerated as mentioned in Section 2.1. Ni2+ content in the efflu-
ent was determined.

2.5.3. Effect of initial concentration of Ni2+-containing solution
Initial Ni2+ content in the solution, which had been acidified previ-

ously down to pH 3, was varied. The solution was passed through the
center compartment with a flow velocity of 1.2 dm3 h−1. Eight modi-
fied ion-exchange resins were used. Other experimental conditions
were similar to those described in Section 2.5.1.
2.5.4. Long-time electrodeionization
Cell 2 was used for long-time electrodeionization of Ni2+-containing

solution. The cathode and anode compartmentswere separated from the
center chamber with cation-exchange Nafion 117 and anion-exchange
AMI-7001 (Membrane International)membranes. No previous acidifica-
tion of the solution was performed. The first experiment provided the
solution passage through the ion-exchanger bed with a flow velocity of
3 dm3 h−1, the solution contained initially 0.3 mol m−3 Ni2+. Other ex-
periment was performed at initial Ni2+ concentration of 0.15 mol m−3

and flow velocity of 12 dm3 h−1. The processes have been carried out
at 5 V for 70 h.

3. Results and discussion

3.1. Characteristics of the ion-exchanger

Modification of the resinwith inorganic constituent causes consider-
able increase in ZHP content (up to 40.1 mass %, Table 1). The samples
with higher content of the inorganic constituent demonstrate low
mechanical strength and were not investigated.

As seen from Fig. 1, the modified ion-exchanger contains both non-
aggregated nanoparticles (7–14 nm) and their aggregates (from 30 to
50 nm up to several microns). In opposite to [30–33], where modified
macroporous resins were considered, single nanoparticles have been
obtained in the gel-like flexible resin. As known, swollen polymer ion-
exchange materials consist of gel-like fields, where nanosized clusters
and channels are located [43,44]. Clusters and channels, which contain
functional groups, are responsible for ion transport. Thus non-
aggregated nanoparticles can be placed there.

Small aggregates can occupy voids between gel-like fields, the
micron particles are evidently located in structure defects, which exist
even in dry polymer. The defects are seen in Fig. 1c as chelate-like for-
mations, large ZHP aggregates are also visible.

The ion-exchangers demonstrate sufficient increase of ZHP content
up to the fifth modification cycle (Table 1). No considerable growth of
amount of the inorganic constituent has been found after further mod-
ification. A molar ratio of Ph:Zr in ZHP particles slightly decreases for
twice modified sample in a comparison with once modified resin. This
indicates lower phosphorus content in the inorganic constituent,
which is formed during the second modification cycle. ZHP incorporat-
ed into the polymer matrix is characterized by higher molar ratio of Ph:
Zr, than individual inorganic ion-exchanger. This is probably due to
particle formation in nano- and microreactors (clusters, voids between
gel fields, and structure defects).

The highest swelling has been found for the once modified sample,
further modification causes deterioration of swelling. Perhaps this is a
result of the influence of the inorganic particles on the labile polymer.
Regarding the non-modified resin, hydration shell of counter-ions
(H+) can be unfinished due to small distance between functional
groups [45]. Stretching of the polymer causes an increase of this dis-
tance and complete formation of the hydration shell.Moreover, location



Fig. 1. TEM (a, b) and SEM (c) images of organic–inorganic ion-exchanger.

Fig. 2. Ion-exchange capacity of unmodified resin (1), individual ZHP (2) and ion-
exchanger modified 8 times (3).
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of the particles in clusters means increase of amount of functional
groups there, thus electrostatic repulsion between thembecomes stron-
ger. These factors lead to higher swelling of the once modified ion-
exchanger comparing with unmodified one. Deterioration of swelling
for the samples, which were modified two and more times, can be
caused by a decrease of content of osmotically active species in the
exchangers [45] due to replacement of strongly acidic \SO3H groups
to weakly acidic ones.

The lowest total ion-exchange capacity (ANa;t) per volume unit was
found for the oncemodified ion-exchanger evidently due to the highest
swelling. Regarding other samples, the ANa;t value increases with a
decrease of swelling.

The values of ion-exchange capacity (ANa) vs. solution pH are plotted
in Fig. 2. Regarding the unmodified sample, theANa−pH curve is typical
for strongly acidic resins: the plot demonstrates a rapid build-up about
pH 1 and then remains without changes. In the case of inorganic
material, the curve is seen to be characteristic for weakly acidic ion-
exchangers. The steps of the curve correspond to dissociation of
dihydrophosphate (\OPО3H2) groups:

–OPО3H2↔–OPО3H
– þHþ

; ð2Þ

–OPО3H↔–OPО3
2– þHþ

: ð3Þ

The second step is also caused by dissociation of hydrophosphate
(\O)2PO2H groups:

–Oð Þ2PO2H↔ –Oð Þ2PO2
– þ Hþ

; ð4Þ

Typical ANa −pH plot for the composite ion-exchanger contains 3
steps. The first one, which is located in strongly acidic field, is attributed
to the polymer, two other steps are related to ZHP.

Electrical conductivity of the ion-exchangers, which was measured
at pH 7, demonstrates sufficient growth with ZHP content (see
Table 1). This can be explained by increase of mobility of free charge
carriers (H+) and increment of their concentration per volume unit.
Analysis of influence of both these factors on conductivity is outside
the framework of this paper.

Composite ion-exchangers show higher conductivity than both
unmodified resin and individual ZHP.

3.2. Ni2+ removal from a solution under dynamic conditions

The dependences of Ni2+ concentration at the column outlet (C′
Ni)

ion-exchanger (V) are plotted in Fig. 3. The field of the curves, which
corresponds to minimal nickel content in the solution, becomes wider
in the order: individual ZHP, unmodified resin, the samples modified
1-, 4- and 8-times. The unmodified resin sorbs preferably hardness
ions (Table 2). The highest removal degree for all the ions as well as

the highest ratio of
C′
CaþC′

Mg

C′
Ni

have been found for individual ZHP. However

the inorganic ion-exchanger is characterized by the lowest break-
through capacity towards Ni2+ evidently due to lowmobility of sorbed
ions in ion-exchangers of this type [20,37].

The break-through capacity, C
′
CaþC′

Mg

C′
Ni

ratio and Ni2+ removal degree

tend to rise with an increase of ZHP amount in the polymer. In owing
to this, eight modified ion-exchanger, which demonstrates also the
highest electrical conductivity, has been chosen for EDI processes.

image of Fig.�2


Fig. 3.Ni2+ concentration at the columnoutlet. The solution,which contained (mol m−3):
Ni2+ — 0.3, Ca2+ — 0.9, Mg2+ — 0.3, was purified. Unmodified resin (1), resin modified 1
(2), 4 (3), 8 (4) times and ZHP (5) were used.

Fig. 4. Ni2+ amount in the catholyte as a function of time. Unmodified resin (1), organic–
inorganic ion-exchanger (2), ZHP (3), glass particles (4) were used. Dashed line points
fouling of unmodified resin. Initial pH of the solution being purified was 3,
v = 3.6 dm3 h−1, CNi = 0.3 mol m−3.
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3.3. Effect of initial pH of the solution on continuous Ni2+ removal

The pH of the initial solution, which contained Ni2+, Ca2+, Mg2+

and TOC, was varied in the first series of EDI processes. Typical depen-
dences of Ni2+ amount in the catholуte (nNi,c) on time (τ) are shown
in Fig. 4. As seen, the plots can be approximated with linear functions
within the intervals of 0–20 (glass particles), 1–20 (ZHP, modified
resin), 2–17 h (unmodified resin). Deviation from linearity at the initial
period for ZHP and organic–inorganic ion-exchanger is due to ion accu-
mulation in solids. Regarding the unmodified resin, rapid ascent
(τ b 2 h) is a result of its partial regeneration, since the ion-exchanger
was loaded previously with Ni2+ ions. The decrease of ion transport
rate after 17 h is due to accumulation of organic species by the polymer
ion-exchanger. The current also decreased indicating growth of the ion-
exchanger resistance. In the case of inert glass particles, the nNi,c−τ plot
is linear, thus the ion transport is realized through the solution. The
slopes of the plots for glass and ZHP are similar, thus the rates of ion
transport to the catholyte are equal. This means inertness of the inor-
ganic ion-exchanger after loading with Ni2+ ions, no transport through
the solid is realized.

After the EDI processwasfinished, 2.4mass % additional TOCwas for
dried unmodified resin, since this material tends to accumulate organic
substances. At the same time, no sorption of organics was found for the
organic–inorganic ion-exchanger.

Since the rate of ion transport through the cation-exchange mem-
branewas constant during certain period, the results can be represented
in a term of ion flux (NNi,c):

NNi;c ¼
1
S
dnNi;c

dτ
; ð5Þ

wherе S is the effective area of the membrane. The flux involves ion
transport both through the solution and ion-exchanger. In the cases of
glass and ZHP particles, the fluxes are close to each other indicating
ion transport through the solution (Fig. 5). The Ni2+ removal degree
Table 2
Removal of Ni2+ ions frommulticomponent solution under dynamic conditions.a

Number of
modification cycle

RDCa

(%)
RDMg

(%)
RDNi (%) Break-through capacity

towards Ni2+ (mol m−3)
C′
CaþC′

Mg

C′
Ni

0 99.3 99.4 92.8 2.7 0.6
1 98.1 96.1 93.3 8.1 2.2
4 97.4 95.3 95.9 11.4 2.4
8 96.3 91.5 99.8 15.8 15
ZHP 98.4 99.6 99.9 1.3 46

a The data are related to break-through capacity towards Ni2+.
and current efficiency were extremely low, the ratio of C′
CaþC′

Mg

C′
Ni

(where
CNi′ is the concentration at the center compartment outlet) was practi-
cally similar to that for the initial solution (Table 3).

If the initial solution were neutral, then the lowest fluxes would be
found. This is evidently caused by deposition of insoluble nickel com-
pounds in the center compartment. At pH 3, the Ni2+ flux is higher
for the organic–inorganic resin than for unmodified one, since function-
al groups of the inorganic constituent are dissociated (see Fig. 2). Thus
the composite ion-exchanger is able to uptake preferably Ni2+ ions,
which are transported to the cathode compartment through the solid.
As a result, the ratio of

C′
CaþC′

Mg

C′
Ni

is the highest for this ion-exchanger.

Further acidification of the solution causes a decrease of dissociation
degree of functional groups of ZHP. This leads to deterioration of Ni2+

uptake as well as ion transport to the catholyte. The Ni2+ flux is lower
than that for the unmodified resin.

3.4. Effect of flow velocity of the solution on continuous nickel removal

Fig. 6 illustrates the effect of flow velocity of the solution (v) on the
Ni2+ flux to the catholyte. The concentration of species in the solid (CNi),
at which the NNi,c value is constant, has been also found frommass bal-
ance calculation and confirmed with analysis of the ion-exchanger. In-
crease of flow velocity (in other words, increment of Ni2+ amount in
the solution passed through the ion-exchanger bed) causes a rise of
Fig. 5. Ni2+ flux to catholyte at different initial pH of the multicomponent solution being
purified. Glass particles ( ), ZHP ( ), organic–inorganic ion-exchanger ( )
and unmodified resin ( ) were used. Other conditions are pointed in the caption of
Fig. 4.

image of Fig.�3
image of Fig.�4
Unlabelled image
Unlabelled image


Table 3
Electrodeionization at different pH of the initial solution.

Samples Ni2+ removal
degree, %

C′
CaþC′

Mg

C′
Ni

Current efficiency
(Ni2+), %

pH 2 pH 3 pH 7 pH 2 pH 3 pH 7 pH 2 pH 3 pH 7

Unmodified resin 5.0 3.3 2.7 4 4 4.1 5 5 6
Modified resin 3.7 7.5 7.0 4.1 5 5.3 4 10 15
ZHP 1.6 1.5 1.1 4 4 4.1 1 1 2
Glass 1.4 1.5 1.1 4 4 4 1 1 1
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the CNi magnitude. The flux through the ion-exchanger (NNi ) is
described by Nernst–Plank equation [45]:

NNi ¼ − DNigradCNi þ
zNi F
RT

CNiDNigradE
� �

þ υCNi ð6Þ

where DNi is the diffusion coefficient of species in the ion-exchanger, zNi
is the charge number, F is the Faraday constant, R is the gas constant, T is
the temperature, gradE is the potential gradient, which is determined
similarly to [40], υ is the rate of movement of pore liquid. It is assumed,
that the pairs of sorbed ions–functional groups are dissociated complete-
ly, thus, all sorbed ions are free charge carriers. According to Fig. 5, the
flux through the membrane is caused mainly by transport through the
ion-exchanger at pH 3, thus NNi≈NNi;c.

As seen from Fig. 6, the NNi,c–v curve demonstrates a maximum,
which is evidently a result of competitions of two factors: increase of
Ni2+ content in the ion exchanger (improvement of ion transport
through the solid) and decrease ofDNi value (deterioration of ion trans-
port). As shown earlier for inorganic ion-exchanger [27] and ion-
exchange resin [46], the diffusion coefficient of sorbed ions, which is
determined from themigration termof Eq. (6), decreaseswith a growth
of their amount in ion-exchanger. Probably this decrease is due to the
formation of associated ion pairs of sorbed ions with functional groups
of the ion-exchanger, for instance, (\SO3

−)2Ni2+ → (\SO3)2Ni similar-
ly to [45]. The concentration of associated pairs in the ion-exchanger
evidently increases with growth of content of sorbed ions. Thus, the
concentration of free charge carriers (CNi),which is used for calculations,
is overvalued. As a result, the DNi values are understated. However it is
difficult to recognize dissociated and associated pairs. In owing to this,
deterioration of ion transport under an increase of content of sorbed
ions is usually considered as a result of a decrease of the diffusion
coefficient.

The diffusion coefficient can be approximately estimated from the
migration term of Eq. (6) using the data of Fig. 6. The contribution of
convection term to total conductivity of a flexible resin is up to 6%, if
Fig. 6. Ni2+ flux to the catholyte (1) and Ni2+ concentration in the ion exchanger
(2) under equality of rates of ion exchange and transport to the catholyte as functions of
flow velocity of the solution, CNi = 0.3 mol m−3. The initial pH of the solution was 3.
Organic–inorganic ion-exchanger was used.
the content of species in the ion-exchanger is rather low [47]. The DNi

values were found to reach 3.4 × 10−11 m2 s−1 (CNi = 28 mol m−3)
and 1.1 × 10−11 m2 s−1 ( CNi = 250 mol m−3). Increase of Ni2+

amount in the ion-exchanger causes deterioration of solution purifica-
tion (Fig. 7).

If the purification is caused only by sorption followed by ion trans-
port to the catholyte, the formula (1) can be written as:

RD ¼ ΔnNi;c

ΔnNi;p
� 100%; ð7Þ

whereΔnNi,p is the amount of species in the solution passed through the
ion-exchanger during certain time. Formula (7) is valid, when the flux
of ions to the concentration compartment is constant. The removal de-

gree is 100% at ΔnNi,c = ΔnNi,p. This equality can be expressed as dnNi;c
dτ ¼

dnNi;p
dτ in the case of Δτ → 0. Thus dnNi;p

dτ − dnNi;c
dτ ¼ 0 for RD = 100%. Extrap-

olation of the curve of dnNi;p

dτ − dnNi;c
dτ vs. v to X-axis gives the rate, at which

Ni2+ species can be removed completely (v = 0.3 dm3 h−1 or linear
velocity of 8.3 × 10−4 m s−1, CNi = 0.3 mol m−3 and U = 5 V).

3.5. Effect of initial concentration of the solution on continuous Ni2+

removal

The initial concentration of Ni2+ ions in the solution was varied in
other series of experiments. The NNi–CNi plot demonstrates rapid
(CNi = 0.3–2 mol m−3) and slow (CNi N 2 mol m−3) growth with in-
crease of Ni2+ content in the initial solution (Fig. 8). The slow increase
of Ni2+ flux at CNi N 2 mol m−3 is evidently caused by deposition of
insoluble Ni2+ compounds inside the center compartment. This is con-
firmed by a gradual decrease of current in time on the one hand and
analysis of mass balance on the other hand.

It is also possible to estimate, whether the solution purification is
caused only by sorption followed by ion transport to the catholyte.
The formula (7) can be also written as:

RD ¼ dnNi;c

dτ
dnNi;p

dτ

� �−1

� 100%: ð8Þ

At the same time the expression (1) gives the purification degree
caused also by deposition inside the center compartment. As seen
from Fig. 8, the RD values calculated according to formula (1) are higher
than those obtained using expression (8) at CNi N 1.2 mol m−3. Thus
Ni2+ removal is a result of electrodeionization and deposition inside
center compartment under these conditions. Moreover, insoluble
deposit is visible on the ion-exchanger particles after the end of the
Fig. 7. dnNi;p

dτ − dnNi;c
dτ difference (1) and Ni2+ removal degree (2) as functions of flow velocity

of the solution through the center compartment. Other experimental conditions are point-
ed in the caption of Fig. 6.

image of Fig.�6
image of Fig.�7


Fig. 8. Flux of Ni2+ ions to the catholyte (1) and their removal degree (2, 3) as functions
of initial concentration of the solution. The values of removal degree were calculated
according to: 2 — formula (8), 3 — formula (1). The initial pH of the solution was 3,
ν = 1.2 dm3 h−1.
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experiment. The deposition is caused by water split at the interface be-
tween particles and solution [15]. H+ ions replace counter-ions of fixed
groups of the ion-exchanger, whichmove towards the cation-exchange
membrane. This replacement causes increase of OH− ion concentration
in the solution at the particle surface. If the concentration of the initial
solution is low, the experimental and calculated RD values are practical-
ly equal indicating an absence of deposition.Moreover, a decrease of ini-
tial Ni2+ content in the solution leads to an increase of

C′
CaþC′

Mg

C′
Ni

ratio due
to preferable Ni2+ sorption (Fig. 9).

Extrapolation of the plot of dnNi;pdτ − dnNi;c
dτ vs. CNi gives the initial Ni2 con-

centration, at which these species can be removed completely. This con-
centration is estimated as 0.15 mol m−3. Another condition, at which
the complete purification degree can be reached, are: v = 1.2 dm3 h−1,
U = 5 V and initial pH of the solution about 3.
3.6. Long-time electrodeionization

Thefirst long-time EDI processwas carried out based on results of the
experiments, in which the flow velocity through the ion-exchanger bed
was varied. As found, the dnNi;p

dτ − dnNi;c
dτ difference is close to 0 at

v = 0.3 dm3 h−1 and initial Ni2+ concentration of 0.3 mol m−3 (see
Fig. 9. dnNi;p

dτ − dnNi;c
dτ difference (1), C

′
CaþC′

Mg

C′
Ni

ratios in inlet (2) and outlet (3) of the center com-
partment as functions of initial concentration of the solution. Other conditions are pointed
in the caption of Fig. 8.
Fig. 7). Thus, complete Ni2+ removal should be expected under these
conditions. Thementioned flow velocity is related to the cell 1, the linear
velocity (ω) corresponds to 8.3 × 10−4 m s−1 in this case. Regarding
the cell 2, the flow velocity should be 3 dm3 h−1. Indeed residual Ni2+

concentration in the solution at the outlet of the center compartment is
lower than 1 ppm during the long-time EDI process (Table 4). As seen
from Fig. 10, the ratio of fluxes of species to their initial concentration
in the solution is the highest for Ni2+ ions. This indicates preferable
Ni2+ removal from the low-concentrated solution. During the process,
the Ni2+-containing solution was acidified directly in the center com-
partment due to ion exchange on the one hand and leakage of acid
through an anion-exchange membrane (similarly to [40]) on the other
hand.

However the removal degree is lower than 100%. This is probably
caused by a competition between sorption and desorption at pH 2.5,
since the inorganic constituent of the composite ion-exchanger contains
weakly acidic groups.

Let usmake somequantitative assessments to estimate theNi2+flux
through the solution. The mass transport coefficient (kNi) can be found
from the equation, which has been developed for three-dimensional
electrode [48]:

kNid
DNi

¼ 1:52
ωd
υ

 !0:55
υ
DNi

� �0:33
ð9Þ

where υ is the viscosity, d is the particle diameter. Since υ = 9 × 10−7

m2s−1, DNi = 6.5 × 10−10 m2s−1 [49], d = 4 × 10−4 m (as found
with SEM), the kNi value was estimated as 1.5 × 10−5 m s−1. Under
conditions of limiting current, the diffusion flux of Ni2+ ions is deter-

mined as kNiСNi (sufficient excess of other cations) or kNiCNi 1þ zNi
zAnj j

� �
(concentrations of Ni2+ and other cations are comparable) [50]. The
flux is 4.6 × 10−6–9 × 10−6 mol m−2 s−1 due to diffusion through a
hydrodynamically immobile solution layer at the membrane surface.
The migration flux of Ni2+ species through bulk of a solution can be

determined as itNi
zNi F

[49], where i is the current density, tNi is the transport

number of species through a solution. The transport number is deter-

mined as z2Ni F
2CNiDNi
RTκ [48], where κ is the electrical conductivity of the

solution. Since κ = 0.13 Ω−1 m−1, i = 40 A m−2, the transport
number of Ni2+ species were estimated as 2.2 × 10−2. Thus, the
migration flux is 4.6 × 10−6 mol m−2 s−1. The experimental flux
(2.5 × 10−5 mol m−2 s−1) ismuchhigher comparedwith the calculat-
ed values indicating transport of speciesmainly from the ion-exchanger
bed. The energy consumption,whichwere determined as iSUτ (where τ
is the time, which is necessary for purification of 1 m3 solution), is
0.7 kWh (without equipment).

The second experiment was performed using the data of Fig. 9. The
concentration, at which the highest removal degree is expected, was
found as 0.15 mol m−3 at flow velocity of 1.2 dm3 h−1 (this corre-
sponds to ω = 3.3 × 10−3 m s−1 or 12 dm3 h−1 for cell 2). The
highest rate of ion transport is reached at this flow velocity (see
Fig. 6). As seen from Fig. 10, Ni2+ species are removed preferably
Table 4
Ni2+ removal during long-time EDI process at 5 V.

v, CNi, i, Solution at the outlet of center
compartment

Current
efficiency
(Ni2+), %

dm−3 h−1 mol m−3 A m−3 pH κ,
Ohm−1 m−1

Residual
concentration, ppm

Ni2+ Ca2+ Mg2+

3 0.30 40 2.5 0.13 0.7 3.1 2.1 12
12 0.15 95 2.3 0.20 0.9 3.2 1.1 10

image of Fig.�8
image of Fig.�9


Fig. 10. N
C ratio for Ni2+ ( ), Ca2+ ( ), Mg2+ ( ) during long-time

electrodeionization of Ni2+-containing solution. 1 — ν = 3 dm3 h−1, СNi = 0.3 mol m−3;
2— ν = 12 dm3 h−1, СNi = 0.15 mol m−3.
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under these conditions. The energy consumptions of the process are
0.4 kWh.

4. Conclusions

Organic–inorganic ion-exchangers have been obtained by modifica-
tion of gel-like flexible resin with ZHP nanoparticles, which exist in the
polymer both in non-aggregated and aggregated forms. The increase of
content of the inorganic constituent up to 40.1 mass % causes an
improvement of Ni2+ removal from the solution, which contains also
Ca2+,Mg2+ and TOC, under dynamic open circuit conditions.Moreover,
organic–inorganic ion-exchangers demonstrate higher electric conduc-
tivity in comparison with both unmodified resin and individual ZHP.
The resin containing 40.1% ZHP has been chosen for EDI process, since
the highest total ion-exchange capacity (towards Na+), break-through
capacity (towards Ni2+), and electrical conductivity were found for
this ion-exchanger. Unfortunately, further increase of inorganic constit-
uent leads to deterioration of mechanical stability of particles.

The diffusion coefficients of Ni2+ ions through the organic–inorganic
ion-exchanger has been estimated as 1.1 × 10−11–3.4 × 10−11 m2 s−1,
this is of the same order of magnitude as theD value for unmodified flex-
ible ion-exchange resin [20,51].

Regarding the EDI process, the organic–inorganic ion-exchanger
demonstrates higher Ni2+ flux to the catholyte and higher removal
degree in comparison with unmodified resin. This is valid for the field
of initial pH of the solution, atwhich functional groups of ZHP are disso-
ciated. However, deposition of insoluble nickel compounds in the center
compartment deteriorates Ni2+ recovery from neutral solution. The or-
ganic–inorganic ion-exchanger was found to demonstrate stability
against fouling with organic substances in opposite to unmodified
resin. The processes of Ni2+ removal from low-concentratedmulticom-
ponent solutions (0.15–0.30 mol m−3 Ni2+) were developed based on
the study of ion transport under variation of initial concentration and
flow velocity of the solution. Residual Ni2+ content in the purified solu-
tion is 0.7–0.9 ppm; the energy consumptions are 0.4–0.7 kWh per
1 m3. The processes are realized according to “once-through operation”
in opposite to [19], they allow us to remove Ni2+ from solutions, which
contain also Ca2+, Mg2+ and TOC. Thus the organic–inorganic ion-
exchanger is more attractive than unmodified flexible resin, which
removes preferably hardness ions [19,20]. The composite material is
chemically and mechanically stable in opposite to ZHP hydrogel,
which was used earlier for EDI process [27].

Improvement of the process productivity requires further develop-
ment of cell configuration. First of all, the development should provide
increase of ion-exchanger volume. Correction of the purified solution
pH has to be also provided simultaneously with Ni2+ removal. This is
a subject of further investigations.
List of symbols
A total ion-exchange capacity (mol m−3);
C initial concentration of species in solution (mol m−3);

C′ concentration of species in solution after purification

(mol m−3);
C concentration of species in ion-exchanger (mol m−3);
D diffusion coefficient of species in solution (m2s−1);
D diffusion coefficient of species in ion-exchanger (m2s−1);
d particle diameter (m);
E potential drop across ion-exchange bed (V);
F Faraday constant (A s mol−1);
i current density (A);
k mass transport coefficient (m s−1);
N flux of species through the membrane (mol m−1 s−1);
N flux of species through ion-exchanger (mol m−1 s−1);
nc amount of species in the catholyte (mol);
np amount of species in the solution passed through the ion-

exchanger bed (mol);
R universal gas constant (J mol−1 K−1);
RD removal degree, %;
S surface (m2);
T temperature (K);
t transport number;
U cell voltage (V)
V volume of solution (dm3);
v velocity of solution (dm3 h−1):
z charge number.

Greeks
κ conductivity of a solution (Ohm−1 m−1);
υ viscosity (m2s−1);

υ rate at which the center of gravity of the pore liquid moves

(m s−1);
τ time (s or h);
ω linear flow velocity (m s−1).

Abbreviations
An anions;
DVB divinylbenzene

EDI electrodeionization$
TOC total organic carbon;
ZHP zirconium hydrophosphate.
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