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Abstract

Preferential transport behaviors of ternary metal ion system were studied in a stirred batch cation-exchange membrane dialyzer. Cu**-Ni**—Zn**
system was chosen for investigation. Malonic acid, oxalic acid and citric acid were employed, respectively, as a complexing agent in order to enhance
the discrepancy in transport fluxes of metal ions. The results show that the effective order of complexing agents is malonic acid > oxalic acid > citric
acid. The stoichiometric ratio of complexing agent to metal ions and the pH value of the feed solution are the primary factors on the preferential
transport behaviors of metal ions. The optimal dimensionless permeation flux ratio of Pz, n./PniNa/Pcuna 1S obtained about 5.3/3.6/0.7. On the
basis of the Nernst—Planck equation and interface equilibrium, a theoretical model of the system is established. The predicted results obtained by

theoretical model are in good agreement with the experimental results.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Preferential transport; Complexing agent; Dialysis

1. Introduction

The clean technology using ion-exchange membranes has
been taken into great account in chemical industry [1]. Ion-
exchange membrane dialysis is a useful process for ion
separation, in which ions move across membrane based on the
Donnan membrane equilibrium principle [2]. Among various
techniques that have been used for ion separation and concentra-
tion, Donnan dialysis is an efficient method in pretreatment stage
in industrial applications because of its permselective transport
within low ionic concentration [3]. Many investigations of ion
transfer across the ion-exchange membrane have been reported
[4,5]. One of the prominent features in the development of mod-
ern technology is the cross-fertilization of ideas among different
disciplines. Therefore, a separation process combined cation-
exchange membrane with complexing agents for the recovery
and enrichment of heavy metal ions has received much attention
in recent years [6,7].

Preferential transport behaviors of binary metal ion sys-
tem using membrane dialysis in the presence of complexing
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agents had been studied in our previous researches [8—11]. The
experimental results show that the uptake of metal ions in the
cation-exchange membrane can be changed by adding a com-
plexing agent in the solution phase, and both the anion ligands
and the kinds of metal ions can differentiate the equilibrium
uptake of metal ions so as to increase the membrane selectivity of
the metal ions. These results are in accordance with the reports of
other investigators [ 12—14]. Based on these results, the combined
use of a cation-exchange membrane and a complexing agent
seem to be a feasible method for the simultaneous separation
and concentration of metalions [15,16]. However, it is seemed to
need more experimental work on multi-ion membrane dialysis in
order to develop an ion fractionation process that can be applied
to the enrichment and separation of metal ions in wastewater
treatment.

The aim of this paper is to study the preferential transport
behaviors of ternary ions system across the cation-exchange
membrane in a batch dialyzer with a complexing agent.
Cu*?-Ni*?-Zn*? ions system was chosen for the experimental
investigation because they are often associated in electroplating
waste solutions of electronic industry. The complexing agents
used in this study include malonic acid, oxalic acid and citric
acid. The influences of the stoichiometric ratios of the complex-
ing agent to the metal ions and the pH values of the feed solution
on the dimensionless permeation fluxes of metal ions have been
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Nomenclature

a; activity of species i in solution

Ci concentration of ion i (kmolm™3)

D; diffusion coefficient ion i (m2s~1)

E electric potential (V)

f molar activity coefficient

F Faraday’s constant (9.648 x 10* Cmol™ 1)
Ji permeation flux of ion i (mol m~25s)

Ky apparent selectivity coefficient

L thickness of ion-exchange membrane (m)

R universal gas constant (8.314kJ kmol~! K=V

X normal direction to the ion-exchange membrane
(m)

Zi valence of ion i

Greek symbols

] stoichiometric ratio of complexing agent to metal
ions

'4 electrical potential (V)

Superscript

- in the membrane phase

investigated. A theoretical model is formulated on the bases of
the Nernst—Planck equation and membrane—solution interface
equilibrium. The theoretical approach can be obtained by using
the numerical calculation of model equations.

2. Theoretical consideration

Consider an ion-exchange system in which a cation-exchange
membrane separates two electrolyte solutions, i.e., one is the
feed phase consisting of three bivalent cations species i with
the common anion Y, and the other is the stripping phase
composed of the N-Y electrolyte solution. The mechanism of
the transport of counter ion across the cation-exchange mem-
brane is postulated to consist of three rate processes [13,14]:
(1) diffusion through the two liquid films adjacent to the mem-
brane surface, (2) the ion-exchange reaction occurring at two
membrane—solution interfaces, and (3) diffusion through the
membrane.

It is assumed that the concentration of N-Y electrolyte solu-
tion and the agitation speed in the stripping side are sufficiently
high to ignore the mass-transfer resistance of the stripping
phase as compared to the other ones [17]. Furthermore, the
film—membrane system has been allowed to adjust to a steady
state during the dialysis operation, so that the ionic flux of the
membrane is equal to that of the liquid phase [18]. The schematic
transport mechanism is illustrated in Fig. 1.

Firstly, consider the mass transport of the counter ion in the
liquid film of the feed phase. Based on to the Nernst—Planck
diffusion equation, the transport flux of ion i can be expressed
as the following [9-11].
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Fig. 1. The schematic mechanism of preferential transport behavior in ion-
exchange membrane dialysis for a multi-ionic system.

For the metal ions and counter ion i, the transport flux is

b dC,-+C,~zl~FdE
T dx RT Ex

>, i =A,B,C,N 1

For the common anion Y, the transport flux is

dc CyzyF dE
Jy = —Dy (Y—i-YY)

dx RT dx @

where A, B and C denote the coded metal ions, N denotes the
counter ion. E, D; and C; denote the diffusion potential, the
diffusion coefficient and the concentration of ion i in the liquid
phase, respectively. F, x and z; denote the Faraday’s constant,
the distance normal to the membrane and the valence of ion i,
respectively.

On the basis of the mass balance in the steady state, the
following equation can be obtained:

zaJa +z8JB +zcJc +anIN=0 (3)

The electroneutrality condition must be satisfied at any loca-
tion of the electrolyte solution, i.e.,

ZACA + z28CB + zcCc + zNCN + 2yCy =0 4

The potential gradient in Egs. (1) and (2) can be eliminated
by using Egs. (3) and (4). Then, the concentration distribution of
ion i in liquid film can be obtained by integrating these equations
with the boundary condition, C = C? at x=0, as follows:

_ GO - Ui/ DiQ™]

C; RE , i1=A,B,C,N 5)
where
0° = zoCQ + zBCY + zcCL + 2N CY (6.1)
Ja JB Jc IN
0
0 (A2t N 6.2
0 0 <DA+DB+DC+DN>X 62)

Next, let us consider the membrane—phase mass transport.
If common ion, do not exists in the membrane and metal ions
transport in one dimension, then the mass flux of each ion in the
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membrane can be expressed as follows [9—11]:

_ (dC,-/dx + Ciz;F

le_Dl = ) i:A1B9C7N (7)
RT x dE/dx

where E, D; and C; denote the diffusion potential, the diffu-
sion coefficient and the concentration of ion i in the membrane,
respectively.

Assume that the experiments are operated at steady state;
the effect of ionic strength of solution on the mass transport is
negligible. This is consistent with the Goldman approximation
[18,19], in which the constancy of the electric field existed in the
membrane, can be adopted in this study. Eq. (7) can be reduced
to the following:
’:_(W> i=A.B.C.N ®)
D; RT x E/L
where L denotes the thickness of the membrane and E denotes
the membrane potential that can be estimated by using the multi-
ionic potential theory as follow [11]:

_ RT__ [ X Djds/fp)
! { Zk<Dkail/fk>}

ZiF

where a and f denote the activity and the molar activity coeffi-
cient; the subscripts j refer to ions A, B, C and N in compartment
I and the subscript & refers to counter ion N in compartment II.

Based on the boundary conditions C; = C? atx=0and C; =
0 at x=L, Eq. (8) can be integrated to obtain the concentration
profile in membrane. The concentration profiles in membrane
are given as

€))

_ ],' eqL
Ci=— , i=A,B,C,N (10)
qDl' e — 1
where
_zF (E
1= rr \1

Based on the Teorell-Meyer—Sievers hypothesis [10,14], a
pseudo-equilibrium state between each metal ion and counter
ion Na't is assumed to exist at the film—membrane interface,
respectively. An apparent selectivity coefficient, K{\Ia, can be
defined as

a 2
- QCNa
Na Ci C%

Y

Substituting Egs. (5) and (10) into Eq. (11), we obtained:

LG VI CO(0%)’ — (Ji/D;i Q%)
[Jna/qDna(etE — DI " [C%.(09) — (Jna/ Dra Q)]
(12)

where

Ja JB Jc N

0

= — _— J— - — d
0=0 <DA+DB+DC+DN>

and d denotes the thickness of stagnant liquid film.

Eq. (12) is a general equation describing the preferential
transport behaviors of ternary bivalent ions sharing with the
same counter ion across the cation-exchange membrane. The
permeation flux ratio of the metal ions, Ji/JN,, can be cal-
culated numerically from Eq. (12) by the iterative technique
under the restrictions of Egs. (3) and (4) as the apparent selec-
tive coefficient Kli\,a, obtained from equilibrium measurement,
respectively.

The dimensionless permeation transport of metal ion A rel-
ative to sodium ion, P;_N,, in ion-exchange membrane dialysis
can be defined by

Ji/INa
C)/Chy

13)

PiNa =

3. Experimental
3.1. Materials

The ion-exchange membranes used in this work were
Selemion CMV and AMYV, produced by Asahi Glass Co. Ltd.
The properties of the membranes have been describes in an ear-
lier paper [8]. The membranes were changed to the same form
before all experiments. The membranes soaked in a 0.5 M NaCl
solution for at least 8 h until the original counter ion in the mem-
brane was completely replaced by sodium ions. All electrolyte
solutions were prepared from de-ionized water and extra pure
chemicals without further purifications.

3.2. Apparatus

3.2.1. Dialysis cell

The stirred batch dialyzer used in this experiment consisted of
two separable acrylic compartments. The membrane was sand-
wiched between both compartments by two pieces of rubber
gasket to prevent leakage. The effective transfer area of the mem-
brane was 4.3 x 1073 m?. The volume of the feed compartment
was 5.5 x 107*m?3, and that of the stripping compartment was
half of that. Each solution in the compartments was agitated by
a two-blade stirrer. All runs were thermostatically controlled at
298 K.

3.2.2. Permeation measurements

The feed solution containing metal ions, a complexing agent,
and 0.1 M NaCl was placed in the feed compartment. To the
stripping compartment, only 1.0 M NaCl was added except for
the other specifications. Both solutions were stirred at 1600 rpm;
a further increase in stirring did not increase ionic flux. A
pseudo-steady state was attained by pre-dialysis for a half-hour,
and then the solution in the compartments was replaced with
fresh solutions. During the dialysis, 2 ml of solution were taken
from the stripping compartment at each preset time interval.
The concentrations of metal ions were determined by use of an
atomic absorption spectrophotometer (Model 551, Instrumen-
tation Laboratory Inc.). However, the measured concentration
had to be corrected due to the change of solution volume dur-
ing sampling. The dimensionless permeation fluxes of the metal
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ions were calculated from linear slopes of the ionic concentration
versus time curve with using the least squares method [9,10].

3.2.3. Equilibrium measurement

In the measurement of ion-exchange membrane equilibrium,
a piece of sodium-form membrane was soaked in an electrolyte
solution containing the investigated metal ions and a complexing
agent, and shaken over 20h. After equilibrium the membrane
was quickly wiped with filter paper and stripped with 0.5N
sodium chloride solution at least five times. The amount of
metal ions in the stripping solution was determined by atomic
absorbance measurements. The apparent selectivity coefficients
are calculated from Eq. (11).

4. Results and discussion

4.1. Effect of various kinds of complexing agents on the
dimensionless permeation fluxes of metal ions

The organic complexing agents, including malonic acid,
oxalic acid and citric acid were introduced, respectively, into
the feed solution of 0.001 M investigated metal ions and 0.1 M
NaCl in each run. The stripping solution contained 1.0 M NaCl.
The dimensionless permeation fluxes of metal ions were mea-
sured from the linear slopes of ionic concentration versus time
curves with the least squares method [8,9]. These results are
tabulated in Table 1.

In the investigated system Cu>*—Ni**—Zn>*, the dimension-
less permeation fluxes of metal ions, P;_Na, are varied from 0.7
to 5.3 for dialysis operation with various kinds of complexing
agents. Without using a complexing agent in the feed phase, the
dimensionless permeation fluxes of metal ions have the order
as the following Pcy-Na (3-13) > Pz _Na (3.03) > PniNa (2.78).
This can be explained from the fact that the driving force of the
permeation flux across the membrane is nearly constant because
the difference of ionic strength between feed solution (0.1 M
NaCl) and stripping solution (1.0 M NaCl) has been maintained
constant during experiment. The rate-determining step of dimen-
sionless permeation fluxes across the membrane is the resistance
of mass transfer included the solution phase as well as the mem-
brane phase. The experimental results in our previous paper
indicate that the diffusion coefficients of metal ions have the
order cupric ion > zinc ion >nickel ion for both solution phase
and membrane phase [10,11]. Therefore, the cupric ions have
the advantage position to permeate through the membrane from
the feed side to the stripping solution as compared to the zinc ion
and nickel ion. This lead to the dimensionless permeation fluxes

Table 1
Effect of complexing agents on the dimensionless permeation fluxes of metal
ions at pH 4.0, @ 1.0 and [CuCl,]=[NiCl,]=[ZnCl;]=0.001 M

Complexing agent Pcuna PNi-Na Pzn-na
Malonic acid 0.70 3.60 5.30
Oxalic acid 0.78 3.80 4.85
Citric acid 0.80 3.90 4.80
Without using 3.13 2.78 3.03

of metal ions have the following order Pcy_Na > Pzn-Na > PNi_Na
in the case of without using complexing agent.

In case of using complexing agents in the feed solution, the
different change of the dimensionless permeation fluxes for the
investigated system Cu?*—Ni**—Zn?* can be observed in Table 1.
It is found that the difference values of P;_n, are obtained under
the condition of various kinds of complexing agents. This is due
to the fact that metal ions will compete with each other to react
with complexing ligands to from complexes which are hardly
permeated through the membrane [10-13]. The difference in the
concentration gradients of free metal ions across the membrane
can be obtained because of the difference in stability and quan-
tity of complexes. The larger the difference that exists between
stability constants of metal ion complexes, the higher difference
that the permeation flux of metal ions can be attained [19]. The
effect of various kinds of complexing agents on the preferential
transport of Cu*?>-Ni*2~Zn*? ions system is found to be in the
following order: malonic acid > oxalic acid > citric acid.

4.2. Effect of the stoichiometric ratio of complexing agent
to metal ions on the dimensionless permeation fluxes of
metal ions

In the experiment with solutions of investigated metal ions
and a complexing agent with a total sodium ion concentration
of 0.1 M in the feed compartment, the dimensionless perme-
ation fluxes of metal ions were measured as the stoichiometric
ratio of the complexing agent to metal ions @ =[complexing
agent]/[metal ions], varied from O to 1.0 at pH 4.0 for the inves-
tigated system of Cu?*—Ni**—Zn**. These results are shown in
Figs. 2—4 for the respective complexing agents being malonic
acid, oxalic acid and citric acid.

As can be seen from Figs. 2—4, the experimental results show
that the values of Pcy_Na decrease steeply as @ ranges from 0
to 0.5, and it approaches a limiting value of when @ increase
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Fig. 2. Effect of the stoichiometric ratio of complexing agent to metal ions on
the dimensionless permeation fluxes of metal ions for malonic acid at pH 4.0
and [CuCl»] =[NiCly] =[ZnCl,]=0.001 M.
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Fig. 3. Effect of the stoichiometric ratio of complexing agent to metal ions on
the dimensionless permeation fluxes of metal ions for oxalic acid at pH 4.0 and
[CuCl>] =[NiCl>] =[ZnCl,]=0.001 M.

from 0.5 to 1.0 for various kinds of complexing agents. This is
due to the fact that the stability constants of cupric ions with
these complexing ligands are larger than those of nickel ion
and zinc ion complexes [15]. While the cupric ions compete
with the nickel ions and zinc ions for complexing ligands, it
is in an advantageous position for forming complexes, which
hardly permeate through the membrane. Thus, an increase of
the @ value leads to an increase in the formation of cupric ion
complexes as well as an increase in fluxes of nickel and zinc
ions. Consequently, there is a steep increase of nickel ion flux
Pni_Na and zinc ion flux Pz, nNg as @ ranges from 0.0 to 0.5. The
changes may result from the suppression of cupric ions fluxes as
well as the higher concentrations of free nickel ion and zinc ion
without capture by complexing ligands. When @>0.5, i.e., the
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Fig. 4. Effect of the stoichiometric ratio of complexing agent to metal ions on
the dimensionless permeation fluxes of metal ions for citric acid at pH 4.0 and
[CuCl>] =[NiCl>] =[ZnCl,]=0.001 M.

concentration of complexing agent is larger than that of cupric
ion, the reaction of the cupric ion and complexing ligands to
form complexes approach a limiting state, so that the cupric flux
appears to be a minimum value.

It can be seen from Fig. 2 in the case of complexing agent
being malonic acid that the dimensionless permeation fluxes of
nickel ion and zinc ion, increases as @ ranges from 0.0 to 0.5 and
attained a limiting value while @ > 0.5. This can be explained by
the fact the stability constants of nickel ion complexes (x 10~41)
and zinc ion complexes (x 10738) are smaller that the dissoci-
ate constants of complexing agent (x 10~37) [15,16]. While the
concentration of hydrogen ion nearly equal to that of metal ion,
the nickel ion and zinc ion compete with hydrogen ion react
with complexing ligands in a disadvantage position for resid-
ual amount of complexing ligands to form complexes at low pH
value. Therefore, the difference of the concentration gradient
between free metal ions of Cu?*—Ni%*—Zn>* system approaches
the limiting state. The optimal value of Pzy_Na/PNi-Na/Pcu-Na
can obscured as 5.3/3.6/0.70 when the @ value ranges from 0.7
to 1.0.

But in the case of complexing agent being oxalic acid and
citric acid, the stability constants of nickel ion complexes and
zinc ion complexes are slightly larger than the dissociation con-
stants of complexing agent [15]. Consequently, nickel ions and
zinc ions can overcome hydrogen ions to react with the resid-
ual quantity of complexing ligands in the formation of nickel
ion complexes and zinc ion complexes that may not occur in
the case of complexing agent being malonic acid. The experi-
mental results in Figs. 3 and 4 indicate that the performances
of P;_Na values are similar as that of foregoing discussion when
varied @ from 0O to 0.5 because the situation between the sta-
bility constants of metal ion complexes is the same as above
description. But when @ increased from 0.7 to 1.0, there is
a decrease of Pnij_Na and Pz,_Na values. Meanwhile, the val-
ues of Pni_Na and Pzp_Na are increased sharply as @ from 0
to 0.5, resulting from the formation of cupric ion complexes
which decrease the dimensionless permeation fluxes of cupric
ion. Since the formation of nickel ion complexes and zinc ion
complexes decreases the permeation fluxes of nickel ion and zinc
ion, there is a decrease of Pnj_Na and Pzn_Ng at @ values ranging
from 0.7 to 1.0. The larger the difference exists between stability
constants of metal ion complexes, the higher the difference that
the values of P;_N, can be obtained.

In order to study the effect of the stoichiometric ratio of the
complexing agent to the metal ions on the permeation flux on the
basis of Eq. (12), the apparent selectivity coefficient K{Va were
measured from the ion-exchange membrane equilibrium. These
results are tabulated in Table 2 for the respective complexing
agents being malonic acid, oxalic acid and citric acid. It is noted
that the relationship between the @ value and the apparent selec-
tivity coefficient is similar to that between the @ values and the
permeation flux of the metal ions. These results confirm that the
competitive formation of complexes between metal ions is the
primary factor on the preferential transport behavior of metal
ions in multi-ion system.

The theoretical values P;_n, are calculated by a trial-and-
error numerical method with Egs. (5), (10) and (12) while
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Table 2
Effect of the stoichiometric ratio of complexing agent to metal ions on the apparent selectivity coefficient at pH 4.0 and [CuCl,]=[NiCl,]=[ZnCl;]=0.001 M
[ Malonic acid Oxalic acid Citric acid

K& K K & K K% & K K%
0 43.4 34.26 37.8 43.4 342 37.8 43.4 342 37.8
0.2 333 37.8 43.5 30.5 37.8 43.4 23.8 413 45.0
0.4 27.8 39.8 47.0 11.6 40.3 52.5 20.8 453 50.4
0.6 134 43.6 52.5 1.6 31.3 43.4 15.6 45.4 51.3
0.8 13.4 43.0 52.0 0.8 30.3 40.8 7.8 34.3 393
1.0 8.6 42.8 51.3 1.6 28.6 38.4 7.0 30.0 343
the apparent selectivity coefficients K{\Ia are obtained from the 10 LI [ B L AN L BN L L
corresponding values in Table 2, respectively. The membrane » -
potentials are calculated from multi-ion theory with the assump- _ o
tion of the unity activity coefficient [8] and physical properties 8 RACAIRSE e SERRGHCHL =
obtained from previous work [10,11]. The calculated results of 5 e pm—— -
Pzn-Na/PNi—Na/Pcu-Na are shown with solid lines in Figs. 24, O nickel ion
respectively. It can be seen that the agreement between the the- 6=  Aaznicion -
oretical line and experimental data is acceptance. s b .

D‘_L

4.3. Effect of the pH value of solution on the dimensionless
permeation fluxes of metal ions

The mixed solutions of investigated metal ions and a com-
plexing agent including with a total sodium concentration of
0.1 M were introduced into the feed compartment under vari-
ous pH values. The dimensionless permeation fluxes of metal
ions were separately measured from linear slopes of the ionic
concentration versus time curve with the least squares method.
These results are shown in Figs. 5-7 for the respective complex-
ing agent system being malonic acid (@ 1.0), oxalic acid (@ 1.0)
and citric acid (@ 1.0).

The experimental results in Figs. 57 show that the values of
Pcu_Na decreases with an increasing pH value of feed solution,
but a peak of Pnj_Na and Pz, N, arise with the change of the pH
value of solution under the conditions of various complexing

Frrrrrrrrr1°
p -
gl — calculated line malonic acid ]
5 cupric ion
o —_ . -
I nickel ion
A znicion
] —
-k A o o
=z
R A -
- -
2 - -
- S -
0 1 | 1 | 1 | 1 1 1
1 2 3 5 6
pH

Fig. 5. Effect of the pH of solution on the dimensionless permeation fluxes of
metal ions for malonic acid at @ 1.0 and [CuCl, ] =[NiCl,]=[ZnCl,]=0.001 M.

O

2 b -
N - o
0 a2 l 2 ' ' . 'l l a
1 2 3 4 5 €
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Fig. 6. Effect of the pH of solution on the dimensionless permeation fluxes of
metal ions for oxalic acid at @ 1.0 and [CuCl,]=[NiCl,] =[ZnCl,]=0.001 M.

agents. This can be explained from the fact that the stability
constants of metal ion complexes have the following order zinc
ion complex <nickel ion complex < cupric ion complex [15].
The higher pH value leads to the complexing agent releasing

10!""'l'll'

p -
8 - — calculated line citric acid e
= v E
O cupric ion
6 b= O nlgkgl ion a
A znic ion

pH

Fig. 7. Effect of the pH of solution on the dimensionless permeation fluxes of
metal ions for citric acid at @ 1.0 and [CuCl,] =[NiCl,]=[ZnCl,]=0.001 M.
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Table 3
Effect of the pH of solution on the apparent selectivity coefficient at @ 1.0 and [CuCly]=[NiCly]=[ZnCl,]=0.001 M
pH Malonic acid Oxalic acid Citric acid

K K K& K& K K K K K&
1.5 15.3 15.6 20.4 7.0 14.0 17.6 22.3 23.4 27.8
2.0 15.8 39.7 48.2 6.5 27.8 38.8 19.8 39.7 48.2
3.0 12.3 42.8 52.3 1.7 334 39.8 9.8 334 39.8
4.0 8.6 42.8 51.3 1.6 28.6 384 7.0 30.0 34.3
5.0 2.1 31.3 42.3 0.8 234 30.0 7.0 234 30.0

more complexing ligands to react with cupric ion. As a result, it
is in a disadvantage position to react with nickel ions and zinc
ions to form complexes when the values of pH are less than 3.0.
Thus, the values of Pnj_Na and Pz, N, increase sharply as the
pH value varies from 2.0 to 3.0, resulting from the formation of
cupric ion complexes which decrease the cupric ion flux. There is
a decrease the values of Pnj_Na and Pzy_Na at pH values ranging
from 4.0 to 5.0 because the formation of nickel ion complexes
and zinc ion complexes may be happened to decreases the nickel
ion flux and zinc ion flux. The optimal values of preferential
transport behavior can be obtained while the pH value of solution
ranges from 3 to 4. The optimal values of pH are found to be 3.0
and 4.0 for various kinds of complexing agents. The maximum
values of Pcy_Na/PNi—Na/Pzn-Na is found to be 0.70/4.10/4.85
in case of using the citric acid as the complexing agent at pH
3.0. The optimal value of PcyNa/PNi-Na/Pzn-Na is found to be
0.70/3.60/5.3 and 0.78/3.80/4.85 for the respective complexing
agent being malonic acid and oxalic acid at pH 4.0.

For the investigation of the pH effect on the permeation flux
on the basis of Eq. (12), the apparent selectivity coefficient Kf\la
was measured from the ion-exchange membrane equilibrium.
These results are listed in Table 3 for the respective complex-
ing agents being malonic acid, oxalic acid and citric acid. It is
noted that the dependence of pH value on the apparent selectiv-
ity coefficient is similar to that of pH value on the permeation
flux of the metal ions. These results coincide with the fact that
the competitive formation of complexes between metal ions is
the primary factor on the preferential transport behavior of metal
ions in multi-ion system.

The theoretical values P;_n, are calculated by a trial-and-
error numerical method with Egs. (5), (10) and (12) with the
same numerical method as that in foregoing description while
the apparent selectivity coefficients K f\]a are obtained from the
corresponding Table 3, respectively. Comparing the solid lines
of theoretical values in Figs. 5—7 with experimental results, they
appears to be consistent with each other as the pH values of
solution ranging from 2 to 6. The discrepancy between them may
result from the assumption of quasi-equilibrium hypothesis as
well as independence of metal ion concerning transport across
the membrane.

5. Conclusion
The preferential transport of metal ions with ternary sys-

tem across the cation-exchange membrane can be effectively
enhanced by the addition of a complexing agent. The suitable

complexing agents are found to be malonic acid for the investi-
gated Cu>*—Ni>*—Zn?* system. The kinds of complexing agents,
the stoichiometric ratio of complexing agent to metal ions, the
pH value of solution are the primary factors on the preferen-
tial transport behavior of metal ions across the cation-exchange
membrane. On the basis of the Nernst-Planck equation and
interfacial equilibrium, a theoretical approach from numerical
calculation is in agreement with the experimental data.

The investigated results have shown that the cation-exchange
membrane dialysis with a suitable complexing agent is found to
be a feasible process for the simultaneous separation and con-
centration of metal ions. It is also highlighted that an effective
multi-ion fractionation process could be build; cation-exchange
membrane being the separation interface; the driving force being
the concentration gradient of counter ion; the suitable complex-
ing agent being the separation agent and the pH value is the
separation index.
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