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Heavy metal ions can be selectively transported under the concentration gradient across a cation-exchange mem-
brane with a chelating agent in the receiving phase. The selectivity depends on the complex formation constants of the
ions with the agent. Metal ions are adsorbed into a cation-exchange membrane via the ion-exchange reaction and diffuse
across the membrane. The desorption process is facilitated by the complexation in the receiving phase, which causes a
large transport rate across the membrane. A transport equation was established and the theoretical values estimated by
the equation and the permeation characteristics values obtained experimentally agreed well with the measured ion flux.
The selectivity of the metal ions in the mixed solution is increased in the adequate concentration of the chelating agent in
the receiving phase, when the chelate formation reaction may occur competitively between the ions with the agent in the
receiving phase. The metal ions in the complex solution can be stripped as free ions across a cation-exchange membrane
via the ion-exchange reaction with protons under a concentration gradient of acid.

Mutual separation of solutes is an important subject in
membrane technology and so there have been many reports on
the separation with liquid membranes. Macrocyclic com-
pounds, such as monensin' and dibenzo-18-crown-6, are very
effective carriers for the selective transport of metal ions.
Many reagents that react with solutes specifically and are not
macrocyclic compounds have been also used as the carriers of
the liquid membranes.>® The liquid membrane is an effective
separation method but the organic solvents and the carriers,
which are expensive and toxic in most cases, are dissolved
from the membrane into the aqueous solution.

When one uses ion-exchange membranes, it is possible to
separate solutes without organic solvents. Then the combina-
tion of the membrane with some specific reagents has the po-
tential to be a selective separation method. It has been report-
ed that the transport of olefins was facilitated through the cat-
ion-exchange membrane fixed with silver ion”® and that of al-
dehydes through the anion-exchange membrane fixed with hy-
drogensulfite ion.” When complexing reagents were added in
the salt solution, a specific ion can be selectively transported
across an ion-exchange membrane. Aouad et al. reported the
selective transport of the anion complex between zinc ion and
chloride ion through an anion-exchange membrane under a po-
tential gradient.!® Takahashi and Kikuchi reported a selective
enrichment of copper (II) ion rather than cobalt ion in elec-
trodialysis across a cation-exchange membrane under the pres-
ence of EDTA (ethylenediaminetetraacetic acid) in the feed so-
lution.!" The dialysis study has been also reported for selective
transport of ammonia through a cation-exchange membrane
using silver ion as the carrier and that of boric acid through an
anion-exchange membrane using hydroxide ion as the carri-
er.'? We have tried to permeate metal ions selectively from the
feed solution to a stripping solution containing chelating
agents across a cation-exchange membrane. In the system,

heavy metal ions were selectively transported efficiently and
the anions, the chelate and the chelating agent, were not back-
transported to the feed solution across the cation-exchange
membrane.

In this paper, we will report the permeation characteristics
of the ions in the system, the transport equation, the mutual
separation between heavy metal ions, and the recovery of the
metal ions as free ions from the complex solution.

Experimental

Each transport experiment was carried out with a flow type cell
shown in Fig. 1 at room temperature. The cell was composed of
two compartments, that is, source phase and receiving phase com-
partments, which were partitioned by a cation-exchange mem-
brane (Asahi Glass Co. Ltd., Selemion CMV). Each solution was
circulated from each reservoir to the compartment by a tubing
pump at a rate of 30 mL min~!. The membrane area was 10.5 cm?
and the thickness of each compartment was ca. 1 mm. A spacer of
nylon screen with the thickness of 1.16 mm was inserted in each
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Fig. 1. Apparatus.
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compartment of the cell. In the transport experiment, aliquots of
the solution of each phase were collected in a definite interval.
The ion flux was calculated from the linear region of the concen-
tration change of the receiving phase with time.

The transport and ion-exchange characteristics of the mem-
brane were also obtained at room temperature to compare the ex-
perimental value of the flux with the calculated value using a theo-
retical flux equation. The ion-exchange capacity was obtained by
immersing a Cu®>*-type cation-exchange membrane (area, 4 cm X
4 c¢m) into 100 mL of 1 mol L™! HCI for over 1 hr and the des-
orbed copper(Il) ion was determined. The immersion of the mem-
brane into fresh HCl was repeated three times and the capacity
was calculated from the summation of the determined values. The
membrane thickness was measured to be 0.0107 cm with a mi-
crometer; this value was used in the calculations. The rate con-
stant of the ion-exchange reaction was obtained by immersing a
cation-exchange membrane (area, 4 cm X 4 cm) into 100 mL of
salt solution, aliquots of which were collected at definite intervals
after the immersion to be analyzed. The constant was calculated
from the initial concentration changes with time of the copper(Il)
ion and the sodium ion in the solution. The permeation coefficient
was obtained in the transport experiment using two membranes,
which were placed close together. After the permeation experi-
ment from the source phase to the receiving phase across the two
membranes, the membranes were taken out from the cell and the
copper(ll) ion concentration in each of two membranes was deter-
mined in a manner similar to the determination of the ion-ex-
change capacity. The coefficient was calculated from the concen-
tration gradient obtained by the determined copper(Il) ion concen-
tration in the membrane and the measured copper(Il) ion flux.

The metal ions other than alkaline metal ions were determined
by an inductively coupled plasma atomic emission spectropho-
tometer (Seiko SPS1500VR), the alkaline metal ions were deter-
mined by an atomic absorption spectrophotometer (Shimadzu AA-
6700F), and the solution pH was measured by a pH meter (Toa
HM-60S).

Results and Discussion

Figure 2 shows the transport behaviors of copper(Il) ion in
the cell. The membrane was sodium ion type at the beginning
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Fig. 2. Transport of copper(ll) ion; source phase, 0.1 L of 1
mM CuCl, solution; receiving phase, 0.1 L of 1 mM EDTA

solution (O, @) or 2 mM NaCl solution ([, ll); membrane
area, 10.5 cm?>.
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of the experiment. When the receiving phase was 2 mM sodi-
um chloride aqueous solution, the fluxes were very small
(0.022 X 107* mol cm 2 min™"). In the case of pure water as
the receiving phase, the copper(Il) ion in the receiving phase
was not detected during 3 hours from the beginning in the ex-
periment. When the receiving phase was 1 mM EDTA-2Na
(C1oH,4N,05Na,) aqueous solution, the flux was 2.6 X 1078
mol cm % min~! and the transport rate was facilitated extreme-
ly. The copper(Il) ion is highly distributed from the aqueous
solution to the cation-exchange membrane and the concentra-
tion change in the source phase was about the same for the
EDTA solution as for the sodium salt solution in the receiving
phase. The desorption process from the membrane to the re-
ceiving phase is facilitated in the case of EDTA solution be-
cause the copper(Il) ion complexes with EDTA to become a
chelate anion, the free copper(ll) ion concentration in the re-
ceiving phase can be neglected due to the large complex for-
mation constant, and there occurs a large concentration gradi-
ent between two phases across the cation-exchange membrane.
When sodium chloride was added so as to be 10 mM in the
EDTA-2Na solution of the receiving phase, the ion-exchange
reaction between the sodium ion in the solution and the cop-
per(Il) ion in the membrane was enhanced and the flux in-
creased to be 4.3 X 10"® mol cm 2 min~'. Therefore, the ion-
exchange process at the interface between the membrane and
the receiving phase is also important in the transport of cop-
per(Il) ion to EDTA solution in the receiving phase.

Figure 3 shows the relationship between the copper(Il) ion
flux and the concentration of the solute in the receiving phase.
The concentration point of sodium chloride in abscissa was
different from that of the chelating agents to be compared with
EDTA-2Na, which contains two moles of sodium per one mole
of molecules. The flux strongly depends on the concentration
of sodium chloride, while the flux depends little on the concen-
tration of the chelating agents, whose stability constants of
copper (IT) complex are 10'*# for EDTA, 10'*! for NTA (ni-
trilotriacetic acid), and 10*% for citric acid.'?
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Fig. 3. Flux of copper(ll) ion vs receiving phase concentra-
tion; source phase, 0.1 L of 1 mM CuCl,; receiving phase,
0.1 L of EDTA-2Na (O), trisodium citrate (A), NTA-3Na
(<), or NaCl (H).
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Fig. 4. Transport phenomena; s, source; m, membrane phase,
1, receiving phase, k; and k_;, rate constant of ion-ex-
change process; P, permeation constant; solid-line arrow,
forward reaction; dashed-line arrow, backward reaction.

The equation flux of copper(Il) ion can be derived as follows
when the receiving phase was EDTA-2Na. The flux in the
source phase, J;, and that in the receiving phase, J;, are shown
in Egs. 1 and 2.

Js = ky[Cu” ] [Na" ] — k-4[Na™] [Cu® g (D
Jr = kfl[cu2+]rm[Na+]r2 - kl[NaJr]rmz [Cu2+]r (2)

The meanings of these symbols are shown in Fig. 4. As shown
in Fig. 4, copper (II) ion transport in this system can be ex-
plained by the ion-exchange process with sodium ion and the
counter transport in the ion-exchange membrane. The trans-
port is facilitated by the very low concentration of free cop-
per(Il) ion in the receiving phase for the complexation with the
chelating agent in the receiving phase. The flux in the mem-
brane phase, J, can be described by using a permeation con-
stant, P.

J =P ([Cu*" Jgn = [Cu*" |1 3

In the stationary state, J; = J, = J. Copper(Il) ion complexes
with EDTA in the receiving phase and the conditional complex
formation constant, K’, can be defined as follows, where Cy is
the concentration of EDTA.

K,Cu = [Cu'Yzi]r/[CHZJr]rCYr (4)

Since the complex formation constant is very large (K¢, =
10'88), the free copper(Il) ion in the receiving phase can be ne-
glected and the second term in the right-hand side of Eq. 2 be-
comes zero. The ion-exchange capacity, C.y, is defined as fol-
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lows.

Cex = 2[Cu* Jg + [Na ] = 2[Cu* ]y + [Na ] (5)
From Egs. 2 and 3, Egs. 6 and 7 can be derived.

[Cu*" g = (J + P[CU*"],,)/P (6)

[Cu** i = J/(k-1[Na*]?) @)
The following equation can be derived from Eqgs. 6 and 7.

[Cu* Jgn = [J + P {J/(k-1[Na"]1)}1/P ®)
The following Eq. 9 can be derived from Eqs. 5 and 8.

[Na*ly = Cex = 2{J + P(J/k-1[Na*]1?)}/P ©))

The initial concentration of copper (Il) ion in the source phase
is defined as C and the sodium concentration in the source
phase is shown as follows.

[Na“], = 2C — 2[Cu*"]; (10)
From these equations, Eq. 11 can be derived.

J = ki[Cu®" ] [Cox = 27 {1/P + 1/(k-1[Na"])} ]
= 4k_1J (C = [Cu® [)H1/P + 1/ (k-1 [Na'])} (11)

The flux in Eq. 11 is a function of [Cu?*], and [Na*], and the
flux can be calculated for an source phase and receiving phase
concentration when the membrane characteristic values of ki,
k_1, Ce, and P are obtained. Table 1 shows these values,
which depend on the experimental conditions. The values k;
and k_, are dependent on the concentration because of the
large concentration dependence of ion-exchange equilibrium
constant' and they were obtained in conditions similar to
those for the transport experiment. The flux of copper(Il) ion
was calculated to be 2.9 X 107® mol cm ™2 min~!, while the
measured flux was 2.6 X 107% mol cm™2 min~!. These two
values agreed well to each other, which shows the validity of
Eq. 11. When the pseudo-equilibrium of the ion exchange re-
action can be applied at the interface between the membrane
and the receiving phase, Eq. 12 is valid in transport equations.

Table 1. Characteristic Values of the Cation-Exchange Membrane (Selemion CMV)

Cex (meq cm ™) ky/mol™? cm’ min~

1

1

k,l/mol_2 cm’ min~ P/cm min !

2.65 478 X 10°

2.58 X 10° 21X 107

The value, C., is obtained for the ion exchange capacity of Cu®* type cation-exchange
membrane in the wet condition. The value, &, is the rate constant of adosorption of cop-
per(Il) ion to the membrane, which was obtained from the adsorption experiment using
Na*-type cation-exchange membrane and 1 mM copper(Il) chloride solution. The
value, k_ is the rate constant of desorption of copper(Il) ion form the membrane, which
was obtained from the desorption experiment using Cu?*-type cation-exchange mem-
brane and 2 mM sodium chloride solution. The value, P is permeation constant of cop-
per(ll) ion to the membrane, which was obtained from the transport experiment using
double Na*-type cation-exchange membrane, 1 mM copper(Il) chloride solution as the
source phase, and 1 mM EDTA-2Na solution as the receiving phase.
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Kex = [Cu?"][Na']* / [Na" ] [Cu® ", 12)
From Egs. 2 and 12, Eq. 13 can be obtained.
J= -]r = (kfl - kl/Kex)[Cu2+]nn[Na+]r2 (13)

In this case, the flux is proportional to the second power of the
sodium concentration in the receiving phase because [CU* i
is determined by the copper(Il) ion amount in the source phase
and is constant approximately. This case is for the low concen-
tration of sodium chloride in the receiving phase. Figure 3
shows the slope of 2 and the slope of the flux dependence on
the sodium chloride concentration was about 2. The deviation
from the value 2 was caused by the deviation of the activity co-
efficient from unity.

The fluxes of various divalent metal ions are compared in
Fig. 5 for 1 mM EDTA-2Na in the receiving phase and 1 mM
single chloride salt solution in the source phase. There is a
tendency that the flux increases with the complex formation
constant'* but there were some deviations in the relationship,
which may be caused by the differences of the rate constants of
the complex formation.'> The fluxes of various divalent metal
ions were also obtained for 1 mM NTA-3Na (CsHgNOgNas) or
1 mM trisodium citrate in the receiving phase, which showed
similar tendencies.

The mutual separation of metal ions was tested for the
mixed solution of manganese(Il) and copper(Il) ions. The flux
of each metal ion and their ratio are shown in Fig. 6. In the
case of single metal ion solution, the copper(Il) ion flux is
about twice the manganese(Il) ion flux, as shown in Fig. 5. In
the case of mixed ion solution, the selective permeability of
copper(ll) ion to manganese(Il) ion shown as the flux ratio in
Fig. 6 increased. There is a maximum value and the fluxes of
both ions approaches to the same value when the concentration
of the chelating agent in the receiving phase was too much for
the metal ions. Therefore, one of the metal ions can be selec-
tively enriched in the receiving phase when the amount of the
chelating agent is approximately equal to that of the metal ion
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Fig. 5. Flux of metal ions vs. complex formation constant;

source phase, 0.1 L of 1 mM chloride salt; receiving phase,
0.1 L of 1 mM EDTA-2Na.

Selective Transport of Heavy Metal lons

8 <& 18

Cu2+

»

Flux (10-8 mol cm-2 min-1)
N L)

F =9
Flux(Cu2+)/Flux(Mn2+) —o—

o

0.1 1 10 100
EDTA concentration (mM)

Fig. 6. Effect of EDTA concentration on separation of metal
ions; source phase, 0.1 L of mixed salt solution of 1 mM
copper(ll) chloride and 1 mM manganese(Il) chloride; re-
ceiving phase, 0.1 L of EDTA-2Na.
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Fig. 7. Selective transport of copper(ll) ion in three compart-
ment cell; each compartment solution, 0.1 L; membrane
area, 10.5 cm?; copper(Il) ion in source phase (@), receiv-
ing phase 1 (0), and receiving phase 2 (O); magnesium ion
in source phase (M), receiving phase 1 (0J0), and receiving
phase 2 (LJ).

which one desires to enrich. In the condition, the competition
of the chelate formation reaction may occur between the two
ions in the receiving phase. The high selectivity was also ob-
served in the cases for other chelating agents. The flux ratio of
copper(Il) ion to manganese(Il) ion was 40 in the case when
the receiving phase solution was 1 mM trisodium citrate and
the source phase was the mixed salt solution of 1 mM cop-
per(Il) chloride and 1 mM manganese(Il) chloride, while the
flux ratio of copper(Il) ion to manganese(Il) ion was 5.5 in the
case when the source phase was the single salt solution of 1
mM copper(Il) chloride or 1 mM manganese(Il) chloride.

It is better for heavy metal ions to be separated as free ions
rather than in complexes. Therefore, stripping of a metal ion
from the complex solution was tested with a three-compart-
ment cell. Figure 7 shows the separation of copper(Il) ion and
magnesium ion. Magnesium ion was not permeated to the re-
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ceiving phase solutions for trapping in the cation-exchange
membrane between source phase and the receiving phase 1. In
contrast, copper(Il) ion was permeated to the receiving phases
and free copper(Il) ion was obtained in the receiving phase 2.
The solution pH of the receiving phase 1 decreased gradually
to be ca. 2.5 at last in this experiment. The pH change in the
receiving phase 1 is a defect of this system, but it will be im-
proved in our further study.
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