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The selectivity of liquid anion exchange membranes consisting of a perchlorate, thiocyanate, or iodide salt of

Crystal Violet dissolved in nitrobenzene was studied by measuring membrane potentials.

In bi-ionic systems the

selectivity coefficient was observed to vary with the concentrations of aqueous solutions and of the ion exchanger in

the membrane.
from that in the bulk solution.

This was attributed mainly to the ionic composition at the membrane-solution interface differing
However, when the concentration of the aqueous solutions was sufficiently high in

comparison with that of the ion exchanger, a selectivity coefficient intrinsic to a pair of counter ions was obtained.
This selectivity coefficient was also applicable to mixed electrolyte systems and was shown to be consistent with the
Conti-Eisenman theory on the relation between the selectivity coefficient and ionic parameters.

The potentials measured with liquid membrane
electrodes in solutions containing a number of species of
univalent ions to which the electrode responds, have
been found to obey the following empirical equation:1:?

E = const — R—FTln (ai+¥Kpi?}aj)- (1)

Here 4; and g; are activities of the primary ion i and
any other ion j. K[ is the potentiometric selectivity
coefficient of ion j over the primary ion. The selectivity
coeflicient calculated by means of Eq. 1, however, has
generally been observed to vary with solution concen-
tration, composition, and ion exchanger concentration
in the membrane. Such variations of the selectivity
coefficient have been considered to be due to the
changes of the ion-exchange selectivity coefficient with
solution concentration?:3) and of the physical properties
of the membrane with ion exchanger concentration.4

In the present work, the selectivity of liquid anion
exchange membranes consisting of a perchlorate,
thiocyanate, or iodide salt of Crystal Violet dissolved
in nitrobenzene was studied. The variation of the
selectivity coefficient is explained in terms of the change
of ionic composition at the membrane-solution interface
and a selectivity coefficient intrinsic to a pair of counter
ions is introduced. This selectivity coeflicient is compar-
ed with that expected from a theory of a liquid ion
exchange membrane.

Experimental

Reagents and Liquid Membranes. All reagents used in this
study were of analytical reagent grade. A Crystal Violet salt of
anion X (CV-X, where X=ClO,~, SCN-, or I-) was prepared
by dissolving Crystal Violet (obtained as a chloride salt from
Kishida Kagaku Co.) in hot water and precipitation with
aqueous NaX at the same temperature. The precipitate was
washed with demineralized water and dried in vacuum.
Liquid membranes were prepared by dissolving a known
amount of the Crystal Violet salt in nitrobenzene.

Measurement of Membrane Potentials. Membrane potentials
were measured by means of the cell

SCE/KCl-agar bridge/Solution(’)/Liquid membrane/
Solution(””)/KCl-agar bridge/SCE, (2)

* A preliminary report has been published: N. Yoshida and
N. Ishibashi, Chem. Lett., 1974, 493.
** Present address: Department of Chemistry, Faculty of
Science, Kyushu University, Fukuoka 812.

Here the symbols (’) and (") are used to designate the solutions
on both sides of the membrane. In cells with solutions con-
taining perchlorate ion, NH,Cl-agar bridges were used in place
of KCl-agar bridges. The experimental cell used was a
U-shaped glass tube with 12 cm?® of the membrane phase at
the bottom and 10 cm?® of each aqueous solution above. The
aqueous and the membrane phases were not stirred unless
differently indicated. In most experiments, the concentra-
tion ranges of the aqueous solutions and of the ion exchanger
(the Crystal Violet salt) in the membrane were chosen so as
not to cause the elution of the ion exchanger into the adjacent
aqueous solutions. All membrane potentials were measured
with a Takeda Riken Electrometer TR 8651 at room tempera-
ture (2343 °C), after the cells had been constructed.

Determination of Composition Changes in Aqueous Solutions.
Cells of the type: 0.1 Mt Nal ()/CV-I in nitrobenzene/0.1 M
NaX (") (where X=NO,~ or ClO,~) were used to examine
composition changes in aqueous solutions which may be caused
by ion exchange during the measurement of membrane poten-
tials. About 30 min after the construction of the cell, the
concentration of iodide ion in solution (") was determined by
using an iodide ion-selective electrode (Toa Denpa Kogyo Co.,
Model 1-125).

Determination of Distribution Coefficients. A nitrobenzene
solution of a Fuchsine Basic salt of anion X (X=Cl10,~, SCN-,
or I-) was prepared by extraction from a mixture of Fuchsine
Basic (obtained as a chloride salt from Kishida Kagaku Co.)
and NaX in water. The concentration of the Fuchsine Basic
salt in the nitrobenzene solution was of the order of 10-4 M.
Ten cm? of the solution was vigorously agitated with 10 cm?® of
water. The system was maintained overnight in a thermo-
stated water bath (25.04-0.1 °C). After complete separation
of the phases the salt concentration in the aqueous phase was
determined by measuring the absorbance at 542 nm. Next,
the distribution coefficient of the salt was calculated.

Results and Discussion

In order to evaluate the ratios of the activity coeffi-
cients (concentration basis) of thiocyanate and per-
chlorate ions, (SCN-)/y(ClO,), at high concentrations
(necessary in the following calculation of the selectivity
coefficient), concentration potentials were first measured
for aqueous NaSCN and NaClO, solutions. Figure 1
shows the observed potentials as a function of the ion
exchanger concentration. In this figure the concentra-
tion potentials which are independent of the exchanger
concentration (horizontal parts of the curves) may be

t Throughout this paper 1 M=1 mol dm~3.
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Fig. 1. Concentration potential, Ey, vs. concentration

of ion exchanger. Systems: (O, 0.0l M NaSCN (’)-
0.1 M NaSCN ("); [, 0.01 M NaClO, ()-0.1M
NaClO, ("); @, 0.1 M NaSCN ()-1 M NaSCN (");
W, 0.1 M NaClO, (")-1 M NaClO, (). Membrane
solvent: nitrobenzene. Ion exchangers: O, @, CV-
SCN; [, B, CV-CIO,.

considered to be ideal; the decrement of the potentials
at the low exchanger concentrations is presumably due
to the incomplete exclusion of the co-ion (sodium ion)
from the membrane. By application of the Nernst
equation to the former potentials, the values of
log{»(SCN-)[»(ClO,7)} in 0.1- and 1-M solutions were
estimated to be 0.02 and 0.09, respectively, where the
ratio (SCN-)/y(ClO,~) was assumed to be unity below
10-2 M. These results were used for the calculation of
the selectivity coefficient in the bi-ionic system NaSCN-
NaClO, presented below.?

In the case of two univalent counter ions (anions) X
and Y, the membrane potential, Ey, in cell (2) may be
expressed by

_ RT . af+KJ%all
B T o R ©)
Here the sign of the potential refers to solution (). For
cells in which solution (‘) contains only ion X and
solution (") only ion Y, Eq. 3 reduces to
pot /!
Ey = R—FT In i‘%’t @)

Figure 2 shows the selectivity coefficient KP°t{(SCN-,
ClO,") for the bi-ionic system NaSCN-NaClO, in which
the membrane (CV-SCN in nitrobenzene) is interposed
between solutions of NaSCN (‘) and of NaClO, (") of
the same concentration. The selectivity coefficient
was calculated from the measured potential by the
use of Eq. 4. (Such a selectivity coefficient is an
“apparent” one described below). It is observed that
the selectivity coefficient varies with the concentrations
of the ion exchanger in the membrane and of the
aqueous solutions. However, with membranes having
a given concentration of the exchanger, the selectivity
coefficient approaches a limiting value (indicated by
the dashed line in the figure) with the increasing
concentration of the aqueous solutions. With solutions
having a given concentration of the electrolytes, the
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Fig. 2. Variation of the selectivity coeflicient with con-
centrations of aqueous solution and of ion exchanger in
the bi-ionic system NaSCN-NaClO,. Membrane sol-
vent: nitrobenzene. Concentrations of ion exchanger
(CV-SCN): O, 5x10°*M; W, 5x10*M; @, 5X
103 M; [, 5x 102 M.

selectivity coefficient also tends toward the same
limiting value as the exchanger concentration decreases.
As in the case of the concentration potentials described
above, the deviation of the parenthesized value from
the limiting one is attributed to the incomplete exclusion
of the co-ion (sodium ion) from the membrane. Similar
results were obtained with the bi-ionic systems Nal-
NaClO, and NaI-NaSCN by the use of nitrobenzene
solutions of CV-I as the liquid membranes.®)

The variation of the selectivity coefficient may be
understood from the following argument. In the bi-ionic
cell used here, before the aqueous solutions and the liquid
membrane are in contact with each other, solution (')
and the membrane contain the same counter ion X,
whereas solution (") contains a different counter ion Y.
When the cell is assembled, an exchange of the counter
ions occurs between solution (”) and the membrane.
Therefore, the ionic composition at the membrane-
solution (”) interface is generally different from that
in the bulk of solution (") since a diffusion layer (through
which the transport of ions can occur by diffusion only)
exists adjacent to the interface. (In experiments of
short duration, such a change of ionic composition would
be negligible at the membrane-solution (') interface).

Such a cell is not a true bi-ionic cell and, taking
account of the composition change at the interface, we
must express the membrane potential of the cell as

= Eln af + Kp¥a¥ + ($"—¢%), (5)
F ay

where the asterisks refer to the interface inside solution
(") and ¢ is the electric potential. As shown in Appendix,
since the mobilities of the counter ions used (ClO,,
SCN-, and I-) are nearly equal in the aqueous solu-
tion,” the second term in Eq. 5 becomes negligible and
c¥+c¥~ci~ckx (¢ concentration). We then obtain
(assuming, for simplicity, activities to be equal to
concentrations)

Ey

Sk
B~ {K{"H a —K{?Y‘)if‘—}, (6)
F cx
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from which an “apparent” selectivity coeflicient,
2% (app), (obtained from the straightforward applica-
tion of Eq. 4 to the cell) is given by

%
Kioi(app) ~ KI5 + (1—KEH--. Y]
X

The higher the exchanger concentration compared with
the solution concentration, the larger will be the value
of c¥/ckx. Hence K{%(app) becomes correspondingly
smaller when K% >1 and larger when K3%¥<l. This
indeed the case for the bi-ionic system NaSCN-
NaClO, presented above, where KP°t{(SCN-, ClO,")
(which is considered to be the limiting value of the
selectivity coefficient in this system as described below)
is 1.5 on logarithmic scale.

However, in cases where the solution concentration is
sufficiently high in comparison with the exchanger
concentration, the influence of the composition change
at the interface will be negligibly small. The above-
mentioned limiting value of the selectivity coefficient
(limiting selectivity coefficient) corresponds to such
situations of the cell and is considered to be a parameter
correctly describing the properties of the membrane.®

CHANGES IN COMPOSITION OF AQUEOUS
SOLUTIONS IN THE CELL
0.1 M Nal (")/CV-I in nitrobenzene/0.1 M NaX (”).

log K*(I-, X)

TaABLE 1.

Concn of CV-I (1)
M X M :
Apparent Corrected

5x10-4 NO,~ 4.7x10-5 —1.3 —1.3
5x10-8  NO,;~ 2.6x10 —1.2 —1.2
5% 10-2 NO,;~ 8.5%x 10 —0.95 —0.98
5x10-4 ClOo,~ 1.1x10-* 1.97 1.97
5x10-2 ClO,~ 2.9x10* 1.96 1.96
5x10-2 Clo,~ 2.0x10-3 1.86 1.86

The variation of the selectivity coefficient may also
be attributed partly to the contamination of the bulk
solution itself caused by the counter-ion exchange
mentioned above. Table 1 shows the composition
changes in bulk solutions observed with some bi-ionic
cells, together with the apparent selectivity coefficients
obtained as before from the measured potentials. In
this table ¢”(I-) represents the molarity of iodide ions
(in solution (")) which were exchanged for nitrate or
perchlorate ions (initially present in solution (”)) during
the potential measurement. The selectivity coefficients
corrected for the composition change in solution (")
(i.e., calculated by use of Eq. 3 with a’(INO3;~)=0 or
a’(Cl10,~)=0) are presented in the last column. As
can be seen from the table, however, this correction is
small and the selectivity coeflicient still shows the
variation with the ion exchanger concentration.
(Incidentally, the limiting selectivity coefficients KPot(I-,
NO;~) and KPot(I-, ClO,~) were found to be —1.3 and
1.97, respectively, on logarithmic scale). The variation
of the selectivity coefficient is thus ascribed mainly to
the change of ionic composition at the membrane-
solution interface.

The limiting selectivity coefficient is also applied to
cells in which the two solutions each contain only one
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Fig. 3. Membrane potential vs. anion activity. Systems:
O, @, NaSCN with molarity variable (')-0.1 M
NaClO, ("); [J, M, NaClO, with molarity variable
()>-0.1 M NaSCN (”). Membrane solvent: nitroben-
zene. Ion exchangers: (), [], 5x10-* M CV-SCN;
@, B 5x10*M CV-CIO,.
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Fig. 4. Membrane potential vs. activity of iodide ion.
Systems: (O, @, Nal with molarity variable (")-0.1 M
NaClO, ("); (], M, Nal with molarity variable (")-0.1
M NaSCN (”). Membrane solvent: nitrobenzene. Ion
exchangers: O, [], 5x10*M CV-1; @, 5x10*M
CV-CIO,; B, 5x10-¢ M CV-SCN.

of two species of counter ions but at different
concentrations, as long as the composition change at
the interface is expected to be small. Figures 3 and 4
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show membrane potentials measured with such cells,
where ClO,~, SCN-, and I- are paired against each
other. The observed potentials are indicated by points;
the dashed lines represent the values calculated from
Eq. 4 with the values of the limiting selectivity coeflicient
obtained in the corresponding bi-ionic systems (see
Table 2). (The solid curves merely connect the experi-
mental points). The experimental points can be seen
to agree with the calculated lines in cells of the type:
NaX with molarity variable ()/5x10-*M CV-X in
nitrobenzene/0.1 M NaY (") where X=SCN-, Y=
ClO,~; X=I-, Y=ClO,~; or X=I-, Y=SCN-.
Figures 3 and 4 also illustrate the effect on the membrane
potential of varying the counter ion species initially
present in the membrane. When in the above cells
CV-Y is used, instead of CV-X, as the ion exchanger,
the measured potentials become lower than the calculat-
ed, which is due to the composition change at the
membrane-solution (') interface. In the cell: NaClO,
with molarity variable ()/5x10*M CV-ClO, in
nitrobenzene/0.1 M NaSCN ("), although solution (')
and the membrane contain the same counter ion,
perchlorate ion, the experimental points lie slightly
above the corresponding calculated line (dashed). This
is probably because the concentration of NaSCN in
solution (") (0.1 M) is not high enough to eliminate
completely the effect of the composition change at the
membrane-solution (”) interface.

70+
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Fig. 5. Comparison of experimental and calculated
potentials in the mixed electrolyte system NaX (*)/
10-¢* M CV-X in nitrobenzene/NaX-+NaY (") where
cy=10"2 M, ¢{=variable, and ¢§{=2x103 M. O:
X=SCN-, Y=CIO;~; @: X=I-, Y=SCN-.

The limiting selectivity coefficient is further applicable
to mixed electrolyte systems. Typical data for such
systems are shown in Fig. 5. Circles represent the
experimentally observed potentials for mixed solutions
containing a pair of counter ions, either SCN——ClO,~ or
I-—SCN-. The curves were drawn according to Eq. 3
with the values of the limiting selectivity coefficient
obtained in the corresponding bi-ionic systems. The
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agreement between the experimental and calculated
potentials is seen to be excellent.

As judged from the association constants of ion pairs
in nitrobenzene,®~11 the degree of ion association in the
membrane used here is small and virtually negligible
at the low exchanger concentrations. For the case of a
liquid ion exchange membrane with negligible associa-
tion, Conti and Eisenman'? have shown theoretically
that the selectivity coefficient between counter ions X
and Y is given by

ot _ Hvky

K)I().Y = ma (8)
where #x and #y are the mobilities of ions X and Y in
the membrane, and kx and £y are the single-ion distribu-
tion coefficients between the membrane solvent and
water. The selectivity coefficient is therefore expected
to be nearly independent of solution concentration,
composition, and exchanger concentration, which is
consistent with the experimental observations described
above.

TABLE 2. COMPARISON OF LIMITING SELECTIVITY
COEFFICIENTS WITH CALCULATED VALUES

log K¥%
X Y —
Limiting Calcd
I- ClO,~ 1.97 1.94
SCN- ClO4~ 1.5 1.39
I- SCN- 0.47 0.546

For a direct comparison of the limiting selectivity
coefficient with that expected from Eq. 8, the parameters
controlling the selectivity were evaluated. The distribu-
tion coefficients of perchlorate, thiocyanate, and iodide
salts of Fuchsine Basic between nitrobenzene and water
were found to be 68.1, 13.1, and 7.40, respectively.
Here the distribution coefficient is given as the ratio of
the salt concentration in the organic phase to that in
the aqueous phase. The value of ky/kx was calculated
from the square of the ratio of these distribution coeffi-
cients. The corresponding value of #y/#x was obtained
from the ratio of the limiting ionic conductances.11,13)
The selectivity coefficients calculated by Eq. 8 from
these values are compared with limiting selectivity
coefficients!® in Table 2. The limiting selectivity
coefficients can be seen to be in good agreement with
the calculated values.

Appendix

The ionic fluxes in the diffusion layer (at the solution side
of the membrane-solution interface) may be expressed by the
following Nernst-Planck equations:

d
Je = — st s (RTIn i~ F$), (a-)
Jo = sty S (RTIn ey~ F), (a-2)
Ju= vt (RT o+ Fg), (&%)
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where Jy, Jy,and Jy, are the fluxes of counter ions (univalent
anions) X and Y and sodium ion (co-ion); uy, uy, and uy,,
and ¢y, ¢y, and ¢y, are the corresponding mobilities and
concentrations (uy, #y, and uy, are assumed to be constants);
¢ is the electric potential; and x is the space coordinate per-
pendicular to the membrane-solution interface. The condi-
tions of electroneutrality and absence of electric current lead to

x + Oy = txes (A-4)
JxtJr=Jn=0, (A-5)
where it has been assumed that the membrane is impermeable

to sodium ion. Inserting Eqs. A-1—A-3 into Eq. A-5 and
eliminating d¢/dx, we have

d{ena (uxex+uyty) } = 0.
dx

For the case where uy=uy, Eq. A-6 becomes with the help
of Eq. A4

(A-6)

dey, _ dlextey) _ g,

dx dx
Inserting this result into Eq. A-3 and taking into account Eq.
A-5, we obtain

(A-7)

d¢

== =0. A-8
4 (a-8)
Thus the total counter-ion concentration and the electric
potential are constant throughout the diffusion layer.
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