1324

© 17981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 1324—1331 (19817)

Theoretical and Experimental Studies of the Membrane Permeabilities
to Ions in Liquid Membrane

Kazuo Nomura,* Akira M Aatsusara, and Hideo Kimizukaf
Laboratory of Chemistry, College of General Education, Kyushu University 07,
Ropponmatsu, Fukuoka 810
YDepartment of Chemistry, Faculty of Science, Kyushu University 33, Hakozaki, Fukuoka 812
(Received September 18, 1980)

A theory for the ion transport across liquid ion-exchange membrane was presented on the basis of nonequi-
librium thermodynamics with the assumptions that the carrier ions and complexes were present only in the mem-
brane phase, and that there was no volume flow and all chemical reactions were at equilibrium. The equations
for “total” fluxes of membrane-permeable ions at steady state were derived from a set of the equations for “in-
dividual” fluxes of all mobile species present in the liquid membrane where the complexes were assumed to be
partially dissociated. The ‘total” phenomenological coefficients were able to be expressed in terms of the “in-
dividual” coefficients. The diffusional and electroconductional membrane permeabilities to a selective ion in
the liquid membrane-single electrolyte system were found to be in the same form as those in the fixed-site mem-
‘brane-single electrolyte system, if the mean diffusion coeflicient and mean mobility of the free species and its com-
plex were used. The rate constants in the permeation process were also related to the diffusional membrane
permeability. The experimental examination was made on a liquid cation-exchange membrane—aqueous single
electrolyte system at 25 °C. The solution of calcium hexadecyl sulfate in 1-octanol and calcium chloride were
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used as the liquid membrane and the electrolyte, respectively.

interpreted by the presented theory.

Since the carrier model was introduced into the
transport phenomena across cell membranes, liquid
membranes having carrier species have been exten-
sively studied by many investigators.>® On the other
hand, - various ion-selective electrodes using liquid
membranes have been devised and commercialized,
because of their high selectivity to a particular ion.?
Current research has been carried out to provide the
underlying principle for the separation of metal ions
by liquid membranes.4:5)

In spite of numerous experimental works, theories
proposed for the ion transport across liquid membrane
are not as many as for the fixed-site membrane. The
theory of Eisenman and his coworkers®—? has usually
been applied to analyze the ion transport phenomena
through liquid membranes, but it has been derived
from the Nernst-Planck equation with some assump-
tions. A rigorous theory for the ion transport across
fixed-site membrane has been presented in a previous
paper on the basis of nonequilibrium thermodynamics
without any assumptions concerning the distributions
of concentration and potential within membrane.1®

In the preceding paper,’) an electrochemical study
of the ion permeation has been made on a liquid
membrane-aqueous single electrolyte system. The
membrane permeabilities to the membrane-permeable
ion p in the presence and absence of electric current,
P, and P), have been estimated according to the
previous theory.!® A remarkable discrepancy be-
tween P, and P; has been observed and explained
in terms of the permeability matrix. The theory of
Eisenman et al. can not distinguish these two per-
meabilities since their theory is based on the Nernst-
Planck equation which possesses only one transport
coefficient for an ion.

In the preceding paper,'V) the theory of ion trans-
port for the fixed-site membrane has been applied
to estimate P, and P in the liquid membrane since
the equation describing the ion transport can be de-

All the measured quantities were consistently

duced to have the same form for both systems.!2
However, the entities of physical representations for
the membrane permeabilities, P, and P;, for the
liquid membrane are supposed to be different from
those for the fixed-site membrane, because the site
ion as well as the complex is mobile in the liquid mem-
brane.

Thus a theory for the liquid membrane was present-
ed on the basis of nonequilibrium thermodynamics
by taking into account the movements of the site
ions and complexes in the liquid membrane. The
experimental examination was also made with a liquid
membrane-aqueous single electrolyte system.

Theoretical

System and Assumptions. We shall consider the
ion transport phenomena in the system illustrated in
Fig. 1. An aqueous phase I is separated by a liquid
ion-exchange membrane from another aqueous phase
II. The membrane phase is bounded by two planes
normal to the x-axis at x=0 and x=d. There are
stagnant layers on both sides of the membrane phase
and their surfaces are in contact with the phase I
at x=—a and phase II at x=Db, respectively. The
two aqueous phases I and II are homogeneous be-
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Fig. 1. Schematic diagram of the liquid membrane—
aqueous electrolyte system.
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cause of being well stirred. It is assumed that the
system is isothermal and in a steady state in which
there is no volume flow (Assumption 1), and the ion
fluxes are constant. Moreover, all the chemical reac-
tions are assumed to be at equilibrium anywhere
within the membrane phase (Assumption 2) and a
free carrier ion and its electrically neutral complexes
are present only within the membrane phase (As-
sumption 3).

Flux Equation for Individual Species. Only coun-
ter- and co-ions can permeate across the liquid mem-
brane, although all the species within membrane are
mobile. The total flux of a permeable ion is the
sum of the flux of free species and those of complexes.
We shall first derive the flux equation for individual
species in the membrane which will later be
correlated with the total flux for the membrane-per-
meable species.

According to nonequilibrium thermodynamics, the
flux of individual species, j,, is given as a linear func-
tion of all forces that are negative gradients of the
total chemical potentials

ja = - %luﬁvﬁﬁy (l)

where « and f refer to all species in the membrane
and /,, indicates a phenomenological coefficient and
satisfies the reciprocal relation of Onsager. Under
the condition of chemical equilibrium, we have

B = ;Vriﬁn (2)

where the subscript i refers to the electrically neutral
complex formed in the i-th reaction and » , denotes
the stoichiometric coefficient of the free species y in
the i-th reaction. Since the complex is electrically
neutral, we have

Zl = ; Zr‘lJ,l = 0. (3)

By substituting Eq. 2 into Eq. 1, the term for the
force due to the complex can be eliminated, and the
flux equations for all species can be written in terms
of the forces for free species as follows:

je = = Slyvi, O

where
lay = lay + AT-: Vyila- (5)

The total chemical potential for species «, Z,, is
expressed asl?)

A, =7, + RTIna, + Z,Fp = RTIn7,, (6)
where
Na = Ha,o +pva + Ea’ (7)

u, denotes the standard chemical potential; a, the
activity; ¢, the electric potential; p, the hydrostatic

pressure; V, the partial molar volume; &, the excess
free energy; 4, the absolute activity; and F, the Faraday
constant.

By use of local electric potential, ¢, and equilibrium
local electric potential for free ion y, ¢, the gradient
of I can be expressed alternatively as
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Vi, = Z,Fy(¢—¢,). (8)

Using Egs. 4 and 8, the individual ionic current for
species « is given by

ia = Z«Fja = - 27’ K:er(Sb—Sbr),,. (9)

where £.; denotes a part of electric conductivity pro-
duced by the effective driving force of ion y, V(gb——gbr)
and given as

Kuy = Z,Z,F,, . (10)
Electric Conductivity for Individual Species. Accord-
ing to Eq. 9, the electric conductivity of species «,
kg, is given by!314)
Ko = 2 Koy = DZ,Z F*,, = (Z,F)u,C,, (11)
T T

where u, and C, denote the absolute mobility and
concentration of species «, respectively.

Now, the total flux for each free species in the mem-
brane, J7, may be written as

Jr=J, + 217 v,idi (12)

where the superscript m refers to the membrane phase.
When the steady state is attained, the following rela-
tion can be realized:

Jr=J"=J¥"=J, (13)
where J® and JUD denote the fluxes in the stagnant
layers in phases I and II, respectively. According
to Egs. 12 and 13, the total ionic current for each
free species, I, =Z F]J , is seen to be expressed in
terms of individual fluxes of the free species and of
the complexes as follows:

I, =ZFj + Z,le: vidi =14, + ? i, (14)

where ¢ represents the part of the ionic current
of species y carried by the form of complex i.

According to Eq. 14, it is seen that the flux of the
complex contributes to the total ionic currents of
free species from which the complex is formed even
when the complex is electrically neutral. By using
Eq. 4, i” can be represented by

i =Z,Frjy = — 25 Z, ZsFy  [59(P — ), (15)

where the subscript 6 refers to the free species. Ac-
cording to Egs. 14 and 15, the part of the electric
conductivity of species y due to the complex i, £,
can be expressed as

IC(lr) = ?ZTZ’,FZVTJM = (ZTF)zuriqui. (16)

It is evident from Eq. 16 that the contribution of
the diagonal term [, to £{° vanishes when the com-
plex i is electrically neutral® (" is correlated
with the electric conductivity of the complex i, &%,
as follows:
g =32 =0, (17)
T

where the superscript y refers to the membrane-perme-
able ion as well as the carrier ion.

Total-Flux Equation for Free Species 7. Sub-
stituting Eq. 4 into Eq. 12, we have under the con-
dition of the steady state
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Jr = = SHVE, (18)

where
s =0 + E ”ril;a . (19)
1

We see in Eq. 19 that the new phenomenological
coeflicient, l7;, is expressed in terms of individual
coefficients, /,,’s, and that the reciprocal relation for
individual coefficients verifies that the [¥;’s also
satisfy the reciprocal relation.

According to Eq. 18, the total ionic current for
free species y, I, is expressed as

Ir = - ? E;’JV(¢'_¢5)’ (20)

where
Kis = Z,Z,Ff, = Z,Z, Fy, =« @1
Total Electric Conductivity for Free Species y. Ac-

cording to Eq. 20, the total electric conductivity for
ion p, £%, is given by
Ky =3 x7;. (22)

Substituting Eq. 19 into Eq. 21 and using Egs. 11
and 16, Eq. 22 can be rewritten as

£Y = k7 + ? £ = (ZTF)Z(uTCT—i—Z v oGy . (23)

Since the carrier species are completely trapped
within the membrane phase, the total flux as well

as total electric current of carrier species, J, and
I, should be zero at the steady state, i.e.,
Jr=JP=J"=J=0, (24)
and )
I, =2Z;F];, =0, (25)

where one kind of free carrier species, s, is assumed
to be present in the membrane. According to Eq.
25, the total electric conductivity for the carrier species,
k7, is also zero. Using Eqs. 23 and 17, we obtain

Ky =0, + 6 =6, =236 =0 (y#s). (26)
i T 7

By means of Eq. 24, Eq. 18 can be reduced to a
phenomenological relation

Jo = _§l:qVﬁq, (27)

where
Iy

b
14

(28)

*
lpq - lpq -

and p and q refer to the membrane-permeable ions.
The reciprocal relation of Onsager can be satisfied
by I as well as l¥;. According to Eq. 27, we have

Ip = —§ E:qV(¢_¢q)’ (29)

where

kY, = Z 2\ F?l} = Z Z FYY, = k¥, (30)
The total electric conductivity for species p, &7, given
by Eq. 22 can also be expressed by using £} as
follows:

Ky = 2K 31)
a
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provided Eq. 26 holds.

Single Electrolyte System. Now, we shall apply
our theory to the system in which only a single strong
electrolyte, M., A.,, is present in the aqueous phases.
Moreover, the carrier ion is assumed to react only
with counter ion to form a neutral complex in the
membrane phase. As a result, the components present
in the membrane phase are counter ion, M%t, co-
ion, AlZsl=, carrier ion, S!%i—, and complex, C.

According to Eq. 29, the ionic current can be ex-
pressed as

I, = —Xq‘: BV@—9d (P9 MA). (32)

Therefore, Eq. 23 can be written as

£y = £y + &0 = (ZyF)2ayCy, (33)
and
Ky = K}, (34)
where
£y = (ZuF)%uyCy, £0° = (ZyF)%yu.Ce, (35)
and
ay = fuy + vu(1—f)ue. (36)

Cy and f denote the total concentration and disso-
ciated fraction of ion M (f=C,/C¥), respectively, and
the subscript ¢ refers to the complex.

If & is independent of the externally applied
field, Eq. 32 leads to

I — I} = —&3V($—9¢°)
where the superscript O refers to the zero electric cur-

rent. Under the condition of steady state, Eq. 37
can be integrated to give

(Ip——Ig)‘/:b d,, = —(V—-v", (38)

P

(p; M, A), (37)

where V?® denotes the membrane potential at zero
electric current. Therefore, the ionic membrane con-
ductance of ion p, g,, is expressed as

L:/b ! v, (39)

& J-a £y
The contribution of carrier species to the ionic con-
ductance vanishes outside the membrane.

At zero electric current, the following relation must
hold

I8+ I8 = 0. (40)
By means of Eq. 40, one of the forces in Eq. 32 can
be eliminated to give

I = —e;v(¢9°—¢n) (P M, A), (41)

where
* ok _ (% \2
Eg — ’CPPEQ‘!E” (EPQ) (p, q; M, A). (42)
q
According to Eq. 41, the flux equation at zero

electric current is given by
ICO
= — et 43
Js @,y VEw (43)
where 7, denotes the total chemical potential at zero
electric current. Since Eq. 43 should be of the form
of the Nernst-Planck equation, it can be written as



May, 1981]

D,cy

Iy = 5V, (44)

where D, and Cy denote the diffusion coefficient
and the total concentration of ion p, respectively, and

0 D (to
Ky D, C%

=R (45)
Comparing Eq. 45 with Egs. 33, 35, and 36, we have

Dy = f(r)axRT = fDy + (1—f)D., (46)
and

D, = f(£)usRT, (47)
where

0
£ =1 =t b ) = (48)

and Dy and D, denote the diffusion coefficients of
ion M, and of complex C, respectively. As seen in
Eq. 48, the total electric conductivity at zero electric
current, £y, is different from the total electric con-
ductivity, #7, unless the cross term &j, is zero.
Under the condition of the steady state, Eq. 41 can
also be integrated to give

b dx
nf o= -w-w,
—a

P

(49)
where V, denotes the equilibrium membrane potential

of ion p. Therefore, #;, can be related to the ionic
membrane conductance at zero electric current, gg,

as follows:
1 b 1
= dx.
& [a £y

Experimental

(50)

The materials, the apparatus and the procedures for meas-
uring membrane potential, membrane conductance and salt
flux were described in detail in the preceding paper.!t)

Partition of CaCl, between 7-Octanol and Aqueous Phases.
The partition ratio, R"™, was determined as the ratio of
equilibrium concentration of CaCl, in l-octanol phase to
that in aqueous phase. The measurements were carried
out both in the presence and absence of carrier species in
l-octanol phase. Preconditioned l-octanol was layered on
the aqueous CaCl,, of which the initial concentration was
0.964 mol dm—3, Whole system was vigorously shaken for
thirty hours at 25 °C and allowed to stand until both phases
became clear, then the sample was pipetted from Il-octanol
phase for determining the equilibrium concentration of
CaCl,. The concentration was determined with a Nippon
Jarrell-Ash atomic absorption spectrophotometer Model AA-
8500. The partition ratio obtained for the system without
carrier species was 1.7Xx 10-* which agreed well with the
value obtained by the radiotracer method.!® The partition
ratio for the system with carrier species was 6.2 X 10~%, where
the concentration of calcium hexadecyl sulfate in 1-octanol
phase was 2.5X 10-3 mol dm~3.

Molar Conductivity Measurement of Calcium Hexadecyl Sulfate
in 7-Octanol. The electric conductivity of calcium hexa-
decyl sulfate in water-saturated l-octanol was measured by
use of a Yanagimoto conductivity outfit Model MY-7. The
measurements were carried out with a pair of Pt-Pt elec-
trodes immersed in l-octanol solution of calcium hexadecyl
sulfate at 25 °C. The cell constant, ca. 0.05, was determined
by use of a standard solution of KCI. The molar conduc-
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Fig. 2. Molar conductivity of calcium hexadecyl sul-

fate in I-octanol as a function of square root of the
concentration (O) and Shedlovsky’s plot (A).

tivity is plotted against the square root of concentration in
Fig. 2.

The limiting molar conductivity, A%, and the dissocia-
tion constant, K;, were determined from Shedlovsky’s
plot, 1610 2/SA vs. C252A42%3, where

S = [2/2+ {1+ (2/2)2} /2], (51)
and
24 ——

A’ is Onsager’s coefficient; C, the concentration; y., the
mean activity coefficient; and 4, the molar conductivity.
For the calculation of 4’, the values of viscosity!® and rel-
ative permittivity!® for pure solvent, i.e., 7=0.0721 P and
¢=9.85, were used, respectively. The limiting transport
number was assumed to be equal to that in water, ¢&, =0.76.29
The mean activity coefficient was calculated by means of
the Debye-Hiickel equation in which the diameter of sodium
hexadecyl sulfate, 9.9 A, was used as an ion parameter.
The diameter was estimated from its partial molar volume
in water obtained by the extrapolation of the values for
sodium alkyl sulfates of Cy—Cy,.21:22)

The Shedlovsky plot is also shown in Fig. 2. The values
of A~ and K; obtained from the plot were 2.8 S cm2 mol-!
and 4.1 X102 mol? dm=¢, respectively. The degree of dis-
sociation, 6, was 0.25 at 2.5X 10-3 mol dm=3, i.c., the con-
centration of calcium hexadecyl sulfate in the liquid mem-
brane studied.

Diffusion across Water—Octanol Interface. The kinetics
of diffusion of CaCl, across the water—1-octanol interface
was studied, where the concentration of carrier species in
I-octanol phase was 2.5X 10~ mol dm~3. The modified ap-
paratus of the type proposed by Davies?®), which is shown
in Fig. 3, was used. The diffusion area was ca. 12.6 cm?.
Concentration change in aqueous phase was followed by
measuring the electric conductance. A known amount of
preconditioned 1-octanol was layered on the aqueous CaCl,
solution with the initial concentration of 3.86x 10—% mol
dm~-3. After the conductance of an aqueous phase became
constant, l-octanol solution of CaCl, was injected into the
oil phase. The initial concentration of CaCl, in I-octanol
phase was 1.05X 102 mol dm—3. The measurement was
carried out at 25 °C, and both phases were stirred at the
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Fig. 3. Schematic diagram of the glass cell used for
the measurement of diffusion across the oil-water
interface. a: Pt—Pt electrodes, b: magnetic spin bar.

same rate as used for the salt flux measurements.

Results and Discussion

The membrane permeabilities evaluated from the
electrical data, Py, and Pg, and those at zero electric
current evaluated from the membrane potential and
flux data, P& and P&, have already been reported
in the preceding paper.'V These values were again
evaluated in the present study and are shown in
Fig. 4. The general features of this figure are
similar to those of the preceding paper, but somewhat
lower values were obtained with Py, and P, being
due to lower membrane conductance. After repeated
measurements, it turned out to be essential for ob-
taining consistent membrane conductance that the
liquid height of the membrane solution in the reservoir
was kept constant. We shall, therefore, adopt the
present results for analyzing the membrane perme-
ability according to the presented theory.

Since the system is close to equilibrium with respect
to calcium ion, we havel®

RT 8ca
(ZooaF)?  (abaaty)?’

Pg, = (33)
where superscripts I and II refer to the aqueous phases
I and II, respectively. We shall assume that the
ion transport is membrane-controlled. From Eqs. 33
and 39, the ionic conductance, gg,, can be expressed
in terms of the absolute mobilities and concentrations
of free calcium ion and its complex:

1o f : dr : (54)
&oa o (ZoaF)?(ucaloa+vcattcle)
Combining Eq. 53 with Eq. 54, we have
1 . M(a}: all 1/2-/‘d dx .
Pg, RT e ] (ZCaF)z(uCaGCa""’Ca“cCc)
(35)

Since carrier species are completely trapped within
membrane, we can obtain from Eq. 26

’C’s, = (ZsF)zusCs - (ZCaF)vaaucCc = 0. (56)

Using Eq. 56, the term for the complex in Eq. 55
can be replaced by that for carrier ion, s,
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Fig. 4. The membrane permeabilities as a function of
geometric mean of the activities of phases I and II.
O: P, @: P§, A: Pga, A: Pg. The membrane
permeability to salt, PJ,, is also shown, . The con-
centration of CaCl, in phase IT was kept at 4x 10-3
mol dm—2 and that in phase I being varied from
4x10-* to 10-*moldm-3. Solid lines indicate P}
and P, calculated from P, according to Egs. 6 and
7 in Ref. 11, respectively.

2
1 ~ (ZcaF) (aéaaéﬁ)l/z‘/ dx
P, RT o (ZooF)?uceCon+ (Z:F)2uCy
(87)
_ Zauk)? (ag.ac)/?d (58)

RT (ZCaF) 2’7(53‘6'0:14' (ZsF) zﬁsés ’

where # and C denote the mean absolute mobility
and mean concentration within membrane, respec-
tively.

From the observed values of # and R"™, we see
that the concentration of Donnan salt is negligible
compared with that of free calcium ion. Under this
condition, i.e., Cg,>Cs, Eq. 58 can be reduced to

RT  A9Cy
(ZoaF)? (ataat)'?d’
Ai = WC&-ACS, -+ ’VSAS, (60)
where A, and 4, denote the molar conductivity of
calcium ion and of carrier ion, respectively, and 4! is
the hypothetical molar conductivity that the complex

would have if it be completely dissociated and is related
to the observed molar conductivity, 4, as follows:2%

04 = A. (61)

The molar conductivity within liquid membrane,

Peoa = (59)

4, must be independent of the external concentra-
tions, because the total concentration of calcium ion
within membrance is nearly constant, as stated above.
Therefore, the dependence of P;, on the external
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Fig. 5. The membrane permeability, Pg, (A), and
the molar conductivity in the liquid membrane estimat-

ed from Pg,, Z(O), as a function of the geometric
mean of the activities of calcium ion in the aqueous
phases I and II. Broken line indicates the molar
conductivity of calcium hexadecyl sulfate measured
in the bulk solution.

concentrations shown in Fig. 5 can well be described

by Eq. 59. According to Eq. 59, 4 was calculated
from P,, and is compared with the molar conductivity
measured in the 1-octanol solution of calcium hexadecyl
sulfate in the same figure. We see from this figure
that the agreement is satisfactory. This result implies
that the electroconductional process of calcium ion
is membrane-controlled and the effect of co-ion on
this process is negligible.

From Eqgs. 45 and 50, the diffusional ionic con-
ductance at zero electric current, gc., can be expressed

as
1 b RT
—_—= —_——dx. 62
ol oo (2
The membrane permeability of calcium ion at zero
electric current is related to gé asl®
RT &
(ZooF)?  (abuati)V?’
when the system is close to equilibrium for calcium
ion. Combining Eq. 63 with Eq. 62, Pg is ex-
pressed in terms of the mean diffusion coefficient,

P, =~

(63)

D;,, and mean total concentration,
D:Caég;
(abaati)V/?d’
provided the diffusion of calcium ion is membrane-
controlled. ~
According to Eq. 64, D, was calculated from P&,
and is shown in Fig. 6. We see from the small value
of partitioning of CaCl,, R"™=6.2x10~%, and the
concentrations of external CaCl, solutions less than
101 mol dm~2 that the concentration of Donnan salt
is negligible. The mean total concentration of calci-
um ion in the membrane is nearly equal to 2.5x10-3
mol dm~—3 which is a half of the concentration of mem-
brane site and is almost independent of the external

(to
Cay as

P, ~

(64)
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Fig. 6. Diffusion coefficient, Dg,, as a function of the
geometric mean of the activities in phases I and II.
O: Estimated from the observed P§,. (: Estimated
from P§, calculated from P,q according tc Eq. 6
in Ref. 11.

electrolyte concentration. Therefore, the diffusion coef-
ficient of calcium ion in the membrane phase would
be almost independent of the external concentration
of CaCl,. Contrary to the expectation, a remarkable
concentration dependence was found as shown in Fig.
6. A similar result has been obtained with an ion-
exchange resin membrane and has been explained by
assuming the energy barrier at the interface.?®) Thus

the observed concentration dependence of D, may
be attributed to the presence of energy barrier at
the interface.

The diffusion of CaCl, across the interface was
studied in the two-phase system of water and 1l-octanol
with carrier species. The flux of calcium ion at zero
electric current can be expressed by Eq. 44. By sub-
stituting Eq. 6 into Eq. 44, we have

ECan; T

Jga = - 7 V}'Ca' (65)
Ca

Integrating Eq. 65 under the condition of steady state,
we derive the equation for the flux across phase bound-
ary as follows:

Jo = —PE{as, exp [(ZooF$™ + 13— ZouFpm — 1) |2RT]
— a3, exp [— (ZoaF ™ + i — ZouF Y™ — ) [2RTT},
(66)

_ (az:a:,. )1/2 Aon 4. ©7)

lg‘;lga DCa ::Oa

where

PEY
The integration extends over the boundary region
interposing the interface. The superscript (b) refers
to the boundary region, m and w, to the oil and aque-
ous phases, respectively. Equation 66 can be re-
written as?®)

Joo = —k,G3, + kGG, (68)
where
ky = PRys, exp {[(ZoaF ™ +73.)
— (ZooFg™+7%.)1/2RT}, (69)

and
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ky = PG ye, exp {[(ZooFP™ +775.)

—(ZoFP™ +75.)1/2RT } . (70)

¥o, denotes the activity coefficient of calcium ion.

Assuming that the degree of dissociation of calcium

hexadecyl sulfate in the membrane phase is not so

much affected by the addition of a small amount of

CaCl,, the conservation law of mass holds for free
calcium ion:

Ggo™ + Ceo™ = 5™ + G50, (71)
where v denotes the volume of each phase and the
superscript (e€) refers to the equilibrium state. At
the equilibrium state, we have from Eq. 68

ky | Cx®

T T 72

By means of Egs. 71 and 72, Eq. 68 can be converted
into a convenient form:%627)

dCs,

de

k k
g al F _2>
(vw + ym f
and ¢ and 4 denote time and the diffusion area, re-
spectively. By integrating Eq. 73 and replacing the
concentration with the resistance of aqueous phase,
R, we have

(73)

= k(CE —Cg),
where

(74)

(73)

1 1
In (F—F> = —kt + const.,

where R° denotes the resistance of aqueous phase at
equilibrium. According to Eq. 75, £ can be obtained
from the slope of the logarithmic plot shown in Fig. 7.
By using Egs. 72 and 74, k;, and £, were estimated
and it was found that £,=2.8x10-% cm s~1, and k,=
2.3x10%cmsl. In order to verify the relation of
Eq. 72, the estimated values of £, and k, were sub-
stituted into Eq. 68 which was derived without the
above assumption and J¢. was calculated. The agree-
ment between the calculated and observed Jc.’s was
excellent.
Combining Eq. 69 with Eq. 67, we have

% ZooFP™ + 93, ) ( ag, )1/2 Zca
= _LoalY T o _ d
ks [e"p< 9RT . Dol

(76)

_ fam exp (U/RT)
DCaC::: ’

where U denotes the free energy of partition as

(77)

time

Fig. 7. Plot of In(1/Re—1/R) versus time.
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U= ZCaFSb + Noa — (ZCaF¢w+778=) . (78)

According to a previous paper,2) D, can be expressed
as

D¢, = D¢, exp [(U—E)/RT],

where D¢ and E denote the diffusion coefficient of
calcium ion in bulk phase and the energy barrier
at the interface, so that E—U could be considered the
apparent energy barrier for the diffusion of calcium
ion. Substituting Eq. 79 into Eq. 77, we have

_yé’, _ f aCn/Cbooa
kv~ J Diexp (—E/RT)
We see from Eq. 80 that y&./k, may almost be inde-
pendent of the concentration of the external aqueous
phase, since D&, E and ag,/C% can be regarded as
constant. This agrees well with the experimental ob-
servation?®) that k; is almost constant independent of
the concentration of aqueous phase.

We shall compare k; with P¢ determined from
the salt flux across membrane. There are two in-
terfaces in the liquid membrane-aqueous electrolyte
system. Thus, the system may be regarded as that
composed of the two o/w systems. The first consists
of phase I and a half of the membrane, the second,
phase II and another half of the membrane. Ac-
cording to Eq. 76, we find for the former system

o zcmf') ahalt )m o g
Ko “[e"p( 2 )\ max) J. Dacz® @

where —a and d/2 indicate the positions of the surface
of the stagnant layer and of the middle of the mem-
brane, respectively, and

@0 = F(¢"—$NRT. (82)
Similarly we obtain

N zc&o) ahualt )1/2 .
P ‘[""p( 2 )\7nan) JouDacn &

where b indicates the position of the surface of the
stagnant layer in phase II. On the other hand, the

(79)

dx. (80)

1 I
1 |
w10 o
E
(33
~
<
o
1077 -
1 1
1073 1072
(ag,aei)/?mot dn”3

Fig. 8. Comparison of P, estimated from k; according
to Eq. 85 (A) with P, observed in the liquid mem-
brane-aqueous electrolyte system (O). Pg, calcu-
lated from P, according to Eq. 6 in Ref. 11 (D) is
also shown.
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diffusional membrane permeability to calcium ion can
be obtained from Eq. 65 in a similar way to that
described previously:19

1 atala \V2 [ Zca

=(== = dx. 84
(i) v ®)
Comparing Eq. 84 with Egs. 81 and 83, we have

1 yb.exp (—Zc9°2) + Yo exp (Zc.0%2)
% kP kg )

(85)

According to Eq. 85, P& can be estimated from
k;- The estimated Pé, is compared with the observed
P¢. determined from the salt flux measurement on
the membrane-electrolyte system in Fig. 8. We see
from this figure that the estimated value agrees well
with the observed one.

Thus the fact that the diffusional membrane perme-
ability is less dependent on the external aqueous con-
centration can be attributed to the presence of an
apparent energy barrier at interface. The diffusional
fluxes of ions across liquid membranes have been
measured by some workers.15:29:30) However, they
have not fully investigated the concentration depen-
dence of the membrane permeability.
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