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Utilizing a liquid membrane-aqueous inorganic electrolyte system, the membrane permeability to ion o
estimated from the conductance and potential data, P,, and that at zero electric current estimated from the salt flow
and potential data, P3, were determined. A solution of calcium hexadecyl sulfate dissolved in l-octanol and
calcium chloride were used as the liquid membrane and the inorganic electrolyte, respectively. The results showed

that P, /P ~P,[Pc,~10 and P ~P?, where subscript s refers to the salt.
diffusion of a salt through the membrane is governed by the co-ion permeation.

The latter result indicates that the
It was shown that P3 is smaller

than P, and that P, decreases with increase in the concentration of external calcium chloride solution while P2 is

nearly independent of the concentration.

The difference between P, and P} can be explained in terms of the

elements of permeability and conductance matrices estimated from the electrical and salt flow data.

Liquid membranes have been extensively investigated
by analytical chemists, because of their high selectivity
to a particular ion.! They have also drawn the attention
of investigators working with biological membranes as a
model for a carrier transport.? In spite of numerous
experimental works, theories proposed for ion transport
through liquid membrane are not as many as those for
fixed site membranes. The theory of Eisenman et al.3-9)
is widely used to analyze the ion transport phenomena
through liquid membranes, but it is derived on the
basis .of the Nernst-Plank equation.

A theory based on nonequilibrium thermodynamics
was presented in a previous paper.” It was shown?® that
the equations describing the membrane phenomena for
a fixed site membrane is applicable to a liquid membrane
with mobile site.

We have carried out an electrochemical study utilizing
a cation-exchange liquid membrane containing calcium
hexadecyl sulfate for the experimental presentation of
the theory.

Experimental

Materials. Calcium hexadecyl sulfate was prepared
from sodium hexadecyl sulfate according to the method of
Lottermoser and Piischel.) Sodium hexadecyl sulfate was
prepared from purified 1-hexadecanol obtained by fractional
distillation of a commercial sample.l® All other reagents
were of guranteed grade and used without further purifica-
tion.

Apparatus. The cell assembly is schematically shown
in Fig. 1. Two compartments are separated by a liquid
membrane supported on a Teflon millipore film (Fluoro Pore,
No. EP100, pore size 1.0 pm, thickness 50 pm, from Sumitomo
Electric Ind., Ltd.). The liquid membrane was prepared by
dissolving calcium hexadecyl sulfate in water-saturated 1-oct-
anol at a concentration of 2.5x 10-3 mol/dm? The diffu-
sional area of the membrane was 0.2 cm? Small cells (1.5
cm?®) were used. The concentration of CaCl, in the internal
solution (compartment IT) was kept at 4x 10~2 mol/dm?, that
of the external one (compartment I) being varied from 4x
104 to 10-1 mol/dm?3. The whole assembly was thermostated
at 251.0.02 °C and the solution in each compartment was
stirred with magnetic stirrer at a rate of 200 rpm. The small
solubility of calcium hexadecyl sulfate in aqueous solution, an
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Fig. 1. Schematic diagram of the experimental cell

assembly.

A; The holder of the liquid membrane made of two
polyethylene-boards. Bj; The half glass cell. a; The
liquid membrane supported on a Teflon millipore
film. b; The liquid membrane was retained in the
circumference of the supporting film.  c¢; The silicon
rubber-packing. d; The magnetic spin bar. e; A
pair of platinized platinum electrodes.

order of 10—¢ mol/dm?3, was obtained at 25 °C.1) The dissolu-
tion of calcium hexadecyl sulfate in the aqueous phase may be
ignored. This was also confirmed by the constancy of the
conductance of aqueous calcium chloride solution in contact
with the liquid membrane.

Salt Flow Measurement. The salt flow was studied by
measuring the change in the concentration of the solution.
Concentration changes were followed by the electric conduct-
ance of the external and internal solutions measured by means
of the two Pt-Pt electrodes connected to the Yanagimoto
conductivity outfit Model MY-7. The solutions were replaced
with fresh ones several times, until a steady membrane resist-
ance was obtained. It took more than 24 h on some occasions
to attain a steady salt flow.

A theory for the liquid membrane has been presented® by
assuming 1) steady state, 2) absence of the flow of water as
well as organic solvent, 3) the dissociation equilibrium for the
mobile site-counter ion binding within the liquid membrane,
and 4) presence of the mobile site only within the liquid
membrane. It has been shown that the equations describing
transport phenomena for the fixed site membrane? is equally
applicable to the system with a mobile site membrane.
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The membrane permeability to ion o, P?, as well as that
to salt, P9, at zero electric current can be estimated by using
the equations” for the flux, J9 and the salt flux, J;:

S =v.J, = —P2Aa, = —PXal exp (Z,0,/2)

—al exp (—Z,0,/2)}, (1)
and
Js = —P{Aa; = —PY(all —-a}), (2)
where
0, = FV,/RT, (3)

v, Z, F, a, Vy, R, and T denote the stoichiometric coefficient,
the charge number, Faraday constant, the activity, the mem-
brane potential at zero electric current, gas constant and
absolute temperature, respectively. Superscripts I and II
refer to compartments I and II, respectively, and subscripts
o and s to ion « and salt s, respectively.

Membrane Potential and Conductance Measurements. The
membrane potential was measured by means of two calomel
electrodes connected to the Orion digital pH meter Model
701. The calomel electrode was connected to each compart-
ment through an agar bridge. In experiments at lower con-
centrations, the solutions were replaced by fresh ones several
times in order to avoid contamination with KCl diffusing
from the agar bridge.

The membrane resistance was measured by means of the
two Pt-Pt electrodes connected to the same conductivity outfit
as used for the salt flow measurement. The membrane resist-
ance was obtained by subtracting the solution resistance from
the total one. After the steady state was attained, the mem-
brane resistance remained constant. Errors inherent to the
measurement of the membrane resistance were 4—5 percent.

The membrane permeability to ion «, P,, is related to ion
conductance, g,, by?

(Z F) Ll )" P (al 11)1/2S‘nh Zo(Do— D) /2

= alm Zog—002 * @

where
@, = FV,/RT, (5)

and ¢, denotes the apparent transport number, G,, the mem-
brane conductance, and V, the equilibrium membrane poten-
tial for the ion «.

Results and Discussion

The membrane potential, V;, the membrane conduct-
ance, G, and the salt flow, J;, are plotted against the
mean activity of CaCly in the external solution (al)
in Fig. 2. The apparent transport number, {,, estimat-
ed from the potential vs. logarithm of mean activity
relation was nearly constant, 0.96, within the range of
concentration studied.

Membrane permeability at zero electric current, Pg,,
PQ and P2, can be estimated from the potential and
salt flow data according to Eqgs. I and 2. Pg, and P
can be estimated from the potential and conductance
data according to Eq. 4. The results are shown in Fig. 3.

We see that P8a>Pgla PCa>PCla Pga<PCas and
P{~PYPq,. Since the membrane is a cation
exchanger, the results P& >PY and Pg,>Pq are as
expected. The ratio of Pg, to P¢ and that of Pg, to Pg,
are both about ten. The result, P =P, indicates that
the diffusion of salt through the liquid membrane is
governed by co-ion permeation.

Pg, and Pg, decrease with the increase in the geo-
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Fig. 2. The membrane potential (@), the membrane
conductance (), and the salt flow (Q), each as a
function of the mean activity of external solution. The
concentration of the internal solution was kept at 4 X
10-% mol/dm?.
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Fig. 3. The membrane permeabilities as a function of
the geometric mean of the activity of external and
internal solutions. Aj; Pc., A3 Popy O; P @
P [1; P2. The solid lines indicate the values of
P? and P, calculated from P,; (Fig. 5) according to

Egs. 6 and 7, respectively.

metric mean of the activities of external and internal
solutions as shown in Fig. 3. On the other hand, Pg,
PY, and P?show no appreciable concentration depen-
dence. P2, P, and P¢/P, can respectively be expressed as
functions of the elements of permeability matrix Ppg’s
and of conductance matrix gap’s (a3 f) as follows.

P = (PuaPpy— PapPpa) [Py, (6)
Pa = Laa + ZﬂPﬂa/Za, (7)
and
P? ZﬁPﬂnt ZaPaﬁ ( 1 1 )
L e R —). @
P, : Z.P, ZyP, o\ . + &g ®)
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Py, is related to an element of conductance matrix gog:
Z,Z,F? sinh Z,(0y— 05)/2

g = —t—— P g(aba) 9
8ap RT ﬂ( 8 ﬂ) Zﬁ(wo—mp)/2 ( ) .
and gsp can be estimated according to the equation 107
Z v F)*PAa
s = Zoa = G tut _M, 10
&ap = &5 s v (10) )
where b
Vg = Vo + Vg, g 10-%-
and Ap, denotes the chemical potential difference of o

salt across membrane. The diagonal elements of
conductance matrix, g, and ggg, are given by

gap = 8a — 8aa =gﬁ_'g/9ﬂ’ (11) 1077k

The value of g,z was evaluated by means of Eq. 10
where the activity data of calcium chloride in phases

i

I and II were taken from Handbook of Chemistry 102 10 0T
(Chemical Society of Japan). The other elements guq a¥/mol dm~3

and gge were calculated by. means of Eq. 11. . T hese Fig. 5. The elements of the permeability matrix as a
elerr}ents WCI‘(:} pl'otted against the mean ‘actwlty of function of the mean activity of external solution. The
calcium chloride in phase I as shown in Fig. 4. The concentration of internal solution was kept at 4 x 10-3
elements of permeability matrix were estimated by mol/dm®.  O; Paces B3 —Porce ©; —Posc @3
means of Eq. 9 and the results are shown in Fig. 5. Py o1

The ratio P§/P,; may be calculated from Eq. 8 by

using the elements of the permeability matrix. A
comparison of the observed values with calculated ones 0.5k o
is given in Fig. 6. The agreement is satisfactory. ' 8 o
The full lines in Fig. 3 represent P§ and P, calculated N
by means of Eqs. 6 and 7, respectively. We see that the 2 0.25F o ®
agreement between theory and experiment is satisfac- ® O
tory. —2‘9/
P can be expressed by 0 R TR R
1 1 1 1 1 1 dm-3
= + + , (12) ax/mo
Pe pa(I) P2(m) P2(1I) Fig. 6. The ratio P}/P, as a function of the mean
where (I) and (II) refer to the boundary layers in activity of external solution. The concentration of
phases I and II, respectively, and (m) denotes the mt.em“;l ;fl“t“m' V}'f)s Iliept a%:X l(l):; ’;?Ol/dma' ,
membrane phase.” Since the system is close to equilib- O; Pl/Pco, @5 PU/Por. ¢ solid line was calcu-
rium with respect to calcium ions, we can put lated from P, according to Eq. 8.
1 (D) (b gl Y172
= 13
10 L Pl T Dal-cem (9
an
‘ 0 e, (14

Q(I1) " Dy (I1) - Coy (I1)
where /, D, and C denote the boundary layer thickness,
10-°F the diffusion coefficient in boundary layer and the
concentration, respectively. Assuming that the thickness
of boundary layers to be 100 pum, the values of 1/P¢, (I)
and 1/P¢, (II) were found to be in the order of 103
cm~1s, while 1/P2, was the order of 105—10%cm1s,
10°°F i.e.,

Zap/S cm—2

P&, ~ PG, (m). (15)
It can be concluded that the transport process is the
membrane control. Since the membrane resistance was
, obtained by subtracting part of the solution resistance
107 . from the total one, we have

1 i 1
10°° 107 107t
a%/mol dm-3 Pgy = Pg,y(m). (16)
Fig. 4. The elements of the conductance matrix as a Th‘? theor)_l based on the Nernst-Plank equation can
function of the mean activity of external solution. The not differentiate P, from PZ.” Thus an explanation

concentration of internal solution was kept at 4x 103 for the transport phenomena should be made on the
mol/dm3. O; gce.cer @3 Lea.cr @5 Lororr basis of nonequilibrium thermodynamics.
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