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Transport properties of a cation-exchange membrane-aqueous sodium chloride solution system have been
studied. The membrane used was a sulfonated styrene-divinyl benzene copolymer, Neosepta C66-5T. The salt
concentration was kept at 10~ mol dm~3 on one side of the membrane and varied from 10~2 to 10~2 mol dm=3 on
the other. The six elements of a conductance matrix have been experimentally determined according to the
previous theory? and the membrane properties were discussed in terms of conductance elements. All the
elements of the conductance matrix were positive within the concentration range studied. This would be
characteristic of a cation-exchange membrane. The electrical ion conductance was greater than the diffusional
ion conductance by a factor of 10 to 100. The ion-solvent coupling coefficient was much less than the interionic
one, although the electroosmotic conductance was ten-times greater than the membrane conductance. The

reflection coefficient was close to unity.
conductance matrix.

In the preceding papers,!'? six elements of a
conductance matrix (phenomenological coefficients)
were experimentally determined with the amphoteric
ion-exchange membrane-aqueous electrolyte systems
and the membrane properties were discussed in terms
of the conductance matrix. All the transport
properties in these systems could be explained in
terms of the six elements. This indicates that six
phenomenological coefficients are required for a
characterization of a membrane-aqueous electrolyte
system. It is, therefore, of interest to determine the
phenomenological coefficients by using a variety of
membranes and to understand how the coefficients
reflect the membrane characters. Thus, a determina-
tion of the coefficients in the cation-exchange
membrane-aqueous electrolyte system has been at-

tempted. This paper describes the experimental
results.
Experimental
Materials. The cation-exchange membrane used in the

present study was a sulfonated styrene-divinyl benzene
copolymer developed by Tokuyama Soda Co., Ltd. and
coded as Neosepta C66-5T. The ion-exchange capacity was
2.45 meq. (g dry membrane)1, the water content 0.4 gHz0 (g
dry membrane)~! and the thickness 0.15mm. A pure
specimen of sodium chloride as well as sucrose and twice-
distilled water were used for preparing salt and sucrose
solutions.

Procedures of Experiments. The experimental proce-
dures were described elsewhere.? Regarding the aqueous
phases separated by a membrane, the salt concentration of
phase IT was kept at 10~ mol dm~3 and that of phase I was
varied from 10-3 to 10~2mol dm~3. The sucrose concentra-
tion used for an osmotic flux measurement.was 8.176X10~2
moldm=3. In the present study, current densities of
0.902X10-2, 1.981X10-1, and 2.971X10~'mA cm~2 were
passed through the paired Ag/AgCl electrodes of each

The electroosmotic properties were also discussed in terms of the

system. The experiments were carried out at a regulated
temperature of 25.010.1 °C.

Results and Discussion

The aim of the present work was to determine the
phenomenological coefficients, gnana—gww, in the
phenomenological equation?

‘:Na 8NaNa £4NaCl ENaw V—Vna
it | = —|&cNe Lorcr gow | [V—Var 1
FJW wNa BwCl Sww _Vw ’

and to discuss the membrane properties in terms of the
conductance matrix. In Eq. 1, the suffixes Na, Cl, and
w refer to sodium and chloride ions and water, respec-
tively. Also ¢ denotes the ion current, j the flux, V the
membrane potential, V'n, and V¢ the pseudoequilibri-
um potential for sodium and chloride ions, respective-
ly, and Vy the effective driving potential for water or
the water potential. Vn,, Va, and Vy, are defined by

Z,FV, = RTna}/a"—3,AP (y=Na, Cl) @

and
FV, = RT Inal/a —5,AP = b4 (An— AP), 3)

n
3 =
10 aY/mol am™* 10 :

Fig. 1. Membrane potential at zero electric current,
V,, membrane conductance G,, and cationic transport
number, ty,, vs. mean electrolyte activity of phase I.
O: Vo At Gy, [ txa.
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Fig. 2. Electrical ion and water conductances (gx., &1,
2w) and diffusional ion and water conductances (gx.,
g%, %) vs. mean electrolyte activity of phase I.

A g, @: g, g, Atgs, O:gd, [ ga.

respectively, where the superscripts I and II refer to
phases I and II, respectively. Here, F, R, and T denote
the Faraday constant, the gas constant and the
absolute temperature, respectively. Also, Z is the
charge number, a the activity, 7, (y=Na, Cl, w) the
partial molar volume of species y (assumed to be
constant for a given system), An the osmotic pressure
and AP (=P!'—P1) the external pressure difference.

The equation for the membrane current, I, is
obtained from Eq. 1 as follows?

I=iy, + i = —Gn(V—V,)
= —gna(V—Vxo) — ga(V—Vc1) + guV, “4)

where gna, gci, and gw denote the electric conductances
for the permeating species Na, Cl, and w, respectively,

& = &na + &1 (k=Na, Cl, w) (5)

G, the membrane conductance is given by
Gm = gna + gor- (6)

Vs, the membrane potential at zero membrane current
is

Vo = tnaVna + tariVor + 8V, (7)
and g, the transport number of a species k, is
by = &/Gm. 8)

The transport numbers can be estimated from fluxes
and the membrane currents according to the rela-
tions?

iNa - iﬂoa = tnad
and

F(jw _j?v) = tha : (9)

where the superscript 0 refers to the fluxes at zero
membrane current. The transport number of the
cation ¢n, is plotted in Fig. 1 together with the mem-
brane potential Vo and the membrane conduct-
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Fig. 3. GRlanas GRaw> and G4, as a function of mean
electrolyte activity in phase I.
D: GﬁaNa’ A Gll"(uw3 O: szw'

ance Gn. This figure indicates that the membrane is
selective to cations and that Gn is constant in the
concentration range studied. The apparent transport
number (¢na)app. €stimated from the membrane poten-
tial vs. the logarithmic activity relation was close to
tNa.

The chloride ion conductance ga was evaluated by
subtracting gna (=Gmtna) from Gm. The conduct-
ances, gna, gci, and gw (=Gntw), are plotted against the
salt activity as shown in Fig. 2. In the absence of a
membrane current in the external solution, Eq. 1 is
reduced to

;0 [ 0 _
[0 ] = [ G [P ] (1)

Gtgm- = &NaNa — Gmtgu

where

GNonw = &Naw — Gthu.tw = G?an
and
G:w = 8ww — Gmtv’v (ll)

A change in the water potential, AV, under constant
values of Vn. and Va gives rise to changes in the
fluxes, A%, and A7, which are given as

Ajgﬂ- = GN“I'AVW
and
FA]: = G:wAVW) (12)

provided that there is no appreciable change in the
activity coefficients of ions as well as the phenomeno-
logical coefficients due to the addition of sucrose into
one of the two aqueous phases. G,n, and G%y, may be
determined by using Eq. 10 provided G%,, and G$,, are
known. The result showed that G%, and GY,, are
close to each other, an indication of a reciprocal
relation. Figure 3 shows G¥,n., G and GY, as a
function of the salt concentration in phase I. The
diffusional conductances g? (k=Na, Cl, w), calculated
according to the relation
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Fig. 4. Element of conductance matrix vs. mean elec-
trolyte activity of phase I.
o: &NaNas D: 4cicts O: &NacCls A: ENaws A 8ciws n:
ww-

g/ = (&NaNaoic1— &Rac1)/ENaler (13a)
= Gg{aNa/GthatCI ) (lsb)

are plotted in Fig. 2 together with the conductances g«
as functions of the electrolyte activity in the external
solution. The value of g can be estimated according
to Eq. 13b, provided that gx, Gm, and G%,x, are known.

Comparing Egs. 11 and 5, we obtain a set of
relations for estimating the elements of the conduct-
ance matrix as follows?

8Naw = Guinalw + Gaw
Raw  (14)

&NaNa = Gm’%la + G‘I)hNa)
&nacl = Gmilnatct — GRanas Zotw = Gmlbcity —

&cicl = Gm‘%}l + G‘i'hNa’ Bww = Gmtev + Gevw

Thus, the six elements of the conductance matrix can
be estimated according to Eq. 14 after measurements
of Gm, tna, tw, Glana» Glaw> and GY,. Figure 4 shows
the six elements as functions of the mean electrolyte
activity of phase I.

It can be seen in Fig. 4 that gww>gNaw->gNaNa>gClw>
gnac>gacl and that all the conductance elements are
positive. This result is similar to that in the cation-
exchange membrane-barium chloride system,® but
differs from that in the amphoteric ion-exchange
membrane-aqueous sodium chloride system,? guw>
gNaw>|gc1w|>gNaNa=gCICl>|gNaal, where gcow and gnaci
are negative.

The lines in Fig. 2 indicate the values of g« and
g? calculated from gu’s (k,J=Na, Cl, w) in Fig. 4
according to Eqs. 5 and 13b, respectively. The
calculated values are in good agreement with those
obtained experimentally. This figure also indicates
that the electrical ion conductance g, (y=Na, Cl) is
much greater than g°. This result agreed with that
observed with the cation-exchange membrane-aque-
ous calcium chloride system? and can be ascribed to
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the small co-ion concentration in the membrane. In
contrast, it was also reported that g, is much smaller
than g9 in the amphoteric ion-exchange membrane-
aqueous electrolyte system.1? Rewriting Eq. 13a we
have?

& — &% = gnac/(1-t,). (15)

Thus, it is seen that the positive value of gnaci in the
cation-exchange membrane and the negative value of
gnaa in the amphoteric ion-exchange membrane? are
correlated to the difference between the conductive
and diffusional ion conductances. Assuming the
membrane controlling, we have from Eq. 15 an
equation for the equivalent ion conductance?

A, — 2 = gnaci8/|1Z,|C,(1-2,), (16)

where 4, denotes the equivalent ion conductance and
A9, that calculated from the diffution coefficient
according to the Nernst-Einstein relation; & the
membrane thickness; and E,,, the concentration of y
ions within the membrane. Despi¢ and Hills®
ascribed the difference, 4,—A%, to an electroosmotic
effect. Since gn.ci exhibits an interionic correlation,
Despic and Hills’ theory is not theoretically valid in
view of nonequilibrium thermodynamics. Further-
more, the fact that the negative value of (4,—49) is
observed in an amphoteric ion-exchange membrane
can not be explained by Despi¢ and Hills’ theory,
because the electroosmotic term is always positive.?

The reason why the positive and negative values of
gnac1 are observed in the cation-exchange membrane
and the amphoteric ion-exchange membrane, respec-
tively, has not yet been clear. However, it is of interest
to point out that the negative value of gnici in the
amphotoric ion-exchange membrane is conformable
with the positive cross term in phenomenological
coefficients observed in an aqueous sodium chloride
solution.®

The difference between the membrane conductance
G and that without the electroosmotic effect, Gn” has
been expressed as?

Gn — Gn' = g gy (17)

where g, and g, denote the electroosmotic volume-
flow conductance and the hydrodynamic volume-flow
conductance, respectively. Since the transport number
of cations in the cation-exchange membrane is close to
unity, Eq. 17 can be rewritten as

Ing — Hya = 68:%/8,Cna » (18)

where 8 is the membrane thickness and Cwa, is the
sodium ion concentration in the membrane. It has
been shown in a preceding paper that under several
assumptions Eq. 18 can be reduced to Despi¢ and
Hills’ equation?
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A— ¥ = (Fr):X/8y, (19)

where F denotes Faraday constant, r the capillary
radius, X the counter-ion concentration in the
membrane and 7 the solvent viscosity. It can be seen
by comparing Eq. 16 with Egs. 18 and 19 that the
failure of Despic and Hills’ theory lies in the
replacement of A, by A). The electroosmotic
contribution to the membrane conductance can be
evaluated according to Eq. 17. The values of gy and g;
can be estimated from gu’s given in Fig. 4 by using the
relations given in the preceding paper.? The values of
gv and g, were found to be almost the same as those
of gw and gww, respectively. The observed value of Gn
was 0.39 S cm—2 in the range of concentration studied
and the values of Gn’ calculated according to
Eq. 18 were 0.35—0.30 S cm~2. On the other hand
g)(4y) was greater than g?(49) by a factor of 2 as shown
in Fig. 2. These results indicate that the electro-
osmotic effect is not so appreciable as the diffusional
effect.

The charge concentration per unit volume of the
pore liquid X can be evaluated according to the
relation?

X = go/gpvw- (20)

The value of X is given in Fig. 5. [Equation
20 is equivalent to the effective charge density of a
membrane proposed by Staverman.” The values of X
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Fig. 5. Charge concentration per unit volume of the
pore liquid vs. mean electrolyte activity of phase I.
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Fig. 6. Coupling coefficient vs. mean electrolyte ac-
tivity of phase I.
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were found to be 1—1.6 mol dm—3, while the coun-
ter-ion concentration, X, in the pore liquid evalu-
ated from the exchange capacity and water content of
the membrane was ca. 6 mole/KgH20. This might
indicate that the counter-ions accompanying the
electroosmotic flow are not all counter-ions within
the membrane, as assumed in classical membrane
theory.® The relation X=X was also assumed in
Despi¢ and Hills’ theory.® It is interesting to note
here that the ratio, X/X, is near to the contribution of
the electroosmotic effect in membrane conductance,
(Gmn—Gn’)/Gm.

The present study deals with the three processes
expressed by Eq. 1. The degree of coupling among
these processes can be demonstrated by a coupling
coefficient?

g = — | glw/(l gl kx| gln)*/2, (21)

where |g|u is the cofactor of an element gu in the
conductance matrix. The coupling coefficients gnaci,
gnaw, and gow calculated according to Eq. 21 is shown
in Fig. 6. It is shown in this figure that gn.c is close to
—1 while gnaw and gaw are the order of 10—! and 10-2,
respectively. This indicates that the ionic processes
are more strongly coupled to each other than the
coupling between ion and water transports. The
remarkable difference between the diffusional and
electric ion conductances reflects a strong interionic
coupling. On the other hand, the ion-solvent
interaction is weaker as shown in the electroosmotic
effect, although it is appreciable. These facts indicate
the importance of the cross coefficients in the
membrane process. Thus, the cross coefficients in the
phenomenological equation can not be ignored unless
doing so is verified experimentally. The coupling
coefficient q for the salt flow-volume flow coupling in
the absence of an electric current is also shown in Fig.
6. The coefficient g is defined by
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Fig. 7. Solute permeability(w;), thermodynamic per-
meability(L,), mechanical filtration coefficient(Ly,) and
hydrodynamic permeability(L,) vs. mean electrolyte
activity of phase I.
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g = Lop/(LsLp)/?, (22)

where Ly and L, and L, are the phenomenological
coefficients in the equation?
v (23)

v, J 3 L, L,

- {5 454
This can be derived from Eq. 1 at a zero membrane
current.? In Eq. 23, the superscript 0 refers to a case
where there is no membrane current; 75 denotes the
partial molar volume of the salt; J?the salt flux; J? the
volume flow; Az the osmotic pressure difference; Ap
the external pressure difference; and Azn, the osmotic
pressure difference of the salt. It is defind by?

,An, = —2RT In al'/al. (24)

Here, a: denotes the mean activity of salt. It should be
noted that the factors determining the correlation
among the flow processes are not the relative
magnitudes of the flows, but the coupling coefficients.
For example, gww and g are greater than 100 and 10
times the membrane conductance, respectively, while
the effects of the solvent flow on the interionic
correlations are small as illustrated in the electro-
osmotic effect on the membrane conductance. The
ion fluxes can also be expressed by

[z:m] _ _[(gNaNa)app(gNaCl)app] [V" VNa] (25)

i1 (gc18a)app (Gorcn)app ] LV —Var

where the subscript app refers to the apparent values,
including the solvent effect.? The deviation of
(gNac1)app from gnaci was comparable with that of Gn
from Gn’, although (¢na)app 1s close to tna.

Since the conductance matrix characterizes the
system, all the transport properties of the membrane
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can be calculated from the elements of the conduct-
ance matrix. The thermodynamic solute permeability
L;, the mechanical filtration coefficient L, the
hydrodynamic permeability L; and the solute perme-
ability coefficient ws? are related by

Wy = (Ls"Lspz/ Ly)/vg- (26)

These quantities were estimated for the present system
as shown in Fig. 7. The reflection coefficient

0 =1—LyJL, @7)

was close to unity, 0.9998—0.9999, and is not plotted
in this figure.
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