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A conductance matrix describing the ion-transport phenomena in the membrane-three ion system has

been determined.

determine six independent elements of the conductance matrix.

It was indicated there that six independent experiments were required in order to

The NaCl-CaClz-amphoteric membrane

system was chosen as the three ion system, and three kinds of fluxes, two kinds of transport numbers, and

the membrane conductance were measured.

Nine elements were experimentally determined on the as-

sumption of Onsager’s reciprocal relation. The results showed that the order of elements in conductance
matrix was gcsca>gac>gNaNa>gcsc>gNaci>>gcaNa.  In addition, it was pointed out that the interactions among
ions can never be ignored when the ion-transport phenomena across membrane are studied.

The transport phenomena of ions through an ion-
exchange membrane have been still important subject
in spite of many reported papers with respect to the
transport properties. The subject appears in processes
concentrating the saline water or obtaining the pure
water from the saline water.? Probably the practical
process would be a complicated one because of
involving a number of ions. On the other hand, it is
also interesting to understand the transport properties
of ions through the membrane physicochemically.
Generally, according to nonequilibrium thermody-
namics, the fluxes transported across the membrane in
the electrolyte solution-ion-exchange membrane sys-
tem can be expressed by a linear combination of the
forces generated in the system such as concentration
gradient, potential difference and etc. In the previous
studies, we have investigated the relationships among
the fluxes and the forces in the system consisting of
only a single electrolyte.2-® If the number of ions in
the system increase, the relationships among the
fluxes and the forces would become more complex.
However, the thermodynamic examination concern-
ing multi-ionic system simulating the realistic subject
should be done. We have therefore chosen to study the
three ion system which consisted of the mixed
electrolytes having common anion, as representing a
typical and simple example of multi-ionic system.
Moreover, in order to observe simultaneously the
detectable ion fluxes due to both cation and anion, use
of the ion-exchange membrane having cation- and
anion-exchange sites may be preferable from experi-
mental standpoint. Thus, an amphoteric ion-
exchange membrane was employed instead of homo-
geneous ion-exchange membrane.

The purpose of the present study is to clarify the
correlation among behaviors of three ions within
membrane.

Theory

We consider three ion system which consists of the
amphoteric ion-exchange membrane and the mixed
electrolyte solution having the common anion. Ac-
cording to the nonequilibrium thermodynamics,3-9
the relationship between the current densities, #’s and
the transmembrane potential, ¥ can be given as the
following equation,

B\ =— /&n £ &is V-V,
iy 821 L2 Las V-V, N
iy 831 832 &ss V—-Vs/,

where subscripts 1—3 refer to the ionic species in the
system, V1—V3 denote the pseudoequilibrium po-
tentials due to each ionic species, and g11—gss, nine
elements of the conductance matrix. In the present
system, we assurne that Onsager’s reciprocal relations
are well held among the elements, i.e.,

&1y = &1 (2

With help of Eq. 2, the numbers of elements to be
determined are reduced to six from nine. At this
point, introducing the contribution due to water, the
elements to be determined increase to ten even using
Eq. 2. Fortunately, it was pointed out in the previous
papers3-—9 that the effect of water on the conductance
matrix was negligible when the interaction between
ions mainly contribute to the transport phenomena.
Therefore, six independent experiments are needed to
understand the ion transport phenomena in this
system.

The conductance for ions, g1—gs and the membrane
conductance, G, are given as?

&k =8hn + 8o+ grs (k=1,2,3), 3)
Gun=g+8+ &, “4)

where subscript k refers to ionic species.
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Taking account of Egs. 3 and 4, one can obtain the
alternative expression of Eq. 1 as follows,

H\=— /gn & & V-V,
iy 821 822 &2 Va—V, (3)
1 & & Gn V —Vs/.

On the other hand, when the supplied current is
absent, the membrane current, I and the membrane
potential, Vo are written by

I=i,+i; + 1 (6)
Vo = tVy + 4V + V5, ™
ty = &4/Gm (k=1,2,3), 8
httg+t,=1, )

where the subscript o refers to the absence of the
supplied membrane current and &’s are the transport
numbers.

Considering the ionic currents in the presence and
absence of the membrane currents, we have from Eq.
l)

L—ii=alV-V) (*=123), (10)
where i§ denotes the ionic current at zero membrane
current.

When I=0, we obtain from Eq. 5,

= — G!”!(VI—VI) - G‘l’a(Vs— Va)s (11)
i = — Gu(V,— V) — Gu(V,— V),

where
G‘l’l = gu - Gu‘:”
G,=Gy = & — Gty (12)
G = 8 — G.t3.

If the measurements of #{ and ;§ are performed under
the condition, either (V3—V1) or (V3s—V5s) is zero, Eq. 11
reduces to

= — Gu(V,—Vy), (13)
= — Gu(V,—V)),

or
i = — Gu(V,—V), (14)

iy = — G:I(Vl_yl)a

respectively, Equations 13 and 14 serve to determine
GY1, G, and G,.
Combining Eq. 12 with Egs. 3, 4 and 9, we obtain

&n = Gy + Gmtl’, &s = Gutl(l_tl—tl)—Glol— G'i,,

& = Gy + Gatits, 8n = Gn‘:(l_tl—ta) — G — Gy (15)

8n = G, + G, 8 = -(l_tl—ti)’ + Gh + G, + 2Gh..
Eq. 15 indicates that all the elements of conductance

matrix can be determined when G{;, GY,, G, Gn, t1,
and t; are experimentally measured.
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Experimental

In this study, Na, Ca, and Cl ions were chosen as three
ions and six independent experiments were performed in
order to determine the six independent conductance
elements for the system consisting of membrane and mixed
electrolyte solutions having the same concentrations of
electrolytes in phases I and II.

Materials. An amphoteric ion-exchange membrane used
in this work was supplied by Tokuyama Soda Co. Ltd.,5:?
and the characteristics of the membrane and the condi-
tioning before use were already described elsewhere.8-10

Procedure of Experiments. As outlined in theoretical
section, six independent experiments such as the membrane
conductance, Gn transport numbers, ¢ and ¢ and the ion
fluxes, #§ vs. Vs—V1 and & vs. ¥s—V3 under the condition of
V3s—V1=0 and 3 vs. Vs—V1 under the condition of Vs—V,=0
were measured, respectively. Of these, the procedure of the
experiments for Gm, t1, and & were the same as those
described in the preceding papers.8-19 As to ion fluxes, the
concentration change of Na and Ca in mixed electrolyte
solutions in chambers I and II across the membrane were
measured against a lapse of time by an atomic absorption
spectroscopy (Hitachi Co. Ltd., Model 180-50). All the
experiments were carried out at 25 °C, and the electrolyte
solutions in both chambers were sufficiently stirred by
magnetic stirrer throughout the experiment.

Preparation of Mixed Electrolyte Solutions. On the
preparation of mixed electrolyte solution, two kinds of
electrolytes were suitably mixed so as to eliminate either of
two driving forces in Eq. 11. That is, as NaCl and CaCl; are
used in the present system and the subscripts 1, 2, and 3
correspond to Na, Ca, and Cl ion, respectively, the driving
forces, Vs—V; and Vs—V; are written as

RT | agay.

Voo — Vi = T In aLaL, (16)
RT . afi(ath)”
Vor — Voo = —F-In _aé:OT.)m-’ (17)

where a denotes activity and the superscripts I and II refer to
phases I and II, respectively. The prepared electrolyte
solutions were summarized in Table 1(a), in which the
concentrations of mixed electrolytes in phase II was kept
constant while those in phase I were changed so as to make
the values of Eq. 16 always zero. Table 1 (b) also shows the
prepared electrolyte solutions in which the values of Eq. 17

are zero. For the membrane conductance and transport
Table 1. Concentration of Prepared
Electrolyte Solutions
(a) (b)
NaCl CaCl, NaCl CaCl,

moldm-% mol dm-3 moldm~2 mol dm-3
II 2.00x10-2 1.50x10-2 II 2.00x10-2 1.50x10-2
I-1 3.00x10-% 0.05x10-¢ I-5 3.50x10-% 1.10x10-2
1-2 2.50x10-% 0.60x10-¢ 1I-6 2.50x10-% 1.40x10-2
I3 1.70x10-% 2.20x10-¢ I-7 1.00x10-% 1.75x10-¢

I-4 1.50x10-* 3.00x10-2 1-8 0.50x10-% 2.00x 10-2
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number measurements, the mixed electrolyte solutions of
identical composition and concentration were placed in
chambers I and II across membrane. The single ion
activities in Table 1 were calculated according to Debye-
Huickel equation for activity coefficient.1?

Results and Discussion

The concentration changes of ions in phases I and
I1 in the absence of applied current were examined as a
function of time for all the systems in Tables 1(a) and
(b), which have the concentration difference of ions
between phases I and II. Figure 1 shows a typical
example about the system made of first two columns
in Table 1(a) in which moles of Ca ions transported
across membrane were plotted against times. It can be
recognized that Ca ion concentration in phase I

Time / h

Fig. 1. A typical example of Ca concentration
change across membrane against time.
System: NaCl, 3.00X10-2 mol dm-3, CaCly, 0.05X
10-2mol dm=3 in phase I, A; NaCl, 2.00X10~2 mol
dm=3, CaCls, 1.50X10~2 mol dm~2 in phase II, @.
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increase and that of phase II decrease with a lapse of
time, and the concentration changes are linear against
time within experimental error. This fact suggests
that the transport of Ca ion is in a steady state. The
mean absolute values of concentration changes in
phases I and II were plotted against time in Figs. 2(a),
2(b), and 2(c). Figures 2(a) and 2(b) indicate Anna vs.
time plot and Anc, vs. time plot under the condition,
Va—Vna=0. The ion flux, J? was evaluated from the
slopes in Fig . 2 as follows,

0 _ An,
Ji= =5 (18)

where ¢t and S denote time interval in second and the

membrane area in cm?, respectively. Taking account
of the electricity on the ion fluxes, one can obtain the

Vo1 Vna / WV
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Fig. 2.(a). Na concentration change, Ann, against time under the condition that Va—Vn.=

0. The numbers in figure are those of phase I in Table 1(a).
(b). Anc, against time under the condition that ¥a—¥V~x=0. The numbers are the same

as in (a).

(c). Ann, against time under the condition that Voa—Vc=0. The numbers correspond

to those of phase I in Table 1(b).
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Table 2. Values of Membrane Conductance and
Transport Numbers Together with Values
of Conductance Elements

A. YamaucHi, H. SHINOHARA, M. SHiNoDA, M. DaTE, Y. HiraTA, and H. KimMizuka

Gm (1.27X10-%) grana (2.45X 10-9) goaca (5.84% 10-4)
tNa (0.22) &NaCa (0.09)( 10“) £cacCl (0.29)( 10_‘)
tcs (0.49) gxacr (0.25X104)  geicr (3.14x 10-9)

All the units are S cm~2 except the transport number, t.

ion current density, ?=zFJ? in the absence of the sup-
plied currents. The obtained i’s were divided by
Va—Vna or Va—Ve and plotted against Ve—Fna or
Va—Vea in Fig. 3. According to Eq. 12, the quantities
in Fig. 3 contain important informations concerning
the elements in conductance matrix given by Egs. 1 or
5.  As mentioned in experimental section, the
membrane conductance and transport numbers were
obtained under the experimental conditions that ionic
concentration difference between the mixed electrolyte
solutions in phases I and II are all zero. This
corresponds to the case in which Ve—¥Vna or Vei—Vea
in Fig. 3 is extrapolated to zero. The values of G{,na,
G2ca and G2,c,, at Va—Vna=Vc—Vc.=0 were estimat-
ed from Fig. 3 by interpolation.

On the other hand, the electrodialysis® and the
membrane resistance were measured to obtain the
transport numbers, ¢na. and fc. and the membrane
conductance, Gn for the membrane-electrolyte solu-
tion system in which the electrolyte solutions in
phases I and II are identical. The results are shown in
Table 2 together with the values of conductance
elements estimated according to Eq. 15.

It can be seen in Table 2 that gcica>gcici>gNana>
gcac>gnac>gcana. It is impressive that the tendency is
partly in accord with gcaca=gcic>—gcsc1 in the other
amphoteric membrane system® in contrast to the
result in the cation-exchange membrane, gcica>gcac™
gcia in the previous paper.!? As to the first three
elements, the order in the present work also
corresponds to that of the transport numbers in Table
2 (ta=1—tna—tca=0.29). This means that the g factors
partly reflect the ionic composition within membrane.
As seen in comparison with ¢ in a single electrolyte
system that ¢ne=0.90 and ¢¢=0.10 in NaCl system and
tca=0.62 and ¢c;=0.38 in CaCls system, respectively, the
situation in mixed electrolyte system is largely
different from the single electrolyte system, however.
The reason for the inversion of gnan. and geici in mixed
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system is not clear in the present, but a possible
explanation is that Cl ion within membrane may be
relatively concentrated. That is, for the sake of high
selectivity of Ca ion over Na ion to the sites in the case
of mixed solutions,® Na ion may be excluded from the
membrane. On the contrary, Cl ion may sufficiently
be retained around the anion-exchange sites. The
smaller value of gnana compared with gac may be
attributed to the different behaviors in mixed
electrolyte.

The remained three elements, which express the
interactions between the different ionic species, can
not be ignored. The small but finite values mean that
the respective ion fluxes are subject to the coupled
forces and the coupling plays an important role in
ion-transport phenomena.

Thus, it may be concluded that the transport
phenomena can not be predicted by a simple
combination of the single electrolyte systems, but the
interaction among ions should be taken into account.

The present work was partially supported by Grant-
in-Aid for Scientific Research No. 58470007 from the
Ministry of Education, Science and Culture.
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