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Cation exchange membranes were prepared using styrene and divinylbenzene as respective components and
polyvinyl chloride cloth and microporous polyethylene film as respective backing materials. The intramembrane
structures of synthetic and commercial membranes were analyzed using Tye’s treatment by considering the
non-homogeneous charge distribution within the membrane. Volume fractions of the pore, polyelectrolyte and
inert polymer phases within the membrane were determined by using the water content of the membrane and the
Donnan sorption concentration. The diffusion coefficients of the cupric ion within the pore and resin (i.e.,
polyelectrolyte and inert polymer) phases were correlated with the respective volume fractions of the membrane.
A simplified model of the intramembrane structure was found to be useful for evaluating the sorbed concentration

and the membrane conductivity.

Introduction

Ion exchange membranes are generally produced
by a chemical modiflcation of the selected copolymer.
The physical and transport properties of the ion
exchange membrane are mainly affected by the
intramembrane structure. The relationship between
the membrane conductivity and the external con-
centration has been examined by using several models
of intramembrane structure. Spiegler et al.” assumed

the membrane to be composed of two components:

the crosslinked insoluble polyelectrolyte and the
electrolyte filling in the macropores. Arnold ez al.V
proposed a different equivalent circuit containing the
resin and void phases. Narebska ef al.”''% evaluated
the difference among the models proposed so far and
considered a multilayer model having a two-
dimensional profile.

To identify the effective factor governing the ionic
transport through the membrane, it is necessary to
test membranes prepared by the same method and
having different structures. Therefore, cation exchange
membranes were prepared according to the paste
method,® using different components and different
backing materials. A simple model of the in-
tramembrane structure based on Tye’s treatment!?
was proposed. The Donnan sorption equilibrium

* Received February 2, 1990. Correspondence concerning this article should be
addressed to M. Sudoh. M. Kawamori is with Sapporo Breweres Co., Ltd., Kawaguchi
332. K. Minamoto is with INAX Corp., Ltd., Tokoname 479. K. Anzai is with Dainippon
Ink and Chemicals, Inc., Tokyo 103.

728

within the membrane and the membrane conductivity
were measured. Using the equivalent circuit of the
charge transport through the membrane, the diffusion
coefflcient within the membrane was correlated with
the volume fraction related to its transport.

1. Theory

1.1 Intramembrane structure model

Figure 1 shows a conceptual schema of the inner
part of a cation exchange membrane. The inner part
of the membrane is divided into pore, polyelectrolyte
and inert polymer phases. The inert polymer phase
consists of the polymer and the backing material. The
pore and polyelectrolyte phases are filled by the
electrolyte, and correspond to zones where electric
fields are ineffective and effective, respectively.
Electrolyte components in the pore are the same and

Backing
(Material l
p

7 Polymer
= Y Vr

_ 1 Polyelectrolyte Vpe
:\Pore \Z

: V : Volume Fraction
St: Styrene

DVB: Divinylbenzene
S0j3° Sulfonic group

Fig. 1. Conceptual schema of inner part of cation ecchange
membrane
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those in the external solution. Figure 2 shows
schematically a simplified structure of the membrane.
When the volume fraction of the inert polymer phase
is designated by V', and the volume ratio of the pore
phase to the total volume filled by the electrolyte is
designated by B, volume fractions V) and V,,, of the
pore and polyelectrolyte phases are expressed as
follows.

Ve=p(1=V)) M
Vie=(1=B)1=V) @

The combination of the polyelectrolyte, the polymer
and the backing material is called the resin phase. The
volume fraction of the resin phase is

V=V, 4 Vye=1—V,; 3)

Figure 3 shows a parallel circuit of ionic transports
through the pore and resin phases within the
membrane. The electrical conductivity & of the
membrane is expressed by the summation of respective
products of volume fractions ¥, and ¥, and
conductivities x, and «, of the pore and resin phases,
if the charge transport is assumed to obey the parallel

circuit shown in Fig. 3.

In general, the conductivity k of the electrolyte is
expressed as follows according to the Nernst-Planck
equation.¥
FPo '
k=—) z;D,C; 5
RT; ®
For a binary electrolyte of cation A and anion B, v,
moles of cation A4 and vz moles of anion B are
dissociated per mole of the salt. The conductivity
of the pore phase is described as

F2
Kg =E.,(Z.»24D6AVACO +2123DﬁBvBC0) (6)

The conductivity k, of the resin phase is expressed by
use of diffusion coefficients and concentrations of
concerned ions in the resin phase:

F2
K, = _ﬁ (ZlerA CrA + leiDrBCrB) (7)

Since the electrolyte is filled in the polyelectrolyte
within the resin phase, the concentration C, in the
resin volume is calculated using the concentration C,,
in the polyelectrolyte volume.

V
Cri = %Cpei

r

(i=A4 and B) ®)

The concentration C within the membrane is given by
the summation of the concentration in the pore and
polyelectrolyte phases.
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Fig. 2. Simplified model of intramembrane structure
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Fig. 3. Equivalent circuit of membrane conductivity

éi = VﬁviCO + VPeC

pei

(i=A4 and B) ®

From the electroneutrality within the membrane,
2. zCi+2,0=0 (10)

Using Egs. (8) to (10),

C,A:L(M
V,

r

- VﬂvACO) (11
Z4

Cp—Vw,C
CFB=B#¢’VII0 (12)

By substituting Egs. (11) and (12) into Eq. (7), we have
K FZI{ D, ,0—z,D,(z5Cy+2z,Vv,Co)
=\ T Z4Zmy - r
¥ RTV,. A A A A\“B~B AV p¥A4~0

+ ZIZ')‘DrB(C'B - VﬁvBCO)} (13)

By substituting Egs. (6) and (13) into Eq. (4), the
membrane conductivity i is described as follows.

_ F?
K= E]“‘{ Vﬂ(z,quﬁAVACO + ZzzaDpBVBCo) —Z 2D, 40

- ZADrA(ZBCB +z4 V;‘JVA Co)
+23D,5(Cp— VﬁvBCO)} (14

The first term within large brackets of the right side
of the above equation is the ionic transport in the
pore, the second term is the transport of the charge
balanced with the fixed ion, and the other terms are
the transport of the ions sorbed by Donnan
equilibrium. When cupric chloride is the concerned
salt, z,= +2, zz= —1, v,=1 and vz=2. If the ratio
rp of the diffusion coefficient within the membrane is
equal to the ratio for infinite dilution, Eq. (14) is
transformed into Eq. (15). :

729



2

2F
R=""| Q+rp)V;CoDps+1{ —2zm
RT[( D) g0~ pA { Q

+(1 +522) (Cy— 2V,,c0)}p,,,] (15)

1.2 Donan sorption

According to Tye’s treatment,’? the volume
fraction § of the pore space within a membrane can
be calculated from the concentration of the sorbed
electrolyte. The internal part of the membrane filled
with the electrolyte is divided into the polyelectolyte
phase at an electrical potential ¢ and the pore phase
at zero electrical potential. The concentration of the
ion within the membrane is assumed to be given by
the Boltzmann distribution law. The concentrations
of cation and anion in the pore phase are equal to
those in external solution. Then the average con-
centrations of cation and anion in the sorbed elec-
trolyte are

Ci=pv:iCo+(1—P){v,Coexp(—ziep/kT)} (16)
By eliminating ¢ from Eq. (16) when i=A4 and B,

[C”A_ﬁ"ACO:lzB=[63;‘/3VBC0]ZA a7
(1=PBw,Co (1=PB)vpCy

When f is equal to zero, Eq. (17) expresses the
relationship of simple Donnan equilibrium® of
homogeneous charge distribution. The concentration
Cj based on the internal electrolyte of the membrane
is related to the concentration C;, based on the
membrane volume.

G

Ty

P

-

(18)

Using the electroneutrality within the membrane,

[ 0 ZBCB

24v4Co  Zv4Cy

—B(1— V,,)]zs

Cs
vgCo

[(1~Vp)(1—ﬁ)]“’z’*=[ —ﬂ(l—V,,)} (19)
The relationship of Donnan sorption between Cy and
C, is obtained experimentally and g is determined by
fitting the data to the expression described by Eq. (19).

2. Experimental

Four commercial membranes, Neosepta C66-5T.
CM-2 (Tokyyama Soda, Japan), Naflon N-117 (Du
Pont, USA) and MC-3470 (Ionac, USA), were used
in preliminary experiments. Synthetic membranes
were prepared by the paste method®>'?. The paste,
which consisted of styrene (St), divinylbenzene (DVB),
di-n-butyl phthalate (DBP), polyvinyl chloride (PVC)
powder and benzoyl peroxide (BPO) as polymeriza-
tion initiator, was coated on a backing material and
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Fig. 4. Concentration change of chloride ion sorbed in
commerical membrane with external concentration

the monomers were copolymerized by heating. Both
the polyvinyl chloride cloth Teviron 7075 (Teijin), and
the microporous poly(ethylene) film Hipore 1100A
(Asahi Chem. Ind.) were used as backing materials.
The degree of crosslinking (DOC) was changed in the
range of 0 to 0.20. The contents of DBP, PVC and
BPO added in the resin mixture were, respectively,
0.1—0.7, 0.152 and 0.015.

The membranes were immersed into 1 kmol-m™3
CuCl, solution and allowed to equilibrate for half a
day before measurements. The thickness, density,
water content and ion exchange capacity of the wet
membrane and the fixed ion concentration based on
dry membrane weight were measured as described in
the previous work!®.

2.1 Measurement of sorbed electrolyte

- Two membrane sheets (2 cm x 2 cm) were immersed
into a CuCl, solution and allowed to equilibrate at
298K for a day. After measurement of physical
properties, the surfaces of the membrane were wiped
with filter papers and immersed into deionized water
of 10cm® in volume at 298K for a day. The
concentration of the cupric ion desorbed from the
membrane was determined by a chelate titration. The
concentration of the CuCl, solution was varied in the
range of 0.02 to 2kmol-m 3.

2.2 Measurement of membrane conductivity?

The cell consisted of two platinum electrodes of
1 cm diameter and a detachable cartridge as membrane
holder. The electrodes could be moved forward and
backward in the cell by means of a screw-driven
mechanism and the distance between the two
electrodes could be changed from 3 cm to 0.2cm. The
resistance of the cell at 1 kHz A.C. was measured as
a function of the distance of the electrodes, with and
without the membrane.

3. Results and Discussion

3.1 Intramembrane structure

Figure 4 shows the sorbed concentration of chloride
ion within the membrane as a function of the external
concentration of CuCl, for commercial membranes.

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



The chloride ion is a co-ion of a cation exchange
membrane and is excluded from the membrane. When
the external concentration was increased, the sorbed
concentration increased according to the Donnan
equilibrium. Experimental results for sorption equi-
librium showed that the sorbed concentration was
higher than that calculated from the simple Donnan
equilibrium where a homogeneous charge distribution
was assumed, i.e., §=0. The curves described in Fig.
4 are the calculated results from Eq. (19) according
to the non-homogeneous model described in Section
1.2. For comparison, the broken line was calculated
according to the simple Donnan equilibrium for the
C66-5T membrane.

Table 1 shows the parameters of intramembrane
structure of commercial membranes. The V, value was
calculated by the following equation.

_ Woum
T (W+Dp,

where W was water content, p,,, the density of wet
membrane and p,, the density of water. V,,, V; and
V, were given by Egs. (1) to (3). The volume fraction
V; of the pore phase was found to be less than 0.1
for every membrane. Since MC-3470 is a heteroge-
neous membrane made by compressing a powdered
mixture of inert polymer and polystyrensulfonic acid
resin, V; of the MC-3470 was the largest.

Figures 5 and 6 show the sorption equilibrium for
synthetic membrane using Teviron cloth or Hipore
film, respectively, as a backing material. The sorbed
concentration decreased with increasing DOC. The
term DVB/Re in figures refers to the DOC. The
relationship between Cp/2C, and C, indicated a
similar tendency for the two reinforcing materials, but
the sorbed concentration in the membrane with
Hipore film was higher than in that with Teviron
cloth.

Figure 7 shows the relationship of § and V, to the
DOC. V, increased gradually with the DOC. When
Hipore film was used as a backing material, V', of the
synthetic membrane was relatively low because of the
high water content. The relationship between f and
the DOC is shown as a curve which passed through
a minimum. Its tendency to have a minimum with
respect to the DOC was in accordance with Tye’s
result,’? and might be due to the result that ¥, had
a maximum relative to the DOC. Details of V,, are
shown later.

ngure 8 shows volume fractions within the
membrane as a function of the DOC. ¥V, decreased
with:increase in the DOC. V,, however, increased with
increasing DOC and approached a maximum value.
V,. had a maximum with repect to the DOC. To
improve the selective transport and ionic transport
flux’ through the membrane, an increment of V,,

(20)

VOL. 23 NO. 6 1990

Table 1. Volume fractions within commercial membranes

Membrane C66-5T CM-2 N-117 MC-3470
B 0.18 0.18 0.26 0.33
v, 0.73 0.80 0.71 0.76
Ve 0.22 0.16 0.21 0.16
v, 0.95 0.96 0.92 0.92
Vg 0.049 0.036 0.075 0.079
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effective for ion exchange, and the decrease in ¥, and
¥, ineffective for ion exchange are required. Since V/,,
maximized and ¥V showed a lower value at a DOC
of 0.02, the membrane with a DOC of 0.02 was
considered to have superior properties.
3.2 Membrane conductivity

The membrane conductivity was calculated using
the difference between the resistivities with and
without the membrane, and the change in resistivity
with distance between measuring electrodes.?

Figures 9 and 10 show the electrical conductivities
of membranes as a function of electrolyte conductivity
for synthetic membranes with Teviron cloth and
Hipore film, respectively. The lines depicted in Figs.
9 and 10 represent the calculated results of Eq. (15)
using ¥, and the Cpz which were determined
experimentally, and a y, of 2.82. The membrane
conductivity increased with electrolyte conductivity
because the sorbed concentration increased with
increasing external concentration. Using the nonlinear
least squares method, D;, and D,, values were
calculated from the relationship between K and x,,
which was a function of Cy. As shown in Fig. 9, the
i value of the membrane with Teviron cloth decreased
with increasing the DOC. The K of non-crosslinked
membrane was lower than that of the membrane
having a DOC of 0.02. As depicted in Fig. 10, the #
value of the membrane with Hipore film was larger
than that of the membrane with Teviron cloth, because
V, of the former was smaller than that of the latter.
The noncrosslinked membrane indicated the remark-
able dependency of & and x, The relationships
between K and k, for commercial membranes were
also obtained. N-117 was found to have the highest
conductivity because of the large values of V;and V,,
and the highest concentration of Donnan sorption.

The effective diffusivity D, in porous medium is
expressed by using the tortuosity factor t when the
concentration of the diffusive species is based on the
membrane volume.

D,=D/t 1)
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where D is the diffusivity in the bulk solution. Mackie
and Meares* derived the following expression for 7
in terms of the volume fraction V;, inaccessible for

charge transport.
2
. :<_1+_Vv> 22)
1-V,,

Generally 7 is expressed by a function of the volume
fraction of the phase effective to diffusion.®

Figure 11 shows the relationship between the
diffusion coefficient in the resin phase and the volume
fraction of polyelectrolyte phase within the membrane.
The diffusion coefficient of the cupric ion was
normalized through division by the diffusion coeffi-
cient Dj 4 for infinite dilution of 7.2x 1071 m?-s™1.
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Fig. 11. Correlation of diffusion coefficient in resin phase

The correlation was given as follows within a deviation
of +30%.

D,,=Di,4 Vlz;ésg (23)

In spite of the fact that the correlation included
commercial membranes prepared by different meth-
ods, the diffusion coefficient in the resin phase was
well correlated with V.. Since Dy, referred to the
diffusivity in the open pore filled with electrolyte, the
dependency of Dy, or V; was presumed to be small.
The experimental relationship between Dy, and V
was expressed as follows within a deviation of +70%.

DﬁA=D(I),AV2'58 (24)

_ Conclusion

A model of the intramembrane structure was
proposed and each 'volume fraction within the
membrane was determined from experiments in
Donnan sorption equilibrium. When the external
concentration was increased, the sorbed concentration
within the membrane was larger than that estimated
using the simple Donnan equilibrium of homogeneous
charge distribution and was explained by the
non-homogenous model of Tye. The intramembrane
structure was afferent by the kind of the backing
material and the degree of crosslinking. The
membrane conductivity was analyzed by use of an
equivalent circuit of the same model of intramembrane
structure. The diffusion coefficients of the cupric ion
through the pore and resin phases were correlated
with the respective volume fractions. The simplified
model of the intramembrane structure was found to
be useful for evaluating the sorbed concentration and
the membrane conductivity.
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Nomenclature
C = concentration [mol-m ™3]
D = diffusion coefficient [m2-s71]
D, = effective diffusion coefficient [m?-s~1]
Dy = diffusion coefficient for infinite '

dilution [m?-s~1]
e = electron charge [C]
F = Faraday’s constant [C-mol™ 1]
k = Boltzmann’s constant [I'K™ 1]
0 = fixed ion concentration [mol-m~3]
R = gas constant [J-mol 'K ™1]
rp = ratio of diffusion coefficient of species

B to species 4 [—]
T = temperature [K]
V = volume fraction [—]
w = water content [kg-water kg~ !-dry mem.]
z = number of charges [—]
B = ratio of pore volume to electrolyte

volume within membrane [—1
14 = membrane thickness [m]
¢ = electrical potential in membrane V]
K = electrical conductivity [S'm™1]
v = stoichiometric coefficient for

dissociation of a binary electrolyte [—]
p = density ) [kg:m~3]
T = tortuosity factor [—]
{Subscripts)
A = cation (Cu?*)
B = anion (C1™ %)
ip = ineffective part for charge transport
m = fixed ion
P = inert polymer phase
pe = polyelectrolyte phase
r = resin phase
w = water
wm = wet membrane
B = pore phase
0 = value of external solution
{Superscripts)

= value within membrane :
value based on internal electrolyte volume . -
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