
JOURNAL OF APPLIED ELECTROCHEMISTRY 16 (1986) 41-52 

Interactions between large organic cations and cation 
exchange membranes 
T O S H I K A T S U  SATA, K U N I A K I  T A K A T A ,  Y U K I O  M I Z U T A N I  

Research and Development Laboratory, Tokuyama Soda, Co., Ltd, 1-1, Mikage-cho, Tokuyama, 
Yamaguchi, 745, Japan 

Received 28 May 1984; revised 2 January 1985 

Interactions between cation exchange membranes and large organic cations have been studied; 
namely (1) adsorption and electrodialytic desorption of cationic surface active agents, and (2) 
change in transport properties of the membranes by adsorption. 

N-dodecyl pyridyl compounds, such as N-dodecyl pyridinium bromide (C~2-Py), N-dodecyl 
dipyridyl bromide (C12-Dipy) and N-dodecyl tripyridyl bromide (C12-Tripy) were used for 'the 
adsorption and electrodialytic desorption; and for the study on the change in transport properties 
of membranes, N-dodecyl pyridinium chloride, C~2-Py, C~2-Dipy, C~2-Tripy and hexadecyl 
trimethylammonium chloride were used. It was confirmed that the higher the molecular weight of 
the cation the longer the time required to reach adsorption equilibrium, and that the amount of 
adsorption exceeded the ion-exchange capacity of the membrane. After equilibrium was attained, 
electrodialytic desorption from the membranes was difficult. 

The adsorption or ion-exchange of large organic cations was effective to the permselectivity of the 
cation exchange membrane to the sodium ion in electrodialysis of a solution of sodium chloride and 
calcium chloride. The relationship between the permselectivity and the properties of the cations was 
examined. 

1. Introduction 

Interactions between ion exchange membranes 
and large organic ions have been studied [1-6]. 
It has been previously reported [2] that a cation 
exchange membrane is converted into its bipolar 
type and then into its amphoteric type as the 
adsorption or ion-exchange of cationic surface 
active agents proceeds on the membrane. The 
bipolar type cation exchange membrane is more 
permeable to monovalent cations than to multi- 
valent cations [1]. 

Fouling of ion exchange membranes by large 
organic ions such as ionic surface active agents 
is a serious industrial problem in electrodialysis, 
although the development of anti-organic foul- 
ing membranes has been reported [7-10]. On the 
other hand, it has been reported [11] that a 
ruthenium-bipyridine complex was adsorbed on 
cation exchange membranes and the electro- 

chemical property of modified electrodes was 
studied. 

Thus, it is of considerable interest to study the 
adsorption and electrodialytic desorption of 
large organic cations and the change in proper- 
ties of the membranes. Mainly N-alkyl pyridyl 
derivatives were used for the experiments. 

2. Experimental details 

2.1. Materia& 

2.1.1. Cation exchange membrane. The cation 
exchange membranes of NEOSEPTA CL-25T 
used for the experiments were manufactured by 
Tokuyama Soda Co., Ltd. by the 'Paste Method' 
[12-15]. The characteristics of the membrane are 
shown in Table 1. The membranes were equilib- 
rated in a mixture of 0.208 N sodium chloride 
and 0.208N calcium chloride in water or a 
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Table 1. Characteristics of  the cation exchange membrane, 
NEOSEPTA CL-25T 

Type Strongly acidic 
Backing cation exchange 

Polyvinyl chloride 
Thickness (ram) 0.16 
Electrical resistance (f~ cm2) * 2.8 
Transport numbert > 0.98 
Water content~ 0.34 
Ion-exchange capacityw 1.80 
K~Na�82 4.58 

* Equilibrated with 0.500N NaC1 solution and measured 
using 1000 cycle a.c. at 25.0~ 

Measured by electrodialysis using 0.500N NaC1 solution 
current density: 20 mA cm -2; at 25.0 ~ C. 
++ Equilibrated with 0.500N NaC1 solution, g HzO/gNa- 
form dry membrane. 
w Mequiv/g Na-form dry membrane. 
�82 The equivalent ratio of Ca ~+ to Na + in the membrane 
when the membrane was equilibrated with the 1:1 solution of 
0.208 N NaC1 and 0.208 N CaCI z. 

0.416N sodium chloride solution before exper- 
iments. 

2.1.2. Large organic cations. Hexadecyl 
trimethylammonium chloride, dodecyl pyri- 
dinium chloride and dodecyl pyridinium bromide 
(C~2-Py) were of reagent grade (Tokyo Kasei 

Kogyo Co., Ltd,) and washed with ethyl ether 
before use. N-dodecyl dipyridyl bromide (C,2- 
Dipy) was synthesized: 7 parts of ~, ~'-dipyridine 
were dissolved in 150 parts of nitromethane, and 
23 parts of dodecyl bromide were added; after 
the mixture had been refluxed for 72 h, it was 
placed in a vacuum for evaporation and an oily 
material was obtained; on washing with ethyl 
ether, light brown crystals were obtained. 
N-dodecyl tripyridyl bromide (Cl2-Tripy) was 
also synthesized with ~, ~', ~"-tripyridine and 
dodecyl bromide in the ratio of 7 parts to 35 in 
the same way as above. Elementary analysis of 
large organic cations used is shown in Table 2. 

2.2. Measurements 

2.2.1. Adsorption and electrodialytie desorption. 
The effect of  the immersion period, during which 
a membrane was immersed in a solution of  large 
organic cations, on the properties of the mem- 
brane was studied. The immersion periods with 
C12-PY, C,2-Dipy and C,2-Tripy varied from 
46 rain to 20 days. 

The adsorption was carried out as follows: 
cation exchange membranes of  24.5 cm 2 
(3.5cm x 7.0cm each) were immersed in a 

Table 2. Elementary analysis of  N-dodecyl derivatives of  pyridine, ct, e'-dipyridine, ct, ct', ct"-tripyridine and other large organic 

cations used in this work 

Compounds Molecular formula C H N CI or Br 

C N-dodecyl ] 2 [ - { 2 5 N ~  
pyridinium chloride 

N-dodecyl C12 H25N~ 
pyridinium bromide 

N-dodecyl ~, cd- C12H25~ ~ 
dipyridyl bromide N ( ~  B r -  

N-dodecyl c~, e', c d ' -  CI2H25N+~__~ 
tripyridyl bromide N ~  Br- 

N 

§ 

cetyl trimethylammonium C16H33N (CH3)3C1- 
chloride 

e l -  Calculated 71.93 10.65 4.93 12.49 
Found 72.44 10.92 4.74 l 1.90 

B r -  Calculated 62.19 9.21 4.27 24.34 
Found 61.52 9.82 4.12 24.54 

Calculated 65.18 8.21 6.91 19.7l 
Found 64.42 8.33 6.73 20.58 

Calculated 67.21 7.52 8.71 16.56 
Found 67.33 7.85 8.13 16.69 

Calculated 71,31 13.23 4.38 11.09 
Found 71.12 13.42 4.35 11.12 
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100ml aqueous solution of  0.0025moll -~ or 
0.008 mol l  -~ of C~2-Py, C~2-Dipy or C12-Tripy 
with stirring at 25~ for different periods. The 
amount, Am, adsorbed on or ion-exchanged 
with each membrane was calculated from the 
amount  remaining in the aqueous solution, 
which was obtained by means of  ultraviolet 
absorption spectroscopy at a wavelength of  
260 nm. The membranes were then washed with 
pure water and their transport properties were 
measured. After the electrodialysis, the amount, 
Am', desorbed from the membrane was deter- 
mined by the analysis of  both anolyte and 
catholyte. 

N-dodecyl pyridinium chloride and hexadecyl 
trimethylammonium chloride were further 
adsorbed on the same membrane under similar 
conditions in order to evaluate the change in 
electrochemical property of  the membrane. The 
concentration was changed keeping the immer- 
sion period constant, or the immersion period 
was changed keeping the concentration con- 
stant. 

2.2.2. Electrochemical properties. The following 
were determined. 

(a) Ratio of  the transport number of  sodium 
ion to that of calcium ion: the relative transport 
number, p~C~ = (tca/t~a)/(Cca/CNa), where tca 
and tNa are the transport numbers of  calcium 
ions and sodium ions in the membrane, and Cc, 
and CNa are the concentrations of  calcium ions 
and sodium ions in the solution before electro- 
dialysis. 

(b) Current efficiency: c.e., (%). 
(c) Electric resistance of the membrane dur- 

ing the electrodialysis: R(f~cm2). 

After a cation exchange membrane had been 
immersed in an aqueous solution of  large organic 
cations, it was placed in a cell shown in Fig. 1, 
which had two compartments. As soon as the 
two compartments had each been filled with a 
120ml aqueous solution of  0.208M sodium 
chloride and 0.208 M calcium chloride, electro- 
dialysis was started with a current density of 
10mAcro -z and was continued for 60rain at 
25.0~ with stirring at a rate of  1500 + 
100r.p.m. After the electrodialysis, the con- 
centrations of  chloride ion and calcium ion in 

Regutated 
Direct Current 

Supply 

•  
Recorder 

M 

Fig. 1. Equipment used in the measurement of transport 
properties of cation exchange membrane. A, ammeter; M, 
cation exchange membrance; C, coulometer; I and 4, Ag- 
AgC1 plate electrodes; 2 and 3, Ag-AgC1 wire probe eiec- 
trodes. 

both the compartments were determined, and 
then pNC~ and the current efficiency were cal- 
culated. The total current was measured by 
means of  a coulometer. The voltage drop across 
the probe electrodes was recorded by an x - t  
recorder during the electrodialysis. The electric 
resistance of  the membrane during the electro- 
dialysis was calculated by subtracting the volt- 
age drop measured without the membrane from 
that measured with the membrane. 

3. Results and discussion 

3.1. Adsorption and electrodialytic desorption of 
N-dodeeyl pyridyl bromides 

Fig. 2 shows the relationship between the 
amounts of  C12-PY, C~2-Dipy and C12-Tripy 
adsorbed on or ion-exchanged with cation 
exchange membranes of  NEOSEPTA CL-25T 
and the immersion period. The bulkier the hydro- 
philic group, the longer the period required to 
attain adsorption equilibrium. N-dodecyl pyridyl 
compounds were selectively adsorbed or ion- 
exchanged, but with C~2-Tripy an equilibrium 
was attained after 20 days (2.88 x 104rain) 
immersion. When all the cations in the sol- 
ution are completely adsorbed or ion-exchanged, 
Am is equal to 5.10 x 10-6molcm -2 of  each 
compound. The pHs of the N-dodecyl pyridyl 
compound solutions were about 3.5--4.0. As the 
pKas of c~, e'-dipyridine and e, c~; a"-tripyridine 
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~4 
CI2-P 

'~3 E ~/ C,2-Dipy/~ __. 

Fig. 2. Relationship between adsorbed 
or ion-exchanged amount of  various 

. . . . . .  t . . . . . . . .  , . . . . . . . .  N-dodecyl pyridyl compounds and 
102 10 a 104 immersion period. Concentration 

Immersion Period (min.) 2.5 x 10-~mol1-1. 

are 4.12 and 4.35 at 25~ respectively [16], 
tertiary amino groups of the compounds were 
protonated in these measuring conditions. The 
number of pyridyl groups of C12-Tripy cohered 
on the membrane is equivalent to about 1.27 
times the number of cation exchange groups of 
the membrane of NEOSEPTA CL-25T which is 
about 1.2 x 10-Smolcm -2. In order to confirm 
the adsorption or ion-exchange of N-dodecy 
pyridyl compounds in excess of the ion- 
exchange capacity of the membrane, the same 
measurements were made with aqueous solu- 
tions of 0.008 mol 1 i CI2-Py and C~2-Dipy. The 
results are shown in Fig. 3. Although the 
amount of C~z-Dipy adsorbed or ion-exchanged 

was not enough to attain equilibrium in 20 days, 
the pyridyl groups cohered on the membrane 
were 1.93 times the number of cation exchange 
groups of the membrane. If immersed for more 
than 20days, the number of each N-dodecyl 
pyridyl compounds ultimately cohered would be 
the same. When the concentration was lower 
than 0.0025 mol 1-1, all the cations in the solu- 
tion were completely adsorbed or ion-exchanged 
within 20 days. It was concluded that the large 
organic cations were selectively adsorbed or ion- 
exchanged thus exceeding the ion-exchange 
capacity of the membrane. 

Figs 4 and 5 show the electrodialytic desorp- 
tion of Cl2-PY and C12Dipy from the membrane. 

• 
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Fig. 3. Relationship between adsorbed 
or ion-exchanged amount of various 
N-dodecyl pyridyl compounds and 
immersion period. Concentration 
8 x 10-3moll  - l .  
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Fig_ 4. Desorption of N-dodecyl 
pyridyl compounds from NEOSEPTA 
CL-25T by electrodialysis (I) following 
immersion in 2.5 x 10 3moll-~ solu- 
tion. �9 amount Cl2-Dipy desorbed 
into catholyte; �9 amount CI2-Py 
desorbed into catholyte; ~, amount 
C~2-Dipy desorbed into anolyte; @, 
amount C~2-Py desorbed into anolyte. 

The amount  desorbed and dissolved in the catho- 
lyte was larger than that  in the anolyte. Figs 2 
to 5 show that the amount  of  C]2-Py desorbed 
reached a maximum just before adsorption or 
ion-exchange equilibrium was attained, and 
then reduced. This means that the compounds 
adsorbed or ion-exchanged migrated into the 
pores of  the membrane  after equilibrium. In 
order to examine the detailed electrodialytic 
desorption, the electrodialysis was carried out 
five times using a membrane immersed for 20 
days. In each electrodialysis, both anolyte and 
catholyte were renewed and the amounts of  C~2- 
Py or C]2-Dipy in both compartments  were 
determined (Table 3). The data in Table 3 show 
that more than 30% of the cations adsorbed 

or ion-exchanged were remaining inside the 
membrane even after five times of electro- 
dialysis. The electrodialytic desorption of C]2- 
Dipy was more difficult than that of  C~2-Py. 
Thus, the large organic cations which attained 
adsorption or ion-exchange equilibrium with 
difficulty are also difficult to desorb from the 
membrane.  

NEOSEPTA CL-25T is a sulphonated styrene- 
divinylbenzene type cation exchange membrane.  
The diffusion coefficient of  glucose was about  
(0.8-1.3) x 10-Scm2s -~, and that of  sucrose 
was about  1/9 that of  glucose. As the diameters 
of  the glucose and the sucrose molecules are 
calculated by Stokes Einstein Equation [17] to 
be about  0.83 and 1.03 nm respectively, the pore 

i 

o 

12-Dipy 

iO 2 l0 3 I0 ~ 
Immersion Period ( ra in . )  

Fig. 5. Desorption of N-dodecyl 
pyridyI compounds from NEOSEPTA 
CL-25T by electrodialysis (II) follow- 
ing immersion in 8 x 10 3moll-" 
solution. Symbols as for Fig. 4. 
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diameter of  NEOSEPTA CL-25T is estimated to 
be 1.0 nm or a little larger. However, C12-Tripy 
ion is about  1.6 nm wide with an alkyl tail about  
2.1 nm long estimated by using bond distance 
data [18]. In general, when large ions are 
adsorbed on or ion-exchanged with ion 
exchange membranes,  the membranes swell. 
This suggests that the adsorption or ion- 
exchange of  the large ions caused an expansion 
of  the polymer matrix. Studies on the adsorption 
of  various pyridyt compounds  on clay minerals 
show that lamellar collapse was observed by 
their adsorption [19, 20]. It can be seen f rom 
these phenomena that the large organic cations 
adsorb on, or ion-exchange with NEOS EP TA 
CL-25T exceeding the ion-exchange capacity. It  
is difficult to evaluate accurately the pore size 
of  the ion exchange membrane because the 
polymer matrix is somewhat flexible. 

Two mono-N-dodecyl  pyridyl compounds 
were obtained in the reactions of  dodecyl bro- 
mide with ~,~'-dipyridine and with c~,c(,~"-tri- 
pyridine. Accordingly, the adsorption and 
desorption behaviour should change depending 
on the pH of  the solution. The data in Table 4 
show that the amount  desorbed from the mem- 
brane immersed in a basic solution was larger 
than that in an acidic solution, although the 
amount  adsorbed or ion-exchanged was almost 
the same. The cations easily desorbed from the 
membrane immersed in the basic solution and 

the electric resistance of  the membrane in the 
initial stage of the electrodialysis was high 
compared with the membrane immersed in the 
acidic solution where the membrane would show 
its bipolar property.  This suggests that the 
cations cohere on the outer surface mainly by 
adsorption. Measurements were also made w i t h  
C~2-Tripy and similar results were obtained. It  is 
well known that multivalant, rather than mono-  
valent, cations are selectively ion-exchanged 
with cation exchange membranes.  The results in 
Table 4 confirm that the large organic cation 
more easily adsorbs on or ion-exchanges with 
the membrane in its multivalent state than in its 
monovalent  state. 

3.2. Change in properties o f  cation exchange 

membranes by adsorption or ion-exchange o f  
large organic cations 

Fig. 6 shows the change in electrodialytic 
property of  membranes of  NEOSEPTA CL-25T 
which were immersed in dodecyl pyridinium 
chloride solutions of  various concentrations for 
16h. The electric resistance of membranes 
during electrodialysis increased remarkably as 
the concentrations of  the large organic cations 
increased, and reached a maximum, while pC~ 
decreased and reached a minimum, and the cur.- 
rent efficiency gradually decreased. Fig. 7 also 
shows the change in electrodialytic property 

Table 4. Desorption of N-dodecyl pyridyl compounds from a cation exchange membrane and properties ~?f the membrane 

Run pH oJ" Cl2-Dipy adsorbed or i o n -  desorbed* 
number solution exchanged amount amount 

(mol cm -2) (mol em -2) 

pCs c.e. (%) R(~cm 2) 

initial at 60 m& 

1 3.85 3.19 x 10 6 G 2.I9 x l0 -7 
G 7.35 x 10 -7 2.17 91.0 2386 55.3 

2 12.0 3.10 x 10 -6 �9 2.07 x 10 _7 
@ 1.85 x 10 -6 2.02 91.0 2516 54.3 

1.91 x 10 -7 
3 - - @ 8.51 • 10 -7 2.23 96.3 32.8 25.3 

Run No. 1 shows the results of the electrodialysis after the membrane was immersed in an acidic solution of C~2-Dipy for 
16h. 
Run No. 2 shows the results of the electrodialysis after the membrane was immersed in a basic solution of C~2-Dipy for 16 h 
(addition of NaOH). 
Run No. 3 shows the results of the electrodiaIysis after the immersion of the membrane, used in Run No. 2, in an acidic mixed 
salt solution (0.208 N CaC12 and 0.208N NaCI at pH 3.26: addition of HC1) for 30min. 
* (~ and G in column 4 denote anolyte and catholyte. 
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Fig. 6. Relationship 
between transport prop- 
erties of NEOSEPTA 
CL-25T immersed in 
dodecyl pyridinium 
chloride solution and its 
concentration. (Immer- 
sion, t6h.) O, pc~; ~, 
current efficiency (%); 
@, electric resistance of 
the membrane at the 
beginning of electro- 
dialysis (Ri); @, electric 
resistance of the mem- 
brane during electro- 
dialysis after 1 h (R2). 

of a membrane of NEOSEPTA CL-25T by 
adsorption or ion-exchange of hexadecyl tri- 
methylammonium chloride. Although the degree 
of change in properties was different the same 
tendency was observed. Figs 8 and 9 also show 
the same tendency. When the concentration was 
low or the immersion period was short, a mono- 
layer of the large organic cations would be 
formed on the membrane surface, and the 
change in transport properties of the membrane 
would be small. However, when the concen- 
tration was high or the immersion period was 
long, cationic multilayers would be formed on 
the membrane surface and the cations partially 
entered the pores of the membrane. The large 
organic cations in the membrane work as an 
anion exchange group because of their low 
mobility in the membrane phase; therefore, the 

current efficiency gradually decreased as the 
concentrations of the large organic cations and 
the immersion period increased. On the other 
hand, the electrostatic repulsion by the multi- 
layers of cations should be smaller against the 
sodium ion than the calcium ion. The reason 
why the sodium ion permeates selectively 
through the membrane is ascribed to the electro- 
static repulsion by the multilayers. 

pC2 showed the lowest value with hexadecyl 
trimethylammonium chloride (Figs 7 and 8). 
The cation density in the layer on the membrane 
surface would change during the electrodialysis 
because the cations permeate through the mem- 
brane in an electric field. Thus, pC~ was an 
average value measured during the one hour 
electrodialysis. To obtain a low value of pC~, the 
cation density on the membrane surface should 
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Fig. 7. Relationship 
between transport prop- 
erties of NEOSEPTA 
CL-25T immersed in 
hexadecyl trimethylam- 
monium chloride and its 
concentration. (Immer- 
sion 24h.) O, pC~; ~, 
current efficiency (%); 
O, electric resistance of 
the membrane at the 
beginning time of elec- 
trodialysis (R~); ~, elec- 
tric resistance of the 
membrane during elec- 
trodialysis after i h (Rz). 
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Fig. 8. Electrodialytic transport 
properties of NEOSEPTA CL- 
25T immersed in hexadecyl 
trimethylammonium chloride 
solution. Concentration 5.2 x 
10-3moll ~. o, pC~; r  
efficiency (%); O, electric resist- 
ance of the membrane at the 
beginning time of electro- 
dialysis (RI); ~, electric resist- 
ance of the membrane during 
electrodiaIysis after ! h (Rz). 

be high and the change in density should be 
small during the electrodialysis. It is desirable 
that the membrane should strongly adsorb large 
organic cations so that the cations may hardly 
desorb from and permeate through the mem- 
brane, although their behaviour is dependent on 
their molecular structure. It has been reported in 
the study on the properties of aqueous surface 
active agents that the formation of micelles and 
their adsorption on interfaces becomes easier 
and their desorption from the interfaces 
becomes more difficult as the chain of their alkyl 
groups become longer. It is also said that the 
higher the molecular weight of the surface active 
agent, the more difficult their permeation 
through the membrane. 

It is apparent from Fig. 8 that hexadecyl 
trimethylammonium chloride shows a decrease 
in pC~ which reached 1.36, although hexadecyl 
pyridinium chloride reached a pc~ of 1.90 at the 
minimum reported in the previous paper [l]. The 
aggregation numbers of micelles in the aqueous 
solutions of surface active agents have been stud- 
ied by many investigators [21-25]. Venable and 
Nauman [21] have reported that the aggregation 
numbers are 81 and 73 in solutions of tetradecyl 
pyridinium bromide and tetradecyl trimethyl- 
ammonium bromide and the critical micelle 
concentrations (CMCs) are 2.57 x 10 -3 and 
3.51 x 10-3moll ~ in water, respectively. 
Anacker et al. (22-24) have also reported that 
the aggregation numbers are 51 and 48 for 
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Fig. 9. Electrodialytic transport 
properties of NEOSEPTA CL- 
25T immersed in C~2-Dipy 
solution. Concentration 2.5 x 
10-3mol k o, pC~; @, current 
efficiency (%); q), electric resist- 
ance of the membrane at the 
beginning time of electrodialy- 
sis; e ,  Am. 
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Fig. 10. Relationship between minimum value of Pr~C2 (A 
value) and number of pyridyl groups in N-dodecyl pyridyl 
compounds. 

micelles of decyl pyridinium bromide and decyl 
trimethylammonium bromide and the CMCs 
are 1.6 x 10 -2 and 1.8 x 10-2molkg ~ in 
0.5 M bromide solution, respectively. These data 
suggest that the hexadecyl pyridinium ions 
aggregate more easily than the hexadecyl tri- 
methylammonium ions: the hexadecyl pyri- 
dinium ions would form cation multilayers on 
the membrane surface more easily than the 
hexadecyl trimethylammonium ions. Neverthe- 
less, the minimum value of pC~ with hexadecyl 
trimethylammonium chloride was lower than 
that with hexadecyl pyridinium chloride, which 
suggests that the hexadecyl pyridinium ions 

would desorb more easily from and permeate 
through the membrane than would the hexadecyl 
trimethylammonium ions. Thus, the large 
organic cations, C12-Dipy and C12-Tripy, were 
used in the measurements. Fig. 9 shows the 
relationship between the immersion period with 
Cl2-Dipy on the membrane and the change in 
transport properties. The same measurements 
were made with the C12-PY and Cl2-Tripy sol- 
ution. Fig. 10 shows that the minimum value of 
pCa decreases linearly and the permeation 
through the membrane becomes difficult as the 
number of pyridyl groups of the compounds 
increases. 

High electric resistance of the membrane 
which was caused by the adsorption or ion- 
exchange decreased during electrodialysis. A 
typical example is shown in Fig. 11. When the 
immersion period was relatively short so that no 
equilibrium was attained, the electric resistance 
was remarkably high at the initial stage of the 
electrodialysis and then decreased sharply: while 
the electric resistance was rather low at the initial 
stage and gradually decreased during the elec- 
trodialysis after adsorption or ion-exchange 
equilibrium was attained. 

It is suggested that the cation exchange mem- 
brane has the same properties as bipolar ion 
exchange membranes before adsorption or ion- 
exchange equilibrium, and that it has those of 
the amphoteric after equilibrium is attained. 
These phenomena can be explained in Fig. 12: 
the electric resistances of the membranes used 
in the measurements shown in Fig. 3 were 
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Fig. 11. Change in electric resistance of  
NEOSEPTA CL-25T immersed in 
aqueous C~z-Dipy solution during elec- 
trodialysis. The immersion period of 
the membrane was varied as follows: 1, 
240 h; 2, 480 h; 3, 24 h; 4, 8 h. Curves 1 
and 2 refer to R 2 of  vertical axis; curves 
3 and 4 refer to R~ of  vertical axis. The 
concentration of Ci2-Dipy was 2.5 x 
10 -3 mol l -  1. 
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Fig. 12. Relationship of electric 
resistance of the membrane (R) 
(measured by a.c.) and current 
efficiency ( c . e . )  to the immersion 
period, o, values of R for Ct2- 
Py; 0 ,  values of c.e .  for C~2-Py; 
r values of R for C~2-Dipy; @3, 
values of c.e .  for C~2-Dipy. The 
current efficiency was measured 
by electrodialysing the same 
membrane as used in 
measurements of Fig. 3. The 
electric resistance of the mem- 
brane was measured by 1000 
cycle a.c. before electrodiatysis 
by using a mixed solution con> 
posed of 0.208N CaC12 and 
0.208 N NaC1. 

obtained by applying an alternating current to a 
solution of  0.208N NaC1 and 0.208N CaC12. 
The electric resistance increased as the immersion 
period increased, but did not show any peak 
values as shown in Fig. 9. Although the electric 
resistance at the beginning of  electrodialysis was 
about 1500 fl cm-2 with the membrane immersed 
in a solution of  Cu-Py for 20days and 1350fl 
cm - :  with that in a solution of C~2-Dipy, the 
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Fig. 13. Relationship between electric resistance of 
NEOSEPTA CL-25T during electrodialysis and number of 
pyridyl groups in N-dodecyl pyridyl compounds, o, at the 
beginning of electrodialysis; 8 ,  at 60 min electrodialysis; r 
at 60rain during fourth electrodialysis. NEOSEPTA 
CL-25T was immersed in various N-dodecyl pyridyl com- 
pounds solution of 2.5 • 10 3moll Ifor2.88 x 104min 
(20 days). Period of each electrodialysis was 60 min. 

electric resistance measured with the alternating 
current was 145flcm -2 with the former and 
275 fl cm -2 with the latter. The remarkably high 
electric resistance produced during the electre- 
dialysis was mainly due to the desalination of  the 
intermediate layer between the cation multi- 
layers and the membrane surface. However, 
change in pHs of  both anolyte and catholyte was 
not observed after electrodialysis. Fig. 13 also 
shows that the electric resistance of  the mem- 
brane increased with increasing the number of 
pyridyl groups of  the compounds. 

It was the large hydrophobic groups of sur- 
face active agents that entered the pores of  the 
membrane; therefore, it is expected that the 
membrane became more hydrophobic and its 
water content decreased accordingly. It is shown 
in Fig. 14, where NEOSEPTA CL-25T was 
immersed in an aqueous solution of  dodecyl 
pyridinium chloride of 3.0 x 10-2molI -I with 
stirring at 25.0 ~ C that its water content decreased 
remarkably. Another membrane was immersed 
in a dodecyl pyridinium chloride solution for 20 
days under the same condition, and its water 
content was found to be 14.5%. It is shown 
in Fig. 14 that the water content measured 
suggests that an equilibrium was attained in two 
days. The pores of  the membrane were plugged 
by the large organic cations as evidenced by a 
change in apparent diffusion coefficient of  
sodium chloride. Fig. 14 shows that the appar- 
ent diffusion coefficient of  sodium chloride 
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Fig. 14. Decrease in apparent diffusion coefficient and water 
content of NEOSEPTA CL-25T by means of adsorption and 
ion-exchange of dodecyl pyridinium chloride, o, (D/6) det./ 
(D/&) non; ~, water content. The apparent diffusion coef- 
ficient was measured between 4.0 N sodium chloride solu- 
tion and pure water under stirring at 25.0~ after 
NEOSEPTA CL-25T had been immersed in an aqueous 
dodecyl pyridinium chloride solution of 3.0 x 10 -2 mol 1-i 
for a given period. D, apparent diffusion coefficient; f, mem- 
brane thickness; (D/&) non, without dodecyl pyridinium 
chloride; (D/&) det., with dodecyl pyridinium chloride. 

decreased remarkably with increase of the immer- 
sion period of the membrane in the dodecyl 
pyridinium chloride solution. 

Fig. 12 also shows the current efficiency of the 
membranes used in the measurements shown in 
Fig. 3. The current efficiency of the membrane 
immersed for 20 days was about 60%. As the 
amount adsorbed or ion-exchanged exceeded 
the ion-exchange capacity of the membrane, it 
was expected that the membrane had anion 
permselectivity. However, Table 3 shows that 
about 40% of dodecyl pyridyl compounds 
desorbed from the membrane after the electro- 
dialysis of one hour (39.2% of C,2-Py and 
37.8% of Cn-Dipy). Accordingly, the current 
efficiency shown in Fig. 12 also represents an 
average value over 1 h of electrodialysis. 
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