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The Effect of Membrane Thickness on Countercurrent 
Electrolysis in a Thin, Porous Membrane 

K KONTTURI and H. PAJARI 
HELSINKI UNIVERSITY OF TECHNOLOGY 
DEPARTMENT OF CHEMISTRY 
SF-021 50 ESPOO. FINLAND 

Abstract 

The effect of membrane thickness on countercurrent electrolysis in a porous 
membrane is studied and compared with the increase of convection. It was 
vcrified both theoretically and experimentally that the separation efficiency 
increases considerably when the membrane is made thicker. When the fluxes of 
ions to be separated deviate from zero, no simple relationship between the 
logarithm of selectivity ratio and convection could be found. Both computed and 
measured results showed that Ig S =A+') is strictly nonlinear. Results show that in 
the light of separation efficiency it is more useful to use higher convections than 
thicker membrane. This is, of course, done at the cost of increased power 
consumption. Therefore, in practice the most reasonable approach is a com- 
promise between increased convection and making the membrane thicker. 

INTRODUCTION 

It has been shown that countercurrent electrolysis in a thin, porous 
membrane can be used to separate ions of different mobilities both in 
systems consisting of strong electrolytes (1-3) and weak electrolytes (4).  In 
the latter case, however, the dissociation constants make significant 
contributions to the separation in addition to the differences in mobilities 
(4).  A special multi-ion case, binary system with trace ions, has also been 
studied (5). In this paper we investigate how the separation is influenced 
by the membrane thickness. It must, however, be remembered that in any 
case the membrane thickness will be orders of magnitude smaller than in 
conventional cell construction for countercurrent electrolysis; for a 
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review, see Ref. 6. This, in fact, means that the actual separation process is 
still basicly a stationary process and not a nonstationary one. 

Using the theoretical model described in our previous papers (I, 7, 8), it 
can be shown that from the point of view of separation efficiency it is 
better to increase convection than to make the membrane thicker. 
However, there are limitations which prevent us from increasing 
convection beyond a certain value, namely, the lability of the system at 
high convections and the disturbances (boiling, thermodiffusion, etc.) 
due to the heat generated by the high electric current (as a result of high 
convection) and by the high voltage. Of course, power consumption is 
one of the practical aspects which speaks on behalf of making the 
membrane thicker. That is why it is reasonable in many cases to use a 
thicker membrane to decrease both convection and electric current, even 
though the separation efficiency is decreased at the same time. 

THEORY 

Let us first examine a ternary case where the ionic fluxes are zero, i.e., 
J ,  = J2 = 0. Using the results derived in our earlier paper (2) we have* 

= [ CI(X = I ) ) ” ” [ C , ( X  = O ) ] ” Z ’  

c,(x = 0) C’(X = I) 

and 

F2 lz 1 I n s = - -  --- lv 
RT (A: I::) 

where S is the selectivity ratio (S  2 I), is the molar conductivity of ion i, 
z, is its charge number, ci is its concentration, I is the thickness of the 
membrane, and v is the velocity of the solvent in a fixed coordinate 
system. In dimensionless form, Eq. (2) reads 

where Do is the scaling diffusion coefficient, D, and D2 are the ionic 
diffusion coefficients (Di = l&T = hiRT/zfFZ), and vc is the dimensionless 
convection defined as vc = vl/D, = WAD,,. 

*Note the typographical error in Ref. 2 in Eq. (2) and in Table 1 
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,COUNTERCURRENT ELECTROLYSIS 1091 

Considering Eq. (3), it can be easily seen that the right-hand side of this 
equation has the same value if either the value of V or the value of 1 is 
made n times bigger. In other words, according to this relationship the 
same value for the selectivity ratio S is obtained if, e.g., either k is doubled 
or 1 is doubled. However, it must be kept in mind that the ionic fluxes are 
zero, i.e., J1 = J2 = 0, and, therefore, doubling the quantities only gives 
indication that both methods have a similar limiting behavior. 

Let us define the selectivity ratio ( S , )  in the case where c; = f b  and 
1 = I b  as 

where v; =. v,,hlb/ADW Now, if either V or 1 is made n times bigger, i.e., 
1 = nl,, or V = nV, we obtain, using Eq. (4), 

s, = s; ( 5 )  

where the subscript n, of course, denotes either the number of membranes 
or the quantity p/tb. 

Equation ( 5 )  is important since it offers us an approximate way to 
estimate how much the selectivity ratio increases when the number of 
membranes is increased. As can be seen, the number of membranes has a 
drastic effect on the selectivity ratio because of its exponential depen- 
dence on n. Equation (5) has another important application. If several 
membranes are put together to form a stack, it is known that the effective 
thickness of this stack is not obtained by summing up the thicknesses 
of the individual membranes. This is due to the fact that the hydro- 
dynamic situation for each of the membranes is not the same any more. 
Therefore Eq. (5) can be used to evaluate the "real" number of 
membranes as referred to some well-defined case where SI is known. 

In the case of nonzero ionic fluxes the selectivity ratio's dependence on 
convection reaches such a complicated form that its solution is possible 
only by numerical methods. In order to elucidate the behavior of the 
transport process when making I's value n times bigger or when making 
f " s  value n times bigger, we performed numerical calculations in the 
system NaCl-KCl-H,O. Some examples of these calculations are 
presented in Fig. 1 and in Tables 1 and 2.  It can be clearly seen that 
increasing convection f' has a much better effect on increasing the 
separation efficiency than if the equivalent number of membranes is 
increased. It must be remembered that as the convection is increased, the 
electric current also strives to increase. On the one hand, electric power 
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FIG. 1. Calculated relationships between the logarithm of the selectivity ratio and the 
convection or the number of membranes (the thickness of the membrane) in the system 
NaCI-KCI-H,O. a): lg S vs convection or the number of membranes when the cationic 
fluxes are zero (cf. Eq. 3). b), c), and d): lg S vs convection when the sum of the cationic 
fluxes is constant (cf. Table 1). e), f), and g): lg S vs the number of membranes when the sum 
of the cationic fluxes is constant (cf. Table 2). The sum of the cationic fluxes in d) and g) is 
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TABLE 1 
Calculated Results for the System NaCI-KCI-H,O When Convection Is Increased and 

the Sum of the Cationic Fluxes Is Constant! Ye,-( X = 0) = Ycl-( X = 1) = 1; 
YN,+(X = 1) = YK+(X = 1) = 0.5; KK+/KNa+ = YK+(X = O)/YN,+(x = 0) = S 

-(KK+ + KNa+) = 0.138 -(KK+ + KNa+) = 0.276 -(KK+ + KNa+) = 0.689 
(Curve Ib) (Curve Ic) (Curve Id) 

vc -4 S -4 S - 1, S 

1 2.55 1.66 2.86 1.69 3.78 1.72 
2 4.72 2.60 5.02 2.55 5.94 2.41 
3 6.80 4.08 7.11 3.88 8.03 3.40 
5 10.8 10.2 11.1 9.29 12.1 7.10 
7.5 15.8 33.5 16.1 29.7 17.0 20.4 

10 20.7 112 21.0 99.0 21.9 64.8 
20 41.0 15,100 41.3 13,100 42.2 8410 

~~ 

=Definitions of dimensionless parameters: Ve = Vcl@ll[)D~; Z, = Z/(AII)FD~O; Ki = 
jj/(A/l)ooco; 5 = c;/co; j; = xll, where F is Faraday‘s constant. All, CO, and DO were chosen to be 
10 cm, 0.1 mol/dm3, and 2 X cm’ls, respectively. 

TABLE 2 
Calculated Results for the System NaCI-KCI-H20 When the Number of Membranes 

(the thickness of the membrane) Is Increased and the Sum of the Cationic Fluxes 
IS Constant.u Ycl-( 5 = 0) = Y( 2 = 1) = 1; YN,+( 2 = 1) = YK+( 2 = 1) = 0.5; 

KK+/KNa+ = YK+( x = o) /y~ ,+(  x = 0) = s 
-(KK+ + KN,+)/n = 0.138 -(KK+ + KN,+)/n = 0.276 -(KK+ + KNa+)/n = 0.689 

(Curve le) (Curve If)  (Curve lg) 

n - I,/n S -ZJn S - Z , h  S 

1 2.55 
2 2.5 1 
3 2.47 
5 2.42 
7.5 2.37 

10 2.35 
15 2.33 
20 2.32 

1.66 
2.55 
3.72 
7.20 

15.1 
31.3 

145 
780 

2.86 
2.82 
2.79 
2.74 
2.70 
2.69 
2.67 
2.67 

1.69 
2.45 
3.25 
5 .OO 
6.90 
8.52 

10.8 
12.2 

3.78 
3.74 
3.73 
3.70 
3.71 
3.71 

1.72 
2.19 
2.46 
2.68 
2.70 
2.70 
- 

ODefinitions of dimensionless parameters: vc = Vc/(A/I)Do; Z, = Z/(A/Z)FDoco; Ki = 
jil(A/I)D&o; Y; = cj/co; x = xll, where F is Faraday’s constant. Allb, c,,, and Do were chosen to 
be 10 cm, 0.1 mol/dm3, and 2 X cm’ls, respectively. 

five times and in c) and f) two times greater than in b) and e). This sum is equal in b) and e). 
Notice that the change in the dimensionless convection Ve = VC/(A/[)DO is the same if the 
convection (V, the volumetric rate) or the number of membranes (I, membrane thickness) is 

changed in the same ratio. 
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1094 KONTTURI AND PAJARI 

consumption is directly proportional to the square of electric current, 
while on the other hand, thickening the membrane increases the power 
consumption approximately linearly (assuming as a first approximation 
that the membrane behaves as a linear resistance). Therefore, in practice 
a compromise is necessary between making the membrane thicker and 
increasing the convection. Of course, this compromise is greatly dc- 
pendent on the construction of the experimental setup. 

APPARATUS 

The cell construction (2) used so far has been a typical one for 
laboratory purposes. Now an approach toward a more practical setup 
was done. The cell was chosen to be of the filter-press type. The 
experimental setup for the separation of cations is schematically 
described in Fig. 2. 

The porous membrane was prepared by putting three sheets of filter 
paper (Mackerey-Nagel MN617) between two Millipore SC membranes 
whose thicknesses were -0.15 mm each and whose pore size was 2 pm. 
Thus the thickness of the porous membrane as a whole was relatively 
large, -0.8 mm. This relatively tight membrane made the stimng of each 
compartment possible by circulating the solution with the aid of a 
peristaltic pump (Ismatec ip-12). 

In measurements with thicker membranes, similar porous membranes 
were separated from each other with a stirred compartment in order to 
obtain an integer value for n, ie., for the equivalent “number” of the 
membrane. The surface area of the membranes was 2.0 cm2. 

Pure water is pumped (Ismatec ip-12) at a constant rate into Compart- 
ment 0, and a part of this flow is pumped out of Compartment 0 (+) and 
the rest overflows to Compartment 1, forming the convection (@ = tf- 
p) through the porous membrane. The solutions from which the cations 
are enriched is fed into Compartment n ( ~ ) .  

Cathode and anode are Pt plates. The anolyte is 0.1 mol/dm3 NaSO, 
solution and the catholyte is 0.1 mol/dm3 KC1 solution, and their 
concentrations are kept constant by circulating these solutions. Anion 
exchange membranes (Neosepta AFN, Tokuyama Soda Co.) are used to 
separate the electrode compartments from the cell Compartments 0 and 
n. Cation-exchange membranes (Nation) are used to be able to control 
the separation process more effectively. The first cation-exchange 
membrane (CI) enables the determination of the sum of cationic fluxes 
since the total concentration in Compartment 0 is fixed by the electric 
current and by V( With knowledge of p, the sum of these fluxes can be 
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COUNTERCURRENT ELECTROLYSIS 1095 

Vf 
I I 

V" 
FIG. 2. Schematic drawing of the cell. For details, see the text. 

determined. The second cation-exchange membrane (C2) governs the 
concentrations in the output stream + because of the electrodialytic 
nature of Compa-itment n. 

A potentiostat (PAR 173) is used to control the electric current through 
the membranes. 

ANALYSIS 

The cations were analyzed both by flame photometry and by AAS. The 
potentiometric titration of the common anion was used to check the 
results of flame photometry and AAS. 

MEASUREMENTS 

The experiments were carried out in the ternary system NaCl-KCl- 
H,O. The total concentration of the feeding solution (v") was 0.2 mol/dm3 
and the concentration ratio was unity i.e., cK+/cNa+ = 1. In four of the 
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1096 KONTTURI AND PAJARI 

experiments the convection and electric current were kept constant and 
the number of membranes was varied from 1 to 4. The electric current 
was calculated and set at have such a value that the total concentration in 
the outflow stream (p) was about lo-* mol/dm3. A set of experiments 
employing one membrane but at higher convections was carried out to 
elucidate that the increase of convection has a much more advantageous 
effect on separation than making the membrane thicker. These experi- 
ments were equivalent to those in which the membrane was thicker in the 
sense that the sum of the cationic fluxes and the dimensionless 
convections were the same (compare with Tables 1 and 2). 

The system was deduced to have reached the stationary state when the 
concentrations in the outflow stream V remained unchanged. Depend- 
ing on the number of membranes, the time required to reach stationary 
state varied from several hours to several days. 

RESULTS 

The results obtained in the ternary system NaCI-KCl-H,O are shown 
graphically in Fig. 3 .  Table 3 lists the results in dimensionless form. The 
functional dependence of the selectivity ratio on the membrane thickness 
and on convection resembles the computed behavior in Fig. 1. As can be 
seen, the separation efficiency is better when the convection is increased 
than if the membrane is made thicker. This experimental behavior again 
indicates the validity of the theoretical model used. We tried to explain 
the results obtained by using a theoretical model based on the Nernst- 
Planck equations and on mass balances. This theoretical model was not 
able to predict the experimental results. The deviation from theoretical 
behavior was especially significant when separation is weak. Experi- 
mentally and theoretically, we were able to show that this deviation was 
mainly due to the cation-exchange membranes C1 and C2. Furthermore, 
we have shown that the mobilities of sodium and potassium ions are 
almost equal in the cation-exchange membrane (9.10). However, because 
of the polarization phenomenon on the surface of ion-exchange mem- 
branes, quite large separations can be obtained due to the diffusion 
process taking place in the polarization layer. The effect of this layer will 
be considered later on, since this effect is of minor interest in the present 
study. 

As mentioned earlier, the time needed to reach a stationary state is 
relatively long when the membrane is thick. In practice, this means that 
disturbances in feeding increase the duration of the process. The effect of 
membrane thickness on the time required to reach a stationary state will 
be studied in a subsequent paper (11). 
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1gs 

2 

1 

a) 

I I I 
I I I > d i m e n s i o n l e s s  

1 0  2 0  3 0  c o n v e c t i o n  

FIG. 3. Experimentally obtained relationships between the logarithm of the selectivity ratio 
and the convection and the number of membranes when the sum of the cationic fluxes is 

constant. a) lg S vs convection. b) lg S vs the number of membranes. 

'The filter-press type cell construction worked well in the measurements 
described in this paper. 

CONCLUSIONS 

In countercurrent electrolysis in a thin, porous membrane, thickening 
of the porous membrane increases the separation efficiency considerably. 
In the case of zero cationic fluxes, a closed form solution of the 
exponential type (cf. Eq. 5 )  is obtained. Even though a stationary state is 
reached much slower when the membrane is made thicker and the 
separation efficiency is worse than in the case where the convection is 
increased, the system's advantage is a smaller consumption of electric 
power. 
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Studies of a new kind of system in which the porous membranes are 
connected in series with the aid of ion-exchange membranes are in 
progress. 
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