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A new method for evaluating highly selective ion exchange membranes is devised, which is competitive with the
counter-ion transport number determination method. It is based on the evaluation of a strong electrolyte leakage
through a membrane. This study uses a CM2 polystyrene and divinylbenzene sulfonated cation exchange
membrane, separating two solutions, one containing the electrolyte at a given concentration and the otherC0
permuted water. The electrolyte di†uses under its concentration gradient and induces an increase of the
conductivity in the diluted compartment, allowing the determination of its Ñux. This new method is shown to
be reliable and sufficiently accurate over a large concentration range. The bilogarithmic variation of the Ñux versus
the concentration, for the KCl mol system, shows the existence of three linear(10~2O C0 O 4 L~1)/CM2/H2O
sections, each one corresponding to a di†usion state. The concentration range 10~1È2 mol L~1 seems to be the
most interesting one for experimental and theoretical studies of the di†usion phenomenon of a strong electrolyte
through an ion exchange membrane. In this domain the concentration is high enough that the proton contribution
to the measured values of the conductivity can be neglected and sufficiently low that the osmosis Ñux, which would
slow down the electrolyte as it di†uses, is not important.

Une nouvelle me� thode simple dÏe� valuation des performances des membranes e� changeuses dÏions (MEI) fortement
se� lectives est propose� e. Cette me� thode est concurrentielle à celle de la de� termination du nombre de transport du
contre-ion. Elle est base� e sur lÏe� valuation de la fuite dÏun e� lectrolyte fort à travers une membrane (dans cette e� tude,
nous avons utilise� une membrane sulfonique e� changeuse de cation, CM2) se� parant deux solutions, lÏune contenant
cet e� lectrolyte à la concentration et lÏautre initialement de lÏeau permute� e. LÏe� lectrolyte di†use alors sous lÏe†etC0
de son gradient de concentration et fait augmenter la conductivite� du compartiment dilue� , laquelle nous permet de
de� terminer son Ñux. Nous avons montre� que cette nouvelle me� thode est suü re et suffisamment pre� cise sur une large
gamme de concentrations. La variation bilogarithmique du Ñux en fonction de la concentration pour le système
KCl mol montre lÏexistence de trois domaines line� aires dont chacun correspond à(10~2O C0 O 4 L~1)/CM2/H2O
un re� gime de di†usion. La gamme de concentrations 10~1È2 mol L~1 semble eü tre la plus inte� ressante pour les
e� tudes expe� rimentales et the� oriques du phe� nomène de di†usion dÏun e� lectrolyte fort à travers une MEI. Dans ce
domaine la concentration est suffisamment e� leve� e pour pouvoir ne� gliger la contribution des protons aux valeurs
mesure� es de la conductivite� et suffisamment faible pour ne pas ge� ne� rer un important Ñux osmotique qui ralentit
lÏe� lectrolyte lors de sa di†usion.

Nowadays, ion exchange membranes (IEM) Ðnd their prin-
cipal applications in many processes like dialysis, electro-
dialysis, electro-electrodialysis, fuel cells. . . . In electro-
membrane processes, the membrane conductivity measure-
ment is necessary to determine the order of magnitude of the
ohmic drop on which depend the energetic performances.
Nevertheless, this parameter only is not sufficient to choose
the best ion exchange membrane for a given application.
Indeed, the membrane must have not only a high conductance
but also a very good selectivity towards counter-ions vs. co-
ions. That means that for electromembrane processes and
those appealing to more than one counter-ion, the used mem-
brane must minimize the co-ion Ñuxes and maximize the
counter-ion Ñuxes. Thus, the membrane selectivity is the
ability of this membrane to favour the counter-ion trans-
membrane transfer over the co-ion one.

Estimation of the last criterion, selectivity, is generally
carried out by determining the counter-ion transport number.
For recent membranes, we have shown in a previous paper1
that the former technique is no longer adapted because the

transport number values often range between 0.95 and 1.00.
Because of the restricted variation of this parameter and of the
low accuracy on its determination (in the best case ^0.005), it
is impossible to get a reliable classiÐcation of ion-exchange
membranes according to their selectivity. Additionally, the
transport number determination requires a relatively complex
instrumental set-up, not available to all membrane users.

In this paper, we propose a simple dialysis experiment to
characterize the type of ion exchange membranes under study.
This new and competitive method for evaluating the selec-
tivity of highly selective IEMs is proposed to replace the
transport number determination method. Our method is
based on the measurement of a strong electrolyte leakage
through a highly selective cation exchange membrane (CEM)
when it separates two solutions, one initially containing a
strong electrolyte at a given concentration and the other per-
muted water. In this system, the electrolyte di†uses through
the membrane under its concentration gradient. The literature
on this phenomenon is very extensive, but we must emphasize
that if another gradient, of pressure or electrical potential, is
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applied to the membrane,2h5 the transfer under the concentra-
tion gradient is not generally taken into account.

Thus, our main goal in this paper is to determine the con-
centration domain allowing reliable, fast and reproducible
measurements of the transmembrane electrolyte Ñux and for
which the number of factors inÑuencing this Ñux is reduced to
minimum.

Theory
The study of the strong electrolyte leakage through an IEM
allows us not only to evaluate its selectivity with the aim of
optimizing its choice for a given application, but also to verify
some transfer equations, in order better to understand the dif-
fusion process. Many authors6h9 have derived equations for
the di†usion Ñux, such as in the case of the gel model and
complete membrane control, using simplifying assumptions
and FickÏs law or the NernstÈPlanck equation.

Fig. 1 schematicizes the system AY under(C0)/CEM/H2Ostudy, with the initial experimental conditions. Here, the
upstream compartment initially contains a concentrated elec-
trolyte solution and the downstream compartment, permuted
water ; but just after the beginning of the experiment it will
contain the electrolyte in low concentration, thus it is called
the “diluted compartment Ï.
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For a 1 : 1 electrolyte, A`Y~, the NernstÈPlanck equation
applied to the counter-ion and to the co-ion, in the case of
complete membrane control of the di†usion process, gives :
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where is the di†usion coefficient of species i in the mem-D
ibrane and is given by the NernstÈEinstein relation : D

i
\

The symbols with a bar refer to the membrane phase.RT u
i
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Fig. 1 Initial experimental conditions.

The null electric current is given by :

JA`
[ JY~ \ 0 (5)

and the electroneutrality condition in a cation exchange mem-
brane gives the relation :

CA`
\ CY~ ] X (6)

where is the concentration of Ðxed charges in the mem-X
brane.

The swelling is assumed to be uniform and constant, what-
ever the equilibrating solution concentration may be, so that :

dCA`
\ dCY~ (7)

Eliminating the electric potential term from eqns. (3) and (4)
we obtain :
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In a typical ion exchange membrane and at moderate and
low concentrations, the Ðxed charges concentration, is highX,
enough to imply a complete exclusion of the electrolyte from
the membrane. In this case, it is possible to neglect the co-ion
concentrations relative to the counter-ion ones so that :

J \ [DY~
dCY~
dx

(9)

Integrating between both sides of the membrane, we obtain :

J \ [
DY~
d

(CY(d)~
[ CY(0)~

) (10)

This equation shows that J depends only on the co-ion di†u-
sion coefficient, and on its concentration in the mem-DY~ ,
brane. The di†usion process is then controlled by the co-ion,
for which the internal concentration is difficult to quantify.
This is why Hel†erich7 expressed this concentration as a func-
tion of the external one, C, through DonnanÏs relation :

CY~ \
C2

XKsel
(11)

where is the selectivity coefficient, assumed to be constantKselby Donnan. This equation is only an approximation, valid in
the limit of good co-ion exclusion : X/C0 @ 1.

In this case, the internal co-ion concentration on the side of
the diluted compartment, is negligible compared to thatCY~ ,
on the other side, In addition, the membranes in thisCY(0)~

.
study are highly selective so that the overall matter Ñux is too
small to modify the initial concentration value in the(C0)upstream compartment. So the Ñux equation is given by :

J \ JA`
\ JY~ \

DY~
d

CY(0)~
\

DY~
d

C02
XKsel

(12)

This equation, also called the Hel†erich equation for a strong
electrolyte di†usion, shows a linear relationship between the
logarithm of J and the logarithm of with a slope of 2, overC0the whole concentration range for which the approximations
inherent in this result are valid.

The various studies in this Ðeld are usually carried out for
mol L~1. Hence the concentration domainC0 P 0.1 C0 O 0.1

mol L~1 has never been dealt with, neither experimentally nor
theoretically. To generalize our method, we have decided to
perform our study over a large concentration range, from
10~2 to 4 mol L~1.

Experimental
In this part, we describe our continuous method for evalu-
ating the leakage of a strong electrolyte (ACl) through an IEM
separating a concentrated solution from permuted water.
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Table 1 Characteristics of the CM2 membrane

Dry membrane weight/g 0.151
Humid membrane weight/g 0.191
Exchange capacity/equiv L~1 2.1
Swelling rate/% 21
Thickness/lm 135
Density D2030 1.26

We chose to work with a polystyrene and divinylbenzene
sulfonated cation exchange membrane (CM2) provided by
Tokuyama Soda (Japan). Before making any measurements,
the CM2 has been treated in order to stabilize its physico-
chemical properties and to eliminate the eventual impurities
resulting from its elaboration. The French standards9 have
been adopted to achieve this treatment, via a succession of
two exchange cycles, and to measure the main characteristics
of the membrane. The results are reported in Table 1.

The experimental device used to measure the electrolyte Ñux
is shown in Fig. 2. The cell itself has been well-described by
Dammak et al.10 To follow the evolution of the concentration
in the diluted compartment, we chose a conductimetric
method, which presents the advantages of being continuous
and very accurate if the conductivity sensor is suitably cali-
brated, for example, by determining daily the calibration con-
stant of the sensor with a reference solution. This method
needs also a high temperature stability. Hence the cell, stand,
magnetic stirrers and solution Ñasks are placed in a thermo-
regulated water bath at 25.0^ 0.1 ¡C. The solution circulation
is achieved through a peristaltic pump, Ðtted with a pair of
similar heads and a speed variator. The stirring rate in each
compartment is locked at 900^ 10 rpm, using watertight
magnetic stirrers. Magnetic stirring stars reduce the thickness
of the di†usion boundary layers on both sides of the mem-
brane at 40 lm.11

The membrane sample is immersed for 12 h in 250 mL of a
concentration KCl solution (all solutions are preparedC0with permuted water whose conductivity is in the range of 1.4

to 2.5 lS cm~1). After a fast rinse with permuted water, the
membrane is sandwiched between the two compartments of
the cell and locked in a stand centring it with respect to the
two stirrers. Once assembled, the cell is symmetrical with

Fig. 2 Experimental device.

Table 2 Required times for di†erent concentrations

Concentration/mol L~1 Experimental time/h

1È6 ] 10~2 100
10~1 30
0.3 5
0.6È4 3

respect to the membrane. Before an experiment, the concen-
trated compartment is Ðlled with a given KCl solution and the
diluted one with permuted water. Possible air bubbles in the
cell are carefully eliminated.

The concentration calculation from a conductivity measure-
ment requires the exact knowledge of the diluted com-
partment volume. To avoid the determination of this volume
for each experiment, we pasted an adhesive ring on the sensor
stem, which serves to Ðx the electrode length penetrating the
measurement cell. Thus, before each experiment, this ring is
maintained in contact with the cap of the stuffing box that
assures the watertightness of the cell. The error on this length
is equal to one screw step of the stuffing box : 1 mm. Thus, the
volume of the dilute compartment is reproducible to within
0.1 mL and the conductivity sensor position (Tacussel XE 120)
is always the same in the downstream compartment. Con-
nected to a conductimeter (Tacussel CD 78), it allows the con-
ductivity vs. time recording.

At the inlet of the diluted compartment, a three-way stop-
cock deviates the pure water circulation during a measure-
ment. Its duration depends on the concentration, from 3 h at
high concentrations to 100 h at low concentrations (Table 2).
These periods are selected in order to obtain near-stationary
states.

Results and discussion
We report in Fig. 3, the variation of the conductivity, vs. time,
for two limiting cases ; one in the low concentration range
[system: KCl (3] 10~2 mol and the otherL~1)/CM2/H2O],
in the high concentration range [system: KCl (2 mol
L~1)/CM2/H2O].

Fig. 3 (a) Conductivity vs. time for the system KCl (3] 10~2 mol
(b) Conductivity vs. time for the system KCl (2 molL~1)/CM2/H2O.

L~1)/CM2/H2O.
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The low concentration range [Fig. 3(a)] shows two di†erent
domains. In the Ðrst one (Zone 1), the variation of the conduc-
tivity vs. time is not linear, as it is in the second one (Zone 2),
which appears to be a steady state. This second zone is used
to calculate the Ñux, J. At high concentrations [Fig. 3(b)], we
observe that the steady state is reached from the begining of
the experiment.

The slope of the linear part of a curve is converted into a
variation of concentration vs. time through a conductivity-
concentration calibration curve. Given the real concentrations
in the downstream compartment mol L~1 in all(C1 O 10~3
cases), the conductivity varies linearly with the concentration :

j \ kC1 (13)

where is the concentration in the diluted compartmentC1(mol m~3) and k the standardization constant (S m2 mol~1)
Therefore :

*C1
*t

\
1

k
*j
*t

(14)

Knowledge of the diluted compartment volume, and theV1,membrane area in contact with the two solutions, S, allows
the calculation of the transferred electrolyte Ñux, J :

J \
V1*C1
S*t

\
V1*j
Sk*t

(15)

In our case, m3 and S \ 4.5] 10~4 m2.V1\ 23.4 ] 10~6
From a reproducibility study, it appears that J can be mea-

sured with a good accuracy for each concentration, with
respect to the required time for an experiment. The errors on
the J values do not exceed 4% and in several cases are lower
than 1%. Taking into account the reproducibility and the sim-
plicity of the experimental setup, we consider that the electro-
lyte Ñux measurements are reliable.

In Fig. 4, we plot the logarithm of J vs. the logarithm of C0for the system KCl where varies between(C0)/CM2/H2O, C010~2 and 4 mol L~1. This curve can be divided into three
sections, noted 1, 2 and 3.

Fig. 4 Bilogarithmic variation of the electrolyte Ñux vs. the concen-
tration for the system KCl mol(10~2 OC0O 4 L~1)/CM2/H2O.

The Ðrst domain concerns concentrations varying from 1È
6 ] 10~2 mol L~1 and where the slope is equal to 0.7, a value
less than 2, predicted by theory and even less than unity, the
expected value when all occurs as in an aqueous solution. In
order to explain this ““anomaly ÏÏ, we studied the particular
case of HCl electrolyte in the concentration range 3 ] 10~3È1
mol L~1. The results are reported in Table 3.

In Fig. 5, we show the results for the systems KCl (10~2O
mol and HCl (3] 10~3C0 O 4 L~1)/CM2/H2O O C0 O 1

mol We remark that unlike theL~1)/CM2/H2O.
one, the system presents aKCl/CM2/H2O HCl/CM2/H2Obilogarithmic variation of J vs. that is linear for all concen-C0trations, with a slope equal to 1.78. Since HCl does not show

any particular behaviour in the membrane, we can expect the
bilogarithmic variation of the KCl Ñux vs. to be linear overC0the entire concentration range and the slope to have a single
value. This is not observed experimentally. So the di†erence
between slopes at low and high concentrations needs to be
explained.

Before each experiment, circulation of the solutions is per-
formed for 15 min at the rate of 8 mL min~1, so that a volume
of 120 mL of permuted water Ñows through the downstream
compartment. At the pH of the used permuted water (5.5), this
quantity contains moles of protons that aren0\ 3.8 ] 10~7
assumed to be immediately Ðxed by the CM2 exchange mem-
brane. As soon as the experiment begins (just after the insula-
tion of the downstream compartment), H` ions are released
progressively into the solution. The conductivity sensor
detects not only the KCl Ñux but also the contribution of the
H`ions. This contribution depends on the upstream concen-
tration In fact, the higher the concentration the lowerC0 . C0 ,
the H` contribution, because the KCl Ñux becomes important
enough to drag out rapidly all the H` initially accumulated in
the membrane. In the downstream solution, the K` concen-
tration becomes rapidly greater than the H` concentration.

It is possible to estimate the time *t necessary so that the
amount of H` is negligible compared to that of K` in the
downstream solution. At a given instant t, the moles of H`,n0previously calculated, are distributed between the solution,

Fig. 5 Comparison between the systems KCl and(C0)/CM2/H2OHCl (C0)/CM2/H2O.

Table 3 Flux values for the system HCl mol(3 ] 10~3 OC0O 1 L~1)/CM2/H2O

Flux/10~10 mol m~2 s~1

C0/mol L~1 Value 1 Value 2 Average Variation/%

0.003 2.67 2.70 2.68 1.30
0.01 23.46 23.49 23.47 0.13
0.03 170.4 168.9 169.6 0.88
0.1 2090 1991 2040 4.00
0.3 10 890 10 550 10 720 3.13
0.6 38 060 36 640 37 350 3.79
1 80 650 80 660 80 650 0.02
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and the membrane,nHS`
, nHm`

;

n0\ nHS`
] nHm`

(16)

If we combine this equation with that for electroneutrality, in
which we neglect the sorbed co-ions and[H`]] [K`]\X
with the following assumptions :

(i) in the downstream compartment and at *t,
[K`]\ 100 ] [H`],

(ii) an instantaneous equilibrium is established at the
membrane/downstream solution interface,

(iii) the affinity coefficient is considered to be constant and
equal to unity :12

Kaff \
[H`][K`]

[K`][H`]
B 1.00 (17)

(iv) the Ñux values at low concentrations are obtained by
extrapolating the results corresponding to high concentrations
(dashed line, Fig. 5),
we can estimate the time *t by the equation :

*t \
C0 V1
JS

(18)

Some calculation results are reported in Table 4.
We note that the lower the concentration the longer theC0 ,

time necessary for the contribution of H` to the conductivity
value to become negligible, compared to that of K`. So the
anomaly observed for low concentrations can be attributed
Ðrst to an exchange competition between H` and K` at the
level of the membrane/downstream solution interface and sec-
ondly to the fact that we previously considered the conductivi-
ty value of the solution to be imposed only by the ions K`
and Cl~. Futhermore, at low concentrations, the calculated
times *t are greater than those Ðxed for the experiments. In
the high concentrations domain, *t has the same order of
magnitude as the experimental Ñux measurement times (Table
2).

These results show that reliable Ñux measurements in the
low concentration domain are difficult to obtain because of
long experimental times, necessary to reach steady state. In
future studies of di†usion, this domain (10~2 O C0 O 6

mol L~1) will be excluded.] 10~2
The domain we will treat now is that of very high concen-

trations mol L~1), noted 3 in Fig. 4. In this(2OC0O 4
domain, we observe another di†usion state where the
bilogarithmic variation is also linear, but the slope is smaller
than the one obtained in domain 2, where varies fromC010~1 to 2 mol L~1. This observation can be explained by the
fact that for a very high solution concentration, the sorbed
electrolyte quantity in the membrane, by DonnanÏs equi-
librium, becomes signiÐcant and the membrane behaviour
evolves gradually to a solution one. The Ñux tends then to
vary linearly with and the slope on the bilogarithmic scalesC0becomes comparable to unity. Moreover, at high concentra-
tions, the osmotic Ñux, in the opposite direction to the KCl
Ñux, is no longer negligible and so may slow down sharply the
electrolyte transfer. The slope value in this very high concen-
tration domain decreases continuously. So, this domain will
be excluded too.

The third and last domain is the one where the concentra-
tion varies between 10~1 and 2 mol L~1. This is the most

Table 4 Theoretical estimation of *t

C0/mol L~1 *t/h

0.01 2350
0.1 60
1 1.7
2 0.5

interesting domain where all previous authors13h20 have
made their experimental and theoretical studies. In this zone,
the bilogarithmic variation is linear with a slope equal to 1.59.
This value is less than two, the value expected from Helf-
ferichÏs treatment [eqn. (12)]. This result is conÐrmed by many
authors.13,17,20h22

This domain is the best for the study of the transport
mechanism and for the characterization of the ion exchange
membrane selectivity. In fact, concentrations in this domain
are sufficiently high to allow the H` contribution to the
downstream solution conductivity to be neglected and not
high enough to generate an important osmotic Ñux slowing
down the electrolyte when it di†uses through the membrane.

In a future paper, we will present a detailed study of the
inÑuence of the membrane, the counter-ion and the co-ion on
the di†usion Ñux values, in order to explain the di†erence
between the experimental slopes and that predicted by the
Hel†erich treatment.

Conclusion
We present a simple and accurate method to characterize the
electrolyte leakage through a highly selective cation exchange
membrane under a concentration gradient. For a given con-
centration and di†erent membranes, the higher the electrolyte
leakage the lower the membrane selectivity. The great varia-
tion of the electrolyte Ñuxes (almost two orders of magnitude)
with concentration and/or with membrane nature, even for
recent ones, leads to an accurate classiÐcation of ion exchange
membranes with respect to their selectivity.

The determination of the electrolyte Ñux is achieved using a
conductivity sensor allowing a continuous measurement of the
electrolyte concentration in the diluted compartment. The
curve of the bilogarithmic variation of the electrolyte Ñux vs.
the concentration of the upstream solution shows an apparent
anomaly at low concentrations. E†ectively, for diluted solu-
tions, the H` contribution to the conductivity of the down-
stream solution is important. Taking into account that the
electrolyte Ñux decreases with decreasing concentration, the
experimental time must be very long before this contribution
becomes negligible. In other words, for these concentrations,
the true electrolyte Ñuxes cannot be obtained within a reason-
able experimental time.

For the domain of very high concentrations (2O C0 O 4
mol L~1), the co-ion quantity in the membrane and the
osmotic Ñuxes through this membrane are not negligible.
They must be measured and taken into account in the transfer
equations. So, the number of parameters inÑuencing the trans-
membrane electrolyte Ñux is large and they must be deter-
mined experimentally. The method will the be complex and
slow. Thus we will not consider this high concentration
domain for future studies.

However, for concentrations varying from 0.1 to 2 mol L~1,
they are sufficiently high to reduce quickly the H` contribu-
tion and sufficiently low to neglect both the co-ion quantity
absorbed by the membrane and the osmotic Ñow. So this
domain is the best to study the di†usion phenomenon through
a highly selective cation exchange membrane, because the dif-
fusion state is linear and the experimental durations are rea-
sonable. In this domain, the obtained slope is less than 2, the
value expected from Hel†erichÏs treatment. This discrepancy
between theory and experiment can be explained only by the
variation of the membrane structure, that is, the membrane
charge density or the ion di†usion coefficients, with the exter-
nal salt concentration C0 .

References
1 V. Tourreuil, N. Rossignol, G. Bulvestre and B. Auclair, Eur.

Polym. J., 1998, 34, 1415.

New J. Chem., 1999, 173È178 177



2 A. Dieye, C. Larchet, B. Auclair and C. Mar-Diop, Eur. Polym. J.,
1998, 34, 67.

3 J. Crank and G. S. Park, Di†usion in Polymers, Academic Press,
New York, 1968.

4 A. Narebska and R. Wodzki, Angew. Makromol. Chem., 1979, 80,
1207.

5 F. M. Kimmerle and R. Wodzki, Can. J. Chem., 1980, 58, 2225.
6 J. P. Brun, de par Membranes, Masson, Paris,Proce� de� s Se� paration

1989.
7 F. Hel†erich, Ion Exchange, McGraw-Hill, New York, 1962.
8 N. Lakshminarayanaiah, T ransport Phenomena in Membranes,

Academic Press, New York, 1969.
9 French standard NF X 45-200, AFNOR, Dec. 1995.

10 L. Dammak, C. Larchet, B. Auclair, V. V. Nikonenko and V. I.
Zabolotsky, Eur. Polym. J., 1996, 32, 1199.

11 L. Dammak, Ph.D. Thesis, Universite� Paris VI, Paris, 1996.
12 C. Bessie� re, L. Dammak, C. Larchet and B. Auclair, Eur. Polym. J.,

in press.
13 A. Narebska, S. Koter and W. Kujawski, J. Membr. Sci., 1985, 25,

153.

14 A. Elmidaoui, J. Molenat and C. Gavach, J. Membr. Sci., 1991, 55,
153.

15 M. Lopez, B. Kipling and H. L. Yeager, Anal. Chem., 1977, 49, 629.
16 H. Miyoshi, T. Fukumoto and T. Kataoka, Desalination, 1983, 48,

43.
17 N. P. Gnusin, N. P. Berezina, A. A. Shudrenko and O. P. Ivina,

Russ. J. Phys. Chem., 1994, 68, 506.
18 T. Daniel, W. Seidel, E. L. Sattler and G. Seibold, Ber. Busenges.

Phys. Chem., 1993, 97, 1049.
19 H. Ferguson, C. R. Gardner and R. Paterson, J. Chem. Soc. A,

1972, 2021.
20 K. Mayer and D. Woermann, J. Membr. Sci., 1997, 127, 35.
21 V. Tourreuil, Ph.D. Thesis, Universite� Paris XII, 1997.
22 W. Neubrand and G. Eigenberger, in Book of Abstracts, Progress

in Membrane Science and T echnology, Euromembrane Ï97, Dinkel-
durk, Oldenzaal, The Netherlands, 1997, p. 194.

Paper 8/09216H

178 New J. Chem., 1999, 173È178


