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Summary 

An experimental investigation of electroosmosis and streaming potential in hetero- 
geneous ion-exchange membranes, made of a mixture of Amberlite IR resin and Teflon 
as a binder, is presented. The effects of resin content, thickness and compactness of the 
membrane, as well as of degree of crosslinking of the resin, on the physical and electro- 
kinetic properties of the membrane have been examined. The results were analyzed by 
the thermodynamic theory of irreversible processes and the electrokinetic coefficients 
were calculated The phenomenological relationship between streaming potential and 
applied pressure difference was always found to be linear The electroosmotic flux 
dependence on electrical potential was found to be linear below a certain value of the 
electrical potential, which depends on the structural characteristics of the membrane. 

Introduction 

Ion-exchange membranes are of considerable interest from the theoretical 
point of view, since they provide a simple model for biological membranes, 
but they are also of interest for their technological applications, particularly iI 
electrically driven membrane separation processes such as electrodialysis [I). 

In fundamental studies, it seems that heterogeneous ion-exchange mem- 
branes have advantages over their homogeneous counterparts [2]. Indeed, 
the former offer more possibilities in the choice of materials, as well as in the 
study of the effect of some intrinsical geometric characteristics on their 
properties [3]. However, it must be pointed out that the two-phase structure 
presents specific problems that are not encountered in the homogeneous 
membranes. Poly(tetrafluoroethylene), or Teflon, has recently been found 
adequate for usage as a matrix in heterogeneous ion exchange membranes of 
high chemical stability [4] . This type of material can also be used advanta- 
geously as a binder, since it confers adequate mechanical strength to a mem- 
brane, without the necessity of applying high temperatures which could 
affect the resin. On the other hand, the electrokinetic properties of such a 

*Part of this paper was presented as a communication at the Symposium on Membranes 
and Membrane Processes, May 19-22, 1982, Perugia, Italy. 
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type of heterogeneous membrane have not yet been sufficiently investigated, 
and this would be of a great interest in the characterization of the transport 
properties of these systems. 

Indeed, when transport implies simultaneous flows of matter and electrici- 
ty, electrokinetic phenomena can be properly used to gain information on 
electrical properties at the membrane matrix-permeant interface. Thermo- 
dynamics of irreversible processes provides, then, a fruitful theory t,o discuss 
such coupled processes. The determination of phenomenological coefficients 
is considered as the major step in the kinetic study of highly charged porous 
media, since fluxes in all transport processes can be calculated from them, 
provided that the forces are known [5]. 

Relatively little work exists on streaming potentials of ion exchange mem- 
branes, whereas electroosmosis has been very extensively investigated [t;] I In 
any case, there is some controversy on the relationships between electro- 
kinetic fluxes and forces, so that complex nonlinear relations between streaming 
potential and streaming pressure have been reported in the literature [7]. 

Briefly, the purpose of the present work is to obtain information on the 
electrokinetic behavior of heterogeneous cation-exchange membranes of the 
Amberlite type, using powdered Teflon as binder. Streaming potential and 
electroosmosis measurements were conducted with such membranes, and the 
effects of membrane composition (relative amount of resin and binder), 
membrane thickness, and compactness and crosslinking of the membrane on 
the electrokinetic behavior of the system were discussed. 

Materials and methods 

Ion-exchange resins, Amberlite IR-120, IR-112 and IR-122, H+-form, were 
employed throughout the work. The main characteristics of these ion ex- 
change resins are, respectively: functional group, -SO;; exchange capacity, 

TABLE 1 

Geometric characteristics of the membranes used 

Membrane Teflon content Compactness Divinylbenzene Thickness 
number by weight (%) (kp/cm’) (%) (cm) 

1 75 176.9 8 0.90 
2 62.5 176.9 8 1.00 
3 50 176.9 8 0.98 
4 37.5 176.9 8 0.98 
5 50 176.9 8 0.51 
6 50 176.9 8 1.50 
7 50 75.8 8 1.04 
8 50 252.7 8 1.90 
9 50 176.9 10 0.92 

.O 50 176.9 4 1.10 



221 

1.9,1.5 and 2.1 eq/l; moisture content, 44- 48%, 56- 60% and 40- 44%; and 
degree of divinylbenzene, 8,4, and 10%. 

Teflon-6, Serva Feinbiochemical, with particles in the size range 250-400 
pm, was used as binder. Plugs with different ratios resin--Teflon, as well as 
with different thickness, were made by mechanical compression of a mixture 
of resin and binder, contained in a glass cell similar to that previously describ- 
ed [8]. Membranes of different compactness were obtained by applying 
different pressures on the plug. The geometric characteristics are given in 
Table 1. The membranes were equilibrated in 1 M hydrochloric acid for over 
24 hours, to assure the H’ form, and then washed with deionized water until 
the rinse water was neutral and free from any chloride presence. Before use, 
the membranes were always equilibrated with the permeant for at least one 
week. Deionized water was used as permeant, its specific conductivity being 
of the order of 10e6 SL -‘-cm-‘. 

The water content of the membrane was determined by the usual method 
described by Helfferich [9]. The fractional void volume of the membrane, or 
porosity, E, was calculated from the relationship: 

e = (w, - Wd)/A 1 Pw (1) 

where pw is the water density; A and 1 the surface area and length of the wet 
membrane, respectively; and W, and Wd are, respectively, the weights of wet 
and dried membrane. 

The experimental devices and procedures for hydrodynamic permeability 
and streaming potential measurements were the same as those described 
earlier [8, lo]. The streaming potential measurement procedure allowed us 
to measure in both directions of flow. This enabled us to get information on 
the isotropic character of the membrane; non-isotropic membranes were al- 
ways discarded. The experimental set-up for electroosmosis measurement is 
described in detail elsewhere [8]. The interruption technique described by 
Lakshminarayanaiah [ll] was followed in the determination of electroosmotic 
flux. 

The resistance of the membrane equilibrated with liquid permeant and the 
specific conductance of the permeant were both measured with a Philips 
conductivity bridge at 50 Hz. All experiments were carried out in an air 
thermostat maintained at (20.0 ? 0.5) “C. 

Results and discussion 

Water content, porosity and electrical conductance 
In Table 2 are shown the water content, porosity and electrical conductivity 

of membranes with the different structural characteristics considered in this 
work. It can be seen that both water content and porosity of the membrane 
decrease as binder content and degree of crosslinking of the resin increase. 
The results are consistent with those of Lakshminarayanaiah [12, 131 on 
water content of ion exchange membranes. They would, according to this 



228 

TABLE 2 

Physical properties of the membranes used 

Membrane Water content 
number (g/g wet membrane) 

1 19.6 0.21 3.7 0.31 
2 26.5 0.29 2.0 7.52 
3 33.1 0.38 1.8 29.3 
4 40.0 0.45 1.9 95.4 
5 33.3 0.37 2.8 7.9 
6 32.5 0.36 1.6 24.1 
7 36.7 0.42 3.0 19.5 
8 28.2 0.31 1.0 52.6 
9 31.2 0.36 1.6 18.6 

10 46.1 0.54 1.1 76.1 

Porosity Average Specific 
pore radius conductivity 
(X lo4 cm) (X lo6 a -‘-cm-‘) 

author, be mainly determined by both the ratio resin-binder in the mem- 
brane and the degree of crosslinking. 

On the other hand, as pointed out by Gregor [14], when a heterogeneous 
membrane is immersed in water or electrolyte solution, two pathways for ion 
and water transport are possible: the first, of high selectivity, low water 
permeability and high electrical conductance, is through bhe resin granules and 
their points of contact; the second is through the liquid film of water between 
the hydrophilic resin particles and the surrounding hydrophobic matrix, and 
is of comparatively high ohmic resistance, zero selectivity and high water 
permeability. Thus, membranes with low values of porosity and swelling are 
expected [15] to transport current mainly through the exchange sites, these 
forming the pathway of high selectivity, An inverse relationship, therefore, 
should exist between the selectivity of a membrane and its swelling properties” 
The results of Table 2 on water content and porosity allow us to classify the 
membranes considered in this work according to their ion transport selectivity. 
Thus, a selectivity in the order membrane no. 8 > 3 > 7 can be established for 
the membranes with different compactness, and a selectivity in the order mem- 
brane no. 9 > 3 > 10 for membranes with different degrees of crosslinking. 

In Table 2, a decreasing trend in the electrical conductivity of the membrane 
can also be observed when both Teflon content and degree of crosslinking of 
the resin are increased. This is consistent with the variations of water content 
and porosity of the membrane which take place in such cases. Similar trends 
were obtained by Hale and McCauley [2] with membranes of different resin 
content and degree of crosslinking, On the other hand, an increase of the 
membrane compactness yields higher values for its electrical conductivity 
(see Table 2). In this case, the loss of water associated with the compression 
of the membrane is the reason of the above behavior. 
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TABLE 3 

Zeta potential, hydrodynamic permeability and electrokinetic coefficients of the mem- 
branes used 

Membrane L,, x 10” L,, x 10” 
number (mS-N-‘-set-‘) (m3-V’-set-‘) 

1 0.82 1.9 1.8 16.4 
2 2.81 6.7 6.8 15.7 
3 6.16 8.4 7.5 14.9 
4 17.3 22.1 22.4 10.7 
5 15.1 11.7 11.2 9.0 
6 2.4 4.0 4.0 8.3 
7 13.6 7.1 7.2 10.9 
8 3.9 10.2 9.5 28.4 
9 2.9 3.0 3.0 2.9 

10 15.1 26.2 25.8 26.2 

Hydrodynamic permeability, streaming potential and electroosmotic flux: 
influence of the structural parameters 

When simultaneous transport of liquid and electricity takes place, the 
linear phenomenological equations: 

J= LllAP + LIzA@ 

I= Lzl AP + LzzA@ 
(2) 

have been found adequate to describe the experimental results for both stream- 
ing potential for the complete range of applied pressures (up to 30 cmHg were 
used in this work), and electroosmotic flux. J and I are, respectively, the 
total volume flux and the electric current due to both hydrostatic pressure 
difference, AP, and electric potential difference, A@. L& are called the 
electrokinetic coefficients; the coefficients L,l and L12 characterize hydro- 
dynamic and electroosmotic flow, respectively, through the membranes; La1 
represents the streaming current originated by the application of a pressure 
difference; and Lzz is the electrical conductance of the membrane. These co- 
efficients have been determined in a way similar to that previously described 
IS, 161. 

Table 3 shows values of LI1, L,, and Lzl, obtained for the different mem- 
branes. The hydrodynamic flow was always found to be linearly dependent 
on the pressure difference, AP, and independent of the direction of the flow. 
So, the ion exchange membranes are isotropic and therefore the hydrodynamic 
permeability, L1 I , has a scalar character. On the other hand, if we consider 
our system as a simple array of n parallel capillaries, it can be shown [I’71 
that 

J, = (nnT4/8v1)AP 
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where F is the average pore radius of the capillary of length 1, and r) is the 
absolute viscosity of the permeant. Comparison between eqns. (2) and (3) 
leads to: 

Lll = nnF4/8ql (4) 

From the data of Table 3, it appears that the coefficient Lll has a tendency 
to increase as the thickness of the membrane decreases. It coincides with 
that expected from eqn. (4). The effect of the Teflon content in the mem- 
brane on the coefficient Lll is that it tends to decrease as the percentage of 
Teflon increases. According to eqn. (4), this must be due to a decrease in the 
effective number of channels of the membrane. In fact, as can be observed 
in Table 2, the equivalent pore radii, 7, estimated by means of the equation: 

r = (817XL,1/L22)“2 (5) 

(where h is the specific conductivity of the permeant), are nearly constant 
and independent of the Teflon content of the membrane. The hydrodynamic 
permeability also decreases as the compactness of the plug increases, as it is 
obvious from the diminution of the porosity due to the compression of the 

plug. 
When the membranes are used with ion exchange resins of different degrees 

of crosslinking, the coefficient Lll presents a diminution as the divmylbenzene 
percentage increases. This result is in agreement with the swellmg properties 
of the resins [9], i.e., the lower the crosslinking, the higher the swelling de- 
gree, and hence the higher the water content and porosity. 

Fig. 1. Streaming potential, ( A @ &, dependence on applied pressure difference (AP) for 
membranes with different relative content of Teflon: o - 75%;0 - 62.5%, o -~ 50%, 
0 - 37.5%. 
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In Fig, 1, plots of the streaming potential, (A@)),, against AP, are shown 
for membranes composed of different ratios resin- binder. Linear depen- 
dences between (A@)),, and ,\P have also been found for the complete range 
of applied pressures (up to 30 cmHg), with the membranes of different con- 
formations considered throughout this work. From the slope of such rela- 
tionships, the coefficients L ?1 were evaluated as described in ref. ]8], and 
they are shown in Table 3. The streaming potentials were always found to be 
independent of flow direction, thus the membranes had an isotropic character 
and, therefore, the coefficients Lzl are scalars. 

A similar pattern of behavior was obtained by Trivijitkasem et al. [IR] 
with homogeneous and heterogeneous ion exchange membranes in different 
electrolyte solutions, with applied pressures of up to 60 cmHg. Demish et al. 
[19] obtained linear dependencies between A@ and AP with asymmetric 
cellulose acetate membranes and pressures up to 1.6 atm. However, Rastogi 
et al. [6] obtained nonlinear relations and sign reversals for the methanol- 
water/Zeokarb 225 system, with pressures up to 9 cm permeant. This 
was explained by the alteration in characteristics of the double layer pro- 
duced by the pressure changes. On the other hand, Hidalgo-Alvarez et al. [20] 
obtained non-linear relations between (A@ )I=,, and AP, employing weakly- 
charged membranes, and explained their results by a transition from laminar 
to turbulent flow. We have found, however, that turbulence does not appear 
in the experimental conditions used in this work, and the linearity obtained 
between (A@),, and AP implies that the electric double layer properties are 
not affected by the variations of pressure involved in the streaming potential 
experiments. 

The effect of the structural characteristics of the membranes on the co- 
efficient Lzl is shown in Table 3. The average pore radii of the membranes, 
estimated by eqn. (5), were of the order of 10m4 cm (Table 2), which is much 
greater than the thickness of the electric double layer in our experimental 
conditions. Hence, for the present case, the double layer model is adequate 
to study the electrokinetic behavior of these systems. According to the 
classical theory of electrokinetic phenomena [22] : 

Lzl = nDF2{/4vE (fi) 

where D is the dielectric constant of the permeant and < is the zeta potential; 
the other symbols are as above. If we assume 77 and D to have the same values 
in the pores as in the liquid bulk, the variations of L,, with composition of 
the membrane can be discussed, according to eqn. (6), in terms of the modifi- 
cations of the porosity and the zeta potential. From results of Table 3 it 
seems that the increasing trend of porosity prevails on the slightly decreasing 
trend of zeta potential. Thus, heterogeneous membranes with a higher 
percentage of resin show the most intense electrokinetic properties. The in. 
verse dependence of Lzl with membrane thickness, shown in Table 3, is in 
accordance with the theoretical predictions of eqn. (6). The effect of an in- 
creasing compression of the membrane (see membranes 7, 3, and 8 in Tables 
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2 and 3) is a slight increase of coefficient &i, which is mainly determined 
by the increase of zeta potential. Finally, it can also be observed in Table 3 
that the value of coefficient Lzl increases when resins with lower degrees of 
crosslinking are used. Usually, the effect of crosslinking on electrokinetic 
properties of membranes has been studied by means of electroosmosis mea- 
surements. Our experimental data, obtained with streaming potential meth- 
ods, were found to agree with the electroosmotic data of Lakshminarayanaiah 
[13] and Hale et al. [2]. Electroosmotic experiments, however, can be used 
as a complementary test on the validity of streaming potential measurements. 
In fact, if Onsager’s reciprocity relation is verified, an equivalence between 
the conclusions obtained with either the electroosmotic or the streaming 
methods would exist. So, according to the particular experimental conditions, 
either the former or the latter method could be preferred. 

In Table 3 it can be observed that the coefficients L,, and LIZ verify, 
within experimental error, the Onsager reciprocal relation. Hence, the depen- 
dence of the electroosmotic coefficient, L,, ) on the structural character- 
istics of the membrane can be explained in the same terms as those used with 

I-91. Figures 2-5 show electroosmotic flow rate, (Jv)aP=o, against Aa for the 
different membranes considered here. Linear dependencies were obtained be- 
tween (JV)aP=O and A@ below a certain value of electrical potential, which 
depends on the structural characteristics of the membrane. This value is 
greater in membranes with high Teflon content, although there is no clear 
dependence with the other characteristics considered here, Deviations from 
linearity, observed in the upper zone of electrical potential, were also found 
by Tombalakian [22], in using homogeneous ion exchange membranes. This 
type of phenomenon, the so-called Bethe-Toropoff effect [24] is due to con- 
centration polarization at the region of the solution/membrane interface, 

Fig. 2. Volume flux dependence on electric potential difference for membranes with 
different relative content of Teflon: 0 - 62.5%; o - 50%; l - 37.5%. 
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Fig. 3. Volume flux dependence on electric potential difference for membranes with 
different thickness: X - 0.50 cm; 0 - 0.98 cm; l - 1.50 cm. 

Fig. 4. Volume flux dependence on electric potential difference for membranes with 
different compactness: l - 252.7 kp/cma; o - 176.9 kp/cm*; x - 75.8 kp/cm’. 

Fig. 5. Volume flux dependence on electric potential difference for membranes with 
different percentage of divinylbenzene: x - 4%; o - 8%; l - 10%. 

provided that high enough current densities are employed. When very dilute 
solutions, or water, are used as permeants, nonlinearity appears at low values 
of current density, thus making it impossible to determine the electroosmotic 
coefficients accurately. In these experimental conditions, however, streaming 
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potential measurements are the most accurate way of determining the electro- 
kinetic cross-coefficients, as has been already indicated by Brun and Vaula 

[251. 
In short, the heterogeneous ion exchange membranes of the Amberlite type, 

made with Teflon as binder, exhibit electrokinetic properties which depend 
on the geometric parameters of the membrane, as well as on the specific 
properties of the resin. Thus, when Teflon is used as binder it gives adequate 
mechanical strength to the membrane, without the necessity of applying high 
temperatures which could affect the properties of the resin Moreover, this 
material gives high chemical stability to the membrane, making it useful when 
used in corrosive environments, such as some electrolytic cells. 

It has been found in this work that the coupling between flows of matter 
and electricity is higher as the percentage of resin and the compactness of 
the membrane increase, and membrane thickness and degree of erosslinking 
of the resin decrease. 
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