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The fundamental and practical importance of electrokinetic characterization of porous
membranes is now well recognized. Howe®er, not enough attention has focused on the
fact that the most practically interesting membranes ha®e a multilayer structure. Then,
standard electrokinetic methods, such as streaming potential measurement performed
through these multilayer membranes, lead to a global signal that does not necessarily
reflect the electrokinetic beha®ior of the skin layer that rules the membrane selecti®ity.

(The relati®e influence of membrane layers with different physical pore length, porosity,
) ( )pore radius and electrical zeta potential properties on the global streaming potential

arising across a two-layer membrane is studied. Each porous layer plays a role in the
streaming potential process, but in a wide range of length fraction of support layer the
skin layer contributes more than the support layer to the global signal. The contribution
of the skin layer increases as its porosity and pore radius decrease, but is little affected
by its zeta potential. Ne®ertheless, in many practical situations, the support layer is likely
to play a nonnegligible role on the global signal due to its huge thickness with respect to
the skin layer. Therefore, electrokinetic measurements performed with multilayer mem-
branes should be interpreted carefully.

Introduction
Most commercial filtration membranes are composite

membranes made with two or more different layers, and each
underlying layer has a progressively larger pore size and more
important thickness. This asymmetric structure gives the

Žmembrane its required mechanical strength which is pro-
.vided by the support layer , along with its desired separation

Ž .properties which are governed by the skin layer .
It is now well recognized that separation properties of

porous membranes do not depend only on their physical
Ž .properties including porosity and pore-size distribution but

also on their surface charge properties. All recent works
Ždealing with membrane retention Bacchin et al., 1996; Bowen

and Mohammad, 1998; Combe et al., 1997; Hagmeyer and

Correspondence concerning this article should be addressed to A. Szymczyk.

.Gimbel, 1998; Levenstein et al., 1996; Nystrom et al., 1998¨
Žor fouling phenomena Causserand et al., 1997; Nystrom et¨

.al., 1990, 1995 have underlined the role of surface interac-
tions, which modify the transport of species that would be
given by simple sieving effects.

From then on, understanding the electrokinetic mecha-
nisms occurring during the filtration of solutions containing
charged species appears to be a necessary step to predict the
filtration efficiency of membranes. To this end, many studies
have focused on the determination of membrane electroki-
netic properties by standard electrokinetic methods such as

Žstreaming potential measurement Ho et al., 1999; Nystrom,¨
1989; Pontie, 1999; Szymczyk et al., 1998a; Thomas et al.,´

.1987; Yan et al., 1993 , which has proved to be a reliable way
of determining the zeta potential of porous membranes. A
major advantage of the streaming potential method is that it
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allows the characterization of the membrane during the fil-
tration process. The classical method consists in applying a
pressure gradient through the membrane and measuring the
resulting electrical potential difference arising on both sides
of the membrane.

However, not enough attention has been paid to the inves-
tigation of the electrokinetic behavior of inhomogeneous
porous media such as charged multilayer membranes. In such
multilayer structures, each layer contributes to the global

Žstreaming potential measured across the membrane Jin and
. Ž .Sharma, 1991 . In a recent article, Szymcyzk et al. 1998b

have determined the skin layer electrokinetic properties of a
multilayer ceramic membrane by coupling streaming poten-
tial and permeation flux measurements. It was shown that
the global streaming potential measured across the multi-
layer membrane does not necessarily reflect the real proper-
ties of the skin layer, because of the nonnegligible pressure
drop occurring across the thick support layer.

The present work is an attempt to evaluate the relative
Ž .influence of physical pore length, porosity, and pore size

Ž .and electrical zeta potential parameters on the global
streaming potential arising across porous membranes consist-
ing of two layers with different properties. It aims to point
out that streaming potential measurements performed
through multilayer membranes should be carefully inter-
preted, because the support layer of such membranes is likely
to play a nonnegligible role in many practical cases.

Theory
ŽWe consider a two-layer porous structure see example de-

. Ž .scribed in Figure 1 . Each layer k is considered to be a set
of N Žk . identical straight cylindrical pores of length l Žk . and

Žk . Ž Žk . Žk ..radius a with l � a carrying an identical electrical
Žcharge. Layer 1 represents the support layer that is, the layer

.with the largest pores and layer 2 represents the skin layer.
Each pore of the support layer is assumed to be connected in
series with a given number or pores of the skin layer. We
neglect interfacial phenomena that may occur at the junction
between pores of both layers. The porosity of the support

Ž Ž1.. Ž .layer � is taken larger than or equal to that of the active
Ž Ž2..layer � . From these considerations, we can write

2Ž2. Ž2. Ž1.N � a
s 1Ž .Ž1. Ž1. Ž2.ž /N � a

It is worth mentioning that if aŽ1.saŽ2., we set N Ž1.sN Ž2.

and so, � Ž1.s� Ž2..
Let X, the length fraction of support layer, be defined as

l Ž1.
Xs 2Ž .Ž1. Ž2.l q l

We consider that the above-described membrane separates
two electrolyte solutions at the same concentration and tem-
perature, but different hydrostatic pressures and electrical
potentials. We assume that neither the skin layer nor the

Žsupport are selective to ions that is, the electrolyte concen-
.tration is the same inside both layers . According to the lin-

ear theory of irreversible processes, the governing equations
Ždescribing transport in a single pore of a layer k for suffi-

Figure 1. Possible two-layer structure.
Žk . Ža is pore radius of layer k ks1 for the support layer and

.ks 2 for the skin layer ; P is hydrostatic pressure; � is elec-
trical potential; l is membrane thickness; X is length frac-
tion of support layer.

ciently small transmembrane forces, that is, near the thermo-
.dynamic equilibrium can be expressed as follows

� P Žk . �� Žk .
Žk . Žk . Žk .q sK qK 3aŽ .11 12Žk . Žk .ž / ž /l l

� P Žk . �� Žk .
Žk . Žk . Žk .I sK qK 3bŽ .21 22Žk . Žk .ž / ž /l l

where qŽk . and I Žk . are the solvent flow and the electrical
current, respectively, and � P Žk . and �� Žk . are the hydro-
static pressure and the electrical potential differences be-
tween pore ends, respectively. K Žk . are the so-called phe-i j
nomenological coefficients coupling flows and forces. The
matrix of these coefficients is symmetric, that is, K Žk .sK Žk .

i j ji
Ž .Onsager’s theorem . Calculations presented in this work are
carried out using the expressions of phenomenological coeffi-
cients listed in the Appendix. The establishment of these in-

Žtegral expressions has been described elsewhere Syzmczyk et
.al., 1999 in the framework of a classical space charge model

Žas outlined by Osterle and coworkers Fair and Osterle, 1971;
.Gross and Osterle, 1968; Morrison and Osterle, 1965 .

According to Figure 1, the following boundary conditions
are set

P sP 4aŽ .Ž xs0. L

� s� 4bŽ .Ž xs0. L

P s P 4cŽ .Ž xs l . R

� s� 4dŽ .Ž xs l . R
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Ž .We define the global streaming potential SP as the ratiog
Ž .of the electrical potential drop ��s� y� to the hydro-L R

Ž .static pressure drop � Ps P y P across the two-layerL R
structure under zero electrical current conditions

��
SP s 5Ž .g ž /� P Is 0

Taking into account Eqs. 1�3 and applying conservation law
for solvent flow and electrical current across the membrane
leads to the following expression for global streaming poten-
tial

Ž2. Ž2.N N
Ž1. Ž1. Ž1. Ž1. Ž1. Ž2. Ž2. Ž1. Ž2. Ž2.y 1y X K K yK K y XK K K q XK K KŽ . Ž .12 21 11 22 21 12 21 21 11 22Ž1. Ž1.N N

SP s 6Ž .g Ž2. Ž2.N N
Ž1. Ž2. Ž2. Ž1. Ž1. Ž1. Ž1. Ž1. Ž2. Ž2.XK K K y y 1y X K K yK K q XK K KŽ . Ž .22 12 21 12 21 11 22 22 11 22Ž1. Ž1.N N

When Xs1, Eq. 6 reduces to

K Ž1.
21Ž1.SP sy 7Ž .Ž1.K22

where SP Ž1. represents the streaming potential across layer 1.
The above equation is concurrent with the expression of
streaming potential in the formalism of the thermodynamics
of irreversible processes for a single pore.

Ž Ž2..Similarly, the streaming potential across layer 2 SP is
obtained from Eq. 6 by setting Xs0

K Ž2.
21Ž2.SP sy 8Ž .Ž2.K22

Dividing both numerator and denominator of Eq. 6 by
XK Ž2.K Ž1., considering Eqs. 1, 7, and 8 and rearranging yields22 22

2Ž1. Ž1. Ž2.a � F
Ž1. Ž2.XSP qSP 1y XŽ .Ž2. Ž2. Ž1.ž /a � F

SP s 9Ž .g 2Ž1. Ž1. Ž2.a � F
Xq 1y XŽ .Ž2. Ž2. Ž1.ž /a � F

Žk . Ž .with F ks1 or 2

1
Žk .F s 10Ž .Žk . Žk .K K12 21

1y Žk . Žk .K K11 22

F Žk . describes electroviscous effects inside pores of layer k
Žthat is, the increase in apparent viscosity of the fluid result-
ing from the presence of electrical double layers inside pores
Ž ..Hunter, 1981 and can be viewed as the ratio of the

ŽPoiseuille flow the fluid flow in the absence of double layer
effects, that is, at the isoelectric point or at high electrolyte

.concentration to the observed fluid flow.
Ž Žk ..The hydraulic permeability of a layer Lp , made with

N Žk . identical pores of radius aŽk . and length l Žk ., can be

expressed as follows

� N Žk .aŽk .4
Žk .Lp s 11Ž .Žk . Žk .8� l F

where � is the fluid viscosity.
Considering Eqs. 1, 2, and 11, we can write for a two-layer

membrane

2Ž1. Ž1. Ž1. Ž2.Lp a 1y X � FŽ .
s 12Ž .Ž2. Ž2. Ž2. Ž1.ž / XLp a � F

Substituting the above relation into Eq. 9 gives

LpŽ1.
Ž1. Ž2.SP qSP Ž2.Lp

SP s 13Ž .g Ž1.Lp
1q Ž2.Lp

Materials and Methods
Chemicals

Electrolyte solutions are prepared from potassium chloride
of pure analytical grade and milli-Q quality water. The pH of
solutions is that of milli-Q water, being 5.60�0.05. The whole
experimental study is carried out at 25�0.5�C.

Membranes
The porous media used in this work are noncommercial

alumina membranes produced by Sintef Materials and Tech-
Ž .nology Oslo, Norway in the form of 47 mm diameter discs.

ŽThree different structures are studied see characteristics in
.Table 1 : two monolayer membranes having different pore

Žsizes the membrane with larger pores plays the role of the
support layer, and the membrane with smaller pores plays

.the role of the skin layer and a two-layer membrane made
with support and skin layer.

Table 1. Physical Characteristics of Monolayer Alumina
Membranes�

Support Layer Skin Layer

Mean pore radius 200 nm 60 nm
Porosity 26% 20%
Thickness 1 mm 1 mm

�Noncommercial membranes produced by Sintef Materials Technology
Ž .Oslo, Norway . The two-layer membrane consists of support and skin
layer with X s 0.980.
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Streaming potential measurements
The device employed for streaming potential measure-

Žments is similar to that previously described Szymczyk et al.,
.1998a . The membrane is soaked overnight in the electrolyte

solution under consideration; then, the solution is forced
through the membrane under a transmembrane pressure of 1
bar for about 8 h to equilibrate the membrane with the solu-
tion. During the experiment, both compartments separated
by the membrane are filled with the feed solution, which is
continuously recycled. The conductivity of the solution on
each side of the membrane is regularly checked. At a given
time, a pressure pulse of 1 bar is applied on one side of the
membrane. The instantaneous resulting electrical potential
difference is measured by means of AgrAgCl electrodes and
a high impedance milli-voltmeter. This electrical potential
difference is recorded so as to determine the streaming po-
tential value. All experiments are repeated three times. Pres-
sure and electrical potential differences are measured at
�0.01 bar and �0.1 mV, respectively.

Results and Discussion
Numerical calculations presented in this work have been

carried out for a range of porosities, pore sizes and zeta po-
tentials that may commonly occur in experimental investiga-
tions with filtration membranes. The electrolytic medium
considered in the strictly theoretical part of the study is a
0.001 M potassium chloride solution at a temperature T of
298 K.

Let us consider the function Y defined as follows

SP ySP Ž1.
g

Ys 14Ž .Ž2. Ž1.SP ySP

The function Y therefore represents the relative contribution
Ž .of the skin layer layer 2 to the global streaming potential

Ž .SP . It has the advantage that its range is bounded betweeng
Ž Ž1.. Ž Ž2..0 for SP sSP and 1 for SP sSP , while SP rangesg g g

from SP Ž1. to SP Ž2.. Substituting Eq. 13 into Eq. 14, Y can be
rewritten as follows

LpŽ1.

Ž2.Lp
Ys 15Ž .Ž1.Lp

1q Ž2.Lp

Thus, the relative contribution of the skin layer to the global
electrical signal depends on the hydraulic permeability ratio
between both layers, as exposed in Figure 2. Since the per-

Žmeation flux is identical through both layers conservation
.law , the hydraulic permeability ratio can be expressed as

LpŽ1. � P Ž2.

s 16Ž .Ž2. Ž1.Lp � P

where � P Ž1. and � P Ž2. are the pressure drops across support
and skin layer, respectively.

ŽThen, the greater the pressure drop that is, the driving
.force that gives rise to the streaming potential phenomenon

across a porous layer, the more this layer will contribute to
the electrical signal measured through the whole membrane.

According to Eq. 12, the hydraulic permeability ratio de-
pends on physical and electrical parameters, namely the
porosity ratio, the pore length fraction, the pore radius ratio,
and the electroviscous effect ratio. Let us now discuss the

( )Figure 2. Variation of the relative contribution Y of the skin layer to the global streaming potential vs. hydraulic
( (1) (2))permeability ratio of both layers Lp rrrrrLp .
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influence of these parameters in terms of relative contribu-
tion of the skin layer to the global streaming potential.

Figure 3 shows the variation of Y vs. length fraction of the
Ž . Ž Ž1. Ž2..support layer X for various porosity ratios � r� rang-

ing from 1 to 3. The system is assumed to be a composite
membrane consisting of two distinct layers with pores that

Ž Ž1.are 100 and 50 nm in radius and identically charged � s
Ž2. .� s50 mV . As can be seen, smaller pores have a stronger

Žinfluence on the global electrical signal than larger ones an
identical effect of both kinds of pores would lead to a linear

.variation of Y vs. X . This is not unexpected since the pres-
sure drop across the skin layer is likely to be greater than the
pressure drop across the support layer for a wide range of X.
The influence of smaller pores increases as the porosity ratio
ranges from 1 to 3. Indeed, the hydraulic resistance of the

Ž Ž2..skin layer becomes greater as its porosity � decreases with
respect to that of the support layer. As a result, the pressure
drop across the skin layer increases, which leads to a greater
contribution of this layer to the global streaming potential.

Figure 4 shows the variation of Y vs. length fraction of the
Ž . Ž1. Ž2.support layer X for various values of � and � . The

system considered here is a two-layer membrane made with
Ž Ž1. Ž2. .pores that are equal in radius a sa s10 nm , but carry-

Ž Ž1. Ž2..ing a different electrical charge � �� . Pores are as-
sumed to be connected end-to-end so that � Ž1.r� Ž2.s1.

First, it is interesting to note that a porous layer influences
the global electrical signal even if its pores carry no electrical

Ž .charge � s0 . Indeed, there is a pressure drop across the
porous layer even if this latter is uncharged and then, this
layer contributes to the global streaming potential.

It also appears in Figure 4 that the variation of zeta poten-
tials play only a minor role on Y at a fixed pore length frac-
tion. Considering Eqs. 12 and 15, it appears that zeta poten-
tial affects the function Y only by means of the electroviscous

Ž Ž2. Ž1..effect ratio F rF . An example of zeta potential de-
pendence of electroviscous effects is shown in Figure 5, where
F Žk . is plotted vs. � Žk . for a single pore k of 10 nm in radius.
It appears in this example that the range of F Žk . is bounded

Žbetween 1 and �1.25. Literature Bowen and Jenner, 1995;
.Szymczyk et al., 1999 shows that electroviscous effects occur-

ring inside a porous medium do not exceed the value of about
1.5, whatever the electrolyte, the pore size, or the electrical
charge carried by the pore walls. The ratio F Ž2.rF Ž1. is there-
fore close to 1, which explains the small influence of � Ž1. and
� Ž2. on the relative contribution of layer 2 to the global
streaming potential, as can be seen in Figure 4.

Figure 6 shows the variation of Y vs. X for various pore
radius ratios ranging from 2 to 10. The zeta potentials of both
kinds of pores are taken identical, and the porosity ratio is
fixed at a value of 2. It appears that the higher the pore-size
ratio, the more the skin layer contributes to the global signal
Ž .at fixed length fraction and porosity ratio . For example, it
can be seen for aŽ1.raŽ2.s10 that the streaming potential
across the whole membrane is almost the same as that of the
skin layer for X ranging from 0 to about 0.9. Nevertheless, it
is essential to keep in mind that, for commercial membranes,

ŽX is usually higher than 0.98 the support layer is very thick
to provide the necessary mechanical strength whereas the skin

.layer is very thin to allow high permeation fluxes . As can be
seen in Figure 6, the contribution of the skin layer dramati-
cally falls within this region of X and, then, streaming poten-
tial measured through a multilayer membrane may not re-
flect the electrokinetic behavior of the skin layer. Hence, care
must be taken to interpret electrokinetic data for multilayer
membranes.

It should be noted that results presented in Figure 6 do
not take into account the variation of pore radius ratio only,
but also the variation of F Ž2.rF Ž1., since electroviscous effects

( )Figure 3. Variation of Y vs. length fraction of support layer X for various porosity ratios.
Ž Ž1. Ž2.. Ž1. Ž2. Ž1. Ž2. y1 Ž1. Ž2. Ž1. Ž2. Ž1. Ž2.� r� ; a s100 nm; a s 50 nm; � s � s 50 mV; 0.001 mol � L KCl; Ts 298 K. a: � r� s 3; b: � r� s 2; c: � r� s1.
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Figure 4. Variation of Y vs. X for various couples of zeta potential.
aŽ1.saŽ2.s10 nm; � Ž1.r� Ž2.s1; 0.001 mol � Ly1 KCl; Ts 298 K. a: � Ž1.s0 mV, � Ž2.s150 mV; b: � Ž1.s0 mV, � Ž2.s50 mV; c: � Ž1.s150
mV, � Ž2.s0 mV.

Ždepend on pore size at fixed zeta potential Szymczyk et al.,
. Ž2. Ž1.1999 . However, as previously mentioned, the ratio F rF

is always close to 1 and, then electroviscous effects play a
negligible role with respect to pore radius ratio that is squared
in Eq. 12.

Experimental results are presented in Figure 7 where
Žstreaming potentials of three different membranes two

monolayer membranes that play the role of support and skin
layer, and a two-layer membrane made with support and skin

.layer are plotted vs. concentration of potassium chloride so-

( (k )) (k )Figure 5. Zeta potential � dependence of F .
aŽk .s10 nm; 0.001 mol � Ly1 KCl; Ts 298 K.
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( )Figure 6. Variation of Y vs. length fraction of support layer X for various pore radius ratios.
Ž Ž1. Ž2.. Ž1. Ž2. Ž1. Ž2. y1 Ž1. Ž2. Ž1. Ž2.a ra ; � s � s 50 mV; � r� s 2; 0.001 mol � L ; KCl; Ts 298 K. a: a s 500 nm, a s 50 nm; b: a s 500 nm, a s100 nm;
c: aŽ1.s500 nm, aŽ2.s250 nm.

lutions. The global streaming potential computed from the
component membrane layers is also plotted. A very good
agreement between experimental and theoretical global
streaming potential is observed since discrepancies do not ex-
ceed about 6%. The simple approach, considering both layers

as being connected in series, therefore seems to provide quite
a good description of electrokinetic phenomena occurring
through a composite membrane. As expected, for all mem-
branes, streaming potential decreases as ionic strength in-
creases due to the so-called double layer compression phe-

( )Figure 7. Experimental and theoretical streaming potentials SP of various alumina membranes vs. electrolyte con-
( )centration C .
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( )Figure 8. Experimental and theoretical streaming potential of the skin layer vs. electrolyte concentration C .

Ž .nomenon Hunter, 1996 . The global streaming potential
measured through the two-layer membrane is close to that of
the support layer; that is to say that the skin layer hardly
affects the electrokinetic behavior of the two-layer mem-
brane. Similar observations have already been reported by

Ž .Szymczyk et al. 1998b in a work dealing with electrokinetic
characterization of multilayer ceramic membranes. In the
present case, the weak contribution of the skin layer is mainly

Ž Ž1. Ž2.due to the small pore radius and porosity ratios a ra s
Ž1. Ž2. .�3.3; � r� s1.3 whereas the support layer represents

roughly 98% of the membrane thickness. Of course, in the
case of commercial membranes, the skin layer is expected to
play a greater role because large pore-size ratios are usually
encountered. Nevertheless, it must be kept in mind that the
support layer is likely to play a nonnegligible role in many
practical cases due to its huge thickness with respect to the

Ž .skin layer this is particularly true for ceramic membranes .
Figure 8 shows the comparison between the experimental

and theoretical streaming potential of the skin layer vs. elec-
trolyte concentration. A rather good agreement is obtained,
but discrepancies between experiment and calculation are

Ž .more pronounced up to about 30% in the worst case than
for the global streaming potential of the composite mem-
brane. This is due to the form of Eq. 13. In the case of the
composite membrane under consideration, the ratio
LpŽ1.rLpŽ2. is close to 0.3, that is to say that the hydraulic
resistance of the skin layer is over 3 times smaller than that
of the support layer. In such a case, a small variation of
LpŽ1.rLpŽ2. leads to a significant variation of the skin layer
streaming potential. On the other hand, if LpŽ1.rLpŽ2. is �1,
a small variation of LpŽ1.rLpŽ2. leads to a negligible variation
of the skin layer streaming potential. Consequently, a better
agreement between theoretical and experimental results
would be expected using commercial composite membranes
for which the hydraulic resistance of the skin layer usually

exceeds that of the support layer. Unfortunately, no experi-
ment could be carried out with commercial membranes since
no autosupported skin layer is currently available separately.

Conclusion
Streaming potential measured across composite porous

membranes has been investigated using the simple approach
of porous layers connected in series. A relation between the
global streaming potential of a two-layer membrane and the
individual streaming potentials of support and skin layer has
been established. This relation involves pore length, porosity
and pore radius of support and skin layers, as well as their

Žzeta potential which affects electroviscous effects occurring
.within pores . The comparison between experimental and

theoretical results gives quite good agreements. The global
streaming potential is intermediate between individual sig-
nals of both layers, but the contribution of the skin layer is
greater than that of the support layer in a wide range of length
fraction of the support layer. This contribution is little influ-
enced by zeta potential and increases as porosity and pore

Žradius of the skin layer decrease that is, when the hydraulic
resistance of the skin layer increases with respect to that of

.the support layer . Nevertheless, since the support layer over-
whelmingly dominates the membrane thickness in most prac-
tical situations, the contribution of the support layer to the
global electrical signal may be more or less important.
Streaming potential measurements performed through multi-
layer membranes should then be carefully interpreted.

Notation
aŽk .spore radius of layer k, m

Csbulk electrolyte concentration, mol �my3

cŽk .sconcentration of ions n inside pores of layer k, mol �my3
n

Ž y1 .FsFaraday constant s96 485 C �mol
F Žk .selectroviscous effects in layer k
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I Žk .selectrical current across pores of layer k, A
K sMobility of ions n, m � sy1 �Ny1 �moln

K Žk .sphenomenological coefficients for pores of layer ki j
lsthickness of the two-layer membrane, m

l Žk .sthickness of layer k, m
N Žk .spore number in layer k

Pshydrostatic pressure, N �my2

qŽk .ssolvent flow through a pore of layer k, m3� sy1

rsradial coordinate, m
Rsuniversal gas constant, 8.314 J �moly1 �Ky1

SP Žk .sstreaming potential through layer, k V �Ny1 �m2

SP sglobal streaming potential through two-layer membrane,g
V �Ny1 �m2

Tstemperature, K
xsaxial coordinate, m

Xslength fraction of support layer
Ysrelative contribution of the skin layer to the global streaming

potential
z scharge number of the ionic species nn
zsabsolute value of zn

Greek letters
� svacuum permittivity, 8.854�10y12 F �my1

0
� srelative dielectric constant of the solvent, 79.8r

� Žk .sporosity of layer k
�sviscosity of the electrolyte, 0.001 kg �my1 � sy1

� sstandard dimensionless constant
�selectrical potential, V

	 Žk .selectrostatic potential inside pores of layer k, V
� Žk .szeta potential of layer k, V
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Appendix
The integral expressions of phenomenological coefficients

that are used to compute global streaming potential are as
follows

� aŽk .4

Žk .K s 17aŽ .11 8�

2� zF 1 rŽk . Žk .a aŽk . Žk . Žk .K s r c yc r drdrdr 17bŽ .Ž .H H H12 c a� r0 r 0

K Žk .sK Žk . 17cŽ .21 12

aŽk .
Žk . 2 2 Žk . Žk .K s2� z F K c qK c rdrŽ .H22 c c a a

0

2� z2F 2 1 rŽk . Žk .a aŽk . Žk . Žk . Žk .q r c yc c yc r drdrdrŽ . Ž .H H Hc a c a� r0 r 0

17dŽ .

The local concentrations of cations and anions within pores
Ž Žk . Žk . .of a layer k c and c , respectively are given by thec a

Boltzmann equation

z F
Žk .
nŽk .c sC exp nsa anion or c cationŽ . Ž .n ž /RT

18Ž .
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Žk . Ž .where 
 electrostatic potential inside pores of layer k is
the solution of the Poisson-Boltzmann equation

Žk . Žk .� � RT � � zF
 zF
0 r y1r r ssinh 19Ž .2 ½ 5ž / ž /� r � r RT RT2C zFŽ .

with the following boundary conditions

Žk . � Žk . Žk .
 s� 20Ž .rsa

and

Žk .d

s0. 21Ž .

dr rs 0
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