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We have studied the potential of chronopotentiometry after current switch-off as a tool for electrochemical
characterization of thin supported nanoporous layers. Within the scope of this technique, a thin supported
electrochemically active layer is polarized by direct electric current until a steady state is reached. After that,
the current is switched-off in a stepwise manner, and the reading of transient membrane potential begins. A
linear non-steady-state theory of the method has been developed in terms of a model-independent approach
of network thermodynamics. The measurements of transient membrane potential after current switch-off have
been carried out in KCl solutions of various concentrations for a commercially available nanofiltration
membrane (Desal5 DK). Such membranes consist of micron-thick active (or barrier) nanoporous layers and
much thicker (100-200 µm) and coarse-porous supports (the pore size usually is 0.1-5 µm). The
reproducibility of the method has been found to be quite reasonable especially in not too dilute electrolyte
solutions and at not too short times (g10 ms). The relaxation measurements have been complemented by the
measurements of the steady-state membrane potential and by sample measurements of salt rejection in the
pressure-driven mode, which enabled us to carry out a self-consistent interpretation of the experimental data.
This has revealed, in particular, that the ion rejection mechanism related to the fixed electric charges is not
the dominant one in the case of the Desal5 DK nanofiltration membrane. Proceeding from a quantitative
interpretation of relaxation patterns, we could also determine some properties of membrane support, namely,
the porosity and the salt diffusivity. They have been found to have reasonable values remarkably independent
of salt concentration, which confirms the self-consistency of our interpretations.

Introduction
The electrochemical properties of nanoporous media are
important for their interactions with charged solutes such as
ions, peptides, proteins, and colloidal particles. The nanoporous
media are often used and studied in the form of thin layers
deposited on top of much thicker supports, whose principal
function is to add mechanical strength and to make the micronthick layers easier to handle. Therefore, it is desirable to have
experimental techniques for the studies of electrochemical
properties of thin supported nanoporous layers. The conventional
steady-state electrochemical techniques such as membrane
potential measurements or the Hittorf method are not informative
here because of the usually large contributions of supports to
the diffusion resistance of such bilayer systems (see below for
a discussion). Information on the properties of thin supported
nanoporous layers can be obtained from non-steady-state
measurements. As shown below, integrated sets consisting of
non-steady- and steady-state measurements are especially
informative.
Composite or asymmetric nanofiltration membranes are
convenient models of supported thin nanoporous layers. They
consist of micron-thick active (or barrier) nanoporous layers
and much thicker (100-200 µm) coarse-porous supports (the
pore size usually is 0.1-5 µm). The information on the
electrochemical properties of active layers is useful for the
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understanding of rejection mechanisms of nanofiltration and for
its modeling.1
Electrical capacities in electrolyte solutions charge very
rapidly, namely, at characteristic times of diffusion relaxation
of diffuse parts of double electric layers. Even in very dilute
solutions, that time does not exceed 10-6 s. Therefore, for our
purposes, the electric current can always be considered continuous, which considerably simplifies the interpretation.
The concentration polarization by electric current of boundaries between layers with different electrochemical properties
gives rise to the appearance of the diffusion component of the
transmembrane electric potential difference even if there is no
external composition difference. This concentration polarization
cannot disappear immediately after the current switch-off. The
cause for the time lag is the fact that the distributed chemical
capacity2,3 (see below) in the vicinity of the boundary has to
“discharge”.
The chronopotentiometry after stepwise changes in the
polarizing current (both switch-on and switch-off) has been used
in refs 4 and 5 to study the polarization of monolayer
ion-exchange membranes. Though the basics of the technique
used in the present study are the same as in refs 4 and 5, the
profound differences in the structure of the membranes (very
thin and supported in this study vs relatively thick and
monolayer in refs 4 and 5) made the characteristic time scales
typical of this study several orders of magnitude shorter than
those encountered in refs 4 and 5. That has given rise to
considerable differences in the approaches to the data acquisition
and treatment. Besides that, the non-steady-state theory devel-
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oped in this paper is model-independent (network thermodynamics) while the mechanistic Nernst-Planck approach was
used in refs 4 and 5. In refs 6 and 7, the chronopotentiometry
has been applied to study the ion transport in bilayer bipolar
membranes. Their structure is closer to that of the systems of
interest for this study. Nevertheless, the typical thicknesses of
layers in bipolar membranes are about 2 orders of magnitudes
larger than the thicknesses of active layers of nanofiltration
membranes. Accordingly, the relaxation processes studied in
refs 6 and 7 were essentially slower than in this study. Besides
that, the principal emphasis of refs 6 and 7 was on the
differentiation between the reversible and irreversible contributions to the transmembrane potential difference and on the
understanding of ion transfer in the so-called overlimiting mode.
The latter made the system too complex for the development
of a quantitative theory.
This paper is organized in the following way. First, we outline
the basic equations of linear non-steady-state theory for the timedependent distribution of the salt chemical potential in polarized
multilayer systems. That theory is developed in terms of network
thermodynamics and, thus, operates with model-independent
properties such as ion transport numbers, diffusion permeabilities, chemical capacities, etc. In the subsequent interpretation
of experimental data, that enabled us to obtain the phenomenological characteristics of thin nanoporous layers without the need
to specify any mechanistic model. Further on, the basic equations
are specified and solved for the particular case of the electric
response of a bilayer system to a stepwise current switch-off.
In the Experimental Section, we briefly describe our test cell
as well as the measurement and data acquisition protocols.
In the results and discussion section, a set of statistically
representative membrane potential transients is presented and
interpreted as obtained from measurements with KCl solutions
of various concentrations. Besides that, the results of complementary measurements of the steady-state membrane potential
in the same solutions are presented. For the 0.03M KCl solution
where data on the salt rejection are also available, a selfconsistent interpretation of experimental data is carried out.
Further on, under assumption that the properties of the supports
are independent of the salt concentration, the same interpretation
is carried out for the other salt concentrations used in this study.
Theory

where the index a denotes the properties of the active layer and
χk is the specific diffusion permeability of the kth membrane
layer material for the salt. The coefficients βi are defined in
this way

βk2 ≡

∂µ ∂2µ
)
βk
∂τ ∂ξ2

(1)

where k is the layer index, the transmembrane coordinate is
scaled on the active layer thickness, ξ ≡ x/la, and the
dimensionless time, τ, is obtained by scaling time by the
diffusion relaxation time of the active layer defined in this way

t0 ≡

Ra 2
l
χa a

(2)

(3)

where R is the so-called specific chemical capacity defined as

R≡

( )
∂qs
∂µ

(4)

T,P

This is a quantitative measure of how much salt (δqs) has to be
added to a unit volume of a medium to change the salt chemical
potential by δµ. A detailed discussion of this useful property
and its estimates for various media can be found in refs 2 and
3. By definition, βa ≡ 1.
One of the boundary conditions to eq 1 is the continuity of
salt chemical potential at all the boundaries between the layers
(local interfacial equilibria). At zero transmembrane volume
flow, the boundary condition for the salt flux can be shown to
have this form8

χk

|

|

Ila
∂µ
∂µ
- χk+1
)
∆t |
∂ξ ξ)ξk
∂ξ ξ)ξk FZ1ν1 1 ξ)ξk

(5)

where ξk are the coordinates of the boundaries and ∆t1 ≡ t1|ξk-0
- t1|ξk+0 are the changes of the ion transport number at the
boundaries. Thus, the boundaries between the layers with
different electrochemical properties are sources of salt flux.
Despite the appearance of salt flux sources, electric charges do
not arise at the boundaries since exactly as much charge is taken
away from the boundary by anions as is brought to it by cations
and vice versa.
We shall further consider a bilayer system consisting of a
nanoporous layer and a support. Due to vigorous stirring, the
salt concentrations (and thus, its chemical potentials) at the
external surfaces are the same at any given time. In our
experimental setup for the measurements of transient membrane
potential, the salt concentrations are the same at both external
surfaces. Since the chemical potential is defined up to a constant,
its preset constant value at the external surfaces may be taken
equal to zero. The model and the chosen coordinates are shown
in Figure 1. The boundary conditions for this system are

The basic equations of linear non-steady-state theory for the
time-dependent distribution of the salt chemical potential in
polarized multilayer systems have been derived in ref 8. For a
membrane consisting of several macroscopically homogeneous
layers, the basic equation for the time-dependent distribution
of salt chemical potential, µ, can be written in this dimensionless
form
2

R k χa
Raχk
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µa(- 1,τ) ) 0
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where indices a and s denote the nanoporous layer and support,
respectively, and I(τ) is the current density as a function of time.
The solution to eq 4 is sought in this form (Fourier transform)

µi(ξ,τ) ≡

1
2π

∫-∞+∞ dω exp(-iωτ)fi(ξ,ω)

(10)

where ω is the dimensionless circular frequency (scaled on 1/t0)
and fi(ξ,ω) is the complex spectral density of temporal response.
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electrolytes is related to the difference in the salt chemical
potentials across the active layer in this way

Em(τ) )

2∆t1
∆µa(τ)
F

(18)

By substituting eqs 13, 16, and 17 into eq 18 and by taking the
real part for the chronopotentiometric response, we obtain this

Em(τ) )

( )(

(

By substituting eq 10 into eq 4, we obtain these fundamental
solutions

(

x )

(

xω2 ξ) +

(

xω2 ξ) (12)

where Ai(() are the integration constants.
By applying the boundary conditions, we obtain a system of
equations for the integration constants that can be solved to yield
for the spectral density of difference of salt chemical potentials
across the active layer9 R(ω)
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coth (1 - i)
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ω
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2
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ω
2

where we have denoted

x

(14)
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(15)
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Here, I(ω) is the Fourier transform of I(τ). If the current is
switched-off in a stepwise manner (which is the case in our
experiments), then its Fourier transform is

(

I(ω) ) I0 πδ(ω) -

i
ω

)

)

x)
ω
2

(19)

where we have denoted

b χa
≡ h
r χs

(20)

The last parameter is equal to the ratio of molar diffusion
permeabilities of the nanoporous layer and the support.
From the definitions of chemical capacity (eq 3) for ideal
solutions, one can obtain

R)

Ai(-) exp -(1 - i)βi

(

dω
×
ωx2ω

(11)

Accordingly, the general solutions for the spectral densities have
this form

fi(ξ,ω) ) Ai(+) exp (1 - i)βi
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Figure 1. Model.
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It can be shown that at zero electric current (i.e., after the current
switch-off), the difference in the electric potentials between the
half-cells separated by a polarized bilayer system for (1:1)

(

)

cs
dΓi
Γi + cs
RT
dcs

(21)

where cs is the salt concentration and Γi is the distribution
coefficient (including the medium porosity, if applicable) of the
ith ion between the medium of interest and the equilibrium
electrolyte solution. Since there is no accumulation of electric
charge anywhere within the membrane,10 cations and anions
are added (or withdrawn) in stoichiometric quantities. Therefore,
the chemical capacity can be defined for any of the ions. In
ion-exchange media in equilibrium with dilute electrolyte
solutions, the distribution coefficient of co-ions is small.11 The
second term in parentheses in eq 21 can be shown to be of the
same order of magnitude as the first one. Therefore, the specific
chemical capacity of ion exchangers is essentially smaller than
that of bulk electrolyte solutions (the latter is simply equal to
cs/RT). From that, the definition of the parameter r (eq 14), and
the physics of diffusion permeabilities, it follows that in the
case of relatively dense (and probably electrochemically active)
nanoporous layers flanked by relatively loose supports, the
parameter r may be fairly large.12 In this case, it is useful to
introduce a new characteristic relaxation time according to

t/0 ≡ t0r2

(22)

If a new dimensionless time is introduced as τ* ≡ t/t/0, eq 19
can be written in this form

Ẽm(τ*) )
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where Ẽm ≡ FEm/RT is the dimensionless transmembrane
electric potential difference, the reduced current density Ĩ0 is
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Figure 2. Test cell: (1) membrane sample; (2) propeller-like stirrers;
(3) polarizing disk-shaped Ag/AgCl electrodes; (4) indicator Ag/AgCl
electrodes; (5) openings for the solution delivery; (6) motors.

defined as Ĩ0 ≡ I0/2Fcs, and Pa,s ≡ (RT/cs)(χa,s/la,s) are the molar
diffusion permeabilities of nanoporous layer and support,
respectively. With eq 23, it is easy to consider the limiting case
of very large r. Indeed, when r f ∞, eq 23 reduces to

Ẽm(τ*) 9
8
rf∞
Im

(∫

(

( )

1
1
2Ĩ0(∆t1)2
1+π 1+F ×
Pa + P s
+∞

-∞

exp(-iωτ*)
dω
ω 1 + (1 - i) ω coth (1 - i)F ω
x2
x2

(

)

))

(24)

Since parameter r enters into the definition of the characteristic
relaxation time of eq 22, the dependencies plotted against the
dimensional time would still depend on r. However, in a
logarithmic scale its variation would only cause their shift along
the time axis without a change of shape. That simplifies the
interpretation considerably, so it is important to know what
values of the parameter r may be considered sufficiently large
in this context. Sample calculations have revealed that the
accuracy of the approximation of infinitely large r depends on
the ratio of layer diffusion permeabilities, F. Thus, for instance,
when F f 0 (the relaxation controlled by the diffusion through
the support), the difference between the relaxation patterns is
still noticeable even when r g 30. When the ratio of diffusion
permeabilities of layers increased, the situation improved, and
already at F ) 0.5, the dependence of the shape of transients
on parameter r practically disappeared at r g 10. As follows
from the experimental data presented below, the limiting case
F f 0appears to be rather unrealistic for the membrane used in
this study. Therefore, in the interpretation of experimental data,
we shall use the limiting case r f ∞ and check the value of
this parameter a posteriori.
Experimental Section
Methods. All of the measurements have been carried out in
a two-compartment test cell schematically shown in Figure 2.
The membrane was polarized by a pair of disk-shaped Ag/AgCl
electrodes with a large area. The membrane area was 1.13 cm2.
Vigorous stirring was ensured by propeller-like stirrers located
parallel to the membrane surface and driven by external motors.
Another pair of stirrers was located near the current-supply
electrodes to diminish their polarization. The transmembrane
potential difference was measured by a pair of bare Ag/AgCl
electrodes. Since our measurements have been carried out after

Figure 3. Transmembrane potential scaled on the initial value against
dimensionless time, τ*, r f ∞: F f 0 (left curve); F f ∞ (right curve).

the current switch-off (i.e., at zero electric current), in principle,
each of the indicator electrodes could be located anywhere in
the corresponding half-cell. However, in test measurements
without the membrane, we have noticed that when the electrodes
were exposed to the current during the polarization, some poorly
reproducible responses to the current switch-off occurred. We
have interpreted that as a result of current passage through the
unisolated tips of the Ag/AgCl electrodes. Due to the corresponding concentration polarization, a local distribution of the
electrolyte concentration developed in the vicinity of each
electrode. Because of inevitable differences in the shape of the
electrodes and in the hydrodynamic conditions in their vicinity,
those distributions could not be identical, hence a transient
potential difference. The phenomenon disappeared when the
electrodes were receded into the corresponding bores so that
they were not exposed to the current.
The whole test cell was enclosed in a Faraday cage, and all
of the cables were thoroughly screened. The data acquisition
was performed by a personal computer with the aid of dedicated
software.
Materials. The membrane was a commercially available
Desal5 DK (polyamide, composite on a polysulfone support).
The electrolyte was KCl of various concentrations. The pH value
was kept at 5.6. The membranes were equilibrated with working
solutions overnight.
Results and Discussion
It can be shown that the interpretation of steady-state
voltammetry of nanofiltration membranes is complicated by
rather large ohmic contributions (most probably due to relatively
high electrical resistances of membrane supports). The technique
of chronopotentiometry of membrane potential after current
switch-off has been developed primarily to eliminate the ohmic
contributions. After the current switch-off, they vanish almost
immediately, and one can observe unobstructed the temporal
evolution of the transient membrane potential, which is often
almost 2 orders of magnitude smaller than the values occurring
at nonzero currents for this kind of membranes and for our cell
configuration.
Figure 3 shows two relaxation patterns calculated at r f ∞
for the limiting modes of nanoporous-layer-controlled (F f ∞)
and support-controlled (F f 0) relaxation. It is seen that in the
former case the dispersion is essentially broader. It can be shown
that in terms of shape the relaxation patterns corresponding to
the intermediate (mixed) modes are always situated between
those two extremes. Thus, for the interpretation of relaxation
patterns, it is important to have information on the ratio of
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Figure 4. Transients of transmembrane potential obtained in KCl solutions of pH 5.6 (membrane area 1.13 cm2): (a) cs ) 0.001 M, current )
0.01, 0.02, 0.04, 0.05, 0.07 mA (from top to bottom); (b) cs ) 0.003 M, current ) 0.04, 0.067, 0.08, 0.1, 0.15, 0.167 mA (from top to bottom); (c)
cs ) 0.01 M, current ) 0.2, 0.4, 0.5, 0.6, 0.8, 1.0 mA (from top to bottom); (d) cs ) 0.03 M, current ) 1.0, 1.5, 2.0, 3.0, 5.0, 7.0 mA (from top
to bottom).

TABLE 1: Steady-State Membrane Potential Measured in
KCl Solutions (pH 5.6) at a Concentration Ratio of 2a
concentration (kmol/m3)

Ems (mV)

0.001
0.003
0.01
0.03

5.94 ( 0.31
5.16 ( 0.4
2.35 ( 0.33
1.12 ( 0.22

a
Indicated are the concentrations at the active membrane side; the
concentrations at the support side were 2 times lower.

Figure 5. Transmembrane potential measured at 2 ms after the current
switch-off against reduced current density current; pH 5.6; cs ) 0.001,
0.003, 0.01, 0.03 M (from left to right).

diffusion permeabilities of layers. As shown below, this ratio
also essentially controls the steady-state membrane potential (see
also ref 13) and, thus, may be determined from it.
Figure 4 shows the transients of transmembrane potential
obtained in KCl solutions of several concentrations. Each curve
has been obtained by averaging at least five measurements. The
method is well reproducible. At lower currents, the curve shape
is in accordance with the theoretical shape. At higher currents,
however, there is a noticeable quantitative deviation from theory.
Figure 5 shows the values of the transmembrane potential
measured at 2 ms after the current switch-off as functions of
polarizing current density. It is seen that after initially linear
behavior the experimental plots become superlinear. At the same

time, the experimental voltage does not go to infinity at a
limiting current but just increases more rapidly starting from a
certain current range. This phenomenon has also been observed
for the classical steady-state voltammograms with various
membranes14 and is usually referred to as overlimiting current.
Typically, its occurrence is explained in terms of contributions
to the current transfer of hydrogen and hydroxyl ions arising
due to water dissociation.
In Figure 5, the last two plots to the left are quite close to
each other, which indicates an increasing relative contribution
of diffusion through the support with decreasing salt concentration. This interpretation is confirmed below by the estimates of
layer diffusion permeabilities (Table 2).
By using eq 23 for the initial value of the transmembrane
electric potential immediately after the current switch-off, one
can obtain this

Ẽmi
(ta - ts)2
)4
Ĩ
P a + Ps

(25)
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TABLE 2: Estimated Values of Cation Transport Number
and Diffusion Permeability of the Active Layer against Salt
Concentration
cs (kmol/m3)

ta

Pa (µm/s)

F ≡ Pa/Ps

0.001
0.003
0.01
0.03

0.874
0.823
0.823
0.842

0.26
0.25
1.1
3

0.6
0.6
2.4
6.7

Along with the sought-for difference of ion transport numbers
between the active layer and the support,15 the equation contains
the diffusion permeabilities of constituent layers, which are a
priori unknown. The information on the diffusion permeability
of the nanoporous layer (also called “solute permeability” in
this context) can be obtained from the interpretation of pressuredriven salt rejection measured at various transmembrane volume
flows.16 The remaining unknown diffusion permeability of
support can be determined in two ways. First, it can be estimated
from the steady-state membrane potential by using this expression, which is easy to derive for a bilayer system

(

Ẽms ) 2

)( )

Psta + Pats
c′′s
-1 1Pa + Ps
c′s

(26)

where Ẽms is the dimensionless steady-state membrane potential
measured for the solutions of concentrations c′s and c′′s separated by the bilayer. In the particular case of KCl solutions where
ts = 1/2, eq 26 reduces to

Ps
Ẽms
)
(2t - 1)
c′′s Ps + Pa a
1c′s

(27)

Thus, the smaller the relative diffusion permeability of the
support, the smaller the steady-state membrane potential.
Equations 26 and 27 contain not only the unknown diffusion
permeability of support but also the sought-for transport number
of counterions in the active layer. Therefore, eqs 25 and 26
should be solved as a system of algebraic equations.
Another possibility is to separately measure the diffusion
resistance of the bilayer system as a whole. In this case,
evidently

Pm-1 ) Pa-1 + Ps-1

(28)

where Pm is the diffusion permeability of the bilayer system.
The first option is more accurate when the diffusion permeability
of the support is high, while the second one is preferable when
it is low (and the support, accordingly, makes a relatively large
contribution to the total diffusion resistance). An advantage of
the first option is that the measurements of the steady-state
membrane potential can be carried out in the same cell used
for the chronopotentiometry measurements, while for the
diffusion measurements a separate test cell is needed.
Figure 6 shows the rejection of a 0.03M KCl solution (pH
5.6) as a function of the transmembrane volume flow measured
with the Desal5 DK membrane by Boiko and Makovetskiy17 in
a batch test cell with a vigorous stirring. The solid line is a
modified Spiegler-Kedem fit,16 from which the following
transport properties of the active layer could be estimated Pa )
3.0 µm/s, σs ) 0.79, and a ) 0.65, where σs is the so-called
salt reflection coefficient and a is a semiempirical parameter
accounting for the dependence of transport properties of
nanoporous layers on the salt concentration.

Figure 6. Rejection of 0.03 M KCl solution (pH 5.6) by Desal5 DK
membrane as a function of transmembrane volume flow and the
modified Spiegler-Kedem fit.16

For the same membrane and solution, we have measured a
steady-state membrane potential of 1.12 ( 0.22 mV (Table 1).
The ratio of initial membrane potential to the polarizing current
density was taken from the data shown in Figure 5. That enabled
us to estimate the potassium transport number within the active
layer at 0.842 and the diffusion permeability of the support at
Ps ) 0.45 µm/s. Since the membrane supports usually have
relatively large pores, it is reasonable to assume that their
diffusion permeability is not strongly dependent on the salt
concentration. Having assumed the diffusion permeability of
the supports to be independent of concentration, from the initial
membrane potential after the current switch-off, Emi, and the
steady-state membrane potential, Ems, (Table 1), we could
estimate the values of the cation transport number and the
diffusion permeability of the active layer in the solutions of
other concentrations used in this study. The results are presented
in Table 2. The diffusion permeability decreases with decreasing
salt concentration, which is in qualitative agreement with the
electrochemical activity of the active layer. However, at the same
time, the ion transport number is practically independent of the
concentration, which is not consistent with the simple fixedcharge model. Moreover, from the value of the ion transport
number, assuming the ratio of the cation and anion mobilities
in the active layer to be the same as in the bulk, we could
estimate the fixed-charge density and, from it, the salt reflection
coefficient, which would occur if the salt rejection was caused
by the effect of fixed charge alone. In the 0.03 M KCl solution,
that “electrochemical” reflection coefficient was found to be
0.27 while the actual value was 0.79. More representative of
the rejection mechanism(s) is the transmission coefficient
defined as one minus the reflection coefficient. For the Desal5
DK membrane in 0.03 M KCl solution (pH 5.6), the ratio of
the “electrochemical” transmission coefficient to the measured
one is equal to 3.5. This means that the principal contribution
to the salt rejection is made by a mechanism other than the
Donnan exclusion. If we further speculate that this non-Donnan
mechanism is, for example, the dielectric exclusion,18 whose
strength is known to essentially decrease with increasing
electrolyte concentration, then we may even reconcile the
practically constant cation transport number with the strongly
varying diffusion permeability of the active layer. The fact is
that the dielectric exclusion has a direct effect on the diffusion
permeability but not on the ion transport numbers.
The information on the diffusion permeabilities of the
membrane layers enables us to carry out a quantitative interpretation of transients of the transmembrane potential. Thus,
for instance, in the 0.03 M KCl solution we have estimated F
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Figure 7. Theoretical fits (dashed lines) of transient transmembrane potentials: (a) cs ) 0.001 M, current ) 0.01 mA; (b) cs ) 0.003 M, current
) 0.04 mA; (c) cs ) 0.01 M, current ) 0.2 mA; (d) cs ) 0.03 M, current ) 1.0 mA.

TABLE 3: Some Characteristics of Chronopotentiogrammes
and the Properties of Constituent Layers Estimated from the
Interpretation of Experimental Dataa)
concentration reduced current Emi
density (µm/s) (mV) Pa/Ps
(kmol/m3)
0.001
0.003
0.01
0.03
a

0.46
0.61
0.92
1.53

-7.3
-7.35
-6.25
-5.40

t/0(s)

0.58 123
0.57 112
2.4
5.8
6.7
0.9

γs

Ds
(10-9 m2/s)

0.114
0.101
0.096
0.107

0.63
0.72
0.75
0.68

See text for explanations.

) 6.7. With this parameter known, the theoretical relaxation
pattern of eq 22 contains only two unknown values, namely,
the initial value of the transmembrane potential right after the
current switch-off and the characteristic relaxation time, t/0.
Figure 7 shows the results of theoretical fits of transients of the
transmembrane potential obtained at the lowest polarizing
current densities when the linear theory can be applied. The
fitted parameters are listed in Table 3. From Figure 7, it is seen
that in the more concentrated solutions (0.01 M and, especially,
0.03 M), the fit quality is fairly reasonable. With the decrease
in salt concentration, however, ever more pronounced deviations
occur, first at the long, then also at the short times.
Though the quality of theoretical fits in the more dilute
solutions is poor, it should, nevertheless, be noted that the fits
shown in Figure 7 were the only ones coinciding with the
experimental data at the intermediate times within, at least, 1
order of magnitude. That may be an indication of the fact that
the fitted parameters (especially, the characteristic relaxation
time) in this case have some physical meaning and do describe
the relaxation process of interest. The deviations may be a
consequence of the occurrence of other relaxation processes not
included in this simple model of a strictly bilayer system. Thus,
for instance, an intermediate layer may well exist between the

active layer and the support. The pore size in this intermediate
layer is also intermediate. Therefore, it may be that the layer
exhibits some electrochemical activity in the more dilute
solutions while being practically passive in the more concentrated ones due to the screening of fixed charges by the shrinking
diffuse parts of double electric layers. It is also logical to assume
that the thickness of the intermediate layer may be essentially
larger than that of the active layer. Because of that, the
characteristic time of relaxation of the polarization of this layer
may well be much longer than that of the principal relaxation
process. All that may yield just a very slow relaxation similar
to that observed in the more dilute solutions.
As far as the deviations at the short times are concerned, we
should remember that the membrane supports often have a
complex spongelike structure with many microinterfaces where
some changes in the electrochemical properties are quite
possible. “Micromembranes” delimited by such interfaces, of
course, are polarized by the electric field. The theory developed
in this paper is qualitatively applicable to the relaxation
processes near such local interfaces as well. In particular, we
have seen that the magnitude of the electrical response strongly
depends on the electrochemical activity. Besides that, the rate
of relaxation strongly increases with the increasing diffusion
permeability of electrochemically active layers. If we hypothesize that the micromembranes are rather thin and loose, then
their electrochemical activity and diffusion permeability may
strongly depend on the salt concentration. Accordingly, in the
more concentrated solutions, the magnitude of the electrical
response may be too low and the relaxation too rapid for the
signal to be observed within the temporal resolution of our
experiments. At the same time, the polarization of the micromembrane may well make a noticeable contribution to the total
electrical response in the more dilute solutions.
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The above reasoning is qualitatively confirmed by the
observation that the aforementioned deviations also occurred
in the more concentrated solutions at higher densities of
polarizing current. The fact is that with increasing current density
due to the progressively decreasing concentration near the
interface between the active and intermediate (or support) layers
the latter is exposed to an ever more dilute salt solution with
all of the consequences discussed above.
From the comparison of Table 3 with Figure 5, it is seen
that in the more concentrated solutions (0.03 and 0.01 M) the
values of the initial membrane potential correspond fairly well
to the values measured 2 ms after the current switch-off and
shown in Figure 5.
The fitted values of the characteristic relaxation time can be
further used to obtain information on the properties of membrane
support. Indeed, by using the definitions of characteristic
relaxation times of eqs 2 and 22, we obtain

t/0 ≡ Rsχs

()

( )

la 2
RT 2 RsRT Psls
≡ Rsχs
≡
χa
csPa
cs P 2

(29)

a

Since the diffusion permeabilities of the membrane layers have
been estimated and the thickness of the support (which
practically coincides with the thickness of the membrane as a
whole) is easy to measure, from eq 29, one can determine the
chemical capacity of the support. For coarse-porous supports,
the chemical capacity is given by

Rs ≡

csγs
RT

(30)

where γs is the support porosity, and thus, from Eq(29), we
obtain

γs )

t/0Pa2
lsPs

(31)

The thickness of the membrane was 160 µm. For the porosity
of the support, we have obtained the values listed in Table 3.
Finally, by using this definition

Ps ≡

γsDs
ls

(32)

we could estimate the salt diffusion coefficient inside the support
pores, Ds (also listed in Table 3). With a bulk salt diffusion
coefficient of approximately 2 × 10-9 m2/s, this yields a
tortuosity factor of 2.7-3.2. In view of a porosity of 10-11%,
that value appears to be reasonable. It is also remarkable that
the estimated values of the support porosity turn out practically
independent of the salt concentration. That confirms the
correctness of our assumption that the support properties may
be considered the same for all of the concentrations studied.
To conclude, let us estimate a posteriori the values of the
parameter r, which was assumed to be sufficiently large in the
interpretation of transients of the transmembrane potential.
According to the definition of eq 14, to do so we need to know
the specific chemical capacities and the diffusion permeabilities
of both membrane layers. Those properties of support have been
estimated above. For the active layer, we can only determine
the specific diffusion permeability (if the active layer thickness
is known). Nevertheless, the information that we have enables
us to make at least some reasonable estimates of the parameter

r. Indeed, from the definition of the chemical capacity of eq 2,
one can obtain this approximate relationship

Ra ≈

csγaΓa
RT

(33)

where γa is the porosity of the active layer and Γa is the
distribution coefficient of co-ions between the active layer pores
and the equilibrium solution. By using that relationship, for the
parameter r we obtain

r2 ≈

1 γs ls
γaΓa F la

(34)

By using the values listed in Table 3 and assuming la ≈ 1 µm,
for example, in the 0.03 M solution we obtain r ≈ (1.6/xγaΓa).
The information on the thermodynamic properties of active
layers of composite or asymmetric membranes is difficult to
obtain because of the very small contribution of the active layers
to the total membrane volume. Nevertheless, for very rough
estimates, we may make use of the available information on
the active layer diffusion permeability. Indeed, since

Pala ) γaΓaDa

(35)

we can estimate the product of the sought-for parameter
combination and of the effective diffusion coefficient in the
“pores” of support. Again, in the 0.03 M solution, by assuming
la ≈ 1µm, we obtain γaΓaDa ≈ 2.4 × 10-12 m2/s. That value is
almost 3 orders of magnitude smaller than the bulk diffusion
coefficient of KCl. In our opinion, it is highly improbable that
the whole of that difference may be ascribed to the effective
diffusion coefficient alone. Thus, the product γaΓa appears to
be essentially smaller than 1 and the parameter r essentially
larger than 1.6. It is easy to show that in the more dilute
solutions, the values of the parameter r are still larger. Thus,
our use of the limiting case of r f ∞ in the interpretation of
transients of the transmembrane potential appears to be justified.
Conclusions
The chronopotentiometry after current switch-off enables one
to single out the component of the transmembrane electric
potential difference due to the direct current concentration
polarization of the interface between supported thin nanoporous
layers and their supports. That is especially useful in the case
of bilayer systems whose supports have relatively high ohmic
resistances (for example, nanofiltration membranes).
The measurements carried out with a commercial nanofiltration membrane have revealed that the technique can yield
quite reproducible results especially in not too dilute electrolyte
solutions. It has been shown that the method is especially
informative if used in combination with detailed filtration
measurements as well as with the measurements of steady-state
membrane potential or of membrane diffusion permeability.
Sample estimates have enabled us to conclude that in a 0.03 M
KCl solution of pH 5.6 the principal rejection mechanism of
the Desal5 DK membrane is not directly related to the fixed
electric charge. That conclusion has been confirmed by the
estimates of the dependencies on the salt concentration of the
ion transport numbers in the active layer and of its diffusion
permeability. A quantitative comparison of time transients with
the linear non-steady-state theory has enabled us to determine
the characteristic relaxation times. From them, we could estimate
the porosity of the support as well as the salt diffusion coefficient
there, which yielded reasonable values practically independent
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of salt concentration. That confirms the self-consistency of our
interpretation.
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List of Symbols
a ) semiempirical parameter
b ≡ βsh ) parameter defined by eq 15
cs ) salt concentration
Da,s ) salt diffusion coefficient in the pores of active layer,
support
Em ) membrane potential
Emi ) initial transient membrane potential
Ems ) steady-state membrane potential
Ẽm ≡ FEm/RT ) dimensionless membrane potential
F ) Faraday constant
fi(ξ,ω) ) Fourier transform of distribution of salt chemical
potential within the ith layer
h ) dimensionless support thickness
I(τ) ) time-dependent density of polarizing current
I(ω)) Fourier transform of time-dependent density of polarizing current
I0 ) amplitude of time-dependent density of polarizing current
Ĩ ≡ I/2Fcs ) reduced current density
la ) thickness of nanoporous (active) layer
Pa, Ps, Pm) molar diffusion permeability of nanoporous
(active) layer, support, membrane
qs ) quantity of salt per unit volume (from the definition of
chemical capacity)
r ) parameter defined by eq 14
R ) universal gas constant
R(ω) ) spectral density of difference of salt chemical
potentials across the active layer
T ) absolute temperature
t ) time
t0 ) characteristic relaxation time defined by eq 2
t/0 ≡ t0r2 ) characteristic relaxation time defined by eq 22
tk ) transport number of counterion within the kth layer
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Greek Symbols
Rk ) specific chemical capacity of kth layer
βk ) layer-specific coefficient defined by eq 3
Γi ) distribution coefficient of the ith ion
Γa,s ) distribution coefficient of co-ions between the pores
of the nanoporous layer (support) and an equilibrium electrolyte
solution
γs ) porosity of the support
∆t1 ) difference between the transport number of ion “1” in
the nanoporous layer and support
µ ) salt chemical potential
ξ ) dimensionless transmembrane coordinate
F ) ratio of diffusion permeabilities of active layer and
support defined by eq 20
σs ) salt reflection coefficient
τ ) dimensionless time scaled on t0 defined by eq 2
τ* ) dimensionless time scaled on t/0 defined by eq 22
χk ) specific diffusion permeability of the kth layer
ω ) dimensionless circular frequency
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