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ABSTRACT

Charged nanoporous films have interesting ion-separation properties essentially controlled by pore-surface charge density. This (or a related zeta-potential) is often
estimated from the so-called streaming potential. However, with nanoporous membranes in sufficiently dilute electrolyte solutions, the pressure-induced electrical
response is due not only to streaming potential but also to an electrical response to concentration gradients arising because of a partial salt rejection by charged
nanopores. In this study, we refine the methodology of interpretation of measurements of transient filtration potential developed by us previously and apply it to the
determination of electrokinetic and membrane properties (in particular, diffusion permeance) of nanoporous polyimide films developed for uses as battery/
supercapacitor separators. Diffusion permeance is directly related to electrical conductance, which is an important property of battery/supercapacitor separators.

We observe that in dilute electrolyte solutions (<2 mM KCl), the electrical response to an applied pressure difference is dominated by the concentration potential
and not by the classical streaming potential contrary to what is often tacitly assumed. The development of concentration gradients across and around the film takes
some time, which enables separate determination of instantaneous (streaming potential) and time-delayed (concentration potential) components. An improved
interpretation procedure developed in this study enables estimates of impact of non-linear and osmotic corrections and makes the interpretation more reliable. The

results of this study are important for the identification and optimization of novel innovative applications for nanoporous films.

1. Introduction

Charged nanoporous films (membranes) have interesting ion-
separation properties, in particular, they can feature strong separa-
tions of ions of the same charge but different mobilities in pressure-
driven processes [1,2]. They can also be useful for ultralow-pressure
ultrapure water production [3,4].

These phenomena are essentially controlled by the pore-surface
charge density. This (or related zeta-potential) is often estimated from
streaming potential, which is defined as an electric-potential difference
induced by an applied pressure difference. However, with nanoporous
membranes in sufficiently dilute electrolyte solutions, the pressure-
induced electrical response is not only due to streaming potential but
also owing to concentration potential arising because of a partial salt
rejection by charged nanopores [5-7]. Moreover, in many cases the
latter component is even dominant, so its disregard makes correct
determination of surface-charge density impossible.

Porous films also routinely serve as separators in batteries,
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supercapacitors and similar devices [8,9]. Such films must combine high
ion conductance with a comprehensive absence of electron conductance.
The latter can be compromised, for example in supercapacitors, if during
charge/discharge some carbon nanoparticles split off electrode layers
and intrude into the separator porous structure eventually forming
continuous electron-conducting clusters [10,11]. To better control this,
separator materials should have sufficiently small pores to exclude
carbon particles sterically and hinder their penetration. Thus, very thin
nanoporous films of high porosity are required whose electrical resis-
tance can be difficult to measure directly. Therefore, indirect methods of
its determination are of interest. Measurements of transient filtration
potential can provide information on the diffusion permeance of thin
nanoporous films in electrolyte solutions [7]. This property can be
directly related to their electrical resistance.

In this study, we refine the methodology of interpretation of mea-
surements of transient filtration potential developed in Ref. [7] and
apply it to the determination of electrokinetic and membrane properties
(in particular, diffusion permeance) of nanoporous polyimide (PI) films
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developed for uses as battery/supercapacitor separators. Such materials
are highly priced for their excellent mechanical strength, thermal sta-
bility and chemical inertness [12]. However, membrane and/or elec-
trokinetic properties of nanoporous polyimide films in aqueous
electrolyte solutions have not, yet, been studied. The only exception is
ref. [13] where streaming potential was measured with a track-etched PI
membrane. The smallest pore size was 30 nm and the electrolyte con-
centration was 10 mM (screening length 3 nm), so salt rejection must
have been very low and phenomena investigated in the present study did
not occur. Besides, only information on the pore-size dependence of
iso-electric point is provided for a PI track-etched membrane in this
publication.

Similar to the previously investigated nanoporous track-etched
membranes, for PI films we will observe that in dilute solutions (<2
mM KCl), the electrical response to an applied pressure difference is
dominated by concentration potential caused by salt-concentration
gradients in and around the membrane and not by the classical
streaming potential. The concentration gradients arise due to salt
rejection by charged nanopores. The development of the gradients takes
some time, which enables separate determination of instantaneous
(streaming potential) and time-delayed (concentration potential)
components.

Previously [7], we developed a simple theoretical model in a linear
approximation in the so-called Péclet number and disregarding the ef-
fect of osmosis on the transmembrane volume flow. In this study, we will
go beyond these approximations and see that for the experimental
conditions and materials used, its errors are moderate, so the linear
approximation could still provide reasonable initial guesses for the
model parameters. At the same time, the use of the full numerical so-
lution brings about (moderate) corrections to model parameters and
makes possible approximate separate estimates of those parameters that
appear only in combination in the linear approximation. We will
conclude that (due to the number of model parameters) additional
complementary measurements are needed to make the interpretation
still less ambiguous.

2. Theory
2.1. Equations and boundary conditions

Fig. 1 schematically shows the system and the coordinates.

Under zero electric current conditions of this study, ion transfer oc-
curs stoichiometrically, so one can consider the transfer of electro-
neutral salt. This is described by non-stationary convection diffusion
equation. Outside the membrane, it reads this way
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Fig. 1. System schematics and coordinates (not to scale): the upper arrows
visualize initial salt fluxes; the flux discontinuities at the membrane surfaces
cause salt accumulation close to the left and salt depletion close to the right side
of the membrane, +§ denotes boundaries of stagnant layers.
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where ¢ = ¢(x, t) is the position- and time-dependent salt concentration,
Js = Js(x,t) is the local time-dependent salt flux. It has diffusion and
convective components
adc
Js(x,t)= —D—+ J,(t)c )
ox
where D is the salt diffusion coefficient in solution, J,(t) is the time-
dependent trans-membrane volume flux, which is position-
independent due to the volume conservation in this 1D process.
Inside the membrane, the expression for the salt flux (see the deri-
vation of this expression from the equations for the individual-ion fluxes
under zero-current conditions in Ref. [14]) has this form

dc

Jsm(xs t) = - Dm&

+J,(t)(1 —o5)c 3
where o is the salt reflection coefficient, D,, is the salt diffusion coef-
ficient inside the membrane, and ¢ now is the so-called virtual salt
concentration defined as the concentration in the solution of the same
salt that could be in thermodynamic equilibrium with a given point
inside the membrane. According to this definition, this concentration
remains continuous at the membrane surfaces (while the real ion con-
centrations experience quasi-equilibrium “jumps”). Strictly speaking,
inside the membrane Eq (1) has to be modified to include the effects of
Donnan salt exclusion on the accumulation term in the left-hand side
[15]

However, the membrane used in this study is relatively thin and
typical measurement times are controlled by processes occurring outside
of the membrane and are relatively long. Therefore, one can expect the
salt concentration profile inside the membrane to become quasi-
stationary (and the salt flux position-independent) after a relatively
rapid relaxation. Its characteristic time can be estimated as the square of
membrane half-thickness over salt diffusion coefficient. Given the half-
thickness of 20 pm and assuming a somewhat reduced (due to pore
tortuosity and electrostatic phenomena) diffusion coefficient of
1072 m2 /s, we obtain the characteristic time of 0.4 s. As we will see
below, at such short times, the experimental data are rather scattered,
thus not really useable for the interpretation. At longer times, one can
neglect the time derivative of concentration in Eq (1) (and, thus,
disregard the effects of modified chemical capacity inside the mem-
brane), consider the salt flux position-independent across the membrane
and solve Eq (3) to obtain

Cu(t) » exp(2Pe(t)(1 - 63)) — Cur(8)
exp(2Pe(t)(1 —o5)) — 1

Jan(t) =J,(t)(1 —05) @ C)]

where ¢y, (t) and cpr(t) are (unknown) salt concentrations on the left,
and right membrane surfaces, and the dimensionless Péclet number is
defined this way

Pe(t) = J,(t) /2P, ()

Dy

where Py, is the membrane diffusion permeance to salt, L is the mem-
brane thickness. For the non-stationary-diffusion equation outside the
membrane, Eqs(1) and (2), the boundary conditions are:

Js(£L / 2,t) =Jgn(t) )
salt flux continuity,

c(=L/2,t)=cm(t) 8

virtual-concentration continuity on the feed membrane surface,
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c(L/2,t)=cm(t) ©)]

virtual-concentration continuity on the permeate membrane surface.
Besides, the concentration remains unperturbed far away from the
membrane

c(£oo0,t)=co 10)

where ¢y is the initial value of concentration. Although this condition is
mathematically set at infinities, in numerical calculations, a finite dis-
tance has to be set. In this study, we used the value of 1 mm, which is
close to the approximate value of 500 pm suggested in some studies [16]
as an effective thickness of stagnant layers in quiescent aqueous solu-
tions experiencing natural convection.

Finally, the initial condition is

c(x,0)=co 1)

The transmembrane volume flow has pressure-driven and osmotic
components according to

Jy(t) =A(p(1) (em(t)

where R is the universal gas constant, T is the absolute temperature, and
we assume the solution to be ideal (a very good approximation for the
concentration range used in this study), A is the membrane hydraulic
permeance, p(t) is the time-dependent transmembrane pressure differ-
ence. In this study, the pressure difference is applied in a stepwise
manner, so

p(t) =poH(t) 13)

— 2RTo, e — (1)) (12)

where H(t) is the unit-step function.

Generally, the equation of non-stationary salt diffusion outside the
membrane (Eq (1)) coupled to the equation for the volume flow (Eq
(12)) and with the complex boundary/initial conditions of Eqs(4), (7)-
(11) can be solved only numerically. However, there is an approximate
analytical solution discussed in the next section.

2.2. Linear approximation

Deviations of concentration from the initial value are proportional to
the membrane Péclet number (and salt reflection coefficient). At not too
long times, the concentration changes are localized within relatively
narrow zones on two sides of the membrane. Accordingly, diffusion
dominates over convection, so the latter can be neglected, and in the
solutions outside the membrane, for the evolution of deviations of
concentration from the initial value, we obtain classical equation of non-
stationary diffusion. The expression for the salt flux (Eq (4)) can also be
linearized in Péclet number to obtain:

Jsm :Pm(cml - Cmr) +Jvcml(1 - Us) (14)

If we additionally neglect osmosis (this gives rise to a time-
independent transmembrane volume flow after the pressure is
increased), the resulting linear boundary problem can be solved using
Fourier transforms to obtain the following expression for the time evo-
lution of the deviation of concentration from the initial value at the feed
(left) membrane surface as a result of a stepwise application of a
transmembrane-pressure difference [7]:

exp(iwt) as)

Cmi(t) /
——~ —1 = Peyo 1——Re d(i
0% v Vio (1 + Viw)

Co

where the dimensionless time, 7, is defined this way

7= t/ts (16)

tmw =D/4P2, a7
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The integral in the right-hand side of Eq (15) can be taken in terms of
a special function. Besides, as the integral depends only on dimension-
less time it can be easily tabulated. An approximate analysis of a similar
problem (at short dimensionless times) was carried out in Ref. [6] where
the term in parenthesis in the right-hand side of Eq (15) was shown to be
approximately equal to

_exp(iwr) | R
/d 1+\/_) ~2\/; (r<1) 18)

A higher-order (and very accurate) polynomial approximation is
provided in the Electronic Supporting Information of ref. [7]. Eq (18)
shows that it is convenient to plot experimental data as a function of
square root of time elapsed after pressure application.

In this linear approximation, the equation is the same in the solutions
on both sides of the membrane while the difference between the
convective components of the salt flux just outside and just inside the
membrane differs only by sign (it is positive on the feed surface and
negative on the permeate surface). Therefore, the concentration profiles
are anti-symmetrical with respect to the membrane plane of symmetry,
and the concentration deviations at two membrane surfaces differ only
by sign (see Fig. 2a below). Accordingly, the full concentration differ-
ence across the membrane is the double of the difference between the
feed surface and the membrane middle.

2.3. Electrical response

As we can see from Fig. 1, there are three zones with concentration
gradients in the system: two zones outside the membrane and one inside
it. Electrical response to a concentration gradient under zero-current
conditions is known to be controlled by ion transport numbers and (in
the case of (1:1) electrolytes used in our experiments) can be expressed
this way [17-19].

RT RT v
Vo= (t, - £)Vin(e) = (2t. - 1)76 (19)

Outside the membrane, the ion transport numbers are controlled by
bulk ion mobilities. Inside the membrane, there is an additional differ-
ence between them due to electrostatic interactions between ions and
surface charges. Since the salt concentrations in two reservoirs are
equal, the sum of concentration differences across the two diffusion
layers is equal in magnitude and opposite in sign to the concentration
difference across the membrane, so the sum of all concentration differ-
ences is zero. Nevertheless, due to the different ion transport numbers in
the membrane and solution, a net electrical response to such situation is
non-zero. Assuming that (due to the small deviations of concentration
from the equilibrium value) ion transport numbers inside the membrane
are independent of concentration (outside the membrane they are
reasonably constant anyway), we can integrate Eq (19) within each zone
and add up the corresponding voltage differences (with a due account of
their signs). As a result, for the full diffusion-related voltage difference
across the system (measurable with a pair of reversible electrodes
located outside the concentration-polarization layers), we obtain

Z?T (q t@)zn (%) (20)

Apy(t) =
where ™, t(f) are the cation transport numbers in the membrane and
solution, respectively. The measurable electrical response also contains
a streaming-potential component. It arises immediately after pressure
switch-on and is proportional to the trans-membrane volume flow. The
latter somewhat decreases with time due to the buildup of osmotic-
pressure difference. The total measurable electric potential difference is

(D)) + %TAQ In (2:’8) 21

Ap(t)=a e (p(t) — 2RTo; e (Cyy(t) —
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3kPa

10 kPa

Fig. 2. Salt-concentration profiles calculated numerically for a) linear conditions (Apy = 0.1 kPa), b) typical experimental conditions of this study (Ap, = 3 kPa), ¢)
pronouncedly non-linear conditions (Apy = 10 kPa): A = 5.3107'° m/s e Pa; P,, = 1.5e107°> m/s; 6; = 0.5; ¢ = 1 mM; the calculations were performed for § =

1 mm.

where « is the streaming-potential coefficient, and we have denoted
At, =™ — D (22)

Given that in this study, the deviations of salt concentration from the
initial value have always been small, the logarithm in Eq (21) can be
linearized with respect to the deviation of concentration ratio from
unity, and Eq (21) can be transformed to

Agp(t) ~aep(t) + ¥ (At, — Facco) (M) (23)

Thus, the osmotic correction gives rise to a kind of “renormalization”
of difference of cation transport numbers. Eq (23) may be more conve-
nient for interpretation because the first term stays constant (if applied
pressure remains constant like in our experiments) while the time-
dependent factor in the second term is controlled only by two parame-
ters, namely, salt reflection coefficient and membrane diffusion
permeance.

Numerical solutions were obtained using COMSOL Multiphysics
software, version 6.1. The number of elements on each side of the
membrane was 1000, and the relative tolerance was 0.0002.

3. Experiment
3.1. Membranes

We used nanoporous polyimide films (TAPM-CN1) provided by
Tokyo Ohka Kogyo Ltd. Company (Japan). According to the manufac-
turer, the membrane thickness is 40 pm, the porosity is 70 % and the
pores have the shape of 100-nm cavities interconnected by essentially
smaller (ca. 20 nm) openings. The average pore size (measured with a
porometer) is 30 nm and the pore-size distribution is narrow. This pore
shape is due to the process of film fabrication, which consists in mixing
silica nanoparticles with a polymer-precursor solution, a thermal treat-
ment (“baking” at 400 °C) and subsequent leaching out of nanoparticles
using a HF solution. The procedure of film preparation as well as further
information on the membrane properties can be found in Ref. [20]. The
membrane structure is symmetrical (the same pore size and structure
across the whole thickness), which enables the relatively simple
interpretation.

3.2. Setup and measurement procedure

The experimental setup was the same as used in Ref. [7] (see Fig. S1
in the Supporting Information). To measure the potential difference
Ag/AgCl electrodes were used; they were connected to a multi-meter
with an internal memory; the sampling rate was 0.1 s. A desired pres-
sure difference was obtained by lifting a bottle with the KCl solution
connected to one of the cell compartments to an appropriate height
above the cell. The exposed membrane area was 1.13 cm?. The tem-
perature was around 20 °C, KClI solution had pH5.1-5.2. This relatively
low pH value occurred for solutions equilibrated with the ambient at-
mosphere for sufficiently long time. In previous measurements with
track-etched membranes, we noticed that pH value of freshly-prepared
solutions drifted, which impaired reproducibility of the measurements.
Effectively, our working solutions were buffered by CO, dissolved from
the atmosphere.

The same setup was used for the determination of membrane hy-
draulic permeance (see Supporting Information).

According to the manufacturer, the studied PI films are slightly hy-
drophobic. To facilitate wetting by aqueous solutions, samples were pre-
wetted by 96 % ethanol (for two days), then transferred to 1 mM KCI.
Before the measurements, the samples were equilibrated with a given
KCl solution for one day.

As one can see, for example, from Fig. 4b below, some non-zero
signals at zero pressure difference occurred (probably, due to a poten-
tial of asymmetry of the electrodes). Moreover, this potential difference
slowly drifted with time slightly changing from one individual mea-
surement to another. To take this into account and obtain a genuine
pressure-induced potential, the signal was averaged over 5 s preceding
each pressure application, and the corresponding value was subtracted
from the measured signal. Thus, we supposed the drift to be negligible at
the time scale of the relatively short pressure-induced runs although
actually it could give rise to some additional data scattering at the end of
the runs (see Fig. 5).

4. Results and discussion

Fig. 2 shows the profiles of salt concentration (virtual salt concen-
tration inside the membrane) calculated numerically using Eqs 1-13.
The profiles in Fig. 2a are practically identical to the linear approxi-
mation due to the very low pressure. True, in contrast to the linear
approximation, the calculations shown in Fig. 2a include the osmotic
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Fig. 3. Time dependencies of deviation of ratio of concentrations on the membrane surfaces from the initial value:p = 10kPa; A =5.3¢107 1 m/sePa;P,, = 1.5
10-%> m/s; o5 = 0.5 (a); 65 = 0.8 (b); the blue lines show the results obtained in the linear approximation (linapp); num ¢ = 1 and num ¢ = 0 denote numerical
solutions obtained for a finite (1 mM) and an infinitely low concentration (no osmosis), respectively.

0 1 2 3 4
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204

25
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Fig. 4. Examples of “raw” data: Apy = 4.4 kPa, ¢ = 0.5 mM KCL.

correction given by Eq (12). However, this only slightly modifies the
transmembrane volume flow while the nonlinear convective corrections
remain negligible due to very small Péclet numbers. Accordingly, the
profiles on both sides of the membrane remain strictly anti-symmetrical.
At higher pressures, this feature is approximately preserved at very short
times but is progressively lost at longer times.

Nevertheless, on the high-pressure side, the profiles don’t change
qualitatively, they just become more non-linear. On the low-pressure
side, at longer times, they change shape qualitatively turning from
concave up to concave down. Fig. 2 also shows that the intrinsic salt
rejection (the ratio of concentrations on the left and right sides of the
membrane minus one) expectedly increases with time but always re-
mains quite small, namely, in the range of single percentage points (at
Po = 3 kPa). The same was true in our experiments and made applicable
our assumption of constant coefficients.

Although concentration profiles differ considerably (and even qual-
itatively) from the linear approximation, the time dependencies of the
deviation of the ratio of concentrations at the membrane surfaces from
unity (indirectly observable experimentally via the electrical response)
remain qualitatively similar to it. This is illustrated by Fig. 3.

As we can see, in very dilute solutions (¢ = 0), non-linear phenom-
ena can make the effect somewhat stronger than in the linear approxi-
mation although the relaxation is also a bit faster, so the difference
decreases with time. On the other hand, osmosis brings about smaller
concentration-ratio deviations because it reduces transmembrane vol-
ume flow. As a result, non-linear and osmotic corrections can partially
compensate each other giving rise to a better overall applicability of the
linear approximation (see Fig. 3b). However, the extent of this error
compensation depends on the system parameters and cannot be
considered a general feature. Fig. 3 also shows that the impact of os-
motic corrections rather strongly depends on the salt reflection coeffi-
cient. This occurs because the transmembrane concentration difference
is proportional to this coefficient while the osmotic counterflow (at a
given concentration difference) is proportional to it, too. This results in
an approximately quadratic dependence.

Fig. 4 shows examples of “raw” experimental data directly measured
by the data-acquisition system. Fig. 4b) shows the signal recorded when

pressure was applied from the opposite side of the membrane than in
Fig. 4a). One can see that the signal just changed sign, which illustrates
that the membrane was symmetrical. This was also confirmed in a more
rigorous way via separate statistical analysis of signals obtained with
two membrane orientations: no significant difference was observed
within experimental errors.

Fig. 4 shows that we also recorded signal after pressure switch-offs
(primarily, to monitor approaching the initial state prior to the subse-
quent measurement). The corresponding signal relaxation is of potential
use for the membrane characterization (as described, for example, in
Ref. [21]). However, to make use of such data, the initial state prior to
the switch-off has to be properly defined. In our test cell without stirring,
this is difficult due to the poorly defined thickness of stagnant layer.
Therefore, for the interpretation, we used only data obtained after
pressure switch-on.

Fig. 5 shows the experimental data plotted vs. square root of time
elapsed from the moment of pressure application. In our measurements,
the time step was 0.1 s, and Fig. 4 shows that the signal initially changed
very quickly within a couple of time steps. These initial very rapid
changes are due to the buildup of streaming potential, which takes some
time because of non-instantaneous valve opening as well as other poorly
controllable factors. The switch-on time was defined as the first data-
point where the signal deviated by >10 % of the full signal variation
from the previous (almost constant) value. With this definition of
starting time, the data shown in Fig. 5 at very short times could some-
times be affected by an incomplete buildup of streaming potential. This
probably caused the relatively poor data reproducibility at very short
times < 1s. At longer times, the reproducibility is quite good even in the
most concentrated solution (2 mM) where the signal magnitude is quite
small (<1 mV). As discussed above, the somewhat stronger scattering at
longer times may be due to some electrode instability.

In contrast to the previously studied track-etched membranes [7](or
even more so in the case of ion-exchange membranes investigated in
Ref. [6]), for the PI films the characteristic relaxation times are too short
to make possible an effective use of the initial linear parts of de-
pendences of signal on the square root of time for the determination of
the initial slope and intersect (streaming potential). Indeed, Fig. 6 shows
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Fig. 5. Electrical response to step-wise pressure application vs. square root of time elapsed after it. Solution concentrations and applied pressures are indicated in the

chart titles. Each set of data is an average of 4-8 repeated measurements.

that the theoretical curves are linear only at quite short times where the
experimental data are too scattered. This in agreement with the fact that
according to the values of diffusion permeance listed in Table 1 below
and the definition of characteristic relaxation time of Eq (17), the latter
was just around 3-4 s while according to Eq (18) a good initial linearity
(<5-7% deviations from linearity) occurs only for dimensionless times
7 < 0.1 that is for dimensional times less than 0.3-0.4 s.

Nevertheless, the three parameters, which control the time de-
pendences in the linear approximation can be fitted in a unique way.
Indeed, the product of salt reflection coefficient and difference of cation
transport numbers controls the overall signal magnitude while the
characteristic relaxation time (controlled by the diffusion permeance)
controls the extent of deviations from the initial linearity. The curve
extension to very short times gives the value of streaming potential.

The red curves in Fig. 6 simultaneously show theoretical fits obtained
in two ways: using the linear approximation and the numerical solution
(with adjusted values of parameters, see below). These curves are so
close to each other that they cannot be distinguished in the graphs. In
the linear approximation, three model parameters could be fitted.
However, the numerical solution explicitly depends on four separate
parameters because the salt reflection coefficient controls not only the
signal magnitude but also the osmotic corrections to the transmembrane
volume flow (see Eq (12)). Simultaneous unambiguous determination of

four parameters is very difficult. Therefore, in the fitting by the nu-
merical solution, we had to fix one of the four parameters. We assumed
that the difference of cation transport numbers was equal to its
maximum possible value of 0.5. The green curves in Fig. 6 show de-
pendencies calculated using the numerical solution and the values of
parameters fitted to the linear approximation (and assuming addition-
ally At; = 0.5). Thus, the deviations of the green curves from the red
ones (and the experimental data) illustrate the extent of interpretation
error due to the use of linear approximation. These deviations are rather
moderate. As already mentioned, the red curves also show fits obtained
using the numerical solution. The excellent agreement of the numerical
solution with the experimental data could be restored by adjusting just
one parameter, namely, membrane diffusion permeance. Table 1 shows
that the corresponding adjustments are quite moderate (<10 %), too.
To evaluate the applicability of the assumption of ideal membrane
perm-selectivity, we performed measurements of stationary membrane
potential in a stirred cell (see Supporting Information, Section 2. Mea-
surements of stationary membrane potential) for solutions of 2 mM and
1 mM KCl separated by the membrane. Their interpretation in terms of
ion perm-selectivity of the membrane is complicated by the very high
membrane diffusion permeance, which makes the contribution of
unstirred layers quite significant. On the other hand, the thickness of
such layers in test cells agitated by magnetic stirrers (especially, those
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Fig. 6. Experimental data (blue) and their fits by the model (red and green). Solution concentrations and applied pressures are indicated in the chart titles. Ex-

planations of the fitting procedures are in the text.

Table 1
Parameters obtained as a result of fitting the model to experimental data.
conc. pressure SP coef. osAt, O Py, (um /s) Py, (um/s)
(mM) (kPa) nv/ linear numerical
kPa)
0.2 1.55 —-174 0.42 0.84 5.45 5.00
0.5 2.47 —-217 0.38 0.76 11.6 10.6
0.5 4.40 —205 0.44 0.89 135 12.0
1.0 2.51 —-305 0.27 0.54 15.3 14.5
1.0 2.54 —-305 0.21 0.41 11.6 10.7
1.0 4.46 -318 0.20 0.41 12.4 11.4
2.0 1.58 —221 0.11 0.21 11.1 10.6

located at the cell bottom) is poorly known. Nonetheless, assuming a
characteristic value of 100 pm for this thickness, and the membrane
diffusion permeance of 12 pm/s (the average of the values obtained via
numerical fitting for the concentrations of 1 mM and 2 mM), for the ideal
membrane perm-selectivity we obtain a stationary membrane plus
electrode potential (measured with bare Ag/AgCl electrodes) of 25.0 mV
(see Supporting Information, Section 2. Measurements of stationary
membrane potential) while around 24.4 + 0.4 mV (averaged over 6
repeated measurements) was actually measured. Thus, the assumption
of ideal perm-selectivity (At; = 0.5) can be quite close to reality even

for the more concentrated solutions of those used in this study. In more
dilute solutions, this assumption would be even more realistic because
electrostatic exclusion of coions (leading to ideal perm-selectivity) gets
stronger with dilution. Of course, it cannot be excluded that unstirred
layers were actually thinner. More reliable estimates of membrane
perm-selectivity will be attempted in future studies via measurements of
transient membrane potential after concentration step [15,18].

5. Discussion of concentration dependencies

At concentration-independent surface-charge density, SP coefficient
should increase (in absolute value) with decreasing concentration in
monotone way [22] reaching saturation. Table 1 shows that actually its
concentration dependence features a maximum, which can be explained
by a surface-charge density decreasing with decreasing electrolyte
concentration. Such trend has previously been observed, for example,
for track-etched membranes [7] and is typical for dissociation of
weakly-acidic (or -basic) ionogenic groups [23].

Salt reflection coefficient is essentially controlled by the exclusion of
coions from central parts of pores where the velocity of pressure-driven
flow is the largest. Therefore, this parameter is especially sensitive to the
extent of overlap of diffuse parts of EDLs and can be expected to increase
(approaching unity) with decreasing concentration. This trend can be
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partially counteracted by the surface-charge density decreasing in more
dilute solutions. Indeed, in 0.2 mM solution this coefficient is only
marginally larger than (the average value) in 0.5 mM solution although
with the same surface-charge density one could expect a considerable
increase due to the 60 % larger screening length (and, thus, a much
better EDL overlap) in the 0.2 mM solution.

Due to coion-exclusion phenomena, salt diffusion permeance can be
expected to be an increasing function of concentration. This can be
modified by a dependence of surface-charge density on concentration.
Besides, it was demonstrated theoretically [24] that in not too small
(compared to the screening length) charged nanopores salt permeability
can be a non-monotone function of salt concentration. The concentra-
tion dependence with a broad maximum could be a consequence of these
factors as well as of the particular pore geometry of this membrane. To
achieve more clarity, additional measurements (for example, transient
membrane potential after concentration step [15,18]) will be carried out
in future studies. They can provide additional information on the ion
transport numbers in the membrane and its diffusion permeance.

6. Conclusions

The methodology of time-resolved measurements of filtration po-
tential after stepwise application of trans-membrane pressure difference
has been refined to include in the interpretation non-linear and osmotic
phenomena and has been used for the characterization of membrane
properties of nanoporous polyimide films originally developed as bat-
tery separators. Along with streaming-potential coefficient, salt reflec-
tion coefficient and diffusion permeance could be (approximately)
determined from the data analysis. Diffusion permeance is directly
related to the electrical resistance, which is an important property of
battery separators but is difficult to measure directly for thin and highly-
porous films.

Although in this study the previously developed linear approxima-
tion provided a reasonably good fit quality, extensions towards higher
pressures and/or smaller nanopores will require a direct use of the full
numerical solution. This is controlled by four model parameters whose
unambiguous determination from fitting single time dependences is very
difficult. Therefore, in future studies, complementary measurements
(for example, transient membrane potential after concentration step
[15,18]) will have to be used for unambiguous determination of model
parameters. A mechanistic interpretation within the scope of
space-charge model (taking into account the pore geometry of this
material) will also be attempted to make possible determination of
surface-charge density.

As discussed in Ref. [7], the methodology of this study (especially,
the interpretation procedure) is essentially limited to monolayer mem-
branes. Other transient electrical methods (for example, concentration
step [18] or pressure switch-off [25]) are available for the character-
ization of electrochemical perm-selectivity of active layers of composi-
te/asymmetric membranes.
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