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Abstract

In this work, the electrical resistance method was used to get an insight of the liquid
transport through the polymers with excess of fractional free volume. The dense films based on
the first generation of polymers of intrinsic microporosity, disubstituted polyacetylenes PMP and
PTMSP, were used; water-ethanol binary mixtures allowed to adjust the affinity of the liquid
phase to selected polymers continuously. In this work, the liquid-membrane interaction was
considered as a stepwise occupation of accessible free volume elements within the polymer,
while the appearance of continuous (pseudo)liquid channels in the polymeric matrix, so-called
percolation clusters, was required for formation of hydrodynamic liquid transport. Since the
appearance of such percolation clusters might dramatically change the conductivity of
hydrophobic materials, it was proposed to use the electrical resistance method to investigate the
evaluation of selected polymers from being a barrier (water) to being permeable (ethanol) with
respect to the liquid composition. To highlight the electrical resistance of the swollen films, all
water/ethanol solutions contained NaCl (0.5g/L). The steady-state values of liquid permeation,
sorption/swelling, and electrical conductivity data were considered together and discussed. The
electric resistance was significantly varied for 30 um dense films of PMP (1-1300 kQ) and
PTMSP (0.15-910 kQ) by the adjustment of ethanol content in water. The phase shift (25-
100000 Hz) illustrated that the behavior of PTMSP and PMP membranes changed from mainly
capacitive at low ethanol concentrations to the ion conductive as higher ethanol content. The
very good quantitative agreement was found between the relative change of the membrane
electrical resistance and the permeability as a function of the ethanol content in the liquid phase.
Consequently, electrical resistance measurements could be used as an express method to

determine the membrane permeability of low permeable materials, since the time required to get
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steady-state results was found to be - much shorter for electrical resistance measurements than for

permeability measurements.

Keywords: PTMSP, PMP, electrical resistance, filtration, prediction of liquid permeability.

1. Introduction

The biggest membrane applications in the industry are related to different kinds of liquid-
based separation processes [1,2]. In some applications such as filtration or (electro)dialysis, the
membrane is supposed to be wetted by the liquid phase in order to realize the transport of solvent
molecules across the membrane. In opposite, the gas-liquid contactor systems (e.g., membrane
distillation) can be successfully operated on the long-term basis only if the membrane pores are
filled by the gas phase despite the fact that one or two sides of the membrane are contacted with
the liquid. With regard to the liquid properties, first of all, its surface tension, the same porous
membrane based on, for example, poly[tetrafluorethylene] (PTFE) or poly[vinylidenefluoride]
(PVDF) can be used in the gas-liquid contactors for CO, capture, water desalination or filtration
processes [3-6]. In the case of high-pressure applications like solvent nanofiltration or gas-liquid
contactor systems, the membrane top-layer is usually made of the non-porous (elastomeric
polymers) or microheterogeneous (glassy polymers) materials [5,7,8].

The liquid transport across the membrane is usually determined by the filtration method
using dead-end or cross-flow membrane cell. However, long-term experiments are required for
characterization of barrier or semi-permeable materials due to the sensitivity of the method from
about 10”° kg/m?®h-bar. Recently proposed dynamic pressure decay self-calibration technique [9]
allows to improve further the sensitivity from 5-107 kg/m®h-bar, but higher pressures are
required for better detection of liquid transport.

At the same time, the liquid filtration process is not attributed to the phase transition like
other membrane processes such as pervaporation or membrane distillation. Therefore, the
hydrodynamic flow through the membrane can be conducted only through percolation clusters
available within the membrane matrix regardless of the material nature and porous structure of
selective layer. By this mean, it is expected that such transport “channels” are continuously
formed through interconnected vacant sites from upstream to downstream sides of the
membrane. In the case of rubbery polymers, the free volume elements appear due to the
statistical fluctuation of the polymer segments, and if the size of the vacant position is
comparable with the size of solvent molecules, the transport could occur within the membrane.

For the glassy polymers, interconnected free volume elements are naturally or artificially

formed during the membrane preparation and are more likely fixed in time due to the more rigid
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structure of the matrix. In the case of glassy polymers with-a high fractional free volume such as
substituted polyacetylenes or PIM-1, the solvent transport through the swollen polymeric matrix
is mostly determined by the fraction of pre-existing interconnected free volume elements rather
than the additional free volume elements appeared upon polymer swelling [10]. For the liquids
with a limited wetting capability, these polymers might be impermeable even at elevated
pressures, and it becomes permeable with the increase of wetting component fraction in the
binary mixture [10,11]. Such observed threshold values of sorption, swelling degree, and
fractional accessible volume were explained by stepwise accommodation of free volume
elements with the solvents molecules and the phenomena of percolation cluster formation. The
percolation theory is widely used to describe the phenomena of formation of connected networks
between randomly placed clusters or species on micro- or macroscale that enable the continuous
flow or pathways from one side to another side of the objects [12-17]. For example, a percolation
model was proposed to describe the adsorption and desorption process in the porous media,
including the hysteresis effect [13]. Non-linear increase and certain threshold in the electrical
conductivity, mechanical properties, dielectric permittivity, magnetic or gas permeability can be
found when the fillers such as carbon nanotubes (CNT) or magnetic particles are introduced in
the polymeric matrix [15-19]. Furthermore, the threshold concentration of CNT is a function of
their geometrical characteristics, and nonlinearly decreases with increasing their aspect ratio
[16,17].

The solvent clusters accommodated within vacant positions of the membrane matrix can be
considered as a liquid or pseudo-liquid phase that still possesses macroscopic properties like bulk
viscosity or electrical conductivity. This enables to utilize different techniques for
characterization of the membrane properties. For example, the electrical properties of the
different membrane sub-layers can be inferred from impedance measurements over a range of
frequencies (impedance spectroscopy) [20-28]. The most used technique is the difference
method in which the membrane resistance is obtained from the difference between the cell
resistance measured in AC mode with and without the membrane [22-30]. For most experimental
devices the current lines are normally oriented to the membrane surface and the system made up
of the membrane surrounded by two identical solutions is then equivalent to an electrical circuit
with serially-connected elements. Other cell configurations, with a parallel association of the
membrane and the measuring solution, have been proposed to characterize membranes that are
much more conductive than the measuring solution [29].

Electrical conductivity is one of the most important characteristics of ion-exchange
membranes [31-34] but also measuring of electrical properties make it is possible to estimate the

thickness of active layer in reverse osmosis or nanofiltration membranes [20-22,35], porosity of
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porous sublayers [25,26,36], ‘monitoring 'of: deposition (fouling) on top of the membrane
[25,26,36], to get insight in the transport behavior of different charged species within the
membrane [21,23] or evaluate the wetting of microporous hydrophobic membranes used in
membrane contactors [27]. It should be noticed that electrical impedance spectroscopy is widely
used for characterization of resistance and capacitance of active and porous sub-layers of reverse
osmosis membranes [20], nanofiltration membranes [20-22,35], evaluation of (bio)fouling
[25,26,36], water presence and ionic liquid loss in supported liquid membranes [37], monitoring
of membrane modification with the charged species [38], wetting of porous membranes used in
membrane contactors [27] and study of piezoelectric properties of porous membranes [39].

In this work, the formation of percolation clusters inside dense polymer membranes was
highlighted by the determination of the membrane electrical resistance in
electrolyte/water/ethanol systems. The wettability properties of the liquid phase were modified
by changing the ethanol to water ratio in the different mixtures. Poly[4-methyl-2-pentyne] (PMP)
and poly[1-(trimethylsilyl)-1-propyne] (PTMSP) were selected as membrane materials since
both of them were investigated for solvent nanofiltration and high-pressure gas-liquid membrane

contactor applications [11,40].

2. Experimental part
2.1. Polymers and membrane formation

PTMSP was synthesized by polymerization of 1-(trimethylsilyl)-1-propyne in toluene
solution using TaCls as the catalyst with co-catalyst triisobutylaluminum (TIBA) [41].
Polymerizations were carried out under the following conditions: [Monomer]/[Catalyst]=50,
[Cocatalyst]/[Catalyst]=0.3,  [Monomer];=1 mol/l, T=25°C (My=1.0-10°, Mu/M,=2.9,
[7]%0uene=6.4 dl/g). PMP was synthesized by polymerization of 4-methyl-2-pentyne in
cyclohexane solution with the catalytic system NbCls/EtsSiH [42]. Polymerization was carried
out under the following conditions: [Monomer]/[Catalyst]=50, [Cocatalyst]/[Catalyst]=1,
[Monomer]o=1 mol/l, T=25°C (My,=1.2-10° Mw/Mq=2.1, [ 7] cyciohexane =3.2 dI/g).

The dense PTMSP or PMP membranes were cast from solution with a polymer
concentration of 0.5 wt.% (solvent: chloroform) onto commercial cellophane. Then the cast film
was covered with a Petri dish and left for slow evaporation for several days, followed by drying
in the oven at 40°C to constant sample weight. Further treatment of all membranes was
according to the standard protocol of membrane preparation [43], which includes soaking the
membrane samples in n-butanol (2 days) and aqueous ethanol solutions with stepwise decreasing
of alcohol concentration from 96% to 0% (2 days) followed by drying at ambient conditions (1

day). Thicknesses of obtained membranes were 30 um.
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2.2. Electrical conductivity measurements

Membrane electrical resistance measurements were performed with the lab-made
experimental device depicted in Figure 1. The experimental setup was composed of two identical
chambers of 150 mL each. The membrane, with an active surface area of 12.6 cm?, was placed in
between the chambers and sealed. Both chambers were filled with the same solution in order to
avoid concentration gradient across the membrane during the experiment. Platinum electrodes
with a surface area of 24 cm? were used, the distance between the electrodes and the membrane
being set to 35 mm. Electrical resistances were measured with an LCR meter E7-20 at
atmospheric pressure at the frequencies from 25 to 10° Hz and voltage of 0.05 V; the current was
measured with amperemeter at a voltage of 0.5 V. For each liquid phase composition, the
resistance was measured after at least 4 hours, which allowed reaching the steady-state. The
resistance of the system was a combination of the resistances of the two chambers and that of the
membrane in series. The resistance of the solutions was determined independently by
measurements without the membrane at the same frequencies. Water/ethanol mixtures with
various compositions (from 0 to 96 % of ethanol) were used to adjust the wettability properties
of the liquid phase. NaCl was added to all solutions (0.5 g/L) in order to increase the electrical

conductivity of liquid phase.

Electrodes

@ Electrodes Membrane »
A)
\A ) -

Sealing

Fig 1. Experimental setup for membrane resistance measurement.
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Fig 2. Equivalent circuit of experimental setup.



In this work, the equivalent circuit was considered as-a series of two elements - membrane
and solution expressed by resistance (Ry; Rs) and capacity (Cn; Cs) as illustrated on Figure 2.
The circuit conductivity (o) of the single element consists of the capacitor (C) and resistance (R)

in parallel can be expressed as a function of frequency (f):

1 .
o= E+j27rfC = |ole™/?

_ 1+ (27f)?C?R? (1)
ol = B

¢ = arctg(2zfCR)

The overall impedance (Z) of the system can be expressed as follows:

1 .1
Z=——el?+——el?=ReZ +jImZ
[eA lo,,|
R R
= s + - )
1+ (2zf)?C2RZ 1+ (2xf)?CAR%
[ 2xfC.R? 27f C R,
I\T+ 2af)2c2R2 T 1+ (22f)2C2RZ,

The capacity (C;), phase shift (¢s) and real part of impedance (ReZs) for the solution were
determined from the experiments when a corresponding solution without a membrane was
placed between two electrodes. Then, the solution active resistance (Rs) was calculated from the
obtained experimental data, and the difference with the real part of impedance did not exceed
more than 0.25%. The imaginary part of impedance (ImZs) was calculated by using the following
equation:

2
ImZs = A +2(72T{;;§2$2R52 = ReZgtan ¢, (3)

The real part of impedance (ReZ,), phase shift (¢,) and capacity (C,) for overall system

consisting of the corresponding solution and membrane can be expressed as:

Rm
ReZ, = ReZg + T @2
27f CmRE, (4)
ReZ,tan ¢ = ImZs + T+ @2 RE,

By measuring these parameters (ReZo; ¢o; Co), it was possible to calculate the active
membrane resistance (Rp):

_ (Rezytan (pO—ImZS)Z +(ReZ,—ReZs)? (5)

R
m ReZ,—ReZ,

Complementary measurements were carried out with a SurPASS electrokinetic analyzer
(Anton Paar GmbH) using the lateral method recently proposed by Sedkaoui et al. [29]. Briefly,
measurements were conducted with the SurPASS adjustable-gap cell inside which two identical
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membrane samples (dimensions LxW: 2x1 c¢cm) faced ‘each-other, thus forming a channel which
was filled with the measuring solution. The cell was surrounded by two cylindrical Ag/AgCI
electrodes (surface area: 10 cm?) through which the measuring solution could flow (further
details provided in [29]) until steady-state was reached. From the electrical point of view, the
SurPASS adjustable-gap cell consists of the following parallel circuit: membrane / solution-filled
channel/membrane. The electrical conductance of the adjustable-gap cell (Gc) can then be
written as the sum of the conductance of the channel-filling solution and twice the membrane

conductance (Gy,):

Wk
Geent = TChhch + 26, (6)

with W and L the width and the length of the membrane samples, respectively, h¢, the distance
between the two membrane samples in the measuring cell, k., the electrical conductivity of the
channel-filling solution

In this work, a series of cell conductance measurements were performed by varying he, (by
means of micrometric screws [29]), and Gy, could be assessed by extrapolating data for he, = 0 as

shown by Eqg. (2). All measurements were performed at room temperature.

2.3. Filtration experiments

The filtration of water-alcohol mixtures was carried out at room temperature and trans-
membrane pressure of 30 bar in the dead-end filtration cells and described in detail elsewhere
[11]. For each feed composition, the flux was measured until reaching its steady-state values or
to experimentally confirm barrier properties of the membrane. In case of low fluxes or absence
of liquid flux, the chamber above the membrane was kept under operating pressure overnight up
to 5 days or till enough statistics of liquid flux was measured. Transport characteristics of
membranes were expressed in terms of permeability coefficient calculated as:

T ™
Ap S t-Ap

where V — permeate volume, | — membrane thickness, S — membranes surface area, t — a time of
permeate collection, 4p — transmembrane pressure difference. If no flux or low flux was
expected, the permeate side of the filtration cell was filled with the corresponded feed solution to

increase the sensitivity of determination of liquid permeation through the membrane.

2.4. Sorption measurements
For sorption measurements, dense membranes were initially weighed and then soaked in

the selected liquid at least 24 hours to guarantee reaching equilibrium. The samples were further

7



taken out from the solution, and the excess of \solvent at membrane surfaces was removed by
placing the membrane between to sheets of filter paper for less than 5 seconds. After removal of
the excess of solvent from the surface, the membrane weight (w) was immediately measured in
order to prevent desorption of liquid from the sample. The sorption S (g/g) was calculated as

follows:

§= ! (8)

where the subscript O refers to the initial weight measured before soaking.

3. Results and Discussion

The dry samples were installed into the cell (see Figure 1), and then the water containing
NaCl was placed in two chambers from both sides of the membrane, and then the change of
alternating current was measured in time at the frequency of 1000 Hz. Once the steady-state
values of current were reached, the frequency was varied in the range of 25 - 100 000 Hz with
the recording of the real part of impedance (ReZ,), phase shift (¢,) and capacity (C,). Then, the
water was replaced by the aqueous ethanol solution, and the experimental routine was repeated.
In this manner, the ethanol concentration was increased from O up to 96%. Then the ethanol
concentration was decreased to 0 in the same manner, and the experiment was repeated with the
same membrane without membrane drying. In all experiments, the composition of the solutions
from both sides of the membrane was identical to avoid the diffusion transport through the
membrane due to the possible concentration gradient. The real part of impedance (ReZ;), phase
shift (¢s) and capacity (C;) of the solution were measured for different samples of the same
composition, and the typical results are provided on Figures A-1, A-2, and A-3 in Appendix A.

Figure 3 represents some typical experimental results on the changing of the electric
current in time at different water/ethanol compositions. As can be seen, the system reached its
equilibrium within 4 hours or less once the composition of the liquid phase was changed. Indeed,
the water is non-wetting liquid for these hydrophobic polymers, and no change in electric current
in time was observed. The difference in electric current through the system with water in the
beginning and the end of series of experiments did not exceed experimental errors of current
measures. However, the addition of ethanol in water increases the affinity of the liquid towards
the materials like PTMSP and PMP, and hence increases their fractional accessible volume for
the solvent molecules that can be accommodated within the polymer. The greater values of the
electric conductivity of PTMSP can be explained by almost double fractional accessible volume
comparing with PMP (FAVptmsp=30%, FAVpup=16%) in accordance with recently estimated

values by using of water-ethanol system [10]. There is a clear observation that the decrease of
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the water in the mixture was ‘accompanied with the increase of the electric current in the system.
Figure 3 illustrates the hysteresis effect in the interactions of PMP and PTMSP with the liquid
phase since the steady state values obtained were different once the liquid composition was

stepwise changed from water to ethanol or vice versa (see both data “W-E” and “E-W” for 60%

on Figure 3).
PMP PTMSP
1 3.5 S
0.9 1 = = = 3 14 - -
0.8 +
u
0.7 - 2.5
< 0.6 I E 5 o o o o
. 0.5 7 -
04 P 1.5
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Fig 3. The change of the AC through system over the time (with PMP and PTMSP
membrane) with different liquids at 1000 Hz (Cnaci=0.5 g/L); m — ethanol; ¢ — 60% ethanol (W-
E); ¢ —60% ethanol (E-W); e — water (initial); o — water (after ethanol).

The presence of sodium chloride at 0.5 g/L in all solutions allowed increasing the electrical
conductivity of the liquid phase despite the different ratio of water/ethanol. Thus, it was possible
to significantly highlight the contribution of the polymeric film over the liquid phase. The
impedance of all water-ethanol solutions contained NaCl between electrodes was about 0.5-2 kQ
and did not significantly vary (see Figure A-1). It also not depends on frequency in contrast to
the impedance of overall system with the membrane which decreases at frequencies higher than
1 kHz (see Figure A-4 and A-7). Obtained frequency dependences for real part of impedance
have same profile as for modified Nafion membrane [38]. The membrane resistances were
calculated using Eq. (5) at different frequencies and then extrapolated to the zero frequency, and
these values were higher for more than 3-4 orders of magnitude comparing the corresponded
values for the surrounding solution. The resistance of about 1000 kQ was observed in the case of
high water concentration (see Table 1), which is a non-wetting liquid for these hydrophobic
polymers [10,11]. The lowest values were observed for ethanol, about 1.0 kQ for PMP and 0.15
kQ for PTMSP (see Table 1), which is a wetting liquid for these polymers. As can be seen from
Table 1, with the liquid uptake greater than 0.4 g/g (PMP: S=0.42 g/g at 90 wt.%; PTMSP:
S=0.46 g/g at 40 wt.%), the swollen membrane with the thickness of 30-40 um possessed lower
resistance than the corresponded solution between two electrodes (70 mm).
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It is Interesting to notice that the electrical resistance data reflected the hysteresis behavior
in the interactions of PMP and PTMSP with the water-ethanol mixtures once the composition
was stepwise changed from water to ethanol and back to water (see sorption S and permeability
coefficient P for “W-E” and “E-W” in Table 1). PMP and PTMSP are glassy polymers with the
glass-transition temperature above 300°C; therefore, hindering of macrochains rearrangements
during the sorption and desorption process can be expected due to the rigid structure of these
polymers. Furthermore, it can be noticed that the residual solvent remained in PMP (0.06 g/g)
and PTMSP (0.05 g/g) even after long-term soaking in the distilled water resulted in the drop of
membrane resistance in water for 58 and 32%, respectively (see resistance R at 0% ethanol
content in water for “W-E” and “E-W” in Table 1).

Table 1. Transport and sorption properties of PMP and PTMSP films in water/ethanol:
liquid permeability coefficient P, membrane resistance Ry, and sorption S (“W-E” — the liquid
composition was stepwise changed from water to ethanol; “E-W” — from ethanol to water,

respectively).

Ethanol PMP PTMSP
content, P, 10° m¥h-bar  Rp, kQ S, g/g P, 10" m?/h-bar R, kQ S, g/g
wt.% W-E E-wW W-E E-W W-E E-W W-E E-W W-E EW W-E E-W
0 0 0 910 380 0 0.06 0 0 750 510 0 0.05
10 0 0 880 520 0.07 0.14 0 0 900 580 0.14 0.20
20 0 0.003 1030 840 0.10 0.19 0 0.046 880 214 0.26 0.32
30 0.001 0.007 1010 970 0.17 0.27 0 0.190 740 9.0 0.36 042
40 0.004 0.043 1060 350 0.20 0.29 0 0.416 250 :).7 046 0.55
50 0.004 0.061 1070 284 0.27 036 0.024 0.653 52 0.44 055 0.64
60 0.007  0.102 1200 115 029 038 0120 1226 131 033 059 0.74
70 0.017 0.213 680 436 033 044 0251 1598 202 027 0.63 0.76
80 0.030 0.421 517 225 039 046 0847 2324 054 020 0.73 0.83
90 0268 0.766 201 125 042 048 1661 2988 031 020 0.82 0.87
96 1.049 1049 1.18 1.18 053 053 3724 3724 015 0.15 0.95 0.95

The analysis of the results for overall capacity indicated that the membrane acted as a
capacitor at low ethanol concentrations. As can be seen from Figure 4, there is a common trend
in the change of the overall capacity at lower ethanol concentrations regardless the frequencies.

The more pronounced difference can be found later at higher alcohol content. Besides, all curves
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demonstrated the maximum, which can be attributed to the appearance of the transport channels
where cooperative diffusion or convection can be realized. It is in good agreement with results
obtained in [44] for these polymers in ethanol where it was demonstrated the influence of
coupling effects on transport. It is interesting to notice that the capacity results also revealed the
hysteresis effect observed earlier with the resistance. The transition from a conductor with
diffusion effect into capacitor takes place at a lower concentration of ethanol than the transition
from the capacitor to conductor at increasing ethanol concentration. This result confirms the

appearance of percolation cluster in membranes at high ethanol concentration.

PTMSP PMP
100000 10000
10000 -
T w
o Q
5 5
(31000 ¢ 1000 ;
100 A
10 T T T T 100 e T T T
0 20 40 60 80 100 0 20 40 60 80 100
Frequency, Hz Frequency, Hz

Fig 4. Capacity of system at different ethanol concentrations: ¢ — at 25 Hz (W-E); ¢ — at
25 Hz (E-W); m —at 100 Hz (W-E); O — at 100 Hz (E-W); A— at 1000 Hz (W-E); A — at 1000 Hz
(E-W); e —at 10000 Hz (W-E); o — at 10000 Hz (E-W);

Since calculated resistance consists not only membrane resistance itself but also secondary
effects on membrane surface to diminish their influence membrane resistance was obtained by
fitting of results from eq. (5) at different frequencies into zero frequency. Figure 5 shows the
comparison between the results provided by permeability coefficient and electrical resistance
calculated from eq. (5) for both membranes. In order to make the comparison easier, results
obtained with a given water/ethanol mixture were normalized with respect to those obtained with
ethanol (96%). All membrane permeabilities were obtained in steady state regime when
permeability was stable during at least several hours. A very good agreement was obtained
between the normalized permeability coefficient, P/Pgon, and the reverse normalized electrical
resistance, Rmeion/Rm (the reverse ratio was considered for the electrical resistance since this
latter was the highest when measured in pure water). This finding demonstrates that (i) both

liquid transport and electrical conductance occurred through the same transport channels within
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the membranes, and (i) the electrical resistance method can highlight the formation of such

(pseudo) liquid channels (percolation clusters) through polymers of intrinsic microporosity.

PTMSP

0 20 40 60 80
Ethanol concentration, wt.%

100
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40 60 80
Ethanol concentration, wt.%

0 20 100
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60 80
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0.1
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20 40 60 80
Ethanol concentration, wt.%

100

Fig 5. Relative liquid permeability coefficient P/Pgon () and resistance Rmeton/Rm (0) as

a function of liquid composition.

From results depicted in Figure 5, it appears that no percolation clusters are formed

through PTMSP and PMP membranes for ethanol concentrations up to about 50 and 70 wt. %,

respectively. Beyond these threshold values, the increase in the ethanol concentration is

accompanied by a substantial increase in the liquid transport as well as in the reverse normalized

electrical resistance, which is attributed to the formation of percolation clusters through the

membrane matrix (schematic illustration can be found on Figure 6).
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Fig 6. Schematic illustration of the polymeric matrix before (left) and after (right)

percolation clusters formation.

Unlike permeability coefficient and electrical resistance measurements, sorption
experiments revealed no threshold behavior with the ethanol content, and a noticeable amount of
liquid was found to enter both PTMSP and PMP membranes as soon as ethanol (wetting liquid)
was added to the liquid phase (see Table 1). The sorption was measured for both types of water-
ethanol solutions with and without of the NaCl, and comparison of these experiments indicates
no influence of NaCl on the sorption of the liquids. The above results (Figure 5 and Table 1)
therefore indicate that below a critical ethanol concentration (about 50 and 70 wt. % for PTMSP
and PMP membranes, respectively), the solution can enter the membrane (S = 0.55 and 0.33 g/g
for the critical ethanol concentrations with PTMSP and PMP membranes, respectively), thus
forming small liquid clusters but these latter are not connected with each other. As a result,
membrane permeability is low or not detectable, and the membrane behaves mostly as a
capacitor, i.e., storing charges inside non-connected clusters. The difference in sorption at critical
ethanol concentrations between two polymers likely connected with individual features of
polymer structures. This emphasizes that static (e.g., sorption) and dynamic (e.g., filtration)
experiments might not always be comparable and complimentary for prediction analysis. For
investigated polymers, at low ethanol concentrations, only low flux through the membrane is
possible by solution-diffusion mechanism till percolation cluster is formed at a high
concentration of ethanol. Such cluster posses much higher flux through the membrane.

The liquid permeability coefficient and electrical resistance measurements both result from
dynamic processes, and, hence, the electrical resistance technique can be used to predict liquid
transport. Notably, it could be possible to determine the membrane permeability coefficient for
any water/ethanol mixture from the measurement of the relative resistance (Ryeton/Rm) provided

the permeability in the wetting solution (Pgion) is known. Since the time required for electrical
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resistance measurements is-mainly determined by the sorption process, this technigue is likely to
provide significant time reduction when investigating low permeable or barrier materials. For
instance, PMP and PTMSP membranes were kept at a pressure difference of 30 bar during 4-5
days to confirm their barrier properties towards the solutions with low ethanol concentrations
(see Table 2). At the same time, 2-8 hours were sufficient to obtain the steady-state values of the
electric current flowing through the membranes. This makes electrical resistance measurements
as an express technique to identify when the membrane can be operated as the gas-liquid

membrane contactor (no liquid permeability) or filtration membrane (permeable for the liquid

phase).
Table 2. The time required to obtain stable results in permeability and resistance
measurements.
Ethanol concentration, wt.% Permeability Electrical resistance

0 5 days 2-5 hours
10 5 days 2-4 hours
20 4-5 days 2-4 hours
30 4-5 days 2-4 hours
40 4-5 days 5-8 hours
50 2-4 days 3-8 hours
60 8-32 hours 4-5 hours
70 6-8 hours 3-7 hours
80 5-6 hours 5-6 hours
90 3-5 hours 2-7 hours
96 3-4 hours 3-4 hours

The above results, performed in the normal mode, i.e., with current lines normally oriented
to the membrane surface, were confirmed by lateral measurements widely used for
characterization of hydrophilic materials such as ion-exchange membranes. This method was
proposed by Sedkaoui et al. [29] and described in section 2.2. Figure 7 shows the variation of the
cell conductance measured with the PMP membrane by varying the distance between membrane
samples (hp).According to Eq. (6) the membrane conductance can be inferred by extrapolation at
hen = 0. For measurements performed in water and mixture with 40% of ethanol, the membrane
electrical conductance was found extremely low, but it increased significantly in the 20/80 %
water/ethanol mixture, and the highest value was achieved for ethanol. This can be associated
with the formation of percolation clusters within the membrane matrix. It is worth stressing,

however, that the lateral method developed by Sedkaoui et al. [29] is more suited for highly
14



conductive materials (because the cell configuration 'is:in this case equivalent to an electrical
circuit with several parallel-connected branches [29]) and have low accuracy for non-conductive
materials like investigated polymers in water. Therefore, it can be concluded that the lateral
method can be also used with certain limitations for characterization of hydrophobic materials
like polymers of intrinsic microporosity.
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0 H20/EtOH (60/40)
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Fig 7. Variation of the cell conductance (Ge) as a function of the gap between membrane
samples (h¢p) in the lateral-measurement configuration with the PMP membrane.

Conclusion

It was demonstrated that the membrane electrical resistance method is a very attractive,
time effective approach to evaluate barrier or low permeable membrane materials. Indeed, it was
shown to be able to highlight the formation of percolation clusters inside membranes made from
polymers of intrinsic microporosity (PTMSP and PMP). The analysis of the phase shift between
the electrical current and the electrical potential showed that the behavior of PTMSP and PMP
membranes changed from mainly capacitive at low ethanol concentrations to the ion conductive
as the ethanol concentration was increased.

Sorption experiments indicated liquid uptake by PTMSP and PMP membranes even at low
ethanol concentrations. On the other hand, no liquid flux or hardly detectable flux was observed
until a critical ethanol concentration in the liquid phase (about 50 and 70 wt. % for PTMSP and
PMP membranes, respectively). These results showed that although liquid clusters were present
inside the membrane at low ethanol concentrations, they were not connected with other, thus
preventing any significant liquid permeation until the critical ethanol concentration in the liquid
phase was reached, which allowed the formation of connected paths and percolation clusters.
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The very good quantitative -agreement. was found between the relative change of the
membrane electrical resistance and the permeability as a function of the ethanol content in the
liquid phase. Consequently, electrical resistance measurements could be used as an express
method to determine the membrane permeability of low permeable materials since the time
required to get stable results was found to be much shorter for electrical resistance measurements
than for permeability measurements.

A hysteresis effect was observed for both membrane permeability and resistivity by
increasing and decreasing stepwise the ethanol concentrations. This hysteresis demonstrates the
influence of the sample history on the membrane characteristics. The good correlation of electric
conductivity and permeability of membranes suggests that this effect could be connected with
the formation of pore-like transport channels in the polymer since the solution has low resistance
and polymer is dielectric. Such transport channels or percolation clusters provide high membrane

conductivity and permeability until they are disrupted due to low ethanol concentration.
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Appendix A
Figures A-1, A-2 and A-3 represent experimentally measured data for water-ethanol
solutions.
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Fig A-1. Experimentally measured real part of-impedance of water-ethanol solutions ReZs.
¢ — water, m — 10% ethanol; A — 20% ethanol; x — 30% ethanol; * — 40% ethanol; e — 50%
ethanol; ¢ — 60% ethanol; [1 — 70% ethanol; A — 80% ethanol; o — 90% ethanol; + — 96%

ethanol.
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Fig A-2. Experimentally measured phase shift in water-ethanol solutions ¢s. ¢ — water, m —
10% ethanol; A — 20% ethanol; x — 30% ethanol; * — 40% ethanol; e — 50% ethanol; ¢ — 60%
ethanol; [1— 70% ethanol; A — 80% ethanol; o — 90% ethanol; + — 96% ethanol.
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Fig A-3. Experimentally measured capacity of water-ethanol solutions Cs. ¢ — water, m —
10% ethanol; A — 20% ethanol; x — 30% ethanol; * — 40% ethanol; e — 50% ethanol; ¢ — 60%
ethanol; 7 — 70% ethanol; A — 80% ethanol; o — 90% ethanol; + — 96% ethanol.
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Figures A-4, A-5 and A-6 represent experimentally measured data for system consists of

PTMSP membrane and water-ethanol solutions. Examples of the results for one membrane
sample.
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Fig A-4. Experimentally measured real part of impedance of system consists of PTMSP
membrane and water-ethanol solutions ReZ,. ¢ — water, m — 10% ethanol; A — 20% ethanol; x —

30% ethanol; * — 40% ethanol; @ — 50% ethanol; ¢ — 60% ethanol; [] — 70% ethanol; A — 80%
ethanol; o — 90% ethanol; + — 96% ethanol.
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Fig A-5. Experimentally measured phase shift in the system consists of PTMSP membrane

and water-ethanol solutions ¢,. ¢ — water, m — 10% ethanol; A — 20% ethanol; x — 30% ethanol;

* — 40% ethanol; @ — 50% ethanol; ¢ — 60% ethanol; [1 — 70% ethanol; A — 80% ethanol; o —
90% ethanol; + — 96% ethanol.
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Fig A-6. Experimentally measured capacity in the system consists of PTMSP membrane
and water-ethanol solutions C,. ¢ — water, m — 10% ethanol; A — 20% ethanol; x — 30% ethanol;
* — 40% ethanol; @ — 50% ethanol; ¢ — 60% ethanol; [1 — 70% ethanol; A — 80% ethanol; o —
90% ethanol; + — 96% ethanol.

Figures A-7, A-8 and A-9 represent experimentally measured data for system consists of

PMP membrane and water-ethanol solutions. Examples of the results for one membrane sample.
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Fig A-7. Experimentally measured real part of impedance of system consists of PMP
membrane and water-ethanol solutions ReZ,. ¢ — water, m — 10% ethanol; A — 20% ethanol; x —
30% ethanol; * — 40% ethanol; @ — 50% ethanol; ¢ — 60% ethanol; [] — 70% ethanol; A — 80%

ethanol; o — 90% ethanol; + — 96% ethanol.
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Fig A-8. Experimentally measured phase shift in the system consists of PMP membrane

and water-ethanol solutions ¢,. ¢ — water, m — 10% ethanol; A — 20% ethanol; x — 30% ethanol;

* — 40% ethanol; @ — 50% ethanol; ¢ — 60% ethanol; [1 — 70% ethanol; A — 80% ethanol; o —

90% ethanol; + — 96% ethanol.
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Fig A-9. Experimentally measured capacity in the system consists of PMP membrane and

water-ethanol solutions C,. ¢ — water, m — 10% ethanol; A — 20% ethanol; x — 30% ethanol; * —

40% ethanol; @ — 50% ethanol; ¢ — 60% ethanol; (1 — 70% ethanol; A — 80% ethanol; o — 90%

ethanol; + — 96% ethanol.
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Prediction of liquid permeability (P)
by electrical resistance (R) measurement
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Graphical Abstract

Highlights
e The formation of percolation clusters inside dense polymer membranes was highlighted
from the determination of the membrane electrical resistance.
e A good correlation was obtained between electrical resistance and permeability
measurements performed for various water/ethanol mixtures.
e The comparison with sorption experiments indicated that a critical ethanol concentration
in the liquid phase was required so as to obtain percolation clusters through the

membranes.
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