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ABSTRACT

The effect of a transmembrane pressure on the electrokinetic properties of different
polymeric charged membranes is analyzed. Electrokinetic characterization can involve the
application of increasing or decreasing pressure differences over a membrane sample. The
aim of this work is to study whether the transmembrane pressure application during the
measurement process to determine the zeta potential and the intrinsic permeability of
polymeric membranes causes a membrane irreversible change. It is a relevant issue in
membrane technology, because electrokinetic properties are used to analyze the viability and
performance of ion-exchange membranes processes in practical applications. We show that
polymeric membranes can be affected by a transmembrane pressure application. This
influence does not affect surface charge distribution of the polymeric membranes, but it can

strongly affect the membrane structure.
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1. Introduction

Streaming potential is the voltage difference between upstream and downstream of liquid
flow at zero electric current due to a pressure gradient through a charged capillary, and it is
caused by a charge accumulation originated by the flow of part of charges in the diffuse layer.
From streaming potential, zeta potential, defined at the shear plane, can be estimated, being
considered an useful representation of the potential at the charged surface [1]. Thus,
streaming potential is a common widely used experimental technique for electrokinetic
characterization of a charged solid-electrolyte interface [2-16]. Electrostatic interactions
between ions in the water and the membrane surface charge play an important role in ion
separation based on Donnan exclusion [17-19]. Moreover, the electrochemical properties of
a membrane surface and the macromolecules presented in solution may have a significant
influence on the nature and magnitude of the membrane—solute interactions. For this reason,
preventing fouling in different technologies using charged membranes, such as nanofiltration,
reverse osmosis, reverse electrodialysis, or multistage flash distillation, has become a major
research focus [20-25], and streaming potential measurements have been used to investigate
the surface characteristics of ultrafiltration membranes, and to determine the interactions
between the foulant and the membrane [3,26] or for characterizing ion-exchange membranes
used in electrodialysis [27]. The fouling of membranes by biological macromolecules such
as proteins is also dependent on the zeta potential of the membranes and the protein charge
[28]. Accurate estimating membrane zeta potential is critical for interpreting membrane
fouling propensity and the transport phenomena of charged contaminants in the presence of
brackish and saline feed streams [11]. Characterizing the streaming potential has been shown
essential in applying seismoelectric and electroseismic phenomena for oil exploration using

polymeric materials for electro-osmosis micropumps [8], for characterizing porous
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transducer [12], to predict the performance of nanofiltration membranes [29], or for on-line
control of polymer dosage for waterworks sludge conditioning [30].

Fluid flow and charge transport are closely interrelated due to the formation of the
electrochemical double layers on the solid—liquid interfaces. Thus, another important aspect
to consider is the transport of liquid, which may arise from the pressure difference stablished
between the both sides of the membrane. In pressure-driven processes, this flow is a key
aspect of the process performance. The hydraulic permeability is a parameter that
characterizes the productivity of a membrane in a pressure-driven membrane process. This
parameter refers to the resistance of a solid matrix due to pressure driven flux, and it is
usually estimated from the permeate flux as a linear function of the applied pressure in
agreement with the Darcy’s law [31-34]. Moreover, a pressure difference can also appear
between both sides of the membrane in several electromembrane-processes involved in
energy generation processes, such as polymer electrolyte fuel cells [35] or reverse
electrodialysis [36]. The hydraulic permeability is a crucial parameter in electrokinetic
energy conversion because it negatively affects the figure-of-merit of the conversion process
and, thus, affects the energy conversion efficiency [37-39]. Hydraulic permeability can also
be estimated from the time dependence of the transversal streaming potential, when it is
measured by flowing liquid through the membrane [40]. In this case, measurements usually
involve the application of increasing or decreasing pressure difference over a membrane
sample, and streaming potential and hydraulic permeability can be calculated from the linear
relation between the voltage difference across the membrane and the applied transmembrane
pressure difference.

Most of the commercial membranes used in pressure-driven application possess a
polymeric matrix. In addition, ion-exchange resins used in electromembrane-processes are

often polymers that carry fixed functional groups. The viability and performance of ion-



exchange membranes processes in practical applications are dependent on membrane
properties. In particular, the mechanical properties of thin-polymeric membranes are of wide
interest to control processes because they affect the durability and lifetime, both related to
the polymer degradation [41,42]. There is evidence that polymeric membranes can be
affected by the application of a transmembrane pressure [43-46] originating polymer
degradation. Thus, it is a very important issue in characterization techniques involving the
application of a transmembrane pressure to know its effect on the membrane properties. In
this context, we discuss the influence of the transmembrane pressure application on both
transversal streaming potential and hydraulic permeability measurements in typical charged

polymeric membranes.

2. Theoretical fundamentals
According to the linear irreversible thermodynamics approach [47,48], the flux-force
equations for an isothermal membrane system can be written as:
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where Je, Jw and J are, respectively, electrolyte, water and charge fluxes, Ve and V zaw
electrolyte and water chemical potential gradients, respectively, and V y the electric
potential gradient. The coefficients Lij are the phenomenological coefficients.
If reversible Ag/AgCl electrodes are used, the isothermal cell is represented as:

Ag(s)| AgCI(s)| KCI(c, )| ion-exchange membrane| KCI(c, )| AgCI(s)| Ag(s) (2)
where the electrolyte concentration, co, is identical on both sides of the membrane. When a
transmembrane pressure is stablished between them, an electric potential difference, Ay, is
originated. With any concentration difference stablished between two sides of the membrane,

the chemical potential gradient has only the pressure dependent contribution, Vivp, with Vi



the partial molar volume of component i and p the hydrostatic pressure. In this case, the
streaming potential difference is the open-circuit voltage Awo, which is obtained from the

third expression in Eq. (1) by setting J = 0 as follows

S o

where the pressure coefficient, /o, is defined in absence of electric current. To obtain the

Py ©)

true value of the streaming potential, Ay, the electrode contribution must be subtracted from
Ayn:

1 ,— _
Ay, :AWO—E(VAQCI —VAg)Ap (4)

where F is the Faraday’s constant, and V ager and V g are the molar volumes of AgCl and
Ag, respectively [49].

Thus, the true value of the pressure coefficient, f, can be estimated by

A 1. i
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If the pressure coefficient is known, the electro-osmotic drag coefficient, kw, can be

determined for each membrane system as follows [50]:

P (6)
where pand M, are the density and the molecular mass of the transported flow, respectively,
and W is the electro-osmotic permeability. The electro-osmotic permeability is, according to
the Onsager relations [51], equal to the pressure coefficient. This coefficient quantifies how
many water molecules are carried along with each counter-ion at the vectored counter-ion

transport path through the membrane, assuming the gradient of the water concentration

negligible through the whole membrane.



The formation of an electrical double layer occurs when a solid surface featuring electrical
charges is in contact with a liquid that contains mobile charges. The electrical potential at
the shear plane is defined as the zeta potential, . From the pressure coefficient value, the

zeta potential can be estimated using the Helmholtz-Smoluchowski equation [11,52]:

p, =L @
77K

where & is the vacuum permittivity and &, x and 7 are, respectively, the relative dielectric
constant, electric conductivity and dynamic viscosity of the solution. The zeta potential
indicates the electrical potential at the plane of shear between the stationary and mobile parts
of the electric double layer at the membrane-solution interface. It is noted that the Helmholtz-
Smoluchowski equation is valid for electrolyte solutions with ionic strengths greater than
0.001 M [20].

In fact, the solutions at both sides of the membranes are identical only in the start of the
experiments, at time equal to zero. Later, during the process, a concentration difference
arises between both sides of the membrane. The contribution of the concentration

polarization is usually eliminated by determining the streaming potential as an intercept at

time zero, Ay, from the plot of the electrical potential difference versus t“2 [53, 54]:

Ay =Ay, - At (8)
where Ao is the electric potential difference in the absence of concentration polarization.
As there is no liquid flow through the membrane at this stage, the parameter A can be related

to the hydraulic permeability, Lp, in the membrane as follows

A
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where Ap is the transmembrane pressure, and f is given by:
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where sign + or — is applied, respectively, for cation or anion membranes, ti is the
corresponding co-ion transport number in free solution, and Dkci is the diffusion coefficient
of KCI. Thus, it is possible to estimate the hydraulic permeability from the dependence of
the electromotive force with time in the isothermal cell shown in (2).

It is worth noticing that several assumptions are implicit in Eqg. (10). Thus, activity
coefficients are considered constant; at low concentrations, water transference is much
smaller than unity and may be considered negligible; and perfectly selective membranes are
considered. Since the second law demands that L, must be positive, we expect that A must
be also positive for cation membranes and negative for anion membranes, which is in
agreement with our results.

The viscosity and the density of the permeant used in hydraulic permeability testing
influence on the results, and thus Lp depends on both liquid and medium. The contribution
of the medium is given by the intrinsic permeability, K, expressed as [55,56]:

K=Lnd , (11)

where d indicates the membrane thickness.

3. Experimental

Two homogenous and two heterogeneous commercial charged polymeric membranes
have been used in this work. The homogenous membranes were two Neosepta membranes,
the cation-exchange membrane Neosepta CMX (hereinafter CMX) and the anion-exchange
membrane Neosepta AMX (hereinafter AMX). CMX cation membranes are composites
prepared on the base of polystyrene and divinylbenzene, and reinforced with

polyvinylchloride. The ionic fixed sites are sulfonic acid groups. AMX anion membranes



are composed of styrene divinylbenzene copolymers with tri-alkyl ammonium fixed charge
groups. They contain a reinforcing inert mesh. The heterogeneous membranes were two
Ralex membranes, the Ralex CM(H)-PES cation-exchange membrane (hereinafter RXC)
and the Ralex AM(H)-PES anion-exchange membrane (hereinafter RXA). They are
composites formed from ion-exchange resins with polyethylene basic binder and the
reinforcing material is a polyester fitting fabric. The ion-exchange group is a sulfonic group
for RXC membranes and a quaternary ammonium group for RXA membranes. The selected
membranes are suitable for application in electromembrane processes like electrodialysis,
electrodeionization or electrophoresis, among others. Relevant characteristics for these
membranes are given in Table 1.

Table 1

lon exchange capacity (IEC), density, thickness, and liquid uptake of ion-exchange
membranes used in this study.

Membrane RXA RXC AMX CMX
IEC(meg-gh)” 1.8 2.2 1.3 1.7
Density (kg:-m3) ™ 945 817 1090 1000
Dry thickness (10°m)™ | 454%15 431%13 129.01.7 151.0+2.8
Wet thickness (10°m)™ | 750+10 735+10 14045 17345
Water uptake (%)~ 56.0 64.5 21.0 30.0
Liquid uptake (%) ™ 51.9 56.1 20.9 23.9

“ Given by the manufacturer
" Measured
" Measured in KCI 0.01

Liquid uptake by the membranes was estimated by using the usual gravimetric method
[57] at 25.0 + 0.1°C. Membranes thickness was measured with a PCE-THM-20 material
thickness meter with resolution 0.0002 mm. Final value of membrane thickness was
obtained by averaging the results of at least ten measurements made at different points of the
sample under study. Aqueous KClI solutions of 0.01 M concentration were used as electrolyte.

Figure 1 shows SEM (scanning electron microscope) images of the new unused

membranes samples used in this work. Figures 1(a) and 1(b) correspond to heterogeneous



RXA and RXC membranes and homogeneous AMX and CMX membranes, respectively.
The images show important surface morphological differences between the different

membrane samples.

(b)

Fig. 1. SEM images of the membranes used in this work (Spanish National Centre for
Electron Microscopy ICTS). (a) Heterogeneous membranes: (1) RXA; (2) RXC; (b)
Homogeneous membranes: (1) AMX; (2) CMX



The experimental device and the procedures used in this study were essentially the same
as those described in [5]. Ag/AgCI electrodes were used to measure the electric potential
difference with the electrode immersed in the lower pressure solution permanently grounded.
The pressure pulses were generated with pure pressurized air through a double pressure
reducer. Pulses up to 1 bar were applied. The low pressure half-cell was always kept at
atmospheric pressure. The pressure difference was measured with a digital manometer with
68.9 Pa (0.01 psig) resolution. The whole cell was immersed in a thermostatic bath at 25.0
+ 0.1°C. Before experiments, each membrane sample was immersed in aqueous 0.01 M KCI

solution for a minimum of 48 hours in order to achieve equilibrium.

4. Results and discussion
4.1. Measurements with new unused membrane samples.

The electric potential difference that appeared when a pressure difference around 1 bar was
established between both sides of a membrane was measured as a function of time. Results
in Figure 2a show the typical behaviour exhibited by a set of new unused membrane samples.
In general, the curves were qualitatively similar in all cases. When the pressure difference
was applied, the electric potential increased significantly within a few seconds, followed by
a slower increase. Later, when the pressure difference across the membrane was removed,
the potential difference decreased abruptly within a few seconds, followed by a decrease to
a constant value. As it’s expected, negative values of the electric current were found for
cation-exchange membranes, and positive values for anion-exchange membranes [58].

It has been reported elsewhere [45] that after applying a transmembrane pressure over
polymeric membranes, an instantaneous pressure drop occurred, and afterward the pressure
difference decreased for a few seconds until a stationary value was reached. This behaviour

was attributed to the viscoelastic deformation of the membranes. In the present study, we
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found that the pressure drop was lower than 0.03 bar in the most unfavourable case, and a
stationary value was reached in a few seconds.

Corresponding lines showing the electric potential difference versus t? used to determine

the streaming potential (Ay,) according to Eq. (8) are plotted in Figure 2b. The initial time

interval to perform the linear regressions was chosen testing different points as initial time,
and choosing those which gave a correlation coefficient closer to unity [59]. However, we
found that the experimental curves Ayt exhibited a deviation from the expected linear
relationship. Here, this nonlinear behaviour is related to the membrane deformation during
operation [45], [60]. In these cases, to perform the correlation analysis, we fitted our data in
two time intervals. We consider that the first time interval (named transitory interval) ranges
from the initial time to the time where deviation from the linear regression appears (as arule,
we consider as the last time those for which the regression coefficient was higher than 0.99).
Whereas, a second interval (named stationary interval) ranges from the last measured time
to the time where the second linear fits gave a correlation coefficient closer to unity (as a
rule, we consider as the first time those for which the regression coefficient was higher than
0.99). These times depend on the membrane and the pressure difference, but in general, the
final time for short t was around 40-60 s and long t corresponds to times higher than 100 s.

Nevertheless, it should be noted that the selection of the time interval to fit experimental data
to Eq. (8) can affect significantly the values of the estimated parameters Ay, and A.
Figures 2c and 2d show, respectively, the values of Ay, and A estimated using the whole

time interval (denoted all t), the initial transitory interval (denoted short t), and the stationary

interval (denoted long t). Comparing to the experimental values shown in curves Ay-t, we
found that the values of Ay, were overestimated when all t or long t intervals were used. In

addition, the values of the parameter A depended on the time interval used in the calculations.
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Thus, larger values were obtained in the short t interval than in the long t interval. Using
these values in combination with Egs. (4-6, 8-10), we estimated the pressure coefficient (at
short t), the transient hydraulic permeability, and the stationary hydraulic permeability. See

Table 2.

2e-4
a
le-4
r
O -

Electric Potential Difference (V)

“le-4 4 T
— - RXA (0.992 bar)
RXC (0.995 bar)

AMX (0.968 bar)

— —= —  CMX (0.996 bar)
-2e-4 T T T T T T T
0] 100 200 300 400 500 600 700
Time (s)
2e-4
le-4 4 b
=
=
o le-4 -
o
c
<
o 5e-5 o
=
(=)
s o A
=
=
2
O _5e-5 4
T 5e-5
L
= =
g lea
w
-2e-4
2e-4 T T T T T T T
2 4 6 8 10 12 14 16 18
Time 2 (Sllz)
4.0e-6
1.4e-4 4 . allt . allt
C [ shortt d = [ shortt
N long t N long t
1.2e-4 4
3.0e-6 4
1.0e-4 4
= '
i 8.0e-5 | Fm
= g 20e6 1
< 60es 1 <
4.0e-5 1 1.0e-6 4
2.0e-5 4
00 4 00 4 o
RXA RXC AMX CMX RXA RXC AMX CMX
Membrane Membrane

Fig. 2. a) Electric potential difference originated by the indicated pressure difference across
the new unused membrane sample as a function of time. b) Corresponding lines showing the
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electric potential difference vs. time square root. c) Streaming potential obtained from fitting
Ay vs.t datato Eq. (8); d) Parameter A obtained from fitting Ay vs. t datato Eg. (8).
Table 2

True pressure coefficient (estimated at short t), 5 new, electro-osmotic drag coefficient, kw,new,
and hydraulic permeability estimated from transitory, Lp™@"new, and stationary, Lp*® new,
intervals, using new membrane samples.

Membrane ﬂ',new kw, new Lptran’ new I—F’Stat » New
(101°v- pa) (10¥ m-st-Pat) | (10 m-stPal)
RXA 7.45+0.03 4 2.71+0.13 1.32+0.09
RXC -10.78+0.02 6 1.85+0.10 1.50+0.08
AMX 7.24+0.01 4 1.21+0.08 0.65+0.04
CMX -8.61+0.14 5 1.63+0.08 0.91+0.09

The values of the pressure coefficient shown in Table 2, estimated at short t, were in
agreement with the values found in the literature for similar membranes [2,3,6,8,10,53,54].

The results seem to indicate that, due to the time dependence of the hydraulic flow, short t
sequence is more appropriate to determine Ay, from Eq. (8).

Values obtained for the electro-osmotic drag coefficient agree with typical values for
polymer electrolyte membranes obtained using different methods [61-65]. Higher values of
the pressure coefficient and thus, of the electro-osmotic drag coefficient, were obtained for
cationic membranes, which presented values more different from each other than the anionic
membranes. These results are in agreement with the results found by Wang et al. [61],
Jacobson et al. [62] and Garcia-Nieto and Barragan [63]. In these studies, lower water
electro-osmotic drag coefficients were found for anion-exchange membranes in comparison
with cation-exchange membranes. In homogeneous membranes, the higher the swelling, the
higher the electro-osmotic transport. This can be due to an increase of the channel diameters
in the membrane, and that the ions can be carried along in the solvating envelope more easily
[5,59,66]. Morevover, electroomotic transport depends on the counter-ion hydration, and
anions possesses, in general, lower hydration shell that cations [67]. The results presented in

this study are in agreement with this idea.
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The hydraulic permeability of the membranes was estimated from parameter A, using Egs.
(8-10). The order of magnitude agreed with the results found in the literature [53,68] for
similar systems, and they were similar than the previously obtained with NaCl solutions with
RXC and CMX cation-exchange membranes [10]. Heterogeneous Ralex membranes showed
larger hydraulic permeability values than homogenous Neosepta membranes, with higher
density.

Here, we found that the membranes exhibited the largest volume flux at the first stage of
the process. We consider that this fact may be related to the viscoelastic properties of the
membranes [69]. The membranes are deformed under the application of a transmembrane
pressure over them, increasing their area [45], and decreasing their thickness. Zich and
Vaclavikova [70] reported both volume and thickness changes in anion and cation exchanges
membranes under the action of a hydrostatic pressure difference across them. Moreover,
they found that the observed changes were larger for anion-exchange membranes than for
cation-exchange membranes. Both, area increase and thickness decrease would lead to a
higher volume flux. This change would occur at the beginning of the process until stationary
values for area and thickness were reached. It would explain why parameter A in Eq. (8) was

not constant in the time.

4.2. Measurements with used membrane samples.

Measurements were also carried out applying several pressure difference values between
0 and 10° Pa with 0.01 M KCI aqueous solutions to the same membrane sample. To verify
the existence of hysteresis, the measurements were performed, using the same sample in the
measurements, in two different sequences. In the first one, called “downward pressure”, the
applied pressure difference was gradually decreased, starting the first measurement with the

highest pressure value. In the second one, called “upward pressure”, the applied pressure
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difference was gradually increased from the lowest to the highest starting value. The results
obtained are shown in Figs. 3a and 3b for heterogeneous and homogeneous membranes,
respectively. Continuous and dashed lines correspond, respectively, to the results obtained
with the downward and upward pressure sequences. They were in agreement with the
expected behaviour, with an increase/decrease of the electric potential difference with

increasing/decreasing the applied pressure difference.
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Fig. 3. Electric potential difference originated by several pressure differences across the
membrane as a function of time (a) Heterogeneous RXA (top) and RXC (bottom)
membranes; (b) Homogeneous AMX (top) and CMX (bottom) membranes. Red colour
corresponds to the highest value of the applied pressure difference and grey colour to the
lowest value. Continuous and dashed lines correspond, respectively, to downward and
upward pressures sequences.
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In general, the curves were qualitatively similar in all cases, with the exception of the
results obtained for the anionic RXA membranes with the upward pressure sequence. In
this case, the sudden increase and decrease, when the pressure difference was first applied
and after removed, were not observed. Moreover, the variation of the electric potential

with time did not follow the general trend exhibited by the other membranes.

Corresponding lines showing the electric potential difference versus tY2 were
determined in all the cases. Figure 4 shows, as an example, the results obtained for AMX

membrane.
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Figure 5 shows the values of the streaming potential Ay, obtained using short time

interval (short t), as a function of the pressure difference applied to the membrane
systems in the two measurement sequences, with the exception of membrane RXA with
the upward pressure sequence. We found that there was a linear relationship between
the streaming potential and the pressure difference across the membrane. Thus, the
pressure coefficient fo was estimated from Eq. (3). Equation (5) allowed us to estimate
the true pressure coefficient for the membranes in the downward and upward pressure
sequences. These results are plotted in Figure 6, with the exception of the upward

pressure sequence of the RXA membrane.
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Fig. 5. Time variation of the streaming potential at zero time, Ay, as function of the

pressure difference across the membrane.
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Fig. 6. Pressure coefficients estimated for new and used membranes, in the downward
and upward pressure sequences.

We found that, with the exception of the RXA membrane, the differences between
the values of A (shown in Table 2), 4%, and &Y were within the experimental error.
This fact may indicate that no hysteresis was present in the determination of the pressure
coefficient, and that the measurement process did not affect to the surface charge
properties of the membrane.

Figure 7 shows the values of Lp obtained, using Eq. (9) for each applied pressure
difference. As can be observed, the influence of the transmembrane pressure on the
hydraulic permeability seems, in general, larger at low-pressure differences. In addition,
the values of Lp estimated in the transitory interval were, in general, higher than the
corresponding stationary values. To analyse the relevance of this fact, we performed a

one-sample t-test with each measurement series, downward and upward pressure in
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transitory and stationary intervals. The analysis showed that the transmembrane pressure
value had a significant influence in all cases, with the exception of homogeneous
membranes for stationary values in the downward pressure mode. One way ANOVA
study was performed to analyze the influence of the measurement method. No
significant influence was found for cationic membranes. In contrast, a significant
influence was found with anionic AMX membrane between transitory and stationary
values measured with downward pressure sequence. In addition, significant differences
were only obtained in the downward pressure sequence when heterogeneous
membranes are considered. Anionic RXA membrane seems to be strongly affected by
the measurement process. For this membrane, the time-dependent building of the
electric potential was lower than for the other membranes, as well as the relaxation time
after the pressure difference suppression. Some authors have related the mechanical
relaxation with time to the different types of polymer chains constituting the membrane
matrix [71]. In addition, the relaxation times becomes longer, the longer and more
flexible the polymer chains in the liquid phase. The results could indicate that the
downward pressure sequence makes the membrane polymeric matrix more flexible. The
values of Lp obtained by using Eq. (8) were two orders of magnitude higher than in the
upward pressure sequence, and differences were only observed between transitory and
stationary values in the downward pressure sequence. It would indicate that a given
transmembrane pressure strongly affects the membrane matrix in a non-reversible way,
but also that Eq. (8) could be not applicable in this case to estimate the volume flow
through the membrane. Further work is necessary to analyse the origin of this behaviour.

To quantify the effect of the measured process in the analysed parameters, pressure
coefficient and hydraulic permeability were estimated from the data obtained with the

used membrane samples for the last applied transmembrane pressure difference (around
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1 bar). The results are shown in Table 3. With the exception of anionic Ralex membrane,
no significant difference was observed in the pressure coefficient, obtaining similar
values within the experimental errors. On the contrary, the measurement process seems
to affect the hydraulic permeability of the membranes, mainly for RXA membrane,
which increased this value in three magnitude orders with respect to the value obtained
for the new unused membrane sample. The mechanical properties of this membrane

seem to be strongly affected by the applied transmembrane pressure.
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Fig. 7. Hydraulic permeability, Lp, as a function of the pressure difference across the
membrane. Continuous and dotted lines indicate the values of Lp obtained with new
samples at the highest applied transmembrane pressure.
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Table 3

Pressure coefficient, electro-osmotic drag coefficient, and hydraulic permeability,
estimated from transient and stationary regimes, with used membrane samples at the
highest pressure.

Membrane Ap ﬂr used kw, used Lp tran’ used LpStat, used
(105 Pa) (10-10 \V/ Pa-l) (10-14 ms-lpa-l) (10-14 ms-lpa-l)
RXA 0.982 ---- 274+1 185+1
RXC 1.000 -10.60+0.02 6 1.73+£0.02 1.58+0.02
AMX 0.965 7.86+0.01 4 1.00+0.02 1.42+0.02
CMX 1.002 -8.46%0.02 5 2.33+0.07 2.12+0.07

4.3. Determination of zeta potential and intrinsic permeability.
Zeta potential, £ has been estimated from the measured pressure coefficient using
Eq. (7). The values obtained in the present study for the different membrane systems are

shown in Table 4.

Table 4
Zeta potential, £, and intrinsic permeability, K, estimated for new and used membrane
samples.

Membrane é:new Cused Knewtraln KnewStalt Kused tran Kused stat
(10°V) | (10%V) | (10%°m?) | (10%°m?) | (10%°m?) | (10%°m?)
RXA 11 --- 1.76 0.88 184 134
RXC -15.3 -15.1 1.2 0.98 1.1 1.0
AMX 10.3 11.2 0.145 0.080 0.13 0.18
CMX -12.2 -12.0 0.25 0.14 0.36 0.33

Similar values were obtained, within the experimental error, with new samples under
the same experimental conditions. For used membrane samples, the results depended on
the membrane history, but a similar result was obtained, within the experimental error,
when a measured was repeated applying the same transmembrane pressure to the same
sample.

These results were in agreement with values existing in the literature for similar

membrane systems [7,11,72]. As can be observed, when membranes with equal
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selective character are compared, Zeta potential was higher at higher 1IEC values, in
agreement with results found in the literature [7] with sulfonated cation-exchange
membranes.

The intrinsic permeability, K, can be estimated for each membrane from the
corresponding Lp value obtained at the highest pressure (around 1 bar) and Eq. (11). The
results are also shown in Table 4. As can be observed, with the exception of the used
Ralex RXA membrane, the intrinsic permeability values were in the nano Darcy range,
and they were higher for heterogeneous membranes, with lower density. In the hard-
sphere approximation, the pressure derivative of the mean free path is isothermal
compressibility multiplied by mean free path, which is approximately -11 femtometers
per bar, so we expect the Knudsen number to be practically constant, and the variation
with pressure is therefore not explained by rarefaction effects [73].

Higher values for K were observed in the transitory interval, probably due to the
transmembrane pressure application make the membrane more compact as it reaches
stationary interval. The high values observed for Ralex RXA membrane with the used
membrane sample seems to indicate that the transmembrane pressure application
strongly affects the membrane structure, and the application of a transmembrane
pressure produces an irreversible change in it. In contrast, this effect was not observed
in the Ralex RXC cation membrane, even though they have similar matrix composition.
However, a close inspection of images in Figure 1a reveals some differences in the
structure of both heterogeneous membranes. Anionic Ralex membrane, with larger
density, presents a higher difference between the values of K obtained in transitory and
stationary regimes, indicating the porosity of this membrane was more affected by the

applied pressure difference.
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As it was previously commented, the behaviour observed may be related to the fact
that the applied pressure affects the elastic membrane properties. Also, it seems that the
time in building the electric potential, after the applied transmembrane pressure, is
expanded, without any effect over the membrane surface charge properties. In addition,
it can be speculated that the selective character of the membrane may play an important
role in the observed behaviour. This is important because Eg. (8) assumes that the time
dependence of the stablished potential difference is due to the contribution of the
concentration polarization. Nevertheless, further work is necessary to understand the

observations reported.

5. Conclusions

The influence of the application of a transmembrane hydraulic pressure over different
charged polymeric membranes both on the streaming potential and on the hydraulic
permeability has been studied.

Zeta potential value was estimated from the corresponding linear behaviour of the
streaming potential as a function of the applied pressure difference. Regardless if new
unused or used membrane samples were employed in the experiments, or increasing-
decreasing pressure sequence was used, the results indicated that the measurements
process does not cause permanent changes in the surface charge distribution of the
polymeric membranes. It indicates that a sequential application of a pressure gradient
over a same membrane sample does not alter its zeta potential. VValues of zeta potentials
in the range of 102 V were obtained. On the contrary, the hydraulic permeability
changed with the transmembrane pressure, probably due to dimensional changes in the
membrane samples originated in the experiments, indicating a possible irreversible

change in the polymeric membrane. The intrinsic permeability of the investigated
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membranes was in the nano Darcy range, and it was higher for heterogeneous
membranes, with lower density. In this case, new samples should be used to estimate

the true intrinsic permeability from transversal streaming potential measurements.
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