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This study deals with the membrane and interface electrical properties investigation by electrochemical
impedance spectroscopy (EIS). The EIS is a powerful technique for characterizing electrical behavior of
systems in which coupled electrical processes occur at different rates. A systematic study on the effect of
solution concentration, temperature and velocity, on the electrical resistance of anion- and cation-
exchange membranes (AEMs and CEMs) and their interfaces (electrical double layer and diffusion
boundary layer), was carried out. At the best of our knowledge, for the first time electrolyte
concentrations up to 4 M were used for the study of membranes and interface by EIS.

Moreover, Pulsed Gradient Spin Echo Nuclear Magnetic Resonance (PGSE-NMR) technique was used
to measure the water self-diffusion coefficients in swelled membrane as a function of the solution
concentration and temperature. These measurements gave additional important insights about the effect
of the electrolyte solution and fixed charges concentration in membrane, on membrane microstructure

and its transport and electrical properties.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

One of the major concerns of membranologists operating in the
field of electro-membranes processes, is the depth knowledge of the
membrane electrical and mass-transport properties. It is known that
at the interface between a solid ionic conductor and a liquid electro-
lyte, physical and electrical properties change suddenly because of an
heterogeneous charges distribution (polarization) which reduce the
overall electrical conductivity of the system [1-3].

The membrane electrical resistance is usually measured by direct
current (DC) method. In DC measurements the membrane is installed
in a cell which consists of two chambers containing the testing
solutions separated by the membrane. A DC signal is applied and the
voltage drop across the membrane is measured. The electrical
resistance is given by the slope of the current vs. the voltage drop
curve, in agreement with Ohm's law [4]:

R=> !
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where R [Q] is the resistance, U [V] is the voltage drop measured
between the two sides of the membrane; I [A] is the current.

To obtain the membrane resistance, the resistance of the cell
filled with the solution, but without the membrane, is subtracted
from the resistance of the cell containing both, the solution and
the membrane. The method is simple, but it is not able to
distinguish the membrane from the interface resistance. On the
contrary of the measurement in direct current, using an alternate
current (AC) over a frequency range, it is possible to distinguish
phenomena proceeding at different rates. Electrochemical Impe-
dance Spectroscopy (EIS) is a powerful technique in which an AC
is used to measure quantitatively the resistance to the charge
transport in the bulk and interfacial regions of solid and liquid
electrolyte materials [1,5-7].

In EIS experiments a sinusoidal electrical stimulus (voltage or
current) is applied over a frequency range to a pair of electrodes and
the response of the system under investigation is observed (current
or voltage) by the same, or different electrodes. In the first case the
configuration is indicated as two probes (or two electrodes) con-
figuration; when two additional electrodes are used to collect the
response of the system, the configuration is indicated as a four
probes [1]. In membrane characterization field, the two probe
configuration is usually applied when the membrane is pressed
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between two solid conductive electrodes, like in the case of the
membrane electrode assembly (MEA) for fuel cells [8-11].

Despite some examples of the use of the two probes config-
uration can be found in literature for the study of the ion transport
through a membrane separating two liquid electrolyte solutions
[12-14], the four probe configuration is the most convenient and
commonly used. The four probes, with respect to the two probes
configuration, has the advantage to eliminate from the impedance
spectra the contribution of the electrode injecting stimulus/elec-
trolyte charge transfer resistance, focusing the probing on the
membrane and its interface [15-21]. Impedance spectroscopy was
also used for the in-situ non-destructive structural characteriza-
tion of membranes and fouling phenomena [17,22-24]

Another possible configuration in EIS experiments consist in
the use of three electrodes, but it is usually employed to char-
acterize only one half of an electrolytic/electrochemical cell, or
phenomena occurring on an electrode [25], but not to investigate
membrane properties.

This study deals with the membranes and interface electrical
properties investigation by EIS. A systematic analyses on the
effect of solution concentration, temperature and velocity on the
electrical resistance of anion and cation exchange membranes
(CEMs and AEMs) and their interfaces, was carried out. At the
best of our knowledge, for the first time electrolyte concentra-
tions up to 4 M were used for the study of membranes and
interface properties by EIS. Moreover, Pulsed Gradient Spin Echo
Nuclear Magnetic Resonance (PGSE-NMR) technique was used to
characterize AEMs and CEMs swelled in concentrated electrolyte
solutions. NMR spectroscopy provides information on the micro-
scopic, as well as, macroscopic nuclear environments by deter-
mination of parameters such as relaxation times, self-diffusion
coefficients, and structural information.

The interest towards concentrated solutions lies in the high
salinity-gradient power (SGP) that can be extracted by membrane-
based energy conversion processes, like pressure-retarded osmosis
(PRO) and reverse electrodialysis (RE). The maximum theoretical
obtainable energy during the reversible mixed of a diluted stream
with a saline concentrated solution, ranges from 0.75 kW-h/m?> to
14.1 kW-h/m? of diluted solution, going from seawater (osmotic
pressure 2.7 MPa) to Dead Sea water (osmotic pressure 50.7 MPa)
as saline solution [26]. Concentrated solutions are produced in
numerous industrial activities such as saltworks and salt mines.
Membrane-based integrated systems open interesting perspec-
tives for sustainable and efficient energy conversion using natural
and abundant water resources. Brine solutions can be produced by
reverse osmosis and/or membrane distillation of seawater [27-30],
and they can be used as concentrated stream in SGP-RE stack
employing as diluted stream sea or brackish water. This idea is at
the basis of the European FP7 Project Reapower (www.reapower.eu),
and it can offer a huge potential for the improvement of the
electrical performance of SGP-RE system, which usually focus
on the combination of fresh water, as the diluted solution, and

Table 1
List and some experimentally determined properties of the membranes.

seawater, as the concentrated solution. The use of concentrated
solution allows to reduce the electrical resistance within the low
concentration compartment of the SGP-RE stack, boosting the
power that can be extracted from the SGP [26,31,32].

2. Materials and methods
2.1. Membranes samples

Three homogeneous reinforced cation exchange membranes
(CEMs) and three homogenous reinforced anion exchange mem-
branes (AEMs) produced by Fuji, were investigated (Table 1).
Before the use the membranes were washed with a 0.5 M NaCl
solution for 24 h changing the solution 4 times to remove residual
traced of solvents and/or chemical agents. After this procedure the
samples were indicated as “activated”.

2.2. Electrohemical impedance spectroscopy (EIS) experiments

In EIS experiments the response of a system to a sinewave
voltage or current excitation is investigated in the frequency
domain. Voltage (U, [V]) and current (I, [A]) depend from the
circular velocity or circular frequency w [s~'] as follow:

U(w) =U, sin wt (2)
Liwy =1o sin(wt+@) 3
®=2nv 4)

where t [s] is the time, ¢ [°] is the phase shift between voltage and
current, and the subscript o refers to the amplitude of voltage and
current in phase, v [s~!] is the frequency.

By using the Euler form:

e’ = cos @+j sin @ (5)

where j is the imaginary number (j=+v' —1)
The impedance Z,, [€2] can be expressed in a form similar to
Ohm's law:

Uo ejmt

U, . .
W:,—g"e"”: |Z| cos p+j|Z| sin ¢ (6)

Ziw) =

where IZ| is the impedance modulus.
The Eq. (6) indicates that the impedance is composed of two
parts, i.e. the real part:

Z'=1Z| cos ¢ (7)
and the imaginary part:
Z"=|Z| sin ¢ ®)

The real part of the impedance is the resistance, the imaginary
part is called reactance [1,4].

Membrane Thickness (pm)™* Ion exchange capacity Density of fixed Membrane areal
(mmol/g membrane) charges (mol/L)* resistance (Q cm?)**
Fuji-AEM-0150 166 +1 11401 22+03 1.631 +0.001
Fuji-AEM-80045 129 +2 14+01 3.8+0.2 1.551 +0.001
Fuji-AEM-90025 109 +2 1.6+03 29+0.6 1.102 + 0.001
Fuji-CEM-0150 170+ 1 1.6+0.1 34+0.2 2.647 +0.001
Fuji-CEM-80050 114+2 11+01 24+0.2 2.974 +0.001
Fuji-CEM-90026 113+2 1.0+03 1.8+05 1.642 + 0.001

* Conditions: NaCl 0.5 M, 20 °C.
** Conditions: NaCl 0.5 M, 20 °C, 2.8 cm s~ .
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Fig. 1. Schematic view of the experimental set-up used for the EIS experiments.

In this work a four electrodes configuration was used with a
home designed impedance cell having an active membrane area of
3.14 cm? (Fig. 1). The membrane disc was placed in vertical position.

The cell was fed by two gear pumps with two identical solutions
(1L for each solution), immersed in a thermostatic bath and kept
under stirring, flowing along the opposite sides of the membrane.
An AC current over a frequency range was injected through two
planar electrodes (working and counter electrode) and the
response of the system to the sinewave perturbation was measured
by two reference electrodes (indicated as sense and reference)
using a potentiostat/galvanostat combined with a frequency
response analyzer, Metrohm Autolab Autolab PGSTAT302N. The
voltage drop across the membrane was measured by positioning
the two reference electrodes in symmetric Haber-Luggin capil-
laries having the tip close to the membrane surface. The cell was
inserted inside a thermostatic Faraday cage connected to the
potentiostat/galvanostat ground for proper shielding.

The sense and reference electrodes were Ag/AgCl Reference elec-
trodes from Gamry Instruments; the Haber-Luggin capillaries were
filled with KCl 3 M. The planar working and counter electrodes were
made of Ag covered with a thin layer of AgCl by electro deposition.
Milli-Q water (18.2 MQ cm) was used to prepare all the solutions.

The EIS experiments were carried out in the frequency range
1000-0.01 Hz, with a signal amplitude of 10 mV. The electrical
resistance [Q2] was multiplied for the active area [cm?] to obtain
the areal resistance [Qcm?].

Each sample, after activation, was immersed in the testing
solution for 24 h to ensure a complete conditioning. The EIS
spectra were fitted with the equivalent circuits [1,12] showed
in Fig. 2, by the software Nova 1.9.16 by Metrohm Autolab B.V.,
using a non-linear least square procedure (convergence con-
ditions: maximum number of iterations 1000; maximum num-
ber of iterations without improvement 50; maximum change
in y? (scaled) parameter 0.001). If not otherwise specified, the
circuit A, was used. The membrane resistance (R,;,) was
obtained subtracting the solution resistance, obtained from
blank experiments (i.e. without the membrane), from the
membrane plus solution resistance (R, s). All the experiments
have been repeated in triplicate.

2.3. Ion exchange capacity

The ion exchange capacity (IEC) was measured by acid-base
titration. A sample of activated CEM or AEM was thoroughly
washed with water to remove residual traces of salt on the surface
and immersed respectively in a known volume of 0.1 M solution of
HCI or NaOH for three days at 20 + 2 °C. Then the membrane was
removed and the exchanged solution was divided in three lots that
were titrated respectively with 1 M NaOH or HCl solution until
neutrality (pHmeter immersed in the solution).

W

interface interface

m+s O O W O

CPE

interface

Fig. 2. Equivalent circuits used to fit the EIS spectra. The resistor is indicated as R;
the capacitor as C; the constant phase element (a non-ideal capacitor) as CPE; the
Warburg impedance as W. The subscript “m+s” is referring to membrane plus
solution, the subscript “edl” to the electrical double layer; the subscript “dbl” to the
diffusion boundary layer; the subscript “interface” indicates the global interface
membrane/solution.

The IEC was calculated using the following equation:

__moles H* or OH™ exchanged

IEC
Wdry

€))

The dry weight of the membrane (W, [g]) was measured after
the exchange, by washing the membrane thoroughly with water
and drying the sample in a furnace at 80 °C for 2 days.

The procedure was repeated three times and the medium value
was reported.

2.4. Membrane swelling

The membrane swelling was determined by immersing the
activated samples in a NaCl solution (0.017 M; 0.5 M; 1 M or 4 M)
for three days at a fixed temperature (20 °C; 30 °C or 40 °C). In the
case of the swelling experiments with the 0.017 M NaCl solution,
the activation procedure was carried out using this diluted solu-
tion instead of the 0.5 M solution.

The wet weight (W, [g]) was measured after swelling in the
salt solution and rapid dipping of the membranes on the surface
with paper tissue. The dry weight (W, [g]) was measured after
the exchange procedure, as reported above.

The membrane swelling (sw%) was calculated using the follow-
ing formula:

Wer — W
W = e 100 (10)
dry
The swelling and the IEC data were used to determine the
density of the fixed charged groups (moles of fixed charged groups

per volume of water in membrane, Cs [mol/L]) at various
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temperatures (20-40 °C) and solution concentrations (0.017-4 M):

IEC

100 (11

Crix =

2.5. PGSE-NMR analyses

NMR measurements were performed on a Bruker NMR spectro-
meter AVANCE 300 Wide Bore working at 300 MHz on 'H. The
employed probe was a Diff30 Z-diffusion 30 G/cm/A multinuclear
with substitutable RF inserts. Spectra were obtained by applying
the Fourier transform to the resulting free induction decay (FID) of
a single /2 pulse sequence. The /2 pulse width was about 8 ps.
One of its most important uses in the study of swelled membranes
has been to provide mass transport data of the diffusing ions
through measurement of water self-diffusion coefficient (D) by the
NMR pulse gradient spin echo (PGSE) sequence [33] (Fig. 3A).
The PGSE technique is a powerful non-invasive method for the
determination of D in multi-component systems and consists of
two rf pulses, Hahn-echo sequence (7z/2-7-), with two identical
pulsed-field gradients, the first applied between the 90° and
180° rf pulse (during the dephasing) and the second after the
180° rf pulse (during the rephasing) but before the echo. Following
the usual NMR notation, the pulsed-field gradients have magni-
tude g, duration 6, and time delay A (different from the degree of
ionic association). The attenuation of the echo amplitude is
represented by the Stejskal-Tanner equation:

A(g) = A(0)e~1’8D5 A -6/3) (12)

where D is the self-diffusion coefficient and y is the nuclear
gyromagnetic ratio and A(0) is the amplitude of the echo at g=0.
Note that the exponent in the equation is proportional to the mean-
squared displacement of the molecules over an effective time scale
(A—(8/3)). For the investigated samples, the experimental para-
meters, A and 6, were 10 and 1 ms, respectively. The gradient
amplitude, g, varied from 10 to 600 G cm ™. In this conditions the
uncertainty in the self-diffusion measurements was ~ 3%.

Finally, longitudinal relaxation times (T;) were measured by the
inversion-recovery sequence (7-7-7/2) (Fig. 3B).

The time interval 7 was varied using approximately 10-12
values. Immediately following the 7 pulse, the magnetization (M)
was inverted. During the time interval, M relaxed back to thermal
equilibrium at a rate of Ty '. The application of the /2 rf pulse
caused M to rotate from the z-axis into the x-y plane where the
nuclear signal may be picked up by a receiver. The time depen-
dence of Mz follows:

Mz =Mo(1—2e-7/T) (13)

For the NMR measurements, two membrane samples were
selected: Fuji-AEM-80045 and Fuji-CEM-80050. Each activated
membrane was conditioned in the testing solution for 24 h, then
it was removed from the solution and quickly blotted dry on the
surface with a paper tissue. At this point the membrane was
loaded into a 5 mm NMR Pyrex tube and put in the spectrometer.
The measurements were conducted by increasing temperature
step by step from 20 to 100 °C, and leaving the sample to
equilibrate at each temperature for about 10 min.

3. Results and discussion

3.1. Effect of the solution velocity and temperature on the membrane
and interface resistances

The membranes were characterized by EIS using a 0.5 M Nacl
solution, simulating the seawater. The EIS spectra were fitted with

A " .
& I T IHHI)WMV:MM.
) =5

-5
| B
a a

Fig. 3. Schematic of the pulse gradient spin echo technique (PGSE) pulse sequence (A);
inversion recovery sequence (B).
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experimental data (symbols) were fitted with the equivalent circuit of Fig. 2A
(continuous line).
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Fig. 5. Bipolar concentration polarization for a cation exchange membrane (CEM) immersed in an electrolyte solution during an AC cycle. Schematic view of the diffusion
boundary layer (DBL) and the electrical double layer (EDL), composed by the Stern layer (SL) and the diffusion layer (DL). The continuous line in the DBL is the qualitative salt

concentration profile.

the equivalent circuit of Fig. 2A. The Nyquist plot (Fig. 4A), which
shows the imaginary part vs. the real part of the impedance, and
the Bode plot (Fig. 4B), which represents the module of the
impedance and the phase shift dependence vs. the frequency,
provides a visual verification of the good agreement between the
equivalent circuit proposed and the experimental data.

The circuit of Fig. 2A includes, in addition to the membrane and
solution resistance (R, .s) the contribution of the interfacial
transfer resistance through the electrical double layer (R.q) and
the diffusion boundary layer (Rgp;). The formation of the electrical
double layer is due to the presence of a net charge on the mem-
brane surface which affects the ions distribution at the membrane/
solution interface, resulting in an increase in the concentration of
counter-ions (Fig. 5). The region over which this influence spreads
out is called electrical double layer (EDL) [3,34,35]. The EDL is
schematically composed by two layers: an inner layer, called Stern
layer (SL), formed by ions strongly bound by electrostatic interac-
tions with the membrane surface, and an outer layer, called diffuse
layer (DL), constituted by loosely bond ions. The SL has a thickness
in the order of Angstrom (one or two radius of solvated ions away
from the surface); the DL has a thickness in the order of nano-
meter. The counter ions in the DL are less attracted to the charged
surface because of the electrically screening of the SL, and they
tend to diffuse into the liquid phase under the influence of
electrical attraction and thermal motion. Fig. 5.

Moreover, concentration polarization phenomena occurs at the
interface  membrane/solution because of the flux difference
between the co-ion and the counter-ion, as well as, because of
the difference in transport number of the ions between the ion-
exchange membrane (IEM) and the solution phase [36,37].

In a [EM the electrical current is transported almost exclusively
by the counter-ions having a transport number in membrane
tending to one. On the contrary, the co-ions are ideally excluded
within the IEM due to the presence of fixed ions of the same sign
(Donnan exclusion), and the transport number tends to zero. In
the solution phase the current is transported both by co- and
counter-ions and, in the case of symmetric salts, the transport
number is 0.5 for both. As a consequence an additional layer, called
diffusion boundary layer (DBL), having a thickness in the order of
several hundred of micrometers, is formed (Fig. 5).

The membrane resistance did not change significantly with the
solution velocity (Fig. 6). This behavior can be also easily appre-
ciated comparing the Nyquist plot registered at different velocities
(Fig. 7). The intercept with the real axis of the impedance at high
frequency corresponds to the membrane plus solution resistance
(Rm+s) and it was substantially independent from the solution
velocity. On the contrary, the intercept at low frequency, which
contains also the contribution of the interface (R, s+ Reai+ Rapi)s
was visibly reduced increasing the solution velocity. In particular,
the resistance of the diffusion boundary layer decreased for all the
samples with increasing solution velocity.
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Fig. 6. Membrane (R,;) and interface (R.q; and Rgp;) areal resistances as a function of
the solution velocity of the Fuji-AEM-0150 (A) and the Fuji-CEM-0150 (B).
Conditions: 0.5 M NaCl, 20 + 1 °C. Filled symbols, axes on the right for the Rp;
empty symbols, axes on the left for the Req; and Ryp.

The bipolar concentration polarization during AC cycle caused
by the buildup and depletion of ions at the interface, was time
dependent. The contribution of the interfacial ionic charge transfer
through the interface layers at low frequencies was greater than at
high frequencies, because at high frequencies there is insufficient
time for their formation.

The resistance of the membrane was the dominant resis-
tance with respect the interfacial ionic charge transfer through
the electrical double layer and the diffusion boundary layer
(Rm > Rap1 > Rear).

The velocity did not influence significantly R.y in the case of
the AEMs, but it had a not negligible effect in the case of CEMs.
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This was probably due to a higher thickness of the DL in the EDL,
with respect to the AEMs, which renders the influence of the
tangential stress more relevant. The higher thickness of EDL of the
CEM is related to the greater hydrodynamic radius of the counter-
ion in the case of the CEMs with respect to the AEMs (respectively
Na* and CI7).

The membrane and interface resistances of the CEMs, were
higher in comparison with the AEMs resistances (Table 1).
The higher resistances observed with the CEMs with respect to
the AEMs were dependent from the lower mobility of the Na™ ion
with respect to the CI~ (4.98 x 1078 and 6.88 x 10 ¥ m?V~'s~!
respectively at 25 °C [38]). This increased not only the membrane
electrical resistance, but also the interface resistances where the
counter-ions concentration was higher than co-ions.

The membrane areal resistance of the AEMs with 0.5 M NaCl
decreased in the order: Fuji-AEM-0150 > Fuji-AEM-80045 >
Fuji-AEM-90025. These results were in agreement with the
decreasing thickness of the membranes in the same order
(Table 1). This means that the reduction of the membrane
thickness can contribute to reduce the electrical resistance.
However, also the fixed charge density, the chemical nature
and distribution of the fixed charged groups, are key factors for
the membrane electrical resistance. In general, increasing the
density of the fixed charged groups the ions migration through
the membrane is expected to be more limited because of the
stronger interactions of the mobile ions with the fixed ions [39].
For this reason, despite the Fuji-CEM-80050 and Fuji CEM-
90026 had similar thickness, the electrical resistance of the
second one was lower thanks to its lower density of the fixed
charged groups

The resistance of the ion transport through the membrane, as
well as through the interface, decreased with the temperature,
because of the increasing ion mobility (Fig. 8). The effect
of the temperature was more evident for the CEMs than for
the AEMs.

3.2. Effect of the solution concentration on the membrane and
interface resistances

In addition to the temperature and the solution velocity,
another important factor able to influence the electrical resistance

of the IEMs, was the solution concentration. Increasing the con-
centration from 0.5 M to 1 M resulted in a drop of the membrane
and the interfacial ionic charge transfer resistances for the Fuji-
AEM-90025 and the Fuji-CEM-90026 (Table 2).

In the case of the Fuji-AEM-80045 and Fuji-CEM-80050
membranes, the EIS experiments were conducted also with a
4 M NacCl solution. This solution simulates the seawater brine.
With the 4 M solution the fitting with the model represented in
the Fig. 2A did not converge for most of the experiments. Only in
few cases, the model converged but it gave a R,y values very low
(in the order of few p€) or negative (without physical meaning),
and the estimated error was very high ( > 100%). On the contrary
the experimental data were fitted reaching a good convergence
with the equivalent circuit represented in Fig. 2B. As a conse-
quence, it was possible to draw the conclusion that the contribu-
tion of the electrical double layer to the total resistance became
negligible at 4 M NaCl. This behavior was in agreement with the
reduction of the thickness of the electrical double layer increas-
ing the solution concentration, because of the higher screening
effect of the attractive electrical interactions between the
counter-ions and fixed charged groups of the membrane, increas-
ing the ions concentration in solution [40]. The thickness of the
electrical double layer is approximately the Debye length, which
is reciprocally proportional to the square root of the ionic
strength of the solution, or ionic concentration in the case of
symmetric electrolytes [41].

Also in the case of the 4 M solution, like for the 0.5 M solution,
the ion transport resistance decreased with the increasing of the
temperature (Fig. 8C and D).

Increasing the solution concentration from 0.5 M NaCl to
4 M, the membrane resistance decreased slightly for the Fuji-
AEM-80045, and the resistance of the diffusion boundary layer
increased (Table 2).

An opposite behavior was observed for the Fuji-CEM-80050:
increasing the solution concentration the membrane resistance
increased but the resistance of the diffusion boundary layer
decreased (Table 2).

However, considering also the decreasing of the solution
resistance, increasing the concentration up to 4 M, the effect on
the total cell resistance (R, s+ Rapi+ Reqr) Was a net reduction. For
example for the Fuji CEM-80050 at 20+ 1 °C and 1.5cm s~ ! the
total resistance decreased from 8.0 to 4.5 Qcm?, increasing the
solution concentration from 0.5 to 4 M.

The increase of the membrane electrical resistance, was due
to the membrane shrinking induced by the increasing solution
concentration (Fig. 9A), with a consequent narrowing of the
hydrophilic channels of the IEMs (pathway for the ions trans-
port) [42]. In parallel, the fixed charge density increased with
the reduction of the swelling degree and, as a consequence, the
ion migration through the membrane was more difficult
because of the stronger interactions with the fixed charged
groups that can form isolated ionic domains not well intercon-
nected each other [39,42].

The density of the fixed charges of the Fuji-CEM-80050 was
lower than that of the Fuji-AEM-80045 over the entire range of
concentration investigated (Fig. 9B). As a consequence, this mem-
brane was more sensitive to shrinking going from the 0.5 to the
4 M solution with respect the Fuji-AEM-800445 (—21% of mass
swelling vs. —7%) because of the higher osmotic pressure differ-
ence between the solution and the membrane (osmotic pressure
of the 0.5 and 4 M NaCl solutions were respectively 2.5 MPa [43]
and 22 MPa [44]).

The results obtained with the Fuji-AEM-80045 and Fuji-CEM-
80050 tested with the 4 M NaCl solution, did not contradict the
results obtained with the Fuji-AEM-90025 and Fuji-CEM-90026
tested with the 1 M NaCl solution.
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Table 2

Membrane (Ry,) and interface (Req; and Rgp;) areal resistances in NaCl solutions at various concentrations. Conditions: 2.75 cm s~!, 20+1 °C.

Membrane 0.5M 1.0M

Rp (Q cm?) Rear (Q cm?) Rapi (Q cm?) Rm (Q cm?) Rear (Q cm?) Rapt (Q cm?)
Fuji-AEM-90025 1.102+0.001 0.018+0.003 0.056+0.004 0.787+0.001 0.006+0.002 0.028+0.002
Fuji-CEM-90026 1.642+0.001 0.149+0.005 0.146+0.031 1.246+0.001 0.032+0.002 0.115+0.003

05M 4.0M

Rm (Q cm?) Rear (Q cm?) Rapi (Q cm?) Rm (Q cm?) Rear (© cm?) Rap1 (Q cm?)
Fuji-AEM-80045 1.551+0.001 0.013+0.002 0.067+0.003 1.436+0.001 - 0.167+0.014
Fuji-CEM-80050 2.974+0.001 0.076+0.006 0.299+0.010 3.501+0.050 - 0.131+0.001

In this second case, the membranes had an concentration
of the fixed charged groups higher than the external solution
(4.0 + 0.4 for the Fuji-AEM-90025 and 2.5 + 0.2 mol/L for the Fuji-
CEM-90026 in NaCl 1 M at 20 °C), and the shrinking effect was
moderate, leading to a favorable decreasing of the distance
between the charged groups, but without isolating them each
other. Moreover, it is well known that increasing the solution
concentration the co-ion concentration in the IEM is increased,
and to a first approximation is given for a monovalent salt by [45]
(5

m
CCO -

14

Crin (14)
The Eq. (14) is obtained from the Donnan equilibrium expres-

sion using the following assumptions, as described in the Ref. [45]:
the exponential function is 1, i.e.

e—(AszS /RTviz) ~ q (15)

the ratio of the activity coefficient in the solution and the
membrane is 1, i.e.

1 CO 1 cou

)" (k)"
% ¥ tou

and the counter ion concentration is close to the fixed ion

concentration, i.e.
m m m . ~m
fix +C

cou — co = “fix

lIe

1 (16)

a7)

where A is the osmotic pressure difference between the solution
and the membrane phase, C is the concentration, v is the
stoichiometric coefficient, z is the charge number, and V is the
partial molar volume, the subscripts i, co, cou, s and fix refer to
ions, co-ion, counter-ion, salt, and fixed ion of the membrane, the
superscripts s and m refer respectively to membrane and solution.

Despite the obvious detrimental effect on the membrane
permselectivity, the increase of the total ion concentration in
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membrane may have contributed to the reduction of the electrical
resistance in the case of the test with the 1.0 M solution with
respect to the test with the 0.5M solution (higher number of
current carriers).

For what concern the effect of the solution concentration on
the interface resistances: increasing the concentration from 0.5 M
to 1 M the resistance of both R.4 and Ry, decreased.

However, increasing the external solution concentration from
0.5 to 4 M, the Ry, increased while the R,, decreased in the case of
the Fuji-AEM-80050, and the Ry, decreased while the R,,, increased,
in the case of the Fuji-CEM-80045.

3.3. Diffusive behavior at zero solution velocity

A separate discussion of the impedance data measured at zero
velocity is necessary. A peculiar feature of the spectrum registered
at low frequency (<0.1 Hz) was observed in the case of the
0.5 and 1.0 M Nacl solution, attributable to a diffusion control in
the ion transport at the interface [46-49]. This phenomenon was
due to the intensification of the bipolar polarization phenomena at
the membrane/solution interface when the solution velocity was
zero. The rising of the polarization phenomena was due to the

absence of turbulences induced by the solution recirculation. The
appearance of the diffusive component was reversible and it can
be eliminated by restarting the solution recirculation. Various
increasing and decreasing velocity runs were performed to con-
firm this point.

The Nyquist plot registered at frequency < 0.1 Hz with the
membrane in 0.5 M solution, had an angle of about 45° (Fig. 10A
and B). Moreover, plotting the absolute value of the real and
imaginary part of the impedance (IZ'l and 1Z"1) vs. 1/~/27v two
straight and parallel lines were obtained and the slope of both
lines was equal to the coefficient of the Warburg impedance
o [Qs 2] [47-52]. Also with the 1.0 M solution a diffusive
behavior can be observed in the Nyquist plot (Fig. 10C). In the
case of the 4 M NaCl solution, the diffusive behavior was not
visible in the impedance spectra because of the reducing of the
thickness (and resistance) of the electrical double layer with the
concentration (Fig. 10D).

The counter-ion diffusion coefficient (Dj,, [cm?s~']) was
calculated according to the following equation [47-52]:

2
RT
Dion = | —=—5—— 18
o (ﬁAP%Q,) 1

where R is the gas constant [8314 ] K~ ! mol~'], T the temperature
[K], A the membrane area [cm?]|, F Faraday's constant [96485
Asmol '], ¢ the coefficient of Warburg impedance [€2 s~ '] and
Cx is the concentration of the fixed charged groups in membrane
[expressed as mol cm~3].

The o coefficient was obtained by fitting the impedance
spectrum with the equivalent circuit showed in Fig. 2C. Despite
in literature the Warburg impedance has been usually related to
diffusion phenomena in DBL [51-54], in our opinion, the diffusive
behavior is also related to phenomena occurring in the DL of the
EDL. This hypothesis was formulated on the basis of the disap-
pearance of the diffusive behavior testing the membranes in 4 M
solution, e.g. in conditions in which the contribution of the EDL
become negligible.

The Nova software returned the parameter Y° [Ss”*] which is
related to the Warburg coefficient by the following relationship:

1
o=
Vv2Y°

The calculated diffusion coefficient for the AEMs and CEMs
depended from the reciprocal of the square of the density of the
fixed charged groups in membrane (Eq. (15)). The bipolar polar-
ization phenomena are expected to increase increasing the density
of the fixed charged groups because of the higher attraction of the
membrane for the counter ions. Moreover, increasing the fixed
charge density the counter ions are “less free” to diffuse and the
diffusion coefficient decreases. As a consequence, ion diffusion
coefficient in a not ideal system, cannot be considered as an
intrinsic parameter of the ion, and the effect of the chemical
micro-environment cannot be overlooked. As a consequence the
observed order in the ion diffusion coefficient for the AEMs was
Fuji-AEM-0150 > Fuji-AEM-90025 > Fuji-AEM-80045 (Table 3).
For the same reason, the order for the CEMs was Fuji-CEM-
90026 > Fuji-CEM-80050 > Fuji-CEM-0150.

Also the increasing of the membrane electrical resistance
favored bipolar polarization, because of the slower ion transport
in membrane. This was the reason of the jump of the diffusion
coefficient of the Fuji-CEM-90026 with respect to the other two
CEMs (Table 3), because this sample had a significantly lower
membrane electrical resistance, combined also with a lower
density of the fixed charged groups. A third factor able to influence
ion diffusivity is the ion mobility. The AEMs had a higher diffusion
coefficient than the CEMs, and the values increased with the

(19)
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Table 3

Ion diffusion coefficient obtained from impedance data registered at zero solution velocity

Membrane

Diffusion coefficient (cm?s~') of Na™ (for CEMs) and Cl~ (for AEMs)

@ 20°C; 0.5M Nacl

@ 30 °C (corr sw); 0.5 M NaCl

@ 40 °C (corr sw); 0.5 M NaCl @ 20°C; 1 M Nacl

Fuji-AEM-0150 4.61x10°° -
Fuji-AEM-80045 1.46 x 10~° 1.60 x 10~°
Fuji-AEM-90025 3.52x10°° -
Fuji-CEM-0150 215x10°7 -
Fuji-CEM-80050 3.83x1077 426 %1077
Fuji-CEM-90026 9.48 x 1077 -

1.81x10°

- 1.74x 107>
6.89 x 1077 -
- 4.57 x10~°

temperature. For what concern the effect of the solution concentra-
tion, increasing the concentration from 0.5 to 1 M, an increase in
the diffusion coefficient was observed because of the increasing
screening effect of the attractive electrical interactions between
the counter-ions in the DL and fixed charged groups of the
membrane. The ions in the DL are less attracted to the charged
membrane surface and they tend to diffuse (back-diffuse) into the

bulk phase under the influence of electrical attraction and thermal
motion.

3.4. NMR investigation

The temperature evolution of the '"H NMR spectra, collected from
20°C up 100°C on the Fuji-AEM-80045 and Fuji-CEM-80050
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membranes, swelled in 0.5 and 4 M NaCl solutions, are reported
respectively in Figs. 11 and 12, respectively. All the spectra were
acquired with the same number of scans (ns=4) and were refer-
enced against pure water set at O ppm. The NMR signal essentially
originates from the water of the salt solutions absorbed from the
membranes, while, the proton signals of the polymer chains are
basically “invisible”, both because their intensity is very small
compared to the signal intensity of the water, and because the
dipolar spin-spin interactions make hugely broaden the spectral
lines.

The proton's signal of both Fuji-AEM-80045 and Fuji-CEM-
80050, was quite large (FWHM was about 1 kHz) and asymmetric,
typical of a multiple components configuration, i.e., different
“types” of water coexist in the system. Actually, water was
involved in the hydration shells of the fixed ionic groups of the
polymer matrix, as well as, of the mobile ions. However, the
different states of water within the hydrophilic channels can be
difficult to be discerned because of the fast rate of exchange and,
for this reason, only one peak was seen. The intensity of this peak
decreased with increasing temperature because of the water
evaporation from the membrane (inset in Figs. 11 and 12 shown
the peak area vs. temperature).

For the Fuji-AEM-80045 the proton signal of the membrane
swelled with the 0.5 M solution was more intense and narrow
than membrane swelled in 4 M (Fig. 11). This was due to the
higher solution uptakes and to the greater amount of bulk/“free”
water (water molecules not involved in the hydration shells of the
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Fig. 12. Temperature evolution of 'H-NMR spectra collected on the Fuji-CEM-
80050 membranes swelled in water salt solution at two concentrations, 0.5 and
4 M. The inset shown the peak area vs. temperature.

ions), respectively. The bulk/“free” water originates a narrower
Lorentzian signal and, by heating, it was reasonable to expect that
this evaporates before, while the “bound” water was more
retained in the membrane pores and the strong interactions cause
a broadening of the NMR signal.

For the Fuji-CEM-80050, the spectral line for the two con-
centrations, was very similar and different from that observed in
the anionic membrane (Fig. 12). Indeed, in the Fuji-CEM-80050
was present a peak quite Lorentzian accompanied by a broad
shoulder in the region of higher frequency. The shape of the
spectral line of water confined in membrane clearly depends on
the structural and morphological nature of the membrane itself,
such as hydrophilic channels size and ionic functional groups
present within them, as well as by the nature (size and charge)
of the solvated ions. In the CEM, the hydration of the Na™
cations involves a greater number of water molecules (hydration
number is 5+ 1), i.e. sodium ion has a greater hydrodynamic
radius, than that of the CI~ anions (hydration number is 1+ 1).
Furthermore, the different orientation of water molecules
(H pointed toward anions and oxygen toward cations), which
arises from the charge asymmetry of the water molecule,
results in an effect on the chemical shift of water protons, as
was clear from the spectra. The Fuji-CEM-80050 swelled in
0.5M solution showed a more pronounced shoulder signal
than the 4 M, probably imputable to the greater number of
water molecules bounded to the ionic groups in the
hydrophilic channels. Instead, the decrease of the total area of
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the signal in temperature follows the same trend for both
concentrations.

The self-diffusion coefficients (D) of water confined in the Fuji-
AEM-80045 and Fuji-CEM-80050 swelled up to saturation in salt
solutions at three different concentrations, 0.5 M, 1 M and 4 M, are
reported in Fig. 13 as a function of temperature, from 20 °C up to
100 °C.

It is well established that when solvent molecules (water in this
case) diffuse in presence of macromolecules, their diffusion is
slowed down by both the need to divert around macromolecules
(obstruction effect) and any interactions with the same macro-
molecules that inhibit their motion [55,56]

The latter effect, i.e. the interaction between solvent and
macromolecules, may be termed solvation or hydration and we
can affirm that the interacting molecules are in the “bound state”.
Exchange of molecules between bound- and free-state results in
an averaged water diffusion coefficient D, which depends on the
time fraction spent in each state. Additionally, in this case a salt
solutions was present, so, water molecules are also involved in the
hydration of sodium and chlorine ions and their transport by a
vehicular mechanism.

From the data emerged that the ions mobility decreased with
increasing the solution concentration while, overall, in the Fuji-CEM-
80050, the water diffusion was lower than in the Fuji-AEM-80045.

The decreasing of D when the concentration of the solution
increases was due to:

(i) the greater amount of ions that entails a greater number of
hydration water molecules, then less mobile;
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Fig. 14. Longitudinal relaxation times T1 as a function of the temperature (from 20
to 140 °C) of the water confined in completely swelled membranes. AEM indicates
the Fuji-AEM-80045; CEM indicates the Fuji-CEM-80050.

(ii) the reduction of hydrophilic channels size, that was correlated
to the swelling/shrinking of the membrane and that brings a
higher obstruction effect and at a reduction of the amount of
“free” water.

Finally, as expected, the water diffusion in the AEM was higher
than in CEM, since in the AEM, chlorine ions have a number of
hydration much smaller than that of the sodium ion in the CEM,
therefore, more “free” water in the first membrane and less in the
second, at the same concentration.

Further information on the molecular dynamic of the mole-
cules was provided by measurements of longitudinal (or spin-
lattice) relaxation times (T;), as reported in Fig. 14.

Compared to diffusion, T; reflects more localized motions
including both translation and rotation on a time scale comparable
to the reciprocal of the NMR angular frequency (~1 ns). As the
molecular correlation time 7. depends on temperature, a mini-
mum in T; is often observed when wz. ~ 1, where @ is the NMR
frequency [57].

In the temperature range investigated, well above the T;
minimum, i.e. in the so-called extreme narrowing limit (w7, < 1),
higher T, values suggest more facile molecular rotational and
translational motion.

In both two membranes, the T; values fall into the same range,
between 300 and 800 ms, with an almost linear increase with the
temperature. Respect to D, Ty is less affected from the hydrophilic
channels size, while the ionic interactions and the molecular
aggregations are important. In fact, the solution concentration in
the anionic membrane shows a well marked effect, less defined in
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the cationic membrane. This could be attributed to the different
ionic hydration (orientation of the water molecules in the hydra-
tion sphere, and hydration number).

4. Conclusions

The Electrochemical Impedance Spectroscopy is a powerful,
non-invasive and non-destructive, technique to characterize the
ion transport resistance through membranes and interfacial layers
formed when an ion exchange membrane is in contact with an
electrolyte solutions (electrical double layer and diffusion bound-
ary layer). The cation exchange membranes were characterized by
an higher electrical resistance in comparison with the anion
exchange membranes in NaCl solutions. This behavior was
explained considering the higher mobility of the CI~ with respect
to the Na* (the counter ions of the ion exchange membranes).

The areal membrane resistance was the dominant resistance in
the whole range of solution concentration, temperature and
velocity investigated (0.5-4.0 M; 20-40 °C; 0-4.0cm s~ ') and it
did not depend significantly from the velocity. On the contrary, the
resistance of the diffusion boundary layer was reduced increasing
the solution velocity.

A diffusive component in the ion transfer at the interface
membrane/solution was evident operating in static conditions
(zero velocity, no solution stirring), at concentrations < 1.0 M.

It was demonstrated that increasing the solution concentration
the resistance of the double electrical layer was reduced, and it
became negligible at 4 M. This effect was due to the increasing
screening of the attractive electrical interactions between the
counter-ions and fixed charged groups of the membrane, increas-
ing the concentration of the external solution.

Increasing the solution concentration from 0.5 to 4.0M the
membrane resistance decreases for the Fuji-AEM-80045 but increased
for the Fuji-CEM-80050. An opposite behavior was observed for the
resistance of the diffusion boundary layer. The increased electrical
resistance in 4.0 M solution of the Fuji-CEM-80050 membrane was
due to its low fixed charge density in comparison with the external
solution, which induced an high osmotic pressure difference between
the solution and the membrane phase, and the consequent membrane
shrinking and narrowing of the hydrophilic channels pathway for the
ions transport. As a consequence it was evident the importance to use
membranes with a fixed charge density higher than the solution in
the case of concentrated electrolyte solutions.

The relevant effect of the solution concentration on the membrane
microstructure was confirmed by pulsed gradient spin echo (PGSE)-
NMR technique. From the data clearly emerged that the water self
diffusion coefficient decreased with increasing the solution concentra-
tion. In parallel the strong increase of fixed charged groups density,
increased the resistance to the ion migration.
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