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Abstract: The effect of a microwave irradiation at 2450 MHz on the swelling and permeation properties of a Nafion
membrane in water and methanol media has been studied. The influence of the irradiation power and the exposure time
has been analyzed. The results found show that the irradiation hardly affects the membrane liquid uptake, but it affects
the expansion properties of the membrane. The hydraulic permeability coefficient of the unmodified and the irradiated
membranes has been experimentally determined. Higher hydraulic permeability has been obtained for the irradiated
membranes in both water and methanol, but the degree of increment in permeability coefficient with microwave depends
on kinds of permeation liquid. The results have been discussed considering the degradation effect occurring on the
membrane hydrophobic matrix, which affects to the membrane elastic properties.
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1. INTRODUCTION

Perfluorinate ionomer membranes are very
interesting materials used in many applications as solid
polymer electrolyte in fuel cells and other applications
in electrochemistry and separation technologies. In all
these applications, the behavior of the membrane is of
the greatest importance to the \viability and
performance of the involved processes.

The well known perfluorosulfonate ionomer Nafion
is typically the one more used as solid electrolyte in
most polymer fuel cells, owing to good chemical and
thermal resistance and ionic conductivity, and it has
been the focus of a large number of studies [1]. The
use of Nafion as proton exchange membrane (PEM) in
direct methanol fuel cells is an important application of
this membrane and its behavior in organic media,
mainly alcohols, has been studied in a number of
papers [1-6]. Despite its good qualities, the high
methanol permeability and the hydration dependence
of Nafion [7] make necessary to look for alternative
polymer electrolytes. In this search, Nafion uses to be
the reference membrane to compare the properties of
the alternative membranes.

It is well known that the functional properties of
polymeric exchange membranes are determined by
their structure. The morphology of a hydrated PEM has
a direct bearing on the ion and water transport
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characteristic of the membrane and many works have
been focused on the study of Nafion structure in
relation to the membrane swelling properties [8-15].
Water management is a significant challenge for
polymer fuel operation. To keep the membrane fully
hydrated, it is essential to increase the pressure in the
fuel cell above the water vapor pressure. The amount
of water sorption of the membrane is determined by a
balance between the membrane swelling pressure and
the applied pressure from the electrode pressing
against the membrane. A central challenge in the
design of new PEMs is thus an analysis of the swelling
and permeation characteristics needed to achieve high
proton conductivity.

Different approaches have been attempted to
develop new materials. One of the alternatives is the
use of different radiations to modify Nafion membranes
[16-18].

Studies show that it is possible to give rise to
chemical and structural changes in the membranes by
means of irradiations, obtaining different effects
depending on the type and conditions of the irradiation
[16-30]. Microwave has been widely used for heating
and drying materials. In particular, it has been
industrially applied for vulcanization in rubbers, foam
processing, polymerization-solidification, adhesions
and so on [31-32]. Studies carried out show that
polymer properties can be affected by irradiating and
the problem of microwave enhanced mass transport in
solids remains one important issue in microwave
processing of materials [28-30]. In this sense, the study
of the effect of a microwave irradiation on polymeric
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membranes might contribute to the development of
novel membranes.

The purpose of this paper is to investigate the
influence of a microwave irradiation on a Nafion
membrane. The frequency of the radiation used in this
work is 2450 MHz. The selection of this frequency
obeys the increasing usage of devices that are emitting
in the microwave region and the industrial application
of radiofrequency signals. Due to their importance in
direct methanol fuel cells, swelling and hydraulic
permeation properties in water and methanol media in
Nafion membranes under microwave irradiation effects
have been studied. Since water is also known to assist
the mass transport of alcohol and oxygen in a fuel cell,
the liquid uptake measurement could serve as a
guantitative measure of membrane performance for a
direct alcohol fuel cell application as well. Moreover,
the hydraulic permeation coefficient is very important in
those pressure-driven membrane processes which
operate in dead-end mode and the stream of the feed
flows vertically toward the membrane surface.

2. EXPERIMENTAL

2.1. Materials

A commercial Nafion 117 membrane was used in
this study. The Nafion 117 membrane, from Dupont de
Nemoure, USA, with a nominal equivalent weight of
1100 g/eq and 0.183 mm thick, is a homogeneous

cation—exchange  membrane  consisted of a
polytetrafluoroethylene backbone and long fluorovinyl
ether pendant side chains regularly spaced, terminated
by a sulfonate ionic group. After polymerization, the
sulfonyl fluoride is hydrolyzed and ion exchanged to
produce the perfluorosulfonic acid. Although Nafion
membrane is mechanically strong, there are no cross-
links between the polymers. Membrane was used as
received, without any previous pre-treatment.

Pure proanalysis-grade methanol and pure water
(deionized, doubly distilled, doubly filtrated, and
degassed) were used.

2.2. Irradiation Procedure

The microwave experimental setup is presented in
Figure 1. It consists of a microwave power generator, a
power amplifier, a directional coupler and a GTEM
chamber. The generator provides the 2450 MHz CW in
a power range up to 15 dBm, that is applied via the
amplifier, suitable biased by the DC power supply, to
the 10 dB coaxial directional coupler. This setup
contains the directional coupler mounted as it is shown
in Figure 1, to irradiate the sample and measure the
irradiation power level simultaneously. The dry samples
were placed over a XPS holder inside the 250 GTEM
chamber to ensure uniform electric field. Table 1 shows
the two power levels and the different irradiation times
considered in this work.

Power Meler

Power

Supply
Microwave i
Generator —{ Amplifier

Figure 1: Microwave experimental setup.
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Table 1: Power and Exposure Time of the Microwave Irradiation Used in the Different Nafion Samples Used in the
Present Study
Membrane Power (W) Exposure Time (s)

NR 0 0

B1 0.5 900
B2 0.5 1800
Al 1.0 900
A2 1.0 1800
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2.3. Liquid and Swelling Measurements

The liquid uptake properties of the membranes
investigated were studied by the usual gravimetric
method. The dried membrane samples were firstly
weighted. After that, the samples were immersed in a
closed bottle containing the corresponding liquid and
allowed to equilibrate at 25 °C. To this purpose, the
close bottle was placed in an oven thermostated at this
temperature. After 48 h of immersion, the swollen
membranes were taken out of the solutions, wiped
carefully with filter paper and weighted again. The
increase in weight was equal to the weight of the liquid
sorbed by the membrane. The liquid uptake
percentage, S (%), was calculated from the weight of
the swollen and the dry membrane samples according
to the expression:

Liquid Uptake (%) = mwn: M

d

100 1)

where m,, and my are the masses of the swollen and
dry membrane, respectively.

To determine the swelling ratio of the membranes,
circular membrane samples were used. The parameter
considered to estimate the dimensional change of the
membranes was the diameter of the samples. The
diameter of the dried sample films was previously
measured by using a cathetometer with £ 0.05 mm
sensitivity. Afterwards, the samples were immersing in
a closed bottle containing the corresponding liquid and
allowed to equilibrate at 25 °C. After 48 h of immersion,
the swollen membranes were taken out of the solutions
and the diameter of the wet membrane samples was
measured. The diameters of the wet and dry
membranes were measured several times. The
swelling ratio can be estimated from the change of the
diameter samples as follows:

d —d
Swelling Ratio (%)= Wd 4.100 (2)

d

where d, and dq are the average diameters of the
swollen and dry membranes, respectively.

2.4. Permeation Measurements

The liquid permeation flux through the membranes
was determined by using an experimental setup
reported elsewhere [33]. Basically, the main part of the
experimental device was a cell, which consisted of two
equal glass chambers. The membrane with an effective

surface area of 1.98 cm® was mounted in a Teflon
holder, which was positioned between the two
changers. The volume of each container was about
125 cm®. The right chamber was connected to an air
reservoir and to a digital pressure gauge. The pressure
in this chamber was varied over the atmospheric
pressure, thus the reading of the pressure gauge give
the pressure difference between the two chambers.
When the system was stabilized at the selected
temperature, the right chamber was pressurized up to
the desirable pressure value. The pressure pulses
were generated with pure pressurized air through a
double pressure reducer. Pulses up to 0.6 bar were
applied in this half-cell. The low pressure half-cell was
always kept at atmospheric pressure. The pressure
difference was also measured with a mercury
barometer with 0.01 psig resolution.

For each pressure difference, the measurement
consisted of following the displacement of the liquid
meniscus in a L-shaped capillary tube introduced into
the left chamber, as a function of time. All the
permeation experiments were carried out under
isothermal  conditions at 25°C. Temperature
requirements were achieved by immersed the whole
cell in water that was maintained at the selected
temperature.

3. RESULTS AND DISCUSSION

3.1. Liquid Uptake and Swelling Ratio

Figures 2 and 3 show the results obtained for the
liquid uptake and the swelling ratio, respectively, with
water and methanol for the unmodified Nafion and the
different irradiated membranes. In all cases the error
was lower than 1%.

For all the membranes, methanol uptake is about
twofold higher than the water uptake, in agreement with
other results reported in the literature [2,10]. This
behavior must arise from differences in the interaction
of these two classes of liquids with Nafion [2,34-36].

As can be observed in Figure 2, differences in liquid
uptakes for unmodified Nafion and the different
irradiated membranes were hardly observed. With
both, water and methanol, a slight decrease of the
liquid uptake is observed when the membrane is
irradiated with the lowest power, but the differences are
within the experimental error. Thus, the liquid uptake
would be considered practically independent of the
irradiation dose for the studied samples.
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Figure 2: Liquid uptake with water and methanol for the
unmodified Nafion and the irradiated membranes. Error lower
than 1%.
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Figure 3: Swelling ratio with water and methanol for the
unmodified Nafion and the irradiated membranes. Error lower
than 1%.

The results in Figure 3 show a general behavior for
the swelling ratio similar to those described for the
liquid uptake. The values corresponding to methanol
are also about twofold higher than the water in
agreement with results reported elsewhere [3]. Some
anisotropy of dimensional change was observed,
mainly with methanol, in agreement with results found
in the literature [3,37], probably due to the orientation of
polymer chains toward the drawing direction [3]. In this
case, the highest diameter was selected in order to
determine the swelling ratio. However, the influence of
the irradiation on the swelling ratio is higher than on the
liquid uptake. In this case, the irradiation also makes
the swelling ratio of the membrane decreases, and
afterwards an increase is observed when the irradiation
power level increases. The value for membrane Al is

slightly higher than for membrane B2, despite of the
absorbed energy was the same. The power of the
irradiation for B2 membrane, 0.5 W, was lower than for
Al membrane, 1.0 W. It indicates that both the power
and the total energy, and thus the exposure time, are
parameters to take into account to study the effect of
the irradiation on the membrane swelling.

The different behavior for liquid uptake and swelling
ratio with water and methanol may be explained on the
basis of the Nafion morphology. The molecules of
methanol could occupy the regions close to
hydrophobic polymer chains not available to water.
Water interacts specifically with the sulfonic acid
residues. The high level of swelling by dry alcohols
involves interactions with the fluoroether side chain and
cause structural change in the membrane [2]. Studies
about Nafion morphology seem to indicate that it is a
microphase separated polymer; the phase separation
is driven by the interaction energy between the
constituent groups. The tetrafluoroethylene backbone
and perfluoroether side chain have similar solubility
parameters and will by miscible, forming a continuous
hydrophobic phase. The sulfonic acid groups and water
have much larger solubility parameters and sill
separate into a hydrophobic phase. Since the
concentration of water in the hydrophobic phase is
negligible, the contribution of water transport in the
hydrophobic phase is also negligible, and water
transport is only through the hydrophilic phase [38].
This absorbed water causes the membrane to swell
and increases the volume through which water
diffusion occurs. In the case of methanol, it seems that
it cannot only remove and replace water but may also
interact with perfluorinated vinyl ether chains, which
explains the found higher methanol liquid uptake and
swelling ratio. Really, the real structure of Nafion
membrane still remains a matter of debate and studies.
Different structural models have been proposed, but
the common feature to all of the models is the
presence of water-filled spaced, cavities and/or pores,
inside a polymeric matrix wrapped by the sulphonate
groups. The characteristic dimensions of these cavities
depends on several chemical-physical parameters
such as temperature and pressure. Thus, despite of
Nafion membrane is a homogeneous membrane, it
presents a nano-structure in which upon hydration
water-filled channels and cavities appear [39]. The
characteristics of these regions may vary according to
the liquid nature [40]. The slight effect of the microwave
irradiation in the membrane liquid uptake would
indicate that the irradiation hardly affects this structure
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size, since the liquid uptake is practically the same for
all the investigated membranes. However, the influence
in the swelling ratio is higher, indicating that the
irradiation may change the expansion properties of the
membranes.

The polymer chain of Nafion does not have
chemical crosslinking, but physical crosslinking. The
relationship between irradiation dose and membrane
liquid uptake and swelling ratio may be understand on
the basis of crosslinking and degradation reactions
occurred at the same time in the irradiated polymer
[18,2]. When the membrane is exposed under the
microwave irradiation the crosslinking of the
amorphous areas, such as sulfonate ionic groups, and
the degradation of the perfluorinated hydrocarbon
backbone would occur at the same time. At the lowest
dose, the crosslinking effect would be higher, and a
decrease of the liquid uptake and thus, of the swelling
ratio, is observed. The crosslinking reaction causes
membrane shrinking. When the irradiation dose
increases, the degradation effect would become higher
which contributes to the membrane swelling. This
would be in agreement with the behavior shown in
Figures 2 and 3, which shows that the microwave
irradiation doses cause similar effects on both liquid
uptake and swelling ratio. This behavior is also
observed with other kind of irraditation [18]. However,
further work is necessary to understand the influence of
the microwave irradiation in the membrane structure.

3.2. Hydraulic Permeation

The measurement of the volume flux through the
membranes was performed as described in the
experimental section. Measurements were carried out
for several pressure difference values between 0 and
0.6 bar, starting with the highest pressure difference.
An illustrative curve depicting the time evolution for the
volume change in the left chamber, V(t), is shown in
Figure 4 at different pressure differences. The data
correspond to the B2 membrane with water. In general,
the curve has at short times a transitory followed at
longer times by a steady state region, in which the
volume change is a linear function of time.

The volume flow, J, through the membranes was
estimated from the slope of the permeation curve, in
the steady state region, by using the following
expression:

v

J="1
dt
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Figure 4: Volume change versus time during a permeation
experiment as a function of the applied pressure difference.
The data correspond to the B2 membrane with water.

The regression analysis of the data gives correlation
coefficients of at least 0.99. Figures 5 and 6 show the
volume flux values of water and methanol, respectively,
as a function of the hydrostatic pressure difference

across the membrane for all the investigated
membranes.
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Figure 5: Water permeation volume flux as a function of the
applied pressure difference for the unmodified Nafion and the
irradiated membranes.

The results indicate that the obtained water fluxes
are in agreement with those obtained by other authors
[15] for Nafion membranes at room temperature. For
the unmodified Nafion membrane, at a given pressure
difference, the flux is higher for methanol than for
water, in agreement to results reported elsewhere [10].
For the irradiated samples the same behavior is
observed. By other hand, the influence of the irradiation
becomes higher when the irradiation power increases.
This trend, observed in methanol for all the pressure
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intervals, is only observed at higher pressures in the
case of water. At the lower pressure differences, a
major influence of the irradiation in the water flux is not
observed.
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Figure 6: Methanol permeation volume flux as a function of
the applied pressure difference for the unmodified Nafion and
the irradiated membranes.

The analysis of data in Figures 5 and 6 shows a
linear dependence between the volume flux and the
hydrostatic pressure difference at low pressure
differences. When the hydrostatic pressure difference
increases, the behavior stops being linear. As it can be
observed, the higher the irradiation dose, the lower the
linear range. According to irreversible thermodynamics,
the liquid volume flux dependence on the hydrostatic
pressure difference can be described by the following
equation [41]:

J=L,Ap (4)

where L, (m3/sPa) is the hydraulic permeability
coefficient of the liquid, and Ap (Pa) is the hydrostatic
pressure difference established across the membrane.

The hydraulic permeability coefficient of the liquid,
L, can be estimated in the linear interval, according to
Eq. (4). Figure 7 shows the results obtained for all the
membranes, for water and methanol.

The results are in agreement with those found for
water permeability of as received membranes in the H+
form by other authors [42]. It is found that the water
hydrodynamic permeability coefficient is lower than
those of methanol in all membranes, in agreement with
the results shown in the previous section. For both
liquids, water and methanol, the hydrodynamic
permeability coefficient is lower for the unmodified

Nafion membrane than for the irradiated membrane
samples. However, it is observed that the water
hydrodynamic permeability coefficient is practically the
same for all the irradiated membranes, regardless of
the received irradiation intensity, whereas in the case
of methanol, the hydrodynamic permeability coefficient
increases if the power and/or the total absorbed energy
increases.

8

I Water
1 Methanol I

Lp (10"° m*s? Pa')
FY

o all

B2 Al AZ

. afl B[
NR B1
Membrane

Figure 7: Water and methanol hydraulic permeability
coefficients for the unmodified and irradiated Nafion
membranes.

The analysis of the results shown in Figure 5-7
indicates a different behavior of the hydraulic
permeation properties. The liquid hydrodynamic
permeability can be correlated with the liquid content of
the Nafion membrane. Thus, the higher membrane
liquid uptake, the higher the hydraulic permeability
[10,43]. This is in agreement with the results obtained
for water L, coefficients of the irradiated membranes. In
the case of water, the hydraulic permeability is
practically the same for all the irradiated samples, in
agreement with the results about water uptake.
However, in the case of methanol, the large increase of
L, with the irradiation dose cannot be only explained for
the methanol uptake increase. We believe that the
observed behavior may be due to the membrane
deformation under a hydrostatic pressure difference
applied which affects to the effective membrane
surface exposed to the flow. Previous study has shown
that polymeric Nafion membrane becomes deformed
under an applied hydrostatic pressure showing the
typical polymer viscoelastic behavior [44,45]. Both
elastic and anelastic deformations contribute to the
membrane area change. Thus, the higher the area, the
higher the permeation flux. In the case of water, for the
unmodified membrane a linear relationship is observed
in all the pressure range. However, when the irradiation
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dose increases, the linear regime disappears at lower
pressure differences. This deformation would be higher
in the case of methanol. The results obtained in this
work would indicate that the microwave irradiation may
affect the elasticity properties of the Nafion membrane,
and that this influence also depends on the permeating
liquid. An estimation of the surface change would be
necessary in order to determine the true hydraulic
coefficient. Other possibility may be that the applied
pressure modify the membrane thickness. It is known
that permeabilities for liquid-liquid permeation increase
with decreasing membrane thickness [46]. Further
works are in progress in this sense.

CONCLUSION

The effect of a microwave irradiation on the swelling
and hydraulic permeation properties of a Nafion
membrane has been studied in water and methanol
media. The results obtained show that both the power
and the exposure time of the irradiation are parameters
to take into account.

At the Ilowest irradiation dose, a membrane
shrinking is found. However, a membrane swelling is
observed when the irradiation dose increases. This
behavior could be understood on the basis of
crosslinking and degradation reactions occurred at the
same time as a consequence of the irradiation process.

The microwave irradiation has a high influence on
the membrane hydraulic permeation. The hydraulic
permeability coefficient, L,, is higher for irradiated
membranes, but differences have been observed
between water and methanol. With water, the effect of
the irradiation is insignificant in the linear interval, and
the L, coefficient is practically independent of the
irradiation dose. With methanol, however, L, increases
when the power or the total energy of the irradiation
increase. These results may be explained by
considering the degradation effect that occurs on the
membrane hydrophobic matrix, which affects to the
membrane elastic properties.
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