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Abstract

In the present work, the permeation behavior of ethanol/water mixtures through a Nafion®-115 based membrane electrode assembly (MEA)
has been investigated. The crossover measurements were carried out in a single fuel cell test apparatus. Ethanol aqueous solutions at different
concentrations were supplied to the anode compartment while high-purity dry helium was fed to the cathode in order to sweep off the permeated
water and ethanol. The quantitative analysis of water and ethanol from the cathode effluent has been carried out on-line by a GC under the following
operation conditions: T =30-90 °C, ethanol aqueous solution concentration Cegpanol =0-12.0 mol L~!, helium flow rate at the cathode Fj in the
range of 80—1500 mL min~" and liquid solution flow rate to the anode F; =0.2 mL min~!.

It was found that the water crossover rate is almost one order of magnitude higher than ethanol’s. It was also found that the ethanol crossover
rate depends on ethanol concentration and presents a volcano behavior, with the peak value at ethanol concentration of 8.0 mol L', This could be

attributed to the different swelling behavior of the Nafion® membrane in the presence of various ethanol aqueous solutions. A similar behavior

was also observed in the case of water with the peak value at 2.0 mol L~! which could be attributed to thermodynamical reasons.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Direct ethanol fuel cells (DEFCs) are considered as the most
promising systems for the conversion of chemical energy to elec-
tricity due to a number of advantages of ethanol [1,2]. Compared
to hydrogen and methanol, which are the most widely investi-
gated fuels for proton exchange membrane fuel cells (PEMFCs),
ethanol presents a series of advantages as follows: it is easier
than hydrogen to handle, transport, store and distribute, due to
the fact that it is liquid, while with respect to methanol it has
higher energy density and is non-toxic. Moreover, ethanol oxi-
dation produces only the products that are required by nature
to recompose ethanol molecules through the photosynthesis
process. Therefore, the net carbon dioxide contribution to the
environment is negligible [2].
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One of the most critical barriers to improve the DEFC per-
formance is the ability of ethanol to pass through the membrane,
from the anode to the cathode side, which is widely known
as ethanol crossover. This phenomenon can lead to a mixed
potential at the cathode, caused by the simultaneous reactions of
ethanol electrooxidation and oxygen reduction, and in this way
decreasing the fuel utilization coefficient as well as the fuel cell
efficiency [3]. Furthermore, ethanol itself and also its intermedi-
ate products can also be adsorbed on the cathode catalyst surface,
thus hindering the adsorption of oxygen molecules and conse-
quently decreasing the oxygen reduction rate. Song et al. [3] have
already reported ethanol crossover behavior and have compared
it with methanol’s [4]. They have also investigated the effect of
the MEA preparation procedure on both ethanol crossover and
DEFC performance [4,5]. Nevertheless, up to date there is not
a systematic study for the ethanol and water crossover through
the fuel cell’s membrane electrode assembly.

One of the other most critical parameters is the water man-
agement. In the case of insufficient hydration, the electrolyte
membrane will loose its ionic conductivity, which is strongly
dependent on the water content in a more or less linear way. On
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the other hand, in the case of excess water, electrode “flooding”
can occur, which inevitably covers the catalysts’ active sites, and
consequently deteriorates the cell performance [6,8]. The water
transportation is also related to the current and the character-
istics of both the membrane and the electrode. The two main
reasons that cause the movement of water molecules through
the membrane are the electro osmotic drag, which is caused by
the electrical potential gradient and diffusion, which is coming
from the existence of water concentration and pressure gradient
between the two sides of the membrane [7-10]. However, the
crossover mechanism of both water and the fuel (in the present
work, ethanol) affects other properties of the membrane as well.
Affoune et al. [11] have reported that the membrane’s conduc-
tivity in aqueous solutions of different alcohols decreases as the
alcohol concentration increases. Moreover, the structure of the
membrane also changes in high alcohol concentrations, affect-
ing the adsorption of species onto the membrane. Therefore, it
is important to detect the optimal feed mixture composition, at
which the fuel crossover to the cathode is minimum, while the
protonic conductivity remains at an acceptable level.

In the present work, the permeation behavior of ethanol/water
mixtures through a Nafion®-115 based MEA was investigated
and the effect of the main affecting parameters on both ethanol
and water crossover rates was examined.

2. Experimental
2.1. Membrane electrode assembly preparation

A membrane electrode assembly (MEA) was prepared using
the conventional method, which has been described previously
[2]. Nafion®-115 membrane was used as electrolyte and it was
pre-treated by slight boiling in 3-5 wt.% H»O,, deionized water,
1.0mol L~! H,SO4 and again in deionised water, for 1 hin each

step. Pt/C (40 wt.%, Johnson Matthey Corp.) with a metal load-
ing equal to 2.0 and 1.0mgcm™2 was used as the anode and
cathode catalysts, respectively. The catalyst inks were obtained
by adding 5% Nafion® solution in the case of the anode and
10% PTFE solution in the cathode case. The as-prepared cata-
lyst inks were brushed onto the corresponding diffusion layer of
the electrodes. Then the cathode was treated at 340 °C for 1 h
in the inert atmosphere in order to remove the surfactants. After
spraying with ca. 0.5 mg cm~2 Nafion® solution onto the surface
of both anode and cathode, the MEA was obtained by hot press-
ing both electrodes onto each side of the Nafion®-115 membrane
at 140 °C under a pressure of 100 kg cm~2. The geometric area
of the MEA was 2.0cm x 2.0 cm.

2.2. Crossover measurements

Ethanol and water crossover measurements were performed
in a single fuel cell test station shown in Fig. 1. The device was
heated to the desired temperature by using an electrical heater
placed in the middle of the stainless steel bipolar plates and the
temperature was monitored by a thermocouple. Ethanol aqueous
solutions at different concentrations were supplied to the anode
compartment of the cell at a flow rate of 0.2mL min~! by a
syringe pump (KD Scientific). High-purity dry helium streams,
controlled by digital mass flow controllers (Brooks 5000), was
fed to the cathode at atmospheric pressure and at different flow
rates in order to sweep off the permeated ethanol and water. The
mechanism of ethanol permeation behavior through the MEA
has been described elsewhere [12]. The pressure was stable and
equal to 1.0 atm and no current was applied or drawn out during
the experiments. The effluent from the cathode was vaporized by
aheating line and then analyzed on-line by a TCD gas chromato-
graph (SHIMADZU GC-14B) equipped with a packed Porapak
Q column.
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Fig. 1. Fuel cell test apparatus.
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Fig. 2. The effect of temperature at different flow rates (a—c) on the water and
(d—f) ethanol crossover rate. Anode liquid flow=0.2 mL min~!, P =1 atm
and electrode area=4.0 cm?.

3. Results and discussion
3.1. The effect of temperature

Fig. 2 shows the ethanol and water crossover rate at dif-
ferent temperatures. It is obvious that by increasing the cell
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Fig. 3. Arrhenius plots at flow rate equal to 640 mL min~". Ethanol concentra-
tion: 2.0 and 4.0 mol L. Anode liquid flow =0.2 mL min~!, Py = 1 atm and
electrode area=4 cm?. The close symbols (@), (W) are referred to water and the
open (Q), () at ethanol.

operation temperature, both water and ethanol crossover rates
increase. This could be attributed to the fact that both water
and ethanol vapor saturation pressures in the cathode increase
sharply with temperature increment, promoting the water and
ethanol removal from the cathode carrier (He) [13]. At the same
time, the enhanced temperature can accelerate the thermody-
namic motion of both ethanol and water molecules and their
desorption process on the permeated side, which facilitates the
molecules transport through the membrane. It is worth notic-
ing that the apparent activation energy of ethanol and water
permeability, which was calculated from the Arrhenius plots
(Fig. 3), has almost the same value for ethanol and water. The low
apparent activation energy suggests that the ethanol and water
crossover process involves only physical actions. The almost
similar value of the activation energy, which is about 12 kJ mol~!
indicates that ethanol and water diffuse primarily through the
water phase. This observation is in agreement with the reported
results of Freger et al. [14]. Focusing on the water permeation
activation energy, one can compare this to the activation energy
of the conduction of protons through the membrane. It has been
reported [15] that the latter has a value of about 10kJ mol~!,
similar to the one measured in the present work for water per-
meation. This could imply that the mechanism by which water
molecules move through the membrane pores is of the same
nature as the one of protons’ motion through the membrane.
As it has already been shown above, there is a maximum on
both ethanol and water crossover rate versus the concentration,
which is also appearing in Figs. 4 and 5. For example, in the case
of water, at helium flow rate equal to 160 mL min~—!, for tem-
perature equal to 60 °C and ethanol concentration 2.0 mol L ™!
the crossover rate is 3.358 wmol cm =2 s~! while at ethanol con-



4 S. Kontou et al. / Journal of Power Sources 171 (2007) 1-7

centration 8.0 and 12.0 mol L™! the crossover rate is 4.013 and
2.050 wmol cm~2 s~ !, respectively. For the temperature of 90 °C
under the same conditions, the corresponding values are 6.53,
3.734 and 3.085 wmol cm~2 s, respectively.

3.2. The effect of ethanol feed concentration

The effect of the concentration of ethanol aqueous solutions
on water and ethanol crossover rates is shown in Figs. 4 and 5.
As far as ethanol crossover is concerned, it can be clearly seen
from Fig. 4(c and d) that there is a volcano behavior in the plot of
ethanol crossover rate versus ethanol concentration. As shown
in Fig. 5, a peak value for both ethanol and water crossover
rate appears at Cgiop = 8.0 and 2.0 mol L™, respectively, which
increases with temperature. It is known that the ion exchange
membrane swelling behavior depends on external solution con-
centration, which has a significant impact on the membrane’s
diffusion permeability [16]. It is reported that when different
substances get into contact with the membrane material, a strong
coupling effect can be observed for both solubility and diffusion
[17]. In the present case, when the binary mixture of ethanol and
water is brought in contact with Nafion® membrane, the cou-
pling effect of solubility, swelling and flux between these two
components is usually dependent on the concentration of ethanol
in the mixture [23,24]. This volcano behavior could be related
to the ethanol’s solubility and Nafion® membrane’s swelling
state. Elliot et al. [ 18] have already reported that the macroscopic
swelling degree of Nafion® membrane is produced to a much
greater degree in the presence of ethanol, with a peak value in
macroscopic swelling at 75% (v/v) ethanol. The other key fac-
tor, which should be considered, is that the ethanol diffusion
coefficient is different at various ethanol concentrations [19].

In the case of water crossover shown in Fig. 4(a and b), it is
clear that the behavior of water crossover as a function of ethanol
concentration is not quite different from that of ethanol. Gener-
ally, permeability is directly related to solubility and diffusivity.
For water the effective diffusion coefficient follows a smooth,
monotonic increase with concentration [19-22].

3.3. The effect of helium flow rate Fy,

The effect of helium flow rate at the cathode side on the
crossover rate at different operation temperatures of the cell is
shown in Fig. 6. It is obvious that the crossover rate of both
ethanol and water increases as helium flow rate increases. In the
present work, there is neither potential nor pressure difference
between the anode and the cathode. Therefore, the main force for
water and ethanol crossover is diffusion, which is caused by the
existence of activity gradient between the two sides of Nafion®
membrane. The increased crossover rate of ethanol and water
can be attributed to a decreased activity in the gas side with
the increase of helium flow rate. The activity of both water and
ethanol at the cathode can be described by the following equation
[13]:
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Fig. 4. The effect of ethanol concentration at different flow rates (a) for the water
and (b) for ethanol crossover rate. Cell operation temperature: 75 and 90 °C,
anode liquid flow =0.2 mL min~!, Pyt = 1 atm and electrode area =4 cm?.

where V; and Vg denote the volumetric flow rates of i (water
or ethanol) and helium, respectively, P the operation pressure of
the cell and P(T) is the saturation pressure of ethanol or water
as a function of temperature.

It can be easily deduced from the above equation that as
helium flow rate increases, the activity of both water and ethanol
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in the cathode decreases, leading to an increased activity gradient
between the anode and the cathode, which consequently results
in the increment of both ethanol and water crossover rates. At
very high He flow rates, where the value of Vi is very big, the
denominator in the above equation tends to infinity and leads
to an almost zero activity of the permeated ethanol and water
at the cathode side. Under these conditions, both ethanol and
water permeation through the MEA will be considered that it
is insensitive to the He flow rate. This can also be proved by
Fig. 6, where ethanol and water crossover rates tend to reach a
maximum value at higher He flow rates.
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Fig. 6. The effect of helium flow rate at different operation temperatures (a)

for water and (b) for ethanol crossover rate. Anode liquid flow =0.2 mL min~!,

Piotal = 1 atm and electrode area=4.0 cm?.

In the case of ethanol crossover, shown in Fig. 6(b), it is
observed that ethanol crossover rate is one order of magnitude
less than that of water presented in Fig. 6(a). Taking into account
the similar activation energy for ethanol and water crossover, this
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difference between their crossover rates is probably because of
the fact that the sulphonic groups render some part of the aque-
ous phase in the solid polymer electrolyte (SPE) inaccessible to
ethanol but still accessible to water. This is the result of the much
stronger interaction between sulphonic groups with water than
with ethanol [14]. Moreover, the larger molecule size of ethanol,
compared to that of water, also contributes to the relatively small
crossover rate of ethanol.

3.4. Nafion® membrane swelling behavior

In order to check whether the swelling behavior of Nafion®
membrane is reversible or not, pure water crossover measure-
ment was carried out twice. One was performed before any
ethanol aqueous solution was supplied to the cell and the other
was performed after all crossover measurements with different
ethanol aqueous concentrations at different operation temper-
atures. The second measurement was performed after flushing
water throughout the cell for at least 3 h in order to remove as
much as possible from the ethanol residue, which was left in
the membrane. Fig. 7 presents the comparison of the two dif-
ferent water crossover measurements results. It can be clearly
seen from Fig. 7 that there is some difference between these
two experimental results, especially in higher flow rates. This
could be resulted from the partial loss of structural memory
of Nafion® membrane related to the structural changes in the
fluorocarbon matrix from the interaction of ethanol with the
membrane [17,18].
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Fig. 7. Comparison of water crossover rate before and after crossover measure-
ments.

4. Conclusion

Based on the systematical investigation of ethanol and water
crossover in a wide range of operation conditions, it was found
that, by increasing the gas carrier flow rate at the permeate
side the permeation rate of both ethanol and water crossover
was enhanced. The different dependence behavior of ethanol
and water crossover rate on the ethanol concentration could be
due to the different interaction of their molecules with Nafion®
membrane in the case of ethanol and in the different interac-
tion between the molecules of water and ethanol in the case of
water. Ethanol crossover is one order of magnitude less than
that of water, as a result of the different interaction of ethanol
molecules with the Nafion® membrane and a bigger molecular
size of ethanol.

The increment of temperature leads to the increment of both
ethanol and water crossover rates. The almost similar activation
energy for both ethanol and water, which is about 12 kJ mol~",
leads to the conclusion that under these operation conditions the
main mechanism of crossover is diffusion through the membrane
in the present investigated conditions.
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