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Abstract: Crosslinked poly(vinyl alcohol) (PVA) membranes were prepared at various crosslinking temperatures using
poly(acrylic acid-co-maleic acid) (PAM) containing different PAM contents. The thermal properties of these PVA/PAM
membranes prepared at various reaction temperatures were characterized using differential scanning calorimetry (DSC).
The proton conductivity and methanol permeability of PVA/PAM membranes were then investigated as PAM content
was varied from 3 to 13 wt%. It was found that the proton and methanol transport were dependent on PAM content in
their function both as crosslinking agent and as donor of hydrophilic -COOH groups. Both these properties decreased
monotonously with increasing PAM concentration. The proton conductivities of these PVA/PAM membranes were in
the range from 107 to 10?2 S/cm and the methanol permeabilities from 107 to 10° cm%sec. In addition, the effect of oper-
ating temperature up to 80 °C on ion conductivity was examined for three selected membranes: 7, 9 and 11 wt% PAM
membranes. Ton conductivity increased with increasing operating temperature and showed and S/cm at 80 °C, respec-
tively. The effects of crosslinking and ionomer group concentration were also examined in terms of water content, ion
exchange capacity (IEC), and fixed ion concentration. In addition, the number of water molecules per ionomer site was
calculated using both water contents and IEC values. With overall consideration for all the properties measured in this
study, 7~9 wt% PAM membrane prepared at 140 °C exhibited the best performance. These characteristics of PVA/PAM
membranes are desirable in applications related to the direct methanol fuel cell (DMFC).

Keywords: ionomeric membranes, proton conductivity, methanol permeability, crosslinked poly(vinyl alcohol) mem-
branes, poly(acrylic acid-co-maleic acid), direct methanol fuel cell.

Introduction

Today, the air pollution level is mainly due to internal
combustion motor vehicles. Fuel cells represent a promising
alternative for portable power generation and transportation.
Amongst the different types of such systems, direct metha-
nol fuel cells (DMFC) take advantage of a higher energy
density per unit volume with respect to hydrogen-fed units,
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so-called solid polymer electrolyte fuel cells (SPEFC).
Therefore, DMFC consisting of a polymer electrolyte mem-
brane (PEM) has the attraction of no liquid acidic or alka-
line electrolyte and uses methanol.

The DMFC is a three-phase electrochemical reactor
involving simultaneous mass, charge, and energy transfer. It
generates electrical energy by electrochemical oxidation of
methanol at moderate temperatures. Methanol is oxidized to
carbon dioxide at the anode and oxygen is reduced to water
at the cathode as the following reaction scheme:'
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Anode : CH;OH+H,0 — CO,+6H " +6¢e 005V (1)
Cathode : 3/2 O,+6H"+6e — 3H,0 123V (2)
Overall : CH;OH+3/2 0, — CO,+2H,0 1.18V 3)

It is reported that the liquid feed system of methanol/
water mixtures shows better performance than the vapor
system since the conductivity decreases with decreasing
water content in the membrane. The water in the liquid sys-
tem acts as a carrier for the reactant methanol and serves for
the removal of excess heat.'

The major problems of the DMFC are the poor anode
kinetics, the undesired methanol crossover through the
PEM, and the blockage of the anode structure by released
bubbles of carbon dioxide as can be seen in egs. (1) and (3).
At concentrations higher than 2 mol/dm’, the cell voltage
declines significantly due to the permeation of methanol
crossover. This permeation results in a mixed potential at
the cathode with a significant loss in oxygen reduction per-
formance and also poor fuel utilization. Thus, an important
field to improve the DMFC performance is in PEM.? In
general, the PEM has the sulfonic acid ionic group for the
protons to pass through the membranes easily, which its ion
exchange capacity (IEC) is between 1.4 and 1.7 at least to
get low ionic resistances.’ The uncrosslinked sulfonated
membranes at aforementioned IEC ranges showed high
swelling ratio which led to poor mechanical properties and
low ion permselectivity, and thus disqualified them for the
application in electromembrane processes. To date the vast
majority of PEM fuel cell work has been performed using
Nafion even though it had significant disadvantages for the
applications such as methanol crossover rate of 100 mA/
cm’ resulted in cathode performance decay and the loss of
fuel, thermal stability beyond 100°C and relative expensive
prices due to fluorine-based synthesis.* There have been
several attempts to explore other membranes to overcome
the disadvantages of Nafion™ for use in DMFCs. One of
them is to use basic polymers of poly(benzeimidazole)
(PBI) and poly(acrylamide) (PAAm) doped with inorganic
acids.” PBI membranes showed a tenfold decrease in metha-
nol crossover compared with Nafion™, satisfactory thermal
stability and cheaper price.” Cussler ef al.® investigated per-
vaporation membranes to look for good methanol barriers
and proton conductivity. They concluded that pervaporation
membranes offered no significant advantages over Nafion™
in DMFC application.

In this paper, we focused on the proton conductivity and
the methanol permeability of crosslinked PVA membrane
containing carboxylic groups under different crosslinking
conditions as a proton exchange membrane for future DMFC
applications. To look for both effective proton conductors
and methanol barriers, poly(vinyl alcohol) (PVA) was con-
sidered. In particular, PVA membranes have been used in
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the pervaporation dehydration of alcohols mixture and in
direct methanol fuel cell because they selectively pass water
molecules over ethanol or methanol.”® Since PVA is water
soluble polymer and poor proton conductor, poly(acrylic
acid-co-maleic acid) (PAM) with a low molecular weight of
3,000 which had tetra-carboxylic acid in its repeating unit
was used to give the ion exchange capability and to prevent
the methanol crossover through crosslinking. This system
of a base polymer PVA and a crosslinker PAM (M.W.
70,000) has been investigated for the pervaporation dehy-
dration of light oil.'® Also the prepared membranes have been
performed successfully in pervaporation of water-ethanol
mixtures by authors."

The crosslinking temperature and the content of PAM
were controlled to seek the best performance in terms of
methanol crossover and ion conductivity measurements. The
water contents, IEC values and the fixed ion concentration
measurements of the resulting membranes were carried out.

Experimental

Materials. The fully hydrolyzed PVA with a molecular
weight of 89,000 and the PAM with a molecular weight of
3,000 as a crosslinking agent and as a donor of the hydro-
philic property were purchased from Aldrich Chemical Co.,
Milwakee, WI, USA. Methanol was analytical grade from
Merck (Darmstadt, Germany). The water used was the
ultrapure produced from Younglin Pure Water System
(Seoul, Korea).

Membrane Preparation. Aqueous 10 wt% PVA solu-
tions were prepared by dissolving preweighed quantities of
dry PVA in ultrapure water and heating at 90°C for at least
6 h. Aqueous 10 wt% PAM solutions were diluted from an
original 50 wt%. Then two solutions were mixed together
by varying each component composition to form a homoge-
neous solution for at least 1 day at room temperature.
Homogeneous membranes were cast onto a Plexiglass plate
using a Gardner knife with predetermined drawdown thick-
ness. The membranes were allowed to be dried in air at room
temperature, and completely dried membranes were then
peeled off. The dried and blended membranes were then
heated in a thermosetted oven at desired temperatures for 1 h
to induce crosslinking reaction. The thickness of the result-
ing membranes showed 100~150 um.

Differential Scanning Calorimetry (DSC). The thermal
properties of PVA/PAM membranes were measured by a
DSC 2010 thermal analyzer (TA instrument, New Castle,
DE, USA) with a DSC module, purged with nitrogen gas,
and quenched with liquid nitrogen. The specimens were
scanned from 50 to 250°C by a heating rate of 5°C/min.
The cell was calibrated using an indium standard. The
weight of the sample was 10-15 mg.

Water Content. Water contents of the PVA/PAM mem-
branes were measured using following method. The sorp-
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tion capacity of the membrane was measured by immersing
the membrane samples in the pure water at 25°C. After
being wiped with the cleansing tissue, the membranes were
weighed as quickly as possible. This procedure was repeated
about 10 times until satisfactory reproducibility was
obtained. Then the samples were dried in a vacuum oven
until a constant weight was obtained. Water content (W) was
calculated as follows:

W..—W. H,0
Water content(W) = MI:V dry — - gth
dry g dry membrane

(4)

where W,,, and W, are the wet and dry membrane weights,
respectively.

Ion Exchange Capacity (IEC) and Fixed Ion Concen-
tration. The ion exchange capacity (IEC) was measured by
the classical titration (ASTM 2187) of the released amount
of H" of the pre-weighed polymer in an acid form in 1 M
NaCl with 0.01 M NaOH by using a phenolphthalein indi-
cator. The IEC value was recorded as an average value for
each sample in units of milliequivalents NaOH per gram of
the polymer (meq/g).

A fixed ion concentration (4,) can be calculated from the
following equation:

A, =IEC/W &)

where W is water content.

Proton Conductivity. Proton conductivity in hydrated
PVA/PAM membranes is normally measured with a four-
point probe technique. The impedance of membrane was
determined by Full Material Impedance System 12608W
consisted of a Frequency Response Analyzer 1260 and
Electrochemical Interface 1287 (Solatron analytical). Each
sample for the measurement was prepared with the surface
area of 4 x 1 cm?® and the membrane thickness of 100 to 150
4m. The proton conductivity was obtained by a following
equation.

6 =1/(RxS) ©)

where o is the proton conductivity (S/cm), / is the distance
between the electrodes used to measure the potential (1 cm),
R is the impedance of membrane (Q), and S is the surface
area for a proton to penetrate through the membrane (cm?).
The impedance of each sample was measured five times to
ensure good data reproducibility.

Methanol Permeability. The diffusion cell shown in Fig-
ure 1 was used to determine methanol permeability of the
PVA/PAM membranes. This glass cell consisted of two
chambers each approximately 35 mL, separated by a verti-
cal membrane. One compartment of the cell (V) was filled
with a 2 M solution of methanol in deionized water. The
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Figure 1. Two chamber diffusion cells used to measure methanol
permeability through PVA/PAM membranes in this study.

other (V) was filled with pure ionized water. The mem-
brane (effective area 7.02 cm?) was clamped between the
two compartments and these were kept under stirring during
an experiment. A flux of methanol penetrates across the
membrane as a result of the concentration difference
between the two compartments. Under pseudosteady-state
conditions, which prevailed during our experiments and for
cs > cg, the methanol concentration in the receiving com-
partment as a function of time is given by:

)= 55 euli=h) ™

where ¢ is concentration, 4 and L the membrane area and
thickness; D and K are the methanol diffusivity and parti-
tion coefficient between the membrane and the adjacent
solution, respectively. The assumptions are made in this
study that D inside the membrane is constant and X does not
depend on concentration. The product DK is the membrane
permeability (P).

P=Z-m-m &

Cp is measured several times during the experiment and
the permeability is calculated from the slope of the straight
line. The methanol concentrations were measured by gas
chromatography with a thermal conductivity detector (Shi-
madtzu, model 14B, Tokyo, Japan). During permeability tests
the temperature was controlled by means of a thermostatic
water bath.

Results and Discussion

DSC Results. The thermal properties of PVA/PAM mem-
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branes were simply investigated due to the practical impor-
tance in the performance of membranes in processes
operating at elevated temperatures and also to provide fun-
damental information on polymer properties. Figure 2 illus-
trates the melting temperature (7},) of prepared membranes
(9% PAM in membranes) varied with the reaction tempera-
ture. As expected, T,, value increases with increasing the
reaction temperature. It was reported that 7, of PVA
homopolymer is known as about 180-190°C."*" Stark-
weather'® carried out a study of the thermal studies of
Nafion™ ionomers having different equivalent weights
(EW, g eq') ranging from 1,100 to 1,500. The T, of
Nafion™ membranes showed from 207 to 249°C. There-
fore, it may be desirable that the 7,,’s of crosslinked 9%
PAM membrane are over 200 °C as shown in Figure 2.

Water Content. The water contents for the PVA/PAM
membranes as defined in eq. (4) are illustrated in Figure 3.
As the reaction temperature increases, i.e. the crosslinking
reaction precedes more to make the membranes more rigid
and compact, the water content decreases. For the 3 wt%
PAM in membranes, the water content decreases from 200
to 63% with increasing crosslinking temperature. In addi-
tion, the water content decreases as the PAM content
increases. In this case, two factors of the crosslinking degree
and the quantities of ionomer, -COOH, could be considered.’
If the effect of crosslinking degree is smaller than that of
tonomer contents, the water content would increase. There-
fore, it could be considered that the effect of crosslinking
degree is larger than that of iomomer content. Nafion™
membranes have the water contents ranging from 24-33%
depending on the content of sulfonic groups; typically
Nafion 117 indicates 24-26%." For the membranes cross-
linked 140°C, it is ranged from 22-63% for different PAM
content membranes. Both 7 and 9 wt% PAM membranes
show the similar water contents of 36-24% with Nafion™
membranes.

IEC Values and Fixed Ion Concentrations. Figure 4

PVA+9%PAM at 100°C
E\D Oy
2 PVA+9%PAM at 120°C 1203-6 C
N’
2
< ° 206.1°C
] PVA+9%PAM at 140°C ‘ 206.
T
1207.4 °C
Exo up
T T T T T
50 100 150 200 250

Temperature ("C)

Figure 2. DSC melting curve of the PVA+9 wt% PAM mem-
brane.
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shows IEC values of PVA/PAM membranes as a function of
PAM content (wt%). The prepared membranes indicated the
ion exchange capacity of 0.59-1.66 meq/g dry membrane.
Since PAM contains negative charged fix ion-carboxylation
which led to increase proton exchange capacity, IEC values
of PVA/PAM membranes crosslinked at 100, 120, and
140°C increased with PAM contents. The more crosslinking
between PVA and PAM by esterification occurred at ele-
vated reaction temperature. Therefore, the lower IEC value
can be found at higher reaction temperature due to the more
reaction of carboxylic acid groups in repeating units of
PAM polymer with hydroxyl groups in PVA. As a result, we
expect that the proton conductivities of PVA/PAM mem-
branes would increase with the IEC values, that is, PAM
contents. However, this expectation is totally different when
compared to the results of proton conductivity measurement.
This behavior will be discussed in the following sections.
Figure 5 illustrates fixed ion concentration of PVA/PAM
membranes as a function of PAM content. These values

2.0 4 —u—PVA/PAM-100°C
—eo— PVA/PAM-120"C
—A—PVA/PAM-140°C

Water content (g H,0/g memb.)

0.5 4

PAM wt%
Figure 3. Water content vs. PAM wt%.
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Figure 4. IEC values of PVA/PAM membranes as a function of
PAM content (wt%).
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—a— PVA/PAM-100°C
—e— PVA/PAM-120°C
—a— PVA/PAM-140°C

Fixed ion concentration (meq./g HO)
T

PAM wt %

Figure 5. Fixed ion concentration of PVA/PAM membranes as a
function of PAM content (wt%).

were taken from IEC values divided by total water contents.
With an increase of the ion exchange capacity of the mem-
branes, the fixed 1on concentration increased. And also the
fixed ion concentration showed the monotonous increase as
PAM was added.

Buchi and Scherer” investigated the relationship between
water content in term of the number of water molecules per
sulfonic site (1) using the following equation;

_(WCxXEW)
n= ©)

where WC is the water content defined in previous section
and EW is the equivalent weight (g eq") and M, is the
molecular weight of water (18 g mol™).

For Nafion™ membrane series, A values showed 21-22
for N112, N115 and N117 and 27-28 for N105 membranes,
respectively. When it is applied to our membranes, the cal-
culated results are illustrated in Table 1. In the viewpoint of
the number of water molecules per ionomer site, it could be
concluded that the membrane having higher PAM content is
better when lower crosslinking temperature is applied and
the membrane having lower PAM content is better when
higher temperature is applied as the shaded boxes are indi-

cated in Table 1. However, if the water content as another
factor is considered to choose the best performance mem-
brane, the membrane having 7~9 wt% PAM and crosslinked
at 140°C could be a candidate.

Proton Conductivity. Figures 6 and 8 are plots of the
proton conductivities as a function of PAM contents (wt%)
and as a function of operating temperatures from 25 to 80°C
for selected PVA/PAM membranes, respectively. The pro-
ton conductivities of PVA/PAM membranes lie in the range
between 10° and 102 S/cm. As can be seen in Figure 6,
although more introduction of PAM indicates more number
of carboxylic acid groups PVA/PAM membranes, the proton
conductivities decrease with increase of PAM contents in
PVA. Simply, the proton conductivity depends on both con-
tent of crosslinking agent (PAM) and crosslinking tempera-
ture. Before a trial for the conductivity measurement, we
could expect that increase of PAM content in PVA matrix
might lead to the improvement of the proton conductivity
because the amount of carboxylic acid groups (-COOH) in
PVA matrix were increased. In addition, these expectations
were based on [EC values of PVA/PAM membranes mea-
sured before the conductivity measurement. However, the
contents of crosslinking agents turned out quite insensitive
to the proton conductivity. It may be considered that the

01
—m—PVA/PAM-100°C
—e—PVA/PAM-120"C
—A—PVA/PAM-140°C

0.014

Proton conductivity (S/em )

1E-3 T T ¥ T T v T T T
2 4 6 8 10 12 14

PAM wt%

Figure 6. Proton conductivities of PVA/PAM membranes mea-
sured at 25 °C as a function of PAM content (wt%).

Table 1. Number of Water Molecules Per Ionomer Site (-COOH) Calculated by Using eq. (9)

PAM Contents 100°C 120°C 140°C

(Wt%) WC EW A wC EW A wC EW A
3 2.04 1700 193 122 1860 127 0.63 2020 71
5 1.59 1370 121 0.72 1470 59 0.47 1780 47
7 1.38 1010 78 0.60 1050 35 | 033 om0 21|
9 0.93 810 2 | 04 80 21 | 026 1010 15
1 0.75 730 30 0.36 750 15 0.24 830 11
13 | 068 600 23 | 034 640 12 021 650 8
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proton conductivity is controlled by the contents of PAM,
different crosslinking temperature, and the intrinsic pro-
perty of carboxylic acid as well. As the content of PAM in
PVA matrix is increased, the polymer matrix would become
more compact. The structural changes induced by the PAM
were characterized using X-ray diffraction’ and shown in
Figure 7. In general, when a polymer contains a crystalline
region, then the X-ray diffraction peaks are sharp, and their
intensities are high, whereas for an amorphous polymer
they are broad.'® As shown in Figure 7, the crystallinity
increased and d-value decreased with increase of PAM con-
tent due to the hydrogen bonding by carboxylic acid group.
As aresult, due to the less free volume in matrix, the proton
transport would be restricted. We also confirmed this behav-
ior in our previous study.>'"'® Even if carboxylic acid is weak
acid, in other words, the degree of dissociation is limited in
water; the number of dissociated protons would increase
with increasing the contents of crosslinking agents, PAM.
Here we can say that only increase of IEC values by intro-
duction of proton donating group in this proton exchange
membranes are not main factor to increase the proton con-
ductivities.”'® That is, free volume being capable of contain-
ing water molecules in the polymeric structure should be
seriously considered in the polymer design. When induced
from the results of water content and proton conductivity,
increase of crosslinking density in PVA/PAM membranes
leads to reduction of free volume being able to associate
water molecules and thus is followed by decrease of proton
conductivity, Therefore, the crosslinking effect may be
more dominant than those of the dissociation degree and the
increase of the number of carboxylic acid group in this sys-
tem. In order to obtain the desirable proton conductivity, the
optimization between crosslinking density and appropriate
1EC values should be achieved.

Figure 8 illustrates the effect of operating temperatures
raised from 25 to 80°C on the proton conductivities of the
membranes containing PAM contents, 7, 9, and 11% in PVA

z
72}
s i PAM 13 (d-value : 4.38)
= T PAM 9 (d-value : 4.63)
——PAM 7 (d-value : 4.70)
T T T T T T
10 20 30 40 50

20 (degrees)

Figure 7. X-ray diffractograms of membranes.
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crosslinked at 140°C. The proton conductivities increase
with increasing temperature as expected. If the operating
temperature is elevated, the polymer matrix structure would
be loosen so that the protons can pass freely. In addition, at
elevated temperature, the degree of dissociation of carboxy-
lic acid groups would increase. Typically, at 80°C, the
membrane containing PAM 7 % shows the highest proton
conductivity of 0.043 S/cm.

Methanol Permeability. Figure 9 shows the concentration
of permeated methanol through Nafion 117 in the diffusion
cell as a function of time. As can be seen in Figure 9, the
methanol concentration through Nafion 117 increased lin-
early as a function of time, and the slope of concentration
vs. time was 0.00854. Using the slope and eq. (8), the calcu-
lated methanol permeability of Nafion 117 at 25°C was
2.11x10° cm*s. Following the same procedure, the methanol
permeabilities for PVA/PAM membranes were calculated.

0.1+

—8— PAM T(w1%)
—&— PAM 9(wi%)
—A—PAM 11(w1%)

0.01

Proton conductivity (S/cm)

1E-3+

T T T T T T T v T T T
20 30 40 50 60 70 80

Temperature ("C)

Figure 8. Proton conductivities of PVA/PAM membranes as a
function of temperature (°C).

2.0

&
=
E 15 » Nafion 117
=
e
=
g
5 10
2
g
) Slope : 0.00854
g
<
£ 054
D
=

0.0 T T T

0 50 100 150 200

Time (min)

Figure 9. Typical diffusion data: the methanol-water solution
was 2 M. The slope of this line is proportional to the methanol
permeability.'®
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1E-5 5 —u—PVA/PAM-100°C
3 —e— PVA/PAM-120°C
—A—PVA/PAM-140°C

1E-6 -\.\"\.\.—’/‘

1E-7 o

Methanol permeability(cm2/sec)

T + T v T T T
2 4 6 8 10 12 14

PAM wt%

Figure 10. Methanol permeabilities of PVA/PAM membranes
measured at 25 °C as a function of PAM content (wt%).

Figure 10 illustrates the methanol permeabilities as a
function of PAM contents from 3 to 13 wt% treated at 100,
120, and 140°C. As can be seen, the methanol permeability
decreases with increasing PAM contents. There are two
factors for this and they are crosslinking density and hydro-
philic groups (-COOH) present in PAM. If the effect of the
introduction of hydrophilic -COOH groups was more
dominant than that of the crosslinking, the methanol permea-
bility would increase with PAM contents due to the affinity
between hydrophilic groups in membranes and permeates in
feed solution. However, the results show the opposite trend,
more seriously for the membranes crosslinked at 120 and
140°C rather than at 100°C. At higher crosslinking temper-
atures, it could be considered that the polymer matrix
becomes more compact so that the permeability of metha-
nol would be reduced. Thus, in this case, we can say that the
effect of crosslinking degree is more controlled than that of
the hydrophilic group.

Conclusions

Crosslinked poly(vinyl alcohol) (PVA) membranes were
prepared at various crosslinking temperatures using
poly(acrylic acid-co-maleic acid) (PAM) containing dif¥fer-
ent PAM content. The PVA/PAM membranes were then
investigated in relation to proton conductivity and methanol
permeability in the PAM content from 3 to 13 wt% and in
the temperature range from 25 to 80°C. It was found that
both these properties were very dependent on the effect of
PAM content as a crosslinking agent and as a donor of
hydrophilic COOH group. Both these properties decrease
monotonously with increasing PAM concentration. The pro-
ton conductivities of these PVA/PAM membranes are in the
range from 107 to 10 S/cm and the methanol permeabili-
ties are in the range from 107 to 10 cm*/sec. And also the
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effect of operating temperature on ion conductivity up to
80°C was carried out for selected membranes, 7, 9 and 11
wt% PAM membranes. lon conductivity increases with
increasing operating temperature and at 80°C showed
5x10%, 2.9x102 and 1.5x10? respectively. Effects of
crosslinking and a concentration of ionomer group were
also discussed in terms of water content, ion exchange
capacity (IEC), and a fixed ion concentration. In addition,
number of water molecules per ionomer site was calculated
using both water content and IEC values. In the viewpoint
of all measured properties in this study, 7 wt% PAM mem-
brane prepared at 140°C exhibited the best performance.
The methanol permeabilities through PVA/PAM membranes
were linearly proportional to the proton conductivities.
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