Macromolecular Research, Vol. 13, No. 2, pp 135-140 (2005)

Aging Effect of Poly(vinyl alcohol) Membranes Crosslinked with
Poly(acrylic acid-co-maleic acid)

Ji Won Rhim and Ho Sang Hwang
Department of Chemical Engineering, Hannam University, 133 Ojung, Daeduk, Daejon 306-791, Korea

Dae Sik Kim, Ho Bum Park, Chang Hyun Lee, and Young Moo Lee

National Research Laboratory for Membranes, School of Chemical Engineering, College of Engineering,
Hanyang University, Seoul 133-791, Korea

Go Young Moon
CRD, Research Park, LG Chem, 104-1, Moonji, Yusung, Daejeon 305-380, Korea

Sang Yong Nam*

Department of Polymer Science and Engineering, Engineering Research Institute,
Gyeongsang National University, Jinju 660-701, Korea

Received November 13, 2004; Revised March 4, 2005

Abstract: Poly(vinyl alcohol) (PVA) membranes crosslinked with poly(acrylic acid-co-maleic acid) (PAM) were
prepared to investigate the effect of aging on their morphology by swelling them for up to 7 days. PAM was used
both as a crosslinking agent and as a donor of the hydrophilic -COOH group. A 30 wt% weight loss of the dry mem-
brane was observed in the swelling test after 6 days. The surface of the membrane was dramatically changed after
the swelling test. The surface roughness of the PVA/PAM membrane was increased, as determined by atomic force
microscopy (AFM). The swelling loosened the polymer structure, due to the release of the unreacted polymer and
the decomposition of the ester bond, thereby resulting in an increase in the free volume capable of containing water
molecules. The water molecules present in the form of free water were determined by differential scanning calorim-
etry (DSC). The fraction of free water increased with increasing swelling time. The swelling of the membrane may
provide space for the transport of protons and increase the mobility of the protonic charge carriers. The proton
conductivity of the membranes measured at 7= 30 and 50°C was in the range of 102 to 10% S/cm, and slightly
increased with increasing swelling time and temperature.

Keywords: fuel cell, poly(vinyl alcohol), aging effect, crosslinking, membrane.

Introduction

Poly(vinyl alcohol) (PVA) is a water-soluble polyhydroxy
polymer that is used in practical applications because of its
easy preparation, excellent chemical resistance, and physi-
cal properties.' In particular, PVA membrane has been used
in ethanol dehydration to break the ethanol-water azeotrope
because it selectively passes water molecule over ethanol or
methanol.>* Although PVA itself dose not have the fixed
charges, several organic groups like hydroxyl, amine, carboxy-
late, sulfonate, and quaternary ammonium can be used to
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impart hydrophilicity and/or ionic group.>® Several cross-
linking methods have been published for different use, since
as a rule, all multifunctional compounds capable of reacting
with hydroxyl groups can be used to obtain three dimen-
sional networks in PVA.” As reported earlier,® the poly(vinyl
alcohol) (PVA)/poly(acrylic acid-co-maleic acid) (PAM)
blended membrane was prepared and tested by pervapora-
tion. Besides, very hydrophilic membranes for pervaporation
were evaluated as polymer electrolyte membrane (PEM) in
direct methanol fuel cells (DMFCs) application.’

Recently, DMFC using polymer electrolyte membranes
have demonstrated improved performance.'® The proton
conduction through membrane is very closely associated
with the water transport through the membranes. In the
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operation of PEM, membrane hydration is critical to the
fuel cell performance and influences proton conductivity.!

The state of water in polymers such as nonfreezing bound
water, freezing bound water, and free water previously sug-
gested and was quantified by both pressure differential
scanning calorimetry (DSC) and 'H pulse NMR techniques."'
In the presence of excess water, a polymer may become
swollen, exhibiting major changes in its structure and
mechanical properties. Yoshida et al.'” reported that the
structure of nonfreezing bound water changed according to
the surroundings. Therefore, it is important to know the
state of water in the membrane.

In our previous study, the crosslinked PVA/PAM mem-
brane was prepared to investigate the pervaporation perfor-
mance, and analyzed by FT-IR and water swelling test."”
The main objective of this work was to investigate the aging
effect of PVA/PAM membrane with swelling time. To do
this, the introduction of carboxylic group into PVA matrix
was achieved by the modification of PVA chemical struc-
ture through esterification with PAM containing carboxylic
group, the PAM was used as a crosslinking agent and as a
donor of the hydrophilic -COOH group. Here, we expect
that the introduction of carboxylic acid group in the poly-
mer chain helps to facilitate the conduction of proton. The
structure of the membrane with swelling time is character-
ized by AFM, the water state and the performance of the
membranes is determined by proton conductivity.

Experimental

Materials. PVA (99% hydrolyzed, average M,, = 89,000
~98,000; Aldrich) and PAM (50 wt% solution in water,
M, = 3,000; Aldrich) used in this study were purchased
from the Aldrich Chemical Co., Milwaukee, WI, USA. The
water used was distilled and deionized water.

Membrane Preparation. The crosslinked PVA/PAM
membranes were prepared with the following two steps. First,
aqueous 10 wt% PVA solutions were prepared by dissolv-
ing pre-weighed quantities of dry PVA in water and then
refluxing at 90°C for 6 h and aqueous PAM was dissolved
in water at room temperature. Then PVA solutions were
mixed together with PAM solution until forming a homoge-
neous solution for 1 day at room temperature. The amount
of PAM solution was 7% by weight to PVA solution. The
mixed solution was poured onto a Plexiglass plate, and cast
using the casting knife. The cast polymer solutions were
allowed to dry in oven at 30°C. The dried membranes were
peeled off away from the glass plate, and then heated in a
thermosetting oven at 140°C for 1 h to induce crosslinking
reaction. The membranes were immersed in water at 100°C
from 1day to 7days. The postulated reaction mechanism of
PAV and PAM is illustrated in Scheme 1.

Membrane Characterization. Differential scanning cal-
orimeter (DSC) measurement was carried out using a DSC
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Scheme I. Structure model of the PVA/PAM membrane and
PAM cyclic dimer-water H-bonds.

2010 thermal analyzer (TA Instrument, New Castle, DE,
USA) equipped with a cooling apparatus. The bound water
and free water of wet sample was determined form DSC
measurement. After cooling the sample with liquid nitro-
gen, the experiment began by heating the sample from -50
to 50 °C using a heating rate of 5 °C /min. Nitrogen was used
as a carrier gas with a flow rate of 200 mL/min.

Atomic force microscopy (AFM) images were obtained in
air using a Digital Instruments Nanoscope II.

Weight Change. Weight change of the membranes were
carried out to investigate the aging effect of the membranes.
The weight of the dry membranes was measured (W,;). The
membranes were immersed in water at 100°C from 1day to
7days. The weight of dry membrane measured after drying
the water immersed membrane in an oven at 90°C (W ).
The weight change of the membranes was calculated as fol-
low:

Weight change (%) = [(W, - W)/ W] X 100 €))
The total water content (%) was determined by;
Total water content (%) = [(W.,.. - W)/ Wi, X100 (2)

where W, and W,, are wet and dried membrane weight
after immersing in water, respectively.

IEC Value and Proton Conductivity. The ion exchange
capacity (also known as IEC value) was measured using the
classical titration. After immersing samples in distilled water,
they were soaked in a large volume of 0.1 mol/L HCI solu-
tion to change them into the H' form. They were washed
with distilled water to remove excess HCI, and then equili-
brated with 100 mL of 0.1 mol/L. NaOH solutions for 24 h.
The IEC values were determined from the reduction in alka-
linity measured using a back titration method. The IEC val-
ues (in meq/g) were obtained from the following equation:

IEC = M%MMOH 3)
dry

Macromol. Res., Vol. 13, No. 2, 2005



Aging Effect of Poly(viny! alcohol) Membranes Crosslinked with Poly(acrylic acid-co-maleic acid)

where M y.0n 18 milli-equivalent (meq) of NaOH in the
flask before titration, M; yon 1S meq of NaOH after equilib-
rium, and Wy, is the weight of dried membrane (g). The
reported values were the mean of at least five measure-
ments.

The proton conductivity of membranes was measured
using the normal four-point probe technique at RH 95%.
The impedance of membrane was determined using Full
Material Impedance System 12608 W consisted of a Fre-
quency Response Analyzer 1260 and Electrochemical Inter-
face 1287 (Solatron analytical). The impedance analyzer
was worked in galvanostatic mode with AC current ampli-
tude of 0.1 mA over frequency range form 100 kHz to 0.1
Hz by Nyquist method. Each sample was cut in 4 X 1 cm?
prior to mounting on the cell. The proton conductivity (o)
was obtained as follows;

“

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

Results and Discussion

Swelling Test of the Membranes. Figure 1(a) shows the
weight change ratio of the membranes with swelling time.
As shown in Figure 1(a), the weight change ratio of the
membrane increased with the swelling time. The 30 wt%
weight loss of the dry membrane was observed in the swell-
ing test for 6 days. The total water content increases with
swelling time as shown in Figure 1(b). This result suggested
that the unreacted polymer was released from the membrane
with swelling time, and the ester bond between -OH and
-COOH was partially decomposed at experimental condi-
tion such as boiling water swelling test. This made the poly-
mer structure more loosely, and resulted in an increase in
the free volume capable of containing water molecules.
This behavior was confirmed with the state of water using
DSC experiment, and IEC value. The prepared proton
exchange membranes at each swelling test condition pos-
sessed IEC values in the range of 0.85~1.59 meq/g-dry
membrane as shown in Table I. We expected that the IEC
value would decrease with swelling time due to the degra-
dation of polymer. In addition, these expectations were
based on the weight change ratio of dry membrane. How-
ever, this expectation was somewhat different when com-
pared to the results of IEC value before and after boiling
water test.

The IEC value increases with swelling time up to 3day.
Up to the swelling time about 3day, the IEC value main-
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Figure 1. (a) weight change ratio and (b) total water content of
the membranes with swelling time.

tains. This behavior was attributed to increase the ionic site
due to re-forming carboxylic acid group derived from
decomposing ester bond between -OH and -COOH.

The states of water in the membrane can be categorized as
free water, freezing bound water, and non-freezing bound
water. Free water is the water that has the same phase transi-
tion temperature as bulk water (0°C)."* Freezing bound water
is defined as the water that has phase transition temperature
lower than 0°C due to weak interaction with the polymer.
Non-freezing bound water is the water that has no detectable
phase transition from -73 to 0°C due to strong interaction
with the polymer. "* The maximum volume of bound water is
typically dependent on the polarity and the content of ionic
group in the polymer.

In this study, DSC measurement was used to determine
the amount of free water that is not bound by hydrogen
bonding. Figure 2 shows the DSC curve of the water-swollen
membrane. As shown in Figure 2, two melting peaks can be
seen in the DSC curves for the swollen membranes up to the
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Figure 2. DSC melting curve of (a) PVA/PAM, (b) after the
membrane was swelling for 3 day, (c) 4day, and (d) 7day.

swelling time of 3day. However, only one melting enthalpy
peak was observed in the membrane after swelling for 4 and
7day. Therefore, in this case, we consider this peak to arise
from free water. The amount of bound water was calculated
as the difference between the total water content and the
amount of free water.

Before a trial for the water state, we expected that the non-
freezing bound water might exist because the amount of
ionic group (-COOH) increased due to decomposing ester
bond. In addition, these expectations were based on IEC
values. However, these -COOH groups turned out to be quite
insensitive to the water state. There is the H-bonding self-
association in -COOH group of PAM, and cyclic dimer-water
H-bonds as shown in Scheme L.'° This result suggested that
this water absorbed due to the cyclic dimer-water H-bond
was detected as overlapping melting peaks due to weak
interaction of H-bond, showing the melting of bulk water by
DSC. Therefore, the freezing bound water peak shown in 3

day was shown in overlapping melting peak combined with
free water peak after 4 days.

Table I shows the total water and the fraction of water
state. The amounts of free water, freezing bound water, and
non-freezing bound water were estimated using the following
equation:

Wﬁee = (AHfree/ Qmelting) X I/Vlotal,
&)
Wfreezing: (AHfreezingboud/ Qmelting) X I/Vtatal

The free water content (%) in total water was estimated as
the ratio of endothermic peak area at around 0°C for water
swollen membrane to melting endothermic heat of fusion
(Oumening=334 J/g) for pure water."* Non-freezing bound
water is determined by subtracting the freezing water and
free water from the total water absorbed in the membrane.
As shown in Table I, the non-freezing bound water increased
with swelling time up to 4 day, and above this day the non-
freezing bound water decreased. However, the fraction of
free water dramatically increased with swelling time. This
result suggests that the free volume derived from releasing
unreacted polymer, and decompose ester bond was capable
of containing water molecules, and these water molecules
was regarded as free water.

AFM Images. Figure 3 show the surface AFM images of
the PVA/PAM membranes before and after swelling test.
The area of the image is 3 #m X 3 ym in the x,y-plane with
an expanded z-axis. The membrane surface was dramati-
cally changed after swelling. The swelling test increased the
surface roughness from 7.41 to 15.31 A, respectively. The
different depth profile before and after swelling test was
shown in Figure 3. These results suggest that the swelling
test affects the surface morphology.

Proton Conductivity. To use as polymer electrolyte
membrane (PEM), it is necessary to provide the facilitated
channel for proton transport by providing ion exchange sites

Table 1. Characterization of IEC Value and Fraction of Water State

Agi(r;lj%1 ;")ime I?IEI:] e\:/c';l/lgu)e Total Wazgzr) Content Free Water (%) Freezing gz;nd Water Non-li;;:;éirrzog/o 1)30und
0 0.85 55(1y 17.4 (0.32) 29.4 (0.53) 8.2 (0.15)°
1 1.45 63 (1) 21.4(0.34) 32.9(0.52) 8.7(0.14)
2 1.59 75 (1) 28.2(0.38) 37.3 (0.50) 9.5 (0.13)
3 1.54 85(1) 32.0 (0.38) 44.2 (0.52) 8.9 (0.10)
4 1.55 103 (1) 65.8 (0.64) - 37.2(0.36)
5 1.57 119 (1) 88.1(0.74) - 30.9 (0.26)
6 1.55 122 (1) 103.0 (0.84) - 19.0 (0.16)
7 1.57 123 (1) 103.9 (0.84) - 19.1(0.16)

“4Fraction of water state. “(total water,%)/(total water,%). %(free water,%)/(total water,%). “(freezing bound water,%)/(total water,%).

“(non-freezing bound water, %)/(total water, %).
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Figure 3. AFM image of (a) PVA/PAM and (b)after the membrane was swelling for 7 day.

such as sulfonic acid or carboxylic acid. In this study, the
carboxylic acid groups derived from PAM were used as an
ion exchange sites.

Proton conductive mechanism through these membranes
is well-known to occur by two routes.’ First of these routes
is Grotthus mechanism (proton hopping) that a proton is
passed down a chain of water molecules. Second of these
routes is vehicle mechanism that a proton combines with
solvent molecules, producing a complex like H,O" or
CH;0H,".

Generally, the proton conductivity is dependent on the
state of hydration of the membrane. In a water swollen
membrane, the protons are solvated and enabled to be trans-
ported through the membrane.’ Since the conductivity in the
membrane is dependent on the water content of the mem-
brane, it is necessary to understand the water state in the
membrane and how it is related to the mobility of water in
the membrane.

Figure 4 shows a plot of the proton conductivity of the
membranes as a function of the swelling time. The proton
conductivity of the membranes measured at T'=30, and
50°C was in the range of 107 - 107 S/cm, and slightly
increased with swelling time, and temperature. This behav-
for was attributed to increase the ionic site due to decom-
posing ester bond, and hydration state,
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Figure 4. Proton conductivity of the PVA/PAM membranes at
RH 95%.

As shown in Figure 4, the highly increase of the proton
conductivity was observed from immersing in 4 days,
although the [EC value didn’t increase. This behavior was
associated with the morphology of the membrane. We con-
firmed that the fraction of free water dramatically increased
after 4 days of the swelling time. Therefore, the proton con-
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ductivity of the PVA/PAM membrane increases with the
fraction of the free water. The swelling of the membrane
may provide the facilitated channel for proton transport and
increase the mobility of protonic charge carriers due to
remove unreacted polymer.

Therefore, it could be said that the swelling test affects the
morphology, water state and proton conductivity of the
membranes.

Conclusions

Crosslinked PVA/PAM membranes were prepared to
investigate the aging effect with swelling time. The PAM
was used as a crosslinking agent and as a donor of the
hydrophilic -COOH group. The surface of the membrane
was dramatically changed after swelling test. The surface
roughness of the PVA/PAM membrane increased from 7.41
to 15.31 A, as determined by AFM technique. The swelling
made the polymer structure more loosely, and resulted in an
increase in the free volume capable of containing free water
molecules. The fraction of free water and the proton con-
ductivity increased with swelling time. The swelling of the
membrane may provide space for the transport proton and
increase the mobility of protonic charge carriers. The proton
conductivity of the membranes measured at 7=30, and
50°C was in the range of 10°-107S/cm, and slightly
increased with swelling time, and temperature.
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