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ABSTRACT: The semi-interpenetrating polymer network technique was applied in the preparation of anion exchange membranes for
direct methanol fuel cells (DMFCs). Poly(vinyl alcohol) was chosen as the polymer matrix and quaternized polyethyleneimine was
used as the cationic polyelectrolyte. To modify the polymer membranes for achieving desirable properties, 1,2-bis(triethoxysilyl)
ethane was used as a precursor to fabricate a set of organic—inorganic hybrid membranes. The hybrid membranes were characterized
using X-ray diffraction, scanning electron microscopy, and thermogravimetric analysis. The ionic conductivity, methanol permeability
and stability under oxidative and alkaline conditions were measured to evaluate the applicability in DMFCs. © 2012 Wiley Periodicals,
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INTRODUCTION

Direct methanol fuel cells (DMFCs) have attracted considerable
attention as a power source due to various advantages including
high energy density, compact design, and low emission. One of
the key components in DMFCs is the solid polymer electrolyte.
Two types of solid polymer electrolyte have been studied in
DMECs: proton exchange membranes (PEMs)
exchange membranes (AEMs). Most DMFCs use proton
exchange membranes, such as Nafion® from DuPont. They
show excellent chemical, mechanical, and thermal stability and
high ionic conductivity. Unfortunately, several technical draw-
backs such as slow oxidation kinetics of methanol and high

and anion

methanol crossover from the anode to the cathode impede their
application in DMFCs."

To overcome the problems of PEMs, there has been a growing
interest in developing AEMs for fuel cell applications.”® AEM
fuel cells have several advantages over PEM counterparts: (1)
the inherently faster kinetics of oxygen reduction reactions in
an alkaline fuel cell allows low cost non-noble metal electrocata-
lysts such as Ag and Ni to replace traditional Pt. (2) The direc-
tion of the ion transport in the AEMs is opposite to that of the
methanol thus reducing methanol permeability. (3) The simpli-
fied water management and less-corrosive nature of an alkaline
environment ensure a potential greater longevity.”™

A variety of approaches for AEM preparation have been
attempted. Those include (1) ion-solvating,w_12 Hou et al. devel-
oped a class of AEM by doping KOH in polybenzimidazole (PBI)
membrane, the ionic conductivity of the membrane reached up
t0 0.0184 S cm ™ "."® However, low material stability was observed
due to KOH release from the matrix. (2) Introducing cationic
moieties by chemical grafting,>'*~'® for example, Wang et al. pre-
pared AEMs by tethering a chloromethyl pendant group onto
poly(ether-imide), the ionic conductivity was up to 0.0351 S
cm ' but the use of carcinogenic substance chloromethyl methyl
ether limited their application.'® (3) Radiation-induced graft-
ing,'"”™"? Varcoe et al. prepared AEMs by radiation-induced graft
polymerization of chloromethyl styrene onto fluorinated ethylene
propylene membranes with conductivity up to 0.023 S cm™" at
50°C,'"® however, the high cost of the membranes makes them
hard to be cost effective for use in DMFCs. AEMs also have the
inherent defect of low ionic conductivity (mobility of OH™ is
only 1/2-1/3 of that of H"?°). Clearly, there is an urgent need to
develop novel anion exchange membranes with similar perform-
ances levels to match traditional proton exchange membranes,
such as Nafion in DMFCs applications.

Semi-interpenetrating polymer network (s-IPN) is currently
attracting great attention due to its good mechanical strength and
easy preparation.”’* When s-IPN is used as an ion exchange
membrane, the polyelectrolyte immobilized in a crosslinked

Additional Supporting Information may be found in the online version of this article.
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Scheme 1. Schematic representation for preparing QPEI (The symbol of x and y is polymerization degree).

polymer network matrix is responsible for the ion exchange char-
acteristic.” In this article, we prepared anion exchange membranes
in which poly(vinyl alcohol) (PVA) was chosen as a polymer
matrix due to its good film-forming abilities and good methanol
diffusion resistance. Bromoethane-treated PEI was used as a poly-
electrolyte. Because PEI has a mass of nitrogen atoms of amine
groups on its polymer chains, and can provide plenty of anion
exchange groups after modification by bromoethane (Scheme 1).2°
The characteristics of the organic-inorganic membranes were
evaluated for potential application in alkaline DMFCs.

MATERIAL AND METHODS

Materials

PVA (M, 89,000-98,000, 99+% hydrolyzed PVA), branched
polyethyleneimine (PEI, M, 25,000 g mol™") and 1,2-bis(tri-
ethoxysilyl)ethane (BTESE) were purchased from Sigma—
Aldrich. All other solvents and reagents of analytical grade were
purchased from Sinopharm Chemical Reagent, and used with-
out further purification.

Synthesis of PVA-Based Organic-Inorganic Hybrid Material
PVA was dissolved in dimethylsulfoxide (DMSO) and stirred at
90°C for 2 h. To form mobile silica fragments rather than large
particles, a certain amount of BTESE precursor was added drop
by drop while stirring at 60°C for 3 h. This was added to
enhance the mechanical strength and hydrothermal stability of
the final polymer. Next the hot solution was filtrated and the
pH was adjusted to 5.00 using 1M HCI.

Synthesis of Quaternized PEI

Branched PEI was dissolved in DMSO to obtain a 5 wt % solu-
tion. Then a certain amount of bromoethane (see below for
detail) was added into the solution and stirred at 60°C for 1 h
to obtain clear homogeneous quaternized PEI (QPEI) solution.

Membrane Preparation

The QPEI solution was added into the PVA solution, 40 wt % QPEI
content was calculated on the basis of solvent-free. Then 2 mL of 10
wt % GA was added as a crosslinking reagent.”” The membranes
were dried at 40°C for 48 h to remove the solvent, peeled off and
further dried in a vacuum oven at 100°C for 4 h. The membranes
were then soaked into 1M KOH solution at 30°C for 24 h and
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washed with deionized water until the pH was neutral. The obtained
hybrid membranes are termed as PB-X-Y, where X is the percentage
ratio of bromoethane to branched PEI and Y is that of BTESE to
PVA, being set at 0, 1, 2, 3, 4, 6, 8, 10, and 15.*° The effects of
bromoethane and BTESE content are discussed in this work.

Characterizations

Physical and Chemical Structure. The physical structure of the
membranes was studied by X-ray powder diffraction (XRD;
Panalytical X’pert, Enraf-Nonious, Holland) using Cu Ko
radiation in the range 10-80° at a speed of 0.167° s~'. The
chemical structure of the membranes was characterized using a
Fourier transform infrared spectrometer (Nicolet Avatar 330,
Thermo Electron Corporation).

Thermal Properties. The thermal properties of the membranes
were measured using a thermo gravimetric analyzer (TGA,
TG209F1, NETZSCH, Germany) under an nitrogen atmosphere in
a temperature range 30-900°C with a heating rate of 10°C min ™"
Water Content and Ion Exchange Capacity. To determine the
properties of different forms of water in the polymer, the content
of free water and bound water in the membranes was meas-
ured.*>*® The membrane samples in hydroxide form were first
placed in deionized water at 30°C for 24 h to ensure sufficient
water molecules to be attached onto the polar and ionic groups.
The mass of hydrated membranes (#1,.;) was measured as soon as
the surface-attached water was removed with filter paper. Then
the hydrated membranes were dried at 30°C for 48 h to remove
the free water and weighed to obtain the mass (#1,oung). Afterward
the membranes were further heated in vacuum oven at 80°C until
a constant mass (#714yy). The water uptake is calculated by

Bound water uptake = ound  Mdry

Mry

Myet — Mbound

Mdry

Free water uptake =
Total water uptake = Free water uptake + Bound water uptake

Ion exchange capacity (IEC) of the membranes was measured
by the classical back titration method. Membranes in hydroxide
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form were stirred in 100 mL of 0.1M HCI aqueous solution at
30°C for 48 h to ensure a complete exchange. The solutions
were then back titrated with 0.1M NaOH aqueous solution
using phenolphthalein as an indicator. Blank sample of 0.1M
HCI aqueous solution was also back titrated with the NaOH
aqueous solution for the correction of IEC. The IEC value (meq
g ") is calculated by,

IEC — Mnyaon X (VoNaon — Venaot)

mdry

where My,on is the concentration of the NaOH aqueous solu-
tion (mmol mL™"), V, naon and V. naon are the volumes of the
NaOH aqueous solution required to titrate the sample and the
blank, respectively (mL), mqy, is the mass of dry membranes in
hydroxide form (g).

Ionic Conductivity Measurements. The ionic conductivities of
the membranes in hydroxide form were measured in the
temperature range 30-80°C by two-probe AC impedance spec-
troscopy using Parstat 263 electrochemical equipment (Prince-
ton Advanced Technology) over the frequency range 0.1 Hz-1
MHz. The membranes were tightened by screws to ensure good
contact with two stainless steel electrodes. The membranes and
the electrodes were set in a glass cell. The cell was placed in a
temperature-controlled chamber containing a deionized water
reservoir to maintain the relative humidity of 100% throughout
each experiment. The ionic conductivity ¢ (S cm™') is
calculated by,

)
R, X A

g =

where [ is the distance between the two stainless steel electrodes
(cm), R, is the membrane resistance from the AC impedance data
(Q), and A is the cross-sectional area of the membranes (cm?).

Methanol Permeability. The methanol permeability was meas-
ured using a home-made diffusion cell. In the test, the cell was
placed in a thermostatic water bath. The cell comprises two iden-
tical compartments separated by a membrane sample tightened
by screw clamps. Compartment A was filled with 2M aqueous
methanol solution® and compartment B was filled with deion-
ized water. Both compartments were stirred to ensure uniform
concentrations of methanol during the test. Before testing, the
membrane samples in hydroxide form were soaked in deionized
water for 24 h. The methanol concentration in compartment B
was measured over time with gas chromatography (GC-950,
Shanghai Haixin Chromatographic Instruments). And the metha-
nol permeability P (cm* cm™") can be estimated as follows,

Ay P
Cp(t) = l_mVB Ca(t—t,)

where C, and Cp(t) are the concentration of methanol in com-
partment A and B (mol L"), respectively, A,, is the effective
area of the membrane (cm?), 1, is the thickness of hydrated
membrane sample (cm), and V3 is the volume of the solution
in compartment B.
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Figure 1. Structure of the s-IPN polymer of PVA and QPEL [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Mechanical Property and Stability under Oxidative and
Alkaline Conditions. The oxidative stability was studied by
observing the variation in the weight and conductivity of the
membranes in Fenton’s reagent.”> Membrane samples were first
immersed in deionized water at 60°C to achieve a swelling equi-
librium then placed into Fenton’s reagent (4 ppm FeSO, in 3%
H,0,) at 60°C. The samples were taken out of the solution at
regular intervals and quickly weighed after removing the surface
liquid with filter paper. The Fenton’s reagent was refreshed
every 10 h. The mechanical property measurement can be
found in Supporting Information. Stability under alkaline con-
ditions was studied by immersing the membrane samples into
NaOH aqueous solutions at 60°C for 24 h. The samples were
taken out to measure their conductivity.

RESULTS AND DISCUSSION

Membrane Preparation

The concept of the s-IPN is schematically illustrated in Figure 1.
The branched QPEI was interpenetrated in the crosslinked PVA
chains to form the s-IPN structure. The unreacted ternary
amine groups could form hydrogen bonding with PVA to pro-
vide extra anion exchange groups to the membranes. The
bromoethane content plays an important role in fabricating the
membranes. It has a dominant influence on the mechanical
strength and ionic conductivity of the membranes. The ionic
conductivity as a function of ion exchange capacity and water
content is measured to get desirable PVA/QPEI blending
membranes without sacrificing mechanical strength.

As an important character in ion exchange membranes, IEC
was strongly affected by C,HsBr content (Table I). Membrane
(PB-0-0) prepared without bromination exhibited a very low
IEC (0.73 meq g '). IEC increased significantly with increasing
C,HsBr content. However, when the bromination reaction is
approaching complete IEC tends to a constant with increasing
C,HsBr content further progressively. The hydrophilicity of the
membranes was reduced by introducing alkyl groups via
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Table I. Water Uptake and IEC of the s-IPN Membranes

CoHsBr BTESE Water IEC
Membrane (wt %) (wt %) uptake (%) (meq g 1)
PB-0-0 0 0 117.8 0.73
PB-10-0 10 0 1153 1.30
PB-20-0 20 0 98.2 1.59
PB-30-0 30 0 103.6 2.03
PB-35-0 35 0 115.8 2.25
PB-40-0 40 0 120.9 221
PB-35-6 35 6 82.3 2.32
PB-35-15 35 15 99.5 2.28

bromination reaction, resulting in a slight decrease in water
content. It was then increased with quaternization proceeding
further. Thus, the optimal value of 35 wt % QPEI was used con-
sidering that a phase separation occurred and mechanical
strength of the membrane decreased significantly with increasing
QPEI content further. With considering both water uptake and
IEC values (Table I), three samples of PB-35-0, PB-35-6 and
PB-35-15 with higher performance were used to characterize the
transport properties, thermal stability, ionic conductivity, etc.

Chemical Structure

FTIR spectroscopy is applied to identify the functional groups in
the hybrid membranes to provide the evidence of the reaction
mentioned above. Figure 2 shows FTIR spectra of the mem-
branes with the addition of different percentages of BTESE. The
silica network was formed by the reaction between hydroxide
group of PVA and that of BTESE after acid-catalyzed hydrolysis.
It was verified by IR that the contributions associated with
stretching of Si—O—Si and Si—O—C groups are the peaks of
1095 and 1021 cm™',***>** respectively. With increasing BTESE
contents, the peaks increased resulting from BTESE self-conden-
sation. Crosslinking reaction occurred between hydroxide group
of PVA and aldehyde group of GA used as a chemical crosslink-
ing agent. With the same amount of crosslinking agent, the reac-
tion was proceeded accompanying with a decrease in the
intensity of the absorption bands at 2846 cm™' (characteristic of
—CHO, aldehyde group) and 3372 cm™' (characteristic of —OH
group and the possibly bound water).”® This indicates that the
Si—C—C—Si segments can stretch the s-IPN structure so that
the reaction can take place easily due to less steric hindrance.”®
However, the peaks increased with further increasing BTESE
content. This is thought to be caused by the formation of large
silica particles during hydrolysis and self-condensation of BTESE.
As a consequence, when a sufficient amount of BTESE was incor-
porated into the PVA matrix the large particles twined around
the PVA chains that intensified the space steric effect.

Thermal Stability

The thermal properties of the membranes are illustrated by their
TGA studies (Figure 3). The weight loss curves of PB-35-0,
PB-35-6, and PB-35-15 could be divided into four stages at
around 30-200, 200—400, 400-470, and 470—-600°C. In the initial
stage, the loss was associated with the evaporation of bound
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Figure 2. FT-IR spectra of membranes (a) PB-35-0, (b) PB-35-6, and (c)
PB-35-15. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

water and the water absorbed onto the s-IPN membranes from
the air. It should be noted that the weight of water in PB-35-6
decreased slower than that in the others. The phenomenon
stemmed from the fact that the water molecules have been
bounded tightly to PB-35-6 via hydrogen bonding due to the
free space formed from the condensation reaction between PVA
and BTESE. The second stage (200-400°C) was attributed to the
decomposition of bromomethyl groups in the PEI chains. In the
third stage, the PVA chains split into small segments by the ther-
mal treatment from 400 to 470°C. The last stage associated with
the pyrolysis of BTESE would lead to a slight loss in weight rang-
ing from 470 to 600°C. The fact that more residues were left
after heat treatment is evidence for large inorganic particles
forming within the s-IPN structure with increasing BTESE con-
tent. Figure 3 shows that the weight loss of PB-35-0 is greater
than that of the others in which an inorganic phase was

100 |
N ——PB-35-6
~ I N ----PB-35-15
S 80t \ === PB-35-0
;|
Q
D L
<
s 60}
]
] L
—
[P]
Q40
s
=
LT
g 20 b
0 1 L l

0 200 400 600 800
Temperature (°C)

1000

Figure 3. TGA curves of membranes (a) PB-35-0, (b) PB-35-6, and (c)
PB-35-15. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 4. XRD patterns of membranes (a) PVA, (b) PB-35-0, (c) PB-35-6,
and (d) PB-35-15. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

introduced. This suggests that the incorporation of silica moiety
into s-IPN membranes can successfully improve their thermal
stability. This is because incorporation of an inorganic compo-
nent into a polymer matrix can normally improve the thermal
stability of the resulting hybrid.

Structure Characteristic of the s-IPN Membranes

Figure 4 shows the crystalline phase of the membranes character-
ized by XRD. A diffraction peak of PVA appeared at 20 = 20°. A
decrease in the peak intensities from PVA to PB-35-0 suggests
that PVA/QPEI s-IPN structure could prevent the formation of
crystalline region in the PVA matrix. The peak appeared at 20 =
44°, when QPEI was interpenetrated into the PVA chains [Figure
4(b)], indicates a new crystalline region being formed. The peak
in Figure 4(c) is broader than that in Figure 4(b). This suggests
the introduction of silica moiety leading to a decrease in the
crystallinity. The result could be attributed to a decrease in the
hydroxyl groups in the membrane resulting from the condensa-
tion between silica and PVA. The ion transport process will be
much easier when the crystallinity decreased and thus higher
ionic conductivity could be achieved. Figure 4(d) shows a sharper
peak due to the large inorganic particles aggregating instead of
dispersing between the PVA chains.
confirmed by the morphology characterization using scanning
electron microscope (see Supporting Information Figure S1).

The structure is also

Water Content

Two forms of water (free water and bound water) dependent of
the interaction between water and polymer generally exist.
Attached to the ionic and polar groups on the polymer chains,
bound water plays an important role in transporting the hydrox-
ide ions in the membrane. The water, having the same phase
transition temperature as the bulk water, is designated as free
water.”® Clusters of the free water are the bound water supply
station. Thus, a great amount of attainable water in the mem-
brane is desirable. Figure 5(a) shows the free and bound water
uptake as a function of BTESE content. The heating of the mem-
branes in the hydroxide formed at 80°C to constant weight can
lead to conservative values of free and bound water uptake due
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to decomposition of the quaternary ammonium groups, accom-
panied by the release of low molecular weight degradation
products. Probably, this explains high values of bound water
uptake (40-80 wt %).

The BTESE-induced inorganic phase in the membrane reduces
the water uptake of the membrane but has slight effect on the
IEC. This is because ion exchange groups do not vary upon
introduction of silica in the membranes and quaternary ammo-
nium groups are influenced slightly by hybrid structure. With
increasing BTESE content, the tethered Si—C—C—Si segments
cause the s-IPN structure more compact.”® The compact struc-
ture with small silica particles may reduce the hydrophilicity of
membranes leading to a decrease in total water uptake. As a
result, total water uptake decreased dramatically from 115.8 to
82.3%. However, it should be noted that bound water arises
from —OH groups in PVA chains and Si—OH groups induced
by the self-condensation. The ratio of bound water to total
water uptake incresead leading to an increase in ionic conduc-
tivity [Figure 5(b)].
attached to the ionic and polar groups is favorable for the
hydroxide ions to transport through the membranes. With
increasing BTESE content further, the ratio of bound water to
total water uptake dramatically decreased since the rate of self-
condensation was faster than that of condensation between
hydroxide groups in PVA chains and BTESE. The reason for a
decrease in bound water is thought to be due to microphase
separation that occur between silica-rich domains and the
organic polymer matrix. Thus the ionic conductivity was too
low to meet the requirement of DMFCs.

This is because efficient bound water

Tonic Conductivity

From Figure 6 we see that conductivity of the hybrid mem-
branes scales linearly as a function of temperature for 30-80°C
in deionized water. The ionic conductivity was greater than 2.2
x 1072'S cm™' for PB-35-6 and PB-35-0. PB-35-6 showed
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Figure 5. Effect of BTESE content on the free and bound water uptake,
and ionic conductivity. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 6. lonic conductivity of the three s-IPN membranes vs. tempera-
ture. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

a conductivity of 2.36 x 107> S cm™ ' at 30°C and could reach
the maximum OH™ conductivity of 4.52 x 1072 S cm™' at
80°C. This is desirable in contrast with the reported anion
exchange membranes and can meet the requirement of DMFCs.
The conductivity of PB-35-6 and PB-35-0 was much higher
than that of PB-35-15, indicating self-condensation induced
large particles act as obstacles to ion transport within the
membrane. Although both PB-35-0 and PB-35-6 have a similar
IEC, the ionic conductivity of PB-35-6 is larger than that of
PB-35-0. This may be due to the increase of the amorphous
region (Figure 4) which could facilitate the ion transport.

Methanol Permeability

Figure 7 shows the methanol permeability of the s-IPN
Membranes in 2M methanol solution vs. temperature. Methanol
permeability increased with increasing temperature. This results
from an increase in the mobility of both methanol and polymer
chains with increasing temperature. The methanol permeability
of PB-35-0 was considerably higher than that of PB-35-6 in the
temperature range 30-70°C. This suggests that blockage of the
methanol molecules from the Si—C—C—Si segments results in a
decrease in the mobility of methanol molecules when the silica
network stretched the s-IPN structures to a certain degree.”®
The occupied volume of the tethered Si—C—C—Si segment
(83.59 A’/unit segment) is larger than that of the original
Si—O—Si segment (67.36 A3/unit segment).36 In this situation,
incorporation of BTESE would reduce the free volume of the
as-prepared AEMs leading to a lower methanol permeability.
PB-35-15 exhibited higher methanol permeability than PB-35-6.
The self-condensation induced large inorganic clusters will
facilitate micro phase separation to form a large amount of free
space acting as the methanol transporting channels. Nafion®”
115 exhibits methanol permeability of 2.23 x 107° cm® s™' at
30°C.%” The PB-35-6 presents a value of 0.78 x 107° cm?® s~ ' at
30°C, about 1/3 of the Nafion membrane. This makes it have a
potential application in DMFCs.
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Figure 7. Methanol permeability of the three s-IPN membranes vs. tem-
perature. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Mechanical Property and Stability under Oxidative and
Alkaline Conditions

High oxidative stability of polymer electrolyte membranes is
required for DMFCs application. Fenton’s reagent was chosen to
simulate the practical operation environment of fuel cells. Figure
8 shows the evolution of weight and ionic conductivity of PB-
35-6. The weight of the membranes gradually decreased with
time. The membrane had a 21.7% weight loss after 120 h. This
weight loss is attributed to the degradation of quaternary ammo-
nium groups. The ionic conductivity of the PB-35-6 membrane
before and after the oxidative testing is 3.22 x 1072 and 2.68 x
107 S cm™', respectively. The oxidative stability is acceptable in
contrast with some other anion exchange membranes.”® It is
known that the main way of destruction of AEMs is degradation
of quaternary ammonium groups by OH™ nucleophilic attack.®
In this case different rearrangements and degradation mecha-
nisms take place. One of them is the cleavage of the quaternary
ammonium by OH™ followed by elimination (called as Hofmann
degradation or E2 elimination). Therefore, investigation of
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Figure 8. Chemical stability of PB-35-6 membrane in a Fenton’s reagent

at 60°C. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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membranes stability under alkaline conditions is of higher
priority. The ionic conductivity of the PB-35-6 membrane
immersed into 2-10 mol L™' NaOH aqueous solution is 2.58—
222 x 1072 S cm™'. The membrane stability is slightly sensitive
to NaOH concentration (see Supporting Information Figure S2).
Supporting Information Figure S2 shows a slight variation in
conductivity and weight percentage of the PB-35-6 membrane
immersed in different NaOH concentrations. This suggests that
the membrane stability in alkaline media is acceptable. Tensile
stress and elongation at break illustrate mechanical properties of
the membranes (see Supporting Information Table S1).

CONCLUSIONS

Anion-exchange membranes using PVA as matrix and QPEI as
polyelectrolyte were prepared via s-IPN technology. To improve
the membrane performance, BTESE was added as a precursor
into the s-IPN polymer. Characterizations show that the
membranes have a water uptake of 82.3-115.8%, and IEC of
0.73-2.32 meq g '. TGA analysis indicates that the membranes
have thermal degradation above 210°C. The ionic conductivity
can reach 452 x 1072 S cm™ ' at 80°C and methanol perme-
ability of PB-35-6 is in the range 0.78-1.45 x 10™° cm® s~ ..
This permeability is lower than that of a Nafion® membrane. In
summary anion exchange membranes using PVA as matrix and
QPEI modification are a potential candidate for future use in
alkaline DMFCs. For the time being, though, further work is
needed before many of the excellent properties of Nafion will be
equaled or superseded.

NOMENCLATURE

A cross-sectional area of the membrane (cm?)

A, the effective area of the membrane (cm?)

b slope of the regression line of In(a) vs. 1000/ T plots

Ca concentration of methanol in compartment A
(mol L™

Cp concentration of methanol in compartment B
(mol LY

E, ion transport activation energy (kJ mol™ 1)

IEC ion exchange capacity (meq g™ ')

) distance (cm) between two the stainless steel
electrodes

L membrane thickness (cm)

M, ual milliequivalents (meq) of HCI acquired before

equilibrium

M. nal milliequivalents (meq) of HCI acquired after
equilibrium

P methanol permeability (cm?s™h)

R universal gas constant (8.314 J K~! mol ")

R, membrane resistance from the AC impedance data
(Q)

t time for ending permeability testing (h)

fo time for starting permeability testing (h)

Va volume of the solution in compartment A (cm®)

Wivet weight of wet membrane (g)

Wiry weight of dry membrane (g)
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