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Methanol Permeation Properties of Sulfonated Polyimide Membranes
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Methano! permeation properties of main-chain and side-chain types of sulfonated polyimides
(SPIs) were investigated by means of pervaporation (PV) and liquid-liquid permeation of
methanol-water mixtures, compared with those of Nafion. In PV, the specific permeation
fluxes of water and methanol components were five times and ten times, respectively, smaller
for SPI membranes than for Nafion 115. The PV selectivities of water to methanol were about
2 for SPI membranes, but close to unity for Nafion 115. SPI membranes had much smaller
methanol permeabilities than Nafion 115, but their proton conductivities in water were
slightly larger or comparable to those of Nafion 117. As a result, most of SPI membranes
showed more than three times larger ratios of proton conductivity to methanol permeability
than Nafion, suggesting potential for direct methanol fuel cell application.
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1. INTRODUCTION

In recent years there has been intense research interest in
the development of proton exchange membrane (PEM) fuel
cells for transportation, distributed power, and portable
power applications [1]. Perfluorosulfonic acid membranes
such as Nafion have excellent chemical and mechanical
stability, as well as high proton conductivity. However, they
have some disadvantages that limit their industrial
applications. These include high cost, low operation
temperature, and high methanol permeability. This promotes
research interests in developing alternative non-fluorinated
materials with low cost and high performance. So far, many
kinds of sulfonated aromatic hydrocarbon polymers have
been developed for the application of fuel cells [1,2].

Sulfonated polyimides (SPIs) are one of the promising
materials among the PEMs investigated [3-9]. We
synthesized two types of novel SPIs from
1,4,5,8-naphthalene-tetracarboxylic dianhydride (NTDA)
and sulfonated aromatic diamines, of which the chemical
structures are shown in Fig. 1. One is the main-chain type
where the sulfonic acid groups are directly attached to the
polymer backbone [5-7]. The typical example is the SPI
derived from NTDA and 4,4’-bis(4-amino-phenoxy)
biphenyl-3,3’~disulfonic acid (BAPBDS). The other is the
side-chain type where sulfonic acid groups are attached to
the side chains [8,9]. The typical example is SPI derived
from NTDA and  2,2°-bis(3-sulfo-propoxyjbenzidine
(2,2’-BSPB) [8]. These SPIs displayed good proton
conductivities and excellent water stability.

The PEMs should be barriers for the fuel transport or
permeation. For direct methanol fuel cell application, the
PEM should have high proton conductivity but low
methanol permeability, in order to keep the high efficiency.
In this study, methanol permeation properties of these two
types of SPIs were investigated in comparison with those of
Nafion 115 and 117.

2. EXPERIMENTAL

The SPIs, of which the chemical structures are shown in
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Fig. 1, were prepared as described previously [5-9]. The
SPIs (in triethylammonium salt form) were dissolved in
m-cresol, and the solutions (5 wt%) were cast onto glass
plates at 110 °C for 10 h. The as-cast membranes were
soaked in methanol at 60 °C for 1 h to remove the residue
solvent, and then proton-exchanged by immersing the
membranes into 0.5 N H,SO4 solution at 80 °C for 1h and at
room temperature for 5 h. After being thoroughly washed
with ultra pure water, the membranes were dried in vacuo at
150 °C for 10 h. The membrane thickness was in the range
0f20t060 um,
Water uptake (WU) was calculated from equation 1:
WU=(W,- Wy)/ Wy X100% 0
where Wy and W, are the weights of dry and corresponding
water-swollen film sheets, respectively.

Proton conductivity (o) was measured in water by an ac
electrochemical impedance method over the frequency range
from 100 Hz to 100 KHz (Hioki 3552) and o was calculated
from equation 2: ‘

o=L/({tywyR) )
where L is the distance between the two electrodes, #,, and
w,, are the thickness and width of the membrane swollen in
water, respectively, and R is the resistance value measured
[71.
Pervaporation (PV) experiments were carried out by an
ordinary method. The effective membrane area was about 20
cm? and the volume of feed solution was about 100 ml. The
pressure of downstream side was maintained below 0.2 torr.
The permeate was collected by a cold trap in liquid nitrogen.
Feed and permeate composition was analyzed by gas
chromatography. The separation factor of PV, apy, was
calculated from
a py = Y(1-x) / x(1-y) 3)
where x and y are weight fractions of water in feed and
permeate, respectively.

Methanol permeability of membranes was also measured
using a liquid permeation cell composed of two
compartments, which were separated by a vertical
membrane. The membrane was first immersed in water for 2
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Fig. 1 Chemical structure of sulfonated polyimides.

h to get the water-swollen sample and then set into the
measurement cell (effective area: 16 cm?). One compartment
of the cell (V, = 350 ml) was filled with methanol feed
solution, and the other compartment (¥ = 109 ml) was
filled with distilled water. The compartments were stirred
continuously during the permeability measurement. The
methanol concentration of the two compartments, C, and Cg,
were analyzed by gas chromatography. The methanol
permeability, Py, was calculated from equation 4:

g=A PyACyut/L

Acav = (CAO + CA - CB) /2 (4)
where g is the methanol mol permeated into compartment B,
t the measuring time, A4C, the average methanol
concentration difference between the two compartments
during the permeation measurement, respectively. 4 and L
are the area and thickness of the swollen membrane,
respectively. Cyois the initial methanol concentration in feed,
and C, and Cy are the methanol concentrations in feed and
in permeate, respectively, at time ¢.

3. RESULS AND DISCUSSION

3.1 Membrane characterization

The SPIs prepared in this study are listed in Table I
together with their IEC (calculated) and WU values. The
side-chain type SPIs (NTDA-2,2°-BSPB, NTDA-3,3’
-BSPB) with the same high IEC displayed very large WUs
and strong anisotropic membrane swelling in water, namely,
membrane swelling occurred only in membrane thickness
direction but not in plane direction. Transmission electron
microscopy (TEM) observation revealed that this type of
SPI membranes have micro-phase separated structures
composed of hydrophilic ionic domains and hydrophobic
polyimide domains. Copolymerization with non-sulfonated
diamines significantly reduced both WUs and membrane
swelling, with keeping the anisotropy. The main-chain type
SPI such as NTDA-BAPBDS, displayed a reasonably large
WU, resulting from the high IEC. However, the membrane
swelling was rather isotropic. The dimensional change in
thickness was smaller than those of side-chain type SPIs,
and the change in planar direction was much larger.

3.2 Pervaporation
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Fig. 2 (a) Feed composition dependence of specific
permeation flux of water component gw/.
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Fig. 2 shows feed composition dependence of (a) specific
permeation flux of water component qw/, (b) specific
permeation flux of methanol component g/, and (c)
separation factor o py for water-methanol system in SPI
membranes and Nafion 115 at 30 °C. As shown in Fig. 2 (a)
and (b), in the case of Nafion 115, with an increase in
methanol concentration in feed, the gw/ decreased and the
gnf increased, respectively. The change was rather large and
displayed roughly linear relationship. In the range of
methanol content above 50 wi%, the gyl increased
significantly and the reproducible data were not available
because of the significant membrane swelling. However, in
the case of SP] membranes, quite different PV behavior was
observed. With an increase in methanol content in feed, the
qwl decreased initially significantly and then slowly,
whereas the gy/ increased initially relatively largely and
then slowly. It is noted that the gy/ was rather smaller for
pure methanol than for methanol-rich solution. These results
indicate that the SPI membranes were swollen more in water
rather than in methanol. This is quite different from the case
of Nafion being highly swelled in methanol.

The SPI membranes showed much smaller specific
permeation fluxes than Nafion 115, that is, the gw/ and gy
values were about ten times and five times, respectively,
smaller for the former than the latter. As shown in Fig. 2 (c),
the SPI membranes had o py values of about two,
indicating that they were somewhat more permeable to
water than to methanol. On the other hand, Nafion 115 had
apy values close to unity, suggesting no PV separation
through Nafion.

3.3 Methanol permeability

Methanol permeability (Py) of SPI membranes and
Nafion 117 in highly water-swollen state was measured by
means of liquid-liquid permeation experiments. The Py
values are summarized in Table I,

Nafion 117 showed a high Py value of 2.2x 10" cm¥s in
10 wt% methanol solution at 30 °C, which was in agreement
with the literature values (2.3 and 2.6 x 10 cm%s) in 10
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Fig. 2 (¢) Feed composition dependence of separation
factor « py for water-methanol system.

wt% methanol at room temperature [10, 11]. With an
increase in methanol content in feed up to 30 wi%, the Py
slightly increased up to 2.7 x 10 em®s. The similar slight
increase in Py was also reported for Nafion 117 [10}. The
activation energy of Py for Nafion 117 was about 16 KJ/mol,
which was close to the value (18 KJ/mol) reported in
literature [12].

The side-chain-type homo-SPIls, NTDA-2,2’-BSPB and
NTDA-3,3°-BSPB, although having very large WUs,
showed the smaller Py values than Nafion 117, except for
NTDA-3,3°-BSPB at 50 °C. The side-chain-type co-SPIs
with much smaller WUs showed also much smaller Py
values compared with the corresponding homo-SPIs and
Nafion. The main-chain-type SPIs also showed rather
smaller Py values than Nafion 117. The activation energies

Table I IEC, methanol permeability and proton conductivity of sulfonated polymer membranes

IEC WU Py [10°cm?/s] o [Slcm]? ¢=0/Py[10°S-cm™ - 5]
Membranes -

imea/g] [wt%] 30C® 50C° 30C°  30C 50 30°C 50°C
NTDA-2,2-BSPB 289 220 105 206 LI5 014 022 13 10.7
NTDA-3,3'-BSPB 289 250 196 38 217 017 02 8.7 52
NTDA-2,2"-BSPB/BAPB (2/1) 2.02 44 034 051 066 0055 007 16 14
NTDA-2,2-BSPB/PDA (2/1) 2.32 55 074 121 105 011 0125 15 10
NTDA-3,3-BSPB/ODA (2/1) 2.23 73 121 162 136 013 014 11 8.6
NTDA-3,3-BSPB/BAPS (2/1) 2.17 68 103 156 12 013 015 13 926
NTDA-3,3'-BSPB/BAPB (2/1) 2.02 62 069 133 092 0082 0.1l 12 83
NTDA-3,3"-BSPB/BAPPS (/1) 1.95 - 045 095 091 0076 0.097 17 10
NTDA-BAPBDS 263 75 1L14 258 - 016 019 14 74
NTDA-BAPBDS/BAPB(2/1) 1.89 - 08 119 105 013 0I5 15 13
SPS,,° 1.41 - 05f 119 — 0.05F  0.0865 9.6 7.8
Nafion 117 0.91 35 22 33 2.72 0.1 0.11 45 33

*Mesured in water at 50 °C. ®Methanol concentration in feed: 10 wt.%. “Methanol concentration in feed: 30 wt.%.
®Measured in water. *Sulfonated poly(stylene) with sulfonation degree of 20 mol%. "Measured at 22°C. *Measured at 60°C.
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of Py for these SPIs were in the range of 17 to 27 KJ/mol,
which are in consistent with those of other aromatic
sulfonated polymers [12].

The difference in Py between SPIs and Nafion 117 was
much less than that in g/ for PV. This is due to the
difference in the membrane swelling state. In the case of PV,
the membrane was kept in dry state at the permeate side,
whereas in the liquid-liquid permeation cell, both sides of
the membrane were completely swelled, resulting in the less
membrane swelling in PV than in liquid-liquid permeation.

3.4 Proton conductivity and ratio of proton conductivity to
methanol permeability

The proton conductivity o in liquid water and the ratio of
oto Py, ¢ = o /Py, are also listed in Table L.

In the fully hydrated state (or in liquid water), the
homo-SPIs with high IECs displayed larger proton
conductivity (around 0.2 S/cm) than Nafion 117 (0.11 S/cm).
The co-SPIs investigated here had fairly high IECs of more
than 1.9 meqg/g and showed high proton conductivities
comparable to those of Nafion 117. It is considered that in
the fully hydrated membrane with a fairly high 1EC, the
proton conduction paths are developed well enough to give a
high proton conductivity, which also depends on IEC via
carrier numbers. Nafion is known to have well-developed
micro-phase separated structure and to have proton
conducting channels connected from ionic domains, which
give high proton conductivity in spite of low IEC of 0.91
meq/g. It is reasonable to consider that this channel structure
causes the high permeation of methanol as well as of water.
The BSPB-based homo-SPI membranes, although having
micro-phase separated structure, don’t seem to have such a
clear channel structure, judging from the larger percolation
threshold [8]. The present results are likely explained based
on both the difference in morphology between Nafion and
SPI membranes and the difference in the transport
mechanism between proton conduction and methanol
permeation.

The ratio ¢ is an effective parameter evaluating the
membrane performance in a DMFC system. As shown in
Table I, most of the SPI membranes displayed larger ¢
values than Nafion. Co-SPIs displayed slightly larger ¢
values than the corresponding homo-SPIs. Although the
proton conductivity of co-SPIs was smaller than the
corresponding homo-SPIs, due to decreases in IEC as well
as in water uptake, the reduction in methano!l permeability
was much more significant than the decrease in proton
conductivity, resulting in comprehensive improvement of
membrane performance.

To make a more clear understanding, Fig. 3 shows plots
of normalized conductance vs. normalized methanol
permeability for SPI membranes, using the o and Py values
of Nafion as standards. It is clearly seen that most of the SPI
membranes are better proton conductors and simultancously
better methanol barriers compared with Nafion membrane,
suggesting potential for DMFC application.

4. CONCLUSION

The SPI membranes displayed much smaller swelling to
methanol compared with Nafion, leading to much smaller
methano! permeability. The ratio of the proton conductivity
o over the methanol permeability Py, ¢ =0 /Py, was more
than three times larger for most of the SPIs than for

Nafion117. SPI membranes are better proton conductors and
simultaneously better methanol barriers compared with
Nafion membranes.
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