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Methanol permeability in phosphoric acid-doped membranes based in poly[2,2’-(m-phenylene)-
5,5’-bibenzimidazole] (PBI) and poly[2,5-benzimidazole] (ABPBI), prepared by two different casting
procedures, were measured using a diffusion cell in the temperature range from 20 to 90 °C, along with
the electrical conductivity at 30 and 60 °C. The permeability results, the first reported for ABPBI mem-
branes, were compared to commercial Nafion 117 and commercial crosslinked ABPBI and correlated
Keywords: with differences in water and methanol sorption behavior of these materials, determined using a quartz
PEI ’ crystal microbalance (QCM) on ultra-thin films (<100 nm). Methanol partition constant was calculated
ABPBI from 'H NMR analysis of the membrane desorption products in heavy water. The performance of ABPBI
as methanol barrier is poorer than PBI, but it is more than one order of magnitude less permeable to

Nafion

Methanol methanol than Nafion® 117 all over the temperature range. The commercial ABPBI membrane has slightly
Permeability lower permeability than the ABPBI membrane obtained by high-temperature casting, indicating that an
Sorption optimized casting procedure could be more efficient than crosslinking to reduce methanol crossover. The
g?\zls('slctwity combination of low methanol uptake, high proton conductivity and, mainly, low methanol permeability

make ABPBI membranes attractive as proton exchange membranes in direct methanol fuel cells.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nafion, a perfluorosulfonated ionomer, is commonly used as
electrolyte membrane in direct methanol proton exchange mem-
brane fuel cells (DMPEM), but a number of alternative ionomeric
materials are being tested to overcome its main disadvantages:
dehydration that occurs at temperatures higher than 100°C and
methanol crossover problem associated with the high permeability
of methanol through Nafion, that significantly lowers the electro-
chemical efficiency of DMPEM fuel cells [1].

Thus, membranes based on PBI (poly-2,2’-p-(phenylene)-
5,5'-bibenzimidazole), PBI modified structures such as ABPBI
(poly(2,5)-benzimidazole), whose structures are shown in Fig. 1,
composites of PBI with inorganic compounds, and blends with
Nafion or other polymers, are being evaluated as candidates for
PEM and DMPEM fuel cells [2-8]. Polybenzimidazole based mem-
branes are neutral, but become acceptable proton conductors when
doped with acids, mainly with H3PO4. The interest in the develop-
ment of this kind of membranes for high temperature PEM fuel cells
is based on its high oxidative and thermal stability [9], while their
use in DMPEM fuel cells relies on their low methanol crossover [2].
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Hydrogen production by methanol electrolysis (methanol electro-
chemical reforming) is also a field of potential interest for these
membranes [10-12].

Although there is an extensive literature related to polybenz-
imidazole materials, it is necessary to study more deeply methanol
permeability in different types of polybenzimidazole membranes
for application to DMPEM fuel cells, such as PBI and ABPBI, pre-
pared by different methods and compare results with that obtained
in commercial membranes, such as Nafion. Proton conductivity to
methanol permeability ratio determines the membrane selectiv-
ity [6], which is a parameter related to the performance of the
membrane in DMFC.

The permeability of vapor water, hydrogen and oxygen in sev-
eral kind of undoped and doped PBI membranes have been studied
by several authors [13-15], including a microporous PBIl membrane
used for gas separation [16,17], and N-substituted PBI membranes.
The permeability of several gases, including hydrogen and oxygen
has been recently reported for undoped N-substituted ABPBI [18].

A review of the properties of PBI membranes by Li et al. [2]
summarizes most of methanol permeability studies in PBI and
modified PBI. Two methods of studying methanol permeability or
crossover through the membranes have been described. The first
method determines the methanol crossover from anode to cath-
ode in an operating DMPEM fuel cell by measuring the steady-state
current near the open-circuit voltage (OCV) and determining the
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Fig. 1. Structure of PBI and ABPBI polymers.

flow of CO, at the cathode outlet, assuming complete conversion
of methanol into CO, [19]. The second method use the traditional
two-chamber diffusion cell to measure the methanol flow through
the membrane, from the donor reservoir at constant methanol con-
centration, to the receptor reservoir initially containing water [4].

The main purpose of this work is to study the methanol per-
meability of ABPBI membranes prepared by casting using different
procedures and compare the results with those obtained for com-
mercial crosslinked ABPBI and Nafion membranes, and membranes
prepared with commercial PBI.

The inclusion of Nafion 117 membranes in this study has two
purposes. Firstly, to validate the permeation procedure we have
adopted, and secondly to obtain reliable values for the methanol
permeability in this membrane, due to the large scatter observed
in the results reported in the literature. Thus, methanol permeation
in Nafion could be compared with that in acid-doped PBI and ABPBI
membranes on a more rigorous basis.

Several authors have studied the permeability of methanol
through PBI [4,19-26], fluorinated PBI [27,28], and PBI blends with
other polymers [6,8,29-31], as can be seen in Table 1. Methanol
permeability through acid-doped PBI depends on the H3PO4 doping
level, defined as the moles of acid per imidazole ring (1,), as well
on the methanol concentration and temperature. Table 1 clearly
indicated that these three basic parameters were not controlled in
most of the previous studies, and the comparison of the results is
troublesome owing to temperature or acid doping level differences,
measured as H3PO4 moles per mole of repetitive polymer unit (A',).
For this reason we included PBI in this study, in order to compare
its permeability with that of ABPBI under similar conditions.

Table 1
Summary of methanol permeation studies in PBI and PBI composite membranes.

Polymer Method Conditions T(°C) Ref.

PBI TCDC? M a2=4.5; ccyzon: Not Ambient [4]
reported

PBI OCVb Ma=5; ccnson: 0.25-1.00 180 [19]
mole fraction

PBI TCDC Ma=1.8; cchson: 25-50 [20,21]
10-100 wt%

PBI TCDC Ma=0; couzon: 1M NI [22]

PBI TCDC Na=7?; CcH30H: NI [23]
20-100 wt%

PBI FCve Na=6.7; ccuzon: 1-14M 125-200 [24]

PBI TCDC A3 =5; vapor (93.3 kPa) 120-192 25]

PBI ocv Aa=7; ccuson: 0.5-4M 60-90 [26]

FPBI TCDC Na=3; Ccson: 6Wt% Ambient [27]

FPBI TCDC Aa=0,1.2,3.0; ccuson: Ambient [28]
6 wt%

PBI/Nafion TCDC PBI: 4-8%; ccuson: 1M 60 [6]

PBI/Nafion TCDC Thin films of PBI on NI [8]
Nafion

PBI/Nafion ocv Thin films of PBI on NI [30]
Nafion; ccyzon: 10 wt%

PBI/SPOP TCDC PBI: 0-12 Wt%; ccuson: 60 [29]
1M

PBI/SPEEK TCDC PBI: 5-20% NI [31]

2 Two compartment diffusion cell.
b Open circuit voltage in direct methanol fuel cell;.
¢ Fuel cell voltammetry.

It is worth to note that PBI permeability results in two cham-
bers diffusion cell were performed mainly at ambient temperature,
except for the works by Pu et al. [20,21] who measured liquid
methanol permeability up to 50°C, and that by Wainright et al.
[25], who reported vapor methanol permeability above 100 °C.

As far as we know there is no methanol permeability data
reported for the ABPBI membranes. Therefore, this study pro-
vides the first data of methanol permeability on ABPBI membranes
obtained by two different casting procedures, based on polymer
synthesized in our laboratory. Also, we report here methanol per-
meability through a commercial crosslinked ABPBI membrane. In
addition, the partition coefficients of methanol between the aque-
ous solution and the membranes were determined, which allowed
us to calculate the diffusion coefficient of methanol through the
membranes. Finally, we studied the electrical conductivity of all the
membranes to demonstrate that improving methanol permeability
in ABPBI membranes is not tied to a depletion of their capacity to
transport protons.

2. Experimental
2.1. Membrane preparation

ABPBI was prepared by condensation of 3,4-diaminobenzoic
acid (DABA) monomer in polyphosphoric acid (PPA) following the
procedure reported by Go6émez Romero et al. [32]

H, PPA/N,/200°C
(0]
H NH

3,4-diaminobenzoic acid ABPBI

The resulting polymer was condensed in water, dried at 90°C,
grinded, and washed with water. Then it was washed with aque-
ous NaOH (10%, w/w) during 20 h in order to eliminate remaining
polyphosphoric acid, washed with water until neutral pH, and
finally it was dried at 90°C.

High temperature casting ABPBI membranes (ABPBI-HT) were
prepared by heating on a glass plate at about 70°C a 5 wt% ABPBI
solution in methanesulfonic acid. After a few hours the solvent was
eliminated and the plate was immersed in water to separate the
membrane. Low temperature ABPBI membranes (ABPBI-LT) were
casted from a solution of 4.2 wt% ABPBI and 2.7 wt% NaOH in ethanol
on a Teflon plate, cooled with vapor from a liquid N, vessel in order
to obtain a low evaporation rate. Ethanol was evaporated overnight
in a ventilated hood and the membrane could be easily separated
from the plate.

PBI membranes were prepared by casting from a 5wt% solu-
tion of PBI powder (Goodfellow) in dimethylacetamide (DMAc) in
a vacuum furnace at 80°C during 4 h.

All casted PBI and ABPBI membranes, having thickness between
50 and 150 pm, were doped in 10.64M H3PO4 for 72h in order
to protonate the imidazole ring. The same doping procedure was
used with the commercial crosslinked ABPBI membranes Fumapem
A (Fumatech).
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Table 2
Doping degree (A,) and free acid content (Af) at 25 °C for PBI and ABPBI membranes
doped in 10.64 M aqueous H3POg.

Membrane Aa As
ABPBI-LT 2.5 0.095
ABPBI- 2.8 0.093
HT 292
ABPBI-C 1.5 0.03
PBI 1.9 0.095
2.52
2.0°
2 Ref. [34].
b Ref. [23].

Commercial Nafion 117® (Ion-Power) membranes were cleaned
in H,0, 3 wt%, at 80°C, during 1h and rinsed one hour in boiling
water. Then, they were immersed one hour in 1M H;SQOy4, at 80°C,
and finally rinsed again in boiling during one more hour.

Thicknesses of membrane samples used in the methanol per-
meability experiments were measured by means of a Mahr
XL1-57B-15 dead load gauge.

N,N-dimethilacetamide (Merck), H3PO,4 (Merck), H,0, (Merck),
H,S0,4 (Baker Analyzed), 3,4-diaminobenzoic acid, 97% (Aldrich),
polyphosphoric acid 85% (Aldrich), methanesulfonic acid 99.5+%
(Aldrich) and methanol (J.T. Baker) all analytical grade were used
as received. Water was deionized and passed through a Millipore
filter.

2.2. Properties of the PBI and ABPBI polymers

The molecular weight of PBI and ABPBI polymers, and phospho-
ric acid uptake of PBI and ABPBI-HT membranes has been reported
elsewhere, together with the properties of an ABPBI membrane
casted at low temperature from formic acid [33]. We briefly sum-
marize here the main results.

The molecular weight of ABPBI was determined from viscosity
measurements of its solutions in concentrated 96 wt% H,SO4 using
a Cannon - Fenske 150 viscosimeter. The value of the extrapolated
intrinsic viscosity at 30°C was 2.35dlg~! for ABPBI and, resort-
ing to the Mark-Houwink equation [34], the averaged molecular
weight of the polymer was M, =18,800. For PBI, the extrapolated
intrinsic viscosity at 30 °C was 0.482dlg~1, and molecular weight,
M, =19,600.

Phosphoric acid uptake of ABPBI-LT ethanol casted membranes
was measured employing the method described in [33]. The phos-
phoric acid uptake and the free acid content of the ABPBI-HT,
ABPBI-LT, and PBI polymers, measured in terms of acid moles per
imidazole ring [33], are summarized in Table 2.

2.3. Water and methanol uptake

A quartz crystal microbalance (QMB) was used to measure the
water-methanol uptake of the membranes from the vapor phase.
Thin membrane films, in the range of 100 nm in thickness, were pre-
pared by direct casting on the quartz crystal. This method allows
a rapid sorption equilibration as compared to bulky membranes.
Typically, it takes few minutes to reach a stationary weight of the
film on the QMB, compared to several hours or few days, which
are necessary in the conventional gravimetric method for thick
membranes.

The QMB was placed within a chamber and a stream of dry nitro-
gen was circulated through it in order to obtain the mass of the dry
film. Afterwards dry nitrogen was replaced by a stream of nitro-
gen previously bubbled through a methanol aqueous solution in
the range of methanol concentration 0-100 wt%. The concentra-
tion of methanol in the vapor phase can be calculated from the

composition of the aqueous solution by means of the liquid/vapor
equilibrium curves for methanol-water mixtures at 0.1 MPa [35].
As expected, the methanol molar fraction in the vapor is higher
than in the liquid, but along this work we will use the molar frac-
tion of methanol in the liquid phase (xcy3on) as a measure of the
composition in order to facilitate the comparison of membrane sol-
vent sorption from the liquid phase. This choice is supported by the
fact that the driven force for sorption is the difference in chemical
potential between the external media and the membrane, and the
isopiestic guarantee that the chemical potential in the liquid and in
the vapor phase are the same under the experimental conditions.

The mass change of membranes equilibrated with
methanol-water mixtures was determined from the measurement
of the resonant frequency shift by means of the Sauerbreyis
equation [36].

The methanol/water uptake of membranes at 20°C can be
expressed as A, the ratio between the total moles of water
plus methanol (ny2o+ncu3on) sorbed per mol of sulphonic
groups (Mp =1100 g mol-1) for Nafion membranes, or per mol of
monomer unit containing one imidazol ring in the case of PBI
(Mp =142 gmol~1) or ABPBI (M, =116 gmol~!) membranes,

5= (nH20 + Ncuson )Mp (1)
mp

where mp is the mass of dry polymer. Alternatively, the
methanol/water uptake can be expressed as mass of water plus
methanol sorbed, ms=myy0 +Mcy3on, by gram of dry polymer,
ms[mp.

The water-methanol uptake of the membranes from the lig-
uid phase at the methanol concentration used in the permeability
experiments (20 wt%, or methanol molar fraction xcy3on=0.12)
was also determined. The membrane sample was immersed in a
closed vessel containing the methanol solution during several days.
Once the equilibration was reached the sample was removed from
the solution, dried superficially with tissue paper, and immersed
in a small vial containing a known mass (around 2g.) of D,O
(99.97 wt%) under N, flow to avoid degradation of the heavy water.
After several days water and methanol originally sorbed in the
membrane pass to the heavy water phase, and a known mass of
sodium acetate is added to the solution. The determination of water
and methanol in the solution was performed through the measure
of the "TH NMR spectra using a Bruker Avance I1 500 NMR spectrom-
eter at 500.13 MHz with full 13C decoupling. The integrated areas
of methanol and water peaks were compared to that of the sodium
acetate used as a reference.

From the known masses of methanol and water in the mem-
brane, and the composition of the equilibration solution, the
partition constant of methanol between both phases, K, can be
calculated as:

K= mscy30H(McH30H + MH20) 2)
McH30H(M*cH30H + M*H20)

where m; and m*; are the mass of species i in the solution and in the
membrane, respectively. That is, K is the ratio of the methanol mass
fraction in the membrane and the solution, taking the mass fraction
of methanol in the membrane on the water/methanol basis.

2.4. Methanol permeability

Methanol permeability through the membranes was measured
using a stainless steel two-chamber diffusion cell (TCDC), shown
in Fig. 2. The volumes of the compartments are 11.3 cm? each, and
the membrane sample was clamped between the compartments
by means of two PTFE ring frames, exposing a membrane perme-
ation area of 3.14 cm?. The membrane was sandwiched with two
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Fig. 2. Scheme of two-chamber permeation equipment showing the open methanol
donor loop (upper part) and the closed methanol receptor loop (bottom part).

stainless steel meshes in order to avoid its deformation due to
uneven pressures on both chambers during the experiments.

As indicated in Fig. 2, the permeation cell was connected to
the fluid circulation system, comprising two HPLC piston pumps
(Gilson 305 Master pump) and a preheater chamber for setting
the fluid temperature slightly lower than the working tempera-
ture. A proportional temperature controller was used to fix the
temperature of the permeation cell, which was measured using a
Platinum Thermoresistor. Tubing was made of PEEK (poly-ether-
ether-ketone) in cold parts and stainless steel in hot parts.

One compartment was filled with aqueous 20 wt% methanol
solution (donor) and the other with pure water (receptor) in the
case of permeability measurements in Nafion and undoped PBI
membranes. In order to keep a constant methanol concentration
at the donor side, the aqueous methanol solution was recircu-
lated at a flow rate of 1 cm? min~! and the solution was discarded
once it passed through the cell. Pure water, also at a flow rate
of 1cm3 min~1, was circulated for several minutes through the
receptor side and discarded to allow the stationary methanol con-
centration gradient be formed across the membrane. Then, the
water loop was closed (t=0) through an ‘on line’ vibrating tube
densimeter (VID), immersed in a bath a 25 °C, which was used to
determine the methanol concentration as a function of time in the
receptor compartment. The total closed loop circulating volume
was measured after each experiment and varied between 17 cm3
and 18 cm3.

Methanol permeability measurements in doped PBI and ABPBI
membranes were carried out using the same experimental proce-
dure, except that a 20 wt% methanol/10.64 M H3PO4 was circulated
across the donor compartment, and 10.64 M H3PO,4 was recircu-
lated across the receptor compartment, in order to keep constant
the acid uptake of the acid-doped PBI and ABPBI membranes. This
is an important difference with previous TCDC studies (Table 1)
because in those works the acid-doped membranes were in con-
tact with water and aqueous methanol solutions of quite different
water activities, which could lead to changes in the water content
inside the membrane.

During the permeation experiment the methanol concentra-
tion in the receptor compartment loop was monitored with the
VTD, previously calibrated with methanol aqueous solutions in the
range 0-7 wt% of methanol in water or in 10.64 M H3PO4 aque-
ous solutions. Typically the methanol concentration in the receptor
compartment loop was allowed to rise up to about 1 wt% methanol
in order to maintain the methanol concentration gradient across
the membrane almost unperturbated.

Donor Receptor

CA

m

| — ) |

¢ (1)

CIJ?B (t)

Fig. 3. Methanol concentrations profiles in the donor and receptor compartments
and inside the membrane (linear gradient assumed).

Thus, the flux, J (moles of methanol per unit area and unit time)
of methanol through the membrane can be expressed using the
well-known Fick-like equation:

0Cs
J=P <8X> (3)

where P is the permeability coefficient of methanol in the mem-
brane, and the subfix s means that the methanol concentration
gradient is measured in the solution side (see Fig. 3). The rela-
tionship between the permeability coefficient and the diffusion
coefficient, D, is obtained when the partition constant K=cpy/cs,
relating the ratio of concentrations in the solution, cs, and in the
membrane, ¢y, is considered. Thus,

P =DK (4)

and the determination of D from the measured methanol flux
through the membrane requires the knowledge of the partition
constant of methanol between the aqueous and membrane phases.

Methanol concentration (measured in moldm~3) in the donor
compartment was held at a constant value (ca ), and the methanol
concentration in the receptor compartment as a function of time,
cg(t), was measured. According to Eq. (3), if a linear methanol con-
centration gradient is assumed inside the membrane,

dcg(t)
dt

= %[CA_CB(”] (5)

where Vg is the total closed loop volume of the receptor side, A
is the measuring membrane exposed area, and L is the membrane
thickness. Eq. (5) can be integrated, yielding,

1n(1fL“)): AP, (6)

ca ) WL

This expression is simpler than that obtained when the methanol
concentration in the donor compartment is not constant [37] and it
facilitates the data treatment. Fig. 4 shows the results of methanol
permeation for an ABPBI-LT membrane, where the stationary state
is reached after approximately 20 min and the permeability coeffi-
cient is obtained from the linear part of the curve.

In the case cg(t) « ca, the linear expression is recovered from Eq.

(6),

CB(I') AP

cn Vel @

This condition is fulfilled in our experiments because the maxi-
mum methanol concentration in the receptor compartment never
exceeded cg(t)=0.05ca.
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Fig. 4. Typical methanol permeation plot for a ABPBI-LT membrane at 26°C with
ca=7.58 M. The permeation coefficient was obtained from Eq. (6) from the linear
part of the curve.

2.5. Electrical conductivity

For the electrical conductivity measurements the membranes
were cut in strips (1 cm width and 3 cm length) and equilibrated
in liquid water before the measurements, performed using a 4-
electrode cell. The cell has holes to allow the membrane to be
exposed to water vapor when enclosed in a glass vessel containing
water and thermostatized at 30 and 60°C.

The impedance of the samples was measured using an Auto-
Lab PGSTAT 302 N with impedance analyzer module (FRA), in the
frequency range 50 Hz-100 kHz with a current of 10 pA. The resis-
tance of the membrane was obtained from the Nyquist diagram.
The specific conductivity of the membrane was calculated from the
measured resistance, R, using the equation:

l
“R5-b (®)
where I is the distance between electrodes, § the membrane thick-
ness and b the membrane width.

o

3. Results and discussion
3.1. Water-methanol uptake and partition constant

Fig. 5a shows the sorption of water/methanol from the vapor
phase as a function of the solution composition for Nafion, PBI and
ABPBI-LT, expressed as mass of solvent per gram of dry membrane
(ms/myp). These results obtained from ultra-thin films through the
QCM method, should be taken cautiously because the sorption in
ultra-thin films could be different from that obtained in thick mem-
branes. However, the comparison clearly indicates that the sorption
of water-methanol by doped PBI and ABPBI membranes is much
higher than for Nafion, when expressed as ms/m;,. Water/methanol
sorption does not change appreciably with the solution composi-
tions for PBI and ABPBY, as indicate by the linear fit shown in Fig. 5a.
Solvent sorption in Nafion clearly increases with the methanol con-
tent of the solution and it is approximately double for methanol in
relation to water.

In Fig. 5b the same results are expressed in terms of A (Eq.
(1)), and the behavior of the Nafion uptake is different than that
observed for PBI and ABPBI. Polybenzimidazols sorbs less methanol
than water and the sorption dependence on the solution compo-
sition are monotonous. Expressed as moles of solvent per mole of
ionic groups, the sorption in Nafion of pure water (Aw =6.26) and
pure methanol (Ay =6.34) are very similar, indicating that Nafion

a 14

12

ST ——

A ABPBI-LT

1.0

0.8

my/m,

0.6 [

04
Nafion 117

Nafion 117

0.0 0.2 0.4 0.6 0.8 1.0

c 0.25

0.20 -

X

CH30H

Fig. 5. Water-methanol sorption of ultra-thin membranes at room temperature as
a function of the composition: (a) Nafion 117 (27 nm), PBI (100 nm), and ABPBI-LT
(76 nm), expressed as ms/m,; (b) the same as in (a) expressed as A; (c) sorption of
water and methanol in Nafion, expressed as ms/m,, (see text for details). Lines in (b)
and (c) are just a help for eyes.

does not exhibit preferential sorption by any of these solvents. On
the contrary, pure water sorption in PBI and ABPBI almost doubles
pure methanol sorption as expressed in terms of A, and A, that s,
these membranes have a clear preference for the sorption of water
over methanol.
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Table 3
Water and methanol uptake at 25°C by Nafion, PBI, and ABPBI membranes.

Table 4
Methanol permeation rate, permeability and diffusion coefficient in Nafion 117
membranes as a function of temperature.

Membrane  Methanol  Xchyson  Aw Am K

wt% T(°C) ca (Wt%) P(10°cm?s1) D?* (106 cm?s1)
Nafion 20 0.12 13.5+1.9 3.954+0.25 1.15+0.07 20 20 0.69 + 0,10 0.60 + 0.09
PBI 20 0.12 348+0.10 0.63+0.02 1.23+0.05 30 10 0.69 £ 0.05
ABPBI-C 20 0.12 3.15+0.62 0314+0.07 0.75+0.01 20 0.79 £ 0.05 0.69 + 0.05
ABPBI-HT 20 0.12 5.83 0.72 1.00 40 0.57 £ 0.09

50 0.36 2.11 1.05 0.94 60 20 1.78 £ 0.20

75 0.63 0.79 1.34 1.00 90 20 5.31 £ 0.03

The water/methanol sorption behavior of Nafion as a function
of composition is complex. It decreases when methanol is added
to water and with further methanol addition increases reaching a
maximum at a methanol molar fraction close to 0.5 (where it sorbs
almost 50% more liquid mixtures compare to the pure solvents). In
Fig. 5c the sorption of water and methanol in Nafion, expressed as
ms/myp, are plotted as a function of the composition. Values of A
and A, were calculated using the total A and the partition constant
of methanol in Nafion. It is observed that the water uptake is rela-
tively constant up to Xcy3on = 0.45, and decrease sharply to cero for
Xcy3ou > 0.45, while the methanol uptake increase monotonously
up to xcy3on ~ 0.6 and remain constant in the methanol-rich region.
This behavior is slightly different to that recently reported by Chaa-
bane et al. [38] for Nafion 117, where it was observed that A,y is
also constant in the water rich region, but A, and A, increase
monotonously with the methanol content in the solution. Taking
into account that our results correspond to ultra-thin Nafion films,
where the effect of the substrate on the solvent uptake could be
important, the qualitative agreement with the sorption results in
Nafion 117 is remarkable.

Results of water and methanol sorption from liquid methanol
aqueous solutions (20wt%) in thick membranes are summarized
in Table 3 for Nafion 117, PBI, commercial ABPBI, and ABPBI-
HT membranes. The water sorption, expressed as A, follows the
trend observed for ultra-thin membranes, except for Nafion, which
exhibits a sorption much higher than that found in ultrathin mem-
branes. This fact has been confirmed by a systematic study we have
performed on the water sorption on ultra-thin Nafion membranes
on different types of substrates [39], and it is related to the effect
of the substrate on the microstructure of the membrane.

The sorption of water/methanol in ABPBI-HT membranes was
measured at higher concentration of methanol (up to 75 wt%) and,
as it can be seen in Table 3. The behavior is similar to that found
in Fig. 5b for ABPBI-LT, that is, a monotonous decreases of A with
increasing methanol molar fraction in the solution.

The water sorption by the commercial crosslinked ABPBI mem-
brane is lower than that of the ABPBI-HT membrane, and similar
to that of the PBI. Also, the sorption of methanol by the crosslinked
membrane is lower than those by PBl and ABPBI-HT. Thus, the effect
of crosslinking in ABPBI is to reduce the swelling by water to lev-
els similar to that found in PBI and, at the same time, it seems to
increase the selectivity toward water compared to methanol.

Methanol partition constants, K, calculated according to Eq. (2),
and reported in Table 3, indicate that Nafion and PBI membranes
are slightly enriched in methanol (K> 1), while ABPBI-HT mem-
branes has not selectivity towards water or methanol (K~ 1) all
over the range of composition studied (20-75 wt%). The commer-
cial crosslinked ABPBI membrane seems to sorbs water selectively
(K<1),as mentioned above. Our results for methanol partition con-
stant in Nafion confirm those already reported by other authors
[38,40], while those for PBI and ABPBI are the first reported in
the literature for these membranes. Thus, diffusion coefficients of
methanol in the membranes could be calculated from the measured
permeability coefficients, at temperatures close to 25 °C.

2 Calculated with an average partition constant K=1.15 in the range 20-30°C.

3.2. Methanol permeability in Nafion 117

Nafion 117 is the PEM more studied in the literature and its
methanol permeability has been reported by several groups in rela-
tion to its performance in DMPEM fuel cells, taking into account
the effect of membrane pretreatment on the solute permeation
[37,41-52].

Table 4 shows the methanol permeability through Nafion® 117
(thickness 178 pum) from a 20 wt% methanol aqueous solution as
a function of temperature in the range from 20°C to 90°C. The
effect of the methanol concentration is also illustrated in the mea-
surements at 30°C, where a slight maximum in permeability is
observed for a methanol solution around 20 wt%. Diffusion coef-
ficients calculated using Eq. (4) are also reported in Table 4 at 20
and 30°C.

Methanol permeability in Nafion is shown in Fig. 6, along with
those determined by several authors using different methods and
membrane pretreatments. A typical Nafion membrane condition-
ing involves the hydration of the commercial membrane in boiling
3% H,0, solution, followed by boiling in demineralized water and
0.5M H,S04. This is the procedure adopted in this work and also
by Ren et al. [44], Zhou et al. [46], Every et al. [47], and Wu et al.
[49,50]. On the other hand, some authors hydrated the commercial
membrane at room temperature [41,43,52] or dried the membrane
under vacuum before hydration [42,43,49], preheat the membrane
above 100°C [42,51] or use the membrane without any treatment
[45,48]. Most of the permeability measurements were performed
using a diffusion method similar to that described here, except Ren
et al. [44], who obtained the methanol permeation through the
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Fig. 6. Temperature dependence of the methanol permeability coefficient in Nafion
117 membranes: (@) this work; (v) [41]; (O) [42,43]; (&) [44]; (¢ ) [45]; (O) [46];
(0) [47]; (¥ ) [48]; (@ ) [49]; (A ) [37,50]; (M ) [51]; (x) [52]. The solid, dashed
and dot-dashed curves are the best fit for the data from this study, Refs. [46,44],
respectively.
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Fig. 7. Temperature dependence of the methanol permeability of PBI membranes:
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Nafion membrane by measuring the current for electro-oxidation
of methanol in a fuel cell.

It is clear that the dispersion of the data is large when the whole
set of data is analyzed. Thus, at room temperature the permeabil-
ity coefficients spread over more than one order of magnitude. The
dispersion is lower when only the membranes treated in boiling
aqueous H,0,, water and aqueous H,SO4 are compared. Thus, our
permeability results are slightly lower than those reported by Zhou
et al. [46] up to 120°C. The activation energy of the methanol per-
meation process can be calculated from the Arrhenius plot and the
calculated value is 25.3kJmol~1, in very good agreement to the
activation energy obtained by Zhou et al. (25.8 kJ mol~') [46]. Ren
et al. [44] reported values of activation energy close to 20 k] mol-1,
although it is evident in Fig. 4 that their results do not obey Arrhe-
nius equation.

The data by Tricoli et al. [42,43] at room temperature clearly
show the effect of different membrane treatment on the perme-
ability results. As received membranes seem to exhibit a lower
permeability [51,52], except for the case of the study by Feichtinger
etal. [45].

We conclude that our results, along with those reported over
a similar range of temperatures [44,46] yield permeability values,
which agree reasonable well taking into account differences in the
measurement technique and methanol concentration.

3.3. Methanol permeability in undoped and doped PBI

As mentioned above, several authors studied the permeability
of methanol through PBI membranes under different experimental
conditions [4,19-26]. It is well known that PBl is a better methanol
barrier than Nafion, but the results summarized in Fig. 7, indi-
cate that the methanol permeability at room temperature for PBI
spread over more than one order of magnitude. The scatter of datais
probably due to the different acid doping conditions and methanol
concentration used in the experiments.

Our results, summarized in Table 5, were obtained for PBI mem-
branes with A,;=1.9 and methanol concentration 20wt% in the
donor chamber. Also the permeability of an undoped PBI mem-
brane was determined at 20°C, and the results agree with those
reported by Pivovar et al. [22], confirming that methanol perme-
ability through undoped PBI membrane is lower than in doped
ones. It is also noted that the PBI membranes with A, =0.9 studied
by Pu et al. [20,21] exhibit lower methanol permeability than our
membranes. Also the results by Chuang et al. [28] at three different

Table 5
Methanol permeation rate, permeability and diffusion coefficient in PBI membranes
as a function of temperature (methanol concentration: 20 wt%).

T(°C) P(108cm?s1) D* (108 cm?s71)
20 (undoped) 0.70 + 0.06

30 (doped) 2.68 + 0.52 2.20 + 0.45

60 (doped) 8.99 + 0.93

90 (doped) 19.1 £ 29

2 Calculated with an average partition constant K=1.22.

doping degrees (0, 0.6, and 1.5) show the same tendency, that is,
the permeability to methanol increases with the doping level. This
result is expected in view of the higher swelling and water content
of the membranes associated to high acid contents.

The permeability data shown in gray in Fig. 7 were calculated
from the CV methanol crossover current [19,24,26] assuming that
six electron are involved in the cathodic methanol oxidation. In
the case of the data by Lobato et al. [24] we assumed a membrane
thickness of 30 wm [23]. A large scatter is observed for these data.
Thus, the permeability reported by Gubler et al. [26] in the interval
60-90 °Cis much higher than that measured at temperatures above
100°C[19,24]. Curiously, the permeability coefficients at high tem-
peratures are similar to that determined at ambient temperatures
in undoped membranes, probably due to the fact that at high tem-
peratures water and methanol desorbs from the membranes.

3.4. Methanol permeability in doped ABPBI: comparison with
Nafion and PBI

As previously indicated, there are not reported data of methanol
permeability and diffusion coefficients of ABPBI membranes. Our
results for doped membranes prepared by high-temperature and
low-temperature casting are shown in Table 6, along with the data
for the commercial crosslinked ABPBI membrane.

A comparison of the methanol permeability of all the ABPBI
membranes tested in this work is illustrated in Fig. 8. Permeability
of ABPBI-HT is much lower than that of ABPBI-LT, which is consis-
tent with the lower water content of the former [33]. [t is interesting
to note that the permeability data of the crosslinked ABPBI mem-
brane as a function of temperature lies in between the permeability
of both linear polymers.

For comparison, the methanol permeability data for PBI and
Nafion membranes are also shown in Fig. 8. It is observed that
methanol crossover current of methanol in PBI membranes is very

-5.0

Nafion

6.0 F

-6.5

log (P / cm?s™)

———d¢ N
‘\‘4>A—Bp—sm?‘%’\\\\ at
~

-7.0

7.5

27 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
1000/T (K™)
Fig. 8. Temperature dependence of the methanol permeability of doped ABPBI,

doped PBI and Nafion membranes, methanol concentration 20% w/w. (O) ABPBI-HT;
() ABPBI-LT; (O) ABPBI-C; (¢) PBI;(v) Nafion 117.
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Table 6

Methanol permeability and diffusion coefficient in ABPBI membranes, methanol concentration 20% w/w.

T(°C) Pappi-r (107 cm? s71) Dpgppi-nr? (107 cm? s~1) Ppgppi-it (107 cm? s71) Ppgppic (107 cm?s71) Dpeper.c® (107 cm? s71)
26 1.46 + 0.10

30 0.65 + 0.03 0.65 + 0.04 0.735 + 0.155 0.98 + 0.22

45 1.68 + 0.40 4.15 £ 0.69 3.45 + 0.49

60 1.63 + 0.31 4.23 £ 0.50 3.95 + 0.50

75 1.90 + 0.21 238+ 34 3.43 + 0.70

90 2.07 + 0.37

@ Calculated with K=1.00.
b Calculated with K=0.75.

small, contrary to that found in Nafion, in good agreement with
previous results [1]. It was suggested that water uptake of the
membrane largely determines the methanol permeation through
the polymer [53], an assumption that could explain the results
obtained in this work if we consider that A is the sorption param-
eter which determines the methanol crossover. Pivovar et al. [54]
have compared the swelling, methanol permeability and electro-
osmotic drag of Nafion and undoped PBI and concluded that the
large drag coefficients in Nafion is due to its relatively large, regular
water-filled domains, as compared to the smaller ones in undoped
PBI. Obviously, this explanation cannot be simply extrapolated to
doped PBI, where the amount of water forming domains would be
comparable to that in Nafion.

According to Pivovar et al. [54], the electro-osmotic drag could
be a measure of the relative importance of the vehicle and Grot-
thuss mechanism of proton conduction. For proton conduction by
Grotthuss mechanism one would not expect electro-osmotic drag.
Then, the higher methanol crossover in Nafion compared to PBI and
ABPBI could be explained by considering that the Grotthuss mecha-
nismis predominant in PBIand ABPBI, while the vehicle mechanism
is more important in Nafion. However, a recent study of the proton
diffusion in Nafion 117 by electrical conductivity and NMR [55],
indicates that only at low water uptake the vehicle mechanism
is operating, while at high water uptake the proton conduction is
mainly via Grotthuss mechanism. In consequence, the crossover
of methanol in Nafion, PBI and ABPBI membranes at high hydra-
tion, as that usually found in normal DMPEM fuel cells operation,
should be determined by normal permeation of methanol through
the membrane driven by the concentration gradient.

Methanol permeation is determined by two factors: solubil-
ity (uptake) of methanol in the membrane and diffusion of the
methanol inside the membrane. Our results indicate that the
methanol uptake by PBI and ABPBI-HT membranes are similar, and
approximately a factor 5 lower than the methanol uptake by Nafion,
if thick membranes are compared (Table 3).

Although differences in methanol uptake are responsible, in
part, for the higher methanol permeation through Nafion mem-
branes as compared to PBI and ABPBI, differences in methanol
permeability coefficients (and diffusion coefficients) between these
membranes are very large. For instance, at 30 °C, the methanol per-
meability coefficient of Nafion is 50 times higher than that of PBI
and between 8 and 17 times higher than the ABPBI membranes.

A possible explanation, according to Pu et al. [20], is that the
barrier effect of PBI and ABPBI is influenced by the hydrogen bonds
between methanol molecules and imidazole groups in the polymer.
On the other hand, the higher permeability of doped PBI as com-
pared to undoped PBI could be due to the presence of phosphoric
acid molecules blocking or reducing the accessibility of methanol
molecules to imidazole sites.

Finally, it should be noted that, as shown in Fig. 8, methanol
permeation in doped PBI and Nafion increases with increasing
temperature following the Arrhenius law. The calculated apparent
activation energy for PBI, 30.1 k] mol !, is greater than that reported
by Pu et al. [20] for less doped PBI over a narrower range of tem-
perature, and lower than the calculated from the data by Gubler
et al. [26] in the interval 60-90 °C. The Arrhenius plot for ABPBI-HT
leads to an averaged activation energy of 15.5kJ-mol~! but, as can
be observed in Fig. 8, the increase of permeability with temperature
is much pronounced at low temperature and becomes very small
at high temperature, in such a way that the permeability coeffi-
cient for ABPBI-HT is very close to that of PBI at 90°C. The same
trend is observed for ABPBI-C, although the methanol permeabil-
ity is higher than that of PBI and ABPBI-HT. In summary, PBI and
ABPBI-HT membranes are better barriers for methanol than Nafion
all over the range of temperature studied, while ABPBI-HT mem-
branes would exhibit better permeation properties than PBI beyond
90°C.

3.5. Electrical conductivity of acid doped PBI and ABPBI

The specific conductivity of all the membranes studied in this
work, at30 and 60 °C, are summarized in Table 7. Except for ABPBI-C
all the measured were performed with the membranes equilibrated
with pure water vapor (aw =1).

Our results for PBI membranes agree quite well with those
reported by Li et al. [56] and Hasiotis et al [57] at lower water
activity. It seems that the water activity effect compensates the
lower acid content in our PBI membrane. The conductivities of
Nafion 117 membranes reported in Table 7 are higher than those
previously reported [58] under identical conditions, probably as
a consequence of different pretreatment of the membranes, and
more than one order of magnitude higher than the conductivities
of the PBI membranes.

Table 7
Specific conductivity of Nafion, PBI and ABPBI membranes at 30 and 60 °C.
Membrane Ay Aa K (Sem=1)/30°C Kk (Secm~1)/60°C Ref.
ABPBI-HT 1.00 2.8 0.0191 +0.0047 0.0410+0.063 This work
ABPBI-LT 1.00 2.5 0.0085+0.0012 0.0137+0.0019 This work
ABPBI-C 0.33 - 0.0057 £+ 0.0002 0.0034 + 0.0004 This work
PBI 1.00 19 0.0061 +0.0007 0.0100+0.0018 This work
0.80-0.85 4.5 0.0054 0.0105 56
0.80 5.0 0.003 (25°C) - 57
Nafion 117 1.00 0.092 +0.006 0.189+0.013 This work
1.00 0.068 0.140 58
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Among the ABPBI membranes, the ABPBI-HT membrane
exhibits the higher conductivity, more than twice the conductivity
of the ABPBI-LT membrane, much higher than that of the commer-
cial crosslinked ABPBI, although a factor 5 less conductive than the
Nafion membrane. In spite of that the proton conductivity of the
ABPBI membranes is compatible with their use in PEM fuel cells.

If a high value of the ratio between the proton conductivity and
methanol permeability coefficient could be used as an indicator
for a good membrane for direct methanol fuel cells [22] this ratio,
calculated at 30°C,is 7 x 104 for Nafion, 8 x 10* for PBI,and 29 x 10*
for ABPBI-HT (units: S.cm~3), which clearly indicate that the ABPBI
membrane prepared by the high temperature casting procedure
described in this work would be an excellent candidate for this
type of fuel cells.

4. Conclusions

Methanol permeability through Nafion and phosphoric acid-
doped PBI and ABPBI membranes were measured using a
two-chamber diffusion cell in the temperature range from 20 to
90°C. The ABPBI membranes, which can be suitable for applica-
tion in direct methanol PEM fuel cells, were obtained by casting
procedures at low and high temperatures.

Water/methanol uptakes of ultra-thin films of the polymers
from the vapor phase were measured using a QMB and also from
the liquid phase for thick membranes. The partition constant of
methanol between the liquid water/methanol mixture and the
membranes were determined by immersion of the samples in D,O
followed by 'H NMR determination of the amounts of desorbed
H,0 and CH3O0H. The proton conductivities of all the membranes
were measured for water saturated membranes at 30 and 60 °C.

PBI, ABPBI-LT, and ABPBI-HT membranes exhibit lower
methanol permeability than Nafion 117 all over the tempera-
ture range. A commercial crosslinked ABPBI membrane has lower
permeability than the ABPBI-HT membrane, indicating that an opti-
mized casting procedure could be more efficient that crosslinking
to reduce methanol crossover in this polymer.

The performance of ABPBI-HT as methanol barrier is somewhat
poorer than that of PBI at room temperature, but it is about one
order of magnitude less permeable to methanol than Nafion® 117.
At higher temperatures the permeation performance of ABPBI-HT
is close to that of PBI and it would be even better above 90°C.
Methanol permeability results are also correlated with differences
in water and methanol sorption behavior of these materials. The
ratio between the proton conductivity and the methanol perme-
ability coefficient is much higher for the ABPBI-HT membrane
as compared to Nafion and PBI. In summary, the combination of
low methanol uptake, low methanol permeability and compati-
ble proton conductivity, make ABPBI-HT membranes attractive as
electrolyte in DMPEM fuel cells.
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