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a b s t r a c t

Data corresponding to the isotherms for the equilibrium water content of a PolyBenzImidazole (PBI)-
H3PO4 High Temperature Membrane Electrode Assembly (HT-MEA) are presented over a range of
temperatures from 30 ◦C to 180 ◦C. The data show values for the ratio of water to acid which range
from 4.0 at 70 ◦C to 0.2 at −160 ◦C at 30 kPa of water vapor pressure. In addition to the equilibrium data,
rates of adsorption are shown to have time constants on the order of 500 s and 2500 s at 70 ◦C and 50 ◦C,
eywords:
olyBenzImidazole
igh Temperature Membrane
uel cells
EMFC

respectively. At temperatures above 100 ◦C the time constants for adsorption are on the order of 100 s.
These data allow for the calculation of “acid dilution” in this HT-MEA during low-temperature excursions
and start up/shut down.

© 2010 Elsevier B.V. All rights reserved.
dsorption and desorption
hosphoric acid

. Introduction

The phosphoric acid doped PolyBenzImidazole (PBI-H3PO4)
embrane Electrode Assembly (MEA) has drawn a lot of atten-

ion due to its higher operating temperature (i.e., 140–200 ◦C)
hich results in a less complicated balance of plant for reformate

ueling of stationary fuel cells. A recent review [1] has updated
ts development for fuel cell technologies and included polymer
ynthesis, membrane casting, physicochemical characterizations.
ecause this system operates at these higher temperatures, it
emoves the problem of water flooding that is common in con-
entional proton exchange membrane fuel cell (PEMFC) systems.
owever, water is generated at the cathode and the extent to which

t equilibrates in the membrane has resulted in concerns about dilu-
ion of the acid especially during temperature at shutdown and for
nexpected interruptions of the current. Data for this water con-
ent are absent in the literature perhaps because each type of MEA
as a distinct level of H3PO4 doping [2,3] or a different interaction

etween the PBI and the water formulation of polymer [4–6].

For example, Daletou et al. [6] present thermogravimetric
nalyses that show water vapor interacts with the H3PO4 in a
BI/polysulphone membrane and that the H3PO4 can be dehy-
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E-mail address: shimpale@cec.sc.edu (S. Shimpalee).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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drated above 120 ◦C to form a H4P2O7; Li et al. [2] have shown
that water uptake increases with the acid concentration in the
membrane at room temperature and Schmidt and Baurmeister [7]
concluded that the membrane in the Celtec®-P 1000 MEAs was
stable during stop/start cycles and that the degradation was due
to corrosion of the cathode carbon-Pt catalyst rather than a loss of
conductivity of the MEA corresponding to “acid dilution.”

In an effort to complement the exiting performance data on PBI-
H3PO4 MEAs and membranes [1–8], we report here, data suitable
for understanding changes in the ratio of water to H3PO4 at various
temperatures and water vapor pressures in a Celtec®-P 1000 MEA.
These ex situ data allow modelers to understand the water content
of these MEAs and experimentalists to access the dilution of acid
at low temperatures such as those, which may exist during shut
down with humid gases.

2. Experimental
Commercially available high temperature PolyBenzImidazole
(PBI) membrane electrode assemblies (MEA) (Celtec®-P Series
1000) were obtained from PEMEAS, LLC (currently BASF Fuel
Cells).1 The MEAs were cut into 6.25 cm2 samples and the weight

1 Note that these MEAs may not be state of the art with the new company, but
that they allow a baseline to be established for the purpose of PBI-HT-MEA.

dx.doi.org/10.1016/j.jpowsour.2010.06.063
http://www.sciencedirect.com/science/journal/03787753
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Fig. 1. Schematic experimental setup t

f each sample was measured. Since the MEA can absorb water
rom the environment, the samples were kept and handled in an
ir-tight container filled with dry, ultra-high purity nitrogen once
he original package was opened.

The apparatus for measuring the water adsorption of PBI MEA
s shown in Fig. 1. Two mass flow controllers (MKS1179A with a
00 sccm range) supplied ultra-high purity (UPH) nitrogen. The
itrogen stream #1 as labeled in the figure was the dry stream,
hich was fed directly into the measuring beaker. The nitrogen

tream #2 was humidified with bottles (model #LF-HBA supplied
y Fuel Cell Technology) prior to mixing with the dry stream. Water

s automatically refilled into the water bottle with an Alldos 3L65
etering pump. The summation of the nitrogen flows through the

wo mass flow controllers and was kept at 500 sccm. The mixture
as was introduced into the measuring beaker through a heated
ube to prevent condensation. Steel wool was used as a diffuser
round the opening of the mixture gas inlet tube to aid with the uni-
ormity of flow into the beaker. The measuring beaker had a glass
acket which allowed for temperature control maintained by cir-
ulating heated silicone oil in the jacket. The measurement beaker
pening was covered with a piece of silicone rubber, which had a
.3175 cm diameter hole, through which the sample could be sus-
ended. A load cell was fixed above the measuring beaker. One end
f a thin stainless steel wire was attached to the sensing point of
he load cell and the other end of the wire was hooked to the sam-
le through a small circle of stainless steel wire. The stainless steel
ire was tested in situ and no corrosion due to phosphoric acid was

bserved. The weight of the sample was continuously monitored
nd recorded by a computer. A servo motor was used to adjust peri-
dically the tare from the load cell to cancel the zero point drift. The
itrogen flow in the dry stream, the nitrogen flow in the humidified
tream, and the humidifier temperature were computer controlled
y mass flow meters. The dew point of the mixed steam could be
et at any point below 100 ◦C.
The data correspond to experiments in which prior to the water
dsorption and desorption experiments, a sample was equilibrated
t the desired experimental temperature with a 500 sccm flow of
ry UPH nitrogen flow until the weight stabilized. Then the partial
ressure of water vapor in the inlet stream (corresponding to a
sure water adsorption and desorption.

specified dew point) was introduced and the response of the sample
weight change was recorded continuously for several hours. Note
that this partial pressure of water vapor was set at lower value
than saturated water vapor pressure of each temperature setup.
Therefore there is no liquid water presented in the experiment. The
transient weight change was monitored to ensure steady state was
for each step change in humidity. The change in dew point could be
from low to high, in which water adsorption was measured, or, from
high to low, in which water desorption was measured. Multiple
samples were used to obtain the data. In addition, the data were
shown to be independent of MEA thickness through experiments
where three MEAs were fastened together; data for � (described
below) for the triple MEAs were within the experimental error for
a single MEA.

The net weight of a sample without phosphoric acid (i.e., the
polymer weight) was obtained using the following procedure. A
beaker was filled with DI water and the sample was suspended
partially in the water of the beaker. Because of a density difference,
the heavier phosphoric acid was leached out from the bottom edge
of the sample and the streak of the downward acid flow could be
seen clearly. The sample was soaked overnight and then removed
and soaked in a second beaker of water. The pH of the water in the
second beaker was tested and used to confirm that all phosphoric
acid was leached out in the first beaker. Note that one equivalent
acid that neutralizes benzimidazole nitrogen cannot be removed by
this method and therefore PolyBenzImidazole structure of the sam-
ple remains the same. The sample without H3PO4 was removed,
dried with compressed air, and weighed with an analytical balance.
The H3PO4 in the water was titrated with NaOH solution and the
amount of titrate consumed was recorded and used in calculations.

The additional equipment for the experiment is as follows. The
load cell was a 10 g GSO-10 from Transducer Technology. Water is
automatically refilled into the humidity bottles with an Alldos 3L65
metering pump. Temperatures were controlled by Love Control PID

controllers (16A and 32 DZ with 992 option). The pH value was
recorded using a HI 255 meter from Hanna Instruments. A National
Instruments (NI 6211 multifunctional USB I/O) was used to send
control signals to the mass flow controllers and to read flow rate
values.
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Table 1
Measured values of � as a function of water vapor pressure for Celtec®-P Series 1000 MEA and confirmatory data for a Nafion® 117 membrane.

H2O vapor pressure (kPa) Temperature

30 ◦C 50 ◦C 70 ◦C 70 ◦C Nafion® 100 ◦C 120 ◦C 160 ◦C 180 ◦C

0.00 0.28 0.19 0.14 0.0 −0.15 −0.39 −0.78 −0.80
1.01 1.66
2.02 2.75
3.03 4.00
4.04 6.11
5.05 9.32 2.08 0.96 1.71 0.27 −0.09 −0.23 −0.30

10.1 4.38 1.64 2.47 0.40 0.02 −0.12 −0.17
20.1 2.98 3.79 0.62 0.19 −0.002 −0.04
30.1 4.11 7.09 1.05 0.46 0.10 −0.06
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MEA and Nafion 117 membrane show similar profiles with a steep
slope. At a water activity of 1.0 (PH2O kPa/101.3 kPa = 0.04), the
lambda value of PBI is much lower than Nafion 117 (e.g., at a tem-
perature of 30 ◦C, lambda of PBI ≈ 9 and Nafion 117 ≈ 14). When the
40.1
50.1
60.1
70.1

. Results and discussion

In this work the weight change of PBI MEA was used to char-
cterize the water adsorption and desorption ability. We used a
imensionless parameter, lambda (�), for characterization and it
orresponds to the number of water moles associated with one
hosphoric acid mole at different conditions. Eq (1) is the formula
o calculate the � and again the moles of phosphoric acid for each
ample was calculated from a titration experiment. In this study,
pproximately 1.18 × 10−3 mol of phosphoric acid were detected
n a 6.25 cm2 sample of PBI MEA.

� = (G − G0)/molecular mass of water
ntotal H3PO4

G : sample weight after water adsorbed (g)
G0 : sample weight before water adsorbed (g)
ntotal H3PO4

: total amount of phosphoric acid (mol)
= 1.18 × 10−3 (mol)

(1)

he value of G0 at dry conditions was 0.48053 g and it changed
o 0.4722 g and 0.4640 g at 120 ◦C and 160 ◦C, respectively. Thus,

for the dry condition at room temperature, 120 ◦C and 160 ◦C is
.0, −0.3924, and −0.7781, respectively. These negative values are
result of the dehydration (i.e., reaction (2)) of phosphoric acid

bserved in Refs. [3] and [10].

H3PO4 → H4P2O7 + H2O (2)

able 1 shows the data which can be summarized with the regres-
ions in Eqs. (3)–(8):

t 30◦C : � = 0.2853 + 167.7011 ∗ P − 3952.5919 ∗ P2

+83932.4486 ∗ P3 (3)

t 70◦C : � = 0.1483 + 16.3300 ∗ P − 12.1791 ∗ P2 + 5.9968 ∗ P3

(4)

t 100◦C : � = −0.0737 + 5.1597 ∗ P − 8.0942 ∗ P2+9.2425 ∗ P3

(5)

t 120◦C : � = −0.3292 + 3.7012 ∗ P − 4.9455 ∗ P2+3.7064 ∗ P3

(6)
t 160◦C : �=−0.6382+5.4659 ∗ P−11.5761 ∗ P2+8.0637 ∗ P3

(7)
1.24 0.55 0.18 0.09
1.66 0.77 0.26 0.15
2.12 0.94 0.27 0.15
2.73 1.09 0.27 0.17

At 180◦C : �=−0.6737+5.3261 ∗ P−12.2678 ∗ P2+9.2177 ∗ P3

(8)

Fig. 2 shows the data for the PBI MEA water content in terms of
� with dimensionless curves of water vapor pressure at different
temperatures. Thus, these should be considered isotherm data for
the mole fraction of water over phosphoric acid in PBI-type HT-
MEA. This figure shows that the weight of sample increases with
the increasing of water vapor pressure at a fixed temperature. This
result reflects that the water content is not only a function of tem-
perature, but also decreases with temperature. On the other hand,
the slope of the weight change over water vapor pressure becomes
higher when the temperature becomes lower. That means the
PBI-type MEA becomes more sensitive to humidity at lower tem-
peratures. Consequently, the cycles in the temperature or humidity
could result in an increase of water content, which in the extreme
case may result in dilution of the acid and a long-term loss in con-
ductivity of the membrane. Note that these long-term losses were
observed experimentally in situ for the given shut down and start
up protocol [7].

Also in Fig. 2, two graphs of water content in the Nafion 117
membrane, which taken from Springer et al. [9], are included to
compare with those data from PBI MEA at a temperature of 30 ◦C
and 70 ◦C. Note that the lambda value of Nafion 117 is the water
content per mole of SO3

−. At a low temperature of 30 ◦C, both PBI
Fig. 2. Change of lambda (mole fraction of water/phosphoric acid) with water vapor
pressure.
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Fig. 3. (a) Comparison of regression equations with data from Table 1 for 30 ◦C and
70 ◦C. (b) Comparison of regression equations with data from Table 1 for tempera-
tures above 100 ◦C.
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ig. 4. Transient response of water content for water partial pressure changes from
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◦
emperature is increased to 70 C, both samples have a less steep
lope than those values at a lower temperature. The value of lambda
t a water saturation level of the PBI MEA was consistently lower
han Nafion 117.
ces 195 (2010) 8194–8197 8197

Fig. 3(a and b) compares the regression lines (i.e., Eqs. (3) and (4)
and Eqs. (5)–(8)), respectively, with the data from Fig. 2 and Table 1.
The fit is relatively good. It should be noted that we chose to use
water vapor pressure rather than activity for the presentation and
the regression because the temperature exceeds the boiling point of
water and representation of the data against activity condenses the
x-axis as the Psat at 120 ◦C, 160 ◦C and 180 ◦C increases substantially.

As a measure of the speed at which the equilibrium is obtained
for the thickness of the Celtec 1000-P MEA, Fig. 4 shows the tran-
sient response of lambda to a step change of water partial pressure
from 5.05 kPa to 10.1 kPa. The results show an increase in the
response time to reach steady-state at lower temperatures. This
figure also shows that the effect of temperature is more obvious at
a lower temperature than at a higher one.

4. Conclusions

The isotherms for adsorption and desorption of water in PBI-
type HT-MEA were successfully obtained between 30 ◦C and 180 ◦C.
There is evidence that H3PO4 acid would be diluted at lower tem-
perature and/or higher water vapor pressure. However, the data
also show a rather rapid rate of attainment of equilibrium for this
MEA. Thus, short excursions to low temperatures in a humid envi-
ronment, will probably not result in an accumulation of water in
the MEA and a subsequent “dilution” of the acid in this MEA. Fur-
ther, these data support previous work which indicated that loss
in long-term durability is not a function of water adsorption by the
MEA. On the other hand, laboratory experiments should carefully
document the procedures for start up and shut down of this PBI-
H3PO4 MEA system. This documentation should reveal the extent
of time at low temperature under high humidity since these data
presented here indicate that as much as six moles of water can
equilibrate with the MEA at 30 ◦C and this could lead to the loss of
acid at those low temperatures.
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