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Methanol and ethanol sorption and transport in 1100 equivalent weight HþNaﬁon were compared to
water sorption and transport. Sorption isotherms for methanol and ethanol were ﬁt to a solvation shell
model, with four molecules in the ﬁrst solvation shell. The larger molar volume of alcohols resulted in
greater swelling from sorption. Proton conductivity is ﬁve times greater for water saturated Naﬁon than
alcohol saturated Naﬁon. Alcohol pervaporation and alcohol vapor permeation is slower than water
pervaporation and water vapor permeation. The Naﬁon/vapor interfacial transport coefﬁcients for
alcohols and water scale with vapor pressure. The diffusivity of water is 3e4 times greater than the
diffusivity of methanol and ethanol. The results indicate that alcohols sorb by solvating the sulfonic acid
groups, similar to the interaction of water with Naﬁon. Larger alcohol molecules diffuse slower in the
hydrophilic channels of Naﬁon than the smaller water molecules.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Alcohol fuel cells are attractive because they employ a liquid fuel
that has a large energy density [1]. Solutions of methanol or ethanol in
water are fed to the anode where the alcohols react with water to
make protons and oxidized carbon species. The protons are transported across a Polymer Electrolyte Membrane (PEM) where they
react with oxygen to make water. Unreacted alcohol crossover occurs
through the PEM that reduces fuel utilization and cell potential [2e4].
The most common PEM employed in methanol or ethanol fuel cells
has been Naﬁon. Naﬁon is chemically robust and hydrated Naﬁon has
high proton conductivity. However, alcohol crossover is large through
Naﬁon membranes. Substantial research efforts have been devoted in
the past decade to developing new PEM materials that would limit
methanol crossover (see reference [2] for a review).
A number of researchers have examined the transport of
methanol or ethanol from aqueous solutions through Naﬁon
[5e12]. Surprisingly, there are very few fundamental studies of neat
alcohol sorption and transport properties in Naﬁon. A comprehensive understanding of alcohol sorption and transport in PEM
materials would be valuable to the development of new materials.
Naﬁon is a perﬂuorosulfonated random copolymer that microphase separates into hydrophilic domains consisting of sulfonic
acids and polar solutes embedded in a hydrophobic matrix of the
tetraﬂuoroethylene backbone and the perﬂuoroalkyl ether side

* Corresponding author. Tel.: þ1 6092585416; fax: þ1 6092580211.
E-mail address: benziger@princeton.edu (J. Benziger).
0032-3861/$ e see front matter Ó 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2012.01.050

chains. Water, methanol and other polar solutes are believed to be
sorbed into and transported through the hydrophilic domains.
Although the alkyl groups on methanol and ethanol may interact
with the hydrophobic phase [4], it is expected that the interaction
between the polar hydroxyl group of the alcohol and the polar
sulfonate of the sulfonic acid will be dominant.
Several methods have been published in the literature for
characterizing methanol crossover from aqueous solutions through
Naﬁon membranes: in situ measurements of crossover ﬂux by
means of the cathode CO2 content [13e15], or limiting current
[16e18] and ex situ measurements using a permeation cell
[6,7,11,12,19]. The ﬁrst method determines the CO2 ﬂux in the
cathode efﬂuent which is equal to the methanol that diffuses from
the anode to the cathode. The limiting current method involves
feeding neat methanol at the cathode, and letting it crossover to the
anode where it can react with water to form protons. The resultant
proton current from anode to cathode is proportional to the
crossover ﬂux of methanol. These in situ methods are complicated
by transport through the additional layers of the porous electrode
pressed against the membrane. There are also problems arising
from incomplete methanol oxidation (methanol oxidation products
may be formaldehyde, formic acid and carbon monoxide as well as
CO2). Electro-osmotic drag may also transport alcohol molecules
from the anode to the cathode. Methanol transport from aqueous
solutions has also been examined ex situ by placing a bare
membrane between two compartments, one ﬁlled with a methanol
solution of known concentration and the other with pure liquid
water or a dry carrying gas. The methanol ﬂux is determined as
functions of liquid composition and temperature. This method is
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intended to mimic the actual conditions in a fuel cell. Pulsed
gradient spin echo-NMR has also been applied for measuring selfdiffusivity of methanol in Naﬁon membranes [6,8,10].
The presence of water can signiﬁcantly complicate the analysis
of sorption and transport data. To better understand alcohol sorption and diffusion from mixtures of alcohols and water we suggest
it is best to start with characterizing sorption and diffusion of water
and alcohol as pure species. Our group has demonstrated that
transport of pure water through Naﬁon is complex, involving
interfacial transport, diffusion and polymer relaxation dynamics
[20,21]. We build upon that work by asking, do sorption and
transport occur by similar mechanisms as observed for water?
We present in this paper a comprehensive and systematic study
of neat alcohol sorption, steady state pervaporation, vapor
permeation, volumetric swelling of alcohol sorption, and the
resultant proton conductivity from alcohol sorption into equivalent
weight 1100 HþNaﬁon membranes. All measurements were done
under well-controlled temperature and alcohol activity. The Naﬁon
membranes were all prepared by a standard procedure including
vacuum annealing at 80  C that erases memory of microstructural
phase separation in Naﬁon. Dynamic sorption, pervaporation and
permeation were done using three membrane thicknesses (51, 127
and 254 mm) to elucidate the rate limiting mechanism of the
transport process. Data were analyzed with models originally
derived for water sorption and transport. Equilibrium constants for
sorption, diffusivity and interfacial mass transport coefﬁcients were
calculated for methanol and ethanol in Naﬁon, and the results were
compared with those of water. Alcohol diffusion is slower than
water diffusion due to the larger molecular size of the alcohols.
Somewhat surprisingly we observed that interfacial transport
resistances were similar for water and alcohols.
2. Experimental
2.1. Membrane preparation
Extruded Naﬁon 1100 Equivalent weight (EW) was purchased
from ion power and prepared for testing following our standard
cleaning procedure: anneal for 2 h at 80  C in vacuum for 2 h, boil
1 h in 3% H2O2 solution, boil 1 h in deionized (DI) water, boil 1 h in
0.5 M sulfuric acid, boil 1 h in DI water twice. This procedure results
in reproducible mechanical and transport property measurements
for Naﬁon ﬁlms prepared by either extrusion or casting. As discussed by Satterﬁeld and Benziger [22] and Majsztrik et al. [23]
annealing above 70e80  C in vacuum or an inert atmosphere (e.g.
N2) will dissociate the hydrophilic domains removing all memory
of microstructure. The resulting clean and protonated Naﬁon was
dried under compression between ﬁlter papers under ambient
conditions for 2 days. Naﬁon membranes were cut into squares of
9 cm2 under ambient conditions before putting into the permeation cell for testing.
Extruded Naﬁon membranes with dry thicknesses 51 mm (N112),
127 mm (N115) and 254 mm (N1110) were prepared as outlined above
and tested. A few membrane samples were prepared by casting 1100
EW Naﬁon solution into membranes. A total of 5 wt% Naﬁon solution
from Ion Power was cast on a glass plate to a Naﬁon weight loading of
0.25 g m2 and dried in vacuum. After vacuum annealing at 80  C for
2 h the cast Naﬁon membrane was compared to a N115 membrane.
Water sorption, methanol sorption and proton conductivity was the
same for both extruded and cast membranes.
2.2. Alcohol sorption and proton conductivity
Equilibrium alcohol uptake and proton conductivity were
measured as functions of alcohol pressure at different temperatures

using an isometric system [24]. In this system a Naﬁon membrane is
placed in a ﬁxed volume container and evacuated to below 1 Pa
(<0.01 mbar) at 80  C for 2 h to remove all the water and alcohol
from the membrane. The pressure container was then cooled to the
desired temperature under vacuum. The valve to the vacuum line
was shut off and aliquots of alcohol are injected into the pressure
vessel and allowed to equilibrate with the Naﬁon. The resulting
pressure is equal to the partial pressure of the alcohol. The difference between the quantity of alcohol injected and the alcohol in the
gas phase is equal to the amount of alcohol absorbed by the Naﬁon.
Saturation was evident when the injection of a liquid aliquot did
not cause any change in the pressure. We improved the accuracy of
the mass uptake experiments compared to previous studies by
increasing the mass of ionomer in the isometric cell by a factor of
ten.
A piece of polymer in the isometric cell is clamped between
electrodes to measure the resistance laterally across a distance of 2
cm. A 500 Hz AC voltage was applied across the PEM and a known
resistor placed in series. The voltage drop across the PEM and the
known resistor were measured. The membrane resistance was
obtained by treating the circuit as a simple voltage divider. By
measuring the resistance laterally through a large length and small
cross-sectional area the interfacial resistance and capacitance are
insigniﬁcant compared to the overall impedance [25]; we veriﬁed
previously that the impedance of Naﬁon 115 measured laterally is
independent of frequency above 10 Hz.
2.3. Volume expansion
The linear expansion coefﬁcient of Naﬁon was measured as
a function of temperature and water activity in a dynamic creep
apparatus [26]. Samples were clamped in an environmental
chamber, dried in nitrogen at 80  C for 2 h, brought to the desired
temperature in dry nitrogen and then the dry nitrogen was
replaced with a controlled alcohol partial pressure in nitrogen
stream. The change in length was recorded as a function of time;
the equilibrium swelling strain was assumed to be achieved when
the rate of swelling was less than 0.001/h. The volume expansion,
DV, was evaluated from the linear swelling strain, ε, assuming
isotropic swelling of Naﬁon, (DV/V) ¼ (1 þ ε)3.
2.4. Sorption/desorption kinetics
Methanol absorption and desorption experiments were carried
out with membranes suspended in controlled atmospheres at
activity 0 (dry air) or activity 1 (saturated methanol vapor). N112,
N115 and N1110 membranes w1 cm  3.5 cm were hung on
a hook into the container from a bottom-weighing balance, Ohaus
AR0640, accurate to 104 g.
Before sorption experiments, membrane samples were dried in
a desiccator over drierite at 70  C for 2 h. The dry membranes were
hung on the hook below the balance and then the saturated vapor
container was positioned around the membrane as rapidly as
possible. The sample weight was recorded by computer every 2 s
for a period of 1500 s. After the methanol uptake experiments the
membranes were suspended over methanol liquid in a sealed jar
overnight and then reweighed; the saturated membrane mass
uptakes were within 5% of those achieved during the absorption
experiment.
Desorption experiments were performed after allowing the
membrane to equilibrate in the saturated vapor chamber for 2 h
after the absorption experiment. The humidiﬁed chamber was
removed and the immediately replaced with the drying container.
The sample weight was recorded every 2 s for a period of 1500 s.
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Methanol absorption and desorption experiments were carried
out at temperatures from 23 to 60  C. All experiments were
repeated at least two times.
2.5. Pervaporation and vapor permeation measurements
Liquid pervaporation was measured through Naﬁon membranes
using a custom-built permeation cell placed in a Fisher Scientiﬁc
838F IsotempÓ programmable oven. The details about the
permeation cell were described elsewhere [20]. Liquid feeds
(methanol, ethanol and water) were introduced from a reservoir
into the feed side of the permeation cell by a peristaltic pump with
a constant ﬂow rate of w2 mL/min, which was determined to be in
large excess to the pervaporation rate. Dry N2 gas was fed to the
permeate side of the pervaporation cell. A Sensirion SHT75
humidity sensor calibrated for pure methanol vapor was placed
downstream of the efﬂuent in an insulated box with temperature
maintained at 23  C to monitor the concentration of methanol. The
sensor output voltage was correlated with methanol activity
employing a Langmuir adsorption model; experimental values are
provided in the Supplementary material. The ethanol ﬂux was
measured by trapping the ethanol vapor in a series of dry iceacetone cold traps.
Vapor permeation of methanol was measured using the same
permeation cell [20]. The liquid feed was replaced with partially
saturated methanol stream. Nitrogen was passed through two
heated bubblers to establish a methanol activity of w0.95. Methanol activities between 0.00 and 0.9 at the feed side were obtained
by mixing methanol saturated N2 with dry N2. The total ﬂow rate of
methanol vapor feed side was w 1 L min1, which ensured that the
change in the activity between the gas entering and leaving the
feed side ﬂow channel was less than 5%. The methanol activity in
the dry side efﬂuent was monitored by the RH sensor calibrated for
methanol.
The permeation rate of methanol from both liquid and vapor can
be calculated from the methanol activity measured by the methanol sensor, temperature, and N2 ﬂow rate at the exit of the dry side
with Eq. (1).

Flux ¼

am Pv
QPT
ARTs PT  am Pv

(1)

Fig. 1. Methanol, ethanol and water sorption isotherms in 1100 EW Hþ-Naﬁon.
Sorption isotherms were obtained at: 40 and 60  C for methanol; 40 and 60  C for
ethanol, and at 50, 60 and 80  C for water.

temperature when plotted as a function of solute activity. At low
solute activity, asolute < 0.4, the molar uptakes of methanol, ethanol
and water were nearly identical. As solute activity approaches one
(saturated vapor) the molar uptake of water was greater than
methanol which was greater than ethanol. Fig. 2 compares the
swelling strain of Naﬁon as a function of methanol, ethanol and
water activity. The swelling volumes show the opposite trend from
molar uptake. Ethanol caused the largest swelling volume, followed
by methanol with water having the smallest swelling volume.
The excess volume of mixing of alcohol sorption was determined by taking the difference between the volume of alcohol
sorbed and the volume change of the polymer after alcohol sorption [24], and is given by Eq. (3),

h

DVmixing ¼

i
ð1 þ εÞ3 ð1 þ ε0 Þ3 EW

lrNafion

(3)

where ε is the measured linear expansion coefﬁcient, and ε0 is the
linear expansion coefﬁcient assuming ideal mixing, e.g. assuming

where Q is the volumetric ﬂow rate of dry N2; A is the area of the
membrane; PT is the total pressure of the methanol vapor/gas
mixture (1 bar); Pv is the vapor pressure of methanol at the cell
temperature; am is the activity of methanol in the gas stream; Ts is
the standard state temperature of the mass ﬂow controller, 25  C.
The steady state ﬂux of ethanol was calculated from the net
mass (W) collected by four dry ice-acetone the cold traps (Eq. (2));
where t is the duration of collection, A is area of the membrane and
Mw is the molecular weight of ethanol.

Flux ¼

W
Mw  A  t

(2)

3. Results
3.1. Sorption, swelling and proton conductivity
Methanol, ethanol and water sorption isotherms in 1100 EW
HþNation as functions of solute activity (asolute ¼ (partial pressure
of solute)/(vapor pressure of solute)) at temperatures from 22  C to
60  C are shown in Fig. 1. Methanol, ethanol and water sorption
isotherms at different temperatures scale with solute vapor pressure; the sorption isotherms are almost independent of

Fig. 2. Linear swelling coefﬁcient for Naﬁon with sorption of methanol, ethanol and
water. Swelling coefﬁcients were obtained at: 23, 40 and 60  C for methanol; 23 and
40  C for ethanol, and at 30, 50 and 80  C for water. The standard error of swelling data
is about 7%.
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Fig. 3. Excess volume of mixing per unit volume of solute for methanol, ethanol and
water sorption in Naﬁon.

zero excess volume of mixing. The ideal linear expansion coefﬁcient
given by Eq. (4) is obtained from the equilibrium mass uptake.


ð1 þ ε0 Þ3 ¼

1þ

lrNafion MWsolute
EW rsolute


(4)

The excess volumes of mixing, shown in Fig. 3, are greatest for
ethanol and least for water. The excess volume of mixing for all
three solutes displays similar trend. DVmixing is highest when the
ﬁrst solute molecule is absorbed and DVmixing decreases rapidly
until the concentration of solute content reaches 3e4, beyond
which DVmixing decreases towards zero with a much smaller slope.
Zhao et al. correlated the change in DVmixing with the hydration of
solute molecules around the sulfonic acid groups [24]. It was
concluded that the solute content of 3e4 corresponds to the
number of molecules in the ﬁrst hydration shell. The results reported here indicate that methanol and ethanol exhibits similar
packing around the sulfonic acid as water molecules. Coordination
of the ﬁrst alcohol molecule to the SO3 group requires disruption of
the original electrostatic interactions between SO3 groups and
creation of a void. Adding more alcohol molecules lead to more
efﬁcient packing, which decreases DVmixing. When the ﬁrst solvation shell is completed, it effectively shields the solute molecules
outside from the electrostatic attraction of the acid group, thus
those molecules in the second shell and beyond behave close to
bulk liquid, and DVmixing approaches to zero. This physical picture
agrees well with previous simulation results [27,28].
Proton conductivities of Naﬁon with methanol, ethanol and
water sorption, as functions of solute activity at 60  C are shown in
Fig. 4. Proton conductivity increases exponentially with solute
activity. For solute activities <0.1 the proton conductivities in
Naﬁon follow the sequence, sNaﬁon/ethanol > sNaﬁon/methanol > sNaﬁon/
water. At solute activities >0.4 the proton conductivities follow the
opposite trend, sNaﬁon/ethanol < sNaﬁon/methanol < sNaﬁon/water. Proton
conductivity increased with temperature between 22  C and 60  C
for methanol, ethanol and water. Graphs of the proton conductivities as functions of methanol or ethanol activity and temperature
are provided in the Supplementary material; the proton conductivities in saturated vapor are summarized in Table 1.
Protons are conducted through the hydrophilic domains of
Naﬁon electrolytes. The sorption data from Figs. 1 and 2 can be used
to determine the volume fractions of the hydrophilic domains (fþ),
which is given by the sum of the volume of the sulfonic acid groups

Fig. 4. Proton conductivity of 1100 EW Hþ-Naﬁon at 60  C with methanol, ethanol and
water sorbed.

and the volume of sorbed water or alcohol divided by the swollen
volume of the polymer (Eq. (5)).

rpolymer V SO3
fþ ¼

EW

þ

rNafion V Solute lðpasolute Þ
EW
ð1 þ εÞ3

¼

ð1 þ εÞ3 1 þ f0
ð1 þ εÞ3
(5)
3

The molar volume of the sulfonate group is w40 cm /mol [29].
Fig. 5 plots the conductivity as a function of the hydrophilic volume
fraction of the polymer on a linear scale. The data was ﬁt by
a percolation model s(lsolute) ¼ s0(fþ  fc)2, where fc is the
percolation threshold. The lines in Fig. 5 are ﬁts to the conductivity
data at 60  C. The values of intrinsic conductivity, s0, and percolation threshold, fc, for methanol, ethanol and water at different
temperatures were evaluated from the conductivity data and have
been summarized in Table 1. Within experimental uncertainty the
percolation threshold for proton conductivity was 0.1 for all three
solutes. The intrinsic conductivities follow the sequence s0,Naﬁon/
ethanol < s0,Naﬁon/methanol < s0,Naﬁon/water. The intrinsic conductivities
for all three solutes increase with increasing temperature. Over the
limited range of temperatures studied the percolation thresholds
were not dependent on temperature.
3.2. Methanol sorption/desorption kinetics
The normalized mass gain, (M(t)  M(t / N)) O
(M(t ¼ 0)  M(t / N)), for methanol sorption/desorption at 50  C for
N112 (51 mm thick), N115 (127 mm thick) and N1110 (254 mm thick)
membranes as a function of time, is shown in Fig. 6. The normalized
mass loss for methanol desorption from N115 at 50  C is also shown in
Fig. 6. Methanol sorption into Hþ-Naﬁon is slower than methanol
Table 1
Intrinsic conductivities and percolation threshold volume fractions.
Solute

Temperature
( C)

Proton conductivity
at saturation
(asolute ¼ 1) s (S-cm)

s0 (S-cm1)

fc

Water
Water
Methanol
Methanol
Ethanol
Ethanol

60
80
40
60
40
60

40  10  103
70  15  103
9.8  3  103
15  4  103
2.4  1.0  103
5  1.5  103

0.57  0.15
0.77  0.20
0.059  0.012
0.084  0.020
0.012  0.004
0.024  0.004

0.1
0.1
0.1
0.1
0.1
0.1

Q. Zhao et al. / Polymer 53 (2012) 1267e1276

Fig. 5. Proton conductivity of EW1100 Hþ-Naﬁon at 60  C as a function of hydrophilic
volume fraction for methanol (squares), ethanol (triangle) and water (diamonds)
sorption. The solid lines through the data are the best ﬁt to the percolation model
s(lsolute) ¼ s0(fþ  fc)2 with model parameters listed in Table 1.

desorption. The time for the same fractional mass gain from methanol
sorption was approximately twice the time for an equivalent mass
loss by methanol desorption. The sorption rate per unit mass of Naﬁon
decreased with increasing membrane thickness.
Mass uptake showed universal scaling for different membrane
thickness when plotted as a function of time/(membrane thickness)
indicative of interfacial mass transport being the limiting resistance
[22]. The graphs for scaling of mass uptake are provided in the
Supplementary material. The rate of methanol sorption increased
with temperature over the range of 30e60  C (graph included in
supplemental materials). The rate of methanol sorption doubled
between 30  C and 60  C. These results for methanol sorption/
desorption are qualitatively identical to the results previously reported for water sorption/desorption.
3.3. Methanol and ethanol pervaporation through Naﬁon
The pervaporation ﬂux (permeation from liquid feed to vapor
permeate) of methanol and ethanol through Naﬁon membranes
with different thickness was measured at different nitrogen sweep
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Fig. 7. Methanol pervaporation ﬂux through Naﬁon 112, 115 and 1110 membranes at
22  C as a function of nitrogen ﬂow rate at the permeate side.

ﬂow rates at the permeate side of the membrane. The methanol
ﬂux through N112 (51 mm dry thickness), N115 (127 mm dry thickness) and N1110 (254 mm dry thickness) as functions of the nitrogen
sweep rate at 22  C is shown in Fig. 7. The ﬂux increases with gas
ﬂow rate and reaches a limiting ﬂux at nitrogen sweep rates
>200 mL/min. The limiting ﬂux decreases with increasing
membrane thickness. The limiting pervaporation ﬂux measured for
methanol and ethanol as functions of membrane thickness and
temperature is summarized in Table 2. Pervaporation ﬂux increased
with increasing temperature and decreased with increasing
membrane thickness. At the same temperature the pervaporation
ﬂux of methanol is greater than ethanol.

3.4. Methanol vapor permeation
Methanol permeation through Naﬁon was measured for three
different vapor activities at the feed side. The limiting ﬂux was
determined by increasing the nitrogen gas ﬂow at the permeate
side. Table 3 summarizes the limiting permeation ﬂuxes for the
different solute vapor feed activities.
The maximum permeation ﬂuxes for water and methanol across
a Naﬁon 115 membrane at 22  C and 60  C are plotted as functions
of feed side water activity in Fig. 8. Because the diffusion coefﬁcient
is a function of solute activity and the solute activity varies across
the membrane there is no simple analytical model that correlates
feed side solute activity to the permeation ﬂux. The data were ﬁt to
simple exponential functions solute ﬂux ¼ sexp[b  asolute], where s
is a function of temperature, membrane thickness and solute and
b is only a function of solute. Methanol has a lower limiting
permeation ﬂux than water through Naﬁon at the same solute
activity. Methanol and water permeation ﬂuxes both increase with
Table 2
Maximum pervaporation ﬂuxes of methanol and ethanol through Naﬁon
membranes.
Solute

Temperature

Pervaporation ﬂux mmole-cm2-min1
Membrane thickness

Fig. 6. Methanol sorption/desorption at 60  C from 1100 EW Hþ-Naﬁon with different
ﬁlm thicknesses.

Methanol
Methanol
Methanol
Ethanol

22
40
60
22

112 (51 mm)

115 (127 mm)

1110 (254 mm)

276  23
412  33
642  44
98  8

183  12
255  27
413  41
43  5

114  13
161  11
232  23
23  3
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4.1. Sorption isotherms

Table 3
Methanol vapor permeation through Naﬁon.
afeed
methanol

T ( C)

Methanol ﬂux (mmol-cm2-min1)
Membrane thickness

0.3
0.5
0.8
0.3
0.5
0.8
0.3
0.5
0.8

22
22
22
40
40
40
60
60
60

112 (51 mm)

115 (127 mm)

1110 (254 mm)

9.9  0.9
29  3
75  11
19  3
45  3
158  18
37  3
89  7
264  25

5.5  0.7
18  1
55  6
9.9  1.0
27  4
90  1
20  3
49  3
139  5

2.7  0.4
8.7  1.4
29  1
4.9  0.4
14  0.4
56  3
9.6  1.3
25  3
81  14

temperature and increase exponentially with feed side solute
activity.
4. Discussion
Sorption, proton conductivity, swelling and transport of water in
HþNaﬁon have been extensively studied [21,30e36]. We report
here similar measurements for methanol and ethanol to identify
similarities and differences between alcohols and water interacting
with HþNaﬁon. The sorption and transport characteristics of
Naﬁon with methanol and ethanol sorption are remarkably similar
to those of Naﬁon with water sorption. The sorption isotherms,
sorption swelling, and proton conductivities as functions of solute
activity follow nearly identical trends. The kinetics of sorption/
desorption show the same qualitative trends for methanol as water.
The dependence of pervaporation rate on membrane thickness is
the one property where there was a distinct qualitative difference
between alcohols and water. We suggest that the strong similarities
of alcohol and water sorption and transport in Hþ-Naﬁon reﬂect
the similarities of polar bonding interactions between OH groups of
alcohols or water with the polar sulfonic acid groups of Naﬁon.
Methanol, ethanol and water are all expected to produce similar
microphase separated hydrophilic domains through which protons,
water and alcohols are transported. The quantitative differences in
sorption and transport of alcohols compared to water are suggested
to reﬂect the differences in molecular size.

Figs. 1 and 2 show that the sorption isotherms of methanol and
ethanol have a similar functional dependence on solute activity as
the water sorption isotherm. The sorption isotherms collapse to
functions of solute activity, where the temperature dependence for
sorption is captured by the standard state chemical potential of the
solute. Wu et al. ﬁt the water sorption isotherm to the solvation
shell model given by Eq. (6), where K0 is the equilibrium sorption
constant for the ﬁrst solvation shell, and K1 is the equilibrium
sorption constant for the second shell and beyond [37]. The best ﬁts
for water, methanol and ethanol sorption data to Eq. (6) were with
four water molecules in the ﬁrst solvation shell, consistent with the
results obtained from excess volume of mixing described above.
The sorption data for methanol and ethanol were ﬁt to the solvation
shell isotherm and the least square ﬁt for the model parameters are
given in Table 4. The equilibrium constants for the ﬁrst solvation
shell were similar for methanol, ethanol and water, and were 3e4
times larger than the equilibrium constant for the second solvation shell.

"

Pn1

l ¼

n1
1
iðK0 aw Þ þðK0 aw Þ
þ
i¼1
1  K1 aw ð1  K1 aw Þ2


Pn 1
1
i
n1
ðK
a
Þ
þðK
a
Þ
0 w
i¼1 0 w
1  K1 aw
i

Ki ¼ K0 ;

1  i  n1

Ki ¼ K1 ;

n1 < i

#

n1

(6)

(7)

The sorption isotherms and sorption swelling show two differences between the alcohols and water. (1) The maximum number
of moles of solute sorbed decreased with increasing solute molar
volume. This decrease in solute uptake is reﬂected in smaller values
of K1; K1,ethanol < K1,methanol < K1,water. (2) The swelling volume
increases with solute molar volume. The effect of solute molar
volume on sorption and swelling is intuitively expected. Sorption of
polar solutes into Naﬁon involves the exothermic solvation of the
sulfonic acid by the polar solute and the endothermic expansion of
the hydrophobic matrix surrounding the hydrophilic sulfonic acid
domains. The larger molar volume of the alcohols
3


 water ¼ 18 cm3 =mol < V
ðV
methanol ¼ 40:4 cm =mol < V ethanol ¼
58:3 cm3 =molÞ will encounter greater resistance to swelling for the
same number of sorbed molecules. It is surprising that the solvation
energy of the alcohols is sufﬁcient to produce greater swelling than
water. Water is expected to be a better solvent for the ionic sulfonic
acid groups of Naﬁon. We suggest that the substantial solvation by
methanol and ethanol may in part be due to reduced interfacial
energy between the hydrophobic matrix and hydrophilic domains.
The interfacial energy between water and tetraﬂuoroethylene (TFE)
is much more repulsive than the alcohol/TFE. The sessile drop
contact angles of water and methanol with Teﬂon and Naﬁon reported by Goswami et al. are qwater/teﬂon ¼ 110 ; qwater/naﬁon ¼ 105 ;

Table 4
Solvation shell isotherm parameters for water, methanol and ethanol sorption
isotherms in 1100 EW Hþ-Naﬁon.

Fig. 8. Permeation ﬂux of water and methanol through Naﬁon 115 at 22 and 60  C. The
lines through the data are given by solute ﬂux ¼ sexp[b  asolute]; bmethanol ¼ 4.4 and
bwater ¼ 5.6 and smethanol (22  C) ¼ 0.012 mmol-cm2 s1, smethanol (60  C) ¼ 0.043 mmolcm2 s1, swater (22  C) ¼ 0.028 mmol-cm2 s1, swater (60  C) ¼ 0.048 mmol-cm2 s1.

Solute

n

K0

K1

Water (60  C)
Water (80  C)
Methanol (40  C)
Methanol (60  C)
Ethanol (40  C)
Ethanol (60  C)

4
4
4
4
4
4

4.0
3.7
3.8
3.5
3.2
2.8

0.97
0.96
0.95
0.95
0.92
0.92
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qmethanol/teﬂon ¼ 20 ; qmethanol/naﬁon ¼ 20 [38]. The surface tension

of water on Teﬂon is 4.8  105 kJ m2, while the surface tension of
methanol on Teﬂon is 1.5  105 kJ m2. Swelling the hydrophilic
domains with alcohols will require less energy than swelling with
water. Additional factors such as hydrogen bonding and the dipoledipole interactions will also alter the energy of solvation, but those
interactions would be expected to result in less sorption of alcohols
compared to water.
The sorption isotherms for water, methanol and ethanol vapor
all show universal scaling of mass and volume uptake with solute
activity; the temperature dependence is very small after scaling the
solute partial pressure with the vapor pressure. These results
indicate that water, methanol and ethanol sorption into the
hydrophilic domains is similar to vapor/liquid condensation. The
free energy of water and alcohol vapor sorption into Naﬁon is not
much different than the free energy of vapor/liquid condensation.
4.2. Proton conductivity
Recently Wu et al. showed that the percolation threshold for
proton conductivity in ionomers could be identiﬁed from a plot of
conductivity vs. hydrophilic volume fraction, where the hydrophilic
domain was assumed to consist of the sulfonic acid groups and
sorbed water [37]. Fig. 5 shows the application of a similar analysis
to identify the proton conductivity percolation threshold with
alcohol sorption, assuming the hydrophilic volume fraction consists
of the sulfonic acid groups and the alcohol molecules. The results
show that the percolation threshold for proton conductivity was
the same within experimental error for methanol, ethanol and
water. The hydrophilic volume fraction percolation threshold was
fþ w 0.1. This low value for the percolation threshold indicates that
the hydrophilic domains should be oblates (either rods or plates); if
the hydrophilic domains were spherical the percolation threshold
would be 0.3 [39]. The similarity of the percolation threshold for
water and alcohols suggests that the shape of the hydrophilic
domains at low solute activity (and hence low solute content) is
determined by the sulfonic acid domain structure in solute free
Naﬁon.
In ﬁtting the conductivity data to percolation theory the exponent was ﬁxed and the percolation threshold was found by least
squares ﬁt to the data above the threshold. Because Naﬁon has
a distribution of domain shapes the percolation analysis is semiquantitative; we chose not to overanalyze the data by attempting
to extract values of both the exponent and percolation threshold.
The conductivity data indicates that there must be oblate hydrophilic domains, but the conductivity data cannot by itself determine the distribution of domain shapes and sizes.
The proton conductivities of Naﬁon equilibrated with saturated
vapors or water, methanol and ethanol at 60  C were 0.06, 0.02 and
0.005 S cm1 respectively. Above the percolation threshold for
proton conduction (which occurs at solute activity of w0.2) the
proton conductivity followed the same trend. Proton conductivity
for the three solutes at the same volume fraction follow the trend
that sHþ,water > sHþ,methanol > sHþ,ethanol. There are two obvious
contributions to the decrease in proton conductivity with the
alcohols. Firstly, alcohols are less polar than water which is expected to result in reduced ionization of the sulfonic acid. Secondly,
water can form a hydrogen bonded network through which protons
may be transported by hopping. Hopping is less important with
alcohols which could also reduce proton conductivity.
At low solute activity the proton conductivity was greater for
Naﬁon with sorbed alcohols than Naﬁon with sorbed water; at
solute activity of 0.02 the proton conductivities of Naﬁon with
sorbed water, methanol and ethanol were 1.5  105, 1 104 and
7  105 S cm1 respectively. At low solute content the number of
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water or alcohol molecules is the same in the ﬁrst solvation shell.
The larger molar volume of the alcohols results in larger hydrophilic domains which may facilitate proton transport. Unfortunately the experimental transport data is not able to separate the
different contributions to proton transport.
4.3. Sorption/desorption kinetics
The rate of methanol sorption from saturated vapor was slower
than the rate of methanol desorption. The rates of methanol
sorption and desorption both increased with increasing temperature. And the normalized mass change scaled with (time)/
(membrane thickness) indicative of an interfacial mass transport
process being rate limiting for water sorption. All three of these
characteristic features of solute sorption/desorption were reported
by Satterﬁeld and Benziger for water sorption into HþNaﬁon
membranes [22]. The qualitative similarity suggests that the
kinetics of methanol sorption from saturated vapor is limited by the
same physical processes as found for water sorption listed below.
1. Initial solute uptake is limited by solute diffusion in the
membrane. At low solute content diffusion is slow.
2. The second stage of solute uptake is limited by membrane
swelling to accommodate the increased volume of the hydrophilic domains. At moderate solute concentrations solute
diffusion is faster than the kinetics to swell the membrane to
accommodate more solute. Swelling proceeds from the
membrane surface inward. The kinetics for the moving
swelling front is similar to mass transport across a moving
interface.
3. Desorption of solute is limited by diffusion to the membrane/
vapor interface followed by interfacial transport into the vapor.
The kinetics of shrinking the hydrophilic domains does not
affect desorption of solute. The difference between sorption
and desorption are analogous to blowing up and deﬂating
a balloon.
4.4. Pervaporation of methanol and ethanol through Naﬁon
Methanol and ethanol pervaporation through Naﬁon decreased
with membrane thickness. Increasing the membrane thickness by
a factor of 5 decreased the pervaporation ﬂux by a factor of 3. This is
in contrast to the pervaporation ﬂux of water through 1100 EW
HþNaﬁon membranes; the pervaporation water ﬂux decreased by
less than a factor of 1.5 when the membrane thickness increased
from 50 to 250 mm. Interfacial transport of water across the
membrane/vapor interface at the permeate side has been suggested to cause water pervaporation to be primarily limited by
interfacial transport. In contrast methanol and ethanol pervaporation ﬂuxes through Naﬁon appear to be primarily limited by
diffusion through the membrane.
4.5. Permeation of methanol vapor through Naﬁon
Methanol and water vapor permeation ﬂuxes through Naﬁon
membranes both decreased with increasing membrane thickness.
The primary resistance to vapor permeation of both water and
methanol appears to be diffusion in the membrane.
Steady state pervaporation and permeation across membranes
involves three transport steps in series shown in Eq. (8): (i) interfacial transport from the feed (either vapor or liquid) into the
membrane; (ii) diffusion across the membrane; and (iii) interfacial
transport from the membrane into the vapor permeate stream.
Overall transport can be approximated by a linear model where the
ﬂux of each step must be the same as shown in Eq. (8), where kf and
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kp are interfacial transport coefﬁcients into and out of the
membrane, D is the diffusivity of solute in the membrane, c0 is the
concentration of solute in the membrane at saturation solute
activity and tmembrane is the membrane thickness.



feed
flux ¼ kf afeed
solute amembrane ¼


afeed
apermeate
membrane
membrane
tmembrane


permeate
permeate
ð8Þ
¼ kp amembrane asolute
c0 D



The solute activities in the membrane are not directly
measured; only the feed and permeate solute activities are directly
measured. Eq. (8) can be arranged to express the ﬂux in terms of the
transport parameters and the feed and permeate solute activities.

flux ¼

c0 D
k kp


tmembrane f
permeate
afeed


solute  asolute
c0 D
kf þ kp þ kf kp

(9)

tmembrane

The limiting solute ﬂux occurs with inﬁnite permeate gas ﬂow
when the solute activity in the permeate stream approaches zero.
Eq. (9) can be rearranged at the limiting ﬂux; Eq. (10) relates the
ratio of the feed activity to the limiting ﬂux to the diffusion coefﬁcient and interfacial transport coefﬁcients.

afeed
t
1
1
solute
¼ membrane þ þ
kf kp
ðfluxÞlimiting
c0 D

(10)

Assuming that the diffusivity and interfacial transport coefﬁcients are not functions of composition, the product c0D and the
sum (1/kf þ 1/kp) can be determined from a series of measurements
of the limiting ﬂux with different membrane thickness at ﬁxed feed
activity and temperature. Fig. 9 is a plot of feed activity divided the
limiting ﬂux as a function of membrane thickness for water,
methanol and ethanol pervaporation at different temperatures.
Fig. 10 is a similar plot for vapor permeation experiments. The data
at ﬁxed temperature and feed solute activity regress to straight
lines. The slopes of these lines are inversely related to the solute
diffusivity in the membrane (c0D ¼ 1/slope) and the intercept of the
lines are inversely related to the interfacial transport coefﬁcients.
The pervaporation data for methanol, ethanol and water (data
previously reported by Majsztrik et al.[40]) is plotted in Fig. 9 as
suggested by Eq. (10). The slopes and intercepts were regressed to

Fig. 10. Plot of Eq. (10) for vapor permeation experiments of water and methanol
through Naﬁon 112, 115 and 1110. Data sets at constant temperature and constant
solute activity are ﬁt to straight lines.

determine slope ¼ 1/(c0D) and intercept ¼ 1/kp þ 1/kf at the
different temperatures. The interfacial transport resistance at the
liquid membrane interface was assumed to be negligible for pervaporation, e.g. kf / N, hence for pervaporation experiments the
intercepts in Fig. 9 are equal to the reciprocal of the interfacial
transport coefﬁcient at the permeate side, 1/kp. The membrane
solute concentration at saturation, c0, was determined from the
sorption isotherms as asolute / 1. See Figs. 1 and 2 and Eq. (11):
c0,methanol ¼ 1.3  102 mol/cm3;
c0,water ¼ 2.5  102 mol/cm3;
c0,ethanol ¼ 0.95  102 mol/cm3.

c0 ¼

lr

Nafion
i
h
EW ð1 þ εðasolute ¼ 1ÞÞ3 1 þ f0

(11)

Diffusion coefﬁcients and interfacial transport coefﬁcients from
the pervaporation experiments are summarized in Table 5. The selfdiffusion coefﬁcient for water in 1100 EW HþNaﬁon determined by
Zhao et al. [24] is included in parentheses in Table 5. The diffusion
coefﬁcients for water agree with the self-diffusion coefﬁcients
within a factor of 2. This is good agreement, particularly considering the assumption made here of uniform diffusivity in the
membrane.
The diffusion coefﬁcients follow the trend that diffusivity
decreases with increasing molar volume: Dwater > Dmethanol > Dethanol. The results for methanol and water both show that
diffusivity increases with increasing temperature. The interfacial
mass transport coefﬁcients (kp) increase with increasing temperature for both methanol and water. The interfacial transport coefﬁcients for methanol and water had similar values at the same

Table 5
Diffusivity and interfacial transport coefﬁcients from pervaporation ﬂuxes.

Fig. 9. Plot of Eq. (10) for pervaporation experiments with Naﬁon 112, Naﬁon 115 and
Naﬁon 1110 membranes. Data sets are constant temperature are ﬁt to straight lines.

Solute

Temperature
( C)

Dsolute
(cm2-s1)  106

kp
(mmol-cm2-min1)b

Methanol
Methanol
Methanol
Ethanol
Water
Water
Water

22
40
60
22
30
50
70

5.2  1.0
7.2  1.3
9.7  1.6
1.1  0.3
12  6 (4.3)a
16  8 (8.5)a
24  12 (15.5)a

440
670
1300
380
700
1400
1700

a
b

Values in parentheses are self-diffusion coefﬁcients from Zhao et al. [24].
The errors on the kp values are estimated to be a factor of 2.
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temperature. The ratio of the interfacial transport resistance to the
diffusional resistance, c0D/tmembranekp, is larger for water than
methanol, consistent with the experimental observation that the
pervaporation ﬂux of methanol through Naﬁon had a much larger
dependence on membrane thickness than did the pervaporation
water ﬂux.
The vapor permeation experiments were analyzed in the same
fashion as the pervaporation experiments, except the interfacial
transport resistance at the feed side could not be neglected with
a membrane/vapor interface. We assumed that membrane/vapor
interfacial transport coefﬁcients were the same at both the feed and
permeate, kf z kp. With that assumption the intercept from the plot
=ðfluxÞ vs. tmembrane is equal to 2/kp. Fig. 10 plots the
of afeed
solute
permeation data for methanol and water as suggested by Eq. (10).
The data in Fig. 10 were grouped by temperature and feed side
solute activity. The data at constant feed side activity and temperature were regressed to straight lines where the 1/slope ¼ c0D, and
1/intercept ¼ 2/kp. c0D and kp were evaluated at the different
temperatures and feed solute activity; the results for the diffusivity
and interfacial transport coefﬁcients from vapor permeation
experiments are summarized in Table 6.
Fig. 10 shows that at a given temperature the lines at different
feed side solute activities extrapolate back to the same intercept.
Diffusivity changes with solute activity, but the vapor/membrane
interfacial transport coefﬁcients appear to be functions only of
temperature and not solute activity. The diffusivities of water and
methanol both decrease with decreasing water activity and
decreasing temperature.
The vapor/membrane interfacial transport coefﬁcients increase
with increasing temperature. But the vapor/membrane interfacial
transport coefﬁcients show a negligible dependence on solute
activity. The data is sparse but the interfacial transport coefﬁcients
for water and methanol appear to scale with vapor pressure. The
scaling of the interfacial transport coefﬁcients with vapor pressure
is consistent with the vaporization-exchange model for interfacial
transport proposed by Monroe et al. [41].
4.6. Correlation of proton transport and solute diffusion
Methanol, ethanol and water transport through Naﬁon are
remarkably similar. Alcohols and water both swell hydrophilic
domains and diffuse through the hydrophilic domains. Water and
alcohols also ionize the sulfonic acid groups in Naﬁon and facilitate
proton transport. Both proton transport and solute diffusion have

Table 6
Diffusivity and interfacial transport coefﬁcients from permeation ﬂuxes.
Solute

Temperature
( C)

Solute
activity

Dsolute
(cm2-s1)  106

kp
(mmol-cm2-min1)b

Methanol
Methanol
Methanol
Methanol
Methanol
Methanol
Methanol
Methanol
Methanol
Water
Water
Water
Water
Water
Water

22
22
22
40
40
40
60
60
60
30
30
30
80
80
80

0.3
0.5
0.8
0.3
0.5
0.8
0.3
0.5
0.8
0.3
0.5
0.8
0.3
0.5
0.8

0.33  0.2
0.67  0.3
1.6  0.7
0.59  0.3
1.1  0.5
3.0  1.2
1.2  0.6
1.9  0.9
4.0  1.4
0.74  0.4
1.0  0.5
1.6  0.8
1.6  0.8
2.3  1.1
6.4  3.0

270
390
380
610
490
690
1300
1300
1400
570
440
570
1900
1900
1900

a
b

(0.38)a
(1.1)a
(2.8)a
(1.8)a
(5.0)a
(12.8)a

Values in parentheses are self-diffusion coefﬁcients from Zhao et al. [24].
The errors on the kp values are estimated to be a factor of 2.
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Fig. 11. Proton conductivity and methanol and water diffusivity in 1100 EW HþNaﬁon
as functions of solute sorption. The percolation threshold for hydrophilic volume
fraction of water of 0.1 is highlighted with the vertical line.

been assumed to occur in the hydrophilic channels of Naﬁon. A
percolation threshold for proton conductivity was identiﬁed for
water, methanol and ethanol sorption. One might expect a similar
percolation threshold for solute diffusion.
Fig. 11 is a logarithmic plot of the proton conductivities in
HþNaﬁon as a function of water and methanol sorption. The
percolation threshold for proton conduction identiﬁed in Fig. 5
occurs at l z 3e4 solute molecules per SO3 group. The diffusion
coefﬁcients for water and methanol in Naﬁon have been added to
this ﬁgure. The diffusion coefﬁcients for water are the data presented
here combined with the more extensive data obtained by Zhao et al.
[24] The diffusion coefﬁcients for methanol are those obtained in the
experiments reported here (there are many fewer points). The
diffusion coefﬁcients for methanol and water parallel the proton
conductivity for sorption of methanol and water respectively.
Although this is not deﬁnitive proof, this correlation does support to
the assumption that proton conduction and solute diffusion occur by
related processes in the hydrophilic channels of Naﬁon.
5. Conclusions
The sorption and transport of methanol and ethanol into 1100
EW Hþ-Naﬁon has been compared to water sorption and transport.
Alcohols and water both interact primarily with the sulfonic acid
groups forming percolated networks through which protons,
alcohols and water are transported. The sorption and transport
properties for methanol, ethanol and water are qualitatively
similar. The quantitative differences are primarily due to differences in molar volumes. The key results may be summarized as
follows:
1. Methanol, ethanol and water sorb in Naﬁon by forming solvation shells around the sulfonic acid group. The ﬁrst solvation
shell is four strongly bound polar molecules; the second
solvation shell and beyond are less strongly bound.
2. Fewer methanol and ethanol molecules are sorbed by Naﬁon
than water molecules because of greater energy required to
swell the hydrophilic domains to accommodate the larger
alcohol molecules.
3. The percolation threshold for proton conductivity in Naﬁon
occurs at a hydrophilic volume fraction threshold of 0.1 for
methanol, ethanol and water. Proton conductivity decreases with
increasing
solute
molar
volume
(sHþ,water >
sHþ,methanol > sHþ,ethanol).
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4. Methanol sorption into Naﬁon is slower than methanol
desorption. Methanol sorption and desorption increase with
increasing temperature from 22  C to 60  C.
5. Diffusion of alcohols through Naﬁon membranes is the primary
resistance to pervaporation and vapor permeation.
6. The diffusivity of methanol in Naﬁon is less than the diffusivity
of water. The diffusivity of methanol in Naﬁon increases with
increasing methanol activity and increasing temperature.
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