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Methanol and ethanol sorption and transport in 1100 equivalent weight H4-Nafion 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
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alcohols and water scale with vapor pressure. The diffusivity of water is 3—4 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.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Alcohol fuel cells are attractive because they employ a liquid fuel
thathas alarge 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 trans-
ported 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 [2—4].
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
[5—12]. Surprisingly, there are very few fundamental studies of neat
alcohol sorption and transport properties in Nafion. A compre-
hensive 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 micro-
phase 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
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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 CO; content [13—15], or limiting current
[16—18] and ex situ measurements using a permeation cell
[6,711,12,19]. The first method determines the CO, 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
COy;). 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


mailto:benziger@princeton.edu
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2012.01.050
http://dx.doi.org/10.1016/j.polymer.2012.01.050
http://dx.doi.org/10.1016/j.polymer.2012.01.050

1268 Q. Zhao et al. / Polymer 53 (2012) 1267—1276

intended to mimic the actual conditions in a fuel cell. Pulsed
gradient spin echo-NMR has also been applied for measuring self-
diffusivity 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 sorp-
tion 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 H+Nafion 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 um) 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 hin 3% H0; 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 dis-
cussed by Satterfield and Benziger [22] and Majsztrik et al. [23]
annealing above 70—80 °C in vacuum or an inert atmosphere (e.g.
N,) 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 cm? under ambient conditions before putting into the perme-
ation cell for testing.

Extruded Nafion membranes with dry thicknesses 51 pum (N112),
127 um (N115) and 254 um (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 m? 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 differ-
ence 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,
AV, was evaluated from the linear swelling strain, e, assuming
isotropic swelling of Nafion, (AV/V) = (1 + ¢)°.

2.4. Sorption/desorption kinetics

Methanol absorption and desorption experiments were carried
out with membranes suspended in controlled atmospheres at
activity O (dry air) or activity 1 (saturated methanol vapor). N112,
N115 and N1110 membranes ~1cm x 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 Isotemp© 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 ~2 mL/min, which was determined to be in
large excess to the pervaporation rate. Dry N, 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 ice-
acetone 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 ~0.95. Meth-
anol activities between 0.00 and 0.9 at the feed side were obtained
by mixing methanol saturated N; with dry N,. The total flow rate of
methanol vapor feed side was ~ 1 Lmin~!, 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 meth-
anol sensor, temperature, and N> flow rate at the exit of the dry side
with Eq. (1).

QPr  amPy 1)

% = ART, Py — P,

where Q is the volumetric flow rate of dry Ny; A is the area of the
membrane; Pr is the total pressure of the methanol vapor/gas
mixture (1 bar); Py is the vapor pressure of methanol at the cell
temperature; an, 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
M,y is the molecular weight of ethanol.

w
Flux = gt 2)

3. Results
3.1. Sorption, swelling and proton conductivity

Methanol, ethanol and water sorption isotherms in 1100 EW
H+Nation as functions of solute activity (asejute = (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 pres-
sure; the sorption isotherms are almost independent of

16 1

Solute Uptake (#solute molecules/SO; group)
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Fig. 1. Methanol, ethanol and water sorption isotherms in 1100 EW H-+-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, asoiyte < 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 deter-
mined by taking the difference between the volume of alcohol
sorbed and the volume change of the polymer after alcohol sorp-
tion [24], and is given by Eq. (3),

[(1 +e’—(1 +eo)3}EW

APNafion

(3)

AVmixing =

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

APNafionM Wsolute) (4)

1+e)’= (1 +
( o) EWpsorute

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. AVpixing is highest when the
first solute molecule is absorbed and AVpxing decreases rapidly
until the concentration of solute content reaches 3—4, beyond
which AVpixing decreases towards zero with a much smaller slope.
Zhao et al. correlated the change in AVpxing With the hydration of
solute molecules around the sulfonic acid groups [24]. It was
concluded that the solute content of 3—4 corresponds to the
number of molecules in the first hydration shell. The results re-
ported 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 SOs3 groups and
creation of a void. Adding more alcohol molecules lead to more
efficient packing, which decreases AVpixing. When the first solva-
tion 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 AVyixing 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, gNafion/ethanol > ONafion/methanol > ONafion/
water- At solute activities >0.4 the proton conductivities follow the
opposite trend, ONafion/ethanol < ONafion/methanol < O'Nafion/water- PTOtON
conductivity increased with temperature between 22 °C and 60 °C
for methanol, ethanol and water. Graphs of the proton conductiv-
ities as functions of methanol or ethanol activity and temperature
are provided in the Supplementary material; the proton conduc-
tivities 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 (¢ ),
which is given by the sum of the volume of the sulfonic acid groups
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Fig. 4. Proton conductivity of 1100 EW H--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)).

ppolymerV503 +pNaﬁon‘_/SoluteA(ﬂ’asolute) 3
¢, - EW EW _ (+e°-1+¢o
’ (1+¢)° (1+e)
(5)

The molar volume of the sulfonate group is ~40 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 o(Asorute) = 0o(dy — ¢c)?, where ¢¢ is the
percolation threshold. The lines in Fig. 5 are fits to the conductivity
data at 60 °C. The values of intrinsic conductivity, g, and percola-
tion threshold, ¢, 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 ¢oNafion/
ethanol < 00,Nafion/methanol < 00,Nafion/water. 1N€ 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 — «)) =+
(M(t=0)— M(t — «)), 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 °Cis also shown in
Fig. 6. Methanol sorption into H+-Nafion is slower than methanol

Table 1

Intrinsic conductivities and percolation threshold volume fractions.
Solute Temperature Proton conductivity 0o (S-cm™1) ¢c

(°C) at saturation
(aso]ute = 1) a (S—cm)

Water 60 40+10x 1073 0.57+0.15 0.1
Water 80 70+15x 1073 0.77 £0.20 0.1
Methanol 40 98+3x1073 0.059 +0.012 0.1
Methanol 60 15+4x 1073 0.084 + 0.020 0.1
Ethanol 40 24+10x1073 0.012 +0.004 0.1
Ethanol 60 5+1.5x 1073 0.024 + 0.004 0.1
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Fig. 5. Proton conductivity of EW1100 H-+-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
0(Asolute) = 0o(¢+ — ¢c)? 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 30—60 °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 re-
ported 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

1.2 4
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Fig. 6. Methanol sorption/desorption at 60 °C from 1100 EW H+-Nafion with different
film thicknesses.
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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 um dry thickness), N115 (127 um dry thick-
ness) and N1110 (254 pm 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 = sexp[b x dsoute], 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 pmole-cm™2-min~!

Membrane thickness

112 (51pm)  115(127pm) 1110 (254 um)
Methanol 22 276+23 183+ 12 114+13
Methanol 40 412+33 255+ 27 161+ 11
Methanol 60 642 + 44 413 +41 232423
Ethanol 22 98+8 4315 23+3
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Table 3
Methanol vapor permeation through Nafion.

afeed o1 T(°C) Methanol flux (umol-cm~2-min~1)

Membrane thickness

112 (51 pm) 115 (127 pm) 1110 (254 pm)
0.3 22 9.9+09 5.5+0.7 27+04
0.5 22 29+3 18+1 8.7+14
0.8 22 75+ 11 55+6 29+1
0.3 40 19+3 99+1.0 49+04
0.5 40 45+3 27+4 14+04
0.8 40 158 +18 90+1 56+3
0.3 60 37+3 20+3 9.6+1.3
0.5 60 89+7 49+3 25+3
0.8 60 264 +25 139+5 81+14

temperature and increase exponentially with feed side solute
activity.

4. Discussion

Sorption, proton conductivity, swelling and transport of water in
H-+Nafion have been extensively studied [21,30—36]. We report
here similar measurements for methanol and ethanol to identify
similarities and differences between alcohols and water interacting
with H-+Nafion. 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 H+-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.

12 4
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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 = sexp[b x dsolute]; Pmethanol = 4.4 and
Buwater = 5.6 and Smethanol (22 °C) = 0.012 pmol-cm™2 5™, Sethanol (60 °C) = 0.043 pmol-
cm 257, Syater (22 °C) = 0.028 pmol-cm 25", syyarer (60 °C) = 0.048 umol-cm 25",

4.1. Sorption isotherms

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 Kj is the equilibrium sorption
constant for the first solvation shell, and Kj 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 3—4
times larger than the equilibrium constant for the second solva-
tion shell.

n,o; i m m 1
>oilq i(Koaw) +(Koaw) [ + 1 K1Clw)2} -

. j 1-— K]GW :
S (Koaw)'+(Koaw)™ [m]
Ki =Ko, 1<i<m
' (7)
Ki = K17 n <t

The sorption isotherms and sorption swelling show two differ-
ences 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 Ki; Kjethanol < Kimethanol < Kiwaterr (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
(Vwater = 18 cm3/mol < V pethanot = 40.4 ¢cm3/mol < Vegpanol =
58.3 cm3/mol) 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 re-
ported by Goswami et al. are Owater/teflon = 110°; fwater/nafion = 105°;

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

Solute n Ko Ky

Water (60 °C) 4 4.0 0.97
Water (80 °C) 4 3.7 0.96
Methanol (40 °C) 4 3.8 0.95
Methanol (60 °C) 4 35 0.95
Ethanol (40 °C) 4 3.2 0.92
Ethanol (60 °C) 4 2.8 0.92




Q. Zhao et al. / Polymer 53 (2012) 1267—1276 1273

0methanol/teﬂon =20°; Hmethanol/naﬁon =20° [38]- The surface tension
of water on Teflon is 4.8 x 107> k] m?, while the surface tension of
methanol on Teflon is 1.5 x 10> kj m% Swelling the hydrophilic
domains with alcohols will require less energy than swelling with
water. Additional factors such as hydrogen bonding and the dipole-
dipole 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
¢ ~ 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 expo-
nent 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 semi-
quantitative; 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 hydro-
philic domains, but the conductivity data cannot by itself deter-
mine 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
0.005Scm™! respectively. Above the percolation threshold for
proton conduction (which occurs at solute activity of ~0.2) the
proton conductivity followed the same trend. Proton conductivity
for the three solutes at the same volume fraction follow the trend
that oH. water > OH+,methanol > OH+ ethanol- There are two obvious
contributions to the decrease in proton conductivity with the
alcohols. Firstly, alcohols are less polar than water which is ex-
pected 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 x 107>, 1 x 10~* and
7 x 107> Scm™! respectively. At low solute content the number of

water or alcohol molecules is the same in the first solvation shell.
The larger molar volume of the alcohols results in larger hydro-
philic domains which may facilitate proton transport. Unfortu-
nately 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 tempera-
ture. 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 H+Nafion
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 hydro-
philic 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
H-+Nafion membranes; the pervaporation water flux decreased by
less than a factor of 1.5 when the membrane thickness increased
from 50 to 250 um. Interfacial transport of water across the
membrane/vapor interface at the permeate side has been sug-
gested to cause water pervaporation to be primarily limited by
interfacial transport. In contrast methanol and ethanol pervapora-
tion 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) inter-
facial 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 kfand
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kp are interfacial transport coefficients into and out of the
membrane, D is the diffusivity of solute in the membrane, cy is the
concentration of solute in the membrane at saturation solute
activity and tmembrane iS the membrane thickness.

_ feed feed _ coD feed permeate
flux = ke (asolute - amembrane) = fmembrane (amembrane — O hembrane

membrane solute

_ kp (apermeate _apermeate) (8)

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.
i]{f’(p
{membrane

D
__Co¥ (kf + I<p> + kekp
{membrane

flux =

feed permeate
<asolute —a ) (9)

solute

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 coef-
ficient and interfacial transport coefficients.

az%?ﬁlte _ membrane l +l (10)
(fluX) imiting coD ke kp

Assuming that the diffusivity and interfacial transport coeffi-
cients are not functions of composition, the product coD and the
sum (1/k¢+ 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 (coD = 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
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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.
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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=1/(coD) and intercept=1/kp+ 1/k¢ at the
different temperatures. The interfacial transport resistance at the
liquid membrane interface was assumed to be negligible for per-
vaporation, e.g. ks — o, hence for pervaporation experiments the
intercepts in Fig. 9 are equal to the reciprocal of the interfacial
transport coefficient at the permeate side, 1/k,. The membrane
solute concentration at saturation, cg, was determined from the
sorption isotherms as asoyte — 1. See Figs. 1 and 2 and Eq. (11):
Cowater = 2.5 x 1072 mol/cm?; Co.methanol = 1.3 x 1072 mol/cm?;
C0.ethanol = 0.95 x 1072 mol/cm?>.

_ APNafion
EW[(1 + e(dsome = 1))°~1+ do]

Co (11)

Diffusion coefficients and interfacial transport coefficients from
the pervaporation experiments are summarized in Table 5. The self-
diffusion coefficient for water in 1100 EW H-+Nafion 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 consid-
ering the assumption made here of uniform diffusivity in the
membrane.

The diffusion coefficients follow the trend that diffusivity
decreases with increasing molar volume: Dyater > Dmetha-
nol > Dethanol- The results for methanol and water both show that
diffusivity increases with increasing temperature. The interfacial
mass transport coefficients (kp) increase with increasing tempera-
ture for both methanol and water. The interfacial transport coeffi-
cients for methanol and water had similar values at the same

Table 5

Diffusivity and interfacial transport coefficients from pervaporation fluxes.
Solute Temperature Dsolute kp

(°C) (cm?-s~1) x 10° (pmol-cm~2-min~1)°

Methanol 22 52+1.0 440
Methanol 40 72+13 670
Methanol 60 9.7+1.6 1300
Ethanol 22 1.1+£03 380
Water 30 12+6 (4.3)? 700
Water 50 16+8 (8.5)* 1400
Water 70 24+12 (15.5)* 1700

2 Values in parentheses are self-diffusion coefficients from Zhao et al. [24].
P The errors on the k, 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, coD/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, kr = kp. With that assumption the intercept from the plot
of afd /(flux) vs. tmembrane is equal to 2/kp. Fig. 10 plots the
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 temper-
ature were regressed to straight lines where the 1/slope = coD, and
1/intercept =2/kp. coD and k, 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 Solute  Dgoyte k,

(°C) activity  (cm?-s~!) x 108 (ﬁmol—cm’z—min’l)b
Methanol 22 03 033+0.2 270
Methanol 22 0.5 0.67+0.3 390
Methanol 22 0.8 1.6+0.7 380
Methanol 40 03 0.59+0.3 610
Methanol 40 0.5 1.1+05 490
Methanol 40 0.8 3.0+1.2 690
Methanol 60 03 12+0.6 1300
Methanol 60 0.5 1.9+09 1300
Methanol 60 0.8 40+14 1400
Water 30 03 0.74+0.4 (0.38)* 570
Water 30 0.5 1.0+£0.5 (1.1)? 440
Water 30 0.8 1.6+0.8 (2.8)* 570
Water 80 03 1.6+0.8 (1.8)* 1900
Water 80 0.5 2.3+1.1(5.00? 1900
Water 80 0.8 6.4+3.0(12.8)* 1900

@ Values in parentheses are self-diffusion coefficients from Zhao et al. [24].
" The errors on the k, 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 H+Nafion
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
H+Nafion as a function of water and methanol sorption. The
percolation threshold for proton conduction identified in Fig. 5
occurs at A = 3—4 solute molecules per SOz 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 H-+-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 differ-
ences in molar volumes. The key results may be summarized as
follows:

1. Methanol, ethanol and water sorb in Nafion by forming solva-
tion 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
OH-»methanol > OH-p-ethanol)-

(OH 4 water >
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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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