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Abstract

Sorption isotherms, concentration dependent diffusion coefficients and immersion solubilities were determined for water and three
alcohols (methanol, ethanol, propanol) at 328C in acid-form Nafione films. Apparent diffusion coefficients for water from vapor sorption
kinetics exhibit a maximum at low concentrations, are higher for desorption than sorption and are below the reported immersion value. This
anomalous behavior is attributed to nonisothermal conditions arising from the heat of condensation of water vapor and the time-dependent
volume response to changes in vapor concentration, as well as, mass transfer limitations. To overcome these complications, diffusion
coefficients were determined from steady state permeabilities combined with solubilities. Nominal diffusion coefficients,Dnom, from
boundary layer corrected membrane resistances, exhibited characteristic differences in the magnitude and concentration dependence of
the diffusion coefficient for water and the three alcohols, butDnom for the liquids were far higher than for unit activity vapor. More detailed
corrections for changes in the sweep and carrier vapor concentrations along the sample length and across the boundary layer were carried out
to obtain effective diffusion coefficients,Deff, with improved agreement between vapor and liquid. For water,Deff increases smoothly and
continuously with concentration. For the alcohols,Deff exhibits three distinct regions of differing slope. These comparisons and the marked
solubility increase with small amounts of water in the alcohols, suggest that water interacts more strongly with the sulfonic acid residues,
while the alcohols preferentially solvate the fluoroether side chain and cause structural change which is responsible for the rapidDeff increase
in a narrow concentration range.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polymer membranes which exhibit a high level of water
vapor permeability, but are resistant to permeation by
moderately polar organic molecules are of interest as light
weight, permselective barrier materials. The well known
perfluorosulfonate ionomer, Nafione, was chosen for this
study as a model system because of its extraordinarily high
water permeability with only moderate water uptake, about
20% by weight by immersion at ambient temperature. Since
the mechanism of water transport is related to the inter-
actions with the ionic groups, it was expected that Nafione
might combine the properties of high water vapor perme-
ability with the desired resistance to hazardous organic
chemicals. Nafione is currently employed in a wide variety
of applications [1,2], including electrochemical processes,
fuel cell membranes, coatings for ion selective electrodes,
catalysis and pervaporative separations. The ionomer
consists of a fluorocarbon backbone substituted with a low
molar concentration of fluoroether side groups terminated

with the sulfonic acid residue. Nafione is available as films
of several different thicknesses, however, most published
studies have employed Nafione 117, a 178mm film with
an equivalent weight of 1100 g. This corresponds to substi-
tution with one fluoroether-sulfonic acid side-chain for
thirteen CF2 groups whereby the side-chain amounts to
33% by weight of the polymer.

The main structural features of Nafione arise from the
incompatibility of the ion containing fluoroether side group
and the nonpolar fluorocarbon backbone. The models of
Nafione structure differ in the nature and extent of phase
segregation [3]. Based mainly on small angle X-ray scatter-
ing studies, the early model of Gierke [4,5], proposed that
the sulfonic acid groups were clustered in spherical
domains. The water swollen ionic domains were treated as
inverse micelles, essentially pools of water, and it was
proposed that water and ion transport occurred through
narrow interconnecting, channels. A more disordered
model was developed by Yeager [6], which involved
some intermixing of ionic groups in the interphase between
the fluoroether ligand and the fluorocarbon matrix. This
model also implies that the water and ion transports are
restricted to the ion containing regions but does not impose
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a regular geometric structure on these regions. Thus,
passage through the predominant fluorocarbon regions
would probably occur along random percolation pathways.
The structure of Nafione and the detailed mechanism of
water transport and associated ionic conductivity are still
active areas of research [3,7].

Although there have been several studies of the sorption
and diffusion of water in Nafione, the resulting data on the
concentration dependence of the diffusion coefficient is less
than satisfactory. The most extensive body of data is that of
Morris and Sun [8] from sorption kinetics over a wide range
of vapor concentrations and temperatures. The diffusion
coefficient increases rapidly at low concentrations, but
reaches a maximum at a concentration of about 0.07%
(g/cm3), with a value of about 4× 1027 cm2

=s at 258C.
The authors point out that their results, and other data
cited from the literature, are lower than the value of 1:7 ×
1026 cm2

=s at 258C from measurements by liquid immer-
sion determined in Eisenberg’s laboratory [9]. Solvent self-
diffusion coefficients of water in Nafione, obtained by pulse
field gradient NMR [10], also exhibited a maximum at a
concentration of 0.07% when converted to “chemical” diffu-
sion coefficients. These results are an order of magnitude
higher than the Morris and Sun data at equivalent concen-
trations. At present there does not appear to be agreement on
the magnitude or the concentration dependence of the diffu-
sion coefficient for water in Nafione.

While the interactions of water with Nafione have been
the subject of extensive study, the interactions of liquids,
other than water, have received much less attention. Despite
its highly fluorinated composition, Nafione can undergo
high levels of swelling in many organic solvents [11].
Nafione has been dissolved in alcohol and alcohol/water
mixtures for the purpose of coating electrodes [12] and for
characterization by solution NMR [13]. A systematic study
by Yeo on the swelling of Nafione with various hydrogen
bonding solvents provided evidence of two swelling
maxima at widely separated solubility parameters [14].
This was interpreted as indicating the selective solvation
of regions of differing polarity. There have also been studies
of the interactions of alcohols and some other organic
liquids with Nafione as part of work on the pervaporative
separation of water–alcohol mixtures [15] and the removal
of trace water from nonswelling organic liquids [16].

The goal of the present work with Nafione is to achieve
an understanding of the factors controlling permeability and
permselectivity. To this end, it was considered necessary to
pursue a fundamental characterization of the transport beha-
vior. Both sorption and permeation measurements were
conducted over a range of vapor activities to determine
sorption isotherms and concentration dependent diffusion
coefficients. The experimental approach involved the devel-
opment of flow methods for determining the transport para-
meters, in preference to the more traditional vacuum system
approaches. Flow methods offer the advantage of working at
atmospheric pressure with rather simple and versatile equip-

ment for the permeation measurements, especially in the
design of the cell and the vapor source. Additional advan-
tages are the ability to accommodate the dimensional
changes of the membrane in response to the change in
vapor concentration and to carry out permeation measure-
ments with liquid as well as vapor.

Nafione exhibits high permeabilities and appreciable
membrane swelling with water and the alcohols. Under
these conditions, there are various time dependent processes
that complicate the analysis of the kinetics to obtain funda-
mental transport parameters. Therefore, the work reported
here emphasizes the determination of diffusion coefficients
from steady state permeabilities combined with solubilities
from equilibrium vapor sorption measurements. However,
due to the high permeation rates, corrections are required for
the gas phase boundary layer resistance to arrive at accurate
values of the diffusion coefficient [17]. Two methods are
considered for correcting the boundary layer resistance:
the first involves a simple correction for the boundary
layer resistance to obtain nominal diffusion coefficients
(Dnom); and the second involves more extensive corrections
to obtain an effective diffusion coefficient (Deff). Since the
analysis and experimental procedures are treated in detail
elsewhere [18], these topics are addressed only briefly in
this paper. The emphasis is on the experimental results
obtained for the Nafione films with water and several
alcohols.

2. Experimental details

2.1. Materials

Nafione films (DuPont) in three thicknesses, 51mm
(Nafione 112), 127mm (Nafione 115) and 178mm
(Nafione 117) were obtained from CG Processing,
Inc. Although there is some evidence that the history
of the sample can affect the structure and the properties
of Nafione, a standardized method for the pretreat-
ment of samples prior to study has yet to be adopted
[3]. In most cases the samples for the present work
were used without additional treatment. The neglect of
an acid treatment to ensure complete conversion to the
acid form might leave a small amount of alkali metal
counterions, which are reported to reduce the solubility
of water and alcohols in Nafione [19]. In work to be
reported in a later publication it was found that as much
as 8% of low molecular weight polymer could be
leached out in strongly swelling alcohol/water mixtures,
to yield a film which exhibits a lower permeation rate
for water. Due to difficulty in obtaining highly reprodu-
cible data with water, some of the 178mm permeation
samples were treated with aqua regia, as noted in
Section 3.6. The diffusion coefficients were similar to
values obtained with the untreated samples, but were
more self-consistent in repeated runs.
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Reagent grade alcohols (methanol, ethanol, 1-propanol),
were used without further purification. However, after
discovering that trace amounts of water greatly increased
the solubility of the alcohols in Nafione, measurements
were carried out with carefully dried solvents and with
molecular sieve 3A layered in the bottom of the screw
capped vials used to determine immersion solubilities.
Solubilities were determined at several temperatures by
incubating the vials in a temperature-controlled bath. The
samples were blot dried and transferred to a tared weighing
bottle for weighing. Although a stable value was obtained
within 1 h, the determinations were repeated over several
additional time intervals. No differences were found at 20
and 328C, the two temperatures important to the present
study. The solubilities in Nafione 117 are as follows:
water, 22.0 g/g; methanol, 49.2 g/g; ethanol 45.0 g/g; propa-
nol 48.6 g/g. Values for the alcohols are lower than those
reported by Yeo: methanol, 54 g/g; ethanol 50 g/g; propanol
55 g/g, probably due to his use of liquids that were not
completely free of water, as well as possible differences in
the composition of the polymer which he used [11].

2.2. Flow permeation and sorption methods

The flow permeation and sorption methods are only
briefly summarized here, since most aspects have been
treated elsewhere [18,20,21]. Permeation measurements
were carried out with carrier and sweep flow rates of
1000 ml/min (1660 cm/min) and an exposed sample area
of 6.0E–04 m2 �0:75× 1:25 in:� Solvent vapor was gener-
ated by a bubbler or series of bubblers, located with the
sample cell in an air thermostat at 328C. The required
concentrations were produced by the mixing ratio between
the saturated vapor stream from the bubbler and the dilution
nitrogen gas stream, as set by mass flow controllers.
Permeate concentrations were monitored by a thermal
conductivity-based auto sampling analyzer (Micro Sensor
Technologies, Inc., now Hewlett–Packard Co.). Samples

were usually presoaked briefly in methanol or water and
dried while clamped in the cell, with the goal of reducing
expansion and membrane deformation at higher vapor
concentrations or with liquid exposure. Since the drying
step usually caused some thinning of the exposed sample
area, the thickness of the dry membrane measured after the
run was used in the subsequent calculations. Boundary layer
resistances for water and the alcohols were determined from
measurements at two vapor activities with single and
multiple stacked layers of a microporous Teflon film. The
boundary layer resistance was taken as the intercept at zero
film thickness.

Sorption isotherms were determined with a Cahn 2000D
microbalance, which was controlled by a computer interface
and software developed by Hiden Analytical. The computer
program automatically proceeds through a preset series of
vapor concentrations and acquires data for the weight,
temperature and gas flow rates as a function of time. Solvent
vapor at the required concentrations was generated by active
control of the mixing ratio between the saturated vapor
stream from the bubbler and the dilution gas stream at a
total flow rate of 500 ml/min. The bubbler was thermo-
statted by immersion in a circulating refrigeration bath at
20 or 328C. The sample was suspended inside a thermo-
statted, water jacketed chamber, maintained at 20 or 328C
and the entire assembly was housed in a cabinet for protec-
tion from drafts. The samples were usually dried in a 958C
oven for a preliminary weighing, and then suspended on the
balance and dried overnight in a flowing stream of dry nitro-
gen gas before starting the run.

3. Experimental results

3.1. Sorption kinetics

For low resistance membranes there are two effects which
complicate the determination of diffusion coefficients from
the rate of approach to equilibrium. First, there are limita-
tions imposed by the rate of vapor transfer across the bound-
ary layer [22] and second, with water as well as the alcohols,
there are nonisothermal conditions, due to the temperature
transients accompanying sorption and desorption of vapor
[23–25]. Nonetheless, it was expected that the kinetics
would provide at least a qualitative indication of the trend
in the diffusion coefficient with changing concentration. An
example of the sorption kinetics for the 178mm film over
the range of activities, 0.4 to 0.98, appears in Fig. 1. The
sorption rate decreases dramatically with increasing concen-
tration. In addition, the sorption kinetics are decidedly
nonFickian, since the fractional weight gain against the
square root of time shows “S” shaped curvature. If sorption
were Fickian, the initial 60% or more of the fractional
weight change would be linear with the square root of
time, even if the diffusion coefficient were a function of
concentration [26].
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Fig. 1. Incremental sorption kinetics showing progressive decrease in rate
with increasing vapor concentration. Water vapor activities for curves from
left to right; 0.40, 0.60, 0.70, 0.80, 0.90, 0.95, 0.98.



A further complication of the present data is that the
desorption rates are generally higher than sorption rates,
in comparisons over a fixed concentration interval. This
was also noted by Morris and Sun, and by others for water
vapor sorption in Nafione. For Fickian diffusion, this
implies that the diffusion coefficient decreases with concen-
tration [26]. However, even at low concentrations where the
apparent diffusion coefficient increases with concentration
(Fig. 2), desorption is also faster than sorption. Approximate
diffusion coefficients can be calculated from the half-time
relation [26,27]:

D � 0:0492L2

t1=2
�1�

where t1/2 is the time in seconds to reach one-half of the
equilibrium weight gain andL is the thickness in centi-
meters. For the initial step, from an activity of 0–0.05
(0.8% g/g), the apparent diffusion coefficient on sorption
is 7:7 × 1029 and 2:6 × 1028 cm2

=s on desorption. The
cross-over point, where the sorption rate begins to decrease
with increasing concentration, occurs above an activity of
about 0.40, but desorption rates faster than sorption are
observed over the entire range of measurements.

Further evidence of nonFickian behavior was provided by
a comparison of the sorption kinetics for water vapor carried
out on a 178mm and on a 356mm, two layer film. The rate
of sorption against the reduced time coordinate,t1/2/L,
should be independent of thickness. However, the sorption
rate on the reduced time scale was much faster for the
356mm than the 178mm film at the various vapor concen-
trations. As an example, at an activity of 0.5, the apparent
diffusion coefficient from the half-time relation, was 8:98×
1028 for the 178mm film and 1:67× 1027 for the 356mm
film.

Under vacuum conditions, where boundary layer transfer
is not a problem, nonFickian behavior is generally a result of
diffusion coupled with a relaxation process. The possible

relaxation processes include a temperature transient and a
physical relaxation. Temperature transients occurring
during the sorption and desorption of water, are well estab-
lished in the literature [23,25] and there is increasing
evidence for similar phenomena with organic vapors as
well [28,29]. The effects include “S” shaped kinetics, sorp-
tion or desorption rates that decrease with increasing
concentration and rates which increase with thickness on a
thickness reduced time scale. However, the limitations of
vapor transfer across the boundary layer can also produce
anomalies, as shown by a solution to the diffusion equation
under these conditions [22]. Since, the kinetics is coupled
with both nonisothermal and boundary layer effects reliable
diffusion coefficients cannot be obtained from the kinetic
data.

An explanation for desorption rates faster than sorption
rates requires that the nature of the nonisothermal effects on
diffusion be considered in more detail. On sorption, there is
an increase in temperature, due to the heat of condensation
of the vapor, which has the effect of lowering the vapor
activity relative to the higher membrane temperature, there-
fore, decreasing the sorption rate. On desorption, the
decrease in membrane temperature will equal the increase
on sorption. The lower membrane temperature, compared to
the vapor, will have the effect of increasing the vapor
activity, thereby slowing the desorption rate. There will be
little direct effect of these temperature variations on the
diffusion coefficient, due to the low activation energy of
diffusion [9]. Since, the rates of sorption and desorption
will be coupled with the relaxation of the temperature excur-
sion and will be very nearly equal, another explanation must
be found for desorption rates that are faster than sorption
rates. The behavior is best explained by a slow volume
relaxation in response to the change in vapor concentration.
Relaxation processes can lead to nonFickian sorption curves
under more severe conditions [30,31] and may contribute to
the nonFickian behavior with the alcohols, which reach
higher swelling ratios than water. The elevated desorption
rates are due to the excess free volume from the preceding
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Fig. 2. Incremental sorption kinetics showing increase in rate at low vapor
activities. Water vapor activities for curves from right to left; 0.05, 0.10,
0.40.

Fig. 3. Water vapor sorption, desorption kinetics, activity 0.8 to 0.9, illus-
trating the slow approach to equilibrium.



higher solvent concentration. In precise sorption and
desorption runs, this relaxation process can be observed
directly as a slow final approach to equilibrium (Fig. 3).
However, given sufficient time there does not appear to be
irrecoverable effects from the exposure to water vapor. The
generally observed decrease in the sorption rate with
increasing concentration is due to nonisothermal conditions
and to the increasing upward curvature of the sorption
isotherm at activities approaching saturation.

With the alcohols, some of the features observed in the
sorption kinetics with water are also present, but there are
important differences. The rate of sorption with ethanol is
much lower than with water and the kinetics do not show the
pronounced “S” shaped curvature seen with water (Fig. 4)
The diffusion coefficient goes through a maximum at

0.12–0.14 g/g. At the lower concentrations, the diffusion
coefficient on desorption is higher than on sorption, but
with increasing concentration the difference gradually
diminishes and the two values merge at about 0.18 g/g. As
with water, these effects can be attributed to temperature
transients and relaxation behavior. Although the heat of
vaporization is substantially less than that of water, the
sorption isotherm is much steeper. This can result in a larger
weight change for a given temperature change at the higher
vapor activities and is responsible for the decreasing diffu-
sion coefficient for ethanol with increasing concentration.
The behavior with methanol and propanol is qualitatively
similar to that of ethanol.

3.2. Sorption isotherms

The sorption isotherm for water at 208C is shown in Fig. 5
along with other data from the literature [8,10,32]. The filled
points represent the present experimental data, the final
point is the immersion solubility and the continuous line
represents the least squares third-order polynomial fit to
this data. The sorption isotherm is characteristic of a swel-
ling solvent, with an extended region of gradually increas-
ing slope that turns more steeply concave upward above an
activity of about 0.7. At the origin, the isotherm starts with a
higher initial slope that levels off at an activity of 0.2, corre-
sponding to a weight uptake of 0.03 g/g. As shown in Fig. 5,
the present isotherm is in general agreement with published
results from two laboratories, but much higher than the
results of Zawodzinski et al. [10]. There is some indication
that the solubilities at low activities in the published data are
somewhat higher than the present values, suggesting an
even higher initial slope. The high initial slope is in keeping
with the higher hydration energy of the first 8% of water
required to fill the sulfonic acid hydration shell [33].
Limited measurements were also made at 328C in the
present study. Like the immersion measurements, the sorp-
tion isotherm determined at 328C essentially duplicated that
determined at 208C.

The sorption isotherms for the alcohols, are collected in
Fig. 6 together with a comparison of the isotherm for water.
The continuous line represents the third order polynomial
fit, which provides a good representation of the data over
most of the activity range but falls five percent below the
immersion value for propanol. The isotherms show some
distinctive and unexpected features. Despite the near iden-
tical saturation concentrations, the solubilities differ over
most of the range of vapor activities, decreasing in the
order propanol, ethanol and methanol. This is the reverse
of the order that would be expected if the solubilities were
strongly influenced by the hydrogen bonding capacity of the
alcohols. Since the solubilities are lowest for methanol,
the curve representing the sorption isotherm must cross
the isotherms for the other two alcohols to meet the satura-
tion concentration, which is nearly the same as that of
propanol. In other respects these isotherms resemble that
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Fig. 4. Desorption kinetics, ethanol vapor, activity 0.7 showing absence of
extended approach to equilibrium.

Fig. 5. Comparison of sorption isotherms for water. Starting with the high-
est points; open boxes [32]; open triangles [8]; filled diamonds, this work;
open diamonds [10].



of water. There is an extended region of gradually increas-
ing slope, but with a more marked upturn at high activities,
consistent with the more than two-fold higher solubility.
There are qualitative differences between the isotherms
for water and for propanol and ethanol at the lower
activities, where the alcohol concentration is already about
twenty percent of the saturation value at an activity of 0.1.
Even though data is absent below this activity, the weight
uptake must increase rapidly from the origin to meet the first
experimental point. The weight uptake of 0.102 and 0.087 g/
g for propanol and ethanol at activity 0.1, corresponds to
about two molecules per sulfonic acid residue, far lower
than the hydration shell of five for water. The initial slope
of the isotherm for methanol is lower than that of the two
other alcohols and somewhat closer to that of water.

3.3. Permeation kinetics

Where time dependent effects are absent, the diffusion
coefficient can be determined directly from the permeation
rate without requiring a knowledge of the solubility

[27,34,35]. Special precautions are required with water,
even with vacuum permeation measurements [25]. Addi-
tionally, the solubility, in the form of the concentration
gradient, can be determined from the ratio of the steady
state permeability to the diffusion coefficient. The kineti-
cally determined concentration gradient in a heterogenous
system incorporates the dependence on the accessible
volume fraction and tortuosity. Comparison with the equi-
librium solubility from the sorption isotherm should provide
a measure of the concentration-scaling factor due to the
impermeable fluorocarbon fraction. However, the limita-
tions affecting the determination of diffusion coefficients
from the sorption kinetics also apply to the permeation
kinetics, particularly the problems of boundary layer trans-
fer and the temperature transients arising on sorption or
desorption of the vapor. Examples of directly measured
temperature changes which accompany step changes in
water vapor activity are provided elsewhere [18].

To reduce the boundary layer and nonisothermal
problems with water, in one experiment the time scale for
diffusion was increased by using four layers of the 178mm
Nafione film. Nonetheless, there was evidence of
nonFickian behavior, in the slow approach to steady state
when compared to the theoretical permeation kinetics for
the coefficient diffusion. As an example, at a water vapor
activity of 0.7 the best fit of the theory [34] to the experi-
mental kinetics gave a diffusion coefficient of 4:3 ×
1027 cm2

=s and a corresponding solubility of 0.16 g/g. The
diffusion coefficient is about half that determined from steady
state measurements, discussed below, and the kinetically
determined solubility is about 60% higher than the value
from sorption equilibrium. However, it is not possible to
accept this difference in solubilities as a measure of the
increased concentration in the accessible fraction of Nafione,
due to the expected nonisothermal and the relaxation effects
on the diffusion coefficient from the permeation kinetics.

3.4. Steady state permeation; nominal diffusion coefficients

The flux of ethanol in the films of three different thick-
nesses as a function of vapor activity is shown in Fig. 7. The
use of vapor activity rather than the usual units of membrane
concentration provides a perspective about the data in its
original form, since the permeation runs are set up in terms
of a series of vapor activities. The flux increases continu-
ously as a function of activity with a gradual concave
upward curvature. The curves for the three different films
are similar, well separated, and in the expected order. Note
that there are two values at unit activity, the lower for the
vapor and the higher point for the liquid. The flux for liquid
in the 127mm film is off scale at a value of 2:8 ×
1024 kg=s m2

: One of the challenges of the data analysis is
to develop a reasonable correlation for the flux at unit
activity vapor and the much higher flux that occurs with
the liquid. The results for the other alcohols and water are
similar, except for the differences in the magnitude and
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Fig. 6. Sorption isotherms, water and alcohols. Starting with the highest
curve; open diamonds, propanol; filled diamonds, ethanol, open triangles,
methanol; filled triangles, water.

Fig. 7. Flux versus activity for three sample thicknesses, ethanol vapor and
liquid. Original 127, 178 and 356mm. Adjusted thicknesses 106.7, 175.3
and 284.5mm.



slope of the flux versus activity, which is highest for water
and lowest for propanol.

The measured permeability can be characterized by a
resistance which is determined by the ratio of the gas
phase concentration driving force to the flux (Eq. (2)):

R� DC
J

�2�

When the flux,J, is in units of kg/m2/s andDC in units of
kg/m3, R has units of s/m. The measured resistance is the
sum of the boundary layer resistance and the membrane
resistance. If the membrane resistance is very high
compared to the boundary layer resistance, the correction
for the boundary layer resistance can be neglected and, in
practice, is often neglected even when this condition is not
strictly met. However, for conditions of high membrane
permeability, an improved approximation to a concentration
dependent diffusion coefficient can be obtained by subtract-
ing the boundary layer resistance from the measured
resistance to obtain a value for the membrane resistance.
The membrane resistance is converted to an adjusted flux

using Eq. (2), and the diffusion coefficientD (cm2/s) is
calculated from Fick’s law relation, Eq. (3). HereDC is
the concentration gradient in the membrane, determined
from the sorption isotherm and L is the membrane thickness.

J � D
DC
L

�3�

Since the concentration defined by the sorption isotherm
is a nominal concentration, corresponding to the set vapor
activity, the diffusion coefficient from this procedure is
referred to as a nominal diffusion coefficient,Dnom. Table
1 presents a selection of characteristic permeation data for
water and the three alcohols, including the ratio of boundary
layer to total resistance for different conditions. The
comparisons indicate that the boundary layer resistance is
an appreciable fraction of the measured resistance, particu-
larly for the thinner films and for the higher vapor activities.

Values ofDnom for ethanol in Fig. 8, exhibit an unusual
trend with concentration, common to all three sample thick-
nesses.Dnom increases rapidly at a concentration of about
0.2 g/cm3, but levels off above 0.4 g/cm3 to a nearly concen-
tration independent plateau. There is also an indication of a
transition to a region of very low slope forDnomat the lowest
concentrations. This structure in the concentration depen-
dence of the diffusion coefficient contrasts with the smooth
increase in diffusion coefficient for swelling solvents in
nonphase segregated elastomers. The values ofDnom for
liquid ethanol are higher than for the unit activity vapor,
an indication of the limitation of this simple analysis. The
curves for the three different thicknesses samples are in
reasonable agreement, supporting the assumption of Fickian
behavior. The small differences with film thickness could be
due to any of several factors, but evidence to be presented
later indicates that the sample properties may not be
identical. Although not shown, the concentration depen-
dence of Dnom for methanol and propanol is similar to
the pattern for ethanol. The concentration dependence of
Dnom for water also exhibits some similarities to ethanol
(see Fig. 11). The diffusion coefficient increases rapidly at
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Table 1
Comparison of results from steady state permeation

P/Po Flux (kg/s m2) Resistance (s/m) Ratio (Rbl/Rt) (%)a

Water, 356mm 0.4 9:65× 1026 834 11.6
Rbl � 97 s=m 1.0 2:82× 1026 244 39.8

Liquid 1:18× 1026 102 95.1
Methanol, 127mm 0.5 1:80× 1025 1560 8.7
Rbl � 135 s=m 1.0 7:81× 1026 675 20.0

Liquid 4:17× 1026 360 37.5
Ethanol, 178mm 0.2 1:19× 1024 10265 1.4
Rbl � 146 s=m 1.0 1:90× 1025 1645 8.9

Liquid 1:32× 1025 1164 12.5
Propanol, 127mm 0.2 7:69× 1025 6646 3.5
Rbl � 233 s=m 1.0 1:79× 1025 1550 15.1

Liquid 1:05× 1025 923 25.3

a Ratio of boundary layer resistance to total resistance.

Fig. 8.Dnom versus concentration, ethanol vapor and liquid for three sample
thicknesses: original 127, 178 and 356mm; adjusted thicknesses 106.7,
175.3 and 284.5mm.



concentrations above 0.06 g/cm3 and appears to nearly level
out above a concentration of about 0.25 g/cm3. There are
two widely separated values ofDnom at the final concentra-
tion of 0.43 g/cm3, which correspond to the unit activity
vapor and the liquid. It is to be noted that the plateau values
of Dnom for water are about seven-fold higher than the
plateau values for ethanol. It will be shown in the later,
more detailed analysis that the similarities between the
concentration dependence ofDnom for water and ethanol
are a consequence of the limitations of the present analysis
at the much higher permeation rates of water. Despite these
limitations, the distinctive “S” shaped concentration depen-
dence ofDnom, for ethanol will prove to be characteristic for
the three alcohols, although not for water.

3.5. Steady state permeation: analysis for effective diffusion
coefficients

In proceeding to a more accurate treatment of the permea-
tion data it is necessary to apply two types of correction. The
procedure is presented in detail elsewhere [18] so that only a
brief description of the process is given here. First, there is a

correction for the depletion of the vapor concentration from
the carrier stream and for the accumulation of vapor in the
sweep stream with flow along the length of the sample.
Second, there is an important correction for the change in
gas phase concentration across the boundary layer resis-
tance which determines the vapor concentration at the
membrane surface [36]. The surface vapor concentration
is converted to a concentration difference across the
membraneDC, at the inlet and outlet ends of the membrane
using a polynomial fit to the sorption isotherm. The inlet and
outlet concentration differences are subjected to a log
normal average:

DC � �DCin 2 DCout�=Ln �DCin=DCout� �4�
DC is treated as the effective concentration corresponding to
the set vapor activity.

The diffusion coefficient is calculated as the ratio of the
measured flux to the effective concentration gradientDC=L:
The resulting value is adjusted for the change in thickness
due to solvent swelling, assuming that all swelling occurs in
the thickness direction, since the membrane is clamped on
its periphery. The swelling concentration is taken as one half
the sum ofDC and the concentration at the lower membrane
surface, which is equivalent to the assumption of a linear
concentration gradient in the membrane. The resulting value
is an effective diffusion coefficient,Deff, which corresponds
to an average over the concentration difference between the
upper and lower membrane surfaces:

�D � 1
C1 2 C2

ZC1

C2

D�C� dC �5�

If C1 is zero, thenDeff can be treated as a function solely of
the upper surface membrane concentration. Since the down-
stream membrane concentration is not zero,Deff is plotted at
an adjusted concentration, which is the sum ofDC and one
half the concentration at the lower membrane surface. In
addition, a correction could be applied to adjust theDeff

values at different concentrations to the same downstream
concentration, ideally zero. Although the data has not been
adjusted in this fashion, it will be seen that the resulting
values of Deff provide a consistent representation of the
diffusion coefficient, in terms of both the concentration
dependence and relative magnitude for the different liquids.

3.6. Steady state permeation: comparison of effective
diffusion coefficients

Values ofDeff as a function of concentration appear in
Fig. 9 for ethanol in the three different thickness Nafione
films. The results indicate the effect of the corrections for
the concentration changes across the boundary layer resis-
tance. The corrections are greatest for the 127mm film, due
to the higher flux which results in larger concentration
changes across the boundary layer resistance. The main
feature which appears inDnom, the rapid increase in the
concentration interval, 0.2–0.4 g/cm3, is also prominent in
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Fig. 9.Deff versus concentration, ethanol vapor and liquid for three sample
thicknesses: original 127, 178 and 356mm; adjusted thicknesses 106.7,
175.3 and 284.5mm.

Fig. 10. Deff versus concentration, propanol vapor and liquid for three
sample thicknesses: original 51, 127 and 178mm; adjusted thicknesses,
1.85, 4.20 and 6.25mm.



theDeff values. However, there is now a pronounced positive
slope rather than a plateau at higher concentrations. This is
due to the fact that the values ofDeff are higher thanDnomand
shifted to lower concentrations for equal vapor activities.
The values ofDeff for the liquid are still higher than values
for the vapor at unit activity but the results for the two
thinner films appear to follow a consistent trend of a
smoothly increasing slope. There is still an unresolved
problem with the results for the thickest film, which lie
well below the other values and for which there is a larger
difference between the unit activity vapor and liquid.
Since the values ofDnom for this sample are also lower
than for the other two films, the difficulty probably
resides in the original data rather than the analysis. The
results for propanol, plotted in Fig. 10, show the same
main features as the ethanol data. In this case there is closer
agreement inDeff for the films of three thicknesses, however,
there is a somewhat greater difference between the values of
Deff for the vapor and liquid than with ethanol. There is
reason to believe that this increase in the slope ofDeff is
reliable since this does not occur with water, which is the

most severe test of the boundary layer corrections (see
Table 1).

A useful comparison can be made of the values ofDeff for
ethanol with apparent diffusion coefficients from sorption
kinetics at the lowest concentrations, where nonisothermal
effects are minimal. At a concentration of 10.6%,Deff is
4:2 × 1028 cm2

=s; which is equal to the average of the
values from the sorption and desorption kinetics at this
concentration. At the next higher concentration, which is
at the maximum in the sorption kinetics,Deff is about 30%
higher than the desorption value from the kinetics. The
correspondence between the two methods, although limited,
provides support for the magnitude ofDeff values at the low
concentrations. In the measurements with water, there was
difficulty in reproducing the data for the liquid, which is a
critical value, due to the effect of the low membrane resis-
tance in limiting the accessible range of concentrations. The
usual method of sample conditioning, in which the sample
was briefly presoaked in methanol or water and dried while
clamped in the cell, resulted in the sample buckling at the
highest vapor activities, as well as with liquid water. To
avoid this problem, the sample was installed wet and the
upper surface was supplied with water while the bottom
surface was swept with dry nitrogen in the approach to
steady state. When removed from the cell, the sample was
flat and after drying the thickness was close to the original
value. This method provided good reproducibility in four
repeat measurements on 178mm films with liquid water,
each with a new sample.

The results of the run with two layers of 178mm, aqua
regia treated film appear in Fig. 11. TheDeff values are a
strongly increasing function of concentration and appear to
merge smoothly with the value for liquid water. However, it
is not possible to completely rule out thatDeff could follow a
lower slope between the unit activity vapor and the liquid. If
this possibility is ignored, the data can be conveniently fitted
by a third-order polynomial, represented by the continuous
curve in Fig. 11. Although, the curve approaches an inter-
cept on the concentration axis at five percent, which would
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Fig. 11. Diffusion coefficients versus concentration for water: open trian-
gles,Dnom, two layer 178mm film; filled diamonds,Deff, two layer 178mm
film; crosses,Deff, multilayer 178mm films, vapor activity 0.8.

Table 2
Calculation of effective diffusion coefficients

P/Po Flux (g cm/s cm2) Long mean conc. (g/ml) D (cm2/s) Eff. conc. (g/ml)a Deff adj. thick (cm2/s)b

0.2 7:39× 1029 0.059 1:26× 1027 0.062 1:29× 1027

0.3 2:80× 1028 0.073 3:86× 1027 0.079 4:02× 1027

0.4 5:60× 1028 0.083 6:74× 1027 0.093 7:05× 1027

0.5 9:23× 1028 0.094 9:86× 1027 0.108 1:04× 1026

0.6 1:43× 1027 0.105 1:36× 1026 0.124 1:45× 1026

0.7 2:00× 1027 0.119 1:68× 1026 0.144 1:80× 1026

0.8 2:63× 1027 0.139 1:88× 1026 0.169 2:04× 1026

0.9 3:41× 1027 0.162 2:11× 1026 0.197 2:31× 1026

1.0 4:35× 1027 0.185 2:35× 1026 0.226 2:62× 1026

Liquid 1:00× 1026 0.327 3:07× 1026 0.420 3:72× 1026

a The effective concentration is taken as the log mean conmcentration plus one-half the lower surface membrane concentration.
b The thickness correction assumes that the average memberane concentration is one-half the sum of the log mean concentration and the lower surface

membrane concentration and that all swelling occurs in the thickness direrction in the clamped sample.



correspond to about two water molecules per sulfonic acid,
the limited data at the lowest concentrations appears to
continue at a much lower slope, similar to the behavior
for ethanol. With the high heat of vaporization for water,
there is the possibility of a temperature gradient across the
membrane at steady state. The calculation is easily carried
out for the steady state conditions and was found to be
insignificant for the film thickness used in this run. A direct
comparison ofDeff with Dnom values, open points, indicates
the striking difference that is produced by the more detailed
boundary layer corrections. In view of the importance of the
diffusion data for water in Nafione, the related values are
provided in Table 2.

3.7. Steady state permeation: tests of thickness dependence

A series of measurements was made on multilayer
178mm films, used as received, with water vapor at activity
of 0.5 and 0.8, to test the applicability of the thickness
scaling of the permeation rate, and also test for inherent
differences in the samples of different thickness. The results
of a set of measurements at activity 0.8 on multilayer
178mm film samples, from one to four layers, is represented
by the crosses in Fig. 11. The multilayer values increase
progressively with increasing thickness, due to the progres-
sively smaller change in vapor concentration across the
boundary layer with increasing membrane resistance. The
set of four points fall parallel to the values forDeff with
the two-layer sample, but offset to higher values by about
20%. The results for the other film thicknesses also follow a
similar trend of increasingDeff values with increasing thick-
ness, validating the assumption of linear scaling of the
steady state permeation rate with thickness, as required by
Fick’s law behavior. Although the results for the 178mm
films were only slightly lower than the values for the
127mm films, theDeff values for the 51mm films at activity
0.5 and 0.8 were much lower. This suggests that there is a
difference in the film properties, probably associated with
the diffusion coefficient for the 51mm film, since the
immersion solubility was the same in all three films. In

contrast to these results with water, the data for propanol
in Fig. 10 show good agreement for the 51 and 127mm films
while the data for the 178mm film is somewhat lower.

3.8. Steady state permeation: additional diffusion coefficient
comparisons

A comparison of the results for water and the alcohols
appears in Fig. 12, in a log plot as a function of the solvent
volume fraction. Data for methanol, although limited to the
127mm film, and associated with large values of the flux
and the related corrections, are also included. This compari-
son emphasizes certain similarities, and suggests that there
is a progressive change in the nature of the concentration
dependence for water and the series of alcohols, from
methanol to propanol. A comparison of values ofDeff for
the different solvents can be made in the limited concentra-
tion range at a volume fraction of 0.45, where data for water
and methanol and ethanol overlap, and at a value for propa-
nol just below the change in slope. The values, are approxi-
mately in the ratio of 5.8, 17.1, 3.8, 1.0 for water, methanol,
ethanol, propanol. From simple geometric considerations
the diffusion coefficients might be expected to scale with
the reciprocal of the molecular volumes. Using molecular
volumes based on van der Waals radii, which are close to
the values from density, the product of the diffusion coeffi-
cients and the estimated molecular volumes for water and
for the alcohol is in the ratio of 11.3, 7.8, 2.2, 1.0. These
results show the sensitivity ofDeff to molecular size, and the
selectivity of Nafione for water and, to a lesser extent, for
methanol. The differences are magnified in the low concen-
tration region by the rapid drop off inDeff for the alcohols
compared with the trend for water.

As a test of the validity of the analytical procedure,
comparisons can be made of the diffusion coefficient for
water from the steady state permeation measurements and
immersion values. An immersion value of 2:3 × 1026 cm2

=s
at 328C was determined on a 1270mm film in Eisenberg’s
laboratory [9]. This value compares with a diffusion coeffi-
cient of 1:7 × 1026 cm2

=s at 308C, determined in this work
by sequential vapor permeation measurements on a set of
178mm samples. The value ofDeff determined with liquid
water is 3:86× 1026 cm2

=s: Deff is an average over a concen-
tration range similar to that in the immersion measurement.
However, the immersion value must be corrected for the
time dependent dimensional change accompanying the
water uptake. Assuming that swelling is limited to the thick-
ness direction, and applying the correction factor 1=f2

2;

wheref2 is the volume fraction of polymer [26,27], the
immersion value falls between 3:3 × 1026 and 4:4 ×
1026cm2

=s: The close match of the steady state and the
immersion values is somewhat fortuitous, since the several
underlying approximations are open to question, but at least
the comparison indicates that the two values are of similar
magnitude.

Another interesting comparison can be made betweenDeff
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Fig. 12. Comparison ofDeff versus solvent volume fraction; water and
alcohols: filled square, water; open square, methanol; filled triangle,
ethanol; open triangle, propanol.



and the percolation threshold for conductivity. Nafione is a
proton conductor with a transference number of 2.6 water
molecules per proton and the conductivity exhibits a strong
dependence on water content. The threshold water concen-
tration occurs at a volume fraction of about 0.1, which
corresponds to 0.12 g/cm3 [37]. There is no similar critical
effect at this concentration inDeff, which is already fairly
high, 1:3 × 1026 cm2

=s at this concentration.Deff decreases
smoothly over a range of experimentally determined values
at lower concentrations (see Fig. 11), which extend just past
the apparent intercept of the fitted polynomial at a concen-
tration of about 0.05 g/cm3.

4. Discussion

The primary goal of the present study is to gain an
improved understanding of the transport behavior of water
and alcohols in Nafione by determining sorption isotherms
and concentration dependent diffusion coefficients. Previous
studies on the diffusion of water in Nafione [8,10] found
that the diffusion coefficient goes through a maximum at
low concentrations, is higher on desorption than on sorption
and that the average value is well below the reported immer-
sion value [9]. In the present work it is shown that these
results can be explained by time dependent processes which
are coupled with the diffusion kinetics, and by vapor phase
mass transfer limitations. The relaxation of temperature
transients accompanying the sorption or desorption of
water results in apparent diffusion coefficients that are
lower than the correct values. Since the magnitude of the
nonisothermal effect increases with concentration, due to
the increasing slope of the sorption isotherm, which largely
determines the temperature coefficient of the concentration
change, the diffusion coefficient appears to decrease with
increasing concentration. In addition, a time dependent
volume relaxation is evident in the slow approach to sorp-
tion equilibrium and to steady state permeation. That the
desorption kinetics are faster than the sorption kinetics is
due to the excess free volume introduced at the higher water
content of the prior step in the run. The difficulties intro-
duced by the temperature excursion, the volume relaxation,
and in the case of the flow methods, vapor transfer across the
boundary layer are avoided by determining the diffusion
coefficient from the combination of the steady state permea-
tion rate and equilibrium solubility. The resulting effective
diffusion coefficient,Deff, for water in Nafione increases
monotonically and smoothly over an extended range of
concentrations, which includes the value for liquid water.
The diffusion coefficients at the highest vapor concentra-
tions and for liquid water are consistent with the value
from immersion measurements [9].

This study also indicates the considerable differences in
solubility and diffusion behavior of water and the alcohols.
The difference in the interaction of water and the alcohols
with Nafione is evident in a solubility almost three-fold

greater for the alcohols than water on a volume basis and
in the corresponding differences in the sorption isotherms.
Despite the higher swelling ratio with the alcohols, Nafione
is not soluble in the dry alcohols at elevated temperatures,
whereas mixtures of water and the alcohols are known to
solubilize Nafione at temperatures well above the boiling
point of the mixtures [12]. Also, in work to be reported later,
it is shown that addition of small amounts of water to
alcohols results in a large increase in solvent uptake at
ambient temperature. Some qualitative suggestions can be
made about the specific interactions with Nafione that are
responsible for the differences in the solubility behavior of
water and the alcohols. Spectroscopic studies of Nafione
have shown that the sulfonic acid residues are involved in
strong mutual pair-wise or multiple hydrogen bonding inter-
actions [38,39] which act as effective cross links in the
absence of water, and that water interacts directly with the
sulfonic acid residues. The disruption of the sulfonic acid
hydrogen bonding by water probably contributes to the large
increase in solubility of water–alcohol mixtures. Since
alcohols appear to be less effective than water in competing
with the inter-sulfonic acid hydrogen bonds, the appreciable
solubility of the dry alcohols suggests that these liquids may
be able to solvate the fluoroether rich regions of Nafione.
This solubility could be mediated by hydrogen bonding and
polar interactions with the ether oxygen and, perhaps, also
the fluorine on the unsymmetrically substituted carbon [40].

Another indication of the differences in the interactions of
water and the alcohols with Nafione is provided by
comparisons of the diffusion behavior. The diffusion coeffi-
cient for water resembles the well-documented behavior for
an elastomer, since it is a smoothly increasing function of
concentration [41]. The extrapolation to a near zero value at
a finite concentration is probably due to immobilization of
water by sulfonic acid interactions at very low concentra-
tions. With the alcohols there are three distinct regions of
behavior. At the lowest concentrations, only partly within
the limits of experiment, the values ofDeff are low, in combi-
nation with a low slope.Deff increases rapidly in a narrow
concentration range starting at 0.17–0.2 g/cm3 for ethanol
and somewhat higher for propanol. This is followed by a
semi-plateau region of a much lower slope that increases
more rapidly in the approach to the liquidDeff value. Since
there are indications of strong interactions of water with the
sulfonic acid residues, it is expected that the diffusion of
water would follow ionic pathways that are accessible even
at low water concentrations. If the alcohols interact
primarily with the fluoroether rich regions of Nation, the
diffusion behavior at low concentrations implies that the
alcohols are localized in isolated, polar regions. The marked
increase in diffusion coefficient in a narrow concentration
interval at higher concentrations is consistent with a swel-
ling mediated change in Nafione structure leading to an
increased density of diffusion pathways through the fluoro-
carbon matrix. This view of alcohol induced structural
change is supported by the interactions of alcohols with
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Nafione, summarized above, and by a report that swelling
with ethanol can induce structural changes that persist even
after the Nafione sample is dried and rehydrated [42].

5. Conclusions

An extensive literature exists concerning the solubility
and diffusion coefficient of water in Nafione, with apparent
agreement that the diffusion coefficient of water passes
through a maximum at low concentrations. In contrast the
present analysis of steady state permeation combined with
equilibrium solubility measurements shows that the diffu-
sion coefficient increases monotonically with increasing
concentration. The misleading diffusion coefficients and
other anomalies in the kinetics are due to the failure to
take proper account of nonisothermal conditions, physical
relaxation processes and, in certain cases, vapor phase mass
transfer. Although reliable values of the diffusion coefficient
for water or the alcohols in Nafione cannot be determined
directly from the sorption or permeation kinetics, they can
be obtained from combined steady state permeation and
equilibrium solubility measurements under continuous
flow conditions, with proper attention to corrections for
the boundary layer effects in the permeation measurements.
These corrections assume critical importance for the condi-
tions of low membrane resistance, which are of interest in
this work. The current procedure represents the preferred
approach for assessing the transport parameters for solvents
under conditions of high flux and high swelling, which are
frequently associated with nonideal kinetics due to non-
isothermal conditions and other time dependent effects.

The transport behavior determined for water and the
alcohols in Nafione highlights significant differences both
in the solubility and in the concentration dependence of the
diffusion coefficient, for these two classes of liquids. The
alcohol solubilities are almost three times higher than the
solubility of water (g/cm3) with corresponding differences
in the sorption isotherms, but the addition of small amounts
of water to the alcohols can produce a significant increase in
solubility. For water, the diffusion coefficient follows a
smooth, monotonic increase with concentration, while for
alcohols, the diffusion coefficient undergoes a large increase
in a small concentration range. These differences in the
solubility and diffusion behavior must arise from differences
in the interaction of these two classes of liquids with
Nafione. There is spectroscopic evidence that water inter-
acts specifically with the sulfonic acid residues and disrupts
the inter-sulfonic acid hydrogen bonding. This could
account for the increased solubility of water–alcohol
mixtures. It is suggested in this paper that the high level
of swelling by dry alcohols involves interactions with the
fluoroether side chain, possibly the ether oxygen and the
fluorine of the unsymmetrically substituted carbon, and
that a swelling mediated change in structure is responsible
for the sigmoidal concentration dependent diffusion of the

alcohols. The anomalous diffusion behavior of the alcohols
cannot be treated simply in terms of Fujita free volume
concepts, which apply to a polymer medium of fixed proper-
ties. To gain a fundamental understanding of the differences
in diffusion behavior of water and the alcohols, requires
information derived from complementary studies. Small
angle X-ray measurements of water and ethanol swollen
Nafione [43], as well as, NMR measurements of the solvent
self-diffusion coefficients and the characteristic dimensions
of solvent swollen Nafione [44]. are in progress in other
laboratories. The results of these cooperative studies should
provide the foundation for a more detailed understanding of
the factors controlling the permeability and permselectivity
of Nafione.
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