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Abstract

The self-diffusion coefficient of water in Nafion-117 membrane in different cationic forms was measured by the transient radiotracer method,
which is based on an analytical solution of Fick’s second law. The self-diffusion coefficient of water in the membrane was obtained from
the analysis of time-dependent isotopic-exchange rates of tritium tagged water between sample of Nafion-117 membrane and equilibrating
w radiotracer
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ater. This transient method does not require the knowledge of partition coefficient of water, which is an essential parameter in the
ermeation method. In present work, self-diffusion coefficients of water in the Nafion-117 membrane with H+, Li+, Ag+, Na+, K+, Rb+ and
s+ monovalent counterions were obtained. The values of logarithm of self-diffusion coefficients were found to vary linearly as a fu
olymer volume fraction except for membrane sample with H+ counterions. The self-diffusion coefficient of water in Nafion-117 memb
ith H+ counterions was significantly different from the trend observed in the variation of self-diffusion coefficient of water as a fun
olymer volume fraction in the membrane with other monovalent counterions. This observation seems to suggest that the physic
f Nafion-117 membrane in H+ form may be quite different from the Nafion-117 membrane with other monovalent counterions. T
elf-diffusion coefficient of water (1.67× 10−6 cm2/s) in Nafion-117 membrane with Cs+ counterions indicates that the ionic cluster
afion-117 membrane are well connected even at low water content (8.2 wt.%) in the membrane.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Poly(perfluorosulphonic) acid ionomer is extensively used
s a membrane (Nafion) in numerous applications like poly-
er electrolyte fuel cell, Donnan- and electro-dialysis-based
pplications, and membrane-based chemical sensors[1]. Ac-
ording to the cluster-channel network model of the struc-
ure of water-swollen Nafion membrane, the transport of
ons/species through the membrane is restricted by narrow
hannels (links) between water-swollen ionic clusters[2].
owever, it has been suggested that the water-swollen ionic
luster may not be spherical in shape and there may be
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a local intrusion of fluorocarbon phase in hydrated io
clusters[3]. A three phases sub-microstructure mode
Nafion membrane, consisting of fluorocarbon crystall
ionic hydrophilic clusters and an amorphous hydrop
bic region (with lower ionic and water content) has b
proposed by Yeager and Steck[4] and Pineri et al.[5].
The atomic force microscopic studies of hydrated Na
membrane support the cluster model with a range of
ter size from 5 to 30 nm depending on the water con
[6].

The size of ionic clusters in Nafion membrane va
due to change in water content depending on the c
terions and pretreatment conditions[7–9]. In order to un
derstand the water–polymer and ionic interactions in
Nafion membrane, the various cationic forms of Nafion m
brane with water have been studied by infrared spectros
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[3,10], small angle X-ray scattering[11], differential scan-
ning calorimetry (DSC)[12] and magnetic resonance meth-
ods[13–14]. The small angle neutron scattering studies on
Nafion membrane with different counterions have indicated
that the change of counterions and its concentration lead to a
reversible local reorganization of the ionic clusters[15]. The
change in sub-microstructure of the Nafion on different de-
gree of hydration can alter the mobility of counterions/water
in the membrane significantly[9,16–17]. This is because of
the fact that water in the Nafion membrane not only governs
its sub-microstructure, but also provides a medium where
transport of the certain species (or water itself) takes place.
Zelsmann et al.[18] have studied the self-diffusion coeffi-
cients of water in Nafion membrane using far infrared spec-
troscopy. This study indicates that the change in water dif-
fusion is not due to the plasticization of ionomer chains by
water in Nafion membrane, but to a change in microstructure
depending on the membrane water content. Therefore, the
information about the diffusivity of water is required for un-
derstanding the dependence of elementary mobility of species
in Nafion membrane with different counterions.

The most common methods for measurements of the self-
diffusion coefficients of water in polymer matrix are pulsed-
field-gradient nuclear magnetic resonance spectroscopy
(PFG-NMR) [14,19–22], radiotracer permeation of tritium
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to analyze the variation of self-diffusion coefficient of water
in Nafion membrane in terms of free volume theory[28]. The
results of these analyses are presented in this paper.

2. Experimental

2.1. Material and apparatus

AR grade chemicals (LiCl, NaCl, KCl, RbCl, CsCl and
AgNO3), deionized water (18 M�/cm, Gradient A-10 model,
Milli-Q USA) and AR grade HCl (Merck, Germany) were
used in the present study. Nafion-117 ion-exchange mem-
brane (Aldrich) with an equivalent weight of 1100, and thick-
ness of 178�m was used. As described in our earlier paper
[9], the samples of Nafion-117 were treated to remove organic
impurities, conditioned with 0.5 mol/L HCl and 0.5 mol/L
NaOH, equilibrated with 0.5 mol/L of relevant salt solution
for 18–24 h at room temperature (27◦C) for converting the
membrane into the appropriate ionic form.

2.2. Membrane characterization

The water uptake capacity of the membrane, defined as the
amount of water absorbed per unit dry weight of the mem-
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agged water across the membrane[4,23–25]and change i
eight of the membrane on sorption/desorption of water

he vapor phase[26,27]. The change in weight of membra
s useful for obtaining apparent diffusion coefficients for
er from vapor sorption kinetics. However, the water sorp
inetic and equilibrium data of H+, Li+ and Cs+ forms of the
afion membrane at different water contents seem to su

hat the onset of water-cluster formation depends on the
er content and counterions in the membrane[27]. Thus, the
ethod involving change in weight of membrane on w

orption/desorption may not represent the true self-diffu
oefficient of water in Nafion-117 membrane with differ
ounterions at normal water content. The self-diffusio
ater can be obtained by the radiotracer permeation m

4]. The PFG-NMR has been extensively used for mea
ng the self-diffusion coefficient of water and methano
afion-117 membrane in acid form under different ph

cal conditions prevailing in polymer electrolyte fuel c
20–22].

In present work, we have used a transient radiotr
ethod for measuring the self-diffusion coefficient of

er in Nafion-117 membrane with different counterions. T
ethod is based on the measurement of rate of deso
f tritium tagged water from Nafion membrane into equ
rating water by monitoring the radioactivity of equilibrat
ater as a function of time[9]. The rates of desorption

ritium tagged water from Nafion membrane with H+, Li+,
g+, Na+, K+, Rb+ and Cs+ monovalent counterions we
nalyzed using an analytical solution of Fick’s second la
btain the self-diffusion coefficients of water in Nafion me
ranes with different counterions. An attempt has been m
rane, was obtained from the difference in weight of the
embrane and dried membrane sample. The weight o
embrane was obtained by drying the membrane sam
s form for 6–8 h at 70◦C. Drying at still higher temperatu

100◦C) did not alter the weight of the membrane samp
s form. The weights of dry membranes in the other fo
ere computed from the weight of the membrane in Cs
ith the knowledge of ion-exchange sites, as it was d
ult to dry the membrane samples in the other ionic fo
he thickness of the membrane in appropriate ionic f
as measured using a digital micrometer (Mitutoy, Ja
ith an accuracy of 0.001 mm. The volume and thickn
f the wet samples were determined using a pycnome
escribed elsewhere[9]. The polymer volume fraction (Vp)
f the membrane samples in different ionic forms was ca

ated from the volume of the water in the membrane and
olume of the wet membrane sample.

.3. Measurements of isotopic-exchange rates

The transient experiment was carried out us
.0× 2.0 cm2 pieces of Nafion-117 membrane in the app
riate ionic form. The membrane samples were equilibr
ith water, containing 3 m Ci radioactivity of tritiated w

er (HTO) for 4 h at 27◦C. The HTO-loaded Nafion mem
rane sample with relevant counterions was immersed
0 mL of well-stirred deionized water (without HTO rad

racer) at 27◦C. The amount of radiotracer HTO diffusi
ut of the membrane sample was monitored by taking
0�L samples from the equilibrating deionized water at
lar time intervals, and monitoring the radioactivity of H
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by �-scintillation counting. The�-radioactivity of tritiated
water (HTO) was measured by spiking the sample in a vial,
containing 5 mL of scintillation cocktail-w (2,5-diphenyl ox-
azole = 10 g, 1,4-di-2-(5-phenyloxazolyl) benzene = 0.25 g,
and naphthalene = 100 g in 1000 mL 1,4-dioxane solvent),
and counting the samples with a Packard Liquid Scintilla-
tion Analyser (model TRI-CARB 2100 TR).

2.4. Evaluation of self-diffusion coefficients of water

The experimentally measured rates of isotopic-exchange
(HTOm�H2Osol) were analyzed to obtain the self-diffusion
coefficient of water in the membrane with different coun-
terions. The detail procedure used for analyzing the time-
dependent isotopic-exchange profiles to obtain the self-
diffusion coefficients is described in our earlier paper[9].
The amounts of HTO diffusing out of the membrane sample
as a function of time is given by an analytical solution of
Fick’s second law:

n(tk) = n*
[
1 −

(
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the equilibrating water is negligible. Therefore, no direct ex-
change of H+ ions in the membrane with the equilibrating
water is possible. Thus, the transport of tritium via Grotthuss
mechanism can be ignored, and the observed self-diffusion
coefficient in (HTOm�H2Osol) exchange would correspond
to H2O in the H+ from of membrane.

There are three possible routes to measure the self-
diffusion coefficient of water in the membrane using radio-
tracer HTO. These are: (i) time-lag method, (ii) permeation
method and (iii) transient method. The self-diffusion coef-
ficient of water in Nafion membrane was measured earlier
using the methods based on time-lag[31] and permeation
[4]. The measurement of self-diffusion coefficient by time-
lag method is difficult as hold-up or time-lag in the steady-
state permeation of HTO across Nafion-117 membrane is
very short. Thus, the evaluation of self-diffusion coefficient
from this method may not be very accurate. The permeation
method directly yields the permeability coefficient of water,
and the self-diffusion coefficient of water in the membrane
can be obtained if water partition coefficient between mem-
brane and equilibrating water is known[24,28].

The transient method proposed in the present work directly
yields the self-diffusion coefficient of water in membrane
from the analysis of time-dependent isotopic-exchange pro-
file using an analytical solution of Fick’s second law, and re-
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heren(tk) andn* are the amounts of radiotracer (HTO)
he equilibrating solution at fixed timetk andt∞, respectively

the self-diffusion coefficient of the water in the membr
ndL the thickness of the membrane. The value ofD was
btained by a non-linear least-square fit of Eq.(1) with n*
ndD as the free parameters. Only first three terms in Eq(1)
as used for fitting.

. Results and discussion

The measurement of the self-diffusion coefficient of
er in the Nafion-117 membrane by radiotracer (HTO)
ased on the assumption that the isotopic-exchange o
ia displacement of HTO by H2O in water-swollen mem
rane in contact with equilibrating water. This means

ritium transfer from a water molecule to another in pure
er is negligible. The validity of this assumption is based
he fact that the values of the self-diffusion coefficient
ater traced by three isotopes D, T and18O were found to b
ery close to each other[29]. Thus, it is expected that the
ould be exchange of radioactivity tagged water molec

HTO) between water in the Nafion-117 membrane and e
ibrating water.

In the case of Nafion membrane with H+ counterions, ther
s a possibility of exchange of H+ and T+ between the su
honic acid groups and the HTO inside the membrane[30].
owever, the amount of H+ in the Nafion-117 is small com
ared to the amount of water in the membrane. Hence
ossibility of existence of tritium in T+ form in the mem
rane would be insignificant. Also, H+ ion concentration i
uire only knowledge of thickness of the membrane as sh
n Eq.(1) [9]. This method is based on the assumptions
i) the membrane controls the diffusion process, (ii) the
iffusion coefficient of water within the membrane is cons
nd (iii) the diffusion process is one-dimensional. The
ssumption is valid only if the concentrations of the ra

racer HTO at both boundaries of the membrane sampl
ame as in the bulk solution. In order to test this requirem
he HTO-loaded Nafion-117 membrane sample with cou
ion Na+ was equilibrated with stirred deionized water. T
quilibrating water was stirred by using the magnetic st
ith rotation speed ranging from 100 to 900 rpm. The
le of (HTOm�H2Osol) isotopic-exchange, thus obtain
s shown inFig. 1. It is clearly seen that there is no sign
cant effect of stirring speed on the isotopic-exchange r
owever, the isotopic-exchange profile was quite off w
quilibrating water was not stirred. This suggests tha
embrane control the diffusion of HTO from membran

he well-stirred equilibrating water.
The fractional attainment of equilibriumF(tk) as a func

ion of time was obtained from the ratio of radioactivity
TO (n(tk)) in equilibrating water at timetk to radioac

ivity of HTO (n*) in the equilibrating water at timet∞,
(tk) =n(tk)/n*. The experimental value ofn* was obtained

rom the least square fitting of the variation ofn(tk) in equi-
ibrating water as a function of timet. The variation of th
(tk) as a function of square root of equilibration timet1/2

or the membrane samples with the different counterion
hown inFigs. 2 and 3. It is evident from these figures th
heF(tk) varies linearly witht1/2 during initial stages of th
xchange process, which is a characteristics of the Fi
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Fig. 1. Fractional attainment of isotopic-exchange equilibrium (n(tk)/n*)
with time in Nafion-117 membrane with Na+ counterions. The symbols
represent the stirring speed of equilibrating deionized water at 100 (�), 200
(♦), 400 (+), 600 (×) and 900 (©) rpm.

diffusion. The rates of (HTOm�H2Osol) exchange in the
Nafion-117 membrane with different monovalent counteri-
ons were analyzed using Eq.(1) as described in Section2.4.
The solid lines inFigs. 2 and 3represent the least square fits
of experimental data in terms of Eq.(1). The self-diffusion
coefficients of water, obtained from the analyses of isotopic-
exchange profiles, are given inTable 1. The literature reported

F ction
o 7
m ted
d

Fig. 3. Fractional attainment of isotopic-exchange equilibrium between the
Nafion-117 membrane and equilibrating water. Symbols (©), (�) and (×)
represent the Nafion-117 membrane in Li+, Rb+ and Ag+ forms, respectively.
The solid lines are fitted data used to obtain self-diffusion coefficients of
water from Eq.(1).

values of the self-diffusion coefficient of water in Nafion-117
membrane are also given inTable 1 [4,14,17,31,32]. It is seen
from Table 1that the values of self-diffusion coefficient of
water obtained in the present work with Na+, K+ and Cs+

counterions are in good agreement with the values of self-
diffusion coefficient of water obtained by the permeation[4]
and time-lag[31] methods using HTO radiotracer. The self-
diffusion coefficients of water with other monovalent coun-
terions are obtained for the first time by using a transient
radiotracer method. The values of self-diffusion coefficient
of water obtained by Okada et al.[17] in the Nafion-117
membrane with Li+ and Rb+ counterions are in close agree-
ment with the values obtained in the present work, while the
values for other counterions are slightly on the higher side.
Okada et al. have measured water permeability under pres-
sure gradient to obtain the values of self-diffusion coefficient

Table 1
Self-diffusion coefficients of water in Nafion-117 membrane with different
counterions

Ion Water uptake
(wt.%)

Vp D (H2O) (×10−6 cm2/s)

Present work Literature

H+ 23.4 0.68 3.87± 0.20 1.6a, 3.31b, 5.56c

Li+ 21.1 0.69 3.17± 0.11 2.45b, 2.83d

Ag+ 18.8 0.72 2.91± 0.14 –
N + a e b d

K
R
C

ig. 2. Fractional attainment of isotopic-exchange equilibrium as a fun
f square root of time. Symbols (�), (×) and (©) represent the Nafion-11
embrane in H+, K+ and Cs+ forms, respectively. The solid lines are fit
ata used to obtain self-diffusion coefficients of water from Eq.(1).
a 17.2 0.75 2.85± 0.20 2.4, 2.65 , 2.3 , 3.6
+ 12.3 0.80 2.25± 0.07 2.15e, 1.2b, 3.4d

b+ 9.3 0.83 1.89± 0.06 2.2d

s+ 8.2 0.85 1.67± 0.06 1.32e, 0.74b, 2.1d

a Time-lag method[31].
b PFG-NMR[14].
c PFG-NMR[32].
d Water permeability under pressure gradient[17].
e Permeation method[4].
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of water in Nafion-117 with different monovalent counteri-
ons. This method is sensitive to applied pressure and does
not directly yield the value of self-diffusion coefficient of
water. Also, there is a possibility that the membrane physical
structure may be changed under applied pressure. As seen
from Table 1, the PFG-NMR data on self-diffusion coeffi-
cient of water in Nafion-117 membrane reported by Volkov
and Timashev[14] are lower than that reported in the present
work and in literature[4,17,31]. The self-diffusion coefficient
of water in H+ form of Nafion-117 membrane measured by
another group[32] using PFG-NMR is also found to be higher
than that reported by Volkov and Timashev[14]. Thus, the
lower values of self-diffusion coefficients of water reported
by Volkov and Timashev could not be explained.

The self-diffusion coefficients of water in Nafion-117
membrane are considerably less than the self-diffusion co-
efficient of pure water,D (H2O) = 2.5× 10−5 cm2/s at 25◦C
[29,31]. In our previous study, it was observed that the self-
diffusion coefficient of the counterions,D, could be related to
the polymer volume fraction of Nafion-117 membrane using
the expression[9]:

D = D0 exp

[
−b

(
Vp

(1 − Vp)

)]
(2)
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Fig. 4. Variation of logarithm of self-diffusion coefficients of water as a func-
tion of polymer volume fraction. Each point represents Nafion-117 mem-
brane with different monovalent counterions. The symbols (©), (+), (�) and
(♦) represent the self-diffusion coefficients data of water from this work, ra-
diotracer permeability measurement[4], PFG-NMR[14] and PFG-NMR
[32], respectively.

a function of polymer volume fraction than that in the self-
diffusion coefficient of water in the corresponding cationic
form [9]. For example, the self-diffusion coefficient of Cs+

(2.0× 10−7 cm2/s) is eight times lower than that of Ag+

(1.6× 10−6 cm2/s) [9]. It is seen fromTable 1that the wa-
ter self-diffusion coefficient in Cs+ form is only two times
lower than that in the membrane in Ag+ form. As water self-
diffusion coefficient represents the extent of tortuosity factor,
the steeper decrease in the self-diffusion coefficients of ions
as a function of polymer volume fraction in the membrane
may be attributed to the increase in electrostatic interactions
on increasing the polymer volume fraction. Thus, even with
8 % water content in Cs+ form of Nafion-117 membrane, the
water has reasonably good mobility but the narrow connect-
ing channels considerably retard the mobility of Cs+ ion.

The considerably higher self-diffusion coefficient of wa-
ter in the H+ form of Nafion-117 membrane than the ob-
served trend with (Vp/(1−Vp)) for other monovalent coun-
terions may be related to the change in physical structure of
the membrane associated with the high water content in H+

form of membrane. This physical change in H+ form of the
membrane may be due to shortening of connecting channels
between the water-swollen ionic clusters or overlap of some
of the highly water-swollen ionic clusters. In our work, the ki-
netics of forward (H+(m) � Mn+

(s) ) and reverse (M+(m) � Hn+
(s) )

e
m as
u eory
w etics
o the
hereD is the aqueous diffusion coefficient of the spec
p the volume fraction of polymer in the water-swollen me
rane andb an empirical parameter. Eq.(2) is based on th

ree volume theory of Yasuda et al.[28]. Since water uptake
afion-117 membrane depends on the hydration charac

ics of counterions, theVp of the membrane also changes
ending upon counterions in the membrane (Table 1). Fig. 4
hows the plot of logarithm of self-diffusion coefficients
ater obtained in the membrane samples with different c

erions as a function of (Vp/(1−Vp)). The values obtained b
FG-NMR[14] and radiotracer permeation method[4] are
lso shown inFig. 4. It is seen fromFig. 4 that the self
iffusion coefficients of water in Nafion membrane vary
arly with (Vp/(1−Vp)) except for H+ counterions. The sy

ematic variation of the self-diffusion coefficients of wate
afion-117 membrane as a function of polymer volume f

ion (Vp/(1−Vp)) was also observed by Yeager and Steck[4].
he self-diffusion coefficients of water obtained by Okad
l. [17] were not plotted, as these values do not show
ystematic trend with the polymer volume fraction.

In accordance with cluster network model of the ph
cal structure of Nafion-117 membrane[2], the systemati
ecrease of self-diffusion coefficients of water as a fu

ion of the polymer volume fraction seems to suggest
he dimensions of channels connecting the water-sw
onic clusters decreases systematically for membrane
ifferent monovalent counterions. This is because of the

hat water contents also vary depending upon the hydr
haracteristics of counterions in the Nafion membrane. H
ver, the decrease in self-diffusion coefficient of monova
ounterions in the Nafion-117 membrane is more rap
xchanges of metal ions (Cs+, Cu2+ and Eu3+) in Nafion-117
embrane were studied[33]. The Nernst-Planck theory w
sed to predict the kinetics of these exchanges. The th
as found to be reasonably accurate for predicting kin
f the reverse ion-exchange, but completely failed for



44 G. Suresh et al. / Journal of Membrane Science 250 (2005) 39–45

forward ion-exchange. Contrary to the prediction of the the-
ory, the kinetics of forward exchanges of Cs+, Cu2+ and Eu3+

with H+ ions in the Nafion-117 membrane were found to be
independent of the metal ions. Thus, it appears that Nafion-
117 membrane with H+ counterions has different behavior
than same membrane with other counterions. The study of
water self-diffusion coefficient in Nafion-117 membrane with
multivalent counterions and expanded form may clarify the
role of counterions and water contents on physical structure
of the Nafion-117 membrane.

4. Conclusions

The self-diffusion coefficients of water in Nafion-117
membrane with H+, Li+, Ag+, Na+, K+, Rb+ and Cs+ mono-
valent counterions were measured by transient method using
HTO radiotracer. This method is based on an analytical so-
lution of Fick’s second law and directly yields the value of
self-diffusion coefficient of water from analyses of isotopic-
exchange rates. This transient method is simple, rapid and
fairly accurate for the measurement of self-diffusion coeffi-
cient of water in the membrane as indicated by the compar-
ison of self-diffusion coefficients values reported by using
radiotracer (HTO) permeation method and time-lag method.
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