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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
water. This transient method does not require the knowledge of partition coefficient of water, which is an essential parameter in the radiotracer
permeation method. In present work, self-diffusion coefficients of water in the Nafion-117 membrane wiih,Ag*, Na*, K*, Rb* and
Cs" monovalent counterions were obtained. The values of logarithm of self-diffusion coefficients were found to vary linearly as a function of
polymer volume fraction except for membrane sample wittcblunterions. The self-diffusion coefficient of water in Nafion-117 membrane
with H* counterions was significantly different from the trend observed in the variation of self-diffusion coefficient of water as a function of
polymer volume fraction in the membrane with other monovalent counterions. This observation seems to suggest that the physical structure
of Nafion-117 membrane in ‘Horm may be quite different from the Nafion-117 membrane with other monovalent counterions. The high
self-diffusion coefficient of water (1.6 10- cn?/s) in Nafion-117 membrane with Cgounterions indicates that the ionic clusters in
Nafion-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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1. Introduction a local intrusion of fluorocarbon phase in hydrated ionic
clusters[3]. A three phases sub-microstructure model of
Poly(perfluorosulphonic) acidionomeris extensively used Nafion membrane, consisting of fluorocarbon crystallites,
as a membrane (Nafion) in numerous applications like poly- ionic hydrophilic clusters and an amorphous hydropho-
mer electrolyte fuel cell, Donnan- and electro-dialysis-based bic region (with lower ionic and water content) has been
applications, and membrane-based chemical seft5osc- proposed by Yeager and Ste¢k] and Pineri et al[5].
cording to the cluster-channel network model of the struc- The atomic force microscopic studies of hydrated Nafion
ture of water-swollen Nafion membrane, the transport of membrane support the cluster model with a range of clus-
ions/species through the membrane is restricted by narrowter size from 5 to 30 nm depending on the water content
channels (links) between water-swollen ionic clust@is [6].
However, it has been suggested that the water-swollen ionic  The size of ionic clusters in Nafion membrane varies
cluster may not be spherical in shape and there may bedue to change in water content depending on the coun-
terions and pretreatment conditiops-9]. In order to un-
* Corresponding author. Tel.: +91 22 25590641, derstand the water—polymer an(.j anlc mteracuops in the
fax: +91 22 25505150/25505151. Nafion membrane, the various cationic forms of Nafion mem-
E-mail addressagoswami@apsara.barc.ernet.in (A. Goswami). brane with water have been studied by infrared spectroscopy
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[3,10], small angle X-ray scatterinfd 1], differential scan- to analyze the variation of self-diffusion coefficient of water
ning calorimetry (DSC]12] and magnetic resonance meth- in Nafion membrane in terms of free volume the[#8]. The
ods[13-14] The small angle neutron scattering studies on results of these analyses are presented in this paper.
Nafion membrane with different counterions have indicated
that the change of counterions and its concentration lead to a
reversible local reorganization of the ionic clustgrs]. The 2. Experimental
change in sub-microstructure of the Nafion on different de-
gree of hydration can alter the mobility of counterions/water 2.1. Material and apparatus
in the membrane significant[@,16—17] This is because of
the fact that water in the Nafion membrane not only governs AR grade chemicals (LiCl, NaCl, KCI, RbCl, CsCl and
its sub-microstructure, but also provides a medium where AgNQ3), deionized water (18 I®2/cm, Gradient A-10 model,
transport of the certain species (or water itself) takes place.Milli-Q USA) and AR grade HCI (Merck, Germany) were
Zelsmann et al[18] have studied the self-diffusion coeffi- used in the present study. Nafion-117 ion-exchange mem-
cients of water in Nafion membrane using far infrared spec- brane (Aldrich) with an equivalent weight of 1100, and thick-
troscopy. This study indicates that the change in water dif- ness of 17&m was used. As described in our earlier paper
fusion is not due to the plasticization of ionomer chains by [9], the samples of Nafion-117 were treated to remove organic
water in Nafion membrane, but to a change in microstructure impurities, conditioned with 0.5mol/L HCI and 0.5 mol/L
depending on the membrane water content. Therefore, theNaOH, equilibrated with 0.5 mol/L of relevant salt solution
information about the diffusivity of water is required for un- for 18-24 h at room temperature (22) for converting the
derstanding the dependence of elementary mobility of speciesmembrane into the appropriate ionic form.
in Nafion membrane with different counterions.

The most common methods for measurements of the self-2.2. Membrane characterization
diffusion coefficients of water in polymer matrix are pulsed-
field-gradient nuclear magnetic resonance spectroscopy The water uptake capacity ofthe membrane, defined as the
(PFG-NMR) [14,19-22] radiotracer permeation of tritium  amount of water absorbed per unit dry weight of the mem-
tagged water across the membrgh@3—-25]and change in  brane, was obtained from the difference in weight of the wet
weight of the membrane on sorption/desorption of water from membrane and dried membrane sample. The weight of dry
the vapor phasg6,27] The change in weight of membrane membrane was obtained by drying the membrane sample in
is useful for obtaining apparent diffusion coefficients for wa- Cs form for 6—8 h at 70C. Drying at still higher temperature
ter from vapor sorption kinetics. However, the water sorption (100°C) did not alter the weight of the membrane sample in
kinetic and equilibrium data of H Li* and C$ forms of the Cs form. The weights of dry membranes in the other forms
Nafion membrane at different water contents seem to suggesivere computed from the weight of the membrane in Cs form
that the onset of water-cluster formation depends on the wa-with the knowledge of ion-exchange sites, as it was diffi-
ter content and counterions in the membrg2ig. Thus, the cult to dry the membrane samples in the other ionic forms.
method involving change in weight of membrane on water The thickness of the membrane in appropriate ionic form
sorption/desorption may not represent the true self-diffusion was measured using a digital micrometer (Mitutoy, Japan)
coefficient of water in Nafion-117 membrane with different with an accuracy of 0.001 mm. The volume and thickness
counterions at normal water content. The self-diffusion of of the wet samples were determined using a pycnometer as
water can be obtained by the radiotracer permeation methoddescribed elsewhel@]. The polymer volume fractiorv,)
[4]. The PFG-NMR has been extensively used for measur- of the membrane samples in different ionic forms was calcu-
ing the self-diffusion coefficient of water and methanol in lated from the volume of the water in the membrane and the
Nafion-117 membrane in acid form under different phys- volume of the wet membrane sample.
ical conditions prevailing in polymer electrolyte fuel cell
[20-22] 2.3. Measurements of isotopic-exchange rates

In present work, we have used a transient radiotracer
method for measuring the self-diffusion coefficient of wa- The transient experiment was carried out using
ter in Nafion-117 membrane with different counterions. This 2.0x 2.0 cn? pieces of Nafion-117 membrane in the appro-
method is based on the measurement of rate of desorptiorpriate ionic form. The membrane samples were equilibrated
of tritium tagged water from Nafion membrane into equili- with water, containing 3m Ci radioactivity of tritiated wa-
brating water by monitoring the radioactivity of equilibrating ter (HTO) for 4h at 27C. The HTO-loaded Nafion mem-
water as a function of timg]. The rates of desorption of brane sample with relevant counterions was immersed in a
tritium tagged water from Nafion membrane with H.i*, 30 mL of well-stirred deionized water (without HTO radio-
Ag*, Na", K*, Rb* and C§ monovalent counterions were tracer) at 27C. The amount of radiotracer HTO diffusing
analyzed using an analytical solution of Fick’s second law to out of the membrane sample was monitored by taking out
obtain the self-diffusion coefficients of water in Nafion mem- 50uL samples from the equilibrating deionized water at reg-
branes with different counterions. An attempt has been madeular time intervals, and monitoring the radioactivity of HTO
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by B-scintillation counting. The3-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-

41

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

azole=10g9, 1,4-di-2-(5-phenyloxazolyl) benzene =0.25g, mechanism can be ignored, and the observed self-diffusion

and naphthalene=100g 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

coefficientin (HTQ, = H20s01) exchange would correspond
to HoO 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-

The experimentally measured rates of isotopic-exchangeficient of water in Nafion membrane was measured earlier

(HTOm = H20s40)) 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-

using the methods based on time-[8J] and permeation
[4]. The measurement of self-diffusion coefficient by time-
lag method is difficult as hold-up or time-lag in the steady-

dependent isotopic-exchange profiles to obtain the self- state permeation of HTO across Nafion-117 membrane is

diffusion coefficients is described in our earlier pap@r

very short. Thus, the evaluation of self-diffusion coefficient

The amounts of HTO diffusing out of the membrane sample from this method may not be very accurate. The permeation

as a function of time is given by an analytical solution of
Fick's second law:

0= 1= (2) on(2°)
1 <—9Drr2tk) H
+Zexp( —— ) +---

9 L2

wheren(ty) andn* are the amounts of radiotracer (HTO) in
the equilibrating solution at fixed timfgandt.,, respectively,

D the self-diffusion coefficient of the water in the membrane
andL the thickness of the membrane. The valudDofvas
obtained by a non-linear least-square fit of EQ. with n*
andD as the free parameters. Only first three terms in(EQ.
was used for fitting.

)

3. Results and discussion

The measurement of the self-diffusion coefficient of wa-

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 knoj24,28]

Thetransient method proposed in the presentwork 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-
quire only knowledge of thickness of the membrane as shown
in Eq. (1) [9]. This method is based on the assumptions that:
(i) the membrane controls the diffusion process, (ii) the self-
diffusion coefficient of water within the membrane is constant
and (iii) the diffusion process is one-dimensional. The first
assumption is valid only if the concentrations of the radio-
tracer HTO at both boundaries of the membrane sample are
same as in the bulk solution. In order to test this requirement,
the HTO-loaded Nafion-117 membrane sample with counte-
rion Na" was equilibrated with stirred deionized water. The
equilibrating water was stirred by using the magnetic stirrer
with rotation speed ranging from 100 to 900 rpm. The pro-

ter in the Nafion-117 membrane by radiotracer (HTO) was file of (HTO, = H20Osgq)) isotopic-exchange, thus obtained,
based on the assumption that the isotopic-exchange occurss shown inFig. 1 It is clearly seen that there is no signif-
via displacement of HTO by $D in water-swollen mem- icant effect of stirring speed on the isotopic-exchange rates.
brane in contact with equilibrating water. This means that However, the isotopic-exchange profile was quite off when
tritium transfer from a water molecule to another in pure wa- equilibrating water was not stirred. This suggests that the
ter is negligible. The validity of this assumption is based on membrane control the diffusion of HTO from membrane to

the fact that the values of the self-diffusion coefficients of
water traced by three isotopes D, T 8@ were found to be
very close to each oth§9]. Thus, it is expected that there

the well-stirred equilibrating water.
The fractional attainment of equilibriuf(ty) as a func-
tion of time was obtained from the ratio of radioactivity of

would be exchange of radioactivity tagged water molecules HTO (n(tk)) in equilibrating water at timex to radioac-
(HTO) between water in the Nafion-117 membrane and equi- tivity of HTO (n*) in the equilibrating water at time,,

librating water.

Inthe case of Nafion membrane witfi Bounterions, there
is a possibility of exchange of Hand T' between the sul-
phonic acid groups and the HTO inside the membi80¢
However, the amount of Hin the Nafion-117 is small com-

F(tk) =n(t)/n*. The experimental value of* was obtained
from the least square fitting of the variationrgfy) in equi-
librating water as a function of time The variation of the
F(tx) as a function of square root of equilibration tirdé&

for the membrane samples with the different counterions are

pared to the amount of water in the membrane. Hence, theshown inFigs. 2 and 3lt is evident from these figures that

possibility of existence of tritium in T form in the mem-
brane would be insignificant. Also,"Hon concentration in

the F(t) varies linearly witht¥’2 during initial stages of the
exchange process, which is a characteristics of the Fickian
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Fig. 1. Fractional attainment of isotopic-exchange equilibriuntyJ/n*)
with time in Nafion-117 membrane with Riacounterions. The symbols
represent the stirring speed of equilibrating deionized water atAp®00
(0), 400 (+), 600 &) and 900 O) rpm.

diffusion. The rates of (HT@Q = H2Os,)) exchange in the
Nafion-117 membrane with different monovalent counteri-
ons were analyzed using Ed.) as described in Sectidh4.
The solid lines irFigs. 2 and 3epresent the least square fits
of experimental data in terms of E(L). The self-diffusion
coefficients of water, obtained from the analyses of isotopic-
exchange profiles, are giveniable 1 The literature reported

0.8

0.6

n(ty) / n*

0.4

0.2 1

t1:'2 (51.'2)

Fig. 2. Fractional attainment of isotopic-exchange equilibrium as a function
of square root of time. Symbolay, (x) and (O) represent the Nafion-117
membrane in B, K* and C$ forms, respectively. The solid lines are fitted
data used to obtain self-diffusion coefficients of water from #&g.
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Fig. 3. Fractional attainment of isotopic-exchange equilibrium between the
Nafion-117 membrane and equilibrating water. Symbg3, (A) and (x)
representthe Nafion-117 membrane ih,|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 givenTable 1 [4,14,17,31,32ltis seen
from Table 1that the values of self-diffusion coefficient of
water obtained in the present work with N&K* and C$
counterions are in good agreement with the values of self-
diffusion coefficient of water obtained by the permeafih
and time-lag31] 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 4lL7] 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

lon Water uptake ~ Vp D (H20) (x10-8 crm?/s)

(wt.%) -

Present work Literature

H* 234 0.68 3.87:0.20 1.6,3.3P, 5,56
Lit 211 069 3.170.11 2.48 283
Ag* 188 0.72 2.910.14 -
Na" 172 0.75 2.85:0.20 2.4, 26%, 2.3, 3.6
K* 123 0.80 2.25t0.07 2.15,1.2, 3.4
Rb* 9.3 0.83  1.89:0.06 2.4
cs' 8.2 0.85 1.670.06 1.32,0.74, 2.19

a Time-lag method31].

b PFG-NMR[14].

¢ PFG-NMR[32].

d Water permeability under pressure gradigr].
€ Permeation methof].
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of water in Nafion-117 with different monovalent counteri- -5.0
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 Li*

structure may be changed under applied pressure. As seen o) Ag Na' .

from Table 1 the PFG-NMR data on self-diffusion coeffi- sslha ¥y ¥ A Rb*

cient of water in Nafion-117 membrane reported by Volkov ' lv cs'
and Timashey14] are lower than that reported in the present
work and in literaturg4,17,31] The self-diffusion coefficient

of water in H" form of Nafion-117 membrane measured by
another group32] using PFG-NMR is also found to be higher
than that reported by Volkov and Timashi@#]. 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 wate) (H,0)=2.5x 10~°cné/s at 25°C R 3 B s N
[29,31] In our previous study, it was observed that the self- v,/ (1-V,)
diffusion coefficient of the counteriond, could be related to
the polymer volume fraction of Nafion-117 membrane using Fig. 4. Variation of logarithm of self-diffusion coefficients of water as a func-

+

o<z

<«

-6.0

log D (H,0) (cm?/ sec)

the expressio[g]; tion of polymer volume fraction. Each point represents Nafion-117 mem-
brane with different monovalent counterions. The symh@} (+), (A) and
V. (0) represent the self-diffusion coefficients data of water from this work, ra-
D=DO exp [—b (pﬂ (2) diotracer permeability measuremdd], PFG-NMR[14] and PFG-NMR
(1 - Vp) [32], respectively.

whereD? is the aqueous diffusion coefficient of the species, _ _ _

V, the volume fraction of polymer in the water-swollen mem- & function of polymer volume fraction than that in the self-
brane and an empirical parameter. E(R) is based on the  diffusion coefficient of water in the corresponding cationic
free volume theory of Yasuda et {28]. Since water uptakein ~ form [9]. For example, the self-diffusion coefficient of Cs
Nafion-117 membrane depends on the hydration characteris{2.0x 10~/ cn/s) is eight times lower than that of Ag
tics of counterions, th¥/, of the membrane also changes de- (1.6x 10~°cn?/s) [9]. It is seen froniTable 1that the wa-
pending upon counterions in the membrahable J). Fig. 4 ter self-diffusion coefficient in Csform is only two times
shows the plot of logarithm of self-diffusion coefficients of lower than that in the membrane in Agprm. As water self-
water obtained in the membrane samples with different coun- diffusion coefficient represents the extent of tortuosity factor,
terions as a function oMy/(1 — Vp)). The values obtained by the steeper decrease in the self-diffusion coefficients of ions
PFG_NMR[14] and radiotracer permea’[ion methm are as a function of polymer volume fraction in the membrane
also shown inFig. 4. It is seen fromFig. 4 that the self- may be attributed to the increase in electrostatic interactions

diffusion coefficients of water in Nafion membrane vary lin-  On increasing the polymer volume fraction. Thus, even with
ear|y with (Vp/(l _ Vp)) except for H counterions. The sys- 8 % water content in Csform of Nafion-117 membrane, the
tematic variation of the self-diffusion coefficients of waterin Water has reasonably good mobility but the narrow connect-
Nafion-117 membrane as a function of polymer volume frac- ing channels considerably retard the mobility of @sn.
tion (Vp/(1 — V) was also observed by Yeager and Stdk The considerably higher self-diffusion coefficient of wa-
The self-diffusion coefficients of water obtained by Okada et ter in the H form of Nafion-117 membrane than the ob-
al. [17] were not plotted, as these values do not show any served trend with\(,/(1 — Vy)) for other monovalent coun-
systematic trend with the polymer volume fraction. terions may be related to the change in physical structure of
In accordance with cluster network model of the phys_ the membrane associated with the hlgh water content’in H
ical structure of Nafion-117 membrafi2], the systematic ~ form of membrane. This physical change ifi férm of the
decrease of self-diffusion coefficients of water as a func- membrane may be due to shortening of connecting channels
tion of the p0|ymer volume fraction seems to Suggest that between the water-swollen ionic clusters or Overlap of some
the dimensions of channels connecting the water-swollen ofthe highlywater-swollen ionic clusters. In our work, the ki-
ionic clusters decreases systematically for membrane withnetics of forward (K, = M(g)) and reverse (¥, = Hg})
different monovalent counterions. This is because of the fact exchanges of metal ions (G2 and E#*) in Nafion-117
that water contents also vary depending upon the hydrationmembrane were studi¢d3]. The Nernst-Planck theory was
characteristics of counterions in the Nafion membrane. How- used to predict the kinetics of these exchanges. The theory
ever, the decrease in self-diffusion coefficient of monovalent was found to be reasonably accurate for predicting kinetics
counterions in the Nafion-117 membrane is more rapid as of the reverse ion-exchange, but completely failed for the
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