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AbstractÐTransport characteristics of Na®on membranes, that have been published earlier, are re-evalu-
ated. It is found that the speci®c conductivity of the membranes is not only determined by the mobility of
the ions, but largely also by the interaction of ions with water and with microscopic membrane channel
structures. Similarly, the water transference coe�cient, de®ned as the number of moles of water transported
per Faraday through the membrane, is governed by two e�ects: an electrostatic e�ect between ion and
water dipoles, and an e�ect due to the size of the cation. Contributions to electro-osmotic water transfer
are water of hydration to cations and hydrodynamically pushed water molecules. The size of the ion com-
pared to the channel diameter, has a major impact on the electric conductivity, but also on water transport.
It is shown that hydrophilic cations can promote an enlarged hydrophilic domain in the membrane, that is
accompanied by a lower membrane resistance. Criteria for designing high performance ion conducting
membranes are given based on this basis. # 1998 Elsevier Science Ltd. All rights reserved
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INTRODUCTION

Per¯uoro-sulfonated cation exchange membranes

have been used as electrolyte in polymer electrolyte

fuel cells, because of their high ionic conductivity as

well as mechanical, thermal and chemical

stability [1, 2]. The membrane ionic conductivity is

especially important: it should be as high as poss-

ible to keep small the resistance losses and to main-

tain high output power density in the cell [3±5]. The

membrane speci®c conductivity is strongly in¯u-

enced by the water content [6], so water manage-

ment is also a crucial problem for fuel cell

operation [7±13].

The membrane state of hydration is determined

by the ¯ux equation of water in the membrane.

When the direction of transport across the mem-

brane is the x-direction, we have [13]:

jH2O � ÿDH2O
@cH2O

@x
� ItH2O

F
�1�

Here jH2O is the water ¯ux, I the electric current

density, cH2O the concentration of water, DH2O the

di�usion coe�cient of water, tH2O the water trans-

ference coe�cient and F is Faraday's constant.

Experimental determination of the transport par-

ameters, DH2O and tH2O, has been considered of

major importance for fuel cell operations, and

many e�orts have been devoted to their

determination [14±21].

In this paper, published data of DH2O and tH2O,

are re-evaluated together with recent data of ionic

mobility and equilibrium results. Na®on membranes

exchanged with single and with binary cation sys-

tems have been studied, for various kinds of cat-

ions. Elucidation of some general rules for the

mechanism of ion transport is attempted, especially

with the emphasis on the interaction with water in

the polymer microscopic structures. The amount of
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water present in the channels seems more important
for good ionic conductivity, than earlier believed.

On the background of this result we are able to
give better criteria for the design of new polymer
electrolytes with high performances.

The overview of equations which describe mem-
brane transport was given in Ref. [22], and an
evaluation of methods for the determination of

transport coe�cients will be published
elsewhere [23]. Only data analyses are presented
here.

CALCULATIONS AND DATA

Equilibrium studies

The data used in the calculations and analyses
are taken from our studies on Na®on 115 and 117
membranes of DuPont Polymer Products

Department, Wilmington, DE, U.S.A. (equivalent
weight 1100). Membrane treatment procedures and
analyses of membrane compositions are described

elsewhere [24, 25]. The membranes were all studied
in solutions containing 0.03 kequiv. mÿ3 electrolyte.
The electrolytes, which will exchange only their cat-
ions with the membrane at this concentration [18]

were HCl, alkali and alkaline earth metal chlorides,
and ammonium salt chlorides (NH4 ÿ nRnCl, where
R = H, CH3, C2H5, C3H7, C4H9, and n = 1±4).

The alkali and alkaline earth metal chlorides were
studied also in binary mixtures with HCl.
Membrane water content, de®ned as the number

of moles of water per mole of ion exchange site,
l0H2O/SO3

ÿ, was:

l �M�W1 ÿW2�
18:0W2

�2�

where M is the equivalent weight of the membrane,
and W1 (g) and W2 (g) are the weights of a mem-

brane piece before and after drying in vacuo at
1108C.

Membrane conductivity

Membrane conductivity data were taken from
measurements of the AC impedance in the lateral
direction of the membrane at 25218C (hereafter,

the data are all at this temperature) [21, 24, 25]. The
speci®c conductivity k was expressed by:

k �
X
A

FcSxAMuA �3�

where cS is the cationic site concentration, xAM is
the membrane ionic equivalent fraction, and uA is

the mobility of species A.

Ionic transference number in binary cationic systems

The transference numbers of ions in the mem-
brane were taken from emf (electromotive force)
studies of concentration cells [24, 25], based on the
theoretical formulation [26, 27]. The ionic transfer-

ence number of H+ in the membrane is expressed
by ionic mobility as:

tH� �m� �
xHMuHX
A

xAMuA
�4�

Combination of equation (3) and equation (4) then
gives:

uA � ktA�m�
FcSxAM

�5�

Water transference coe�cient and water permeability

The water transference coe�cient tH2O is de®ned

as the number of moles of water transported per
Faraday through the membrane:

tH2O �
�
jH2O

I=F

�
Dc�0

�6�

The water transference coe�cient tH2O used in

this study was obtained by accurate streaming po-
tential measurements [18±20, 24, 25]. The same
measurements yielded water permeability Lp, if the

di�usion coe�cients of salts in the adjacent, electro-
lyte were known [27, 28]

Lp � ÿ
�
jH2OVH2O

Dp

�
I�0

�7�

where VH2O is the partial molar volume of water.

Di�usion coe�cient of water in the membrane

If the mechanism for water di�usion is the same

whether there is a pressure di�erence or a concen-
tration di�erence across the membrane, and the ac-
tivity coe�cient of water is constant in the

membrane, there is a relationship between the water
permeability and the di�usion coe�cient:

DH2O �
Lpl

VH2OKH2O� p�
�8�

where l is membrane thickness and
KH2O� p� � DcH2O=Dp is the partition coe�cient of

water between membrane and solution at pressure
p. We use the factor KH2O� p� to estimate DH2O

from the measured value of Lp [24, 25].

RESULTS AND DISCUSSION

Cationic mobility in single cation-form membranes

Single cation mobility in Na®on 117 membranes
of various cationic forms, calculated from

equation (3), is compared with the mobility of the
same cation in in®nitely dilute aqueous solutions.
The results are shown in Fig. 1. The mobility does

not vary in the same manner in the two cases, and
the value is smaller in the membrane by a factor
ranging from 1.3 to 4. The membrane polymer
must in¯uence the relative ionic velocities, and alter
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the friction force on the ion. In Na®on polymer, a
cation migrates along the restricted path through

channels of hydrophilic domains (cluster network

model) [29]. In the solution, a cation moves with
larger freedom against the viscous force of the sur-

rounding medium.

According to the cluster network model of
Na®on structure, the diameter of the channel is esti-

mated to be 1 nm [29]. The data for the ammonium

derivative cations gave a clear e�ect of ion size on
the membrane conductivity. When the size of the

cation approached 1 nm, i.e. the diameter of the
channel, the membrane resistance increased enor-

mously (a ``plugging e�ect'') [19]. This supports the
Gierke estimate of channels of a ®nite size.

Water transference coe�cient in single cation-form

membranes

Figure 2 shows that the water transference coe�-
cient can be grouped in three di�erent classes for
di�erent kinds of cations exchanged in Na®on
membranes.

With a single alkali or alkaline earth metal cation
in the membrane, tH2O increases with cation hydro-
philicity, and so does also the membrane water con-

tent, l. When plotted against the ionic radius of the
cations, tH2O increases when the radius becomes
smaller. The water transference coe�cient for these

cations also correlates with the hydration enthalpy
of water (see Fig. 3, also Ref. [18]), where the water
transference coe�cient multiplied by the number of

valence of the cation, ztH2O, is shown in the mem-
brane. We see that the number of water molecules
carried by a cation, ztH2O, can be larger than the
water of hydration in aqueous solutions.

For hydrophobic ammonium derivative cations,
tH2O changes largely, although l is constantly close
to 10. The value of tH2O now increases with the

radius of the ion.
The membrane in the H-form (the fuel cell

membrane) has an exceptionally high water content,

and a low water transference coe�cient
(tH2O � 2:6) [18, 30].
It is noted that ion transport promotes simul-

taneous water transport in two ways. The ®rst e�ect

is an electrostatic e�ect where charge±dipole inter-
action is dominant, and which keeps a certain
amount of water located around a cation at any

time. The second e�ect results from ionic size:
water can be ``pushed'' along the membrane chan-

Fig. 1. Cationic mobility u+ inside Na®on 117 membranes

of various cation forms plotted as a function of cationic

mobility in aqueous solution u+(sol).

Fig. 2. Water transference coe�cient tH2O in Na®on 115

membranes of various kinds of cation forms plotted

against the membrane water content l in full hydration

state. ÐÐÐ: hydrophilic cations, - - -: hydrophobic cat-

ions.

Fig. 3. Water transference coe�cient tH2O multiplied by

cationic valence z in Na®on 115 membranes of various

kinds of cation forms plotted against the hydration

enthalpy of cations DH(hyd), recalculated from Ref. [18].
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nel as the cation is transported [31]. The larger the
cation is, the more water it can push by a volume

exclusion. This simultaneous transport of ions and
water must take place along hydrophilic paths in
the membrane.

A model for electro-osmotic water transport in
the channels of Na®on membranes is therefore:
tH2O � tH2O�hyd � � tH2O�vol� [31], where tH2O�hyd �
is water of hydration and tH2O�vol� stands for the
water beyond the water of hydration that accompa-
nies the cation (pushed water by volume exclusion).

The water of hydration was assumed to be the same
as that in the solution [31]. A strict superposition,
as suggested by the formula, may not be true, and
it may not be appropriate to allocate certain water

molecules to an ion. When pushed water, tH2O�vol�,
was plotted against the radius of the hydrated ion,
however, a similar behavior was seen for both

hydrophilic and hydrophobic cations [20].

Ion transport in relation to water transport

The relation between ion and water transport

was also studied by plotting the membrane speci®c
resistance towards the water transference coe�-
cients, tH2O, for hydrophilic as well as hydrophobic
cations exchanged in the membrane (Fig. 4). The

membrane conductivity data gave smaller mobility
for the hydrophobic ions than for the hydrophilic
ions. It is likely that larger ions migrate slower than

smaller ones.
On this background it is interesting to see that

there are two kinds of trends in Fig. 4. The mem-

branes containing the bulky hydrophobic cations,
have a resistance that increases parallel to an
increase in the water transference coe�cients (the
size e�ect in tH2O). The membranes containing

hydrophilic cations, on the other hand, have a re-
sistance that has a maximum around tH2O � 10.
The hydrophilic cations like H+, alkali and alkaline

earth metal cations, bring more water into the

membrane than the hydrophobic ones (which have
l= 10). This means that hydrophilic cations can
promote an enlarged hydrophilic domain in the
membrane, that is accompanied by a lower mem-

brane resistance.

Mobility of cation pairs

With cation mixtures of H+/Na+ and H+/Ca2+,
the membrane conductivity changed almost linearly
with the equivalent fraction of H+ [24, 25], see
Fig. 5 where the mobility of species as calculated

from equation (5) is depicted. This means that a
model that assumes constant ionic mobility in
equation (3) and equation (4) is reasonable. The

fact that the mobility of one ion is a�ected very lit-
tle by the presence of the other ion is surprising,
considering the high concentration of ionic sites (1±

2 kmol mÿ3) and the membrane preference for one
of the ions to the other (according to equilibrium
constants for ion exchange equilibria) [24, 25].

The apparent disagreement can be resolved by
assuming strong shielding of the ®xed negative sites
of the polymer by water and by cation association.
Such a shielding has been reported for charged

Fig. 4. Membrane speci®c resistance 1/k plotted against

the water transference coe�cient tH2O in Na®on 117 mem-

branes of various kinds of cation forms. r: ammonium

derivative cations, W: H+ and alkali metal cations, Q: al-

kaline earth metal cations.

Fig. 5. Mobility of cations in (a) H/Na and (b) H/Ca

mixed form Na®on 117 membranes plotted against the

cationic equivalent fraction of H+ in the membrane xHM.

r, q: uH� , R, Q: uNa� and uCa2� .
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polymers. This ®nding is also in agreement with the
behavior of cation mixtures in membranes, which
appeared as regular mixtures [23, 32].

Water transference coe�cients in binary cation-form

membranes

There is a non-linear relation between the water
transference coe�cient and the ionic transference
number in Na®on membranes of cation systems

H+/Na+ and H+/Ca2+ [24, 25], while the relation-
ship was linear for H+/K+ for a crosslinked sulfo-
nated copolymer membranes [28]. A deviation from

a straight line indicates that the amount of water
that is associated with the transport of one ion is
not constant, and some water interferes when water

is being dragged by binary cation systems. Since the
results in Section 3.4 shows that the ions do not
interact strongly, the main cause of deviation must
be the interaction between the ions and the mem-

brane. Another possibility is that water in the chan-
nel is a�ected by the presence of two kinds of
cations. In Section 3.2 it is suggested that some

water molecules are pushed by the cation movement
inside the hydrophilic channel, and these water mol-
ecules would interfere when two kinds of cations

coexist.

The state of water in the membrane

The equilibrium state of water in the membrane
was investigated by di�erential scanning calorimetry
(DSC) [21]. The results are summarized in Table 1,

together with additional calculations. By DSC it
was distinguished between water that freezes around
ÿ208C, and water that remains unfrozen down to
ÿ1208C. The ®rst type of water is more bulk-like

than the other water: it is ``semi-free''. The second
type of water can be associated with cations and
sulfonic acid groups in hydrophilic domains. Water

molecules associated with various ionic types are
shown in Table 1. The rest might be associated with
regions between hydrophilic and hydrophobic

domains, having a disordered structure.
The amount of semi-free water in Table 1, about

50% of the total, was calculated from the peak area

in the DSC curves. The amount decreased as the
hydrophilicity of the cation in the membrane
decreased. The DSC peak also shifted towards
more negative temperatures as the hydrophilicity of

the cation decreased. This is interpreted by the
water becoming less bulk-like or interacting more
with the membrane [21]. The total amount of water

also decreases, suggesting that the water becomes
more con®ned when it depletes the membrane. FT±
IR spectra support this result: less hydrophilic cat-

ions in the membrane result in a smaller extent of
hydrogen bonding and less water [21, 33].
An interesting feature is that the number of

pushed water molecules by cations in the channel is
similar to the amount of freezing water (semi-free
water) as illustrated in Fig. 6. It can be anticipated
that during ion migration inside the channel, semi-

free water which resides in the channel and is
almost bulk-like can be pushed by moving cations.

Ionic transport pathways and water di�usion

The transference coe�cient is a direct measure of

how water transport is coupled to ion transport.
The water permeability, however, is a measure of
water ¯ow that takes place independent of ion

transport. If water is always transferred along the
hydrophilic sites in the membrane, there should be
a correlation also between ionic mobility (ionic con-

ductivity) and water permeability. The di�usion
coe�cient, DH2O, was therefore correlated with
water content (Fig. 7(a)) and with membrane con-
ductivity (Fig. 7(b)).

Fig. 6. Number of freezing water molecules per cationic

site plotted against the number of water molecules

``pushed'' by hydrated cations in Na®on membranes of

various cation forms.

Table 1.

Attributed number per cationic site of water molecules of di�erent states in Na®on membranes exchanged with various

kinds of cations (a = b+ c + d)

Membrane form LiM NaM KM RbM CsM

a. Water content l 19.5 16.5 10.8 10.1 8.6

b. Hydrated water to cation 5.5 2.8 1.4 1.2 1.0

c. Bound water to SO3
ÿ site and

hydrophilic/hydrophobic region interface

4.7 5.9 4.9 5.8 4.1

d. Semi-free water 9.3 7.8 4.5 3.1 3.5

e. Ratio d/a 0.47 0.47 0.41 0.30 0.40

Transport characteristics of Na®on membranes 3745



A surprisingly parallel relationship can be seen
from these ®gures. The similar behavior indicates

that the ions and water indeed move along the
same (narrow) hydrophilic paths in the membrane,
whether it di�uses (pressure di�usion or normal dif-

fusion), or is transported by electro-osmosis.
Furthermore, the water content of these paths,
seems to be crucial for the membrane conductivity.

Correlation of the membrane structure and transport

properties

The following picture emerges for the state of
water in the membrane from the above data corre-

lations. It is seen that the ion transport is coupled
to water transport in a way that may enlarge or
reduce the hydrophilic domains in the membrane,
depending on the nature of the ion. This means

that the ion in¯uences the channel structure and/or
diameter. The fact that the amount of semi-free
water in the membrane decreased as the hydrophili-

city of the membrane cation decreased, supports the
idea that there is some water especially associated
with the ®xed charges and the cations in the mem-

brane. This further supports our model for the
water transference coe�cient.
The correlations between k, DH2O and water con-

tent l supports the idea of a common path for

transport of water and ions. It is found that high

membrane conductivity is linked to high water con-
tent in the hydrophilic domains of the membrane.
The membrane conductivity and the di�usion coe�-

cient of water, which showed a correlation in
Fig. 7(a) and Fig. 7(b) was also plotted against the
channel cross section in Fig. 8. The channel cross

section was calculated from the streaming potential
data [18]. The tendency is that the rate of transfer
of particles is uniquely determined by the largeness
of the path of those particles. This simple rule, in a

membrane which can be speci®ed by a channel
structure like Na®on, will be useful as a ®rst order
approximation.

One system which falls outside is the membrane
with H+. This system has clearly a higher conduc-
tivity than the one expected from the trend of the

other ions. H+ and water transport is less coupled
than that of the normal cation and water, and tH2O

is low.
These ®ndings are of practical importance for the

design of membranes with higher performance in
electrochemical systems. According to the con-
clusions above we can say that a strategy for mem-

brane synthesis is to aim at [34]:
(1) a high concentration of sulfonic acid groups

to increase the ionic site density in the hydrophilic

domains,
(2) a high water content to enlarge hydrophilic

domains in the membrane,

(3) alignment of channel structures to ease ion
(and water) transport.

CONCLUDING REMARKS

Water and ion transport must be understood
from the microstructure of the membrane. In this
study, the water transference coe�cient tH2O is

Fig. 7. (a) Di�usion coe�cient of water DH2O in Na®on

117 membranes of various cation forms plotted against

the membrane water content l in full hydration state. (b)

Relationship between the di�usion coe�cient of water

DH2O and the membrane speci®c conductivity k.

Fig. 8. Membrane speci®c conductivity k and di�usion

coe�cient of water DH2O in Na®on 117 membranes of var-

ious cation forms, plotted as a function of the cross sec-

tion of the channel calculated from Ref. [18]. w: k, Q:

DH2O.
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related to the channel structure of Na®on, where
water pushed by cations with volume exclusion is a

plausible mechanism in this kind of hydrophilic/
hydrophobic domain separated polymers with
``reverse micelle'' structures [29]. In total, the

volume of ion and accompanying water molecules,
in comparison to the volume of the channel struc-
ture will determine the mobility of the ion in the

membrane.
The mechanism of ionic conduction in the mem-

brane is totally di�erent from that in the bulk sol-

ution. In the former case ions move in the
environment of hydrophilic channels which are
formed in the membrane, while in the latter case
ions move freely in the environment characterized

by the local viscosity of the solution. It is shown
that increasing the water content will improve the
transport characteristics of the membrane by

increasing hydrophilic domains through which ions
move. On the other hand, water is inevitably trans-
ported by the moving cations, and the amount of

water accompanied will limit the rate of cations tra-
velling along the ion exchange sites inside the
narrow channel structure. Water can be regarded as

an ``obstacle'' for ion movement in one sense, but
as a ``lubricant'' in another sense.
In spite of the high concentration of ions in the

membrane, the mixture of counterions can be

regarded as a ``regular mixture'', and can be
described by a simple model. This fact indicates
that ions in the membranes are strongly shielded by

ions of the opposite sign and by water molecules,
and ion±ion interaction will not go beyond next-
neighbor distance.

The conduction of H+ in the membrane is di�er-
ent from other cations, and the Grotthus mechan-
ism can be assumed like in aqueous solutions. Also
the small value of tH2O in H-form membranes

(tH2O � 2:6) indicates the easiness of H+ to move in
the membrane phase. This small value turns out to
be a favorable fact in view of water management,

for the application of the membrane to fuel cell
technology. The strategy of designing new mem-
branes of higher performances for polymer electro-

lyte fuel cells is proposed based on the proposed
model [34].
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