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The  flux  of  liquid  water  through  Nafion  membranes  of  different  thickness  and  equivalent  weight  was  mea-
sured as  a function  of  hydrostatic  pressure  and  temperature.  Hydraulic  water  transport  across  Nafion
membranes  increases  with  temperature  and  equivalent  weight  of  the Nafion.  Hydraulic  permeability
increases  with  temperature  due  to  both  decreased  water  viscosity  and  increased  hydrophilic  volume
eywords:
ydraulic permeation
afion
ore network

fraction.  Convective  flow  from  the  applied  hydrostatic  water  pressure  is  an  order  of  magnitude  greater
than  the  estimated  diffusive  water  flux  associated  with  the  water  activity  gradient.  Water  sorption  and
hydraulic  permeability  data  predict  a  hydrophilic  pore  network  with  hydrophilic  domains  2.5  nm  in  diam-
eter spaced  5.5  nm  apart.  The  pore  network  structure  from  water  sorption  and  hydraulic  permeability
are  consistent  with  the spacing  between  hydrophilic  domains  observed  with  small  angle  X-ray  scattering
experiments.
. Introduction

Water transport through Nafion membranes is essential for the
uccessful operation of Polymer Electrolyte Membrane (PEM) Fuel
ells. Water made at the cathode catalyst layer, situated between
he PEM and the porous cathode gas diffusion layer (GDL) must
e removed. Depending on the resistances to transport, water can
ither flow through the porous GDL to the cathode gas flow channel
r flow through the PEM to the anode catalyst layer, anode GDL and
node gas flow channel. Water is transported through the PEM both
y diffusion, due to an activity gradient, and by convection, due to

 hydraulic pressure difference between the cathode and anode.
n a typical PEM fuel cell there might be a pressure difference of
.1 MPa  between the cathode and the anode. There has been many
tudies of water transport by diffusion through PEMs over the past
everal years [1–16]. In contrast there has been only a few reports of
onvective water transport through PEMs [2,5,17]. We  report here
esults for water uptake and convective water transport through
he PEM Nafion.

Nafion is the most common and popular PEM employed in fuel
ells. It is a perfluorosulfonic acid made by copolymerization of
etrafluoroethylene and a perfluorovinyl ether terminated with a
ulfonyl fluoride [18]. After polymerization the sulfonyl fluoride

s hydrolyzed and ion exchanged to produce the perfluorosulfonic
cid. Nafion microphase separates into hydrophilic domains com-
rised of sulfonic acid groups and sorbed water that is surrounded

∗ Corresponding author. Tel.: +1 609 258 5416.
E-mail address: benziger@princeton.edu (J. Benziger).

376-7388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2011.12.004
© 2011 Elsevier B.V. All rights reserved.

by a hydrophobic matrix of tetrafluoroethylene and perfluoro
ethers. Water sorption swells the hydrophilic domains providing
paths for proton transport and water diffusion [19,20].  We  expect
that convective water transport driven by a hydraulic pressure will
also be through the hydrophilic domains. Several versions of Nafion
membranes are available that differ by membrane thickness, den-
sity of sulfonic acid groups and the capping groups on the ends
of the polymer chains. We  anticipate that the hydraulic perme-
ation of water will correlate with the hydrophilic volume fraction
and inversely with the membrane thickness. Recent studies charac-
terizing the diffusive transport of water across Nafion membranes
with different equivalent weights (EW = mass of polymer/mole of
SO3

−X+) and different membrane thickness have shown that inter-
facial transport at the vapor/membrane interface can limit water
transport across thin Nafion membranes, but there is negligible
transport resistance at the liquid/membrane interface [1,2,4,20,21].

PEM fuel cells are often operated with pressure differences
between the anode and cathode; water can be transported across
the membrane by diffusion driven by a water activity difference and
by convection driven by a hydraulic pressure difference. Two recent
papers have reported hydraulic permeability of water through
Nafion was  small and increased with temperature [2,4]. Kientiz
et al. examined Nafion 212 and 211 and suggested that hydraulic
permeability was small relative to diffusive transport of water [2].
We have extended the previous studies to compare water perme-
ation through Nafion membranes with different thickness, different

equivalent weight and different capping groups. The results show
that hydraulic permeability increases with temperature and vol-
ume  fraction of water in the membrane. The hydraulic radius
of the water channels and their spacing were determined from

dx.doi.org/10.1016/j.memsci.2011.12.004
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:benziger@princeton.edu
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Fig. 1. Schematic of flow cell for water convection through Nafion membranes.

easurements of water volume fraction and water flow rate in a
orous network. The distance between hydrophilic domains was
5.5 nm in agreement with the characteristic length observed by

cattering experiments [18].

. Experimental

.1. Flow experiments

Liquid water flow rates were measured with the permeation
ell shown schematically in Fig. 1. Two polycarbonate blocks
ere machined with plenums 2.5 cm diameter × 1.25 cm deep. The

locks were bolted together with a polymer membrane placed
etween the two plenums. A support cross was  fitted in the low
ressure plenum to limit deflection of the polymer membrane.
ater was fed to one plenum from a pressurized reservoir. The

ydrostatic pressure from the height of the water reservoir above
he membrane and the applied gas pressure were combined to
ive a total hydraulic pressure. The outlet from the second plenum
ent into a 1.6 mm ID tygon tube. The water flow rate across the
embrane was determined from the distance the water moved

hrough the tygon tube as a function of time. Water flow rates
ere measured at a fixed hydraulic pressure for a period of 2–3 h to

btain steady state flow rates. Flow rates were measured for both
ncreasing and decreasing pressure changes. The permeation cell

as placed inside an insulated heated box where the temperature
as controlled.

.2. Membrane preparation and treatment

All membranes were treated by boiling in 3% H2O2 for 1 h, rins-
ng in boiling deionized water for 20 min, boiling in 1 M H2SO4
or an hour and finally rinsing again in boiling deionized water
or 30 min. Commercial extruded Nafion 115, Nafion 1110, Nafion
035 and Nafion 212 were obtained from Ion Power (New Castle
E) and treated as outlined above. Nafion 115 and Nafion 1110 are
oth equivalent weight 1100 with dry thicknesses 127 and 254 �m,
espectively. Nafion 212 is equivalent weight 1100 with a dry thick-
ess of 51 �m.  Nafion 212 has a different capping group on the
olymer chain than Nafion 115 and Nafion 1110. Nafion 1035 is
quivalent weight 1000 with a dry membrane thickness of 89 �m.

.3. SAXS sample preparation
Small angle X-ray scattering was carried out on samples of
afion 1110 equilibrated with water vapor and liquid water at

oom temperature and a sample placed in boiling water. The
Fig. 2. Water flux through Nafion 115 membranes at different temperatures.

membranes were placed in a sealed sample cell constructed from
two  copper plates with mica windows and a Viton gasket between
them. Membrane water contents, �, were determined gravimet-
rically on samples having the same treatment as those being
mounted in the SAXS cell.

The sample cell was  placed in the path of the X-ray beam. In
order to minimize membrane water loss during the data collec-
tion, helium gas was  used in the flight tube rather than a vacuum.
The 1.54 Å Cu-K� X-rays were generated by a Philips XRG-3000
sealed tube generator source. The beam was slit collimated and the
scattering was detected by an Anton-Paar compact Kratky cam-
era equipped with a Braun OED-50M detector. Samples were run
at room temperature for 10 min. Empty beam scattering, sample
transmittance, and detector response were corrected for in the
data analysis. The data reduction and desmearing procedures are
described in detail by Register [22]. The invariant scattering inten-
sity (q2I) is plotted as a function of scattering angle or distance
and the Bragg spacing is determined by the location of the peak in
scattering intensity.

2.4. Water uptake

The equilibrium water uptake was measured as a function of
water pressure at different temperatures using an isometric system
[19,23]. A PEM is placed in a fixed volume container. The PEM sam-
ple was  evacuated to below 1 Pa (<0.01 mbar) at 80 ◦C to remove
all the water from the membrane. The pressure container was  then
cooled to the desired temperature under vacuum. The valve to the
vacuum line was shut off and aliquots of water are injected into
the pressure vessel and allowed to equilibrate with the Nafion. The
resulting pressure is equal to the partial pressure of water. The dif-
ference between the quantity of water injected and the water in the
gas phase is equal to the amount of water absorbed by the Nafion.
Saturation was  evident when the injection of a liquid aliquot did
not cause any change in the pressure.

3. Results

The water fluxes as functions of applied hydraulic pressure for
Nafion 115 at room temperature (∼23 ◦C), 40, 60 and 80 ◦C are

shown in Fig. 2. Data for different Nafion membranes, N115, N1110,
N1035 and N212 at room temperature are shown in Fig. 3. These
data are all well represented by a linear increase of water flux with
applied hydraulic pressure. Table 1 summarizes the slope of the
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Table  1
Nafion membrane hydraulic permeabilities and water sorption.

Membrane (EW) T (◦C) � (Pa s) tm (�m) kw (cm2 × 1016) �sat = #H2O/SO3

N115 (1100) 23 .100 127 3.75 21 ± 2
N115  (1100) 40 .065 127 5.04 22 ± 2
N115  (1100) 60 .047 127 5.49 24 ± 2
N115  (1100) 80 .035 127 7.13 25 ± 2
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N1110  (1100) 23 .100 

N1035  (1000) 23 .100 

N212  (1100) 23 .100 

ater flux (Qw) vs. pressure (�P) for the different samples and dif-
erent temperatures. Membrane permeabilities (kw), defined by Eq.
1),  were calculated from the flux data and are given in Table 1. The

embrane permeability is expected to be independent of water
iscosity, �, and membrane thickness, tm.

w = kw

�tm
�P (1)

The results indicate that the three membranes with the 1100
quivalent weight, N115, N1110 and N212, all had similar perme-
bilities circa 4 × 10−16 cm2 at 23 ◦C. N1035, with an equivalent
eight of 1000, had permeability about 40% greater than the

100 EW Nafion. The permeability of N115 membranes increased
ith temperature. Since kw corrects for the viscosity change with

emperature, the data show that the permeability increased with
emperature.

The saturation uptake of water into the Nafion membranes
reported as � = number of water molecules sorbed per sulfonate
roup) are shown in Table 1. The saturation water volume increased
odestly with increasing temperature. The saturation water vol-

me  at 23 ◦C was also larger for the 1000 EW Nafion (N1035) than
he 1100 EW Nafion. (Even though � was the same for N115 and
1035 the water volume fraction is larger for N1035 because the
ensity of sulfonic acid groups is greater for N1035.)

Small angle X-ray scattering results for four different Nafion
110 samples are shown in Fig. 4. More detailed studies can be
ound in a number of sources [18,24–27].  The purpose of Fig. 4 is
o highlight the characteristic scattering length of ∼5 nm for Nafion
amples with absorbed water. There is no evidence of any scattering
n the nm range for proton exchanged Nafion membranes with-

ut absorbed water. The other three samples correspond to water
bsorption at saturation conditions: saturated vapor at room tem-
erature, saturated liquid at room temperature and saturated liquid
t 100 ◦C. The SAXS results for 1100 EW Nafion indicate a small

Fig. 3. Water flux through different Nafion Membranes at 23 ◦C.
254 3.90 21 ± 2
89 5.77 21 ± 2
51 4.09 21 ± 2

increase in water sorption between saturated vapor and liquid, and
an additional small increase between saturated liquid at 20 ◦C and
100 ◦C. The characteristic scattering length increases slightly with
increased water content in the membrane.

4. Discussion

The mechanisms of water transport in Nafion and structure
of the “water channels” have been a source of intense interest
over the past 25 years. Modeling efforts have examined different
contributions of water sorption and transport including diffusion
and convection. Eikerling and co-workers have considered various
driving forces for convection including external pressure gradient,
capillary pressure, osmotic pressure, and elastic forces associated
with membrane deformation [28–31].  Experiments have lagged
behind the modeling efforts for water transport and only recently
have experimental results been published that provide details
of transport resistances [1,4,5,10,20,32,33],  mechanical properties
[34,35] and water profiles [36–39] as functions of water activity and
temperature. These recent experimental results can be compared
with previous modeling efforts to improve the understanding of
structure–property relationships in Nafion.

Water permeation, water sorption and SAXS studies of water in
Nafion have been reported in the literature [18]. It is well estab-
lished that water sorption in Nafion is accompanied by a strong
scattering peak with a characteristic distance of ∼5 nm.  Water dif-
fusion increases with water content in Nafion. However, there
has been minimal quantitative connections between the struc-
ture of Nafion determined by scattering experiments and transport
rates. We  explore here the consistency of convective water trans-

port through Nafion and the structure of the hydrophilic domains
determined from scattering experiments. It will be shown that con-
vective water transport coupled with water sorption predicts water

Fig. 4. Small angle X-ray scattering of Nafion 1110 membranes in saturated vapor,
room temperature saturated liquid and saturated liquid at 100 ◦C.
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s convected through a hydrophilic “channel” network consisting of
.5 nm diameter water channels spaced 5.5 nm apart; this structure
hows quantitative agreement with the results from SAXS.

.1. Effect of temperature and equivalent weight on hydraulic
ermeability

Two recent papers have reported measurements of pressure
riven water convection through Nafion. Weber and collaborators
rom Toyota reported permeability coefficients for Nafion 211 and
afion 212 [2]. Their values for 1100 EW Nafion is in the range
f 1–8 × 10−16 cm2 very close to those reported here at 60 and
0 ◦C. The permeability they measured at 25 ◦C was 4 times smaller
han the value we report. Holdcroft and co-workers also measured
ydraulic water permeability through Nafion 212 [4,5,21]. They
lso obtained values circa 10−16 cm2 similar to those reported here.
hese recent values are almost 100 times less than earlier values
eported by Bernaradi and Verbrugge [17]. We  suspect there were
ome difficulties with those early experiments.

Hydraulic permeabilities at 23 ◦C were almost the same for
115, N1110 and N212, all of which have an equivalent weight
f 1100. These three membranes also sorbed the same number of
ater molecules per sulfonic acid groups (� = 21H2O/SO3 at 23 ◦C).

he hydraulic permeability of N1035, with EW 1000, is greater than
he permeability of the 1100 EW Nafion membranes.

Our results, as well as those of Kientiz et al. and Adachi et al.,
ound that the hydraulic permeability increased with tempera-
ure. In all three studies the water flux increased more than that
redicted by the decrease of water viscosity with temperature, indi-
ating that the hydraulic permeability increased with temperature.
esults in Table 1 also show that the number of water molecules
orbed per sulfonic acid group increased with temperature, indi-
ating that the volume fraction of water in Nafion increased with
ncreasing temperature. The increase in hydraulic permeability

ith temperature and equivalent weight is greater than expected
rom the increased volume fraction of water. The water volume
raction, ϕw, given in Eq. (2) changes by almost 10% while the
ydraulic permeability increased by 50–80%. This difference sug-
ests there may  be structural changes to the hydrophilic domains
ith increased water sorption beyond simple volume expansion.

w = (�Nafion/EW)�Vw

1 + (�Nafion/EW)�Vw
(2)

.2. Hydraulic permeation vs. pervaporation

The recent paper by Kientiz et al. compared the water fluxes
rom liquid/vapor pervaporation and liquid/liquid hydraulic per-

eation. They observed that the liquid/vapor pervaporation fluxes
ere significantly greater than the liquid/liquid hydraulic perme-

tion fluxes. Kientiz et al. suggested that hydraulic permeation
ould be neglected relative to the pervaporation if there was an
ctivity gradient [2].  Adachi et al. also made similar observations
4]. In our liquid/vapor permeation experiments in our labs we
lso observed larger pervaporation water fluxes than the convec-
ive water fluxes we report here [1,20,32]. Is hydraulic permeation
mportant to water transport in Nafion?

Water transport across Nafion membranes is essential to both
embrane humidifiers and PEM fuel cells. The water activity dif-

erences across the membrane are quite different in fuel cells
ompared to membrane humidifiers. Nafion membrane humid-
fiers operate as pervaporation cells with a small hydrostatic

ressure difference (<10 kPa) but large relative humidity difference
cross the membrane [40–42].  In contrast, fuel cells have saturated
iquid/gas streams at both sides of the membrane throughout most
f the fuel cell; there is a negligible relative humidity difference, but
cience 392– 393 (2012) 88– 94 91

a substantial hydrostatic pressure difference (∼100 kPa) between
the anode and cathode.

Benziger and co-workers, and Monroe et al. concluded that
interfacial water transport at the membrane vapor interface is
the principal resistance to water transport in pervaporation sys-
tems [1,8,20]. Because the limiting transport resistance is at the
vapor/membrane interface, the water activity in the membrane is
nearly constant across the membrane, approximately equal to the
liquid water activity, as shown by Eq. (3),  where km is a function of
temperature.

(Qpervaporation) = km(amembrane
w − avapor

w ) ≈ km(aliquid
w − avapor

w ) (3)

Saturated liquid activity is unity (asaturated liquid
w = 1). The activity

correction for a pressurized liquid is given by the Poynting correc-
tion shown in Eq. (4) (assuming that liquid water is incompressible
over the pressures of interest).

aw = aw(Psat
w ) + exp

[∫ P

Psat
w

V̄w

RT
dP

]
= 1 + exp

[
(P − Psat

w )V̄w

RT

]

≈ 1 + (P − Psat
w )V̄w

RT
(4)

The activity correction to pressurized water at 100 ◦C from satu-
ration (0.1 MPa) to 1 MPa  pressure (10 bar) is ∼0.001. Hence, we
conclude that at low to moderate differential pressures no mea-
sureable change to the water pervaporation flux is expected. This
is consistent with pressurized pervaporation experiments by Kien-
tiz et al. and Adachi et al. (We  did similar experiments. Initially
we observed a small change in the steady state flux for pressur-
ized pervaporation through Nafion. However, when we followed
the flux dynamically we  discovered the change in flux was due to
bowing of the membrane due to the pressure differential, which
increased the interfacial area.)

There is no convective water flux across the membrane/vapor
interface. Since interfacial transport at the vapor/membrane inter-
face is the limiting resistance to pervaporation, any contribution
to water transport by hydraulic permeation in the membrane will
increase the water concentration at the membrane/vapor inter-
face and reduce the already small water activity gradient across
the membrane.

When liquid water is at both membrane surfaces the interfa-
cial transport resistances are negligible. Unless there is a pressure
(or temperature) gradient across the membrane there is no driv-
ing force for water transport. A differential pressure across the
membrane will drive water transport by diffusion and hydraulic
permeation. Diffusive permeation is driven by the water activity
gradient across the membrane. The activity difference for pressur-
ized liquid water on both sides of the membrane is given by the
Poynting correction shown in Eq. (5).

�aw = exp

[∫ Pcathode

Panode

[
V̄w

RT

]
dP

]
= exp

[
(Panode − Pcathode)V̄w

RT

]

≈ (Panode − Pcathode)V̄w

RT
(5)

The diffusive water flux (Qw,diffusive) associated with the hydro-
static pressure difference across the membrane of thickness tm, is
given by Eq. (6); where Dw is the diffusion coefficient of water and
cw is the concentration of water in the membrane (cw = �NSO3 =
��Nafion /EW where NSO3 is the density of sulfonic acid groups in
Nafion). Diffusion coefficients for 1100 EW Nafion were reported

by Zhao et al. [20]; Dw(aw = 1) ≈ 5 × 10−6 cm2 s−1.

Qw,diffusive ≈ Dwcw,mem
�aw

tm
= Dw�NSO3

tm

(Panode − Pcathode)V̄w

RT
(6)
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Fig. 5. Cell model for hydrophilic network structure. (A) This is the structure of
Nafion predicted by molecular dynamics with � = 15H2O/SO3. Only the water and
sulfonic acid groups are shown. The voids are occupied by the TFE backbone and
PFEA side chains. (B) A unit cell of a simplified model for Nafion assuming a geo-
metrically regular structure. The hydrophilic domains are the struts and the voids
2 Q. Duan et al. / Journal of Mem

he ratio of the diffusive flux (Eq. (6)) to the convective flux (Eq.
1)) with liquid present on both sides of the membrane is given by
q. (7).

Qdiffusive

Qconvective
= Dw�NSO3 �V̄w

RTkw
≈ 3 × 10−2 (7)

hen water is present at both sides of the Nafion membrane the
iffusive flux from an applied pressure is only a small fraction of the
ydraulic flux (∼3%). In PEM fuel cells when the anode and cathode
as streams are both fully humidified the transport of water across
afion membranes will be dominated by hydraulic permeation.

.3. Water removal from the catalyst layer: through the
embrane or through the GDL?

Water is produced at the cathode catalyst layer. The vapor is
aturated in the cathode flow channel. There is no water activ-
ty gradient to drive diffusion from the cathode catalyst layer to
he cathode gas flow channel, so liquid water will accumulate in
he catalyst layer and build up a hydrostatic pressure. The water
ressure will increase until the water pushes through either the
embrane or the cathode gas diffusion layer. The pressure required

o push water through the Nafion membrane depends on the cur-
ent density of the fuel cell. The hydrostatic pressure to remove
he water by transport through the membrane is found by equat-
ng the water flux through the membrane to the water production.
he hydrostatic pressure differential to force the water through the
embrane at typical fuel cell current densities would be very large

equation 8).

P = j/2F

kw/�tm
≈ 1 MPa, j = 1 A/cm2 (8)

he hydraulic pressure to force water through the membrane can
e compared to the pressure to force liquid water through the GDL.
enziger and co-workers previously measured liquid water per-
eation through GDL materials [43]. There is a minimum pressure

or liquid water penetration into the largest pores of the GDL of
10 kPa. Above the penetration pressure the permeation coeffi-

ient through the GDL is ∼10−12 cm2, which is much greater than
w ∼ 10−16 cm2 for permeation through the membrane. This simple
alculation shows that most of the water formed at the cathode will
e transported through the GDL to the cathode gas flow channel.

.4. The hydrophilic pore network

Nafion consists of hydrophilic sulfonic acid groups dispersed
n a hydrophobic matrix of tetrafluoroethylene and perfluoroalkyl
thers [18,24,44–53]. The sulfonic acid groups sorb water swelling
he hydrophilic network through which water and protons are
ransported. The microphase separated structure of Nafion is analo-
ous to a porous medium where water may  be transported through

 convoluted hydrophilic pore structure. Gierke proposed a pore
tructure with spherical hydrophilic clusters of sulfonic acid groups
nd water that are connected by narrow hydrophilic channels
44]. More refinements to the Gierke model have been proposed
ver the past 30 years based primarily on results from Small
ngle X-ray scattering and Small Angle Neutron scattering [18].
hose results have shown that there is a characteristic scattering
istance of ∼5 nm that appears when water is sorbed in Nafion
24,27,48–51]. Most studies have associated that distance with the
pacing between hydrophilic clusters in the Nafion [24,48,49,54];
owever, some studies have suggested that the scattering peak

orresponds to the size of the hydrophilic clusters [55,56].

Transport properties can also provide structural information
bout Nafion. Wu et al. have recently shown that there is a crit-
cal hydrophilic volume fraction (ϕ) threshold of 0.1 in 1100
are the hydrophobic domains. The hydraulic radius for water transport is given by a,
and d is the spacing between hydrophilic domains. (C) The connection of unit cells
to  make a bicontinuous channel network.

EW Nafion for the hydrophilic domains to percolate through the
hydrophobic matrix [19]. Above the critical threshold, proton
conductivity increases quadratically with the hydrophilic volume
fraction; �H+∼(ϕ − ϕc)2. Zhao et al. have shown that water diffu-
sion in Nafion also increases quadratically with the hydrophilic
volume fraction; Dw ∼ ϕ2 [20]. Zhao also showed that tortuosity,
�, of the hydrophilic domains decreases dramatically with water
volume fraction from � ∼ 20 at ϕw = 0.02 to � ∼ 2 at ϕw ∼ 0.1.

The convection of water through Nafion can also serve as a probe
to its structure. The hydrophilic domains form a network through
which water flows. The water flux depends on the size and den-
sity of the hydrophilic channels. Fig. 5A shows molecular dynamics
results from Daly for the hydrophilic phase separated domains for
1100 EW Nafion with � = 15H2O/SO3 [57]. The hydrophilic domains
form a channel network. A simplified model of the channel network
in Nafion is illustrated in Fig. 5. This model is greatly simplified,
assuming regularly spaced uniform channels. The utility of the
model is to make quantitative predictions of flow rates through
Nafion.

The microphase separated structure is approximated by a reg-
ular array of unit cells consisting of struts and cavities. The
struts and cavities of the unit cell represent Nafion’s phase sep-
arated structure. The volume fractions of the struts and cavities
are characterized by two quantities: a = characteristic dimen-
sion of the hydrophilic channel (e.g. hydrodynamic radius), and
d = characteristic distance between hydrophilic channels. The vol-
ume  fraction of the struts, representing water sorbed into the
hydrophilic channels is related to the two  quantities a and d by Eq.
(9). (One could imagine the hydrophilic and hydrophobic phases
switched. Because the model is symmetric the results are indepen-
dent of whether one assumed the hydrophilic phases consisted of
the struts between vertices or the central voids.)

ϕ = 12
(

a

d

)2
− 16

(
a

d

)3
(9)

The quadratic term in Eq. (9) is the volume of non-intersecting

channels; the cubic term in Eq. (9) accounts for the overlapping
volumes of channels going in different directions.

When a hydraulic pressure is applied it will cause water to flow
in the direction of the pressure gradient; the applied pressure must
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Table  2
Pore network parameters for liquid water flow in Nafion.

Membrane T (◦C) ϕw [2kw�]1/2 (nm) a (nm) d (nm)

N115 23 0.404 ± 0.03 0.27 1.12 ± 0.15 5.14 ± 0.2
N115 40 0.36 ± 0.03 0.32 1.26 ± 0.15 5.69 ± 0.2
N115 60  0.37 ± 0.03 0.33 1.24 ± 0.15 5.43 ± 0.2
N115  80 0.39 ± 0.03 0.38 1.38 ± 0.15 5.94 ± 0.2
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N1110  23 0.34 ± 0.03 

N1035  23 0.38 ± 0.03 

N212  23 0.35 ± 0.03 

vercome the viscous drag with the walls of the channels. The
ow rate as a function of pressure drop may  be approximated by
oiseuille flow (Eq. (10)), where laminar flow in uniform square
hannels with hydraulic radius rh is assumed.

w,pore = (2rh)2

[
r2
h

8�

�P

Lpore

]
(10)

he total water flow for channels spaced at a distance d apart is
iven by Eq. (11). To account for distortions of the real pore network
rom the idealized model the effective length of the channels is
iven by the membrane thickness multiplied by a tortuosity factor,
.

w = (2rh)2

d2

[
r2
h

8�

�P

Lpore

]
=

[
r4
h

d2

][
�P

2��tm

]
(11)

Eqs. (10) and (11) assume that the Poiseuille flow description of
iquid flow through cylindrical channels can be extended to more
omplex geometries, this assumption has been validated for both
as and liquid flow through porous materials, leading to the com-
only employed Kozeny equation for flow through porous media

58].
The hydraulic radius accounts for the volume available for flow

ivided by interfacial area over which the shear forces are exerted,
s given by Eq. (12). The hydrophilic volume is the volume fraction
f water sorbed into the polymer membrane, given by Eq. (2).

h = hydrophilic volume/unit volume
interfacial area/unit volume

= ϕw

˛int
(12)

The interfacial area between the hydrophilic domains and the
ydrophobic matrix is not directly accessible for measurement.
owever, the interfacial area is related to the hydrophilic network
arameters a and d, and is given by Eq. (13). Eq. (13) only includes
he interfacial area of the struts in the direction of flow.

int = 24a(d − 2a) (13)

he hydraulic radius can also be expressed as a function of the
ydrophilic network parameters as given by Eq. (14).

h = 3ad − 4a2

3(d  − 2a)
(14)

Eqs. (2) and (11)–(14) can be combined to determine a and d
s functions of the experimentally measured and water volume
raction (ϕw) and water flow rate (Qw).

The water volume fractions were determined from water sorp-
ion data and the results are listed in Table 2. From Eqs. (1) and
11) the experimental permeability can be related to the hydraulic
adius and spacing between pores.

r4
h

d2
= [2kw�] (15)
Assuming � = 2 from the measurements of Zhao et al. [20] values
f a and d were determined for each membrane at the different
emperatures using Eqs. (9) and (15); the results are summarized
n Table 2.
0.27 1.14 ± 0.15 5.25 ± 0.2
0.34 1.28 ± 0.15 5.57 ± 0.2
0.28 1.17 ± 0.15 5.37 ± 0.2

The results indicate that the spacing between hydrophilic
domains, d, ranges from 5 to 6 nm,  increasing with water
volume fraction. Those values agree with the characteristic dis-
tance observed from scattering experiments (e.g. see Fig. 4).
The hydrophilic channel diameter, dchannel = 2a, is approximately
2.3–2.7 nm.

The pore structure suggested here is similar to that previous
proposed by Gebel and Diat for proton transport in Nafion [48,51].
Gebel and Lambard had previously combined water sorption data
with the characteristic dimension from SAXS experiments to pre-
dict hydrophilic domain sizes and spacing [51]. The agreement of
the water sorption data and Porod analysis from Gebel and co-
workers was  not very good assuming spherical domains. The fibril
structure of hydrophobic cores surrounded by a hydrophobic shell
more recently proposed by Gebel and co-workers was  more con-
sistent with scattering results and sorption data and we show here
it is also consistent with transport data.

The water sorption and hydraulic water transport are not con-
sistent with models that suggest the hydrophilic pores are ∼5 nm
in diameter [56]. The flow results are also not consistent with the
classical Gierke model of spherical clusters connected by narrow
channels. If there were narrow channels between large spher-
ical clusters the hydraulic permeability of the pores would be
greatly reduced, which would require the spacing between pores
to be reduced. The flow rate at fixed pressure increases with the
hydraulic radius raised to the 4th power, so a small decrease in
channel radius would require more closely spaced hydrophilic
channels.

5. Conclusions

Hydraulic permeation of water through Nafion membranes has
been examined for different equivalent weights at temperatures
20–80 ◦C. The principal findings are:

1. Hydraulic permeation decreases with increasing membrane
thickness.

2. Hydraulic permeation increases with increasing temperature.
3. Hydraulic permeation increases with decreasing equivalent

weight of Nafion.
4. Hydraulic permeation is of negligible importance for water per-

vaporation; the increase of liquid water activity with pressure is
small.

5. Hydraulic permeation is the dominant transport process for
water when liquid water is present on both sides of a Nafion
membrane.

6. Liquid water removal from the cathode catalyst layer is primarily

through the cathode GDL.

7. Water sorption and hydraulic permeation results suggest a
hydrophilic pore network in Nafion with hydrophilic domains
∼2.5 nm in diameter spaced 5.5 nm apart.
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