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Abstract

To design direct methanol fuel cells, proton permeability and methanol crossover have to be evaluated. A study of the transport of methanol
and protons through composite membranes of poly(ethylene glycol) (PEG) and polysulfone (PSf) was performed and permeabilities of these
components were determined. PSF was treated with dilute sulfuric acid to enhance hydrophilicity. PEG was found to be a good material for
the active layer, because it contair®H hydrophilic groups which combine with hydrated protons. A composite membrane made of 15wt.%

PSf and 40-50wt.% PEG showed a lower methanol crossover{DOEnt s*) than the commercial reference NAFION.17. Maximal

proton conductivity is also lower than NAFIGNL17. A mathematical deterministic model, considering transport by diffusion through the
composite membrane and equilibrium at the membrane—reservoir interfaces, was derived. However, the PEG layer did not present any pores
and diffusion in the dense membrane was estimated using a transport probability. On the other hand, the porous PSf layer required an effective
diffusivity that is a function of physical properties such as porosity and tortuosity. The contribution made by each mass transfer phenomenon
to the total permeation was calculated by an association of mass transfer resistances.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction DMFC, which already has a liquid phase. On the porous
anode, electrochemical oxidation of the methanol occurs to
Fuel cells, composed of an anode, a membrane and a cathproduce carbon dioxide, protons and electrons. The protons
ode, can be used to generate energy by oxidation of either hy-diffuse through the membrane to the cathode side, where they
drogen or methanol. To take maximum advantage of the fuel, react with the oxygen to produce water.
amembrane is needed to conduct protons and avoid methanol The most used membranes for DMFC are the perfluo-
crossover. rinated sulfonated NAFIOR membranes of DuPont, due
The most representative kinds of fuel cells are the proton- to their chemical stability, high conductivity and high per-
exchange membrane fuel cell (PEMFC) and the direct meability to protons. However, these membranes also al-
methanol fuel cell (DMFC), which use proton-conducting low methanol to permeate, which reduces the efficiency
membranegl]. DMFC is more interesting than PEMFC, be- of the electrochemical process, increases fuel consumption
cause its theoretical potential is high@}, and because it and damages the own cells. This phenomenon is known as
allows simple liquid handling. Also, as PEMFC operation is methanol crossoveiSeveral authors have reported the fac-
based on the supply of hydrogen, the management of wa-tors behind it, including cell temperature, cathode pressure,
ter generated is very important. This is not an issue with methanol concentration and catalyst morpholf®)¢].
Many alternative membranes for DMFC are under investi-

* Corresponding author. Tel.: +34 977 55 96 11; fax: +34 977 55 85 44. dation in the following four aspects: the primary structure of
E-mail addressricard.garcia@urv.net (R. Garcia-Valls). the polymer, the morphology of the polymer, the nature of the

0378-7753/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.01.074



224

X. Zhang et al. / Journal of Power Sources 145 (2005) 223-230

NNXI 40O TVT r _ZTC%\_CDUO_OJ>

Nomenclature

Greek symbols

o mass transfer at reservgirmembrane inter-
face

3 porosity

0 non-dimensional time

n time factor

T mass transfer number at resenjeimembrane
interface

2 tortuosity

%) non-dimensional concentration

"2 transport probability on dense layer

Subscripts

0 initial, for concentrations, or infinite dilution
diffusion coefficient

c calculated through simulations

D diffusive

e experimental

f feed

H* proton

L liquid

MeOH methanol

PEG  poly(ethylene glycol) layer

psf polysulfone layer

S stripping

membrane area (cth
concentration (gmol crr?)
pore diameter (cm)
diffusivity (cm?s™1)
elementary charge
Boltzmann’s constant
mass transfer  coefficient on  thg
membrane-reservdgjinterface (cms?t)
membrane thickness (cm)

number of pores of different diameters
permeability (cm mint)

volumetric permeate flow (chmin~1)
selectivity for proton transport

time (s)

temperature (K)

volume of reservoif (cm?)

axial position (cm)

non-dimensional axial position (cm crh)
total ionic strength (ion m®)

acid group, and the nature of the medium within the polymer

PSf is the simplest of these polymers and the morphologies
of its membranes have been well characterized. Sulfonation
is an efficient way to activate polysulfone in proton perme-
ability. There are two methods for obtaining proton-selective
PSf membranes: one is to introduce anionic moieties into a
performed solid membrari8]. The other is to introduce an-
ionic moieties into a polymer as a kind of modification, then
to dissolve of the polymer and cast it into a fili®]. The sec-

ond method is more complicated from an industrial point of
view, and the sulfonated polysulfone itself cannot perform as
a membrane with enough physical strength. The first method
is industrially easier. The treatment is with sulfuric acid, and
this does not change the physical strength of a performed
polysulfone membrane.

To reduce the methanol crossover, the dense layer may
serve as a barrier for methanol, and at the same time may
facilitate the proton transport. PEG is a kind of polymer that
is widely used in many fields. For example, it is used as a
lubricant and as a preservative for conserving archaeological
materials, because it is reasonably inexpensive and compati-
ble with many organic materials. In biosensors, PEG is pre-
sented as “hydrogell11] to immobilize enzyme or protein
on the carbon electrode surface and transport electrons. PEG
is therefore used as a proton-selective layer.

For the reasons outlined above, the asymmetric PSf mem-
brane was chosen as support and treated by thermal sulfona-
tion to improve its proton conductivity. A PEG dense layer
was then produced on top of PSf support.

Despite the interest in DMFCs, only a little effort is be-
ing made to propose mathematical modelling comprising the
mass transfer mechanism through the membji&id2). Most
studies apply an empirical adjustment to the membrane and
predict the electrochemical potential generated. Tradition-
ally, diffusivities through membranes are determined with-
out taking into account mass transfer coefficients at the
membrane-reservoir interfaces. In the case of composite
membranes, a global coefficient is calculated, and the dif-
ferent layers are not mathematically treated separately.

We have measured the permeability of protons and
methanol in membranes comprising a dense layer of
poly(ethylene glycol) (PEG) and a porous layer of poly-
sulfone (PSf). The equilibrium cell comprised a feed reser-
voir, the composite membrane, and a stripping reservoir.
Our results are expressed in terms of diffusivity. We fed
our data to a mathematical model that considered trans-
port by diffusion through the membrane and equilibrium at
the feed—membrane and membrane—stripping interfaces. We
then determined diffusivity for each layer was then deter-
mined using mass transfer resistances.

matrix [5]. Other membranes have been tested and results2. Methods

of these tests have been compared to those with NAFION
[6—8]. A better ratio between conductivity and methanol per-

The system used in this study comprised a feed reser-

meability has been reported. Much attention is given to poly- voir, a composite membrane and a stripping reservoir. The
sulfone (PSf), poly(ether ketones) and poly(benzimidazole). PEG layer of the composite membrane faced the feed reser-
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voir, and the PSf layer faced the stripping reservoir. A solu- for 30 and 60 min, and the composite membranes were then

tion of known pH or methanol concentration is fed into the stored in water before use. For biosensors, often PEG film is

feed reservoir and the protons or methanol molecules perme-dried overnight at room temperature to cross-[ibg]. In the

ate through the membrane, reaching the stripping reservoir,case studied here the PEG film was dried at®Qo avoid

where the concentration is measured. It is possible then tothe membrane to peel off in DMF solutions.

calculate permeability for the components studied. To study  Experiments to evaluate proton and methanol permeabil-

permeability with this equilibrium-diffusion model, we need ity were carried out by using a testing cell, consisting of two

to: reservoirs separated by a composite membrane with a dense

) layer of poly(ethylene glycol) and a porous layer of polysul-

* prepare the membrane and collect the experimental data, fone. The transversal area of tested membranes was 851 cm

o determine the experimental diffusivity, ~and both reservoirs (that of the feed solution and that of the

e determine the proton, methanol and membrane pmpert'esvstripping solution) had a volume of 200 &nfo measure pro-
such as the molar volume of each component, and theon phermeability the feed reservoir was filled with a solution
porosity and tortuosity of the membrane, of HCI 1.0 M. Also, to evaluate methanol crossover a 1.0 M

o determine the proton and methanol diffusivities by corre- go|ytion of methanol was used. Experimental data were the
lations with the literature, _ _ initial feed concentratio; (methanol concentration, in M,

e develop an equilibrium model, to obtain transient data on g, pH) and the initial stripping concentrati&@y. The strip-

concentration for each reservoir, ping concentration was also plotted against time.
e associate mass transfer resistances, to evaluate the effect The permeability coefficier® (cm min~1) was calculated

of each transport coefficient on experimental diffusivity, according to Eq(1):

and
e calculate the selectivity of proton transport at the _|, Cr _ Q, 1)
membrane—-reservoirs interfaces and through the mem- Co Vi
brane. Permeability was then multiplied to membrane thickness
(95um) to obtain diffusivity (cnds~1). Proton conductiv-
2.1. Preparation of the membranes and experimental ity was obtained by using the Nernst—Einstein equatidi
data as follows:
DZé?

A polysulfone casting solution was prepared by dis- o =
solving 15wt.% PSf (MW: 16,000, Aldrich) inN,N-
dimethylformamide (DMF) with vigorous agitation for 12h 5 5 patermination of porosity and tortuosity
at room temperature. The solutions were cast onto a glass
plate using a 20fim thick casting knife, then precipitated Important properties in mass transfer through porous me-
in 15wt.% DMF solution and/or water. The PSf membranes i are porosity and tortuosity. In the case of tortuosity, dif-
were then taken from the bath and rinsed with distilled water. ¢ sion is more difficult when the pore geometry is irregular.

The PSf membranes obtained were kept at@mn 0.25M The diffusion mechanisms for transient and steady states are
H2S0y aqueous solution for 3, 24 and 72h. Excess acid 0n gifterent. In the transient state, the component tends to dis-
the surface was removed by a short rinse of water. The mem-y;p, ;e jtself homogeneously for the whole solid matrix, even
branes were then placed in an oven at@dor 1h. These  (o5ching pores that are blocked at any of the extremities. Once
thermally treated membranes were then soaked in distilled g system reaches steady state, there is preferential diffusion
water and rinsed daily until the pH of the rinsed water was ihrqugh the sections with a concentration gradient, which is
neutral. _ _ _ ~ the driving force for diffusion. Therefore, transport does not
Usually sulfonation process requires using strong acids. ¢ in blocked pores. To make calculations easier, we de-
However, in the present work the degree of sulfonation is ¢ijeq to determine tortuosity for the steady state, by a model
not under investigation. The treatment of the PSf with di- ¢ considers a porous medium as an association of pores of

lute sulfuric acid aims enhancing proton permeability by in- yifrerent diameter§15]. If we consider pores to be spheres,
creasing hydrophilicity of the membrane. Indeed, preliminary steady-state tortuosity may be written as in &):
experiments using blank PSf membranes (nhot treated with

kol )

H»S0y) provided a proton diffusivity of 10'2cm?s—1. On » w1 3P a
the other hand, after sulfonation, proton diffusivity increased ¢ = Z d. (P )2 3)
to 100 e 5L, i=1 " (Zi:l i)

Wax-like PEG (MW 1000, from Aldrich) was dissolved After comparing effective diffusivity and binary diffusiv-
in methanol at several concentrations (5, 10, 20, 30, 40, 50,ity coefficients for various compounds, some authdg]
60, 70 and 80 wt.%). The solution was deposited onto the top have reported that expression for tortuosity should be a func-
surface of support PSf membranes. The PEG-covered PStion of the transported molecule structure, since cyclic and
membranes were placed in an oven to cross-link @0 acyclic compounds have different preferential paths within
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MM
Membrane: p6=0)=0 Experi
xperimental L/D.
3
ac_a( ac L =-mlo, 0. c,
= Zlz=0
or  ox| ox MW MW G
99 = —71'\_((1),:I —(p\) ———— Composite membrane L,/Dy Lo/D, —
z|,, -
' N MW MW
Change of variables: o= -G 6=— 2= Equilibrium model 1/ks L/D. 1/k
', =C, H L
Feed — membrane interface: Membrane - stripping interface: AW AW A WA
de, d Model for composite _
% =-a; (‘/’/ - (/’::o) d(/; =a,(p. -0) membranes 1/k; L/D, L./D, 1/k;,
9, (6=0)=1 0.(6=0)=0 Fig. 2. Association of mass transfer resistances.
L Ak, L Ak
T, = k —_ o, =u = — = o, =u s
/ D / v, 7, =k, D

performed in a Pentium IV of 2.66 GHz with 256 MB RAM

. . o . for 10,000 time iterations.
Fig. 1. Equations for the feed—membrane—stripping equilibrium model.

the porous media. In our study, however, the size of trans-2 4. Association of mass transfer resistances
ported molecules is small enough to assume there are no

significant differences in transport. Mass transfer may be seen as a series of resistances, as

By digitally treating data from scanning electron mi- jn Fig. 2 Experimental diffusivity can be evaluated using a
croscopy, the pore size distribution of the polysulfone (PSf) single parameter model. According to this approach, a com-
layer[17] can be evaluated. Then, tortuosity can be calculated posjte membrane should have two diffusivities — one for each
by applying Eq(3). Porosity, on the other hand, is the ratio layer, as expressed by Eg):
of the total volume of pores to the volume of the membrane.

L L1 Lo

2.3. Feed—membrane-stripping equilibrium model De = D1 + D> (4)

As a first approach, the system can be modelled just by The literature reports several correlations for diffusivities
considering the diffusive transport through the membrane, and describes their relative advantages and disadvantages.
which is made up of a single polymeric lay€ig. 1 shows To calculate diffusivities in liquids, the Wilke—Chang
the model equations, which consist of a partial differential equation[18,19] provides acceptable data, while proton
equation, describing the change in concentration through diffusivity can be determined from the Nernst—Hask&f)]
the membrane, and an ordinary differential equation of each equation, which is more suitable to transport of ions. To
reservoir. apply the Wilke—Chang equation we needed to calculate the

Our experimental data are the initial feed concentration molar volumes, which were determined according to the
and the stripping concentration varying on time. Data are Le Bas rule. However, liquid diffusivity must be corrected,
collected and converted into stripping non-dimensional con- depending on the medium considered. For a composite
centrations according to time. By comparing both stripping membrane, one proposal is
concentrations (simulated and experimental), it is possible

to find the . parameter, which relates the thickness of the DY — 0 < z < Lpgg,
membrane to the diffusivity. D= & (5)
We can reduce the complexity of the numeric system, DLZ — Lpec<z=1L

which is made up of one partial differential equation (PDE)

and two ordinary differential equations (ODESs), by applying When transport occurs through the poly(ethylene glycol)
finite differences. The decision on how many elements are (PEG) layer, liquid diffusivity is multiplied to the probability
necessary to do the simulations is based on calculated er-of the molecule passing through the molecules. In the porous
rors and required calculation time. For a hypothetic situation polysulfone (PSf) layer, effective diffusivity is the product of
in which the volumes of the membrane and both reservoirs liquid diffusivity and the ratio of porosity to tortuosity. Both
are equal, the equilibrium concentration should be one third porosity and tortuosity, on the other hand, can be estimated
of the initial concentration at the feed reservoir. Choosing by analysing the membrane with electron microscopy.

25 ODEs may be then justified, since a very accurate solu- One way to find transport probability may be to assume
tion can then be provided (less than 1.5% error) in a short an association of resistances for the composite membrane, as
simulation time (less than 6 min), when the simulations are shown inFig. 2 Using Eq.(5), experimental diffusivity can
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Table 1 Table 2
Equations used to determine proton selectivity Physico-chemical and geometric data
Membrane or layer Proton selectivity Property Value
Membrane, experimental &= DDe‘H+ L (um) 9500
BMeOH LPEG (}Lm) 100
cHT
Membrane, calculated S = Do A(cm?) 851
D, Wt ’
PEG Iayer (1Q$PEG = % & 0.13
L.MeOH¥*MeOH ‘[2 1.04
DmeoH (cn?s™) 1.70E-05
be rewritten as in Eq6): D+ (cmPs ™) 3.33E-05
L 1 |:LPEG n L— LPEGTZ} ©)
De DL | ¥ € membrane structure was well represented by a sequence of

Therefore, if we accept that the solutions are dilute, we can Straight channels, because the value was not far from 1.0.
establish a relationship between the experimental data and
the simulation parameters, i.e. the transport probability and 3.2. Experimental data
coefficients (Eq(7)):

The membranes were placed in the equilibrium cell be-
L _1 n 1 n 1 [LPEG L —LPEGrz] ) tween the feed and the stripping reservoirs, and the concen-
De ks ki DL | ¥ & tration (for methanol crossover experiments) or pH (for pro-

The mass transfer coefficients should be properly correlated!©" Permeability experiments) was measured. Initial feed pH
to the chemical structure of the membrane, since they arel" @l €xperiments was 0.12.

interpreted as interaction parameters. However, for the first We made preliminary experlmirétsitismg NAFI_@NU:
approach, we will assume the film mass transfer theory. Ac- Methanol crossover of 2.54E06 cnt s™* was obtained, in

cording to this theory, the interfacial mass transfer coeffi- Perfectagreementwith values ava|la_blle in the literaf2ig.
cients are directly proportional to diffusivity and inversely Froton diffusivity was 9.54E06 cn s~*. Therefore, by us-
proportional to boundary layer thickneigs)]. ing Nernst—Einstein equation, diffusivity was converted to
proton conductivity (71.80 mS cnd).
Composite membranes used had a polysulfone (PSf) (15%
PSf-water) porous layer covered by a PEG layer. Diffusivi-

. e ties are presented in tifég. 3. Proton permeation presents a
Once the experimental and calculated diffusivities and the maximum for a membrane with 50 wt.% of PEG in the casting

mass transfer coefficients are obtained, the selectivity can be . :
. _solution. On the other hand, maximal methanol crossover for
calculated for proton transport at the membrane—reservoirs

) . composite membranes s less than a half of the value obtained
interfaces and through the membraf&ble 1lists the proce- using NAFIONE 117. Data of proton conductivitg(g. 4) of
dures for determining selectivities. E¢8)—(10)in this table 9 ' b 9.

can be used to analyse each transport process separately and, mposite membranes may help assessing if they are appro-

evaluate selectivity for different membrane compositions priated for fuel cells. Proton conductivity for the composite
" membranes is still too low if compared to NAFIGNL17.

2.5. Selectivity for proton transport

3. Results and discussion

3.5E-06 T v v -
In this section we present our experimental results and the T I —— . @ Protons
data obtained from simulations. i E * 0‘ B MeOH
PP TOR I, S =S S
3.1. Physico-chemical properties i ) OE06 ‘ __________ __________ ‘ __________
By analysing the membrane using electron microscopy & 1 sg.o - ARRRRRCRY S NSRRI N
and the equations in Secti@ we determined porosity and % L : : 1
tortuosity for the polysulfone layefable 2lists the average S 1LoB06 [ [ R e
data for the membranes, the thickness of both layers, ex- i - : ! :
o e . 5.0E-07 -~ =g == -ak- === mhn oo e o e oo e o]
pressed in micrometers and the diffusivities calculated from !. l
Wilke—Chang (for methanol) or from Nernst—Haskell (for 0.0E+00 i ; : ;
protons, in this case considered as HCI molecules) theories. 0 20 40 60 80 100
Although thickness of PEG layer may vary according to the PEG content in casting solution, %

PEG content in the casting solution, we assumed an average
value of 1um for all membranes. Tortuosity shows that the Fig. 3. Experimental diffusivities for proton and methanol.
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35 Table 3
5 ; 1 * i ; Proton selectivity
T e e e ;
= Y P ‘ __________ : T wpeG (Wt.%) S S SreG
Fa : : : : 5 0.570 0.663 0.608
EE20 e R e e O — T 10 3.210 3.289 3.877
L5 o T L L A 20 4.094 4132 5.372
EE * ' : ! ! 30 2.542 2.554 3.227
P GRS R oo 3omsemoe- 40 2.714 2.606 3.872
2.; a . i e S 50 3.349 3.232 8.807
g & : : : :

a , : : :

=

40 60 80 100

PR content i cutug wiliifion; wi% 5. Thetransport probabilities were calculated from the corre-

lation between experimental and calculated diffusivities.
Fig. 4. Correlated proton conductivity, compared to value obtained using

NAFION® 117 (71.8mS cmb). Fig. 5compares the transport probabilities for protons and
for methanol, determined by the equilibrium model. The PEG
3.3. Determination of transport probability content in the casting solution determines the number of ac-

tive sites that are responsible for the mass transfer. The trans-
From the association of mass transfer resistances we di-port probability for protons increased significantly when the
vided our experimental results for diffusivity into the several PEG content increased from 10 to 50wt.% and reached a
factors that contribute to its value. In this section, we analyse maximum at this composition. Thereafter, the probability de-
transport probability (selig. 5), which shows the change in  creases, because the amount of PEG in the casting solution
the transport probability of protons and methanol through the also helped to block any transport paths. This was because, in
dense layer, depending on the content of PEG in the castingthe dense layer, transported molecules had to pass in the free
solution. spaces between molecules. The more concentrated was the
We used the equilibrium model to calculate the transport casting solution, the fewer the free spaces there were when
probability from our experimental data. Simulations were the solvent was evaporated and the PEG layer was formed.
performed in FORTRAN as follows: This effect of maximum can also be seen by analysing the fit
of the transport of methanol. In this case, probabilities were

1. Experimental concentrations were converted into
much lower, because:

non-dimensional concentrations varying (in terms of
dimensional time), according to the equations presented, the molecules of methanol are much bigger than protons,

in Section2. N so there is less space between PEG molecules is reduced
2. Interfacial mass transfer coefficients were set to 1 (case  for such component,
of low external mass transfer resistance). e fewer molecules of methanol are transferred by electronic

3. Simulation was performed until the calculated non-  effects than protons.
dimensional concentrations (in terms of non-dimensional
time) reached the maximum values of the experimental ~ Transport probabilities could be estimated in afirstattempt
non-dimensional concentrations of the stripping solution. as the ratio of the molecule size to free volume in the polymer
4. Experimental and simulated non-dimensional concen- cell size. If there was a correlation between the PEG content
trations were compared and the values of the calculatedin the casting solution and the polymer conformation, the
diffusivities were found. transport probabilities of any molecule, once its molar volume
had been calculated, could at least be estimated in order to
design a membrane to separate one of two components or,

L.E+00

5 as in the present case, to allow protons to flow and avoid
R R R SR AR yersastias S bl L methanol crossover.
E 5 3 ; (M Mcthano As mentioned in Sectio, we can also use these results to
R A ’ N e e calculate proton selectivity (s@able 3. Whether calculated
T | . ¢ & directly from experimental data or indirectly by applying the
z |,1a.()3_.____’__--#---i---?----'-----i --------- o equilibrium model, selectivity was maximum foramembrane
E . ; 3 3 : with 20wt.% of PEG in the casting solution. This property
LE-04 14 --mmomme A o o S could also be calculated for the PEG layer. This was maxi-
g | 3 3 5 mum for 50 wt.%, which shows that selectivity may increase
LE-05 : ‘ ‘ if another support layer is used.
0 20 40 60 80 100

From these results, we calculated the relative resistance
of each mass transfer phenomenon to the experimental dif-

Fig. 5. Transport probabilities for protons and methanol obtained through fusivity. SeeFig. 6 for dat.a on protons andFig. 7 for
the equilibrium model. data on methanol. The resistance to the permeation of pro-

PEG content in casting solution, wt%



X. Zhang et al. / Journal of Power Sources 145 (2005) 223-230 229

also for proton permeation, more materials should be tested
in order to manufacture a fuel cell with better performance.
e Transport probabilities for protons and methanol were
maximum for the membrane whose casting solution had
50wt.% of PEG. For higher PEG contents, there may be
less free space for transport in the dense layer, so transport
probability decreased.
|l ad AN g M e Overall selectivity is maximum for a membrane with
s . 2 : 30 40 . 60 0 80 20wt.% of EEG in the casting solution. However, this
: PEG content i casting sohation, wt value was h!gh_er when only the_ I?EG layer was con5|d_-
ered, which indicates that selectivity may be enhanced if
Fig. 6. Relative contribution of each mass transfer phenomenon to total ~another support layer is used.
resistance to permeation of protons. e When evaluating the resistance of the different mass trans-
fer phenomena, the PEG layer had the lowest resistance
when the casting solution had 50 wt.% of PEG. Choosing
S TTai a suitable porous support may reduce total mass transfer
O PEG layer —— | resistance and increase overall selectivity.
WPSflayer | e Even if we consider instantaneous membrane—reservoirs
equilibrium, the interfacial mass transfer resistance may
represent 12% of the total mass transfer resistance.

Resistance, %
n
2

Resistance, %

diffusive processes. However, in the values of diffusivity ob-
tained through simulations other effects, like complexation
reactions or hopping, may appear. Physico-chemical interac-
tions of the membrane with the transported species should
Fig. 7. Relative contribution of each mass transfer phenomenon to total &S0 be considered, for example by the Enskog—Thorne the-
resistance to permeation of methanol. ory.

Once the transport phenomena have been evaluated, we
tons of the PSf layer was maximum when the PEG con- can derive a phenomenological model for the whole fuel cell,
tent in the casting solution was 50 wt.%. When we evalu- including the kinetics of methanol oxidation. Unlike those
ated the methanol crossover, we found that the resistancesilready published, this model will not treat the membrane as
of the two layers were almost equal at this composition. a black box and will not depend exclusively on experimental

When membrane—reservoirs equilibrium was instantaneous data. It can therefore also recommend materials for a better
the mass transfer resistance at both interfaces could be asuel cell performance.

much as 10%, which confirms that this effect must be taken
into consideration when simulating membrane permeation.
It is important to evaluate mass transfer coefficients becauseReferences
they govern equilibrium at membrane-reservoir interfaces
and also promote the transport through the membrane by in-
creasing chemical potential. Mass transfer coefficients rep-
resent the relative affinity of the membrane for a given com-

30 / At the moment, this model only takes into account the

s w20 30 0 50
PEG content in casting solution, wt %
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