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Abstract

Methanol diffusion and electroosmotic drag coefficients for different polymer—electrolyte-membranes have been investigated. It is essentia
to understand the transport phenomena of water and methanol transport in perfluoro sulfonic acid (PSA) membranes under different methan
concentrations and current densities in order to optimize cell performance and operation. The dependence of the methanol diffusion coefficiel
as well as the electroosmotic drag coefficient on methanol concentration and current density were observed. The results are discussed
comparison to measured values obtained by other scientific groups.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Methanol diffusion; Electroosmosis; Electroosmotic drag coefficient; Polymer—electrolyte-membrane

1. Introduction The proton flux through a PEM leads to a water transport
in the same direction due to the hydration of the protons.
A key performance limiting factor in operationofaDMFC In a DMFC, this leads to water and an additional methanol
fuel cell is methanol transport through the electrolyte from transport through the membrane. This effect is called elec-
anode to cathode electrode, known as methanol crossover. Itroosmotic drag (electroosmosj8]. In direct hydrogen PEM
is essential to investigate the mechanisms of the methanolfuel cells, this leads to a decrease of water concentrations at
transport through the electrolyte in order to gain a better the anode electrode, and eventually even to a dehydration of

understanding of the crossover mechanism. the polymer—electrolyte-membrane under worst case condi-
Methanol diffuses due to a gradient in concentration, pres- tions, so that the resistance of the membrane is increased and
sure and electroosmosis through the electrolyte. the efficiency of the fuel cell is decreased.

Knowledge of transport rates of ions and solvents in ionic
exchanging membranes is necessary for intelligent designs
in various different system4,2]. These types of membrane 2. Methanol diffusion coefficient
are also used in a variety of areas in the field of medicine and
biology, not only in fuel cell technology. In this article, the In order to obtain the methanol diffusion coefficient of
results forinvestigations on the methanol diffusion coefficient different membranes two different measurement methods are
of different polymer—electrolyte-membranes are presented,used, a stationary and a non-stationary measurement setup.
and the theoretical and experimental information is discussed The main principle for a diffusion measurement under
that is required for a characterization of water and methanol stationary conditions is shown iRig. 1a. A reservoir cell
transport in perfluoro sulfonic acid (PSA) membranes under contains a methanol solution of constant concentratipn
current flow. Methanol diffuses through the membrane in a measurement
cell, where a constant volume flow is selected. The deion-
ized water flowing into the cell is mixed with the diffused
* Corresponding author. methanol in the measurement cell. The outgoing flux con-
E-mail address: thomas.schaffer@tugraz.at (T. Schaffer). tains the methanol concentratieq, which is measured.

0378-7753/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.05.079



T. Schaffer et al. / Journal of Power Sources 153 (2006) 210-216 211

The effective diffusion coefficiemdess in a stationary mea- e ¢(0) =cy (the methanol concentration atthe membrane sur-
surement setup can be obtained from the mass balance of the face on the reservoir cell side remains constant), and
convective and diffusive transport of methanol. e 72=0,c(f)=cv.

The number of methanol molecules flowing out of the 3¢
measurement cell equals the number of methanol molecules— DegA —
diffusing through the membrane: dz

a
_ yy, dem

(mass balance) z=L (4)
I ot

L

oV — Cm whereVy, is the total volume of the measurement celPfm
7 1) The solution of this problem is solved numerically.
Another method used for determinifgs takes a “nearly
wherecy is the methanol concentration at measurement cell stationary” condition into account, which is achieved after a

3
outlet (mol nT3) or (vol.%); V the volume flowing through  ¢ertain measurement time The concentration profile estab-

CMV = A Deff

measurement cell (fis~*); A the membrane area i Defr lished through the membrane cross-section shows an almost
the effective methanol diffusion coefficient fsr1); cv the linear behavior. With increasing measurement time only a
methanol concentration in reservoir cell (constant) (mofjn change of its gradient (shown Fig. 1b) can be observed. It

or (vol.%) andL is the membrane thickness (m). is possible to use this as a “nearly stationary” condition, so

cm is measured, while all other parameters are already it js not necessary to use Fick’s second law of diffusion for
known or measured in prior examinations, thus the effective fyrther diffusion analysis.

methanol diffusion coefficient can be obtained: After a certain time, the “nearly stationary” condition
emVL is setup. An almost linear concentration profile is observed,
Deft = m 2 where only the gradient changes in time, thus the mass bal-
VM ance in both cells can be described as:
The volume of the measurement cell should be very small to dey 1 oM — ¢V
be able to minimize the time until a stationary condition can e I ( efft = ) =0 (5)

be observed.

The second method applied is a measurement setup withwhereVy is the total volume of the reservoir cell é)n
non-stationary conditions in the measurement cell. From a |t is assumed, that the reservoir cell contains a constant
reservoir cell containing a solution with a constant methanol methanol concentration, because the methanol solution is
concentratiorry, methanol diffuses through the membrane steadily renewed.

into the measurement cell (as shownFig. 1b). The mea- The measurement cell is described through:

surement cell is filled with deionized water, where the level

of the methanol concentratiafy (7) is slowly rising. dem _ 1 <A Deg M — CV) (6)
Under non-stationary conditions, Fick's second law of 9 Vm L

diffusion mathematically describes the diffusion occurring  solving this equation the separation of parameters method is
in the measurement cell. The mass balance at a differentialy;ge(:

cross-section of the membrane is:

. 1 [ ADe\|?
e e - In(em — ev)Igni?) = TV ( Le > . ()
o Moz ” |
em(t2) —
Under the conditions: In (aw(h)—w) =~ Deft Jog 2= 1) 8

e 1=0,¢(z) =0;z>0 (atthe beginning of the examinationthe wherecy (1) andem (72) are the methanol concentrations in
methanol concentration in the measurement cell is zero), the measurement cell at the timeandr, (12> 11).
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Fig. 1. Measurement setup for (a) stationary methanol diffusion measurement cell and (b) non-stationary methanol diffusion measurement cell.
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Now the effective methanol diffusion coefficient can be measurement cell
obtained using E(8):

WL (CM(tl) - Cv)

Atz — 1) em(t2) — cv

: : thermocouple
drain sampling point

membrane
Deti = (9) =,

2.1. Measurement setup

In order to measure diffusion of methanol through a 1
polymer—electrolyte-membrane as well as other membranes
and separators, a non-stationary measurement cell made ol L]
acrylic glass is used. By implementing an additional pump,
this measurement setup can be altered to a stationary mea-
surement setup. In order to keep methanol consumption low,Fig. 2. Schematic view of measurement setup for the determination of
this was only used with separators with large diffusion coef- methanol diffusion coefficients.
ficients (e.g. SP800/40).

A water/methanol solution (1:1mol) is pumped outof a g hrohes taken are examined using a gas chromatograph

storage tank and a special valve was constructed to be Suré, ihe effective methanol diffusion coefficient is determined
that most of the gas bubplt_es and of the pumped volume gGts'using Eq.(9), considering the changes in concentration due
back into that tank. Thus itis assured that no gas bubbles cang ihe taken probes as mentioned before.

reach the membrane during the examinations. Only a small

amount of liquid (approximately 9 ml mirt) flows into the

measurement cell. A certain number of methanol molecules2.2. Results

diffuses through the membrane into the measurement cell,

which is again filled with deionized water, where a con- Methanol diffusion coefficients obtained are shown in
tinuous rise in the methanol concentration can be detected.Fig. 3and listed inTable 1 A good correspondence to val-
A slowly rotating stirrer was implemented to have a good ues already published for Nafi8rcould be achieved. No
balance in concentration throughout the whole measurementiterature values are known for the other membranes and
cell. After pre-defined time steps, probes are taken from the the separator SP800/40, which is a hon-woven polypropy-
measurement cell and replaced by deionized water, whichlene separator of 150m thickness. Small values of the
was considered with the analysis. To assure that the hydro-effective diffusion coefficient could be measured at the FT-
static pressure is constant throughout the cell, the outlet is atFKH950/30MF and PK12CE/714 membranes, which are
the same height as the liquid level in the measurement cell. polymer—electrolyte-membranes produced by an industrial
The temperature is observed using thermal elemé&ings 2). partner not commercially available yet.

reservoir cell
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Fig. 3. Measured effective methanol diffusion coefficients for different membranes and separators in comparison to literature value41[R1[ARERef.
[20]; [R2] Ref.[18]; [R5] Ref.[21]; [R3] Ref.[19]; [R6] Ref.[22].
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Table 1

Values of measured effective methanol diffusion coefficients for different
membranes and separators at 23

port characteristics of the membrane change with the
methanol concentration, thus in this investigation the elec-
troosmotic drag coefficient for methanol and water in dif-
ferent Nafiof? membranes and a FT-FKH 1400/60 mem-
brane are measured as a function of methanol concentra-

Mean value for effective methanol
diffusion coefficient (cris™1)

Membrane

i M 6 H 'Y e . . .
Ea?og ﬂg gugon%M é‘iéx igﬁ tion. Additionally, it is examined whether there is a differ-
sz:grp 117 Dﬂpgﬂw 3'15§ 10-6 ence between the transport of water molecules and methanol
FKH950/180GF 3.4 10°° molecules.
FKH950/30MF 1.02< 1076
PK12CE/714 1.1% 10°®
SP800/40 9.35 106 3.1. Measurement setup

o o ) A measuring cell for the determination of the elec-
An estimation of uncertainities on the experimental data {rq0smotic drag coefficient in different polymer—electrolyte-
was done by an error propagation _using the remainder theo-embranes was constructed. Zawodzinski g6dland Ver-
rem of Gauss and showed results in the range23%. brugge and Hill[2] described similar methods to measure
_Alarge permeability for methanol (and water) is observed tne electroosmotic drag coefficient of water. The latter used
with the separator SP800/40. The whole liquid of the reser- ragjpactive tracers to determine the electroosmotic drag coef-
voir cell penetrated the separator within seconds due to itSficient. A common measurement setup for electroosmotic
high porosity, which made an alternation of the measurement oy heriments in aqueous electrolytes is presented in an article
method necessary. In this case a measurement setup for a stays Harif 6].
tionary methanol diffusion measurement cell was used. The 10 chambers with a volume of 25 ml each are combined
measurement cell gets permanently spilled with deionized { form a experimental cell made of acrylic glass and sepa-
water (shown irFig. 1a). The methanol content is examined | 5tg( by the polymer—electrolyte-membrane as described in
with a headspace gas chromatography system described 7] (schematic view ifFig. 4). An electrode mounted in each
[4]. Other separators got tested in short examinations, butchamper allows the current flow through the membrane with
showed a similar high permeability. amembrane cross-section area of 50.3.¢Fhe current flow
through the cell was controlled by a potentiostat (MP 75).
This instrument was altered to a Galvanostat by taking a high
accuracy resistance of IDto set the current flow to a con-

o - . stant up to a maximum of 200 mA.
Electroosmosis is quantified by the electroosmotic drag

coefficientscq,o0 andimeon. These coefficients describe how

3. Electroosmotic drag coefficient

many water and/or methanol molecules are carried along with ;
Potentiostat MP75 RE
each proton at the vectored proton transport path through the CE
membrane, assuming that the gradient of the water concen- ey
tration is negligible small through the whole membrane WE e
nH,0
KH,0 = (10) ™ PC
2 ny+ PC - \A ) ' 100 -

NMeOH r N

KMeOH = (11) v}
l’lH+
n

KH,04 MeOH = H20+MeOH (12) membrane

ny+

wherenn,o is the number of transported water molecules;
nmeoH the number of transported methanol molecules;
nH,0+MeoH the number of transported water and methanol
molecules andy+ is the number of transported protons.
More water and methanol molecules are carried along in
the solvating envelope of the ions (protons) as higher cur-

measurement

cell —R

Cathode Anode

rents flow through the fuel cell. Hence, it is important to
determine the electroosmotic drag coefficient in order to be

able to adjust the water and methanol concentrations in the

fuel cell membrane.

This transport mechanism depends on the current den-

sity, as well as on the electrolyte (membrane). Trans-

thermal thermal

element \i elelment
7

Fig. 4. Measurement setup for determination of the electroosmotic drag
coefficient.

reservoir
cell
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The following reactions occur at the electrodes when used add an additional mechanism of methanol transport through
in pure water: the cell.

. . . + —
anodicreaction:  2bD — 4HT +0Oz +4e (13) 3.2. Electroosmotic drag coefficient—concentration

cathodicreaction : 4H-+4e™ — 2H, (14) dependence

In order to quantify the electroosmotic drag coefficient, the In Fig. 5, the acquired electroosmotic drag coefficients for
pretreated membrane is clamped in the measuring cell, andotally hydrated Nafiofi (112, 115 and 117) membranes and
both sides of the cell are filled with a sulfuric acid/water the FT-FKH 1400/60 membrane are shown as a function of
solution and with a sulfuric acid/water/methanol solution methanol concentration at 3C.
with identical concentration, respectively. A low sulfuric acid The results for the Nafidh 112 membrane cannot be
content (0.35M) on both sides is necessary to provide thereferred to as realistic results, because this very thin mem-
required conductivity for the proton transport. The cell tem- brane ¢50um) swells very strongly in methanol surround-
perature is kept at the selected level by accommodation inings by which this membrane gets very permeable and
a thermostatic bath. A capillary is used to determine the other transport phenomena overlay the electroosmosis. The
amount of liquid transported through the membrane. Probeselectroosmotic drag coefficient could thus not be mea-
are taken from both chambers after each measurement, angured for Nafiof 112 in pure methanol. At higher MeOH-
the methanol concentration is determined with a headspaceconcentrations (or pure methanol) this effect becomes also
sampler and a gas chromatography system in order to be abl@apparent with other membranes increasingly—which leads
to draw conclusions on the preferential transport of water or to a turning point in the measured curve. It is not possible
methanol. to determine the electroosmotic drag coefficient separated
Due to the small volumes involved, slightest variations from other transport phenomena. However, this phenomenon
of operating conditions (e.g. temperatures) or effects influ- occurs only at very high methanol concentrations which are
encing the measurements (e.g. leaks, gas bubbles) must baot suitable for the application in fuel cells, anyway.
avoided at all times. Temperatures are thus observed at all It is very interesting to see the roughly parallel curves
times in order to avoid any variations of liquid volume due to for the Nafiof® 115 membrane and the membrane FT-FKH
thermal expansion. Joule heat which is generated as soon as 24400/60. The electroosmotic drag coefficient for the N&fion
current flows inside the cell has to be minimized by applying membranesin pure water is betwaggo = 1.4 and 4, which
only small current densities. corresponds to other values found in literature (see below). As
The measurement cells have to be built with the identical expected, the electroosmotic drag coefficient increases with
internal volume. Thus, variations of liquid volume due to rising methanol concentrations, because higher methanol
temperature effects cancel out. concentrations lead to an increase of the canal diameters in
Both sides of the cell are filled with a solution of identical the membranes and the molecules can be carried along in
methanol concentration prior to the measurements in order tothe solvating envelope more easily.Table 2 the electroos-
avoid the generation of a concentration gradient which would motic drag coefficients for different membranes are shown for

12.00

LA 1400/60 |
1| = Nafion 115 e ! | | . - | ™,
10.0097 __ nafion 117 B
Nafion 112

N ss/NH+]

8.00+1

6.001

4.00+

2.004

electroosmotic drag coeffcient [

0.00

0 10 20 30 40 50 60 70 80 90 100
methanol concentraion [wt%]

Fig. 5. Electroosmotic drag coefficients for different membrane types (N&fiag, 115, 117 and FT-FKH 1400/60) depending on the methanol concentration
at 30°C (Ak=+1)[7].
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Table 2

Electroosmotic drag coefficients in methanol surrounding &GN« = +1)

Methanol concentration Electroosmotic drag coefficieaio+mMeoH = nH,0+MeOH/ Lp+

wt.% vol.% M (molI-1) Nafior® 112 Nafioff 115 Nafior® 117 FT-FKH 1400/60
0 0 0 1.5 4 2.7 54
5 6.3 1.5 1.6 4.3 3.1 5.8

10 124 3 1.6 4.6 3.6 6.3

15 183 4.4 1.7 4.8 4 6.7

20 241 6 1.8 5.1 4.5 7.1

a Other transport phenomena overlay the electroosmosis.

methanol concentrations up to 20 wt.% (24 vol.%; 6 M). Mea- a water content ol =22 H,O/SQ;H at 30°C. It is sug-
surement uncertainties are quite highi(=+ 0.8—1) mainly gested that the Grotthuss mechanism is responsible for the
due to the large measurement cell dimensions, which will be proton conductivity in well-hydrated membranes, however,

reduced for further measurements. in a smaller magnitude compared to aqueous solutions.

Ise [14] investigated the electroosmotic drag coefficient
3.3. Difference in transport phenomena for water and for water in entirely hydrated Nafi6h117 membranes using
methanol electrophoresic nuclear magnetic resonance (ENMR) and

determined the electroosmotic drag coefficieaso = 2.6

The question whether methanol or water is preferably at 300K Q. ~ 21 H,O/SQsH), kH,0 = 2.9 at 317K ¢ ~ 20
transported through the electrolyte is critical for DMFC H>O/SQ3H) andkn,0 = 3.4 at 350K ¢ ~ 20 HO/SGsH).
operation. At high methanol concentrations with more than ~ Paddison et al[15] determined an electroosmotic drag
40vol.% (>10M MeOH), no preferential transport of a coefficientof 1 forin water vapor equilibrated Naffomem-
molecule species could be derived. This implies that no branes and found the values 2-3 for in water immersed
significant change in concentrations could be measured inmembranes. Ren et 4lL6] obtained a value of 2 at 15C
the two measuring chambers of the experimental setup. Atin a direct methanol-fuel cell for entirely hydrated Naffon
methanol concentrations of 1 MeOH:1,®, equal num- 117 membranes. All these investigations show a very good
bers of water molecules and methanol molecules are carriedcorrespondence with our values found for Nafidi 7.
along in the solvatic envelope. At methanol concentrations It should be also taken into consideration that in a contin-
under 40vol.%, more water molecules are carried along uously working fuel cell (at least in a PEM) the membrane
than implied by the methanol concentrations present. If, for usually is not entirely hydrated (water activity < 1) when com-
instance, there are 20% of methanol molecules and 80% ofparing the data derived in the measurements with reference
water molecules on the anodic side (electrolyte concentra-data gained from literature. There is a concentration gradient
tion neglected) present, then not 80% of water molecules through the membrane, so the electroosmotic drag coefficient
are carried along in the solvatic envelope, but more. So theis smaller than in the experiments carried out with the exper-
methanol concentration rises at the anodic side and decreaseignental setup described.
at the cathodic side. The measurement results show a big Data for an electroosmotic drag coefficient in methanol
dispersion so that, unfortunately, this observation could not solutions for swelled membranes could not be found in liter-
be quantified. The difference in transport behavior should ature.
be relatively low, due to the similarity of molecules (dipole
momentum methanol: 1.70 [3], dipole momentum water:
1.85D[9]). 4. Conclusions

3.4. Comparison with literature values To improve the performance of a DMFC fuel cell it is
necessary to reduce the methanol crossover through the elec-
Helfferich[10] reports thatin typical ionic exchange mem-  trolyte. Itis essential to determine the fractions of the different
branes 5-50 mol water are transported per Faraday. Five toypes of methanol transport and their dependence on temper-
50 molecules water are thus carried per proton. Some data ar@ture, concentration and pressure in order to minimize the
also found especially for Nafihmembranes. Springer etal.  total crossover effect.
[11] identified an electroosmotic drag coefficient forwaterin ~ With the investigated measurement setup it is possible
an entirely hydrated Nafi6h117 membrane of 25 0.2 at to accurately determine these different types of methanol
30 and 50C. It was determined that the electroosmotic drag transportand their dependence ontemperature, concentration
coefficient decreases strongly with the water content of the and pressure. These measurements are used to build a semi-
membrane. empirical model of methanol crossover for direct methanol
Zawodzinski et al[12,13]determined a value from 2.5to  fuel cells, which is used to evaluate different types of elec-
2.9 for an entirely hydrated Nafi6h117 membrane with  trolytes.
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