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1. Introduction

Methanol crossover through proton exchange mem-
branes  (PEM), like Nafion, is the cause loss of overall effi-
ciency and decreasing lifetime in Direct Methanol Fuel        
Cells (DMFC).1 To ameliorate this problem, low methanol 
concentrations (below 2 M) are used in the DMFC, limiting 
the overall energy density. 

The proton transport through the membrane generates 
convective transport of solvent molecules through electro-
osmotic drag, which accounts for the transport of water or 
methanol by coupling the charge and mass transport. At 
constant current density, the membrane thickness is the pa-
rameter that determines the relative contribution of diffu-
sion and electro-osmotic to the alcohol crossover. Because 
diffusion flux depends on the membrane thickness, the thin-
ner is the membrane, the lower is the electro-osmotic con-
tribution. 

The quantities that are commonly determined in electro-
osmotic studies are the electro-osmotic permeability, W, 
defined as the ratio between the mass flow of solvent (JV) 
and the current, I, circulating through the cell in the absence 
of pressure gradients:  

𝑊 = (
𝐽𝑉

𝐼
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and the electro-osmotic drag factor, , defined as the num-
ber of solvent moles that are dragged by mol of hydrogen 
ion: 

   =  
𝑛𝑠

𝑛𝐻+
  (2)  

The first study of methanol transport through Nafion 
membranes was performed by Ren et al. using a DMFC con-
figuration method.2  It was proposed that the methanol drag 
factor would be similar to that of water in Nafion, weighted 

by the molar fraction of methanol (m = xm.w,), amply used 
for mathematical modelling of DMFC.3 

Tschinder and coworkers4 measured  of water-metha-
nol mixtures through different Nafion membranes (112, 
115, and 117) at 30 oC using a two compartments cell. The 
total drag factor (water + methanol) increases with the 

methanol concentration from  ≈ 2.7 for pure water up to  
≈ 9.5 for pure methanol. In a second study,5 the measure-
ments for Nafion 117 were extended to temperatures from 
20 to 70 oC in the range of composition from pure water to 

methanol  65 %w/w. The results show a monotonously 

increase in the drag factor with the methanol concentration 
that the authors assigned to the enlargement of the Nafion 
membrane channels diameter, which facilitates the solvent 
transport.   

A study of the transport of methanol in Nafion mem-
branes was performed by Hallberg et al.6 using an electro-
phoretic NMR method, which allows separating the metha-
nol contributions to the total drag factor. The results exhibit 
a rather different behavior than those reported previously4,5 

on the limited concentration range (xm < 0.3) studied with 
the NMR technique. 

A reverse DMFC configuration was used by Chi et al.7 to 
study the electro-osmotic drag of 2 M CH3OH (xm = 0.035) 
aqueous solutions in Nafion 117 between 30 and 80 oC. The 
calculated total drag coefficient, which is essentially due to 
water for this low methanol concentration, increases from 
1.54 at 30 oC up to 2.4 at 50 oC, but it decays to 1.6 at 60 oC. 

In summary, the results reported in the literature for the 
electro-osmotic flow of water-methanol solutions through 
Nafion are contradictories. In 

To provide new experimental evidence for improving the 
electro-osmotic drag description of these mixtures, which 
are relevant to the modelling and operation of DMFC, we 
determined the electro-osmotic flow of methanol-water 
mixtures through a Nafion 117 membrane on the entire 
composition range, from pure water to pure methanol, at 
different temperatures in the interval 25 oC to 60 oC.  

2. Experimental

The method employed is the two compartments capil-
lary cell (TCCC), that it was used by several authors, as 
described in Figure 1.  

Fig. 1: Scheme of the TCCC: A- plexiglass cell; B- membrane; C- per-
forated plate; D- o’ring; E- bolt; F- Ag/AgCl electrode; G -HCl solu-
tion; H- stirrer; I - septum; J- capillary tube. 
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The cell, built with plexiglass (A), has two compartments 
with volumes around 22 cm3, separated by the membrane 
(B), which is kept in position with perforated plates (C). Thus, 
possible bend or deformation of the membrane, whose ex-
posed area is 2.5 cm2, is prevented. Silicone O’rings (D) on 
each side are compressed with five bolts (E) to seal the as-
sembly avoiding solution leakages. Ag/AgCl electrodes (F) 
are used to drive a constant current through the HCl solution 
in the water-methanol mixture (G). Concentration gradients 
within the solutions are avoided by using magnetic bars (H) 
as stirrers. The solutions are introduced into the compart-
ments through two septa (I), and the volume change as a 
function of time by following the position of the meniscus in 
the calibrated capillary tube (J) with a cross area of 1.31 
mm2.  

Previously to each experiment, the Nafion membrane 
was immersed for 24 h in the corresponding solution to as-
sure sorption equilibrium. After that, the membrane was 
mounted in the cell, and both compartments were filled 
with the same solution through the septa located on each 
side. The cell is then placed in an airbox where the temper-

ature is controlled  0.1 K in the range between 25 oC to 60 
oC. Once the temperature became stable, the cell electrodes 
were polarized with a potentiostat-galvanostat, with                       
currents between 0.9 and 2.0 mA. The experiments run dur-
ing variable intervals, which can reach up to 100 minutes.  

The liquid displacement is measured at intervals of 200-
400 s on a millimetric scale located behind the capillary tube 
by resorting to x10 magnification lens. The accuracy in the 

displacement of the liquid was  0.1 mm, which is equivalent 
to a volume error of around 1.3 microliters.  The volume cor-
rection due to the processes taken place at the Ag/AgCl can 
be neglected. 

The electro-osmotic flux can be calculated from the 
measured volume change, V, after a time t, as: 
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                                            (3) 

where  is the density of the solution, M is the mean                    
molecular weight of the solvent, A is the membrane area, 
and i is the current density.  

Methanol (Merck), and hydrochloric acid 35 % (Sigma Al-
drich), were used as received. All aqueous solutions were 
prepared with pure water. Nafion® 117 (Ion Power) mem-
branes (EW 1100 g.eq-1, thickness 118 μm) were washed in 
H2O2 3 wt% at 80°C for 1 h, then rinsed in boiling water for 
1 h and immersed in 1M H2SO4 at 80°C. Finally, they were 
rinsed again in boiling water for 1 h.  

A stock solution of HCl in methanol was prepared by 
pouring aqueous HCl (35 %w/w) in a flask containing CaCl2, 
which was previously dried in an oven at 80°C for 12 h. The 
stream of gaseous anhydrous HCl exits the flask through a 
lateral tube and bubbles into anhydrous methanol con-
tained in a vessel under a dry nitrogen atmosphere. The 
stock solution was titrated using a standardized NaOH solu-
tion. Finally, an aliquot of the stock solution was diluted with 
anhydrous methanol to prepare a 0.5 molal methanolic HCl 
solution used in the electro-osmotic experiments. HCl solu-
tions in methanol-water mixtures were prepared by mixing 
the corresponding masses of pure methanol and the stock 

aqueous HCl solution previously titrated using standardized 
NaOH aqueous solutions.  

3. Results 
 

3.1 Electro-osmotic drag coefficient of water  
        

     Figure 1 shows the results obtained in this work for the 
electroosmotic drag coefficient of water in Nafion mem-
branes as a function of temperature, as compared with the 
data reported in the literature. 
 

    
   
Fig. 2: Electro-osmotic drag coefficient of water in Nafion mem-

branes as a function of temperature: () this work; (○)  = 22;8 (□) 

 = 22.5;9 (∆)  = 13;10 (◊)  = 16.8;11 The grey symbols correspond 
to the data by Pivovar et al.12 for Nafion 117 in the presence of 
aqueous HCl at the indicated concentrations.    

 

The measured  using the TCCC are much higher than 
those reported for Nafion 117 using other methods, even in 
the case where the Nafion water content are similar to that 

of the fully hydrated membranes (  22). This apparent dis-
agreement is related to the fact that in those techniques, the 
membrane is in contact with pure water, while in the TCCC 
technique, the membrane is in contact with an acid aqueous 
solution.  

 
3.2 Electroosmotic drag coefficients of water-methanol 
mixtures and pure methanol  

 

       The electro-osmotic drag coefficient data as a function 
of the mixture composition at the studied temperatures is 
summarized in Figure 3.  
       Several conclusions emerge from the whole behavior. 
Firstly, the drag coefficients for pure methanol in Nafion 117 
are higher than those for pure water, on the temperature 
interval studied. The ratio 

𝑚
/

𝑤
 is close to 1.4 in the range 

25-60 oC, indicating that the electro-osmotic drag is more ef-
ficient for methanol as compared to water when Nafion 117 
is fully solvated with alcohol. This is expected because of the 
large swelling of Nafion in methanol in relation to water, 
which in turn determines the high permeability of methanol 
in Nafion.13   
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Fig. 3: Total drag coefficient as a function of methanol concentra-

tion at different temperatures: () 25 oC; () 40 oC; () 50 oC; () 
60 oC. The lines are just a guide for the eyes. 

 
      The observed electro-osmotic drag of methanol in 
Nafion would be the consequence of an expanded nanocy-
lindrical micelles14 when methanol replaces water, and not 
for a stronger solvation of the H+ in methanol. More im-
portantly, our results contradict the finding of molecular dy-
namic simulation,15 which predicted that the electroosmotic 
drag of methanol would be much smaller than that of water. 
      A phenomenological explanation of the non-linearity of 
the drag coefficient vs. methanol mole fraction could be 
found in the behavior of the water-methanol sorption in 
Nafion 117. Solvent (water + methanol) sorption maxima 
were observed as a function of the solvent composition for 

xm  0.7-0.8.14 Diaz et al.14 observed that the methanol con-
centration in the membrane increases sharply, while the wa-
ter concentration decreases slowly as the methanol mole 
fraction in the solution increase from 0 up to 0.4. Above xm 
= 0.5, an abrupt decrease in the water content is observed 
while the methanol concentration reaches a plateau. Be-
cause of this sorption behavior at xm > 0.8 in the solution, 
the amount of water within the membrane is negligible. 
     Therefore, one is tempted to think that the decrease of 
the electro-osmotic drag factor in that region is driven by 
the higher partition coefficient of methanol between the 
membrane and the solution compared to water. Even when 

at xm  0.7 there is approximately 5 methanol per water mol-
ecule in the membrane, protons are preferentially solvated 
by molecules of water and the vehicular mechanism of pro-
ton conduction, that is responsible for the electro-osmotic 
drag, is enhanced due to the loss of the hydrogen bond net-
work in the methanol rich region.  

4.  Conclusions 
 

The measured w is higher than that reported by previous 
studies using techniques where the Nafion membrane is in 
contact with pure water but agrees with the data reported 
in HCl aqueous solution at similar concentrations.                                                                        

The drag coefficient for pure methanol is roughly 40 % 
higher than for pure water, obeying the more expanded 
structure of the Nafion swollen by methanol. The electro-
osmotic drag in water-methanol mixtures exhibits a marked 

non-linearity, reaching a maximum at xm  0.7 at all the tem-
peratures. This behavior was rationalized by analyzing the 
asymmetric sorption features of Nafion in water-methanol 
mixtures. The discrepancies of our results with previous re-
sults for the water-methanol electro-osmotic flow were also 
addressed.  
Regarding the impact of these results concerning the opera-
tion of DMFCs, we claim that the lower electro-osmotic flow 
of methanol in pure methanol as compared with methanol 
solutions of intermediate concentration would improve the 
performance of DMFCs where the electro-osmotic drag pre-
dominates over other processes.     
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