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1. Introduction

Nafion 117 is a perfluorosulfonated ionomer having a polytetrafluoroethylene (PTFE) backbone with perfluoro-alkylethersulfonate side chains which account for its high chemical, mechanical and thermal stability. It is used mainly as electrolyte membrane in hydrogen feed proton exchange membrane (PEM) fuel cells.

Direct methanol PEM fuel cells (DMPEM) feed with liquid methanol also use Nafion as electrolyte, but a number of alternative ionomeric materials are being tested to overcome the methanol crossover problem associated with the high permeability of methanol through Nafion. Thus, polybenzoimidazole (PBI) membranes having lower methanol permeation have been used in DMPEM fuel cells. 

The detailed characterization of Nafion and imidazole-based membranes is essential for the development of its technological applications. 
In this work we report thermal properties of Nafion 117 (Dupont) membranes and the transport properties of PBI (Goodfellow) and modified PBI synthesized in our laboratory, along with a comparison of the water uptakes of these materials.
2. Experimental 

Membrane preparation

Nafion 117 (DuPont) commercial membranes were boiled in H2O2, H2O, 0.5M H2SO4 and H2O again, and then were immersed in H2O prior to use. Poly-[2-2´-(m-fenylene)-5-5´ bibenzimidazole] (PBI) membranes were made by dissolving PBI powder (Goodfellow) in dimethilacetamide (DMAc) to form a 5% solution. This solution was cast in a glass plate and the resulting membranes were immersed in 10.6 M H3PO4 in order to protonate the imidazol ring at less 72 hours prior to use. Poly-[2,5-benzo-imidazole] (ABPBI) was obtained by condensation of 3,4-diaminobenzoic acid (DABA) monomer in polyphosphoric acid (PPA) following the procedure reported by Gómez Romero and coworkers1. Membranes were casted from its solution in methanesulphonic acid and doped in 10.6 M H3PO4 at less 72 hours prior to use.

Thermal properties

The pretreated Nafion 117 membranes were immersed for 18 hs. in 1M NaCl aqueous solution in order to exchange the countercation and convert the membrane into the Na+ form, and then washed with water to remove excess electrolyte. The pretreated membranes were then cut into discs of 5 mm and equilibrated at different relative humidities (RH) or immersed in water or in methanol-water solutions. Dry membranes in the acid forms were obtained by two methods: i) by equilibrating the membrane with P2O5 by several days; ii) by heating the membrane at 105 oC overnight. Analytical grade methanol (Merck) and milli-Q water were used to prepare the solutions. 

The glass transition temperatures (Tg), the reversible change of specific heat capacity at the glass transition (ΔCp), crystallization and melting temperatures (Tc and Tm, respectively) were determined by differential scanning calorimetry (DSC) using a Mettler 822 and STARe Thermal Analysis System (Mettler Toledo AG), while the heats of crystallization (ΔHc) and fusion (ΔHf) were determined from the peak areas. 
Glass transitions were obtained from the onset of the discontinuities in the curves of heat-flow versus temperature, while crystallization (Tc) and melting (Tm) temperatures were taken to be the onset temperatures of the exothermic and endothermic changes, respectively. Standard compounds (indium, zinc and lead) of defined melting point and heat of melting were used for DSC calibration.

All measurements were made at a scanning rate of 10 ºC /min using hermetically sealed aluminum pans of 40 μL inner volume (Mettler) with 8-20 mg of sample, and an empty pan was used as a reference. Each sample was cooled and maintained  isothermal at –145 ºC during 3 minutes previously to the dynamic DSC runs performed from -145 to 25 °C at a scanning rate of 10 ºC /min.  
Methanol permeability

Methanol permeability was determined for Nafion 117 (190 μm), PBI (50 μm) and ABPBI (50 μm) membranes, previously doped. A termostatized two compartments cell, as shown in Figure 1, was used. 
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Figure 1. Membrane permeability measuring system

A 20%(w/w) CH3OH-H2O solution was flowed through one of the compartment for the Nafion membrane measurements and  20%(w/w) CH3OH-H3PO4 10.64M solution for the PBI and ABPBI membranes measurements. The second compartment initially contains water (for Nafion 117) or H3PO4 10.64M solution (for PBI an ABPBI). The concentration of the methanol /water solution in this compartment was measured by re-circulating the means of a termostatized vibrating tube densimeter at 25ºC. 

Phosphoric acid doped level of PBI and ABPBI
An important parameter of imidazole-based membranes is the acid doped level, which in turns determines the membrane conductivity. In a previous work2 we have demonstrated that PBI membranes doped with H3PO4 at concentrations higher than 10 M have proton conductivities higher than Nafion on the temperature range 25-90 oC. In order to understand how much of the acid takes part in the protonation of the imidazole ring we determined the phosphoric acid uptake of PBI and ABPBI membranes by immersion of the doped membrane in distillated water followed by titration with NaOH. Table I one shows the phosphoric acid uptake of membranes doped in 10.64 M H3PO4. 

Table 1. Phosphoric acid content of the studied polymers

	Material
	H3PO4 per polymer repetitive unit

	PBI
	3.9

	ABPBI 
	2.8


It can be noted that ABPBI membranes take less acid than PBI, probably as a result of a different microstructure of the membranes.
Water uptake

Water sorption was measured in acid doped PBI and ABPBI membranes at 30ºC, by weight measurements of membrane samples in isopiestic equilibrium with electrolyte solutions of fixed water activity, ranging between 0.15 and 1. 

3.  
Results and Discussion
High temperature thermal properties of Nafion membranes 

The onset of the water loss peaks are different for the dry and water equilibrated (Figure 2) samples and different onset is observed also for the water equilibrated sample dried at different temperatures. 
Water is still present in the ionic cluster after drying, because in both cases the peaks disappeared in the second scan, recorded two weeks later. The higher water loss temperature in the dry samples is an indication that remnant water could take part of the first hydration layer of the sulfonic groups and counterions in the membrane.  

The thermal relaxations peaks observed above room temperature correspond to the desorption of water from the ionic cluster and the melting of the crystalline regions of the polymer.
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Figure 2. DSC curves of Nafion 117 membranes (H+ form) above room temperature: ( __   ) dried at 105 °C, (….) dried at room temperature, (----) dried at 105 °C and equilibrated with water vapor, (-.-.-.) dried at room temperature and equilibrated with water vapor.
None of them could be considered as a true glass transition temperature in the sense it is usually adopted in polymers. The water loss peak, called glass transition temperature of the ionic cluster by previous authors, is sensitive to the amount of distribution of water in the membrane. 

Low temperature properties of Nafion membranes containing water 
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The DSC scans of Nafion 117 membranes (H form) equilibrated at different relative humidities at temperatures below 0 oC are shown in Figure 3. 
Figure 3: DSC curves of Nafion 117 membranes (H+ form) equilibrated at different % RH (indicated on the curves). 

The DSC curves revealed a weak transition at temperatures between -108 oC and -130 oC. These transitions could be associated with the glass transition of the Nafion matrix, that is, with the motion of the Nafion backbone, and would correspond to the ( peak observed by Kyu et al.3 using dynamics mechanical techniques.

It is remarkable the agreement between the value of Tg of dry Nafion obtained in this work (Tg = -108 oC).with those reported4 for polytetrafluoroethylene or Teflon (Tg = -113 oC) which is the non-ionic polymer related to Nafion. This the first evidence of such a transition observed by thermal relaxation, and a indication a certain plasticizing effect of water on the amorphous regions of  Nafion. 

Endothermic peaks that can be attributed to the melting of freezable water are observed between -25 and  -35 oC at and above 84 % RH. At 97 and 100% RH, a small exothermal peak could also be observed at temperatures of -61 and -67 oC, respectively, which corresponds to the crystallization of freezable water that was supercooled during cooling at –145 oC.   
Nafion is considered to have a so-called ion-cluster structure, that is, spherical ion-water clusters of ca. 4 nm diameter connected by 1 nm diameter channels5. The decrease in the melting temperature of water in Nafion as compared to bulk water can be explained considering the size of the critical nuclei for solidification: when the hydrophilic cluster or pores of Nafion are smaller than the critical nuclei for ice formation, a depression in solidification –and melting– temperature occurs. In addition, freezable water interacting in the ion-cluster structure of Nafion may also contribute to the depression of the melting temperature due to polymer–water interaction. 

Strongly hydrated membranes (> 84 % RH) may contain three different types of water associated with Nafion and can be characterized by DSC measurements: (1) non-freezable pore water, bound to the sulfonic groups, located in the ionic clusters; (2) freezable pore bound water, weakly bound to the ionic groups and the polymer matrix and (3) free water that is not intimately bound to the polymer chain and behaves like bulk water. 

Since the endothermic peaks in the DSC curves are attributed to the freezable pore water, the freezable pore water content in the Nafion membrane can be estimated from the peak area resorting to the value of the melting enthalpy of ice I (333.8 J g-1). The total water content of the membranes for each relative humidity, obtained from the sorption isotherm curve of water in Nafion6, and the percentage of freezable pore water (% Wf), obtained as the ratio of the freezable water to the total water content, are reported in Table 2.

The amount of freezable water, that could be a criteria for choosing membranes for DMFC beyond the methanol permeation characteristics, was determined from the area of the ice fusion peak and it increased from 1 to 23 % as the relative humidity increases from 84 to 100%.
Low temperature properties of Nafion membranes containing water-methanol mixtures

Figure 4 shows the DSC curves of the Nafion samples (H+ form) equilibrated in methanol-

water solutions, from 25 % to 100 %wt methanol. The endothermic peaks corresponding to

the melting of ice in shifted only slightly towards lower temperatures as the methanol

Table 2: Glass transition temperature (Tg), crystallization temperature (Tc), melting temperature (Tm), heats of crystallization (ΔHc) and fusion (ΔHf) per gram of Nafion sample, water solubility (N) in g/g (dry Nafion) and freezable water content (Wf) in Nafion equilibrated with water at different RH and water-metanol mixtures (100% RH). 

	  Water
     % RH
	Methanol wt %
	Tg        oC
	Tc    oC
	Tm     oC
	(Hc    J g-1
	(Hf   J g-1
	N         g/g (dry)
	Wf   %

	0
	0
	 -108
	  ---
	  ---
	   ----
	    ----
	       0
	   ---

	44
	0
	 -122
	  ---
	  ---
	   ----
	    ----
	   0.050
	   ---

	84
	0
	 -125
	 -56
	 -35
	   0.08
	  -0.33
	   0.142
	    1

	97
	0
	 -127
	 -61
	 -26
	   0.87
	  -4.21
	   0.205
	    8

	100
	0
	 -132
	 -67
	 -25
	   2.04
	  -13.8
	   0.220
	   23

	   100 (Na+ )
	0
	  ----


	 -55


	 -23


	   3.11


	  -7.19


	   0.220a

	   12



	100
	     25
	
	   -59
	  -13
	  4.59
	  -28.8
	  0.165
	    61

	100
	     50
	
	  -50
	  -18
	  3.19
	  -26.2
	  0.110
	    65

	100
	     75
	
	  -32
	  -23
	  1.12   
	  -11.4
	  0.055
	    65


 
  a  The same water uptake than in the H+ form was assumed.

concentration increased from 25 to 75 %wt. The peaks observed at around –103 oC for the water-methanol mixtures (not shown here), also appreciable in the Nafion samples, correspond to the melting of the solid methanol hydrated (CH3OH.2H2O) first formed from the supercooled liquid on cooling7.

It is to be noted that the water crystallization and melting peak areas in these methanol-water curves were larger than those obtained for the samples equilibrated in pure water. In order to estimate the amount of freezable water, the solubility of water in the samples at the different water-methanol compositions were calculated assuming that the composition in the membrane was identical to that of the binary liquid mixture were it was immersed, as pointed out by Ren et al.8. 

The percentage of freezable water (61-65%) was practically independent on the amount of methanol in the membrane and it was much larger than that observed in membranes equilibrated in pure water (23%).  It is plausible that the difference might be originated in the lack of freezing of methanol during the sample cooling. Thus, supercooled methanol could replace water in the solvation of the ionic groups which in turns lead to an increase in the amount of freezable water in the membrane. This is supported by the lack of the melting peak corresponding to the methanol dihydrate, as shown in Figure 4.

Figure 4: DSC curves of Nafion 117 membranes equilibrated in methanol–water solutions. The numbers indicate the percentage (w/w) of methanol in the mixture. 

Methanol permeability

Figure 5 shows methanol permeability in Nafion, doped PBI and ABPBI membranes as a function of temperature.
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Figure 5: Methanol permeability in Nafion ((), PBI ((), PBI 3.9 H3PO4 (∆) and ABPBI 2.8 H3PO4 . 
Methanol permeability in PBI is much lesser than in Nafion. The performance of ABPBI membranes is somewhat poorer than PBI ones, even though methanol crossover resistance of ABPBI is much better than Nafion. Always methanol permeability increases with temperature, especially for Nafion. Activation energies are 25.3 kJ/mol and 15.4 kJ/mol for Nafion y PBI, respectively. The value obtained for Nafion is similar to that reported by Lvov and coworkers9 (22.4 KJ/mol).

The measured methanol permeability was almost independent of methanol concentration  when varied between 10 % and 30% for Nafion at 30ºC. The measured permeability of PBI at room temperature is similar to the published data by Pivovar10. 

The methanol permeation and the electrical conductivity of Nafion, PBI and ABPBI membranes were determined as a function of temperature up to 90 oC in order to compare their performance in conditions close to those corresponding to PEM and DMPEM fuel cells. 
Water uptake

The measured water uptake of PBI and ABPBI membranes, expressed as number of water molecules per polymer repetitive unit ((), are presented in Figure 6, along with Nafion data published by Bjerrum et al.11.  
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     Figure 6: Water sorption (○) ABPBI 2.8 H3PO4 (∆) PBI 3.9 H3PO4; () Nafion11      
It can be noted that the water uptake of ABPBI is lower than that for PBI and Nafion at low water activities, but for aw > 0.6 the water uptake is similar for all the polymers. 

The water uptake measured for the PBI 3.9 H3PO4 membrane is much higher than those reported by Bjerrum et al.11 for PBI membranes of H3PO4 contents between 1.7 and 5.7.
4.
Conclusions

A thermal transition was observed at -108°C in dry Nafion (acid form) samples which was assigned to a glass transition.  
Freezable water was detected in Nafion when the samples were exposed at and above 84% R.H. The Nafion sample in the Na+ form allowed a larger amount of water to remain in non-crystalline (supercooled) state. The presence of methanol increased the amount of freezable water probably due to preferential interaction with the membrane, thus decreasing water-membrane interactions.

In spite of water uptake similarities the methanol permeabilitities in Nafion, PBI and ABPBI membranes is quite different, being the methanol transport in PBI and ABPBI significantly lower than in Nafion.

ABPBI is an acceptable alternative to Nafion and PBI in DMPEM fuel cells although its transport properties and chemical stability at high temperature need to be studied.  
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