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Abstract 

The preparation polyelectrolytes based on crosslinked poly(vinyl alcohol) (PVA) and chitosan 

(CS) was considered as a feasible alternative to develop highly functionalised, cost-effective and 

eco-friendly membranes for proton exchange fuel cell technologies. CS/PVA-based membranes 

were combined with sulfosuccinic acid (SSA) as crosslinking and sulfonating agent, and glycerol 

(GL) to promote flexibility and favour their manageability. The chemical structure, the thermo-

oxidative behaviour, the ethanol uptake, the electric, the proton conductivity, and the performance 

in direct ethanol fuel cell (DEFC) were assessed. In general, all the CS/PVA-based 

polyelectrolytes showed a synergetic increase of thermo-oxidative stability, appropriate 

absorption and diffusion of ethanol and good proton conductivity, suitable for the typical service 

conditions of fuel cells. The GL in the membranes reacted with SSA, reduced the ethanol 

absorption, diffusion coefficient and proton conductivity, but acted as a plasticiser that increased 

the ductile manageability of the polyelectrolytes to be mounted on the membrane-electrode 

assembly (MEA). Higher presence of CS and higher the proportion of GL in the polyelectrolyte, 

improved the material performance in the DEFC. In particular, the crosslinked polyelectrolyte 

40CS/PVA/SSA/20GLwith a 40 %wt. of CS referred to PVA, and a 20 %wt. of GL referred to 

CS, showed a suitable behaviour in the DEFC test, with a maximum value of power density of 

746 mW·cm-2. 
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1. Introduction 

A proton exchange fuel cell (PEFC) is a promising power generation system that converts the 

chemical energy of hydrogen or bio-alcohols into electricity through an electrochemical reaction 

[1]. Although the fuel cell technology has substantially matured over the past decades, 

technological barriers, such as the cost of the fuel cell components ‒polyelectrolyte, catalysers, 

electrodes‒ or the hydrogen management ‒storage, transport and infrastructure‒ still delay their 

massive implantation and commercialisation [2]. Nafion®, as the most common and 

commercially available polymer electrolyte membrane (PEM), possess ideal properties for being 

used with hydrogen, such as high proton conductivity and good chemical, mechanical, and 

thermal stability. However, Nafion®-based membranes have several intrinsic disadvantages, such 

as a high cost, high permeability to alcohols, or instability and dehydration at temperatures above 

80 ºC [3]. 

In recent years, there has been an extensive research on the development of high performance, 

cost-effective and eco-friendly polymer electrolytes. Among the novel proposed materials, the 

biomass-derived resources have received great attention [4]. In this context, chitosan (CS), the N-

deacetylated derivative of chitin (CH), is one of the promising candidates. It is hydrophilic and 

insoluble in water, alkali and organic solvents. Its solubility in diluted organic acids allows for 

the gel formation in various configurations [5]. Free amine and hydroxyl functional groups on the 

CS backbone enable various chemical modifications to tailor it for specific applications [6]. Thus, 

CS is a potentially useful bio-based material for PEMs due to their renewable origin ‒can easily 

be obtained from crabs or shrimp shells and fungal mycelia‒, suitable properties, high availability, 

low cost and low permeability to alcohols [7,8]. However, in its native state, CS exhibits very low 

proton conductivity and high degrees of swelling [9]. To address these issues, CS is usually either 

ionized and crosslinked [10], reinforced [11], or blended with other polymers [7]. 

Chitosan-based blends with poly(acrylic acid) (PAA), poly(ether sulfone) (PES) or poly(vinyl 

alcohol) (PVA) are a feasible alternative to improve the performance for PEMs [12–16]. In 

particular, CS and PVA are reasonably compatible due the strong hydrogen bonding interaction 

between the amine and hydroxyl groups [17,18]. The crosslinking of the blend is a feasible mode 

to obtain three-dimensional networks, improve dimensional stability, thermal and mechanical 

properties, reduce the ethanol permeability and enhance proton conductivity [15,19]. Although 

crosslinking agents such as glutaraldehyde have been proposed [20], interesting results have been 

obtained using sulfosuccinic acid (SSA) in the field of fuel cells, since it brings negative charged 

ions to the blend structure. In particular, the effect of the percentage of SSA in a 1:1 PVA/CS  

blends has been reported by Witt et al. [21]. Therefore, a step forward would be the evaluation of 

the variation of the PVA to CS proportion in the blend. 

In the present work, crosslinked CS/PVA blended polyelectrolytes were considered, containing 

sulfosuccinic acid (SSA) as crosslinking and sulfonating agent to enhance the proton 

conductivity, and glycerol (GL) to endorse plasticity to the membranes. The combined assessment 

of the chemical stability, the thermo-oxidative behaviour, the ethanol absorption profiles, the 

electric and the proton conductivity along with the power density was proposed as a suitable 

validation methodology. The present approach might help design successfully alternative 

polyelectrolytes for direct ethanol fuel cells (DEFC). 
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2. Materials and methods 

2.1. Materials 

Chitosan (CS) with an average molar mass in number (Mn) in the range from 50000 to 190000 

g·mol-1, poly(vinyl alcohol) (PVA) with Mn 130000 g·mol-1 (degree of hydrolysis min. 99%), 

glacial acetic acid (99.8% anhydrous), sulfosuccinic acid (SSA) (70 %wt. solution in water) and 

glycerol (≥99.5%) were all purchased from Sigma-Aldrich. 

2.2. Membrane preparation 

The chitosan/poly(vinyl alcohol) blends (CS/PVA) were prepared by means of a joint solvent-

casting/crosslinking procedure. For this purpose, an 8 %wt. PVA solution was prepared in 

deionised water and left into a reflux system at 90 ºC for 6 h under magnetic stirring. The 

concentration of the CS solution was fixed at 2 %wt. in diluted acetic acid and was left to dissolve 

under magnetic stirring at room temperature for 6 h. The PVA/CS blends were obtained by mixing 

and homogenising the CS and PVA solutions at 65 ºC under magnetic stirring for 16 h. 

In order to improve the plasticity of the membranes, glycerol (GL) was added to the CS/PVA 

blends in 10 and 20 %wt. in relation to CS. To achieve crosslinking and functionalisation, 

sulfosuccinic acid (SSA) was added to the mixture in a 30 %wt. in relation to PVA and 

homogenized under magnetic stirring for 30 min [22]. 

For the membrane preparation, the homogeneous solutions were poured into Teflon® moulds and 

the cast films were allowed to dry at room temperature for 48 h. Then, they were peeled off the 

Teflon® plates and crosslinked by thermo-compression into a hydraulic hot plates press at 110 

ºC for 2 h. For this purpose, the films were introduced into a Teflon® mould of 50 μm thickness 

and, in turn, between of fiberglass reinforced Teflon® sheets. Once elapsed the crosslinking time, 

the mould assembly was cooled at room temperature. Finally, all the membranes were kept into 

zip bags and stored into a desiccator for further analyses. 

In the following, the different materials will be identified as xCS/PVA/SSA/yGL, where x is the 

weight percentage of CS referred to PVA and y is the weight percentage of GL in relation to CS. 

The nomenclature of each membrane and the real experimental blending composition, taking into 

account all the components contained in the membrane, are shown in Table 1. Pure CS and 

PVA/SSA were considered as references. Compositions with a concentration of CS higher than 

55% resulted in unmanageable membranes due to its massive rigidity, and were not further 

considered in this study. 
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Table 1. Nomenclature and experimental composition of CS/PVA-based polyelectrolytes. 

Membrane 
CS 

(% wt.) 

PVA 

(% wt.) 

SSA 

(% wt.PVA) 

GL 

(%wt.CS) 

CS 100 - - - 

60CS/PVA/SSA 53.57 35.71 10.71 - 

50CS/PVA/SSA 43.48 43.48 13.04 - 

40CS/PVA/SSA 33.90 50.85 15.25 - 

20CS/PVA/SSA 16.13 64.52 19.35 - 

PVA/SSA - 76.92 23.08 - 

60CS/PVA/SSA/10GL 50.85 33.90 10.17 5.08 

50CS/PVA/SSA/10GL 41.67 41.67 12.50 4.16 

40CS/PVA/SSA/10GL 32.80 49.18 14.75 3.27 

20CS/PVA/SSA/10GL 15.88 63.49 19.05 1.58 

PVA/ SSA/10GL - 71.43 21.43 7.14 

60CS/PVA/SSA/20GL 50.00 33.33 10.00 6.67 

50CS/PVA/SSA/20GL 40.00 40.00 12.00 8.00 

40CS/PVA/SSA/20GL 30.77 46.15 13.84 9.23 

20CS/PVA/SSA/20GL 14.29 57.14 17.14 11.43 

PVA/SSA/20GL - 66.67 20.00 13.33 

2.3. Membrane characterisation 

2.3.1. Fourier transform infrared spectroscopy (FT-IR) 

The Fourier transform infrared spectroscopy (FTIR) analysis was performed using a Thermo 

Nicolet 5700 FT-IR spectrometer. The FTIR spectra were collected in the range from 4000 to 400 

cm-1 using the Attenuated Total Reflectance (ATR) mode at a resolution of 4 cm-1. In order to 

obtain accurate results, 64 scans were performed at three different locations of the sample and the 

average was calculated. Backgrounds spectra were collected before each series of experiments in 

order to eliminate any interference from the environment. Results were processed by means of 

the Omnic® Software. 

2.3.2. Thermogravimetric analysis (TGA) 

The thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/STDA 851 

analyser. The samples, with a mass between 3 and 5 mg, were filled into 70 μL alumina capsules. 

Then, they were analysed under a dynamic segment with a heating rate of 10 ºC·min-1 from 30 to 

700 ºC and oxidative atmosphere of O2 at 50 mL·min-1. The samples were assessed in triplicates 

and the averages of results were taken as representative values. Data were evaluated by means of 

the STARe® Software. 

2.3.3. Ethanol solution uptake 

The absorption of ethanol solution was studied to understand membrane wettability in condition 

close to normal DEFC and was evaluated by performing swelling tests on the CS/PVA/SSA-based 

membranes. Samples were cut into rectangular specimens and dried 12 h at 30 ºC in a vacuum 

oven Heraeus Vacutherm, in order to ensure the elimination of humidity. Then, the samples were 

immersed into a 2 M ethanol solution and subjected to 40 ºC. The sorption measurements 

consisted in removing the sample from the solution, blotting the surface free of liquid, 

immediately weighing the sample on a Mettler Toledo model XS105 scale with a precision of 
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0.01 mg, and then re-immersing the membranes into a fresh 2 M ethanol solution. This process 

was repeated many times over a short time interval between 30 min and 2 h. Then, the time 

interval was extended to 4, 8, 12 and 24 h until no further gain weight was observed and 

equilibrium wet mass (Meq) was reached. The variation of the sample mass due to the solution 

absorption (Mt) was calculated according to Equation 1. 

𝑀𝑡 =
𝑚𝑡−𝑚0

𝑚0
× 100  (Equation 1) 

Where mt is the mass during ethanol solution absorption and m0 is the mass at the beginning. 

The solution to Fick's law for diffusion is different depending on the geometric structure of the 

material under study [23]. For a plane sheet geometry, as that of the obtained membranes, if the 

mass uptake at time t is used as Mt and the uptake at the equilibrium as Meq, the Fick’s law can be 

simplified using Stefan’s approximation (Equation 2). This estimation is used for describing the 

earlier stages of uptake, usually for Mt/MS ≤ 0.5. 

𝑀𝑡

𝑀𝑒𝑞
=

8

𝜋1/2 (
𝐷𝑡

𝑙2 )
1/2

  (Equation 2) 

Where D is the diffusion coefficient, t the time of absorption and l is the thickness of the sample 

that was evaluated using a micrometre Mitutoyo Comparator Stand 215-611 BS-10M and taking 

the average of six measurements in different positions of the sample. If the semi-saturation time 

(t1/2) is considered when 
𝑀𝑡

𝑀𝑒𝑞
= 0.5, the Equation 2 could be expressed as Equation 3. 

𝑡1 2 ⁄ ≈  
𝜋

256
· (

𝑙2

𝐷
)  (Equation 3) 

Which in turn, finally results in Equation 4 for the calculation of D that can be used in the present 

work to assess the effective diffusion coefficient of the ethanol solution in the different materials. 

 𝐷 ≈ 0.01224
𝑙2

𝑡1 2⁄
  (Equation 4) 

2.3.4. Dielectric-thermal impedance spectrometry 

The impedance measurements were performed using the Novocontrol Broadband Dielectric 

Impedance Spectrometer (BDIS) equipment connected to a Novocontrol Alpha-A Frequency 

Response Analyser. A BDS-1200 Novocontrol parallel-plated capacitor with two plated 

electrodes was used as dielectric cell test. Next, the analyses consisted in a single sweep at room 

temperature (25±1 ºC) in a frequency range from 10-2 to 107 Hz. 

The proton conductivity of the CS/PVA-based polyelectrolytes was calculated according to the 

Equation 5. 

𝜎𝑝𝑟𝑜𝑡 =
𝑙

𝐴∙𝑅𝑜
  (Equation 5) 

where l is once again the thickness of the CS/PVA-based polyelectrolytes in cm, A the area of the 

electrode in contact with the membrane in cm2, and R0 the protonic resistance in Ohm (Ω). The 

value of R0 is taken from the Bode plot in the high frequencies range, in which the value of log |Z| 
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tends to a non-frequency dependent asymptotic value and the phase angle reaches its maximum 

value [24]. 

The electric conductivity (σelec) was measured at low frequencies, where the measured real part of 

the conductivity (σʹ) reaches a plateau, that is correlated to the DC conductivity (σ0). 

2.3.5. Direct ethanol fuel cell (DEFC) test 

The direct ethanol fuel cell (DEFC) performance tests were conducted into a single cell F-107 

from H-TEC with diffusing layers. The membranes were previously equilibrated with a 2 M 

ethanol solution during 24 h to ensure their fully hydrated state, and were sandwiched between 

two electrode catalyst sheets of platinum (Pt). The active area of the single cell was approximately 

4×4cm2. The gas flow rates of the 2 M ethanol solution as fuel and oxidant humid air stream were 

kept constant at 0.250 L·min-1 and 1.6 L·min-1, respectively. 

3. Results and discussion 

3.1. Physico-chemical characterisation of the membranes: macroscopic appearance, chemical 

structure and thermo-oxidative stability 

The macroscopic appearance of all the crosslinked membranes is shown in Figure 1. In general, 

a flat morphology with uniform surface with a thickness between 35 and 55 µm was achieved. 

All the polyelectrolytes, initially transparent, experienced a change of colour after crosslinking. 

This change was more pronounced for those with higher content of PVA, which corroborated the 

crosslinking reaction with the SSA molecules. During manipulation, the crosslinked membranes 

were rigid. However, those containing glycerol (GL) were more flexible and handily. 

Figure 1. Macroscopic appearance of the CS/PVA-based crosslinked polyelectrolytes. 

Fourier transform infrared spectroscopy (FTIR) was carried out in order to assess the blending, 

the crosslinking reaction of CS/PVA with the SSA molecules and the effect of the addition of GL. 

The obtained spectra are plotted in Figure 2. Neat CS and crosslinked PVA/SSA were taken as 

references. 
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Figure 2. FTIR spectra of the crosslinked CS/PVA-based polyelectrolytes. 

Briefly, the CS revealed a strong band in the region from 3200 to 3300 cm-1 due to the N‒H and 

O‒H stretching and intramolecular hydrogen bonds. Then, the symmetric and asymmetric 

stretching of the methylene groups C‒H was perceived in the bands at 2950 and 2900 cm-1, 

respectively. The vibrations at 1550 and 1470 cm-1 were assigned to the stretching of primary and 

secondary amides, respectively [25]. Finally, the bands at 1150 cm-1 associated to asymmetric 

stretching of the C‒O‒C bridge, and bands at 1060 and 1030 cm-1 due to the C‒O stretching were 

found [26]. 

The PVA/SSA reference membrane revealed the ‒OH vibration broad band, as well as the 

methylene absorption bands in the range from 3500 to 2750 cm-1. The crosslinking in this 

membrane was corroborated by the presence of the ester bonds by means of the C=O stretching 

vibration at 1720 cm-1 and the C‒O‒C absorption band at 1120 and 1240 cm-1, respectively. The 

peaks at 1100–1030 cm–1 were associated with the symmetric stretching vibrations of the –SO3H 

group introduced into the SSA molecules [27]. 

In general, the obtained spectra of the CS/PVA/SSA-based polyelectrolytes gathered the 

characteristic peaks of the components of the blend, including the signals of the CS, the PVA and 

the SSA. Indeed, the ‒OH stretching vibration in the PVA and the ‒NH stretching vibration in the 

CS were found, as well as the characteristic absorption bands for the methylene groups (‒CH2‒) 

of PVA and CS [28,29]. As expected, the changes in the percentages of the components of the 

membrane reverberated in the spectra as a variation of the band intensity of the specific groups. 

The crosslinking reaction was confirmed in all the membranes by means of the absorption bands 

of the ester bond found for the PVA/SSA reference. The membrane sulfonation was assessed and 

the presence of the sulfonic group introduced by the SSA was corroborated. Although the ‒SO3H 

signals may overlap with the C‒O stretching of CS, the intensity of the band of the sulfonic group 

in the blends was more intense. 

The addition of GL to the CS/PVA/SSA-based polyelectrolytes was then evaluated. The GL 

promoted a widening of the ‒OH band between 3000 and 3500 cm-1, which pointed out the 

different nature of the –OH groups in these polyelectrolytes. The interactions of GL within the 

CS, PVA and SSA resulted in a reduction of the overall peak intensity, especially in the fingerprint 

region, which proved the plasticising effect of GL [30]. 
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The thermo-oxidative decomposition of the CS/PVA/SSA-based polyelectrolytes was 

investigated using thermogravimetric analysis (TGA) under oxidative atmosphere. Figure 3 

shows the obtained thermogravimetric (TG) and the first-order derivative (DTG) curves of all the 

membranes, compared with CS and crosslinked PVA/SSA. The Table 2 summarises the mass-

loss percentage along with the peak temperature of the DTG curves at the different decomposition 

stages. 

 

Figure 3. Thermogravimetric (TG) and derivative curves (DTG) of the CS/PVA-based polyelectrolytes. 

The neat CS exhibited two main decomposition steps, around 104 ºC and 280 ºC, attributed to the 

loss of humidity and to the degradation of the polymer backbone, respectively [31,32]. The 

crosslinked PVA/SSA showed a multiple-stage thermo-oxidative process: (i) free and bound 

water release (50-250 ºC); (ii) degradation of hydroxyl groups (250-300 ºC) [33]; (iii) 

desulfonation process (400-475 ºC); and (iv) degradation of the PVA backbone (475-650 ºC). 

In detail, the CS/PVA/SSA-based polyelectrolytes revealed the combined behaviour of their 

components [31–34]. The first stage, related to water release, moved towards lower temperatures 

as the CS percentage increased. Conversely, as PVA/SSA proportion increased in the membranes, 

the peak temperature of this stage was even higher than for the pure crosslinked PVA/SSA, which 

suggested a synergistic effect of CS, PVA and SSA, in terms of a strong interaction with water 

molecules. The mass-loss contribution of this stage was influenced by the membrane composition, 

being higher as the CS content increased. The hydrophilic nature of CS may be the responsible of 

higher humidity retention. The second stage corresponding to the decomposition of CS was also 

observed, with a mass-loss that increased when the CS percentage in the polyelectrolytes 

augmented, and corroborated the influence of the composition. The third stage was ascribed to 

the desulfonation processes and the breakdown of the crosslinking bond. This peak was more 

remarkable as the PVA/SSA percentage increased. Finally, the last stage associated to the 

breakage and decomposition of the PVA backbone by means of the chain-scission mechanism 

was observed, which moved to higher temperatures when CS content increased [15]. 
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Although higher concentration of PVA/SSA would imply higher thermal stability given the higher 

crosslinking degree, the results showed the opposite trend. The hydrogen bonding interactions 

between the components is in part responsible for the structure stabilisation and, therefore, may 

determine the thermo-oxidative stability. The blended membranes with higher concentration of 

PVA/SSA have less free hydroxyl groups available for hydrogen bonding and consequently lower 

stability. In addition, as indicated by Morancho and al. [35], the catalysed elimination reactions 

of the hydroxyl groups under acidic conditions reduced the thermo-oxidative stability of the 

blends. The presence of acid traces from the crosslinking agent may also catalyse the 

decomposition. 

The decomposition stage of GL between 200 and 300 ºC was overlapped by the process 

previously ascribed to the bound water release, and was only perceivable in the neat crosslinked 

PVA/SSA (PVA/SSA/10GL and PVA/SSA/20GL). The addition of GL moved the water release 

process towards higher temperatures. The low molar mass molecules of GL may have modified 

the three-dimensional organization of the polymer matrix, occupying the available free volume 

[36,37]. As a result, stronger interactions between the CS, PVA, SSA and GL may reduce the 

humidity holding capability. The mass-loss associated to the water release stage decreased as the 

GL content increased in the membranes. 
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Table 2. Temperature peak (T) of the DTG curve along with the mass-loss (ΔW) of each stage during thermo-oxidative decomposition of the CS/PVA-based polyelectrolytes. Standard deviation 

lower than 3% was omitted for the sake of clarity. 

Membrane 

Water release GL decomp. CS decomp. 
Desulfonation 

Crosslink decomp. 
PVA decomp. 

Tw 

(ºC) 

ΔWw 

(%) 

TGL 

(ºC) 

ΔWGL 

(%) 

TCS 

(ºC) 

ΔWCS 

(%) 

TD 

(ºC) 

TC 

(ºC) 

ΔWDC 

(%) 

TPVA 

(ºC) 

ΔWPVA 

(%) 

CS 104.22 9.53 - - 277.72 58.43 - - - - - 

60CS/PVA/SSA 193.07 37.41 - - 283.23 13.77 - - - 599.63 38.57 

50CS/PVA/SSA 195.21 37.40 - - 283.88 12.89 - 499.95 7.80 572.51 36.27 

40CS/PVA/SSA 196.18 37.34 - - 285.73 12.23 450.36 508.08 16.59 540.96 27.48 

20CS/PVA/SSA 214.70 34.56 - - - - 426.22 443.94 30.56 512.68 26.86 

PVA/SSA 160.25 10.22 - - - - 441.35 452.08 15.53 510.09 61.97 

60CS/PVA/SSA/10GL 210.99 35.69 - - 295.64 13.97 - - 4.10 602.25 40.45 

50CS/PVA/SSA/10GL 221.69 33.22 - - 302.14 12.83 460.74 - 5.83 556.22 41.47 

40CS/PVA/SSA/10GL 225.15 32.56 - - 304.21 12.51 436.64 - 9.35 564.00 39.74 

20CS/PVA/SSA/10GL 247.68 27.48 - - 325.75 17.97 428.00 - 23.36 514.34 20.99 

PVA/SSA/10GL 180.61 19.74 271.77 11.10 - - 443.69 451.45 20.87 496.17 49.11 

60CS/PVA/SSA/20GL 214.30 26.28 - - 298.38 24.04 - - 5.21 587.62 39.21 

50CS/PVA/SSA/20GL 214.45 27.55 - - 306.73 23.58 475.70 - 7.03 617.86 37.14 

40CS/PVA/SSA/20GL 214.52 28.21 - - 299.56 23.55 484.91 - 7.30 572.31 37.15 

20CS/PVA/SSA/20GL 245.68 26.48 - - 324.65 17.82 432.45 - 20.78 514.34 19.76 

PVA/SSA/20GL 138.40 23.22 276.52 16.59 - - 448.78 473.31 31.35 521.44 23.91 
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3.2. Ethanol solution uptake behaviour 

The ethanol/water uptake behaviour was studied by means of the immersion of the 

polyelectrolytes into a 2 M ethanol aqueous solution at 40 ºC. Figure 4 shows the mass uptake at 

equilibrium for the CS/PVA/SSA and CS/PVA/SSA/GL-based polyelectrolytes as a function of 

the composition and the presence of GL in the membranes estimated from the experimental 

swelling curves. 

 

Figure 4. Mass uptake at equilibrium for the CS/PVA-based polyelectrolytes as a function of the CS composition and 

the GL content. 

In general, the mass uptake at equilibrium was in the range between 35% and 60% for the 

crosslinked CS/PVA/SSA-based polyelectrolytes, which is essential for the application as fuel 

cell membranes and promote the vehicular proton transport mechanism [38–40]. Furthermore, no 

macroscopic deformations were observed, corroborating the high stability of the crosslinked 

membranes. 

The uptake ability strongly depended on the CS and PVA ratio. In particular, the mass uptake at 

equilibrium increased with the CS percentage, which was attributed to the high water affinity of 

CS. Moreover, the membranes containing GL showed a decrease of the solution uptake. The 

plasticised membranes containing GL involved a more compact structure, which reduced the 

available sites for solution incorporation [37]. These results are in agreement with those found in 

the thermo-oxidative decomposition analyses, in which the CS enhanced the humidity retention 

and the addition of GL reduced the humidity content of the membranes. 

The ethanol solution uptake was normalised between 0 and 1 for a better comparison of the 

saturation rates [41,42], which results are plotted in Figure 5. As well, the diffusion coefficient 

(D) was calculated by means of the Equation 4, which values are gathered in Table 3. 
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Figure 5. Normalised profiles of the ethanol solution uptake of the CS/PVA-based CS/PVA-based polyelectrolytes as 

a function of time.  

 
Table 3. Diffusion coefficient (D) for the CS/PVA-based polyelectrolytes. 

Membrane 
D·1010 

(cm2∙s-1) 

CS 0.30 

60CS/PVA/SSA 1.13 

50CS/PVA/SSA 1.35 

40CS/PVA/SSA 3.62 

20CS/PVA/SSA 3.59 

PVA/SSA 1.24 

60CS/PVA/SSA/10GL 0.42 

50CS/PVA/SSA/10GL 0.24 

40CS/PVA/SSA/10GL 0.69 

20CS/PVA/SSA/10GL 0.23 

PVA/SSA/10GL 0.22 

60CS/PVA/SSA/20GL 0.13 

50CS/PVA/SSA/20GL 0.18 

40CS/PVA/SSA/20GL 0.62 

20CS/PVA/SSA/20GL 0.56 

PVA/SSA/20GL 0.28 

The highest absorption rates were obtained for the 40CS/PVA/SSA composition. This behaviour 

could be correlated to the high affinity of both materials CS and PVA to water. A strong reduction 

of the diffusion coefficient in the CS/PVASSA-based polyelectrolytes was observed as the 

percentage of GL increased. As suggested before, the strong interaction between the GL, CS and 

PVA decreased the absorption rate that prevents the membranes from excessive dimensional 

changes. 

3.3. Electric and proton conductivity 

The electric (σelec) and proton conductivity (σprot) of the polyelectrolyte are essential parameters 

that must be validated for fuel cell applications [43]. The electric conductivity (σelec) was 

considered at low frequencies, where the measured real part of the conductivity (σʹ) reaches a 

plateau that is correlated to the DC conductivity (σ0), as shown in Figure 6. Given the intrinsic 

design of the proton exchange fuel cells, the electrical conductivity through the membranes must 

be avoided and, subsequently, high electrical resistance is required to promote the electronic flux 

in the external circuit. The obtained values are gathered in Table 4. In general, the σelec was found 
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around 10-8 S·cm-1 for all the developed CS/PVA/SSA-based polyelectrolytes, regardless the 

CS:PVA ratio or the amount of GL, which corroborated their performance as electric insulators 

[44]. 

 

Figure 6. Electric conductivity (σelec) as a function of frequency of CS/PVA-based polyelectrolytes. 

The proton conductivity (σprot) was assessed from the Bode diagrams, which were obtained from 

the impedance measurements at room temperature for the pre-hydrated CS/PVA-based 

polyelectrolytes. The resulting diagrams are plotted in Figure 7 and the calculated σprot values are 

gathered in Table 4.  
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Table 4. Proton conductivity (σprot) and electric conductivity (σelec) for the pre-hydrated CS/PVA polyelectrolytes. 

Membrane 
σelec·108 

(S·cm-1) 

σprot 

(mS·cm-1) 

60CS/PVA/SSA 5.36 0.246 

50CS/PVA/SSA 2.50 0.225 

40CS/PVA/SSA 6.85 0.735 

20CS/PVA/SSA 3.65 0.285 

60CS/PVA/SSA/10GL 9.07 0.112 

50CS/PVA/SSA/10GL 5.84 0.118 

40CS/PVA/SSA/10GL 5.01 0.151 

20CS/PVA/SSA/10GL 3.45 0.106 

60CS/PVA/SSA/20GL 3.98 0.186 

50CS/PVA/SSA/20GL 5.24 0.120 

40CS/PVA/SSA/20GL 7.25 0.189 

20CS/PVA/SSA/20GL 2.17 0.190 

In general, the blended crosslinked CS/PVA/SSA-based polyelectrolytes revealed higher proton 

conductivity in relation to pure CS, which presents a σprot of 0.011 mS·cm-1. The blending strategy, 

along with the crosslinking reaction with SSA, contributed to increase the proton conductivity of 

the membranes. The sulfonic acid groups (‒SO3H) of the SSA can be dissociated under hydrated 

conditions and act as proton carriers. The synergetic improvement of the blends gave rise to an 

equilibrated water absorption and retention ability, enabling easy proton transfer, in agreement 

with literature [45]. The observed values are still lower to that of the Nafion® membrane, 

endowed with a proton conductivity around 6 mS·cm-1 at 25 ºC [15]. However, a significant 

improvement was observed if compared to CS and crosslinked PVA for the 40CS/PVA/SSA 

membrane, with a proton conductivity of 0.735 mS·cm-1. 

As expected, when GL was added to the CS/PVA/SSA blends, a decrease in the proton 

conductivity was perceived. This trend was in close relation to the ethanol solution uptake 

measurements, which confirmed the essential relationship between the proton conductivity and 

the swelling ability. However, one may bear in mind the importance of GL in terms of processability, 

dimensional stability and therefore solutions of compromise must be found for the design of 

polyelectrolytes. 
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Figure 7. Bode diagram of the pre-hydrated CS/PVA-based polyelectrolytes. 

3.4. Direct ethanol fuel cell (DEFC) test 

The performance of the crosslinked CS/PVA/SSA-based polyelectrolytes was evaluated in a 

direct ethanol fuel cell (DEFC) at 20 ºC and 2 M ethanol as fuel. Among all the prepared 

membranes, the 40CS/PVA/SSA and 20CS/PVA/SSA with GL were especially selected for the 

DEFC test as a proof of concept. They offered the most appropriate balance of flexibility and 

manageability for the preparation of the membrane electrode assembly (MEA). These membranes 

do not generated fragile cracks, have a uniform surface to ensure homogenous conductive 

behaviour, showed reasonable values of swelling, high diffusion coefficient and adequate proton 

conductivity. 

The polarisation curves of the CS/PVA/SSA/GL membranes in the DEFC were compared to those 

of Nafion®, measured at the same operating conditions, which results are shown in Figure 8. The 
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obtained values of the maximum power density (Pmax) and the associated current density (Imax) are 

summarised in Table 5. 

 

Figure 8. DEFC polarisation curves of the CS/PVA-based polyelectrolytes, in comparison to that of Nafion®, 

measured at 20 ºC and 2 M ethanol as fuel. 

According to the results, the power density was strongly influenced by the CS, PVA and GL 

percentage. The higher the presence of CS and the higher the proportion of GL was in the 

membrane, the better the behaviour. In particular, promising results were found for the 

40CS/PVA/SSA/20GL, with a value of 746.79 mW·cm-2 and a current density of 4.72 mA·cm-2. 

The proposed membranes containing CS, PVA, SSA and GL revealed a compact and 

interconnected structure, with good manageability, high dimensional and swelling stability along 

with reasonable proton conductivity that resulted in a suitable performance when tested in the 

DEFC. 

Table 5. Maximum power density (Pmax) and associated current density (Imax) of the crosslinked 40CS/PVA and 

20CS/PVA polyelectrolytes containing 10 and 20 %wt.CS of GL, measured at 20 ºC and 2 M ethanol as fuel. 

Membrane 
Pmax 

(mW·cm-2) 

Imax 

(mA·cm-2) 

40CS/PVA/SSA/10GL 160.82 1.84 

20CS/PVA/SSA/10GL 140.76 1.24 

40CS/PVA/SSA/20GL 746.79 4.72 

20CS/PVA/SSA/20GL 386.98 2.86 
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4. Conclusions 

Functionalised chitosan/poly(vinyl alcohol)-based polyelectrolytes were obtained by means of 

their combination with sulfosuccinic acid (SSA) as crosslinking and sulfonating agent, and 

glycerol (GL) to promote their flexibility and manageability. The combination of solvent-casting 

and thermal-crosslinking sequence permitted to obtain homogeneous polyelectrolytes with 

controlled morphology. 

The CS/PVA/SSA-based polyelectrolytes generally showed a synergetic increase of the thermo-

oxidative stability, absorption capability and diffusion of ethanol, and proton conductivity, in 

contrast to those of neat CS or crosslinked PVA. The ranges of thermo-oxidative stability ‒far 

above 60 ºC‒, the electrical insulating behaviour ‒around 10-8 S·cm-1‒, and the ethanol absorption 

capabilities ‒between 35% and 60%‒ were appropriate for the typical service conditions of fuel 

cells. 

Despite the GL reduced the ethanol absorption, the diffusion coefficient and the proton 

conductivity, it increased the ductile manageability to be mounted on the MEA, reducing the 

probabilities of fragile breakage.  

The crosslinked polyelectrolytes of 40CS/PVA/SSA/20GL, showed the best behaviour in the 

DEFC test, with a maximum value of and power density of 746 mW·cm-2. The research to increase 

the proton conductivity and power of polymeric CS/PVA/SSA-based membranes represent a 

challenging alternative to current polyelectrolytes for fuel cells, given their intrinsic properties, 

reasonable cost, non-hazardous behaviour and environmentally friendly attributes. 
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