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Abstract: The study of the synthesis of polymer electrolyte membrane exhibiting moderate water uptake and low methanol 

permeation for fuel cell application using functionalized polyisoprene impregnated with carbon nanotubes (CNTs) was carried 

out. The functionalization of the polymer with chlorosulphonic acid of different initial concentrations of 0.0013, 0.001, 0.0017, 

and 0.0023 mol/L at the minimum time of 1hr produced ion exchange capacities (IEC) of 1.22, 1.92, 2.74, and 4.92 mmol/g, 

respectively, and at the maximum sulphonation time of 18hrs the IEC were 7.74, 8.78, 11.10, and 16.93 mmol/g, respectively. 

Their corresponding degrees of sulphonation (DS) for 1hr were 3.53, 5.55, 7.91, and 14.21%, respectively, and while at 18hrs 

their corresponding DS were 22.35, 25.37, 32.04, and 48.88%, respectively, which implies that IEC and DS are directly 

proportional to the concentration of acid used and reaction time. Result also showed that synthesized membrane without 

carbon nanotubes absorbed so much of it weight in water; 31.34 and 73.97% of its weight in both 1 day and 6 days for 

membrane with 48.88% DS. Whereas the membrane that was impregnated with CNTs of the same DS exhibited a lesser 

absorption of 23.23 and 53.23% of its weight in both 1 day and 6 days, thereby reducing the high water uptake of the 

membrane that would have affected it negatively by 1.3 fold. Apart from the conductivity of the synthesized membrane 

witnessing an increase by 1 order with the membrane impregnated with CNTs from 10
-3

 S/cm to 10
-2

 S/cm, it was also found 

out that the methanol crossover was lower than that of commercial Nafion, where membrane impregnated with CNTs had 

methanol crossover improvement with a difference of 0.48 Mol/L over its counterpart without CNTs as a result of the presence 

of CNTs. 
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1. Introduction 

Fuel cells which are recognized as viable and promising 

alternative energy sources to fossil fuel [1, 2] require the 

central component being the polymer electrolyte membrane 

(PEM) to function [3, 4]. Water molecules are necessary in 

the membrane because it provides the medium for the 

movement of ions, but excess uptake of water results in 

swelling of the membrane and which consequently, affect the 

mechanical and conductivity properties [5]. In another vein, 

methanol permeation through polymer electrolyte membrane 

(PEM) is recognized as a major problem and constraint 

against large scale commercialization of fuel cell, especially 

direct methanol fuel cell (DMFC) for energy generation [5] 

Fuel cells such as proton exchange membrane fuel cell 

(PEMFC) or direct methanol fuel cell (DMFC) are known to 

have proton-conducting pathways produced by fixed 

functional groups or proton conducting gel [6]. 
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At present, Nafion a perfluorosulfonic acid polymer which 

most PEMFC and DMFCs operate is the state-of-the art PEM 

for fuel cells. It is expected that such a polymer electrolyte 

membrane should have low fuel (methanol) permeability 

together with good ion conductivity [6], but in contrast it has 

the problem of permeability to methanol [7]. Comparing the 

likes of DMFCs to the conventional H2/O2 fuel cell, DMFCs 

in particular are attractive for several applications as a result 

of their lower weight and volume compared with indirect fuel 

cells; however the major challenge associated with it is the 

loss of fuel due to the permeation of methanol across the 

Nafion membrane [8]. It is recognized that this large 

methanol permeability does not only cause the mixed 

potential phenomena by increasing the over potential of the 

cathode thereby reducing cell performance, but also lowers 

the fuel efficiency [5, 9]. Research in the field of fuel cell is 

therefore geared towards the preparation and testing of 

membranes with moderate water uptake ability alongside low 

methanol crossover that will be cost effective unlike that of 

Nafion that is way very expensive [7, 10, 11]. While several 

ionomers that are relatively of low cost have been studied 

because of their morphologies arising from their structural 

combination of both hydrocarbon block and ionomer block 

[12, 13, 14, 15], study of stable aromatic polymers such as 

poly(ether ether ketone) [16], polyethersulfone [17, 18], 

polyamide [19] and poly (phenylene sulphide) [20] as well as 

composite membranes [21, 22] have also been carried out in 

a bid to getting an alternative that shows characteristic of 

overcoming the challenge of fuel oxidation due to methanol 

crossover effect, yet the problem of methanol crossover 

persists [5]. In this work therefore, effort to functionalize 

polyisoprene through sulphonation and impregnation of 

carbon nanotubes (CNTs) will be carried out and study for its 

water absorption and methanol crossover abilities, in an 

effort of getting an alternative PEM. 

2. Experimental 

2.1. Materials and Equipment 

Chemicals used in this work are of analytical grade. 

Among them are: Toluene, chlorosulphonic acid, ethanol 

(Charlec, Nigeria), commercial polyisoprene (Karbochem 

RSA) and Carbon nanotubes (Wits RSA), distilled/deionised 

water (Edwin Clark University) and a fabricated four neck 

reactor. 

2.2. Functionalization of Polyisoprene Using 

Chlorosulphonic Acid 

This process was achieved according to the method 

described by Idibie et al [5], although with slight 

modification Following a batch process, polyisoprene (15 g) 

was dissolved in a beaker using 300 ml toluene reagent, and 

which was accompanied with the gradual addition of 

concentrated chlorosulphonic acid of different initial 

concentrations of 0.0013, 0.0015, 0.0017 and 0.0023 mol/L, 

respectively that was initially chilled in an iced bath, to the 

solution mixture of toluene and the polyisoprene (PI) 

undergoing a vigorous stirring in a four-neck round bottom 

flask reactor. This was done under argon atmosphere at room 

temperature. The sulphonation reaction was allowed to 

proceed at different times of 1, 3, 6, 9, 9, 12, 15 and 18 

hours, respectively and was terminated with the addition of 

ethanol. The precipitated sulphonated PI (SPI) was recovered 

and washed with deionised water until 6-7 pH of wash was 

reached. This was followed by drying the SPI in an oven at 

80°C for a period of 2–3 hours. 

2.3. Impregnation of Carbon Nanotubes into Sulphonated 

Polyisoprene 

In this process, carbon nanotubes (CNTs) (1.2 g) was first 

functionalised by dissolving it in a solution of sulphuric acid 

and later introduced into a solution of previously dried SPI 

that was dissolved in a 150 ml toluene that was equipped 

with a magnetic stirrer, in a four-neck round bottom flask 

reactor. This was done under an argon atmosphere at room 

temperature. The reaction was allowed to proceed for a 

period of 5 hours, such that, the carbon nanotubes mixed 

thoroughly and well enough inside the matrix of the 

sulphonated polymer (SPI). At the end of the reaction the 

viscose dark solution was cast into a thin film. 

2.4. Membrane Fabrication into Thin Films 

Using a laboratory doctor blade casting machine set at 

appropriate thickness with the aid of feeler gauges, casting of 

sulphonated polyisoprene (SPI) and sulphonated 

polyisoprene impregnated with carbon nanotubes (SPICNTs) 

into a thin membrane was carried out according to the 

method described by Idibie et al [5]. Here, both SPI and 

SPICNTs were dissolved in 150 ml of toluene at elevated 

temperature to form a casting solution, and thereafter cast 

onto a clean polymer paper support. The casting process 

involves drawing the casting head of the blade along the 

length of the substrate, and allowed to cure for 5 days by 

exposing it to air, and later ovum dried below 80°C for about 

3 hours. To remove any trace of residual solvent the cast 

membrane was vacuum dried for 2 hours. 

2.5. Ion Exchange Capacity and Degree of Sulphonation 

Determination 

In determining the Ion Exchange Capacity (IEC) and 

Degree of Sulphonation (DS) of the Sulphonated PI (SPI), 

the percentages of sulphur in the dry samples of SPI were 

measured via the method of elemental analysis and thus the 

IEC was calculated using Equation (1) [23]: 

IEC = 
����	��

���
                                     (1) 

where: Sc, and MWs, denote the sulphur content in 

percentage weight rate and the molecular weight of sulphur 

and, 1000 is the multiplication factor to have IEC value in 

mmol/g. 

The values of IEC obtained using Equation 1 was thus 
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used to determine the degree of sulphonation of SPI 

according to Equation (2) [24]: 

DS � 100	 � 	(
�����	×	���

����	�	�������
�                 (2) 

where: MWSPI, IEC, MWPI and MW�����
 denote the 

molecular weight of the sulphonated polyisoprene, the ion 

exchange capacity, the molecular weight of unsulphonated 

polyisoprene and the molecular weight of OSO2H. 

2.6. Hydro Properties of Synthesized Membrane 

To determine the water uptake ability of the synthesised 

membrane, different membranes of known weights and 

dimensions were immersed in distilled water for a few days 

until they became saturated. The water uptake was thus 

determined from the weight difference between the wet and 

dry membranes according to Equation (3) [7] 

Water uptake (%) = 100
wet dry

dry

W W

W

−
×                     (3) 

where: Wwet and Wdry represent weights (g) of the wet 

membranes and dry membranes, respectively. 

The membrane swelling ratio was determined using 

Equation (4), as: 

��� 	!	�"#$

�"#$
	� 100                               (4) 

where: Twet and Tdry represents the thickness of both the wet 

and dry membranes. 

2.7. Measurement of Ionic Property 

Measurement of the proton conductivity of the synthesized 

membrane was achieved by using alternating current 

impedance over a frequency range of 1-10
6
Hz in 1M H2SO4 

as an electrolyte. The intersection value of the high frequency 

impedance curve was taken as the membrane resistance and 

thus the proton conductivity was calculated according to 

Equation (5): 

% � 	
�

&'
                                       (5) 

where: σ denotes proton conductivity (S/cm), T (cm) is the 

thickness, S (cm
2
) is the surface area of the membrane and R 

is the resistance determined from the impedance plane. 

2.8. Measurement of Methanol Permeability 

Methanol permeability also known as crossover through 

the synthesised membranes was measured in two identical 

chamber containers. This involves the use of membrane of 

known degree of sulphonation and thickness with surface 

area of 6.539cm
2
 that was placed between identical chambers 

of volume 65 cm
3
. While one of the chambers contains 

concentrated methanol the second chamber contains water, 

and the contents in the two chambers were well stirred with a 

magnetic stirrer for homogeneity. A small amount of the 

solution was taken from the second chamber at different 

times to determine the concentration of methanol that crossed 

over or diffused through. This followed by measuring the 

methanol concentration in the water chamber with the help of 

a UV spectroscopy of 4802 UV/VIS model. 

3. Results 

3.1. Reaction Scheme 

Below reaction scheme represents the reaction of 

polyisoprene in chlorosulphonic acid medium.  

 

Scheme 1. Reaction of polyisoprene in chlorosulphonic acid medium [25]. 

3.2. Figures 

 

Figure 1. A plot of ion exchange capacity against time. 

 

Figure 2. A plot of degree of sulphonation against time. 
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Figure 3. Water uptake capacity as a function of time and degree of 

sulphonation. 

 

Figure 4. Comparison of water uptake between membrane with and without 

carbon nanotubes. 

 

Figure 5. Water uptake of membrane versus time with different membrane 

thickness. 

 

Figure 6. Membrane swelling ration versus membrane thickness for both 

membranes with and without carbonnanotubes. 

 

Figure 7. Methanol crossover concentration at different degrees of 

sulphonation with and without carbon nanotubes. 

 

Figure 8. Plot of  against time at different degree of sulphonation. 

3.2. Tables 

Table 1. Conductivity as a function of DS at different membrane thickness. 

DS (%) 
0.120 mm 

Without CNTs 

0.215 mm 

Without CNTs 

0.215 mm With 

CNTs 

7.9 4.11 x 10-3 S/cm 2.78 x 10-3 S/cm 4.87 x 10-3 S/cm 

13.3 4.92 x 10-3 S/cm 2.97 x 10-3 S/cm 9.23 x 10-3 S/cm 

32.42 6.63 x 10-3 S/cm 3.17 x 10-3 S/cm 1.25 x 10-2 S/cm 

40.6 8.11 x 10-3 S/cm 5.40 x 10-3 S/cm 2.52 x 10-2 S/cm 

48.8 9.85 x 10-3 S/cm 6.79 x 10-3 S/cm 3.29 x 10-2 S/cm 

Table 2. Overall diffusion coefficient of synthesized membrane. 

DS (%) 
Membrane thickness (mm) 

0.120 0.215 

5.2 without CNTs 4.6 x 10-8 5.2 x 10-8 

48.88 without CNTs 3.1 x 10-8 3.2 x 10-8 

48.88 with CNTs 2.8 x 10-8 3.0 x 10-8 

4. Discussion 

4.1. Ion Exchange and Degree of Sulphonation 

Generally the ion exchange capacity of a membrane is 

regarded as a function of the membrane’s acid concentration 

which is brought about by interaction of the acid and the 

polymer via sulphonation as shown in reaction scheme 1. 

Thus the acid concentration of the membrane is associated 
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with the amount of ionic groups present in the membrane and 

which is referred to as the measure of the degree of 

sulphonation (DS) [26]. Hence the IEC becomes an indicator 

of the proton conduction sites [27, 28] and a function of the 

proton conductivity. Results of both IEC and DS showed that 

they were function of time and concentration of acid used, as 

higher the time and concentration of the acid the higher the 

IEC and DS. From Figure 1 while the IEC at minimum 

sulphonation time of 1hr for the different initial 

concentrations of acid of 0.0013, 0.001, 0.0017, and 0.0023 

mol/L were 1.22, 1.92, 2.74, and 4.92 mmol/g, respectively, 

and at the maximum sulphonation time of 18hrs the IEC were 

7.74, 8.78, 11.10, and 16.93 mmol/g, respectively. Their 

corresponding DS as shown in Figure 2 showed that at 1hr, 

the DS were 3.53, 5.55, 7.91, and 14.21%, respectively, while 

at 18hrs their corresponding DS were 22.35, 25.37, 32.04, 

and 48.88%, respectively. 

4.2. Hydro Properties of Synthesized Membrane 

Water molecules in the membrane are very vital for the 

membrane to function ideally as a proton exchange 

membrane because it provides the medium for the movement 

of ions, although excess uptake of water is disadvantageous 

as it results in swelling of the membrane, which consequently 

affect the mechanical and conductivity properties of the 

membrane. Results in Figure 3 showed that water uptake is 

directly proportional to the DS as the membrane with the 

lowest DS (5.22%) was able to absorb 2.45 and 9.23% of its 

weight in water at both 1 day and 6 days, whereas membrane 

with the highest DS (48.88%) absorbed so much of it weight 

in water, as it absorbed 31.34 and 73.97% of its weight in 

both 1 day and 6 days. It is interesting to note however, that 

the membrane that was impregnated with CNTs of the same 

DS (48.88%) as shown in Figure 4 was only able to absorb 

23.23 and 53.23% of its weight in both 1 day and 6 days and 

thereby reducing the high water uptake of the membrane that 

would have affected it negatively by a 1.3 fold. This is an 

improvement on the original membrane synthesized from 

ordinary polyisoprene polymer without CNTs. On the effect 

of membrane thickness on water absorption ability of the 

synthesized membrane, result presented in Figure 5 showed 

that water uptake has an inverse relationship with the 

membrane thickness as smaller the thickness of the 

membrane the more the membrane absorbed water. At 

constant DS of 5.2% membrane of 0.120 mm absorbed more 

water than that of 0.215 mm, and at constant DS of 48.8% 

membrane of 0.120 mm absorbed higher water than that of 

0.215 mm. Also, same inverse trend is noticed on the 

membrane swelling ratio and membrane thickness. 

Comparatively however, While swelling ratio for membrane 

with the smallest thickness (0.120 mm) without CNTs was 

41.01% the membrane with CNTs impregnated was just 12%, 

thereby achieving a swelling ratio reduction that is >3 fold, 

the membrane of a higher thickness (0.65 mm) without 

carbon CNTs was 15.03% while with CNTs was 2.45%, 

thereby attaining a 6-fold reduction in swelling ratio. 

4.3. Result of Ionic Property of Synthesized Membrane 

Table 1 above presents the conductivity of the synthesized 

membrane as a function of DS at different membrane 

thickness. Results show that conductivity of the synthesized 

membrane increases with increase in DS and decrease in 

membrane thickness, as membrane without CNTs with the 

least DS of 7.9% and thickness of 0.120 mm exhibited a 

conductivity of 4.11 x 10
-3

 S/cm, membrane of 0.215 mm of 

the same DS exhibited a conductivity of 2.78 x 10
-3

 S/cm, 

and membrane that is impregnated with CNTs of the same 

DS exhibited the highest conductivity of 4.87 x 10
-3

 S/cm. 

Meanwhile membrane without CNTs with the highest DS of 

48.8% and thickness of 0.120 mm exhibited a conductivity of 

9.85 x 10
-3

 S/cm, whereas membrane of 0.215 mm of the 

same DS exhibited a conductivity of 6.79 x 10
-3

 S/cm, and 

interesting to note that membrane that was impregnated with 

CNTs of the same DS exhibited the highest conductivity of 

3.29 x 10
-2

 S/cm, where conductivity increased by 1 order. 

4.4. Methanol Permeability 

The relation developed by Shen et al [29] has been used to 

determine the methanol permeation based on the following 

assumptions: 

i Methanol solution diffusing through the membrane 

obeys Fick’s law. 

ii Equilibrium exists at methanol solutions at both sides of 

the membrane due to stirring. 

iii There is proportional relationship between methanol 

concentration of bulk solution and membrane wall in 

contact with the solution. 

Based on the assumptions stated above, diffusion due to a 

concentration difference across membrane, results in 

methanol diffusion from compartment A to B since CA > CB. 

Therefore, methanol permeation is obtained with the 

methanol concentration in compartment B with relation to 

time using Equation (6) [29]. 

()*

(+
� ,-

./0/

(/12
345� 6 47�                         (6) 

where: CA denotes the concentration of methanol in 

compartment A and CB the concentration of methanol in 

compartment B. Vo = VA + VB, and where VA and VB are the 

methanol volume in compartment A and B, respectively, Am 

is the area of the membrane while dm represents the 

membrane thickness. 

Figure 7 presents the concentration of methanol (Mol/L) 

that crossover as a function of time as methanol cross over 

increases with time but decreases with DS. The result showed 

that the membrane of DS 5.22% at the highest time (30660 

sec) crossover methanol of 1.60 Mol/L and at DS 48.88% 

membrane with CNTs was able to crossover methanol of 1.02 

Mol/L whereas the amount of methanol that crossover with 

the membrane without of CNTs of the same DS (48.88%) 

was 1.50 Mol/L, leaving a significant improvement 

difference of 0.48 Mol/L as a result of the presence of CNTs. 

Integrating Equation (6) above, the relationship between 
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changes in concentration as a function of time was obtained 

thus: 

8

�
9:).2

).2!;)*
� ,-

./0/

(/12
<                      (7) 

Where:  denotes the diffusion coefficient, K
m
 is the 

Proportional constant and  K
m 

represents the overall 

methanol diffusion coefficient. The slope of the plot of 
8

�
=>�?2

�?2!;�@
 against time as presented in Figure 8 is equal to 

AB
?CDC

ECF2
. The overall diffusion coefficient of the 

synthesized membrane was then determined from the slope. 

The effects of degree of sulphonation (DS) on the measure 

of overall diffusion coefficients of the synthesised membrane 

at different membrane thickness are presented in Table 2. The 

results showed that the synthesised membrane exhibited 

lower methanol diffusion coefficient compared with Nafion 

117 (3.42 x 10
-6

cm
2
/s) [29]. The result showed that methanol 

diffusion coefficient was higher with membrane with lower 

DS and also higher with membrane of 0.215 mm. However 

membrane impregnated with CNTs showed a reduced overall 

diffusion coefficient than membrane without CNTs of the 

same DS. 

5. Conclusion 

Synthesis of polymer electrolyte membrane exhibiting 

moderate water uptake and low methanol permeation for fuel 

cell application was possible from functionalized 

polyisoprene that was impregnated with carnbon nanotubes. 

Study showed that there was reduction in the high water 

uptake of the membrane that would have affected it 

negatively by a 1.3 fold due to the presence of the carbon 

nanotubes. Apart from the conductivity of the membrane 

witnessing an increase by 1 order, it was also found out that 

the methanol crossover was lower than that of Nafion, where 

membrane impregnated with CNTs had methanol crossover 

improvement with a difference of 0.48 Mol/L over its 

counterpart without CNTs as a result of the presence of 

CNTs. 
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