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Abstract 

Sulfonated chitosan (SCS) was prepared and characterized to be used in the preparation of poly electrolyte membranes in fuel 

cells (PEMFCs). The studied parameters were: sulfonating agents and their concentrations; reaction time; temperatures; and 

stirring rates. The characterizations of chitosan (CS) and SCS were investigated by 1HNMR, FTIR, XRD, TGA, and DTG. 

Degree of sulfonation (DS), ionic exchange capacity (IEC), and sulfur content (Sc) of SCS were 71.256%, 0.4502 mmol/g, 

and 1.447%, respectively, at optimum sulfonating conditions of 12 hr, 70 oC, and 600 rpm by using 4 M sulfuric acid. The 

water uptake of the SCS membrane was 37.4%, and the mechanical properties were 6.95 MPa and 14% for tensile strength 
and elongation at break, respectively. 

 Keywords: Chitosan; Sulfonation; Poly electrolyte membrane; Fuel cell; Ion exchange capacity.  

 

1. Introduction 

Hydrogen is one of the most environmentally 

benign energy sources that has potential as a fossil 

fuel alternative. Proton exchange membrane fuel cells 

(PEMFCs), which produce fewer pollutants, may 

convert the chemical energy of hydrogen straight into 

electrical energy. In PEMFCs, which are constructed 

of stacking components, the membrane electrode 

assembly (MEA) acts as the heart component. To 

distinguish between the fuel and oxidant gases, the 

polyelectrolyte membrane layer in the MEA transmits 

protons from the anode to the cathode. Prefluoro-

sulfonated acids like Nafion and sulfonated 

engineering polymers now make up the majority of 

the proton exchange membrane (PEM), also known 

as the solid polymer electrolyte membrane used in 

fuel cells (FCs). [1-11] Before fuel cell technology is 

widely adopted on a commercial scale, Nafion 

membranes must be able to meet a number of 

difficulties, including increased performance, lower 

cost, greater durability, better water management, and 

the ability to operate at higher temperatures. The 

potential for PEMs to improve is therefore 

considerable [4–6][12-15]. Protons should be 

successfully conducted by low-cost raw materials, 

which should serve as the foundation for the 

development of substitutes for the current 

commercial fuel cell electrolytes.  

Particularly, PEM made from natural polymers is 

developing into a feasible replacement for currently 

utilized synthetic polymers because it is affordable 

and environmentally benign [1-3][7,8,12,13]. CS is 

one of the numerous inexpensive natural polymers 

that are also eco-friendly. It is a bio-resource made of 

polysaccharides produced from chitin. It is 

distinguished by its exceptional biocompatibility, 

hydrophobicity (a desirable quality for application in 

high-temperature environments with low humidity 

levels), and available functionalities in the CS 

backbone that enable chemical modification to 

customize its properties [16-21]. CS has been 

generating a great deal of interest for a variety of 

applications. [22- 37] Due to the derivatives of CS, 

which are created by altering their fundamental 

structure to produce polymers with a wide range of 

properties [27, 38], there are numerous approaches to 
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use CS. The fact that CS contains three different 

polar functional groups, including ether (C O C), 

hydroxyl (OH), and primary amine (NH2), 

contributes to its high water-drawing ability. The OH 

and NH2 atoms in CS form functional groups, which 

allow for a number of chemical modifications to be 

made to it to suit various needs Fig.1 shows the 

chemical composition of CS. 

NH2
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O

OH
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Fig. 1: Chemical structures of chitosan 

 

CS has extremely weak proton conductivity and 

cannot be used as a PEM in its pure form because its 

native structure doesn't contain mobile protons. A 

number of modification methods, including 

sulfonation, phosphorylation, chemical crosslinking, 

inorganic particle filling modification, and blending 

with other polymers, have been used to improve the 

proton conductivity of CS-based PEMs. [39-45] An 

important technique for producing hydrophilic 

polymers that are proton-conductive, frequently 

insulators, and appropriate for use in electrochemical 

devices is sulfonation. It entails replacing the 

hydrogen atom of an organic molecule with a 

functional group (SO3H). Both N-sulfonated CS and 

O-sulfonated CS, in which the sulfonate group is 

linked to the NH2 sites and the OH sites, respectively, 

are produced by using sulfonating reagents such as 

sulfuric acid, chlorosulfonic acid, 1,3-propanol 

sultone, and others under various reaction conditions 

[46–50]. A specific density of sulfonate groups can 

be added to the CS backbone by varying the reaction 

duration, temperature, and reactant concentration. Ion 

exchange capacity (IEC) values, which measure the 

amount of sulfonic acid groups in a material, have a 

significant impact on a material's proton conductivity. 

IEC-valued sulfonated polymers typically have 

strong proton conductivities. Fig. 2 shows the 

chemical composition of chitosan that has been 

ionically cross-linked with a sulfate ion. 

 

The goal of the current work is to create a SCS 

membrane that is cross-linked with sulfuric acid 

while controlling the factors that influence the level 

of sulfonation. This membrane will be used as the 

foundation for creating PEM in fuel cells that has 

good proton conductivity, superior thermal stability 

and mechanical properties, and appropriate water 

absorption. 
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Fig. 2: Chemical structure of ionically cross-linked chitosan with 

sulfate ion 

2. Experimental  

2.1. Chemicals  

CS with a molecular weight of 100,000–300,000 

was purchased from Acros Organics Company. 

Sulfuric acid, chlorosulfonic acid, and acetone with a 

technical grade of 98% were received from Piochem 

Company. Methanol and ethanol were purchased 

from Fisher Scientific with a technical grade of 

99.8%. Acetic acid and NaOH with technical grades 

of 99.8% and 98%, respectively, were purchased 

from Sigma Aldrich Company. 1,3-propane sultone 

with a technical grade of 97% was purchased from 

Thermo Scientific Company. 

 

2.2. Experimental procedure 

2.2.1. Experimental Set up 

The experimental set-up used for the preparation 

of CS powder and SCS membrane is shown in Fig. 3. 

It consists of a hot plate equipped with a magnetic 

stirrer and three-neck round bottom flask. One of the 
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necks is equipped with a condenser for refluxing 

evaporated vapor; the second neck is used for mixing 

reactant mixtures by using an ultrasonic stirrer or 

mechanical stirrer; and the third neck is used for 

taking samples during reaction. 
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Fig. 3: Experimental set-up of CS sulfonation 

2.2.2.  Preparation of  sulfonated chitosan powder 

Water and the majority of organic and alkaline 

solvents cannot dissolve CS. However, it is 

dispersible in weak organic acids like formic, lactic, 

and acetic acids. Acetic acid was the appropriate 

solvent for CS in the current work. In 500 milliliters 

of a 1% acetic acid solution, five grams of CS are 

dissolved using a mechanical stirrer. At various 

temperatures, times, and stirring speeds, the acid is 

introduced drop by drop. The procedure is completed 

by adding the solution to anhydrous ethanol and 

letting it sit for the night. The solution is neutralized 

with NaOH to remove any remaining acid, which 

results in the formation of a white precipitate, then 

cleaned with acetone and methanol, respectively, 

followed by drying at 60 °C before the SCS powder 

is characterized. [51, 52]   

2.2.3. Preparation of sulfonated chitosan membrane  

One gram of powder SCS is dissolved in 100 ml 

of formic acid with an ultrasonic stirrer. After 

complete dissolution of the SCS, the solution will be 

filtered, cast on a petri dish, and dried for 24 hr at 40 

°C [53, 54].  The dried membrane was then 

neutralized in 2M NaOH for 24 hr before being 

carefully cleaned. The neutralized SCS membrane 

will be next cross-linked for 24 hr using 0.5 M 

sulfuric acid solution, and then completely rinsed 

with deionized water in order to eliminate any 

leftover sulfuric acid. Finally,  the SCS membranes 

will be dried under vacuum for 24 hr at 25 °C. The 

effect of stirring speed, sulfonation temperature, and 

time on the degree of sulfonation is investigated to 

arrive at the optimum condition of CS sulfonation. 

 

3. 3. Characterizations 

3.1. Nuclear Magnetic Resonance Spectra (
1
H NMR) 

A 
1
HNMR spectrometer (300 MHz, JEOL) will be 

used for the determination of the DS of SCS. 

Trifluorofluorine (TFF) and dimethyl sulfoxide 

(DMSO) were employed as standard solutions for 

dissolving the tested samples. Integrating the various 

aromatic signals from the 
1
HNMR spectrum data 

allowed us to calculate the DS. 

 

3.2. Determination of ion exchange capacity (IEC) 

and sulfur content (Sc) 

The value of DS obtained from 
1
HNMR was used 

to determine the IEC by using Eq. 1: [55] 

 

   
        

               
…………………..………(1) 

 

where MCS and MWSO3H are the molecular 

weights of CS and SO3H, respectively. 

The percentage of sulfur (Sc) in the dry sample of 

SCS was calculated using Eq. 2. [56] 

   

     
        

   
………………………………… (2) 

where Sc is the sulfur content (%) and MWs is the 

molecular weight of sulfur. 

 

3.3. X-Ray Diffraction Spectroscope (XRD) 

XRD patterns of CS and SCS are obtained using 

an X-ray diffractometer (Bruker D8 advance). To 

investigate the solid state morphology for identifying 

the changes in the crystal structure, the angles of 0
o
 

and 80
o
 were selected for beginning and end, 

respectively.  

3.4. Fourier Transform Infrared (FTIR)  

FTIR is measured using Bruker vertex 80 to verify 

the main functional groups of the CS and SCS with a 

resolution of 4 cm
-1

 and a refractive index of 2.4, in 

the range of 400–4000 cm
-1

. 
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3.5. Scanning electron microscopy (SEM) 

SEM enables the visualization of the surface and 

cross-sectional morphologies of the CS and SCS 

samples by using various magnifications. Images 

were captured using a JEOL 5410 SEM operating at 

20 kV. 

3.6. Thermal Analysis 

The thermal characteristics of CS and SCS are 

determined using thermal gravimetric analysis 

(TGA). A relative value of the original mass (%) can 

be used to indicate the mass change, or TGA. When 

stated as (%/min), DTG is a differentiation of TGA 

over time. The TGA and DTG curves for the CS and 

SCS samples are obtained using the Themys One+ 

device. The temperatures are employed between 30 

and 200
 o

C, with a 10 
o
C/min heating rate, and carrier 

gas nitrogen is used with a flowing rate of 50 ml/min. 

3.7. Water uptake measurements 

In deionized water, the prepared SCS membrane 

was submerged and left to soak for 24 hr. After being 

taken out of the water, the film was quickly dabbed 

with filter paper to remove any leftover surface 

moisture before being weighed (M2). The membrane 

was dried and weighted (M1). The water absorbed 

percentage was determined using Eq. 3 [57]: 

 

                 
     

  
    …….……(3) 

3.8. Mechanical properties 

The prepared SCS membrane mechanical 

properties were investigated in order to show how the 

sulfonation of CS affected those qualities, which 

were primarily assessed by a tensile test. Using a 

mechanical testing instrument (INSTRON-5500R) 

with a measurement accuracy of 5%, the tensile 

strength and elongation of the membrane were 

assessed.  

4.  Results and discussions 

 The SO3H group develops the membrane 

hydrophilic domain, which gives it the capacity to 

absorb water due to its affinity for water molecules. 

Thus, this alters the acid's functionality and makes 

proton transport easier [58, 59]. As a result, since it 

determines both the membrane conductivity and its 

mechanical properties, ion exchange capacity 

measurement is a crucial factor in the synthesis of 

PEM [60]. 

4.1. Parameters effecting the  preparation of 

sulfonated chitosan (SCS) 

Twenty-three experiments were used to specify 

the optimum operating conditions for sulfonation of 

CS: sulfonating agents, concentration of sulfonating 

agents, reaction time, stirring speed (rpm) and 

reaction temperature. 
 

4.1.1. Choice of suitable sulfonating agents  

Three sulfonating agents, namely sulfuric acid, 

1,3-propane sultone, and chlorosulfonic acid at a 4 M 

concentration, were tested. Table 1 presents the effect 

of the sulfonating agents on SCS formation with 

respect to their DS, IEC, and Sc at 4M acid 

concentration, for a reaction time of 3 hr, at 50 
o
C, 

and a stirring rate of 400 rpm. It is remarkable that 

the results showed that the CS has affinity for the 

entire sulfonating agents (as confirmed with 
1
HNMR) 

with varying DS, IEC, and Sc. Sulfuric acid showed 

slightly lower values of DS, IEC, and Sc by nearly 1-

2% than the other two acids. This may be due to the 

hydrolytic de-sulfonating effect normally associated 

with sulfuric acid, as reported in the literature [61, 

62]. In addition, the price of sulfuric acid is much 

lower than that of both other acids; for that reason, it 

is suitable to use sulfuric acid for the preparation of 

the SCS. 

 

Table 1: Results of degree of sulfonation, ion exchange capacity, and sulfur content analysis for 4M of different 

acid concentrations at 50 
o
C, 3 hr, and a stirring rate of 400 rpm 

 4M sulfuric 

acid 

4M 1,3 

propane  

sultone 

4M 

Chlorosulfonic 

acid 

DS% 32.64  36.09 37.315 

IEC 

(mmol/g) 

0.2104  0.2322  0.2399 

Sc% 0.6732  0.7431 0.7678 
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4.1.2. Effect of acid concentration on preparation of 

SCS 

Experiments were carried out by using three 

concentrations of the recommended sulfuric acid for 

a reaction time of 3 hr, at 50 
o
C, and a stirring rate of 

400 rpm. Fig. 4 demonstrated that the IEC of the 

resultant SCS is proportional to the DS (the acid 

groups contained in the polymer matrix). Table 2 

concluded that the DS, IEC, and Sc increased as the 

sulfuric acid concentration increased. Since IEC is 

dependent on acid concentration, as the IEC rises, 

more SO3H groups should become attached to the 

polymer matrix, increasing the polymer's 

hydrophilicity and promoting proton mobility and 

conductivity of the membrane, as confirmed by 

published data [63, 64]. The highest concentration 

value of sulfuric acid is achieved at 4 M. 

 

 

Table 2: Results of DS, IEC, and Sc at varying concentrations of sulfuric acid 

Conc 

 

Parameters 

0.5M 2M 4M 

DS% 10.145 17.92 32.64 

IEC (mmol/g) 0.0679 0.1164 0.2104 

Sc% 0.2173 0.3725 0.6732 

4.1.3. Effect of time on preparation of SCS 

The DS, IEC, and Sc of SCS for various 

sulfonation times (3–24 hr), at constant CS weight, 

and at the predetermined conditions: 4M sulfuric acid 

at 50 
o
C reaction temperature and a stirring rate of 

400 rpm are presented in Table 3. The results showed 

that SCS contained sulfur, confirming that sulfuric 

acid had sulfonated the polymer (CS). Meaning that 

the quantity of accessible acid groups (DS) and their 

capacity for dissociation in water play a significant 

role in determining the conductivity of membranes, 

which is in good agreement with published data [58]. 

Fig. 5 depicts the results of the DS and IEC of the 

SCS as a function of sulfonation time. It is 

remarkable that DS and IEC increase as time 

increases from 3 hr to 12 hr, then decrease sharply 

until 24 hr. For that, it can be concluded that the 

optimum sulfonation time was 12 hr, in which the 

highest DS and IEC of 57.82% and 0.3679 mmol/g, 

respectively, obtained and confirmed by Christopher 

et al;[65], who reported that CS is unfavorably 

affected by extended sulfonation, which could cause 

the polymer chain to break down and reduce the 

number of sites available for attachment (for the 

SO3H group), resulting in a decrease in SCS's DS and 

IEC. Additionally, it has been noted that prolonged 

sulfonation times can result in significant membrane 

solubilities, which are bad for fuel cells. For this 

reason, it is advised to utilize a maximum sulfonation 

reaction time of 12 hr. 

 

Table 3: Results of DS, IEC, and Sc analyses at 4M acid concentration at 50
o
C, and a stirring rate of 400 rpm 

Time (hr) 3 6 9 12 18 24 

DS% 32.64  42.46  48.78  57.82 43.25  22.147  

IEC(mmol/g) 0.2104  0.2723  0.3118  0.3679  0.2772  0.1435  

Sc% 0.6732  0.8713  0.9977  1.1771 0.887 0.4593  
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4.1.4. Effect of temperatures on preparation of SCS  

Between 30 and 70 
o
C, the impact of temperature 

on the sulfonation of CS was examined using 

predetermined conditions: 4 M sulfuric acid for a 

predetermined time of 12 hr and a stirring rate of 400 

rpm. The results for DS, IEC, and Sc are presented in 

Table 4. As the temperature increased, the DS and 

IEC increased sharply until 50 
o
C, then slightly 

increased to 70 
o
C.  Fig. 6 shows that temperature 

increases with an increase in the IEC and DS of the 

resulting CS polymer. At 70 
o
C, IEC and DS were 

0.4217  mmol/g and 66.59%, respectively, compared 

with IEC of 0.3679 mmol/g and degree of sulfonation 

of 57.82% at 50 
o
C. According to this, increasing the 

temperature of the sulfonation process increases the 

thermal energy of the system, which in turn speeds 

up the rate of electrophilic substitution on the 

aromatic ring [65]. Therefore, it is suggested to 

increase the polymer's ion exchange capacity as the 

rate of electrophilic substitution rises. We can choose 

50 
o
C as a reasonable temperature for SCS because it 

has also been observed that severe sulfonation can 

result in high solubility in a water- soluble 

membrane, which is bad for fuel cells [65]. 

 
 

 

Table 4: Results of DS,IEC and Sc analysis at 4M acid concentration at 12 hr and stirring rate of 400 rpm 

Temp.(oC) 30 40 50 60 70 

DS% 22.84 40.99  57.82  62.31  66.59 

IEC (mmol/g) 0.1480  0.2631  0.3679  0.3955  0.4217  

Sc% 0.4735 0.8418  1.1771  1.2656  1.3496 

4.1.5. Effect of stirring speed on preparation of SCS 

As it impacts the efficiency of the reaction and the 

quantity of the product produced, stirring is a crucial 

component of any chemical process that cannot be 

disregarded. To better understand the way the 

sulfonic group transfers mass to the aromatic ring, the 

influence of stirring speed on the sulfonation of CS 

was examined. This was done with a 4M sulfuric acid 

concentration under ideal sulfonation conditions of 

12 hr at 70 
o
C. The five stirring speeds that were 

investigated were 100, 200, 300, 400, and 600 rpm. 

Table 5 illustrates how the DS, IEC, and Sc of SCS 

are affected by the stirring rate. The outcomes 

demonstrated that stirring speed is a key element in 

the sulfonation of CS, since DS and IEC rise with 

increasing stirring speed. The rise in DS and IEC 

with increasing stirring speed may be caused by an 

increase in the rate of SO3H distribution to the 

aromatic ring, which, by maintaining uniform SO3H 

group distribution, enables the sulfonation reaction of 

CS to proceed in the desired direction [65]. From 100 

to 400 rpm, DS and IEC increase virtually linearly 

and quickly. From 400 to 600 rpm, they climb 

gradually. We therefore believe that the optimum 

sulfonation reaction speed is 600 rpm, where the 

DS%, IEC, and Sc% values are 71.256, 0.4502, and 

1.4407, respectively. 
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Table 5: Results of DS, IEC, and Sc analysis at 4M acid concentration at 70
o
C, 12 hr, and a stirring rate of 400 

rpm 

 

4.1.6. 1
HNMR 

The 
1
HNMR spectrum of SCS at different 

operating conditions is shown in Figs. 8–12, 

indicating that all spectrums showed affinity for SCS 

at different studied parameters. The humps appearing 

at 7-9 ppm indicate the presence of sulfonic acid 

linking in the aromatic ring [65], thus indicating the 

acid group's effective attachment to the polymer. 

 
 

 

 

4.2. Characterizations of CS and SCS at the 

optimum conditions 
4.2.1. X-ray diffraction (XRD) 

As shown in Fig. 13, XRD patterns for CS and 

SCS have been examined in the 2θ range of 0° to 80°. 

It is remarkable that two reflections in CS at angles of 

2θ = 19° and 2θ = 9° correlate to the crystal structure. 

The peak for CS at 2θ = 9° moved to 2θ = 15° in 

SCS, with reduced peak intensity, and the peak 

intensity of the SCS has also dropped at the position 

of 2θ = 19°. 

Stirring rate,  rpm 100 200 300 400 600 

 

DS% 

 

15.7 

 

28.57 

 

43.75  

 

66.59 

 

71.256  
 

IEC (mmol/g) 

 

0.1021  

 

0.1845 

 

0.2804   

 

0.4217  

 

0.4502  

 

Sc% 

 

0.3267 

 

0.5905 

 

0.8972   

 

1.3496 

 

1.4407  

 
 Fig. 8: 1HNMR spectrum of SCS using 4 M sulfuric acid, 1,3- propane sultone, and chlorosulfonic acid  

 

 
Fig. 9: 1HNMR spectrum of SCS using 0.5, 2, and 4M sulfuric  
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Fig. 10: 

1
HNMR spectrum of SCS using 4 M Sulfuric acid at 3, 6, 9, 12, 18, and 24 hr                                    

                                 

  
Fig. 11: 

1
HNMR spectrum of SCS using 4 M Sulfuric acid at 30, 40, 50, 60, and 70 

o
C 

 

 
 

  

Fig. 12: 
1
HNMR spectrum of sulfonation at stirring rates of 100, 200, 300, 400, and 600 rpm 
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This may be explained by the fact that the polymer 

can't absorb more water due to the disordered 

structure or hydrogen bond loss caused by the 

sulfonation process. Results were consistent with the 

previous ones, which demonstrate that after the 

sulfonation process, the addition of sulfonic groups 

reduces the crystallinity of CS [35]. 

 

 
4.2.2. Fourier Transform infrared (FTIR)  

The functional groups are identified using FTIR 

spectroscopy for CS, and SCS is shown in Fig. 14. 

The CS spectrum observed at 3360 cm
-1

 is due to O-

H stretching, which overlaps with the NH stretching 

in the same region. The peaks at 2869 cm
-1

 

correspond to CH2 stretching. The absorption bands 

at 1645 and 1585 cm
-1

 could be assigned to the 

(amide I) and (amide II) bending vibrations. It is 

obviously seen that the bands at 1420 and 1375 cm
-1

 

are due to C-H stretching. The absorption band at 

1320 cm
-1

 could be assigned to the -CH3 bend. The 

peaks at 1150, 1061, and 1025 cm
-1

 correspond to C-

O-C stretching. While peaks at 893 and 661 cm
-1

 

correspond to NH primary and secondary amines, 

The absorption bands at 557, 523, 453, 424, and 406 

cm
-1

 are due to c-c stretching. Additionally shown in 

Fig. 14 are the SCS FTIR spectra. It is evident from 

the peak of Fig. 14 at 3364 cm
-1

 that it correspond to 

O-H stretching; the peak at about 2942 cm
-1

 

corresponds to CH2 stretching. The peak at 1628 cm
-1

 

corresponds to the bending vibration absorption of 

the NH-SO3H group. The peak at 1525 cm
-1

 which 

corresponds to the bending vibration of C-N-C, The 

peak at 1416 cm
-1

corresponds to NSO2, and the peak 

at 1381 cm
-1

, which is related to the symmetrical and 

asymmetrical stretching vibration absorption of 

sulfate. The peak at about 1302 cm
-1

 could be 

assigned to the -CH3 bend. The peak at 1149 cm
-1

 

corresponds to C-O-C stretching. Peaks at 1089 and 

1017 cm
-1

 are possibly found due to symmetric and 

asymmetric stretching vibrations of S ═ O groups. 

Peaks at 870 and 705 cm
-1

 correspond to NSO2. 

Peaks at 575 and 431 cm
-1

 correspond to C-C 

stretching. Peaks were noticed to be sharper in the 

case of SCS. The modified CS contains sulfonic 

groups, as shown by all the data above.  

 

 
4.2.3. Scanning electron microscope (SEM)  

The SEM images corresponding to the 

morphology of CS and optimum SCS are shown in 

Figs. 15 and 16. In the case of CS, a homogeneous 

surface free of defects is observed, and no pores 

exist. The cross-section preparation procedure is 

mostly responsible for the roughness that is visible in 

the photos. It is evident from Fig. 16 that the surface 

of SCS is rougher and more porous than that of CS as 

it converted from a flat structure to a granular one. 

The ionic bonds formed by the added sulfonic groups 

could be the cause of these modifications. [51]. 
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Fig. 14: FTIR spectrum for CS and 
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Fig. 15: Scanning electron microscope of CS at 

different magnifications at 20 KV (X100, X500, 

X1500, and X2500) 
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4.2.4. Thermal Analysis of CS and SCS 

Fig. 17 presents the TGA of the CS sample, which 

was analyzed in nitrogen, showing a three-stage 

decomposition process. The first stage takes place 

between 40 and 50 
o
C with an almost 2% loss of the 

initial weight. This is followed by a further 4% 

weight loss just above 50 
o
C which ends at around 

100 
o
C. The third stage takes place between 100 and 

220 
o
C indicating a weight loss of about 1%. The 

total weight loss was 7%. The SCS sample analyzed 

in nitrogen (Fig. 18) shows a four-stage 

decomposition process. The first stage takes place 

between 40 and 45 
o
C with an almost 10% loss of the 

initial weight. This is followed by a further 20% 

weight loss just above 45 
o
C and ends at around 100 

o
C. The third stage of decomposition, which ends at 

around 140 
o
C indicates a weight loss of about 5%. A 

complete weight loss is attained in the final stage of 

the sample decomposition, starting at around 140 
o
C 

and ending just above 220 
o
C indicating a weight loss 

of about 5%. The total weight loss was 40%. Stages 

between 100 and 220 
o
C indicate sulfuric acid group 

degradation; therefore, these outcomes demonstrate 

the effective incorporation of the sulfonic group into 

the CS sulfate. [51]. DTG for CS and SCS samples is 

shown in Fig. 18. The onset of the initial 

decomposition reaction for CS begins at a lower 

temperature (83.5 
o
C) than for SCS (151.4 

o
C). 

Furthermore, it can be concluded that SCS polymer is 

thermally less stable than CS over the full range of 

the applied temperature [60]. This improvement in 

thermal stability is related to the high degree of 

crosslinking created by the sulfonation reaction, 

which results in the formation of a network structure 

with strong sulfonic group crosslinking, and the 

grafting yield obtained from pure polymers. The 

sulfonic group has thus been successfully integrated 

into SCS, as demonstrated by these data. 

 

 

 
4.2.5. Water uptake measurement  

Proton carriers, hydrogen bonding networks, and 

continuous ion transport channels can all be formed 

in the membrane with the aid of water uptake, which 

is essential for a PEM's proton conducting efficiency. 

At 30 °C, the water uptake of SCS was 37.4%, 

exceeding that of the commercial Nafion 117 

membrane, which was only 32% at 30 °C and 34% at 

60 °C and 80 °C, respectively. [66] 

4.2.6. Mechanical properties 

  In order to manufacture membrane electrode 

assemblies and to ensure the durability of the fuel cell 

while it is operating, a PEM must have favorable 

mechanical qualities. With a tensile strength and 

elongation at break of 6.95 MPa and 14%, 
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respectively, the SCS membrane demonstrated low 

mechanical stability. 

 

5. Conclusions   
- The sulfonation technique of CS was utilized to 

make the biopolymer CS, which is normally an 

insulator, proton-conductive, and hydrophilic, to be 

used in electrochemical devices such as fuel cell 

applications. 

- The optimum conditions of CS sulfonation were 

achieved at 4M sulfuric acid for 70 
o
C, 12 hr reaction 

time, and 600 stirring rate, and the DS%, IEC 

(mmol/g), and Sc% were 256, 0.4502, and 1.4407, 

respectively. 

- The SO3H group's attachment to the CS polymer 

matrix was confirmed by 
1
HNMR; the FTIR reveals 

the presence of sulfonic groups in the SCS; the SEM 

proved that the surface of SCS was rougher and more 

porous than that of CS; the XRD demonstrated that 

the addition of sulfonic groups reduces the 

crystallinity of CS; and the SCS polymer is thermally 

less stable than CS over the full range of the applied 

temperature. 

- The water uptake of SCS was 37.4%, which is 

higher than the commercial Nafion 117, with a tensile 

strength and an elongation at break of 6.95 MPa and 

14%, respectively. The SCS membrane, however, 

demonstrated low mechanical stability. 

 

6. Recommendation 

CS provides a low-cost source of SCS membrane, 

so it is recommended in the future to investigate way 

to improve SCS mechanical stability and proton 

conductivity, which are essential for FC applications, 

by filling out modifications to inorganic particles or 

by combining them with other polymers. This will 

also help in the creation of membranes with improved 

characteristics. 
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