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Abstract
Novel sulfonic acid-functionalized chitin nanowhiskers (sChW) with enhanced proton conductivity were prepared for fab-
ricating green and environmentally friendly chitosan (CS)-based nanocomposite polymer electrolyte membranes (PEMs). 
The performance of sChW in the development of direct methanol fuel cell (DMFC) nanocomposite membranes was also 
assessed. The manufactured nanocomposite membranes were characterized by Fourier transform infrared spectroscopy 
(FTIR), transmission electron microscopy (TEM), field emission scanning electron microscopy (FESEM), CHNS elemen-
tal analysis, X-ray diffractometry (XRD), ion-exchange capacity (IEC), water uptake, as well as proton conductivity and 
methanol permeability. The results showed that modification of chitin nanowhiskers (ChW) with sulfonic acid groups, as the 
proton-conducting sites, could enhance proton conductivity of the manufactured membranes, leading to a fall in methanol 
permeability, as a result of attractive interactions between the negatively charged sulfonic acid groups on the surface of 
sChW and the positively charged amine groups in the chitosan chains. Thus, the selectivity parameter (the ratio of the proton 
conductivity to methanol permeability) of the chitosan-based nanocomposite membranes significantly increased from 3900 
for pristine chitosan PEM to 26,888 S.s.cm−3 (ca. 6.8 times) for a membrane with 5% (wt) sChW. The functionalization 
strategy used herein can pave the way for the development of efficient polyelectrolyte membranes for applications in direct 
methanol fuel cells.
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Introduction

In recent years, increasing concerns over the depletion of 
fossil fuel sources and environmental pollution have encour-
aged researchers and engineers to find new cost-effective 
and sustainable energy sources. In this regard, fuel cells 
have been developed as green electrical energy generation 
systems to directly convert the chemical energy of the fuels 
into electricity. Direct methanol fuel cells (DMFCs), as a 
member of the fuel cell family, provide several advantages, 
such as high energy density, simple design, low operating 
temperature, lightweight and ease of handling, making them 

an attractive energy source, especially for portable devices 
[1–3], medical tools [4], and also transportation sectors [5]. 
DMFCs can operate at ambient temperature, producing very 
low pollution than other vehicle emissions [6]. Polymer elec-
trolyte membranes (PEMs), providing media for protons to 
be transferred between the anode and cathode sides, are con-
sidered the heart of DMFCs structures.

Because of having high proton conductivity and chemical 
stability, Nafion is known as a famous PEM. However, the 
steps taken to commercialize DMFCs were not significant 
due to their low efficiency at elevated temperatures or anhy-
drous conditions, high cost [4] as well as high methanol per-
meability [7]. Therefore, the development of green PEMs, 
as alternatives to Nafion, with high proton conductivity, 
low methanol permeability, excellent thermal and chemical 
stability, and low production costs is of great importance 
[8]. A big portion of related works have been focused on 
chitosan (CS)-based PEMs, as a natural polysaccharide with 
exceptional properties, such as nontoxicity, biocompatibility, 
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facile chemical functionalization, low cost, and good ther-
mal stability [2, 9, 10]. This polymer is generally produced 
by the deacetylation of chitin, which is routinely obtained 
from the exoskeleton of crabs, shrimps, lobsters, krills, 
fungi, and also some kinds of insects [9, 11].

Despite several exceptional characteristics that CS enjoys, 
it suffers from relatively low proton conductivity in com-
parison to Nafion, as a consequence of its relatively high 
degree of crystallinity and lack of mobile protons [2, 10]. 
Therefore, the proton conductivity of CS can be enhanced by 
increasing the proportion of its amorphous structure through 
the addition of salts and formation of complexes, plasticiza-
tion, or cross-linking [12]. Moreover, this natural polymer 
has a high glass transition temperature, which is character-
istic of low mechanical strength leading to the brittleness of 
membrane [13]. In addition, having a hydrophilic nature can 
cause a high degree of swelling and fragility of CS-based 
membranes [12].

Attempts to enhance the proton conductivity of CS are 
not limited [2, 8, 14]. Bearing in mind the benefits of the 
modification of polyelectrolytes with proton-conducting 
sites, like sulfonic acid or imidazole groups, Xiang et al. 
[15] studied CS sulfate/CS blends as membranes for DMFC 
applications. They reported that the incorporation of CS 
sulfate into pure CS could cause an improvement in pro-
ton conductivity. CS also decreases methanol permeabil-
ity, as a result of attractive interactions between negatively 
charged groups on the CS sulfate and amine groups in the 
pristine CS chains, which confine the free volume within 
the hybrid membrane. In addition, some researchers have 
reported the use of salt complexation of CS or doping with 
polyacids, which can enhance proton conductivity as well as 
amorphous regions in the CS structure [16]. In this regard, 
Soontarapa et  al. [14] investigated the effect of adding 
lithium nitrate into cross-linked CS by sulphuric acid and 
achieved higher levels of proton conductivity in comparison 
to neat CS at 100% relative humidity (RH). Besides, blends 
of CS with other polyelectrolytes, such as alginate-based 
biopolymer [17] or polyacrylic acid [18] were studied. In 
this regard, Smitha et al. [19] characterized a blend of CS 
with poly(vinyl pyrrolidone) (PVP) for DMFC applications. 
They studied a semi-interpenetrating cross-linked network 
structure that showed an acceptable performance as a PEM 
for fuel cell applications.

Furthermore, as an effective strategy, incorporating 
proton to allow surface modification of nanofillers into 
CS structures seems to be an effective and feasible strat-
egy, which not only enhances the proton conductivity 
through providing new sites for proton transfer but also 
promotes mechanical strength and thermal stability as 
well as decreases methanol permeability by introducing 
proton-conducting tortuous pathways [20, 21]. For exam-
ple, it has been reported that adding proton-conducting 

surface functionalized nanosilica, such as sulfonated nano-
silica or carboxylated ones, into CS matrix at a higher 
proton conductivity, as well as improved methanol barrier 
properties, which resulted in higher performance of the 
nanocomposite PEM, in comparison to the case of using 
the unmodified nanofillers [22]. On the other hand, it has 
been illustrated that the presence of phosphorylated titan-
ate nanotube not only decreases the methanol cross over 
in the chitosan-based PEMs but also by providing new 
pathways facilitates proton transfer by P–OH groups [23].

Due to antibacterial properties, biocompatibility, bio-
degradability, and also low toxicity, chitin and CS are 
used in industrial applications, such as biomedical engi-
neering [24], packaging [25], wastewater treatment [26], 
and also in cosmetics additives [27]. In the exoskeleton 
of crustaceans as the main source of chitin, this natural 
polymer forms highly crystalline microfibrils, consist-
ing of nanofibers embedded in a protein matrix [28, 29]. 
Isolation of nanofibers and their conversion into rod-like 
nanowhiskers have been employed through various routes, 
such as acid hydrolysis, (2,2,6,6-tetramethylpiperidin-1-yl)
oxyl (TEMPO)-mediated oxidation, wet grinding, and also 
ultrasonication [30]. Various applications have been men-
tioned for chitin nanowhiskers (ChW) as the green organic 
nanofillers. For instance, to increase the tensile strength 
of polyacrylic acid, Ofem [31] added ChW into the matrix 
and showed that the tensile strength of the manufactured 
nanocomposites increased up to 11.39%. Huang et  al. 
[32] reported that the addition of ChW to alginate-based 
nanocomposite hydrogels for bone scaffold applications 
could significantly enhance the mechanical properties. 
In addition, the application of ChW in absorbing dyes 
with high removal efficiency has been reported elsewhere 
[33]. The effect of incorporating ChW into PEM struc-
tures was investigated by introducing these nanofillers in 
sulfonated poly(ether sulfone) (sPES). It has been shown 
that by adding sChW into the sPES, an enhancement in 
proton conductivity was achieved through the formation 
of long-range proton-conducting pathways as well as an 
improvement in the mechanical strength of the manufac-
tured membranes [34].

To the best of our knowledge, the use of sulfonated 
ChW for the manufacturing of PEMs has not been reported 
so far. In this work, green nanocomposite membranes 
based on sulfonated ChW as nanofiller and CS as matrix 
were fabricated and characterized as a new PEM for appli-
cation in DMFCs. The results were compared with those 
of neat CS PEM at two different temperatures. As a com-
parison, unmodified ChW was added to the CS matrix to 
depict functionalization efficiency. The proton conductiv-
ity and methanol permeability of PEMs were used to cal-
culate the selectivity of membranes.
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Experimental

Materials

Chitosan (medium molecular weight and degree of the 
deacetylation 80%), propane-1,3-sultone (PS), and N,N’-
dicyclohexylcarbodiimide (DCC) were purchased from 
Sigma-Aldrich (USA). Acetic acid, hydrochloric acid, 
sodium hydroxide, ethanol, tetrahydrofuran (THF), ace-
tonitrile, sodium hydroxide, and sodium chloride were all 
purchased from Merck (USA). All materials were used 
without further purification. Shrimp waste (catching from 
the Persian Gulf) was obtained from the local market.

Preparation and purification of chitin

For purification of chitin, in the first step, all the meat and 
soft tissues were separated, and hard shells were washed 
with tap water several times. Then the shells were dried 
for 72 h and ground. The obtained powder was passed 
through a stainless steel mesh (No 50 mesh) until a homo-
geneous powder was obtained. The chitin extraction was 
done in three steps, namely demineralization, deproteini-
zation, and decolorization [35]. The powder was added to 
5% (wt) hydrochloric acid to dissolve all minerals for 24 h 
at room temperature. Then, the mixture was filtered and 
washed with distilled water several times. The resulted 
powder was treated with a 5% (wt) sodium hydroxide solu-
tion (1:20 w:v) to remove the existing proteins for 12 h at 
65 °C. Afterward, this mixture was filtered and washed 
with distilled water several times to reach a neutral pH. In 
the next step, acetone was used for decolorization of the 
obtained powder for 12 h at room temperature. The final 
powder was washed with distilled water and dried in a 
vacuum oven at 65 °C for subsequent uses.

Preparation of chitin nanowhiskers

The acid hydrolysis method, with minor modifications, 
was used for the extraction of ChW from chitin pow-
der in this work [36]. Briefly, 5 g of chitin powder was 
refluxed with 150 mL 3 N hydrochloric acid at 95 °C for 
90 min. The supernatant was separated by centrifugation 
at 4000 rpm, and the residuals were treated again with 
3 N hydrochloric acid two further times. After the final 
treatment, for neutralization and removing the remaining 
impurities, a 12 k Dalton dialysis tube in distilled water 
was used. The distilled water was refreshed every 8 h until 
pH 6 was achieved. Finally, the suspension was freeze-
dried to obtain solid water-free sChW for subsequent uses.

Surface modification of ChW

To modify the surface of sChW with sulfonic acid groups, 
1 g of freeze-dried sChW was added to THF and stirred 
for 12 h, and then homogenized with ultrasonication for a 
total of 30 min. Then, 1.5 g of propane-1,3-sultone, as well 
as 2.5 g of DCC were added to the mixture at 70 °C under 
vigorous stirring for 36 h. In the next step, the resulting 
sChW were separated by centrifugation and filtration. To 
remove any residual reactants, THF Soxhlet was used for 
6 h, and then, the substantial part was washed with acetoni-
trile several times, and finally, the product was freeze-dried 
for further uses.

Membranes preparation

Dried CS powder was dissolved in an acetic acid aqueous 
solution (1% (v:v)) to preparea 1% (w:v) solution. To fabri-
cate the nanocomposite membranes containing 1, 3, 5, and 
7% (wt) of the modified nanofillers, appropriate amounts 
sChW were ultrasonicated in dilute acid aqueous solutions 
for 30 min, and the resultant mixtures were added into the 
CS solutions, respectively. Then, the homogenous mixtures 
were poured into the leveled glass Petri-dishes and incu-
bated at 25 °C for 3 days, and then dried at 60 °C for 6 h 
in a vacuum oven. The dried membranes were neutralized 
with 5% (wt) sodium hydroxide solution and washed with 
distilled water several times until neutral pH was achieved. 
Afterward, the membranes were cross-linked with 0.5 M 
sulfuric acid solution for 24 h at room temperature. Finally, 
the membranes were washed with distilled water to remove 
physically absorbed acid and stored in distilled water until 
subsequent uses. The manufactured membranes were gen-
erally named as CHx that x denotes the loading weight of 
sChW within the membrane. Another CS membrane con-
taining 5% (wt) of ChW (named CHU) was prepared with 
the same procedure, as mentioned above. Figure 1 shows 
the procedure of fabricating the nanocomposite membranes.

Characterization

Fourier transform infrared (FTIR) spectroscopy

To ensure the functionalization of sChW, the FTIR spectra 
of the nanofillers (4000–450 cm−1, resolution 2 cm−1) were 
recorded by a Perkin Elmer Fourier transform infrared spec-
trometer (Spectrum 65), using KBr tablets.

Elemental analysis

To evaluate the quantity of sulfuric acid groups functional-
ized on the surface of sChW, the elemental analysis was 
performed with a CHNS-O Elemental Analyzer instrument 
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(model ECS 4010, Costech Analytical Technologies Inc., 
Italy).

X‑ray diffraction

X-ray diffraction (XRD) patterns were utilized to investigate 
the crystalline structure of ChW or sChW. In this regard, 
50 mg of each sample was analyzed by a Philips X-ray dif-
fractometer (PW1730 Model, Philips Co., Netherland), 
which was equipped with Cu Kα tube operating at 40 kV, 
30 mA. To calculate the crystalline index (CI) of ChW, as 

well as sChW, Eq. 1 was applied, which was proposed by 
Zhang et al. [37]:

where, I110 is the intensity of diffraction peak at 19.5° and Iam 
is the minimum intensity at the amorphous region between 
2θ of 9.5° (I020) and 2θ of 19.5° (I110). Also, the d-spacing 
of the crystalline structures was determined by the Bragg’s 
equation [38] (Eq. 2):

(1)CI =
I110 − Iam

I110

× 100,

Fig. 1   a Preparation process of 
ChW, b the synthesis route of 
sChW, c schematic illustration 
procedure for fabricating the 
nanocomposite membranes



359Iranian Polymer Journal (2021) 30:355–367	

1 3

where, λ is the wavelength of X-ray (1.540 Å), and θ is the 
angle of diffraction. The average crystallite size was calcu-
lated by the Debye–Scherrer equation (Eq. 3):

where, β is the full width at half maximum (FWHM) in radi-
ans, θ is the Bragg diffraction angle of the 110 peak at 2θ of 
19.5°, and λ is the wavelength of X-ray (1.540 Å).

Microscopic assessments

To observe the shape and size of the nanowhiskers in aque-
ous suspension, transmission electron microscopy (TEM) 
(Model CM120, Philips, Netherland) was implemented. For 
this purpose, a dilute aqueous dispersion of sChW (0.01% by 
wt) was prepared. Also, the field emission scanning electron 
microscopy (FE-SEM) technique was used for investigating 
the morphology of cross section of the dried nanocompos-
ites, which were fractured in liquid nitrogen. In this regard, 
TESCAN MIRA III (Czech) device was utilized.

Thermal gravimetric analysis (TGA)

Thermal stability of ChW and sChW, as well as their manu-
factured nanocomposite membranes, was examined by a 
DSC/TGA analyzer (TA, Q600, USA) from 25 to 600 °C at 
the rate of 10 °C/min under the nitrogen atmosphere.

Water uptake

As the water content has a significant role in the proton con-
duction mechanisms through the PEMs, investigating the 
water uptake behavior of these membranes seems essential. 
Hence, the dried samples were immersed in deionized water, 
and then, at various times, after removing the surface water 
with tissue paper, the membranes were weighed quickly until 
no further weight gain was observed. The amount of water 
uptake was calculated based on Eq. 4, where Ww and Wd 
are the weights of the membrane in the wet and dry states, 
respectively.

Ion‑exchange capacity (IEC)

To determine the IEC values of the CS membrane, all the 
dried samples were weighed and immersed in a 100 mL 1 M 

(2)d =
�

2 sin �
,

(3)DI110 =
0.9�

�cos�
,

(4)WU(%) =
Ww −Wd

Ww

.

sodium chloride solution to replace H+ with Na+ ions. The 
obtained solution was titrated with 0.01 M sodium hydroxide 
standard solution with phenolphthalein indicator. The IEC 
values were calculated using Eq. 5:

where, V is the volume in mL and C is the concentration of 
sodium hydroxide solution in mol/L used to neutralize the 
obtained previous solution, and m is the weight of the dried 
membrane.

Proton conductivity

To evaluate the proton conductivity of the membranes, the 
electrochemical impedance spectroscopy (EIS) technique 
was employed with an Autolab PGstat 303 N potentiostat/
galvanostat impedance analyzer (Echochemie) with the 
4-Probe method in the frequency range 0.1 Hz–100 kHz with 
the signal amplitude 5 mV. Before testing, the membranes 
were hydrated in deionized water for 48 h. The electrical 
resistivity of the membranes was determined from the inter-
cept of high-frequency impedance. The proton conductivity 
of the membranes was obtained from Eq. 6:

where, σ is the proton conductivity (S/cm2), L is the thick-
ness (cm), R is the electrical resistivity (S−1) obtained 
from EIS graphs, and A is the lateral surface (cm2) of the 
specimen.

Methanol permeability

As the barrier properties of PEMs against methanol play 
a significant role in the overall efficiency of DMFCs, the 
methanol permeability of the membranes was measured by 
a laboratory diffusion cell consisting of two reservoirs. One 
of these reservoirs was filled with distilled water (cell A), 
and the other one was filled with 2 M aqueous methanol 
solution (cell B). A mixer was stirred continuously in cell 
A and cell B to ensure homogeneity. The methanol concen-
tration in cell A was measured at different time intervals 
by the refractometry method [39, 40], using ATAGO Abbe 
refractometer. The methanol permeability of the membranes 
was calculated using Eq. 7:

In this respect, CB is the concentration of methanol 
(mol/L) in cell B, ΔCA

(t)

Δt
 is the slope of methanol concentra-

tion graph at different time intervals in cell A (mol/s), VA 

(5)IEC =
V × C

m
,

(6)� =
L

R × A
,

(7)P =
1

C
B

×
ΔC

A
(t)

Δt
×
V
A
× L

A
.
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is the volume of each reservoirs (cm3), L is the membrane 
thickness (cm), A is the membrane surface area (cm2), and 
P is the methanol permeability of each membrane (cm2/s).

Results and discussion

The electrochemical properties of PEMs are affected by 
incorporating the nanofillers within their structure. Such 
an effect is rooted in changes in the concentration of pro-
ton-conducting sites and introducing new pathways for the 
protons to be transferred through the membranes [16, 41]. 
Because of playing an effective role in the proton-conduct-
ing mechanisms, resulting in an enhancement in the proton 
conductivity, sulfonic acid groups are known as attractive 
sites to be immobilized on the surface of the nanofillers, 
resulting in an enhancement in the overall efficiency of the 
cells. In this regard, the surface of ChW was modified by 
functionalizing –SO3H groups and afterward introduced into 
CS-based nanocomposite membranes to provide new PEMs 
for DMFCs applications.

Characterization of nanowhiskers

The FTIR spectra of ChW, as well as sChW, are depicted 
in Fig. 2. As can be seen, the peaks at 1561, 1621, and 
1654 cm−1 are assumed as typical characteristics bands 
of chitin, which are attributed to the amide I and amide II 
groups in ChW, as well as sChW [34]. The peaks around 
1100 cm−1 are ascribed to the glycosidic linkage in the pyra-
nose ring in the chitin structure [42], which is overlapped 

on the etheric bond in the case of sChW, as a result of the 
reaction between the hydroxyl groups in ChW and propane-
1,3-sultone. In the case of sChW, the peaks in this region 
have more intensity in comparison to ChW. Such an effect is 
also evident in the regions around 2884 cm−1 and 2934 cm−1 
that are ascribed to the methylene groups in ChW and sChW, 
which is attributed to the presence of more methylene groups 
in the structure of sChW, as a result of –SO3H functionaliza-
tion on the surface. Finally, in the case of sChW, the char-
acteristic band of S–O–S (around 1370 cm−1) is overlapped 
on the absorption peak of methyl groups in acetyl groups, 
present in the chitin-based structures [42]; however, the 
mentioned peaks in this region are more intensified, which 
can be attributed to the functionalization of –SO3H groups 
on the surface of sChW.

Table 1 illustrates the results of the CHNS test, which 
was applied to ensure the successful surface modification of 
sChW. The results indicated the existence of sulfur in sChW 
samples that is due to the successful surface modification of 
sChW with sulfonic acid groups.

Furthermore, the increase in the carbon content and the 
decrease in nitrogen elemental content in sChw, compared 
to ChW, can be ascribed to the successful functionalization 
of –SO3H groups as a result of the reaction between PS and 
–OH groups in chitin.

The XRD patterns of ChW, as well as sChW are depicted 
in Fig. 3. As shown, the characteristics diffraction peaks of 
both ChW and sChW, which were observed at around 2θ 
of 9.5°, 19.5°, 20.8°, 23.4°, and 26.6° could correspond to 
the 020, 110, 120, 101, and 130 planes, respectively [37]; 
however, the intensity of the peaks in sChW has been dimin-
ished. This observation might be attributed to a decrease 
in the crystallinity of sChW, in comparison to Chw, as a 
result of the modification of the nanowhiskers, which caused 
changes in the surface structure and, as a consequence, the 
level of crystallinity in these nanofillers and also crystallite 
sizes. The chemical modification affects the crystallinity of 
this polymer. Hai and Sugimoto [43] showed that the crys-
tallinity index (CI) of chitin was dropped by functionaliza-
tion with poly(3-hexylthiophene) (P3HT), but XRD typi-
cal peaks of chitin appeared at around 9.5°, 19.5o, and 23° 
associated with the 020, 110, and 130 planes observed in the 
modified chitin, respectively. Li et al. [44], who studied the 
chitin nanocrystals grafted with l-lactide, showed that such 
functionalization could reduce the CI value. The crystallite 

Fig. 2   FTIR spectra of ChW, and sChW in the range of 4000–
450 cm−1

Table 1   CHNS elemental analysis of ChW and sChW

Sample C
(% by wt)

N
(% by wt)

H
(% by wt)

S
(% by wt)

ChW 44.78 6.24 7.02 Not detected
sChW 46.41 6.04 7.23 0.94
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size was slightly decreased, suggesting that the crystalline 
structure was preserved in the modified chitin nanocrystals. 
It was also reported that alkali treatment of chitin can dete-
riorate crystallinity until it reaches a plateau [45]. Table 2 
shows the values of crystalline index (CI), d-spacing and 
crystallite size for ChW and sChW calculated by Eqs. 1–3, 
respectively.

Microscopic assessments

Figure 4 shows the TEM image of the dried dilute ChW 
suspension (0.01% by wt). A rod-like structure with the aver-
age diameter of 15–30 nm and length of 150–300 nm was 
observed, indicating that the nanowhiskers have a relatively 
broad size distribution. In addition, the FESEM images of 

ChW and sChW are illustrated in Fig. 5. These images show 
that although the fibrillary structure is preserved in sChW, 
the surface of the nanowhiskers becomes coarser after the 
modification with sulfonic acid groups. This observation is 
in agreement with the XRD results.

Figure 6 shows the fractured cryogenic surface of CH0, 
CHU, and CH5. According to these pictures, CS PEM illus-
trates a relatively dense and homogeneous cryogenic frac-
tured surface with no apparent cracks or defects. Moreover, 
it can be found that unlike CHU, in the case of CH5, there 
are no significant pinholes, which is related to the pulling 
out of the nanowhiskers. Such phenomena may be rooted 
in strong interfacial interactions between sChW and the CS 
matrix. We believe that the surface modification of sChW 
caused attractive interactions between the CS matrix and 
the surface of the nanofiller, which resulted in a stronger 
interface.

Thermal behavior

The thermal degradation behaviors of ChW and sChW are 
shown in Fig. 7a. The degradation of ChW showed two 
stages involving weight loss of about 100 °C due to moisture 
absorption and subsequent decomposition of the chitin skel-
eton at higher temperatures. As it is obvious, the degradation 
onset temperature of sChw occurred at a slightly lower tem-
perature, compared to that of ChW, which is ascribed to the 

Fig. 3   XRD patterns of sChW in comparison to ChW

Table 2   Crystalline index (CI), d-spacing and crystallite size of ChW 
and sChW

Sample CI (%) 2θo d-spacing (Å) Crystallite size 
at (110) plane 
(Å)

ChW 94.6 9.60 9.20 44
12.9 6.85
19.55 4.53
20.70 4.29
23.40 3.80
26.50 3.36

sChW 90.6 9.65 9.16 31
13.00 6.81
19.50 4.55
20.75 4.28
23.55 3.77
26.40 3.37

Fig. 4   TEM image of ChW
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degradation of sulfonic acid groups, functionalized on the 
surface of sChW between 190 and 250 °C [46]. Furthermore, 
the decomposition step of the chitin skeleton occurred at 

368 °C and 331 °C for ChW and sChW, respectively, which 
can be attributed to a reduction in the degree of crystallin-
ity in sChW in comparison to ChW [46]. In addition, the 

Fig. 5   FESEM images of a 
ChW, and b sChW

Fig. 6   FESEM images of the nanocomposite membranes, a CH0, b CHU, and c CH5

Fig. 7   Thermal decomposition behavior of: a ChW and sChW, and b CH0, CH5, and CHU as a function of temperature
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residual mass amount after heating up to 600 °C was 17.21% 
(wt) for ChW, while it was 26.42% (wt) for sChW, which is 
in agreement with the previous reports [47]. The catalytic 
role of sulfonic groups in dehydration of chitin structure 
can cause higher char residue in sChW compared to ChW. 
Similar to what has been reported about sulfated cellulose 
[48, 49], it can be assumed that the presence of sulfonic 
acid groups in the structure of sChW is able to catalyze the 
extraction of water from the structure of chitin at tempera-
tures above 100 °C. Since the produced water molecules can 
immediately evaporate at elevated temperatures, the pres-
ence of carbon atoms resulting from carbon monoxide or 
carbon dioxide is very unlikely; instead, they remain as char 
and increase the residual mass.

Figure 7b illustrates the thermal degradation behavior of 
CH0, CH5, and CHU membranes. As expected, the onsets 
of decomposition slightly increased for the nanocomposite 
membranes containing sChW or ChW as the nanofillers. 
Higher thermal stability in CH5, in comparison to CHU, 
may be rooted in attractive interfacial interactions, such as 
electrostatic interactions or hydrogen bonding between the 
surface of sChW and CS chains [2].

Characterization of PEMs

Water molecules have a crucial role in the performance of 
PEMs since they can act as proton carriers within the mem-
brane; however, the excessive water content can result in 
weakening the mechanical properties [13]. In this regard, the 
water uptake of the studied membranes was determined three 
times, and the average values are presented in Table 3. As 
can be seen, the water uptake of CHU and all the membranes 
containing different loading weights of sChW are lower than 
that of CH0. This behavior can be ascribed to the packed 
crystalline structure of chitin-based nanowhiskers intro-
duced into membranes, which results in lower water absorp-
tion compared to CS PEM [50, 51]. Similar phenomena are 

reported by Li et al., who studied the membranes composed 
of CS as the matrix and cellulose nanowhiskers (CW) [52] 
as the nanofiller. Furthermore, it was observed that with an 
increase in the content of sChW within the nanocomposite 
membranes, the water uptake values were decreased. This 
behavior, due to the lower water uptake in CHU, compared 
to CH5, is attributed to attractive electrostatic interactions 
between the surface of modified nanowhiskers and the 
CSmatrix.

IEC values, which represent the numbers of exchangeable 
ion sites in one gram of the prepared membranes, can affect 
the proton conductivity of PEMs. According to the results 
listed in Table 3, with an increase in the content of sChW 
within the fabricated nanocomposite membranes, the IEC 
values were increased, which can be related to the existence 
of sulfonic acid groups as the ion-exchange sites, functional-
ized on the surface of sChW. In this regard, the IEC value in 
CH7 was measured 30% higher than that in CS PEM (CH0). 
Shirdast et al. reported similar results and studied CS-based 
nanocomposite membranes incorporated with sulfonated 
graphene oxides [2]. Furthermore, it should be noticed that 
the pristine CSIEC values were improved through cross-
linking by sulfuric acid [14]. Finally, the reduced IEC values 
of CHU, compared to CH0, could be associated with a lower 
number of proton-conducting sites in Chw.

Generally speaking, vehicle and Grotthuss (hopping) are 
known as the major mechanisms for proton diffusion within 
the PEMs. In the vehicle mechanism, free water molecules 
play a role in transferring the protons as hydronium ions; 
however, Grotthuss-type diffusion is related to the proton 
hopping from one proton-conducting site to another one 
through hydrogen bonding networks [16]. Proton conduc-
tivities of all the samples were determined at room tem-
perature and the results are shown in Table 3. Consistent 
with IEC results, all nanocomposite membranes containing 
sChw showed higher proton conductivity in comparison to 
CS PEM, which is due to an enhancement in concentration 

Table 3   Water uptake, IEC, proton conductivity, methanol permeability and selectivity parameter values of the nanocomposite membranes at 
room temperature and 100% relative humidity

Sample Water uptake (wt%) IEC
(mmol/g)

Proton conductivity (S/cm) Methanol perme-
ability
(cm2/s)

Selectivity parameter
(Ss/cm3)

CH0 78.9 ± 0.4 0.65 ± 0.01 0.0039 ± 0.0001 1E − 6 3900
CHU 76.1 ± 0.4 0.60 ± 0.02 0.0036 ± 0.0001 5.8E − 7 6207
CH1 77.2 ± 0.5 0.68 ± 0.02 0.0066 ± 0.0003 9.2E − 7 7174
CH3 72.6 ± 0.4 0.77 ± 0.02 0.0078 ± 0.0004 7.2E − 7 10,833
CH5 68.7 ± 0.3 0.83 ± 0.01 0.0121 ± 0.0009 4.5E − 7 26,888
CH7 66.2 ± 0.5 0.91 ± 0.01 0.0179 ± 0.0012 8.7E − 7 20,574
CS/P(AA-AMPS)-

(H2SO4)
– – 0.0036 2.41E − 7 14896 [57]

Sulfonated CS – – 0.0145 4.7E − 7 30851 [15]
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of proton-conducting sites through incorporating sulfonic 
acid-functionalized nanowhiskers and an improvement in 
proton transfer through the hopping mechanism [2]. Incor-
porating Chw in the CHU nanomembrane caused a slight 
reduction in the proton conductivity, which might be related 
to a decrease in water absorption, and especially introducing 
tortuous proton-conducting pathways. In this regard, Tohid-
ian et al. [53] showed that by introducing nanosilica at high 
loading weights to Nafion-based nanocomposites, the proton 
conductivity is decreased due to lower water uptake and the 
hindrance of free proton conduction through masking the 
proton-conducting sites.

Table 4 shows the proton conductivity of all samples at 
65 °C. For all the studied samples, the proton conductivity 
was increased with an increase in the temperature, which 
is due to an enhancement in the diffusivity of hydronium 
ions through the membranes [54, 55]. Figure 8 suggests a 
mechanism for the presumptive proton-conducting tortuous 
pathways. The interactions between –SO3H groups grafted 

on the surface of sChW and the H+ mainly enhance the 
proton hopping (Grotthuss-type) mechanism of proton con-
duction and correspondingly the overall performance of the 
fuel cell membranes. Incorporating sChW into the chitosan 
PEM increases the proportion of the proton-conducting sites 
within the nanocomposite membrane with respect to the chi-
tosan PEM, which facilitates proton transport. In addition, 
the positively charged chains of chitosan are electrostatically 
cross-linked by the adsorbed sulfuric acid groups acting as 
new proton-conducting sites promoting the proton conduc-
tivity, especially through proton hopping mechanism.

Since the fuel permeability through the PEMs can cause 
a reduction in the efficiency of DMFCs, some strategies 
have been applied to decrease the permeability of methanol 
through the PEMs, such as introducing nanofillers within 
the membranes and producing more tortuous diffusion path-
ways [56]. The methanol permeabilities of all the samples 
were evaluated and the results are depicted in Table 3. In 
agreement with the water uptake behavior of the studied 
membranes, the methanol permeability decreased with an 
increase in the loading weights of sChW up to 5% (wt) 
within the membranes, which is attributed to a reduction 
in the membranes free volumes, as a result of the attractive 
interactions between amine groups in the CS chains and sul-
fonic acid groups grafted on the surface of sChW, as well as 
introducing tortuous diffusion pathways. We have previously 
reported such phenomenon in Nafion-based PEMs, that 
by adding imidazole functionalized carbon nanotube, the 
methanol permeability of those nanocomposite membranes 
was reduced, as a result of the electrostatic interactions 
between positively charged imidazole rings on the surface 
of imidazole functionalized multi-walled carbon nanotubes 
(MWCNTs) and sulfonic acid groups in Nafionas the matrix 

Table 4   Proton conductivity, methanol permeability and selectivity 
parameter of the membranes at 65 °C and 100% relative humidity

Sample Proton conductivity
(S/cm)

Methanol 
permeabil-
ity
(× 10–6 
cm2/s)

Selectivity parameter
(Ss/cm3)

CH0 0.0080 ± 0.0004 2.30 ± 0.09 3478 ± 233
CH1 0.0131 ± 0.0005 1.94 ± 0.08 6753 ± 405
CH3 0.0147 ± 0.0007 1.37 ± 0.06 10,730 ± 665
CH5 0.0194 ± 0.0009 0.93 ± 0.05 20,860 ± 968
CH7 0.0221 ± 0.0013 1.58 ± 0.06 13,987 ± 867

Fig. 8   Schematic of the proton-conducting pathways through the chitosan nanocomposite membranes containing sulfonic acid-functionalized 
nanowhiskers
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[54]. On the other hand, with an increase in the content of 
sChW in CH7, compared to CH5, the methanol permeability 
increased, which might be related to the agglomerations of 
the nanowhiskers in the nanocomposites and the increment 
of nanovoids as free routs for methanol diffusion. Finally, 
in the case of CHU, the values of methanol permeability 
were higher than those of CH5, which is due to the role of 
electrostatic interactions between the surface of modified 
nanofiller and the matrix, and also a reduction in the free 
volume of those containing sChW.

The methanol permeability of the membranes was also 
determined at 65 °C (Table 4). The methanol permeability at 
higher temperature was increased for all the samples, which 
is due to the easier penetration of methanol molecules at the 
higher temperatures. We previously observed such behavior 
in the case of CS PEMs filled with different types of organi-
cally modified nanoclays [16].

As both the proton conductivity and the methanol perme-
ability simultaneously affect the DMFC performance, the 
membrane selectivity parameter, defined as the ratio of pro-
ton conductivity (desirable) to methanol permeability (unde-
sirable), is normally considered to choose the optimal PEMs 
for practical DMFC applications. In this regard, Tables 3 
and 4 show the selectivity parameter of all the manufactured 
membranes at 25 and 65 °C, which determine the efficiency 
of the membranes in DMFC structures. For all nanocom-
posite samples, the selectivity parameters were higher than 
those for CS PEM. Among all the studied samples, the CH5 
showed the highest selectivity parameter. Such an observa-
tion could be attributed to the better formation of nanofiller/
polymer matrix interface, which led to the fewer formation 
of nanovoids at the interface and, as a result, lower methanol 
permeability, along with relatively high proton conductivity 
as a consequence of introducing more proton-conducting 
sites within the membrane. In this regard, and based on the 
obtained results, CS nanocomposite membranes containing 
5% (wt) sChW are proposed as efficient and eco-friendly 
membranes for DMFC applications.

Conclusion

To introduce new polymer electrolyte membranes (PEMs) 
for fuel cell applications, a series of nanocomposite mem-
branes were prepared and characterized by incorporation of 
sulfonic acid-functionalized chitin nanowhiskers into the CS 
matrix. The infrared spectroscopy and the elemental analy-
sis demonstrated the successful surface modification of the 
nanowhiskers by the reaction between propane-1,3-sultone 
and –OH groups in chitin nanowhiskers (named as sChW). 
The X-ray diffraction patterns showed that the crystal-
line structure was preserved in the chemically modified 
nanowhiskers. In addition, all the studied nanocomposite 

membranes showed higher proton conductivity, in compari-
son to the CSPEM, without any nanofiller content, which 
was attributed to the role of functionalized groups on the 
surface of modified nanowhiskers in the proton conduction 
mechanisms. Furthermore, the fabricated nanocomposite 
membranes showed lower levels of methanol permeability 
as a result of attractive interactions between the surface of 
incorporated modified nanofillers and the matrix, which 
resulted in higher values of the selectivity parameter for the 
fabricated nanocomposite PEMs. Accordingly, the nanocom-
posite membranes based on CS and sulfonic acid-function-
alized chitin nanowhiskers can be considered as potential 
PEMs for DMFC applications.
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