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Poly(styrene sulfonic acid)-functionalized carbon nanotubes (CNT-PSSA), which was obtained with atom
transfer radical polymerization (ATRP), was utilized in preparation of chitosan/CNT nanocomposites (CH/
CNT-PSSA). Chemical linkages between chitosan and CNTs form in the nanocomposites through the reac-
tion between the sulfuric acid groups of CNT-PSSA and the amino groups of chitosan, to warrant the
homogenous dispersion of CNTs. The CH/CNT-PSSA nanocomposites were superior to the neat chitosan
polymer in thermal and mechanical properties, water and solvent uptakes, bond water ratios, and elec-
trical conductivity. The attractive property of the CH/CNT-PSSA nanocomposites also implied their appli-
cation potentials for separation membranes and sensor electrodes.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Chitosan is a nature polysaccharide bearing amino and hydroxyl
groups showing wide application potentials in biology, medicine,
food, electrochemistry, and membrane separation due to its attrac-
tive characteristics of low price, biocompatibility, hydrophilicity,
moderate mechanical property, and chemical versatility. Modifica-
tions on chitosan were widely studied to improve the solubility of
chitosan in water and consequently to improve its processing prop-
erties (Hirano, Yamaguchi, & Kamiya, 2003; Lu, Song, Cao, Chen, &
Yao, 2004; Sashiwa, Yamamori, Ichinose, Sunamoto, & Aiba, 2003;
Sashiwa et al., 2002). On the other hand, preparation of organic/inor-
ganic chitosan nanocomposites also received considerable research
interests (Darder, Colilla, & Ruiz-Hitzky, 2003; Darder et al., 2006;
Gutierrez, Jobbagy, Ferrer, & del Monte, 2008; Hu, Chan, & Szeto,
2008; Lin et al., 2005; Podsiadlo, Tang, Shim, & Kotov, 2007; Wang,
Chen, & Tong, 2006; Wang, Du, Yang, Tang, & Luo, 2008; Wang &
Wang, 2007; Xu, Ren, & Hanna, 2006; Zhang, Wang, & Wang,
2007). Chitosan, possessing amine groups, could be utilized as an
agent for clay intercalation (Darder et al., 2003). Preparation and
property of chitosan/clay nanocomposites were also studied (Darder
et al., 2003; Darder et al., 2006; Lin et al., 2005; Podsiadlo et al., 2007;
Wang & Wang, 2007; Wang et al., 2006; Wang et al., 2008; Xu et al.,
2006; Zhang et al., 2007). Some potential applications of the chito-
san/clay nanocomposites were bulk-modified electrodes (Darder
et al., 2003) and antimicrobial materials (Wang et al., 2008). Besides,
layer-by-layer chitosan/montmorillonite nanocomposites were also
reported to exhibit a counterintuitive effect of molecular strength on
ll rights reserved.
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the macroscale mechanical properties of nanocomposites (Pods-
iadlo et al., 2007). On the other hand, some papers reported the prep-
aration of chitosan-gold nanocomposites and their applications for
biosensors (Santos, Goulet, Pieczonka, Oliveira, & &Aroca, 2004)
and cell culture (Ding, Hao, Xue, & Ju, 2007). Our previous work also
reported the chitosan/silica nanocomposites and their uses in mem-
brane dehydration on ethanol/water mixtures (Liu, Hsu, Su, & Lai,
2005a).

Beside clay and silica nanoparticles, carbon nanotube (CNT) is
another promising nano-filler for preparation of polymer nano-
composites (Dong, Wang, He, & Li, 2008; Jeon, Tan, & Baek, 2008;
Jin, Yoon, Park, & Bang, 2008; Wang, Dai, & Yarlagadda, 2005a;
Xu, Wang, & Douglas, 2008). Chitosan and CNTs were reasonably
integrated to form chitosan/CNT nanocomposites (Hao, Ding,
Zhang, & Ju, 2007; Kandimalla & Ju, 2006; Ke et al., 2007; Lu, Jiang,
Song, Liu, & Jiang, 2005; Qiu, Guo, Liang, & Xiong, 2007; Wang,
Shen, Zhang, & Tong, 2005b; Xu, Gao, Chen, & Dong, 2005). It is
noteworthy that performance and properties of nanocomposites
are highly affected with the interfacial compatibility between the
polymer and the nanofillers. Improvement on the compatibility be-
tween chitosan and CNTs is therefore very critical in chitosan/CNT
nanocomposite preparation. One approach was uses of acid-trea-
ted CNTs, which formed hydrogen-bonds with chitosan chains to
improve the interfacial compatibility between chitosan and CNTs
(Wang et al., 2005b). Although the chitosan/CNT nanocomposites
showed higher tensile modulus and mechanical strengths than
did neat chitosan, the loading amounts of CNT were not high.
Chitosan/CNT nanocomposite was also prepared through the
layer-by-layer assembly of chitosan and acid-treated CNT (Xu
et al., 2005). To further increase the interaction strength between
chitosan and CNT, covalent linkages were introduced to the chito-
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san/CNT interfaces. Acyl chloride-modified CNT was utilized with
Ke et al. (2007) to prepare chitosan-covered CNT, in which covalent
linkages formed through the reaction between the amino groups of
chitosan and the acyl chloride groups of the modified CNTs. This
approach still employed the step of CNT acid-treatment, which
was somewhat dangerous and brought bundle cut to CNTs. There-
fore, in this work we reported another facile approach to prepare
chitosan/CNT nanocomposites using poly(styrene sulfonic acid)
(PSSA)-functionalized CNTs (CNT-PSSA). The sulfonic acid groups
of PSSA provide chemical reactivity and interfacial compatibility
between CNT-PSSA and chitosan. Moreover, the PSSA-modified
CNTs were readily soluble in acidic aqueous solution of chitosan,
to warrant the well dispersion of CNT-PSSA in chitosan. In addition
to physical and mechanical properties, the electric conductivities
of the prepared chitosan/CNT nanocomposites were also examined
to probe their potential applications in electrodes and sensors. On
the other hand, the chitosan/CNT nanocomposites were also used
as selective separation membranes. The dehydration performance
of the nanocomposite membranes on ethanol aqueous solutions
was examined to probe their applications in purification of
biomass.
2. Experimental

2.1. Materials

Multi-walled carbon nanotube (MWNT) was received from the
CNT Co., Ltd., Incheon, Korea. Commercial products of sodium 4-
styrenesulfonate (NaSS, Fluka Chemie), 1-bromoethylbenzene
(BEB, Tokyo Chem. Ind., purity > 95%), 1,1,4,7,7-pentamethyldiel-
thylenetriamine (PMDETA, Aldrich, 99% in purity), copper(I) bro-
mide (CuBr, Aldrich, 99.999% in purity), and chitosan with a
degree of deacetylation of 85% (Sigma Chemical Co.) were used
as received. N,N-dimethylformamide (DMF) was purchased from
TEDIA Chem. Co., and dried over molecular sieve before use.

2.2. Characterization

FTIR-ATR spectra were obtained with a Perkin-Elmer Spectrum
One FTIR equipped with a multiple internal reflectance apparatus
and a ZnSe prism as an internal reflection element. X-ray photo-
electron spectroscopy (XPS) analysis was conducted with a VG
MICROTECH MT-500 ESCA (British) using a Mg Ka line as a radia-
tion source. The background pressure in the analytical chamber
was 1.0 � 10�5 Pa. Raman spectra were obtained using a Renishaw
InVia Raman spectrometer employing a He–Ne laser of 1 mW radi-
ating on the sample operating at 632.8 nm. The molecular weights
of polymers were measured with a gel permeation chromatogra-
phy (GPC) composed of a LAB-Alliance Series III pump, an RI
2000 refractive index detector, and a PLgel Mixed D column with
poly(styrene) gel particles of 5 lm in diameter as stationary phase.
The elution was performed with DMF in a flow rate of 1.0 ml/min
at 40 �C. Mono-dispersed styrene samples were used as standards
for molecular weight calibration. Thermogravimetric analysis
(TGA) was performed with an instrument from Thermal Analysis
Incorporation (TA-TGA 2050) at a heating rate of 10 �C/min under
nitrogen atmosphere. Differential scanning calorimetry (DSC) was
performed with a TA-DSC Q100 at a heating rate of 10 �C/min.
Water contact angles were measured with an angle-meter (Auto-
matic Contact Angle Meter, Model CA-VP, Kyowa Interface Science
Co., Ltd. Japan) at room temperature. Distilled water (5 lL) was
dropped on the sample surface at ten different sites. The average
of ten measured values for a sample was taken as its water contact
angle. Scanning electron micrographs (SEM) were obtained with a
Hitachi S-4800 field-emission SEM. High-resolution transmission
electron microscopy (HRTEM) was conducted with a JEOL JEM-
2010 HRTEM. Mechanical property of materials was analyzed with
an Instron 5543 analyzer at an elongation rate of 0.5 mm/min.
Electrical conductivity was measured with a Solartron 1296A
Dielectric Interface equipped with a Solartron 1255B Frequency
Response Analyzer at a frequency range of 0.1–1 MHz.

2.3. Pervaporation operation

Pervaporation dehydration operation was conducted with a
conventional process (Liu et al., 2005a). The effective area of the
membrane was 9.8 cm2. The temperature of the feeding solution
was 70 �C and the downstream (permeate side) pressure was
667–1067 Pa. While the system was in steady-state (usually after
a pre-operation in 2 h), the data was taken in 1 h period of continuing
operation. The compositions of feeding solutions and permeates
were determined with a gas chromatography (China Chromatography
GC-8700 T). The separation factor (SFwater/organic compound) was
calculated from equation of

SFwater=organic compound ¼ ðYwater=Yorganic compoundÞ=ðXwater=Xorganic compoundÞ;

where Y and X are the concentrations of permeate and feeding solu-
tions, respectively, and the subscription (water and organic com-
pound) indicates the species. Permeation flux was determined by
measuring the weight of permeate liquid through the membrane
at given time. Data was obtained from the average of measuring re-
sults from four pieces of separate membranes.

2.4. Preparation of poly(sodium styrene sulfonate) (PNaSS)

Poly(sodium styrene sulfonate) (PNaSS) was prepared from atom
transfer radical polymerization (ATRP) of NaSS. NaSS (4.12 g,
20 mmol), CuBr (28.7 mg, 0.2 mmol), and PMDETA (34.6 mg,
0.6 mmol) were dissolved in 30 mL of DMF and the solution was
charged in a 50 mL round-bottom flask. After purging with dry argon
for 15 min, BEB (37 mg, 0.2 mmol) was added into the reaction sys-
tem. The reaction system was de-gassed for 3 times and then reacted
at 130 �C for 30 h. The reaction mixture was diluted with DMF
(20 mL). PNaSS was obtained with precipitation from excess acetone
and purified by repeated dissolution–precipitation process for 3
time. The product yield is 72%. The number-average molecular
weight (Mn) and the polydispersity index (PDI) of PNaSS measured
with GPC are 9,800 g/mol and 1.2, respectively.

2.5. Preparation of poly(styrene sulfonic acid) (PSSA)-functionalized
CNTs (CNT-PSSA)

MWNT (0.3 g), CuBr (0.2 mmol, 0.03 g), PMDETA (0.35 mmol,
0.06 g) and 8 mL DMF were charged into a 20 mL reactor. After purg-
ing with dry argon for 15 min, PNaSS (1.0 g) was added into the reac-
tion system. The reaction system was de-gassed for 3 times and then
reacted at 130 �C for 30 h. The reaction mixture was poured into ex-
cess DMF. CNTs were collected with filtration, washed with DMF and
hot water for several times in an ultrasonic bath to remove the phys-
ically adsorbed compounds, and then dried under vacuum to give
the product of CNT-PNaSS (0.24 g). CNT-PNaSS was dispersed in
1 M hydrochloride aqueous solution for 3 h. CNTs were collected
with filtration, washed with distilled water, dried under vacuum to
give the product of CNT-PSSA (0.22 g).

2.6. Preparation of chitosan/CNT nanocomposites CH/CNT-PSSA

Chitosan (3.0 g) was dissolved in 100 mL 2 wt% acetic aqueous
solution. The chitosan solutions were stand overnight. Various
amounts of CNT-PSSA were added to the chitosan solutions under
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stirring, respectively. CH/CNT-PSSA nanocomposite films were ob-
tained from solution casting and dried under vacuum at 40 �C
overnight.

3. Results and discussion

Comparing to surface-functionalized CNTs with short chemical
groups, polymer modified CNTs are much attractive to provide bet-
ter solubility in solvents, higher compatibility with polymers, and
more reactive sites for further modifications. Therefore, PSSA
chains, which possess sulfonic acid groups, were incorporated to
CNT surfaces in this work according to the method reported in
our previous work (Liu & Chen, 2007) (Scheme 1). Under the reac-
tion condition of ATRP, addition of PNaSS chains to CNT surfaces is
performed by the reaction between the radicals of PNaSS chain
ends and the un-saturate sites of CNT surfaces. Treatment of
CNT-PNaSS with a dilute hydrochloride aqueous solution con-
verted the sodium sulfonate groups of PNaSS to sulfonic acid
groups to result in the poly(styrene sulfonic acid)-functionalized
CNTs (CNT-PSSA). The physically absorbed PNaSS chains on CNT
surfaces were removed out by washing with solvent and water in
an ultrasonic bath. On the other hand, a CNT sample collected from
the DMF solution of CNT and PNaSS, in which PNaSS chains were
not covalently-linked to CNT, was treated with the same proce-
dure. No organic portions were found with the washed CNT sam-
ple. This complemental test confirms the complete removal of
non-covalently bonded polymer chains from CNT-PNaSS. The spec-
tra characterizations on the polymer-functionalized CNTs were
performed with FTIR, XPS, and Raman (Fig. 1). The organic PSSA
chains of CNT-PSSA hybrid was observed in its FTIR spectrum with
the absorption peaks at 1653 (phenyl groups), 1411 (asymmetric –
SO2–), and 1173 (symmetric –SO2–) cm-1. XPS analysis results
demonstrated the presence of PNaSS chains in CNT-PNaSS with
the signals of Na(1s) at 1072 eV and O(1s) at 530 eV. The appearance
of Br(3d) signal at 78 eV in the spectrum also indicates the occur-
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Scheme 1. (a) Preparation of poly(styrene sulfonic acid)-functionalized carbon nanotube
in chitosan/PSSA-CNT nanocomposites.
rence of bromine atom transfer to CNTs in the ATRP modification
reaction and the success of covalently bonding PNaSS chains to
CNT surfaces (Liu & Chen, 2007). The bromine transfer reaction also
results in structure changes on CNT, which were examined with
Raman spectroscopic analysis (exciting at 633 nm). Pristine CNT
exhibited two significant signals at 1315 and 1590 cm�1, repre-
senting the disorder sp3 mode (D band) and the tangential mode
(G band) of CNT, respectively. The ratio of D band over G band
(D/G ratio) for the pristine CNT was about 0.998. After PNaSS func-
tionalization, some sp2 hybridized carbons in CNTs converted to be
in sp3 hybridization. Therefore, the D/G ratio of CNT-PSSA in-
creased to 1.78. This change in D/G ratio indicates the success of
bonding PNaSS to CNT side walls. Fig. 1-d shows the HRTEM micro-
graph of CNT-PSSA. The PSSA chains with a layer thickness of about
2 nm could be seen covering on CNT surface. The weight ratio of
PSSA chains in CNT-PSSA is about 46 wt%, which was determined
with a TGA.

CNT-PSSA is readily soluble in acetic acid aqueous solution of
chitosan (CH). Various amounts of CNT-PSSA were added to chito-
san solutions. The well-dispersed solutions were then cast into CH/
CNT-PSSA-X films, where X denotes the weight percents of CNT-
PSSA in the CH/CNT-PSSA-X nanocomposites. The nanocomposite
films are transparent. No CNT aggregations existed in the CH/
CNT-PSSA nanocomposite films, as shown with their cross-sec-
tional SEM micrographs (Fig. 2). The effect of CNT-PSSA on the
thermal stability and degradation behavior of chitosan was studied
with TGA (Figure not shown). Pristine chitosan and its nanocom-
posite exhibited similar thermal stability with temperatures at
5% weight loss (Td5) of about 225 �C. The thermal degradation pat-
terns of CH/CNT-PSSA nanocomposites are also similar to that ob-
served with neat chitosan. Addition of CNT-PSSA to chitosan
slightly increased the char yields at 800 �C, due to the presence
of non-degradable CNTs. On the other hand, the presence of CNT-
PSSA in chitosan matrix enhanced the mechanical properties
(Wang et al., 2005b), as shown in Fig. 3. For comparison, a
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Fig. 1. Characterization on the surface-functionalized CNT-PSSA with (a) FTIR-ATR, (b) XPS, (c) Raman spectrometry, and (d) HRTEM micrograph.
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composite possessing 0.5 wt% un-modified CNT (CH/CNT-0.5) was
also prepared and analyzed. Neat chitosan showed a tensile
strength of 11.6 MPa and a Young’s modulus of 580 MPa. The ten-
sile strength and Young’s modulus of CH/CNT-PSSA-1.5 are
30.4 MPa and 2815 MPa, respectively. Both tensile strengths and
Young’s modulus of the CH/CNT-PSSA nanocomposites are greater
than those of chitosan and increase with increasing the CNT-PSSA
amounts in the nanocomposites. Moreover, formation of nanocom-
posites with CNT-PSSA also increased the elongation at break of
chitosan from 2.0% to 6.1%. Small amount of water absorbed in
the nanocomposite films might contribute to the elongation in-
crease. The water-maintaining ability of the CH/CNT-PSSA nano-
composites would be discussed later. On the other hand, it is
noticeable that the tensile strength and Young’s modulus of CH/
CNT-0.5 are of about 67% and 87%, respectively, comparing to the
corresponding values of CH/CNT-PSSA-0.5. It is demonstrated that
the presence of PSSA chains on CNT surfaces improves the interfa-
cial compatibility between chitosan and CNTs. Due to not possess-
ing PSSA chains and relatively poor less water-maintaining ability,
CH/CNT-0.5 breaks at an elongation of about 2.0%, which is similar
to the elongation of neat chitosan and is smaller than that of CH/
CNT-PSSA-0.5.

The water contact angle measured with CH/CNT-PSSA-1.5 is
86�. All other CH/CNT-PSSA nanocomposites show water contact
angles of about 72–74�, which are similar to the value measured
with neat chitosan (73�). The presence of PSSA chains, although
they are relatively hydrophilic, might induce the chitosan chain
rotation pulling the hydrophilic amino and hydroxyl groups of
chitosan toward the inner of nanocomposite films by means of
the interaction between PSSA and chitosan. The surface hydrophi-
licity of CH/CNT-PSSA-1.5 is thus reduced. Addition of CNT-PSSA
also depresses the water uptakes of chitosan films (Fig. 4). How-
ever, the depression amplitude is not as significant comparing to
the chitosan films modified with sulfonated silica nanoparticles
(Liu & Chen, 2007), because of the small amounts of CNTs loaded
in CH/CNT-PSSA nanocomposites. The uptake values of the nano-
composite films in ethanol or isopropanol aqueous solutions were
also measured (Fig. 4). Significant depression on solvent uptakes
was observed with the CH/CNT-PSSA nanocomposites. For exam-
ple, the uptake of CH/CNT-PSSA-1.5 in a 70 wt% ethanol aqueous
solution is 25 wt%, which is smaller comparing to the value mea-
sured with neat chitosan (43 wt%). The low uptakes of the CH/
CNT-PSSA nanocomposites in ethanol aqueous solutions indicate
the nanocomposites could be relatively stable in the ethanol aque-
ous solution. Excepting in water, the uptakes of CH/CNT-PSSA-0.5
were much smaller than the values of CH/CNT-0.5, due to the for-
mation of covalent linkages between chitosan and CNT-PSSA. The
relatively high water uptake of CH/CNT-PSSA-0.5 could be under-
stood with the presence of sulfonic acid groups in PSSA chains.
More water molecules could associate with the sulfonic acid
groups through hydrogen-bonds. In addition to the amounts of
water uptakes, the state of absorbed water in the nanocomposites
is also of interest, as it plays critical roles in some applications like
hydrogel (Li, Xue, & Cheng, 2005; Shin, Kim, Park, Lee, & Kim, 2002)
and ion-conducting films (Smitha, Sridhar, & Khan, 2004). The state
of water in the nanocomposites films was investigated with a DSC
(Higuchi & Iijima, 1985), and the results are collected in Table 1.
The ‘‘bound water” term refers to the water molecules bound to
the nanocomposites with hydrogen bond and the rest could be re-
ferred to as ‘‘free water”. The ratio of bond water to total water



Fig. 2. (a) Photograph of CH/CNT-PSSA-1.5 nanocomposite film exhibiting highly
transparent; (b) Cross-sectional scanning electron micrograph (SEM) of CH/CNT-
PSSA-1.5 nanocomposite film.
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(BWR) of neat chitosan is 22%, indicating some of the absorbed
water molecules associating to the amino and hydroxyl groups of
chitosan chains with hydrogen bonding. Incorporation of CNT-
PSSA to the nanocomposites increases their BWRs. The measured
values of BWRs increased with increasing the amounts of CNT-
PSSA of the nanocomposites, due to the PSSA chains provide addi-
tional sites (–SO3H) to bond with water molecules.

CH/CNT-PSSA nanocomposites were utilized as selective mem-
branes for dehydration on a 90 wt% ethanol aqueous solution to
probe their application potentials in separation, since chitosan
has been widely used as membranes for dehydration separations
(Liu, Su, Lee, & Lai, 2005b; Liu, Yu, Lee, & Lai, 2007; Liu et al.,
2005a; Shen, Wu, Qiu, & Gao, 2007). Fig. 5 collects the PV perfor-
mance of the nanocomposite membranes. Since the permeation
flux is highly dependent on chitosan molecular weight, membrane
thickness, and operation system, the reduced permeation fluxes
and separation factors of the nanocomposites are presented. For-
mation of nanocomposites with CNT-PSSA restricts the molecular
chain mobility of chitosan in the ethanol solution with the pres-
ence of CNTs and the ionic linkages between chitosan and PSSA
chains, so as to decrease their permeation fluxes and increase their
selection factors in pervaporation operation. However, the trend is
not true for CH/CNT-PSSA-1.5. Addition of too much CNT-PSSA
might generate additional pores and voids for ethanol permeation,
so as to reduce its separation factor. Similar result has been re-
ported to other composite membranes for pervaporation. It is note-
worthy that the pervaporation separation index (PSI) of CH/CNT-
PSSA-1.0 is of about 4.67 folds over that of neat chitosan (Table
1), demonstrating the high performance of the CH/CNT-PSSA-1.0
nanocomposite membrane. In addition, CH/CNT-0.5 membrane
exhibited a relatively low PSI value, indicating that PSSA modifica-
tion on CNTs is necessary for the preparation of chitosan/CNT
nanocomposites.

Addition of CNT-PSSA to chitosan also increases the electrical
conductivities of chitosan from 2.1E-11 to 1.2E-7 S/cm (CH/CNT-
PSSA-1.0, data from Fig. 6 at 100 Hz). The increase in electrical
conductivity warrants the application potentials of the nanocom-
posites in electrodes and sensors (Rivas, 2007). Some further work
is under studied.

4. Conclusion

PSSA-functionalized CNT was used for preparation of chitosan/
CNT nanocomposites, in which ionic linkages between chitosan
and CNT-PSSA formed through the reaction between the sulfonic
acid groups of PSSA and the amino groups of chitosan. The CH/
CNT-PSSA nanocomposites were superior to the neat chitosan
polymer in thermal and mechanical properties, water and solvent



Table 1
Properties and pervaporation dehydration performance of the chitosan/CNT nanocomposite membranes on 90 wt% ethanol aqueous solution.

Nanocomposite films Mechanical properties Water Contact
angle (�)

Bond water
ratiob(wt%)

Pervaporation performance

Tensile stress
(MPa)

Young’s modulus
(MPa)

Elongation
at break (%)

Reduced
flux (RF)c

Reduced
separation factor (RSF)d

Reduced
PSIe

Neat chitosan 11.6 582 2.0 73 22 1.00 1.00 1.00
CH/CNT-PSSA-0.1 14.5 1373 2.9 72 23 0.74 0.68 0.50
CH/CNT-PSSA-0.5 18.4 2270 3.9 74 34 0.59 1.45 0.85
CH/CNT-PSSA-1.0 25.4 2453 5.0 74 47 0.86 5.43 4.67
CH/CNT-PSSA-1.5 30.4 2815 6.0 86 50 1.02 0.85 0.87
CH/CNT-0.5a 12.3 1938 2.0 73 28 0.81 0.56 0.45

a Composite made from chitosan and un-modified carbon nanotube for comparison with CH/CNT-PSSA-0.5.
b The ratio of bond water over total water absorbed in the nanocomposites.
c The permeation flux ratio of nanocomposite over neat chitosan in pervaporation dehydration on a 70 wt% ethanol aqueous solution at 70 �C.
d The separation factor ratio of nanocomposite over neat chitosan in pervaporation dehydration on a 70 wt% ethanol aqueous solution at 70 �C.
e PSI: pervaporation separation index = permeation flux *separation factor.
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Fig. 6. Electrical conductivities of chitosan and CH/CNT-PSSA-1.0 nanocomposite.
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uptakes, bond water ratios, and electrical conductivity. The nano-
composites also exhibited potentials of applications for membrane
separation and electrodes.
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