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Abstract
In the present study, an attempt has been made to utilize the pH responsive nature of chitosan to
produce fibers which can respond to an applied electric voltage. Single walled carbon
nanotubes (SWCNTs) have been used for reinforcing the chitosan fibers. But the SWCNTs are
associated with their own challenges of aggregation which have been solved in this study by
suitable functionalization. Electron microscopy and Raman spectroscopy was used to
investigate the dispersions. The functionalized SWCNTs showed improved dispersion in
chitosan. The SWCNT/chitosan composite fibers were successfully solution spun and heat-set
to give stable fibers of 50 ± 2 µm. The composite fibers exhibited a significant increase in the
mechanical properties. The tenacity of the composite fibers reinforced with functionalized
SWCNTs increased from 96 to 226 MPa with an increase in SWCNT content from 0 to
0.2 wt%. The strong interaction of carboxylic functional groups of functionalized SWCNTs
with the chitosan matrix may be responsible for the improved dispersion and considerable
enhancement of the mechanical properties. Further, the stability of the fibers towards the pH
switching environment has also been investigated, along with the response to an applied electric
voltage. Composite fibers prepared using 0.1 wt% of functionalized carbon nanotubes were
observed to exhibit a stable response with high magnitude of strain and high strain rate.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Stimuli responsive materials have attracted significant attention
for use as low voltage actuators for applications such as micro
electromechanical systems and various machine components.
Many of the polyelectrolytes have also been reported to show
such actuation, primarily, towards pH changes [1], and also
to changes in the applied voltage to some extent [2, 3]. The
electrical actuation amongst these polyelectrolyte hydrogels
is limited due to the insulating nature of the polymeric
hydrogels. Attempts, such as blending with a conducting
polymer, have been made to improve the sensitivity towards
electric voltage [4–6], but satisfactory results have not yet
been obtained. Another problem that arises is the stability of
these materials towards the cyclic changes in the pH. Thus,
to improve stability, blending with some other polymers or

1 Authors to whom any correspondence should be addressed.

co-polymerization is carried out which, in turn, affects the
response behavior. Chitosan has been found to be most
sensitive to the pH changes [6, 7] amongst the pH responsive
materials known so far. When an electric voltage is applied,
chitosan is observed to show some response, but the magnitude
and the speed of response is less [6]. Carbon nanotubes
have high strength as well as high electrical conductivity, and
therefore can be used as a filler to provide structural and
functional capabilities simultaneously. But carbon nanotubes
are difficult to disperse due to their strong tendency to
aggregate by virtue of high van der Waals forces of attraction.
This leads to poor dispersion and inefficiency towards
reinforcement, and poor electrical conductivity. Homogeneous
dispersion of carbon nanotubes throughout the matrix without
destroying the integrity is essential. Various attempts have
been made to improve the dispersion of carbon nanotubes,
such as plasma functionalization and oxidation using strong
acids [8–11]. The plasma induced functionalization of carbon
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nanotubes is observed to be a function of various plasma
formation parameters, and it causes significant damage to the
nanotubes [9]. Another approach involves the use of suitable
oxidizing agents to functionalize, such as the use of strong
acids, where control over the functionalization kinetics can be
achieved to a reasonable extent. Also, the damage to the carbon
nanotubes can be minimized by adjusting the length of time of
treatment and the temperature of treatment [12–18].

In this paper we present the dispersion of single
wall carbon nanotubes (SWCNTs) in chitosan to produce
SWCNT/chitosan composite fibers. The dispersion of
SWCNTs in chitosan is analyzed using electron microscopy
and Raman spectroscopy. Wet spinning of chitosan has been
carried out with an alkaline coagulation system [19, 20].
The effect of the SWCNTs on the mechanical properties and
response behavior of chitosan fibers has been studied.

2. Experimental details

2.1. Materials

The single walled carbon nanotubes (SWCNTs) used in this
study, supplied by Carbolex Inc., have an average diameter of
4 nm and purity of about 50%. Chitosan polymer (degree of
deacetylation of 85% and molecular weight of 5×105) supplied
by Sigma-Aldrich was used without further purification.

2.2. Purification and functionalization of carbon nanotubes

The as-obtained SWCNTs (2 mg) were soxhlated with 50 ml
of toluene for 6 h. After soxhlation the nanotubes were
rinsed and washed with acetone, followed by drying in air at
100 ◦C [10]. The soxhleted nanotubes were then oxidized with
10% hydrogen peroxide (H2O2) solution under reflux for one
hour [10]. The sample was then filtered, washed with acetone
and deionized water, and finally dried in an air oven at 100 ◦C
(coded as NFCNT).

In a typical experiment, 150 mg of purified SWCNTs was
treated with 70% nitric acid (50 ml) in an ultrasonic bath for
about 30 min at 30 ◦C, and then allowed to react for about
4 h. Subsequently, the SWCNT dispersion in nitric acid was
diluted with deionized water to approximately 20 times its
initial volume. The treated nanotubes were vacuum filtered
using an ultrafiltration membrane and washed repeatedly with
deionized water until the washings showed no acidity, followed
by acetone, and dried in an air oven at 100 ◦C (coded as FCNT).

2.3. Solution spinning of chitosan and SWCNT/chitosan
composite fibers

SWCNT/chitosan nanocomposites with various loadings were
prepared. The NFCNTs and FCNTs (0%, 0.010%, 0.025%,
0.050%, 0.075%, 0.1%, 0.2% and 0.4%) were dispersed into
a dilute chitosan solution (0.2 wt% concentration in 1% acetic
acid) by sonicating for about 15 min. The sonicated solution
was further stirred at 1100 rpm for 2 h. After obtaining a
stable carbon nanotube dispersion, it was mixed with chitosan
solution to arrive at the final chitosan concentration of 3 wt%.

The above chitosan solutions (prepared with varying
SWCNT concentrations) were extruded using a syringe type
monofilament extruder into an alkaline coagulation bath
containing 0.75% aqueous sodium hydroxide. The coagulates
were washed with deionized water, drawn and then dried under
taut condition in air to produce a final denier of ∼26. The
resultant fibers were heat-treated in an air oven at a temperature
of 140 ◦C for 15 min [20].

2.4. Characterization

FTIR analysis was carried out on Perkin–Elmer FTIR
equipment (Spectrum BX) for the non-functionalized and
the functionalized carbon nanotubes. The extent of
functionalization was determined in terms of the amount
of sodium hydroxide required for neutralization of the
carboxylated carbon nanotube dispersion. This was used as a
basis for calculation of the number of carboxyl groups formed
on the carbon nanotube surfaces [21].

Thermogravimetric analysis (TGA) was performed on a
Perkin–Elmer (TGA7) thermal analyzer, at a heating rate of
20 ◦C min−1 in nitrogen environment up to 800 ◦C.

A Philips CM12 transmission electron microscope (TEM)
was used to study the stability of SWCNT dispersions in 0.25%
chitosan solution [22, 24]. The samples were prepared by drop
casting a small quantity of dispersion onto carbon coated grids.

The SWCNT dispersions were analyzed with the help
of a Renishaw Raman spectroscope equipped with an argon
ion laser (785 nm) with a power of 15 mW. The dispersions
were filled in fusion tubes, sealed with the help of paraffin
wax, and mounted on the holder. The samples were scanned
between 100 and 3200 cm−1 [23].

2.5. Mechanical properties of SWCNT/chitosan composite
fibers

The tensile strength of the fibers was recorded on an Instron
tensile testing instrument (model no 4301), for both the pure
chitosan fibers and the SWCNT/chitosan composite fibers.

2.6. Response of chitosan fibers to pH change

The effect of pH on the swelling of fibers was studied by
subjecting the fiber samples initially to swelling by decreasing
the pH of the bath, and subsequently to deswelling by
increasing the pH of the bath, thereby reversing the cycle. The
chitosan fibers of specific length (with varying concentrations
of non-functionalized and functionalized SWCNT) were
exposed to acidic and basic pH alternately. At each pH the
fiber was placed 10 min before the volumetric measurement
(diameter and length) was measured with a Leica polarizing
microscope. The reversibility of the fibers was studied by
repeatedly subjecting them to swelling and deswelling for four
cycles.

2.7. Response of chitosan fibers to an applied voltage

To study the response of chitosan fibers to electric field, fiber
samples of specific lengths were immersed in 0.5% NaCl
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Figure 1. Experimental setup to study the response to an
applied voltage.

Figure 2. Oxidation of carbon nanotubes in the presence of
nitric acid.

solution having one end connected to a platinum electrode.
The fiber was hung vertically in a measuring flask with a small
weight of 8 mg tied at the lower end of the fiber. The upper end
of the fiber was carefully wound around the platinum electrode
and fastened using a very fine metallic wire. A constant
potential difference of 10 V was maintained. The specimens
were connected to the cathode to observe the swelling behavior
and then connected to the anode to observe the deswelling
behavior. The experimental setup is shown in figure 1.

The fiber was exposed on to the cathode and anode for
equal intervals of time. The changes in the length were
recorded.

% strain = (Li − L0) × 100/L0

where L0 = initial length and Li = the elongated or the
contracted length.

3. Results and discussion

The various soluble impurities and amorphous carbon are
removed during the repeated washing occurring during the
soxhlet extraction process and treatment with hydrogen
peroxide. The heavy metal catalyst particles present in the

Figure 3. FTIR spectrum of (a) purified and (b) purified
functionalized SWCNT.

Figure 4. Thermogravimetric analysis of SWCNTs.

carbon nanotubes get removed during the acid oxidation. The
functionalization reaction is described in figure 2.

Figure 3 shows the FTIR spectrum of the as-obtained
SWCNTs and FCNTs. The FTIR spectrum of the FCNT
sample shows three new peaks in comparison to the as-
obtained SWCNTs. The peak at 1737 cm−1 corresponds to
the C=O stretching vibration of carboxylic acid groups. The
broad peak at ∼3434 cm−1 is assigned to the O–H stretching
vibration, while the peak for the O–H bending vibration is
observed in the frequency range of 1380–1430 cm−1. These
observations are a direct evidence for the introduction of a
carboxylic acid group on the nanotubes structure.

The degree of functionalization (a measure of the number
of carboxyl groups present on the surface of the carbon
nanotubes) depends on the oxidative treatment time and
temperature. The degree of functionalization was determined
as 4.33 × 10−3 carboxylic acid groups per milligram of
SWCNT [21].

As shown in figure 4, the peak weight loss of the as-
obtained untreated SWCNTs was observed at a temperature of
380 ◦C. Amorphous carbons in the neat nanotube burnt away
within 380 ◦C, while the other impurities degraded around
400–600 ◦C. This temperature can be compared to the values
in the literature for carbonaceous materials. After purification
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Figure 5. Photograph of (a) chitosan solution, (b) purified SWCNT
dispersion in chitosan and (c) purified functionalized SWCNT
dispersion in chitosan.

and functionalization of the carbon nanotubes, a very small
weight loss was observed. This can be attributed to incomplete
removal of carbonaceous matter.

3.1. SWCNTs dispersed in chitosan solution

The purified nanotubes (NFCNTs) and functionalized nan-
otubes (FCNTs) showed significant difference in their disper-
sion behavior in chitosan solution. The chromaticity of the dis-
persions was exploited as the criterion of dispersion states. Fig-
ure 5 shows that the color of the NFCNT dispersion in chitosan
appears much darker than that of the FCNTs, indicating an im-
proved dispersion of functionalized carbon nanotubes.

Figure 6 shows the TEM micrograph of SWCNTs
dispersed in chitosan. Figure 6(b) clearly shows a more
uniform dispersion of functionalized SWCNTs observed at
a lower magnification. This may be attributed to likely
interaction of amino functional groups of chitosan with
carboxylic acid groups of SWCNTs (introduced during
functionalization). In contrast, the purified but non-
functionalized carbon nanotubes show a strong tendency to
aggregate by virtue of the very high van der Waals forces of
attraction.
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Figure 7. Raman spectroscopic analysis of SWCNTs dispersed
in chitosan.

The carbon nanotubes are dispersed in very small
quantities; hence, FTIR spectroscopy fails to collect the
signals and UV–visible spectroscopy suffers from the strong
photoluminescence effect of carbon nanotubes. In contrast,
Raman spectroscopy is a powerful tool to analyze the
dispersion of SWCNTs; it can detect the signals from
carbon nanotubes even when they are dispersed at very
low concentration. The changes in the peaks observed at
various Raman shift differ in their intensities and position
depending upon the quality of the dispersion [17, 18]. Figure 7
shows the Raman spectra of the purified and functionalized
carbon nanotubes dispersed in chitosan solution. The
strong G band observed in the radial breathing mode at
1586 cm−1 for both samples is a characteristic feature of
carbon nanotubes. However, the sharp peak at 1586 cm−1 for
the dispersion of functionalized carbon nanotubes is suggestive
of improved dispersion on functionalization. The peak at
1100 cm−1 indicates the presence of the amine group in the
chitosan polymer. The peak intensity at 1100 cm−1 for the
functionalized SWCNTs dispersed in chitosan is far lower than
that observed for the purified SWCNTs dispersed in chitosan.
This drop in the intensity of the amine peak at 1100 cm−1 in
the case of functionalized carbon nanotubes is again indicative
of possible interaction between the carboxyl group of the
modified carbon nanotubes and the amine groups of chitosan
polymer.

Figure 6. TEM micrographs of SWCNTs dispersed in 0.25 % chitosan solution, (a) Non-functionalized SWCNTs at lower magnification,
(b) functionalized SWCNTs at lower magnification and (c) functionalized SWCNTs at higher magnification.
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Figure 8. Effect of SWCNT concentration on the tenacity of the
SWCNT/chitosan composite fiber.

3.2. Mechanical properties of chitosan fibers

The effect of the SWCNT loading on the ultimate strength or
tenacity of the composite fiber was investigated and is shown
in figure 8. Tenacity values reported here represent average of
at least ten samples. The tenacity of neat chitosan fiber was
recorded as 96 MPa. The tenacity of chitosan fibers reinforced
with purified but non-functionalized SWCNTs (p-SWCNTs)
increased from 132 MPa for 0.01 wt% SWCNT addition to
180 MPa for 0.4 wt% SWCNT additions. Even at very low
SWCNT concentration of 0.01 wt%, a significant increase in
tenacity was observed, but at higher concentrations the increase
in tenacity was not proportional. This may be attributed to
the poor dispersion of non-functionalized SWCNTs in the
chitosan spinning dope. On the other hand, on incorporation of
functionalized carbon nanotubes, the tenacity increased from
136 MPa for 0.01 wt% SWCNT addition to 226 MPa for
0.4 wt% addition. This continuous improvement in tenacity
(even at higher SWCNT concentrations) may be ascribed
to better dispersion as well as interaction of functionalized
nanotubes in chitosan [25].

3.3. Response of chitosan fibers towards pH change

Chitosan fiber exhibited significant swelling and deswelling
in acidic and alkaline pH solutions, respectively. The pH
switching behavior of chitosan fibers is shown in figure 9.
In the first cycle a volumetric change of about 250% was
observed, whereas in the reverse cycle the fibers showed
incomplete reversibility. As the pH is decreased below the pKa

value (pH 6.5), the fiber swells, because the concentration of
positively charged amino groups increases. When the amino
groups in the polymer chain are fully ionized the effect of
electrostatic repulsion is the highest and the gel fibers expand
significantly at about a pH of 2. Above pH 6.5 (pKa of
chitosan), the H+ ion concentration in the solution is very low.
This effectively suppresses the ionization of amine groups and
the polymeric chains in the fiber remain in the coiled state,
resulting in deswelling. Similarly, the collapse of the fibers
was observed at a pH of 10.

Chitosan fibers show a rise in the volumetric swelling
in acidic pH as the number of cycles increases, and they

Figure 9. pH switching behavior of a pure chitosan fiber.

are unable to contract back when exposed to the basic
environment, as shown in figure 9. The swelling and
deswelling phenomenon is diffusion controlled and can be
explained on the basis of the fact that the chitosan fibers
respond immediately to the acidic pH and swell, but as the
number of cycles increases, the trapped acid does not diffuse
out readily, showing incomplete recovery. The percentage
volumetric swelling was calculated from the changes in
diameter and length of the fibers. In the fourth cycle, a
volumetric change of about 820% was observed, while the
fibers remained at nearly 590% volumetric change.

The effect of SWCNT concentration on the volumetric
swelling of SWCNT/chitosan composite fibers is shown in
figure 10. At very low concentration of carbon nanotubes
(0.025 wt%), no significant change in the response behavior
was observed as compared to the pure chitosan fibers
(figure 10(a)). However, at 0.075 wt% concentration of carbon
nanotubes the volumetric change of the composite fibers
reduced to ∼200%. This reduction in the swelling response
may be attributed to the presence of the carbon nanotubes.
The carbon nanotubes make the structure rigid (by interacting
with amino groups) and hinder the swelling of the composite
fiber. At higher concentration of carbon nanotubes, the fibers
exhibited a more uniform and stable response to repeated
cycling, due to increased interaction between the carbon
nanotubes and chitosan. Further, the composite fibers prepared
using FCNTs showed lower volumetric change (∼170% at
0.1 wt%) compared to those prepared using NFCNTs (∼210%
at 0.1 wt%). The increased interaction of the FCNTs (due to
the incorporation of carboxylic acid groups on the SWCNTs)
and amino functional groups of chitosan can be responsible for
such a behavior (figures 10(c), (d)).

3.4. Response of the chitosan fibers towards change in an
applied voltage

Carbon nanotube reinforced chitosan fibers were subjected to
electric field for known time intervals at a constant potential
difference of 10 V in a 0.5% NaCl solution. The specimens
were connected to the cathode and anode alternately every
5 min.

The magnitude and the speed of response is a function
of the salt concentration and the applied voltage. At lower
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Figure 10. pH response of chitosan fibers with varying concentration of SWCNTs.

salt concentrations the response is slower. As the salt
concentration is increased beyond 0.5%, a shielding effect
is observed [6]. Similarly, with the increase in the applied
voltage, the magnitude and the speed of response increases
from 5 to 20 V. But during the contraction cycle, when the
specimen is connected to the anode, the high voltage generates
very large stresses within the fiber, and the fiber vibrates and
breaks at the point of contact. Thus a constant potential
difference of 10 V was maintained across the electrolyte
solution.

The chitosan hydrogel has NH+
3 groups in the molecular

backbone, and mobile counter ions like Cl− and movable Na+,
OH− and H+ ions are present. The freely movable Na+, Cl−,
H+ and OH− ions are also present in the solution. When
the electric potential is applied the following electrochemical
reactions occur.

2Cl− → Cl2 + 2e− (at anode)

2H2O + 2e− → 2OH− + H2 (at cathode).

At the anode, the concentration of Cl− decreases, while the
concentration of OH− is increased at the cathode, causing a
disturbance in the equilibrium state. In order to satisfy the
charge neutrality condition, the mobile ions, both inside and
outside the hydrogel, move towards their counter electrodes
(e.g., OH− and Cl− move towards the anode and Na+ and H+
move towards the cathode).

The pure chitosan fibers hardly show any change with
respect to the electric field. In the case of pure chitosan fibers,
localized swelling is observed near the point of contact at
the electrode due to changes in the ion concentrations. The
SWCNT/chitosan composite fibers respond immediately to the

change in applied voltage. Figure 11 illustrates the behavior
of chitosan fibers with the cyclic switching of the potential
difference.

Figures 11(a) and (b) show the response behavior of
composite fibers towards the applied voltage. With the increase
in the carbon nanotube concentration, axial strain is observed
when the fiber is connected at the cathode. At low carbon
nanotube loading (up to 0.05 wt%) the fiber cannot survive
beyond three cycles of switching electric field. As shown
in figures 11(c) and (d), on incorporation of NFCNTs, the
composite fibers are not able to survive beyond three cycles
even at higher concentration of the carbon nanotubes, while
with the incorporation of FCNTs, the fibers were found to be
stable until ten cycles of changing electric field. This improved
stability may be due to the enhanced interaction between the
amine groups of the chitosan and the carboxyl groups present
on the functionalized carbon nanotubes. However, at a higher
concentration of nanotubes (0.2% of SWCNTs), the axial strain
observed during the changing electric field is lower than that
observed for 0.1% concentration. This may be due to the
increase in the rigidity of the composite fibers at the higher
carbon nanotube concentration.

It was observed that with increase in FCNT loading from
0.025 to 0.2 wt%, the magnitude of maximum strain decreases
from 6% to about 2%, while the rate at which strain is
produced increases from <1% min−1 to >6% min−1 with
respect to the applied voltage. This shows that both the
magnitude of maximum strain and the strain rate are a function
of the carbon nanotube concentration. The presence of carbon
nanotubes introduces a conductive path for free ions in the
chitosan hydrogel. Thus, with the increase in the SWCNT
concentration, the strain rate increases (figure 12). However,
the presence of carbon nanotubes makes the fiber structure
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Figure 11. Response of chitosan fibers towards the changes in applied voltage.

Figure 12. Effect of concentration of the functionalized SWCNTs on
the magnitude and strain rate of the composite fibers.

becomes more rigid and therefore the magnitude of strain
decreases.

4. Conclusions

Acid functionalization using concentrated nitric acid (70%)
under controlled conditions (temperature and time) was found
to introduce carboxyl groups onto carbon nanotubes without
causing any damage, as evident from FTIR spectroscopy.
As compared to the NFCNTs, the FCNTs exhibited a
significantly improved dispersion in chitosan matrix, as
revealed by TEM studies and Raman spectroscopic analysis.
This improved dispersion resulted in an enhancement of the
mechanical properties of composite fibers with the increase
in concentration of carbon nanotubes. A continuous increase

in strength was observed up to the SWCNT concentration
of 0.1% as compared to the non-functionalized ones. But
beyond 0.1% SWCNT concentration, the dispersions were not
uniform. Thus, the carbon nanotube concentration of 0.1% was
considered to be the threshold for better dispersion.

The stability of the chitosan fibers was found to increase
with the increase in the carbon nanotube concentration in the
pH switching conditions. The functionalized carbon nanotubes
also showed better stability during the electric field response.
A significant reduction in response time was observed with
the increase in the concentration of functionalized carbon
nanotubes. However, the magnitude of the response was found
to decrease. At 0.1% concentration of functionalized carbon
nanotubes the strain rate was approximately 5% per min, and
the strain was 5%. When the concentration was increased
to 0.2%, the strain rate increased further, but the maximum
strain reduced to 2%.

Acknowledgments

The authors acknowledge the support of the TEM facility at
IIT Delhi and Renishaw (UK) for providing help to carry out
the analysis for this study.

References

[1] Gil E S and Hudson M S 2004 Stimuli-responsive polymers
and their bioconjugates Polym. Sci. 29 1173–222

[2] Majeti N V and Kumar R 2000 A review of chitin and chitosan
application React. Funct. Polym. 46 1–27

7

http://dx.doi.org/10.1016/S1381-5148(00)00038-9


Smart Mater. Struct. 17 (2008) 055016 S Ozarkar et al

[3] Park S B, You J O and Kim W S 2001 A novel pH sensitive
membrane from chitosan-TEOS IPN and its drug permeation
characteristics Biomaterials 22 323–30

[4] Smela E 2003 Conjugated polymer actuators for biomedical
applications Adv. Mater. 15 481–94

[5] Siddhanta S K and Gangopadhyay R 2005 Conducting polymer
gel: formation of a novel semi-IPN from polyaniline and
crosslinked poly(2-acrylamido-2-methyl
propanesulphonicacid) Polymer 46 2993–3000

[6] Kaewpiron S and Boonsang S 2006 Electrical response
characterisation of poly(ethylene glycol) macromer
(PEGM)/chitosan hydrogels in NaCl solution Eur. Polym. J.
42 1609–16

[7] Kim S J, Shin S R, Lee S M and Kim I Y 2004
Electromechanical properties of hydrogels based on chitosan
and poly(hydroxyethy methacrylate) Smart Mater. Struct.
13 1036–9

[8] Ericson L M and Pehrsson P E 2005 Aggregation effects on the
Raman spectroscopy of dielectrophoretically deposited
single-walled carbon nanotubes J. Phys. Chem. B
109 20276–80

[9] Bittencourt C, Pireaux J J and Charlier J C 2005 Radio
frequency plasma functionalization of carbon nanotube
surfaces, O2, NH3 and CF4 treatments J. Appl. Phys.
98 074308

[10] Montoro L A and Rosolen M A 2006 Multi-step treatment to
effective purification of single-walled carbon nanotubes
Carbon 44 3293–301

[11] Yangchuan X, Liang L, Chusuei C C and Hull R V 2005
Sonochemical oxidation of multiwalled carbon nanotubes
Langmuir 21 4185–90

[12] Curulli A, Nonziante S and Coppe A 2006 Functionalization
and dissolution of single walled carbon nanotubes by
chemical, physical and electrochemical treatments
Microchim. Acta 152 225–32

[13] Mylvaganam K and Zhang L C 2004 Nanotube
functionalization and polymer grafting, an ab initio study
J. Phys. Chem. B 108 15009–12

[14] Liang F, Beach J M, Rai P K, Smalley R E and
Billups W E 2006 Highly exfoliated water soluble single
walled carbon nanotubes Chem. Mater. 18 1520–4

[15] Wang Y, Zafar I and Mitra S 2005 Microwave induced rapid
chemical functionalization of single walled carbon
nanotubes Carbon 43 1015–20

[16] Hong C Y, You Y Z and Pan C Y 2006 A new approach to
functionalize carbon nanotubes by the use of functional
polymers Polymer 47 4300–9

[17] Porro S, Musso S, Vinante M, Vanzetti L, Anderle M,
Trotta F and Tagliaferro A 2007 Purification of carbon
nanotubes grown by thermal CVD Physica E 37 58–61

[18] Lefrant S, Buisson J P, Chauvet O, Benoit J M, Bernier P and
Baltog M 2002 Interactions in carbon nanotubes and
polymer/nanotubes composites as evidenced by Raman
spectroscopy (invited) Mater. Res. Soc. Symp. Proc.
706 231–8

[19] Lee S H, Park S Y and Choi J 2004 Fiber formation and
physical properties of chitosan fibers crosslinked by
crosslinking agent, epichlorohydrin J. Appl. Polym. Sci.
92 2054–62

[20] Notin L and Viton C 2006 Pseudo dry spinning of chitosan
Acta Biomater. 2 297–311

[21] Kumar S, Govindaraj A, Mofokeng J, Subbanna G N and
Rao C N R 1996 Novel experiments with carbon nanotubes:
opening, filling, closing and functionalizing nanotubes
J. Phys. B: At. Mol. Opt. Phys. 29 4925–34

[22] Liu Y, Tang J, Chen X and Xin J H 2005 Decoration of carbon
nanotubes with chitosan Carbon 43 3178–80

[23] Salzmann C G, Bryan T T C, Gerard T, Simon A L and
Malcol L H G 2007 Quantitative assessment of carbon
nanotube dispersions by Raman spectroscopy Carbon
45 907–12

[24] Wang S F, Shen I, Zhang W D and Tong Y J 2005 Preparation
and mechanical properties of chitosan/carbon nanotube
composites Macromolecule 6 3067–72

[25] Shieh Y T and Yang Y F 2006 Significant improvements in
mechanical property and water stability of chitosan by
carbon nanotubes Eur. Polym. J. 42 3162–70

8

http://dx.doi.org/10.1016/S0142-9612(00)00187-3
http://dx.doi.org/10.1002/adma.200390113
http://dx.doi.org/10.1016/j.polymer.2005.01.084
http://dx.doi.org/10.1016/j.eurpolymj.2006.01.010
http://dx.doi.org/10.1088/0964-1726/13/5/008
http://dx.doi.org/10.1021/jp052364p
http://dx.doi.org/10.1063/1.2071455
http://dx.doi.org/10.1016/j.carbon.2006.06.018
http://dx.doi.org/10.1021/la047268e
http://dx.doi.org/10.1007/s00604-005-0440-6
http://dx.doi.org/10.1021/jp048061x
http://dx.doi.org/10.1021/cm0526967
http://dx.doi.org/10.1016/j.carbon.2004.11.036
http://dx.doi.org/10.1016/j.polymer.2006.04.006
http://dx.doi.org/10.1016/j.physe.2006.07.014
http://dx.doi.org/10.1002/app.20160
http://dx.doi.org/10.1016/j.actbio.2005.12.005
http://dx.doi.org/10.1088/0953-4075/29/3/003
http://dx.doi.org/10.1016/j.carbon.2005.06.020
http://dx.doi.org/10.1016/j.carbon.2007.01.009
http://dx.doi.org/10.1021/bm050378v
http://dx.doi.org/10.1016/j.eurpolymj.2006.09.006

	1. Introduction
	2. Experimental details
	2.1. Materials
	2.2. Purification and functionalization of carbon nanotubes
	2.3. Solution spinning of chitosan and SWCNT/chitosan composite fibers
	2.4. Characterization
	2.5. Mechanical properties of SWCNT/chitosan composite fibers
	2.6. Response of chitosan fibers to pH change
	2.7. Response of chitosan fibers to an applied voltage

	3. Results and discussion
	3.1. SWCNTs dispersed in chitosan solution
	3.2. Mechanical properties of chitosan fibers
	3.3. Response of chitosan fibers towards pH change
	3.4. Response of the chitosan fibers towards change in an applied voltage

	4. Conclusions
	Acknowledgments
	References

