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A water soluble chitosan derivative (p-chitosan) was synthesized and used to func-
tionalize multiwalled carbon nanotubes (MWCNTs) through the noncovalent interac-
tion. The interaction of p-chitosan with MWCNTs was investigated by analyzing the
spectra of ultraviolet-visible, Fourier transform infrared, Raman, and X-ray photoelec-
tron. Circular dichroism spectroscopy was used to study the interaction as well. The
results of the circular dichroism spectra indicate that, the interaction of p-chitosan
with MWCNT makes p-chitosan less regularly structured. It was found that the interac-
tion of p-chitosan with MWCNTs at a lower temperature is stronger than that at a
higher temperature; pH conditions affect the interaction between p-chitosan and
MWCNTs. © 2011 American Institute of Chemical Engineers AIChE J, 58: 285-291, 2012
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Introduction

Chitosan is a renewable resource and the second abundant
polysaccharide present in nature.' Because of its versatile bi-
ological activity, excellent biocompatibility, and low toxic-
ity, chitosan-based nanomaterials have been intensively
explored for its application in pharmaceutical, biomedical,
biotechnological, agricultural, food, and non-food industries,”
as well as wastewater treatment.> Carbon nanotubes (CNTs)
have extraordinary electrical, mechanical, and thermal prop-
erties and have the potential for a wide variety of applica-
tions.*”” The chitosan/CNT system is especially interesting
because the introduced chitosan endows CNTs with biocom-
patibility.® Low molecular weight chitosan is covalently
attached to multiwalled carbon nanotubes (MWCNTSs),” and
the MWCNTSs can be dispersed in dimethylsulfoxide, dime-
thylformamide, dimethyl acetamide, and acetic acid aqueous
solution. The chitosan derivatives 2-hydroxypropyltrimethy-
lammonium chloride chitosan, carboxymethyl chitosan, and
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N-succinyl chitosan have been used to disperse CNTs in
aqueous solutions.® The degree of deacetylation of chitosan
has been evaluated for its effect on the dispersion of CNTs. !0
Chitosan and its derivatives have been studied for its dispers-
ing of CNTs in solvents.'"'? On the other hand, the confor-
mation of chitosans on CNTs is very important for the appli-
cation of the CNT composite.m’l4 Though chitosan/CNTs sys-
tems have been extensively studied, little research is reported
for the interaction of chitosans with CNTs. In this article, the
hydrophobically-modified chitosan, which is water soluble, is
synthesized and applied to functionalize MWCNT. The inter-
action of p-chitosan with MWCNT will be investigated by
analyzing the spectra of ultraviolet-visible (UV-vis), Fourier
transform infrared (FTIR), Raman, and X-ray photoelectron
(XPS). Circular dichroism (CD) spectroscopy is also used to
study the interaction. The information will be useful to regu-
late and design the composite of chitosan/CNT.

Experimental
Materials

MWCNTs were purchased from Shenzhen Nanotech. Port.
Co., China, and were purified according to the reported
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procedures.15 Chitosan, with a molecular weight of 10 kDa,
was obtained from Jinan Haidebei Marine Bioengineering
Co. (China). 1-(3-(dimethylamino)propyl)-3-ethylcarbodii-
mide hydrochloride (EDC), N-hydroxysulfosuccinimide
(NHS), palmitic acid (99%), nitric acid (65.0-68.0 wt %),
dimethyl sulfoxide (DMSO), acetone, ethanol, ether, so-
dium acetate, and acetic acid were purchased from Sigma-
Aldrich Chemical Co., China.

Measurements

UV-vis spectra were recorded on a Shimadzu UV2550-PC
spectrophotometer. FTIR spectra were recorded on a Fourier
transform infrared spectrometer 3100 (Varian, USA) at room
temperature and 2 cm ! resolution. The crystalline structures
of chitosan samples were analyzed by X-ray diffraction
(XRD) (D/MAX 2500 VB2+/PC, Rigaku Corp., Tokyo,
Japan) using CuKo radiation (4 = 0.154 nm) at 40 kV and
200 mA. Measurement was made using continuous scanning
technique from 3 to 60° of 20 at room temperature. Raman
spectroscopy measurements were recorded using a Renishaw
InVia equipment (514.5 nm, Ej, = 2.41 eV). Samples for
the measurement of CD spectrum were prepared with a
p-chitosan concentration of 0.2 mg/ml and a MWCNT con-
centration of 0.025 mg/ml. CD spectra (190-320 nm) were
recorded on a JASCO J-810 CD instrument at temperatures
25, 40, 65, and 80°C. Cell length was 1.0 cm. Measurements
were performed with a scanning speed of 1000 nm/min at a
resolution of 1.0 nm. The spectra were corrected by subtract-
ing the background of water or MWCNTSs, and ten spectra
were accumulated and averaged for each sample.

Synthesis of N-palmitoyl chitosan (p-chitosan)

Chitosan was refined twice by dissolving in 1% aqueous
acetic acid solution followed by filtration to remove insolu-
ble material. The soluble chitosan was precipitated with
1.0 M sodium hydroxide and then was washed thoroughly
with deionized water. The precipitate was washed with ether
and dried under vacuum at room temperature. Palmitic acid
was grafted to chitosan by an EDC-mediated reaction
through the formation of amide linkages. Chitosan (1.0 g)
was dissolved in a buffer solution (40 ml, pH = 4.8) consist-
ing of 0.1 M sodium acetate and 0.1 M acetic acid. A certain
amount of palmitic acid dissolved in 50 ml of DMSO was
added to the chitosan solution. The solution was cooled in
an ice bath and followed by a dropwise addition of EDC and
NHS. The mixture was kept stirring in an ice bath for 1 h.
The molar ratio of EDC to palmitic acid was 1.5:1 and that
of EDC to NHS was 5:1. After 24 h, the reaction mixture
was poured into 200 ml of acetone/ammonia solution (7/3,
v/v). The precipitate was filtered and washed thoroughly
with acetone, ethanol, and ether. The precipitate was dried in
vacuum at room temperature.

MWCNT attached with p-chitosan

Twenty milligrams of MWCNTs were added to an aque-
ous solution of p-chitosan (60 mg) dissolved in water (120
ml), followed by sonication for 1 h. The solution was centri-
fuged at 12,000 rpm for 30 min, yielding well-suspended
MWCNTs with non-covalent p-chitosan coating. Unbound
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Figure 1. FTIR spectra of the chitosan and its deriva-
tives, p-CSg.1, p-CSp.3, p-CSp.5, and p-CSp s.

p-CS represents p-chitosan and the subscripts represent the
initial ratio of palmitic acid to the glucosamine residue of
chitosan (mol:mol). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

p-chitosan was thoroughly removed by repeated filtration
through a 0.45 um membrane and washing with water.

Results and Discussion
Synthesis of N-palmitoyl chitosan (p-chitosan)

FTIR Analysis. The substitution of the N-acylated group
to the amino group depends on the initial ratio of palmitic
acid to the glucosamine residue of chitosan (mol:mol). In
Figure 1 for the FTIR spectra, corresponding to the initial
ratios 0.1, 0.3, 0.5, and 0.8, p-chitosans are designated as
P-CSo.1, p-CSp3, p-CSyp 5, and p-CSq g, respectively. The sub-
scripts represent the initial ratio of palmitic acid to the glu-
cosamine residue of chitosan. The broad band in the region
of 3200-3500 cm ! is attributed to the —NH, and —OH
stretching vibrations. The bands at 1652 and 1556 cm ™' are
assigned to the carbonyl stretching of amide I band and the
N—H bending vibrations of amide II band, respectively.16
With the increase of the initial ratio, the intensity of carbonyl
stretching of amide I and the N—H bending vibrations of am-
ide II increases. The results clearly reveal that N-acylated
derivatives of chitosan were obtained. The prominent peaks at
2860-2972 cm ™' are assigned to the asymmetrical and sym-
metrical bending vibrations of —CH, groups,'® which are
because of the long chains grafted. It is noticeable that their in-
tensity is obviously proportional to the degree of substitution.

'H NMR Spectra. The '"H NMR spectra of chitosan
and p-chitosan (p-CSy3) are shown in Figure 2. For the chi-
tosan, the peak at 1.99 ppm is because of the presence of the
three N-acetyl protons of N-acetylglucosamine (GlcNAc) res-
idue, and the peak at 2.94 ppm because of a H-2 proton of
GIcNAc or glucosamine (GlcN) residues. Multiplets from
3.41 to 3.87 ppm correspond to the ring protons of GIcNAc
or GIcN.'® For the spectra of p-chitosan, the peak at 2.14
ppm is ascribed to the three N-acetyl protons of GlcNAc, and
the peak at 3.08 ppm is because of an H-2 proton of GlcNAc
or GlcN residues. The ring protons (H-3, 4, 5, 6, 6') are consid-
ered to resonate at 3.46-3.78 ppm, peaks at 4.48 and 4.79 ppm
are signs of H-1 overlapped with the sign of HOD.'® Compared
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Figure 2. "H NMR spectrum of the p-chitosan (a); enlarged view of "THNMR spectrum of the p-chitosan from 0 ppm
to 3.2 ppm (b); "THNMR spectrum of the chitosan (c).

with that of the chitosan, the spectra of the p-chitosan has
some newly formed signals at 0.82, 1.09, and 1.97 ppm, which
are ascribed to —CHj;, —CH,—, and —CH,—(CO) of the pal-
mitoyl residue, respectively.'® Compared to the signals of the
chitosan, the signal shifts of the p-chitosan were because of the
substitution of the N-acylated group to the amino group of the
GIeN.'¢ For p-CSp 3, the degree of substitution is 11.6%, which
is calculated based on the area at 0.82 and 3.08 ppm as illus-
trated in Figure 2B.

Solubility of the p-Chitosan in Aqueous Solution. The
solubility of p-chitosan in deionized water and a buffer solu-
tion consisting of 0.1 M sodium acetate and 0.1 M acetic acid
was measured. The measurement was carried out by adding
10 g sample in 10 ml water or buffer solution. As shown in
Table 1, the solubility of p-chitosan depends on the degree of
substitution of amine groups of the chitosan. The results indi-
cate that the chitosan derivatives with more hydrophobic
groups introduced or less —NH, groups substituted are not
favored to have a good solubility both in water and in an
acidic solution. The initial ratio of 0.3 is the most appropriate
one for the synthesis of p-chitosan used to functionalize
MWCNTs, as the synthesized p-chitosan at this initial ratio
can be soluble well both in water and in an acidic solution.

X-Ray Diffraction Analysis. To determine the change
of crystallinity of chitosan by N-acylation, the crystalline
structures of the chitosan and the p-chitosan were examined
by XRD, as shown in Figure 3. The diffraction pattern of
the chitosan contains sharp, prominent signature peaks
around 20 = 10.0, 20.0, and 22.0°, as shown by the line in
dark, indicating a high degree of crystallinity of the chitosan.
While in the XRD patterns of p-CSq 3, p-CSps, and p-CSypg,
the peak at 20 = 22° disappears. The peak sharpness at
about 20 10.0° has been greatly reduced. With the
increase of the N-acylation, the reflections around 20 =
20.0° become acute. Moreover, a new peak at 20 = 6°
appears in the XRD pattern for p-CSy g, which indicates that
new kind of crystallinity was formed because of the chemi-
cal modification. The structure of chitosan is stabilized by
hydrogen bonding, whereas with some amine groups of chi-
tosan substituted with palmitoyl groups, hydrophobic interac-
tions between palmitoyl chains contribute to the formation
of the crystalline structure of p-chitosan. However, the full
width at half maximum is decreased from p-CSg 3 to p-CSqs.
It is meant that the amount of crystalline structure of p-CSq 5
and that of p-CSyg are larger than that of p-CSg3. The
results are in accordance with the p-chitosan solubility

Table 1. Solubility of Chitosan and p-Chitosan at Neutral and Acid Conditions

Solvent CS P-CSo.1 p-CSp p-CSo3 Pp-CSp.4 P-CSo s p-CSpg
Deionized water n n p y p n n
Buffer solution (pH 4.8) y y y y p n n

CS represents chitosan, p-CS represents p-chitosan, and the subscripts represent the initial ratio of palmitic acid to the glucosamine residue of chitosan (mol:mol).

y, Completely soluble; p, poorly soluble; n, insoluble.
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Figure 3. XRD patterns of chitosan derivatives, p-CSg 3,
p-CSo 5, and p-CSg g.

p-CS represents p-chitosan and the subscripts represent the
initial ratio of palmitic acid to the glucosamine residue of
chitosan (mol:mol). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

in water as presented in Table 1, which shows that p-CSg3
has a better solubility than other chitosan derivatives. So,
p-CSp5 is chosen to functionalize MWCNTs. In the follow-
ing sections, p-chitosan is referred to p-CSy 3.

Interaction of MWCNT with p-chitosan

FTIR Analysis. As illustrated by the FTIR spectra in
Figure 4, the MWCNT attached with the p-chitosan show
the prominent peaks of the asymmetrical and symmetrical
bending vibrations of —CH, groups at 2860-2972 cm','¢
which do not appear in the spectrum of MWCNT. p-Chito-
san shows a strong absorption peak of carbonyl stretching of
amide I at 1652 cm ™ '.'® This peak is reflected in the spec-
trum of p-chitosan/MWCNT. However, it shifts to 1643
cm ™! because of the interaction between the p-chitosan and
MWCNT. The attachment of the p-chitosan on MWCNT is
observed by high-resolution transmission electron micros-
copy (HRTEM) as indicated by arrows in Figure 5.

L 'l L 1 L 1 1 J

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’)

Figure 4. FTIR spectra of MWCNT (a), p-CSy.s (b), and
p-chitosan/MWCNT (c).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

XPS Spectra Analysis. As can be seen in Figure 6A, the
spectrum of the MWCNT shows the presence of carbon (95.65
at. %) and oxygen (4.35 at. %). The XPS survey spectrum of
the MWCNT attached with the p-chitosan (Figure 6B) shows
an increase of oxygen, attributed to the oxygen atoms in the
p-chitosan. Moreover, the nitrogen in the p-chitosan is reflected
in the spectrum. The detailed analysis for the peaks is pre-
sented in Supporting Information Figures S1-S3. The XPS
spectra confirm the attachment of the p-chitosan on MWCNT.

Raman Spectra Analysis. The attachment of the p-chito-
san to the surface of MWCNTs can be seen from Raman
spectra. The G-band, in the 1500-1600 cm! region, results
from the tangential C—C stretching vibrations both longitudi-
nally and transversally on the carbon nanotube axis.'""® In
the spectrum of MWCNTs, the G-band peaks at 1578 cm .
In the presence of p-chitosan coating, this band shifts by
6 cm ' from 1578 to 1584 cm™' (Figure 7). The disorder
peak, also known as the D-band, can be found in the 1300~
1400 cm ™! region.'” This peak is attributed to scattering from
sp2 carbons containing defects. The strength of this peak is

Figure 5. HRTEM image of purified MWCNT (left) and MWCNT attached with the p-chitosan as indicated by arrows

(right).
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Figure 6. XPS survey spectra of MWCNT (composition:
95.65 at. % C, 4.35 at. % O) and p-chitosan/
MWCNT (composition: 68.87 at. % C, 25.42
at. % O, 5.72 at. % N).

related to the amount of disordered graphite and the degree of
conjugation disruption in the graphene sheet.'”'® The D-band
of MWCNTS peaks at 1347 cm ™. It is noted that, in the pres-
ence of the p-chitosan coating, the D-band shifts by 10 cm ™'
from 1347 to 1357 cm™'. The strong interactions between the
p-chitosan and the nanotubes increase the energy necessary for
vibrations and shift the Raman band to the higher frequency."”
The results of the D- and G-bands indicate the attractive interac-
tion between the p-chitosan and the graphite sheet.'”

UV-Vis Spectra. The p-chitosan solution was prepared
by dissolving 60 mg of p-chitosan in 120 ml of water. This
p-chitosan solution was used as the starting solution for pre-
paring the p-chitosan solutions with difference pH values.
Twenty milligrams of MWCNT was added into the neutral
p-chitosan solution. The dispersion of MWCNTSs was carried
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Raman shift (cm” 1)

Figure 7. Raman spectra of p-chitosan/MWCNT and
MWCNT.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

AIChE Journal January 2012 Vol. 58, No. 1

Published on behalf of the AIChE

20

p-chitosan/MWCNT
—— MWCNT
p-chitosan

Absorbance

05

0.0 o L
200 300 400 500 600

Wavelength (nm)

Figure 8. UV-vis absorbance of p-chitosan/MWCNT,
MWCNT, and p-chitosan.

The insert: (a) MWCNTs in water and (b) p-chitosan/
MWCNTs in water. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

out under sonication. After centrifugation, the suspension
was monitored with UV-vis spectroscopy. Figure 8 shows
the UV-vis spectra of p-chitosan/MWCNT, MWCNT, and
p-chitosan. The MWCNT has a characteristic peak at 260
nm, this peak shifts to 249 nm after the p-chitosan attached
onto the MWCNT. The peak shift is ascribed to the interac-
tion between the p-chitosan and the MWCNT. The insert
indicates that the MWCNTs functionalized with the p-chito-
san have a good dispersity in water.

Circular  Dichroism Spectra. CD spectroscopy was
applied to study the interaction of p-chitosan with MWCNT
in aqueous solutions at different pH conditions and tempera-
tures. The CD spectra of p-chitosan in aqueous solution has
a broad negative CD band, corresponding to n—mn* elec-
tronic transition of the —NH—CO— chromophore of
GlcNAc units located at about 210 nm, this band position is
independent of pH and ionic strength.”” For a polymer, the
peak intensity of a CD spectrum depends on the structural
regularity of the polymer.21 The more regularly structured
polymer will have a larger intensity of CD spectrum.21
When the p-chitosan interacting with MWCNT, the intermo-
lecular interaction between the p-chitosan molecules
decreases. As a consequence, the p-chitosan is less regularly
structured, as schematically illustrated in Figure 9. This
results in that the intensity of CD spectrum of free p-chito-
san is larger than that of the p-chitosan interacting with
MWCNT, as presented in Figure 10, which shows the CD
spectra of p-chitosan/MWCNT and that of free p-chitosan at
different temperatures. The intensity difference between free
p-chitosan and the p-chitosan interacting with MWCNT is
affected by temperature. The observed experimental results
(Figure 10) show that, at a higher temperature, the intensity
of CD spectrum of the p-chitosan interacting with MWCNT
is more close to that of free p-chitosan. The intensity differ-
ence of CD spectra becomes smaller with the increase of
temperature. The results of the intensity difference of CD
spectra indicate that, at a higher temperature, the interaction
of p-chitosan with MWCNT is decreased. The reason can be
explained by the following. The p-chitosan contains
hydroxyl and amino groups as well as hydrophobic chains. It
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can interact with the MWCNT by multiple interactions,
including hydrophobic interactions, interactions via hydroxyl
and amino groups through defect sites of the nanotubes (usu-
ally COOH). Where as, these types of interactions decrease
with the increase in temperature.

Figure 11 shows CD spectra of free p-chitosan and the
p-chitosan interacting with MWCNT at different pH condi-
tions. As can be seen, the peak intensity difference between
free p-chitosan and the p-chitosan interacting with MWCNT at
the acidic and basic conditions are larger than that at the neu-
tral condition. This can be explained that, at the acidic and ba-
sic conditions, the intramolecular hydrogen bonding interactions
are reduced, and the interaction of p-chitosan with MWCNT is

facilitated. The stronger interaction at the acidic and basic con-
ditions makes the intensity difference become larger.

Conclusions

Chitosan derivatives were synthesized with different initial
ratios of palmitic acid to the glucosamine residue of chitosan
(mol:mol). It was found that the chitosan derivative synthe-
sized with the initial ratio of 0.3 is the most appropriate one
in terms of solubility in aqueous solutions. The p-chitosan
was used to functionalize MWCNTs through a non-covalent
interaction. The spectra of UV-vis, FTIR, Raman, and XPS
were analysed to investigate the interaction of the p-chitosan

10 10
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e 210
£ 2
£ £ 20
2 2
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2000 210 2200 B0 240 20 260 270 200 210 220 230 240 250 260 270
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Figure 10. CD spectra of the p-chitosan interacting with MWCNT and free p-chitosan at different temperature.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 11. CD spectra of the p-chitosan and p-chitosan/
MWCNT at different pH values.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

with MWCNTSs. The CD spectra indicate that, when interact-
ing with MWCNT, the p-chitosan is not as regularly struc-
tured as that of free p-chitosan. The interaction of the p-chi-
tosan with MWCNTs at a lower temperature is stronger than
that at a higher temperature. The interaction of the p-chito-
san with MWCNTs at the acidic and basic conditions is
stronger than that at a neutral condition.
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