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ABSTRACT: A series of multiwalled carbon nanotubes (MWCNTSs) grafted by chitosan nanocomposite (NC) films were prepared by a
direct blending process and solution casting method. In this study, we modified multiwalled carbon nanotubes with glucose
(MWCNT-GI) for this purpose, and the effects of MWCNT-GI on the structural, mechanical, and thermal properties of chitosan
films with different contents of MWCNT-GI were investigated. The structure, thermal stability, and mechanical properties of the
composite were examined by X-ray diffraction, Fourier transform infrared spectroscopy, field emission scanning electron microscopy,
transmission electron microscopy, thermogravimetric analysis, and mechanical testing. The results indicate that the MWCNTs treated
by glucose were dispersed well in the chitosan matrix, and the tensile properties of the NC films were improved greatly compared
with neat chitosan. Also, with increasing MWCNT-GI content, the crystalline nature of chitosan decreased. © 2015 Wiley Periodicals,
Inc. J. Appl. Polym. Sci. 2015, 132, 42022.
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Among different fillers, carbon nanotubes (CNTs) have attracted
wide interest because of their unique structural, electrical, and
mechanical properties, including excellent chemical stability,
electrical conductivity, and good corrosion resistance.”™" There-
fore, the preparation of polymer/CNT NCs can improve the
polymer properties.'>'> CNTs have frequently been used for the

INTRODUCTION

Chitosan is a linear amino polysaccharide composed of ff-(1,4)-
2-amino-2-deoxy-p-glucose. Chitosan is biocompatible, biode-
gradable, and nontoxic and shows widespread biological activ-
ities.'™ Chitosan is normally insoluble in common solvents.

However, in diluted acidic (pH < 6) aqueous solutions, the free
amino groups on the chitosan chains are protonated; this results
in the dissolution of chitosan. In addition, because of the
unique structure of chitosan, which is attributed to the presence
of the hydroxyl and amino groups in repeating units, this poly-
mer can be used in many applications, including food process-
ing, drug delivery, biomedical products, and adsorbents for
organic and inorganic pollutants.*”” However, the main disad-
vantages of chitosan are its solubility only in acid solutions and
its poor mechanical properties compared to synthetic polymers.
To overcome these problems, the fabrication of nanocomposites
(NCs) with nanofillers were developed.8

© 2015 Wiley Periodicals, Inc.
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preparation of polymer blend membranes for filtration and gas
separation,'*"” pervaporation,'®' and membrane

distillation. 2%

It is important that the performance and properties of NCs are
extremely affected by the interfacial compatibility between the
polymer and nanofillers. However, the dispersion and compati-
bility of CNTs in the polymer matrix due to 7—n interactions
and van der Waal’s interactions are difficult.”»*’ Thus, the
chemical modification of CNTs is necessary. Several kinds of
organic molecules have been used for modification,* for exam-
ple, amino acids,”?® isocyanates,”” and different polymers.”*°
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Recently, glucose was applied to the modification of CNTs.”!
Glucose, a monosaccharide, is the most important carbohydrate
in biology. The cell uses it as a source of energy and as a meta-
bolic intermediate.

In this article, we report a facile approach for preparing a
hybrid composite of chitosan and modified multiwalled carbon
nanotubes (MWCNT)s with glucose. The glucose provides
interfacial compatibility between MWCNTs and the chitosan
matrix. The hybrid composites were expected to have diverse
properties because each component would contribute different
chemical and physical properties. The main objective of this
study was to investigate the effect of functionalized MWCNTs
on the chitosan properties.

EXPERIMENTAL

Materials

Carboxyl-modified MWCNTs (diameter = 8-15 nm, length ~
50 mm, carboxyl content = 2.56 wt %, purity > 95 wt %), manu-
factured by a thermal chemical vapor deposition process, were
purchased from Neutrino Co. (Tehran, Iran). A medium-
molecular-weight chitosan powder with a weight-average molecu-
lar weight of 1.095 X 10° g/mol and degree of deacetylation
(DD) of —85% was purchased from Aldrich Chemical Co. (Mil-
waukee, WI). p-Glucose, N,N'-carbonyl diimidazole (CDI), and
glacial acetic acid were used as received without further purifica-
tion and were purchased from Merck Chemical Co. (Germany).

Preparation of the Chitosan/MWCNT-Gl NC Composite

Films

The MWCNTs were functionalized with glucose according to
our previous works.”' Briefly, 50 mg of MWCNTs was dispersed
in 10 mL of freshly prepared aqueous solution of CDI (10 mg/
mL) and stirred at room temperature for 2 h. Then, 100 mg of
glucose was added to the solution. This solution was stirred at
room temperature for 2 h and ultrasonicated for 1 h. The mix-
ture was decanted to remove the solvent. Then, the MWCNTs
were washed thoroughly with water, filtered, and dried in vacuo
to give the multiwalled carbon nanotubes with glucose
(MWCNT-GI) product.

The chitosan/MWCNT-GlI (CMG) NC films were fabricated
through a solution casting method. Chitosan (3.0 g) was dis-
solved in 15 mL of 2% acetic aqueous solution, stirred for 3 h
at room temperature, and ultrasonicated for 30 min. Various
amounts of MWCNT-GI (3, 5, and 7 wt %) were dispersed in
5 mL of deionized water with stirring for 3 h, and ultrasonica-
tion was performed for at least 1 h to make sure that the
MWCNT-GI were dispersed homogeneously. The prepared
MWCNT-GI solution was then added to the chitosan solution
to give CMG NC solution, which was stirred for 24 h. Then,
the solution was ultrasonicated for approximately 1 h. This
solution was cast into a Petri dish and allowed to dry at room
temperature for 24 h.

Characterization

Fourier Transform Infrared (FTIR) Spectrometry. The stretch-
ing frequencies of the samples were examined by FTIR spectros-
copy (Jasco-680, Japan). The vibrational transition frequencies
were reported in the range 4000-400 cm™'. The spectrum of
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MWCNT-GI was obtained with KBr pellets. The spectra of the
CMG NC films were attained as a thin film for FTIR analysis.

X-ray Diffraction (XRD) Analysis. The XRD patterns were
recorded on a Philips X’Pert MPD with a copper target operat-
ing at current of 100 mA and a voltage of 45 kV with Cu Ko
radiation (A =0.1542 nm) in the range 10-80° at a speed of
0.05°/min. For XRD studies, rectangular pellets for MWCNT-GI
and the cutting dried film prepared by compression molding
were used.

Thermogravimetric Analysis (TGA). TGA was achieved by the
use of a STA503 TA (Germany) with scan range from of 25 to
800°C under a constant heating rate of 20°C/min with a contin-
uous argon flow. The NC films dried in vacuo at 100°C for 8 h
to remove the residual solvent.

Morphological Characterization.. The dispersion morphology
of the samples was characterized with field emission scanning
electron microscopy (FESEM; Hitachi S-4160). The samples of
chitosan and CMG NC films were cut into rectangular speci-
mens and sputter-coated with gold layer. The samples were
observed at accelerating voltages of 10 and 30 kV.

Atomic force microscopy (AFM) topographic images were eval-
uated with Nano S1/1 (Bruker, Germany, noncontact mode).

The ultrathin sections (30-80 nm) of MWCNT-GI and the
CMG NC were prepared with a Leica ultramicrotome. Then,
transmission electron microscopy (TEM) images were obtained
with a Philips CM 120 microscope with an accelerating voltage
of 150 kV.

Tensile Measurements. Tensile testing was performed at room
temperature on a Testometric universal testing machine M350/
500 (United Kingdom) according to ASTM D 882 (standards).
Tests were carried out with a crosshead speed of 12.5 mm/min.
The dimensions of the test specimens were 35 X 2 X
0.04 mm’. The property values reported here represent an aver-
age of the results for tests runs on at least three specimens. The
tensile strength, tensile modulus, and strain were obtained from
these measurements.

RESULTS AND DISCUSSION

Preparation of the CMG NC Films

The dispersion of MWCNTs plays a very important role in the
use of filler properties in chitosan NCs. The MWCNTSs, because
of their high surface area, tend to agglomerate greatly. This
reduces their ability to show their expected properties. The
chemical modification and ultrasonication of MWCNTs are
techniques that are used to achieve their good dispersion in the
polymer matrix. On the other hand, unlike MWCNTs, modified
MWCNTs can increase their compatibility with the polymeric
matrix and improve their dispersion ability.

In this study, we used carboxylated-MWCNT (MWCNT-
COOH) for modification with biomolecules. The covalent mod-
ification of MWCNTs has been described in the literature and is
mainly based on the attachment of material blocks to the car-
boxylic functions that are formed by the oxidation of CNTs
with strong acids.”® Therefore, MWCNT-COOH were modified
with glucose in the presence of CDI. The CDI catalyzed an
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Scheme 1. Schematic illustration of the functionalization of MWCNTs and the preparation of CMG NCs. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

esterification reaction between the carboxylic acid group of
MWCNT-COOH and glucose molecules. Then chitosan/
MWCNT-GI NCs were prepared by the addition of 3, 5, and 7
wt % MWCNT-GI in a chitosan solution via vigorous stirring
for 24 h and utrasonication for 1 h. Scheme 1 shows the experi-
mental steps involved in this chemical modification of
MWCNT-COOH for the preparation of the CMG NC films
and also possible interactions between the chitosan and
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Figure 1. FTIR spectra of the (a) pure chitosan, (b) MWCNT-GI, (c) 3
wt % CMG NCs, (d) 5 wt % CMG NCs, and (e) 7 wt % CMG NCs.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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MWCNT-GI. Moreover, the amine and hydroxyl groups in the
backbone of chitosan performed hydrogen bonding with the
modified CNTs, and a composite based on hydrogen bonding
was fabricated.

FTIR Spectra

The interactions of MWCNT-GI with the chitosan matrix were
analyzed by FTIR spectroscopy, as presented in Figure 1. In the
spectrum of chitosan [Figure 1(a)], the characteristic bands at
3450 cm™ ', due to the stretching vibrations of —OH overlaid
on the —NH stretching band, broadened because of the interhy-
drogen bonds of chitosan. The characteristic absorption bands
appearing at 1637 cm™ ' were ascribed to the amide group
(C=0 stretching). The peak at 1419 cm™ ' was ascribed to the
—C—O stretching of the primary alcoholic group in chitosan,
and that at 1080 cm™' was attributed to C—O—C stretching
vibrations. In the spectrum of MWCNT-GI [Figure 1(b)], the
band at 3449 cm ™' was attributed to the stretching vibrations
of O—H bond. The characteristic bands at 2927 and 1720 cm ™'
were attributed to the —CH stretching vibrations and —COO
groups, respectively. In the spectrum of the CMG NCs [Figure
1(c—e)], the peaks at 3400 and 1637 cm™ ' were attributed to
the stretching vibrations of —OH and C=O stretching.

Crystallinity

The difference in the crystallinity between chitosan and the
CMG NCs were analyzed with XRD measurements. The XRD
results of the pure chitosan, CMG NCs, and MWCNT-GI are
shown in Figure 2. Ogawa et al.*® proposed three forms for chi-
tosan: noncrystalline, hydrated (tendon) crystalline, and anhy-
drous (annealed) crystalline. The hydrated polymorph showed a
strong equatorial reflection spot at a 20 of around 10°, and the
anhydrous crystalline structure gave a strong spot around 15°.
The diffraction pattern of the pure chitosan had characteristic
peaks at 20s of 10 and 20.93°. This peak was shown that the
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Table I. TGA Results for the Chitosan and CMG NCs
";‘ (e) Sample T10 (CC)? Residual mass (%)
= Chitosan 288.6 33.5
£ |d CMG NC 3 wt % 1902 30.9
§ (©) CMG NC 5 wt % 154.3 30.7
o |b CMG NC 7 wt % 1221 311
a - v - . v - - i @Recorded by TGA at a heating rate of 20°C/min under an argon
0 10 20 30 40 50 60 70 80 atmosphere.

20 (degree)
Figure 2. XRD patterns of the (a) pure chitosan, (b) 3 wt % CMG NCs,
(c) 5 wt % CMG NCs, (d) 7 wt % CMG NCs, and (¢) MWCNT-GL
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

chitosan was hydrated crystals.”® In the hydrated chitosan crys-
tals, adjacent chitosan chains were aligned antiparallel and
bonded with intermolecular hydrogen bonding, forming a sheet
structure. Furthermore, several sheets were stacked together
with hydrogen bonding via water molecules present between
them to form 3-D crystals.”

The XRD patterns of the CMG NCs appeared the characteristic
peaks of the pure chitosan [Figure 2(b-d)]. However, this peak
in the CMG NCs was weaker than that of pure chitosan; this
indicated that the MWCNT-GI expanded the spacing between
chitosan chains in each sheet. This might have been due to pos-
sible interaction between the amino groups of chitosan and the
functional groups in MWCNT-GI. Therefore, the crystallinity of
the chitosan decreased with the addition of MWCNT-GL

For MWCNT-GI [Figure 2(e)], peaks at 20 angles of 26 and
44° were associated with the (002) and (100) diffractions,
respectively, of the hexagonal graphite structure. The spectra of
the CMG NCs did not show any distinct diffraction peaks cor-
responding to the MWCNTs (20 = 26 and 44°). This was due to
the low concentration of MWCNTs and high intensity of the
background.

TGA
The TGA curves of the MWCNT-COOH, MWCNT-GI, chito-
san, and CMG NC films are presented in Figure 3. As shown in

100 ]
] MWCNT-COOH
& B
< 60 ] '
E 1 vt MWONT-GI \
—— Chitosan
.%” %0 ] —- emencswen e —
=== CMGNC 5 wt%
B 20 = CMG NC 7 wt%
0

0 200 400 600 800
0
Temperature ( C)
Figure 3. TGA curves of the pure chitosan and CMG NCs with different
MWCNT-GI contents. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 3, MWCNT-COOH were more stable and showed a
small decomposition in the temperature range 0-550°C.
According to previous reports, the TGA curves of glucose
showed two decomposition processes: the first around 227°C,
with a weight loss of 20%, which was related to dehydration,
and the second around 337°C, with an approximately 65%
weight loss, which was related to the decomposition of the
stronger chemical bonds in glucose.®® The weight loss of
MWCNT-GI was in the temperature range 230-700°C. This
resulted from the decomposition of the glucose moieties
attached to the surface of the MWCNTs.*® As shown in graph,
we could readily predict that the weight ratio of the grafted glu-
cose onto the MWCNTs was around 32%. Ong et al’’ used
from the TGA for estimate the weight percentage of functional-
ized poly(3-hydroxybutyrate) (PHB) on the MWCNT.

Two stages of thermal degradation were found for the pure chi-
tosan. The first weight loss region was at about 100-200°C and
was due to the evaporation of water molecules or the volatiliza-
tion of small molecules. The second stage of degradation ranged
from 200 to 400°C and corresponded to a weight loss of 50—
56%; this was attributed to the decomposition of chitosan,
vaporization, and elimination of volatile products.’® The ther-
mal decomposition of the CMG NC films proceeded in two
distinct stages. The temperature corresponding to a weight loss
of 10 wt % (Tj,) was selected for comparison and is listed in
Table I. When the MWCNT-GI were added, T, shifted to a
lower temperature than that obtained for the pure chitosan.
Possible reasons for these results may have arisen from the fol-
lowing facts. Chitosan is a semicrystalline polymer. The crystal-
line structure of chitosan is mainly stabilized by hydrogen
bonding between polymer chains. The interaction between the
MWCNT-GI and chitosan probably weakened the interchain
interactions in chitosan and assisted the thermal degradation of
chitosan. In the other word, MWCNT-GI placed between chito-
san chains in each sheet that interacted with the amino groups
of chitosan chains deteriorated the intermolecular hydrogen
bonding, and this could eventually lead to the tearing of chito-
san crystalline. Also, the glucose attached to the MWCNTs
decomposed in the range 227-337°C. Thus, the thermal stability
of chitosan decreased with increasing MWCNT-GI content and
remarkably decreased To.

Finally, after the decomposition and degradation of materials,
the residual weight of the CMG NCs followed the order for chi-
tosan: 3, 5, and 7 wt % CMG NCs with values of 33.44, 30.89,
30.66, and 31.13%, respectively.
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Figure 4. Mechanical properties of the pure chitosan and CMG NCs with

different MWCNT-GI contents. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Because of the high molecular weight (weight-average molecular
weight = 1.095 X 10° g/mol), the thermal stability and espe-
cially the char yield did not increase. Because in the high-
molecular-weight chitosan, the forces between the chitosan
chains were strong. The interaction at the interface of chitosan
and the modified MWCNTs weakened the forces of the chitosan
interchains and assisted in the thermal decomposition of chito-
san in the NC films. Also, perhaps groups attached to the
MWCNTs were destroyed at low temperatures, and this helped
to reduce the thermal stability of chitosan. Similar results were
observed in Salam et al’s> work, despite the greater amount of
CNTs used. Perhaps if the molecular weight of chitosan was
low, the MWCNTs could increase the thermal stability much
more.””

Mechanical Properties of the CMG NCs

Figure 4 shows the representative tensile stress—strain curves of
CMG NCs with various MWCNT-GI contents. The results of
the tensile mechanical tests of chitosan and CMG NC films are
summarized in Table II.

The MWCNTs significantly enhanced the tensile strength
because of their homogeneous dispersion in the polymer
matrix. The tensile strength increased with increasing
MWCNT-GI content. However, the values of Young’s modulus
decreased for high values of MWCNT-GIl concentration. As
shown in Figure 4, the chitosan was a rigid and brittle polymer
that could withstand a good deal of stress, but it did not with-
stand much elongation before breaking. Also, the slope of the
chitosan’s plot was very steep; this means that it took a lot of
force to deform. After the addition of MWCNT-GI to the chito-

Table II. Mechanical Properties of the Chitosan and CMG NC Films

WILEYONLINELIBRARY.COM/APP

Tensile Young's

strength modulus Strain
Sample (MPa) (GPa) (%)
Chitosan 30.07 21.32 1.41
CMG NC 3 wt % 25.1 10.6 2.35
CMG NC 5 wt % 29.82 10.28 2.90
CMG NC 7 wt % 40.24 9.8 4.09
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san matrix, we expected an increase in the tensile strength of
the NC films. The tensile strength and elongation of the 7 wt %
CMG NCs were enhanced by 34 and 190%, respectively. These
results reveal that the existence of MWCNTs in the chitosan
matrix, their rigidity, and the high-aspect ratio of the MWCNT;
effectively improved the flexibility of the NCs. The main reason
could also be ascribed the better interfacial compatibility
between the MWCNTs and the chitosan matrix. Also, the glu-
cose had plasticizer properties, which could form hydrogen
bonds with the functional groups of the chitosan chains.** By
reducing the internal hydrogen bonding between the chitosan
chains, we decreased the density of intermolecular interactions
in the polymer chain and increased the free volume between the
polymer chains. Thus, the incorporation of MWCNT-GI
decreased the tensile strength and Young’s modulus but
increased the tensile strength of the 7 wt % CMG NCs because
the higher aspect ratio and interfacial area made the stress
transfer to the graphite sheet more effective and, consequently,
improved the mechanical properties of the formed NCs. The
tensile strength of the NCs containing 3 wt % MWCNT-GI was
lower than that of the pristine chitosan, and that of the 5 wt %
CMG NCs was similar to that of chitosan. However, the elonga-
tion increased compared with that of neat chitosan in all of the
NC films. This result indicates that the CMG NC films were
more flexible than that of chitosan.

The CMG NC films with the better compatibility between the
MWCNTs and the polymer matrix showed a greater reinforce-
ment of the tensile strength. In addition, the existence of
hydrogen-bonding interactions between the hydroxyl and amine
groups of chitosan and the hydroxyl groups of the MWCNT-GI
resulted in enhanced interaction between the chitosan and
MWCNTs with improved mechanical properties.*'

Sun et al.** observed that functionalized CNTs as a reinforced
filler for the chitosan matrix showed a significant improvement
in their mechanical properties, and this noticeably enhanced the
interfacial adhesion and reduced the brittleness of the porous
materials.

Morphology Study

The morphology and distribution of the modified MWCNT
were characterized with FESEM. Figure 5(a) shows the FESEM
photos of MWCNT-GIL. These photos show a rough and
debundled structure. This suggests that the MWCNTs were
functionalized by glucose.

To provide more information on the morphologies, we investi-
gated the modified MWCNTs further with AFM and TEM. Fig-
ure 5(b) shows the AFM photos of the one- and two-
dimensional MWCNT-GL These photos clearly indicate that the
MWCNTs had a cylindrical-shaped tubular morphology, and
the walls were located side by side regularly. Shown in Figure
5(c) is a typical TEM image for the MWCNT-GI sample with
the estimated diameter of about 20-30 nm. These images indi-
cate that the MWCNT-GI were nanotubular in shape and had a
high surface roughness.

The morphological features, cross section, and homogeneity of
the composite of chitosan were analyzed through FESEM

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42022
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Figure 5. (a) FESEM micrographs of MWCNT-GI at different magnifications, (b) AFM images of MWCNT-GI, and (c) TEM micrographs of MWCNT-
Gl at different magnifications. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

analysis, as shown in Figure 6. The chitosan film [Figure 6(a,b)]
showed a flat and smooth fracture surface, whereas the incorpo-
ration of MWCNT-GI into chitosan matrix showed a uniform
morphology, which was attributed to the good dispersion of
MWCNT-GI into the chitosan matrix, as shown in Figure 6(c—
h). In Figure 6(c-h), the appearance of a white spot suggests
some heterogeneity in the chitosan matrix when MWCNT-GI
were incorporated into chitosan. The observation that most of
the MWCNTs were broken rather than pulled out from the chi-
tosan matrix indicated a strong interfacial adhesion between the
chitosan and MWCNT-GL*'

Figure 7 shows the AFM and TEM images of the chitosan
matrix and 7 wt % CMG NC surfaces. As shown in Figure
7(a), the presence of small bulges indicated that the chitosan

MQL{T%“’B WWW.MATERIALSVIEWS.COM
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was rather crystalline. After the addition of MWCNT-GI into
the chitosan, the morphology of the surface changed [Figure
7(b)]. The TEM images of the 7 wt % CMG NC are depicted
in Figure 7(c). The uniformly dispersed black dots and lines
that represent the ends of the MWCNT-GI are shown in Figure
7(c).

CONCLUSIONS

A novel chitosan NC films reinforced with functionalized
MWCNTs with glucose were successfully prepared by solution
casting at room temperature. The interaction and hydrogen
bonding between the chitosan and MWCNT-GI were confirmed
by spectroscopy and morphological analysis. The FTIR results
indicate an enhanced hydrogen-bonding interaction between

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42022
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Figure 6. FESEM micrographs of the (a,b) pure chitosan, (c,d) 3 wt % CMG NCs, (e,f) 5 wt % CMG NCs, and (g,h) 7 wt % CMG NCs. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

chitosan and MWCNT-GI. In addition, the XRD analysis of
CMG NC films showed that the crystallinity of chitosan was
decreased. In the other word, the addition of different contents
of MWCNT-GI exhibited the formation of intermolecular
hydrogen bonding between the functional groups of chitosan
(amine and hydroxyl) and the hydroxyl groups of MWCNT-GL
The TGA results suggest that the chitosan was slightly more
thermally stable than the CMG NC films. This could be
explained by the fact that the small amount of MWCNT-GI

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
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could break the networks formed by chitosan chains via inter-
molecular/intramolecular interactions. The decreased intermo-
lecular interactions of chitosan led to the slight decrease
observed in the TGA. However, when the MWCNT-GI loading
increased in chitosan, the tensile strength and elongation of the
CMG NCs were improved. The AFM, FESEM, and TEM results
of CMG NC showed that the 7 wt % CMG NCs had a much
rougher surface, and MWCNT-GI could be uniformly dispersed
in chitosan.
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Figure 7. (a) AFM images of chitosan, (b) AFM images of 7 wt % CMG NCs, and (c¢) TEM images of 7 wt % CMG NCs at different magnifications.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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