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ABSTRACT: In this work we have studied the utilization
of multiwalled carbon nanotubes (MWCNTs) as filler-rein-
forcement to improve the performance of plasticized starch
(PS). The PS/MWCNTs nanocomposites were successfully
prepared by a simple method of solution casting and evap-
oration. The morphology, thermal behavior, and mechani-
cal properties of the films were investigated by means of
scanning electron microscopy, wide-angle X-ray diffrac-
tion, differential scanning calorimetry, and tensile testing.
The results indicated that the MWCNTs dispersed homo-
geneously in the PS matrix and formed strong hydrogen
bonding with PS molecules. Compared with the pure PS,
the tensile strength and Young’s modulus of the nanocom-

posites were enhanced significantly from 2.85 to 4.73 MPa
and from 20.74 to 39.18 MPa with an increase in MWCNTs
content from 0 to 3.0 wt %, respectively. The value of elon-
gation at break of the nanocomposites was higher than
that of PS and reached a maximum value as the MWCNTs
content was at 1.0 wt %. Besides the improvement of me-
chanical properties, the incorporation of MWCNTs into the
PS matrix also led to a decrease of water sensitivity of the
PS-based materials. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 106: 1431–1437, 2007
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INTRODUCTION

Advanced technology in the field of petrochemical-
based polymers has brought many benefits to man-
kind. However, it is becoming more evident that the
ecosystem is considerably disturbed and damaged as
a result of the nondegradable plastic materials for
disposable items. Thus, there is an urgent need to
develop renewable source-based environmentally be-
nign materials, which are novel materials of the 21st
century and would be of great importance to the
materials field, not only as a solution for growing
environmental threats, but also as a solution for the
uncertainty of the petroleum supply.1,2 Among the
many kinds of biodegradable polymers, starch is one
of the most promising materials for biodegradable
plastics because of its universality and low cost.3,4

Thermoplastic starch (TPS) or plasticized starch (PS)
can be made by incorporating plasticizers, such as
water, glycerol, sorbitol, sugars, formamide, and
other organics into starch.5–10 PS has attracted con-

siderable attention during the past decades and
offers an interesting alternative for synthetic poly-
mers where long-term durability is not needed and
rapid degradation is desirable.11,12 However, com-
pared to conventional synthetic thermoplastics, bio-
degradable products based on starch, unfortunately,
still exhibit many disadvantages, such as water sen-
sitivity, poor processability, and poor mechanical
properties.13 To solve these problems, various physi-
cal or chemical modifications of the starch have been
considered, including blending with other synthetic
polymers,14,15 the chemical modification,16 or graft
copolymerization,17 and incorporating fillers such as
lignin,18 fibers or crystalline,19–22 tunicin whiskers,23,24

and clay.25

Multiwalled carbon nanotubes (MWCNTs) are stiff
macromolecular structures having outer diameters of
about 30 nm, and lengths of 1–100 lm.26 The
MWCNTs also have high modulus (1 TPa) along
their length direction, as well as high bending mod-
ulus (0.9–1.24 TPa).27 Therefore, they have been con-
sidered as ideal reinforcing fillers for polymer
matrixes to achieve high performance and extensive
applications since the discovery of carbon nanotube
in 1991 by Iijima.28–30 The most common methods,
such as melt-blending and solution-casting, which
are developed for making polymer composites with
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inorganic fillers, are also adopted for making
MWCNTs-enhanced polymer composites.31–34 It is
well known that the effective utilization of MWCNTs
in composite applications depends strongly on the
ability to disperse the MWCNTs homogeneously
throughout the matrix without destroying the integ-
rity of the MWCNTs.35 However, the nonreactive
surface of MWCNTs usually limits their applications
in composites because of a lack of adhesion between
MWCNTs and polymer matrix. In the past decade,
some efforts to improve dispersibility of MWCNTs
have been explored, including the use of surfac-
tants,29 oxidation, or chemical functionalization of
the MWCNTs surface.36,37 For instance, introduction
of carboxylic, carbonyl, and hydroxyl groups on
MWCNTs by refluxing MWCNTs with nitric acid or
mixed acid greatly enhanced their interaction with
various polymer matrixes, thus improving the me-
chanical properties of the resulting composites.38,39

As Ratnayake et al.40 reported, Canada is the larg-
est producer (� 25% of total world production) and
the largest exporter (� 40% of the total world
exports) of field pea in the world. Pea starch and
pea protein are the two main products from wet pro-
cess in the pea industry. Because of a variety of
applications, the market value for pea starch is rela-
tively low and is affected by the market demand
and supply from other sources. In this study, pea
starch was used as a raw material to prepare PS ma-
trix. The mixed acid treated MWCNTs were used as
fillers to reinforce the PS matrix due to hydrogen
bonding between the functionalized MWCNTs and
PS matrix, the interfacial adhesion and mechanical
performance of the composite are likely to be
improved. A series of nanocomposite films of PS/
MWCNTs with MWCNTs content ranged from 0.1
to 3.0 wt % were prepared by solution casting. The
effects of MWCNTs content on the structure and
properties of the nanocomposites were investigated
by scanning electron microscopy (SEM), wide-angle
X-ray diffraction (WAXD), differential scanning calo-
rimetry (DSC), and testings of mechanical properties
and water absorption.

EXPERIMENTAL

Materials

Field pea starch, with average granule size of about
29 lm and composed of 35% amylose and 65% am-
ylopectin, was supplied by Nutri-Pea Limited Can-
ada (Portage la Prairie, Canada). The plasticizer,
glycerol (99% purity), was bought from Sigma–
Aldrich Canada Ltd. (Oakville, Canada) and used
as received. MWCNTs were also purchased from
Sigma–Aldrich Canada Ltd. The MWCNTs were
further functionalized as follows: 10 g of MWCNTs

were added to a 200 mL mixture of concentrated
sulfuric acid (98%) and nitric acid (60%) with vol-
ume 3 : 1. The mixture was ultrasonicated for 1 h,
and then refluxed at 1358C for 2 h.41,42 Subse-
quently, the resulting mixture was centrifuged and
separated, and washed repeatedly with de-ionized
water to neutrality. Then the solid was dried in vac-
uum at 608C for 3 days, affording acid-treated
MWCNTs of 6.94 g.

Preparation of the PS/MWCNTs
nanocomposites films

The fabrication of PS/MWCNTs films was based on
a convenient solution process. MWCNTs were dis-
persed in de-ionized water first and were homoge-
nized in an ultrasonic bath for 30 min. Starch and
glycerol were mixed and dispersed in distilled
water. The mixture contained 6.4 wt % pea starch,
3.6 wt % glycerol, and 90.0 wt % water, respectively.
Then it was charged into a round bottom flask
equipped with stirrer and heated at 1008C for 20
min to be gelatinized. Subsequently, the desired
weight of MWCNTs aqueous suspension was added
and stirred for another 30 min. After degassing
under vacuum and in an ultrasonic bath, the mixture
was cast in a polystyrene Petri dish and dried in a
ventilated oven at 508C. By changing the concentra-
tion of MWCNTs to 0.1, 0.2, 0.5, 0.8, 1.0, 2.0, and 3.0
wt %, respectively, a series of PS/MWCNTs nano-
composite films with a thickness of around 0.3 mm
were prepared and coded as PS-0.1, PS-0.2, PS-0.5,
PS-0.8, PS-1.0, PS-2.0, and PS-3.0, in which the
MWCNTs content was expressed on water-free PS
matrix. As a control, a PS film without MWCNTs
was obtained using the same fabrication process.
Before various characterizations, the resulting films
were kept in a conditioning desiccator of 43% rela-
tive humidity (RH) for more than one week at room
temperature to ensure the equilibration of the water
in the films.

Characterizations

The morphology of original and acid-treated
MWCNTs was observed by a field emission scan-
ning electron microscope (FESEM, JSM-6700F, Tokyo,
Japan) at an acceleration voltage of 5 kV. And the
fracture surfaces of the starch/MWCNTs composites
were observed by a SEM (S-570, Hitachi, Ibaraki,
Japan). The failure surfaces of the films after tensile
testing were coated with gold and observed at 20 kV
as accelerating voltage.

Wide-angle X-ray diffraction patterns were
recorded on an X-ray diffraction instrument (XRD-
6000, Shimadzu, Tokyo, Japan), using Cu Ka radia-
tion (k 5 0.154 nm) at 40 kV and 30 mA with a scan
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rate of 48/min. The diffraction angle ranged from 4
to 408.

Differential scanning calorimetry (DSC) measure-
ment of the films was carried out on a DSC200 PC
apparatus (Netzsch Co., Selb, Germany) with cooling
system using liquid nitrogen. Conditioned samples
were placed in hermetic cells and two individual
measurements were carried out to ensure the reli-
ability. Each sample was heated from 2100 to 2508C
at a heating rate of 108C/min. In this case, the glass
transition temperature (Tg) was taken as the inflec-
tion point of the specific heat increment at the glass–
rubber transition, and the melting temperature (Tm)
was taken as the peak temperature of the melting
endotherm. The heat of fusion (DHm), calculated
from the areas of the melting endotherm, was the ra-
tio of the apparent enthalpy and of the weight frac-
tion of the PS in the blends.

The mechanical properties of the films were meas-
ured on a universal testing machine (CMT 6503,
Shenzhen SANS Test Machine Co., Shenzhen, China)
at room temperature with gauge length of 5 cm and
crosshead speed of 5 mm/min. An average value of
five replicates for each sample was taken.

The moisture content of the PS/MWCNTs films
was determined. The samples used were thin rectan-
gular strips with dimension of 50 mm 3 10 mm
3 0.3 mm. They were vacuum-dried at 808C over-
night and then kept at 0% RH (P2O5) for one week.
After weighting, they were conditioned at room tem-
perature in a desiccator of 98% RH (CuSO4�5H2O
saturated solution). The water uptake (WU) of the
samples was calculated as follows:

WU ð%Þ ¼ W1 �W0

W0
� 100 (1)

where W0 and W1 were the weights of the sample
before exposure to 98% RH and equilibrium weight,
respectively. An average value of three replicates for
each sample was taken.

RESULTS AND DISCUSSIONS

Morphology of the PS/MWCNTs nanocomposites

Figure 1 shows the SEM images of the original and
acid-treated MWCNTs. The MWCNTs tangled together
but can be identified. The diameter of the MWCNTs
evaluated from SEM images was in the range of several
nanometers to about 25 nm. No obvious differences in
appearance and size between the original and acid-
treated MWCNTs were observed.

Figure 2 shows the SEM images of the fracture sur-
faces for PS and PS/MWCNTs nanocomposite films
after tensile testing. Some small cracks in the fracture
surfaces resulted from the abrupt breaking during
the tensile testing. Compared with the PS film, the
morphology of the PS/MWCNTs can be easily iden-
tified. From the SEM images at relative lower magni-
fication, no obvious large aggregates of MWCNTs
are observed in the fracture surfaces when the
MWCNTs content is lower than 1.0 wt %, suggesting
that MWCNTs dispersed in PS matrix homogenously
in this case. While at relatively higher MWCNTs con-
tents (2.0 and 3.0 wt %), some MWCNTs ends on the
failure of the PS/MWCNTs are observed clearly. It is
worth noting that, upon failure, most of the
MWCNTs were broken rather than just pulled out of
the matrix. The ends of the broken MWCNTs at
nanoscale can be obviously observed in the SEM
images of PS-2.0 and PS-3.0 at the highest magnifica-
tion in Figure 1. This phenomenon indicates a strong
interfacial adhesion between the MWCNTs and the
PS matrix. It has been proved that the acid-treatment
process incorporated kinds of polar groups with
MWCNTs, improved the hydrophilicity of MWCNTs,
and reduced agglomerations of MWCNTs.40 These
are greatly contributed to enhance the hydrogen
bonding interactions between acid-treated MWCNTs
and PS, increase the compatibility between MWCNTs
and PS, and result in an improvement of the mechan-
ical performance of the PS/MWCNTs nanocomposite
films as discussed later.

Figure 1 SEM images of the original and acid-treated MWCNTs.
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The nanocomposite materials resulting from the
casting and evaporation were studied by WAXD as
a function of the MWCNTs content and the corre-
sponding diffractograms are shown in Figure 3. For
PS film, the typical C-type crystallinity pattern with
peaks at 2y 5 5.68 (characteristic of B type poly-
morphs), 15.08 (characteristic of A type polymorphs),
17.28 (characteristic of both A and B type poly-
morphs), 20.18 and 22.58 (characteristic of B type pol-
ymorphs) was observed clearly. The crystalline
structure resulting from spontaneous recrystalliza-

tion or retrogradation of starch molecules after melt-
ing or gelatinization has often been detected in food
and in thermoplastic material.43 The incorporation of
MWCNTs did not have a significant effect on the
crystalline structure of the PS matrix. The WAXD
patterns of the PS/MWCNTs nanocomposites still
retained characteristic peaks of pea starch regardless
of the MWCNTs content. There is no evidence of
any additional peak, such as an extra peak at 2y
5 21.58 ascribed to the accumulation of plasticizers
at the interface of whiskers and starch is observed,

Figure 2 SEM images of the failure surfaces for PS and PS/MWCNTs nanocomposite films.
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which was reported by Dufresne et al.18 for glycerol
PS based nanocomposites filled with whiskers.
Therefore, it can be concluded that there is no trans-
crystallization in the MWCNTs reinforcing system.

Thermal properties

To further understand the structure and interaction
between the two components, DSC studies of the PS
and nanocomposites were performed. Figure 4
shows the DSC curves of PS matrix and nanocompo-
sites reinforced with different MWCNTs content.
Similar to the PS matrix, an endothermic peak at
about 1608C attributed to the melting of starch crys-
tallites for all nanocomposites was observed in all

curves regardless of the MWCNTs content. It dem-
onstrates that the addition of MWCNTs in the PS
matrix does not prohibit its retrogradation com-
pletely or change its crystallinity type, at least while
MWCNTs content was lower than 3 wt %, which
was in good agreement with the result from WAXD.
However, it was observed that DHm (Table I)
decreases as the MWCNTs was incorporated. Gener-
ally, the retrogradation of PS is greatly dependent
on the hydrogen bond-forming abilities of the addi-
tives with starch molecules. The stronger the hydro-
gen bond between starch and the additives, the
more difficult for starch to re-crystallize during
the storage period of PS. It demonstrates that the
MWCNTs can form relative strong hydrogen bond-
ing between PS and MWCNTs to suppress starch
retrogradation, because of the carboxylic, carbonyl,
and hydroxyl groups on acid-treated-MWCNTs.
Especially, the composites with MWCNTs less than
1 wt% have a relatively lower value of DHm, indicat-
ing the stronger interactions and better compatibility.
Furthermore, there is no occurrence of shoulder
peak on the melt endotherm of all DSC curves, indi-
cating no new crystallinity in this case. Furthermore,
there was no occurrence of shoulder peak on the
melt endotherm of all DSC curves, indicating none
of new crystallinity in this case. This is also sup-
ported by WAXD. In addition, a single ill-defined
specific heat increment was observed at low temper-
ature from all DSC curves, as shown in the insert for
PS. It corresponded to the glass–rubber transition
(Tg) of the PS matrix. The value of Tg for all the
nanocomposites is also collected in Table I. As we
know, the PS plasticized by glycerol exists as a com-
plex heterogeneous system composed of glycerol-
rich domains dispersed in a starch-rich continuous
phase,44 and each phase should exhibit its own Tg.

18

Therefore, the transition at 16.58C of PS should be
associated with glass transitions of starch-rich phase.
The Tg transition of glycerol-rich phase located in
the temperature region from 280 to 2508C, unfortu-
nately, cannot be detected because of the low sensi-
tivity of DSC. By incorporating MWCNTs fillers of
0–3 wt % into PS matrix, the Tg for starch-rich phase

Figure 3 WAXD patterns of PS and PS/MWCNTs nano-
composites.

Figure 4 DSC curves of the PS and PS/MWCNTs nano-
composite films with different MWCNTs content.

TABLE I
The DSC Data of PS and the PS/MWCNTs

Nanocomposites

Sample Tg (8C) DCp (J g
21K21) Tm (8C) DHm (J g21)

PS 16.5 0.042 160.8 17.4
PS-0.1 16.7 0.036 160.6 14.6
PS-0.2 17.2 0.039 160.9 9.5
PS-0.5 20.2 0.034 166.0 8.9
PS-0.8 19.8 0.038 158.0 12.6
PS-1.0 22.5 0.031 165.1 11.6
PS-2.0 24.1 0.045 159.7 15.9
PS-3.0 25.3 0.041 160.9 15.4
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shifts to higher temperature from 16.5 to 25.38C. The
dependence of Tg on the content of MWCNTs might
be attributed to the occurrence of intermolecular
interactions between starch and stiff MWCNTs,
which reduced the flexibility of molecular chains of
starch in contact with the MWCNTs surface.

Mechanical properties

The typical stress–strain curves of the PS and its
MWCNTs nanocomposites are shown in Figure 5.
The corresponding tensile properties are summar-
ized in Table II. The MWCNTs content has a pro-
found effect on the tensile properties. It was evident
that even the presence of a small amount of
MWCNTs would largely improve the tensile proper-
ties. The tensile strength and Young’s modulus
increased significantly from 2.85 to 4.73 MPa and
from 20.74 to 39.18 MPa with an increase of
MWCNTs content from 0 to 3.0 wt %, respectively.
It was worth noting that the increase in strength did
not come at the expense of the elongation at break,
which exists in conventional filled polymer systems.

From Table II, we can see the values of elongation at
break getting increased with an increase of
MWCNTs content in the range of 0–1.0 wt %. The
maximum value was reached at 41.99% for the sam-
ple with 1.0 wt % MWCNTs. Both the tensile
strength and Young’s modulus are 4.10 and 27.83
MPa, increased by 42 and 34%, respectively, com-
pared with those of PS. When the MWCNTs content
was higher than 1.0%, the elongation at break of PS/
MWCNTs films decreased slightly, but still was
higher than that of PS. This may be attributed to
some degree of aggregations of the MWCNTs.45

Generally, the results from tensile testing indicate
that the mechanical properties of the PS/MWCNTs
nanocomposites are better than those of neat PS.
This probably can be explained by the reinforcement
effect from the homogeneously dispersed high-per-
formance MWCNTs fillers in the PS matrix and
strong hydrogen bonding interaction between
MWCNTs and PS molecules. Therefore, the compati-
bility of MWCNTs and starch was enhanced as a
result of the homogeneous dispersion of MWCNTs
and the strong interfacial adhesion between
MWCNTs and starch, which improved the mechani-
cal properties of the composites.

Water absorption

As one of the major drawbacks in the use of starch
systems is their water absorption tendency, any
improvement in water resistance is highly important.
The water uptake at equilibrium of the PS and PS/
MWCNTs films with different MWCNTs content at
a relative humidity of 98% are plotted in Figure 6. It
was observed that the unfilled PS absorbed around

Figure 5 Stress–strain curves of PS and PS/MWCNTs
nanocomposite films with different MWCNTs content.

TABLE II
Mechanical Properties of the PS and PS/MWCNTs

Nanocomposite Films Obtained from Tensile Testing

Samples rb (MPa) eb (%) E (MPa)

PS 2.85 6 0.32 29.69 6 3.21 20.74 6 1.23
PS-0.1 3.04 6 0.21 29.70 6 2.01 24.20 6 2.36
PS-0.2 3.17 6 0.19 33.18 6 3.02 24.54 6 1.56
PS-0.5 3.54 6 0.25 37.22 6 2.36 24.81 6 2.30
PS-0.8 3.72 6 0.34 36.93 6 3.81 26.58 6 1.89
PS-1.0 4.10 6 0.37 41.99 6 2.10 27.83 6 2.01
PS-2.0 4.29 6 0.30 38.29 6 3.12 31.51 6 2.56
PS-3.0 4.73 6 0.14 32.03 6 1.20 39.18 6 1.43

rb, tensile strength; E, Young’s modulus; eb, elongation
at break.

Figure 6 Water uptake at equilibrium of the PS and PS/
MWCNTs films conditioned at 98% RH as a function of
MWCNTs content.
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65 wt % of water. The water uptake at equilibrium
decreased as the MWCNTs content increased, and it
was only about 56 wt % for the PS-3.0. Therefore,
the swelling of the PS matrix reduced in the pres-
ence of MWCNTs in the nanocomposites. This phe-
nomenon can be ascribed to the presence of strong
hydrogen bonding interactions between MWCNTs
and starch matrix. The hydrogen bonding interac-
tions in the nanocomposites tended to suppress the
swelling of the starch matrix when submitted to
highly moist atmospheres. Meanwhile, the relatively
low water sensitivity of MWCNTs and low glycerol
content to whole material might also be responsible
for the reduction of the water uptake at equilibrium.

CONCLUSIONS

Nanocomposites were prepared from glycerol plasti-
cized pea starch as the matrix and acid-treated
MWCNTs as reinforcing fillers. The SEM micrograph
showed a very good dispersion of MWCNTs in the
matrix and a strong adhesion between the matrix
and MWCNTs. The values of Tg ascribed to the
starch-rich phase increased with an increase of
MWCNTs content, indicating that the MWCNTs
were compatible with PS matrix and reduced the
flexibility of starch molecular chains. Compared with
the unfilled PS, the tensile strength and Young’s
modulus of the nanocomposites increased, respec-
tively, from 2.85 to 4.73 MPa and from 20.74 to 39.18
MPa with an increase of MWCNTs content from 0 to
3.0 wt %. It is worth noting that the values of elon-
gation at break of PS/MWCNTs nanocomposites
were all higher than that of PS, and reached a maxi-
mum value as the MWCNTs content was 1.0 wt %.
The presence of MWCNTs also decreased the water
uptake at moisture equilibrium of the nanocompo-
sites. The improvement of the properties of the PS/
MWCNTs may be ascribed to the strong hydrogen
bonding between MWCNTs fillers and PS matrix.
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