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ABSTRACT: By means of in situ graft method, polypro-
pylene (PP)-wrapped carbon nanotubes (CNTs) composite
were prepared. Infrared spectroscopy (IR) results showed
that there was covalent linkage between PP and CNTs via
maleic anhydride (MAH) grafting. Owing to the uniform
dispersion of CNTs and covalent adhesion between PP
and CNTs, the tensile strength of PP-wrapped CNTs com-
posite was higher than that for neat PP by 110%, and a
74% increase as compared to the CNTs/PP (with the same
CNTs content) composite. The further test showed a
strong mechanical behavior with up to 113% increase in

Young’s modulus of the neat PP. Based on the uniform
dispersion of CNTs, the electrical conductivity of PP-
wrapped CNTs composite increased sharply by up to seven
orders of magnitude with 4 wt % CNT fillers. As a result,
the volume resistivity was decreased with increase in the
CNT content that could be governed in a percolation-like
power law with a relatively low percolation threshold. VVC 2009
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INTRODUCTION

Because of the unique structural, mechanical, and
electronic properties (metallic conductivity, chemical
and thermal stability, extremely high elasticity, ten-
sile strength, etc.) of carbon nanotubes (abbreviated
as CNTs hereafter), many researchers have been try-
ing to expand the utility of CNTs, especially to de-
velop CNT-reinforced composites. Polymer
composites reinforced with CNTs1–16 are considered
to have many engineering potentials, ranging from
battery electrodes and electronic devices to much
stronger composites. However, because of the atomi-
cally smooth surface of CNT, lack of interfacial
bonding limits load transfer from the matrix to the
CNT. Furthermore, with intrinsic van der Waals
forces, nanotubes are typically held together as bun-
dles and have very low solubility in most solvents.
When mixed into polymer, nanotubes tend to exist
as entangled agglomerates, and homogeneous dis-

persions are not easily obtained. Therefore, the
strong interfacial bonding between nanotubes and
polymer and the homogenous dispersion of CNTs in
the polymer are necessary conditions to take full
advantage of the extraordinary properties of CNTs
for reinforcement of composites.
To gain polymer/CNTs composites with perfect

performance, several approaches have been carried
out. Polymer wrapped CNTs is an effective method.
Curran17 prepared poly (m-phenylenevinylene-co-2,
5-dioctoxy-p-phenylenevinylene) (PmPV) wrapped
CNTs composites in which the dispersion of the
nanotubes was quite uniform, PmPV and CNTs had
excellent interfacial wetting. The incorporation of
CNTs made the composites a dramatic increase in
conductivity by a factor of 108 for lower concentra-
tion of CNTs. O’Connell18 prepared polyvinyl pyrro-
lidone (PVP) wrapped CNTs composites and
polystyrene sulfonate (PSS) wrapped CNTs compo-
sites, wherein the polymer disrupted the hydropho-
bic interface with water and the smooth tube–tube
interactions in aggregates. These solubilization com-
posites open the door to the biological system for
CNTs. Tang19 prepared polyphenylacetylenes (PPAs)
wrapped CNTs composites which are soluble in
common organic solvents. The nanotubes dramati-
cally stabilize the PPA chains against the harsh laser
irradiation. The NT/PPAs found an array of poten-
tial applications in optics-related, especially laser-
based, technologies.
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Polypropylene (PP) is widely used in many indus-
trial applications because of its low cost and easy
processing. CNT-reinforced PP systems hold the
promise of delivering superior composite materials
with high strength, light weight, and multifunctional
features. Several studies are now being conducted
on CNT-reinforced PP composite.9,10 However, PP-
wrapped CNTs composite have never been fabri-
cated up to now. On one hand, PP, unlike PPAs or
PSS in the examples, does not dissolve in water or
organic solvent. On the other hand, it is well known
that PP, as a consequence of its nonpolarity and
crystallizability, exhibits very poor compatibility and
adhesion toward other materials such as polymers,
metals, and inorganic fillers. In this work, we devel-
oped a novel fabrication process for PP-wrapped
CNT composites. In the preparation process of PP-
wrapped CNTs, two steps have been taken. First,
the maleic anhydride (MAH) was pretreated with
CNTs which has been treated by sodium hydroxide
(NaOH). In this step, the anhydride functions on
MAH reacted with the hydroxyl group on the CNTs
to form an ester group. Second, the MAH in CNTs-
MAH was grafted onto PP upon the addition of ben-
zoyl peroxide (BPO) when the CNTs-MAH was
mixed with the molten PP.20 The MAH acts as
‘‘bridge’’ function to bond both PP and CNTs by
chemical reaction. This strong interfacial bonding
between PP and CNTs by MAH grafting is beneficial
for load-transfer processes between nanotubes and
matrix.

EXPERIMENTAL

CNTs in this study were fabricated by the chemical
vapor deposition process in a furnace with a Ni-cat-
alyst, where acetylene was used as a carbon source
at temperature 700�C. The crude CNTs were stirred
in 3 mol/L nitric acid and refluxed for 24 h at 60�C,
and then suspended in 5 mol/L HCl solution for 6 h
at 120�C. Subsequently the products were washed
with distilled water many times until the pH value
of the CNT solution reached 7, and then dried at
120�C.

A typical synthesis routine of CNTs-OH is as fol-
lows: 100 mL absolute alcohol solution containing
purified CNTs (0.1 g) was sonicated at room temper-
ature for about 2 h to disperse the CNTs. A 100 mL
absolute alcohol solution containing NaOH (0.4 g)

was slowly added dropwise into the above CNT sus-
pension solution with constant sonication at a reac-
tion temperature of 80�C. The reaction mixture was
sonicated for an additional 2 h at 80�C, after which
the CNT solution was filtered and rinsed with abso-
lute alcohol until the pH value of the CNT solution
reached 7, and then dried at 60�C. The obtained
black powder was collected as CNTs-OH.
CNTs-MAH was fabricated by an ultrasonic solu-

tion process. Typically, to a 200 mL round-bottom
flask, CNTs-OH were dissolved in 80 mL ethyl ace-
tate and sonicated. In another flask, 40 mL ethyl ace-
tate, MAH were added and sonicated for 30min. The
MAH solution was added to the CNTs suspension
dropwise under sonication. The mixture was then
sonicated for another 3 h. The accelerating agent,
perchloric acid, was added to the mixture. The
resulting dispersion was decanted into a glass dish
and allowed to stand at room temperature for 2
days. The products were further vacuum-dried at
60�C for 2 days to remove the residual solvents.
For the fabrication of PP-wrapped CNTs compos-

ite, we developed the following procedure. First, iso-
tactic PP was dissolved in xylene at 135�C using an
oil bath. The CNTs-MAH was dispersed in xylene
and sonicated for 30 min. Second, both PP solution
and CNTs-MAH suspension were mixed while stir-
ring at 180 rpm. After 30 min, BPO was added into
the mixture. The mixture including BPO was stirred
for another 3 h at a temperature of 135�C. Finally,
the mixture was cooled to 70�C and then was
washed by acetone several times. The residual was
dried for 24 h in a vacuum oven at 70�C. The
obtained dried residual was PP-wrapped CNTs com-
posite (abbreviated as CNTs-MAH-PP hereafter). All
experiments were accomplished under nitrogen
atmosphere. For comparison, CNTs/PP21 composite
(with same CNTs content) was prepared via melt
mixing of CNTs with PP at 135�C.
The PP-wrapped CNTs composite were pressed

by using a hot press at 215�C, 3 MPa into film of
dumbbell plates about 2 mm in the thickness as
shown in Figure 1. So was done for the CNTs/PP
composite.
Infrared spectroscopy (IR) spectra of CNTs-OH,

CNTs-MAH, PP, and PP-wrapped CNT composite
in KBr pellets were performed on a 300E JASCO
Fourier transform infrared spectrometer. The spectra
were collected from 4000 cm�1 to 600 cm�1, with a 4
cm�1 resolution over 20 scans. Thermogravimetric
measurements (TGA) were performed on a TA
Instrument NETZSCH STA 449C at a heating rate of
10�C/min from 50�C to 600�C under nitrogen atmos-
phere. Morphology of CNTs and PP-wrapped CNTs
composite were characterized using a JSM-6700F
scanning electron microscopy (SEM), H-800 trans-
mission electron microscope (TEM), and JEM-3010

Figure 1 The pattern of CNTs-MAH-PP composite for
testing.
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high-resolution transmission electron microscope
(HRTEM). An Instron model WDW-100 was used to
perform the tensile tests on the composites, follow-
ing the mounting specification indicated by GB1040-
79standard. The crosshead speed used was 10 mm/
min. The electrical testing was performed on a ZC36
ultra-high resistance tester.

RESULTS AND DISCUSSION

SEM and TEM are excellent techniques for investi-
gating the morphology of composite. The distribu-
tion morphology of CNT in the sample is observed
for PP-wrapped CNTs (CNTs-MAH-PP) composite
and CNTs/PP, respectively (see Fig. 2). As Figure
2(a) shows, CNT is dispersed uniformly in the
CNTs-MAH-PP composite, and there is no obvious
aggregation of CNT in this sample. Furthermore, the

cylindrical CNT structure is embedded in the PP

matrix. The diameter of tubes on the composite is

about 60–80 nm, which is much thick than that of

pristine CNT. As a comparison, such uniform dis-

persion and wrapped structure are not found for the

CNTs/PP composite in Figure 2(b). It is very differ-

ent from that of CNTs-MAH-PP, and CNTs exist as

entangled agglomerates. Therefore, it is useful to

treat CNTs with MAH prior to compound with PP

for improving the compatible of CNTs with PP. The

properties of CNTs-MAH-PP will benefit from the

easily accomplished homogeneous dispersion of

CNTs in the composite.
Figure 3 shows TEM and HRTEM morphology of

the CNTs-MAH-PP composite. Apparently, PP could
form a dense covering layer around the outer wall
of CNT and CNTs are wrapped by thin PP layer as

Figure 2 SEM images of CNTs-MAH-PP composite and CNTs/PP composite.

Figure 3 TEM images of CNTs-MAH-PP composite.
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shown in Figure 3. By comparison with the diameter
of the pristine nanotube (20–30 nm, not shown), the
layer thickness is estimated to be 30–40 nm. These
images reinforce the idea that there is a wrapping of
the nanotubes by the surrounding polymer, which
would lead to better nanotube–matrix interface and
enhanced mechanical properties as a consequence of
increased load transfer between the CNTs and PP.
Figure 3(c) shows a high-resolution TEM image of a
fully wrapped CNTs. It is clear that the CNTs have
been fully and uniformly wrapped.

Figure 4 shows the IR spectra of CNTs-OH, with-
out and with MAH treatment, respectively. In the
spectrum of CNTs-OH without treatment with MAH
[Fig. 4(a)], there was a strong peak at 3440 cm�1,

which is assigned to the O[SBond]H stretches of
hydroxyl group. After treatment with MAH, this
peak disappeared, and a new peak at 1713 cm�1 cor-
responding to C¼¼O appeared in the CNTs-MAH
spectrum [Fig. 4(b)]. These may be attributed to the
ester reaction of hydroxyl groups in CNTs-OH with
the anhydride functions in MAH. The MAH was
attached on the surface of CNTs via ester bond. The
attachment between CNTs and MAH was beneficial
for the adhesion of PP with CNTs.

As Figure 5 shown, PP shows many absorption
bands based on various vibrational modes in both
spectra. Peaks at 2800–3000 cm�1 region are attrib-
uted to CAH stretching vibrations. The 1455 cm�1

peak is corresponding to asymmetric bend vibration
of CH3. Another peak at 1373 cm�1 is assigned to
the bend vibration of CH3 group of PP. For PP-
wrapped CNTs [Fig. 5(b)], two new peaks at 1716
cm�1 corresponding to C¼¼O group and 1633 cm�1

corresponding to C¼¼C group were observed. The
appearance of these two new peaks may be a signa-
ture to the grafting of MAH and PP. In addition, the

characteristic peaks of PP at 1455, 1373, 1254, and 1164
cm�1 in Figure 5(a) are found to be slightly shifted to
1457, 1376, 1259, and 1166 cm�1, respectively. The high
frequency shift about 2–5 cm�1 is related to the covalent
interactions of CNTswith PP viaMAH.
We choose a typical CNTs-MAH-PP with 3 wt %

CNTs as a representative and compare its mechani-
cal and electrical properties with neat PP and
CNTs/PP (contain 3 wt % CNTs) samples. The com-
parative results of tensile strength, Young’s modu-
lus, and volume resistivity tests are illustrated in
Figures 6–10, respectively. All the reported results
are the average of three measurements.
As shown in Figure 6, the tensile strength of

CNTs-MAH-PP increased to 40 MPa, which is 110%
higher than that for neat PP, and a 74% increase as
compared to the CNTs/PP composite. For CNTs-

Figure 5 FTIR spectra of PP and CNTs-MAH-PP.Figure 4 FTIR spectra of CNTs-OH and CNTs-MAH.

Figure 6 Tensile strength of neat PP, 3 wt % CNTs/PP,
and 3 wt % CNTs-MAH-PP. [Color figure can be viewed
in the online issue, which is available at www.
interscience.wiley.com.]
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MAH-PP with 3 wt % CNTs content, the Young’s
modulus (shown in Fig. 7) shows more than 113%
improvement than neat PP. While at the same CNT
content, the Young’s modulus of CNTs/PP is also
enhanced, but just 50% improvement in comparison
to neat PP. The differences in mechanical property
of PP reinforced with CNTs or with CNTs-MAH
imply that the pretreatment of CNTs affects the abil-
ity of the spherulites to slip during tensile tests.22 In
contrast, PP reinforced with CNTs-MAH has a better
mechanical property than reinforced with pristine
CNTs. These should be attributed to the fact that
CNTs without MAH treatment appear in the com-
posite in the form of large agglomerates and cannot
provide load-bearing capacity and load-transfer
channel because of poor interfacial interaction. The
poor interfacial interaction between CNTs and PP
results in the slipping of spherulities during tensile
tests. When PP is filled with CNTs-MAH, the situa-
tion is changed. The tensile strength and Young’s
modulus of the CNTs-MAH-PP are prominently
increased owing to the improved stress transfer effi-
ciency at the interface. For CNTs-MAH-PP compos-
ite, MAH acts as a ‘‘bridge’’ between PP and CNTs
and helps to maintain a better load transfer from PP
to the reinforcing CNTs, and the slippage of spherul-
ities is effectively controlled. The significantly
improvement of mechanical property of PP achieved
indicates that the proposed covalent attachment of
the CNTs to the PP was successful.

The tensile strength of the CNTs-MAH-PP com-
posite with different CNTs content is shown in
Figure 8. The addition of CNTs significantly
increases the tensile strength. It is evident that even
at a level of 2 wt % of CNTs blended in the PP, the
tensile strength of the material can be effectively
improved. This is a nearly 110% increase in tensile

strength of the PP at low addition level. On the
other hand, the tensile strength of the CNTs-MAH-
PP retains or slightly increases with the increase in
CNT content. A decrease of the tensile strength is
observed when the CNT content reaches 7 wt %. For
high loading of nanotubes in the matrix, it becomes
more difficult to produce well-dispersed CNTs in a
composite. The CNTs tend to aggregate in bundles
(due to van der Waals forces between CNTs), and
the effective load transfer system is not easy to
obtain as a consequence of poor interfacial interac-
tion. As a conclusion, the CNT content in CNTs-
MAH-PP composite should be controlled in 2–6 wt
% to obtain the best reinforcement effect.
Figure 9 show the comparison results of volume

electric resistivity obtained from neat PP, CNTs/PP

Figure 7 Young’s modulus of neat PP, 3 wt % CNTs/PP,
and 3 wt % CNTs-MAH-PP. [Color figure can be viewed
in the online issue, which is available at www.
interscience.wiley.com.]

Figure 8 Tensile strength of CNTs-MAH-PP at different
CNT concentration.

Figure 9 Lg (volume resistivity) of neat PP, 3 wt %
CNTs/PP, and 3 wt % CNTs-MAH-PP. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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(contain 3 wt % CNTs), and CNTs-MAH-PP (contain
3 wt % CNTs). It is found that the prominent
decrease of volume resistivity is achieved with the
incorporation of CNTs, while the volume resistivity
of CNTs-MAH-PP decreases more quickly than that
of CNTs/PP.

Figure 10 shows the effect of CNT content on vol-
ume resistivity of CNT-MAH-PP composite. At very
low content of CNT, the resistivity gradually
decreases with increasing nanotube content. How-
ever, at 4 wt %, a marked reduction in resistivity is
observed. This stepwise change in resistivity is a
result of the formation of an interconnected structure
of CNTs and can be regarded as an electrical perco-
lation threshold. This simply means that at contents
between 2 and 4 wt % CNTs, a very high percentage
of electrons are permitted to flow through the speci-
men due to the creation of an interconnecting con-
ductive pathway.23,24 At contents above 2 wt %
CNT, the volume resistivity is decreased marginally
with increase in CNT content. The volume resistivity
of CNTs-MAH-PP is dramatically decreased by
seven orders of magnitude with 4 wt % CNTs com-
pared to neat PP. After that, with the increase in
CNT content, the volume resistivity decreases little
and almost retains the same magnitude. The disper-
sion of CNTs in PP became more difficult with the
increase of CNT content. More and more CNTs exist
as agglomate and did not contribute to the volume
resistivity. So the volume resistivity decreases little
with the continuous increase of CNT content.

CONCLUSIONS

In conclusion, we have fabricated CNTs-MAH-PP
composites by in situ graft method. It is apparent
that good dispersion of CNTs was obtained as dem-

onstrated by the SEM and TEM images. FTIR results
indicated that covalent connect between CNTs and
PP takes place. These strong covalent bonds benefit
from the better interfacial adhesion between these
immiscible matrix and hinder the CNTs to agglom-
erate. The tensile strength of PP-wrapped CNTs
composite was 110% higher than that for neat PP,
and a 74% increase as compared to the CNTs/PP
(with the same CNTs content) composite. A strong
mechanical behavior with up to 113% increase in
Young’s modulus of the neat PP was obtained. The
electrical conductivity of PP-wrapped CNTs compos-
ite increased sharply by up to seven orders of mag-
nitude with 4 wt % CNTs fillers because of the
uniform dispersion of CNTs in the composite. Fur-
thermore, the volume resistivity was decreased with
increase in the CNT content that could be governed
in a percolation-like power law with a relatively low
percolation threshold.
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