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ABSTRACT: Multi-walled carbon nanotubes (MWCNTs)
filled polypropylene (PP) composites were prepared by a
corotating intermeshing twin screw extruder. To improve
the dispersion of MWCNTs, the surface of MWCNT was
modified with 1,10-diaminodecane, and maleic anhydride
grafted polypropylene (MA-g-PP) was used as a compatibil-
izer. Micrographs of well dispersed functionalized
MWCNTs (diamine-MWCNT) were observed due to the
reaction between MA-g-PP and diamine-MWCNT in PP/
MA-g-PP/diamine-MWCNTs composites. The different

behaviors in crystallization andmelting temperatures of PP/
MA-g-PP/diamine-MWCNTs composite were observed
compared to PP and PP/neat-MWCNT. Especially, the
decomposition temperature of the composite was increased
by 50�C compared to PP. PP/MA-g-PP/diamine-MWCNTs
composite showed the highest complex viscosity. VVC 2008
Wiley Periodicals, Inc. J Appl Polym Sci 111: 1028–1033, 2009
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INTRODUCTION

Carbon nanotubes (CNTs) have been used as
extremely strong nano-reinforcements for compo-
sites, which possess extraordinarily high strength
with low weight and moderate electrostatic dis-
charge properties.1 However, the application of
CNTs for composites has been largely hampered by
their poor dispersion in polymer resin and weak
interfacial bonding with polymer matrix.2 To achieve
optimal enhancement in the properties of CNT/
polymer composites, chemical modification of the
CNT surface has been used. Recently, the influence
of the functionalized CNTs on the properties of
poly(methyl methacrylate) (PMMA),3 epoxy,4 poly-
amide 6,5 polyimide,6 and poly(ethylene terephtha-
late)7–9 was studied. These results indicated that
functionalization led to good dispersion in polymer
matrix and showed improved mechanical properties
due to the improved interaction between the func-
tionalized nanotubes and the polymer matrix.

Among the most versatile polymer matrices, poly-
propylene (PP) is a thermoplastic having a higher
consumption because of their well-balanced physical
and mechanical properties and their easy process-
ability at a relatively low cost. Recently, the study of
PP/CNT composites demonstrated the results of
crystallization,10–12 electrical resistivity,11,13 thermal,
and flammability,14 mechanical properties15 and
morphology.16–18 In their works, the crystallization
rate of the composites increased with the addition of
CNTs. The electrical percolation threshold was
obtained at 2 wt % of CNT. The morphology indi-
cated that the dispersion of CNTs in the PP matrix
was not very perfect even at the low content of 0.5
wt %. At high CNT content of 5 or 10 wt %, it was
found that approximately micrometer diameter clus-
ters of CNTs appeared in localized areas.
In this study, we prepared the surface modified

multi-walled carbon nanotube (diamine-MWCNT) to
improve the dispersion of MWCNTs in the PP ma-
trix. Also, to improve the interfacial interaction
between the surface modified multi-walled carbon
nanotube and PP, maleic anhydride grafted polypro-
pylene (MA-g-PP) was used as a compatibilizer in
PP/diamine-MWCNT composites. The amount of
MA-g-PP and MWCNTs used for the composites
was 10 and 2 wt % based on the PP, respectively.
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EXPERIMENTAL

Materials

Multi-walled carbon nanotubes (MWCNTs) used in
this work were manufactured by chemical vapor
deposition (CVD) process and supplied from Iljin
Nanotech (Inchon, Korea). Nitric acid and sulfuric
acid were obtained from Junsei (Tokyo, Japan). N,N-
dimethyl formamide (DMF) and 1,10-diaminodecane
were obtained from Aldrich (Yongin, Korea) to pre-
pare surface modified-MWCNT. Polypropylene (PP)
and maleic anhydride grafted polypropylene (MA-g-
PP) were supplied from Hyosung (Ulsan, Korea)
and Honam Petrochem (Oaejeon, Korea), respec-
tively. Maleic anhydride (MAH) content in MA-g-PP
was 10 wt %.

Preparation of surface modified-MWCNT

Neat-MWCNTs were mixed with sulfuric and nitric
acids for 5 min, and then sonicated for dispersion for
1 h. The mixture was refluxed for 12 h at 110�C. Acid-
MWCNTs were obtained by washing and filtering the
mixture with distilled water and then drying in a
freeze drier. The acid-MWCNT solution was mixed
again with 1,10-diaminodecane (DA10) at 100�C
for 48 h. The mixture was reacted vigorously after 5–
10 min. The unreacted DA10 was removed from the
reaction mixture with distilled water. The solution
obtained was quenched at �84�C for 6 h, and then
dried in a freeze drier for 5 days. The product
obtained was diamine-MWCNTs. The schematic of
the reaction procedure is shown in Figure 1.

Preparation of the nanocomposites

Prior to melt processing, all of the compounds were
mixed by ball mill in advance. The composites were
prepared by an intermeshing corotating twin screw
extruder. During extrusion, compounding was car-
ried out using a screw rotating speed of 100 rpm
and a temperature profile of 150, 180, 200, 200, 200,
200, and 200�C from the hopper to the die for the se-
quential heating zones. After compounding, the ma-
terial was extruded from a die, which had two
cylindrical nozzles of 4-mm diameter, to produce cy-
lindrical extrudates. These were immersed immedi-
ately in a water bath (20�C) and pelletized with an
adjustable rotating knife into 5-mm pellets.

Measurements

The infrared spectra of neat-MWCNT, acid-
MWCNT, and diamine-MWCNT were recorded
using a Fourier transform infrared spectrometer
(FTIR-300E, Jasco).

The thermal behavior of the PP/MWCNT compo-
sites was characterized using a DuPont 910 differen-

tial scanning calorimetry (DSC). The melting and
crystallization temperatures were determined at
heating and cooling rates of 20�C min�1. The ther-
mal stability of the samples was measured by ther-
mogravimetric analysis (TGA) using a TA
Instruments 2950 thermogravimetric analyzer. Mass
loss was traced as samples were heated at a rate of
10�C min�1 from room temperature to 700�C under
nitrogen.
Dynamic rheological measurements were per-

formed using a rotational rheometer (PHYSICA
Rheo-Lab MC120). The measurements were carried
out in an oscillatory shear mode using the parallel
plate geometry. Prior to any measurement, all sam-
ples were allowed to relax at the measuring temper-
ature for 2 min and then sheared at a low shear rate
(0.01 s�1) for 3 min under a nitrogen atmosphere.
Frequency sweeps were performed from 0.1�100
rad s�1. A strain sweep was carried out to determine
the strain limit for linear viscoelastic responses. A
strain of 5% was applied during the measurement,
which was below the limit for linear viscoelastic
responses.
Morphology of the composites was examined by

scanning electron microscopy (SEM, S-4300, Hitachi).

RESULTS AND DISCUSSION

Fourier transform infrared spectroscopy

FTIR was employed to characterize chemically
modified carbon nanotubes. The FTIR spectra of
neat-MWCNT, acid-MWCNT, and diamine-
MWCNT are shown in Figure 2. The peaks at 1721
and 1176 cm�1 are in correspondence with C¼¼O
and CAO stretching, respectively, indicating the ex-
istence of carboxyl groups in acid-MWCNTs. In the
diamine-MWCNT spectrum, the peak at 1721 cm�1

(C¼¼O stretching) are observed, however, that at
1176 cm�1 (CAO stretching) no longer exists. This
is in accordance with the schematic of the end
product after the reaction with DA10 shown in Fig-
ure 1. Diamine functionalization is further evi-
denced by the characteristic peaks that represent

Figure 1 Schematic representation of the formation of
acid-MWCNTs and diamine-MWCNTs.
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ACH2A stretching (2853�2926 cm�1) and NAH
bending (1550�1640 cm�1).

To confirm the reaction between MA-g-PP and
diamine-MWCNT during melt mixing, FTIR spectra
of MA-g-PP, diamine-MWCNT and MA-g-PP/
diamine-MWCNT composite were measured and are
shown in Figure 3 in the range 2000–1500 cm�1. In
MA-g-PP spectrum, the peaks at 1863 cm�1 (C¼¼O
asymmetric stretching) and at 1780 and 1715 cm�1

(C¼¼O symmetric stretching) are observed. In MA-g-
PP/diamine-MWCNT composite, NAH bending
(1550�1640 cm�1) in diamine-MWCNT disappeared.
It indicates that the reaction between MA-g-PP and
diamine-MWCNT occurred during melt mixing.

The morphology of PP/MWCNTs composites

Figure 4 shows the field-emission scanning electron
micrographs of the PP/neat-MWCNT, PP/MA-g-
PP/neat-MWCNT, PP/diamine-MWCNT, and PP/
MA-g-PP/diamine-MWCNT composites. For PP/
neat-MWCNT composite, it is clear from the micro-
graph that the dispersion of neat-MWCNT in the PP
matrix is not perfect [Fig. 4(a,b)]. In some areas the
concentration of neat-MWCNTs is high, but none of
neat-MWCNTs can be found in other areas. Approx-
imately micrometer diameter clusters of neat-
MWCNTs appear in some areas, where the nano-
tubes are entangled together. This can be ascribed to
the strong intermolecular van der Waals interactions
among nanotubes. Addition of MA-g-PP to PP/neat-
MWCNTs composite shows slightly different mor-
phology [Fig. 4(c,d)]. In contrast to PP/neat-
MWCNT composite, no micrometer clusters are
observed, but neat-MWCNTs are agglomerated in
some areas, which may be MA-g-PP matrix. Individ-

ual nanotubes are not distinguished in PP/neat-
MWCNTs composite, but in PP/MA-g-PP/neat-
MWCNTs composite, those are clearly seen due to
the MA-g-PP. For PP/diamine-MWCNTs composite,
there are still some areas where none of diamine-
MWCNTs can be found, but the diamine-MWCNTs,
which have been obtained from the reaction between
acid-MWNTs and DA10, is characterized by a lower
degree of aggregation as compared to neat-
MWCNTs [Fig. 4(e)]. The lower degree of aggrega-
tion in functionalized MWCNTs is attributed not
only to the functional groups, such as carboxyl and
diamine, but also to their shorter lengths. The effect
of MA-g-PP for the dispersion of nanotubes in the
PP matrix is quite clear in PP/MA-g-PP/diamine-
MWCNTs composite [Fig. 4(f)]. Well-dispersed
micrograph of diamine-MWCNT is observed due to
the strong interfacial interaction between MA-g-PP
and functionalized MWCNTs although there are still
some areas where diamine-MWCNTs are not found.
Pires et al.19 corroborated the imide linkage between
the amino end groups of polyamide-6 and the car-
boxylic groups of MA-g-PP which resulted in the
formation of the interfacial layer.

Thermal properties of PP/MWCNTs composites

Figure 5 shows the DSC curves of PP, MA-g-PP, and
PP/MWCNT composites. Polypropylene crystallized
at 116�C, while crystallization in PP/MA-g-PP blend
occurred at 114�C. The crystallization peak tempera-
tures of the composites show the positive effect of
nanotubes on the crystallization rate of PP regardless
of neat-MWCNT or diamine-MWCNT. It suggests
that nanotubes act as nucleating sites for PP crystal-
lization. It can be also explained with the crystallite
size. Zhang et al.18 reported that the spherulite size

Figure 3 FTIR spectra of MA-g-PP, diamine-MWCNTs
and MA-g-PP/diamine-MWCNT composite. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 2 FTIR spectra of neat-MWCNTs, acid-MWCNTs
and diamine-MWCNTs. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]
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in PP/MWCNT composites was much smaller than
in PP, resulting in the increase in crystallization rate.
However, the crystallization peak temperature of
PP/MA-g-PP/diamine-MWCNT composite is low
compared to the other composites. The low cry-
stallization temperature of PP/MA-g-PP/diamine-
MWCNT composite may arise from large spherulite
size resulting from the reaction between amino end
groups of diamine-MWCNT and carboxylic groups
of MA-g-PP. It can be shown in melting peak tem-
perature of PP/MA-g-PP/diamine-MWCNT com-
posite [Fig. 5(b)]. Polypropylene melts at 165�C,
while melting in PP/MA-g-PP blend occurred at
163�C. The melting temperatures of PP/MWCNT

composites correspond to PP except for PP/diamine-
MWCNT composite of which the melting tempera-
ture is slightly higher than that of PP.
Figure 6 shows the TGA curves of PP, MA-g-PP,

and PP/MWCNT composites. The decomposition
temperatures were measured at 5 wt % of weight
loss. The decomposition temperature of PP appears
at 335�C, and that of the composites is significantly
increased by 30�50�C. The results indicate that the
addition of nanotubes significantly enhanced the
thermal stability of PP. The increased decomposition
temperature of the composites can be explained by
physical–chemical adsorption of the decomposed
products. Yang et al.17 suggested that the increase in

Figure 4 SEM micrographs of PP/neat-MWCNT (a,b), PP/MA-g-PP/neat-MWCNT (c,d), PP/diamine-MWCNT (e), and
PP/MA-g-PP/diamine-MWCNT (f).
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decomposition temperature of PP/MWCNT compos-
ite was mainly attributed to the strong physical
adsorption of PP molecules on the nanotube surfa-
ces. The adsorpted molecules are much less active
than those far from the nanotube surface, and thus
volatilization is delayed. The increase in decomposi-

tion temperature for the composites except for
PP/MA-g-PP/diamine-MWCNT composite can be
explained by physical adsorption. However, the
decomposition temperature of PP/MA-g-PP/dia-
mine-MWCNT composite is highest among the com-
posites. The largest increase of the composite cannot
be explained by only physical adsorption since
chemical modification was made to nanotubes and
MA-g-PP was used as a compatibilizer. So the signif-
icant increase in thermal stability of PP/MA-g-PP/
diamine-MWCNT composite is attributed to chemi-
cal adsorption of MA-g-PP on the diamine-MWCNT
surfaces as well as physical adsorption. The melting,
crystallization peak temperatures, and decomposi-
tion temperatures of PP, MA-g-PP and PP/MWCNT
composites are listed in Table I.

Rheological properties of PP/MWCNTs composites

Figure 7 shows the frequency dependence of com-
plex viscosity of PP, MA-g-PP, PP/MA-g-PP, and
PP/MWCNTs composites. The complex viscosities
were measured at 190�C. It is clearly seen that the

Figure 5 The DSC curves of PP, MA-g-PP, PP/MA-g-PP
and its composites with neat-MWCNT and diamine-
MWCNT; (a) cooling scans, (b) heating scans. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 6 TGA overlay for PP, MA-g-PP, PP/MA-g-PP
and its composites with neat-MWCNT and diamine-
MWCNT. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

TABLE I
Thermal Properties of PP, MA-g-PP, and

PP/MWCNT Composites

Samples Tm (�C)a Tc (
�C)a Td (

�C)b

PP 165 116 335
MA-g-PP 150 110 357
PP/MA-g-PP 163 114 340
PP/neat-MWCNT 165 125 366
PP/diamine-MWCNT 165 124 369
PP/MA-g-PP/neat-MWCNT 165 124 373
PP/MA-g-PP/diamine-MWCNT 167 122 383

a Peak temperatures of melting and crystallization.
b Values at measured 5 wt % of weight loss.

Figure 7 Complex viscosities of PP, MA-g-PP, PP/MA-g-
PP, and its composites with neat-MWCNT and diamine-
MWCNT.
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addition of nanotubes to PP leads to an increase in
complex viscosity. However, the magnitudes of vis-
cosity enhancement are quite different. The PP
showed Newtonian behavior in the experimental fre-
quency ranges, as evidenced by nearly constant vis-
cosity, and the viscosity of the composites increased
in the order of neat-MWCNT, MA-g-PP/neat-
MWCNT, diamine-MWCNT, and MA-g-PP/
diamine-MWCNT composites as shown in Figure 7.
The viscosity of composites deviates from Newto-
nian behavior and exhibits a very strong shear thin-
ning effect. The viscosity value of PP/diamine-
MWCNT composite is higher than that of PP/neat-
MWCNT composite. It indicates that the dispersion
of diamine-MWCNT in PP matrix is better than that
of neat-MWCNT, effectively preventing PP from
flowing. It is interesting to see the viscosity of the
composites containing MA-g-PP. MA-g-PP has the
lowest viscosity value in this study. If there is no
interaction between MA-g-PP and neat-MWCNT, the
viscosity value of the PP/MA-g-PP/neat-MWCNT
composite should be decreased compared to PP/
neat-MWCNT composite. However, there is no dif-
ference in viscosity between two composites. It sug-
gests that MA-g-PP is more compatible with neat-
MWCNT than PP, which has been confirmed by the
morphology [Fig. 4(a–c)]. The effect of MA-g-PP is
clearly seen in PP/MA-g-PP/diamine-MWCNT com-
posite, which has the highest viscosity value. The
reaction between amide end groups in diamine-
MWCNTs and carboxylic groups in MA-g-PP was
confirmed to make new copolymer at the interface.17

It suggests that the increase in viscosity of the com-
posite arises from the reaction. Our previous paper8

demonstrated that the increase in the viscosity of
PET/functionalized MWCNT composite resulted
from the partial crosslinking between PET and func-
tionalized MWCNT. Similarly, the reaction between
MA-g-PP and diamine-MWCNTs may be partial
crosslinking.

CONCLUSIONS

Polypropylene (PP)/multi-walled carbon nanotube
(MWCNT) composites were prepared by industry-
scale extrusion. To improve the dispersion of
MWCNTs, the surface of MWCNT was modified
with 1,10-diaminodecane and maleic anhydride

grafted polypropylene (MA-g-PP) was used as a
compatibilizer. Approximately micrometer diameter
clusters of neat-MWCNTs appeared in partial areas
and neat-MWCNTs were entangled together
whereas functionalized MWCNTs were relatively
disentangled in the PP matrix. PP/MA-g-PP/
diamine-MWCNT composite showed a fine disper-
sion of diamine-MWCNT due to the strong interfa-
cial interaction between MA-g-PP and functionalized
MWCNTs. The compatibilizing effect of MA-g-PP
was well seen in thermal stability and complex vis-
cosity of the composite, in which the highest thermal
decomposition temperature and complex viscosity
were observed.
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