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ment of multi-walled carbon
nanotubes/polypropylene composites with high
filler loading via interfacial modification

Hongqing Wang, Zewen Li, Kailiang Hong, Mengna Chen, Zhen Qiao, Zhijuan Yuan
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Although carbon nanotubes (CNTs) exhibit excellent performance, they are prone to agglomeration

because of their high surface energy and large specific surface area. Moreover, CNTs are hardly

compatible with polymers due to their nonpolar properties, as manifested by the less stable interface

between these two components. This study was aimed at improving the compatibility between multi-

walled carbon nanotubes (MWNTs) and polypropylene (PP). Herein, a practical strategy for the

modification of MWNTs and the subsequent fabrication of polypropylene-grafted multi-walled carbon

nanotubes (PP-g-MWNTs) are reported. The morphology of the as-obtained PP-g-MWNTs was observed

using a scanning electron microscope (SEM), a transmission electron microscope (TEM) and a polarizing

microscope, whereas their elemental composition and bond structures were characterized by Fourier

transform infrared (FT-IR) spectroscopy, energy dispersive spectroscopy (EDS) and X-ray photoelectron

spectroscopy (XPS). X-ray diffraction (XRD) was used for crystallographic analyses. A performance

comparison between the PP-g-MWNT samples and the undecorated samples was conducted based on

the results obtained via dynamic mechanical analysis (DMA), tensile testing, differential scanning

calorimetry (DSC) and thermogravimetric analysis (TGA). Serial characterizations proved the successful

grafting of PP molecular chains onto the MWNT surfaces. Thus, the MWNTs, the filler phase, could be

included into the PP matrix covalently and thus existed as an integrated component of the composite

system. As a consequence, the specific design of PP-g-MWNTs remarkably improved both thermal and

mechanical properties of the PP composites.
1. Introduction

As a common type of engineering plastics, polypropylene (PP)
exhibits excellent physical properties, prominent mechanical
performance and facile processability.1 However, its practical
applications are signicantly restricted due to its low-
temperature brittleness; recently, studies on the modication
of PP or PP composites by lling them with rubber particles or
functionalized carbon nanotubes (CNTs) have attracted the
attention of many researchers. The addition of these llers
increases the strength and toughness of the composites.2,3

Undeniably, CNTs have continuously been a good choice for the
fabrication of polymer-based nanocomposites since 1991. CNTs
have a broad spectrum of merits, including high surface area,
low density, as well as various excellent mechanical properties,
chemical stabilities and thermal properties, because of their
unique structure.4–15 The addition of CNTs to a polymer matrix
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can result in an improvement in the physical and mechanical
properties or even some novel functions that did not exist
before.16,17 Commonly, CNTs can be divided into two categories:
single-walled CNTs (SWNTs) and multi-walled CNTs (MWNTs).
Since the former is more costly than the latter, MWNTs have
received extensive attention over the years. Numerous studies
have reported the positive impacts of MWNTs on PP/CNT
nanocomposites in terms of their mechanical performance,
electrical properties, thermal stabilities and crystallization
capacities.18–20 As a primary research direction, the inuence of
the modication of PP composites by the lling of CNTs on the
properties of the PP composites has been explored in detail by
many research groups.9,21,22 For instance, Andrews et al.23 found
a 60% decrement in the tensile strength of the PP composites
containing 12.5% (volume percentage) CNTs when compared
with the strength value of neat PP. Moreover, Liu and Gao24

highlighted that lling the PP matrix with a 3% CNTs (weight
percentage) could enhance both the tensile and the compact
strengths. Bao et al.25 reported a signicant dependence of the
tensile properties of these composites on the lling rate. By
scrutinizing closely the mechanical performance and yielding
behaviors of PP/MWNTs composites, optimal stiffness and
RSC Adv., 2019, 9, 29087–29096 | 29087
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strength could be achieved at the CNT lling rate of 0.3%
(weight percentage). Moreover, Kashiwagi et al. 26 incorporated
MWNTs as ame-retardant additives into a PP matrix and
veried the signicance of MWNTs for thermal conductivity
and stability; for blending, solution-blending, in situ polymeri-
zation27 as well as melt-mixing28 have been employed before.

Although the property improvement of PP/MWNT compos-
ites has already made a signicant progress,29–32 limitations,
such as poor compatibility between the llers and the matrix as
well as the agglomeration of MWNTs, still remain. In this
regard, approaches, including the regulation of PP molecular
weight,33 post-treatment,34 and use of a compatibilizer,35 have
been developed for improving the compatibility and enhancing
the dispersibility of these composites. However, further explo-
ration is required to better full the practical requirements.

Herein, we report a blending method of PP/MWNT
composites based on the preparation of PP-g-MWNTs. To be
specic, PP was graed with 1.00 wt% of maleic anhydride (PP-
g-MAH). Moreover, CNTs were covalently attached with hydroxyl
groups (MWNTs-OH) using KOH and further transformed into
MWNTs-NH2 by a silane coupling agent. The subsequent reac-
tion between the amino groups on MWNTs and the MAH
groups on PP resulted in the successful graing of PP chains
onto the MWNT; this afforded the target product PP-g-MWNTs.
With crystalline PP coated on the surface, MWNTs could better
distribute into the PP matrix, and their reinforcing effect was
ascertained within a loading range between 0.30 wt% and
10.00 wt%. The DSC and DMA data conrmed that the covalent
integration method enabled the PP-g-MWNTs to be an intrinsic
part of the composite system, and remarkable improvements in
the mechanical, thermal, and electrical properties of the ob-
tained composites were achieved due to the uniform distribu-
tion of MWNTs and interfacial conditions.
2. Experimental
2.1 Materials

MWNTs (diameter of 10–20 nm, purity > 95%) prepared via
chemical vapor deposition (CVD) were purchased from
Chengdu Organic Chemistry Co., Ltd. (China). PP (type T30S)
and PP-g-MAH (1 wt% MAH) were commercially available at
PetroChina Daqing Petrochemical Co. and Huangshan Beno
Technology Co., Ltd., respectively. N,N0-Dimethylformamide
(DMF), anhydrous ethanol and dimethylbenzene were produced
by Tianjin Kermel Chemical Reagent Co., Ltd. (China). 3-Ami-
nopropyltriethoxysilane (APTES) was provided by the Chengdu
Organic Chemistry Institute.
2.2 Synthesis of hydroxylated carbon nanotubes (MWNTs-
OH)

Fig. 1 illustrates the synthesis route of PP-g-MWNTs, with the
hydroxylation of MWNTs as the initial step. To be specic,
a mixture of potassium hydroxide (10.0012 g) and anhydrous
ethanol (100 mL) was added to a three-necked ask and then
stirred for half an hour. Subsequently, MWNTs (2.0023 g) were
added to the abovementioned mixture. The mixture then
29088 | RSC Adv., 2019, 9, 29087–29096
underwent ultrasonic dispersion (30 min) and a reaction in an
oil bath for 12 h at 100 �C. Next, it was ltered through a 45 mm-
aperture membrane, followed by washing thrice with ethanol
and deionized water. The MWNTs-OH could be obtained aer
keeping the ltrate in vacuo for 12 h at 80 �C.

2.3 Synthesis of aminated carbon nanotubes (MWNTs-NH2)

The as-prepared MWNTs-OH (2.0035 g) powder was dispersed
in DMF (100 mL), subjected to ultrasonication (1 h) in a beaker
and transferred into a three-necked ask. Aer the addition of
APTES, the ask was kept in an oil bath for 1 h at 110 �C with
40 mL of APTES reuxing. The mixture was ltered through
a 0.22 mm-aperture membrane to afford the crude products, and
then, the products were completely washed with DMF and dried
in vacuo for 12 h at 80 �C. The product obtained was termed as
MWNTs-NH2.

2.4 Fabrication of the PP-g-MWNTs

The MWNTs-NH2 powder (2.0013 g) was rst dispersed in
dimethylbenzene (100 mL) in an ultrasonic cleaner for 0.5 h,
and PP-g-MAH (4.0236 g) was dissolved in dimethylbenzene
(300 mL) in a three-necked ask via heating. Next, these two
systems were mixed for 24 h at 110 �C. The mixture obtained
was ltered by a 0.22 mm-aperture membrane and dried in vacuo
for 12 h at 80 �C to afford the PP-g-MWNTs.

2.5 Fabrication of the PP-g-MWNTs/PP composites

Solution blending was used in this study for the preparation of
the PP-g-MWNTs/PP composites. PP was mixed with PP-g-
MWNTs in 120 �C xylene for 30 min. Octanol (1 drop) was added
to the obtained mixture followed by further stirring; the mixture
was then transferred into a water bath (90–100 �C) and soni-
cated for better dispersion. Filtration and in vacuo drying (80 �C,
12 h) yielded the crude blending powder, which was subse-
quently melted in a self-made mold using the hot-pressing
approach. Sample wafers (2.5 or 5 mm in diameter) for
mechanical testing were prepared by pressing successively at
180 �C and room temperature. The MWNT contents in the
samples were 0 wt%, 0.30 wt%, 0.50 wt%, 0.75 wt%, 1.00 wt%,
5.00 wt%, 7.00 wt% and 10.00 wt%.

2.6 Characterization

The bonding structures of the as-prepared PP-g-MWNTs were
analyzed by Fourier transform infrared (FTIR) spectroscopy
using the PerkinElmer Spectrum model 100 FTIR spectrom-
eter, whereas the crystalline structures were characterized by
a Bruker D8 X-ray diffractometer (XRD, Billerica, Massachu-
setts, USA) using copper Ka radiation (l ¼ 0.15405 nm, 40 kV,
and 100 mA). X-ray photoelectron spectroscopy (XPS) was
performed using the Kratos-AXIS ULTRA DLD instrument with
an Al Ka X-ray source. Morphology observation was performed
using transmission electron microscopy (TEM, JEM-2100,
Techcomp Ltd., Japan; 200 kV). Energy dispersive X-ray spec-
troscopy (EDX) analysis was also carried out using the same
TEM (TEM, JEM-2100, Techcomp Ltd., Japan; 200 kV).
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic of the synthesis route for PP-g-MWNTs.
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Differential scanning calorimetry (DSC, PerkinElmer Pyris)
was carried out under a nitrogen atmosphere by heating the
sample to 170 �C (10 �C min�1), maintaining at this
Fig. 2 XPS broad spectra of MWNTs, MWNTs-OH, MWNTs-NH2, and
PP-g-MWNTs.

This journal is © The Royal Society of Chemistry 2019
temperature for 10 min, and cooling down (10 �C min�1); on
the other hand, dynamic mechanical analysis (DMA, PE Ltd.,
USA) was conducted under nitrogen purge by heating the
sample to 170 �C (5 �C min�1). Thermal stabilities of different
contents of PP-g-MWNTs/PP composites were ascertained by
thermogravimetric analysis (TGA, Q500) in air at the heating
rate of 10 �C min�1 from room temperature to 800 �C. The
polarizing microscope was produced by Shanghai Caikon
Optical Instrument Co., Ltd. Tensile performance of the
samples was assessed using an R-9100 mechanical tester (Shen
Zhen Kaiqiangli Machinery Co., Ltd., China). Electrical
Table 1 XPS atomic percentage contents

Samples

Element (at%)

C N O Si

MWNTs 97.19 0 2.81 0
MWNTs-OH 95.81 0 4.19 0
MWNTs-NH2 93.49 1.37 4.53 0.58
PP-g-MWNTs 97.23 0.57 1.75 0.45

RSC Adv., 2019, 9, 29087–29096 | 29089
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Fig. 3 C 1s XPS spectra of (a) MWNTs-OH and (b) PP-g-MWNTs.
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conductivity was ascertained by the HB-Z103-2AC high-voltage
DC power supply, which was obtained from Shanghai No. 6
Electricity Meter Co., Ltd., China.
Fig. 4 (a) O 1s XPS spectra of PP-g-MWNTs and (b) N 1s XPS spectra of
PP-g-MWNTs.

29090 | RSC Adv., 2019, 9, 29087–29096
3. Results and discussion

Pristine MWNTs, MWNTs-OH, MWNTs-NH2, and PP-g-MWNTs
were rst subjected to XPS scanning, with the broad spectra
presented in Fig. 2 and the atomic percentages listed in Table 1.
At rst, as analyzed from the wide spectra, there were two
spectral peaks at 532.8 eV and 284.6 eV in the MWNTs and
MWNTs-OH curves, representing the binding energies of O 1s
and C 1s, respectively. Moreover, in the spectra of MWNTs-NH2

and PP-g-MWNTs, three new spectral peaks appeared at
399.8 eV, 153.0 eV and 102.8 eV, representing the binding
energies of N 1s, Si 2s and Si 2p, respectively, due to the
generation of N and Si aer the amination reaction. For the
MWNTs, the content of C 1s was 97.19 wt% and that of O 1s was
2.81 wt% because the MWNTs carried a hydroxyl group during
Fig. 5 Fourier transform infrared spectra of (a) MWNTs, (b) MWNTs-
OH, (c) MWNTs-NH2 and (d) PP-g-MWNTs.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05493f


Fig. 6 XRD spectra of (1) MWNTs, (2) PP-g-MWNTs and (3) PP-g-MAH.
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the purging process. Moreover, for MWNTs-OH, the content of
O 1s was increased signicantly to 4.19 wt%; this suggested that
the hydroxyl group was graed onto the MWNT. The N and Si
spectral peaks appeared in the spectrum of MWNTs-NH2,
proving that the MWNTs graed with ATPES were aminated
successfully. Moreover, the content of O 1s was increased to
4.53 wt%, which was a common phenomenon that resulted
from the ATPTS hydrolysis. The content of C 1s in the PP-g-
MWNTs was increased signicantly from 93.49 wt% to
97.23 wt%; this suggested that PP was added successfully.

The carbon peak-differentiating graphics of MWNTs-OH are
shown in Fig. 3(a). As can be observed from the gure, there are
two peaks at 284.5 eV and 285.1 eV for MWNTs-OH. They are the
graphite signal and the signal for sp3-hybridized carbon,
respectively; both of them are the characteristic peaks of
MWNTs. Fig. 3(b) shows the C 1s peak separation for PP-g-
MWNTs; some changes occurred during peak differentiation
due to the addition of PP, which consequently resulted in new
peaks at 284.5 eV, 285.1 eV, 286.3 eV and 288.8 eV, which
Fig. 7 Polarizing microscopy images of (a) PP-g-MAH and (b) PP-g-MW

This journal is © The Royal Society of Chemistry 2019
respectively corresponded to the graphite signal, the signal for
sp3-hybridized carbon, the signal for the carbonyl bond in
imides and the signal for the ester bond. The graing of PP can
be fully proved by the electron absorption of MWNTs, due to
which the positions of the carbonyl peak and ester peak move
towards high binding energies.

As shown in Fig. 4, Fig. 4(a) shows the oxygen peak-
differentiating diagram of the PP-g-MWNTs. It could be split
into three peaks (532.6 eV, 533.8 eV, and 532.4 eV), representing
the carbonyl bond in maleic anhydride, the ether bond in
maleic anhydride and the carbonyl bond in amide. Fig. 4(b)
shows the peak segmentation of N 1s. The spectral peaks at
401.2 eV and 400.4 eV represent the C–N and N–H bonds. It
could also be fully proved that the MWNTs could successfully
gra PP through a covalent bond reaction.

The FTIR spectra of MWNTs before and aer functionaliza-
tion are compared in Fig. 5 to determine their molecular
compositions and chemical structures. In the spectrum of
pristine MWNTs shown in Fig. 5(a), the absorption bands at
3429 cm�1 and 1069 cm�1 are attributed to the hydroxyl groups
(–OH) on the MWNT surface probably because MWNTs are
either oxidized or hydrated during purication. In addition, the
intense band at 1630 cm�1 corresponds to the C]C stretching
vibration; Fig. 5(b) shows the spectrum for MWNTs-OH, where
the –OH band in the range from 3400 cm�1 to 3550 cm�1 with
increasing width and intensity demonstrates the graing of
hydroxyl groups on the MWNT surface. The peak at 1630 cm�1

corresponds to the C]C stretching, whereas that at 1128 cm�1

can be assigned to the stretching of C–O. This result is consis-
tent with Fig. 3(a), suggesting that the nanotubes have been
graed with hydroxyl groups. As shown in Fig. 5(c), a remark-
able decrease in the –OH amounts was suggested by the
absorption band between 3400 cm�1 and 3550 cm�1. On the
one hand, the hydroxyl groups were consumed during amina-
tion. On the other hand, the band belonging to primary amines
at the same wavenumber was signicantly weaker. Moreover,
the two new absorption peaks at 1151 cm�1 and 1000 cm�1 are
the stretching vibration peaks of Si–O–C. In addition, the
NTs/PP.

RSC Adv., 2019, 9, 29087–29096 | 29091

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05493f


Fig. 8 TEM images of the (a) MWNTs and (b) PP-g-MWNTs. TEM-EDS images of the PP-g-MWNTs (c) a TEM image and (d) the EDS spectrum of
the structures.
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telescopic vibration peak of C–Si appears at 693 cm�1. Thus, the
MWNT modication with amino groups was well proved by all
these changes. As shown in the spectrum of PP-g-MWNTs in
Fig. 5(d), the new bands at 2960 cm�1 and 2872 cm�1 originated
from the methyl stretching vibration, whereas those in the
vicinity of 2850 cm�1 and 2922 cm�1 were ascribed to the
methylene telescopic vibration. These four peaks fully demon-
strate the existence of PP. The absorption bands at 1789 cm�1

and 1699 cm�1 correspond to C]O (MAH) and C]O (amide
unit), respectively. In addition, there is a weaker peak at
1038 cm�1, which corresponds to the stretching of the C–O
bond in the anhydride group. Moreover, this result is consistent
with Fig. 4(a). In addition, doublets occurred at the positions
1474 cm�1 and 1385 cm�1 due to shake coupling caused by the
stretching vibration of the absorption bands corresponding to
the C–N and N–H bonds of acid amides in the polymer, whereas
the wavenumber of the characteristic peaks moved to the
Table 2 EDS atomic percentage contents of PP-g-MWNTs

Element Line type k factor Absorption correction wt% wt% sigma

C K series 2.50675 1.00 95.66 0.22
N K series 3.14061 1.00 0.38 0.17
O K series 1.86867 1.00 2.73 0.13
Si K series 1.00000 1.00 1.23 0.06

29092 | RSC Adv., 2019, 9, 29087–29096
direction of low value; this was caused by the inuence of the
single and double-bond conjugated structure of MWNTs.
Moreover, this result is consistent with Fig. 4(b). By checking
the literature and books, it was also discovered that the crys-
talline bands of PP found in the ngerprint region occurred at
positions near 1167 cm�1, 998 cm�1, and 841 cm�1, indicating
that PP with stem-graed MWNTs was a crystal-form polymer;
based on the abovementioned analysis, maleic anhydride and
the coupling reagent were used to successfully gra PP on the
MWNT surface.

Fig. 6 depicts the XRD patterns of MWNTs, PP-g-MWNTs,
and PP-g-MAH. The peaks at 2q ¼ 25.4� and 43.6� in curve 1 are
attributed to the characteristic diffraction peaks of MWNTs. In
comparison, several new peaks occurred at 2q ¼ 21.1�, 18.7�,
17�, and 14� in curve 2, which belonged to the diffraction
features of PP. Moreover, in curve 3, PP-g-MAH has these four
peaks, but the peak strength is slightly different; this may be
due to the inuence brought by the addition of MWNTs.
Therefore, the successful graing of PP onto the MWNT surface
could be again well proved.

In Fig. 7(a) and (b), the crystal form of PP is shown, whose
typical form is the shape of a large petal, and the feature of
cross-shaped polarized light is obvious. Moreover, the images
obtained under the polarizing microscope show that the
composite materials with stem-graed MWNTs have been
changed into many ne grains, suggesting that the mixing of
MWNTs leads to the formation of a novel crystal form of PP. The
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Cross sectional SEM images of the (a) MWNTs/PP and (b) PP-g-MWNTs/PP composites.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 6
:4

1:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
MWNTs acted as a nucleating agent, more conducive to the
enhancement of the integral performances of composite
materials.

The morphologies of pristine MWNTs and PP-g-MWNTs
were observed by TEM and are compared in Fig. 8. As can be
observed, the shape of nanotubes (Fig. 8(a)) is clearer and
brighter as compared to that aer PP graing (Fig. 8(b)).
Moreover, the PP-g-MWNTs were much thicker with a PP layer
wrapped outside the nanotubes than the original MWNTs.
Fig. 8(b) indicates that the PP groups have been successfully
graed on the surface of MWNTs. For determining the surface
elemental compositions of PP-g-MWNTs, the EDS map of
a selected area (TEM image of Fig. 8(c)) was also acquired and is
shown in Fig. 8(d), and the atomic percentage contents are
listed in Table 2. Heteroatoms, including C, N, O, and Si, are
Fig. 10 TGA curves of (a) MWNTs, (b) PP-g-MAH and (c) PP-g-MWNT.

This journal is © The Royal Society of Chemistry 2019
distributed on the surface of the sample. This result further
proves the graing of PP onto the MWNTs.

Fig. 9(a) shows the SEM image of the fracture surface of the
MWNTs/PP composite material. It can be observed from the
morphology that the distribution of MWNTs in PP is very
uneven, and most of the MWNTs are gathered in different
clusters. In addition, the cross-section of the MWNTs/PP
composite material is smooth and does not have any signi-
cant wrinkle; this indicates that when external forces function
on the surface of the composite material, due to a poor adhe-
sion between the MWNTs and PP at the interface, there would
be no PP composite material that has high enhancing and
toughening capacity. Fig. 9(b) shows the SEM image of the
fracture surface of the PP-g-MWNTs/PP. It can be observed from
Fig. 9(b) that the distribution of PP-g-MWNTs in PP is even, and
PP has sufficiently inltrated the functional MWNT. Moreover,
Fig. 11 Tensile strength curve of the PP-g-MWNTs/PP composites.
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Table 3 Tensile property table for PP-g-MWNTs/PP

MWNTs (wt%) Tensile strength (MPa) Increased range (%) Breaking elongation Reduction (%)

0 22.1 0 0.075 0
0.3 28.57 29.2 0.030 90.0
0.5 32.37 46.4 0.036 52.0
1 30.94 40.1 0.030 60.0
5 29.86 35.3 0.019 74.7
7 29.05 31.4 0.015 80.0
10 24.29 9.9 0.014 81.3

Fig. 12 Conductivity of the PP-g-MWNTs/PP composites with
different reinforcement contents.
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the cross section of the PP-g-MWNTs/PP composite material is
rough, which is because the crack encountered the blocking
effect of PP-g-MWNTs in the process of propagation; thus, it
constantly changes the direction of fracture and expansion; this
sufficiently proves that the addition of PP-g-MWNTs improves
the toughness of the composite material.
Fig. 13 (a) Storagemodulus curves of the PP-g-MWNTs/PP composites,
tangent curves of the PP-g-MWNTs/PP composites.

29094 | RSC Adv., 2019, 9, 29087–29096
The TGA curve b in Fig. 10 suggests that the PP-g-MAH
begins to get consumed at around 410 �C. Curve c also exhibits
that PP in PP-g-MWNTs begins to get consumed at around
410 �C until a plateau is achieved when the consumption rea-
ches 76 wt%; this suggests that only PP is consumed in this
phase. It was concluded that the consumption of PP was
24 wt%, i.e., the graing rate of the PP-g-MWNTs was 24 wt%.
According to curve a, the consumption of the MWNTs started to
break down at about 523 �C until a complete decomposition was
achieved at 656 �C. Therefore, the process of consumption of
the PP-g-MWNTs from aer the plateau to 0 demonstrated that
the amount of residual MWNTs was 76 wt%.

The PP composites with varying PP-g-MWNT contents were
obtained from casting molding and then subjected to tensile
testing. As suggested by the results depicted in Fig. 11 and listed
in Table 3, an increase in the content of the PP-g-MWNTs
brought an enhancement and then deterioration to various
mechanical properties. Optimal results were obtained at the
lling rate of 0.50 wt%. This phenomenon can be explained
from different perspectives. On the one hand, the connection
between PP and MWNTs was covalent bonding rather than
a physical entanglement or hydrogen bonding. Consequently,
the chemical network formed could lead to a strengthened
interface between PP and MWNTs, and the tensile strength was
thus enhanced. Then, the modication of nanotubes could
(b) lossmodulus curves of the PP-g-MWNTs/PP composites and (c) loss

This journal is © The Royal Society of Chemistry 2019
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Fig. 14 (a) Melting and (b) crystallization curves of the PP and PP-g-MWNTs/PP composites.
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ensure their better distribution throughout the PP matrix
during the course of blending, which promoted the maximized
embodiment of their excellent characteristics and thereby the
improvement of overall tensile properties. On the other hand,
the MWNTs at excessive lling rates would inevitably aggregate,
and then, the steric factors from adjacent groups at loading
rates higher than 0.50 wt% would enhance the brittleness of the
PP composites while decreasing their tensile strength. However,
a 9.90 wt% increment could still be observed when the PP
matrix is lled with 10.00 wt% MWNTs; thus, the covalent
graing of PP onto the MWNT surface indeed facilitated the
general improvement of mechanical performance.

An increasing trend was found for the electrical conductivity
of the composites with an increase in the MWNT content, as
shown in Fig. 12, and the insulator–conductor transition
occurred at critical threshold. Moreover, the better the interfa-
cial adhesion between the MWNTs ller and the PP matrix, the
higher the electrical pathways that could be generated.36

Fig. 13(a) shows the storage modulus curves of the PP
composites with various contents of PP-g-MWNTs, and a down-
trend along with the increasing temperature can be observed for
all the samples. At 60 �C, the energy storage moduli of PP-g-
MWNTs with 0.30 wt%, 0.50 wt% and 0.75 wt% contents
increased by 5.40 wt%, 24.00 wt% and 11.00 wt%, respectively,
when compared with the case of pure PP. It is generally known
that storage modulus reects the elastic properties of materials,
and the higher the modulus, the better the impact resistance
during the collision. However, the composites demonstrated an
enhanced impact resistance as the MWNT content increased.
Moreover, the result agreed with those obtained via tensile
testing, i.e., the PP composite lled with 0.50 wt% MWNTs
displayed the best performance.

The loss modulus curves of the PP composites are shown in
Fig. 13(b) to describe their viscous characteristics accordingly,
and the lowest modulus occurred for pure PP. Overall, the loss
modulus peak increased at higher ller contents; this suggested
an enhancement in the toughness of the materials. Once again,
it was proved that the PP matrix lled with 0.50 wt% MWNTs
This journal is © The Royal Society of Chemistry 2019
was the best composite system according to the results of
tensile testing. The improvement in toughness is the result of
a combination of multiple causes. The larger movement
amplitude of the PP molecular chain at higher temperatures
and the good dispersion state of the ller lead to an improve-
ment in the toughness of the material. In addition, a strength-
ened composite network generated by covalently graing the PP
chains onto the MWNT surface enhances the toughness of the
composite. The easier the chain moves at higher temperatures,
the higher the internal consumption; however, this consump-
tion would be reduced by the excessive loading of the MWNT
llers.

The loss tangents of the composites prepared herein were
further calculated based on the storage and loss moduli to
reveal their internal consumption more intuitively, as shown in
Fig. 13(c). The internal friction peaked basically at 140 �C, with
a tiny deviation at higher temperatures as the PP-g-MWNT
content increased. The experimental results indicated that the
easier movement of PP chains at higher temperatures led to
better MWNT distribution and subsequently enhanced energy
dissipation at the interface, in well accordance with the theo-
retical results. However, excessive PP-g-MWNTs lled into the
PP matrix could incur agglomeration, thereby compromising
the interface performance of the composites obtained.

DSC curves in Fig. 14 reveal the progressive increase in the
melting and crystallization temperatures of the PP composites
with the PP-g-MWNT addition, also suggesting that the PP
chains were graed on MWNT surface via covalent bonding and
thus realized a better interface performance. However, it was
merely a limited improvement since the MWNTs might restrain
the free motion of the PP molecular chains to some extent.
4. Conclusion

Through amination between hydroxylated and aminated
MWNTs and MAH-g-PP, PP-g-MWNT composites with the
graing percent of 24% were obtained in this study, which were
used as a reinforcing material to reinforce the PP composites.
RSC Adv., 2019, 9, 29087–29096 | 29095
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The attachment of PP on the MWNT surface was characterized
by multiple techniques including FTIR spectroscopy, XPS, and
TGA. The effects of PP-g-MWNTs on the mechanical, thermal,
and electrical properties of the PP composites were evaluated by
the tensile test, DMA, and electrical resistivity. The experi-
mental results showed that with an increase in the addition
amount of PP-g-MWNTs, there was a signicant improvement
in the mechanical and thermal properties of the composite,
which reached a maximum value at 0.5 wt%. Moreover, the
conductivity of the composite increased with an increase in the
addition amount of the PP-g-MWNTs, whereas the conductivity
of the composite was increasingly enhanced, leading to a broad
development and prospect for the application of these
composites in the electricity sector.
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