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Flame-retardant polypropylene (PP)/carbon nanotubes (CNTs) nanocomposites inﬂuenced by
surface functionalization and surfactant molecular weights are studied. 3-Aminopropyl-triethoxysilane (APTES) is utilized to modify the CNTs (f-CNTs), and maleic-anhydride-grafted PP
(MAPP) with two molecular weights ( Mn of 800 and 8000 g mol−1) is used to further improve
the dispersion of f-CNTs in the PP matrix. Thermal gravimetric
analysis (TGA) and microscale combustion calorimetry (MCC)
reveal that the molecular weight of MAPP directly affects the
thermal stability and ﬂammability of PP/f-CNTs PNCs: both
MAPP polymers (Mn of 800 and 8000 g mol−1) increase the
thermal stability of PP; however, the heat release rate of PP/fCNTs is reduced in the presence of MAPP (Mn of 800 g mol−1)
and increased in the presence of MAPP (Mn of 8000 g mol−1).
MAPP ( Mn of 800 g mol−1) also results in a lower viscosity of
the PP/f-CNTs PNCs compared with pure PP.

1. Introduction
Carbon nanotubes (CNTs) were considered as one of
the most promising nanomaterials and have been
extensively investigated due to their unique mechanical,[1–4] electrical,[5] and optical[6,7] properties, and their
superior energy storage,[8–10] thermal stability, and

ﬂame-retardancy behaviors.[11–15] Therefore, the multifunctional polymer nanocomposites (PNCs) reinforced
with CNTs have been prepared due to the aforementioned
merits.[16–23] However, owing to the inert surface and large
speciﬁc surface area of CNTs, agglomeration and limited
compatibility of CNTs with polymer matrices are two
major challenges to impede obtaining well-dispersed CNTs
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reinforced PNCs.[17] To achieve uniform dispersion in the
hosting polymer matrix, extensive researches have been
carried out to functionalize CNTs aiming to form strong
chemical bonding with the polymer.[24–29] It has been
reported that the electrical,[30,31] mechanical,[24,32] rheological,[33] and thermal properties[34–37] can be improved considerably when functionalized CNTs are ﬁnely dispersed
in the polymer matrix.
Among all types of thermoplastics, polyoleﬁn-based
PNCs containing CNTs usually encounter severe dispersion quality issue due to: weak interfacial adhesion
between the inert nonpolar hydrocarbon backbones and
the inert CNT surfaces; and high surface energy and
strong intermolecular interactions among the nanosized
CNTs.[25,28] Two approaches are normally used to improve
the dispersion quality in polyoleﬁn matrix. The ﬁrst is
to generate functional groups on the surface of CNTs
through using end-group functionalization,[38–40] ionic
surfactants,[41] or plasma coating,[26,42] which enhance
the afﬁnity of CNTs to polymer backbones;[43] and the
second is to introduce reactive sites on the polymer
matrix (such as grafting maleic anhydride through Alder
ENE reaction)[44] in order to improve the compatibility
with CNTs.
As an alternative to grafting functional groups on
the macromolecular polyoleﬁns directly, low-molecularweight polyoleﬁn-based compatibilizer/coupling agents
have been widely used to improve the polymer-ﬁller compatibility.[45–49] Maleic-anhydride-grafted polypropylene
(MAPP) is commonly used as a coupling agent between
the polymer matrix and the nanoﬁllers including organoclay,[50] double-layered hydroxides,[51] and CNTs.[52] Due
to the similarity in backbone structure as polyoleﬁn,
MAPP is highly miscible to polyoleﬁn-based matrix. In
addition, its MA functional groups, capable of bonding
many kinds of nanoﬁllers to signiﬁcantly decrease the
surface tension at the polymer–ﬁller interface, can thus
effectively prevent the agglomeration of nanoﬁllers. The
concentration effect of MAPP on improving the dispersion quality of different nanoﬁllers in polymer matrix
and thus increasing their compatibility have been well
studied.[53] However, how the surfactant (i.e., MAPP)
molecular weight affects the structure and property of
the PNCs ﬁlled with CNTs is still not clear and have been
rarely reported yet.

In this work, a facile ex situ solution-based mixing
method was employed to prepare the PP/CNTs PNCs. The
surface of hydroxyl (OH) CNTs was modiﬁed with silane
coupling agent-3-aminopropyltriethoxysilane (APTES) in
order to introduce functional groups and two different
MAPP ( Mn of ca. 800 and 8000 g mol−1) were used as surfactant to further aid the dispersion of the functionalized
CNTs in PP matrix. The functionalization of CNTs was
characterized by transmission electron microspectroscopy (TEM) and Fourier transform infrared (FTIR) spectroscopy; meanwhile, the dispersion quality of the CNTs
in the PP matrix was evaluated by scanning electron
microscopy (SEM). The physical properties of the PP/CNTs
affected by the surface functionalization of CNTs and the
aids of surfactant MAPP with different molecular weights
were demonstrated through investigating the thermal
properties (thermogravimetric analysis, differential scanning calorimetry), ﬂame-retardant performance (microscale combustion calorimetry), and melting rheological
behaviors.

2. Experimental Section
2.1. Materials
Isotactic PP (ρ = 0.9 g cm−3, Mn ≈ 40 500 g mol−1, M w ≈
155 000 g mol−1) was supplied by Total Petrochemicals USA,
Inc. The OH-functionalized multiwall carbon nanotubes (CNTs)
(–OH content: 0.67–0.75 wt%, purity: >95%, speciﬁc surface
area: 60–80 m2 g−1, average outer diameter of 50–80 nm, inside
diameter of 5–15 nm, and length of 10–20 μm) were supplied by
Nano-structured and Amorphous Materials, Inc, Houston, Texas.
Two MAPPs (provided by Baker Hughes Inc) were utilized:
1) MAPP-1 ( Mn ≈ 800 g mol−1) was a gel-like propylene-hexene
copolymer with one maleic anhydride (MA) group at one terminal through Alder–ENE reaction,[44] and the other MA group
grafted on the main chain; and 2). MAPP-2 ( Mn ≈ 8000 g mol−1)
was also a solid homo-polypropylene with one terminal MA
group and the other MA group grafting on the main chain
(structures shown in Scheme 1). 3-Aminopropyl-triethoxysilane (APTES) (chemical structure shown in Scheme 1) was
purchased from Sigma–Aldrich (purity of 99%). Solvent xylene
(laboratory grade, boiling point: ≈140 °C, ρ = 0.87 g cm−3) and
concentrated nitric acid (HNO3) were purchased from Fisher
Scientiﬁc. All of the chemicals were used as-received without
any further treatment.

Scheme 1. Chemical structures of MAPP-1 ( Mn = 800 g mol−1), MAPP-2 ( Mn = 8000 g mol−1) and APTES.
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2.2. Modiﬁcation of CNTs and Synthesis of Polymer
Nanocomposites
The surface of the CNTs was modiﬁed by APTES. Brieﬂy, CNTs
(1.0 g) were dispersed in 100 mL xylene in a 250 mL three-neck
round-bottom ﬂask under ultrasonication for 2 h. The ﬂask
was then transferred to a heating mantle to heat the mixture
to reﬂux (≈140 °C). APTES (10.0 wt% of CNTs) was then added
in the solution dropwisely and the mixture was reﬂuxed for an
additional 8 h in order to ﬁnish the silanization reaction. After
that, the solution was suction-ﬁltered and the obtained residue
was washed several times with DI water, ethanol, and acetone
in sequence for three times. The functionalized CNTs (denoted
as f-CNTs) were ﬁnally obtained after the residue was dried in a
vacuum oven at 80 °C overnight.
The PP PNCs ﬁlled with 1.0 wt% CNTs (or f-CNTs) in the
presence/absence of MAPP was prepared from an ex situ solution
blending method. Brieﬂy, 9.9 g PP pellets (or a mixture of
9.8 g PP pellets and 0.1 g MAPP) was dissolved in 100 mL xylene
in a 500 mL three-neck round-bottom ﬂask by reﬂuxing xylene
at ≈140 °C. At the same time, 0.1 g CNTs or f-CNTs (or a mixture
of 0.1 g CNTs/f-CNTs and 0.1 g MAPP) was dispersed in 30 mL
xylene under 2 h ultrasonication to form a colloidal solution. The
colloidal solution was then transferred to the ﬂask, and the ﬁnal
mixture was mechanically stirred (300 rpm) for additional 2 h to
ensure the dispersion quality at 140 °C. Finally, the solid samples
were extracted by pouring hot colloidal solution (containing PP
and CNTs/f-CNTs in the presence/absence of MAPP) to ice water
for phase separation, and dried overnight at room temperature
in the fume hood to form black powders. The ﬁnal composite
powders were obtained from drying the black powders in a
vacuum oven at room temperature overnight.
The testing samples were prepared from reshaping the
composite powders using hot press molding machine (Model:
Carver 3853–0, USA). The brief procedures were as follows. The
composite powders were added in a cylinder-shaped mold,
which was then placed between two panels in the molding
machine. The mold was then heated to 180 °C at a heating rate
of 20 °C min−1 under the pressure of 10 MPa and maintained at
180 °C for 5–10 min. Finally, the plate-shape sample was cooled
down naturally to room temperature in the mold.

2.3. Characterization
Fourier transform infrared spectroscopy (Bruker Alpha spectrometer) with a Hyperion 1000 attenuated total reﬂection (ATR)
microscopy accessory was used to characterize the PP matrix and
its PNCs over the wavenumber range from 4000 to 500 cm−1 at a
resolution of 4 cm−1.
Transmission electron microscope (TEM) was used to
determine the dispersion of CNTs in the as-prepared PP PNCs in
an FEI TECNAI G2 F20 microscope at a working voltage of 200 kV.
The samples were prepared from the hot solution of the PP PNCs
at the end of the synthesis process. One droplet of the diluted
hot solution containing the MWNTs was dropped on a 400-mesh
carbon-coated copper grid (Electron Microscopy Sciences).
The chemical environment of the untreated CNTs and f-CNTs
was further studied by X-ray photoelectron spectroscopy (XPS)
on a Kratos AXIS 165 system. The scan of each sample was
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carried out with a monochromatic Al X-ray source at the anode
of 10 kV and beams current of 15 mA.
For the microstructural examination in the scanning electron
microscopy (SEM), the samples were mounted on an aluminum
stub by using carbon tape and then sputtered in a Hummer
6.2 system (15 mA AC for 30 s), creating approximately a onenanometer ﬁlm of Au. The scanning electron microscope used
was a JEOL JSM 6700R in high-vacuum mode. The images were
taken at 5 kV at different magniﬁcations.
Differential scanning calorimetry (DSC) was carried out on a
TA Instruments Q2000 calorimeter. Approximately 5 mg sample
was encapsulated in an aluminum pan and heated from 30 to
200 °C at a heating rate of 10 °C min−1 under a nitrogen ﬂow
rate of approximately 50 mL min−1, then cooled down to room
temperature after stayed at 200 °C for 1 min to remove the heat
history. After that, the samples were reheated again from 30
to 200 °C. The data enclosed here were collected from the ﬁrst
cooling and the second heating cycles.
The thermal stability of pure PP and its PNCs was measured
using thermogravimetric analysis (TGA) (TA Instruments Q-500).
The samples were heated from room temperature to 700 °C at a
constant heating rate of 20 °C min−1 under air and nitrogen gas
atmosphere, respectively. The ﬂow rate is 60 mL min−1 under
both two atmospheres.
Microscale combustion calorimetry (MCC) was utilized to
determine/assess the ﬂammability/ﬁre hazards by measuring
the heat-release-related parameters. To be speciﬁc, the heat
release capacity (HRC), rate of heat release (HRR) at different
temperatures, peak rate of heat release (PHRR), and temperature
at PHRR (TPHRR) will be obtained from MCC. Meanwhile, full
width half height (FWHH) will be calculated. Here, the data were
recorded according to a standard method ASTM D7309-2007
(Method A) using a “MCC-2” calorimeter produced by Govmark
Inc. In a typical measurement, about 5 mg sample was heated
from 80 to 650 °C using a heating rate of 1 °C s−1 in a continuous
stream of nitrogen ﬂowing at 80 mL min−1. The thermal
decomposition products (also named as “fuel gases”) were mixed
with a 20 mL min−1 stream of oxygen before entering a 900 °C
combustion furnace to complete the non-ﬂaming combustion.
Melt rheological behaviors of the PP matrix and its PNCs were
studied using TA Instruments Rheometer (model AR 2000ex).
Environmental test chamber (ETC) steel parallel-plate geometry
(25 mm in diameter) was used to perform the measurement.
A dynamic strain sweep at 1 rad s−1 was performed in order to
ﬁnd out the limit of linear viscoelasticity. Then, the dynamic
oscillation frequency was swept from 100 to 0.1 Hz in the
linear viscoelastic range with a strain of 1% at 200 °C under N2
atmosphere. The samples used are 25 mm in diameter with
around 2 mm thickness prepared from hot press mold.

3. Results and Discussion
3.1. Structural and Morphological Characterization
The surface modiﬁcation by APTES is to introduce amino
groups (–NH2) on the surface of CNTs and thus the functionalized CNTs (f-CNTs) can react with the MA functional
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Figure 1. TEM images of: a,b) as-received CNTs. c) f-CNTs, and
d) elemental mapping of f-CNTs (carbon: grey, oxygen: outer surface of grey tube structure, silicon: interface between the grey
and black colors).

groups in MAPP, which further result in the enhanced
interfacial compatibility between CNTs and PP matrix, and
the improvement in dispersion quality of f-CNTs in the PP
matrix. Figure 1 depicts the TEM microstructures of the asreceived CNTs and the f-CNTs.
As shown in Figure 1a,b, the as-received CNTs demonstrated a slightly rough surface, which is attributed
to the pre-treatment in introducing the hydroxyl groups
on the surface of CNTs. A thin layer covered on the surface of CNTs was observed in the f-CNTs (Figure 1c). A
closer observation from the elemental mapping result
(Figure 1d) clearly demonstrated a silicon-layer (at the
interface between the grey and black colors in the ﬁgure)
coated on the surface of f-CNTs. This indicated that the
outer surface of f-CNTs has been successfully coated with
APTES. The oxygen element can also be observed only on
the near surface of f-CNTs.
X-ray photoelectron spectroscopy (XPS) was further
utilized to study the chemical environment of untreated
CNTs and f-CNTs (APTES-treated CNTs). Upon the deconvolution of the C1s peak of the as-received CNTs (Figure 2a), a
main peak at 284.7 eV was observed, which is apparently
attributed to the graphitic carbon in the tube structure.[54]
In addition, other two peaks were attributed to the defects
on carbon atoms attached to different oxygen-containing
moieties, i.e., a strong C–O peak at ≈286.3 eV and a weak
O–C=O peak at ≈289.0 eV.[54] This indicates that the pretreatment of the as-received CNTs has introduced both
hydroxyl and carboxyl groups on the tube surface. After
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Figure 2. XPS C1s spectra of: a) as-received CNTs, and b) APTEStreated CNTs.

reacting with APTES, the hydroxyl groups were depleted as
evidenced by the absence of C–O peak from XPS C1s spectrum (Figure 2b). It can thus be concluded that the APTES
was chemically bound onto the f-CNTs.
After adding 1.0 wt% CNTs in the PP matrix, no obvious
change was observed (Figure 3a), indicating the weak
interaction between the as-received CNTs and the PP
molecular chains. When PP was ﬁlled with a combination of 1.0 wt% CNTs and 1.0 wt% MAPP (Type 1 or 2), a
thicker outer layer on the surface of CNTs was observed
(Figure 3b,c). When treated with APTES, the hydroxyl
groups on the surface of CNTs will react with the ethoxygroups of APTES to form covalent bonding (CNTs–O–Si).[55]
Upon adding the f-CNTs in the MAPP-xylene solution,
amide bond (O=C–N–H) can be formed through the NH2groups on the surface of f-CNTs reacting with maleic
anhydride on the main chain of MAPP.[56] Therefore, it can
be concluded that the f-CNTs can be bound with MAPP
(Type 1 or 2), and the compatibility between the f-CNTs
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Figure 3. TEM microstructures of: a) PP/1.0% CNTs. b) PP/1.0% CNTs/1.0% MAPP-1, and b) PP/1.0% CNTs/1.0% MAPP-2.

and the hosting inert PP matrix can be enhanced through
the bridging effect of MAPP. The reactions are illustrated
in Scheme 2.
A thin layer on the surface of f-CNTs was observed
when 1.0% f-CNTs was distributed in the PP matrix
(Figure 4a,b). Meanwhile, when adding a combination of
1.0% MAPP-1 with 1% f-CNTs in the PP matrix, a thicker
coating on the surface of the f-CNTs can be observed
(Figure 4c,d). In addition to a thin silicon-coating (shown
as light grey on the tube surface from the elemental mapping, insert of Figure 4d), bulk oxygen mapping distribution (black) on the outer surface of the silicon-coating
indicates that the oxygen-containing polymers were
coated on the silicon layer. This suggests that the MAPP
has tightly “wrapped” on the f-CNTs. Meanwhile, when

combining the 1.0% f-CNTs with 1.0% MAPP-2 in the PP
matrix, a similar layer was observed (Figure 4e,f).
Figure 5 shows the FTIR spectra of pure PP and its PNCs.
The peaks at 1450 and 1368 cm−1 are attributed to the C–H
bending vibration absorption of PP backbone, while the
multi peaks around 3000 cm−1 are indexed to the absorption of C-H stretching vibration.[57] All these characteristic
peaks are well maintained in the PP/1.0 wt% f-CNTs PNCs
in the presence of MAPP (Type 1 or 2), indicating that no
visible change of PP matrix can be found through adding
MAPP and f-CNTs in the PP matrix. It must be noted that a
small new peak at around 1000–1100 cm−1 (shown in the
dashed rectangular area and the enlarged in the insert
area) is observed for the PP/1% f-CNTs PNCs and is obviously due to the Si-O bond stretch mode from the successfully bonded APTES on the surface of
f-CNTs.[58]
3.2. SEM Images

Scheme 2. Reaction route for the CNTs functionalization and the fabrication of PP PNCs.

www.MaterialsViews.com

The dispersion quality of the CNTs/fCNTs in the hosting PP matrix is evaluated by SEM and the cross-sectional
surface morphology of these PP PNCs
(prepared from fracturing the bar
shape samples after immersing in
liquid nitrogen). Figure 6a,b shows that
1.0 wt% CNTs were randomly distributed in the PP matrix and an interconnected structure was formed with some
aggregates. Long tubes being pulled out
from the PP matrix can be clearly seen
(Figure 6b), indicating a poor interfacial
adhesion between the PP matrix and the
untreated CNTs.[28] Figure 6c shows a
smoother fracture surface when adding
1 wt% MAPP-1 into PP/1 wt% CNTs
system. Magniﬁed image (Figure 6d)
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Figure 4. TEM images of: a,b) treated CNTs in the PP matrix.
c,d) treated CNTs in PP matrix with MAPP-1, and insert of d) is the
elemental mapping (carbon: tube structure, silicon: light grey, and
oxygen: black), and e,f) treated CNTs in PP matrix with MAPP-2.

shows only the ends of untreated CNTs on the cross-sectional PP surface, indicating an enhanced interfacial interaction between CNTs and PP matrix due to the bridging

Figure 5. FTIR spectra of pure PP and its PNCs reinforced with
f-CNTs with/without MAPP.
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effect of MAPP-1. Shown in the SEM images (Figure 6e,f),
when combining 1 wt% CNTs with 1 wt% MAPP-2, CNTs
were less detached compared with pure PP, indicating
a better adhesion. However, compared with MAPP-1,
MAPP-2 showed a decreased adhesion to CNTs, which is
probably due to less MA density caused from the higher
molecular weight.
When adding 1.0 wt% f-CNTs into PP matrix, more
severe agglomeration of the f-CNTs was observed in the PP
matrix (Figure 7a,b), indicating worse dispersion quality
in the PP matrix compared with PP/1.0 wt% CNTs. This
might be caused from higher afﬁnity among the f-CNTs
than that of CNTs. However, a much smoother surface
was noticed when adding MAPP (Type 1 or 2) and f-CNTs
in the PP matrix. The SEM images of the fracture surface
(Figure 7c,d), show that the f-CNTs were ﬁxed by PP at
two ends, indicating a much stronger interfacial interaction between the PP matrix and the f-CNTs through the
coupling effect of MAPP-1. When adding 1.0 wt% MAPP-2
and 1.0 wt% f-CNTs in the PP matrix, much fewer tube
ends being pulled out from the fractural surface of PP
matrix were observed, which evidenced that the interfacial adhesion between the f-CNTs and the PP matrix is signiﬁcantly enhanced due to the strong chemical bonding
through MAPP-2, however, less intensive than the effects
of MAPP-1. The difference in the MA percentage between
MAPP-1 and -2 was believed to be responsible for the
observed SEM morphology difference (Figure 7). Since the
Mw of MAPP-2 is 10 times higher than that of MAPP-1, the
higher MA group density leads to a stronger interfacial
adhesion effect between PP and f-CNTs.[49]
3.3. Thermogravimetric Analysis (TGA)
Figure 8a,b shows the TGA curves of pure PP, and its
nanocomposites with 1.0 wt% CNTs (or 1.0 wt% f-CNTs)
loading in the presence/absence of MAPP tested under
the nitrogen (Figure 8a) and air (Figure 8b) atmosphere,
respectively. The initial thermal decomposition temperature (Tini) is deﬁned as the temperature at 5.0% weight loss
of the tested specimen; Tmax is deﬁned as the temperature,
at which the specimen experiences the maximum weight
loss rate. These detailed thermal decomposition temperatures are shown in Table 1 and 2.
As seen in Figure 8a, all the samples investigated experience a one-step degradation from 350 to 500 °C till no
residue left at around 600 °C. For pure PP, it started to
decompose at 395.0 °C, and experienced a Tmax at 450.4 °C
with no residue left at 600 °C. The addition of 1.0 wt%
CNTs in the hosting PP matrix signiﬁcantly increased the
thermal stability of PP by increasing the Tini of 14.9 °C
(from 395.0 to 409.9 °C) and Tmax of 34.9 °C (from 450.4 to
485.3 °C); meanwhile, approximate 0.8 wt% char residue
was observed at 600 °C. Though adding 1.0 wt% MAPP
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images shown above) effectively offsets
the lower stability of MAPP.
Compared with the Tini of 409.9 °C
for the PP/1% CNTs PNCs, a signiﬁcant
decrease (55.5 °C) in Tini took place
when adding 1% f-CNTs in the PP matrix
(Figure 8b and Table 1, which might be
caused from more free volume created
by the agglomerated f-CNTs, since it is
clear from SEM image (Figure 7a,b) that
self-interaction among CNTs took place.
Therefore, the dispersion of f-CNTs in
the PP matrix became more difﬁcult
compared with CNTs. Another probable reason is that the APTES on the
f-CNTs may also lead to a lower Tini by
causing earlier degradation compared
with as-received CNTs. Previously, Luo
et al. reported that the thermal stability of CNTs can be reduced upon the
functionalization of CNTs.[60] Similarly,
the APTES on the functionalized CNTs
(f-CNTs) may also cause earlier degradation because the relative low thermal
stability. The high char residue for
PP/1% f-CNTs is probably caused by the
agglomeration of f-CNTs, which led to
more difﬁculty in decomposing them at
high temperatures, and worse efﬁciency
in protecting the PP matrix from earlier
degradation. After adding MAPP (Type
1 or 2) in the PP/1% f-CNTs system, the
Figure 6. SEM images of polymer nanocomposites: a,b) PP/1% CNTs. c,d) PP/1.0% Tini increased sharply, for example, from
CNTs/1.0% MAPP-1, and e,f) PP/1.0% CNTs/1.0% MAPP-2.
354.4 to 438.8 °C (increase of 84.4 °C)
when adding 1.0 wt% MAPP-1 in the
PP/1% f-CNTs PNCs. The Tini is 9.2 °C higher than that of
(Type 1 or 2) in the PP/1.0 wt% CNTs system did not
change the Tmax, the Tini was further increased noticeably
PP/1% MAPP-1/1% CNTs. In addition, the char residues
of PP/1% MAPP/1% f-CNTs were higher than the coun(for example, the Tini was increased by 19.7 °C from 409.9
terparts of these PP/1% MAPP/1% CNTs systems, which
to 429.6 °C when adding 1.0 wt% MAPP-1 in the PP/1%
clearly demonstrated that the f-CNTs increased the
CNTs system, Table 1 and insert of Figure 8a); indicating
thermal stability of PP in the presence of MAPP.
that a more stable composite was formed in the presence
The thermal oxidative degradation curves of both PP
of MAPP (Type 1 or 2). Compared with the PP/1.0 wt%
and its nanocomposites in air were shown in Figure 9a,b.
CNTs PNCs, the increased char residue for the PP/1.0 wt%
In air condition, the thermal oxidative degradation of one
MAPP/1.0 wt% CNTs PNCs also indicated the enhanced
polymeric material was dominated by oxidative dehydrothermal stability after adding MAPP. Usually, the introgenation in association with hydrogen abstraction.[12] It is
duction of small amount of MAPP in the PP matrix
decreased the thermal stability of PP as reported by the
obvious that the thermal oxidative decomposition in air
lower Tini arising from the relative low stability of smalltook place much earlier than that under an inert atmosphere due to the earlier formation of unstable radicals
molecular-weight MAPP,[59] the observed increase in Tini
from the oxygen-induced decomposition.[12] Tini and Tmax
for the PP/1% MAPP/1% CNTs PNCs conﬁrmed that the
combination of CNTs with MAPP (Type 1 or 2) increased
were signiﬁcantly decreased, for example, for pure PP,
the thermal stability of PP. The probable reason is that
Tini (266.5 °C) and Tmax (327.2 °C) were 128.5 and 123.2 °C
the increased entanglement/adhesion between CNTs and
lower than those decomposition temperatures under an
PP matrix reached by the MAPP (as evidenced by SEM
inert decomposition condition. Moreover, the residues left
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of PP arising from the agglomerated f-CNTs since the f-CNTs is hydrophilic and PP is hydrophobic;[61] which
acted as defects in the PP matrix and
deteriorated the thermal oxidative
stability. Meanwhile, Tmax was signiﬁcantly decreased from 409.0 to
373.7 °C (35.3 °C reduction). With further addition of 1.0 wt% MAPP (Type 1
or 2) in the PP/1% CNTs, Tini reversely
increased; i.e., from 278.4 to 305.2 °C
(increase 26.8 °C) in the presence of
1.0 wt% MAPP-1. More importantly, the
Tmax and char residues were found to be
further increased with adding 1.0 wt%
MAPP (Type 1 or 2) in the PP/1% f-CNTs
(Table 2).
Those signiﬁcant enhancements
in decomposition temperatures are
attributed to the improved interfacial interactions between f-CNTs and
PP matrix by the coupling effects of
MAPP-1. However, the less intensive
improvement, when MAPP-2 was combined with CNTs, is due to the maleic
anhydride grafting density difference
between MAPP-1 and MAPP-2. As seen
in the SEM morphology (Figure 7),
stronger interfacial adhesion between
f-CNTs and PP matrix through MAPP-1
leads to the requirement of more
energy to decompose the PNCs in air.
On the other hand, the Mw of MAPP-2
Figure 7. SEM images of polymer nanocomposites: a,b) PP/1.0% f-CNTs. c,d) PP/1.0%
is ten times of MAPP-1, indicating
f-CNTs/1.0% MAPP-1, and e,f) PP/1.0% f-CNTs/1.0% MAPP-2.
longer PP chains with less dense MA
grafting on the PP chain, which leads
to fewer interfacial interaction spots between f-CNTs
from the oxidative degradation of all the specimens were
and hosting PP.
less than those degraded in nitrogen at 600 °C under air.
The PP/1% CNTs started to decompose at 278.4 °C, which
was 11.9 °C higher than that of pure PP; meanwhile,
3.4. MCC Heat Release Parameters
Tmax was signiﬁcantly increased from 327.2 to 409.0 °C
MCC was further utilized to characterize the combustion
(increase of 81.8 °C). With further addition of 1.0 wt%
behaviors of PP and its PNCs with CNTs/f-CNTs in the presMAPP (Type 1 or 2) in the PP/1% CNTs PNCs, Tini further
ence/absence of MAPP. Figure 10 depicted the HRR versus
increased; i.e., from 278.4 to 306.1 °C (increase 27.7 °C)
temperature curves and the corresponding heat release
in the presence of 1.0 wt% MAPP-1. However, the Tmax
parameters are summarized in Table 3. The HRR is the
increased with adding 1.0 wt% MAPP-1 while decreased
single most important parameter to assess the ﬁre hazard
with adding 1.0 wt% MAPP-2 in the PP/1.0 wt% CNTs
of one ﬂammable material.[62] PHRR is the peak (maxsystem (Table 2).
imum) HRR, one material can generate the highest rate of
Compare with the PP PNCs with 1.0 wt% CNTs, Tini
heat release under explosion to certain ﬁre scenario (which
of PP/1.0 wt% f-CNTs decreased from 278.4 to 257.8 °C
is related to speciﬁc temperature here). In other words, the
(20.6 °C reduction), which was also 8.7 °C lower than
higher the PHRR is, the more dangerous one material will
that of pure PP. This observation is similar to the thermal
act under ﬁre accident. TPHRR refers to the temperature, at
decomposition of PP/1.0 wt% f-CNTs under nitrogen. The
probable reason is also the increased the free volumes
which the peak heat release rate occurs.
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Table 2. TGA data of PP and its PNCs in air.

Composition

Tini (air)
[°C]

Tmax
[°C]

Residue at
500 °C [%]

PP

266.5

327.2

0.0

PP/1% CNTs

278.4

409.0

0.7

PP/1% CNTs+1% MAPP-1

306.1

411.1

0.9

PP/1% CNTs+1% MAPP-2

295.4

400.5

0.6

PP/1% f-CNTs

257.8

373.7

0.3

PP/1% f-CNTs+1% MAPP-1

305.2

417.4

1.2

PP/1% f-CNTs+1% MAPP-2

300.8

410.4

0.7

in the PP matrix, the PHRR decreased sharply from 1513.0
to 1136.0 W g−1 (24.9% reduction); and HRC decreased
from 1187.0 to 1058.0 J g−1 K−1.
Meanwhile, the TPHRR was decreased from 490.4 to
482.1 °C. Further addition of 1.0 wt% MAPP-1 was observed

Figure 8. TGA curves of: a) pure PP, nanocomposites of PP/1.0%
CNTs, nanocomposites of PP/1.0% CNTs/1.0% MAPP (1 or 2),
and b) PP, nanocomposites of PP/1.0% f-CNTs, nanocomposites
of PP/1.0% f-CNTs/1.0% MAPP (1 or 2) PNCs in N2. Insert is the
enlarged area at the temperatures ranged from 380–430 °C.

Pure PP is highly ﬂammable as indicated by a PHRR of
1513.0 W g−1, HRC of 1187.0 J g−1 K−1, and TPHRR of 490.4 °C.
When introducing small amount of CNTs such as 1.0 wt%
Table 1. TGA data of PP and its PNCs in N2.

Composition

Tini (N2)
[°C]

Tmax
[°C]

Residue at
600 °C [%]

PP

395.0

450.4

0.0

PP/1% CNTs

409.9

485.3

0.8

PP/1% CNTs+1% MAPP-1

429.6

484.5

1.2

PP/1% CNTs+1% MAPP-2

423.5

478.2

1.0

PP/1% f-CNTs

354.4

482.4

1.5

PP/1% f-CNTs+1% MAPP-1 438.8

484.5

1.5

PP/1% f-CNTs+1% MAPP-2 431.9

484.5

1.1

www.MaterialsViews.com

Figure 9. TGA curves of (a) PP, nanocomposites of PP/1.0% CNTs,
nanocomposites of PP/1.0% CNTs/1.0% MAPP (1 or 2), and (b) PP,
nanocomposites of PP/1.0% f-CNTs, nanocomposites of PP/1.0%
f-CNTs/1.0% MAPP (1 or 2) PNCs in air.
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Figure 10. HRR curves as a function of temperature for PP, nanocomposites of PP/1% MAPP-1/CNTs, and nanocomposites of PP/1%
MAPP-1/f-CNTs.

to have limited effect on further decrease the combustion
rate of PP as indicated by a PHRR of 1130.0 W g−1 and a
HRC of 1053.0 J g−1 K−1. However, adding 1.0 wt% MAPP-2
into PP/1.0 wt% CNTs system increased the combustion
rate of PP: PHRR increased from 1136.0 to 1200.0 W g−1;
and HRC increased from 1058.0 to 1119.0 J g−1 K−1.
In the case of the PP/1.0 wt% f-CNTs PNCs, PHRR was
decreased to1089.0 W g−1 (28.0% reduction), and HRC was

decreased to 1014.0 J g−1 K−1. The decrease in combustion rate is apparently attributed to the ﬂame-retardant
effect of silicon-containing compounds on the surface of
CNTs. A barrier effect from these silicon compounds was
believed to be responsible for the decreased HRR. During
the decomposition, heat and mass transfers between gasand condensed-phases were slowed down by forming
an insulating layer on the outer surface of PP during the
burning process.[13,37]
In the case of the PP/1.0 wt% f-CNTs PNCs in the presence of 1.0 wt% MAPP-1, PHRR was further decreased
to1046.0 W g−1 (30.9% reduction), and HRC was decreased
to 975.7 J g−1 K−1. This suggests that the dispersion quality
of CNTs in the PP matrix through MAPP-1 can lead to a
better ﬂammability reduction ability since the interfacial
adhesion shows limited effect on reducing the ﬂammability here (Table 3). However, when MAPP-1 was replaced
by MAPP-2 in the PP/1.0% f-CNTs system, the increased
PHRR and HRC (Table 3) were probably due to the induced
more free volume by the higher-molecular-weight MAPP2[46] rather than the decreased interfacial interactions.
One can be also observed that FWHH of the PP/1.0%
f-CNTs+1.0% MAPP-1(33.2 s) was much wider than that of
pure PP (24.2 s, Table 4), further indicating a longer combustion period upon introducing the MAPP-1 and f-CNTs
in the PP matrix. This is another sign of lower ﬁre hazard
of the PP/1.0% f-CNTs+1.0% MAPP-1 PNCs.

Table 3. MCC data of the measured samples.

Composition

HRC
[J g−1 K−1]

PHRR
[W g−1]

PHRR reduction
[%]

TPHRR
[°C]

FWHH
[s]

PP

1187.0

1513.0

–

490.4

24.2

PP/1% CNTs

1058.0

1136.0

24.9

482.1

31.6

PP/1% CNTs+1% MAPP-1

1053.0

1130.0

25.3

482.0

32.2

PP/1% CNTs+1% MAPP-2

1119.0

1200.0

20.7

480.7

30.6

PP/1% f-CNTs

1014.0

1089.0

28.0

481.2

32.1

PP/1% f-CNTs+1% MAPP-1

975.7

1046.0

30.9

482.2

33.2

PP/1% f-CNTs+1% MAPP-2

1136.0

1220.0

19.4

481.1

30.6

Table 4. DSC data of pure PP, PP/CNTs, and PP/CNTs/MAPP PNCs.

Composition

336

Tm
[°C]

ΔHm
[J g−1]

Tc
[°C]

ΔHc
[J g−1]

Fc
[%]

PP

150.7

101.8

121.3

104.7

48.7

PP/1% CNTs

149.1

83.3

119.2

88.8

40.3

PP/1% CNTs+1% MAPP-1

150.3

74.4

119.2

80.6

36.3

PP/1% CNTs+1% MAPP-2

150.6

88.2

120.1

89.7

42.6

PP/1% f-CNTs

146.1

77.2

112.5

83.4

37.3

PP/1% f-CNTs+1% MAPP-1

148.5

77.7

112.5

85.4

38.0

PP/1% f-CNTs+1% MAPP-2

150.7

92.1

120.5

98.1

44.5
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Figure 11. DSC curves of PP/1% CNTs, nanocomposites of PP/1%
f-CNTs, nanocomposites of PP/1.0% CNTs/1% MAPP (1 or 2), and
PP/1.0% f-CNTs/1% MAPP (1 or 2).

3.5. Differential Scanning Calorimetry (DSC)
DSC endothermic and exothermic curves (Figure 11) depict
the melting/crystallization behaviors of pure PP and PP/
CNTs nanocomposites. Detailed data including melting
peak temperature, Tm; crystalline peak temperature, Tc;
heat of fusion, ΔHm; and crystalline fraction, Fc; are summarized in Table 4. The Fc of the studied samples was
determined according to Equation 1:

Fc = Δ H m /[Δ H m° (1 − x )]]

(1)

where, ΔHm is the measured heat of fusion (integration of
the melting peak area under the baseline of DSC curves);
ΔHm° is the heat of fusion of 100% crystalline PP (here,
the theoretical value of ΔHm° used is 209 J g−1).[63,64] Pure
PP exhibits a Tm at 150.7 °C and a ΔHm of 101.8 J g−1 with
Fc of 48.7%. When 1.0 wt% CNTs was introduced in the PP
matrix, the Tm was slightly decreased (149.1 °C); however,
ΔHm was signiﬁcantly decreased from 101.8 to 83.3 J g−1,
corresponding to a decreased Fc of 40.3%. When the addition of 1.0 wt% MAPP (Type 1 or 2), Tm stayed unchanged
compared with that of pure PP; however, ΔHm was further decreased to 74.4 J g−1 for adding 1.0 wt% MAPP-1,
and increased to 88.2 J g−1 for adding 1.0 wt% MAPP-2,
respectively. The corresponding Fc is 36.3 and 42.6%. For
either the PP/1% CNTs or PP/1% CNTs/1% MAPP (Type 1
or 2), there is no obvious change of Tc, indicating that no
strong restriction of PP crystallization was occurred. When
adding 1.0 wt% f-CNTs in the PP matrix, Tm decreased to
146.1 °C and Tc decreased to 112.5 °C, which represents
4.6 and 8.8 °C decrease, respectively. Meanwhile, the Fc is
decreased to 37.3%. This is clear that the crystallization of
PP was restricted by 1.0 wt% f-CNTs. In combination with
1.0 wt% f-CNTs and 1.0 wt% MAPP-1, all these parameters

www.MaterialsViews.com

were slightly changed as shown in Table 4. However, when
combining 1% f-CNTs and 1% MAPP-2, the ΔHm was significantly increased 92.1 J g−1, corresponding to an Fc of 44.5%.
Meanwhile, Tm (146.1 °C) and Tc (120.5 °C) are similar to
those of pure PP.
Usually, for semicrystalline polymers like PP, the addition of CNTs leads to an earlier crystallization (increase
Tc) compared to pure polymer because the heterogeneous
nucleating effect of CNTs can accelerate the crystallization when polymer is cooled upon melt.[16,65] Nonetheless,
the decrease of Tc here is probably attributed to the noncrystallizable barrier effect of the agglomerated f-CNTs
in the PP matrix.[65] Therefore, the ﬁllers can act as noncrystallizable barriers to disturb the crystal growth of
polymer crystallization, which inversely decelerates the
crystallization. Furthermore, the ﬁllers may also hinder
the mobility of polymer chains, which in turn restricts the
growth of the crystallites.[66,67] Through the SEM image
in Figure 6a,b, it is clear that the f-CNTs can also form an
interconnected network structure, which well explains
“why the addition of 1.0% CNTs can signiﬁcantly hinder
the crystallization of hosting PP by lowering the Tc.”[68]
In addition to the decreased Tc, the peak broadening
effects in the PP/1.0% f-CNTs, and PP/1.0% f-CNTs/1.0%
MAPP-1 PNCs were also observed during the exothermic
crystallization cycle, indicating the formation of imperfect polymer crystallites and the size distribution broadening effect of thus formed crystallites.[69,70] The Tc
(112.5 °C) of the PP/1.0 wt% f-CNTs/1.0 wt% MAPP-1 was
further decreased compared with that (119.2 °C) of the
PP/1.0 wt% CNTs, indicating a stronger barrier effect
to the PP crystallization, while Tc was not signiﬁcantly
changed when MAPP-2 (120.5 °C) was introduced in the
PP matrix since the larger free volume has been introduced (Figure 11).
3.6. Melt Rheological Behaviors
The melt rheological behaviors of pure PP and its PNCs at
200 °C were investigated by studying the complex viscosity
(η*), storage moduli (G’), and loss moduli (G′′) as a function
of oscillation frequency (Hz). Generally, different melting
rheological behaviors indicate the internal structure of
the polymers or their PNCs including percolated network
structure, particle dispersion state, and the interfacial
interaction between polymer matrix and the nanoﬁllers.[71]
Figure 12a shows the complex viscosity (η*) of the melts of
pure PP and its PNCs. Pure PP demonstrated a nearly constant η* at low-frequency range (0.1–1.0 Hz) and decreased
η* with further increasing frequency range till 100 Hz,
indicating a typical Newtonian-ﬂow behavior at low frequencies and shear thinning behavior at high frequencies.[57] However, when 1.0 wt% CNTs were added in the PP
matrix, similar trend of η* was observed except a relatively
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Figure 12. a) Complex viscosity. b) storage modulus, and c) loss modulus of PP, PP/1.0% CNTs/1.0% MAPP (1or2), and PP /1.0% f-CNTs/1.0%
MAPP (1 or 2) PNCs melts at 200 °C.

lower η* than that of pure PP and a monotonic decreased
η* values with increasing the oscillation frequency, indicating a typical shear thinning behavior. Usually, the addition of small amount of nanoﬁllers in the PP matrix can
increase the η* because of the impedance of the polymer
chains by the nanoﬁllers.[57] Therefore, the decreased η* by
adding 1.0 wt% CNTs can only be explained by the existence of large free volume in the polymer matrix as evidenced by the CNTs agglomeration from the SEM image
(Figure 6a,b).[61] When additional 1.0 wt% MAPP (Type 1 or
2) is introduced in the PP/1% CNTs system, the increased η*
was observed. The higher η* with adding 1.0 wt% MAPP-1
than 1.0 wt% MAPP-2 is apparently caused by the higher
grafted density of MA functional groups from the lowmolecular-weight MAPP-1.[59] As the higher MA functional
groups concentration can result in stronger entanglement
between the CNTs and PP matrix through the coupling
effect by MAPP, the η* was increased correspondingly.
After the functionalization of CNTs, the addition of
f-CNTs signiﬁcantly decreased the η* (Figure 11a), which is
probably attributed to the further agglomeration of CNTs
after the APTES functionalization since the CNTs (SEM
images, Figure 7). As the surface of f-CNTs was “wrapped”
with chemically bonded APTES (TEM images, Figure 1c,d),
the enlarged polarity of f-CNTs can lead self-aggregation,
which would be much more difﬁcult to be dispersed in
the inert PP matrix compared with the untreated CNTs.
On the other hand, the lubricating effect imparted from
the surfactant effect of APTES may also contribute to the
decreased viscosity. Therefore, much higher free volume
was formed in the PP matrix after the addition of 1.0 wt%
f-CNTs, which resulted in the signiﬁcantly decreased η*.
After the addition of MAPP (Type 1 or 2), the PP/MAPP/fCNTs system demonstrated a similar η* as the PP/MAPP/
CNTs, indicating that the incorporation of MAPP remarkably enhanced the dispersion of f-CNTs in the PP matrix.
It must be noted that the addition of MAPP-1 into PP/1%
f-CNTs system led to a slightly decreased η* than that of
pure PP, which is favorable for lowing the energy consumption during the process of the PNCs.
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When adding the combined 1.0 wt% f-CNTs and
1.0 wt% MAPP (Type 1 or 2) in the PP matrix, both G′ and
G′′ are much higher than those of the PP/1.0 wt% f-CNTs
PNCs, indicating a much better dispersion quality upon
the introduction of 1.0 wt% MAPP (Type 1 or 2). From the
SEM images (Figure 7c–f), it is clear that the f-CNTs were
well dispersed in the PP matrix, and few tubes have been
pulled out from the fracture surface. This suggests that
a strong interaction between the f-CNTs and PP matrix
through the bridging effects of MAPP (Type 1 and 2) is
responsible for the enhanced G′ and G′′.[72]

4. Conclusion
PP nanocomposites reinforced with functionalized multiwall CNTs in the presence of coupling agent MAPP have
been successfully fabricated through an ex-situ solution
blending approach. Increased thermal stability of PP nanocomposites with only 1.0 wt% CNTs has been observed, and
thermal stability was further increased by adding MAPP-1
(high MA density) in the PP/CNTs system. The ﬂame retardancy of PP was improved by the combination of f-CNTs
and MAPP-1, which is attributed to the better dispersion
of f-CNTs and the introduced silicon-containing APTES.
Meanwhile, the surfactant (MAPP) molecular-weightdependent thermal behavior (≈44 °C increase in the initial thermal decomposition temperature compared with
pure PP through combining 1.0 wt% MAPP-1 with 1.0 wt%
f-CNTs), ﬂame retardancy (more than 30% reduction in HRR
through combining 1.0 wt% MAPP-1 with 1.0 wt% f-CNTs),
and melting rheological behaviors have been reported to
provide insight to the systems for practical applications
such as ﬂame-retardant ﬁbers[73] for aerospace usage.[74]
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