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ABSTRACT: In this article, we present a strategy for fabricating polypropylene (PP)/polypropylene-regrafted single-walled carbon
nanotube (PP-re-g-SWNT) composites with a high loading of single-walled carbon nanotubes (SWNTs; 20 wt %). The PP-re-g-
SWNTs were characterized by X-ray photoelectron, Fourier transform infrared spectroscopy, transmission electron microscopy,
and thermogravimetric analysis (TGA). The PP-re-g-SWNTs showed excellent interfacial adhesion and dispersion. Furthermore,
PP molecules, about 72 wt % by mass, were homogeneously bonded onto the surface of the SWNTs according to TGA. In this
hybrid nanocomposite system, the PP-re-g-SWNTs were covalently integrated into the PP matrix and became part of the conju-
gated network structure (as evidenced by differential scanning calorimetry and dynamic mechanical analysis) rather than just a
separate component. Accordingly, the PP/PP-re-g-SWNT composites presented obvious improvements in mechanical properties
and conductivity (from 10~ '° to 10 %). Most importantly, the tensile and flexural strength of the PP/PP-re-g-SWNT composites
did not exhibit an obvious downturn with the addition of 20 wt % SWNTs; this was contrary to documented results. We believe
that these new observations were due to the novel structure of the PP-re-g-SWNTs. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
2014, 131, 39817.
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sites with multiwalled carbon nanotubes (MWCNTs) were
produced by a small-scale masterbatch melt dilution tech-
nique. The Young’s moduli of the composites were improved
with an effective MWCNT content of 8 wt %, and the electri-
cal conductivities of the composites reached 0.046 S/m with
an effective MWCNTs content of 10 wt %. Kovalchuk et al."”
reported that they synthesized PP/MWCNT composites via an
in situ polymerization method. The tensile strength of the
isotactic polypropylene (Ipp)/MWCNT was improved by
19.2% with a CNT loading of 0.5 wt %, and it began to
decrease when the loading reached 3.5 wt %. Other similar
results can be found in the literature.'*™° To sum up, there
usually exists a turning point where the tensile strength begins
to decrease, and the value is around 10 wt %' for PP, whereas

INTRODUCTION

Carbon nanotubes (CNTs) have been investigated over the
past few years and have been found to hold promise for appli-
cations ranging from nanodevices to nanocomposites because
of their remarkable electrical, mechanical, and thermal proper-
ties."™® Among these applications, CNT-filled polymer compo-
sites are a large family and have been extensively studied. The
first polymer nanocomposites using CNTs as fillers were
reported in 1994 by Ajayan et al.” Since then, there have been
many articles dedicated to improving the mechanical and elec-
trical properties of polymer composites.* "' However, CNTs
are normally curled and twisted, and therefore, individual
CNTs embedded in a polymer only exhibit a fraction of their

potential. One endeavor is to efficiently disperse individual
nanotubes and establish strong chemical affinity, covalent or
noncovalent, with the surrounding polymer matrix. In terms
of the tensile modulus, it has been established by numerous
studies that chemically modified nanotubes exhibit a signifi-
cant increase in their modulus compared to the matrix resin.
Micusik et al.'* reported that polypropylene (PP) nanocompo-
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the polymer grafting does not exceed 40-50%.7>~>*

In this study, we prepared PP/PP-grafted single-walled carbon
nanotube (SWNT) composites with PP containing 1 wt %
maleic anhydride (MA; PP-g-MA) and amine-functionalized
SWNTs. Different from reported methods,”” the PP-g-SWNTSs in
this study were further grafted a second time with
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ethanediamine treatment. The polymer-regrafted SWNTs filled
with PP showed improved mechanical performance compared
with the pure PP and PP reinforced with traditionally function-
alized CNTs. We believe that the improvement was due to the
covalent bonding of polymer chains to SWNTs, where strong
chemical bonds and a conjugated network between the nano-
tubes and polymers were established. Moreover, the regrafted
SWNTs had obvious effects® on the PP crystallinity and ele-
vated electrical conductivity. This study provided a new path to
make composites with specific loadings ranging from 0 to 20 wt
% that were catered for tailored applications, such as conduc-
tive polymeric composites,” freestanding membranes,’® poly-
mer/SWNT composite films,*™* and so on.

EXPERIMENTAL

Materials

SWNTs (purity > 95%, diameter within 2 nm) produced by
chemical vapor deposition were obtained from Shenzhen Nano-
tech Port Co., Ltd. (China). PP-g¢-MA (1 wt % MA) was prepared
in this group. PP (type T30S) from PetroChina Daqing Petro-
chemical Co. was used as the matrix polymer. (3-Aminopropyl)-
triethoxysilane (APTES) was purchased from the Chendu Organic
Chemistry Institute.

Synthesis of the Polypropylene-Regrafted Single-Walled
Carbon Nanotubes (PP-re-g-SWNTs)

The synthesis route for the PP-re-g-SWNTs is shown in Scheme 1.
In a typical hydroxylation procedure, pristine SWNTs were added
to a three-necked flask containing ethanol and KOH [1 g of
SWNT, 10 g of KOH, and 400 mL of dimethylformamide
(DMF)]. After ultrasonic dispersion for 30 min, the solution was
refluxed for 10 h, and then the mixture was filtered by a mem-
brane with a pore size of 045 um and washed thoroughly with
ethanol and deionized water three times. This was followed by
drying at 80°C in vacuo for 12 h. The resulting product was desig-
nated as SWNT-OH. The amino-functionalization of the CNTs
was carried out with an excess of APTES solution, which was
added dropwise (0.5 g of SWNT-OH, 500 mL of DME and 8 mL
of APTES), and the mixture was stirred at 80°C for 10 h; this
enabled the reaction to go to completion. The mixture was then
filtered by membranes with a pore size of 0.22 pum and washed
thoroughly with DMF many times; this was followed by drying at
80°C in vacuo for 12 h. The resulting product was designated as
SWNT-NH,.*"*

PP-g-MA and SWNT-NH, were blended in a mixer at a speed
of 80 rpm at 120°C with a weight ratio of 2:1 to ensure the
complete conversion of amine groups to imide groups. The
product was named PP-g-SWNT after filtration with a 0.22-um
membrane and vacuum drying at 80°C for 12 h. The prepared
PP-g-SWNTs were separated and purified by repeated hot-
vacuum filtration at about 120°C to remove the unreacted PP
and any other soluble byproducts. In the following step, ethane-
diamine was added to a three-necked flask containing melted
PP-g-SWNTs. After ultrasonic dispersion for 30 min, the solu-
tion was refluxed for 36 h, and then the mixture was filtered
and dried at 80°C in vacuo for 12 h. The yield was designated
as PP-g-SWNT-NH,. Finally, PP-MA was added to SWNT-PP—
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NH, with weight ratio of 2:1 to ensure the complete reaction,
and this resulted in the PP-re-g-SWNTs.

PP/PP-re-g-SWNT Composite Preparation

PP-re-g-SWNTs were used as a masterbatch to blend with PP to
obtain composites with different SWNT contents. The blending
was carried out in hot xylene at 120°C for 30 min, and then the
mixture was filtered and dried at 80°C in vacuo for 12 h. We
used the mold that we made by ourselves to melt blend powder
and fabricate the composites by exerting pressure. The compo-
sites were then pressed into a sheet (first at 180°C and then at
room temperature) with diameters of 5 and 2.5 mm to perform
mechanical tests.

Characterization

The PP-re-g-SWNTs were characterized by X-ray photoelectron
spectroscopy (XPS) with a Kratos-AXIS ULTRA DLD with an
Al Ko X-ray source. In curve fitting, the widths of the Gaussian
peaks were kept constant in a particular spectrum. Fourier
transform infrared (FTIR) spectra were recorded on a Perki-
nElmer Spectrum model 100 FTIR spectrometer. Transmission
electron microscopy (TEM) micrographs of SWNTs and PP-re-
¢-SWNTs were obtained with a JEM-2100(200 kV). Differential
scanning calorimetry analyses were performed on a PerkinElmer
Pyris instrument. Each sample was heated to 220°C at a heating
rate of 10°C/min after holding at 220°C for 10 min; the sample
was then cooled to 0°C at a cooling rate of 10°C/min in a
nitrogen atmosphere. Dynamic mechanical data were collected
at a frequency of 1 Hz and at a heating rate of 5°C/min within
the temperature range from 20 to 160°C in a nitrogen atmos-
phere with a DMS 6100 in stretching mode. Samples with
dimensions of 50 X 5 X 2.5 mm’ were used. The tensile prop-
erties of the composites were measured at room temperature
with an R-9100 mechanical tester from Shen Zhen Rerer Instru-
ment Co., Ltd. The strain rate was 5 mm/min with a load of 1
kN. The flexural properties of the composites were measured
with an HY-1080 mechanical tester from Shanghai Heng Yi Pre-
cision Instrument Co., Ltd. The electrical conductivity was
measured by a ZC36 megger from Shanghai No. 6 Electricity
Meter Co., Ltd.

RESULTS AND DISCUSSION

Grafting of PP onto the SWNTs

The XPS spectra for the pristine CNTs, CNT-OH, CNT-NH,,
PP-¢g-SWNTs, and PP-re-g-SWNTs and the Cls spectra for
SWNT-OH, PP-¢g-SWNTs, and PP-re-g-SWNTs are shown in
Figure 1. The chemical compositions are listed in Table I. For
the pristine SWNTs, aside from the main C—C peak at 284.5
eV, a weak Ols peak at 533.5 eV (O 1s, atom %: 2.81) was
attributed to atmospheric moisture or oxidation during the
purification process.”® For the SWNT-OH sample, the concen-
tration of oxygen increased up to 4.19 atom %, and the Ols
spectrum showed a binding energy (BE) of 531.3 eV, which was
assigned to C—OHj; this implied that the SWNTs were success-
fully hydroxylated. In comparison with the SWNT-OH, two
new photoemission peaks, with BEs of 102.5 eV (Si2p: 0.58
atom %) and 399.1 eV (Nls: 1.37atom %), appeared in the
XPS spectrum of the SWNT-NH,. The higher surface oxygen
content (4.54 atom %) was attributed to the hydrolysis of
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Scheme 1. Schematic synthesis route for PP-re-g-SWNTs.

APTES" and provided the proof for the amino functionaliza-
tion of the SWNTs. Notably, the carbon percentage increased to
97.16 atom % for the PP-g-SWNT sample and 97.29 atom %
for the PP-re-g-SWNT sample. This was due to the introduction
of PP molecules onto the surface of the SWNTs. From the ther-
mogravimetric analysis (TGA) data, about 70 wt % of the PP
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molecules were attached onto the surface of the SWNTs by
mass. More proof of PP attachment was the splitting of the Cls
peak [Figure 1(b,c)], namely, from one photoemission peak for
the SWNT-OH, PP-g-SWNTs, and PP-re-g-SWNTs to several
peaks. The PP-g-SWNT and PP-re-g-SWNT samples could be
attributed to five peaks, which were the graphite signal, carbon
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Figure 1. (a) XPS wide spectra of the pristine SWNTs, SWNT-OH,
SWNT-NH,, PP-g-SWNT, and PP-re-g-SWNTs samples and (b) Cls XPS
spectra of SWNT-OH, PP-g-SWNT, and PP-re-g-SWNTs samples. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

sp’>, C—0, C=0, 0O=C—0, and O=—C—N (PP-g-MA). Finally,
we safely concluded that PP was successfully grafted onto the
surface of the SWNTs.

Table I. Atomic Percentages by XPS

C N 0 Si
Sample (atom %) (atom %) (atom %) (atom %)
SWNT 97.2 NA 2.8 NA
SWNT-0OH 958 NA 41 NA
SWNT-NH2 93.5 1.4 4.5 0.5
PP-g-SWNTs 971 0.5 1.7 0.5
PP-re-g-SWNTs 97.3 0.6 1.8 0.2

NA = not applicable.
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Figure 2. FTIR spectra of the pristine SWNTs, SWNT-OH, SWNT-NH,,
PP-g-SWNT, and PP-re-g-SWNTs. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 2 shows the IR spectra for the pristine SWNTs and
modified SWNTs. The appearance of a rather weak and broad
absorption band at 3445 cm™' was due to the presence of
—OH groups on the surface of the pristine SWNTs; this resulted
from either ambient atmospheric moisture bound to the CNTs
or oxidation during the purification of the raw SWNTs. The
peak at 1630 cm™ ' was ascribed to the stretching of the C=C
groups only for the SWNTs. In the IR spectrum of SWNT-OH,
a strong and broad band at 3400-3500 cm ™' was assigned to
the —OH groups which arose from the hydroxylation of the
SWNTs, and the peaks at 1115 and 1030 cm ™' were attributed
to the bending vibration of O—H and the stretching of C—0O,
respectively. For the IR spectrum of SWNT-NH,, the dimin-
ished peak at 3400-3520 cm™ ' indicated largely decreased OH
groups, and the peak at 1152 cm™' was attributed to the
stretching of the Si—O—Si groups. The previous changes in the
absorption peaks and bands proved the occurrence of the amino
functionalization of the CNTs. As for the PP-g-SWNTs and PP-
re-g-SWNTs, the two new absorption peaks at 2853 and 2922
cm™ ! were assignable to the characteristic peaks of PP. In addi-
tion, 1475 and 1386 cm™ ' were assignable to the stretching of
the C—N and N—H groups from amide and imide, respectively.
The previous changes verified the presence of the PP moieties
on the surface of the SWNTs.

Figure 3 presents the TEM images of the pristine SWNTs, PP-g-
SWNTs, and PP-re-g-SWNTs. The surface of the control SWNT
sample [Figure 3(b,c)] was quite clean; this indicated that the
most PP physically adsorbed on the surface of SWNTs could be
removed by sufficient hot-vacuum filtration. We observed that
the diameter of the raw SWNTs [Figure 3(a)] was around 2 nm,
whereas the PP-g-SWNTs and PP-re-g-SWNTs [Figure 3(b,c)]
were much thicker because of the polymer wrapping. The thick-
ness of the PP-g-SWNTs and PP-re-g-SWNTs were 8 and 40
nm, respectively. Using these XPS analyses, we were able to
draw the conclusion that the layer was the product of PP. This
suggested that the grafting ratio of the PP-re-g-SWNTs was
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Figure 3. TEM micrographs of the (a) pristine SWNT, (b) PP-g-SWNTs showing nanotubes covered by polymer, and (c) PP-re-g-SWNTs showing nano-

tubes covered by more polymer.

much higher than that of the PP-g-SWNTs, which could be pro-
ven by TGA. As shown in Figure 4, there was an obvious two-
step decomposition for the PP-g-SWNTs and PP-re-g-SWNTs;
these were PP decomposition and SWNT decomposition
according to the curves of the PP-g-MA and SWNTs. The graft-
ing ratio of the PP-g-SWNTs and PP-re-g-SWNTs were calcu-
lated to be about 20 and 72 wt %, respectively.

Mechanical and Electrical Properties of the Composites

The mechanical properties of the PP/PP-g-SWNTs and PP/PP-
re-g-SWNTs composite and the tensile and flexural properties
are shown in Figure 5. The tensile strength and flexural strength
of the PP/PP-re-g-SWNTs with 0.6 wt % SWNT loadings were
increased by maxima of 55.2 and 66%, respectively, compared
to the PP/PP-g-SWNT composites (maximum increments = 47.1
and 53.8%). Unexpectedly, the tensile strength and flexural
strength of the PP/PP-re-g-SWNTs composite with 20 wt %
SWNT loadings did not decrease that contrary to literature. In
fact, they were still improved by 5.0 and 1.7%. The improved
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Figure 4. TGA curves of the SWNTs, PP-g-SWNTs, PP-re-g-SWNTs, and
PP-g-MA. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 5. (a) Tensile strength and (b) flexural strength curves of PP-g-SWNT- and PP-re-g-SWNT-reinforced PP matrix composites and (c) electrical
conductivity curve of the PP/PP-re-g-SWNTs composites. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

mechanical properties of the PP/PP-re-g-SWNTs composite
were due to the covalent chemical bonding of the polymer
chains to the SWNTs, where much stronger chemical bonds and
conjugated network between the nanotubes and polymers were
established. As a result, the stronger interfacial adhesion devel-
oped a better dispersion system between the PP and SWNTs.

Differential scanning calorimetry analysis was performed, and
in summary, the melting temperature, crystallinity tempera-
ture, and crystallinity increased progressively upon the addi-
tion of the PP-re-g-SWNTs. The results indicate that the PP/
PP-re-g-SWNTs promoted the crystallinity of PP (Table II). In
other words, the PP and PP-re-g-SWNTs had a strong nuclea-
tion effect on the crystallinity of the polymer; this reduced the
defects of interaction in the composites. Moreover, the
dynamic mechanical analysis data suggested that the loss mod-
ulus of the PP/PP-re-g-SWNTs composites increased progres-
sively upon the addition of the PP-re-g-SWNTs; this may have
been related to the cohesive interactions between the large sur-
face area of the nanotubes and the PP components.*> The elec-
trical properties of the PP/PP-re-g-SWNTs composites and PP
are shown in Figure 5(c). The electrical conductivity increased
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with increasing SWNT content. Therefore, the polymer com-
posites experienced a transition from electrical insulator to
conductor. Furthermore, the better interfacial adhesion
between the SWCNTs and the PP matrix generated an addi-
tional electrical pathway.*®

Table II. Melting and Crystallization Parameters of the PP and PP-re-g-
SWNT/PP Composites

T Te AHn, X

Sample rccpe rCP (Jlg)® (%)
PP 131 110 77 36
PP-re-g-SWNT (0.3%)/PP 132 111 80 39
PP-re-g-SWNT (0.6%)/PP 132 112 88 42
PP-re-g-SWNT (1%)/PP 133 113 89 43
PP-re-g-SWNT (5%)/PP 138 114 90 43
PP-re-g-SWNT (12%)/PP 136 115 91 44

@Melting temperature.

b Crystallinity temperature.
¢Enthalpy.

d Crystallinity.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39817


wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

CONCLUSIONS

The SWNTs were dispersed well in the PP matrix and developed
excellent interfacial adhesion because of the novel structure of
the PP-re-g-SWNTs, as characterized by XPS, IR, and TEM. The
tensile strength, flexural strength, electrical conductivity, loss
modulus, and crystallinity were all improved upon the addition
of the PP-re-g-SWNTs. On the other hand, the mechanical per-
formance still held with ultrahigh CNT loadings (20 wt %); this
is a new finding in composite science and is promising for both
practical applications and academia.
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