gee materials Wby

Article

Enhancement in Mechanical and Electrical Properties
of Polypropylene Using Graphene Oxide Grafted
with End-Functionalized Polypropylene

Patchanee Chammingkwan, Katsuhiko Matsushita, Toshiaki Taniike and Minoru Terano *

Japan Advanced Institute of Science and Technology, 1-1 Asahidai, Nomi, Ishikawa 923-1292, Japan;
chamming@jaist.ac.jp (P.C.); k. matsushital989@gmail.com (K.M.); taniike@jaist.ac.jp (T.T.)
* Correspondence: terano@jaist.ac.jp; Tel.: +81-761-51-1620; Fax: +81-761-51-1625

Academic Editor: Bigiong Chen
Received: 30 November 2015; Accepted: 23 March 2016; Published: 29 March 2016

Abstract: Terminally hydroxylated polypropylene (PP) synthesized by a chain transfer method
was grafted to graphene oxide (GO) at the chain end. Thus obtained PP-modified GO (PP-GO)
was melt mixed with PP without the use of a compatibilizer to prepare PP/GO nanocomposites.
Mechanical and electrical properties of the resultant nanocomposites and reference samples that
contained graphite nanoplatelets, partially reduced GO, or fully reduced GO were examined. The best
improvement in the tensile strength was obtained using PP-GO at 1.0 wt %. The inclusion of PP-GO
also led to the highest electrical conductivity, in spite of the incomplete reduction. These observations
pointed out that terminally hydroxylated PP covalently grafted to GO prevented GO layers from
re-stacking and agglomeration during melt mixing, affording improved dispersion as well as stronger
interfacial bonding between the matrix and GO.
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1. Introduction

Polymer nanocomposites are a class of hybrid materials in which nano-sized fillers are highly
dispersed in polymer matrices. Compared with conventional polymer composites, nanocomposites
often lead to remarkable reinforcement of physical properties of polymer and/or incorporation of novel
functionality of nanomaterials. Nano-sized fillers offer a much greater interfacial area for effective load
transfer to matrices. Moreover, a significantly enhanced particle density in polymer matrices enables
the formation of percolation networks at a much smaller loading [1]. As growing need on stronger,
lighter, more versatile, and less expensive materials with an ease of processing, polypropylene (PP)
nanocomposites offer considerable advantages to satisfy these requirements.

The sp?-hydridized carbon atoms arranged in a honeycomb structure, termed as graphene, have
attracted increasing attention since the first successful isolation of a single layer in 2004 [2]. Due to
its extraordinary properties, such as thermal conductivity of 4.84-5.30 x 10> W/mK [3], high specific
surface area of 2630 m? /g [4], electrical conductivity of 7200 S/m [5], excellent mechanical strength of
130 GPa in the intrinsic fracture strength, and 1 TPa in the modulus [6], graphene has rapidly emerged
as a material of choice among nano-sized fillers in polymer nanocomposites. Due to its extremely
large aspect ratio, the antistatic criterion could be satisfied at a much lower percolation threshold [7,8].
Mechanical properties could be enhanced at maximum over 100% compared with pristine polymer at
a small loading [9].

Despite the potential advantages, the dispersion of graphene in polymer matrices still remains
challenging. Generally, single-layer graphene can be easily re-stacked upon drying due to the attractive
van der Waals force between layers. The solution mixing is the best way to homogeneously mix
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graphene with polymer matrices. However, the solution blending is not economically viable and
hardly applied to a polymer, such as PP, which only dissolves in specific solvents. Likewise, a few
to several layers of graphene in the dried form are blended with PP in melt mixing, in which
the performance of resultant nanocomposites greatly depends on the dispersion state in polymer
matrices in addition to the aspect ratio of graphene layers and interfacial bonding with polymer
matrices [10-12]. Since simple melt mixing often leads to unsatisfactory improvement of properties
(due to the re-stacking of graphene layers, as well as their poor dispersion); an additional strategy
is always required. Solid-state shear pulverization was reported to provide an excellent blending to
enable in-situ exfoliation of graphite, which resulted in significant enhancement of Young’s modulus
and yield strength by about 100% and 60% above pristine PP, respectively [13]. Another successful
way is to blend PP latex with graphene oxide (GO) in water, followed by reduction and melt mixing
with pristine PP. The PP latex inserts between GO layers and prevents their re-stacking upon drying
and reduction [14-16]. Chemical functionalization has been also extensively studied, most of which
have combined chemical functionalization of GO and the co-addition of maleic anhydride-grafted PP
(PPMA) [17-20]. For example, hexamethylene diamine-modified GO was melt mixed with PP together
with PPMA. They reported that PPMA was in-situ grafted to GO through amide linkages, leading to
14% of tensile strength improvement as compared to 6% for unmodified GO [18].

Recently, we have fabricated PP/PP-grafted SiO, (PP-5i0;) nanocomposites, in which
end-functionalized PP chains were grafted to SiO, nanoparticles. It was found that the inclusion of
PP-5i0O; enabled a 30% improvement in the tensile strength, which is unexpectedly large for spherical
nanoparticles [21]. Such a large improvement was attributed to a physical cross-linkage structure
through co-crystallization between matrix and grafted PP chains. It has been reported that polymer
chains grafted at their side chains (e.g., in the case of PPMA) tend to wrap nanoparticles and form
a soft layer on the surfaces, thus hampering mechanical reinforcement. On the other hand, polymer
chains grafted at their chain ends form brush morphology, which endow superior reinforcement
through entanglement, inter-diffusion, and co-crystallization mechanisms [22,23]. In this work,
PP /graphene nanocomposites were prepared using GO modified with terminally hydroxylated PP,
and their mechanical and electrical properties were evaluated.

2. Results and Discussion

2.1. Preparation of GO and rGO

GO was prepared from graphite nanoplatelets (GNP) using a modified Hummer’s method [24-27].
After sonication, the sample was dried at 20 °C in vacuo. Reduced GO (rGO) was prepared by the
thermal reduction of GO at 1050 °C. Figure 1 shows the diffraction patterns of all the samples. A peak
at 20 = 26.5° of GNP corresponds to the (002) plane, typically observed for graphitic carbon [11,28].
The d-spacing between layers calculated from the Bragg’s law [29] and the crystallite size calculated
from the Scherrer equation [30] were 0.34 nm and 44.0 nm, respectively. After oxidation, the diffraction
pattern of GO exhibits a peak at 20 = 10.6°. The broadening of the peak compared to that of GNP
indicated a decrease in the crystallite size and/or a less ordered structure. The d-spacing and the
crystallite size were calculated as 0.83 nm and 5.85 nm, respectively. The disappearance of the peak
at 26.5° and the increase of the d-spacing from the original GNP pointed out that the van der Waals
interaction between layers became looser due to the intercalation of oxygen-containing functional
groups [11]. After the thermal reduction, the (002) diffraction at 10.6° disappeared, while a very
dispersive peak as an indicative of disordered graphitic structure was found around 24.6°. This is in
accordance with literature, where the thermal treatment at high temperature (especially above 200 °C)
caused the drastic cleavage of HyO and oxygen-containing functional groups from GO layers and the
exfoliation of graphene [31-33].
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Figure 1. X-ray diffraction patterns of graphite nanoplatelets (GNP), graphene oxide (GO), and reduced
GO (rGO) samples.

A TEM image in Figure 2a shows that GNP was composed by a number of layers stacked with
each other. Sheets with higher transparency were observed for GO (Figure 2b), indicating a significant
exfoliation. After the thermal reduction, thick sheets were observed for rGO. This might be caused by
the poor dispersibility in solvent during the preparation of a TEM grid.

Figure 2. TEM images of (a) GNP; (b) GO; and (c) rGO samples.

The chemical structure of oxidized and reduced samples was confirmed by FTIR (Figure 3). It can
be seen that the spectrum of original GNP exhibited small peaks at 1718 cm~! for C=O stretching
vibration and 1400 cm~! for O—H in-plane deformation vibration of carboxylic groups [11,17-19],
which are generally expected for GNP since the trigonal carbon bonds at the edges can easily react with
ambient gas to form oxygen-containing functional groups and remain as impurities. The spectrum
of GO exhibits the presence of various types of oxygen-containing functional groups. In addition
to the vibration of carboxylic groups, the main peaks at 1232 cm~! and 1055 cm ™! correspond to
C—O stretching vibration of epoxy and alkoxy groups, respectively. The broad band at 3422 cm~!
and the peak at 1570 cm™! are respectively attributed to O—H stretching vibration of hydroxyl
groups [11,17-19] and C=C vibration from the aromatic ring [34]. After the thermal reduction at high
temperature, most of these oxygen-containing functional groups were eliminated [31].
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Figure 3. FTIR spectra of GNP, GO, and rGO samples.

2.2. Synthesis of PP-OH

Terminally hydroxylated PP (PP-OH) was prepared by a chain transfer method in propylene
polymerization using triethylaluminum (TEA) as a chain transfer agent. rac-Ethylenebis(1-indenyl)
zirconium dichloride (EBIZrCl,) was selected as the catalyst since its bulky ligand suppresses the 3-H
elimination. In such a circumstance, the growing chain at the metal centre predominantly transfers to
Al of TEA, forming Al-terminated PP chains [35]. The obtained polymer was then converted to PP-OH
by O, insertion into the Al-R bonds, followed by hydrolysis (Figure 4). 3C NMR of PP-OH shows the
peak of methylene carbon related to hydroxyl end groups (C°) at 68.5 ppm and the peak of methyl
terminus as the chain head (C*) at 11.2 ppm, indicating the successful terminal hydroxylation of PP.
The mmmm, M, and the percentage of end-functionalization [21] were 92 mol %, 1.2 x 10* g/mol and
80 mol %, respectively.
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Figure 4. Synthesis scheme and '3C NMR spectrum of hydroxylated polypropylene (PP-OH).
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2.3. Preparation and Characterization of PP Nanocomposites

The modification of GO by PP-OH was attempted by heating PP-OH with GO in tetradecane
at 200 °C. The resultant powder was washed repeatedly by hot filtration to obtain PP-modified GO
(PP-GO). Figure 5a,b shows TEM images of the PP-OH and PP-GO powder. It was evidenced that GO
sheets became partially less transparent compared to untreated GO (see Figure 2b) due to the existence
of a polymer layer covering GO surfaces as marked in the dash square. The morphology of the polymer
layer was totally different from that of the original PP-OH powder, since the treatment in tetradecane
and hot filtration using ODCB dissolve PP-OH. Three scenarios could be suggested for the existence of
the polymer layer: (i) the remaining of unwashed PP-OH; (ii) non-covalent interaction of PP-OH to
GO; and (iii) covalent grafting of PP-OH to functional groups of GO. The former two scenarios were
unlikely considering repetitive washing and the hydrophilic nature of partially reduced GO.

Figure 5. TEM images of (a) PP-OH; and (b) PP-modified graphene oxide (PP-GO) powder.

In order to prove the existence of covalent grafting, GO was treated in tetradecane at 200 °C in
the presence and absence of PP-OH without repetitive hot filtration, respectively denoted as PP-GO*
and pGO*. After the removal of solvent and drying at room temperature, the chemical change near the
surface was examined by attenuated total reflectance infrared spectroscopy (ATR-IR). As can be seen
in Figure 6, the oxygen-containing functional groups of original GO, including those from carboxyl
(COOH) at 1726, 1400, and 979 cm ™1 [17,31,36], pyrene-like ether at 1357 cm~ ! [37], carboxyl and
epoxide at 1220 cm ™!, alkoxide at 1040 cm ! [20], and hydroxyl such as those from phenol (C-OH),
COOH, and H,0 at around 2855-3680 cm ! and 1000-1060 cm ™~ [38], were significantly reduced
after the thermal treatment for both of the samples. Nonetheless, the ATR-IR spectra of PP-OH* and
pGO* were significantly different: C-H vibration in the region of 1370-1460 cm~! and 2800-2953 cm ™!,
attributed to PP-OH (shown as inset), was observed for PP-GO*. Small broad peaks of C-H vibration
around 2800-2953 cm ! in pGO* originated from the residual tetradecane solvent. The peaks around
1357-1400 cm ™! for pyrene-like ether and O-H bending of carboxyl totally disappeared for PP-GO*
as compared to pGO*, and the peak of C-O stretching vibration of carboxyl and epoxide was shifted
to 1207 cm~! as compared to the original GO. Most interestingly, a new peak, which belongs to C-O
stretching vibration of ester, appeared at 1152 cm~! [39] only for PP-GO*. All of these facts indicated
the formation of covalent linkages between PP-OH and carboxyl groups of GO. Although the ether
linkage through the grafting of PP-OH to hydroxyl or epoxy groups of GO was not evidenced due to
overlapping of C-O (ether) vibration around 1000-1250 cm~!, at least the covalent grafting of PP-OH
to carboxyl groups of GO was successfully confirmed.
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Figure 6. ATR-IR spectra of GO, pGO*, and PP-GO* samples.

PP /PP-GO nanocomposites were prepared by melt mixing pristine PP with PP-GO at 1.0 or
3.0 wt %. PP/GNP and PP/rGO nanocomposites were also prepared as reference samples at the same
filler contents. Since the modification of GO with PP-OH was performed at an elevated temperature,
GO was partially reduced in the reaction. Therefore, additional reference nanocomposites with partially
reduced GO (PP/pGO) were also prepared, in which pGO was treated in the same manner as PP-GO
in the absence of PP-OH. The Wide-angle X-ray diffraction (WAXD) patterns of nanocomposites at
3.0 wt % of the filler loading are shown in Figure 7. Pristine PP exhibited the peaks at 26 = 13.6°, 16.4°,
18.0°,20.5°, 21.2°, 25.0°, and 27.9°, respectively, corresponding to (110), (040), (130), (111), (041), (060)
and (220) planes of the x-form crystal of PP. The addition of GNP gave rise to a sharp peak at 26.1°,
corresponding to the (002) diffraction of GNP. The absence of the same peak for PP/rGO, PP/pGO and
PP /PP-GO nanocomposites confirmed the re-stacking-free dispersion in the PP matrix. The WAXD
patterns of all the nanocomposites display the same «-form characteristics with the complete absence
of the B-form, similarly to pristine PP. Nonetheless, the intensity of peaks at 20 = 16.4° and 25.0°,
respectively, corresponding to «(040) and «(060) planes, was significantly enhanced from that of
pristine PP, and their extent was different among the nanocomposites. It has been reported that
platelet fillers, including GNP [40] and talc [41], tend to align parallel to film surfaces in compression
molding with its c*-axis perpendicular to the same surfaces. On the other hand, graphitic (001)
planes have the crystallographic matching with the x-crystal form of PP with its b*-axis parallel to
the c*-axis of the layers and offer a nucleating effect. Thus, orientation of graphitic layers causes the
orientation of the PP crystal with its b*-axis perpendicular to the film surfaces, eventually resulting
in the relative increase of the diffraction intensity for «(0kO) of PP [40]. From our results, all of the
fillers exhibited a certain level of orientation of the PP crystal, as indicated by the increase of the
«(040)/ «(110) intensity ratio (Table 1). The most pronounced effect was found for GNP, followed
by rGO > pGO > PP-GO, respectively. The smaller nucleation efficiency of rGO compared to GNP
must be originated from oxidation/reduction damages to the sheets like wrinkles and buckling. In
the case of pGO and PP-GO, the orientation degrees were smaller than those for GNP and rGO,
plausibly because the remaining oxygen-containing functional groups deteriorated the nucleation
efficiency. It should be noted that the orientation degree for pGO was significantly higher than that
for PP-GO in spite of similar reduction extents. This result suggested that PP-OH covering GO
surfaces might hinder the nucleation of matrix PP chains in a steric reason. In our previous work,
the grafting of PP chains to SiO, nanoparticles formed semi-dilute brush morphology and endowed
the nucleation ability to SiO, surfaces [21]. However, the least orientation degree for PP/PP-GO
compared to the other samples indicated that this effect became less important for graphitic fillers,
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which equip a strong nucleation ability themselves. Rather, the presence of attached polymer chains
and/or oxygen-containing functional groups prevented the nucleation.
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Figure 7. WAXD patterns of (a) pristine PP; (b) PP/GNP (3.0 wt %); (c) PP/rGO (3.0 wt %); (d) PP/pGO
(3.0 wt %); and (e) PP/PP-GO (3.0 wt %) nanocomposites.

Table 1. Intensity ratio of «(040)/x(110) for PP nanocomposites.

Sample «(040)/x(110)
Pristine PP 0.66
PP/GNP (3.0 wt %) 431
PP/rGO (3.0 wt %) 1.93
PP/pGO (3.0 wt %) 1.68
PP/PP-GO (3.0 wt %) 1.02

The crystallization rate in isothermal crystallization was found to be in line with WAXD results
(Table 2). All the nanocomposites showed enhanced crystallization rates compared to that of pristine
PP. The crystallization rate increased by ca. three folds with the addition of 1.0 wt % of GNP and
rGO, while by ca. two folds with the addition of 1.0 wt % of PP-GO. The increase in the filler content
further enhanced the crystallization rate with marginal influences on the crystallinity and the melting
temperature of the matrix.

Table 2. DSC results for PP nanocomposites.

Sample tip~ 12 (min~1) X. b (%) T, € (°C)

Pristine PP 0.18 47.9 164
PP/GNP (1.0 wt %) 0.68 47.1 161
PP/GNP (3.0 wt %) 0.97 46.0 161
PP/rGO (1.0 wt %) 0.74 47.6 162
PP/rGO (3.0 wt %) 1.03 46.5 163
PP/PP-GO (1.0 wt %) 0.35 46.5 159
PP/PP-GO (3.0 wt %) 0.40 47.1 162

2 t1p: Half time of isothermal crystallization at 128 °C; bx.: Crystallinity of PP; © T),: Melting temperature.

The uniaxial tensile test was conducted to evaluate the mechanical properties of the
nanocomposites. Figure 8 exhibits the tensile stress-strain curves from the representative tests for
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nanocomposite samples (1.0 wt %), and the average properties from ten measurements are summarized
in Table 3. The tensile strength and Young’s modulus are also plotted against the filler content in
Figure 9. In general, mechanical properties of semi-crystalline polymer largely depend on the polymer
crystallinity, while this dependency could be neglected in this study since all the nanocomposites had
similar crystallinity to that of pristine PP. The addition of graphitic fillers at 1.0 wt % significantly
enhanced the tensile strength and Young’s modulus for all the samples. On the other hand, slight
decrements of the tensile strength were found when the filler content was increased to 3.0 wt %,
plausibly due to deteriorated dispersion. The tensile strength of PP/rGO was slightly higher than
that of PP/GNP, which was attributed to the increase in the layer density (in the matrix) due to
the exfoliation. The presence of oxygen-containing functional groups deteriorated the mechanical
reinforcement due to the poor compatibility and bonding with the matrix, as can be seen in the
lowest tensile strength for PP/pGO. Nevertheless, PP/PP-GO exhibited the highest tensile strength
compared to the other fillers with the enhancement of 28% from that of pristine PP at 1.0 wt %.
This enhancement was comparably high to the reported +35% and +29% for the grafting of PPMA to
diamine and amine-modified GO [17,18]. It must be noted that our nanocomposites were free from
the compatibilizer as well as the organic modification of graphene layers. The highest tensile strength
for PP/PP-GO indicated better dispersion as well as better interfacial interaction of PP-GO with the
matrix, especially compared with rGO and pGO: the former represents the highest hydrophobicity
(i.e., the most compatible with PP), while the latter represents a similar thermal history. Likewise, the
best reinforcement obtained for PP/PP-GO must be caused by the successful grafting of PP-OH to
GO. The increase in the filler loading from 1.0 to 3.0 wt % tended to cause a drastic decrease of the
elongation at break, which could be explained either by poor dispersion or by the reduction of the
flexibility due to a barrier effect from platelet fillers that perturbs lamellae slippage, stretching, and
orientation [19].

45
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g 18 14 —PP/GNP 1.0 wt.%

) PP/rGO 1.0 wt.%
G —PP/pGO 1.0 wt.%
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0
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Figure 8. Tensile stress-strain curves of PP nanocomposites.

Table 3. Tensile properties of PP nanocomposites.

Sample Tensile Strength (MPa)  Young’s Modulus (MPa) Elongation at Break (%)

Pristine PP 302 +04 470 + 15 >300
PP/GNP (1.0 wt %) 363+ 1.1 550 + 22 >300
PP/GNP (3.0 wt %) 351+0.7 567 + 14 38+8
PP/rGO (1.0 wt %) 364+ 0.4 554 +24 >300

PP/rGO (3.0 wt %) 362+ 0.6 552 +40 62 + 14
PP/pGO (1.0 wt %) 353 +£0.6 516 +29 >300

PP/pGO (3.0 wt %) 353405 549 + 25 79+ 12
PP/PP-GO (1.0 wt %) 38.7 £ 1.0 562 + 34 >300

PP/PP-GO (3.0 wt %) 371+ 05 564 + 47 >300
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Figure 9. Tensile strength and Young’s modulus of PP nanocomposites at different filler loadings.

The electrical conductivity of the nanocomposites is plotted in Figure 10. The addition of all
the types of graphitic fillers more or less increased the electrical conductivity to 1.0 wt %, while the
further addition to 3.0 wt % hardly improved the conductivity. Similar saturation was also observed
for the tensile strength. Both of these facts indicated the deterioration of the dispersion at 3.0 wt %.
The increment of the electrical conductivity followed the order of pGO < GNP < rGO < PP-GO.
In general, GO is an insulator due to the breakage of the pi-conjugated system, and the reduction
recovers the original conductivity of graphene. For instance, the thermal reduction at 300 °C increases
the conductivity around eight order of magnitude from pristine GO, and this restoration gradually
approaches the original conductivity before oxidation with the increase of the thermal treatment
temperature [33]. In this sense, the smaller conductivity for pGO as compared with GNP and rGO was
quite reasonable. The higher conductivity for rGO as compared with GNP could also be explained
by the larger particle density due to the exfoliation. Most surprisingly, PP-GO, which had a similar
thermal history to pGO, showed the highest conductivity. This result again supported that the grafting
of PP-OH to GO surfaces was successfully implemented and as a result, the dispersion of graphitic
layers was improved in a way to overcome the lower reduction degree.
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Figure 10. Electrical conductivity of PP nanocomposites at different filler loadings.
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3. Experimental Section

3.1. Materials

Propylene monomer of research grade was donated by Japan Polypropylene Co. (Tokyo, Japan)
and used as delivered. Modified methylaluminoxane (MMAO) as an activator and triethylaluminum
(TEA) as a chain transfer agent were donated by Tosoh Finechem Co. (Shiinan, Japan). rac-Ethylenebis
(1-indenyl)zirconium dichloride (EBIZrCly) was purchased from Kanto Chemical. Co., Inc
(Tokyo, Japan). Anhydrous toluene (Wako Pure Chemicals Industries, Ltd., Osako, Japan) was used
after drying over a molecular sieve 4A. Tetradecace (Wako Pure Chemicals Industries, Ltd.) was
dried over a molecular sieve 4A, followed by heating under N, flow at 110 °C for 3 h. Graphite
nanoplatelets (GNP, diameter of 5 um and aspect ratio of 114, XG Sciences, Lansing, MI, USA) were
dried under vacuum at 60 °C for 6 h prior to use. Concentrate sulfuric acid (conc. H,SO4, Kanto
Chemical. Co., Inc.), potassium permanganate (KMnO,, Wako Pure Chemicals Industries, Ltd.) and
35% hydrogen peroxide aqueous solution (H,O,, Kanto Chemical. Co., Inc.) were used as received.
Methanol, o-dichlorobenzene (ODCB), xylene, and n-hexane (Wako Pure Chemicals Industries, Ltd.)
were used as washing solvents without purification. 3,5-Di-tert-butyl-4-hydroxytoluene (BHT, Wako
Pure Chemicals Industries, Ltd.) was used as received. Octadecyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)
propionate (AO-50) was donated by ADEKA Co., (Tokyo, Japan).

3.2. Synthesis of PP-OH

PP-OH was synthesized based on our previous report [21]. Propylene polymerization was
conducted in a 500 mL round bottom flask equipped with an overhead motor stirrer rotating at
350 rpm. After sufficient N, replacement, toluene as polymerization medium was charged into
the flask and cooled down to 0 °C. 15.0 mmol of MMAO in toluene was introduced, followed by
the addition of 5.0 umol of EBIZrCl, in toluene. 20 mmol of TEA was added as a chain transfer
agent. The total volume of polymerization solvent was fixed at 300 mL. Propylene monomer was
continuously introduced to keep the polymerization pressure at 1 atm. The polymerization was
conducted at 0 °C under propylene flow for 1 h. Consequently, propylene was replaced by O, and the
polymer suspension was kept stirring under O, bubbling for 1 h. Thereafter, 25.0 mL of 35% aqueous
H,0O, was added, followed by the addition of 500 mL of methanol. Thus, obtained PP-OH was
collected by filtration, washed with DI water, and purified by reprecipitation using xylene/methanol.

3.3. Preparation of GO, rGO, and pGO

Graphene oxide (GO) was prepared based on a modified Hummer’s method [24-27]. Next, 3.0 g
of GNP was added to 69.0 mL of conc. HySO,4 pre-cooled at 0 °C under stirring at 350 rpm. Then 9.0 g
of KMnOj, was slowly added, while keeping the temperature below 20 °C. The suspension was stirred
at low temperature until the increment of temperature from reaction exotherm was fully settled, and
then further stirred at room temperature for 30 min. Next, 69.0 mL of DI water pre-heated at 98 °C
was added and the mixture was stirred for 15 min before adding 420 mL of DI water and 30 mL of 35%
aqueous HpO,. The mixture was stirred at room temperature for 24 h before repetitive washing with
DI water and centrifugation until the pH of the solution became neutral. GO powder was collected and
dried in vacuo at 20 °C. Reduced graphene oxide (rGO) was prepared by the thermal treatment of GO
at 1050 °C under N flow. Partially reduced graphene oxide (pGO) was prepared by heating GO power
in tetradecane at 200 °C for 6 h, which mimicked the thermal history applied for the modification of
GO with PP-OH.

3.4. Preparation of PP-GO

PP-OH and GO were dried under vacuum to remove physisorbed water. Next, 3.0 g of PP-OH
and 1.0 g of GO were introduced into a round bottom flask. Then 300 mL of dehydrated tetradecane,
containing 0.03 wt % of AO-50 with respect to PP-OH, was introduced and the suspension was heated
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at 200 °C for 6 h under stirring at 350 rpm. After filtration, the powder was repeatedly washed with
methanol before drying at 60 °C in vacuo for 6 h. The ungrafted PP-OH was removed by repetitive hot
filtration at 140 °C using ODCB containing BHT. Thus, obtained PP-modified GO (PP-GO) was finally
washed with hexane and dried at 60 °C in vacuo for 6 h.

3.5. Preparation of PP Nanocomposites

PP nanocomposites were prepared by melt mixing of pristine PP with 1.0 or 3.0 wt % of PP-GO
using a two-roll mixer. PP pellet (M = 3.2 x 10° g/mol, My /M, = 4.2, mmmm = 98%) was firstly
kneaded at 185 °C for 5 min in the presence of 0.1 wt % AO-50 as an anti-oxidant. After the addition
of PP-GO, polymer was further kneaded at 185 °C for an additional 10 min. The product was then
hot-pressed into a film with the thickness of 200 pm using the pressure of 20 MPa at 190 °C, followed
by quenching at 100 °C for 5 min and 0 °C to obtain PP/PP-GO nanocomposite films. Reference
samples were prepared using GNP, rGO, and pGO instead of PP-GO at the same loadings.

3.6. Characterization

Wide-angle X-ray diffraction (WAXD) patterns were recorded on Smart Lab (Rigaku, Japan)
operated at 40 kV and 30 mA with CuK« radiation at the step size of 0.02° in the range of 26 = 5°-30°.
The crystallite size and d-spacing of GNP and GO were calculated based on the Scherrer equation
and the Bragg’s law, respectively. Fourier transform infrared spectroscopy (FTIR, FT/IR-6100 JASCO,
Tokyo, Japan) was used to confirm the formation and reduction of GO. The spectra were obtained
with the number of scans of 24 at a resolution of 4 cm~! in the range of 400-4000 cm~!. Attenuated
total reflectance infrared spectroscopy (ATR-IR, Spectrum100, PerkinElmer, Waltham, MA, USA) was
used to examine the chemical nature near the surface of treated GO. The spectra were obtained with
the number of scans of 40 at a resolution of 4 cm~! in the range of 4004000 cm~!. Transmission
electron microscope (TEM) images were obtained using a Hitachi H-7100 (Hitachi, Tokyo, Japan)
operated at 100 kV. The molecular weight (M,) and % end-functionalization of PP-OH were measured
by 13C NMR (400 MHz, Bruker, Pittsburgh, PA, United States) at 120 °C using 1,2,4-trichlorobenzene
as diluent and 1,1,2,2-tetrachloroetane-d, as internal lock and reference. The crystalline structure of
PP nanocomposites was analyzed using WAXD. The measurements were performed in a reflection
mode at room temperature. The melting temperature and isothermal crystallization behavior of
nanocomposites were evaluated by a differential scanning calorimeter (DSC, Mettler Toledo DSC 822,
Mettler Toledo, Columbus, OH, USA). The sample crystallinity was determined from the melting
endotherm in the first heating cycle, where the sample was heated from 50 to 200 °C at the heating
rate of 10 °C/min. Isothermal crystallization was investigated at 128 °C. The sample was kept at
200 °C for 5 min to erase the thermal history, and then cooled down to 128 °C at the cooling rate of
40 °C/min. Tensile properties of nanocomposites were obtained using an Abe Dat-100 tensile tester
(Abecks Inc., Tokyo, Japan). The measurements were basically carried out according to ASTM D638
using a specimen of type IV with reduced dimension. The sample was die cut in to a dumbbell-shape
with the overall length of 23 mm and the gage length of 5 mm. The test was conducted at a crosshead
speed of 1.0 mm/min at room temperature. The tensile properties, such as the tensile strength
and Young’s modulus, were determined as average values from ten measurements. The electrical
conductivity of nanocomposites was evaluated from surface resistivity using a two-point probe method
(R8340A, ADVANTEST, Tokyo, Japan) at 100 V under 20% RH.

4. Conclusions

PP /GO nanocomposites were prepared based on a polymer grafting strategy, where terminally
hydroxylated PP synthesized by a chain transfer method was grafted to GO prior to melt mixing with
the matrix PP. The increment of tensile strength of 28% over pristine polymer was achieved with the
inclusion of PP-GO at 1.0 wt %. The enhancement was greater than those obtained for GNP, partially
reduced GO, and fully reduced GO at the same loadings. The electrical conductivity also became
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the highest for PP-GO irrespective of its incomplete reduction. All of the results pointed out that
terminally hydroxylated PP covalently grafted to GO prevented graphitic layers from re-stacking and
agglomeration, and improved the interfacial interaction between the matrix and GO.

Acknowledgments: The Authors appreciate Japan Polypropylene Co., Tosoh Finechem Co. and ADEKA Co. for
the reagent donation.

Author Contributions: Patchanee Chammingkwan performed experiments and analyses for polymer grafting,
data analysis and wrote the paper. Katsuhiko Matsushita performed experiments and analyses of all
nanocomposite samples. Toshiaki Taniike designed the experiments and supported in discussion and revision of
paper. Minoru Terano conceived the experiments and supported in the discussion.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Takeuchi, K.; Terano, M.; Taniike, T. Sol-Gel Synthesis of Nano-Sized Silica in Confined Amorphous
Space of Polypropylene: Impact of Nano-Level Structures of Silica on Physical Properties of Resultant
Nanocomposites. Polymer 2014, 55, 1940-1947. [CrossRef]

2. Novoselov, K.S.; Geim, A.K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, 1.V,; Firsov, A.A.
Electric Field Effect in Atomically Thin Carbon Films. Science 2004, 306, 666—-669. [CrossRef] [PubMed]

3. Balandin, A.A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior Thermal
Conductivity of Single-Layer Graphene. Nano Lett. 2008, 8, 902-907. [CrossRef] [PubMed]

4.  Stoller, M.D.; Park, S.; Zhu, Y.; An, J.; Ruoff, R.S. Graphene-Based Ultracapacitors. Nano Lett. 2008, 8,
3498-3502. [CrossRef] [PubMed]

5. Li, D.; Miiller, M.B,; Gilje, S.; Kaner, R.B.; Wallace, G.G. Processable Aqueous Dispersions of Graphene
Nanosheets. Nat. Nanotechnol. 2008, 3, 101-105. [CrossRef] [PubMed]

6. Lee, C; Wei, X,; Kysar, J.W.; Hone, J. Measurement of the Elastic Properties and Intrinsic Strength of
Monolayer Graphene. Science 2008, 321, 385-388. [CrossRef] [PubMed]

7. Stankovich, S.; Dikin, D.A.; Dommett, G.H.B.; Kohlhaas, K.M.; Zimney, E.J.; Stach, E.A.; Piner, RD.;
Nguyen, S.T.; Ruoff, R.S. Graphene-Based Composite Materials. Nature 2006, 442, 282-286. [CrossRef]
[PubMed]

8. Liang, J.; Wang, Y.; Huang, Y.; Ma, Y,; Liu, Z.; Cai, J.; Zhang, C.; Gao, H.; Chen, Y. Electromagnetic Interference
Shielding of Graphene/Epoxy Composites. Carbon 2009, 47, 922-925. [CrossRef]

9. Zhao, X.; Zhang, Q.; Chen, D. Enhanced Mechanical Properties of Graphene-Based Poly(vinyl alcohol)
Composites. Macromolecules 2010, 43, 2357-2363. [CrossRef]

10. Kalaitzidou, K.; Fukushima, H.; Drzal, L.T. Mechanical Properties and Morphological Characterization of
Exfoliated Graphite-Polypropylene Nanocomposites. Compos. Part A Appl. Sci. Manuf. 2007, 38, 1675-1682.
[CrossRef]

11.  Achaby, M.E.; Arrakhiz, F.-E.; Vaudreuil, S.; Qaiss, A.K.; Bousmina, M.; Fassi-Fehri, O. Mechanical, Thermal,
and Rheological Properties of Graphene-Based Polypropylene Nanocomposites Prepared by Melt Mixing.
Polym. Compos. 2012, 33, 733-744. [CrossRef]

12.  Kalaitzidou, K.; Fukushima, H.; Drzal, L.T. A Route for Polymer Nanocomposites with Engineered Electrical
Conductivity and Percolation Threshold. Materials 2010, 3, 1089-1103. [CrossRef]

13. Wakabayashi, K.; Brunner, PJ.; Masuda, ]J.; Hewlett, A.; Torkelson, ].M. Polypropylene-Graphite
Nanocomposites Made by Solid-State Shear Pulverization: Effects of Significantly Exfoliated, Unmodified
Graphite Content on Physical, Mechanical and Electrical Properties. Polymer 2010, 51, 5525-5531. [CrossRef]

14. Song, P; Cao, Z.; Cai, Y.; Zhao, L.; Fang, Z.; Fu, S. Fabrication of Exfoliated Graphene-Based Polypropylene
Nanocomposites with Enhanced Mechanical and Thermal Properties. Polymer 2011, 52, 4001-4010. [CrossRef]

15. Fu, S, Li, N.; Wang, K.; Zhang, Q.; Fu, Q. Reduction of Graphene Oxide with the Presence of Polypropylene
Micro-Latex for Facile Preparation of Polypropylene/Graphene Nanosheet Composites. Colloid Polym. Sci.
2015, 293, 1495-1503. [CrossRef]


http://dx.doi.org/10.1016/j.polymer.2014.03.003
http://dx.doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://dx.doi.org/10.1021/nl0731872
http://www.ncbi.nlm.nih.gov/pubmed/18284217
http://dx.doi.org/10.1021/nl802558y
http://www.ncbi.nlm.nih.gov/pubmed/18788793
http://dx.doi.org/10.1038/nnano.2007.451
http://www.ncbi.nlm.nih.gov/pubmed/18654470
http://dx.doi.org/10.1126/science.1157996
http://www.ncbi.nlm.nih.gov/pubmed/18635798
http://dx.doi.org/10.1038/nature04969
http://www.ncbi.nlm.nih.gov/pubmed/16855586
http://dx.doi.org/10.1016/j.carbon.2008.12.038
http://dx.doi.org/10.1021/ma902862u
http://dx.doi.org/10.1016/j.compositesa.2007.02.003
http://dx.doi.org/10.1002/pc.22198
http://dx.doi.org/10.3390/ma3021089
http://dx.doi.org/10.1016/j.polymer.2010.09.007
http://dx.doi.org/10.1016/j.polymer.2011.06.045
http://dx.doi.org/10.1007/s00396-015-3526-7

Materials 2016, 9, 240 13 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

Wang, D.; Zhang, X.; Zha, ].-W.; Zhao, J.; Dang, Z.-M.; Hu, G.-H. Dielectric Properties of Reduced Graphene
Oxide/Polypropylene Composites with Ultralow Percolation Threshold. Polymer 2013, 54, 1916-1922.
[CrossRef]

Ryu, S.H.; Shanmugharaj, A.M. Influence of Long-Chain Alkylamine-Modified Graphene Oxide on
the Crystallization, Mechanical and Electrical Properties of Isotactic Polypropylene Nanocomposites.
Chem. Eng. J. 2014, 244, 552-560. [CrossRef]

Ryu, S.H.; Shanmugharaj, A.M. Influence of Hexamethylene Diamine Functionalized Graphene Oxide on
the Melt Crystallization and Properties of Polypropylene Nanocomposites. Mater. Chem. Phys. 2014, 146,
478-486. [CrossRef]

Yuan, B.; Bao, C.; Song, L.; Hong, N.; Liew, KM.; Hu, Y. Preparation of Functionalized Graphene
Oxide/Polypropylene Nanocomposite with Significantly Improved Thermal Stability and Studies on the
Crystallization Behavior and Mechanical Properties. Chem. Eng. ]. 2014, 237, 411-420. [CrossRef]

Song, N.; Yang, J.; Ding, P.; Tang, S.; Liu, Y.; Shi, L. Effect of Covalent-Functionalized Graphene Oxide with
Polymer and Reactive Compatibilization on Thermal Properties of Maleic Anhydride Grafted Polypropylene.
Ind. Eng. Chem. Res. 2014, 53, 19951-19960. [CrossRef]

Taniike, T.; Toyonaga, M.; Terano, M. Polypropylene-Grafted Nanoparticles as a Promising Strategy
for Boosting Physical Properties of Polypropylene-Based Nanocomposites. Polymer 2014, 55, 1012-1019.
[CrossRef]

Wang, ZM.; Hong, H.; Chung, T.C. Synthesis of Maleic Anhydride Grafted Polypropylene with High
Molecular Weight Using Borane /O, Radical Initiator and Commercial PP Polymers. Macromolecules 2005, 38,
8966-8970. [CrossRef]

Chung, T.C. Metallocene-Mediated Synthesis of Chain-End Functionalized Polypropylene and Application
in PP/Clay Nanocomposites. J. Organomet. Chem. 2005, 690, 6292-6299. [CrossRef]

Hummers, W.S,, Jr.; Offeman, R.E. Preparation of Graphitic Oxide. J. Am. Chem. Soc. 1958, 80, 1339-1339.
[CrossRef]

Cao, Y,; Feng, J.; Wu, P. Polypropylene-Grafted Graphene Oxide Sheets as Multifunctional Compatibilizers
for Polyolefin-Based Polymer Blends. J. Mater. Chem. 2012, 22, 14997-15005. [CrossRef]

Cao, Y,; Feng, J.; Wu, P. Preparation of Organically Dispersible Graphene Nanosheet Powders through a
Lyophilization Method and their Poly(lactic acid) Composites. Carbon 2010, 48, 3834-3839. [CrossRef]
Petit, C.; Bandosz, T.J. Graphite Oxide/Polyoxometalate Nanocomposites as Adsorbents of Ammonia.
J. Phys. Chem. C 2009, 113, 3800-3809. [CrossRef]

Aladekomo, J.B.; Bragg, R.H. Structural Transformations Induced in Graphite by Grinding: Analysis of 002
X-ray Diffraction Line Profiles. Carbon 1990, 2, 897-906. [CrossRef]

Bragg, W.H.; Bragg, W.L. The Reflection of X-rays by Crystals. Proc. R. Soc. A 1913, 88, 428-438. [CrossRef]
Dervishi, E.; Li, Z.; Watanabe, F; Biswas, A.; Xu, Y.; Biris, A.R.; Saini, V.; Biris, A.S. Large-Scale Graphene
Production by RF-cCVD Method. Chem. Commun. 2009, 27, 4061-4063. [CrossRef] [PubMed]

Xian, H.; Peng, T.; Sun, H.; Wang, J. The Effect of Thermal Exfoliation Temperature on the Structure and
Supercapacitive Performance of Graphene Nanosheets. Nano-Micro Lett. 2015, 7, 17-26. [CrossRef]

Huh, S.H. Thermal Reduction of Graphene Oxide. In Physics and Applications of Graphene—Experiments;
Mikhailov, S., Ed.; InTech: Rijeka, Croatia, 2011; pp. 73-90.

David, L.; Singh, G. Reduced Graphene Oxide Paper Electrode: Opposing Effect of Thermal Annealing on Li
and Na Cyclability. J. Phys. Chem. C 2014, 118, 28401-28408. [CrossRef]

Seredych, M.; Rossin, J.A.; Bandosz, T.J. Changes in Graphite Oxide Texture and Chemistry upon Oxidation
and Reduction and their Effect on Adsorption of Ammonia. Carbon 2011, 49, 4392-4402. [CrossRef]

Han, C.J.; Lee, M.S.; Byun, D.-J.; Kim, S.Y. Synthesis of Hydroxy-Terminated Polyethylene via Controlled
Chain Transfer Reaction and Poly(ethylene-b-caprolactone) Block Copolymer. Macromolecules 2002, 35,
8923-8925. [CrossRef]

Viana, M.M.; Lima, M.C.ES.; Forsythe, ].C.; Gangoli, V.S.; Cho, M.; Cheng, Y,; Silva, G.G.; Wong, M.S.;
Caliman, V. Facile Graphene Oxide Preparation by Microwave-Assisted Acid Method. J. Braz. Chem. Soc.
2015, 26. [CrossRef]


http://dx.doi.org/10.1016/j.polymer.2013.02.012
http://dx.doi.org/10.1016/j.cej.2014.01.101
http://dx.doi.org/10.1016/j.matchemphys.2014.03.056
http://dx.doi.org/10.1016/j.cej.2013.10.030
http://dx.doi.org/10.1021/ie5031985
http://dx.doi.org/10.1016/j.polymer.2014.01.016
http://dx.doi.org/10.1021/ma0516182
http://dx.doi.org/10.1016/j.jorganchem.2005.04.031
http://dx.doi.org/10.1021/ja01539a017
http://dx.doi.org/10.1039/c2jm31477k
http://dx.doi.org/10.1016/j.carbon.2010.06.048
http://dx.doi.org/10.1021/jp8097044
http://dx.doi.org/10.1016/0008-6223(90)90338-Y
http://dx.doi.org/10.1098/rspa.1913.0040
http://dx.doi.org/10.1039/b906323d
http://www.ncbi.nlm.nih.gov/pubmed/19568633
http://dx.doi.org/10.1007/s40820-014-0014-4
http://dx.doi.org/10.1021/jp5080847
http://dx.doi.org/10.1016/j.carbon.2011.06.032
http://dx.doi.org/10.1021/ma025565p
http://dx.doi.org/10.5935/0103-5053.20150061

Materials 2016, 9, 240 14 of 14

37.

38.

39.

40.

41.

Tu, N.D.K,; Choi, ].; Park, C.R.; Kim, H. Remarkable Conversion Between n- and p-Type Reduced Graphene
Oxide on Varying the Thermal Annealing Temperature. Chem. Mater. 2015, 27, 7362-7369. [CrossRef]

Acik, M; Lee, G.; Mattevi, C.; Chhowalla, M.; Cho, K.; Chabal, Y.J. Unusual Infrared-Absorption Mechanism
in Thermally Reduced Graphene Oxide. Nat. Mater. 2010, 9, 840-845. [CrossRef] [PubMed]

Shen, B.; Zhai, W.; Tao, M.; Lu, D.; Zheng, W. Chemical Functionalization of Graphene Oxide Toward the
Tailoring of the Interface in Polymer Composites. Compos. Sci. Technol. 2013, 77, 87-94. [CrossRef]
Kalaitzidou, K.; Fukushima, H.; Askeland, P.; Drzal, L.T. The Nucleating Effect of Exfoliated Graphite
Nanoplatelets and their Influence on the Crystal Structure and Electrical Conductivity of Polypropylene
Nanocomposites. |. Mater. Sci. 2008, 43, 2895-2907. [CrossRef]

Ferrage, E.; Martin, F; Boudet, A.; Petit, S.; Fourty, G.; Jouffret, F; Micoud, P.; de Parseval, P.; Salvi, S.;
Bourgerette, C.; ef al. Talc as Nucleating Agent of Polypropylene: Morphology Induced by Lamellar Particles
Addition and Interface Mineral-Matrix Modelization. J. Mater. Sci. 2002, 37, 1561-1573. [CrossRef]

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/acs.chemmater.5b02999
http://dx.doi.org/10.1038/nmat2858
http://www.ncbi.nlm.nih.gov/pubmed/20852618
http://dx.doi.org/10.1016/j.compscitech.2013.01.014
http://dx.doi.org/10.1007/s10853-007-1876-3
http://dx.doi.org/10.1023/A:1014929121367
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results and Discussion 
	Preparation of GO and rGO 
	Synthesis of PP-OH 
	Preparation and Characterization of PP Nanocomposites 

	Experimental Section 
	Materials 
	Synthesis of PP-OH 
	Preparation of GO, rGO, and pGO 
	Preparation of PP-GO 
	Preparation of PP Nanocomposites 
	Characterization 

	Conclusions 

