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This study examined the reinforcing effects of alkylated graphene oxide (AGO) on a non-
polar polypropylene (PP) matrix, and compared these effects with those of one-dimen-
sional carbon nanotubes (CNTs). The surface of graphene oxide was modified with a linear
alkyl chain via a bimolecular nucleophilic substitution reaction between the oxygen groups
of GO and the reactants to promote the homogeneous dispersion of GO in an organic sol-
vent and increase the interfacial adhesion between the GO and non-polar polymer matrix.
The thermal degradation temperatures (TDTs), re-crystallization temperatures and Young's
modulus of PP were increased by the incorporation of AGO. In particular, the TDTs were
increased by more than 33 °C with the addition of 1 wt% AGO to PP. The addition of only
0.1 wt% AGO increased the Young’s modulus of the PP by more than 70%. These reinforcing
effects of AGO were different from those of the one-dimensional alkylated CNTs. These
superior reinforcing effects were attributed to the two-dimensional structure of AGO as

well as the good interfacial adhesion between the AGO and PP matrix.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon based reinforcing fillers with different shapes, sizes
and dimensions have been studied extensively in the field
of polymer composites [1-3]. In particular, the mechanical,
thermal and electrical properties of carbon nanotube-rein-
forced polymer composites were enhanced due to the superb
physical properties and high aspect ratio of CNTs. In this case,
the reinforcing effects are dependent on the morphological
characteristics [4-7]. One-dimensional CNTs with a long static
bending persistence length (Ip) and high aspect ratio are more
beneficial to the percolation of a two-dimensional network.
Therefore, the properties of polymer composites reinforced
with CNTs with a long I, and high aspect ratios can be im-
proved greatly at low filler contents.

Graphene, a new class of two-dimensional carbon nano-
structure, has attracted considerable attention owing to its
unique physical, chemical and mechanical properties [8-10],
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such as high mechanical strength (>1060 Gpa), high thermal
conductivity  (~3000 W/mK), high electron mobility
(15,000 cm?V s) and high specific surface area (2600 m%g)
[11-14]. The unique nanostructure and properties have poten-
tial applications in polymer composites. Recently, there are
several reports related to graphene/polymer composites
[15-19]. When incorporated, graphene improved significantly
the electrical, thermal and mechanical properties of the host
polymers at a small loading. Stankovich et al. reported the
lowest electrical percolation threshold of 0.1 vol% for a poly-
styrene matrix [17]. Veca et al. achieved an up to 30-fold in-
crease in thermal conductivity by incorporating 33 vol% for
epoxy [18]. In addition, Rafiee et al. reported the enhancement
of Young’s modulus and tensile strength by ~31% and ~40%,
respectively [19]. Graphene oxide (GO) is easily available
through the controlled chemical oxidation of graphite. GO
contains graphitic domains and oxidation regions, in which
the epoxide and hydroxyl groups are located on the basal
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planes, and carbonyl and carboxyl groups are found at the
edges [20,21]. The presence of these functional groups makes
graphene oxide sheets strongly hydrophilic, which allows GO
to readily swell and disperse in water. In addition, the oxygen
functionality allows for enhanced interactions with the polar
polymer matrices. The ability of GOs to disperse well and
interact intimately with polar polymers, such as PMMA, cre-
ates a percolated domain of an ‘interphase’ polymer that af-
fects dramatically the thermal and mechanical properties at
loadings as low as 0.05 wt% [22]. However, GOs require surface
modification to disperse in non-polar polymers, such as poly-
ethylene, polypropylene (PP) and polystyrene. Fortunately, the
surface modification of GO can be induced easily with
functional groups, such as epoxide, hydroxyl and carboxyl
groups [23,24].

In this study, the reinforcing effects of alkylated graphene
oxide (AGO) on the non-polar PP matrix were examined and
compared with the reinforcing effects of one-dimensional
CNT. The surface of GO was modified using a linear alkyl
chain from a simple organic reaction to disperse the GO
homogeneously in an organic solvent and increase the inter-
facial adhesion between GO and the non-polar polymer ma-
trix. Two-dimensional AGO enhanced the thermal
properties of PP and had a partial effect on its mechanical
properties.

2. Experimental

2.1. Preparation of alkylated graphene oxide

GO was prepared from natural graphite (Sigma-Aldrich) using
the Hummers method. Aqueous GO suspensions were frozen
in liquid nitrogen and then freeze-dried using a lyophilizer
(LP3, Jouan, France) at —50 °C and 0.045 mbar for 72 h. After
lyophilization, low density, loosely packed GO powders were
obtained. 100 mg of the GO powders were exfoliated under
ultrasonication in 180 mL of deionized water containing
72 mg of NaOH. Subsequently, 100 mg of a phase transfer
agent, tetra-n-octylammonium bromide (TOAB, Fluka), and
5.0 mL of dodecyl iodide (Aldrich, 98%) were added to the
black homogeneous sodium salt mixture. After stirring for
six hours at 80 °C, a black precipitate was obtained. The pre-
cipitate was filtered with excess chloroform, washed several
times with a 15% NaCl aqueous solution and dried under vac-
uum. Fig. 1 shows the alkylation reaction.

graphene oxide

TOAB, iodododecane
S ————
80°C, 6 hr

2.2. Preparation of polypropylene/alkylated graphene
oxide composite

PP was purchased from Sigma-Aldrich; the compound had a
number average molecular weight, Mn, of 50,000 and a mass
average molecular weight, Mw, of 190,000. Five different types
of AGO/PP composites, containing 0.1, 0.3, 0.5, 0.7 and 1.0 wt%
AGO were prepared to examine the reinforcing effects accord-
ing to different filler contents. The nomenclature of these five
composites was AGO-01/PP, AGO-03/PP, AGO-05/PP, AGO-07/PP
and AGO-10/PP.

The AGO/PP composites were prepared using the follow
method. First, PP was added to a 3-neck round flask contain-
ing xylene. The flask was placed in an oil bath at 130 °C under
a nitrogen atmosphere. AGO was dispersed homogeneously
in xylene before being added to the flask. The xylene suspen-
sion was ultrasonicated for 30 min at room temperature using
an ultrasonic generator (Kodo Technical Research Co., NXCS-
600, KOREA) with a frequency and nominal power of 28 kHz
and 600 W, respectively. After the PP has been dissolved in xy-
lene at 130 °C, the xylene suspension containing the AGO was
dropped into the PP solution. After stirring for 30 min, the
mixture was precipitated with excess methanol until a gray
AGO/PP composite solid was obtained. The composites were
washed several times with methanol, and were dried in a vac-
uum oven for 72 h at 70 °C.

2.3. Characterization

The morphology of GO was observed by transmission electron
microscopy (TEM, CM200, Philips, USA) and atomic force
microscopy (AFM, a Digital Instrument Nanoscope IVA). The
structure of GO and AGO was examined by Fourier transform
infrared spectroscopy (FT-IR, VERTEX 80v, Bruker Optics, Ger-
many). X-ray photoelectron spectroscopy (XPS, PHI 5700
ESCA) was performed using monochromated Al Ko radiation
(hv = 1486.6 eV). Differential scanning calorimetry (DSC, Per-
kin-Elmer 7) was carried out in dry nitrogen gas at a flow rate
of 10 mL/min. The DSC was calibrated using indium as the
standard, and the sample weight was 7.0 + 0.1 mg. The ther-
mal history of the products was removed by scanning them
from 30 to 220 °C at a heating rate of 10 °C/min followed by
cooling to 25 °C at a scan rate of 10 °C/min. The quantity of al-
kyl chains introduced to the AGO and the thermal degrada-
tion behavior of the composites was calculated by
thermogravimetric analysis (TGA, Q50, TA instruments, UK)

Fig. 1 - Alkylation reaction of graphene oxide using a linear alkyl chain.
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at temperatures ranging from 20 to 800 °C at a heating rate of
10 °C/min under a nitrogen atmosphere. The tensile proper-
ties were tested using an Instron 4665 ultimate tensile testing
machine (UTM) at 20 °C and a humidity of 30%. The dumb-bell
specimens were made according to the ASTM D 638 standard
for tensile testing. The cross-head speed was set to 50 mm/
min for both the dumb-bell samples. The mean value of each
product was determined as the average value of five test
specimens.

3. Results and discussion

Fig. 2 shows the morphology of the GO. GO exhibited a two-
dimensional sheet morphology, which had a thickness and
mean lateral size of <2 and 850 nm, respectively. The surface
functional groups of the GO were modified to linear alkyl
chains to disperse them homogeneously in an organic solvent
and increase the interfacial adhesion between GO and the
non-polar polymer matrix.

AGO was prepared by a Sy2 reaction between the oxygen
groups of GO and the reactants. The existence of alkyl groups
incorporated on the surface was confirmed by FT-IR spectros-
copy. Fig. 3 presents the FT-IR spectra of GO (a) and AGO (b).
Peaks corresponding to the presence of hydroxyl and carboxyl
groups were observed at 3455 and 1727 cm™! in the GO, and
the peaks at 1110 and 1086 cm ™' were assigned to epoxide
groups on the surface. These peaks indicate the oxidation of
graphite by concentrated acid. The functional groups induced
by oxidation allow GO to readily swell and disperse in water.
Consequently, GO is exfoliated by ultrasonication in water
and the functional groups of GO provide reaction sites for
the alkyl groups. In the case of AGO, the bands at 2924 and
2852 cm ™! were assigned to the CH, stretching vibration and
the peak at 1457 cm ™! was attributed to the CH; degeneration
deformation. These peaks suggest the presence of alkyl
groups on the GO surface.

Fig. 4 shows the high-resolution C 1s XP spectra of GO (a)
and AGO (b). The C 1s XP spectrum of GO (Fig. 3(a)) clearly
shows a considerable degree of oxidation with four compo-
nents corresponding to carbon atoms with different func-
tional groups: non-oxygenated ring C, C in C—O bonds,
carbonyl C and carboxylate carbon (O—C=0). Although the
C 1s XPS spectrum of AGO (Fig. 3(b)) also showed the same

Transmittance

3500 3000 2500 2000 1500 1000
Wavenumber (cm'l)

Fig. 3 - IR spectra of graphene oxide (a) and alkylated
graphene oxide (b).

oxygen-containing functionalities, the peak intensities of
the C—C bonds were much higher than those in GO, confirm-
ing the successful incorporation of alkyl groups.

The degree of functionalization of GO and AGO was char-
acterized by TGA (Fig. 5). The TGA curve of GO showed obvi-
ous weight loss between 120 and 230°C, which was
attributed to the loss of oxygen functional groups on the
GO. In the case of AGO, weight losses of oxygen groups and al-
kyl chains were observed between 180 and 480 °C. The differ-
ence in weight loss between GO and AGO indicates the
contents of alkyl groups incorporated on the GO, which com-
prise approximately 22%. These alkyl groups make AGO
hydrophobic, which allows AGO to disperse readily in organic
solvents.

Fig. 6 shows an optical image of the AGO dispersions in dif-
ferent solvents, from non-polar solvents, such as toluene to
polar solvents, such as water. GO was dispersed in both polar
aprotic solvents with a high dipole moment and polar protic
solvents [25-27].

In contrast to the case of GO, AGO was dispersed homoge-
neously in non-polar solvents containing xylene but not in
polar solvents, such as methanol and water. The ability of
AGOs to disperse well and interact intimately with the hydro-
phobic polymer matrixes can easily create a percolated do-
main of AGOs, which affects the thermal and mechanical
properties dramatically at low filler loading. AGO/PP compos-
ites were prepared using AGO dispersions in xylene.

Fig. 2 - AFM data (a) and TEM image (b) of graphene oxide.
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Fig. 4 - Typical C 1s XP spectra of graphene oxide (a) and alkylated graphene oxide (b).
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Fig. 5 - TGA data of graphene oxide (a) and alkylated
graphene oxide (b).

dg L_H._w

Toluene  Xylene Chloroform DMF

MecOH Water

Fig. 6 - Optical image of alkylated graphene oxide
dispersions in different solvents (0.01 mg AGO/10 g
solution).

The thermal degradation of PP and the AGO/PP composites
was examined by determining the mass loss during heating.
Fig. 7(a) presents the mass loss curves of the samples at a
heating rate of 10 °C/min. During thermal degradation, the
samples exhibited a single step degradation behavior. The
mass loss curve of homo PP showed a 10 wt% weight loss at
approximately 402.08 °C. In addition, with increasing AGO
content, thermal degradation temperatures (TDTs) of the
AGO/PP composites increased gradually. The TDTs of a
1wt% AGO-incorporated PP composite were increased by
more than 33 °C. This sharp increase was attributed to the re-
duced thermal contact resistance at the interface, which is a
barrier to heat transfer and reduces the overall effective ther-
mal conductivity. One key reason for the high interfacial

resistance is the weak bonding between polymer matrix and
filler. Since thermal energy is transferred mainly in the form
of lattice vibration (phonons), poor coupling in the vibration
modes at the filler-polymer matrix interfaces will impart sig-
nificant interfacial resistance. AGO containing a large number
of alkyl chains exhibited good interfacial adhesion with the
hydrophobic PP matrix. The good interfacial adhesion of
AGO resulted in a decrease in interfacial resistance between
AGO and the PP matrix. In addition, the good dispersibility
of AGO in PP matrix could maximize the interfacial area be-
tween the AGO and PP matrix. Therefore, layers of PP matrix
with a low thermal conductivity were being thinned by the
homogeneous exfoliation of AGO, which has a two-dimen-
sional structure and large surface area. As a result, the TDTs
of the PP/AGO composites were increased considerably. In
addition, the high aspect ratio of AGO led to higher thermal
conductivity by inducing a much lower percolation threshold
in the PP/AGO composites. This also contributed the en-
hanced TDTs. Fig. 7(b) shows the differences in the thermal
degradation behavior between one-dimensional alkylated
carbon nanotube (ACNT)-reinforced PP composites and two-
dimensional AGO-reinforced composites. At a 0.5 wt% filler
content, the TDTs of the ACNT-incorporated PP composites
was increased by more than 16 °C compared to that of the
homo PP. This enhancement was induced by the high thermal
conductivity of percolated ACNT. In contrast, the TDTs of the
AGO incorporated PP composite was increased by more than
24 °C compared to that of homo PP. The better performance
of AGO in the TDTs was attributed to stronger interfacial
adhesion by the large number of alkyl groups on AGO with
a large surface area and high aspect ratio.

Fig. 8(a) shows the DSC thermograms of the 1st cooling
stage of the AGO/PP composites. The re-crystallization tem-
peratures of the composites increased gradually with increas-
ing AGO content. This suggests that AGO acts as a nucleation
agent for crystallization of the PP matrix by providing a very
large surface area for adsorption of the PP chain, resulting
in easier nucleation. This behavior is similar to a previous re-
port by Layek et al. [28]. However, the nucleating ability of
AGO is inferior to that of ACNT (Figure 8(b)).

Table 1 lists the thermal properties of the AGO and ACNT-
reinforced PP composites. The overall thermal properties of
the composites were enhanced by AGO. In particular, despite
the low filler content, the sharp increase in TDTs was inter-
esting. Fig. 9 shows the mechanical properties of the AGO
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Fig. 7 - TGA data of alkylated graphene oxide/polypropylene composites (a) and different carbon fillers/polypropylene

composites (b).
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and ACNT-reinforced PP composites. From the standpoint of
mechanical properties, AGO is only beneficial to the Young'’s
modulus of the composites. The tensile strength and strain
to maximum decreased gradually with increasing AGO
content compared to those values of homo PP. However, the
Young’s modulus of the AGO/PP composites increased consid-
erably. Only 0.1 wt% AGO was needed to increase the Young’s
modulus of the composite by more than 70%. The enhanced
the Young’s modulus is due to the greater stiffness contrast
between AGO and the PP matrix. An interaction between
the alkyl groups of AGO and the PP matrix as well as the
mechanical interlocking at the wrinkled surface restrict seg-
mental mobility of the polymer chains near the AGO surfaces.
For glassy polymers, similar results were obtained from
PMMA (33% improvement at only 0.01 wt%) [22] and epoxy
(31% increase at 0.1 wt%) [19] reinforced with TRG. In contrast,
the decrease in tensile strength and strain to maximum indi-
cates that the molecular rearrangement and orientation with
respect to the tensile axis during deformation are inhibited in
the presence of AGO. The reduced segmental mobility of the
PP/AGO composites resulted in those decreases in tensile
strength and strain to maximum. In the case of the ACNT

Table 1 - Thermal properties of the alkylated graphene

oxide/polypropylene composites and alkylated carbon
nanotube/polypropylene composites.

Sample name T. (°C) Tm (°C) Tq (°C)
PP 113.51 158.80 402.08
AGO-01/PP 116.20 160.26 415.91
AGO-03/PP 117.39 161.08 418.46
AGO-05/PP 117.55 161.49 426.98
AGO-07/PP 118.29 161.45 431.11
AGO-10/PP 118.89 161.85 435,15
ACNT-05/PP 123.41 163.13 418.46

T4 10 wt% loss.

incorporated composite, a filler content of 0.5 wt% was
needed to increase the tensile strength and Young’s modulus
of the ACNT-incorporated composites by 20% and 37%,
respectively. These differences between AGO and ACNT in
the composites were induced by their morphological differ-
ences. Two-dimensional AGO with a large surface area and
high aspect ratio has a stronger interaction with the PP
matrix. Although the strong interaction between AGO and
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Fig. 9 - Mechanical properties of the alkylated graphene oxide/polypropylene composites and alkylated carbon nanotube/

polypropylene composites.

PP matrix compared to that of ACNT resulted in significant
enhancement of the Young’s modulus, it brought about a de-
crease in tensile strength, which is in contrast to that ob-
served with ACNT. These differences between AGO and
ACNT in the composites are interesting. According to the
shapes of the nano-sized fillers, the reinforcing effects on
the composite were obviously different. This suggests that a
dual or triple filler system might be more effective on the
composites than a single filler system.

4. Summary

This study examined the reinforcing effects of AGO on a
non-polar polypropylene matrix and compared these effects
with those of one-dimensional CNT. The GO surface was
modified with a linear alkyl chain through an Sy2 reaction
between the oxygen groups of GO and the reactants to pro-
mote the homogeneous dispersion of GO in an organic sol-
vent and increase the interfacial adhesion between GO and
the non-polar polymer matrix. The AGO was dispersed
homogeneously in non-polar solvents containing xylene
but not in the polar solvents, such as methanol and water.
The AGO/PP composites were prepared using AGO disper-
sions in xylene. The TDTs, re-crystallization temperatures
and Young’s modulus of the composites increased gradually

with increasing AGO content. In particular, the TDTs of the
AGO incorporated PP composite were increased by more
than 33°C at a 1wt% AGO loading, and only 0.1 wt% AGO
was needed to increase the Young’s modulus of the com-
posite by more than 70%. These reinforcing effects of AGO
were different from those of one-dimensional ACNT. The
two-dimensional structure of AGO with a large surface area
and high aspect ratio is advantageous in that it allows over-
lap and provides a large interaction area between the AGO
and PP matrix of the composite. Therefore, the reinforcing
effects of AGO are superior to those of ACNT in terms of
the TDT and Young’s modulus of the composites.
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