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Abstract In this study polypropylene/ethylene-propylene rub-
ber (PP/EPR) and different amounts of partially reduced
graphene oxide (prGO) and its derivatives were investigated.
The nanocomposites were also compatibilized with EPR con-
taining diethyl maleate (DEM), glycidyl methacrylate (GMA)
and maleic anhydride (MAH) functionality as a means of con-
trolling their ultimate mechanical behaviour and their structural
morphology.Mechanical tests show that the addition of pristine
prGO to PP/EPR blend promotes tensile strength and Young’s
modulus, while reducing elongation at break and impact
strength. A significant improvement of these properties was
achieved by the presence of functionalized prGO and EPR-g-
DEM. TGA analysis showed that the nanocomposites exhibit a
higher thermal stability than that of the matrix alone. XRD
analysis revealed that the polymer chains have been success-
fully intercalated into prGO layers. SEM has been used to
verify the dispersion of the prGO particles in the matrix and
to reveal the developedmorphology of PP/EPR, in the presence
of compatibilizers and functionalized prGO.

Keywords Polypropylene . EPR . Partially reduced graphene
oxide . Coupling agents . Compatibilizers . Nanocomposites

Introduction

Graphene, a monolayer of sp2-hybridized carbon atoms bond-
ed in the hexagonal lattice, has attracted enormous research
interest in recent years [1]. As a typical two-dimensional ma-
terial, graphene is the building block for other carbon struc-
tures such as fullerene, carbon nanotube (CNT) and graphite
[2]. Because of its excellent properties, graphene is being ex-
plored for various applications in the fields of electronics,
aerospace, automobile, defense industries, optics and sensors
etc. [1]. Many attempts have been made to use graphene as
inorganic naanoscale filler to enhance the electrical, physical,
mechanical and barrier properties of polymer nanocomposites
(PNCs) [3, 4].

This interest is directly related to the degree of disper-
sion of the graphene in the polymer matrix [5]. Other fac-
tors also play a major role in the properties of nanocom-
posites such as nanoparticle-matrix interaction and
particle-particle interaction. The attraction forces between
particles, due to the van der Waals and electronic forces
affect the particle-particle interaction and deteriorate the
nanocomposites performances. The improved mechanical
properties can be achieved through improved interface be-
tween the particle and the matrix. The quality of interface
and the strength of the adhesion at the interface determine
load transfer between the matrix and the nanofillers [6].

To date, the mixing of graphene and functionalized
graphene with polymers covers most of the published works,
while direct modification of graphene with polymers is a some-
what less explored approach. However, in many cases, to
achieve stable dispersions of graphene and adequate control
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of the microstructure of the nanocomposites, non-covalent or
covalent functionalization of graphene may be necessary [7–9].

Recently, graphene oxide (GO) and its derivatives have
emerged as one of the promising candidate to produce new
PNCs because of their remarkable properties and abun-
dance of its precursor; graphite [7] GO is generally pro-
duced by the treatment of graphite using strong minerals
and oxidizing agents. This is typically achieved via treat-
ment with KMnO4 and H2SO4, as in the Hummers method
or its modified derivatives, or KClO3 and HNO3 as in the
Staudenmaier or Brodie methods [10–14]. These reactions
achieve similar levels of oxidation (C:O ratios of approxi-
mately 2:1) which ultimately disrupts the delocalized elec-
tronic structure of graphite and imparts a variety of
oxygen-based chemical functionalities to the surface.

Compared to pristine graphene, GO is heavily oxygenated
and its basal plane carbon atoms are decorated with epoxide
and hydroxyl groups and its edge atoms with carbonyl and
carboxyl groups. The introduction of oxygen-containing func-
tional groups, results in an increase in the interlayer spacing
from 3.4 Å of original graphite to more than 6 Å for GO
depending on the water penetrated into the interlayer space
of the platelets [15]. Hence, GO is highly hydrophilic and
the presence of these functional groups reduces interplanar
forces, which can improve the interfacial interaction between
GO and some polymers and thus the dispersion state of GO in
polymer matrices [7]. From the structure model of GO, pro-
posed by Lerf et al. [16]. It is clear that GO has numerous
reactive groups, making it potentially functionalized covalent-
ly with a great number of modifying reagents. Non-covalent
interactions of GO primarily involve van derWaals interaction
and π–π stacking.

However, one of the challenges remains the homoge-
neous dispersion of GO particles into the polymer matrix,
which is influenced by the interfacial interactions between
the GO nanosheets and the polymer matrix. Also, the
ultimate properties of the nanocomposites are critically
dependent upon the processing methods and the process-
ing conditions. GO/PNCs can be processed using three
synthesis routes: solution blending, in situ polymerization
and melt mixing. Solution mixing is the most straightfor-
ward in which the polymer is soluble. The GO, for in-
stance, is first swollen and dispersed in solvent before
mixing it with the polymer solution. Eventually, on re-
moval of the solvent, a multilayer structure is formed as
the sheets reassemble trapping the polymer chains.
However, solvent removal is a critical issue. Also, be-
cause of its functional groups, GO can be directly mixed
with water-soluble polymer [17–25].

Dramatic improvement of solubility and interaction of
nanofiller with polymer can be obtained by chemical
functionalization of GO (f-GO) with isocyanate, amine
or polymer grafted GO [26]. In situ polymerization is

another efficient route for the preparation of homoge-
neously dispersed GO or its derivatives in a polymer ma-
trix without a prior exfoliation solution with an initiator.
In situ polymerization technique allows possible the co-
valent bonding between functionalized sheets and poly-
mer matrix via various chemical reactions. However, this
method requires monomer units and a large amount for
polymerization [26–31]. Melt mixing is a typical standard
approach for synthesizing thermoplastic PNCs. No sol-
vent is required in this method and, GO or its derivatives
are mixed mechanically at high temperatures and strong
shear forces using conventional methods, like extrusion
and injection molding. Several GO/PNCs have been pre-
pared using this method, such as polystyrene (PS), poly-
ethylene (PE) and polypropylene [32–36].

Thermoplastic elastomers (TPE) represent an important
class of polymeric materials that combine the properties
of thermo-plasticity during processing and rubber-like be-
havior in service. Among TPEs based on polymer blends,
the most common are those prepared from polypropylene
blends. A variety of polypropylene blends with ethylene-
octene copolymer (POE), ethylene-propylene-diene
(EPDM), ethylene-propylene copolymer (EPR), styrene
block copolymer (SBS), have been commercialized for
automotive applications such as bumpers, dashboards
etc. These blends however, possess lower stiffness, which
may be a serious shortcoming in certain applications.
Incorporation of nanomaterials has attracted attentions
due to the synergistic properties combining the two com-
plementary technologies of thermoplastic elastomers and
nanocomposites [37, 38].

In the present work structure and properties of the terna-
ry phase PP containing EPR and partially reduced graphene
oxide (prGO) are reported. The investigation is carried out
on the PP/EPR mixture in the proportion of 85/15. The
prGO nanoparticles were intercalated with dodecylamine
(DDA) and functionalized according to the covalent
grafting technique using two commercial organosilanes
(Z6020 and A1100) and then, introduced into the polymer
matrix at mass rates of 0.5, 1, 1.5 and 2 wt%. Three types of
compatibilizing agents were used during this work in order
to promote the interaction between the different phases in-
volved, namely: diethyl maleate functionalized EPR (EPR-
g-DEM), glycidylmethacrylate functionalized EPR (EPR-
g-GMA) and maleic anhydride functionalized EPR (EPR-
g-MAH). All Nanocomposites were prepared as a two-step
compounding process. The mechanical properties (tensile
strength and impact resistance) of the various materials
were studied. The thermal stability of the nanocomposites
was studied by thermogravimetric analysis (TGA). The
morphology and crystalline structure of the prepared mate-
rials were analyzed by X-ray diffraction (XRD) and scan-
ning electron microscopy (SEM).
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Experimental

Materials and characterization

Graphite powder particles (20 μm) were purchased from
Sigma-Aldrich. The chemicals used for the synthesis in
graphene oxide (GO) such as sulfuric acid (H2SO4, 30%),
hydrogen peroxide (H2O2, 30%), chlorhydric acid (HCl,
38%), sodium nitrate (NaNO3, 99%), sodium borohydride
(NaBH4, 98.5%) and iodine (I2, 99%) were obtained from
Sigma-Aldrich and used without further purification.
Potassium permanganate (KMnO4, 99.5%), was purchased
from Fisher and used as received. The intercalated material
used in this work was dodecylamine (DDA, 99%) supplied by
Sigma-Aldrich. The silanes used are N-(β-aminoethyl)-γ-
aminopropyltrimethoxysilane (Z6020, > 98%) and γ-
aminopropyltriethoxysilane (A1100, > 99%) were generously
donated by Dow Corning Corp. (USA). The polypropylene
(ISPLEN PP040 G1E) used as matrix is an isotactic homopol-
ymer obtained from Repsol Quimica S.A. (Spain). The EPR
rubber is a commercial grade product (Exxelor PE805) from
Exxon chemical co (USA). The ethylene/propylene ratio of
this material was 75/25. The compatibilizers used in this work
were synthesized using the dicumyl peroxide (DCP, 98%) as
the free ini t ia tor, die thyl maleate (DEM, 97%),
glycidymethacrylate (GMA, 97%) and maleic anhydride
(99%) as monomers. All these reagents were procured from
Sigma-Aldrich and were used without further purification.

Preparation of graphene oxide (GO)

The conventional experimental Hummers method was used
for the synthesis of graphene oxide (GO) [12]. 5 g of graphite
and 2.5 g of fine sodium nitrate (NaNO3) were mixed with
115 ml of concentrated sulfuric acid (H2SO4) in a round-
bottom flask and stirred continuously in an ice bath for
30 min. 15 g of potassium permanganate (KMnO4) was slow-
ly added to the solution within 1 h to keep the mixture tem-
perature not exceeding 2 °C; after being stirred for 3 h, the
solution temperature was slowly added to the reaction vessel
while keeping the temperature less than 98 °C. The diluted
suspension was maintained at this temperature for 15min. The
suspension was further diluted to approximately 340 ml with
warm distilled water and treated with 25 ml of hydrogen per-
oxide (H2O2) to reduce the residual KMnO4 and MnO2 to
colorless soluble manganese sulfate. The mixture was filtered
using theWhatman Anodisc membrane. The filtered cake was
then, washed successively with chlorhydric acid (HCl, 5%V/
V) in order to eliminate SO4

2− ions and with distilled water
until the chloride test with silver nitrate (AgNO3) became
negative. The bulk of the water was removed by oven drying
at 65 °C for 36 h.

Preparation of partially reduced graphene oxide (prGO)

GO was dispersed in distilled water to get a 1 g/L colloidal
solution. The pH of this solution was adjusted to 9 ~ 10 by
5 wt% sodium carbonate solution. Then, 1 g of NaBH4 was
added into 100 ml GO dispersion under magnetic stirring at
80 °C for 2 h. Afterwards, 250 mg of I2 dispersed in 15 ml
THFwas added into the above suspension and stirred for 24 h.
The obtained product was separated by filtration and sequen-
tially washed with 1 M HCl, 1 M NaOH and large amounts of
water several times to remove most residual ions The final
product was dried under vacuum at 100 °C for 12 h then,
grinded in fine powder and kept in a sealed container. The
partially reduced GO was denoted as prGO.

Intercalation of prGO with dodecylamine

5 g of prGO was dispersed and swelled in 500 ml of distilled
water. Then, 7 g of DDA, dissolved in 120 ml ethanol, were
slowly added to the slurry over 3 h under vigorous stirring.
The reaction continued for 72 h at 60 °C. Intercalated prGO
was collected by filtration at ambient temperature, washed
with 1:2 warm water/ethanol mixtures six times to eliminate
the excess of surfactant. The obtained product was dried under
vacuum at 80 °C for 24 h, then ground, pulverized to a fine
powder and kept in a sealed container. The intercalated prGO
was designated as DDA-prGO.

Silylation of DDA-prGO with silanes

The silylation process of graphene oxide with silanes was
carried out in a solution of ethanol/water at a ratio of 75:25
(v/v). About 10 wt% of each silane were introduced in 500 ml
of the mixture and stirred vigorously with a magnetic stirrer
for 3 h at 60 °C. Then, 2 g of DDA-prGO were added to the
above-mentioned solution and the grafting reaction was
achieved under vigorous stirring during 5 h at 80 °C. The
product was separated by filtration and sequentially washed
with ethanol then with acetone repeatedly in order to remove
any residual silane. The modified product was dried in a vac-
uum oven at 105 °C for 24 h, then pulverized in an agate
mortar to pass a 200 mesh sieve and stored for further use.
The functionalized samples prepared from the silanes were
denoted as Z6020-prGO and A1100-prGO.

Preparation of compatibilizers

The grafting reaction was carried out in the molten state
using a 50 ml Brabender plastograph PL2100. Typically,
2 wt% of monomers and 0.1 wt% of DCP were introduced
to the EPR matrix in the preheated chamber. The reaction
was conducted at 190 °C and mechanically mixed at
60 rpm for 10 min. The product was pelletized and purified
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in xylene for 24 h to remove any unreacted monomer.
Finally, the product was dried in a vacuum oven at 60 °C
to constant weight and kept firmly away from the humidity
in plastic bags. The functionalized EPR prepared from
DEM, GMA and MAH were denoted as EPR-g-DEM,
EPR-g-GMA and EPR-g-MAH, respectively.

Preparation of nanocomposites

All nanocomposites were prepared as a two-step
compounding process. First, a masterbatchs were prepared
by dispersion of the prGO or functionalized prGO within the
compatibilizers dissolved in p-xylene at 120 °C. The resulting
mixtures were refluxed under magnetic stirring for 24 h.
Afterwards, the solvent was evaporated and the samples were
dried. The masterbatchs were incorporated into PP/EPR ma-
trix in an 85/15 ratio by melt blending using Brabender
PL2100 mixer for 8 min at 200 °C and 40 rpm. After pellet-
izing, the nanocomposite granules were compression molded
using a hydraulic press at 200 °C and 200 Kg/cm2 for 6 min.
The weight fractions of the nanofillers in the matrix were 0,
0.5, 1, 1.5, and 2 wt%. The compatibilizer’s content was fixed
at 10 wt%. Table 1 gives the compositions and the sample
codes of the prepared nanocomposites. There are different
types of nanocomposites with various types of nanofillers
and compatibilizers. I01, I02 and I03 designate the non-
compatibilized nanocomposites samples containing pristine
prGO, Z6020-prGO and A1100-prGO, respectively. The neat
PP/EPR (i.e. without prGO) sample is called I010. The nano-
composites samples prepared using 0.5, 1, 1.5 and 2 wt% are
designated (i.e pristine prGO) I010.5, I011, I011.5 and I012, re-
spectively. The neat compatibilized blends: PP/EPR/EPR-g-
DEM, PP/EPR/EPR-g-GMA and PP/EPR/EPR-g-MAH are
designated I100, I200 and I300. I11 and I12 stand for
compatibilized nanocomposites samples (i.e. PP/EPR/EPR-
g-DEM) containing Z6020-prGO and A1100-prGO, respec-
tively. The nanocomposites generated from I11 and I12 (i.e.
with 1 wt% of modified prGO) are denoted I111 and I121.

ATR-FTIR spectroscopy

About 50 mg of the powders were compacted into thin
pellets using a hydraulic press under a force of 5 tons
maintained for about 4 min. Samples were analyzed by
signal averaging 16 scans at a resolution of 4 cm−1

using a JASCO-IR spectrometer. FTIR analysis was also
performed to confirm the grafting reactions of EPR.
Thin films were obtained from the samples by compres-
sion molding between two Teflon sheets using a com-
pression machine at 200 °C and 200 kg/cm2. The spectra
were recorded on a Shimatzu spectrometer in the region
of 4000–400 cm−1 at resolution of 4 cm−1 with 32
coadded scans.

Thermogravimetric analysis (TGA)

TGA measurements studies of both nanofillers and their
nanocomposites were performed using a Setaram
SETSYS TG-DTA thermal analyser under nitrogen atmo-
sphere at a flow rate of 20 cm3/min. About 10 to 20 mg of

Table 1 Composition and codes of polymer nanocomposites

Sample Code

PP/EPR/prGO-0 (I010) (I01)
PP/EPR/prGO-0.5 (I010.5)
PP/EPR/prGO-1 (I011)
PP/EPR/prGO-1.5 (I011.5)
PP/EPR/prGO-2 (I012)
PP/EPR/EPR-g-DEM/prGO-0 (I100) (I10)
PP/EPR/EPR-g-DEM/prGO-0.5
PP/EPR/EPR-g-DEM/prGO-1 (I101)
PP/EPR/EPR-g-DEM/prGO-1.5
PP/EPR/EPR-g-DEM/prGO-2
PP/EPR/EPR-g-GMA/prGO-0 (I200) (I20)
PP/EPR/EPR-g-GMA/prGO-0.5
PP/EPR/EPR-g-GMA/prGO-1 (I201)
PP/EPR/EPR-g-GMA/prGO-1.5
PP/EPR/EPR-g-GMA/prGO-2
PP/EPR/EPR-g-MAH/prGO-0 (I300) (I30)
PP/EPR/EPR-g-MAH/prGO-0.5
PP/EPR/EPR-g-MAH/prGO-1 (I301)
PP/EPR/EPR-g-MAH/prGO-1.5
PP/EPR/EPR-g-MAH/prGO-2
PP/EPR/Z6020-prGO-0.5 (I02)
PP/EPR/Z6020-prGO-1 (I021)
PP/EPR/Z6020-prGO-1.5
PP/EPR/Z6020-prGO-2
PP/EPR/EPR-g-DEM/Z6020-prGO-0.5 (I11)
PP/EPR/EPR-g-DEM/Z6020-prGO-1 (I111)
PP/EPR/EPR-g-DEM/Z6020-prGO-1.5
PP/EPR/EPR-g-DEM/Z6020-prGO-2
PP/EPR/EPR-g-GMA/Z6020-prGO-0.5 (I21)
PP/EPR/EPR-g-GMA/Z6020-prGO-1 (I211)
PP/EPR/EPR-g-GMA/Z6020-prGO-1.5
PP/EPR/EPR-g-GMA/Z6020-prGO-2
PP/EPR/EPR-g-MAH/Z6020-prGO-0.5 (I31)
PP/EPR/EPR-g-MAH/Z6020-prGO-1 (I311)
PP/EPR/EPR-g-MAH/Z6020-prGO-1.5
PP/EPR/EPR-g-MAH/Z6020-prGO-2
PP/EPR/A1100-prGO-0.5 (I03)
PP/EPR/A1100-prGO-1 (I031)
PP/EPR/A1100-prGO-1.5
PP/EPR/A1100-prGO-2
PP/EPR/EPR-g-DEM/A1100-prGO-0.5 (I12)
PP/EPR/EPR-g-DEM/A1100-prGO-1 (I121)
PP/EPR/EPR-g-DEM/A1100-prGO-1.5
PP/EPR/EPR-g-DEM/A1100-prGO-2
PP/EPR/EPR-g-GMA/A1100-prGO-0.5 (I22)
PP/EPR/EPR-g-GMA/A1100-prGO-1 (I221)
PP/EPR/EPR-g-GMA/A1100-prGO-1.5
PP/EPR/EPR-g-GMA/A1100-prGO-2
PP/EPR/EPR-g-MAH/A1100-prGO-0.5 (I32)
PP/EPR/EPR-g-MAH/A1100-prGO-1 (I321)
PP/EPR/EPR-g-MAH/A1100-prGO-1.5
PP/EPR/EPR-g-MAH/A1100-prGO-2

The pure PP will be designated by the code (I00)
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each sample was heated from 25 to 600 °C with a heating
rate of 10 °C/min.

X-ray diffraction (XRD)

XRD analysis was performed at room temperature with copper
radiation using a Phillips X’Pert diffractometer at the step size
of 0.02° (2θ) and the rate of 2.4° (2θ) per minute. The X-ray
beamwas a CuKα radiation (λ = 1.54 Å) using a 35 kV voltage
generator and a 55 mA current. The basal interlayer of the
samples was estimated from the position of the d002 plane peak
in the X-ray diffraction intensity profile using Bragg’s law [39].

Mechanical testing

Tensile properties were performed using an Instron MTC
500 at a crosshead speed of 20 mm/min. From the stress-
strain curves; the tensile strength, Young modulus and elon-
gation at break were determined. Tensile properties were per-
formed according to ASTMD 638 specifications. Impact test-
ing was done using a Ceast impact pendulum tester at impact
energy of 7.5 kJ according to ASTM D 256–88. The hammer
velocity was set at 2.88 m/s while the weight of the hammer
was 1.8 Kg. All measurements were made in five replicants
and the values were averaged.

Scanning electron microscopy (SEM)

The morphology of the nanocomposites was observed with a
Quanta 200 Scanning Electron Microscope at an acceleration
voltage of 10 kV. Test specimens, produced by compression
molding at 200 °C and 180 Kg/cm2, were frozen by immer-
sion in liquid nitrogen to obtain brittle fracture. Gold sputter
coating was not required for the preparation of the samples.

Results and discussion

ATR-FTIR analysis of the prGO and its derivatives

The ATR-FTIR spectra of graphite and its corresponding GO
and prGO are shown in Figs. 1 and 2. In Fig. 2a, the charac-
teristic band at 1580 cm−1 was due to the graphitic structure
[40]. After oxidation (Fig. 2b), the presence of characteristic
bands of OH and COOH stretching at 3692, 3625 and
3428 cm−1 and C = O stretching at 1725 cm−1 are evident in
oxidized sample. Other bands appeared at 1624 cm−1,
1390 cm−1, 1228 cm−1 and 1059 cm−1, which corresponds
to quinone groups, O-H bending, epoxy groups and C-O
stretching, respectively. These results confirm the efficiency
of oxidation. In the spectrum of partially reduced graphene
oxide (Fig. 2c), the disappearance of the C = O stretching
around 1725 cm−1, C-O stretching at 1228 cm−1 and the

higher intensity of the O-H band confirm the conversion of
all C-O-C groups and COOH groups into C-OH groups.
Figure 3 shows the FTIR spectra of intercalated and silanized
prGO in comparison with prGO. The spectrum of DDA-prGO
(Fig. 3b) exhibits two strong bands at 2925 cm−1 and
2849 cm−1, which are attributed to -CH asymmetric and sym-
metric stretching of CH2 groups in DDA respectively. The
observed band at 1525 cm−1 can be ascribed to the symmetric
or the asymmetric deformation band of NH3

+. This indicates
that the DDA molecules interact onto the surface through
hydrogen bonding between the amino groups and the hydrox-
yl groups of prGO (−CH2-O-H…H2N-R). Similar results have
been reported by Y. Matsuo et al. [41] and I.V. Shernyshova
et al. [42] for alkylamines intercalated graphite oxides and
alkylamines intercalated silicates, respectively. For the
silanized samples (Fig. 3c and d), the higher intensity at
2930 cm−1 and 2854 cm−1 comes from CH2 and the appear-
ance of the Si-O stretching at 1080 cm−1 confirm the success
of silanization.

XRD analysis of the prGO and its derivatives

XRD patterns of prGO, DDA-prGO, Z6020-prGO and A1100-
prGO as well as that of pristine graphite and GO are shown in
Fig. 4. The pattern of the pristine graphite (Fig. 4a) shows a
very strong (002) peak at 2θ = 26.3°, for a typical graphitic
structure with a layer spacing of 0.34 nm. The intensity of this
peak sharply decreases for GO (Fig. 4b), and a new diffraction
peak appears at about 2θ = 16°. The d001 interlayer distance
calculated from Bragg’s law, is 0.56 nm, which is due to the
formation of oxygen-containing functional groups, such as hy-
droxyl, epoxy, carboxyl and intercalated water [43]. Figure 4c
shows a diffractogram of a slight displacement of 2θ angle to
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higher values, after reduction. The peak appears at2θ = 17.4°,
which corresponds to a layer spacing of 0.5 nm. This value is
higher than that of the interlayer spacing of pristine graphite
due to some oxygenated functional groups trapped in interlayer
space. This means that GO is partially reduced. After interca-
lation and silanization processes (Fig. 4d-f), the diffractograms
shows a displacement of the 2θ angle to lower values. The peak

positions for all the samples is at 2θ = 13° value, which corre-
sponds to a new layer spacing of 0.687 nm. This increase of
layer spacing may be attributed to the intercalation of organic
and water molecules within the graphenic layers. However,
silanization processes has no apparent effect on the interlayer
spacing, this suggests that the silanization is non-destructive to
the structure of graphitic crystallite.
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TGA analysis of the prGO and its derivatives

Thermal stability of pristine graphite, GO, and prGO and its
derivatives was analyzed using TGA (Fig. 5). TGA curve of
pristine graphite shows a high thermal stability (Fig. 5a). No
weight loss was observed in the temperature range investigated.

However, the thermal degradation profile for GO sample
(Fig. 5b) exhibits two weight loss steps at 80 °C and at 250 °C.
The first step is due to the evaporation of adsorbed water and the
second one is due to the decomposition of unstable oxygen-
containing functionalities generating carbon dioxide and water
[44]. The thermogram of prGO (Fig. 5c) exhibits also twoweight
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loss steps. The first one occurring at 105 °C is due to the release
of physisorbed water of the sample. The second one appearing at
an onset temperature of 260 °C (vs 250 °C onset obtained for
GO), is attributed to the decomposition of residual stable oxygen
after partial reduction process. The TGA curve obtained for
DDA-prGO sample (Fig. 5d) shows a weight loss at 120 °C
due to the release or transformation of some-oxygen-containing
groups either by reaction with DDA. Theweight loss observed at
360 °C is attributed to the decomposition of the intercalant. The
TGA curves obtained for silylated materials show three steps of
weight loss. The weight loss at about 100 °C is primarily due to
the presence of water within sample. The minor weight loss
observed at about 250 °C is presumably due to the decomposi-
tion of residual oxygenated functional groups that did not react
with silane molecules. The last weight loss observed at 380 °C is
assigned to the decomposition of silane molecules.

FTIR analysis of the compatibilizers

The grafting of EPR is confirmed by FTIR spectroscopy. The
FTIR spectra of EPR-g-DEM, EPR-g-GMA and EPR-g-
MAH are shown in Fig. 6. The reference spectrum (Fig. 6a)
does not show any band in the 2000–1500 cm−1 region. In
Fig. 6b, the FTIR spectrum of EPR-g-DEM presents a strong
characteristic band at 1740 cm−1 (C = O symmetric stretching
band) which indicates the presence of carbonyl groups. The
spectrum of EPR-g-GMA (Fig. 6c) shows one band at
1730 cm−1characteristic of the carboxyl groups of GMA.
The spectrum of EPR-g-MAH (Fig. 6d) shows three bands
at 1850 cm−1, 1785 cm−1 and 1712 cm−1. According to the
literature [45], the first two bands are generally attributed to

carbonyl (C =O) groups associatedwith anhydride maleic and
the last one is attributed to the vibration of the carboxyl
(C = O) groups of an acid function. This result is justified by
the opening of the maleic anhydride ring because of its great
susceptibility to hydrolysis [46, 47].

Mechanical properties of the blends and nanocomposites

The tensile and Izod impact strength of PP and the different
blends are summarized in supplementary Table S1 (Online
Resource). in the supporting information. As expected it is
observed that the incorporation of EPR in PP improves ductility
of the blend. This is indicated by the elongation at break and the
impact strength of PP, which increased by 150% and 50%,
respectively. Similar improvements in ductility with the incor-
poration of elastomers have been also reported by previous
researchers [48, 49]. However, the tensile strength and
Young’s modulus decreased by about 31% and 19%, respec-
tively as compared to the neat PP. Those results are consistent
also with previous studies [50–53]. A decrease in tensile
strength and Young’s modulus can be explained by the substi-
tution of PP by EPR, which is a low modulus material, and by
the morphological changes due to EPR phase [48, 49, 54, 55].

The improvement in elongation at break and impact
strength can be explained either by the influence of function-
alized rubber on the deformation mechanisms in the blend, or
by the alteration of blend microstructures due to the presence
of a third phase [50]. Similar improvements in ductility of PP/
EPR with the incorporation of PEP and EPR-g-MAH have
been reported by previous researches [56]. It is also interesting
to note that the elongation at break and impact strength of the
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PP/EPR increased by about 30% and 42% respectively, in the
presence of EPR-g-DEM, as compared to the non-
compatibilized PP/EPR blend.

Tensile strength and Young’s modulus of all compositions
of the nanocomposites were reported in Figs. 7 and 8. It can be
seen that the addition of nanofiller particles led to a substantial
improvement in stiffness. The tensile strength and Young’s
modulus of the nanocomposites increased with the increasing
prGO content from 0 to 2 wt%. With 2 wt% nanofiller, tensile
strength and Young’s modulus improved by about 40% and
14%, respectively, as compared to the unfilled PP/EPR blend.
This increase in tensile strength and Young’s modulus of all
nanocomposites indicates an increase in the rigidity of poly-
mer matrix related to the restriction of the mobility in polymer
chains due to the presence of filler nanoparticles.

Addition of compatibilizers resulted in an improvement of the
tensile strength and Young’s modulus. It is important to note that
the EPR-g-DEM compatibilized nanocomposites showed higher
elongation at break and impact strength, as compared to EPR-g-
GMA and EPR-g-MAH compatibilized nanocomposites.

Supplementary Figs. S1 and S2 (Online Resource) show
the influence of the prGO content and compatibilizers on elon-
gation at break and Izod impact strength of the nanocompos-
ites. It can be seen that elongation at break and impact strength
decreased as the nanofillers content increased from 0 to
2 wt%. This decrease may be due to the poor adhesion or
the absence of bonding at the interface between the matrix
and the nanofiller. The poor interfacial adhesion causes pre-
mature failure as a result of the usual crack opening mecha-
nism. Addition of compatibilizers to the nanocomposite sys-
tems caused a considerable reduction of elongation at break
and impact strength. When EPR-g-DEM was used as a
compatibilizer, the elongation at break and impact strength

of nanocomposites decreased by 72% and 69%, respectively.
This decrease indicates that the nanocomposites become brit-
tle with increasing prGO content owing to the stress concen-
tration effect of nanofiller.

Figures 9 and 10 show the influence of the functionalization
of prGO on tensile strength and Young’s modulus of the non-
compatibilized nanocomposites and compatibilized containing
1 wt% of prGO, respectively. As observed from the above
Figures, silane functionalization leads to an increase in tensile
strength and Young’s modulus by improving adhesion between
prGO and polymer matrix. Higher values of the tensile strength
and Young’s modulus were observed for the nanocomposites
containing prGO functionalized with Z6020 and compatibilized
with EPR-g-DEM. In this system, the tensile strength and
Young’s modulus increases by about 31% and 23%, respectively
compared to the nanocomposites without silane coupling agent.
The amino groups anchored on Z6020-prGO and A1100-prGO
surface may interact with the functional groups of
compatibilizers, resulting in improved compatibility of the
prGO with the polymer matrix. However, when EPR-g-GMA
is used as a compatibilizer, the tensile strength and Young’s
modulus of nanocomposites increase slightly. There may be no
effective interactions between the GMA functionalized EPR and
the functional groups on the surface of the nanofiller particles.

The elongation at break and the impact strength of the nano-
composites containing 1 wt% of prGO are shown in supplemen-
tary Figs. S3 and S4 (Online Resource). The results showed that
the incorporation of functionalized prGO has substantially re-
duced the elongation at break, as well as the impact strength of
the nanocomposites. The most important drop in the elongation
at break and impact strength is observed with functionalized
prGO-based nanocomposites. This reduction becomes more
pronounced with the incorporation of compatibilizers. The
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results revealed that the elongation at break and impact strength
of PP/EPR/EPR-g-DEM/Z6020-prGO decreases by about 55%
and 26%, respectively as compared to the same nanocomposites
without coupling agent and about 84% and 67% respectively,
compared to the neatmatrix. Consequently, the decrease of these
properties can be attributed to the strong improvement of the
interfacial region, reflecting the strong interfacial adhesion be-
tween the different components.

Thermal behaviour of the blends and nanocomposites

Thermal stability of PP/EPR blend and PP/EPR/prGO nano-
composites were studied by TGA as shown in supplementary

Fig. S5 (Online Resource). From the observation, it is clear
that the thermal stability of the base polymer matrix increased
with the incorporation of the nanofiller. During the thermal
decomposition, the TGA curves displayed a single stage de-
composition process for all samples. It can be seen that the
onset decomposition (Tonset) and fasted degradation (Tmax) of
different nanocomposites are higher that the neat PP/EPR ma-
trix. It is also noted that the Tonset and Tmax remained almost
unchanged for nanocomposites with the prGO content. The
addition of the nanofiller which is in a lamellar form leads to
an important improvement of the thermal stability of PP/EPR
blend. The Tonset and Tmax increased from 360 °C to 390 °C
and from 440 °C to 460 °C respectively, which about 30 °C
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and 20 °C, respectively higher than the nanocomposite with
0.5 wt% prGO additions than that for neat matrix. Further
additions of prGO up to 2 wt% led to further improvement
of the thermal stability of nanocomposites. It was noticed that
the Tonset and Tmax reached 400 °C and 475 °C respectively
corresponding to an increase by 40 °C and 30 °C respectively,
compared to the neat matrix.

Figure 11 shows the thermogravimetric analysis of the
blends and nanocomposites with and without compatibilizers
and coupling agents. The incorporation of the compatibilizer
does not show any effect on the decomposition process in

comparison to the neat matrix. The process of degradation in
PP/EPR/EPR-g-DEM/prGO and in all other materials con-
taining silane coupling agents was similar. The Tonset and
Tmax shifted to 403 °C and 480 °C, an increase of 43 °C and
35 °C respectively, compared to the PP/EPR and PP/EPR/
EPR-g-DEM blends. It seems that the filler can act as a barrier
to hinder the permeability of volatile decomposition products
out of the material [57]. This effect is accentuated in the pres-
ence of the compatibilizers and silane coupling agents. This
may be attributed to a well dispersion and distribution the
prGO particles in the polymer matrix. The increase in the
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thermal stability can also be attributed to the polymer/
nanofiller interactions due to the compatibilizer and silane
coupling agent’s effect. Numerous researchers have reported
a similar improvement in the thermal stability for a large num-
ber of polymer nanocomposites based on graphene or its de-
rivatives [58–60]. Several factors may contribute to achieve a
high thermal performance of graphene/polymer nanocompos-
ites such as complete exfoliation and homogeneous dispersion
of graphene layers in polymer matrix and strong interaction of
graphene layers with matrix.

X-ray diffraction of the blends and nanocomposites

The XRD patterns for neat PP, PP/EPR and PP/EPR/EPR-g-
DEM blends are given in Fig. 12. PP shows six characteristic
peaks at 2θ = 14.3° (0.62 nm), 16.9° (0.53 nm), 18.6°
(0.48 nm), 21.3° (0.42 nm) 23.7° (0.38 nm), 25.45° (0.36 nm)
[38, 39]. We notice that the diffraction peaks are slightly affect-
ed in their position and intensity by the incorporation of EPR
and EPR-g-DEM, which would imply a modification of the
cristallinity. Figure 13 shows the XRD diffraction patterns of
neat PP/EPR blend and PP/EPR/prGO nanocomposites con-
taining 1 wt% of pristine and functionalized prGO with
Z6020. The XRD patterns of the non-compatibilized nanocom-
posites have all the peaks observed in both prGO and PP/EPR
matrix polymer. However, the XRD profiles of nanocomposites
show a decrease in intensity for all peaks observed for PP/EPR
blend. In addition, the peak of prGO shifted from 2θ = 17.4° to
lower angles of about 2θ = 16° and 2θ = 14.77° for PP/EPR/

prGO and PP/EPR/Z6020-prGO respectively, as compared to
that of pristine prGO. This implies that the interlayer spaces
between sheets were increased from 0.5 nm to 0.56 nm and
0.6 nm. The shift towards lower angles, especially in the case
of PP/EPR/Z6020-prGO clearly indicates a basal spacing ex-
pansion and an intercalation of PP/EPR chains into the layers
without the presence of compatibilizer. This may be due to the
alkylamine pre-intercalated prGO which had successfully re-
duced the incompatibility of the functional groups on the sur-
face of the prGO nanoparticles and the non-polar polymer ma-
trix. This XRD behaviour is similar to that obtained in polymer/
clay nanocomposites by others [61, 62].

The XRD patterns for compatibilized nanocomposites with
EPR-g-DEM in comparison with XRD pattern of PP/EPR/
EPR-g-DEM (Fig. 14), clearly show a decrease in intensity of
all peaks observed for the unfilled system. This would imply a
modification of the polymer structure. As indicated in the XRD
diffractograms, the peak of prGO shifted from 2θ = 17.4° to
lower angles of about 2θ = 11.23° and 2θ = 10.54° for PP/EPR/
EPR-g-DEM/prGO and PP/EPR/EPR-g-DEM/Z6020-prGO
respectively. This corresponds to an interlayer spacing of
0.8 nm and 0.85 nm, respectively; indicating that incorporation
of EPR-g-DEM would contributes to a better intercalation.

SEM micrograph of the blends and nanocomposites

Themorphologies of blends are shown in Fig. 15. It is obvious
that the particle size of the dispersed EPR phase in PP is
affected by the type of compatibilizer. Indeed the SEM
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micrographs of PP/EPR blend (Fig. 15a) shows a nodular
morphology, where the elastomer phase is dispersed in a

spherical form in PP. Debonding of EPR particles from the
matrix are also observed at the fractured surface.
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A fine and uniform dispersion of EPR particles in the
PP phase is observed (Fig. 15b). The decrease in the
particles size of the dispersed EPR phase is due to the
reduction of the interfacial tension between the dispersed
EPR phase and PP matrix. On the other hand, the num-
ber of particles is higher than that obtained from the
original blend. In the case of PP/EPR blend with EPR-
g-GMA and EPR-g-MAH (Fig. 15c and d) the size and
the number of the dispersed elastomer particles are
higher. Hence, the presence of these compatibilizers re-
duces the interfacial tension and suppresses the coales-
cence of EPR particles.

The morphology of the nanocomposites characterized
by the SEM micrographs is presented in Fig. 16. We can
see that the micrograph of PP/EPR/Z6020-prGO
(Fig. 16a) shows that the Z6020-prGO particles are not
dispersed in a homogeneous manner throughout the ma-
trix. However, the presence of the compatibilizers has in
fact promoted a better dispersion of the functionalized
prGO in the matrix.

Figure 16b-d illustrates the SEM micrographs of the
compatibilized nanocomposites. It is shown that the use of
the compatibilizers has significantly promoted a better disper-
sion of the functionalized prGO in the matrix. On the other
hand the nanocomposite prepared using EPR-g-DEM shows a
more pronounced reduction of the size domains of the EPR.
This corroborates the good tensile properties that were obtain-
ed with the latter system.

Conclusions

The nanocomposites of polypropylene/ethylene-propylene
rubber (PP/EPR) with different amounts of functionalized
partially reduced graphene oxide and three types of
compatibilizers were investigated to determine their influ-
ence on the mechanical, thermal and morphological prop-
erties. The nanocomposites containing compatibilizers
and functionalized prGO showed a significant improve-
ment of the mechanical properties compared to the nano-
composites containing only pristine prGO without
compatibilizers. This is due to the enhancement of inter-
facial adhesion and compatibility between polymer matrix
and functionalized prGO. The incorporation of pristine or
functionalized prGO as well as compatibilizers into the
PP/EPR matrix, results in a remarkable improvement in
the thermal stability of nanocomposites and also the suc-
cessful intercalation of polymer chains into prGO inter-
layer spaces. SEM micrographs reveal that PP/EPR and
PP/EPR/compatibilizers have a nodular microstructure.
The presence of compatibilizers in PP/EPR/prGO nano-
composites promotes a better dispersion of functionalized
prGO particles in the polymer matrix.
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