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Abstract

Very recently emerging trends in polymer nanotechnology has revealed tremendous upsurge in application of graphene
and derivatives in development of multifunctional nanocomposites. In present work, recycled polypropylene filled with
increasing concentration of kenaf flour modified with sodium hydroxide/cetyl-trimethylammonium bromide (C-TAB) and
filled with 3-phr graphene nanoplatelets (xGNP) hybrid nanocomposites were compatibilized using maleic anhydride
grafted polypropylene and prepared via melt-intercalation using co-rotating twin-screw extruder subsequented by
injection molding. The mechanical and morphological properties of NaOH-C-TAB modified materials (T-KRPPG) were
studied and compared with untreated (U-KRPPG) samples. Transmission electron microscopy, field emission scanning
electron microscope, Fourier transform infra-red spectroscopy (FTIR) and X-ray diffraction (XRD) analysis were applied
in characterizing the microstructure and morphology of the materials. Mechanical tests revealed that tensile strength
of T-KRPPG nanocomposites were superior in comparison with untreated (U-KRPPG) samples. In addition, the flexural
strength, flexural modulus, and Young’s modulus of C-TAB treated kenaf xGNP (T-KRPPG) nanocomposites were supe-
rior in comparison with the untreated (U-KRPPG) samples. The morphological images of the tensile fractured surface of
modified T-KRPPG nanocomposites revealed reduction of microholes and fibres aggregation signifying enhanced xGNP-
fiber-matrix inter-facial adhesion due to kenaf flour modification with NaOH/C-TAB. XRD analysis revealed exfoliation and
homogeneous separation of xGNP in matrix. FTIR analysis revealed no variations in peak positions of xGNP to suggest
any significant chemical interactions between XGNP and other componenets.

Keywords Cetyl-trimethylammonium bromide - Exfoliated graphene nanoplatelets - Thermal properties - Mechanical
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1 Introduction

The versatility of plastic based materials in emerging tech-
nologies has been broadened by nanotechnology. The
increasing use of plastic materials has added to escalating
global solid waste issues with plastic materials account-
ing significantly for the upsurge and mostly comprising
of polyolefins such as polypropylene and polyethylene.
Notably in developing economies, open-burning, unregu-
lated dumping, and landfilling are main routes of disposal
of these wastes. Hence, eco-benign and energetically low

cost route of utilizing this huge quantity of waste has
become a global issue. Thus, policy makers around the
globe having come to realization that unchecked dumping
and open-burning are not eco-benign routes of disposing
these waste has called for discontinuation while advocat-
ing for recycling and reusing of these polymer based solid-
wastes as panacea to this challenges [1]. Due to increasing
environmental and ecological awareness, thermoplastic
based composites filled with low-cost lignocellulose fibers
have aroused great interests because of accruable benefits
such as reduction in wearing of processing equipments
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and low temperatures of processing when compared with
the commonly available mineral fillers thereby playing a
significant role in saving energy during fabrication of com-
posites [2].

Additionally, composites fabricated through the inclu-
sion of renewable natural fibers such as wood, corn-cob,
rice, and abaca flours in polymers are durable, eco-benign,
and biodegradable. However, use of lignocellulose fibers
as reinforcing materials have been limited due to inherent
propensity to thermally degrade at elevated processing
temperatures and affinity to absorb moisture from the
environment which distorts material dimensional stability,
mechanical and flame retardant properties while reducing
durability of the end product. Also, Van der Waals forces,
formation of chemical bonds, and mechanical inter-lock-
ing between matrix and fiber affect inter-facial strength of
composites. Hence, attainment of good mechanical prop-
erties for engineering composites has been a drawback
due to the high hydrophilic affinity of natural fibers caused
by the presence of hydroxyl groups in cellulose and apolar
nature of thermoplastics which hinder effective interaction
between matrix and fiber. In addition, the absorption of
moisture from the environment into crevices and micro-
gaps of composites potentially result in swelling, fungal
proliferation, formation of micro-cracks, and deterioration
of the mechanical properties of these materials.

Thus, in order to provide a panacea to these challenges,
chemical modification of fiber surface structure and appro-
priate use of compatibilizing agents composed of both
hydrophilic and hydrophobic components, with potentials
of providing chemical bonding of fiber and matrix, while
significantly reducing the inherent hydrophilic affinity of
fiber and also decreasing the polarity gap between matrix
and fibre with improvements in inter-facial adhesion have
been proffered. In addition, formulated inclusion of nano-
particles has propagated improvement in most properties
of composites.

The discovery of graphene and emerging trends in
graphene based polymer nanocomposites are impor-
tant land-marks in the field of nano-science [3]. These
carbon nanomaterials have several grades and sizes with
thickness and width ranging from “1-20 nm” and “1-50
microns respectively” [4]. Thus, recently the scope of
nano-engineering has expanded with industrial applica-
tion of nanotechnology extended to areas such as energy
storage, computing, biomedical, drug delivery and so on
[5]. Graphene is a hexagonally packed lattice single layer
sp? bonded carbon atoms, having a structure exhibiting
interesting properties such as excellent thermal conduc-
tivity (3000-5000 Wm™' K™') and optical transparency
(~97.3%), high young modulus (~ 1 TPa), and high trans-
port mobility at 25 °C (~ 10,000 cm? v=' S7'). Exfoliated
graphene nanoplatelets (xGNP) are ultra-thin short stacks
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of graphene sheets composed of graphite nanoparticles
with multi-functional properties [6]. The platelet morphol-
ogy of XGNP and its nano-size enhances its effectiveness
at providing very good properties, while its inherent pure
graphitic composition enhances its thermal and electrical
conductivity. Other interesting properties of xGNP include
wide surface area, high aspect ratio, superior mechanical
and flame retardant properties [5, 6]. However, emerg-
ing researches have revealed that low inclusion of xGNP,
other carbon derivatives and nanofillers into plastics has
resulted in fabrication of polymer nanocomposites with
superior mechanical, thermal and flame retardant prop-
erties [7].

Presently, this research investigates the influence of
cetyl-trimethylammonium bromide modified kenaf flour
on recycled polypropylene (RPP) graphene nanoplatelets
(3 phr) nanocomposites at varying compositions of fibre.
Here, a dual process technique of fibre surface modifica-
tion was applied to influence the hydrophilic affinity of
kenaf flour inorder to reduce polarity difference existing
between matrix and fibre which is anticipated to enhance
their interfacial adhesion. Thus, cetyl-trimethylammo-
nium bromide (C-TAB) acted as a modifier and cationic-
surfactant capable of facilitating chemical interaction with
NaOH treated kenaf flour through enhancement of the
electrostatic, interfacial interaction, and surface absorb-
tion of the fiber. The inclusion of 3-phr graphene nano-
platelets is also expected to improve mechanical prop-
erties of the nanocomposites. Accruable benefits of this
technique include the short duration of fibre modification
and eco-benign attributes.

2 Experimental
2.1 Materials and methods

Materials utilized for this investigation included exfoli-
ated graphene nanoplatelets (xGNP), GNP-M5 grades
(99.5% carbon) of mean diameter and thickness of 5 mm
and 6 nm respectively, purchased as dry flour from XG
Sciences Incorporated East Lansing, MI, USA, and applied
as received. Results of laboratory BET surface measure-
ments revealed samples surface area to be 158 m?/g. The
concentrations of XGNP were kept constant at 3 parts per
hundred (phr) of total composites. Recycled polypropyl-
ene (RPP) was obtained from waste polypropylene-based
shopping-bags. These materials were cleaned, cut into
bits, and subsequently dried in a vacuum oven at 80 °C
for 24 h. After washing off extraneous dirts, the materials
were finally converted into tiny beads. Kenaf flour which
was obtained from Malaysian Agricultural and Develop-
ment Institute (MARDI), Kuala Lumpur was ground and
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sieved using a sieve-shaker equipment having a mesh of
<500 pm to obtain kenaf flour of sizes <500 pm in longi-
tudinal direction and was subsequently dried for 24 hin an
oven maintained at 80 °C. Cetyl-trimethylammonium bro-
mide (Merck) and sodium hydroxide (Merck) were used in
treating kenaf flour. Initially, dried kenaf flour was treated
using 5% NaOH (aq) and further modified for about 10 min
using 0.5% C-TAB (aq). This was subsequently followed
by washing using distilled water and open-air drying.
The compatibilizer MA-g-PP which was purchased from
DuPont, Dow Elastomers, and Wilmington DE, USA was
dried at temperature of 60 °C for 5 h. Kenaf flour processed
as elucidated above was initially mixed completely with
RPP beads at 20/80, 25/75, 30/70, and 35/65 wt% mixing
ratios and designated as samples 2, 3,4 and 5 respectively.

The composites were melt-extruded utilizing Bra-
bender-PL-2000-Plastic-Coder counter-rotating twin-screw
extruder (with a rod-die of 4 mm, L/D=30and D=25 mm).
Extruder melt-pressure was about 12 bars with optimized
temperature maintained at 185 °C from feed to die-head
zone. All materials were melt-intercalated in a single-step
process with increasing concentrations of kenaf flour
according to the sample-formulation. The screw-speed
was permanently maintained at 60 rpm. Subsequently,
the extrudate was immediately pelletized after melt inter-
calation. Prior to injection-molding to standard-samples,
the pellets were dried in oven at 80 °C for 24 h so as to
eliminate moisture. JSW-Muraron-Japan injection mold-
ing-machine of model-NIOOB-11 was utilized in preparing
the flexural, tensile, and notched-Izod impact-tests-speci-
mens at a temperature range of 185-200 °C. The calculated
Brunauer, Emmett and Teller (BET) specific surface area of
GNP powder utilized in present study is 158 m?/g obtained
from laboratory evaluation as elucidated below.

2.2 Determination of BET specific surface area

The Micrometrics-Gemini-V surface-area analyzer, with
isotherm-nitrogen adsorption, positioned at 77 K, was
applied in determining the Brunauer, Emmett and Teller
(BET) specific surface area of GNP flour. Prior BET analysis,
samples underwent degassing at atmospheric pressure
for 4 h at 623 K. Equation (1) was utilized to calculate the
BET specific surface area [8]. The parameters for Eq. (1) are
expressed in Table 1.

S =V, Na/22,400 )
3 Characterizations

3.1 Morphology analysis

Field emission scanning electron microscopy (FESEM) was
utilized in analyzing the distribution of xGNP and kenaf flour
in matrix via a Hitachi-S-4800 equipment. A Balzers-Union-
MED-010 coater was used in coating the impact fractured
surfaces of untreated UK-RPPG and treated TK-RPPG nano-
composites and micrographs depicting the fractured sur-
faces of the materials were pictured accordingly. TEM images
were derived utilizing Zeiss Libra-120 TEM equipment via
samples of dimensions 0.2cm x 1 cm.

3.2 Mechanical properties

In accordance with ASTM D 638 standard, tensile samples
were tested utilizing the universal materials EZ-20KN-LLY-
ORD tensile testing equipment set at a cross-head speed
of 50 mm/min. Five samples were tested from each com-
position in addition with untreated samples for compara-
tive analysis. The three-point centre loading technique was
used for flexural testing according to ASTM D790. Samples
for flexural tests were placed on a supported beam with
span-distance of 50 mm and strain-rate (compressed-speed)
of 3 mm/min [9]. Notched-impact-test in accordance with
ASTM D 256 was conducted at room temperature using Izod-
Toyoseiki-impact testing equipment (11 J).

3.3 X-ray diffraction analysis

X'Pert-X-ray-diffractometer (Siemens-XRD-D5000) and
Ni-filtered-Cu-Ka radiation at an angular-incidence of
10°-80° (20 angle-range) was applied in obtaining X-ray
diffraction-patterns. XRD scanning of XGNP flour and com-
posites were conducted using a time of exposure of 120 s
at 40 kV and 50 mA. Bragg’s Eq. (2) was used in deriving the
diffraction patterns used in evaluating degree of xGNP and
T-KF distribution in matrix.

nA = 2dsin® (2)

Table 1 Elucidation of BET
equation parameters

V,,,=Calculated value from 1/(slope +intercept) in graph of 1/(V, (P,/P) — 1) versus P/P,

N=Avogadro constant given as 6.0x 10> mol™’

a=Cross sectional area of single adsorbate molecule in meters square (0.195 nm? for krypton and

0.162 nm? for nitrogen)

m=Mass of GNP test flour in grams

22,400 Volume of 1 mol of adsorbate gas at STP allowing for slight shift from the ideal, in milliliters
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where © =angle-in-between incident-rays and crystal-
surface, A=wave-length of X-ray=0.154 nm (Cu Ka), n=1
and d =spacing-between-atom-layers.

3.4 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) of samples
was carried out via Perkin-Elmer-1600 infrared spectros-
copy (KBr technique) using a ratio of 1:100 prior to conver-
sion of samples to thin pellets. A Nicolet-AVATAR-360 at
32 scans with a resolution of 4 cm™' and within the wave
number range of 4000 cm™'-1000 cm™" was utilized in
obtaining FTIR spectra of coated-pellets. Significant points
of transmittance-peaks were determined using the “find-
peak-tool” provided by Nicolet-OMNIC-5.01 software.

4 Results and discussion
4.1 Morphological analysis
4.1.1 Field emission scanning electron microscopy (FESEM)

Figure 1 shows the FESEM images of the fractured surface
of tensile specimens of (a) untreated kenaf flour (U-KRPPG)
and (b) C-TAB treated kenaf flour (T-KRPPG) nanocompos-
ites. The micrograph of the untreated U-KRPPG nanocom-
posites in Fig. 1a revealed existence of fiber-matrix inter-
facial holes, spaces and voids implying that the interfacial
adhesion existing between xGNP, RPP and kenaf flour
is weak. Moreover, due to high fiber-fiber interactions,

Fig. 1 a FESEM micrograph
of Tensile-fractured surface
of U-KRPPG and b T-KRPPG
nanocomposites
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agglomeration of fibres results in formation of cracks and
voids as depicted by arrows in Fig. 1a. However, for C-TAB
treated T-KRPP composites, the interfacial voids existing
between xGNP, fiber and matrix is significantly reduced
as revealed in Fig. 1b. As a result of the property varia-
tion in kenaf flour due to C-TAB treatment in addition to
the adsorption of molecules of C-TAB on surface of kenaf
flour, the gap in polarity existing between the fiber and the
matrix decreased thereby resulting in the enhancement
of effective distribution of xGNP and kenaf flour in RPP
matrix thereby reducing the microvoids within the matrix
and fiber. This is evidenced by enhanced mechanical prop-
erties of T-KRPPG nanocomposites.

A homogenous distribution of nanoplatelets in com-
posites due to inclusion of 3 phr of xGNP devoid of
agglomeration signs or over-stacking was observed in
the materials as revealed in Fig. 2a-c. The graphene sheets
were intact and seen spearing out of the blend revealing
effective distribution in matrix. The uniform distribution
of xGNP in matrix is thought to enhance mechanical prop-
erties of the materials. Hans et al. opined that xGNP and
kenaf flour interactions were physical since XGNP physi-
cally absorbed on the surface of the fibre with nil chemical
interaction occurring between them [1].

4.1.2 Transmission electron microscopy (TEM)

The extent of distribution of nanofillers and micro-
fiber fillers in matrix relates to the degree of properties
enhancement in nanocomposite materials. Inorder to
attain better insight into the degree of distribution of
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Fig.2 FESEM microgragh of instances of XGNP exfoliated state in the nanocomposites

XGNP and kenaf microparticles in matrix, TEM images
were obtained from thin sections of specimens exhibit-
ing dimensions of 0.2 cm X 1 cm. Figure 3a, b reveals
the TEM images of thin-sections of untreated U-KRPPG
and chemically modified T-KRPPG nanocomposites
respectively. From Fig. 3a the presence of microcracks,
holes and voids as depicted by the arrows reveals poor
interfacial interaction between untreated kenaf, RPP
and xGNP. However, for NaOH and C-TAB treated T-KRPP
nanocomposites, the interfacial voids existing between
XGNP, fiber and matrix is almost extinct as revealed in
Fig. 3b. Due to changes in attributes of kenaf flour as a
result of the chemical modification using NaOH/C-TAB,
the polarity-gap existing between the fiber and matrix
diminished significantly thereby enhancing effective dis-
tribution of xGNP and kenaf flour in RPP matrix which
subsequently reduced the microvoids within the matrix
and fiber. This is evidenced by enhanced mechanical
properties of T-KRPPG nanocomposites.

4.2 Mechanical properties
4.2.1 Tensile properties

The trend of tensile strength (TS) of both untreated
(U-KRPPG) and treated kenaf flour reinforced xGNP-RPP
(T-KRPPG) nanocomposites at increasing content of
fiber are shown in Fig. 4. Increasing concentrations of
fibre resulted in a gradual decrease of TS. At a constant
inclusion of 3-phr xGNP and lower inclusion of fibre,
higher values of TS occur indicating enhanced interac-
tion between fiber and matrix. An increasing content of
kenaf flour escalates propensity of microvoids formation
in the region of filler-matrix interface and agglomera-
tion of fibre as result of escalating fiber-fiber interac-
tion. Hence, TS decreases with increasing concentration
of fiber in the nanocomposites. However, values of TS of
chemically modified kenaf flour graphene reinforced RPP
nanocomposites were observed to exhibit superiority to

SN Applied Sciences

A SPRINGER NATURE jourmal



Research Article SN Applied Sciences (2019) 1:1261 | https://doi.org/10.1007/542452-019-1319-1

Fig.3 aTEM micrograph of
Tensile-fractured surface of
U-KRPPG and b T-KRPPG nano-
composites

Fig.4 Tensile strength of 30
U-KRPPG and T-KRPPG nano-
composites
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the values of the corresponding untreated samples at all
ratios of mixing. This implies that chemically modifying
kenaf flour using C-TAB enhanced interfacial-adhesion
existing between the filler and matrix. Also, inclusion of
stiff nanoparticles reduced tensile strength of nanocom-
posites [1]. Thus, improvement of tensile strength at low
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Samples

fibre-xGNP inclusion occurred because tensile strength
of composites is mainly determined by filler-fraction and
the compatibility/or interfacial adhesion between the
matrix, micro-natural-fiber fillers and nanoparticles [1,
3,51
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Fig.5 Young's modulus of
U-KRPPG and K-RPPG nano-
composites
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4.2.2 Youngs modulus

The trend of Young’s modulus (YM) of the nanocompos-
ites at varying fiber composition is shown in Fig. 5. The
inclusion of 3-phr xGNP and varying fiber composition
is anticipated to increase the composites YM because
of the rigidity of the microfibres and nanoparticles filler
in the soft RPP matrix. Evidently from Fig. 5, increases
in both untreated and chemically modified kenaf flour
content in the RPP matrix reinforced with graphene nan-
oplatelets lead to increasing values of YM values in the
materials. However, chemically modified kenaf RPP nano-
composites exhibit superior modulus in comparison with
the untreated samples. Studies have revealed that crys-
tallites exhibits superior modulus when compared with
amorphous substances and has potentials of raising the
modulus input of matrix to the overall modulus of the
composite [10]. The initial treatment of raw kenaf flour
with NaOH in addition to its subsequent modification
with C-TAB probably enabled the surface to attain a cer-
tain degree of crystallinity which is thought to dominate
the entire bulk thereby resulting in enhancement of the
YM of the chemically modified kenaf flour-RPPG nano-
composites. Moreover, inclusion of rigid microfiber and
nanoparticles fillers into the matrix resulted in reduction
of the mobility of the polymer and subsequent enhance-
ment of values of YM in the materials.

1200 |
1416 |

1280
1685

1300
1849

1350
1936

4.2.3 Flexural properties

Figures 6 and 7 shows the trends of flexural modulus (FM)
and flexural strength (FS) of untreated and chemically
modified kenaf flour nanocomposites at varying fiber
compositions respectively. It is evident from the graphs
that inclusion of both XGNP, raw and chemically modified
kenaf flour in the RPP matrix have significantly improved
both FM and FS values of the materials. It is thought that
the uniform and homogeneous dispersion of xGNP in
matrix, in addition to effective mechanical inter-locking
and entanglement of the matrix with kenaf flour would
have lead to this improvement. Also, improved interfa-
cial adhesion between matrix, micro-fiber, and nano-
fillers may be ascribed to effective compatibilization by
maleic anhydride grafted polypropylene (MA-g-PP) which
resulted in hindrance of matrix-deformation at the elastic-
zone and subsequent modulus enhancement. Addition-
ally, the arrangement of XGNP in the flow direction during
extrusion and injection molding may have enhanced the
drasticimprovement in material flexural modulus [11, 12].
However, treated kenaf flour-xGNP-RPP nanocomposites
exhibited superior FM and FS values in comparison with
the untreated materials, revealing that NaOH and C-TAB
treatment of kenaf flour enhanced efficient transfer of
stress from the polymer matrix to fiber. From Fig. 6, the
values of FM for chemically modified kenaf flour xGNP-RPP
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Fig.6 Flexural modulus of 4.5
U-KRPPG and T-KRPPG nano-
composites 4
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Fig.7 Flexural strength of 80
U-KRPPG and T-KRPPG nano-
composites
70
60
=
S 50
z
& 40
o
=
[ 2]
K 30
=
#
@
= 20
10
0
1 2 3 4 5
m U-KRPPG 14.9 46 47 49 52
u T-KRPPG 14.9 49 58 60 63

nanocomposites increased with increasing inclusion
of kenaf flour. Inclusion of kenaf flour and stiff xGNP
restricted the rubbery modulus and mobility of RPP matrix
because both fillers possesses high modulus. It is thought
that RPP matrix effectively wetted all the filler particles at
these ratios of mixing thereby enhancing the filler-matrix
interfacial adhesion enough to propagate efficient transfer
of stress from the matrix to the filler resulting in higher
values of FM with increasing composition of kenaf flour in
the materials. The effect of interfacial-bonding and fiber

SN Applied Sciences

A SPRINGER NATURE jourmal

distribution in the matrix on flexural properties caused
the stress applied to uniformly distribute in the chemi-
cally modified kenaf flour RPP nanocomposites thereby
elevating their FM and FS values in comparison with the
raw samples.

4.2.4 Izod impact strength

The essence of Izod impact strength testing is to dis-
cern materials resistance to impact fracture. The impact
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Fig.8 Izod impact strength of 8000 -
U-KRPPG and T-KRPPG nano-

composites
7000

Impact Strength (J/m*)

strength (IS) of a material gives insightful information as
to the capability of the material to put up resistance to
an instant impact. The notched Izod impact strength (IS)
behavior of the materials at varying composition of kenaf
flour and constant 3-phr xGNP content are shown in Fig. 8.
The materials displayed a decreasing IS with increasing
concentration of micro-fiber fillers. Higher values of IS
exhibited by the materials at lower content of kenaf flour
is ascribed to their propensity for higher energy absorb-
tion for initiation of crack. Moreover, xGNP has the pro-
pensity of inducing nucleation of 3-PP crystals resulting
in higher impact strength when compared with the more
common a-PP crystals [13]. However, micro-cracks propa-
gate easily in the materials at the impact point due to weak
interfacial-bonding between fillers and matrix. Hence, the
values of materials IS decreased as result of the presence
of these micro-cracks. Thus, inclusion of kenaf-xGNP in
the composites formed channels of stress-concentration
requiring lower energy to cause cracks within the materials
[4, 9]. Moreover, the stiffening of the polymer chain due to
inclusion of kenaf-xGNP in RPP caused reduction in mate-
rials ductility and propensity to deform which decreased
values of IS with increasing inclusion of kenaf flour. How-
ever, the IS behavior of the chemically modified kenaf RPP
composites reveals a superior trend when compared with
the raw samples implying a better fiber-matrix interfacial
adhesion as a result of the chemical modification. Thus, in
comparison with the untreated materials, C-TAB modified
kenaf flour xGNP-RPP nanocomposites exhibited superior
capability to absorb higher energy levels able to hinder
propagation of cracks through the materials.
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Fig.9 XRD patterns of XGNP, untreated U-KRPPG and chemically
modified T-KRPPG nanocomposites

4.2.5 X-ray diffraction analysis

The XRD patterns of XGNP, untreated U-KRPPG and chemi-
cally modified T-KRPPG nanocomposites are shown in
Fig. 9.

Typically, thermoplastic polymers undergo crystalliza-
tion to specific crystalline forms. For isotactic PP, there
are various packing geometries of PP-helices resulting in
four established crystal structures including a-monoclinic,
B-trigonal, y-triclinic and &-smectic crystallographic
forms depending on melting chronology, crystalliza-
tion temperature, presence of extraneous materials and
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cooling rate [13], though the most common crystal is the
a-monoclinic crystal form [14]. However, reports have
revealed that the 3-form exhibit superior impact strength
and toughness due to its unique lamellar morphology,
strain induced B-transition during mechanical deforma-
tion, and the formation of large plastic region. As shown
Fig. 9, the peak observed at 26 =16.91° is the characteristic
peak corresponding to (300) plane of 3-form crystals [13].
This peak also occurred due to the inclusion of XGNP in
the nanocomposites. A similar observation was reported
elsewhere [13]. The second B-phase peak observed at
26=21.88"is for (301) crystallographic plane. Thus, it can
be concluded that presence of both graphene nanoplate-
lets and chemically treated kenaf fibers in RPP effectively
enhanced nucleation of 3-crystals which enhanced impact
strength and toughness and also enabled secondary rein-
forcement mechanism. This explains the improvement in
impact behavior of the materials at low fibre inclusion and
the not very significant drop in impact trend on increasing
inclusion of fibre. The inclusion of XGNP induced formation
of the extremely narrow peak at 26=26.37° (graphene 002
plane) corresponding to interlayer spacing of 0.34 nm. This
can be attributed to the homogenous dispersion and exfo-
liation of xGNP sheets in RPP matrix as revealed in FESEM
and TEM images in Figs. 3 and 4 respectively.

4.2.6 Fourier transform infrared spectroscopy

FTIR was employed to observe any chemical changes that
may occur in the materials. Figure 10 displays the FTIR
spectra of U-KRPPG, T-KRPPG and xGNP nanocomposites.

In XGNP spectrum, no visible peaks were observed. The
absence of graphite and graphite oxide (GO) bands reveals

U-KRPPG

Transmittance (%)

13024

xGNP

v I N I N I N I N I N I
4000 3500 3000 2500 2000 1500 1000

Wavelength (cm™)

Fig. 10 FTIR spectra of XGNP, U-KRPPG, and T-KRPPG nanocompos-
ites
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the purity of XGNP applied in this work. Thus, the interac-
tions between xGNP and other components are mainly
physical because XGNP has nil polar groups. This implies
that xGNP is chemically inert and physically interacted in
the reaction. Hence, property improvements in the mate-
rials are ascribed to physical interactions between xGNPs
and other components in addition to chemical modifica-
tion of treated kenaf nanocomposites which enhanced
interfacial adhesion between matrix, xGNP sheets and
microfiber. Similar observations were also reported else-
where [1, 5, 15]. The peak at 1162.5 cm~"is ascribed to
C-H outer bending vibration, and in-plane bending and
out-of-plane wagging [16], while the peak absorptions at
1382.4 cm™" is ascribed to the medium C-H rock vibrations
of alkanes [17]. The absorption peaks at 1440 cm™' rep-
resent the C-H bending vibrations of alkenes. The bands
at 2837.3, 2866.2, 2916.4, 2949.2 cm™' are ascribed to the
medium intensity of carboxylic O-H stretching vibration
and the C-H stretching of C-H bonds [18-23]. From Fig. 10,
it is obvious that OH peak intensity between 3500 and
3100 cm™' significantly minimized after chemical modi-
fication of kenaf flour with NaOH followed by C-TAB. It is
thought that the hydrophilic affinity of kenaf flour signifi-
cantly minimized, thereby enhancing its interaction with
RPP with subsequent improvement of interfacial adhesion.
The FESEM and TEM micrographs of the fractured surface
of the tensile samples in Figs. 1b and 3b evidences this
phenomenon.

5 Conclusion

The effects of chemical modification of kenaf flour in xGNP
filled recycled polypropylene hybrid nanocomposites
were comparatively studied with the untreated materials.
The hybrid nanocomposites were prepared successfully
through melt compounding technique using co-rotating
twin screw extruder. Morphological and structural stud-
ies using FESEM and TEM reveal uniform distribution of
XGNP in the matrix. Enhancements in mechanical proper-
ties were ascribed to improved interfacial adhesion as a
result of kenaf flour modification with NaOH followed by
C-TAB, high graphene platelet modulus (1TPa), efficient
stress transfer between matrix, micro-fibrous fillers and
XGNP, in addition to homogeneous and uniform dispersion
of GNP in matrix. From XRD analysis, it may be concluded
that presence of both graphene nanoplatelets and kenaf
fibers enhanced nucleation of 3-PP crystals which incul-
cate superior impact strength and toughness and provide
secondary reinforcement mechanism. Due to low inclu-
sion of XGNP in nanocomposites, appearance of charac-
teristic xGNP peak implies complete exfoliation and good
dispersion of graphene nanosheets in nanocomposites.
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FTIR analysis revealed interactions between xGNP and
other components were mainly physical because xGNP
has nil polar groups. However, superior improvements
in mechanical properties of treated kenaf flour materi-
als were attributed to enhanced interfacial interaction
between matrix/kenaf and xGNP sheets. The hybrid
XGNP filled RPP kenaf nanocomposites have application
potentials in the aerospace, automotive, construction and
electronics industries where good strength, stiffness and
toughness are essential.
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