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Abstract. Polymer composites were manufactured using biocarbon particles as a reinforcing filler to improve the mechanical
and thermal properties. However, a detailed examination of dispersion and agglomeration of filler is essential to correlate
the filler/matrix and the filler/filler interactions with the mechanical properties of the product. We investigated the variations
of mechanical, agglomeration behavior of fillers, and thermal properties of polypropylene (PP)/coconut shell biocarbon
(CSB) composites. PP/CSB composites were prepared by melt mixing process varying the CSB content (0 to 20 wt%) using
a Brabender mixer. The nanomechanical mapping of the composites studied using Atomic Force Microscopy revealed an
increase in Young’s modulus from 1.6 to 2.9 GPa when CSB loading increased from 0 to 20 wt%. The dispersion and agglomeration of CSB filler in the PP matrix were investigated using 3D reconstructed images with the help of X-ray microCT, and a dedicated 3D reconstruction software. The thermal stability of the PP/CSB composites also improved with an increase in CSB content in PP.
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1. Introduction

is mostly produced by burning petrochemicals in a
controlled atmosphere [12].
While considering the potential impact of petroleum-based fillers such as carbon black and their composites on the environmental and climatic changes,
it is rational to replace them with sustainable fillers.
One of such sustainable and renewable carbon-based
filler for the polymer composites is biocarbon, obtained from the biowaste [13]. Biocarbon is a porous
carbonaceous material produced by the pyrolysis
of biomass in a limited or oxygen-free atmosphere.
Although biocarbon with different carbon contents
and functionalities can be produced with selected

Globally, carbon-based polymer composites have
high demands owing to their advantages, such as low
cost, lightweight, corrosion-resistance, low processing temperatures, and recyclability. A significant number of studies have been conducted using carbonaceous fillers (e.g., carbon black [1–3], graphene [4–7],
carbon nanotube [8, 9] and biocarbon [10, 11]) for
enhancing the mechanical properties of the resultant
composites. Although carbon-based fillers have numerous advantages, most of the commonly used carbon-based fillers are not essentially manufactured
from renewable sources. For example, carbon black
*
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the filler/filler and the filler/matrix interactions is
rheology [26]. Other conventional methods to evaluate the filler/matrix interaction is electron microscopy (Transmission Electron Microscopy and Scanning Electron Microscopy). However, TEM reveals
the 2D projection of a thin sample layer [27] while
SEM provides the surface morphology [28], and it
cannot truly represent the information in bulk. Therefore, a suitable technique called X-ray computer tomography is introduced to understand the bulk properties and filler dispersion in the polymer composites.
X-ray micro-CT is a versatile technique to understand the bulk properties of the polymer composites
[29]. The capabilities of X-ray computer tomography is utilized for the investigation and visualization
of the dispersion of fillers in a bulk composite sample. Further, micro-CT is used to evaluate the filler
dispersion and the agglomeration in the bulk matrix
by 3D reconstruction of the 2D images of the bulk
sample.
Besides, the viscoelastic properties of the samples
can be extracted by AM-FM (amplitude modulation
frequency modulation) mode present in atomic force
microscopy (AFM). The advantage of using AFM in
AM-FM mode is its capability in acquiring a viscoelastic map of the sample with minimal sample preparation. To the best of our knowledge, there has been
no substantial study that investigates the nanomechanical behavior of PP/coconut shell biocarbon
(CSB) composites using AFM (AM-FM) and MicroCT techniques for the analysis of dispersion and agglomeration of CSB filler in PP matrix. In summary,
the aim of the work is to maximize the utilization of
coconut shell biocarbon produced at high temperatures to develop a novel biocomposite and investigate the nanomechanical behavior, dispersion, agglomeration of biocarbon in the polymer matrix and
the thermal properties using advanced characterization techniques.

manufacturing conditions, biocarbon with high carbon content and low concentration of functional
groups are obtained by the pyrolysis of biomass at
high temperatures in an inert atmosphere [14]. Pyrolysis of biomass at higher temperatures (>700 °C) improves the porosity as the volatile components of the
biomass escape from the bulk, leaving behind a highly porous skeleton of carbonaceous material [14].
In this study, the biocarbon used was produced from
coconut shells. Coconut shell has been considered as
a biowaste from the coconut tree (Cocos nucifera),
traditionally used to produce activated carbon and
finds many advanced applications in recent years,
such as wastewater treatment [15], absorbent [16,
17], supercapacitors [18] and many more [19, 20].
Therefore, the coconut shell could be a suitable candidate for biocarbon preparation via pyrolysis in an
inert atmosphere [21]. One of the significant advantages of using coconut shell biocarbon as a filler in
polymer composites is the reduction of environmental pollution by maximizing the use of renewable
sources. From the previous studies, it is understood
that the mechanical properties of the composites can
be tuned by carefully selecting the type of biocarbon
and the filler loading concentration [14, 22].
Although several studies emphasize the utilization
of naturally available bio-based reinforcing material,
one of the major challenges is its incompatibility
with the polymer matrix due to the presence of polar
groups [23]. However, the compatibility of the bioreinforced filler with the matrix can be improved by
the addition of compatibilizers [24]. As the biocarbon produced at higher temperatures (>700 °C) is devoid of polar groups [14], the additional requirement
for compatibilizers is not essential. The absence of
polar groups on the filler surface can enhance a better interfacial interaction between the polymer matrix and the filler material. Therefore, the usage of
such a filler can reduce the additional cost of a compatibilizer [25].
Some of the parameters that can influence the mechanical properties of the polymer composites are
the filler geometry, the aspect ratio of a filler and its
orientation in the polymer matrix, the surface chemistry of the filler material and its interaction with the
polymer chains, the filler/filler interaction and the
dispersion of the fillers. Based on these parameters
and other processing conditions, the fillers can get
well dispersed or agglomerated in a polymer matrix.
One of the powerful characterization to understand

2. Materials and methods
2.1. Materials
The coconut shell biocarbon (CSB) was produced by
pyrolysis of coconut shell at 800 °C in a nitrogen atmosphere (COCO GAC, supplied by Jacobi Carbon,
China). The CSB supplied was dried, milled and
sieved to under 100 μm and stored in a desiccator
until it is used for the mixing. The average size of
the particles was calculated using Mastersizer 2000
laser particle size analyzer (Malvern Panalytical,
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using DSC Q 2000 (TA instrument, New Castle, DE,
USA). The heating and cooling program was from
30 to 220 °C at a rate of 10 °C/min and a holding
time of 4 minutes. To evaluate the interaction of CSB
with PP, attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) of the composites was carried out using Thermo Scientific
Nicolet iS50 FT-IR with a diamond micro-tip accessory (400–4000 cm–1). Thermogravimetric analysis
(TGA) of the composites was performed in TGA
Q 5000 (TA instrument, New Castle, DE, USA). The
temperature program was set from 30 to 750 °C at a
rate of 10 °C/min under nitrogen atmosphere (flow
rate 50 ml/min).
Mechanical testing studies were performed on an Instron 5567 (USA) under ambient conditions in accordance with ASTM D 638 protocol, and a video extensometer was used for measuring the extension.
Micro-CT (Sky scan 1272, Bruker co, Billerica, MA,
USA) was used to measure the dispersion and agglomeration of filler materials in the composites [30].
The non-destructive analysis was performed at a
voltage of 48 kV and a current of 200 µA with a pixel
size of 2452×1640 under normal pressure. The 2D
images were sliced and reconstructed in three dimensions using a 3D reconstruction software (Amira).
The dispersion of CSB and the volume of the agglomerates were calculated using Amira.
The nanomechanical studies of the composites were
carried out using Environmental Atomic Force Microscope cypher ES (Asylum Research, Oxford Instruments). Amplitude Modulation-Frequency Modulation (AM-FM) viscoelastic mapping was used to
characterize the viscoelastic properties of the resultant composites under bimodal tapping mode. The
AFM cantilever, AC160TSA-R3 made of Silicon
(Cr/Au reflex coating), with a tetrahedral silicon tip
from Olympus was used. The spring constant and resonance frequency of the tip was 26 N/m and 300 kHz,
respectively. The radius of the tip was 7 nm and a
height of 14 µm. The AFM images and data were examined using IGOR pro® software.

U.K), and the SEM images were acquired to confirm
the particle size. Polypropylene was supplied by LyodellBasell Mophlen HP 400 N with a melt flow rate
(MFR) of 11 g/10 min (ISO 1183) and a density of
0.9 g/cm3 supplied by TCL HUNT (New Zealand).
The surface morphology and elemental analysis were
studied using Hitachi SU-70 FE-SEM equipped with
an energy-dispersive X-ray (EDX) facility, Japan.
SEM analysis of polymer composites was used to
evaluate the filler distribution and the interaction of
the fillers with the polymer matrix. In order to avoid
charging, the samples were coated with platinum,
and a low acceleration voltage of 5 kV was used for
imaging. The particle size distribution of CSB was
conducted using Mastersize 2000 particle size analyzer. The Raman spectrum of biochar was carried out
using Renishaw RM 1000 Raman Microprobe (UK)
with an air-cooled argon-ion 488 nm excitation laser.
XRD analysis was performed using a Rigaku Ultima
IV diffractometer (Japan) with monochromatic
Cu Kα1 radiation with wavelength 0.154059292 nm
at 40 kV, 30 mA, and 1.2 kW. The diffraction data
for the CSB sample was collected in the 2θ range
(20–60°) at a scan rate of 2° 2θ/min.

2.2. CSB/PP composites preparation and
characterisation
CSB/PP composites with different formulations of
coconut shell biocarbon (5, 10, 15, and 20% w/w)
were prepared by melt blending technique in Brabender Plastic-Corder Lab-station. The CSB and PP were
dried in an oven for 6 hours and weighed and premixed according to the formulation mentioned earlier. The premixed CSB/PP was introduced into a
50 cm3 melt-mixing chamber kept at 210 °C, and the
mixing was done for 3 minutes with a screw rotation
speed of 70 rpm.
After the specified mixing time, the CSB/PP composites were collected, pelletized by a pelletizing
mill (Model: IZ-120, Lab tech Engineering Company Ltd, Thailand). The pellets were dried at 72 °C for
24 hours and pressed into flat sheets of (10 cm ×
10 cm × 0.5 cm) size and used for the nanomechanical characterization. The pellets were also used to
prepare dog bones for tensile experiments in an injection molding machine (Dr. Boy, GMBH 53577,
Neustadt, Germany). The composites were also hotpressed to a 6 mm diameter × 20 mm height cylindrical solid for the Micro-CT analysis. Differential
scanning calorimetry (DSC) studies were performed

3. Results and discussion
3.1. Coconut shell biocarbon (CSB)
characterization
SEM images, Figure 1, revealed that the CSB particles were irregular in shape with particle size ranging from 1 to 40 µm. Figure 2 shows the Energy Dispersive Spectroscopy (EDS) spectrum of CSB,
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Figure 1. SEM images of CSB (a) before milling, and (b) after milling.

Figure 2. Energy dispersive spectroscopy (EDS) analysis of
CSB.

which shows that the major element present in the
CSB is carbon with 95.92 wt% and the traces of
other elements.
The particle size distribution of the coconut shell
biocarbon particles dispersed in water shows 10% of
the particles are less than 4.575 µm particle diameter, 50% of the particles are less than 15.797 µm particle diameter, and 90% of the particles are less than
37.015 µm particle diameter. The specific surface
area is about 0.6 m2/g. The mean diameter of the
CSB particles is 18.51 µm, and the diameter range
is from 1.09 to 52.48 µm.
Figure 3 displays the Raman spectra of CSB. The
main characteristics of the Raman spectra of carbon
with hexagonal lattice are the G (E2g symmetry) and
D (A1g symmetry) bands. The peak at 1602 cm–1 correlated with G band, which is linked with the bond
stretching of sp2 hybridized carbon in the ring. In the
case of rice husk biochar produced at 500 °C, G band
appears at 1604 cm–1 [31]. The peak at 1352 cm–1
assigns to the D band, which is due to the breathing
motion of aromatic rings [32, 33]. For graphite crystals, the G vibration mode is at 1589 cm–1. The inset
shows the representation of vibrational modes (G

Figure 3. Raman spectrum of CSB.

and D bands). According to the position of G band,
the graphene layer stacking arrangement in CSB is
low and defective. In the case of perfect graphitic
crystal and graphene, the D band is absent but appears when the disordered structure is present. Due
to the high pyrolysis temperature and milling process,
defects can arise in CSB, and the D band is prominent in such defective carbon clusters [34, 35]. The
ID/IG ratio of the CSB is 1.55, which shows that the
graphene layers in the CSB have a higher amount of
defects.
The XRD pattern of CSB in Figure 4 shows a broad
peak (002) at 2θ = 25.5°, which is attributed to the
(0 0 2) reflection from the disordered carbon and a
weak reflection at 43.3° corresponding to (1 0 0) the
graphene peak and interlayer condensation. The sharp
peaks of CSB at 2θ values of 26.5° (002), 42.3°
(020), and 50.1° (022) correspond to the ordered
graphitic structure [36]. The pyrolysis of coconut
227

George and Bhattacharyya – eXPRESS Polymer Letters Vol.15, No.3 (2021) 224–235

Figure 4. X-ray Diffraction analysis of CSB.

shells at high temperatures leads to the formation of
ordered and disordered structures in CSB [37, 38],
which may be due to the special processing conditions of the CSB.

3.2. SEM analysis of PP/CSB composites
Figure 5 shows the SEM analysis of CSB/PP composites with different biocarbon loading concentrations. Figure 5a displays the neat PP without CSB
filler and Figure 5b shows the PP with 5 wt% of CSB
with no visible agglomeration of CSB. The agglomerations of CSB particles start with a higher concentration of the filler (PP-10CSB to PP-20CSB). Figure 5c reveals that the interaction of CSB with PP is
weak, which is inferred from the gap in the interfacial region; note that it is a common phenomenon in
the case of carbon-based composites [2, 39].
3.3. Mechanical characteristics of PP/CSB
composites
The tensile properties of neat PP and PP/CSB composites are shown in Figure 6. The incorporation of
biocarbon slightly decreases the tensile strength of
the composites. The neat PP shows an average tensile
strength of 35 MPa, and there is no considerable decrease in the tensile strength of composites with the
addition of 10 wt% of CSB to the PP matrix. However, with the incorporation of 20 wt% CSB to the
PP matrix, the tensile strength of the composites decreased to 33.7 MPa, which is 3.7% lower than that
of neat polymer. The decrease in tensile strength was
observed in other biocarbon based composites [14].
This decrease in the tensile strength of the composites
can be attributed to the weak interaction of CSB particles with the PP matrix, which is evident from the
SEM images (Figure 5) of PP/CSB composites.

Figure 5. SEM images of (a) PP (b) PP-5CSB
(c) PP-20CSB.

Figure 6 illustrates the elongation at yield of PP/CSB
composites. The elongation at the yield of PP/CSB
gradually decreases with the increasing concentration of CSB particles in the PP matrix. The substantial decrease in polymer ductility can be understood
as the addition of CSB particles create networks in
the polymer matrix, which reduces the mobility of
the polymer chain in the composites [40].
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Figure 6. Tensile strength and elongation at yield of PP/CSB
composites with varying biocarbon percentage.

Figure 8. Variation of Young’s modulus of the PP composites with the weight percentage of CSB.

3.4. Nanomechanical mapping of PP/CSB
composites
In this study, two different frequencies were used to
obtain a topography and viscoelastic properties of
CSB/PP composites. In AM-FM mode, the topographical feedback is carried out by amplitude mode,
which is confined to the first resonance frequency,
and second excitation mode extracts Young’s moduli
of the composites by frequency shifts compared to
the resonance frequency. At first, a reference sample
with specific Young’s modulus was used to calibrate
the cantilever response. The effective Young’s modulus of the sample can be derived as, Eeff = C2·∆f2,
where C2 is measured over the reference sample; this
can be applied to unknown samples for necessary
calculations. A detailed explanation of the AM FM
mode is provided in reference [41].
Figure 7 illustrates the distribution of Young’s modulus values for PP and PP-20CSB. The red line displays the distribution (Gaussian) of Young’s modulus values of PP, which is narrow, indicating the
homogeneity of the PP film. The blue line indicates
the distribution of Young’s modulus values of PP20CSB. The spread in Young’s modulus values in
the case of PP-20CSB is higher compared to that for
PP, and the broadening of the distribution indicates
the inhomogeneity of the composites.

Figure 8 presents the variation of Young’s modulus
of the polymer composites with the increase in weight
percentage of CSB in the PP matrix. The Young’s
moduli of the composites increase with an increase
in CSB concentration from 0 to 20 wt%, which is
observed in many cases of carbon-based polymer
composites [14, 42]. The increase in Young’s moduli
of composites implies that the introduction of carbon-based fillers in the polymer matrix reduces the
polymer chain movement, which increases the resistance of the deformation of the composites [40].

3.5. X-ray micro-CT analyses
X-ray micro-CT is a non-destructive technique to
understand the internal geometry and distribution of
particles in composite materials [43]. Although it is
a popular technique in medical imaging, the use of
micro-CT for biocarbon composites has not been explored yet. The micro-CT scan gives good contrast
images if the X-ray attenuation of the filler materials
is higher compared to the matrix. Here the micro-CT
images gave a better contrast due to the density difference between the CSB filler and PP matrix. Figure
9 shows the micro-CT image of the distribution of
CSB filler in a 3D cubic volume of 1000×1000×
1000 µm3. Figure 9a illustrates the 3D reconstructed
image of the PP-5CSB, which reveals that the CSB
particles are homogeneously distributed in PP with
low concentrations of agglomerations. Figure 9b–9d
show the 3D reconstructed images of PP-10CSB,
PP-15CSB and PP-20CSB, respectively. When the
concentration of the CSB filler material increases,
the agglomeration of the particles increases, which
attributes to the non-covalent interactions between
the filler particles [44, 45] and becomes dominant

Figure 7. Young’s modulus of PP and PP-20CSB using
AFM.
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Figure 9. Micro-CT CSB particles distribution of (a) PP-5CSB (b) PP-10CSB (c) PP-15CSB (d) PP-20CSB.

when the surface of contact of fillers with polymer
matrix is reduced. The interfacial adhesion of filler
with polymer matrix plays a major role in the agglomeration of fillers in the composites. The agglomeration of fillers can lead to the formation of
networks (rheological percolation threshold) in the
composite systems, which can enhance the storage
modulus of the system by hindering the free movement of the polymer chains [2, 40].
Figure 10 displays the number of CSB particles vs.
filler material volume in micrometer, and as expected, the number of particles with larger volume (agglomerated particles) increases with the increase in
filler loading concentration. In order to investigate the
amount and size of the agglomeration, the volume

of the largest single particle is calculated from the
particle size analysis data. The volume of the largest
single particle is 75 300 μm3 (assuming particle as
spherical), and any particle volume above this can
be considered as agglomeration. The results show
that the agglomeration is low in the case of PP-5CSB
and maximum in the case of PP-20CSB, (Figure 10).
The volume of agglomerates also increases with an
increase in the loading concentration of the filler.
The maximum volume of the agglomerate in the
case of PP-5CSB is 98 423 µm3, which increases to
12 524 400 μm3 in the case of PP-20CSB. Thus, the
data from the micro-CT would be useful for the understanding of the agglomeration behavior of CSB
and other micron-sized particles in a system.

Figure 10. Biocarbon particle volume distribution.

3.6. ATR-FTIR analysis of PP/CSB
composites
The ATR-FTIR, Figure 11, experiments were conducted to investigate the presence of any functional
groups in CSB and the chemical interaction of the
biocarbon with the polymer matrix. The FTIR spectrum of CSB revealed the absence of any functional
groups on the surface of biocarbon particles. In the
FTIR spectrum of PP/CSB composites, the absence
of new peaks is observed while existing peaks remain the same, which confirms that the mixing is
purely a physical process. The sharp absorption peaks
observed at 2972 cm–1 can correspond to –CH3
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George and Bhattacharyya – eXPRESS Polymer Letters Vol.15, No.3 (2021) 224–235

Table 1. DSC data on PP/CSB composites.
Tc
[°C]

Tm
[°C]

ΔHm
[J/g]

Xc
[%]

PP

120.95

152.37

99.71

48.17

PP-5CSB

125.66

152.69

92.64

47.11

PP-10CSB

126.37

154.82

85.36

45.63

PP-15CSB

127.62

152.31

78.98

44.54

PP-20CSB

130.03

154.44

64.36

38.86

Material

(Xc) of the polymer composites can be calculated by
using Equation (1):
Xc !%$ =

Figure 11. FTIR of coconut shell and coconut shell biocarbon (CSB).

DHm
0 $ 100
R1 - { W DH m

(1)

where (φ) is the weight fraction of CSB in the composites, (ΔHm) is the enthalpy of melting, and (ΔH0m)
is the enthalpy of melting of 100% crystalline PP
which is found to be 207 J/g [47]. The addition of
biocarbon reduces the total crystallinity of the composites, Table 1. The total crystallinity of PP decreases from 48.17 to 38.86% when CB loading was increased from 5 to 20 wt% of CSB loading. The rate
of decrease in crystallinity is significant when the
loading of CSB filler is higher than 15 wt%. The
crystallinity of PP decreases sharply when the loading of CSB increases from 15 to 20 wt%, which is
due to the restricted motion of PP chains in the presence of CSB. The mobility of polymer chains within
and around the aggregates are restricted due to network formation of filler particles in the polymer matrix. This network formation makes the polymer
chain rearrangement difficult and leads to a decrease
in the degree of crystallinity with the increase in
CSB loading concentration [48, 49]. The CSB particles can occupy the interstitial positions of the PP
chains, which reduces the orderly arrangements and
free volume for the motion of the polymer chains;
hence the crystallinity is reduced with an increase in
filler concentration [14].
Figure 13 illustrates the TGA, Figure 13a, and DTG,
Figure 13b, of PP and PP/CSB. The onset of thermal
degradation of the neat PP occurs at 428 °C, but with
the incorporation of CSB as a filler, the onset of degradation shifts to a higher temperature (480 °C), which
is about 12% higher than that of neat PP sample.
There is an abrupt improvement in the thermal stability of the composites with 5 wt% loading of CSB
to the PP matrix, but the relative increase in the onset
of degradation is lower with higher loading of CSB.
In general, the addition of CSB to the PP improves

asymmetric stretching vibrations, peaks at 985, and
1165 cm–1 are assigned to –CH3 rocking vibrations
and the absorption peak at 1360 cm–1 corresponds to
symmetric bending vibration of –CH3 group. The
peaks at 1450, 2840 and 2920 cm–1 correspond to
–CH2 symmetric bending, –CH2 symmetric stretching and -CH2 asymmetric stretching, respectively
[14, 46].

3.7. Thermal behavior of PP/CSB composites
The thermograph of PP, Figure 12, exhibits a melting
peak at 152.37 °C and a melt crystallization peak at
120.95 °C. The presence of CSB in the PP matrix
shifts the crystallization temperature to a higher temperature compared to that of neat PP, Figure 12, which
is due to the nucleating effect of CSB particles in the
PP matrix where biocarbon particles act as nucleating sites, the phenomenon that is explained elsewhere
[42]. Upon increasing the biocarbon content from 0
to 20 wt% the ΔHm values decrease from 99.71 to
64.36 J/g, respectively. The degree of crystallinity

Figure 12. Crystallisation curve of PP/CSB composites.
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Figure 13. (a) TGA and (b) DTG curve of PP/CSB composites.
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