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reinforcement filler because of its potential in mechanical, low cost and

biodegradable. In this work, KCF were incorporated into unsaturated polyester KEYWORDS

(UPE) by using hand lay-up technique and hot compression moulding. The Bio-composite

hybridization approach based on the utilization of nanofillers cellulose léog/elster

nanocrystal (CNC) and graphene nanoplatelet (GNP) also were added along the Ge urose
. . . .. raphene

fabrications of UPE-KCF bio-composite to observe their impacts on thermal g, af core

stability and its behaviour which were analyzed under thermogravimetric
analysis (TGA) and differential scanning calorimeter (DSC) analysis. From the
result, KCF shows a great potential in improving thermal stability with high
residue. The compatibility between both nanofillers also provided even higher
thermal stability for maximum degradation temperature (Tmax) up to 387.8 °C
and char residue with the range of 42.1-47.8% at 400-500 °C recorded by
sample UKC1G2, and UKCo0.5G2.5 respectively. However there were no obvious
changes observed for the glass transition temperature (Tg) from DSC scan
analysis upon the incorporation of single KCF or when nanofillers were added.
Overall, hybrid loading of kenaf fiber with 3 wt% nanofillers shows appreciable
impact on thermal properties of unsaturated polyester.

INTRODUCTION

The rising use of oil based plastics in the current times is prompting to the increased of plastic waste
issues in the environment due to the longer natural degradation time. To forestall this, there is a need to
produce a plastic with environment friendly properties. Unsaturated polyesters (UPE) are low cost
thermoset polymers that have excellent mechanical properties, curing capability, thermal stability, no by-
product during curing reaction and easily to be processed in a wide temperature range. Due to the fact of
versatile properties, it has broadened the utilization of polyester in various applications such as
automotive, boat frames and aircraft structures [1],[2],[3]. As to improvise into biodegradable properties,
natural fiber should be a great way to be incorporated while producing other unique properties. High
interest in natural fiber composites is because of their biodegradability, high performance, light weight,
non-abrasive and low cost [4],[5].

Among the natural fiber, kenaf fiber which Hibiscus cannabinus, has great capability as reinforcement
filler due to its good toughness, acceptable strength properties, low density, recyclability, low cost, good
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sound absorption and biodegradability [6],[7]. However, different kenaf fiber portray different properties
indicating from bast fiber that have higher mechanical properties in contrast to core fiber (KCF) due to its
higher cellulose content that in control of providing stability and strength to the bast fiber [8],[9]. Even
so, the massively abundant KCF is still underexplored by the researcher should be a great opportunity to
bring out its capability as reinforcement filler for a novel breakthrough and the hybridization of fiber
technique also can be used as it supposedly enhances the properties of the materials. The hybridization
composite is indicates to the combination of two or more reinforcement fillers. Nano-sized particle (1-
100nm) can significantly enhance the thermal, mechanical and barrier properties for low content below
than 10 wt.% [10].

In this work, hybridization of cellulose nanocrystal (CNC) and graphene nanoplatlet (GNP) was
introduced into UPE-KCF biocomposite as to observe their impacts on thermal properties. CNC is light
weight, easily (chemically) modified, reinforcing capability, abundance and biodegradability [11]. CNC
also were found for their reinforcement in nano-composite that usually will exhibit properties
enhancement such as biodegradability, thermal, mechanical and barrier properties when compared to
neat polymer [12],[13]. While GNP are reasonable inorganic nano-size materials to be used as additional
hybrid reinforcing filler which were found for their incorporation in composite can improve thermal,
mechanical, physical and conductivity properties [14],[15]. Hence improving thermal properties of UPE
bio-composite with an efficient nanofiller is interesting and this approach were expected to create high-
performance composite with biodegradable properties

MATERIALS AND METHODOLOGY

Unsaturated polyester (UPE) was purchased from Mukmin Enviro Lab Sdn Bhd. The reinforcement
material which is Kenaf core fiber (KCF) was supplied by Kenaf Agro Vet Sdn. Bhd. Other fillers referring
to Cellulose nanocrystal (CNC) (BGB UltraTM) were purchased from Canada (Blue Goose Biorefineries
Inc). While for Graphene nanoplatelet (GNP) (ECODEAR™), they were obtained from Sigma-Aldrich and
Toray Malaysia Plastic. Both nanomaterials were in the form of powder.

Sample preparation and fabrication method of UPE-KCF/CNC/GNP

The research were carried out from the fabrication of UPE reinforced KCF, CNC and GNP. Initially the
organic fibers KCF and CNC were purposely dried in the oven for 24 hours at 105°C to diminish the
moisture absorbed. The required quantity of fillers and matrix were prepared according to the
formulation displayed on Table 1. Both nanomaterials CNC and GNP were dispersed into UPE and
accordingly KCF were added and stirred together as to produce a homogenous mixture. During the final
step of mixing, 2% of methyl ethyl ketone peroxide (MEKP) and 1 drop of cobalt napthalene (CN) were
added as curing catalyst. The fabrications of bio-composites were proceeded by using a hand lay-up
technique and hot compression moulding at 120°C. The fabrication process includes 10 minutes of pre-
heating, and 5 minutes cooling. To characterize the thermal properties, proper amount of each samples
were weighed uniformly as required.

Table 1. Formulation of UPE-KF/CNC/GNP Bio-composites

Compositions (wt. %)

Samples UPE KCF CNC GNP
U 100 0 0 0
UK 70 30 0 0
UKC2.5Go.5 67 30 2.5 0.5
UKC2G1 67 30 2.0 1.0
UKC1.5G1.5 67 30 1.5 1.5
UKC1G2 67 30 1.0 2.0
UCo.5G2.5 67 30 0.5 2.5
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Characterization

Thermal characterizations were analyzed through thermogravimetric analysis (TGA) and differential
scanning calorimeter (DSC) by utilizing TGA/DSC Mettler Toledo simultaneous thermal analysis. The
analysis was done in the nitrogen atmosphere with the heating rate of 10- 600°C min- and gas flow at
20ml min-t. From the test, degradation temperature at 10% mass loss (Ti0%) and maximum degradation
temperature (Tmax) were observed. Char residue (%) at 400 and 500°C also were recorded. While in DSC
test, glass transition temperature (Tg) was reported based on the scan of DSC analysis.

RESULTS AND DISCUSSION
Thermogravimetric analysis (TGA)

Thermal stability of UPE and its bio-composites were studied through thermogravimetry analysis (TGA)
which the result of weight loss, thermal breakdown and degradation mechanism can be observed from the
integral (TGA) and derivative (DTG) thermogravimetric curves presented in Figure 1, 2. Table 2
summarizes thermal stability data based on the temperature at mass loss of 10% (Ti0%), maximum
degradation temperature (Tmax) and percentage of char residue at 400°C and 500°C (%).

Table 2. Thermogravimetric analysis data of UPE- based bio-composites

Degradation Temperature (°C) Char residue (%)
Sample Tio% Trmax 400 (°C) 500 (°C)

U 176.7 351.6 0 0
KCF 263.7 330.4 26 20.8
UK 250.3 378.6 30 26
UKC2.5Go.5 257 386.5 20.4 12.7
UKC2G1 257 382 17.1 10
UKC1.5G1.5 257 381.7 12.7 5.3
UKC1G2 257 387.8 17.5 9.1
UKCo.5G2.5 217 387.5 47.8 42.1

According to curve TGA in Figure 1, multi-step degradation was exhibited from all of the composite
samples which refer to the loss of moisture and degradation of composite. It was observed that the initial
degradation of all the composites samples occur at 37—-150°C due to the elimination of moisture [16].
Theoretically, the evaporation of moisture begins at the temperature of 80°C because in facts of difficulty
for the moisture to completely evaporate [17],[18]. This finding has good agreement with the reported
result by Ismail, et al, (2021) [19] that the initial degradation of kenaf fiber was recorded below than
200°C. Other than that, the result shows significant improvement in thermal stability which can be
identified from the temperature at 10% mass loss (Tw%) in Table 2. Based on the data, U showed the
lowest Tio% which recorded at 176.7°C and rose up to 250.3°C for sample UK with the addition of KCF.
Kenaf fiber alone presented by KCF shows the highest Ti0% which may clarify the thermal improvement in
Ti0%. Even so, KCF shows the earliest temperature of maximum degradation (Tmax) at 330.4°C but having
higher residue compared to U which might be due to the main constituent of kenaf fiber referring to
cellulose, hemicellulose and lignin. According to Ayu et al, (2020) [20], hemicellulose starts to degrade
attributed to its chemical structure containing random amorphous structure with lower strength. While it
accordingly followed by degradation of cellulose at a higher temperature (315—-390°C) compared to
hemicellulose due to its high crystallinity nature and long polymer of glucose units that make it more
thermally stable [21]. Hence, the lignin constituent thermally decomposed within the temperature range
of 280—500°C and in control of char residue which can be related to the results obtained by KCF sample
having high residue of 20-26% at 400-500°C as well as other bio-composite samples upon the
incorporation of natural fiber that had contributed for the char residue while U left no residue [22]. This
also may be assigned to the fiber interaction that functioned in delaying the total degradation of
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composite at higher temperature [23]. Besides, the inclusion of KCF as single reinforcement not only
increase char residue in sample UK shows by 26-30% at 400-500°C but also improve Tmax exposed by the
shifted curved from 357.7°C (U) to 378.6°C. Similarly to the past study that reported higher Tmax for single
reinforcement KCF into matrix polymer compared to neat polypropylene (PP). The author also mentioned
that the addition of low thermal stability kenaf lowered the decomposition rate while resulting in higher
residual weight [24].

Other than that, the incorporation of both nanofillers with different loading showed by sample
UKC2.5G0.5, UKC2G1, UKC1.5G1.5 and UKC1G2 were not resulted for any changes with the comparable
value of 257°C for Tw% but showed an improvement by 7°C increment when compared to the single
reinforcement UK that only reaching 250°C (T10%). On the other hand, the result reveals differently for
UKCo.5G2.5 which shows even lower Tio% in contrast to sample UK, but exhibits significant improvement
in Tmax by 8.9°C increments at 387.5°C. The improvement in Tmax also can be observed from sample
UKC2.5G0.5 with the loading of 2.5 wt% GNP and 0.5wt% at 386.5°C and was recorded even higher for
UKC1G2 with 2wt% GNP and 1 wt% CNC loading, at 387.8°C with 9.2°C increment. It can be clearly seen
from DTG curve in Figure 2 that shows the major degradation temperature shifted to a higher range of
temperature compared to single reinforcement composite and neat U which might be due to the good
dispersion of nanofillers and strong interfacial adhesion between the fillers and matrix affecting thermal
stability. As refer to Barkoula et al, (2008) [25], the homogenous dispersion of GNP probably acts as
efficient heat sink, extracting more heat over the matrix and restrict the accumulation of heat within the
latter to occur, subsequently stopping oxidation at the beginning phase of degradation. This may be
explained by the potential of graphene that acts as physical barrier obstructing the diffusion of available
oxygen and decreasing its permeability by imparting convoluted path and hence increase the flame
retardancy properties [26],[27]. The improvement observed for this sample also probably attributed to
GNP shows high thermal conductivity that may cause constrain to interfacial polymer phases in the
vicinity of the graphite nanoparticle surfaces and hence the energy required for decomposition could
increase, modifying the ability of degraded molecules to diffuse and evaporate [28],[29]. As for the CNC,
its crystallinity may contribute to thermal stability [30] which hence exposing good compatibility along
the thermal conductive GNP, improved the thermal stability. Great intermolecular bonding within
polymer matrix and nanocellulose had solidly impacted the thermal stability which bond dissociation
energy that expected for chain cleavage of macromolecules might be enhanced by a strong intermolecular
bonding [31].

The compatibility of nanofillers in the samples UKC2G1 and UKC1.5G1.5, 1.0 somehow resulted lower
(Tmax) at 382°C and 381.7°C respectively, when compared to other hybrid bio-composite, recorded at
386.5°C and above. The reason is probably due to the poor intermolecular bonding conveyed by fillers
and matrix. Poor interfacial interaction will lead to higher thermal boundary resistance, which then
directing to the prevention of thermal flow either from the filler to matrix or matrix to filler [32].
Furthermore, by Yin et al, (2016) [33], the difference surface energy between the hydrophobic of UPE
polymer and the inclusion of hydrophilic CNC joined with their natural propensity to agglomerate will
prompt the inhomogeneous dispersion and poor interfacial adhesion of nanocellulose within the polymer
matrix. These could deny the potential of the compatibility between both nanofillers CNC and GNP, which
the thermal stability reduction and unobvious changes had observed. By that, strong interfacial adhesion
between the fillers and matrix are required to improve the thermal stability of the composite materials
[34]. As for the residue, UKC0.5G2.5 shows the highest by 42.1-47.8%, while other hybrid composite
shows apparent declination from 26-30% (UK) to 5.3-12.7% conveyed by UKC1.5G1.5 at 400-500 °C.
Hence, it can be summarized that the inclusion of KCF into polyester had led to the slightly better thermal
stability with significant enhancement in fire resistance due to the higher amount of char formation.
While nanofillers does improve and also reduce both properties. Therefore, an optimum loading of
nanofillers with great dispersion and strong inerfacial adhesion is required to improve the thermal
stability at low degradation temperature at the same time increase the formation of char at high
degradation temperature.
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Figure 1. a) Thermogravimetric (TG) curve and b) Initial degradation for reference of sample UPE and UPE-based
bio-composite.
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Figure 2. a) Derivative thermogravimetric (TG) curve and b) Maximum degradation curve for UPE and UPE-based
bio-composite

Differential scanning calorimetry (DSC)

As refer to the Table 3, glass-transition temperature (Tg) were extracted from the DSC curve representing
thermal behaviour of the tested samples in Figure 3.

Tg is the range of temperature when the amorphous rigid structure of thermoset polymer shifts from a
stiff to a flexible structure or rubbery state when a certain heat energy level is achieved and the polymer
molecules are permitted to freely move around. It is mainly impacted by chain mobility, crosslinking,
intermolecular reaction, and branching [35]. Moreover, if the temperature that applied on the polymer is
higher than Tg then, it will negatively affect the mechanical properties (strength and stiffness), and
continue to keep up parts of mechanical properties until it reach the melting temperature Tm [36]. By
this, Tg is a significant material property to be considered for the composites to be used in specific end-
use application. From the result listed in Table 3, it shows slightly improvement from 48.4°C to 50.3°C
with the incorporation of KCF loading indicated by the single reinforcement sample, UK when compared

79



Thermal Properties of Unsaturated Polyester Reinforced Kenaf Core Fiber with Hybrid Nanofillers of Cellulose Nanocrystal and Graphene Nanoplatelet

to neat U. According to Nielsen et al, (1993) [37], the mobility of polymer chain may be restricted upon
the addition of fibers or fillers and hence leading for the increment in glass transition temperature.
Similarly to other bio- composite shows higher Tg compared to U with the incorporation of KCF.

Table 3. Glass transition temperature of DSC scan analysis for UPE and its bio-composite

Sample Tg (°C)

U 48.4
UK 50.3
UKC2.5Go.5 50.5
UKC2G1 50.4
UKCi1.5G1.5 50

UKC1G2 50.5
UKCo.5G2.5 50.8

Normally, the utilization of nanofillers will induce the thermal behaviour improvement. According to
Qin et al, (2015) [38], the size of nanoparticle can affect the Tg enhancement which performed by the
nano-sized particle in providing maximium interphase formation and allow for the greater
nanoconfinement influence on bio-composite Tg value. The inclusion of nanofillers into polymer matrix
also would influence the thermal behaviour by causing a restriction of chain mobility in polymer matrix
[39, 40]. However, hybrid samples revealed differently which the inclusion of nanofillers does not
contribute for thermal behaviour improvement with the comparable value of Tg showed at any different
loading level of CNC and GNP. The temperature values shows at 50.5°C, 50.4°C, 50°C, 50.5°C, 50.8 °C
representing samples UKC2.5Go0.5, UKC2G1, UKC1.5G1.5, UKC1G2 and UKCo.52.5 respectively. The
unobvious shifting observed from the results would be attributed to the agglomerations of GNP occur at
the interface of the polymer and reinforcement leading for the obstruction of polymer cross linking [41,

42].
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Figure 2. DSC curve for UPE and its bio-composite sample

The different loading of CNC also did not clearly shows the improvement instead giving the
comparable value for all loadings. As refer to Qin et al, (2015) [38], weak interfacial attraction portrayed
by the matrix and filler may lead the unwanted agglomeration to occur contributing for the weak interface
and phase separation, accordingly lowering the glass transition temperature. In this study, the
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incorporation of hybrid nanofillers CNC and GNP did not affect Tg value which can be related to the
previous study that experienced unaffected Tg upon the inclusion of nanocellulose into thermoset
polymer [43]. Also, Chiou et al, (2019) [44] noticed the trend of unchanged Tg upon the inclusion of GNP
and carbon fiber in the matrix polymer.

CONCLUSION

The effect of KCF and the compatibility of CNC and GNP nanofillers were studied through TGA and DSC
analysis. From the result, it was found that KCF is a potential single fiber as it shows remarkable
improvement in thermal stability with high residue. The inclusion of both CNC and GNP also contribute
even higher thermal stability for maximum degradation temperature (Tmax) up to 387.8 °C by sample
UKC1G2 and the highest char residue with the range of 42.1-47.8% at 400-500 °C was recorded by sample
UKCo.5G2.5. Nevertheless, unaffected changes in T were noticed for all of hybrid bio-composite through
DSC analysis. This work shall to be further continued with the proper treatment applied on KCF and
critically for nanofillers CNC and GNP as to enhance the fiber-matrix interaction within the materials and
produce an efficiency dispersion of nanofillers which the agglomeration issues can be reduced creating
opportunity for the better properties improvement.
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