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Abstract

In this century, the developing country has a high potential towards the growth of green
composites,  and  therefore  there  is  significant  achievement  in  green  technology
especially  in  the  field  of  building  constructions  and  automotive  because  of  the
environment  and  sustainability  issues.  The  market  for  development  of  advanced
biocomposite materials produced from biomass and recyclable post-consumer plastics
is increasing. Natural fibre-reinforced biocomposites based on rice husk biofibre (RHB),
recycled high-density polyethylene (rHDPE) and recycled polyethylene terephthalate
(rPET) were prepared through a two-step extrusion and hot pressing. The influence of
thermoplastic blend (TPB) matrix types (uncompatibilized and compatibilized with 5
parts per hundred compound (phc) ethylene-glycidyl methacrylate (E-GMA) copoly-
mer) and high fibre contents of 50, 60, 70 and 80 wt% RHB on the composite properties
was studied. Maleic anhydride polyethylene (MAPE) was added as a coupling agent to
enhance the interfacial adhesion of the fibre-matrix phases. Results showed that water
absorption,  thickness  swelling  (TS)  and  tensile  and  flexural  properties  enhanced
tremendously with the increase of rice husk filler loadings. Biocomposites based on
compatibilized blend matrix exhibited higher mechanical properties and dimensional
stability than those based on uncompatibilized ones. Thermal analysis results from
thermogravimetric  analysis  (TGA)  and  differential  scanning  calorimetry  (DSC)
indicated the notable improvement in thermal stability as the added rice husk (RH) fibre
content increased. From these results, we can conclude that RHF can work well with
rHDPE/rPET  thermoplastic  blend  for  manufacturing  high  loading  biocomposite
products.

Keywords: green composite, high fibre loading, recycled polymer blend, agro waste,
melt blending, properties
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1. Introduction

Nowadays, environmental friendliness is becoming one of the important criterions to be
considered in material selection for the introduction of new materials and products resulting
from global ecological concern and new rules and regulations [1, 2]. Waste plastic industrial and
agricultural materials are currently becoming of interest worldwide in the field of composite
materials, as a result of the increasing demand for environmentally friendly raw materials. The
development of new biocomposites composed of recycled materials by post-consumer polymers
as matrixes and agro-waste fibres as reinforcement phases and the better understanding of their
fibre-matrix interactions will enhance their aggregated values and applications. Consequently,
these reduce their environmental impact as waste materials and help to close the carbon cycle
and manufacture greener composites [3, 4]. Natural fibre-reinforced thermoplastic composites
have been used in various applications as furniture and architectural materials and, more
recently, in the construction and automotive industry [5, 6].

Malaysia is well endowed with rich and renewable natural tropical forest resources which
provide a variety of natural fibres. Rice husk (RH), one type of natural fibres, is an agricultural
industrial residue generated during the rice-milling process in rice-producing countries,
especially in the Asian, Pacific and North American regions [7]. In the paddy plants of
Malaysia, with a land area of approximately 680 thousand hectares, a total of 840 thousand
tons of RH is produced annually [8]. For every one million tonnes of paddy rice harvested, it
is estimated that about 200 thousand tonnes of the RH was used for the purposes as fuel
sources, animal beddings and landfill. The raw RH comprises several components with
different percentages that are 25–35 % of cellulose, 18–21 % of hemicellulose, 26–31 % of lignin,
15–17 % of silica, 2–5 % of solubles and 7.5 % of moisture content. The use of RH in composite
industry might be because of its low cost and bulk density, abundant, toughness, abrasive in
nature, resistance to weathering, renewability, biodegradability and nonhazardousness [9,
10]. Compared to wood-based composites, the composites containing RH possess better water
absorption and dimensional stability, as well as higher resistance to biological and termite
attack. Therefore, these composites are progressively being used in automotive industry for
interior parts such as car trims and door panels and in the building construction like interior
panels, decks and window and door frames [7].

The worldwide fabrication and consumption of plastics have resulted in a remarkable
contribution to municipal solid waste (MSW) [11]. For example, plastic wastes accounts for
24 % of the annual 7.7 million tonnes of the MSW generated in Peninsular Malaysia with the
population of 28.45 million inhabitations in 2010 [12]. Majority of them consist of a significant
amount of polyethylene (PE) and polyethylene terephthalate (PET) [13]. High-density poly-
ethylene (HDPE) and PET are widely used in packaging industry, and their annual rates of
consumption are kept increasing. Blends of HDPE/PET possess the intermediate characteristics
and properties between both polymer components. As compared to PET, they have lower
brittleness; as compared to HDPE, they have higher stiffness, flow better and are fast cooling.
It has been revealed that ethylene-glycidyl methacrylate (E-GMA) copolymer serves as the
most effective compatibilizer in order to enhance the miscibility between the hydrophobic
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HDPE and hydrophilic PET, thus improving the blend properties [14]. The resultant blends
made of recycled polymers have been used in wood-plastic composites (WPC) as matrices [15].

Both thermoplastic and thermoset polymers either in the form of virgin or recycled can be
used in the manufacture of natural fibre-polymer composites (NFPCs). Because recycled
polymers are produced in large amounts daily and are cheaper than virgin polymers, the waste
polymers offer a promising raw material source for the composites [16]. Traditionally, a single
type of polymer is used as matrix in NFPCs [16–18]. However, there are very limited studies
on the NFPCs made of polymer blends [15, 19].

In this chapter, the influence of rice husk biofibre (RHB) contents (50–80 wt%) on the physical,
mechanical, thermal and morphological properties of recycled thermoplastic blend (TPB) was
investigated.

2. Experimental details

Thermoplastic blend (TPB) matrix used recycled high-density polyethylene (rHDPE) with a
density of 923 kg/m3 and melt flow index of 0.72 g/10 min at 190 °C and recycled polyethylene
terephthalate (rPET) with an intrinsic viscosity of 0.68 dL/g. Ethylene-glycidyl methacrylate
(E-GMA) copolymer (trade name of Lotader AX8840), with a melt flow index of 5 g/10 min at
190 °C and a glycidyl methacrylate content of 8 %, was used as compatibilizer for immiscible
TPB. Rice husk flour (RHF) with particle size of 100 mesh was used as agro-waste filler. Maleic
anhydride polyethylene (MAPE), a coupling agent with a melting peak temperature of
135.2 °C, was used. All the raw materials were supplied by a local factory, namely, Bio
Composite Extrusions Sdn. Bhd.

2.1. Preparation of thermoplastic blend (TPB)

The rHDPE and rPET were compounded via extrusion process by using a laboratory-scale co-
rotating twin screw extruder (Thermo Prism TSE 16 PC). The screw-rotating speed was fixed
at 30 rpm. The four barrel temperatures from feeding to die zones were set as 250, 270, 240 and
190 °C, respectively. For the uncompatibilized thermoplastic blend (UTPB), the weight ratio of
rHDPE/rPET was fixed at 75/25 (wt%). Meanwhile, 5 parts per hundred compounds (phc) of
E-GMA was added in the compatibilized thermoplastic blend (CTPB) with the same ratio of
both plastics.

2.2. Preparation of RHF-reinforced biocomposites

The pre-extruded TPB pellets were compounded with RHF and 3 phc of MAPE at temperature
profiles of 170, 215, 210 and 195 °C and screw speed of 30 rpm. Prior to extrusion, RHF was
oven-dried at 90 °C for 24 h to remove the moisture of RHF. After extrusion, the compression
moulding was performed at 200 °C using a hot/cold press machine (LP50, Labtech Engineering
Company Ltd.). The preheating, venting, full pressing and cold pressing times were set at 3,
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2, 5 and 5 min, respectively. In this study, the experimental variables studied were polymer
blend types (UTPB and CTPB) and rice husk flour content (50, 60, 70 and 80 wt%).

2.3. Characterization

Water absorption and thickness swelling (TS) tests were performed according to the ASTM D
570-98 method. The specimen (dimension: 76.2 × 25.4 × 3.2 mm) for each formulation was oven-
dried for 24 h at 100 °C. Each oven-dried specimen was weighed using an analytical balance
with a precision of 1 mg; the thickness of each oven-dried specimen was measured using a
digital calliper with a precision of 0.01 mm. The specimens were then soaked in distilled water
at 25 °C. The weight and thickness changes were determined periodically until 119 days.
Specimens were removed from the water, wiped dry with tissue paper and measured. The
percentages of water absorption (WA) and thickness swelling (TS) were calculated using Eqs.
1 and 2:

0

0

WA (%) 100tW W
W
-

= ´ (1)

0

0

TS(%)  100tT T
T
-

= ´ (2)

where W0 and Wt represent the oven-dry weight (the initial weight) and weight after water
exposure at time t, respectively, whereas T0 and Tt represent the oven-dry thickness and
thickness after water exposure at time t, respectively. Three replicates of specimens were tested
for each formulation to obtain the average results.

Compression-moulded composite panels were cut according to ASTM D 638-03 (type I) for
tensile testing, ASTM D 790-03 for flexural testing and ASTM D 256-05 for impact strength.
Both tensile and flexural testings are carried out using a universal testing machine (model
Testometric M350-10CT) at 5 mm/min. The notched Izod impact testing was performed using
the Ray-Ran Universal Pendulum Impact System at 3.46 ms−1 and 2.765 J with a load weight
of 0.452 kg. In mechanical tests, five replicates of specimens were tested for each formulation
to obtain the average results.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were con-
ducted using a Mettler Toledo TGA/SDTA851e and DSC 882e, respectively, on the samples of
about 10–15 mg. Samples of TGA were tested at a heating rate of 10 °C/min over the temper-
ature range from 25 °C to 600 °C, the temperature of complete degradation. Balance accuracy
of TGA is ± 0.1 %. The DSC samples were scanned from 25 °C to 300 °C at heating rate of 10 °C/
min, under atmospheric air flow condition. Burning test was carried out in accordance to ASTM
D 5048-90 (procedure A—test of bar specimens) to determine the relative burning character-
istics and flame-resistance properties. The burning rates of specimens are calculated using the
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equation of V = L/t where V is the burning rates (mm/s), L is the burned length (mm) and t is
the burning time (seconds).

The morphology of the fracture surface of broken sample from tensile testing was analysed
using SEM (VPSEM Philips XL-30). The samples were sputter-coated with gold before
examination of SEM.

3. Results and discussion

3.1. Long-term water absorption and thickness swelling

Theoretically, the shape of the sorption curve plotted with experimental values is represented
by the Fick’s equation as log (Mt/Mm) = log(k) + nlog(t), where Mt is the water absorbed at time
t, Mm is the maximum water absorbed at saturation point and k and n are the diffusion kinetic
parameters. The n values determined the diffusion behaviour cases: case I (n = 0.5) is Fickian
diffusion, case II (n ≥ 1) is relaxation controlled, and case III (0.5 < n < 1). The k values represent
the interaction between the material and moisture. Both coefficients of n and k are determined
from the slope and intercept of log plot of Mt/Mm versus t which can be drawn from experi-
mental data, respectively [1]. As shown in Table 1, the value of n is close to 0.5 which confirmed
that all the investigated biocomposites exhibited Fickian diffusion behaviour. The k value was
found to increase with the increasing wt% of RHB in the biocomposites irrespective of the TPB
matrix types, in which a higher value of k indicates that the biocomposite attained the satura-
tion point of WA in a shorter period of time. This was due to the increased hydroxyl and
carbonyl groups as the RHB content increased [2].

Composite samples n k (h−n) M m (%) D × 10−13 (m2 s−1) TS∞ (%) K SR × 10−3 (h−1)

Biocomposite UTPB/RHB

0 wt% RHB – – 0.22 ± 0.04 – 0.19 ± 0.03 –

50 wt% RHB 0.467 0.021 8.76 ± 0.32 1.84 ± 0.09 4.94 ± 0.68 3.53 ± 0.17

60 wt% RHB 0.522 0.022 13.73 ± 0.55 3.47 ± 0.13 5.49 ± 0.75 4.39 ± 0.31

70 wt% RHB 0.511 0.025 14.16 ± 0.59 5.66 ± 0.49 6.76 ± 0.58 4.50 ± 0.43

80 wt% RHB 0.489 0.800 18.97 ± 0.73 42.54 ± 1.05 9.41 ± 0.77 10.29 ± 0.82

Biocomposite CTPB/RHB

0 wt% RHB – – 0.14 ± 0.02 – 0.14 ± 0.01 –

50 wt% RHB 0.504 0.019 6.92 ± 0.22 2.02 ± 0.06 4.17 ± 0.26 2.10 ± 0.14

60 wt% RHB 0.470 0.020 9.96 ± 0.43 2.04 ± 0.11 4.56 ± 0.34 2.21 ± 0.16

70 wt% RHB 0.524 0.023 13.13 ± 0.67 5.35 ± 0.37 6.08 ± 0.52 3.74 ± 0.28

80 wt% RHB 0.496 0.028 14.71 ± 0.84 6.46 ± 0.61 8.71 ± 0.79 4.66 ± 0.50

Table 1. Diffusion kinetic parameters, coefficients and permeability of biocomposites.
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The diffusion coefficient D represents the ability of water molecules to penetrate inside the
composites, which can be computed with Eq. 3, in the case where the Mt value is < 60 % of the
Mm value.

4 m

D
M
qp

é ù
= ê ú

ë û
(3)

where D is the diffusion coefficient, θ is the slope of the linear portion of Mt against � ℎ / and
h is the height (thickness) of composite panel [3]. In Table 1, the Mm and D increase with the
RHB content which indicates that the biocomposites containing the higher wt% of natural fibre
tended to absorb more water. This phenomenon could be explained by the components of RHB
(cellulose, hemicellulose and lignin) that mostly contain polar hydroxyl groups which tend to
combine with water molecules by forming hydrogen bond [4]. The difference in D between
UTPB and CTPB matrixes was more predominant in the biocomposites at higher wt% of fibre.
Especially at 80 wt% RHB, a remarkable decrease in Mm and D was observed for the biocom-
posites based on CTPB matrix as compared to UTPB ones. This confirmed the reduction of
water absorption. This was probably because the free hydroxyl and carboxyl groups available
in hydrophilic rPET play the role in absorbing water as there are lack of chemical interaction
and bonding between polar rPET and nonpolar rHDPE chains in the case of without compa-
tibilizer in the UTPB matrix [5]. Meanwhile, the presence of E-GMA compatibilizer tended to
bind the rHDPE and rPET together, hence decreasing the hydrophilicity of CTPB matrix as
well as reducing the WA.

The theoretical WA can be estimated using Fick’s second law of diffusion. For the initial part
of the curve where Mt/Mm < 0.6 [6], it can be predicted using Eq. 4. For the second half-sorption
curve where Mt/Mm  > 0.6 [6], an approximation has been proposed with Eq. 5 [7]:
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Figures 1 and 2 depict the long-term WA of TPB/RHB biocomposites measured after a certain
period of immersion in distilled water, respectively. The experimental data, as represented by
the various symbols, show that the water absorbed by the biocomposites increased sharply
with time and then gradually slowed until it reached an equilibrium state (Mm). The solid
curves display the estimation of theoretical WA behaviour following Fick’s second law of
diffusion (Eqs. 4 and 5). All the curves in both Figures 1 and 2 were found to follow the Fickian-
type behaviour, as conformed to the coefficient of n which was close to 0.5 (Table 1). Thus, it

Composites from Renewable and Sustainable Materials30



can be concluded that the experimental results will fit the Fickian mode of diffusion, especially
in the initial stage of diffusion. This result is in agreement with the previous studies on
polymer/natural fibre composites [6, 8]. Figures 3 and 4 present the thickness swelling (TS) of
immersed UTPB and CTPB biocomposites filled with RHB. It can be observed that TS was
positively related to the WA where TS increased rapidly in the initial stage for all RHB contents
and then remained constant. The higher the RHB loading, the more hydrogen bonding was
created in the fibre cell wall by the adsorbed water, and thus, the higher TS of biocomposites
was obtained.

Figure 1. Water absorption of immersed UTPB/RHB biocomposites after a certain period.

Figure 2. Water absorption of immersed CTPB/RHB biocomposites after a certain period.
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Figure 3. Thickness swelling of immersed UTPB/RHB biocomposites after a certain period.

Figure 4. Thickness swelling of immersed CTPB/RHB biocomposites after a certain period.

Theoretically, the swelling behaviour can be computed by the model suggested by Shi and
Gardner [9], which gives Eq. 6 after being rearranged and taking the natural logarithm:

0 0
100ln ln( )

TS( ) 100 SR
T T T T K t

t
¥

¥

æ ö
- = - -ç ÷+è ø

(6)
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where TS(t) is the TS at time t, T∞ and T0 are the equilibrium and initial thickness of sample,
respectively, and KSR is the intrinsic relative swelling rate (a constant). As shown in Table 1,
the T∞ and KSR values increased with the RHB wt%, which indicates the higher swelling rate
that the composite required a shorter time to reach the equilibrium TS [10]. The CTPB/RHB
biocomposites exhibited lower KSR values than that of UTPB/RHB biocomposites. This was
probably attributed to better compatibility of TPB matrix which led to better fibre-matrix
adhesion, and thus the water was difficult to access in the cellulose [2]. From Figures 3 and 4,
the experimental results fitted well with the predicted TS from swelling model (solid curve).

3.2. Tensile properties

The influences of the TPB matrix types and RHB contents on the tensile strength and elastic
modulus of biocomposites are presented in Figures 5 and 6, respectively. In general, the
compatibilization of incompatible rHDPE and rPET by E-GMA was capable to improve the
tensile properties of CTPB-based biocomposites with and without the presence of RHB. This
was because of the E-GMA copolymer that acted as compatibilizer in order to enhance the
compatibility and adhesion between rHDPE and rPET components [11]. Therefore, the CTPB
blend and composites possessed higher tensile strength and elastic modulus than the UTPB
ones.

Figure 5. Tensile strength of TPB/RHB biocomposites.
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Figure 6. Elastic modulus of TPB/RHB biocomposites.

From Figure 5, both composites based on UTPB and CTPB show a similar trend. Tensile
strength increased with increasing RHB up to maximum values achieved at 70 wt%, which
were 20.5 and 22.2 MPa, respectively, for UTPB- and CTPB-based composites. This phenom-
enon suggests that the adhesion and interfacial bonding between the hydrophilic fibre and
hydrophobic matrix are enhanced via the surface modification by coupling agent (MAPE) in
which RHB can effectively transfer stress to each other [12]. As RHB content increased up to
80 wt%, it is found that tensile strength of composite decreased but the values were still higher
than the pure blend (UTPB and CTPB). This possible reason is that the fibres acted as defects
when the content of RHB exceeded the limit, which was at 70 wt% in this study. At high fibre
content, fibres were not sufficiently wetted by the matrix (lower content), and this resulted in
the fibre agglomerations which blocked the stress distribution. This could be further explained
by the fact that the high content of RHB will need higher amount of coupling agent in order
to give better interfacial adhesion and reinforcement effect with polymer matrix [13]. Some-
how, CTPB-based composites exhibited higher values of tensile strength than that of UTPB-
based composites. On the other hand, the increase of elastic modulus (Figure 6) with the RHB
content (0–70 wt%) can be related to the enhanced stiffness which was imparted by the intrinsic
characteristic of RHB. This trend is logic for biocomposite containing low stiffness polymer
matrix and high stiffness filler [12]. However, elastic modulus is reduced when 80 wt% RHB
is added into the composite. This may be due to the weaker interfacial interaction of RHB-
polymer matrix and rHDPE-rPET in UTPB matrix.
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3.3. Flexural properties

Figures 7 and 8 depict the modulus of rupture (MOR) and modulus of elasticity (MOE) of
biocomposites based on two types of TPB with different contents of RHB.

Figure 7. Modulus of rupture (MOR) of TPB/RHB biocomposites.

Figure 8. Modulus of elasticity (MOE) of TPB/RHB biocomposites.
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The results showed that the presence of RHB improved the flexural properties of biocompo-
sites. In Figure 7, CTPB-based biocomposites had higher MOR values than the UTPB-based
biocomposites. This was attributed to the compatibilizing reaction for inherently immiscible
TPB matrix which then improved adhesion between fibre and polymer blend matrix besides
the enhanced compatibility between polymer blend components. Meanwhile, the incorpora-
tion of E-GMA into the CTPB matrix seemed not to provide a significant effect in the MOE of
biocomposites (Figure 8). Comparing to UTPB-based composite, the MOE for CTPB-based
composite reinforced with 50–60 wt% RHB was slightly lower. This phenomenon is associated
to the weak intrinsic mechanical properties of E-GMA [14]. However, for the composites with
higher content of RHB (70–80 wt%), this factor can be negligible due to relatively low content
of the matrix (30 wt% and lower).

3.4. Impact properties

Figure 9 presents the impact strength of TPB/RHB biocomposites. For neat blends without the
presence of RHB, compatibilization reaction of E-GMA provided a reinforcement effect and
led to a significant increase of impact strength for CTPB matrix. However, this large improve-
ment decreased when RHB was added to the blend matrix, which was because rice husk is one
kind of stiff inorganic fillers [15]. The impact strength is reduced with RHB content. At high
fibre content, there were many interactions between fillers as a result of the filler agglomera-
tions in the composite which were more susceptible to the cracks than the fibre-matrix interface.
This indicates that the cracks spread more easily in the biocomposites with high content of rice
husk, thus decreasing the impact strength [16].

Figure 9. Impact strength of TPB/RHB biocomposites.
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3.5. Differential scanning calorimetry (DSC)

Figure 10 depicts the melting temperature (Tm) of (a) rHDPE and (b) rPET components for TPB/
RHB biocomposites that are measured from DSC testing. According to Kiziltas et al. (2011),
the Tm of the composites plays a crucial role in determining the processing temperature and
thermal properties [17]. As shown in Figure 10, neat UTPB showed a Tm of rHDPE component
at 135.6 °C and Tm of rPET component at 252.8 °C, whereas neat CTPB possessed a lower Tm
values of about 133.6 °C for rHDPE and 251.2 °C for rPET which were attributed to the
improvement of compatibility between two polymer components with the use of E-GMA as
compatibilizer. The reduced Tm values by the addition of E-GMA might be because E-GMA
has lower molecular mass which promotes the composite degradation at lower temperature
values. In overall, it can be observed that the addition of RHB into polymer blend reduced the
Tm by approximately 1.2–5.2 °C. This phenomenon proved the enhancement in the processing
temperature of rHDPE after reinforced with RHB [18].

Figure 10. Melting temperature of (a) rHDPE and (b) rPET components in biocomposites.

Besides Tm, DSC testing also has provided the data of crystallinity level (χc) for TPB/RHB
biocomposites, as presented in Figure 11. It was noted that the increasing RHB content from
50 to 80 wt% reduced the χc of TPB/RHB biocomposites. This was due to the incorporation
of RHB that restricted the movement of polyethylene (PE) chain from crystallization process
[19]. The CTPB/RHB biocomposites exhibited higher percentage of crystallinity than that of
UTPB/RHB biocomposites. This suggests that the presence of E-GMA in the CTPB matrix
improved the crystallinity by promoting the migration and diffusion of PE chains in order
to form crystals in the surrounding of the rice husk surface. Several previous research re-
sults have reported that the addition of coupling agent copolymer enhanced the crystallinity
of biocomposites [20, 21].
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Figure 11. Crystallinity level (χc) of TPB/RHB biocomposites.

3.6. Thermogravimetric analysis (TGA)

Figure 12 presents (a) decomposition temperature (Td) and (b) residues after heating at 600 °C
that were obtained from TGA thermogram of TPB/RHB biocomposites. The neat UTPB and
CTPB exhibited a one-step weight loss from 400 °C to 500 °C with the maximum decomposition
temperature (Td) at 471 °C and 469 °C, respectively (Figure 12(a)). This process occurred
because the neat polymer blend comprised a series of interchained monomers, where an
increase of temperature promoted the random chain scission through thermal degradation
and depolymerization (at Td) [22]. The lower Td for CTPB than that of UTPB was due to an
increase of rHDPE-rPET interaction because of the addition of E-GMA compatibilizer which
possessed a lower decomposition temperature [23].

Figure 12. TGA thermogram data: (a) main decomposition temperature (Td) of polymer component and (b) residues
after 600 °C for TPB/RHB biocomposites.
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In the presence of RHB in TPB matrix, the peaks of Td have shifted to higher temperatures (478–
481 °C), irrespective of matrix types and RHB contents. This behaviour suggests the improve-
ment of thermal stability of TPB matrix by the incorporation of RHB that restricted the
movement of polymer chains and thus delayed the thermal degradation process. Upon heating
at temperature beyond 600 °C, both the neat UTPB and CTPB showed the relatively small
amount of residues (Figure 12(b)). This is because the thermal degraded polymeric materials
will further breakdown into gaseous products at higher heating temperature after Td [22]. It
can be observed that the residue weight of samples increased continuously with the increase
of RHB content, up to 26.3 % and 29.6 % for composites containing 80 wt% RHB based on UTPB
and CTPB matrix, respectively. These results were consistent with the high amount of silica
present in the RHB.

3.7. Fire retardancy

Figure 13 shows the burning rate of both UTPB- and CTPB-based biocomposites filled with
RHB. The neat TPB had the highest burning rate that was about 0.73 0.02 mm/s for UTPB and
0.71 ± 0.02 mm/s for CTPB. A slightly lower burning rate for CTPB than that of UTPB reflects
that the CTPB sample showed better fire retardancy property than UTPB ones. This is probably
ascribed to the enhanced compatibility of TPB with the aids of E-GMA copolymer.

Figure 13. Burning rate of TPB/RHB biocomposites.

For biocomposites containing RHB, the fire retardancy increased by 6–24 % with increasing
content of RHB from 40 wt% to 80 wt%. This enhancement might be due to the nature
characteristic of silica (relatively high amount, 15–17 % in the raw rice husk) that delayed the
combustion [24]. All the CTPB/RHB biocomposites gave lower burning rate (higher fire
retardancy) than UTPB/RHB biocomposites. The burning test results showed that the CTPB
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(miscible) seemed to improve the interaction between RHB and TPB matrix more effectively
than UTPB (immiscible)- based biocomposites.

3.8. Morphological observation

The morphology of the fracture surfaces for (a) 50 wt% RHB/UTPB, (b) 50 wt% RHB/CTPB, (c)
80 wt% RHB/UTPB and (d) 80 wt% RHB/CTPB biocomposites is illustrated in Figure 14. Two
striking observations can be seen in the surface morphology changes of biocomposites with
different RHB contents and TPB matrix types. First, by comparing the effect of RHB contents,
the 50 wt% RHB as in Figure 14(a/b)was perfectly attached and strongly adhered to the TPB
matrix, in which this observation indicates the efficiency of composite material compounding
and good fibres-matrix interfacial bonding.

Figure 14. SEM micrograph of (a) 50 wt% RHB/UTPB, (b) 50 wt% RHB/CTPB, (c) 80 wt% RHB/UTPB and (d) 80 wt%
RHB/CTPB biocomposites (magnification, 500×).

Meanwhile, the 80 wt% RHB as in Figure 14(c/d) showed poorer fibre dispersion and the
existence of more clear holes or cavities in the fracture surface morphologies which resulted
from insufficient adhesion between filler and matrix. This was then led to the fibre-fibre contact
(fibre agglomeration) dominated in the composites. Second, by comparing the effect of TPB
matrix types, the UTPB-based biocomposites (Figure 14(a/c) present relatively coarse and
obvious phase separation morphology with inhomogeneous filler distribution in the matrix.
This can be explained by the fact of the great difference in the polymer solubility parameters
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[25], in which rHDPE is nonpolar and rPET is polar. The CTPB-based biocomposites in
Figure 14(b/d) displayed more homogenous and finer morphology structure which proved
the enhanced interfacial adhesion between polymers as well as between fibres and TPB matrix
via incorporation of compatibilizer in the matrix.

4. Biocomposite product developments

The authors have carried out the collaboration with Bio Composite Extrusions Sdn. Bhd. and
Integral Wood Sdn. Bhd. under TechnoFund grant which produced some of the composite
panels and prototypes as shown in Figure 15 (http://bcextrusions.com/).

Figure 15. Photograph of biocomposite products, buildings and constructions.

5. Conclusion

Rice husk biofibre (RHB)-reinforced recycled high-density polyethylene/recycled polyethy-
lene terephthalate (rHDPE/rPET) biocomposites were fabricated via a two-step melt-blending
method. The TPB matrix types (UTPB and CTPB) and RHB contents have significantly affected
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the physical properties, mechanical behaviours, thermal stability and morphological perform-
ance of biocomposites. As RHB contents increased from 40 to 80 wt%, tensile and flexural
properties as well as thermal stability improved remarkably but reduced the impact strength.
In the long-term water immersion test, the water absorption and thickness swelling increased
with the content of RHB and immersion time regardless of the matrix types. The diffusion
coefficient and swelling rate parameter that are determined from the Fickian and swelling
model, respectively, increased with the RHB contents. Biocomposites based on CTPB matrix
possessed higher mechanical properties and dimensional stability than those based on UTPB
matrix. Based on the findings in this study, it is proven that natural fibres/recycled thermo-
plastic blend biocomposites are suitable for the outdoor applications such as in the field of
buildings and constructions.
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