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ABSTRACT

This research aims to study the thermal and mechanical properties of biodegradable 
thermoplastic cassava starch (TPCS) reinforced with various sizes of coconut husk 
fibre (CHF). The range of fibre sizes used was 125, 200, and 300 μm. These CHFs were 
integrated into a thermoplastic cassava starch matrix to make bio-composites. After 
integrating all components, the bio-composites were hot-pressed at 155°C for 60 minutes 
to produce thermoplastic sheets. Tensile and flexural tests were carried out to examine the 
mechanical characteristics of TPCS/CHF composites. The samples were also characterised 

using Thermogravimetric Analysis (TGA), 
X-ray diffraction (XRD), Fourier Transform 
Infrared Spectroscopy (FTIR), and Scanning 
Electron Microscopy (SEM). The findings 
demonstrated that a smaller 125 μm CHF 
improved the mechanical properties higher 
than other fibre sizes. Fibre with 300 μm 
showed more voids, which led to lower 
material strength. TGA results showed that 
300 μm fibres enhanced the crystallinity 
and thermal stability of the material. FTIR 
and TGA showed that CHF incorporation 
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increased intermolecular interactions and thermal stability. Overall, a smaller fibre size of 
125 μm showed a better reinforcement effect than the larger fibre sizes, which enhanced 
the materials’ tensile and flexural properties. This study demonstrated that modified TPCS/
CHF has shown enhanced functionality than neat TPCS. 

Keywords: Cassava starch, coconut husk fibre, fibre size, thermoplastic starch

INTRODUCTION

Plastic trash and pollution are pervasive across the water (oceans, rivers, lakes), land (soils, 
sediments, animal biomass), and air (atmosphere) (Hazrol et al., 2021; Madhumitha et al., 
2018; Syafiq et al., 2020). As environmental impediments, e.g., non-biodegradable and plant 
wastes, as well as mounting garbage mountains, are documented, current environmental 
challenges become more apparent (Ilyas et al., 2022; Pradeep et al., 2022). There are 
limited disposal spaces and expanding incineration capacity that necessitate substantial 
capital expenditures and increased environmental dangers. These issues have influenced the 
design and development of ecologically sustainable and renewable materials as alternatives 
to non-biodegradable materials (Ilyas & Sapuan, 2020b, 2020a). Packaging is crucial in 
preserving food quality and controlling the interaction between food and the environment. 
It is vital to produce biodegradable packaging to prevent recycling and environmental 
pollution challenges caused by synthetic plastics. 

Estrada-Monje et al. (2021) state that starches are crucial raw ingredients for generating 
bio-based blends and composites. Also, they are natural, and numerous biopolymers come 
from grains, e.g., cassava, maise, rice, and potato. The amylose and amylopectin contents in 
starch vary depending on their sources. The bioplastics’ tensile properties improved as the 
materials’ amylose content increased (Ceseracciu et al., 2015; Marichelvam et al., 2019). 
Starch, among the most significant industrial raw materials, is a versatile substance with 
a variety of applications. According to Tharanathan (2005), starch is the most common 
hydrocolloid in the food business, providing various functional qualities. 

Thermoplastic starch (TPS) is a native starch-derived biopolymer following its granular 
structure modification that uses a plasticiser, such as water, glycerol, and sorbitol, among 
many others (Rivadeneira-Velasco et al., 2021; Mina et al., 2009). Another statement 
by Weerapoprasit and Prachayawarakorn (2019) is that glycerol is the ideal plasticiser 
for making TPS because it breaks starch granules and forms an amorphous structure. 
Studies have been done by Mo et al. (2010) employing thermoplastic cassava starch and 
reported cellulose fibre demonstrating changes in the thermoplastic starch that enhanced 
the material’s characteristics. Hot compression moulding was used to treat the starch, 
plasticiser, and fibre reinforcement to make this TPS material (Jumaidin et al., 2021; Zhang 
et al., 2014). Furthermore, starch plays a crucial role in bio-composite structures as a matrix 
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or resin during the production of biopolymers. Over the years, researchers have explored 
various types of natural starch, including corn, sugar palm, Dioscorea hispida, cassava, 
and many others. Table 1 illustrates the utilisation of cassava starch as a thermoplastic 
material in bio-composites and their potential applications.

Table 1
Thermoplastic cassava starch composites and their potential applications

Thermoplastic starch blends Potential application Reference
Thermoplastic cassava starch/kraft Biodegradable tray Campos et al., 2018
Thermoplastic cassava starch/cassava bagasse Food packaging plastic Travalini et al., 2019
Thermoplastic cassava starch/cogon grass Biodegradable tray Jumaidin et al., 2020
Thermoplastic cassava starch/Cymbopogan citratus Biodegradable material Kamaruddin et al., 2022

Figure 1. Coconut husk

Malaysia produces abundant agricultural 
waste materials, including rice husk, coconut, 
and oil palm frond fibre. Around 25 % of 
the nut is made up of coir, a challenging and 
rigid lignocellulosic fibre obtained from the 
fibrous mesocarp part of coconut fruits, as 
shown in Figure 1. Due to their high lignin 
concentration, coir fibres are resilient, weather-
resistant, somewhat waterproof, and may 
be chemically altered. The fibres also have 
a high elongation at break, allowing for stretching over their elastic limit without 
rupturing. Among the benefits of these fibres are that they are renewable, nonabrasive, 
inexpensive, plentiful, and pose fewer health and safety risks during handling and 
processing (Abdullah et al., 2011). According to Jusoh et al. (2021), coconut fibres 
possess the maximum toughness of all-natural fibres. Hence, further research and 
development of these materials to generate the most recent polymer sources include 
using fibre as an amplifier in polymer composites.

It is evident from the literature that a few research have been published on cassava 
starch development and the effect size of CHF. Thus, the main objective of this work 
is to evaluate the mechanical and thermal properties of the influence of fibre size on 
biodegradable thermoplastic cassava starch reinforced with coconut husk fibre composite. 

MATERIALS AND METHODS

Materials

Antik Sempurna Sdn. Bhd. Malaysia supplies the cassava starch. The plasticiser in this 
study was glycerol purchased from QReC (Asia) Sdn. Bhd., while palm wax was acquired 
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from Green & Natural Industries Sdn. Bhd. (Selangor, 
Malaysia). Coconut husk fibre was supplied from Negeri 
Sembilan, Malaysia. The husk and shell were separated 
from the coconut by hand. Coconut fibre was prepared 
by crushing the long coconut fibres (Figure 2). Shredded 
coconut fibre was sieved and retained using 125, 200, and 
300 μm circular stainless steel sievers. Figure 2. Coconut husk fibre

Preparation of Samples

Thermoplastic cassava starch (TPCS), glycerol, palm wax, and CHF were weighed 
according to the (%) ratio. Before pre-mixing the TPCS samples, glycerol, palm wax, and 
CHF were added to a dry mixer at 120 rpm for 5 min at room temperature. The resultant 
mixture was then thermo-pressed at 155°C for 60 min using a Plastic Hydraulic Moulding 
Press under 10 tonnes to create 3 mm thick sheets. Before the conditioning, samples were 
immediately put in a silica gel-filled desiccator to prevent undesired moisture absorption. 
Thermoplastic cassava starch with palm wax and coconut husk fibre prepared earlier was 
kept in an airtight container to prevent it from absorbing moisture from the surrounding 
environment. The integration of coconut husk fibre in this portion was determined by the 
fibre sizes of 125, 200, and 300 μm. The process flow is shown in Figure 3.

Figure 3. Fabrication of TPCS-reinforced coconut husk fibre

Placed in the hot press

Mixing TPCS with CHF Put mixture into mould

Compacting mixture between two aluminium plates
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Tensile Testing

The tensile strength, strain, and modulus were determined using tensile testing. This test 
measures the required force to fracture the specimen and its length. Referencing ASTM 
D638 as a standard, the specimens were used to draw five samples. The samples were 
examined using an INSTRON 5969 Universal Testing Machine (United States) with a 
5 mm/min crosshead speed of a 50 kN load cell. In addition, this test was conducted at 
a temperature of 24.0°C and relative humidity (RH) of 50%. The results of the tensile 
properties were determined by calculating the data mean. 

Flexural Testing

Flexural tests were performed according to ASTM D790 at a relative humidity (RH) of 50 
± 5 % and a temperature of 23 ± 1°C. Five (5) samples with dimensions of 130 mm (L) 
× 13 mm (W) × 3 mm (T) each were produced. A Universal Testing Machine (INSTRON 
5969) from INSTRON (United States) with a 2 mm/min crosshead speed and a 50 kN load 
cell was employed during the testing. 

Thermo-gravimetric Analysis (TGA)

A thermogravimetric evaluation of the material’s deterioration and stability was conducted. 
TGA was conducted using a Q-series thermal analysis instrument, namely the Mettler-
Toledo AG, Analytical (Switzerland), to examine the thermal stability of the samples. The 
study was conducted in aluminium pans at 10°C min-1 at temperatures ranging from 25 to 
900°C in a nitrogen environment with dynamic pressure. The weight of the sample was 
around 102 mg.

Fourier Transform Infrared (FT-IR) Spectroscopy

The FT-IR test assessed whether coconut husk fibre contains functional groups. This test is to 
determine the material’s functional group and chemical characteristics. An IR spectrometer 
was used to get the material’s spectrum (JASCO FTIR-6100 Spectrometer (Japan)). A sample 
of FT-IR spectra was gathered between 4000 and 500 cm-1. The material was mixed with 
potassium bromide (KBr) to make a 1 mm thick disc weighing 2 mg in powder form.

Scanning Electron Microscope (SEM)

The morphological traits of fractured tensile samples were observed under a scanning 
electron microscope (SEM), Zeiss Evo 18 Research (Jena, Germany), at the pre-set 10 
kV acceleration voltage. The samples were reduced to comparable sizes, and gold coating 
was applied to their surfaces before the observation. The tensile-analysed specimens were 
saved in zip-locked packing containers and characterised through SEM.
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X-ray Diffraction (XRD)

The structure of the coconut husk fibre solid waste was assessed using an X-ray 
diffractometer (APD 2000, Italy) with Cu K-α radiation at 0.15406 nm, 40 kV, and 30 mA 
of wavelength, voltage, and current, respectively. The samples underwent scanning at a 
rate of 2° minˉ1 at room temperature across the diffraction angle range of 2θ = 5 to 60°. 
The crystallinity index calculation of the samples CI (%) was done referring to Equation 1:

     (1)

where crystalline (I) and amorphous (am) are the total area under the crystalline peaks and 
the amorphous halo, respectively.

Statistical Analysis

The mechanical characteristics were analysed statistically using a one-way analysis of 
variance (ANOVA). Using Duncan’s multiple range tests, the significance of each mean 
property value was determined (p<0.05). This test was used to measure the significance 
of the difference between the two groups.,

RESULT AND DISCUSSION

Tensile Testing

Figure 4 depicts the tensile strength of TPCS/CHF composites for fibre sizes of 125, 
200, and 300 μm. The tensile strength for size ranges of 125, 200, and 300 μm were 6.5, 
4.1, and 2.3 MPa, respectively. The results have shown increments with the use of CHF 
reinforcement substantially in tensile strength with the addition of a CHF size of 125 μm. 
Then, the strength dropped with the increased CHF sizes of 200 and 300 μm. The smaller 
fibre size composites of 125 μm demonstrated superior tensile performance compared 
to the larger fibre composites, with fibres widely scattered throughout the matrix. The 
increased fibre-matrix surface contact led to reduced fibre aggregation. It indicates that solid 
interfacial adhesion was obtained between the components of hybrid composites, which 
increased stress-transfer efficiency in the TPCS/CHF matrix. Similarly, identical findings 
were noted by Diyana et al. (2021a). Using larger 300 μm fibre contents considerably 
reduced the composites’ strength qualities. In spite of this fact, this contrasts with Mohamed 
et al. (2018) findings that extending fibre length enhances tensile strength. Consequently, 
it was determined that an increase in fibre size decreased the absorption of specific energy 
of hot-pressed fibre composite materials with a 300 μm fibre size. This outcome can be 
attributed to the fact that despite using a small fibre size, it still offers a larger surface area 
for interaction with TPS. Consequently, the greater aspect ratio of the fibre promotes stress 
transmission to the matrix (Santos et al., 2018).
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In this study, the measured mechanical strength fracture exhibited ductile features. 
Figure 5 presents the results of the tensile modulus of CHF composites with different fibre 
sizes of 0%, 125, 200, and 300 μm. Including CHF fibre increased the tensile modulus of 
0% fibre from 5.8 to 880.8 MPa, the optimum tensile modulus obtained at 125μm. Thus, 
the smaller the fibre size of the CHF, the greater the tensile modulus, and vice versa. When 
the chopped fibre length or diameter was smaller, weaker tensile strength and stiffness 
were determined. This statement is aligned with previous work by Jacob et al. (2005). 
Specifically, fibre packing is much improved for smaller fibre sizes, reducing modulus 
for larger ones. 

With an increase in fibre sizing of 200 and 300 μm, the tensile modulus decreased to 
395.7 and 172.3 MPa, respectively. The reason is that increasing fibre size decreases matrix 

Figure 4. Tensile strength of coconut fibre composites 
with different fibre sizes (MPa)

Figure 5.  Tensile modulus of coconut fibre 
composition with different fibre sizes (MPa)

content while decreasing ductility results in 
a stiffer composite. Moreover, at this fibre 
size, there was less fibre-matrix interaction. 
It is due to the decreased intermolecular 
contact between starch molecules, which 
results in a larger free volume and greater 
chain mobility (Aji et al., 2011). 

Figure 6 shows the tensile strain of 
fibre sizes 0%, 125, 200, and 300 μm 
at break. It was shown that with the 
addition of CHF, the tensile strain at failure 
dropped simultaneously from 35.7 to 1.5%, 
decreasing the composite’s stiffness. It was 
ascribed to the poor internal contact of larger 

Figure 6. The tensile strain of coconut fibre 
composition with different fibre sizes (MPa)
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fibres and the incapacity of larger fibres to bear the matrix-transferred strain (Prakash et al., 
2021). According to Prasad et al. (2019), integrating natural fibre’s fragility impeded the 
polymer chains’ mobility in the matrix. The composites became stiffer when the elasticity 
ratio of matrix phases was substituted by increased fibre size content. For 125 μm fibre size, 
the composites demonstrated elongation at 1.5% fibre. According to Wollerdorfe and Bader 
(1998) and Yokesahachart et al. (2021), the size of the fibres affects the stress concentration 
at the ends of the fibres, which results in less elongation at fibre breaks for bigger fibres 
since the force cannot sustain local failure. Meanwhile, the tensile strain increased with the 
addition of larger fibre sizes of 200 and 300 μm to 5.5% and 6.3%, respectively. Decreasing 
the size diameter of the CHF led to greater stress on the composites.

Flexural Testing 

Figure 7 shows the flexural strength of composite with CHF sizes 0%, 125, 200, and 300 
µm, respectively. With fibre addition, the flexural strength rose to the highest strength 
of 13.8 MPa at 125 μm from 2.4 MPa, indicating the fibre-matrix interfacial adhesion 
facilitating increased stress transmission. It suggested the degree of cross-linking between 
molecular chains in the blends. The cross-linking of palm wax had favourably influenced 
the flexural strength and elasticity modulus, as indicated by a prior study describing the 
enhancement in flexural strength of corn starch mixed with kaolin and beeswax (Polat et 
al., 2013). The improvement in the flexural characteristics of the TPCS/CHF composites 
could be attributable to identical causes in the tensile findings. 

Afterwards, the strength slightly decreased to 9.8 MPa at 200 µm before increasing 
again to 12.0 MPa at 300 μm. Owing to the low interfacial adhesion between reinforcement 
and matrix, an increase in fibre sizes of 200 μm diminished both strength and modulus 

Figure 7. Flexural strength of TPCS/CHF composites 
with different fibre sizes (MPa)

attributes. It could be because the TPCS’s 
palm wax failed to act as a reinforcing 
agent due to agglomerates and an uneven 
distribution. Additionally, because of 
the excess palm wax content associated 
with forming large agglomerates and 
phase separation, poor particle distribution 
resulted in poor mechanical distribution, 
similar to the tensile results reported by 
Ilyas et al. (2018). 

As presented in Figure 8, the maximum 
flexural modulus of the CHF-reinforced 
TPCS composite was raised from 16.5 MPa 
at 0% fibre to 118.8 MPa at 125 µm. Then, the 
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particle reinforcement strength decreased to 
320.8 MPa for 200 µm before rising to 532.2 
MPa for 300 µm. This decrease was caused 
by the presence of voids or the formation 
of cracks at the composite’s interface, 
the inability of the particle to endure the 
stresses transferred from the matrix, and 
the ineffective particle-matrix interfacial 
bonding, which resulted in a weak structure. 
However, the excessive fibre sizes of 300 μm 
elevated fibre elasticity and matrix to transmit 
stress. It enhanced the flexural modulus of 
the composites due to the composites’ higher 
stiffness, including CHF in the matrix, and 
reduced polymeric chain mobility. 

Figure 8. Flexural modulus of TPCS/CHF composites 
with different fibre sizes (MPa)

Seth et al. (2018), who researched the influence of particle size and loading on 
polypropylene-reinforced doum palm shell particle composites, obtained similar results.
Literature documented a composite’s properties improvement with decreasing particle 
size because smaller particles have greater compaction and reduced porosity, which 
results in effective stress transfer between the matrix and the particles. The tensile and 
flexural test results were subjected to statistical analysis using one-way ANOVA, and 
the results are presented in Table 2. The test’s p-value was less than 0.05, showing 
statistically significant differences in the mixtures’ average thermoplastic blend values 
for tensile and flexural strengths.  

Table 2
Analysis of variance (ANOVA) summary of tensile and flexural properties

Variables df Tensile strength Tensile strain Tensile modulus Flexural strength Flexural modulus
Mixture 4 0.00* 0.00* 0.00* 0.00* 0.00*

Thermal Properties

The thermal properties and stability of TPCS-reinforced CHF composites were assessed 
by plotting the TGA curves as the percentage of sample weight loss versus temperature 
(°C), as shown in Figure 9(a). As the temperature rose, the weight percentage decreased, 
indicating continual mass changes due to thermal treatment. The three-step deterioration 
process was distinguished for all composites and their constituent materials. At about 
100 and 160°C, the weight losses were due to the evaporation of water and glycerol, 
respectively. Relative to Sanyang et al. (2015), the earliest stage of degradation that occurs 
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at temperatures below 100°C is in relation to the dehydration of loosely bound water and 
low molecular weight compounds.

The mixtures of TPCS and CHF composites altered the thermal decomposition of the 
composites in numerous ways. At 250°C, the native TPCS began to degrade, representing 
the temperature at which samples started to deviate from the baseline and weight loss 
was ready to commence. The highest weight loss rate was reported at 318°C, according 
to the curve in Figure 9(a). Following Abral et al. (2019), when the temperature hits 180 
to 360°C, the second phase of weight loss occurs due to starch’s volatile breakdown. It 
was discovered that adding CHF to CFC1, CFC2, and CFC3 composites increased their 
onset and maximum degradation temperatures, as shown in Table 3. The composites’ heat 
conductivity decrement with coir fibre addition was due to TPCS having more lignocellulose 
than CHF, which increased thermal stability. Besides, the CHF is less hydrophilic than 
the matrix, allowing quicker moisture evaporation when heated (Jumaidin et al., 2020). 
Parallel outcomes were discovered by Sarifuddin et al. (2012) and M. Hasan et al. (2020). 
At 350°C, CHF entered its final phase of disintegration. 

Based on the graph in Figure 9(a), composites with 125 µm fibre size (CFC1) needed 
a lower temperature compared to larger-size CFC2 and CFC3 before losing weight 
percentage due to water loss. It is also reported that the maximum temperature value 
observed was 291°C, lower than the 336°C provided in the study by Diyana et al. (2021b). 
The discrepancies may be attributable to the varied parameter conditions during testing. 
According to Prachayawarakorn et al. (2012), using a variable fibre size may raise the 
temperature at which TPCS begins to degrade. 

Furthermore, the thermal degradation of TPCS/CHF composites that led to the weight 
loss was found between 280 and 352°C. Figure 9(a) shows that the water weight loss 
percentage dropped significantly by including larger fibre. Hence, the larger the size of 
the fibre, the higher the temperature needed to lose water percentage. Adding larger CHF 
caused the CFC3 degradation temperature to drop when 300 µm fibres were used. This 
study suggested that larger-size CHF may enhance the thermal stability of composites 
through hydrogen bond interactions between the fibre and matrix, which corresponded to 
Javaid et al. (2020). At this point, the increase in fibre-size content from 125 to 300 μm 
has suggested that CHF is primarily responsible for the increase in degradation rate. 

Table 3
TGA findings of TPCS/CHF composites on the onset 
temperature, Ton (°C)

Samples Ton (°C)
TPCS (reference) 318
CFC 1 (125 µm) 304
CFC 2 (200 µm) 305
CFC 3 (300 µm) 305

The thermal degradation and stability 
of TPCS/CHF composites were assessed by 
plotting the DTG curves as the derivative 
weight loss (mg °C-1 versus temperature 
(°C), as shown in Figure 9(b). The curves 
denote that the most significant breakdown 
temperature of the native TPCS was 
around 318°C. It could be explained by the 
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interactions between the polar side groups in the starch (e.g., hydroxyl carbonyl) and wax 
fraction in native TPCS, which has a high initial breakdown temperature (Halal et al., 2016). 

With fibre inclusion in Figure 9(b), the highest DTG peak was observed between the 
temperature range of 250 and 350°C. However, when the fibre was added, the DTG peaks 
decreased, and only very slight variations were found (Sahari et al., 2013). A rapid weight 
loss took place due to the decomposition of fibre, starch, and glycerol, creating volatile 
matters, e.g., carbon monoxide (CO) and carbon dioxide (CO2) (Hassan et al., 2019). 
Monteiro et al. (2012) reported that the initial phase of the DTG peak is related to moisture 
release. The breakdown of fibre began in the second phase, as represented by the primary 
DTG peak. Cellulose degradation is indicated at the peak, whereas hemicellulose and 
lignin decompositions occur at the shoulder and tail peaks. The residue at the end of the 
process might be ascribed to the solid char from the degradation events. The DTG curve 
is crucial for better insight into the composite material’s thermal decomposition behaviour. 

This observation is in accordance with research done by Tajvidi and Takemura (2010), 
who investigated the heat deterioration of natural fibre reinforced with polypropylene 
(PP), woof flour composites, and kenaf fibre. The wood flour composites and kenaf fibre 
had high breakdown rates in three phases. The initial step began at the temperature range 
of 250 and 300°C and was linked to hemicellulose and PP breakdown. The second stage 
was initiated at 300°C and continued up to 400°C, describing cellulose degradation. The 
ultimate decomposition was detected at about 450°C.

Razali et al. (2015) previously studied char as the residue after the pyrolysis of all 
volatile matter in a substance. The char residue concentration of TPCS/CHF composites 
rose with the addition of CHF, with CFC3 containing the most char residue at 49.33% 
(7.94 mg). Based on the TGA study, it is summarised that the CHF inclusion enhanced the 
charring and thermal stability of the TPCS/CHF composite.

Figure 9. (a) TGA and (b) DTG curves on TPCS/CHF composites
(a) (b)
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FTIR Analysis

The Fourier transform infrared (FT-IR) analysis revealed the high content of chemical 
components in coir materials. The FT-IR findings for TPCS/CHF composites from 0 to 
300 μm of fibre size contents are shown in Figure 10. All spectra of TPCS composites 
displayed comparable patterns, demonstrating that the TPCS was unaffected by the size of 
the coconut husk fibre in all composite samples. A broad wavelength range between 3000 
and 3700 cm-1 matched the hydroxyl group (-OH) stretching vibrations ascribed with the 
complicated vibrational stretching of free-, inter-, and intra-molecularly bonded hydroxyl 
groups (AL-Hassan & Norziah, 2017; Hafila et al., 2022). This discovery demonstrated 
new matrix-fibre hydrogen bond formations that relate to fibre addition. Notably, the 
slightly smaller C-O stretching peak in TPCS compared to TPCS/CHF at 1338 cm-1 is 
probably due to the reorganisation of hydrogen bonds between starch and fibre (Sarifuddin 
et al., 2012). Changes in the IR spectrum revealed a specific interaction and compatibility 
between polymer chains. 

In Figure 10, the band at around 2916 cm-1 was attributed to C–H stretching from 
CH2 or CH3  or conjugated bending vibrations, which were present in all composite 
samples. Like Barkoula et al. (2008), this band coincided with natural fibre’s cellulose and 
hemicellulose constituents. The existence of hydroxyl groups led to the starch being very 
sensitive to water molecules (Ilyas et al., 2018; Sahari et al., 2013). It was also linked to 
the hydroxyl groups stretching due to the molecules’ hydrogen bonds. Pursuant to Dang 
and Yoksan (2021), the peak around 2916 cm-1 corresponds to C–H stretching (-CH2) of 
the anhydroglucose ring (Zullo & Iannace, 2009), while the peak at around 3277 cm-1 is 
associated to the firmly bound water exist in the starch structure (Zhang & Han, 2006) 
owing to its hygroscopic nature. 

Figure 10. FTIR spectrum of TPCS with (a) 0%, (b) 125 µm, (c) 200 µm, and (d) 300 µm fibre
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According to Lomelí-Ramírez et al. (2014), the band at around 1725 cm-1 may 
correspond to stretching vibrations of carbonyl groups (C=O). However, when the larger 
fibre was used, the O–H bond peak moved to a lower wavenumber before arising to a higher 
frequency, indicating an increase in the average strength of hydrogen bonds. Sample with 
no fibre (Figure 10 a) reached a maximum peak of 3283 cm-1, whereas specimens with 
the largest fibre size, 300 μm (Figure 10 (d), reached a maximum peak of 3284 cm-1. In a 
prior Prachayawarakorn et al. (2011) study, TPCS/kapok and TPCS/jute fibres exhibited 
a comparable O–H pattern. 

It is related to starch containing hydroxyl (OH) functional groups in their basic 
structure. The tensile result was substantiated at the OH peak regions at 3277 and 3284 
cm-1. Meanwhile, the decrease in elongation following fibre addition might be due to 
starch-fibre matrix bonding, which precluded considerable material elongation. As a result, 
the composite matrix lost some of its ductility. It may be assumed that the resulting bio-
composite became tougher, more brittle, and less flexible as the diameter was increased.

XRD Analysis

The presence of cellulose and amorphous fractions in the fibre was verified by XRD 
analysis. Figure 11 illustrates the diffraction patterns of the three native starches employed. 
Starch granules display, in general, two primary kinds of X-ray diffraction patterns called 
A and B crystal structures. These two allomorphs assume that the crystalline domains are 
generated for the short terminal segments of amylopectin molecules with identical double-
helical shapes but distinct packing arrangements and differing intercrystalline water content. 
The A-type structure is usually present in cereal starches, whereas the B-type structure is 
prevalent in starches from tubers or rich amylose carbohydrates (Montero et al., 2017). 

Figure 11. XRD analysis on TPCS/CHF with (a) 0%, (b) 125 µm, (c) 200 µm, and (d) 300 µm fibre
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The study by Moura et al. (2019) compared the composites reinforced with larger-
sized and small-sized fibres. The smaller fibre-reinforced composites exhibited a higher 
crystallinity and melting temperature. According to the XRD analysis, the fibre diameter 
and crystallinity dropped and increased during the bleaching or heating of the raw coir 
fibres. Abraham et al. (2013) stated that it would cause the fibre to inflate, leading to an 
increase in the fibre’s reactive surface area. Consequently, it was verified by Dong et al. 
(2014) that coir fibres performed an efficient nucleating function to expedite the polylactic 
acid (PLA) crystallisation process, thus increasing the crystal growth rate. 

XRD patterns of all samples are shown in Figure 11. The spectrum of TPCS revealed 
only a semi-crystalline substance with small crystalline peaks at 2-theta values between 
13.31 and 19.32°, which corresponded to the processing-induced crystal of amylose-
glycerol complexes of the Vh-type (Kaewtatip & Tanrattanakul, 2012; Yokesahachart et 
al., 2021). The TPCS/CHF matrices displayed prominent diffraction peaks at 2θ = 21.73° 
(300 μm), suggesting a typical A-type pattern (Kamaruddin et al., 2022). It may be related 
to the unstable single helix structure complexation of amylose and plasticiser containing a 
low quantity of water. Relative to Agyei-Tuffour et al. (2021), the higher the composite’s 
crystallinity, the harder and more brittle it becomes. 

The diffraction peaks of TPCS rose after the inclusion of CHF, primarily exhibiting a 
V-type crystal as the CHF sizes continued to rise (Liu et al., 2022). Thus, the percentage 
crystallinity of TPCS-based composites increased as CHF fibre size increased. After 
the gelatinisation process, the crystalline structure of TPCS was created by the fast 
retrogradation or recrystallisation of starch molecules. However, with further mixing with 
a larger fibre size of 300 μm, the diffractograms peak at 2ϴ dropped to 39.85% due to the 
aggregation of CHFs, resulting in a less heterogeneous nucleation action and slowed starch 
molecule movements (Yokesahachart et al., 2021). 

Besides, the analysis revealed that the inclusion of the CHF particle sizes of 125 and 
200 μm increased most of the crystallinity of the TPCS/CHF composite. The crystallinity 
of the sample was enhanced when the TPCS was reinforced with fibres of a larger diameter. 
It was likely attributable to the larger CHF size exhibiting a smaller surface area ratio. 
Hence, it was predicted that raising the size diameter of CHF in the samples would enhance 
their relative crystallinity. Similar findings were noted by Liu et al. (2022). According to 
Dang and Yoksan (2021), the crystallinity also increased with increasing temperature and 
pressure during extrusion owing to the amylose release resulting from the more significant 
disruption of the starch granule structure. Moreover, the total crystallinity of the TPCS/
CHF composites rose with rising CHF sizes, perhaps owing to the high CHF crystallinity. 
A parallel conclusion was reported for thermoplastic cassava starch/cassava bagasse 
composites reinforced with sugar palm fibre by Edhirej et al. (2017) and TPCS/PLA blend 
reinforced with coir fibres by Chotiprayon et al. (2020).
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I t  c o u l d  b e  d e s c r i b e d  b y  t h e 
heterogeneous nucleation impact of CHF 
on starch recrystallisation. Nevertheless, 
the composites containing CHF revealed 
a lower peak intensity at 2ϴ of 12.71° due 
to the aggregation of CHFs generating a 
declined heterogeneous nucleation effect 

Table 4
Index crystallinity of TPCS/CHF composites

Samples Crystallinity Index (%)
TPCS 31.11

CFC 125 41.51
CFC 200 41.51
CFC 300 39.85

and the slowed movements of starch molecules. The computed crystalline index 
content in the TPCS matrix was 31.11% (Table 4).

SEM Analysis

The surface morphology of the tensile fractured surface was examined using scanning 
electron microscopy (SEM). The porosity of samples was determined by the voids present, 
which are the result of fibre packing. The coconut husk fibres (CHF) and the matrix 
demonstrated good compatibility and adhesion. According to Prachayawarakorn et al. 
(2011), the size, chemical composition, and shape of the fibre directly impact the interfacial 
adhesion between the fibre and polymer matrix, homogenisation in the distribution with 
the polymer matrix, and subsequently, the affinity between the two materials. These 
characteristics are essential for the composite’s mechanical performance. 

Figure 12 arrays the SEM images of the fractured surface microstructures with 
various fibre sizes: 0%, 125, 200, and 300 μm. Figure 12(a) demonstrates the TPCS matrix 
exhibiting a continuous surface without voids, creasers, or distinct starch portions. No 
starch aggregates or inflated granules were visible on this surface; hence, the plasticiser was 
thought to have broken the inter- and intra-molecular hydrogen bonding in native cassava 
starch, appropriately completing the plasticisation process. Then, the CHF was effectively 
encoded into the TPCS matrix. It is feasible to see fibres emerging from the composite’s 
fracture surface in Figures 12 (b, c, and d). 

The fracture surfaces’ microstructure demonstrated ductile tearing with some fibre 
breakings. It is attributable to poor fibre-matrix interface adhesion. These observations 
aligned with the tensile results reported by Diyana et al. (2021a). Meanwhile, in Figure 
12(d), it was noticed that the samples’ surfaces displayed decreased homogeneity, yielding 
a non-uniform and stiff structure with an uneven surface and the presence of voids. It can 
be linked to the starch-CHF interaction that was comparatively low due to the inclusion of 
larger-size fibres and the lack of appropriate hydrophilic starch mixed with a hydrophobic 
fibre matrix (Hafila et al., 2022). Due to discontinuity in the matrix and agglomeration, it 
started at a larger fibre content. 

Figure 13 depicts the focused SEM images of TPCS/CHF composites. The close-
up detail of native cassava starch granules can be seen with 150 μm magnification, as 
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presented in Figure 13(a). Cassava starch granules are spherical with a truncated end and 
a well-defined hilum. The granule sizes are between 5 and 35 μm. The existence of starch 
granules indicated the efficiency of shear- and thermo-processing at gelatinising the starch 
granules. However, the starch granules were not noticeably visible, indicating the starch 
was well plasticised in Figures 13 (b, c, d, and e). 

Fragmentation of the fibres was seen in all composites as a consequence of tensile 
fracture caused by the reinforcing effect of the matrix’s stress transmission to the fibres 
(Jumaidin et al., 2021). Meanwhile, including CHF in TPCS composites produced a rough 
structure with CHF on its surface. It can be shown in Figure 13(e) that CHF and TPCS are 
highly compatible, as evidenced by the matrix’s adequate fibre wetting. A previous study 
reported that the length of the fibres impacts the stress concentration at the fibre ends, 
resulting in less elongation at fibre breaks for longer fibres since the system cannot withstand 
local failure (Delli et al., 2021). In addition, more fibre-size ends are present in composites, 
leading to failure at lower stresses. It is also in perfect accord with the previously disclosed 
Young’s modulus and yield strength values. Parallel findings were discovered by Khalaf et 
al. (2021) and Salasinska et al. (2015). The morphological examination indicated excellent 
interfacial adhesion, demonstrating the matrix’s inherent affinity with the reinforcement 
without using chemicals that harm the environment.

Figure 12. SEM images of fracture surfaces of TPCS/CHF with different fibre sizes: (a) 0 fibre, (b) 125 
μm, (c) 200 μm, and (d) 300 μm
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CONCLUSION

The biodegradable TPCS reinforced with coconut husk fibre composite has been successfully 
prepared at 125, 200, and 300 μm fibre using dry mixing and hot-pressed methods. The 
addition of fibre increased tensile and flexural strength as well as modulus. Composites 
with a fibre size of 125 μm showed the highest tensile of 6.5 MPa and flexural strength 
of 13.8 MPa. In general, mixing the cassava starch with the fibre improved the thermal 
stability of the composites, while smaller fibre sizes led to better mechanical properties. 
The FTIR and SEM results also depict that cassava starch and coconut husk fibre were 
compatible and could form a homogenous structure. Overall, TPCS-reinforced coconut 
husk fibre has shown promise as an alternative to non-environmentally friendly polymers.
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