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THE ROLE OF KENAF AND MONTMORILLONITE CLAY ON THE 
ENHANCEMENT OF THE PROPERTIES OF POLYHYDROXYBUTYRATE 

COMPOSITES 

ABSTRACT 
 

Kenaf reinforced and montmorillonite (MMT) modified polyhydroxybutyrate (PHB) 

composites were prepared using a twin-screw extruder and injection moulding machine. 

The influence of reinforcement content and surface treatment on the composites' 

mechanical, rheological and thermal properties was investigated.  The samples were 

moulded into a bar and dumb-bell shaped specimens and subjected to dry-as-moulded, 

indoor, outdoor and soil burial conditions for four months. The composites were 

characterised for thermal, rheological and mechanical properties. The results were 

supported by images obtained from microscopy techniques such as field emission 

scanning electron microscopes (FESEM) and transmission electron microscopes (TEM). 

Weibull analysis of single fibre tensile test results indicates fibre damage due to a high 

concentration of sodium hydroxide or longer soak time. Kenaf reinforced PHB exhibited 

up to 21% improvement in Young’s modulus. The presence of fibres in the polymer melt 

modified its flow behaviour from Newtonian (in pure PHB melt) to shear thinning 

behaviour. Fracture energy and critical strain energy release rate of the kenaf reinforced 

composite was increased with the addition of 20% kenaf fibres. FESEM image showed 

gaps between the PHB matrix and treated kenaf fibres, indicating that interfacial adhesion 

is still poor. However, the melt behaviour, such as the complex viscosity and storage 

modulus obtained through the rheological study of the treated kenaf PHB composites, 

shows improvement in interaction. Long term mechanical properties of treated kenaf 

composites also showed better performance.  Energy dispersive X-ray mapping revealed 

that nanocomposites with clay content of 3 phr exhibited better dispersion than 
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nanocomposites with higher clay content. The mechanical properties of the MMT-

modified PHB, such as the tensile and flexural modulus, were enhanced compared to neat 

PHB. From the rheological study, PHB and PHB nanocomposites modified with 

untreated MMT exhibited Newtonian fluid behaviour in the tested frequency range. 

However, for nanocomposites modified with acid-treated MMT, shear-thinning 

behaviour was observed at higher clay content. The nanocomposites also exhibited higher 

complex viscosity compared to PHB. From transmission electron microscopy analysis, 

exfoliation of the MMT was observed for the treated MMT nanocomposites at all clay 

loading. MMT-modified PHB has lower melting temperature when compared to neat 

PHB. Furthermore, it was found that the addition of MMT influenced the crystallisation 

behaviour of PHB. The presence of acid-treated MMT also reduced the degree of 

crystallinity with increasing clay content. MMT modification of PHB was shown to 

reduce the rate of PHB biodegradation when buried in the soil. 

 

Keywords: polyhydroxybutyrate, green composites, biodegradable composites 
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PERANAN KENAF DAN MONTMORILLONITE TERHADAP PENINGKATAN 
SIFAT KOMPOSIT POLYHYDROXYBUTYRATE  

ABSTRAK 

 
Komposit PHB yang diperkuatkan serat kenaf dan dimodifikasi dengan montmorillonite 

(MMT) telah disediakan dengan menggunakan extruder skru kembar dan pengacuan 

suntikan. Pengaruh kandungan kenaf dan MMT serta kesan rawatan permukaan terhadap 

dua komponen tersebut telah dikaji.  Komposit tersebut telah dibentuk menjadi bentuk 

bar dan dumbel dan seterusnya didedahkan kepada beberapa kondisi berbeza seperti di 

dalam bangunan, di luar bangunan dan ditanam di dalam tanah selama 4 bulan. Sifat 

termal, reologi dan mekanikal komposit telah dikaji dan pemerhatian telah disokong 

dengan teknik mikroskopi seperti mikroskop elektron imbasan (FESEM) dan mikroskop 

elektron transmisi (TEM). Analisis Weibull terhadap hasil ujian tegangan serat tunggal 

menunjukkan kerosakan serat kerana kepekatan natrium hidroksida yang tinggi atau masa 

rendaman yang berlebihan. PHB yang diperkuat kenaf mempamerkan peningkatan 

modulus Young hingga 21%. Kehadiran serat dalam leburan polimer mengubah tingkah 

laku alirannya dari Newtonian (dalam cairan PHB tulen) kepada tingkah laku penipisan 

ricih. Sifat hentaman PHB, seperti fracture energy dan critical strain energy release rate, 

telah meningkat dengan penambahan serat kenaf sebanyak 20%. Imej SEM menunjukkan 

jurang antara matriks PHB dan serat kenaf yang dirawat, menunjukkan bahawa lekatan 

antara muka masih lemah. Namun, tingkah laku cairan komposit kenaf PHB, seperti 

kelikatan kompleks dan modulus simpanan, menunjukkan peningkatan dalam interaksi. 

Sifat mekanikal jangka panjang komposit kenaf yang dirawat juga menunjukkan prestasi 

yang lebih baik. Pemetaan penyebaran tenaga sinar-X mendedahkan bahawa 

nanokomposit dengan kandungan MMT 3 phr menunjukkan penyebaran yang lebih baik 
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berbanding nanokomposit dengan kandungan MMT yang lebih tinggi. Sifat mekanikal 

PHB yang diubahsuai MMT, seperti modulus tegangan dan lenturan, ditingkatkan jika 

dibandingkan dengan PHB yang tulen. Dari analisis reologi, nanokomposit PHB yang 

diubahsuai dengan MMT yang tidak dirawat menunjukkan kelakuan cecair Newtonian 

dalam julat frekuensi yang dikaji. Walau bagaimanapun, untuk nanokomposit yang 

diubahsuai dengan MMT yang dirawat dengan asid, tingkah laku penipisan ricih 

diperhatikan pada kandungan MMT yang lebih tinggi. Nanokomposit juga menunjukkan 

kelikatan kompleks yang lebih tinggi berbanding PHB tulen. Dari analisis mikroskopi 

elektron transmisi, pengelupasan MMT diperhatikan untuk nanokomposit MMT yang 

dirawat pada semua kandungan MMT. PHB yang diubahsuai MMT mempunyai takat 

lebur yang lebih rendah jika dibandingkan dengan PHB yang tulen. Selanjutnya, didapati 

bahawa penambahan MMT mempengaruhi sifat penghabluran PHB. Kehadiran MMT 

yang dirawat asid juga mengurangkan tahap penghabluran selaras dengan peningkatan 

kandungan MMT. Pengubahsuaian PHB menggunakan MMT terbukti dapat 

mengurangkan kadar biodegradasi PHB ketika berada di dalam tanah. 

Kata kunci: Polyhydroxybutyrate, komposit hijau, komposit boleh terbiodegradasi 
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CHAPTER 1:  INTRODUCTION 
 

1.1 Overview 

In 2016, it was reported that China imported over 60% of the world plastic waste. 

Its decision to stop importing waste plastic in 2018 caused a ripple that affected the whole 

world, drawing attention to a known but often-times ignored issue, the plastic crisis 

(Laura & Kennedy, 2018). As of 2017, a cumulative total of 8.3 billion metric tonnes of 

plastics have been manufactured globally (Geyer et al., 2017). Demand for more energy-

efficient materials has increased the use of polymer composites in various industries. 

Polymer composites are used to produce various articles such as outdoor decking, car 

bumpers and aeroplane fuselages. Composites have high strength, high stiffness, and low 

density, which allows the fabrication of relatively lighter parts but with similar or superior 

strength compared to more traditional materials (Saba et al., 2016). Composites also offer 

unique opportunities compared to traditional materials, such as integrating multiple 

functions into a single system. However, because most polymer composites are complex 

systems comprised of two or more components, separating the components for recycling 

is cost-intensive (Pickering et al., 2016). The rapid historical growth of the use and 

disposal of the material has proved to be a challenge for solid waste management systems.  

Currently, the most popular method for disposing of polymer composites is via 

landfill and incineration, and both methods impact the environment significantly. 

Globally, only 9% of the plastic wastes have been recycled, and the majority of the rest 

end up in landfills and into the ocean (Brooks et al., 2018). The statistic highlights the 

importance of shifting from traditional polymers to more environmentally friendly 

biodegradable plastics, especially for single-use applications such as product packaging 

and consumer products (Gross & Kalra, 2002). Plenty of biodegradable polymers can 
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potentially be used instead of conventional polymers. In particular, a bio-derived 

polyester, polyhydroxybutyrate (PHB), has a very high potential as a substitute.  

Key characteristics such as biodegradability, recyclability and environmental 

safety, the hallmark of eco-friendly materials, have become increasingly important during 

the material selection process (Zhang et al., 2017). Several researchers have been working 

on green composites utilising resins from renewable resources such as poly(lactic acid) 

(PLA), polycaprolactone (PCL) and polyhydroxyalkanoates (PHA). PHAs are a range of 

naturally occurring polyesters that are growing in popularity. PHA can be extracted from 

the bacteria to yield a non-toxic, biocompatible and biodegradable polymer (Muhammadi 

et al., 2015).  

Since their discovery, over 100 different polyesters of the same structure have 

been found. The two most widely studied of these are poly(3-hydroxybutyrate) (PHB) 

and polyhydroxyvalerate (PHV) (Muneer et al., 2020). These different types of PHA are 

categorised by their side groups. PHB has a simple -CH3 side chain while PHV has a 

slightly more complex -CH2-CH3 side chain. PHB is an attractive substitute for 

petrochemical plastic due to its similar properties to polypropylene, biocompatibility, and 

biodegradability (Zhong et al., 2020). ASTM Committee on Plastic Technology defined 

biodegradable polymers as degradable plastic in which the degradation results from the 

action of naturally occurring microorganisms such as bacteria, fungi and algae. The 

Second International Scientific Workshop on Biodegradable Polymers and Plastics held 

in 1991 at Montpellier defines biodegradable polymer as a polymer in which the 

degradation is mediated at least partially by a biological system. PHB fits into both 

definitions. PHB undergoes surface erosion in the presence of many bacteria and moulds. 
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The erosion is mediated by extracellular enzymes, and the cell metabolises the 

degradation products. PHB is truly a biodegradable polymer. 

Also, PHB is water-insoluble and resistant to hydrolytic degradation. However, 

pure PHB is very brittle, thus limiting its application (Li et al., 2016). This work will 

combine kenaf and montmorillonite with PHB to improve its mechanical and thermal 

properties. Kenaf fibres and montmorillonite are selected due to their low environmental 

impact.  

1.2 Problem statement 

Pure PHB is very brittle, thus limiting its practical application due to a brittle 

material’s tendency for catastrophic failures. Catastrophic failures are hazardous because 

there are almost no signs of failure until too late. PHB has low nucleation density and 

slow crystallisation rates, leading to the formation of large spherulites (Wang et al., 2016). 

These large spherulites would produce cracks and are the reason for their brittleness. The 

addition of reinforcing fillers could improve the crystallisation behaviour of PHB. It is 

known that in polymer composite materials, some fillers may act as nucleation agents, 

encouraging the formation of smaller spherulites. Smaller crystal sizes would reduce the 

cracks in the polymer matrix, improving its mechanical properties.  

Mohamed El-Hadi (2014) reported that the addition of trimethyl stearyl 

ammonium treated montmorillonite (MMT), a type of treated nanoclay, to PHB 

accelerated its crystallisation process and improved its thermal stability due to the MMT 

acting as a nucleating agent. In addition, the introduction of layered silicates such as 

montmorillonite would dramatically accelerate the biodegradation process of PHB due to 

smaller spherulites sizes (Maiti et al., 2003, 2007). PHB with nanoclay tends to crystallise 

faster, producing smaller spherulites, resulting in a higher inter-spherulitic area. These 
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inter-spherulitic regions are amorphous and are more susceptible to hydrolysis followed 

by consumption by the microorganisms. The introduction of more malleable fibres could 

also help to toughen the composite.  

Natural fibres have several advantages: low density, biodegradability, good 

mechanical properties, low cost, and relatively abundant.  Despite the advantages, natural 

fibres can absorb a significant amount of moisture and have poor interfacial adhesion with 

the polymeric matrix. To reduce the hydrophilicity and improve the fibre-matrix 

adhesion, removing oil and wax substances on the fibre surface is essential, achieved via 

surface treatment (Chandrasekar et al., 2017). Alkalisation involves soaking the natural 

fibres in sodium hydroxide solution and is one of the chemical methods of fibre surface 

treatment. Alkali treated kenaf fibres have been reported to absorb less moisture from the 

environment and produce composites with better mechanical properties than their 

untreated counterparts.     

 

1.3 Aims and objectives 

This research aims to improve the mechanical properties of PHB through the addition of 

kenaf fibres and modify the crystallisation behaviour of PHB via modification using 

MMT. To achieve this aim, the objectives of the experiment are: 

1. To prepare kenaf fibre/PHB and MMT/PHB composites via compounding and 

injection moulding machine. 

2. To study the effect of surface-treated kenaf fibre and MMT on the thermal and 

mechanical properties of the composite and its processability. 

3. To study the long-term environmental exposure impact on the mechanical 

properties of the composites. 
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1.4 Research scope 

Kenaf and mmt were combined with PHB to improve the thermal and mechanical 

properties. This study covers the influence of filler content, filler surface treatment and 

environmental exposure on the thermal and mechanical properties of the injection 

moulded composites. Thermal analysis was done using thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC) to study the stability and 

crystallisation behaviour of the composite. Mechanical properties were characterised 

using a universal testing machine (UTM) for tensile and flexural properties and a drop 

tower impact tester for impact properties. The composite specimens were subjected to 

indoor, outdoor and soil burial for a maximum duration of four months. The mechanical 

properties were characterised after conditioning to investigate the effect of secondary 

crystallisation and biodegradation on its mechanical properties. 

 

1.5 Thesis outline 

Chapter one presents the research background, aim, objectives and scope of the study. 

The importance of advancing biodegradable composites technology was also explained.  

Chapter two provides a review of literature on PHB and efforts done by other 

researchers to improve its properties. Gaps in the current knowledge are highlighted in 

this chapter.  

Chapter three summarises the materials and methods implemented in the study. 

The details of the experimental setup are described in this chapter. 

Chapter 4 presents the results obtained during the study and offers in-depth 

analysis and relevant discussions. 
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Chapter 5 presents the general conclusions from the study done in this exercise. 

Recommendations for future work are also included. 
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CHAPTER 2:  LITERATURE REVIEW 
 

2.1 Polyhydroxybutyrate 

Polyhydroxybutyrate, or PHB, is a biodegradable polymer belonging to the 

polyhydroxyalkanoate (PHA) family of polyesters. It was first discovered inside Bacillus 

megaterium in the 1920s by Maurice Lemoigne, a French microbiologist (Sudesh et al., 

2000). It is thought that bacteria store PHB for the same reasons as mammals store fat: as 

an energy source (Madison & Huisman, 1999). The polymer forms within the bacterial 

cells in discrete granules, with diameters between 100 and 800 nm. However, the number 

and size of the granules and the molecular weight of the polymer will vary depending on 

the type of bacteria, the growth conditions, and the extraction method (Anderson & 

Dawes, 1990; Poirier et al., 1995). The slight yellow colour of the polymer is due to 

residual cell debris left in the polymer post-extraction. 

PHB is a thermoplastic material that is biodegradable in a microbial rich 

environment. In addition to its excellent barrier properties and insolubility in water, 

naturally, it draws interest as a food packaging material (Hankermeyer & Tjeerdema, 

1999). Its thermoplastic behaviour allows it to be processed using conventional polymer 

processing methods such as extruders and injection moulding machines (Holmes, 1988). 

Its material properties have been reported to be similar to polypropylene (PP), a widely 

used petroleum-based polymer (Li et al., 2016; Marchessault & Yu, 2005; Muneer et al., 

2020; Sudesh et al., 2000; Yu et al., 2006). It has remarkable mechanical properties such 

as high elastic modulus and tensile strength. Due to its biocompatibility, PHB has found 

critical applications in tissue engineering and biomedical applications such as sutures, 

thermogels, controlled drug release agents, tissue scaffolds and many more (Holmes, 
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1985; Manavitehrani et al., 2016; Meischel et al., 2016; Volova et al., 2003; Wu et al., 

2016).  

Microorganisms in soil and water can degrade PHAs by using PHA hydrolases 

and PHA depolymerases (Choi et al., 2004; Jendrossek & Handrick, 2002).  The rate of 

degradation activities of these enzymes depends on the composition of the polymer and 

the environmental conditions. The degradation for PHB is typically a few months (in 

anaerobic sewage) to years (in seawater) (Madison & Huisman, 1999). The higher the 

population of microorganisms, the faster PHB articles will degrade in that environment. 

Exposure to UV light has been shown to accelerate the biodegradation process of PHAs 

(Shangguan et al., 2006). It is recommended that PHB articles be composted to minimise 

their ecological impact. 

Table 2.1: Degradation rate for Biopol®. 

Environment Time for 100% weight loss (weeks) 

Anaerobic sewage 6 

Estuarine sediment 40 

Aerobic sewage 60 

Soil 75 

Seawater 350 

 

PHB has been applied in niche applications worldwide, given its mix of 

mechanical properties and tailorable biodegradability. Due to cultural and social factors, 
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disposable shaving razors are usually flushed down the toilet in Japan. PHB fabricated 

razor blades would degrade in sewage, minimising blockage and environmental issues 

(Lenz, 1995). The US Navy has also been using PHB-based utensils to reduce the amount 

of plastic waste generated by their ships (Council, 1996). PHB-based utensils would sink 

once disposed of at sea due to PHB’s higher density compared to water. Microorganisms 

on the sea floor would disintegrate these wastes, something not possible with 

conventional plastics.  

 

Figure 2.1: Articles fabricated from PHB (photo sourced from 
https://marymatuvi17.wordpress.com/). 

 

Several issues are limiting the widespread adoption of PHB. Firstly, it has been 

widely reported that PHB is brittle. Brittleness observed in PHB has been attributed to 

the inability of the amorphous region of its polymeric chain to freely move as it is 

subjected to force (Righetti et al., 2019). PHB is produced, it has a highly regular structure 

- it is almost entirely isotactic, which means that all the side groups on the polymer chain 
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point in the same direction (Sudesh et al., 2000). This arrangement causes the chains to 

form helical structures, with the side groups all pointing away from the centre of the helix 

to minimise steric hindrance (Padermshoke et al., 2005). Carbonyl-methyl group 

interactions stabilise the helix conformation. The chains, therefore, pack together easily 

to form crystals, and the crystalline nature of the polymer makes it brittle and stiff 

(Barham & Keller, 1986).  Furthermore, it is relatively more expensive to produce when 

compared to more conventional polymers (L. Yu et al., 2006). In 1997, the retail price for 

PHB was reported at around USD16 per kg, while PE and PP only cost less than USD1 

per kg (Choi & Lee, 1997).  

Another drawback is that it is difficult to process in a molten state because it starts 

to degrade at temperatures not much higher than its melting temperature (Gogolewski et 

al., 1993). At above 170°C, PHB starts to decrease molecular weight, and the degradation 

gets more severe over a longer duration of time (Avella et al., 2000). The thermal 

degradation mechanism for PHB is due to random scission at the ester group according 

to a β-hydrogen elimination (Doi et al., 1990). Lastly, PHB has poor resistance to acids 

and bases and can be dissolved in chlorinated solvents (Holmes, 1985). The mechanical 

properties of PHB have been reported to be dependent on its molecular weight (Grassie 

et al., 1984). The impact strength was reported to decrease from about 145 Jm-1 to about 

30 Jm-1 as the molecular weight changes from 500,000 gmol-1 to 200,000 gmol-1.  

Due to its immense potential, more effort has been taken to improve our PHB 

understanding, reduce processing costs, and modify its properties. The bacterial PHB 

production process can be modified to produce PHB copolymerised with PHV. This 

copolymerisation makes the structure more irregular and less crystalline. Therefore, the 
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copolymer is less brittle yet still biodegradable (Holmes, 1988). PHB-PHV copolymers 

exhibit isodimorphism. At less than 40 mol% HV, the HV units can crystalise in the PHB 

lattice. Isodimorphism allows the copolymer to exhibit similar high crystallinity as neat 

PHB, retaining good chemical and hydrolysis resistance.   

Early development of PHB-HV copolymers contains up to 30% PHV content 

(Bauer & Owen, 1988). Copolymerising PHB with PHV has been shown to improve the 

ductility of the polymer. Wide Angle X-ray Scattering (WAXS) results suggest that the 

HV acts as distortion in the polymer lattice. The Young’s modulus was reduced as HV% 

increases without significant change to its crystallinity. PHB was shown to have similar 

dynamic mechanical properties in the -30°C to 50°C range. However, the modulus for 

PHB-HV copolymers is severely affected by the difference in temperature, as indicated 

by the steep reduction in modulus value as the temperature increases (Owen, 1985). PHB 

with higher HV% also shows significantly lower flexural modulus and tensile strength, 

albeit with significantly higher elongation at break. 

The melt strength of neat PHB is dependent on its molecular weight. Reduction 

of its molecular weight due to heat decomposition would reduce the resulting mechanical 

strength of the finished article and affect the ease of extrusion. Lower melt strength would 

result in repeated melt breakage, resulting in more wastage during processing. Due to its 

slow crystallisation, PHB melt is very sticky and quite challenging to handle compared 

to conventional polymers such as PE or PP.  
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2.2 Development of PHB composites 

Improving the mechanical properties of PHB is vital to increase its adoption and 

improve its range of applications. While biodegradability and biocompatibility of PHB 

remain advantageous, strategies to tailor material architecture for toughening PHB are 

vital to tackle its shortcoming of embrittlement and thermal instability. Researchers have 

been attempting to improve the composites by using various reinforcements. However, 

most groups have focused on using natural or biobased reinforcement agents to preserve 

the products’ ability to biodegrade fully.  

    Bodros et al. (2007) studied the mechanical properties of various biocomposites 

and compared them against glass fibre reinforced epoxy composite, a commonly used 

composite for structural application. The researchers found that some biocomposites can 

match the mechanical performance shown by the epoxy-glass fibre composites. However, 

the researchers noted that many factors must be optimised to achieve maximum 

performance.   

Bucci et al. (2014) prepared and studied the mechanical and physical properties of 

PHB biocomposites reinforced with rice husk ash. The researchers reported up to 25% 

improvement in impact properties and 15% improvement in flexural strength. However, 

the modulus of elasticity is decreased with increasing ash content. This observation 

contradicts the reported hardness, where the shore hardness of the composites increases 

with increasing ash content. Furthermore, the authors also reported the increasing density 

of the composites with higher ash content and commented that it is a non-limiting factor. 

It has been a well-known fact that one of the allures of polymer composites have been its 
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weight-to-performance ratio. Therefore, it is more advantageous to reduce its overall 

density by employing a less dense reinforcement into a PHB composite. 

Reis et al. (2015) reported that compounding PHB with milled coffee waste particles 

(CP) resulted in composites with improved thermal resistance. The researchers attribute 

a reduction in the Xc due to an imperfect PHB crystal arrangement resulting from 

introducing CP. The authors claimed that increasing CP content to up to 20% improved 

the impact strength. Upon closer study, it was observed that the actual improvement is 

only by 3 J/m, which is relatively negligible and within the potential error range. The 

fractured image presented did not show any significant change in the fracture behaviour 

of the materials. The researchers have suggested a pull-out fracture mode; however, no 

plastic deformation was observed on the actual fractured surface.  

Smith et al. (2020) studied the synergistic effect of peroxide and agave fibre in fibre 

reinforced PHB composites prepared reactive extrusion. Analysis using optical 

microscopy showed a decrease in spherulite formation, indicating a controlled reduction 

of the crystalline region. The researchers suggested that the fibre-matrix adhesion was 

improved due to the introduction of organic peroxides. The addition of peroxides 

increases the tensile strength of the composites compared to systems without peroxides. 

However, the tensile strength value is still lower compared to the reported value for neat 

PHB. It is important to note that due to the intent of the researchers to employ the 

composites in food packaging, they were limited to a maximum of 1.5 wt. % organic 

peroxide in their composites to meet the Food and Drug Administration (FDA) 

requirements. Melo et al. (2012) also reported that peroxide treatment improved the 

mechanical properties of carnauba fibre reinforced PHB composites compared to 
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composites reinforced with untreated carnauba fibres. However, both composites still 

yield lower tensile strength compared to neat PHB.  

Hosokawa et al. (2017) studied the mechanical properties of compression moulded 

PHB reinforced with random mats of sisal and coconut fibres. The researchers used a 

DSC to study the thermal degradation of the composites, which is quite unconventional. 

The composites exhibited higher crystallinity compared to neat PHB. The researchers 

also reported that composites reinforced with sisal exhibited similar performance to neat 

PHB, while coconut fibre reinforced PHB has lower mechanical properties than neat 

PHB. It was also reported that moisture absorption in the fibre reinforced samples post-

conditioning has caused the mechanical strength of the composites to decrease.  

Barkoula et al. (2010) studied the influence of manufacturing methods on the 

mechanical properties of short flax fibre reinforced PHB and PHB-HV composites. In 

general, injection moulded PHB composites exhibited lower impact strength than 

compression moulded. However, the shorter cycle time of injection moulding, higher 

reproducibility and capability of moulding more complex shapes makes injection 

moulding more advantageous in the long run.  

Gunning et al. (2013) studied the mechanical and biodegradation performance of 

short natural fibres reinforced PHB composites prepared via extrusion and injection 

moulding. The fibres employed were hemp, jute and lyocell. The researchers reported a 

high level of fibre breakage during processing, which resulted in lower tensile and impact 

properties. The fibre breakage could be due to their selection of 200 rotations per minute 

(RPM) as the screw speed during the extrusion process. Higher RPM is usually used to 
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get higher shear rates during mixing to get excellent dispersion. However, fibre-fibre and 

fibre-machine interaction during the process can cause the fibres to break, resulting in 

fibres with a length less than the critical length. Therefore, it is crucial to optimise the 

processing speed used, especially where preservation of the aspect ratio is paramount.  

Khoshnava et al. (2017) studied the mechanical properties of woven kenaf bast 

fibre/oil palm empty fruit bunches (OPEFB) hybrid reinforced PHB biocomposite as non-

structural building materials. Optimal mechanical properties such as tensile and flexural 

strength were observed at 11 layers of kenaf/OPEFB mats. It was suggested that the 

addition of OPEFB improved the impact properties of the polymer matrix. On the other 

hand, kenaf bast fibres reduced the impact properties due to their brittle nature.  The 

compression moulding process stated in the study involves a relatively long processing 

time at 180°C to thoroughly melt the polymer at the centre of the specimens. There is a 

very high probability that the PHB has started to degrade after extended exposure to the 

processing temperature.      

Wong et al. (2004) successfully improved the mechanical properties of PHB by the 

introduction of 4,4’-thiodiphenol (TDP) treated flax fibres. TDP is known to form 

hydrogen bonding with many functional groups and was suggested to be responsible for 

the shift of the dynamic mechanical properties of the PHB matrix from brittle to ductile. 

However, there were no long-term properties reported for the composite. For PHB 

composites, it is essential to study the long-term mechanical properties due to their 

tendency for embrittlement. In some cases, the embrittlement might become even more 

severe due to the initially beneficial modification, reducing its practical service life. 
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2.3 Ageing in PHB and its composites 

Ventura et al. (2017) studied the hydrothermal ageing effect on water uptake and 

tensile properties of compression moulded PHB/flax biocomposites. The effectiveness of 

fibre surface treatment such as wet/dry cycling, argon plasma and ethylene plasma was 

also studied. The hydrothermal ageing found that all the surface treatment studied was 

ineffective at preventing water uptake. The pseudo-Fickian behaviour of water diffusion 

in the composites was accelerated with increasing ageing temperature. Before ageing, all 

the composites presented higher stiffness and strength compared to neat PHB. A 

combination of wet/dry cycling and argon plasma yielded the best properties, indicating 

improved fibre-matrix adhesion. However, post-ageing, the mechanical properties were 

reduced due to fibre debonding and matrix damage due to the water uptake. 

Sanchez-Safont et al. (2020) studied the compatibilisation effect of different reactive 

agents in PHB/natural fibre-based biocomposites. Four different compatibilisers were 

evaluated; dicumyl peroxide (DCP), hexamethylene diisocyanate (HMDI), resorcinol 

diglycidyl ether (RDGE), and triglycidyl isocyanurate (TGIC). Both fibres and reactive 

agents partly hindered secondary crystallisation, leading to lower crystallinity in aged 

composites for neat PHB. However, no apparent improvement in terms of fibre-matrix 

adhesion was observed.  

Wang & Petru (2019) reported that surface treatment of flax fibres improved the 

damping properties of the composite under hygrothermal conditions. The four chemical 

treatments evaluated, alkalisation, silanisation, acetylation and alkali-silanisation, 

successfully reduced the flax fibres' water uptake. The storage modulus and glass 

transition temperature of the treated flax composites are higher than neat PHB, and the 
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peak value of the loss factor is lower than neat PHB specimens. The acetylation treated 

flax composites exhibit excellent damping performance in all dynamic mechanical 

properties. 

The fibre surface needs to be modified to make natural fibres more suitable for 

reinforcing in PHB-based materials. Several chemicals could do the surface modification 

of fibre, and these have a specific effect on the fibre. Important properties may include 

mechanical strengths, moduli, interlaminar shear strength, bonding ability, water and 

chemical retention, flammability and thermal stability. Vinayagamoorthy (2020) has 

analysed different surface treatments and concluded that NaOH treatment is the best in 

elevating the majority of the fibre characteristics (Vinayagamoorthy, 2020). It has been 

proved that NaOH effectively improves the interfacial adhesion between the fibre and 

matrix and thus elevating the mechanical properties. In addition, NaOH elevates the 

interlocking and wetting of fibres with the matrix, thermal stability and storage modulus 

of the composites.  

2.4 PHB nanocomposites 

Bruno et al. (2008) evaluated PHB/nanoclay composite prepared using the solution 

intercalation method. The researchers reported that changes in PHB crystallinity were 

observed after incorporating organophilic nanoclay into the polymer matrix. These 

microstructural changes were detected by the variation of hydrogen nuclear relaxation 

time values and X-ray, which showed an increase in the clay interlamellar space due to 

the intercalation of the polymer in the clay between lamellae. It was also reported that the 

solvents used in the technique affect the organisation of the crystalline region directly, 

promoting better intercalation and behaving like a plasticiser. The method used in this 
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study is relatively simple. However, production on a larger scale is significantly more 

complicated due to the solvents used in the study, such as dimethyl chloride and 

tetrahydrofuran. 

Manikandan et al. (2020) attempted to improve PHB barrier properties and 

chemical resistances by incorporating graphene nanoplatelets (Gr-NP) via the solution 

casting method. In comparison with pristine PHB, the PHB/Gr-NPs nanocomposite 

showed a higher melting temperature, thermal stability, and tensile strength along with a 

reduction in oxygen and water vapour permeability, respectively. The penetration of UV 

and visible light was significantly reduced with the addition of Gr-NPs. Furthermore, the 

cytotoxic effect of the prepared nanocomposite was found to be statistically insignificant 

compared to the pristine PHB.  

Ollier et al. (2018) studied the influence of the content of untreated and modified 

bentonite on the thermal degradation of a biodegradable bacterial PHB matrix. The 

modified clay was first acid-activated, then silylated and further modified by cationic 

exchange treatment. The researchers reveal that the organic modifiers of the muti-treated 

clay promote the thermal degradation process leading to a significant reduction in the 

molecular weight of PHB. It was demonstrated that the incorporation of the bentonite did 

not modify the degradation mechanism of PHB and that the process can be well described 

by the Avrami–Erofeev random nucleation model, in which the reaction is controlled by 

initial random nucleation followed by overlapping. 

PHB-based films, reinforced with bacterial cellulose or cellulose nanocrystals and 

plasticized using tributyrin or poly(adipate diethylene), were prepared by Seoane et al. 

(2017) via solvent casting. Contact angle measurements and calorimetric analysis proved 
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that cellulose nanocrystals aggregation, due to the hydrophilic nature of the filler, slows 

down the degradation rate of the composite. Increasing the filler content increases the 

biodegradation rate. In contrast, nanocomposites with bacterial cellulose behave similarly 

to neat PHB, possibly due to the lower hydrophilic character of this material. The addition 

of the two plasticisers contributed to a better dispersion of the nanoparticles by increasing 

the interaction between the cellulosic reinforcements and the matrix. Secondary 

recrystallisation occurring during incubation was found to reduce the biodegradation rate 

of the composites in compost.  

The introduction of nanoclays into PHB has been shown to alter biodegradation, 

allowing for specialised applications such as nutrient release control in fertilisers (de 

Carvalho Arjona et al., 2021). The researchers prepared PHB nanocomposite 

encapsulated urea via the emulsion method. The nanoclay was introduced into the system 

to improve its processability, specifically the thermal stability. All the PHB/MMT 

microcapsules showed a higher temperature of degradation, indicating better thermal 

stability while maintaining biodegradability. 

Ublekov et al. (2018) prepared a novel electrospun PHB/organomodified MMT 

nanocomposite fibrous scaffold via the electrospinning method. The addition of the 

modified MMT particles leads to significant amorphisation of the deposited fibrous 

scaffolds and dramatically improves the mechanical properties. The addition of 5 wt% 

organo-modified MMT in the 12 wt% PHB solution leads to a self-supporting 3D network 

fibrous scaffold formation. In the case of electrospun PHB mats, the addition of the 

nanoclay particles leads to a significant reduction of average fibre diameter and surface 

clay-filled pore structure formation, which is beneficial in its intended application as a 

tissue scaffold. 
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The effect of the surface properties of several silica nanoparticles on the dispersion 

and isothermal crystallisation kinetics of PHB nanocomposites were investigated by Lan 

& Sun (2017). Bare and PEG treated sol-gel silica nanoparticles were synthesized from 

commercially available hydrophobic and hydrophilic fumed silica. PEG treated silica 

nanoparticles were best dispersed in PHB matrix, as evidenced by TEM images. Values 

of the Avrami exponent, n = 2.2 ± 0.2 for all the PHB/silica nanocomposites, indicated 

that the introduction of various silica nanoparticles did not alter the crystallisation 

mechanism of PHB. However, the crystallisation rate of PHB in the nanocomposites was 

significantly decreased due to the introduction of PEG treated silica. This decrease is 

because the rearrangement of the PHB polymer chains during crystallisation was limited 

by the interaction and chain entanglement between PHB and the grafted PEG on silica. It 

was also reported that the solvents used in the solvent casting process directly affect the 

organisation of the crystalline region, promoting better intercalation of the nanoparticles. 

PHB/Cloisite 10A nanocomposite was prepared by solution casting method to 

study its water vapour permeability (Akin & Tihminlioglu, 2018). The researchers 

reported that the nanocomposite has reduced water vapour permeability compared to 

native PHB films. 3 wt% clay loaded composites exhibited optimal performance. In 

addition, the exfoliated structure was reported to be achieved at low clay loaded sample 

(1% w/w). However, at higher concentrations (3% w/w), the structure was found as 

intercalated. The barrier properties improvement was highly dependent on the 

dispersibility of Cloisite 10A in the PHB matrix.  Reduction in water permeability is 

attributed to increasing tortuosity of the permeable channel formed due to the clay 

delamination. 

Univ
ers

iti 
Mala

ya



 
 

21 
 
 

Kaci et al. (2009) investigated the re-processability of PHB/organoclay 

nanocomposite by subjecting the material to multiple extrusion cycles in a single screw 

extruder running at 60 RPM. Evaluations were done after the first, third, fifth and seventh 

extrusion cycles, and tensile properties and morphology of the samples were determined. 

X-ray diffraction analysis showed that crystallinity tended to increase with the number of 

reprocessing cycles up to the fifth cycle and then decreased. In general, the mechanical 

properties of all systems decreased with reprocessing. As it is, PHB/nanocomposite is not 

suitable for recycling as the mechanical properties were reduced. 

Nanoparticles were added into PHB for improving mechanical and thermal 

properties and for additional properties, such as antibacterial properties. For example, 

Jayakumar et al. synthesised PHB-silver nanocomposite using cheese whey permeate, a 

by-product of the dairy industry, as a substrate for growing Bacillus megaterium 

(Jayakumar et al., 2020). The nanocomposite showed comparatively higher mechanical 

strength and excellent thermal properties without compromising its flexibility. The barrier 

properties of the film were seen to improve significantly. However, the effect of silver on 

the biodegradation of the films was not carried out. If the biodegradation rate is severely 

impacted, then it could reduce the desirability of PHB as a food packaging material. 

Kiran et al. (2017) prepared a nanocomposite by combining PHB with nano-

melanin via solvent casting.  The researchers reported that the nanocomposite film was 

homogeneous, smooth, without any cracks, and flexible. The film was crystalline and 

thermo-stable up to 281.9°C. The introduction of nano-melanin into PHB imbued the 

composite with anti-bacterial properties, especially for food packaging applications. 

However, no mechanical properties were reported in this study.   
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Biodegradable polyhydroxybutyrate/poly-3-caprolactone mats were fabricated by 

Avossa et al. (2021) via electrospinning for use as a medical dressing. The mats were 

modified with hybrid Melanin-TiO2 nanostructures to improve their anti-bacterial 

properties. All the samples were reported to absorb a large amount of water, which is 

advantageous for a wound dressing. Coating the mats' surface with the melanin-TiO2 

coating was more effective than incorporation into the matrix. It was reported that 

melanin also provides a UV-shielding effect when incorporated into a composite (Roy & 

Rhim, 2021). 

Several researchers have studied the viability of starch nano-particles as a 

reinforcement in polymer composites (Kim et al., 2015). Generally, the incorporation of 

starch nano-particles increases both the tensile strength and elastic modulus of the 

composites but decreases the elongation at break. However, Yu et al. (2008) reported that 

both the tensile strength and elongation was increased when PLA was reinforced with 

PCL-grafted starch nanoparticles. The rubbery PCL component was sufficient to provide 

enough flexibility for the nanocomposites, which contributed to the improvement of 

elongation. However, Young’s modulus was reduced. Kim et al. (2015) also highlighted 

that nano-starch is less competitive than nano-cellulose as a reinforcement.  

Nanocellulose can be categorised into cellulose nanocrystals, cellulose nanofibrils, 

and bacterial cellulose. Nanocellulose exhibits a high surface to volume ratio, excellent 

mechanical properties and good physical properties such as thermal, electrical and optical 

properties (Bhat et al., 2017). Although cellulose nanofibrils and nanocrystals are 

extracted from the same sources, both have a very distinct structure. Cellulose nanofibrils 

have a complex web-like structure, while cellulose nanocrystals have short rod-like 

structures (Zinge & Kandasubramanian, 2020).  
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Nanocellulose develop a network-like structure when incorporated in PHB, 

resulting in improved barrier and migration properties (Dhar et al., 2015). They have been 

shown to enhance the crystallization, mechanical behaviour and water resistance of PHB 

(Briassoulis et al., 2021). Frone et al. (2020) reported that crystalline nanocellulose has 

better adhesion with the polymer matrix than cellulose nanofibrils, making them more 

effective as reinforcing agents. However, to ensure minimal environmental and financial 

cost, the process of extracting nanocellulose must be environmentally friendly, ideally by 

upcycling agricultural wastes (Abral et al., 2019; Dufresne, 2013).  
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CHAPTER 3:  MATERIALS AND METHODOLOGY 
 

3.1 Materials 

The PHB pellets were supplied by Tianan Biologic Materials (Ningbo, China). The 

selected grade was Enmat Y1000P, suitable for the extrusion and injection moulding 

process. The HV copolymer content is reported at 3%. The properties of the material, 

reported in the technical data sheet, are tabulated in Table 3.1. However, the manufacturer 

did not provide any standard testing method to characterise the properties. 

Table 3.1: Properties of Enmat Y1000P. 

Properties Value 
Specific gravity 1.25 
Tensile strength (MPa) 39 
Elongation at break (%) 2 
Young’s modulus (MPa) 2800 - 3500 
Flexural modulus (MPa) 3520 - 4170 
Notched Izod impact (J/m) 22 
Melting point (°C) 170 - 176 

 

  Kenaf fibre bales were supplied by the National Kenaf and Tobacco Board (Kota Bharu, 

Malaysia) and processed into 3 mm short fibres by the Malaysian Agricultural Research 

and Development Institute (Serdang, Malaysia). Sodium hydroxide pellets were supplied 

by Merck (NJ, USA). Nanocor (IL, USA) supplied acid-treated and untreated MMT 

powder. The two grades of MMT used in this study are Nanomer PGV (untreated MMT, 

beige grey powder) and Nanomer 1.34TCN (MMT treated with 25–30 wt% methyl 

dihydroxy ethyl hydrogenated tallow ammonium, off-white powder) with a density of 

776 kg/m3 and 275 kg/m3, respectively. Both MMTs were reported to have an average 

particle size of 16 µm. 
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Before alkali treatment, the kenaf fibres were rinsed with water and dried for 6 

hours at 80°C in a conventional oven. Then, the fibres were soaked in a NaOH solution. 

NaOH concentration was varied at 2%, 4%, and 6% w/v with soak time of three, four, 

and five hours. The maximum amount of fibre treated is set at 5% weight of fibre over 

the volume of water. This limit is to ensure the alkali solution thoroughly wets each fibre 

strand. After soaking, the fibres were drained and rinsed with distilled water until the pH 

of the washing liquid was neutral. Finally, the treated fibres were dried using a vacuum 

oven at 80°C for 24 hours. A summary of the treatment condition is provided in Figure 

3.1. 

 

Figure 3.1: Summary of alkali treatment conditions. 

 

3.2 Compounding and Injection Moulding 

3.2.1 Preparation of kenaf/PHB composites 

Two types of fibres were used to prepare two different composites: untreated and 

alkali-treated kenaf. The composites were first mixed using a BRABENDER KETSE 

20/40 (Duisburg, Germany) twin-screw extruder with a processing temperature range 
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from 180°C to 190°C and screw speed at 80 RPM. The extruded composites were cut into 

pellets using a pelletiser (Brabender, Duisburg, Germany)  

Then, the composite pellets were dried in a vacuum oven at 80°C for eight hours 

and fed into a BOY 55M injection moulding machine (DrBOY, Neustadt-Fernthal, 

Germany) and moulded both bar and dumbbell-shaped specimens according to ASTM 

D638 (2010). The barrel temperature zones were set at 180°C, 180°C, and 185°C from 

back to front. The nozzle temperature was set at 185°C. The screw speed was maintained 

at 50 RPM. The injection pressure was set at 45 to 55 bar and 50 s holding time.  

The untreated fibre-reinforced composite was designated as UT, and the alkali-

treated kenaf-reinforced composite was designated as CT. These acronyms are followed 

by a number referring to its fibre weight fraction (5%, 10%, or 20%).  

3.2.2 Preparation of MMT/PHB nanocomposite  

For each grade of montmorillonite, three different clay contents were used in the 

compounding process. The modification was done by dispersing the montmorillonite into 

the matrix using a BRABENDER KETSE 20/40 twin-screw extruder with a processing 

temperature range from 180°C to 190°C and screw speed at 200 RPM. Then, the extrudate 

was cut into pellets using a pelletiser. 

The pellets were dried and fed into a BOY 55M injection moulding machine and 

moulded into both bar and dumbbell-shaped specimens according to ASTM D638. The 

barrel temperature zones were set at 180°C, 180°C and 185°C from back to the front. The 

nozzle temperature was set at 185°C. The screw speed was maintained at 50 RPM. The 

injection pressure was set at 45 to 55 bar and 50 seconds holding time. The composite 

pellets were compression moulded into 1 mm thickness sheets using a compression 

moulding machine for rheology tests. Samples mixed with untreated montmorillonite are 
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labelled as PGV, and samples mixed with treated montmorillonite as TCN. The acronym 

is followed by a number referring to its clay content, either 3, 6 or 9 parts per hundred 

parts of resin (phr).  

The composition of specimens prepared is listed in Table 3.2. 

Table 3.2: Formulation list. 

Kenaf/PHB 
Composites 

Untreated kenaf 
(%) 

Treated kenaf 
(%) 

PHB - - 
UT5 5 - 
UT10 10 - 
UT20 20 - 
CT5 - 5 
CT10 - 10 
CT20 - 20 
MMT/PHB 
Composites 

Untreated MMT 
(phr) 

Treated MMT  
(phr) 

PHB - - 
PGV3 3 - 
PGV6 6 - 
PGV9 9 - 
TCN3 - 3 
TCN6 - 6 
TCN9 - 9 

 
 
 

3.3 Conditioning 

The moulded specimens were subjected to four different conditions before 

mechanical testing was commenced. The conditions are dry-as-moulded, indoor, 

outdoor, and soil burial. For indoor, outdoor and soil burial, the specimens were left for 

two and four months before mechanical properties were evaluated. 
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3.3.1 Dry-as-moulded (DAM) 

Specimens subjected to DAM condition are characterized immediately after moulding. 

This condition will serve as a reference for the other conditions. 

3.3.2 Indoor 

Specimens subjected to indoor conditions were left on the rack in the laboratory, away 

from direct sunlight. Any dirt or soiling was cleaned before testing. 

3.3.3 Outdoor 

Specimens subjected to outdoor conditions were mounted on custom racks, exposed 

directly to the weather, facing eastward. Any dirt or soiling was cleaned before testing.  

3.3.4 Soil burial 

Specimens subjected to soil burial were buried about one foot deep in garden soil, with 

at least 1 cm distance between each other. After the set duration, the samples were 

excavated and rinsed to remove lodged soil. The specimens were air-dried for 24 hours 

before testing. 

3.4 Characterisation 

3.4.1 Fibre characterisation 

The composition of lignocellulosic fibres was determined according to the Acid 

Detergent Fibre - Neutral Detergent Fibre (ADF–NDF) method described by van Soest 

and Wine (1968). This analysis was done by the Malaysian Agricultural Research and 

Development Institute (MARDI). 

Surface functional group changes were studied using a Fourier Transform-

Infrared (FTIR). FTIR spectra were acquired using a Spectrum 400, Perkin Elmer FTIR 

(USA) spectrometer equipped with ATR. The fibres were mounted on an ATR accessory 
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before scanning. The spectra were obtained with an accumulation of 16 scans and with a 

resolution of 4 cm−1 and a spectral range from 4000–650 cm−1. 

The thermal stability of the fibre was studied using Perkin Elmer TGA 6 (USA) 

Thermogravimetric Analyser. For each sample, 5 to 7 mg of the fibre were placed in 

ceramic pans and heated from 50°C to 900°C under nitrogen atmosphere (flow rate: 20 

mL/min) at a heating rate of 10°C/min.  

The fibre surface morphology was examined using a Hitachi Field Emission 

Scanning Electron Microscopy (FESEM) model SU8220 (JP). The fibres were coated 

with platinum (layer thickness ∼30 nm) to prevent charging on the surface. 

The fibres were analysed using PANalytical Empyrean powder XRD (NL) to 

determine changes in crystallinity. The fibres were mounted on a circular sample holder. 

The XRD was performed using radiation of CuKα = 1.5458 Ǻ at a diffraction angle (2θ) 

range of 10 to 50°. The crystallinity index (CrI) was calculated using the Highscore Plus 

software based on the method described by Segal et al. using the following equation 

(Segal et al., 1959):   

 
(𝐶𝑟𝐼) = (

𝐼002 − 𝐼𝑎𝑚

𝐼002
) × 100 (3.1) 

 
 

where I002 is the maximum intensity of the (002) lattice diffraction peak and Iam is the 

intensity scattered by the amorphous part of the sample. The diffraction peak for plane 

(002) is located at a diffraction angle of  2θ = 27°. The intensity scattered by the 

amorphous part was measured at a diffraction angle of around 2θ = 11.0°.  

Single fibre tensile tests for the fibres were conducted according to ASTM C1557. 

For the analysis, 80 to 120 individual filaments of kenaf were randomly selected, 

measured and mounted onto a mounting tab made of manila paper. The setup is illustrated 

in Figure 3.2. Before starting the test, the mid-section of the mounting tab is cut.  

Univ
ers

iti 
Mala

ya



 
 

30 
 
 

 

Figure 3.2: Mounting tab for single fibre tensile test. 

 
Instron Universal Testing Machine model 3345 (USA) was used during testing. 

The test was carried out at a 1 mm/min cross-head speed with a 0.1 kN load cell. The 

fibre diameter was measured using a Leco IA-32 image analyser. Ten readings were taken 

per specimen, and the average values were used in the calculation done by the software. 

Data from the single fibre tests were analysed using a modified two-parameter Weibull 

distribution function. The probability of failure PF(σ) for a single fibre at stress, σ and 

length, L can be written as  

  
 

𝑃𝐹(𝜎, 𝐿) = 1 − 𝑒𝑥𝑝 (−
𝐿

𝐿0
(

𝜎

𝜎0
)

𝑚

) (3.2) 
 

 

where m is the Weibull modulus, σo is the characteristic strength, and Lo is the gauge 

length. The Weibull modulus is the measurement of the scatters in the data. The equation 

above was rearranged for testing at a fixed gauge length (L=Lo). 
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𝑙𝑛 [𝑙𝑛 (

1

1 − 𝑃𝐹 (𝜎)
)] = 𝑚. 𝑙𝑛𝜎 − 𝑚. 𝑙𝑛𝜎0 (3.3) 

The tensile strength values of the fibres were arranged in ascending order, and the 

probability of failure was assigned using an estimator given by  

  
 

𝑃𝐹(𝜎𝑖) =
𝑖 − 0.5

𝑁
 

(3.4) 

where PF(𝜎𝑖) is the probability of failure corresponding to the ith strength value, and N is 

the total number of fibres tested. 

 

3.4.2 Composite characterisation 

3.4.2.1 Thermal analysis 
 

The thermal stability of the composites was studied using a Perkin Elmer TGA 6 

(Waltham, USA) thermogravimetric analyser. For each sample, 5 to 7 mg of the fibre was 

placed in ceramic pans and heated from 50°C to 900°C under a nitrogen atmosphere (flow 

rate: 20 mL/min) at a heating rate of 10°C/min. 

A Perkin Elmer DSC6 (Waltham, USA) was used to study the phase transitions 

in the composites. Approximately 5 mg of the specimen was used for the analysis. A 

typical DSC run would consist of three steps. The first step involved heating from 50°C 

to 200°C. Then, the sample was cooled to 50°C and held for at least 1 min. The final step 

involved heating from 50°C to 200°C. These steps were performed under controlled 

conditions, with a heating and cooling rate of 10°C/min and under nitrogen atmosphere 

(flow rate: 20 mL/min). The first step was taken as a precaution to remove the thermal 

history of the materials. The melting temperature (Tm) and melting enthalpy (ΔHm) were 

determined from the second heating run. 
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3.4.2.2 Rheology 
 

The rheological behaviour of the composites under oscillatory shear flow was 

investigated using an Anton Paar MCR 301 rheometer (Anton Paar, Graz, Austria) with 

a CTD450 attachment. A parallel plate with a 25-mm diameter and 1-mm gap was used. 

A dynamic frequency sweep was conducted with 1% strain amplitude and an angular 

frequency ranging from 0.5 to 500 rad/s at 180°C. 

 

3.4.2.3 Mechanical properties 
 

Tensile tests were performed using an Instron 5569 Universal Testing Machine 

(Canton, NJ, USA) equipped with a 50 kN load cell and a mechanical extensometer 

(Instron, Canton, NJ, USA) with a cross-head speed of 10 mm/min-1. The specimen 

dimension and shape were made following ASTM D638. The tests were performed at 

room temperature, and the extensometer jaw grip was set at 50 mm. A minimum of seven 

specimens per batch was tested to obtain the best reproducible results. For each batch of 

the specimen, the average values of Young’s modulus (E), tensile strength (σmax), and 

tensile strain (ε) were calculated by the Bluehill software (Instron, version 2.24, Canton, 

NJ, USA) from the stress over strain curve obtained. The E was calculated at 0.5% strain. 

A simplified diagram for the tensile testing setup is provided in Figure 3.3. Univ
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Figure 3.3: Tensile test setup. 

 

Flexural tests were performed using an Instron 5569 universal testing machine 

(Canton, NJ, USA). The distance between the supports spans (L) was 50 mm, and the 

cross-head speed was 1.31 mm/min. The speed of the cross-head motion (R) was 

calculated by using 

 
𝑅 =

𝑍𝐿2

6𝑑
 

(3.5) 
 

 

where L and d are the specimen’s support span (mm) and depth (mm), respectively, and 

Z, is the straining rate equal to 0.01. The test was conducted at room temperature. The 

specimen shape and dimension were prepared as per ASTM D790. Five specimens per 

batch were tested, and the averages were recorded. The flexural modulus and strength 

were calculated using the Bluehill® software (Instron, version 2.24, Canton, NJ, USA) 
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from the obtained flexural curve. A simplified diagram for the flexural testing setup is 

provided in Figure 3.4 

 

Figure 3.4: Flexural test setup. 

 

The bar-shaped test specimens were notched using a Ray Ran notch cutter and 

tested using an Instron Dynatup 9210 Drop Tower Impact Tester with a V-shaped tup. 

The impactor weight was 6.45 kg, and the impactor velocity was set at 0.85 ms-1. The 

notch depth to specimen depth ratio is set at 0.2. Only one notch depth is selected to 

reduce the amount of sample required (Hassan et al., 2011). The specimen dimension 

used is as stated in ASTM E23. At least ten specimens were tested for each sample. A 

simplified diagram for the impact test setup is provided in Figure 3.5. 

For this study, a drop weight impact test was used. The test uses the free fall of 

known weight to supply the energy to break a beam shaped specimen. The kinetic energy 
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of the falling weight is adjusted by simply varying its drop height. Energy absorbed by 

the specimen is calculated as 

 
𝑈𝑡 =

𝑊

2𝑔
(𝑢1

2 − 𝑢2
2) (3.6) 

 
 

 

Figure 3.5: Impact test setup. 

 

where W is the weight of the striking head, g is the acceleration due to gravity (9.8 ms-1), 

u1 is the velocity of the striking head just before impact ( = √2𝑔𝐻 ), u2 is the measured 

velocity of the striking head just after impact, and H is the drop height. 

 

3.4.2.4 Field Emission Scanning Electron Microscope (FESEM)   
 

The fractured surface of the composite specimens was examined using a Hitachi 

Field Emission Scanning Electron Microscopy model SU8220 (JP) to study the effect of 
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MMT on the fracture mechanics of the materials. EDX was used to map the dispersion of 

Al and Si in the composite to study MMT dispersion.  

 

3.4.2.5 Transmission Electron Microscope (TEM) 
 

The microstructure of the composite was also studied using a FEI Tecnai G2 

transmission electron microscope. A thin layer of the samples was prepared using a 

microtome, and images were obtained at 200 kV. The interlaminar distance of the 

nanoclay was measured using the TEM images. 
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CHAPTER 4:  RESULTS AND DISCUSSION 
 

4.1 Fibre pretreatment 

4.1.1 Fibre chemical composition 

Major components in kenaf fibres are cellulose, hemicellulose and lignin. The 

effect of alkali treatment on the chemical composition of kenaf fibres was studied and 

the data obtained are listed in Table 4.1. 

 

Table 4.1 Chemical composition of alkali-treated and untreated kenaf fibres. 

  
Cellulose 

(%) 
Hemicellulose 

(%) 
Lignin 

(%) 
Untreated 58.1 16.1 14.1 
2% 3 hr 67.6 9.0 10.1 
2% 4 hr 65.4 9.5 10.7 
2% 5 hr 67.6 13.1 7.8 
4% 3 hr 67.6 11.8 8.8 
4% 4 hr 72.8 12.7 7.9 
4% 5 hr 69.0 9.1 8.7 
6% 3 hr 69.0 9.7 9.4 
6% 4 hr 68.7 10.4 9.1 
6% 5 hr 74.1 12.2 6.3 

 
 

In general, all treated fibres have lower lignin composition when compared to the 

untreated fibres. For example, fibres treated with 4% NaOH for 4 hours contain 7.9% 

lignin, while untreated fibres contain 14.1% lignin.  Hemicellulose content was also 

reduced, from 16.1% in untreated fibres to 12.7% in fibres treated with 4% NaOH for 4 

hours. Various studies have reported that alkaline treatment of natural fibres results in 

fibres with lower lignin content, cleaner surface due to removal of wax and oils, and 

increased crystallinity (Cai et al., 2015; Fiore et al., 2015; Kabir et al., 2012). Alkali 

sensitive hydroxyl groups in the molecules were broken down, reacted with water 

molecules, and removed from the fibre. A generalised reaction mechanism scheme for 
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this interaction has been suggested by Ferreira et al. (2019), and the schematic diagram 

of treated and untreated fibre (Mwaikambo & Ansell, 2002) are illustrated in Figure 4.1. 

The hydrophilicity of the fibres was reduced and produced a cleaner and rougher surface 

for adhesion with the polymer. 

 

Figure 4.1: Generalised mechanism and schematic diagram for alkali treatment of 
cellulosic fibres. 

 

It was also expected that increasing the soak time and solution concentration 

would lower lignin content and a higher cellulose percentage. The lower lignin content is 

due to a more potent reagent used or longer duration for the reagent to act. However, from 

the observation, this was not always the case. For example, fibres treated with 4% NaOH 

for 5 hours have higher lignin content than those treated with the same reagent for 4 hours. 

It is because natural fibres are not uniform in composition.  Hemicellulose content was 

also expected to be reduced by the treatment. Meanwhile, it can also be observed that a 
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2% NaOH solution requires a longer soak time to be effective. The surface images of the 

treated and untreated fibres were captured using FESEM. 

The surface of the untreated fibres is shown in Figure 4.2 (a). The surface is 

covered with impurities such as wax and debris. On the other hand, Figure 4.2 (d) shows 

the surface of kenaf fibre after being treated with 4% NaOH solution for 4 hours. The 

image provides visual evidence that the treatment was effective in removing impurities. 

The result from the chemical composition analysis also confirms that the percentage of 

hemicellulose and lignin was reduced after treatment. The lignin layer on the fibre's 

surface has been removed, and the surface is rougher, as supported by the results from 

the chemical composition analysis. A cleaner and rougher surface, in theory, should 

improve adhesion between the fibres and the matrix (Herrera-Franco & Valadez-

González, 2005).  

Figure 4.2 (b) and (c) are the surface images of fibres treated with 2% NaOH for 

3 hours and 4% NaOH for 3 hours, respectively. From the image, it was observed that the 

surface of the fibres was partially cleaned for both treatment parameters. It is predicted 

that such fibres would produce weaker composites than the optimally treated fibres. 

However, chemical composition and surface analysis alone is insufficient to decide 

optimal treatment parameters. For example, fibres treated with higher concentrations of 

NaOH or longer times can all display similar surface profiles, yet, they exhibit subpar 

mechanical properties. It has been reported that prolonged exposure to NaOH can damage 

the fibres, reducing their mechanical properties (Krishnaiah et al., 2017). Sub-optimal 

NaOH concentration or soak time could lead to excessive delignification, introducing 

stress concentrator into the fibre structure.  
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Figure 4.2: FESEM image of a) untreated fibre surface b) 2% NaOH for 3 hours, c) fibres treated with 4% NaOH for 3 hours, and d) fibre 
treated with 4% NaOH for 4 hours 

40 
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4.1.2 FTIR 

The fibres were analysed using FTIR, and the IR spectra were compared to study the 

effect of surface treatment on the fibres. The IR spectra for the fibres treated with 4% 

NaOH are shown in Figure 4.3.  

 

 

Figure 4.3: FTIR spectra of treated and untreated fibres. 

 
All spectra had broad bands at 3400 cm-1 corresponding to free OH groups on 

cellulose molecules. Also, all spectra exhibited peaks related to the C-H stretching 

absorption between 2800 - 2900 cm-1. The peaks at 1734 cm-1 are associated with C=O 

stretching of the acetyl group in hemicelluloses (El-Shekeil et al., 2012). It can also be 

attributed to the p-coumaric acids of lignin or hemicelluloses. The peak at 1239 cm-1 is 

attributed to the C-O stretch of the acetyl group of lignin (Sgriccia et al., 2008). These 

peaks are absent in the spectra of the treated fibres. The disappearance of these peaks 

indicates that most of the surface lignin and hemicelluloses were removed during the 
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treatment (Asim et al., 2016). Increasing the soak time also reduced the intensity of these 

peaks. The reduction indicate that more hemicellulose and lignin were removed from the 

fibre as the alkali soak time was increased.  

4.1.3 TGA 

TGA curves of untreated and treated kenaf fibres are provided in Figure 4.4.  

 

Figure 4.4: TGA curve for treated and untreated fibres. 

 

The curves show that the degradation of natural fibres consists of multiple steps. 

The first mass loss occurs between 50 - 130°C and can be attributed to the removal of 

moisture from the sample. The second transition occurred between 250 - 350°C and 

resulted in a 50% weight loss. It can be attributed to the degradation of hemicellulose and 

cellulose (Ouajai & Shanks, 2005; Pang et al., 2015; H. Yang et al., 2007). Cellulose 

degradation begins with dehydration reactions, followed by chain scission with the 

elimination of condensation products and the production of carbon residue. The abrupt 

weight loss observed indicates that cellulose decomposed quickly, and products were 

released intensively within a short period. Arseneau (1971) has proposed that cellulose 

polymer tend to be carbonised at this relatively lower temperature through the 
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dehydration and cross-linking reaction.   The dehydration of cellulose begins at 

temperatures as low as 210°C, resulting in the formation of anhydrocellulose. This 

compound is quite reactive and undergoes further reactions that produce CO, C02, H20, 

and most residual char.  

The next transition occurs in a broad region between 350 - 630°C, which can be 

attributed to the continued decomposition of lignin and tar or char from the decomposition 

of the main components (Yao et al., 2008).  Lignin contains many aromatic rings with 

various branches, and the activity of the functional groups cover a wide range, which is 

why the degradation of lignin covers a wide range of temperatures (Yang et al., 2007). 

Depolymerisation of residual cellulose yielding the levoglucosan (LG) tar becomes 

significant at about 270°C and builds up rapidly. The amount of char produced at the end 

of the reaction will vary depending on factors such as heating rate (Shen & Gu, 2009). 

Overall, the thermal decomposition pathway for cellulose is very complex and speculative 

chemical pathways were proposed by Shen & Gu in Figure 4.5. 

The 50% degradation temperature (T50%), onset temperature (Tonset) and peak 

derivative temperature (DTp) for the fibres are listed in Table 4.2. From the table, alkali-

treated fibres are more heat resistant than the untreated fibres as all treated fibres have 

higher values compared to the untreated fibres. The most obvious improvement is in the 

Tonset. Tonset is determined by extrapolating the starting temperature by determining the 

intersection of the starting-mass baseline and the tangent to the TGA curve at the 

maximum gradient as stated in ISO 11358-1. In this work, Tonset was determined for the 

second transition occurring between 250°C to 350°C. Therefore, Tonset can indicate the 

thermal stability of the fibres where a higher Tonset means better thermal stability, as the 

fibres can withstand higher temperature before degradation occurs.  
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Figure 4.5: Speculative chemical pathways for direct conversion of cellulose 
molecules. 

 

Table 4.2: Onset temperature, T50% and DTp of treated and untreated fibres. 

 
Sample Tonset 

(°C) 
T50% 
(°C) 

DTp 
(°C) 

Untreated 259 341 337 
2% 3 hr 283 345 339 
2% 4 hr 284 343 336 
2% 5 hr 277 343 336 
4% 3 hr 284 346 340 
4% 4 hr 287 346 341 
4% 5 hr 291 349 345 
6% 3 hr 292 352 352 
6% 4 hr 294 350 348 
6% 5 hr 293 350 350 

 

Fibres with a higher onset temperature are preferable because it has higher heat 

resistance. These fibres will resist degradation during processing which involves 
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temperatures up to 200°C. Fibres treated with 6% NaOH solution for 4 hours has the 

highest Tonset at 294°C. The improvement in heat resistance can be attributed to the 

removal of hemicellulose and lignin and increased crystallinity as a result of the chemical 

treatment. Sgriccia et al. (2008) have reported that alkaline and bleaching treatments 

would increase the degree of crystallinity of natural fibres. The crystallinity of the fibres 

was increased simply due to the removal of the amorphous hemicellulose and lignin 

during the treatment process (Suryanto et al., 2014). Suryanto et al. suggested that due to 

amorphous hemicellulose having a lower molecular weight than cellulose, they are more 

susceptible to attacks by the NaOH solution and therefore easily removed during 

treatment.  It was also observed that the thermal stability of the fibres improved with the 

increase of NaOH concentration. This improvement is because the solution with a higher 

NaOH concentration can remove more hemicellulose and lignin during the soaking 

process. Hemicellulose and lignin have lower thermal resistance than cellulose (Hossain 

et al., 2013; Shahinur et al., 2020). Thermal decomposition of hemicellulose and lignin 

occurs at a temperature range of 25°C - 290°C and 150°C - 420°C, respectively. A similar 

trend was observed for T50% and DTp.   

 

4.1.4 XRD 

X-ray diffractograms of the untreated and treated kenaf fibres are provided in Figure 

4.6. The diffractograms were typical of semi-crystalline materials, displaying a broad 

amorphous hump and crystalline peaks. Cellulose 1 is the principal constituent of natural 

fibres, and its structure proposed by Arthur (1989) is illustrated in Figure 4.7.  
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Figure 4.6: XRD diffractograms of untreated and treated kenaf fibres. 

 

 

 

Figure 4.7: Crystalline unit cell of natural cellulose 1. 
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Three peaks typical to cellulose I were present at around 2θ = 16°, 23°, and 27° 

(Kargarzadeh et al., 2012; C. Wang et al., 2016). It was also observed that the intensity 

of the peaks was increased after the alkaline treatment producing sharper peaks. This 

observation indicates that the treatment effectively removed non-cellulosic amorphous 

components such as hemicellulose and lignin on the fibre's surface.  

The CrI of the samples was calculated using the Highscore Plus software and is 

illustrated in Figure 4.8. It should be noted that the crystallinity value reported is not the 

actual crystallinity of the sample, but it is still helpful for comparison. Park et al. (2010) 

discussed that the method developed by Segal et al. (1959) helps compare relative 

differences between samples but should not be used to estimate the amount of crystalline 

and amorphous material in a cellulose sample. The researchers suggested that the Segal 

method underestimates the Iam value, resulting in overestimating the CrI. In addition, only 

the tallest peak was used in the calculation, putting too much emphasis on the contribution 

from one alignment of the crystal lattice.  

Lastly, peaks in the cellulose diffraction spectrum are broad and vary considerably 

in their width, which could be affected by crystallite size (Garvey et al., 2005). A simple 

height comparison cannot be expected to provide a reasonable estimate of cellulose 

crystallinity. Nevertheless, the Segal method is quick and straightforward and is sufficient 

for this work.  

The XRD diffractogram of untreated kenaf fibre and kenaf fibre treated with 4% 

NaOH for 5 hours illustrated in Figure 4.6 showed that all three major peaks attributed to 

cellulose 1 are still present, indicating that no alteration of the crystal structure has 

happened due to the low concentration and temperature used. It was found that treated 

kenaf has higher crystallinity when compared to untreated kenaf. For example, the 
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crystallinity for untreated kenaf and kenaf treated with 4% NaOH for 4 hours is 49.9% 

and 53.0%, respectively. 

  
 

 

Figure 4.8: Relative crystallinity of treated and untreated fibres. 

 

As illustrated in Figure 4.8,  the crystallinity of the samples slightly increased with 

the increase in soak time. However, no clear trend was observed when the NaOH 

concentration was increased. Sri Aprilia et al. (2016) reported that the crystallinity of 

fibres extracted from kenaf slightly increased when the soaking time was increased from 

1 to 2 hours. However, increasing the treatment time to 3 hours caused the crystallinity 

to decrease, possibly due to damages done to the crystalline region during the treatment.  
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4.1.5 Fibre diameter 

The diameter of the fibres was measured using a Leco image analyser. A minimum of 

80 fibres were measured. Each fibre was measured at ten different points, and the average 

was recorded. The values were then tabulated and presented in histogram form, as shown 

in Figure 4.9. 

 

Figure 4.9: Histogram of kenaf fibre diameter. 

 

From the histogram, it can be observed that the diameter has a normal bell-shaped 

distribution. For untreated fibres, the highest population is observed in 90 to 110 µm. 

However, for treated fibres, most of the population is observed in the range of 70 – 90 

µm, indicating a reduction in diameter. The mean diameter of the fibre decreases after 
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alkali treatment. The number-average (Dn) and weight-average (Dw) of the fibre diameter 

were calculated and presented in Table 4.3. 

Table 4.3: Dn and Dw for untreated and treated kenaf. 

Sample Dn (µm) Dw (µm) 

Untreated 110 110 
4% 3 hr 100 110 
4% 4 hr 90 100 
4% 5 hr 80 90 

 
 

The mean diameter was reduced from 110 µm for untreated fibres to 80 µm for 

fibres treated with 4% NaOH for 5 hours. The alkali treatment breaks the hydrogen bonds 

between the hydroxyl groups of the cellulose, hemicellulose, and lignin, leading to the 

breakdown of fibre bundles into smaller fibres (Roy et al., 2012). This observation is 

consistent with the results obtained from the chemical composition analysis, where the 

content of hemicellulose and lignin in the kenaf fibres were reduced post-treatment. The 

reduction in fibre diameter is favourable because it will increase the effective surface area 

(Krishnaiah et al., 2017). Theoretically, fibres with smaller diameters will have lower 

critical fibre length, the minimum length at which the fibres would effectively reinforce 

the matrix (Thomason et al., 1996). 

4.1.6 Single fibre tensile test 

The tensile properties of the fibre will be one of the more important factors when 

deciding the optimal treatment. The treatment must be effective enough that the surface 

of the fibres will be cleaned but not to the point of damaging the fibres. Theoretically, 

damaged fibres would have lower mechanical properties compared to undamaged fibres. 

A stress-strain curve was obtained from the single fibre test, and the tensile properties of 

the fibres were extracted from it. The stress-strain curves for different natural and 
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synthetic fibres were reported by Vistal & Retulainen (2014) and are illustrated in Figure 

4.10. 

A stress-strain curve for a material describes the relationship between stress and 

strain. During tensile testing, tension was applied gradually onto the sample until failure. 

The elongation of the gauge section was recorded against the applied force. Elongation 

measurement was used to calculate the tensile strain, ε, using the following equation: 

 
𝜀 =

∆𝐿

𝐿0
=  

𝐿 − 𝐿0

𝐿0
 (4.1) 

 
 

 

Figure 4.10: The stress-strain curves of different natural and synthetic fibres 
(Vishtal & Retulainen, 2014). 

 

where ΔL is the gauge length change, L0 is the initial gauge length, and L is the final 

length. On the other hand, stress, σ, is calculated using the following equation:  
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𝜎 =

𝐹

𝐴
 (4.2) 

 
 

where F is the tensile force, and A is the nominal cross-section of the specimen. The 

machine constantly calculates these values during the experiment and plots the stress-

strain curves, as seen in Figure 4.10.  

Young’s modulus is measured by determining the slope of the stress-strain curve 

in the linear region, typically at very low strain values. Materials with steeper stress-strain 

curves would exhibit greater Young’s modulus values. The tensile strength is determined 

by the greatest load on the stress-strain curve. The ductility of the fibres can also be 

determined by studying the stress-strain curves. Ductile fibres such as Nylon, viscose and 

wool exhibit yielding and strain hardening due to plastic deformation. On the other hand, 

brittle fibres such as kenaf, hemp and flex do not exhibit any yielding. The stress-strain 

curve ends at the highest load because the fibre breaks immediately. The Young’s 

modulus and tensile strength of the kenaf fibres measured in this work are illustrated in 

Figure 4.11. 
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suggested that the tensile strength increases after NaOH treatment due to the increased 

uniformity of the fibre after the impurities were removed (Asim et al., 2016). The initial 

reduction can be due to the ineffectiveness of the treatment, leaving the fibre in an 

irregular structure due to impurities still present on the surface of the fibres, as observed 

in Figure 4.2. These irregularities can form stress concentration areas on the fibres, 

leading to premature failure, resulting in the treated fibre having lower tensile strength 

than untreated fibres. When the kenaf fibres are soaked for a longer duration, the fibres 

become more uniform, improving their strength in the process. In order to get the best 

possible fibres in terms of tensile strength, the lignin and hemicellulose must be entirely 

removed, leaving only cellulose. Unfortunately, the method employed in this study was 

unable to achieve complete removal of hemicellulose and lignin.  

 
In order to better understand the data obtained from single fibre testing, Weibull 

analysis was performed. The Weibull plots for the treated and untreated fibres were 

plotted in Figure 4.12. At higher stress, the plot exhibits a linear shape. However, 

deviations from the line were observed at lower stresses, especially for fibres treated for 

more than 3 hours. The deviation is because weaker fibres tended to fail prematurely and 

were not tested during the preparation of the samples, although the selection was made at 

random. This premature failure results in a bias in the lower stress region and must be 

considered later when selecting the optimal treatment.   

In order to study the Weibull parameters, the plot was linearly fitted and analysed. 

The corresponding Weibull parameters, m and σo, are tabulated in Table 4. The Weibull 

modulus, m, describes the variability in measured material strength of brittle materials. A 

higher m value would indicate that the measurement slightly varies from sample to 
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sample.  The slight variation can be due to the samples having evenly distributed flaws 

throughout the sample instead of flaws clustered inconsistently. 

From Table 4.4, it can be observed that the m value increases as the treatment time 

increases, from 1.87 to 2.79 for samples treated for 3 and 4 hours, respectively. However, 

soak time of 5 hours caused the m value to decrease. This observation may indicate that 

the alkaline solution has started to erode the cellulose fibrils with prolonged soaking time, 

introducing new flaws into the system, reducing the Weibull modulus. In order to support 

this explanation, Weibull analysis of kenaf fibres treated at 4% NaOH concentration for 

six hours was done. m for fibres treated for 6 hours at 4% concentration was further 

reduced to 1.67. The majority of the fibres had prematurely failed even before the tensile 

load was applied.  

Table 4.4: Weibull parameters of tested fibres. 

 
Sample m σo 

(MPa) 
R2 

Untreated 1.58 210.2 0.91 
4% 3hr 1.87 138.2 0.97 
4% 4hr 2.79 195.7 0.96 
4% 5hr 2.64 219.0 0.92 
4% 6hr 1.67 301.7 0.97 

 
 

The characteristic strength, σ , also exhibited a similar trend as observed earlier. 

The strength of the fibre increases with increasing soak time. σ  increases from 138.2 MPa 

to 219.0 MPa when the soak time increases from three to five hours. Although fibres 

treated for six hours exhibited the highest σ , it must be brought to attention that this value 

could be inaccurate because most of the lower strength fibres have prematurely broken, 

and its tensile properties were not measured.  

Univ
ers

iti 
Mala

ya



 
 

 
 
 

 

 

Figure 4.12: Weibull plot for untreated and treated kenaf fibres. 
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4.2 Kenaf fibre composite properties 

 
Kenaf reinforced PHB composites were prepared using alkali-treated and untreated 

kenaf fibres. The alkali treatment parameter selected was immersion in 4% NaOH for 

four hours. The properties of the specimens were characterised immediately for 

specimens subjected to dry as moulded condition.  

4.2.1 Thermal properties 

  The thermal properties of the composite were studied using DSC and TGA. TGA 

would yield information critical in understanding the thermal resistance of the material. 

On the other hand, DSC provides an understanding of the composite's crystallinity and 

melting behaviour. 

4.2.1.1 TGA 
 

The thermal degradation behaviour of the composites and the influence of fibre 

surface treatment was studied using TGA. The TGA curve of PHB and the treated kenaf 

composites are provided in Figure 4.14.  

The PHB exhibited a single step degradation between 240°C and 320°C. The 

sharp incline suggested that the degradation rapidly occurred. In contrast, the composite 

displayed two-step degradation. The first step was similar to pure PHB, containing a sharp 

incline, occurring between 230°C and 320°C, and it was attributed to the degradation of 

the matrix. The second step occurred over a wider range, between 320°C and 600°C. The 

second transition was more prominent in the samples with a higher fibre content and was 

attributed to the degradation of kenaf fibres. The onset temperature (Tonset), T50%, and 

derivative peak temperature (DTp) were calculated from the curve and tabulated in Table 

4.5.  
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Table 4.5: Onset temperature (Tonset), T50%, and derivative peak temperature (DTp) 
for kenaf reinforced composites. 

Sample Tonset (°C) T50% (°C) DTp (°C) 
PHB 298.1 310.0 314.2 
UT5 286.2 297.3 300.8 
UT10 288.2 296.7 299.5 
UT20 279.6 288.0 289.7 
CT5 284.3 296.4 298.6 
CT10 279.8 292.2 295.0 
CT20 273.5 283.7 284.6 

PHB – polyhydroxybutyrate; UT – untreated fibre composite; CT – alkali-
treated fibre composite 

 

 
The thermal degradation mechanism of PHB has been studied and is suggested to 

be primarily a random chain scission process by a β-elimination reaction via a six-

membered cyclic transition state (Doi et al., 1990; Grassie et al., 1984; Xiang et al., 2016). 

Activation energies between 109 ± 13 kJ mol-1 for PHB have been reported (Mitomo & 

Ota, 1991). PHB thermal decomposition produces crotonic acid via β-elimination (Ariffin 

et al., 2008). Bordes et al. (2009) suggested the mechanism of thermal degradation for 

PHB, illustrated in Figure 4.13. 

 
 

 

Figure 4.13: Thermal degradation mechanism of PHB. 
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Figure 4.14 TGA curve for PHB and treated kenaf composites. 
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Significant quantities of PHB oligomers and small quantities of isocrotonic acid 

were also evolved on heating the polymer to around 300°C. Secondary products such as 

propylene, ketene, CO2, and acetaldehyde were also formed by the further decomposition 

of the primary products. Conventional thermal stabilisers have been shown to have little 

effect in preventing thermal degradation of PHB (Asrar & Gruys, 2005). The thermal 

degradation mechanism of PHB-HV copolymers has been reported to be similar to that 

for PHB, with similar activation energy and degradation kinetics (Doi et al., 1990). 

The thermogram for kenaf reinforced PHB composites in Figure 4.14 exhibit a 

two-step degradation. The first transition is a sharp weight reduction between 250°C - 

300°C. This degradation step can be attributed to the thermal degradation of PHB and 

cellulose. At this temperature range, the pyrolysates' volatilisation was reported, which 

contributes to the reduction of the sample weight (Mitomo & Ota, 1991). There is a 

correlation between weight reduction and fibre loading. For example, the weight 

reduction occurring for CT10 and CT20 is 89% and 81%, respectively. In addition, neat 

PHB decomposes entirely, leaving almost no residue. This observation indicates that PHB 

fully decomposed within that temperature range, leaving only residues from incomplete 

thermal decomposition of kenaf fibres. The second transition step is more gradual and 

similar to the second degradation transition observed in kenaf fibre samples (Figure 4.4)  

In general, kenaf-reinforced PHB composites, regardless of the treatment, had 

lower thermal stability compared to pure PHB. For example, the Tonset for PHB, UT20, 

and CT20 were 298.1°C, 279.6°C, and 273.5°C, respectively. A lower onset temperature 

indicated that the material began to degrade at a lower temperature. A similar trend was 

observed for T50% and DTp. During thermal processing of PHB, chain-end condensation 

leads to an increase in the molecular weight, and thermal degradation leads to a decrease 

in molecular weight concurrently. Since each thermal degradation event produces a 
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carboxyl and a crotonate chain end, the carboxyl group concentration increases 

significantly with time. At the same time, chain-end condensations are minimised, leading 

to a reduction in the molecular weight. It is reported that an increase in the hydroxy 

termination in PHB results in improved thermal stability by prolonging the condensation 

and delaying the degradation reaction (Asrar et al., 2000). Vahabi et al.  (2019) has 

reported that the presence of lignin causes PHB to start to decompose at a lower 

temperature compared to neat PHB thermally. When subjected to Pyrolysis Combustion 

Flow Calorimeter analysis, the researchers reported that PHB samples containing lignin 

exhibited peak thermal decomposition 60°C lower than neat PHB (~300°C).  

The composite's thermal stability decreased with increasing kenaf fibre content 

for untreated and treated fibres.  In addition, it was observed that the thermal stability of 

untreated kenaf-reinforced composites is higher than their treated counterparts. It was 

proven that the alkali treatment had stripped the fibres of its lignin outer layer (Hassan et 

al., 2018). It could be possible that an interaction between the exposed cellulose portion 

of the treated kenaf fibres and PHB or its decomposition byproducts, such as crotonic 

acid, at elevated temperatures, led to lower thermal stability. In comparison, the lignin 

and hemicellulose present on untreated kenaf fibres could act as a protective layer against 

these chemicals. Further study is required to understand the phenomenon better. 

 

4.2.1.2  DSC 
 

Information obtained through DSC would improve the understanding of the phase 

changes (e.g., melting) that the composite went through in the temperature range studied. 

The mechanical properties of the composite were influenced by the molecular structure 

of the matrix (crystalline structure, orientation of amorphous regions), especially the 
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degree of crystallinity. The DSC thermogram for the PHB and treated kenaf composites 

is provided in Figure 4.15.  

Important parameters that were studied, such as melting temperatures (Tm), 

enthalpy heat of melting (ΔHm), and the degree of crystallinity (Xc), for the composites 

are given in Table 4.6. The Xc was calculated using the following equation, 

 
𝑋𝑐 =

∆𝐻𝑚

∆𝐻𝑚 ∗
× 100 (4.3) 

 
 

where ∆Hm* is the enthalpy heat of fusion for an ‘ideally’ fully crystalline PHB, taken as 

146 J/g (Barham et al., 1984). The values provided in the table have been normalised 

according to the actual PHB content in the composite.  

The thermogram obtained from DSC showed a single endothermic peak attributed 

to the melting of PHB. As shown in the table, the addition of kenaf fibres slightly reduced 

the melting temperature of PHB. For example, the Tm for neat PHB and UT5 were 

175.1°C and 166.1°C, respectively. Melting temperature is influenced by the 

intermolecular forces and the packing of the crystals. If the crystal is closely packed, more 

intermolecular forces will hold the crystals together. These minor bonds need to be broken 

to melt, hence a higher Tm value. However, the presence of kenaf fibres in the composite 

disrupted the crystal packing, reducing the intermolecular bonds and thus lowering the 

Tm. In contrast, when the fibre weight fraction was increased, no clear trend regarding the 

Tm was observed regardless of the fibre type used.  

Mousavioun et al. (2013) studied the effect of lignin on the thermal properties of 

PHB/lignin blends. The researchers reported that lignin and PHB are miscible up to 40% 

lignin content. In addition, lignin has a plasticizing effect on PHB, increasing its glass 

transition temperature (Tg) and reducing Tm. This effect is only observed at lower lignin 

content. The blend is no longer miscible above 40% lignin content, resulting in two 
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separate Tg and Tm peaks observed.  In this work, it has been shown that untreated kenaf 

contains a higher amount of lignin compared to alkali-treated kenaf fibres (Table 4.1). 

This relatively higher lignin content can contribute to the relatively low Tm observed in 

untreated kenaf PHB composites compared to its alkali-treated counterpart.  

 

Table 4.6 Melting temperature (Tm), enthalpy of fusion (ΔHm), and degree of 
crystallinity (Xc) for kenaf reinforced PHB composites. 

Sample Tm (°C) ΔHm (%) Xc (%) 
PHB 175.1 73.9 50.6 
UT5 166.1 78.3 56.4 
UT10 169.0 71.2 54.2 
UT20 169.0 63.3 54.2 
CT5 172.7 61.9 44.7 
CT10 172.3 63.5 48.4 
CT20 169.4 60.2 51.5 
 

The introduction of untreated kenaf fibres into PHB increased its Xc. For example, 

the Xc for neat PHB and UT5 was 50.6% and 56.4%, respectively. It has been reported 

that fibres can promote nucleation along the fibre matrix interface resulting in increased 

Xc (Yang et al., 2014). However, increasing the fibre weight fraction of untreated fibres 

from 5% to 20% caused the Xc to decrease from 56.4% to 54.2%. On the other hand, 

introducing alkali-treated kenaf fibres caused the Xc to be lower than neat PHB. For 

example, Xc for CT10 was 48.4%, lower than neat PHB (50.6%). Lower Xc indicated that 

the addition of treated kenaf fibres may have interfered with the crystallisation process of 

the PHB matrix. 

 Weihua et al. (2004) prepared a compression moulded lignin/PHB blend to study 

lignin’s ability as a nucleating agent for PHB. The researchers reported that the spherulitic 

growth rate, the maximum spherulitic growth temperature, and the nucleation density 

were increased, indicating that lignin is a promising nucleating agent for PHB. This 
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behaviour explains the observation in this work, where Xc for untreated fibres is higher 

than treated fibres. In DSC analysis, the crystallinity of the polymer is the one being 

studied; therefore, the fact that treated fibre has higher crystallinity, as discussed earlier, 

is a non-factor. DSC measures phase changes and the fibres do not undergo any phase 

change in the temperature range tested. 
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Figure 4.15: DSC thermogram for PHB and treated kenaf composites. 
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4.2.2 Rheology 

The flow of composite melt is essential and can be influenced by temperature, 

pressure, screw speed, filler content, and die size. Information from rheology can reflect 

the internal structure and processability of the melt. Flow behaviour is important during 

compounding and injection moulding, especially to understand and optimise the mould 

filling process.  Information, such as the storage modulus (G’), loss modulus (G’’), and 

complex viscosity (η*), were obtained from a dynamic frequency sweep of the composite 

sample at constant amplitude and temperature. Figure 4.16 illustrates the complex 

viscosity curve as a function of angular frequency for the kenaf-reinforced PHB 

composites for treated and untreated fibres and different fibre loadings.  

From Figure 4.16, it can be observed that for neat PHB, UT5, and CT5, the 

complex viscosity (η*) slightly increased with increasing angular frequency (ω). 

However, above ten rad/s, the melts exhibited Newtonian fluid behaviour. For UT10 and 

CT10, the melts exhibited Newtonian fluid behaviour throughout the tested ω range. 

However, for UT20 and CT20, the composite melts displayed a shear-thinning behaviour, 

where the η* decreased with increasing ω. These behaviours indicate the transformation 

from solid-like behaviour at lower ω to fluid-like behaviour at higher ω (Salleh et al., 

2014). At higher fibre loading, the presence of fibres affected the normal melt flow and 

hindered the mobility of the polymer chain. In addition, the fibre-fibre collision 

compounded this effect. However, sufficient force was subjected to the fibres at a higher 

frequency, aligning the fibres with the flow direction and significantly improving 

flowability.  

It was also observed that increasing the fibre content increased the η*. Composites 

reinforced with treated kenaf fibres also exhibited higher η* for all fibre loadings, 

indicating the fibre and matrix having improved interaction. Stronger interactions 
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between the fibre and matrix obstruct the flow of the matrix, hence increasing the 

viscosity (Chun et al., 2015).  

The storage and loss modulus for neat PHB and all the composites are illustrated 

in Figure 4.17 and Figure 4.18. Both the storage modulus (G’) and loss modulus (G”) for 

neat PHB and all the composites increased with increasing ω. The G’ of the composite 

melted at a lower ω and was heavily influenced by the kenaf fibre content. The composite 

melt exhibited a plateau at a lower ω, and the magnitude of the plateau increased with 

increasing kenaf fibre content. The increase was attributed to the increasing rigidity of 

the melt due to the addition of fibres. The G” also displayed a similar trend; however, the 

plateau was only visible in composites with 20% fibre loading.  At 20% fibre loading, the 

melt behaves as a solid at lower angular frequencies. The high content of fillers in the 

melt requires more force before the material can flow. At lower fibre loading (5% and 

10%), the melt behaved as a Maxwell fluid, typical for thermoplastic melts. For both G’ 

and G”, the CT composites exhibited higher values than their UT counterpart. 
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Figure 4.16 Complex viscosity-angular frequency behaviour of untreated and treated kenaf PHB composites at three different fibre loadings.
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Figure 4.17 Storage modulus-angular frequency behaviour of untreated and treated kenaf PHB composites at three different fibre loadings. 
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Figure 4.18 Loss modulus-angular frequency behaviour of untreated and treated kenaf PHB composites at three different fibre loadings 
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Tensile strain measures the deformation of an object under tensile stress and is 

defined as the fractional change of the specimen’s length when it is subjected to tensile 

stress. Ε is calculated using the following equation: 

 
𝜀 =

𝛥𝐿

𝐿0
 (4.5) 

 
 

where ΔL is the increase in length of the specimen and L0 is the initial length. The 

untreated and treated kenaf-reinforced PHB composites were tested, and Young’s 

modulus, tensile strength and tensile strain of untreated and treated kenaf composites are 

listed in Table 4.7 and illustrated in Figure 4.20. 

Table 4.7: Young’s modulus, tensile strength and tensile strain for kenaf/PHB 
composites. 

 
Young’s 
modulus 

(GPa) 

Tensile 
strength 
(MPa) 

Tensile 
strain 
(%) 

PHB 1.95 35.6 4.1 
UT5 2.12 32.1 2.9 
UT10 2.21 31.4 2.7 
UT20 2.68 31.3 2.3 
CT5 1.97 30.0 2.8 
CT10 2.12 27.4 2.2 
CT20 2.36 26.3 1.9 

 

The Young’s modulus and tensile strength of neat PHB were recorded at 1.95 GPa 

and 35.6 MPa, respectively. The Young’s modulus increased with the addition of treated 

and untreated kenaf. For example, Young’s modulus for UT10 and CT10 was 2.21 GPa 

and 2.12 GPa, respectively. This increase indicated that incorporating kenaf fibre into the 

PHB increased its stiffness. Expectedly, the tensile strain was reduced for both specimens. 

This reduction is because a stiffer material will deform less.  

 

Univ
ers

iti 
Mala

ya



 
 

73 
 
 

 

 

Figure 4.20. Young’s modulus and tensile strength of kenaf-reinforced PHB 
composites. 

 

The effect of fibre content on Young’s modulus was studied. Increasing the fibre 

content increased Young's modulus for both the treated and untreated kenaf-reinforced 

composites. For example, Young’s modulus for CT increased from 1.97 GPa to 2.36 GPa 

when the fibre content was increased from 5% to 20%. A similar observation was reported 

by Ibrahim et al. (2009). The researchers found that increasing the fibre content increased 

the tensile modulus to a certain optimal fibre loading. As the fibre was further increased 

beyond the optimal value, the modulus decreased due to poor wettability resulting in 

lower stiffness. 

Fibre surface treatment is expected to improve the mechanical properties of the 

composites. In theory, the surface treatment is expected to produce a cleaner and rougher 

surface where the matrix and fibre can bind and interlock, producing composites with 
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superior mechanical properties from their untreated counterpart (Fiore et al., 2015). 

However, in this study, it was found that the modulus for composites prepared with 

treated kenaf fibres had a lower modulus compared to the composites prepared with 

untreated fibres. The modulus for UT20 and CT20 was 2.68 GPa and 2.36 GPa, 

respectively. There were several explanations for this observation. Firstly, from the DSC, 

it was found that the crystallinity of the composites prepared with the treated fibres was 

lower than the composites prepared with the untreated fibres. Materials with lower 

crystallinity are ductile and will record a lower stiffness during tensile testing. Another 

possibility was increased fibre breakage during processing. It was found from fibre 

characterisation that surface-treated kenaf was more crystalline and brittle compared to 

untreated kenaf. This increased brittleness may have caused the fibre to break more during 

processing due to the fibre-matrix, fibre-fibre, and fibre-machinery interactions. 

Increased fibre breakage would result in shorter fibres, which are less efficient at 

reinforcing the composites due to the increased fibre ends (Hassan et al., 2018). The 

treated fibre surface was also rougher, which led to greater fibre-fibre friction.  

The tensile strength of the composite was lower than the neat PHB. For example, 

the tensile strength for neat UT10 and CT10 were 31.37 MPa and 27.44 MPa, 

respectively, which were lower than the tensile strength of neat PHB (35.6 MPa). Due to 

the introduction of kenaf fibres, the composites became less ductile as the fibres 

constrained the molecular rearrangement. The notching effect of the fibres is also crucial 

because considerable stress concentration is induced in the matrix at the fibre end and 

matrix flow constrained by adjacent fibres (Takahashi & Choi, 1991).  

The effect of fibre loading on the tensile strength of the composite was studied. 

The tensile strength decreased with increasing fibre weight fraction for both the treated 

and untreated composites. For example, the tensile strength for CT decreased from 29.97 
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MPa to 26.28 MPa as the fibre weight fraction increased from 5% to 20%. The reduction 

in tensile strength was attributed to the increased fibre breakage during processing at 

higher fibre loading. It could have been due to a wetting problem at a higher fibre content. 

The modulus was not affected by these flaws due to the modulus being measured at a 

very low strain. In the lower strain region of the testing, the flaws discussed above have 

yet to manifest.  

The fracture surface of the treated and untreated composites is illustrated in Figure 

4.21. It was observed that there was no improvement regarding the fibre matrix adhesion. 

There was a clear separation between the fibre and the matrix (shown by arrows).  The 

observation suggests that an alkali treatment alone is insufficient to improve the fibre 

matrix adhesion. Adding compatibilisers or functional groups onto the fibre surface is 

necessary to achieve better fibre-matrix adhesion.  It can also be observed that plastic 

deformation is absent on the fracture surface, indicating that the material underwent brittle 

failure.  

The stress vs strain curve supports this observation for selected specimens 

illustrated in Figure 4.19. Plastic deformation, such as necking, was not observed. The 

specimens abruptly break into two pieces at the point of failure.  
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Figure 4.21 Fracture surface of UT5 (a) and CT5 (b) captured using FESEM at 
1000 times magnification. 

For tensile strain, the trend observed is according to expectation. Tensile strain for the 

kenaf reinforced PHB composites is lower than neat PHB. Generally, the inclusion of 

natural plant fibres into thermoplastics decreases the elongation at break but increases 

Young’s modulus (Djafari Petroudy, 2017). The presence of fibres limits the ability of 

the polymer to rearrange under tensile stress. In addition, the notch effects of the fibre 

ends also served as stress concentrators in the system.  

4.2.3.2 Flexural Properties 
 

 The flexural properties of the untreated and treated kenaf-reinforced PHB 

composites were tested under a three-point bending setup. The flexural properties 

describe the ability of the material to withstand bending, which is essential for load-
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bearing applications. The stresses induced are a combination of tensile and compression 

stresses (Campo, 2008).  Flexural modulus is the ratio of the stress and strain during 

deformation, calculated from the slope of the stress-strain curve generated during the 

testing (Hodgkinson, 2000). A material with a higher flexural modulus is harder to bend 

than a material with a lower flexural modulus. Flexural strength is denoted by the stress 

in the material just before the specimen yields in flexural testing. Typically, it is the 

highest point in the stress-strain generated during the flexural testing. Flexural 

displacement is the distance travelled by the cross-head in the test. The flexural modulus 

and flexural strength of kenaf-reinforced PHB composites are tabulated in Table 4.8.  

Table 4.8: Flexural properties of kenaf/PHB composites. 
 

Flexural 
modulus 

(GPa) 

Flexural 
strength 
(MPa) 

Flexural 
displacement 

(mm/mm) 
PHB 2.65 54.7 0.03 
UT5 2.93 54.6 0.03 
UT10 3.75 56.9 0.02 
UT20 4.04 58.3 0.02 
CT5 3.58 53.58 0.02 
CT10 3.82 52.62 0.02 
CT20 4.29 52.73 0.02 

The incorporation of kenaf fibres into PHB improved its flexural modulus. Refer 

to Figure 4.22. The flexural modulus of neat PHB increased from 2.65 GPa to 2.93 GPa 

with the addition of only 5% w/w kenaf fibre. The improvement was even more 

significant when the treated kenaf was added at the same weight fraction (Wf) (3.58 GPa). 

Neat PHB tends to fail catastrophically during flexural testing, with the sample breaking 

into two big pieces with smaller pieces shattering from the larger pieces. However, this 

did not happen with the addition of kenaf fibres. As the fibre content further increased, 

the flexural modulus also increased. The flexural modulus for CT increased from 3.58 

GPa to 4.29 GPa as the Wf increased from 5% to 20%.  
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Figure 4.22 Flexural modulus and strength of kenaf-reinforced PHB composites. 

 
The improvement for flexural properties was more noticeable compared to the 

improvement for tensile properties and was attributed to the nature of the injection 

moulded fibre-reinforced composites. In injection moulded specimens, the fibre 

orientation near the mould will align according to the flow direction of the polymer melt 

(Darlington & Mcginley, 1975). In contrast, the fibre in the middle section would be 

randomly aligned perpendicularly to the flow direction. Refer to Figure 4.23. 
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Figure 4.23: Fibre orientation in injection moulded fibre reinforced composites. 
(Singh & Chaitanya, 2015). 

 

Similar fibre orientation was observed in this study and is illustrated in Figure 

4.24, where the fibres in the bottom right corner are more aligned to the melt flow 

(moving away from the reader) while the fibres in the top left corner were perpendicularly 

oriented to the melt flow direction. In tensile, these variations in fibre orientation would 

result in a poorer reinforcement effect because the strain applied was uniform across the 

sample. However, for flexural testing, only the outermost layer (top and bottom) 

experienced the full force of the testing. Because the fibres in these regions were more 

oriented than the fibres in the central region, the exhibited flexural properties were also 

higher.  

The flexural strength of the neat PHB increased with the incorporation of kenaf 

fibres, from 54.7 MPa to 58.3 MPa (UT20). For untreated kenaf fibres, increasing the Wf 

improved the flexural strength of the composite. For example, the flexural strength 

improved from 54.6 MPa to 58.3 MPa when the Wf increased from 5% to 20%. UT also 

Univ
ers

iti 
Mala

ya



 
 

80 
 
 

exhibited slightly higher flexural strength than CT at a similar fibre loading. For example, 

the flexural strength for UT10 and CT10 was 56.9 MPa and 52.6 MPa, respectively.  

 
 

Figure 4.24 Fracture surface of UT20 at 50 times magnification. 

 

Flexural displacement exhibited different trends for treated, and untreated kenaf 

reinforced composites. For untreated kenaf composites, at 5% fibre loading, the flexural 

displacement is similar to neat PHB. The flexural displacement for UT5 and neat PHB is 

0.03 mm/mm. However, as the fibre loading was increased to 10% and 20%, the flexural 

displacement decreased to 0.02 mm/mm. However, for the treated kenaf composites, the 

flexural displacement for all the samples regardless of fibre loading is lower than neat 

PHB at 0.02 mm/mm. As the fibre content was further increased to 10% and 20%, the 

mobility of the polymer chains was hindered physically by the fibres present.  
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4.2.3.3 Impact properties of the composite 
 

Fracture energy (W) and peak load (P) were obtained from the impact test and were 

used to calculate the critical strain energy release rate (Gc) and critical stress intensity 

factor (Kc) (Hassan et al., 2011). Impact tests produced energy vs time graphs for each 

tested specimen. Two essential parameters were extracted from these graphs, fracture 

energy (W) and peak load (P). Fracture energy or work of fracture can be defined as total 

work required to fracture the sample, per unit area of new surface produced or the total 

amount of energy dissipated during crack growth (Folkes, 1979). Fracture energy is 

obtained by calculating the area under the graph before sample fracture. The relationship 

between W and the critical strain energy release rate (Gc) and specimen geometry function 

(BDΦ) is given by, 

 = BDGW c  (4.6) 
 

where B and D are the width and depth of the specimen, respectively. A correction factor, 

Φ, is given by, 
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where a and S are notch depth (crack length) and the specimens support span.  

 

The peak load was obtained from the highest point in the graph prior to fracture. 

Gc is the total energy absorbed by the test specimen divided by its net cross section area. 

It is used to measure the energy required for crack initiation. Kc is a function of loading, 

crack size, and structural geometry. Kc indicates the resistance of the material to unstable 

crack growth. The relationship between the critical stress intensity factor (Kc) with 
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nominal fracture stress (σ), a geometry correction factor (Y) and a notch or crack length 

(a) is given by,  

 

a
K

Y c=    
(4.8) 

 

In three-point bend test, σ is given by simple bending theory as, 

 

 
 2DB4

SP6
=    

(4.9) 

 

For the three-point bend test specimen, where S/D is equal to 4, Y is given by, 
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(4.10) 

 

When the stress in the material exceeds Kc, the crack will propagate. These four essential 

values for understanding the impact properties of the composites are reported in Table 

4.9. 

   

Table 4.9: Impact properties of kenaf reinforced PHB composites. 
 

W  
(mJ) 

P  
(N) 

Gc 

(kJm-2) 
Kc  

(MPam-½) 
PHB 100 436 3.1 3.2 
UT5 90 406 2.7 2.9 
UT10 95 415 2.9 3.0 
UT20 111 452 3.4 3.3 
CT5 89 343 2.7 2.3 
CT10 95 350 3.0 2.6 
CT20 122 395 3.8 2.9 
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For both untreated and treated kenaf composites, increasing the fibre content 

increases W and P. For example, W for CT5, CT10 and CT20 are 89, 95 and 122 mJ, 

respectively. Similar trends were observed for Gc and Kc. The increase can be attributed 

to the simple fact that more fibres are present in the specimens with higher fibre content. 

The fibres are expected to absorb the energy through mechanical friction and fibre 

debonding, contributing to the increased energy needed during fracture (Manshor et al., 

2014). It is also observed that the impact properties only exceed the properties of neat 

PHB at 20% fibre loading for UT composites. This observation is expected to be due to 

the notching effect of the reinforcing fibres being more dominant at lower fibre loading, 

reducing the impact properties of the composites compared to neat PHB (Hassan et al., 

2004). A similar trend is observed for CT composites. However, P and Kc values for CT 

composites at 20% fibre loading remained lower than neat PHB.  

When comparing CT and UT, it was found that CT has better W and Gc, especially 

at higher fibre loadings. For example, Gc for CT20 and UT20 are 3.8 and 3.4 kJm-2, 

respectively. The improved impact properties might be due to the better distribution of 

kenaf fibres in the matrix than the untreated kenaf composites. Treated kenaf fibres 

interact better with the matrix, improving the fibres' dispersion during extrusion. Treated 

kenaf fibres also have a rougher surface, increasing mechanical friction during failure. 

The fibres' wetting was also significantly improved, reducing the presence of voids and 

fibre agglomeration in the system (Pickering et al., 2016). The presence of voids can 

reduce the energy required during fracture.  

On the other hand, P and Kc values for UT composites are higher than CT 

composites. For example, Kc for CT20 and UT20 are 2.9 and 3.3 MPam-½, respectively. 

This increase could be attributed to the higher nucleation rate due to the lignin present, 

discussed previously in the DSC results (Table 4.6). A higher nucleation rate leads to the 
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formation of smaller spherulites. These smaller spherulites would contribute to crack 

bifurcation or branching, intrinsically improving the fracture toughness of the UT 

reinforced composites. Studies have shown that crack bifurcation can lead to retardation 

or arrest of crack propagation (Kazerani et al., 2010; Smith, 1968; Theocaris & 

Papadopoulos, 1986). A simple diagram showing crack bifurcation is illustrated in Figure 

4.25.   

 

 

Figure 4.25: Crack bifurcation (Kazerani et al.,2010). 

 

 An important factor influencing the appearance of bifurcation is the state of 

adhesion between phases in composites. It has been shown that these mesophases play an 

essential role in advancing and attracting to themselves bifurcations, which are beneficial 

for the structure, since they constitute poles, splitting the strain energy at the crack tip 

into parts, thus blunting any tendencies of failure (Theocaris & Papadopoulos, 1986). 

Therefore, a composite with good interfacial adhesion and better mechanical interlocking 

would produce better impact properties.  
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4.3 Montmorillonite modified PHB 

4.3.1 Dispersion of nanoclay  

The dispersion of the nanoclay is a crucial aspect to be studied in a nanocomposite. 

FESEM-EDS mapping was used to verify the presence and the dispersion of clay in the 

system. Montmorillonite is an aluminosilicate, containing the elements Al and Si. 

Meanwhile, PHB consists of the elements C, H and O. The surface-modified MMT was 

treated with methyl, bis hydroxyethyl, octadecyl ammonium (elements N, C, H and O 

present). Therefore, mapping the element Al and Si should provide the necessary 

information regarding MMT dispersion. The EDS mapping for TCN modified PHB at 3, 

and 9 phr is illustrated in Figure 4.26.  

The image shows that the nanoclay dispersion in the system with higher clay 

content (9 phr) is poorer than specimens with lower clay content. Hotspots of Al and Si 

are observed in the mapping image, indicating that agglomeration is present. Higher clay 

content increases the probability of clay-clay contact, thus increasing the occurrence of 

agglomeration. Agglomeration affects the properties of the composite poorly, especially 

the mechanical properties (Lim et al., 2017). It can also be observed that the dispersion 

of treated MMT (TCN3 and TCN9) is better compared to its untreated counterpart (PGV3 

and PGV9). It is suggested that better dispersion results from better clay-matrix 

interaction between PHB and the treated clay.   
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Figure 4.26: EDX mapping of treated and untreated MMT modified PHB. 
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The samples were further analysed with TEM to study the MMT nanoparticles' 

dispersion. The TEM images of PGV3 and TCN3 at 43k magnification are shown in 

Figure 4.27.  

 

Figure 4.27: TEM image for untreated (A) and surface treated (B) MMT modified 
PHB at 43k magnification. 

 

It can be seen that for PGV3, there is a severe agglomeration of the nanoclay. This 

agglomeration is due to the untreated clay having poor affinity to the resin. On the other 

hand, nanoparticles in TCN9 exhibit exfoliation, indicating good dispersion. The 

exfoliated layers can be observed in Figure 4.27. Exfoliation is only possible when the 

resin can penetrate and wet the interlayers of the nanoclay structure. The surface of 

untreated MMT is hydrophilic, while the surface of treated MMT is more hydrophobic, 

which allows the molten polymer to wet the treated clay more effectively.  

In addition to increasing the hydrophobicity of the MMT, surface treatment of 

MMT also showed increased interlayer spacing (Liu & Wu, 2001). The increase in 

spacing allows the polymer melt to penetrate deeper into the MMT layered structure, 
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further facilitating the intercalation process. A schematic representation of the MMT 

treatment process and the increased interlayer distance is illustrated in Figure 4.28. 

 

Figure 4.28: Schematic representation of clay surface treatment (Liu & Wu, 2001). 

 

Although the modified MMT exhibited better exfoliation than untreated MMT, 

there are still stacks of unexfoliated MMT scattered consistently throughout the 

composite, as illustrated in Figure 4.29.  The observation might indicate that even though 

processing was done at relatively higher RPM, the shear generated was insufficient to 

exfoliate most of the clay stacks thoroughly. The Brabender twin-screw extruder used in 

this study can reach a maximum screw speed of 1200 RPM. However, in preliminary 

testing done prior to the main research, it was determined that 200 RPM was the 

maximum screw speed that could be used for the current setup. When the RPM was 

increased further, due to the sticky nature of the PHB melt, it was impossible to produce 
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continuous extrudates even with an additional cooling setup, resulting in excessive 

amounts of wastage.   
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Figure 4.29: TEM image for TCN3 composites at 97,000 times magnification. 
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4.3.2 Thermal properties 

4.3.2.1 Thermogravimetric Analysis (TGA) 
 

The effect of clay content and surface treatment on the thermal stability of MMT 

modified PHB was studied using TGA. The TGA curves for TCN modified PHB are 

provided in Figure 4.30. 

 

Figure 4.30 TGA curve of MMT modified PHB. 

 

The modified composites exhibited a single degradation step, between 240°C -

400°C. The degradation occurs rapidly, evident by the sharp decline of the curve. It can 

be attributed to the degradation of the matrix, PHB. An in-depth study of the thermal 

degradation kinetics of MMT modified PHB by Achilias et al. (2011) found that the 

activation energy does not vary significantly with the degree of degradation, indicating a 

one-step degradation with similar values for pure PHB and all nanocomposites. The 

kinetic rate constant was also found to decrease with the amount of the MMT up to 3 

wt%. However, once MMT content exceeded 10%, the kinetic rate constant was higher 

than neat PHB.  
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There is also a small amount of residue left, and the amount is higher for samples 

with more MMT added. For example, the residue for TCN3, TCN6 and TCN9 is 4.1%, 

5.6% and 8.8%, respectively. It can be concluded that MMT did not degrade within the 

tested temperature range and under an inert environment. It was reported that the organic 

component of organically treated montmorillonite would degrade between 200°C to 

500°C (Wang et al., 2016; Xie et al., 2001). However, weight loss due to these organic 

components was not detected due to their low content in the nanocomposite.  

The onset temperature (Tonset), 50% degradation temperature (T50%) and derivative 

peak temperature (DTp) extracted from Figure 4.30 were tabulated in Table 4.10. 

Table 4.10. Tonset, T50% and DTp for MMT modified PHB. 

Sample Tonset 

(°C) 
T50% 

(°C) 
DTp 

(°C) 
PHB 298.1 310.0 314.2 
PGV3 289.1 301.8 306.6 
PGV6 291.1 301.9 305.2 
PGV9 290.0 299.1 302.6 
TCN3 287.7 302.9 305.8 
TCN6 291.9 307.0 309.3 
TCN9 296.0 314.0 314.8 

 

In general, the modified PHB exhibited lower Tonset, T50% and DTp compared to 

neat PHB. The Tonset for neat PHB is 298.1°C, while for PHB modified with 3 phr TCN 

is 287.7°C, which indicates that modified PHB will begin to degrade at a lower 

temperature. TCN3 exhibited the lowest thermal properties of all the MMT/PHB 

composites.  

It has been reported that the presence of surfactants, in this case, the 

alkylammonium tallow used to treat the MMT surface, influenced the thermal 

degradation process (Bordes et al., 2009). At lower clay content, the shielding effect 
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offered by MMT is more negligible. Therefore, the thermal degradation is more impacted 

by the presence of the surfactants. The researchers also suggested that the surfactants 

could decompose according to the Hoffman elimination or a nucleophilic attack of the 

ammonium counter-ion, generally the chloride ion, on the ammonium. The 

decomposition products, amines or acidic protons, would enhance the random chain 

scission reaction of PHB. The reaction scheme is illustrated in Figure 4.31. 

 

Figure 4.31: Reaction scheme for surfactant degradation and effect on PHB. 

 

No clear trend regarding the thermal properties was observed for PGV as the clay 

content was increased from 3 phr to 6 phr. However, as the clay content was further 

increased to 9 phr, the thermal properties were reduced. Fitaroni et al. (2015) has 

suggested that organoclays typically have a degrading influence in the initial degradation 

steps at temperatures below 210°C and act as a stabiliser above 210°C. The researchers 
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reported that the stabilising effects were due to the delayed permeation of gases from 

participating in the oxidative reactions. However, since PGV9 exhibited various serious 

agglomerations, there is also a possibility that a large number of voids could also be 

present, although they were not observed in the SEM images. The presence of this void 

could provide a relatively more straightforward passage for the gases to participate in the 

degradation reaction, hence reducing the thermal stability.  

For TCN, increasing the clay content causes the Tonset, T50% and DTp to increase. 

For example, Tonset increased by 9°C when clay content was increased from 3 to 9 phr. 

Salehabadi et al. (2014) has reported that increasing MMT content in PHB/MMT 

composites would result in a heat-shielding effect by the MMT nanoparticles. The 

nanoparticles would form a barrier that inhibits heat transfer to the polymer melt. For the 

shielding effect to be effective, MMT must be well dispersed in the matrix, which 

explains why the treated MMT composites exhibited better thermal stability at 6 and 9 

phr than their untreated counterpart. Maiti et al. (2007) also attributed the thermal stability 

improvement to the ability of the clay to be a better mass transport barrier.  

In contrast, Ollier et al. (2018) reported that increasing bentonite content in the 

composite decreased thermal stability. This trend was attributed to aluminium Lewis acid 

sites in the silicate layers, which could promote the thermal degradation of polyesters by 

catalysing the hydrolysis of ester linkages. The researchers suggested that bentonite's 

catalysing effect is more dominant at higher clay loading. The researchers also 

highlighted that the addition of nanoclay did not modify the degradation mechanism of 

PHB in the composite.   
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4.3.2.2 Differential Scanning Calorimetry (DSC) 
 

The phase changes undergone by the material can be better understood through the 

information obtained from DSC analysis. The addition of clay particles was expected to 

disrupt or alter the crystallisation behaviour of PHB. As a result, the material's mechanical 

properties can also be altered as it is influenced by the molecular structure and 

arrangement of the matrix (crystalline structure, orientation of amorphous regions), 

especially the degree of crystallinity. The DSC curves of the samples are given in Figure 

4.32. Melting temperatures, enthalpy heat of melting (ΔHm) and the degree of crystallinity 

(Xc) for the composites were obtained from the curve and tabulated in Table 4.11.  

Table 4.11. Tm, ∆Hm and Xc  for MMT modified PHB. 

Sample Tm (°C) ΔHm (J/g) Xc (%) 
PHB 175.1 73.9 50.6 
PGV3 172.3 76.1 52.1 
PGV6 172.9 67.7 46.4 
PGV9 169.4 73.8 50.6 
TCN3 171.4 74.2 50.8 
TCN6 170.8 65.5 44.9 
TCN9 170.9 63.5 43.5 

 
In general, the modification of PHB using both treated and untreated clays 

reduced the Tm of the material. For example, the Tm for neat PHB and TCN3 are 175.1°C 

and 171.4°C, respectively. Tm was significantly reduced for PGV/PHB composites when 

the clay content was increased to 9 phr. For treated clay modified PHB, no significant 

change in Tm was observed when the amount of clay was increased. This reduction is due 

to the restricted polymer chain mobility in the presence of fillers (Jimenez et al., 1997; 

Ogata et al., 1997). In addition, the level of penetration of the polymer into the MMT 

stacks also affected the composites’ Tm. Polymer crystals formation on the surface of 
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intercalated MMT tends to be smaller, resulting in lower Tm. Lowering the Tm can benefit 

processing as there is a larger buffer zone between the polymer melting and before 

thermal degradation begins.       

The addition of clay also causes Xc to decrease, especially at higher clay content. 

Xc for neat PHB and TCN9 are 50.6% and 43.5%, respectively. Bordes et al. (2008) 

suggested that although the presence of clay increases the nucleation rate of PHB, it also 

causes imperfection in the crystal structure, reducing its melting temperature. Hong and 

Huang (2015) also reported that the presence of silica accelerates the crystallisation 

process of the matrix. However, it is suggested that more agglomeration was observed at 

higher clay content due to the increased number of clay particles in the system. The 

presence of agglomeration would hinder the crystallisation process hence reducing Xc. 

This suggestion is consistent with the observation in this study. For example, in 

TCN/PHB composites, Xc was reduced from 50.8% to 43.5% as the clay content was 

increased from 3 to 9 phr. A similar trend was observed for PGV/PHB composites. 

Jimenez et al. (1997) reported that a small amount of nanoclay in the polymer blend 

accelerated the crystallisation process. However, large quantities of the nanoclay would 

hinder the crystallisation process instead. The crystallisation rate is determined by two 

processes; nucleation and diffusion (Fatou, 1984). A smaller amount of nanoclay 

increases nucleation by acting as nucleation sites. However, excessive nanoclays hinder 

the transportation of polymer segments in the diffusion process. Mohamed El-Hadi 

(2014) reported that nanoclay serves as a nucleating agent in the PHB matrix. Analysis 

using polarized optical microscopy has shown that the spherulite sizes have become 

smaller, and the nuclei density was increased. However, the researchers highlighted that 
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the nanoclay was well dispersed in the matrix. Therefore, it is crucial to optimise the 

nanoclay content to get higher nucleation without hindering the diffusion step.  

As discussed in section 4.3.1, the organomodified MMT TCN has a better affinity 

with the PHB matrix, resulting in better interaction. Exfoliation and intercalation of MMT 

stacks were observed. As explained earlier, MMT composites with exfoliated MMT tend 

to produce composites with lower Tm. Comparing PGV and TCN composites prepared in 

this study, PHB/TCN composites exhibited lower Tm.  Xc reduction due to increasing clay 

content is more visible in TCN than PGV. This difference could be due to better 

interaction between the nanoclay and PHB, making the polymer chain transfer even 

harder than its untreated counterpart. 
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Figure 4.32 DSC curve of MMT modified PHB. 
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4.3.3 Rheology 

Information from rheology can provide insight into the composites' internal 

structure and processability. The complex viscosity curve as a function of angular 

frequency for clay modified PHB is illustrated in Figure 4.33. From the figure, it can be 

observed that there are two different melt behaviours in the display. Complex viscosity 

(η*) for neat PHB and PGV samples increases slightly with increased angular frequency 

(ω). However, above 10 rad s-1, the melts exhibited Newtonian fluid behaviour. 

On the other hand, TCN samples exhibited shear thinning behaviour. Shear-

thinning indicates that the melt initially behaves solid-like at lower ω and fluid-like 

behaviour at higher ω (Salleh et al., 2014). This difference in behaviour at lower angular 

frequencies between PGV and TCN samples indicates that compatibility between the 

matrix and the treated MMT is significantly better than the untreated MMT. It was also 

observed that increasing the nanoclay content increases the η*. Composites reinforced 

with treated nanoclay also exhibited higher η* for all nanoclay content, indicating the 

nanoclay and matrix having improved interaction. Viscoelastic properties such as the 

percolation threshold are susceptible to how the nanofillers are dispersed. The percolation 

threshold corresponding to the onset of solid-like behaviour can be observed at lower 

filler concentrations. The clay dispersion improves, the interaction between the nanofiller 

and the matrix is more substantial, or the filler aspect ratio is more prominent in treated 

clay composites than untreated clay composites (Thankappan et al., 2018). It was found 

that nanocomposites tend to form 3D networks through macroscopic interaction and that 

for a homogenous dispersion system, relatively lower filler loading may cause the 3D 

network and the composite system to exhibit solid-like behaviour (Jiang et al., 2016). 
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The storage and loss modulus for neat PHB and all the composites are illustrated 

in Figure 4.34 and Figure 4.35. Both storage modulus (G’) and loss modulus (G”) for neat 

PHB and all the composites increases with increasing ω. G’ of the composite melts at 

lower ω is heavily influenced by the nanoclay content. The composite melt exhibited 

plateau at lower ω, and the magnitude of the plateau increases with increasing nanoclay 

content. The increase can be attributed to the increasing rigidity of the melt due to the 

addition of the nanoclay.  G” also displayed a similar trend observed in G’. However, the 

plateau is only visible in TCN9. The melt behaves as a Maxwell fluid, which is typical 

for thermoplastic melts. The rheological behaviour of nanocomposites with treated MMT 

shows a gradual deviation of the G’ slope at lower frequencies indicating a pseudo-solid-

like property. This behaviour is a characteristic for the formation of clay mineral network-

like structures that can reduce the mobility of the polymer chain in the melt and can be 

attributed to the percolation of the fillers (Issaadi et al., 2015). As stated earlier, it is more 

challenging to get good dispersion of the untreated nanoclay compared to its treated 

counterpart. Wang et al. (2016) reported that due to superior dispersion of surface treated 

carbon nanotubes (CNT), the rheological percolation was observed at lower filler 

concentration than untreated CNTs. Arrigo et al. (2017) also observed a similar 

phenomenon. The researchers reported that due to better interaction between the -OH 

modified CNTs and poly(styrene‐butadiene‐styrene) (SBS), the nanocomposites prepared 

using the treated CNT have higher viscosity and improved storage modulus.  
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Figure 4.33 Complex viscosity of MMT modified PHB. 
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Figure 4.34 Storage modulus of MMT modified PHB. 
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Figure 4.35 Loss modulus of MMT modified PHB. 
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4.3.4 Mechanical properties 

4.3.4.1 Tensile properties 
 

The tensile properties of the untreated and treated MMT modified PHB composites are 

tabulated in Table 4.12. 

Table 4.12. Tensile properties of MMT modified PHB. 

Sample Young’s modulus 
(GPa) 

Tensile strength 
(MPa) 

Elongation at break 
(%) 

PHB 1.95 35.60 4.14 
PGV3 1.96 29.08 1.91 
PGV6 2.00 29.16 1.97 
PGV9 1.98 30.62 2.33 
TCN3 2.22 31.22 1.83 
TCN6 2.33 28.82 1.45 
TCN9 2.50 26.40 1.23 

 

Young’s modulus of PHB increased with the incorporation of treated and 

untreated MMT. Surface treated MMT offer more significant improvement compared to 

untreated MMT. For example, Young’s modulus for PGV6 and TCN6 is 2.00 GPa and 

2.33 GPa, respectively. This increase translates to a 3% and 19% improvement for PGV6 

TCN6, respectively. MMT acts as mechanical reinforcement to the PHB matrix, reducing 

the flexibility of the matrix (Cyras et al., 2008). The reinforcement is even more effective 

when the interfacial interaction between matrix and MMT is better (de Moraes et al., 

2011). The effect of clay content on Young’s modulus was studied. Increasing the clay 

content increased Young's modulus for both the treated and untreated MMT modified 

composites. For example, Young’s modulus for TCN increased from 2.22 GPa to 2.50 

GPa when the clay content was increased from 3 phr to 9 phr. However, for PGV, further 

increase of clay content from 6 phr to 9 phr caused the modulus to decrease slightly, from 

2.00 GPa to 1.98 GPa. Several researchers have also reported similar observations. 
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Jalalvandi et al. (2013) reported that, at lower MMT concentration, the formation of 

exfoliated structure contributes to higher tensile modulus. However, the researchers also 

reported that once the MMT loading exceeds the optimal level, the MMT particles were 

poorly distributed across the matrix and there was higher probability of MMT particles 

agglomeration. Agglomeration leads to the formation of segregated regions, which impart 

weaker lines between the MMT and the matrix. As a result, the sample breaks easily when 

subjected to stress. Similar trends were also reported by Liang et al. (2003) in their study 

of polyimide/MMT composites. When MMT content was below 3 wt%, the Young’s 

modulus was increased with the increase in the MMT content. The increase in the 

modulus may be caused by the linear increase in the number of exfoliated MMT sheets 

at a lower MMT content. When the MMT content was further increased, the Young’s 

modulus of the nanocomposite films levelled off or decreased slightly. This phenomenon 

may be caused by the aggregation of MMT in the matrix when the MMT content was 

high.  

The tensile strength of the composite was lower than the neat PHB. For example, 

the tensile strength for PGV6 and TCN6 is 29.16 MPa and 28.82 MPa, respectively, 

which were lower than the tensile strength of neat PHB (35.6 MPa). The dispersion of the 

MMT was not optimal, resulting in a notching effect, which is typically seen in 

composites with a lower number of reinforcing components. During the study, parameters 

such as temperature and screw speed were optimised to have the best possible dispersion. 

However, the screw profile of the extruder can also play a part in the dispersion of the 

nanoclay. Better dispersion is possible with customised screw profiles explicitly designed 

to process PHB. Botana et al. (2010) reported that the introduction of modified mmt did 

not improve the tensile strength of the composite. 
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On the other hand, Bordes et al. (2008) reported a 15% tensile increase in a similar 

PHB/mmt system. Pavlidou & Papaspyrides (2008) highlighted that the 

intercalation/exfoliation ratio is the main factor responsible for improving mechanical 

properties. The researchers proposed that exfoliated particles are responsible for 

improving stiffness, while intercalated play a minor role. 

The effect of MMT content on the tensile strength of the composite was studied. 

Tensile strength was not significantly affected by increasing the untreated MMT content. 

However, increasing the treated MMT content reduced the tensile strength of the 

composite. The tensile strength was reduced by 15% when treated clay content was 

increased from 3 phr to 9 phr. Arjmandi et al. (2015) reported similar observations in their 

PLA/CNW/MMT nanocomposites study. The researchers suggested that the decrease in 

tensile strength is due to agglomeration present in the system. As the nanoclay content 

increases, the probability of agglomeration also increases. From the TEM images in 

Figure 4.36, it was observed that at higher MMT content of 9 phr, more agglomerates of 

MMT were present compared to samples with 3 phr clay content.    

 

Figure 4.36: TEM images for TCN3 (A) and TCN9 (B) at 43000 magnification. 
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The elongation at break of the composites is lower than neat PHB. For example, 

the elongation at break for PGV3 composite is 1.91% lower than the value for neat PHB 

(4.14%). A similar trend is observed for the treated MMT composites. This observation 

is expected since materials with higher modulus will resist deformation, resulting in lower 

elongation. When the clay content in the composite was increased, treated and untreated 

clay composite exhibited contrasting trends. For untreated clay reinforced composites, 

increasing the clay content from 3 phr to 9 phr causes the elongation at break to increase 

from 1.91% to 2.33%. On the other hand, increasing the clay content in treated clay 

composites causes the elongation at break to decrease from 1.83% (3 phr) to 1.23% (9 

phr). The trend observed for elongation at break correlates with the trend observed for E. 

4.3.4.2 Flexural properties 
 

The flexural properties of the untreated and treated MMT-modified PHB composites 

were tested under a three-point bending setup. The flexural properties are essential to 

study as it describes the ability of the material to support the weight. Flexural modulus 

and flexural strength of MMT-modified PHB composites are compiled in Table 4.13. 

Table 4.13. Flexural properties of MMT modified PHB. 

Sample Flexural 
modulus (GPa) 

Flexural strength 
(MPa) 

Flexural displacement 
(mm/mm) 

PHB 2.65 54.70 0.03 
PGV3 3.84 49.86 0.02 
PGV6 3.64 49.67 0.02 
PGV9 3.72 50.73 0.02 
TCN3 3.87 48.58 0.02 
TCN6 4.49 46.69 0.01 
TCN9 4.62 40.56 0.01 

   
Modification with MMT increases the flexural modulus of the system. The 

flexural modulus of neat PHB improved by 37% from 2.65 GPa to 3.64 GPa with 6 phr 
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untreated MMT. The improvement was even more significant (70%) when the treated 

MMT was added at the same clay content (4.49 GPa). The samples tend to fail 

catastrophically during flexural testing, with the sample breaking into two big pieces with 

smaller pieces shattering from the larger pieces. This behaviour may raise issues for 

designers planning to incorporate the material in their designs. However, it was found 

that the introduction of flexible fibres can mitigate this problem (Hassan et al., 2019).  

The flexural modulus for TCN increased from 3.87 GPa to 4.62 GPa as the clay 

loading increased from 3 phr to 9 phr and overall was higher than the modulus for PGV 

composites at similar clay content. It was proposed that improved compatibility between 

treated MMT and the matrix allows for a high degree of intercalation or exfoliation of the 

nanoclay compared to untreated nanoclay (Chow et al., 2003; Modesti et al., 2005). The 

treated clay aggregates are smaller than untreated clay, and the silicate layers are better 

dispersed as the compatibility improves (Lertwimolnun & Vergnes, 2005).  

The flexural strength of the MMT modified PHB is lesser than neat PHB. For 

example, the flexural strength for neat PHB is 54.70 MPa, while PGV3 is 49.86 MPa. A 

similar reduction is observed for TCN samples. Increasing the clay content reduces the 

flexural strength of the TCN samples. For example, the flexural strength reduced from 

48.58 MPa to 40.56 MPa when the clay content increased from 3 phr to 9 phr. The flexural 

strength was relatively unchanged for untreated clay even when the clay loading was 

increased. It was reported that for MMT, optimal dispersion is usually achieved at 

relatively lower clay content (Kaynak et al., 2009). At higher clay concentrations, larger 

agglomerates and voids are present. These can act as a stress concentrator and causes the 

composite to fail prematurely.  
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Both PGV and TCN composites exhibited lower flexural displacement compared 

to neat PHB. Refer to Table 4.13. This reduction is expected as all the composites 

exhibited a higher modulus than neat PHB.  For PGV, the flexural displacement remained 

constant as the clay content was increased. Increasing clay content in TCN composites 

from 3 phr to 9 phr causes the flexural displacement to decrease from 0.02 mm/mm to 0.1 

mm/mm.  As discussed earlier, the flexural modulus of the composites is higher than PHB 

and materials with higher modulus resist deformation more than materials with lower 

modulus. This behaviour is favourable if the material is used in similar load application 

situations such as beams.     

 

4.3.4.3 Impact properties of the composite 
 

Fracture energy (W) and peak load (P), critical strain energy release rate (Gc) and 

critical stress intensity factor (Kc) were calculated and reported in Table 4.14.  

  

Table 4.14: Impact properties of MMT modified PHB composites. 
 

W (mJ) P (N) Gc 

(kJm-2) 
Kc  

(MPam-½) 
PHB 100 436 3.1 3.2 

PGV3 71 343 2.2 2.0 
PGV6 69 326 2.1 2.4 
PGV9 78 352 2.4 2.6 
TCN3 63 309 1.9 2.3 
TCN6 41 247 1.3 1.6 
TCN9 32 237 1.0 1.8 

 
 

For both untreated MMT modified PHB, increasing the clay content causes a mixed effect 

to W and P. For treated MMT modified PHB, increasing the clay content decreased W 
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and P, indicating poorer impact properties. For example, W for TCN3, TCN6 and TCN9 

are 63 mJ, 41 mJ and 32 mJ, respectively. Similar trends were observed for Gc and Kc. 

The reduction observed in TCN modified PHB results from agglomeration at higher clay 

content. As observed previously, agglomeration may induce local stress concentration, 

resulting in reduced mechanical properties (Kusmono & Mohd Ishak, 2013).  

The initial decrease of Gc for untreated MMT composites as the clay content was 

increased from 3 phr to 6 phr can be attributed to the reduced surface area due to clay-

clay interaction (Ashraf et al., 2018). However, further increasing the clay content to 9 

phr resulted in Gc increase simply due to the reinforcing effect of the clay particles.  

It should be noted that the addition of both untreated or treated MMT resulted in 

lower impact properties compared to neat PHB. From the testing results, it can be 

suggested that MMT is not a suitable filler to improve the impact properties of PHB. It 

resulted in deterioration of the impact properties at higher clay content. However, the 

addition of MMT does offer improvement in other aspects, such as the barrier properties, 

which is beneficial in specific applications.
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4.4 Conditioning 

Typical mechanical testing of polymer composites is primarily performed in ambient 

laboratory conditions. However, testing is often performed in additional environmental 

conditions to determine properties of interest. The selection of these environmental 

conditions for testing is based on established limits of the composite material’s usage and 

the environmental conditions expected in service. 

The study was done between June 2016 and September 2016 in Petaling Jaya, Selangor. 

The monthly relative mean humidity, rainfall, and maximum and minimum temperature 

for those months were provided by the Department of Meteorology, Malaysia, in Table 

4.15. 

Table 4.15: Meteorological data for Petaling Jaya. 

 Month 
 JUN JUL AUG SEP 

Mean Relative 
Humidity (%) 

72.2 74.4 69.4 71.4 

Daily Maximum 
Temperature (°C) 

33.4 33.3 33.4 33.1 

Daily Minimum 
Temperature (°C) 

25.7 25.4 26.2 25.3 

Daily Rainfall (ml) 288.4 251.8 124.4 269.0 
No. of Raindays 11 15 11 12 

 

4.4.1 Indoor exposure 

4.4.1.1 Tensile properties 
 

Exposure to indoor conditions simulates actual life conditions if PHB and its 

composites are used indoors. Indoor is the least harsh of the three conditions since the 

samples are protected from the sun and rain and do not directly contact soil 
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microorganisms. Both factors can lead to significant degradation of PHB composites. The 

Young’s modulus, tensile strength and elongation at break are tabulated in Table 4.16. 

Univ
ers

iti 
Mala

ya



 
 

 
 
 

Table 4.16: Tensile properties of PHB and its composites subjected to indoor condition. 

Sample 
Young’s modulus (GPa) Tensile strength (MPa) Elongation at break (%) 

0 months 2 months 4 months 0 months 2 months 4 months 0 months 2 months 4 months 

PHB 1.95 1.94 2.06 35.55 31.29 34.55 4.14 2.48 2.57 
UT5 2.12 2.07 2.23 32.07 29.11 31.76 2.91 2.08 2.16 
UT10 2.21 2.11 2.31 31.36 28.29 30.24 2.66 2.07 1.90 
UT20 2.68 2.37 2.49 31.28 27.28 29.04 2.25 1.83 1.77 
CT5 1.97 2.34 2.25 29.97 32.34 31.62 2.78 2.24 2.37 
CT10 2.12 2.44 2.44 27.44 30.41 29.74 2.19 1.91 1.92 
CT20 2.36 2.75 2.60 26.28 28.03 27.53 1.93 1.67 1.75 
PGV3 1.96 2.43 2.33 29.08 32.66 30.52 1.91 1.63 1.63 
PGV6 2.00 2.51 2.33 29.16 31.71 30.76 1.97 1.60 1.73 
PGV9 1.98 2.32 2.39 30.62 32.51 32.29 2.33 1.99 2.12 
TCN3 2.22 2.71 2.58 31.22 33.13 32.92 1.83 1.55 1.68 
TCN6 2.33 2.70 2.67 28.82 30.56 28.62 1.45 1.35 1.25 
TCN9 2.49 2.98 2.97 26.40 26.95 27.53 1.23 1.01 1.08 

113 

Univ
ers

iti 
Mala

ya



 
 

114 
 
 

The Young’s modulus of the specimens in indoor condition exhibited a slightly 

increasing trend with increasing duration. Young’s modulus for pure PHB slightly 

increased from 1.95 to 2.06 GPa after four months. A similar trend was observed in kenaf 

reinforced PHB and MMT modified PHB, as illustrated in Figure 4.37. The Young’s 

modulus of composite CT20 and TCN3 increased from 2.36 to 2.60 GPa and 2.22 to 2.58 

GPa, respectively. de Koning et al. (1993) have reported that embrittlement is a gradual 

process, and the microstructure of the polymer reaches equilibrium at about 150 days. 

The finding is in line with the observation made in this experiment. During the processing 

cycle in the moulding process, PHB did not have sufficient time to crystalise completely. 

Therefore, progressive crystallisation will continue to occur during storage.  This 

observation was further supported by the increase in PHB density measured over the same 

period observed by de Koning et al. The materials would also absorb moisture from the 

environment over time, especially the untreated kenaf and untreated clay. The increase in 

moisture absorption can introduce defects in the structure, reducing its properties. 

Moisture can also penetrate the fibre-matrix interface, weakening the interfacial adhesion, 

leading to lower mechanical properties (Sanjeevi et al., 2021). 
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4.4.1.2 Flexural properties 
 

The flexural modulus and flexural strength of PHB and its composites subjected to the 

indoor condition are tabulated in Table 4.17. The flexural modulus and flexural strength 

of PHB, CT20 and TCN are illustrated in Figure 4.40 and Figure 4.41. The flexural 

modulus of PHB increases from 2.65 to 3.49 GPa after four months. The apparent increase 

in PHB can be attributed to its increasing crystallinity. Generally, the more crystalline 

material is stiffer compared to more amorphous material. Cretois et al. (2016) has 

extensively studied the secondary recrystallisation and physical aging of PHB. The 

researchers reported that physical ageing would cause the crystallisation peak temperature 

to shift to a lower temperature. Biddlestone et al. (1996) also reported that the glass 

transition temperature of PHB was shifted from -6°C to 3°C after a 60 minutes ageing 

period at -13°C. On the other hand, CT20 remains almost unchanged, and TCN3 

increased slightly from 3.87 to 4.10 GPa. 
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Table 4.17: Flexural properties of PHB and its composites subjected to indoor conditions. 

Sample 
Flexural modulus (GPa) Flexural strength (MPa) Flexural displacement (mm/mm) 

0 months 2 months 4 months 0 months 2 months 4 months 0 months 2 months 4 months 

PHB 2.65 3.04 3.49 54.70 47.14 53.08 0.03 0.02 0.02 
UT5 2.93 2.88 3.68 54.60 45.20 53.32 0.03 0.02 0.02 
UT10 3.75 2.69 3.81 56.90 41.27 53.56 0.02 0.02 0.02 
UT20 4.04 2.07 3.89 58.30 36.67 54.69 0.02 0.03 0.02 
CT5 3.58 3.78 3.88 53.58 54.88 56.20 0.02 0.02 0.02 
CT10 3.82 3.93 3.94 52.62 54.74 56.19 0.02 0.02 0.02 
CT20 4.29 4.37 4.36 52.73 53.40 55.36 0.02 0.02 0.02 
PGV3 3.84 4.19 3.59 49.86 49.40 48.01 0.02 0.01 0.01 
PGV6 3.64 4.05 3.94 49.67 51.51 49.94 0.02 0.01 0.01 
PGV9 3.72 4.01 3.84 50.73 53.86 52.75 0.02 0.02 0.02 
TCN3 3.87 4.28 4.10 48.58 53.85 50.08 0.02 0.02 0.01 
TCN6 4.49 4.53 4.33 46.69 47.23 45.74 0.01 0.01 0.01 
TCN9 4.62 4.81 4.07 40.56 41.67 39.16 0.01 0.01 0.01 
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Table 4.17. For example, the flexural displacement for CT5 at zero month and four 

months exposure are both 0.02 mm/mm, even though the flexural modulus changed from 

3.58 GPa to 3.88 GPa.    Possibly, there was a reduction in the displacement, but it was 

minuscule. 

4.4.2 Outdoor exposure 

4.4.2.1 Tensile properties 
 

The Young’s modulus, tensile strength and elongation at break for specimens 

subjected to the outdoor condition are tabulated in Table 4.18. Based on the 

meteorological data in Table 4.15, the relative humidity during the exposure months 

ranges between 69.4% to 74.4% relative humidity. Temperature ranges from 25.4°C to 

33.4°C with average daily rainfall of around 233.4 ml. The outdoor condition is generally 

more humid than the indoor one, with cyclical exposure to UV and relatively elevated 

temperatures. This difference is due to the indoor specimens being shielded from direct 

sunlight and rainfall.   

The Young’s modulus for PHB exhibited no significant trend after exposure to 

outdoor conditions for four months. Untreated kenaf reinforced PHB composites 

exhibited a reduction in its Young’s modulus, from 2.68 GPa at zero month to 2.26 GPa 

at four months. Treated kenaf PHB composites and treated MMT modified PHB exhibited 

similar behaviour. Both show Young’s modulus increase after the first two months. 

However, between two to four months, a negligible difference was observed. The trend 

was shown by all treated kenaf reinforced PHB composites, and MMT modified 

composites regardless of filler loading and are illustrated in Figure 4.42. 
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molecular weight of the molecules decreased while the polydispersity index was 

increased as the polymer was subjected to UV. It was also reported that the crystallinity 

of the polymer was increased after exposure to UV.  Tertyshnaya and Shibryaeva (2013) 

observed that a combination of exposure to UV and water causes degradation to occur via 

chain scission. 
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Table 4.18: Tensile properties of PHB and its composites subjected to outdoor condition. 

Sample 
Young’s modulus (GPa) Tensile strength (MPa) Elongation at break (%) 

0 months 2 months 4 months 0 months 2 months 4 months 0 months 2 months 4 months 

PHB 1.95 1.93 1.99 35.55 31.00 32.60 4.14 2.40 2.51 
UT5 2.12 2.03 2.23 32.07 29.46 29.65 2.91 2.30 2.15 
UT10 2.21 2.09 2.15 31.36 28.02 28.71 2.66 2.17 2.08 
UT20 2.68 2.18 2.26 31.28 26.29 26.84 2.25 2.14 2.00 
CT5 1.97 2.42 2.47 29.97 32.67 31.85 2.78 2.18 2.17 
CT10 2.12 2.60 2.47 27.44 30.79 28.87 2.19 1.86 1.80 
CT20 2.36 2.67 2.69 26.28 27.29 27.09 1.93 1.54 1.61 
PGV3 1.96 2.37 2.37 29.08 31.45 30.34 1.91 1.66 1.53 
PGV6 2.00 2.30 2.34 29.16 31.46 30.23 1.97 1.75 1.65 
PGV9 1.98 2.30 2.33 30.62 32.91 31.30 2.33 2.10 1.82 
TCN3 2.22 2.59 2.58 31.22 33.19 30.78 1.83 1.53 1.43 
TCN6 2.33 2.69 2.78 28.82 30.78 29.36 1.45 1.34 1.27 
TCN9 2.49 2.86 2.94 26.40 27.69 26.21 1.23 1.09 1.01 
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The tensile strength for PHB was reduced slightly after four months of outdoor 

exposure and is illustrated in Figure 4.43. The tensile strength was reduced from 35.55 

MPa to 32.60 MPa. A similar trend was observed for UT composites, and MMT modified 

PHB. Tensile strength for UT20 was reduced from 31.28 MPa at zero month to 26.84 

MPa at four months. On the other hand, tensile strength for CT remained relatively the 

same over the four months, between 26.28 MPa to 27.09 MPa. Humidity ageing is 

recognised as the leading cause for the long-term failure of organic composites (Akil et 

al., 2011; Merdas et al., 2002). Plasticisisation of the matrix, differential swelling related 

to concentration gradients, embrittlement linked to the degradation of the macromolecular 

skeleton by hydrolysis, osmotic cracking, hygrothermic shock with the change of water 

state and localised damage to the fibre-matrix interface can all contribute to a lower 

tensile strength. Fading colour from dark brown to whitish and reduced tensile strength 

has been widely reported as a common effect of kenaf fibre reinforced composites to UV 

(Abdullah et al., 2019; Akil et al., 2011; Chee et al., 2019; Merdas et al., 2002).   
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Table 4.19: Flexural properties of PHB and its composites subjected to outdoor condition. 

 

Sample 
Flexural modulus (GPa) Flexural strength (MPa) Flexural displacement (mm/mm) 

0 months 2 months 4 months 0 months 2 months 4 months 0 months 2 months 4 months 

PHB 2.65 3.77 3.47 54.70 55.19 50.68 0.03 0.02 0.02 
UT5 2.93 3.84 3.60 54.60 54.50 49.31 0.03 0.02 0.02 
UT10 3.75 3.74 3.73 56.90 51.00 47.95 0.02 0.02 0.02 
UT20 4.04 3.67 3.62 58.30 50.34 47.80 0.02 0.02 0.02 
CT5 3.58 3.91 3.94 53.58 56.58 56.89 0.02 0.02 0.02 
CT10 3.82 4.09 4.07 52.62 55.37 56.38 0.02 0.02 0.02 
CT20 4.29 4.10 4.15 52.73 51.75 48.82 0.02 0.02 0.02 
PGV3 3.84 4.16 4.34 49.86 49.36 48.29 0.02 0.01 0.01 
PGV6 3.64 4.06 4.22 49.67 49.35 50.97 0.02 0.01 0.01 
PGV9 3.72 3.97 4.07 50.73 52.86 53.10 0.02 0.02 0.02 
TCN3 3.87 4.24 4.38 48.58 51.42 51.39 0.02 0.01 0.01 
TCN6 4.49 4.56 4.74 46.69 46.29 44.36 0.01 0.01 0.01 
TCN9 4.62 4.52 4.96 40.56 39.81 38.32 0.01 0.01 0.01 
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The flexural strength for MMT modified PHB did not significantly change after 

the four-month exposure period. Refer to Figure 4.45. For example, the flexural strength 

for TCN3 at zero, two months and four months exposure are 48.58 MPa, 51.42 MPa and 

51.39 MPa, respectively. A similar observation was recorded for PGV modified PHB 

composites. UT composites exhibited decreasing flexural strength. For example, the 

flexural strength for UT10 was reduced from 56.90 MPa to 47.95 MPa after four months. 

For treated kenaf reinforced composites, specimens with the highest fibre loading of 20% 

exhibited decreasing flexural strength, while specimens with 5% and 10% fibre loading 

exhibited an increasing trend. The ageing of a composite involves multiple processes and 

is very complex. For kenaf reinforced PHB composites, known phenomena include 

moisture uptake, secondary crystallisation and physical ageing of the PHB matrix and UV 

attack on both fibre and matrix. This complex interaction results in the mixed behaviour 

observed in the flexural strength of PHB and its composites. At a glance, it can be be 
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strength (Figure 4.47) and elongation at break (Figure 4.48) exhibited a decreasing trend 

with more prolonged exposure duration.  

It can also be observed that kenaf reinforced PHB has a more significant decrease 

over time than neat PHB. This observation is in line with what has been reported by most 

researchers. Popa et al. (2018) studied the bacterial colonisation and biodegradation 

behaviour of PHB/cellulose fibre composites.   The researchers reported that introducing 

cellulose fibres would increase the biodegradability of the composites. It was found that 

PHB/cellulose composites would have a higher amount of Aspergillus brasiliensis and 

Paecilomyces variotii fungi colonies over neat PHB, which suggests that the composite 

is a better substrate for fungi growth. The degradation rate of the composite was higher 

as the specimens were left in the soil for a more extended period. 

 A similar observation was reported by Rapa et al. in their study of PHB/wood 

composites degradation by Trichoderma spp. and Penicillium sp. (Râpă et al., 2011, 

2014). The introduction of wood fibres at loading as low as 2% was found to increase the 

biodegradability rate of the specimens.    
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Table 4.20: Tensile properties of PHB and its composites subjected to soil burial condition. 

Sample Young’s modulus (GPa) Tensile strength (MPa) Elongation at break (%) 

0 months 2 months 4 months 0 months 2 months 4 months 0 months 2 months 4 months 

PHB 1.95 1.82 1.79 35.55 26.20 28.32 4.14 1.79 2.50 
5UT 2.12 1.82 1.73 32.07 29.11 26.42 2.91 1.66 2.42 
10UT 2.21 2.11 1.77 31.36 28.29 24.39 2.66 1.75 2.30 
20UT 2.68 2.37 1.78 31.28 27.28 21.70 2.25 1.95 2.68 
5CT 1.97 2.08 2.14 29.97 29.78 27.30 2.78 2.41 2.06 
10CT 2.12 2.24 2.07 27.44 27.71 25.76 2.19 2.12 2.15 
20CT 2.36 2.17 1.96 26.28 21.79 18.89 1.93 1.75 1.69 
3PGV 1.96 2.54 2.08 29.08 28.09 25.41 1.91 1.53 1.45 
6PGV 2.00 2.02 2.05 29.16 29.21 25.75 1.97 2.00 1.69 
9PGV 1.98 2.22 2.14 30.62 29.38 28.10 2.33 2.01 2.02 
3TCN 2.22 2.54 2.52 31.22 31.69 30.78 1.83 1.77 1.77 
6TCN 2.33 2.52 2.44 28.82 29.80 26.56 1.45 1.53 1.33 
9TCN 2.49 2.64 2.56 26.40 24.30 23.72 1.23 1.08 1.09 
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surface. It would lead to a larger surface area, further accelerating the degradation process 

as the microorganisms now have access to the specimens' interior and outer layer. This 

increased network of hollow tunnels would also deteriorate its physical properties as 

multiple flaws were introduced into the composite structure.  

 

Figure 4.49: Surface of KT20 at 40 times magnification. 

 

On the other hand, biodegradation occurring on neat PHB is limited on its surface. 

However, it has been extensively reported that the microorganisms attached to the surface 

would produce micro-sized holes on the surface of PHB (refer to Figure 4.50). Since 

Young’s modulus is measured at lower strain levels, these imperfections have yet to 

significantly impact the structure, resulting in relatively unchanged Young’s modulus. 

However, as the specimen is subjected to increasing strains, the imperfections on the 

specimen surfaces would act as stress concentrators, accelerating its failure resulting in 

lower tensile strength. As the specimens are exposed to the soil burial condition for a 

longer time, more and deeper holes are expected to be produced. Eventually, PHB and its 
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composite would lose their load-bearing capabilities as the microorganisms are further 

degraded. 

 

Figure 4.50: Surface of PHB at 40 times magnification. 

 

It is interesting to note that for MMT modified PHB, it is relatively unimpacted 

by the conditioning. No noticeable reduction in the tensile properties was observed. Maiti 

et al. (2011) have suggested that MMT modified PHB has better barrier properties, 

preventing oxygen and moisture from reaching the sample. Biodegradation of PHB 

involves enzymatic hydrolysis of ester linkages by PHB depolymerase in the presence of 

moisture (Panayotidou et al., 2014). Therefore, the lack of moisture can cause the 

biodegradation process to occur slower. This capability is helpful in cases where PHB 

composites might be employed in conditions known to cause biodegradation, allowing 

the designer to tailor the biodegradability according to the requirements of applications. 

In addition, it is also interesting to explore the impact of these barrier properties if the 

MMT is employed together with cellulosic fibre reinforcement. As discussed earlier, the 
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For the flexural strength of buried specimens, the flexural strength of neat PHB decreased 

from 54.70 MPa to 47.14 MPa after four months. CT20 displayed a significant decrease 

in flexural properties, from 52.73 MPa to 32.97 MPa, after four months. TCN3, on the 

other hand, maintained its flexural strength at around 50 MPa.  In general, the tensile 

strength of MMT/PHB composites is relatively unaffected by soil burial. This behaviour  
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Table 4.21: Flexural properties of PHB and its composites subjected to soil burial. 

 

Sample 
Flexural modulus (GPa) Flexural strength (MPa) Flexural displacement (mm/mm) 

0 months 2 months 4 months 0 months 2 months 4 months 0 months 2 months 4 months 

PHB 2.65 3.00 3.04 54.70 45.45 47.14 0.03 0.02 0.02 
UT5 2.93 3.02 2.88 54.60 45.35 45.20 0.03 0.02 0.02 
UT10 3.75 2.93 2.69 56.90 42.19 41.27 0.02 0.02 0.02 
UT20 4.04 2.63 2.07 58.30 38.36 36.67 0.02 0.03 0.03 
CT5 3.58 3.61 3.37 53.58 51.99 47.73 0.02 0.02 0.02 
CT10 3.82 3.41 3.29 52.62 49.15 45.41 0.02 0.02 0.02 
CT20 4.29 3.28 2.41 52.73 43.74 32.97 0.02 0.02 0.02 
PGV3 3.84 3.87 3.84 49.86 44.79 43.33 0.02 0.01 0.01 
PGV6 3.64 3.71 3.67 49.67 46.55 42.89 0.02 0.01 0.01 
PGV9 3.72 3.50 3.51 50.73 49.88 46.73 0.02 0.02 0.02 
TCN3 3.87 4.36 3.87 48.58 49.58 50.34 0.02 0.02 0.02 
TCN6 4.49 4.15 4.22 46.69 42.48 46.13 0.01 0.01 0.01 
TCN9 4.62 4.19 4.32 40.56 38.57 38.34 0.01 0.01 0.01 
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CHAPTER 5: CONCLUSION  
 

5.1 Conclusion 

Kenaf/PHB and MMT/PHB composites were successfully prepared and 

characterised. Twin-screw extruder and injection moulding are suitable for producing 

complex shapes and at higher output volume. Kenaf/PHB composites exhibited up to 21% 

higher Young’s modulus than neat PHB. A similar improvement was observed for 

MMT/PHB composites. However, the composites generally have lower tensile strength 

when compared to neat PHB, indicating the dispersion, filler wetting, and interfacial 

adhesion is still poor. The fibre-matrix interface is weak for kenaf/PHB composites, as 

gaps between the matrix and fibre are observed in the FESEM image. For 

MMT/composites, agglomeration was still present likely due to low shear during the 

compounding process, which was limited by the melt behaviour.   

Untreated kenaf/PHB composites exhibited better thermal stability, a higher degree 

of crystallinity, slightly better thermal properties, higher flexural strength, higher critical 

stress intensity factor, and peak load than treated kenaf composites. The presence of lignin 

on the fibre surface acted as a nucleating agent for PHB, resulting in higher crystallinity 

of the matrix, translating into its physical properties. The presence of lignin and 

hemicellulose was also proposed to have shielded the cellulose portion of the natural 

fibres from degradation by-products of PHB, resulting in better thermal properties. On 

the other hand, treated kenaf fibres exhibited higher storage and loss modulus from 

rheology indicating better fibre-matrix interaction. It also displayed a higher critical strain 

energy release rate and fracture energy due to the increased roughness of the treated 

fibres. Even though the matrix still fails in a brittle manner, fibre pullout occurring during 

failure increased the fracture energy and prevented the specimens from shattering. 
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However, gaps between the fibres and matrix were present in both systems from the 

fracture images, indicating that the interfacial adhesion is still suboptimal. Alkali-treated 

kenaf composites have proven to be more resistant to weathering as it is less susceptible 

to water absorption when compared to their untreated counterpart. In this study, the 

introduction of the kenaf fibres has accelerated its bio-degradation regardless of surface 

treatment. 

For MMT/PHB composites, surface treated MMT exhibited overall better 

performance. It has better dispersion resulting in improved mechanical properties such as 

Young’s modulus and flexural modulus. TCN/PHB composites exhibited pseudo-solid-

like rheological behaviour at lower frequencies, indicating stronger melt-particle 

interaction. However, treated and untreated MMT composites have lower melting 

temperatures and Xc than neat PHB. Agglomeration was still present even with surface 

treatment, resulting in reduced tensile and flexural strength. The introduction of MMT 

into PHB significantly decreased the impact properties. The poor properties of PHB/mmt 

composites reported in this work are mainly due to the poor dispersion of the nanoclay, 

resulting in extensive agglomerations. Since exfoliation or intercalation of the nanoclay 

was not achieved, improvement expected from its addition was not realised. However, it 

is interesting to note that the introduction of MMT into PHB delayed the degradation rate 

compared to neat PHB. Further investigation is required in order to understand the 

phenomenon better. 

 

5.2 Suggestions for future works 

Several analyses can be done to enhance the understanding of Kenaf/PHB and 

mmt/PHB composites. The surface morphology of the alkali-treated and untreated fibres 
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can be characterized by AFM. The influence of kenaf fibre and MMT on wetting and 

viscoelastic properties of PHB composites can be determined. Dynamic Mechanical 

Analyser would improve the understanding of the viscoelastic properties and determine 

the composites' glass transition temperature. Damping in the material can be studied to 

understand the ability and efficiency of the composites to dissipate energy. 

The fibres can be treated chemically to improve fibre and matrix adhesion further. 

Treatment with organic silane or introducing a compatibilising agent into the matrix could 

improve the fibre matrix adhesion. For MMT modified PHB, preparing a masterbatch 

with higher clay content during the initial extrusion could yield a better exfoliation effect 

due to higher melt viscosity resulting in stronger shear forces. The preparation of a hybrid 

PHB composite using both treated kenaf and MMT as reinforcement is an exciting 

prospect, considering the potential synergistic effect of both systems. Improved barrier 

property of PHB after modification with PHB could further increase the lifetime of kenaf 

reinforced PHB composite by improving its durability to ageing.  

 Another interesting study would be to create “deconstructed” kenaf composites. 

Lignin has been shown to improve the crystallisation behaviour of PHB by acting as a 

nucleating agent. Taking chemical treatment further, we can generate nano-cellulose 

whiskers, which are purer than the alkali-treated produced in this study. The lignin then 

could be recovered from the cleaning reagent and processed into nanoparticles, adding 

value to a process by-product. 
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