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ABSTRACT 

The building and construction sector consumes large volume of materials, it generates 

enormous amounts of solid wastes, and it is responsible for about 40% of annual global 

CO2 emissions. So, sustainable biodegradable, recyclable or renewable materials such 

as polymer-based materials are seen as potential substitutes to their non-renewable, 

non-environmentally friendly counterparts. Poly (lactic acid) (PLA) is a polymer 

produced from renewable sources, thereby supporting sustainability. The use of PLA is 

sometimes limited by its inherent brittleness, and insufficient mechanical strength when 

used alone. The brittleness of PLA may be reduced by toughening it with rubbery 

additives, while its strength can be improved through reinforcement with materials such 

as natural fibres.  

In this thesis, fibres extracted from harakeke (Phormium tenax), otherwise called New 

Zealand flax is used as reinforcement in PLA composites. The fibre properties were 

modified to facilitate processability, improve its compatibility with PLA, and to 

enhance its reinforcing ability by removing components such as lignin and 

hemicellulose which are detrimental to the mechanical and thermal performance of the 

composite. Different methods such as chemical treatment with alkali solutions, 

mechanical processing, and enzymatic treatment were explored to modify the harakeke 

fibre. In addition, polybutylene succinate (PBS) was blended with PLA, followed by 

reactive compatibilization of the reinforced PLA/PBS blend with dicumyl peroxide 

(DCP), with the aim of improving the toughness of the composite. 

The results show that harakeke fibre is a good reinforcement for PLA, as it increased 

the composite strength from 62±1.02 MPa to 82±0.98 MPa. In addition, it was found 

that PLA/PBS blends can be reactively compatibilized and reinforced concurrently, 

thereby supporting the production of composites with improved mechanical, thermal, 

and thermomechanical performance. Generally, the results show that enzymatic 

treatment could serve as a more sustainable environmentally friendly route to fibre 

treatment as it obviates a chemical processing route and supports recyclability and 

reusability. Likewise, the combination of mechanical processing with enzymatic 

treatment has great potential for producing large scale environmentally friendly and 

good quality fibres, suitable for composites.  
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CHAPTER 1 

 

 

INTRODUCTION AND OVERVIEW OF THESIS 

1.1 Introduction 

This chapter presents the background of the thesis, literature review, significance and 

objective of the thesis, and thesis outline. 

1.2 Background of the study 

Natural fibres are notable for their salient properties such as low cost, renewability, 

biodegradability, recyclability, low density, high flexural strength, high modulus, and non-

abrasiveness [1, 2]. So, there have been series of efforts towards the processing and 

modification of natural fibres over the past recent decades [3]. Most of the research on natural 

fibre is aimed at expanding its utilization in different applications, to replace materials such 

as glass fibre in reinforced polymer composites [4]. One area with wide potential application 

for natural fibre reinforced composites is building and construction [5]. The suitability of 

natural fibre reinforced composites for these applications is based on the large volume of 

materials used for building and construction applications, and the wide availability of natural 

fibres can help to meet material demands. In addition, the properties of natural fibres 

mentioned above such as low density, renewability, low cost, and recyclability gives it some 

preferential advantage over materials like glass fibre.  

Polymers are another class of materials that can be used for building and construction 

applications [6]. Some polymers, called natural polymers are naturally found in plants and 

animals while the synthetic polymers are man-made. Polymers possess unique physical and 

chemical properties which affords them usage in everyday life [7]. When used alone, the 

mechanical properties of polymers are generally not sufficient for load bearing applications. 

The mechanical properties of polymers can be improved by incorporating high strength and 

high modulus reinforcement, such as natural fibres. However, production of high-
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performance natural fibre reinforced polymer composites with high load bearing capacity 

suitable for engineering and structural applications is an ongoing challenge to material 

engineers. The limitation to the use of natural fibre reinforced polymer composites is due to 

poor compatibility and poor interface associated with the difference in properties of natural 

fibres and polymers which generally generates low mechanical strength in the composite. 

Interfacial interaction can be improved by modifying the fibre, the matrix, or both and this 

would be beneficial to the development of building materials. 

Therefore, the development of composite building materials by combining the salient 

properties of natural fibres with the unique properties of a polymer produced from renewable 

sources, namely poly (lactic acid) (PLA) is explored in this thesis. Modification, through 

treatment of the fibre will help to improve compatibility and interfacial interaction with the 

polymer. The matrix, PLA, is produced from renewable sources thereby offering the 

assurance of sustainability, and its high mechanical strength makes it a suitable candidate for 

structural applications. In addition, PLA is easily processible, and its properties can be easily 

tuned towards desired applications. So, the main benefit of developing this composite is the 

assured sustainability, and the possibility for performance engineering. 

1.3 Literature review 

In the past few decades, there has been an increasing global interest in environmental 

sustainability due to concerns relating to excessive dependence on petroleum resources and 

depleting natural resources. Aside from this, a larger percentage of petroleum-based products 

are not environmentally friendly, and their production, use and recycling often generates 

toxic substances which pollute the environment [8]. In recent years, technological 

developments have focused on the use of environmentally benign bio-resources as substitutes 

for conventional minerals or non-renewable ones [9, 10]. Polymers represent a group of 

materials that can be found naturally in plants and animals or produced from renewable 

resources. So, there is growing interest in polymers partly because of their versatility and 

partly based on their structure-property tunability. However, the limitation to the 

development of polymer-based materials is how to develop environmentally friendly 

sustainable, and renewable products with sufficient mechanical performance suitable for 

broad engineering applications. On this basis, the current trend of research is focused on the 

utilization of different approaches to enhance the performance of polymer. For example, 

different fillers are being investigated as reinforcement in polymer matrices and where 
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necessary, modification of the filler, the matrix, or both is being explored as a way of 

obtaining desirable properties from their composites [11]. 

1.3.1 Polymer composites 

Polymer as a word is the combination of two Greek words “poly” which means 

“many” and “meres” which is translated as “parts”. So, several smaller chemical units come 

together to form a polymer. They can be grouped into different classes such as thermosets, 

thermoplastics, rubber/elastomers, of thermoplastic elastomers (TPE). Although these 

polymer types can all be used for composite production, the interest of this thesis is on 

thermoplastics. The thermoplastic composites can be lightweight yet strong and durable and 

can be reformed and re-shaped. In addition, thermoplastic composites are eco-friendly 

because they can be recycled at the end of their lifespan. 

Polymer composites comprise two or more materials that are mixed to achieve certain 

performance, with the major constituents being the matrix, and the reinforcement. In addition, 

to these, some additives can be included in composites to achieve specific properties. The 

matrix phase in polymer composites helps to ensure that the reinforcement is kept in place, 

and it helps to facilitate the transfer of stress to the fillers. Although the role of matrices in the 

entire load-bearing ability of composites is lower compared to the reinforcement, proper 

selection of matrices is important for the overall performance of the composite [12]. Good 

selection of matrices will help to ensure that most of the other composite properties including 

appearance, tolerance to environmental conditions and durability which depends largely on 

the matrix are not lost. 

The polymer matrices used for the development of polymer composites can be 

categorised as naturally occurring or synthetic. This includes gelatin, starch, polyhydroxy 

butyrate-co-valerate (PHBV), soy resin, poly-hydroxy butyrate (PHB), and poly(lactic) acid 

(PLA) [13]. In the past few decades, there have been an increasing interest from scientists, 

engineers, and industry personnels to replace petroleum based and synthetic polymers with 

bio polymers obtained from renewable sources. This is largely due to the ecological, safety, 

and environmental issues associated with the production, use, and recycling of materials 

produced for non-renewable sources [14]. Among the available bio polymers from renewable 

sources, PLA has been observed to be an ideal candidate to replace the conventional 
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petroleum based and non-environmentally friendly polymers. Therefore, PLA is used as the 

matrix in this thesis. 

1.3.2 Poly(lactic) acid 

Poly(lactic) acid (PLA) is among the most notable thermoplastic biopolymers. It has 

an aliphatic polyester structure, and it is mainly produced from fully renewable resources 

such as sugar and corn starch [15]. In addition, PLA possesses considerably high levels of 

strength and stiffness in contrast to other notable biodegradable polymers as can be seen in 

Table 1.1. Furthermore, PLA is biocompatible, biodegradable, and it is sufficiently stable 

against UV radiation [16, 17]. Based on these salient features, PLA is widely accepted in 

different applications which have resulted in an increased global demand for PLA [18]. 

Table 1.1 Main properties of the commonly used biodegradable polymer matrices [19] 

Polymers Properties     

 Melting 

temperature 

(oC) 

Tg (
oC) Young’s 

modulus 

(MPa) 

Tensile 

strength 

(MPa) 

Elongation 

at break (%) 

PBAT 110-120 -30 20-60 32-36 >600 

PLA 173-178 64 350-3500 48-60 <5 

PCL 58-63 -60 - - - 

PBS 114 -32 690 42 230 

PHB 177 - - 43 5 

The increasing interest in PLA products has led to the identification of its peculiar 

shortcoming including its inherently brittle nature, poor thermal resistance, low impact 

strength, and considerably low long-term use temperature due to its relatively low glass 

transition temperature [20-22]. It was reported in literature that the semi-crystalline nature of 

PLA contributes to its poor mechanical performance in terms of toughness and thermal 

resistance [21]. These shortcomings tend to limit the wide application of PLA, especially in 

fields where high thermal resistance and toughness are required. Asides the stated 

shortcomings of PLA, mechanical properties of PLA when used alone is not sufficient for 

structural application. Based on these,  the performance of PLA is often improved through the 

incorporation of reinforcements [23].  
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Literature has shown that PLA can be effectively strengthened through fibre 

reinforcements and its toughness can be improved through the incorporation of rubbery 

additives [24]. However, it is still a challenge to concurrently enhance the toughness and 

strength of PLA to develop materials suitable for structural applications. This 

notwithstanding, the growing global interest in a circular economy suggests that the property 

tunability and recyclability of PLA and its composites can offer immense benefit. 

Particularly, the production, usage and recyclability of PLA and its composites can offer 

significant energy savings and drastically reduce greenhouse gas emissions. These are critical 

factors towards achieving sustainable or circular environments [25]. 

Currently, the use of PLA in building materials is low compared to the volume used in 

packaging, medical and biomedical applications [26]. The limited application of PLA in 

building and construction is due to the low impact strength and high brittleness of PLA which 

generally limits its suitability for structural applications where high load bearing properties is 

required. Nevertheless, PLA can be potentially used to produce different building materials 

such as sheet walls, corner guards, handrails, crash rails, lighting products, wallpapers, for 

floorings, and in floor pads [27-30]. 

1.3.3 Natural fibres 

The reinforcements used to produce polymer composites can be grouped into 

synthetic and natural fillers. The natural fillers are obtained from natural and renewable 

sources, while the synthetic ones are mostly obtained from non-renewable sources. So, the 

use of natural fillers such as natural fibres as reinforcement have been reported to offer 

significant environmental benefit over their synthetic counterparts [31, 32]. For instance, the 

substitution of 50% glass fibre by natural fibre to produce reinforced composites in North 

American automobiles was reported to reduce CO2 emissions by about 3.07 million tons 

while reducing the consumption of crude oil by about 1.19 million m3 [33]. Therefore, the 

focus of this thesis is on the use of natural fibres as reinforcement in PLA composites. 

Natural fibres are broadly classified into mineral, plant, and animal fibres [34, 35]. Among 

the natural fibres, plant fibres are more commonly used to reinforce polymer matrices to 

develop environmentally friendly composites [36-38]. 

Natural fibres can be extracted from different parts of a plant including seed, leaves, 

fruits, and stems. These are among the most intriguing renewable materials that are currently 
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being widely investigated for various polymeric applications [39-41]. As a reinforcement for 

polymers, natural fibres generally present significant enhancement in mechanical and thermal 

properties, while modifying the crystalline behaviour of the matrix [42]. This have 

particularly facilitated their wider acceptance in applications where sustainability is of high 

interest. Particularly, natural fibres exhibit some salient features including wide availability, 

biocompatibility, excellent biodegradability and tuneable properties [43]. Generally, the 

incorporation of natural fibres in polymer matrices often require surface treatment to facilitate 

good interfacial interactions between the fibre and the matrix. 

1.3.4 Harakeke fibre 

New Zealand has a wide array of natural fibres which can be potentially used as 

reinforcement in polymer composites. The production of reinforcing fibres from these natural 

fibres which are mainly from non-food sources ensures that there is no competition with food 

resources. When combined with suitable polymers, these fibres hold great potential for the 

development of novel high-performance bio-based composite for building applications. 

Among the available plants that may be used to produce natural fibres, the interest of this 

thesis is on harakeke (Phormium tenax), otherwise called New Zealand flax, based on the 

high strength and modulus of harakeke fibre, and the historical use of harakeke fibre which 

suggests that it has great potential as reinforcement in composites. 

In early Māori subsistence economy, fibres were either extracted from the leaves of 

harakeke, or by directly plaiting the leaf strips. These were used for mats, garments, basket 

and other containers (due to the absence of pottery), medicines, and cordage (such as fishing 

and hunting gear) [44]. During this time, different unique weaving cultivars of harakeke were 

identified through oral tradition. However, most of the known weaving cultivars of harakeke 

have been lost over time, such that most of the previously known specie names cannot be 

identified with presently growing plants [45]. Over the past recent decades, traditional and 

contemporary crafts and arts that involve the use of harakeke and other weaving plants have 

been revitalised but the status of harakeke as a treasured plant remains [44]. After the second 

World War, young Māoris migrated from rural to urban areas due to job demands. This led to 

reduced interest in the use of harakeke for weaving purposes and a concurrent decline in the 

resource availability partly due to land modification, and partly due to destruction of 

resources in unused bushes [44]. 
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In the 18th century, the early European settlers arrived New Zealand and they quickly 

identified harakeke as a substitute for European flax which may be used for commercial 

enterprise [46, 47]. During this time, harakeke was referred to as native flax. However, unlike 

the European flax, which was mainly extracted from the stalk, harakeke fibre is mainly 

obtained from the leaves of the plant [48]. The leaves of harakeke which grows up to about 3 

m long, and with a diameter of 125 mm are usually very tough and stiff. These properties, 

coupled with possible mechanisation of extraction around 1920s extended the industrial 

importance of harakeke. The fibres went on to become a significant export commodity which 

was used in different applications including mats, ropes, clothing, baskets, fishing lines, and 

fishing nets [49, 50]. During this time, products obtained from harakeke accounted for about 

20% of the total income generated by New Zealand from export activities [48]. Specifically, 

harakeke fibres were traditionally used as baby napkin, whereas the tow produced from the 

dressed fibre may be used as sponge for bathing infants [51]. Juice extracted from the root 

was used as dyes [52]. Similarly, gums derived from the root were used for sealing letters 

whereas the fibres were mainly used for construction, fishing and hunting in early times [53]. 

In addition, the medicinal properties of harakeke were exploited for different medicinal 

remedies. For instance, decoctions of the exudate at the base of harakeke leaf were used for 

healing severe wounds, burns, old sores, and rheumatic or sciatic regions. Likewise, tumours 

and abscesses were often relieved by using roasted pulped bases of the blanched leaf [54], 

while juices extracted from the root dunks are used as purgatives [47, 54]. Furthermore, good 

wound dressing fibres were obtained from the harakeke fibre while fresh cuts and ringworms 

were often treated by the application of warm roots [54]. Over time, there was a gradual 

decrease in the sales of harakeke products, especially in the 20th century when there was a 

boom in the market for synthetic fibres. This led to the restriction of harakeke use to craft 

making [55]. However, there have been a recent renaissance in the potential use of harakeke 

for different purposes. The applications of interest include traditional, pharmaceutical, 

cosmetics, ecological use, and fibre extraction [56]. 

Harakeke plant have strong, and long sword like leaves which grows to heights of 

about 3 m. Like other natural fibres, the three main components of fibre bundles in harakeke 

are depicted in Figure 1.1 [57]. These components are cellulose, hemicellulose, and lignin.  

Cellulose is a crystalline glucose polymer that makes up the fibre itself and it is responsible 

for the stiffness and strength of the fibre. Cellulose contains high amounts of inter-cellulose 

hydrogen bonding which makes it chemically stable. The cellulose fibres are surrounded by 
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an amorphous matrix of hemicellulose distributed around and within the fibre bundles. 

Hemicellulose helps to strengthen the cell wall by bonding with other hemicellulose 

molecules through hydrogen bonding, thereby promoting uniform strength distribution in the 

fibre.  The lignin component on the other hand binds the hemicellulose thereby helping the 

plant to be rigid. 

 

Figure 1.1 Illustration and arrangement of the major chemical components of natural 

fibres [57]. 

 

The relative amount of cellulose, hemicellulose and lignin in harakeke fibre have been 

estimated and the composition of these components have been found to vary [58]. The 

variation in the components of natural fibres is attributed to the presence of some other 

components such as pectin, waxes and water-soluble compounds, in addition, to cellulose, 

hemicellulose and lignin which are the three main components in natural fibres [59-61]. So, 

while the cellulose, hemicellulose, lignin, ashes, and total extractives found in harakeke fibre 

were reported as 44.27%, 13.20%, 15.02%, 23.4%, and 4.11%, respectively, by Furtado et al. 

[62], Fortunati et al. reported values of 60.9, 27.3%, 7.8%, and 4.0% for cellulose, 

hemicellulose, lignin, and extractives, respectively [63]. 

The chemical compositions and structural parameters of some common natural fibres 

summarized in Table 1.2 confirms the variability of the chemical composition of most natural 
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fibres. The factors responsible for these variations include planting locations, climatic 

conditions, age of the plant and the type of extraction process. In the case of harakeke fibre, it 

is evident in Table 1.2 that its cellulose content is low, while its hemicellulose content is high 

compared to some other common natural fibres, similar to what was reported by Daniels, 

1999 [58]. So, while the strength of harakeke fibre is associated with its cellulose component, 

its toughness is associated with its high hemicellulose content, because the toughness has 

been reported to increase with growing amounts of hemicellulose and lignin [64]. 

Table 1.2 Chemical composition harakeke fibre and other common natural fibres [65] 

Type of 

fibre 

Cellulose 

(wt.%) 

Hemicellulos

e (wt.%) 

Lignin 

(wt.%) 

Pectin 

(wt.%) 

Moisture 

content (wt.%) 

Wax 

(wt.%) 

Bast fibre       

Flax 64.1-71.9 16.7-20.6 2.0-2.2 1.8-2.3 8-12 1.7 

Hemp 70.2-74.4 17.9-22.4 3.7-5.7 0.9 6.2-12 0.8 

Jute 61-71.5 12.0-20.4 11.8-13 0.2 12.5-13.7 0.5 

Kenaf 31-57 21.5 8-19 3-5 - - 

Ramie 68.6-76.2 13.1-16.7 0.6-0.7 1.9 7.5-17 0.3 

       

Leaf fibre       

Sisal 65.8-78 8-14 10-14 0.8-10 10-22 2 

Harakeke 45.1-72.0 30.1 11.2 0.7 10.0 0.7 

Henequen 77.6 4-8 13.1 - - - 

Pineapple 70-82  5-12.7 - 11.8 - 

Banana 63.64 10-19 5 - 10-12 - 

       

Seed fibre       

Cotton 82.7-90 5.7 - 0-1 7.85-8.5 0.6 

       

Fruit fibre       

Coir 32-43 0.15-0.25 40-45 3-4 8 - 

 

The fibre extracted from harakeke is known as “MUKA” and its properties are 

comparable to most natural fibres commonly used as reinforcement in polymer composites as 

presented in Table 1.2 and Table 1.3. As stated earlier, fibres obtained from harakeke were 

historically used for producing cloaks, ropes, and for making baskets and fishing nets [66]. 
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These uses suggest that harakeke fibre can offer good reinforcement properties. Therefore, 

some studies have explored the possibility of combining harakeke fibre with different 

polymers [65, 67, 68], based on earlier report that which confirmed that harakeke fibres have 

sufficient tensile properties and suitable as reinforcement for polymer composites in semi-

structural applications [49]. Particularly, the cellulose content (between 45 and 63%) in 

harakeke fibres make it quite resistant in tension, thereby affording it tensile strength of over 

300 MPa and elongations of about 2% [69]. When compared with other leaf fibres, micro-

compressive defects are reportedly present in the individual fibre cells of harakeke. These 

defects may reduce the fibre strength, but they are important for the development of strong 

fibre–matrix interface through adhesion, because of wrinkled cell-wall surfaces [68]. Despite 

the number of studies on the characterization of harakeke fibre and its potential use as 

reinforcement in polymer matrices, the use of harakeke fibre in composites intended for use 

in building and construction is limited. Most of the studies on harakeke fibre reinforced 

polymer composites incorporated it into epoxy resin [67, 68, 70], which is not recyclable or 

biodegradable. When used as reinforcement in biodegradable or recyclable polymer 

composites, harakeke fibre could serve as a sustainable way of developing high performance 

materials with great economic value [71, 72]. The main benefits of this sustainable approach 

to building and construction includes resource availability, recyclability, no toxicity, 

biodegradability, low environmental cost, and improved thermal and mechanical 

performance. 
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Table 1.3 Properties of common natural and synthetic fibres for PLA composites  

Fibre Density 

(g/cm3) 

Length (mm) Failure 

strain (%) 

Tensile strength 

(MPa) 

Stiffness/Young’s 

modulus (GPa) 

Specific tensile 

strength (MPa/gcm-3) 

Specific Young’s 

modulus (GPa/gcm-3) 

Ramie 1.5 900-1200 2.0-3.8 400-938 44-128 270-620 29-85 

Flax 1.5 5-900 1.2-3.2 345-1830 27-80 230-1220 18-53 

Hemp 1.5 5-55 1.6 550-1110 58-70 370-740 39-47 

Jute 1.3-1.5 1.5-120 1.5-1.8 393-800 10-55 300-610 7.1-39 

Harakeke 1.3 4-5 4.2-5.8 440-990 14-33 338-761 11-25 

Sisal 1.3-1.5 900 2.0-2.5 507-855 9.4-28 362-610 6.7-20 

Alfa 1.4 350 1.5-2.4 188-308 18-25 134-220 13-18 

Cotton 1.5-1.6 10-60 3.0-10 287-800 5.5-13 190-530 3.7-8.4 

Coir 1.2 20-150 15-30 131-220 4-6 110-180 3.3-5 

Silk 1.3 Continuous 15-60 100-1500 5-25 100-1500 4-20 

Feather 0.9 10-30 6.9 100-203 3-10 112-226 3.3-11 

Wool 1.3 38-152 13.2-35 50-315 2.3-5 38-242 1.8-3.8 

E-glass 2.5 Continuous 2.5 2000-3000 70 800-1400 29 
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1.3.5 Additives 

Aside from the matrix, and fillers or reinforcements, other components or additives 

that may be found in polymer composites include but not limited to coupling agents, coatings, 

and processing aids.  

Additives can be used to improve the performance of polymers and polymer matrix 

composites. For example, due to the inherent brittle and low impact properties of PLA, 

incorporation of rubbery additives can help to improve the toughness, or elongation at break 

of PLA. In addition, other additives such as flame-retardant agents can be used to improve 

the thermal stability, thermal insulation behaviour and fire resistance/flame retardance 

properties of the composite, especially if it is intended to be used as building materials. 

Generally, the addition of rubbery additives in PLA might lead to the sacrifice of 

some mechanical strength. However, the use of reinforcement and proper control of additive 

concentration can help to ensure sufficient enhancement in strength and modulus of the 

resulting PLA composite [24, 73]. 

1.3.6 Challenges to natural fibre reinforced polymer composites 

A major limitation to the use of natural fibres as reinforcement in polymer composites 

is the inherent poor adhesion between natural fibres and polymer matrices [74]. Specifically, 

natural fibres are hydrophilic in nature whereas the polymer matrices are hydrophobic. This 

often results in poor interfacial interactions and low compatibility between natural fibres and 

polymer matrices. 

Aside from this, natural fibres are susceptible to high moisture absorption and UV 

degradation [75]. These can affect the mechanical performance of the fibre, and its reinforced 

composites [76]. So, fibre treatment is often used to remove or at least reduce the components 

such as lignin and hemicellulose, as well as improve compatibility and interfacial interaction 

between natural fibres and polymeric matrices [77]. Removal of hemicellulose and lignin 

helps to facilitate a molecular rearrangement and closer packing of the fibre cellulose which 

reduces the functional ₋OH groups on the fibre surface, such that its moisture susceptibility is 

reduced. In addition, the phenolic hydroxyl groups in lignin are susceptible to UV 

photochemical breakdown. So, the removal of lignin through fibre treatment helps to reduce 

the UV degradation tendency of the fibre [78]. Therefore, the components that are targeted 
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for removal or reduction from natural fibres are notably responsible for the poor thermal and 

mechanical performance, and high UV susceptibility of natural fibres. 

1.3.7 Fibre treatment 

The conventional strategies for modifying natural fibres in a bid to improve the 

compatibility and interfacial interaction between natural fibres and polymeric matrices are 

broadly grouped into chemical and physical treatment methods [79]. Chemical treatment of 

natural fibres are the most frequently used methods, and includes mercerization, acetylation, 

benzoylation, permanganate treatment, peroxide treatment, and silane treatment [79-82]. 

These can be implemented on an industrial scale and even though they have produced good 

results, have generally involved the use of hazardous chemicals. This not only exerts 

undesirable pressure on the environment, but can also result in increased production costs, 

high energy consumption, and issues relating to waste disposal. Like chemical methods, the 

physical methods such as plasma treatment, corona treatment, steam explosion, ultraviolet 

(UV) and electron radiation treatments are applicable in industrial production lines. However, 

the use of physical methods is also limited by their high energy requirements, high cost and 

lengthy procedures. 

Besides chemical and physical methods, mechanical extraction procedures can also be 

used to process natural fibres intended for use as reinforcement in polymeric composites [83]. 

Mechanical extraction generally involves a series of procedures which help to clean and 

refine the fibre. However, this is a lengthy process which often leads to production costs 

higher, or on a par with synthetic fibres such as glass fibre [84]. In addition, mechanical 

extraction often induces fibre damage, and when used alone, the quality of fibres produced is 

generally not sufficient for high-performance applications. 

To overcome the challenges associated with chemical, physical and mechanical 

approaches to natural fibre processing, biological agents such as enzymes can be used to treat 

natural fibres [84], and this has become a rapidly expanding area of research. Enzymes are 

agents produced by biological organisms including fungi, bacteria, protozoans, termites, 

plants, and animals [85]. Biological treatment of fibres using enzymes is an eco-friendly and 

economically feasible alternative approach to fibre treatment [86]. Particularly, the use of 

enzymes to treat natural fibres intended for use as reinforcement in polymer composites is 

being explored by several researchers [87-89]. This approach offers certain relative 
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advantages compared to chemical and physical processes, such as mild conditions, reduced 

energy consumption, selectivity, specificity, and recyclability [90, 91]. There are different 

classes of enzymes such as pectinases, laccases, proteases, and lipases. These enzymes, being 

specific in their action, facilitates the removal of specific components from the fibre during 

treatment. Therefore, selection of suitable enzymes holds great potential as a long-term 

solution to environmental and economic issues associated with chemical and physical 

methods of natural fibre treatment. The effects, advantages, and limitations of the highlighted 

fibre treatment methods are summarized in Table 1.4. 
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Table 1.4  Comparison of different fibre treatment methods, their effects, benefits and limitations 

Methods Types Effects Advantages Disadvantages Ref. 

Enzymatic 

treatment 

Pectinase, laccase, 

cellulase, xylanase, 

hemicellulase, etc 

Cleans fibre surface, facilitates 

fibre separation from nonfibre 

components, improves fibre-

matrix interfacial adhesion 

Environmentally friendly, non-toxic 

processing conditions, supports high 

product yields, negligible side 

reaction, lower energy consumption, 

highly selective and specific, 

reusable, and recyclable 

Prolonged incubation time, 

dimensional instability, low 

hydrolysis rate, limited to pilot 

scale 

[92-96] 

Chemical 

treatment 

Alkaline treatment, 

acetylation, 

peroxide treatment, 

silanization, graft 

copolymerization, 

benzoylation, etc. 

Modifies and activates fibre 

structure and composition, 

reduces water absorption, 

roughens fibre surface, 

facilitates interfacial bonding, 

improves mechanical strength 

More commonly used, can 

implementable at large scales 

Involves the use of hazardous 

chemicals, requires high cost 

and energy input, leads to 

solvent disposal issues 

[94, 97-

99] 

Physical 

treatment 

Corona treatment, 

plasma treatment, 

ultraviolet (UV), 

electron radiation 

Modifies the property and 

structure of fibres, facilitates 

fibre breakdown from bundles 

into individual filaments, 

improves mechanical 

interfacial properties 

No alteration to the chemical 

composition of fibres, can be 

incorporated into industrial 

production line, not limited by 

reaction conditions 

Costly, lengthy process, high 

energy consumption 

[90, 93, 

100-102] 

Mechanical 

processing 

 Facilitates the separation of 

fibres 

Produces high yield of short fibres 

within a short period 

Lower fibre quality and high 

cost 

[103] 
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1.4 Significance of the topic 

The significance of this topic can be described from the performance, economic, 

and environmental point of view. 

Regarding performance, conventional wood plastic composites (WPCs) are 

mainly suitable for non-load bearing applications. However, the increasing acceptance 

and interest in polymer composites for building and construction applications 

necessitates the development of more versatile composites which will result in widened 

applications of natural fibre reinforced composites in different areas of building and 

construction. 

From an environmental perspective, the materials used to develop composites in 

this thesis such as PLA, harakeke fibre, and poly (butylene succinate) (PBS) are fully 

biodegradable. These offers significant reduction in greenhouse gas emission. In 

addition, the potential biodegradability of PLA and the composites produced in this 

thesis eliminates potential environmental concerns after its use-life as they can be 

recycled. Regarding biodegradation, PLA is only biodegradable under industrial 

composting conditions [104]. Nevertheless, PLA and its natural fibre reinforced 

composites can be mechanically recycled by shredding and re-extrusion [105, 106]. 

Likewise, chemical recycling may be used to break down the PLA matrix into 

monomers or other chemicals using methods such as glycolysis, methanolysis and 

hydrolysis [107]. In addition, industrial filament extrusion may be used where large 

amounts of PLA materials is to be recycled. Ultimately, the selected materials will help 

to reduce overdependence on non-renewable resources, reduce waste generation, 

conserve resources and lower greenhouse emissions. 

In another vein, the plant harakeke (Phormium tenax), used in this thesis is 

endemic to Aotearoa (New Zealand) and Norfolk Island. It is a monocotyledonous plant 

which is notable for its fibre aggregate commonly extracted from its leaves. Harakeke 

holds a significant cultural importance to New Zealand and this gave it the status of 

taonga (treasure) under the Article II of the Waitangi and Ngāi Tahu agreement Claims 

Settlement Act 1998 [45]. This status is based on the view that there is a direct 

relationship between humans and every known plant but some of the plant species are 

highly valued than others. Therefore, the use of these fibres as components of building 
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materials would serve as a means for deriving economic benefits, while sustaining 

ancestral linkages. 

1.5 Statement of thesis hypothesis 

Natural fibre reinforced polymer composites often suffer from poor mechanical 

and thermal performance due to poor interface, associated with incompatibility between 

the hydrophilic fibres and the hydrophobic polymer matrices and presence of 

components such as lignin and hemicellulose in the fibre. The treatment of harakeke 

fibre will help to facilitate its compatibility with PLA, and improve its dispersion in the 

PLA matrix, thereby enhancing the mechanical strength and thermal stability of the 

PLA/harakeke fibre composite. 

The conventional method of natural fibre treatment is the use of chemicals. 

However, to support sustainability, proper selection of processing conditions, and use of 

more environmentally friendly routes as alternative fibre treatment methods can help to 

produce more sustainable fibres suitable for composite development. 

The matrix selected for this, PLA, is notable for its brittle behaviour. 

Incorporation of rubbery additive can help to lubricate the PLA chains and improve 

chain mobility. In addition, the rubbery additives might serve as energy absorber to 

accommodate the stress. It is envisaged that the reinforcement of PLA with harakeke 

fibre might not significantly improve the impact properties and toughness of the 

resulting composite in the same manner as it would do to the strength and modulus. So, 

the composition of the composite will be controlled while incorporating the toughening 

components to enhance the toughness of PLA without significant adverse effect to the 

strength and modulus of its reinforced composites. 

1.6 Thesis objectives 

The objective of this thesis was: 

1. To extract natural fibre from harakeke through different methods such as 

chemical, mechanical, and enzymatic treatment, and to characterize the fibre for 

its suitability as reinforcement in PLA composites. 
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2. To produce harakeke fibre reinforced PLA at varying fibre content (wt.%) for 

development of high mechanical strength composites suitable for use as building 

material. 

3. To improve the toughness of the reinforced PLA through the incorporation of 

rubbery components. To characterize the resulting composite to determine the 

optimum content of the rubbery component required for maximum mechanical, 

thermal and dynamic mechanical performance. 

4. To compare the properties of reinforced PLA composite produced with 

differently (chemically, mechanically, and enzymatically) treated harakeke 

fibre. 

1.7 Thesis outline 

This thesis is divided into six chapters. 

Chapter 1 is the introduction and overview of the thesis. It contains a short 

background of the thesis, literature review, significance of the thesis, the thesis 

objective the thesis outline. 

Chapter 2 is a representation of the first article published from this thesis. The 

paper is focused on the effect of chemical treatment on the properties of harakeke fibre, 

and its composites with poly (lactic acid). 

Chapter 3 contains the representation of the second article from this thesis. The 

paper focused on the effect of mechanical processing and enzymatic treatment on the 

properties of harakeke fibre. The article is currently under review, after revisions 

following peer review. 

Chapter 4 contains another manuscript developed from the results of this thesis. 

It is based on attempts to improve the elongation at break of PLA-harakeke fibre 

composites through the incorporation of a rubbery component. 

Chapter 5 contains a compilation of data from this thesis that are yet to be 

developed into publishable manuscripts. It is a comparison of the mechanical, and 

thermal properties of PLA-harakeke fibre composites produced from chemical treated, 

mechanically processed, and enzyme treated harakeke fibre. 
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Chapter 6 is the concluding chapter, and it presents the conclusions from the 

results obtained in this thesis including from published and yet to be published parts of 

the thesis. In addition, a section of the chapter is devoted to recommendations for 

subsequent studies. 
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CHAPTER 2 

 

 

EFFECTS OF CHEMICAL TREATMENT ON HARAKEKE FIBRE AND ITS 

COMPOSITES WITH POLY (LACTIC ACID) 

2.1 Chapter introduction 

This chapter contains the actual reprint of one of the articles published from this 

thesis. The paper is focused on the effect of chemical treatment on the properties of harakeke 

fibre and its composites with poly(lactic acid) (PLA). The published article is titled 

“Combined digestion and bleaching of New Zealand flax /harakeke fibre and its effects on 

the mechanical, thermal, and dynamic mechanical properties of poly(lactic) acid matrix 

composites” [108]. The abstract is presented below: 

Abstract: In this study, New Zealand flax (harakeke) fibre was initially modified 

through digestion in an alkali solution followed by bleaching with hydrogen peroxide and 

sodium silicate with the aim of improving thermal and mechanical performance of its 

composites, through increased interfacial bonding. X-ray diffraction analysis (XRD), Fourier 

transform infrared spectroscopy and lignin analysis showed that the combination of bleaching 

and alkali treatment resulted in a higher cellulose content than digestion alone. Fibre 

inclusion was found to increase the crystallinity of PLA, likely due to heterogeneous 

nucleation on the treated fibres, which in turn helped to improve the composite strength. The 

highest tensile strength, tensile modulus and thermal stability were achieved with the 

bleached fibre which is believed to be due to better fibre distribution and stronger interfacial 

interaction. This was supported by the adhesion factor and effectiveness coefficient 

calculated using the data obtained from dynamic mechanical analysis. 

Keywords: A. Polymer matrix composites (PMCs); B. Mechanical properties, 

Adhesion; E. Injection moulding 
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2.2 Introduction 

In recent years, there have been increasing efforts on developing environmentally 

friendly materials through a synergy between the principles of green chemistry, 

sustainability, and eco-efficiency [109, 110]. This is aimed at reducing the excessive 

dependence on fossil fuel and petroleum-based products [10, 111]. In this regard, 

biodegradable or renewable polymer-based composites are examples of materials that can be 

used. Interestingly, polymers are very versatile, can be used in different applications, and can 

be modified to meet specific purposes [112]. 

Poly (lactic) acid (PLA) is one polymer that has been widely investigated as a 

substitute for non-degradable high environmental impact polymers, as detailed in different 

research and review articles [113-116]. The strength and stiffness of PLA is sufficient for 

different packaging, medical, and other non-structural applications where high load bearing is 

not a priority. In addition, the inherent biodegradability and processability of PLA mean that 

its properties can be tuned to obtain whatever desired performance that is fit for purpose [112, 

117]. Hence, PLA has been combined with natural fibres to produce environmentally benign 

composites with improved mechanical strength. This is partly associated with the salient 

properties of natural fibres such as low cost, renewability, biodegradability, recyclability, low 

density, high flexural strength, high modulus, and non-abrasiveness [91, 118]. 

 Studies have shown that good interfacial shear strength (IFSS) in natural fibre 

reinforced PLA can significantly affect the composite strength. For example, the work by 

Setswalo et al. on mukwa/PLA composites demonstrated higher flexural properties with 

improved IFSS, obtained through fibre treatment [119]. Similarly, Tarrés et al. demonstrated 

that a weak interphase can result in reduced tensile strength [120]. In a different study, a 

hybrid natural fibre (coir/pineapple leaf fibres) system was used to reinforce PLA. It was 

found that the untreated hybrid biocomposite returned a higher damping factor and lower 

strength, attributed to weak interphase [121]. Generally, most studies on natural fibre 

reinforced PLA composites are focussed on improving interfacial interaction between PLA 

and the fibres through chemical bonding, or interfacial adhesion [113, 114, 116, 118]. 

However, too much fibre can lead to insufficient wetting by the matrix which in turn results 

in poor interface between the fibre and the matrix leading to reduced strength. In relation to 

that, there have been several articles on the effect of fibre content on the properties of PLA. 

For example, Abdallah et al. investigated the effect of varying fibre content (0-40 wt.%) on 
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the mechanical and thermal insulation properties of date palm fibre reinforced PLA [122] and 

found that the tensile strength was remarkably high up to 20 wt.% fibre content. Serizawa et 

al. also reported 20 wt.% as the optimum fibre content in kenaf fibre reinforced PLA 

composites [123]. Similarly, Komal et al. reported 20 wt.% as the optimum fibre content after 

preparing 10-30 wt.% banana fibre reinforced PLA composites [124]. 

Generally, the conventional natural fibres used as reinforcement in PLA composites 

include oil palm empty fruit bunch, sisal, hemp, flax, coir, bagasse, banana, and jute [117, 

125, 126]. In the past decade, there has been increasing interest in the use of fibres extracted 

from the leaves of Phormium tenax commonly called New Zealand flax (harakeke), as 

reinforcement in polymer composites [127, 128]. Harakeke is indigenous to New Zealand and 

the Norfolk Island, and it is a significant resource in Māori culture for making woven mats 

and containers. In terms of morphology and anatomy, harakeke leaves are clumped together 

in groups and tend to be folded at their stem. The leaves can grow to a length of about 3 m 

and extend to about 50-120 mm in width [47]. The structure of harakeke leaf is one that is 

typical of monocotyledons. There is a spiral overlap at the base of the fibre, which lies 

parallel to bundles of sclerenchyma fibres. These sclerenchyma fibres are bonded together by 

lignin and hemicellulose, but the bonds can be broken by dissolution in an alkali solution, or 

in boiling water [68].  

Fibres obtained from harakeke leaves were historically used for producing cloaks, 

ropes, and for making baskets and fishing nets [66]. These uses suggest that harakeke leaves 

could offer good reinforcement properties. For example, ropes, cloaks and baskets require 

lightweight fibres that can be twisted or braided together to provide tensile strength. In 

addition, good extendibility (fibre extraction without breaking – high modulus) is very 

important for cloak, ropes and basket production and these properties are equally desirable 

for composite production. Therefore, some studies have explored the possibility of combining 

harakeke fibre with different polymers [65, 68, 129]. However, reports on harakeke fibre as 

reinforcement in injection moulded PLA for producing composites suitable for structural 

applications are few in the materials science literature. It is well known that the notable 

determinants of the suitability of composites for structural applications are the reinforcing 

ability of the fibre, compositional balance, and the extent of interfacial adhesion between the 

fibre and the matrix. Therefore, these are given prime consideration in this article. 
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Interfacial adhesion in natural fibre composites is commonly improved through 

chemical modification of the fibre, with most studies focussing on facilitating surface 

roughness through alkali treatment [130, 131]. This has produced significant improvement in 

tensile strength and tensile modulus due to removal of components that can lead to weak 

interface from the fibre. In addition, alkali treatment helps to expose the cellulose hydroxyl 

groups of the fibre for bonding with the matrix which in turn facilitates mechanical 

interlocking between the fibre and the matrix [132]. The use of coupling agents, or the 

combination of other chemical techniques with alkali treatment can also help to improve 

interfacial adhesion in natural fibre reinforced composites. Peroxide treatment is one of such 

chemical treatments that can be combined with alkali treatment to improve the chemical 

bonding between natural fibres and polymer matrices [117]. The mechanism of peroxide 

treatment suggests that it can generate good mechanical and thermal resilience in natural 

fibres, as well as facilitate strong chemical bonding and thermal resilience in fibre reinforced 

composites by acting as a fibre modifier and as a coupling agent [133]. In water and during 

heating, organic peroxides such as H2O2 decomposes to generate free radicals HO· which are 

highly unstable and very reactive. These radicals react with the hydroxyl groups on the fibre 

and produces a radical cellulosic fibre which is also very unstable and reactive thereby 

facilitating interfacial interactions between the fibre and the polymer matrix [134]. The 

complete decomposition of peroxide can be achieved by heating at higher temperatures [135, 

136]. Peroxide treatment of natural fibres have been reported to reduce the water absorption 

tendency of the fibre and to also improve the thermal stability [135, 137].  

Sapieha et al. [138] reported a significant improvement in the mechanical properties 

of low density polyethylene composites when the reinforcement was treated with peroxide. 

Likewise, peroxide treatment of sisal fibre was reported to considerably improve the tensile 

properties of sisal fibre reinforced low density polyethylene composites [139].  Despite the 

potential of peroxide treatment to produce significant improvements in composite properties, 

it is less commonly reported in the literature and so, it is worthy of deeper investigation. 

Therefore, the aim of this study is to investigate the effect of combined digestion and 

peroxide treatments on harakeke fibre, and its reinforcing properties in PLA composites as it 

relates to its suitability for structural applications. 
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2.3 Materials 

The harakeke fibre used as reinforcing filler in this study was kindly supplied by 

Templeton Flax Milling Heritage Trust, New Zealand. The polymer matrix used is Ingeo™ 

Biopolymer 3052D poly (lactic acid) (PLA) from NatureWorks. This PLA is an injection 

molding grade with a specific gravity of 1.24 and melt flow rate (MFR) of 14 g/10 min (210 

°C, 2.16 kg). Sodium hydroxide bulk grade solid pellets, sodium sulfite powder, and 

hydrogen peroxide (30%) were purchased from Sigma-Aldrich and used without further 

purification. In addition, extra pure sodium silicate (Na2SiO3) solution, and sulfuric acid 

(96%) were procured from Merck Millipore.  

2.4 Methods 

2.4.1 Preparation and treatment of harakeke fibre 

The harakeke fibre, as received, had a length of about 1-1.5 m. After drying, the fibre 

was cut into 2-3 cm pieces using a guillotine. Weighed amounts of the chopped fibre were 

placed in stainless steel canisters and digested using a solution of 5 wt.% NaOH and 2 wt.% 

Na2SO3 in a lab-scale pulp digester. The ratio of fibre to solution was kept at 1:8, and a 

programmed controller was used to run the digester over a 4-step cycle which included a 

treatment temperature set at 160 oC and a holding time of 2 h. The 4-step cycle is made up of 

a first step which is the conditioning of the digester to reach a stable temperature of 30 oC, 

followed by a second step where the digester is heated to 160 oC. During the third step, the 

digester is held at 160 oC for 2 h and this is followed by the fourth step where the digester is 

cooled to below 60 oC before being opened and the fiber containing canisters are removed. 

After digestion, the treated fibre was thoroughly washed under a continuous water flow until 

the pH of the wash water was measured as neutral at pH 7. The washed and treated fibres 

were then dried in a laboratory oven set at 80 oC for 48 h after which the dried fibres were 

stored in a sealed plastic bag until used for further analysis and for composite fabrication. 

Bleaching of harakeke was performed using a solution of H2O2 and Na2SiO3. For this 

process, 45 g of digested fibre was placed in 3 L of Milli-Q distilled water. The water was 

first heated to 70 oC, and the fibre was introduced under continuous stirring for about 15 min 

after which 75 mL of Na2SiO3 (2.5% by volume) was added. After 5 min, 150 mL of H2O2 

(5% by volume) was added and the bleaching process was allowed to continue under rigorous 
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stirring for an additional 10 min. After completion of the bleaching process, the bleached 

fibre was washed under a water flow until the waste wash water showed a neutral pH. Then 

the fibre was dried at 80 oC for 48 h and stored in a sealed plastic bag until used for further 

analysis and composite production.  

2.4.2 Determination of lignin and carbohydrate content in harakeke fibre 

The amount of lignin in the raw, digested, and bleached harakeke fibre was 

determined according to the Round Robin method for determination of Klason lignin as 

detailed in the Technical Association of the Pulp and Paper Industry (TAPPI) T 222 om-02 

test methods. Briefly, weighed amounts of the dry fibre were digested in a 72% (w/w) H2SO4 

solution inside a test tube, with the mixture being stirred with a glass rod until dissolution 

began. The mixture containing test tube was placed in a water bath for 1 h at 30 °C with 

occasional stirring. The mixture was further diluted to ⁓ 3% (w/w) H2SO4 in a beaker using 

distilled water, and placed in an autoclave set at 121 °C. After 1 h, the beaker was cooled to 

80 °C and the mixture was filtered using a vacuum filter to separate the insoluble matter. The 

acid insoluble residue (AIR) was subsequently allowed to dry overnight at 105 °C and the dry 

weight of acid insoluble residue (viz., Klason lignin) was calculated using equation 2.1 as 

follows:  

𝐴𝑐𝑖𝑑 𝑖𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (𝐴𝐼𝑅) =  
𝑚

𝑀
 𝑥 1000    2.1 

where, m is the dry weight of residue after acid hydrolysis, in g and M is the oven-dry 

weight of sample (100% dry matter) before acid hydrolysis, in g. The filtrate from the Klason 

lignin determination test was used to determine the acid soluble lignin, and the carbohydrate 

content of the samples. The amount of carbohydrates (cellulose and hemicellulose) was 

determined following a method described in literature for wood sugar analysis by anion 

chromatography [140]. Briefly, the carbohydrate analysis was performed by diluting the 

filtrate, adding an internal standard, 0.45 μm nylon filtering and running on a Dionex IC3000 

instrument with eluent generation at 2mM KOH.  Fucose was added to each hydrolysed 

filtrate sample as an internal standard. Fucose stock solution (10,000 ppm) is added to all 

samples/blank/QC/standards to give a final concentration of 10 ppm. Five (5) main sugars 

were determined such as Arabinose, Galactose, Glucose (Cellulose), Xylose and Mannose. 
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2.4.3 Production of PLA/harakeke composites 

Composites were produced from PLA and harakeke fibre using digested and bleached 

fibres at different fibre content (0-30 wt.%). The composite components were mixed and 

compounded using a twin-screw extruder (Labtech LTE-20-44). Prior to extrusion, the dried 

treated fibres were sheared using a Sunbeam Multigrinder with blunt blades. Shearing was 

performed at a high rotational speed to defibrate the fibre. After this, the fibres were dried 

overnight in a conventional oven set at 105 °C. For the PLA granules, drying to moisture 

content < 0.1% was carried out using a vacuum oven set at 60 °C for 2 h. Then, extrusion was 

performed using a temperature profile in the range of 165-175 °C, with the feeding and die 

zones kept at 120 °C and 175 °C, respectively. After extrusion, the extruded materials were 

granulated using a Moretto GR knife mill plastic granulator with an inserted sieve to obtain 

granules of about 3 mm in length. After drying the granules to a moisture content < 0.1% by 

weight, test samples were prepared using an injection moulding machine (BOY 35A). The 

injection profile used for test sample preparation includes a feeding zone temperature of 150 

°C, a compression zone temperature of 165-185 °C, a metering zone temperature of 190 °C, a 

nozzle temperature of 185 °C, a mould temperature of 35 °C, injection time of 0.5 s and 

cooling time of 30 s. For easy identification, the different composite batches produced were 

given code names, with values 10, 20 or 30 indicating the wt.% fibre content while DF or BF 

represents digested fibre or bleached fibre, respectively. For example, “PLA represents the 

neat PLA matrix while “PLA+20 BF” represents the composite containing 20 wt.% bleached 

fibre. 

2.4.4 Fourier transform infrared (FTIR) spectroscopy 

The functional groups on the raw harakeke fibre, and changes in the FTIR spectra of 

digested and bleached harakeke fibre were analysed with a Perkin Elmer® Spectrum 100 

FTIR spectrometer. Spectral analysis of the PLA was performed and compared with similar 

IR analyses of the PLA/harakeke composites. The FTIR data were recorded over a 

wavelength range of 4000 - 400 cm-1 using the standard KBr pellet technique. 

2.4.5 Scanning electron microscopy (SEM) 

Surfaces of the raw, digested, and bleached harakeke fibre were observed on a Hitachi 

Regulus SU8230 field emission scanning electron microscope at 5 kV using a secondary 
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electron detector. Likewise, the fractured surfaces of PLA and PLA/harakeke composites 

after tensile testing were examined. Prior to SEM observation, the samples were dried and 

mounted on aluminium stubs using double sided carbon tape. The mounted samples were 

subsequently sputter coated with a 5 nm layer of platinum in a Quorum Q150V sputtering 

equipment to make them conductive. 

2.4.6 X-ray diffraction analysis 

The XRD diffractograms of raw, digested, and bleached harakeke fibre were obtained 

using an EMPYREAN diffractometer system (PANalytical). The fibres were chopped and 

pressed into a disk, using a cylindrical steel mould. Then, analysis was performed over a 

range of 5−65o at a scanning speed of 1° min-1 with a scan step of 0.02° using a CuKα 

radiation (λ=1.54 nm). The cellulose crystallinity index (CrI %) of the fibres was calculated 

following the Segal method, using equation 2.2. 

𝐶𝑟𝐼% =
𝐼002−𝐼𝑎𝑚

𝐼002
 x 100    2.2 

where, I002 is the maximum intensity of the (002) lattice diffraction peak of cellulose 

and Iam is the intensity of diffraction of the amorphous component. The Segal method has 

some limitations mainly because it cannot be used to estimate the amount of crystalline and 

amorphous material in cellulose [141]. Instead, it is useful for comparing the relative 

difference between samples for the following reasons. Also, there could be differences in 

peak location and peak height of the Iam peak from different materials (varying between 16o - 

20.7o), while peak deconvolution method predicts that the peak is located around 21.5o which 

indicates that the Iam value is often significantly underestimated [142]. In addition, there are 

usually around 4 crystalline peaks, but only the highest peak (002) is used in the calculation, 

thereby excluding the contribution from other crystalline peaks. As a result, too much 

emphasis is placed on the contribution from only one alignment of the cellulose crystal 

lattice. Furthermore, peaks in the cellulose diffraction spectrum are very broad and vary 

considerably in their width. So, a simple height comparison might not be sufficient to provide 

reasonable estimate of cellulose crystallinity [142]. 

Based on the limitations of the Segal method, it is mainly suitable for the relative 

comparison of samples from similar materials which might have been exposed to slightly 

different processing/treatment conditions [143]. So, it was adopted in this thesis. 
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2.4.7 Mechanical testing 

The tensile test specimens for PLA and the composites were prepared according to 

EN ISO 527, while flexural test specimens were prepared according to EN ISO 178. These 

tests were conducted on an Instron® 5982 universal testing machine equipped with a 5 kN 

load cell, running at a crosshead speed of 5 mm min-1, and 10 mm min-1 for tensile and 

flexural tests, respectively. During tensile testing, the strain was measured using a 25 mm 

extensometer fixed at the middle of the specimen. Prior to mechanical testing, the test 

specimens were preconditioned in a climate chamber at 23 oC and 50% relative humidity for 

48 h. Five specimens were tested during tensile and flexural tests and average results were 

recorded for the tensile strength (TS), tensile modulus (TM), flexural strength (FS) and 

flexural modulus (FM). The mechanical testing results were analyzed in the statistical 

software Minitab® 18 using one-way analysis of variance (ANOVA) test. The significant 

differences among averages were calculated using Tukey’s method with a 95 % of 

confidence. In addition, the toughness of the samples was calculated from the area under the 

stress-strain graph. 

2.4.8 Thermogravimetric and differential scanning calorimetric analysis 

Thermogravimetric analysis (TGA) was performed using a Perkin Elmer STA 8000 

thermal analyzer. The sample, weighing about 10-20 mg was placed in a crucible and 

analysis was performed under argon atmosphere at a gas flow rate of 40 mL min-1 while 

being heated at 10 oC/min from 30 °C to 600 oC. 

Differential scanning calorimetry analysis (DSC) of PLA and the composites was 

performed using a TA instrument (Netzsch DSC 3500 Sirius). Samples were heated from 20 

to 200 oC at 10 oC/min under a nitrogen flow using a gas flow rate of 60 mL/min. From the 

DSC thermogram, the glass transition temperature (Tg), crystallization temperature (Tc) and 

melting temperature (Tm) were determined. In addition, the crystallinity (IDSC) of PLA in the 

composite was calculated from the heat of fusion of the tested sample and a reference sample 

(PLA)with 100% crystallinity, using equation 2.3.  

%𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 (𝐼𝐷𝑆𝐶) =  
∆𝐻

∆𝐻𝑚𝑊
 𝑥 100%     2.3 

where, ΔH and ΔHm represents the heat of fusion of the samples, and a reference PLA 

with 100% crystallinity, respectively, while W is the mass fraction of the matrix. The 
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crystallinity of PLA in the composites was calculated by using 93.6 J/g as the heat of fusion 

(ΔHm) of reference PLA with 100% crystallinity [144]. 

2.4.9 Dynamic mechanical analysis 

The dynamic mechanical analysis (DMA) was performed on a Perkin Elmer DMA800 

Dynamic Mechanical Analyzer. A single cantilever mode was used to test the specimens (30 

mm x 5 mm x 1.5 mm) by heating the specimens at a rate of 2 oC/min from 23 °C to 140 oC. 

The displacement amplitude was 20 µm and the test was performed at a frequency of 1 Hz.  

2.5 Results and discussion on the raw and treated harakeke fibre 

2.5.1 Compositional properties of raw, digested, and bleached harakeke fibre 

The relative amount of cellulose, hemicellulose and lignin in harakeke fibre have been 

estimated and the composition of these components have been found to vary [32]. The 

variation in the components of natural fibres can be attributed to the presence of some other 

components such as pectin, waxes and water-soluble compounds, in addition, to cellulose, 

hemicellulose and lignin which are the three main components in natural fibres [30, 33]. The 

chemical compositions and structural parameters of some common natural fibres summarized 

in Table 1.2 confirms the variability of the chemical composition of most natural fibres. In 

the case of harakeke fibre, the factors responsible for variation in properties and chemical 

compositions include planting locations, climatic conditions, age of the plant and the type of 

extraction process [29, 31]. As presented in Table 1.2 it is evident that that the cellulose 

content in harakeke fibre is generally low, while its hemicellulose content is high compared 

to some other common natural fibres. So, while the strength of harakeke fibre is associated 

with its cellulose component, its toughness may be associated with its high hemicellulose 

content.  

The lignin and carbohydrate content of the harakeke fibres analysed in this study are 

presented in Table 2.1. It is evident from the table that the raw fibre has higher lignin and 

hemicellulose content than the treated fibres. In contrast, the cellulose content is higher in the 

treated fibres than in the raw fibre. The cellulose content in the raw fibre was 46% and this 

increased to 77% in the digested, and 83% for the bleached fibre. The low cellulose content 

in the raw harakeke fibre is consistent with the date presented in Table 1.2. The higher 

cellulose content in the treated fibres can be attributed to the removal of non-cellulosic 
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components from the fibre, which helped to increase the amount of cellulose per unit mass of 

the fibre. Removal of lignin and other non-cellulosic components from natural fibres can help 

to improve the crystalline nature of the fibre [65]. In turn the fibre strength, and the strength 

of its reinforced composites will be improved due to better reinforcing ability, and effective 

stress transfer within the composite as discussed in subsequent sections. 

Table 2.1 Chemical composition, and XRD parameters of the crystalline phase of raw, 

digested, and bleached harakeke fibre 

 Composition (wt.%) 

Fibre type Cellulose Hemicellulose Lignin 

Raw fibre 46.00 18.80 15.84 

Digested fibre  77.30 13.30 3.37 

Bleached fibre 82.55 12.80 2.73 

 

XRD Properties 

   

Parameters Raw fibre Digested fibre Bleached fibre 

Peak position (°) 22.24 22.45 22.66 

FWHM 3.13 1.81 1.79 

d (Å) 3.99 3.95 3.92 

Crystallite size (nm) 21.71 37.20 36.83 

Crystallinity Index 

(%) 

72.79 79.75 81.50 

* Raw fibre refers to the as-received harakeke fibre 

* Digested fibre is the fibre harakeke fibre treated with 5% NaOH and 2% Na2SO3 

* Bleached fibre refers to the harakeke fibre digested with 5% NaOH and 2% Na2SO3, and then bleached    

   with 5% H2O2 and 2.5% Na2SiO3 
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2.5.2 X-ray diffraction (XRD) properties of harakeke fibre 

The XRD traces of raw, digested, and bleached harakeke fibre are illustrated in Figure 

2.1. The two conspicuous peaks in the XRD curves of the fibres around 2θ ≈ 22° and 2θ ≈ 16° 

represent the crystalline and amorphous components of cellulose, respectively [145]. The 

crystallinity index calculated from these peaks are included in Table 2.1. The crystallographic 

(002) plane of cellulose in the raw, digested, and bleached fibre appeared at 2θ positions of 

22.24°, 22.45°, and 22.66°, respectively.  

The shift in the 2θ position of the fibre after digestion, and further shift after 

bleaching suggests a decrease in the interplanar spacing of the (002) planes in the digested 

and bleached fibre, compared to the raw fibre. This is an indication of closer packing of 

cellulose crystals in the digested and bleached fibre, due to the removal of lignin, 

hemicellulose, and other non-cellulosic components from the fibre after treatment [146]. 

Hence, the lower FWHM values of the digested and bleached fibres could be due to 

formation of hydrogen bonds between the cellulose chains freed by the removal of binding 

structures like hemicellulose and lignin, which resulted in rearrangement and closer packing 

[147]. This is confirmed by the higher cellulose crystal size and crystallinity of the digested 

and bleached fibres, which is believed to be due to higher cellulose content as seen in Table 

2.1. Lower FWHM values could also be due to the trans-crystallinity (crystal growth across 

or through individual crystals) induced in the cellulose structure, by the digestion and 

bleaching treatments. The crystallinity index values in Table 2.1 shows that the bleached 

fibre has a higher crystallinity index than the fibre subjected to digestion only. This indicates 

the presence of higher crystalline cellulose structure in the bleached fibre, and it aligns with 

the result obtained from the carbohydrate analysis (Table 2.1). 
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Figure 2.1 XRD traces of raw, digested, and bleached harakeke fibre 

 

2.5.3 Morphological properties of raw, digested, and bleached harakeke fibre 

The SEM images of raw, digested, and bleached harakeke fibre are shown in Figure 

2.2. Surface of the raw fibre (Figure 2.2a) is smooth, likely due to the presence of cementing 

substances which tend to shield the fibre pores. These cementing substances can range from 

pectin, silica bodies, dirt particles and other soluble substances. In contrast, the surface of the 

digested fibre (Figure 2.2b) reveals rougher morphology which may be attributed to the 

removal of cementing substances from the fibre surface during digestion [148]. The alkali 

solution used for digestion helps to disrupt the bonding structure within the fibre, thereby 

removing the binding lignin and hemicellulose structures. This is responsible for the 

roughness observed on the fibre surface (Figure 2.2b) and has been reported to facilitate 

mechanical interlocking between matrices and fillers during composite production [147, 149]. 

Therefore, the effect of fibre treatment on the strength of the resulting composite is discussed 

in a subsequent section. 
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Figure 2.2 SEM images of (a) raw, (b) digested, and (c) bleached harakeke fibre 

The SEM image of the bleached fibre (Figure 2.2c) reveals that the fibre is shrunken, 

with a rougher surface compared to Figure 2.2b. The bleaching treatment applied to the 

digested fibre helped to remove additional amounts of binding materials from the fibre, as 

presented in Table 2.1. This will invariably increase hydrogen bonding between the cellulose 
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structures, due to removal of primary or secondary cell wall amorphous components [48, 

150]. As the cellulose structure rearranges and packs more closely, the fibre shrinks, resulting 

in a reduced diameter, due to the increased fibrillation [147, 150]. The average diameters 

measured during SEM observation (result not shown) of the raw, digested, and bleached 

harakeke fibre were 495 µm, 11 µm, and 7 µm, respectively. The higher aspect ratio of the 

bleached fibre can help to facilitate fibre distribution during composite fabrication, thereby 

resulting in higher reinforcing ability and increased composite strength [145, 151]. Likewise, 

the opening of pores on the fibre surface can help to improve fibre-matrix adhesion [115, 

152]. These aspects of the modified fibres will be discussed further under the section on 

mechanical properties of composites. The removal of cementing and binding structures from 

the fibre through treatment, and formation of hydrogen bonds were verified through FTIR 

analysis which is discussed in the next section. 

2.5.4 Fourier transform infrared spectroscopy (FTIR) of harakeke fibre 

The FTIR spectra of raw, digested, and bleached harakeke fibres are illustrated in 

Figure 2.3. The notable peaks in the spectra of the raw fibre includes the −OH stretching 

vibration around 3200-3600 cm-1 [145]. The C−H stretching vibration of cellulose and 

hemicellulose is evident around 2850-2950 cm-1 [153], while the peak at 1737 cm-1 represents 

the C=O stretching peak of ester and carboxylic components of hemicellulose and lignin 

[145, 153]. The peak at 1647 cm-1 represents the =CH vibration of the aromatic skeletal in 

lignin [145], while the peak at 1422 cm-1 is attributed to the −CH3 asymmetric, and C−H 

symmetric deformation. The peak at 1060 cm-1 represents the in-plane deformation of the 

easily cleavable C−O−C linkage in lignin [145].  

The −OH stretching vibration of bonded hydroxyl groups in the raw fibre shifted to a 

lower wavenumber in the digested and bleached fibre. This can be attributed to the structural 

changes caused by the removal of lignin and hemicellulose through fibre treatment and is 

believed to have influenced the reduced diameter of the treated fibre as discussed in section 

2.5.3. It should be noted that the downward shift is further in the bleached fibre, compared to 

the digested fibre probably because more binding materials were removed with bleaching, 

than was removed with digestion alone as reported in Table 2.1 

. 
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Figure 2.3 FTIR spectra of raw, digested, and bleached harakeke fibre 

Another significant difference in the spectra of raw harakeke fibre and the treated 

fibres is the total disappearance of the C=O stretching peak at 1737 cm-1. The absence of this 

peak in the spectra of the treated fibres confirm the dissolution of hemicellulose, and 

significant removal of lignin from the fibre during treatment [147, 153]. This explains the 

increased surface roughness of the digested and bleached fibres as shown in Figure 2.2b and 

Figure 2.2c. There is a downward shift in the stretching vibration of C−H in cellulose and 

hemicellulose from 2933 cm-1 in the raw fibre, to 2901 cm-1 in the digested fibre, and 2898 

cm-1 in the bleached fibre. This is attributed to the removal of hemicellulose, and repacking of 

the cellulose structure. Furthermore, removal of binding structure, namely lignin from the 

treated fibres was confirmed by the downward shift of the vibrational frequency from the 

=CH groups in the aromatic skeletal (methyl, methylene and methoxy groups) of lignin 

around 1647 cm-1. The downward shift of this peak is an indication of structural deformation 

of lignin [154], which was further confirmed by the split in the aromatic C−H in-plane 

deformation peak at 1060 cm-1. The FTIR result supports the SEM observation, and the 

carbohydrate analysis. 
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2.5.5 Thermal properties of harakeke fibre 

The TGA curves of raw and treated fibres are illustrated in Figure 2.4a. As seen in the 

figure, there is a general drop in weight of all the fibre in the temperature range from room 

temperature to around 130 °C due to the release of preabsorbed moisture [152]. Degradation 

in natural fibres generally starts at the amorphous regions, followed by the crystalline 

regions. The degradation of lignin starts around 160 °C, hemicellulose degradation starts 

around 220 °C, while cellulose degradation commences around 315 °C [152]. Although 

crystalline cellulose has higher degradation temperature, it has been revealed by literature 

that portions of the lignin component would normally degrade at higher temperature, in the 

range, and above the degradation temperature of crystalline cellulose [114, 155], due to the 

complex structure of lignin. Therefore, the early degradation observed in the raw fibre as seen 

in Figure 2.4a can be attributed to the degradation of amorphous non-cellulosic components 

such as lignin and hemicellulose. Due to the significant removal of non-cellulose components 

from the treated fibres, the thermal degradation in the treated fibres is mainly dependent on 

the crystalline cellulose, which accounts for the higher thermal stability of the treated fibres.  

The thermal degradation temperature (Td) of the fibres was derived from the DTG 

curve in Figure 2.4b. The thermal properties of the fibres, including onset temperature of 

thermal degradation (Tonset), and maximum thermal decomposition temperature (Td) are 

presented in Table 2.2. In addition, the amounts of residue recorded at 600 °C are included in 

Table 2.2. The amount of residue recorded for the fibre as seen in Table 2.2 can be associated 

with the proportion of non-cellulosic components in the fibre which would appear in the form 

of char or ash residue [154, 156]. The relative lignin content of the fibres as discussed in 

section 2.5.1 and presented in Table 2.1 shows that the amount of lignin in the fibres is in the 

order of raw fibre > digested fibre > bleached fibre, and this is believed to have influenced 

the residue from the samples at 600 °C. 
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Figure 2.4 TGA curves of raw, digested, and bleached harakeke fibre 

Table 2.2 shows that the onset of thermal degradation is faster in the raw fibre 

compared to the treated fibre which is not unexpected. In the case of the treated fibres, the 

Tonset of the bleached fibre is lower than that of the digested fibre. As discussed in sections 

2.5.2 and 2.5.4, bleaching of harakeke fibre facilitated increased formation of intermolecular 
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hydrogen bonds between the cellulose molecules. Therefore, the lower Tonset of the bleached 

fibre could be due to the large interface area created through bond formation, which might 

have permitted heat penetration at the unstable sites, particularly the amorphous regions of 

cellulose. Nevertheless, it is interesting that the Td of the bleached fibre is higher than the 

digested fibre (see Figure 2.4 and Table 2.2), which indicates higher overall thermal stability 

of the bleached fibre, than the fibre digested alone. The higher thermal stability might be due 

to the higher number of hydrogen bonds in the bleached fibre which restricted the continued 

ingress of heat. As a result, there is a shift in the maximum decomposition temperature to the 

higher temperature range due to higher heat resistance of the more structured crystalline 

cellulose, as confirmed through XRD analysis and discussed in section 2.5.2. 

Table 2.2 Thermal properties of raw, digested, and bleached harakeke fibre 

Samples Tonset (
oC) Td (

oC) Residual @ 600 (oC) Ea (kJ/mol)  

Raw Fibre 263.79 366.94 20.14 68.80 

Digested Fibre 296.46 366.70 14.3 118.67 

Bleached Fibre 291.29 371.50 11.80 125.61 

In addition to its ability to help in determining the thermal degradation temperature 

(Td), the DTG data can equally assist in calculating the activation energy associated with 

thermal degradation of natural fibres [147]. The activation energy (Ea) is a good indicator of 

the energy barrier that hinders molecular chain mobility in the fibre, which in turn retricts 

thermal degradation. Therefore, the thermal stability of the fibres was further investigated 

through kinetic study, using the TGA data according to the method described by Broido 

[157]. The kinetic parameter for thermal decomposition of the fibres was determined using 

equation 2.4 as follows: 

𝑙𝑛 (𝑙𝑛
1

𝑦
) =  − + 𝑙𝑛 (

𝑅𝑍

𝐸𝑎𝛽
𝑇𝑚𝑎𝑥

2 )𝑅𝑇
𝐸𝑎          2.4 

where, y is the fraction of non-volatilized material as yet undecomposed, Tmax is the 

temperature of the maximum reaction rate (oC), β is the heating rate (oC min-1), Z is the  

frequency factor, Ea represents the activation energy (J mol-1) and R is the gas constant (8.314 

J mol-1 K-1). The values of y can be obtained from the TGA data such that ln(ln(1/y)) can be 

calculated accordingly. By plotting a graph of 1/T (in Kelvin) on the x-axis and ln(ln (1/y)) 

on the y-axis, the activation energy (Ea) associated with thermal decomposition of the fibres 

can be determined from the slope of the graph [158]. The plot of 1/T vs ln(ln (1/y)) for the 
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raw, digested and bleached harakeke fibre is presented in Figure S1 of the supplementary 

information section. The R2 value of the plots for all the fibres are above 0.9 which indicates 

that the linearity of the graphs are in good agreement with the Broido equation, and the Ea 

values for thermal decomposition of the fibres are included in Table 2.2. As seen in Table 

2.2, the Ea of the bleached fibre is higher than that of the raw and digested fibres, which 

confirms the higher thermal stability of the bleached fibre, and aligns with the TGA result. 
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Figure S1 Plot of 1/T (K) vs ln[ln(1/y)] for raw, digested, and bleached harakeke fibre
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2.6 Results and discussion on the properties of PLA/harakeke composites 

2.6.1 Mechanical properties of PLA/harakeke composites 

The mechanical properties of PLA and PLA/harakeke composites containing 

different wt.% (10-30 wt.%) of digested and bleached harakeke fibre are illustrated in 

Figure 2.5 with the error bars representing the standard deviation. It can be seen from 

Figure 2.5a that the tensile strength (TS) of the composites initially increased following 

the addition of fibre up to 20 wt.% fibre content. After the initial increase, the TS 

decreased when the fibre content was increased to 30 wt.%. On the other hand, the 

tensile modulus TM in Figure 2.5b reveals an increasing value with increasing fibre 

content. The initial increase in TS of the composites above the TS of neat PLA can be 

attributed to effective reinforcement and the transfer of stress from the PLA matrix to 

the reinforcing fibre. At 20 wt.% fibre, the TS is 73.06 MPa and 74.45 MPa for digested 

and bleached fibre composites, respectively compared to 62.85 MPa of neat PLA. 

Further increase in fibre content from 20 wt.% to 30 wt.% resulted in decline of TS. 

This observation agrees with what was reported in a similar study [122], which is 

believed to be due to less wetting of the fibre by the PLA matrix at 30 wt.% fibre 

content. Serizawa et al. investigated the effect of varying amounts of kenaf fibre on the 

properties of kenaf fibre reinforced PLA composite. They reported that the maximum 

flexural strength and modulus was attained at 20 wt.% fibre content [123]. Likewise, 

Komal et al., reported 20 wt.% banana fibre as the optimum fibre content when they 

varied the fibre content from 10-30 wt.% in banana fibre reinforced PLA composites 

[124]. A drop in mechanical performance of composites beyond what is defined as an 

optimum fibre content is often due to poor wetting of the fibre. Poor wetting will 

normally lead to agglomeration of fibre within the composite due to unfavourable 

distribution, thereby leading to the creation of large voids within the composite. As a 

result, the transfer of stress from the matrix to the reinforcing fibre will not be effective, 

which leads to the observed decrease in TS of the composites at 30 wt.% fibre content. 

It is noteworthy that at the different fibre contents, the TS of bleached fibre 

composites is higher than the digested fibre. Literature revealed that the mechanical 

strength of natural fibre reinforced composites can be significantly influenced by the 

fibre diameter [112]. Specifically, large diameter fibres can trigger different local 

deformation processes within the composite including fibre pull-out, debonding of the 
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fibre from the matrix, or fibre fracture [159]. As discussed in section 2.5.3, the diameter 

of bleached harakeke fibre is smaller than that in digested fibre. Therefore, the wider 

diameter of the digested fibre might have contributed to the lower strength of the 

digested fibre composites, compared to the bleached fibre composites as seen in Figure 

2.5a. In another vein, treatment of fibre through bleaching with peroxide has been 

reported to facilitate interfacial bonding between the fibre and polymer matrices, by 

acting as a coupling agent [117, 153]. The coupling effect of the peroxide treatment is 

believed to have contributed to the higher strength of the bleached fibre composites. 

Fibre pull-out, debonding of fibre from matrix, fibre fracture, and the extent of 

interfacial adhesion in the composites was assessed through SEM observation of the 

fractured surfaces of the composites which forms the subject of the next section. 

Similar trends can be seen in the FS in Figure 2.5c and the TS in Figure 2.5a and 

the reason for the trend is as stated in the previous paragraph. In contrast to the trend 

observed for TS and FS, the tensile modulus (TM) and flexural modulus (FM) of the 

samples illustrated in Figure 2.5b (TM) and Figure 2.5d (FM) shows an increasing trend 

as fibre content was increased. This can be attributed to the high modulus of harakeke 

fibre and suggests that the strength and modulus of PLA/harakeke composites depend 

on different factors. Specifically, the strength is believed to be influenced by factors 

such as wetting of fibre by the matrix, filler distribution, filler content, and fibre-matrix 

interfacial adhesion. In contrast, modulus of the composite seems to be more dependent 

on the filler content, fibre distribution in the matrix, and modulus of the fibre. 

Generally, in fibre reinforced polymer composites, there are always reports on the 

optimum fibre content for maximum strength. Generally, the optimum fibre content 

may be between 20-40 wt.% fibre content depending on the composite preparation 

method, type of filler, and matrix type. Some selected studies on natural fibre reinforced 

PLA composites are summarized in Table S1 in the supplementary information section.  

It is noteworthy that the TS and FS recorded at 20 wt.% fibre in this thesis is 

comparable and sometimes higher than most of the previously published reports on 

reinforced PLA composites, even at higher fibre contents [160, 161], which is an 

indication of the high reinforcing ability of harakeke fibre. 
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Figure 2.5 (a)Tensile strength, (b) tensile modulus, (c) flexural strength, and (d) 

flexural modulus of PLA and PLA/harakeke composites containing different wt.% of 

digested and bleached harakeke fibre. The error bars represent the standard deviation. 

 

The boxplot from ANOVA of the tensile strength and flexural strength of PLA 

and PLA/harakeke composites containing different wt.% of digested and bleached 

harakeke fibre is illustrated in Figure 2.6 while the Tukey plot at 95% confidence for 

the samples is illustrated in Figure 2.7. Based on the Tukey method, the mean value of 

the samples are significantly different when the mean interval does not contain zero.  
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Figure 2.6 Boxplot of (a) tensile strength, and (b) flexural strength of PLA and 

PLA/harakeke composites containing different wt.% of digested and bleached harakeke 

fibre 
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Figure 2.7 Tukey plot at 95% confidence for (a) tensile strength, and (b) flexural 

strength of PLA and PLA/harakeke composites containing different wt.% of digested 

and bleached harakeke fibre 

 

The mean and mean grouping information using Tukey method and 95% 

confidence for the tensile strength and flexural strength of the samples are summarized 

in Table 2.3 and Table 2.4, respectively. Generally, from the Tukey table, means that do 

not share a letter are significantly different. Therefore, the significance of the mean 

differences in the samples are described by the mean intervals in Figure 2.7 and the 

different letters in Table 2.3 and Table 2.4. Based on the data in Table 2.4, the 

difference in 10 and 20 wt.% for the flexural strength are statistically significant for 

both the digested and bleached fibre composites. However, there is there an overlap in 
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the statistical significance of 10 wt.% fibre content for the bleached fibre and 20 wt.% 

fibre content for the digested fibre composites. This is better illustrated by the Tukey 

plot of mean differences in Figure 2.7b. In the case of tensile strength, the data in Table 

2.3 shows that there is a significant difference in the 10 and 20 wt.% fibre content 

which is supported by the Tukey plot of mean differences in Figure 2.7a. 

Table 2.3 Mean and mean grouping information using Tukey method and 95% 

confidence for the tensile strength of PLA and PLA/harakeke composites containing 

different wt.% of digested and bleached harakeke fibre 

Samples N Mean StDev Grouping 95% CI 

PLA 7 62.85 0.20 B (60.79, 64.91) 

10% Digested 7 64.81 0.49 B (62.75, 66.87) 

10% Bleached 7 66.29 0.72 B (64.23, 68.35) 

20% Digested 7 73.06 1.95 A (71.00, 75.12) 

20% Bleached 7 74.47 1.07 A (72.41, 76.53) 

30% Digested 7 54.47 5.26 C (52.41, 56.53) 

30% Bleached 7 70.81 1.39 A (68.75, 72.86) 

 

Table 2.4 Mean and mean grouping information using Tukey method and 95% 

confidence for the flexural strength of PLA and PLA/harakeke composites containing 

different wt.% of digested and bleached harakeke fibre 

Samples N Mean StDev Grouping 95% CI 

PLA 7 107.54 2.04 C (105.52, 109.56) 

10% Digested 7 105.62 1.22 C (103.60, 107.64) 

10% Bleached 7 109.32 1.75 B C (107.30, 111.34) 

20% Digested 7 112.99 0.79 A B (110.97, 115.01) 

20% Bleached 7 117.22 0.75 A (115.20, 119.24) 

30% Digested 7 72.43 4.69 D (70.41, 74.45) 

30% Bleached 7 108.39 1.36 C (106.37, 110.41) 

 

2.6.2 Morphological properties 

The SEM images of the fractured surface (after tensile testing) of neat PLA, and 

PLA/harakeke composites containing 20 wt.% and 30 wt.% fibre are shown in Figure 

2.8. It can be seen from Figure 2.8a, that the fractured surface of neat PLA is smooth, 

which is expected of brittle materials like PLA. For the composites with 20 wt.% fibre, 
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it is evident that the length of pulled out fibre in the digested fibre (DF) reinforced 

composite, PLA+20 DF (Figure 2.8b) is longer than for those observed in composite 

reinforced with fibres subjected to bleaching (BF) (PLA+20 BF) (Figure 2.8c). The 

shorter pull-out fibres in Figure 2.8c indicates stronger interfacial adhesion between 

PLA and the bleached fibre [112, 162]. Likewise, strands, believed to be PLA can be 

seen on the surface of PLA+20 BF (Figure 2.8c). It was reported in the literature that 

treatment of natural fibre with peroxide imparts ester functionality on the fibre surface 

[153, 163]. Hence, the peroxide bleaching of harakeke fibre in the present study has 

likely imparted ester functionality on the surface that will make the fibre more 

compatible with PLA. Therefore, the polymer strands seen in Figure 6c are believed to 

be due to stronger interfacial adhesion resulting from mechanical bonding between the 

PLA and the bleached fibre. The stronger interfacial adhesion is believed is believed to 

have contributed to the higher mechanical strength of the bleached fibre composites as 

discussed in section 2.6.1. 

The SEM images of the composites containing 30 wt.% fibre reveal a higher 

number of pull-out holes on the composite fractured surface, which suggests a reduced 

fibre-matrix interaction between PLA and harakeke at 30 wt.% fibre content. When 

there is a higher percentage of fibre in the composite, it can result in poor wetting of the 

fibre by the matrix and would be responsible for the drop in mechanical strength of the 

composite at 30 wt.% fibre content, for both DF and BF as seen in Figure 2.5a and 

Figure 2.5c. Although a drop in mechanical strength was recorded for both fibre types 

at 30 wt.%, it is noteworthy that the alignment and orientation of fibre in the PLA+30 

DF composite is lesser than in the PLA+30 BF. Comparing the SEM images, the better 

alignment in the bleached fibre composites can be confirmed by the number of fibres 

pointing forward from the fractured surface, rather than across it which suggests better 

alignment of the fibres. The lesser alignment of the fibres in the digested fibre 

composites, in addition to poor fibre wetting is believed to have contributed to the 

higher drop in mechanical strength of the DF reinforced composite at 30 wt.% fibre 

content, compared to that of the BF reinforced composite. 
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Figure 2.8 SEM images of (a) neat PLA, and PLA/harakeke composites containing 

(b) 20 wt.% DF, (c) 20 wt.% BF, (d) 30 wt.% DF, and (e) 30 wt.% BF 

 

2.6.3 Fourier transform infrared spectroscopy of composites 

The bonding structures and extent of interfacial interaction between PLA and 

the treated harakeke fibres was further investigated through FTIR analysis. It should be 

noted that for ease of comparison, only the composites containing 20 wt.% fibre is 

discussed in this section. The FTIR spectra of PLA, PLA+20 DF, and PLA+20 BF are 

illustrated in Figure 2.9. The band in the FTIR spectra of PLA and the composites 
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around 3200-3650 cm-1 is due to the stretching vibration of the −OH groups in cellulose, 

and the terminal hydroxyl groups in PLA [145], while the band around 2850–3050 cm-1 

is attributed to symmetric and asymmetric stretching of C−H from methyl and 

methylene groups in cellulose. The peak at 1750 cm-1 is assigned to the C=O stretching 

vibration of acetyl and carboxylic acids moieties [145], and the ester components from 

PLA. The peak at 1455 cm-1 is a characteristic −CH3 bending mode, whereas the peak at 

1379 cm-1 is attributed to C−H deformation [145]. In addition, stretching of the C–O 

group of carboxylic acid and the ester components of PLA is represented by the peak at 

1091 cm-1. 

It can be seen in Figure 2.9 that the −OH stretching vibration around 3200-3650 

cm-1 in the spectra of PLA was widened in the spectra of the composites which suggests 

an increased intermolecular number of hydrogen bond due to increased number of −OH 

groups available for bond formation in the fibre cellulose, brought about by surface 

modification [145] This is supported by the movement of the peak to a lower 

wavenumber in the spectra of the composites, which is attributed to the formation of 

hydrogen bonds between the −OH of the fibres, and the terminal hydroxyl groups of 

PLA. In addition, the interaction between PLA and the fibres can be through bond 

formation between the cellulose −OH group of the fibres and C=O of PLA [164]. The 

interaction is further confirmed by the peak shift from 1750 cm-1 in the spectra of neat 

PLA, to a lower wavenumber value in spectra of the PLA/harakeke composites which 

indicates esterification reaction between the terminal −COOH groups of PLA and the 

−OH groups of harakeke fibre [164]. 

It is noteworthy that the downward shift of the band around 3200-3650 cm-1 and 

the peak at 1750 cm-1 is more significant in the spectra of the bleached fibre composite 

(PLA+20 BF), compared to the digested fibre composite (PLA+20 DF). This is an 

indication of a higher interaction between the bleached fibre and PLA, and it aligns 

with the SEM observations discussed earlier. The higher interaction between PLA and 

the bleached fibre as confirmed through the FTIR analysis is believed to have 

contributed to the higher mechanical properties of the bleached fibre composites as 

discussed in section  2.6.1. 
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Figure 2.9 FTIR spectra of PLA, and PLA/harakeke composites containing 

different 20 wt.% of digested fibre (DF) and bleached harakeke fibre (BF) 

 

2.6.4 Thermal properties of composites 

The TGA curves of PLA and the composites are illustrated in Figure 2.10a. As 

seen in the figure, the TGA curves follow a similar trend. The onset of thermal 

degradation is above 300 °C and the drop in weight continued up to 400 °C. The onset 

of thermal degradation (Tonset) and the thermal degradation temperature Td) of the 

samples are summarized in Table 2.5. In addition, the amount of residue remaining at 

T≥500 °C of the samples are included in Table 2.5. The Tonset, and Td, of neat PLA is 

higher than that of the composites which is believed to be due to the intact structure of 

the PLA chains in neat PLA. The incorporation of fibres into PLA would distort the 

homogeneity of the PLA chain structure [122], which can in turn result in increased 

heat penetration sites as reported for micro crystalline cellulose (MCC) reinforced PLA 

composites [145]. It can also be due to the lower thermal stability of the fibre, 

compared to neat PLA [153]. From Figure 2.10a, and Table 2.5, it is evident that the 
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bleached fibre composites are more thermally stable compared to the digested fibre 

composites, at all fibre contents. 

The DSC thermograms of PLA and the composites are shown in Figure 2.10b. 

From the figure it is possible to discern three successively distinct transitions which 

represent the glass transition temperature (Tg), crystallization temperature (Tc), and 

melting temperature (Tm). The DSC parameters of the samples were obtained from the 

thermograms, and the parameters are included in Table 2.5. It is evident in Figure 2.10b 

that the Tg of PLA was not significantly influenced by the inclusion of harakeke fibre. 

In contrast, the Tc of PLA in the composites can be seen to be notably influenced by the 

fibre. The addition of reinforcing fillers into semi crystalline polymers is known to 

result in an upward or downward shift in the Tc, and it often describes the ability of 

fillers to induce heterogeneous nucleation in the matrix [165]. The Tc of the samples 

presented in Figure 2.10b shows a downward shift in Tc of PLA in the composites 

which is an indication of faster crystallization in the composites [166], which confirms 

the heterogeneous nucleation on the harakeke fibre. When cold crystallization occurs, it 

often results in the formation of imperfect crystals which can be verified through the 

melting peak of the sample [110]. 

The split in the melting peak (Tm) of the composites compared to neat PLA 

(Figure 2.10b) can be attributed to the formation of imperfect crystals in the composite 

due to the crystallization effects of the fibre on PLA [65]. Usually, the imperfect 

crystals would melt at a lower temperature than the perfect crystals. Hence, the double 

peaks observed around the Tm of PLA in the composites is because of perfect and 

imperfect crystals within the composite, due to the heterogeneous nucleation effects of 

the fibre [65]. As seen in Figure 2.10b and presented in Table 2.5, the Tm of the 

composites is higher than that observed for neat PLA, most likely because the Tm of the 

composites was determined by the fusion of imperfect crystals formed during cold 

crystallization, and the fusion of spherulites formed during the process of 

recrystallization [110]. The effect of fibre treatment on the crystallization behaviour of 

PLA was further investigated through the calculation of the crystallinity index, using 

equation 2.3. The crystallinity index (XDSC%) of PLA and the composites are included 

in Table 2.5, which confirms the significant influence of fibre inclusion, on the 

crystallinity index of PLA. In addition, it was observed that at each fibre wt.% content, 
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the bleached fibre composites exhibit a higher XDSC% than the digested fibre 

composites. This indicates the formation of a larger number of crystallites within the 

bleached fibre composites and suggests that the bleached fibre did not only facilitate the 

formation of new crystals through heterogeneous nucleation but might also have led to 

the growth of existing spherulites. In another vein, the higher interfacial interaction 

between PLA and the bleached fibre as discussed in previous sections has favoured 

higher trans-crystallinity within the bleached fibre composite. Increased matrix 

crystallinity in known to support mechanical strength improvements in polymer 

composites. Therefore, the higher crystallinity of PLA in the bleached fibre composites 

than in the digested fibre composites might have contributed to the superior mechanical 

strength of the bleached fibre composites as discussed in section 2.6.1 
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Figure 2.10 (a) TGA curves, and (b) DSC thermograms of PLA and PLA/harakeke 

composites containing different wt.% of digested fibre (DF) and bleached fibre (BF) 
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Table 2.5  Thermal properties of PLA and PLA/harakeke composites 

TGA 
  

DSC 

Sample    

Code 

Tonset 

(oC) 

Td 

(oC) 

Residue (%) 

@T ≥ 500  

(oC) 

 
Tg 

(oC) 

Tc 

(oC) 

Tm 

(oC) 

XDSC   

(%) 

PLA 345.25 375.48 0.58 
 

61.90 121.00 154.00 26.53 

PLA +10 DF 333.13 367.94 2.18 
 

62.08 115.70 156.70 32.27 

PLA +10 BF 339.60 370.18 2.67 
 

62.13 116.70 157.49 33.93 

PLA +20 DF 337.56 368.79 3.49 
 

62.65 116.70 157.70 34.52 

PLA +20 BF 338.75 370.87 5.06 
 

63.22 116.30 158.70 36.13 

PLA +30 DF 313.21 357.60 6.14 
 

63.07 115.98 157.95 41.41 

PLA +30 BF 331.15 367.25 6.90 
 

63.15 116.85 158.97 41.49 

Literature revealed that one of the major factors influencing the thermal stability 

of composites, is the nature and strength of the fibre-matrix interfacial bonding [151]. 

Alkaline treatment of natural fibres increases the surface roughness of the fibres, 

thereby facilitating mechanical interlocking and interfacial adhesion between the fibre 

and matrix. In contrast, the dominant interfacial mechanism in peroxide treated fibres is 

chemical bonding [153]. The schematic illustration of the mechanism of reinforcement 

in digested and bleached harakeke fibre is shown in Figure 2.11. Results of the FTIR 

analysis and SEM observation discussed in previous sections suggests higher 

interaction between PLA and the bleached fibre, compared to the digested fibre. This 

can help to facilitate efficient distribution of thermal energy within the PLA/bleached 

fibre composite. The higher possibility for hydrogen bonding, and the increased 

distribution of fibre within the bleached fibre composites have both contributed to the 

higher thermal stability of the bleached fibre composites. 
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Figure 2.11 Illustration of the mechanism of PLA reinforcement by (a) digested, and 

(b) bleached harakeke fibre 

  

2.6.5 Dynamic mechanical properties of PLA/harakeke composites 

Dynamic mechanical analysis helps to determine the viscoelastic characteristics 

of polymer and polymer composites, and is generally investigated through the storage 

modulus, loss modulus and the damping factor [114, 167]. The storage modulus (Eʹ) 

curves of PLA and the composites are illustrated in Figure 2.12a. It can be seen in 

Figure 2.12a that the Eʹ of PLA and the composites dropped steadily around the glass 

transition region of PLA, which is attributed to increased PLA chain mobility. Increased 

chain mobility would result in softening and segmental movement of PLA molecules, 

and would invariably produce a steep drop in Eʹ as seen in Figure 2.12a. It is significant 

that at elevated temperatures beyond the Tg of PLA, the Eʹ of the composites increased 

slightly around the crystallization temperature of PLA which is believed to be due to the 
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stiffness imposed on the PLA chains, heterogeneous nucleation, and the crystallization 

of PLA on the fibre.  

Figure 2.12a also shows that the Eʹ values of the composites are higher than in 

neat PLA which can be attributed to the stiffness imposed on PLA matrix by the 

reinforcing fibre. Increased stiffness would facilitate interfacial stress transfer within 

the composite [167]. Therefore, this accounts for the higher modulus of the composites, 

compared to neat PLA. It is clearly seen in Figure 2.12a that the increase in fibre 

content produced increasing modulus values such that the Eʹ of the composites reach a 

maximum at 30 wt.% fibre. It is significant that the improvement in Eʹ of the 

composites when fibre content was raised from 20 wt.% to 30 wt.% is not as large as 

the improvement seen when raising the fibre content from 10 wt.% to 20 wt.%. This 

suggests that the reinforcement produced through good fibre distribution, and interfacial 

interaction within the composite was more effective at 20 wt.% fibre content than at 30 

wt.%. Generally, in reinforced composites, as the fibre content increases, it gets to a 

point (optimum fibre content) above which the fibre becomes excess and cannot be 

evenly wetted by the matrix [168, 169]. Poor wetting of the fibres will result in poor 

fibre distribution and agglomeration of fibres within the matrix thereby hindering 

effective stress transfer from the matrix to the fibre.  As a result of agglomeration and 

poor stress transfer within the composite, there might be premature failure which would 

produce lower mechanical performance at fibre contents higher than the optimum. 

Literature revealed that different factors can influence the Eʹ of composites, 

including matrix type, filler type, filler distribution, and filler-matrix interfacial 

adhesion [117, 151, 167]. Therefore, the higher Eʹ of the PLA-harakeke composites at 

30 wt.% fibre content is not unexpected, considering the high modulus of harakeke 

fibre. It is interesting that at 20 wt.% fibre content, the bleached fibre composite 

(PLA+20 BF) exhibits a significantly higher Eʹ than in the digested fibre composite 

(PLA+20 DF). This can be associated with stronger interfacial bonding between PLA 

and the bleached fibre as discussed in sections 2.6.2 and 2.6.3, in addition to the 

stiffness imposed on PLA by the fibre. The decomposition of organic peroxides leads to 

the formation of free radicals (RO˙) which are highly reactive. In the case of H2O2, OH 

radicals are produced, and these highly reactive radical can react with the hydroxyl 

groups of the fibre thereby forming strong chemical bonds [153]. This will reduce the 
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hydrophilic tendency of the fibre, thereby increasing its compatibility with PLA which 

favours fibre distribution in the matrix. Improved fibre distribution will facilitate 

effective stress transfer from PLA to the bleached fibre, which will in turn enhance the 

ability of PLA to withstand mechanical strain through recoverable viscoelastic 

distortion. This is believed to be responsible for the higher Eʹ of the bleached fibre 

composites above the digested fibre composites. To further assess the strength of the 

interface in the composites, the damping parameter (tan delta (δ)) was analysed. 
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Figure 2.12 (a) Storage modulus, and (b) tan δ curves of PLA and PLA/harakeke 

composites containing different wt.% of digested and bleached harakeke fibres 
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The damping factor (tan δ) is the ratio of energy dissipated, to the energy stored 

when a material is subjected to dynamic constraints. The tan δ value is notable for its 

ability to accurately give an indication of the Tg of materials [167]. Usually, the Tg is 

obtained as the temperature at which the tan δ curve is at its maximum. The tan δ curves 

of PLA and the composites are illustrated in Figure 2.12b. The Tg obtained from the tan 

δ curves in Figure 2.12b and the maximum tan δ peak values are presented in Table 2.6. 

The Tg values obtained from the tan δ curves align with the DSC result which showed 

that the incorporation of harakeke only had little effect on the Tg of PLA. The data in 

Table 2.6 show that the maximum tan δ peak of the composites is lower than observed 

for neat PLA. It can be seen in Figure 2.12b that the reduction in tan δ of the 

composites compared to PLA is quite large which indicates that the incorporation of 

harakeke fibre was more influential on the tan δ peak than on the Tg of PLA. Therefore, 

the tan δ peak was further analysed for the best mechanical performance composite in 

this study (i.e. 20 wt.% fibre content), to investigate the extent of interfacial adhesion in 

the composite. The tan δ peak was used to determine the adhesion factor A, and 

effectiveness coefficient C of PLA+20 DF and PLA+20 BF, in comparison with neat 

PLA. 

Table 2.6  Effectiveness coefficient, adhesion factor, and tan δ parameter of PLA 

and PLA/harakeke composites containing 20 wt.% fibre 

Sample code Effectiveness 

coefficient (C) 

Max tan δ 

peak value 

Adhesion factor 

(A) 

Tg  

(oC) 

PLA 1.000 2.188 0.000 62.677 

PLA +20 DF 0.071 0.841 -1.720 60.752 

PLA +20 BF 0.053 0.681 -1.992 61.290 

The adhesion factor describes the relationship between the molecular mobility 

of matrices around the fillers in reinforced composites, where good adhesion will 

reduce the molecular mobility thereby resulting in reduced adhesion factor. As reported 

in literature, the molecular mobility of polymer molecules around reinforcing fillers is 

often limited by strong interfacial adhesion between the matrix and the filler [167]. 

Hence, a strong interfacial adhesion would produce a low adhesion factor. The adhesion 

factor A of PLA and the composites was calculated using equation 2.5 as follows: 
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𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐴) =  
1

1−𝑉𝑓
 

tan 𝛿𝑐

tan 𝛿𝑝
− 1    2.5 

where, tan δc and tan δp are the relative damping factors for the composite and 

neat polymer, respectively, whereas Vf is the fraction (by mass) of the filler. The 

relative damping of the materials is obtained at the glass transition temperature as 

indicated by the maximum tan δ peak [154]. The calculated A values are included in 

Table 4. It is evident that the bleached fibre composite has the lowest A value which 

serves as confirmation of stronger interfacial adhesion between the bleached fibre and 

PLA. This agrees with the FTIR results discussed in section 2.6.3 and is believed to 

have significantly contributed to the higher dynamic mechanical performance of the 

bleached fibre composite. The effectiveness of reinforcement, using bleached and 

digested fibre was also investigated by calculating the effectiveness coefficient. The 

effectiveness coefficient is the ratio of the storage modulus Eʹ of the composite in the 

glassy and rubbery region in relation to the Eʹ of the pure resin in the glassy and 

rubbery region. The reason for taking the ratio in the glassy and rubbery region may be 

attributed to the fact that the polymer molecules are restricted from moving in the 

glassy region but are very mobile in the rubbery region. So, the influence of 

reinforcement on restrictions of the molecular chain mobility can be compared at these 

regions.  Generally, high effectiveness coefficient indicates low effectiveness of the 

reinforcing filler. So, the effectiveness coefficient was obtained from the relationship 

between the ratio of the storage modulus Eʹ of the composite in the glassy and rubbery 

region, to that of the neat polymer. The effectiveness coefficient C was calculated using 

equation 2.6 as follows: 

     𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝐶) =  
𝐸ᵍ

′ 𝐸𝑟
′  (𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒)⁄

𝐸ᵍ
′ 𝐸𝑟

′⁄  (𝑟𝑒𝑠𝑖𝑛)
       2.6 

where, Eʹg and Eʹr represents the storage modulus in the glassy region and 

rubbery region, respectively. Generally, the reinforcing ability of the fibre is inversely 

proportional to the C value such that high reinforcing effectiveness will produce low C 

values. The calculated C value for PLA, and the composites are shown in Table 4 and 

the values confirms that the bleached fibre offers better reinforcing effectiveness to 

PLA than the digested fibre, thereby confirming the assumptions made based on the 
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SEM observation of composites fractured surface (see Figure 2.8 and section 2.6.2), and 

it aligns with the results discussed in section 2.6.1. 

2.7 Conclusions 

Composites were prepared from PLA with different contents of digested and 

bleached harakeke fibre compounded through extrusion and injection moulded. 

Compared to digestion alone, combined digestion and bleaching treatment removed 

larger amount of non-cellulosic components from the fibre, which resulted in higher 

cellulose content. As a result, the thermal stability of the fibre is increased as confirmed 

through thermal analysis and was attributed to the increased intermolecular cellulose 

hydrogen bonding in the digested and bleached fibre. Incorporation of the digested and 

bleached harakeke fibre into PLA produced higher mechanical and thermomechanical 

performance than the digested fibre alone. This was attributed to the effect of combined 

digestion and bleaching, which facilitated stronger interfacial interaction between PLA 

and the fibre, supported by the calculated adhesion factor and effectiveness coefficient. 

The mechanical test results showed that 20 wt.% fibre was the optimum fibre 

content, and the composites strength recorded at this fibre content is comparable to 

what have been previously reported for higher fibre contents in some natural fibre 

reinforced composites. The result from this study shows that harakeke fibre is a 

promising reinforcement for PLA and may be used to produce composites that extends 

the applications of PLA beyond what may be achieved by using PLA alone. This 

includes decking, flooring, fencing, cladding, I-beams and columns. In addition, 

combination of digestion and bleaching treatment could present added benefits for 

improving the reinforcing ability of natural fibres in polymer composites, through 

increased fibre distribution and stronger interfacial bonding. Based on this study, 

further research is recommended for increasing the filler content by exploring different 

coupling additives to extend the use of harakeke fibre reinforced composites in more 

diverse structural applications. 
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CHAPTER 3 

 

 

EFFECTS OF MECHANICAL PROCESSING AND ENZYMATIC 

TREATMENT ON THE PROPERTIES OF HARAKEKE FIBRE 

3.1 Chapter introduction 

This chapter contains the second manuscript published from this thesis. The 

article is titled “Mechanenzymatic production of natural fibre from harakeke (New 

Zealand flax) and its characterization for potential use in composites for building and 

construction applications” [170]. The abstract is presented below. 

Abstract: Mechanical processing of natural fibres can be used to produce large 

quantities of clean and refined fibres. However, this often results in fibre damage when 

used alone, thereby affecting the quality of fibres produced, and it generally makes 

them of insufficient quality for high-performance composite applications. In contrast, 

the use of biological agents such as enzymes have become a rapidly expanding area of 

research for producing high quality fibres, but this is still limited to pilot scales. This 

paper reports the effect of synergizing the salient features of mechanical processing 

(using a super masscolloider) and enzymatic treatment, on the structure and properties 

of harakeke (indigenous New Zealand flax) fibre. The cellulose fibres produced are 

characterized for their potential use as reinforcement in composites. Results show that 

the combination of mechanical processing with enzymatic treatment could help to 

overcome the limitations of both processes. 

Keywords: Enzymatic treatment, mechanical processing, reinforcement, natural 

fibres, fibrillation 
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3.2 Introduction 

Polymer matrix based composite materials used in high performance 

applications are generally developed to combine the salient properties of different 

components in one material. Generally, it is highly desirable for the dispersed phase, 

otherwise known as the reinforcing component, to have good interfacial interaction with 

the continuous polymer matrix phase [79, 171]. This would help to facilitate effective 

and efficient stress transfer within the system. Natural fibres exhibit certain properties 

that make them an attractive alternative to glass fibre, as documented in various 

research and review articles. For example, they have low density, high specific 

mechanical properties, wide availability as well as being non-abrasive, and offering cost 

efficiencies in production [172-174]. In addition, natural fibres are less damaging to 

health, are renewable and biodegradable, and helps to reduce CO2 emissions [84]. 

Despite these positive aspects, the use of natural fibres in high-performance composites 

and their industrial implementation is often limited by their hydrophilic surface 

character, in direct contrast to the innate hydrophobic character of polymeric matrices. 

This constitutes a major incompatibility issue which necessitates the use of different 

approaches to provide good interfacial bonding [171, 173, 175]. 

The conventional strategies for improving the compatibility and interfacial 

interaction between natural fibres and polymeric matrices are broadly grouped into 

chemical and physical treatment methods [79-82]. These methods are applicable in 

industrial production lines. However, environmental concerns have necessitated the 

need for alternative methods. Besides chemical and physical methods, mechanical 

extraction can also be used to process natural fibres intended for use as reinforcement in 

polymeric composites [83]. Mechanical extraction generally involves a series of 

procedures which help to clean and refine the fibre. However, mechanical extraction is 

a lengthy process which often leads to production costs higher, or on a par with 

synthetic fibres such as glass fibre [84]. In addition, mechanical extraction often 

induces fibre damage, and when used alone, the quality of fibres produced is generally 

not sufficient for high-performance applications such as the production of composites 

for building applications. 

To overcome the challenges associated with chemical, physical and mechanical 

approaches to natural fibre processing, the use of biological agents such as enzymes 
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[84] has become a rapidly expanding area of research. Enzymes are agents produced by 

biological organisms including fungi, bacteria, protozoans, termites, plants, and animals 

[85]. Generally, enzymatic modification of natural fibres requires lower water and 

energy input compared to chemical and physical methods. Enzymes are reaction-

specific, and they catalyse chemical processes or decomposition under mild conditions 

even at low concentrations [85]. In addition, there is the possibility for recycling and 

reuse of enzymes for subsequent treatment sessions because they are not consumed by 

the reactions they facilitate [176]. Different levels of success have been reported for 

enzymatically modified natural fibres, such as increased surface roughness which 

helped to facilitate mechanical interlocking with polymer resins [177]. Likewise, it has 

been reported that the mechanical properties of thermoplastic composites were 

improved when enzyme treated hemp fibres were used as reinforcement [178]. Other 

properties that can be improved through enzymatic treatment of natural fibres are the 

crystallinity and thermal properties. Despite these interesting reports, and possibilities 

with enzymatic treatment of natural fibres, most of the available studies are limited to 

pilot scale [179, 180]. The high scale industrial implementation of enzymatically 

modified natural fibres for composite production is still limited by the high cost of 

enzymes, equipment, and wastewater treatment plants [85]. 

Based on these, it was thought that a synergized approach that involves the 

combination of mechanical processing with enzymatic treatment could help to 

overcome the limitations of both processes. Mechanical processing of natural fibres 

does not require the use of hazardous chemicals, the main challenge being the lengthy 

procedure and high cost involved [181]. In addition, mechanical processing alone is 

often insufficient to achieve the surface functionalities required for good interfacial 

bonding of fibres with polymer matrices [181]. The use of enzymes can help to reduce 

the length of time, water and energy required for mechanical processing of fibre [179]. 

On the other hand, the mechanical processing will help to separate the fibre bundles, 

thereby increasing the surface area for enzymatic treatment to improve the fibre quality 

through the removal of non cellulose components. These non cellulose components are 

mainly responsible for poor mechanical and thermal performance of natural fibres in 

polymeric composites. Therefore, in this study, combined mechanical processing and 

enzymatic treatment was used to produce natural fibre from harakeke. Harakeke fibre is 

a natural fibre extracted from harakeke plant (New Zealand flax). The plant itself is an 
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important resource in the Māori culture because of its ancestral link to the Māori 

heritage. In previous times, the plant was used for applications such as baskets, woven 

mats, and ropes. Recently, there have been efforts to extract fibres from harakeke by 

using different method and chemicals [63, 66, 182]. However, there are no reports on 

environmentally friendly treatments of harakeke fibre for potential use in composites, 

especially for composites intended for use in building applications. In this study, the 

effect of mechanical processing and enzymatic treatment on the structure, and 

properties of harakeke fibre is discussed in relation to its potential use as reinforcement 

in composites. 

3.3 Materials 

The harakeke fibre processed in this study was kindly supplied by Templeton 

Flax Milling Heritage Trust, New Zealand. Pectinase enzymes (pectin degrading 

enzymes) from Aspergillus niger, laccase enzymes (lignin degrading enzymes) from 

Trametes Versicolor, and 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

(ABTS) used as a mediator were purchased from Sigma Aldrich. 

Ethylenediaminetetraacetic acid (EDTA), sodium acetate trihydrate, sulfuric acid, and 

glacial acetic acid were procured from Merck Millipore. 

3.4 Fibre processing and enzymatic treatment 

The harakeke fibre supplied was chopped using a guillotine to reduce the length 

from about 1-1.5 m to about 5 mm, then the fibre was dried at 80 oC for 48 h and stored 

for further processing. Before the fibre was processed in the super masscolloider 

(SMC), it was dispersed in water at a ratio of 1:50 (w/v) (fibre: water) for 24 h. The 

soaked fibre was fed into the hopper of the SMC (Masuko Sangyo Version IV ultrafine 

friction grinder “super masscolloider”) while the motor was running at a speed of 2500 

rpm at 15 A current. The SMC is an ultra-fine friction grinding machine which is 

suitable for refining pulp and grinding samples into finer/smaller dimensions. The 

grinding compartment of the SMC features two nonporous ceramic grinding stones 

which are adjustable to desired clearance between the upper and lower plates. The 

distance between the upper and lower plates, and the number of times fibres are passed 

through the grinder would determine the dimensions of the processed fibre. In this 

study, the fibre was passed through the SMC at different number of passes, and at 
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different disc separation distances (400 µm, 300 µm, and 200 µm) as summarized in 

Table 3.1. After processing in the SMC, the fibre was subsequently sieved to drain off 

excess water and then stored in a 4 oC chiller until further analysis. 

Table 3.1 Properties and processing conditions of harakeke fibre processed in the 

super masscolloider 

Fibre processing conditions (number of times and disc 

distance) 

Diameter 

(µm) 

Length 

(mm) 

Unprocessed 600 5 

4 times each @ 400 µm and 300 µm 23 3.5 

4 times each @ 400 µm and 300 µm, and 2 times @ 200 µm 13 2.3 

4 times each @ 400 µm, 300 µm, and 200 µm 13 0.9 

The SMC processed fibre was subjected to enzymatic treatment using pectinase 

and laccase enzymes. The use of pectinase and laccase enzymes is aimed at removing 

the pectin and lignin components from the fibre so that the fibre cellulose can become 

available for interaction with the polymer matrix. The enzymatic treatment was 

performed by dispersing the fibre in a 5.0 pH 50 mM sodium acetate buffer (2.5% 

EDTA) at a ratio of 1:40 (fibre: buffer) to ensure complete wetting of fibres [183, 184]. 

The EDTA was added to the incubation medium to destabilize the pectin by 

complexing the cell wall bound calcium while the selected pH of 5.0 was selected 

because the chelating activities of EDTA is more efficient around this pH [185]. Then, 

the pectinase enzyme (85 U/g of fibre) was added. The fibre, dispersed in the buffer-

enzyme solution was incubated for 20 h at 40 oC in a New Brunswick Scientific innova 

4300 incubator shaker. Then, half of the pectinase treated fibre was further treated with 

laccase enzyme at 75 U/g of fibre in the presence of ABTS mediator (1% with respect 

to buffer solution). Laccase can only oxidize the phenolic fragments of lignin because 

of the random polymer nature of lignin and due to the low redox potential of laccase. 

So, small low molecular weight mediators with high redox potential than laccase (> 900 

mV) are commonly added to oxidize the non-phenolic part of lignin [186]. Treatment 

with the laccase enzyme was performed through further incubation of the pectinase 

treated fibre for 3 h at 60 oC. The treated fibres were washed severally under water 

flow, sieved, and stored in a 4 oC chiller for further analysis. 
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3.5 Characterizations 

The SMC processed fibre was observed using a BX53 Olympus optical 

microscope, equipped with polarized light. To measure the length and diameter of the 

fibres, a little drop of glycerol was first placed on a glass slide and a small amount of 

the fibre was placed on the droplet and was evenly spread on the glass slide, thereby 

helping to disperse the fibres. A second glass slide was placed on the dispersed fibre 

before mounting it on the sample holder of the microscope. Then, an OLYMPUS 

STREAM image analysis software fitted with the microscope was used to measure the 

length and diameter of the images obtained. About one hundred measurements were 

taken for each fibre type and the average values was recorded. Spectroscopic analysis 

was performed in a Perkin Elmer® Spectrum 100 FTIR spectrometer. The FTIR data 

were recorded over a wavelength range of 4000 - 400 cm-1 using the standard KBr pellet 

technique. Thermogravimetric analysis (TGA) was performed using a Perkin Elmer 

STA 8000 thermal analyzer. About 10-20 mg sample was placed in a crucible and 

heated at 10 oC/min from 30 °C to 600 oC under an argon atmosphere flowing at 40 mL 

min-1.  

The residual lignin in the fibres was determined using the method described in 

the Technical Association of the Pulp and Paper Industry (TAPPI) T 222 om-02 test 

methods. The dry fibre was weighed and digested in a 72% (w/w) H2SO4 solution 

inside a test tube. This was placed in a water bath for 1 h at 30 °C, while being stirred at 

regular intervals. The mixture was then transferred into a beaker and diluted with 

distilled water to ⁓ 3% (w/w) H2SO4 and kept in an autoclave set at 121 °C for 1 h. 

After cooling to about 80 °C, a vacuum filter was used to filter the mixture, and the acid 

insoluble residue (AIR) was dried in an oven set at 105 °C. After 24 h, the AIR (Klason 

lignin) was determined using the following equation 3.1: 

𝐴𝑐𝑖𝑑 𝑖𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (𝐴𝐼𝑅) =  
𝑚

𝑀
 𝑥 1000        3.1 

where, m is the dry weight of residue after acid hydrolysis, in g, while M is the 

oven-dry weight of fibre (100% dry matter) before acid hydrolysis, in g. 
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3.6 Results and discussion 

The effect of processing cycles (number of passes) in the super masscolloider 

(SMC), on the morphology of harakeke fibre was assessed by viewing the fibre under 

an optical microscope. Figure 3.1 shows the optical microscope images of raw harakeke 

fibre and the processed fibres, while the average length and diameter of the fibres are 

presented in Table 3.1. It is generally evident from Figure 3.1 that processing with the 

SMC helped to produce unitary (single) fibres. Figure 3.1b (fibre processed 4 times 

each at 400 µm and 300 µm disc distance) shows several unitary fibres, but with some 

fibre bundles which suggests that additional processing was needed. In contrast, there 

are no obvious fibre bundles in Figure 3.1c (fibre processed 4 times each at 400 µm and 

300 µm, and 2 times at 200 µm disc distance), and Figure 3.1d (fibre processed 4 times 

each at 400 µm, 300 µm, and 200 µm disc distance). This indicates that harakeke fibre 

bundles can be effectively reduced to consistent unitary fibres in the SMC at a disc 

distance of 200 µm.  

Further analysis of the fibres revealed that the diameter and length of the fibres 

generally decreased as the number of passes increased, and as the disc distance became 

smaller. It is significant, as seen in Table 3.1, that an increase in the number of passes 

from 2 times to 4 times (200 µm disc distance) did not affect the average fibre diameter. 

Instead, the fibre length was shortened, thereby reducing the fibre aspect ratio from 

about 170 for the fibres processed twice at 200 µm disc distance to 69, for the fibres 

processed 4 times at the same disc distance, which indicates that extraction of unitary 

fibres was already achieved during the 2 times pass through the SMC at a disc distance 

of 200 µm. In fact, as seen in Figure 3.2, fibrillation of the fibre had occurred after 2 

times pass through the SMC at a disc distance of 200 µm. So, further passes (from 2 to 

4 times) are believed to have resulted in fibre breakage instead of additional fibrillation. 

Visual inspection showed that the number of fines produced during processing is in the 

order of Figure 3.1b < Figure 3.1c < Figure 3.1d and this can influence the reinforcing 

ability of the fibre.  
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Figure 3.1 Optical microscope images of (a) unprocessed harakeke fibre, (b) fibres 

processed 4 times each at 400 µm and 300 µm disc distance, (c) fibres processed 4 

times each at 400 µm and 300 µm, followed by 2 times at 200 µm disc distance, and (d) 

fibres processed 4 times each at 400 µm, 300 µm, and 200 µm disc distance 
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Figure 3.2 Optical microscope image showing fibrillated harakeke fibre after 

processing 4 times each at 400 µm and 300 µm, followed by 2 times at 200 µm disc 

distance in the SMC 

Preliminary studies on the use of these processed fibres as reinforcement in poly 

(lactic acid) (PLA) composites suggested that the interfacial bonding between the fibre 

and matrix appears very low. Therefore, since unitary fibres and fibrillation were 

achieved from 2 times pass through the SMC at a disc distance of 200 µm, this material 

was subjected to enzymatic treatment with the intention of modifying the fibre surface, 

potentially to facilitate compatibility with the polymer matrices and thereby improve 

interfacial interactions. Enzymatic treatment was selected because it is an 

environmentally friendly approach to fibre processing and it helps to minimize fibre 

damage [84, 179]. Based on the specificity of enzymatic actions, the two enzymes 

selected in this thesis were selected to degrade some of the non-cellulosic components 

of the fibre. The laccase enzymes were aimed at lignin removal while the pectinase 

enzymes were selected to actualize the removal of pectin from the fibre. 

The lignin content of the fibres is illustrated in Figure 3.3. As seen in the figure, 

the unprocessed fibre (Raw) has higher lignin content than the processed and treated 

fibres. Among the processed and treated fibres, the fibre subjected to combined 

pectinase and laccase treatment has the lowest lignin content. Compared to the 
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unprocessed fibre, the combined pectinase and laccase treatment reduced the lignin 

content of the fibre by about 60%. This is desirable for composite production because it 

will undoubtedly influence the compatibility of the fibre with polymer matrices as the 

cellulose hydroxyl groups of the fibre becomes more available to bond with the 

polymer matrices [87, 92, 187]. In addition, it will help to improve interfacial 

interactions that would normally enhance good stress transfer within the composite 

[87]. 

 

Figure 3.3 Lignin content of unprocessed (raw), SMC processed (SMC), SMC 

processed-pectinase treated (pectinase), and SMC processed-combined pectin and 

laccase treated (pectinase+laccase) harakeke fibres. The error bar represent the standard 

deviation of the values. 

The FTIR spectra of unprocessed (raw), SMC processed (SMC) and SMC 

processed enzyme treated harakeke fibres are illustrated in Figure 3.5. The important 

peaks as shown in the figure include the −OH stretching vibrational peaks around 3200-

3600 cm-1, the C−H stretching vibrational peaks of cellulose and hemicellulose around 

2850-2950 cm-1, and the peak at 1750 cm-1 which represents the C=O stretching peak of 

methyl ester and carboxylic components in pectin, hemicellulose, and lignin 

components in the fibres [108, 188]. In addition, the peak at 1647 cm-1 represents the 

=CH vibration of the aromatic skeletal vibration in lignin, while the peak at 1422 cm-1 
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is attributed to the −CH3 asymmetric, and C−H symmetric deformational modes in 

aromatic rings [188]. Furthermore, the peak at 1060 cm-1 represents the in-plane 

deformational mode of the easily cleavable C−O−C linkage in pectin, lignin, and 

hemicellulose [188]. 

Modification of natural fibres intended for use in polymer composites is often 

aimed at removing, or at least to reduce the hemicellulose and lignin components, 

thereby making the cellulose hydroxyl groups available for bonding with the polymer 

matrix. Removal of lignin can be confirmed through FTIR analysis mainly be observing 

the C=O stretching peak at 1750 cm-1. As seen in Figure 3.5, there is no significant 

difference in the C=O stretching peak at 1750 cm-1 of the raw, SMC processed, and 

SMC processed-pectinase treated fibre. This is not surprising for the SMC processed 

fibre since SMC mainly helps to refine, rather than removal of components. And this 

explains the reason for not obtaining the desired improvement in the properties of the 

preliminary composites as stated earlier. In the case of the enzyme treated fibres, it is 

evident that the use of pectinase and laccase enzymes is more efficient than pectinase 

enzyme alone which aligns with the lignin content result presented in Figure 3.3.  

Generally, laccase enzymes help to break down lignin structure in natural fibres 

while pectinase mainly helps to facilitate fibre separation into fibrils through removal of 

pectin and other water-soluble constituents [189]. Therefore, the significant reduction in 

the C=O stretching peak at 1750 cm-1 for the combined pectinase and laccase treated 

fibre indicates the dissolution of hemicellulose, and removal of large amounts of lignin 

from the fibre which is highly desirable for ensuring good fibre/matrix interactions. 

Lignin removal is further confirmed by the split in the aromatic C−H in-plane 

deformation peak around 1060 cm-1 and supported by the Klason lignin in the fibres 

which is presented in Figure 3.3. Therefore, it can be inferred that enzymatic treatment 

of harakeke fibre using combined pectinase and laccase enzymes can help to remove 

some of the non cellulose components from the fibre, thereby improving the reinforcing 

ability of the fibre.  

It is noteworthy that removal of non cellulose components is not the only factor 

responsible for development of fibre-matrix interface in composites. Other factors 

include mechanical interlocking and molecular entanglement among others. However, 

removal of non cellulose components will help to ensure that components such as lignin 
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and hemicellulose which may be detrimental to the mechanical and thermal 

performance of the composite are removed, or at least significantly reduced. In 

addition, removal of these components can help to enhance other mechanisms required 

for strong interface due to increased interfacial interactions between the fibre and the 

matrix. Specifically, the cellulose hydroxyl groups of the fibre would be exposed to 

interact with the functional groups of the polymers. The site for possible chemical 

interaction between PLA and the cellulose hydroxyl groups of the fibre are illustrated in 

Figure 3.4. 

 

Figure 3.4 Sites for possible chemical interaction between PLA and the cellulose 

hydroxyl groups of harakeke fibre  
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Figure 3.5 FTIR spectra of unprocessed (raw), SMC processed (SMC), SMC 

processed-pectinase treated (pectinase), and SMC processed-combined pectin and 

laccase treated (pectinase+laccase) harakeke fibres 

 

The TGA and DTG curves of unprocessed harakeke fibre (Raw), SMC 

processed fibre (SMC), and SMC processed enzyme treated fibres are presented in 

Figure 3.6. Generally, removal of non-cellulose component from natural fibres would 

lead to an increase in the onset temperature of thermal degradation (Tonset), and the 

thermal degradation temperature (Td). The Tonset, and Td of the fibres as extracted from 

the DTG curve are presented in Table 3.2. As presented in the table, treatment of 

harakeke fibre with pectinase and laccase enzymes resulted in an increase in the thermal 

stability of the fibre, confirmed by the higher Td. It is well known that the thermal 

stability of natural fibres is directly related to the proportion of cellulose and non-

cellulose components in the fibre. Accordingly, it can be inferred that the higher 

thermal stability of the enzyme treated fibres is due to the removal of some non-

cellulose components from the fibre, which would otherwise have resulted in lower 

thermal stability. In addition, it is significant that the combination of pectinase and 

laccase enzymes produced higher thermal stability than pectinase enzyme alone which 

suggests that the amount of non-cellulose removed from the fibre is higher when 
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combined enzyme was used and is supported by the lignin determination analysis, and it 

aligns with the FTIR analysis discussed in the previous paragraphs. 

 

Figure 3.6 TGA and DTG curves of unprocessed harakeke fibre (Raw), harakeke 

fibre processed with the super masscolloider (SMC), harakeke fibre treated with 

pectinase enzyme (Pectinase), and harakeke fibre treated with combined pectinase and 

laccase enzymes (Pectinase + Laccase) 

 

Table 3.2 TGA parameters of unprocessed, SMC processed, and enzyme treated 

harakeke fibre 

Fibre Type Tonset (
oC) Td (oC) Residue@600o

C 

Ea (kJ/mol) 

Raw 250.75 367.08 22.01 67.85 

SMC 253.77 367.38 19.21 73.41 

Pectinase 255.33 369.25 18.76 75.98 

Pectinase + Laccase 255.98 373.02 16.95 86.18 

The DTG data is useful for determining the activation energy associated with 

thermal degradation of natural fibres [147], the activation energy (Ea) being a good 

0 100 200 300 400 500 600

0

10

20

30

40

50

60

70

80

90

100

110

D
e
ri

v
a
ti

v
e
 W

e
ig

h
t 

(g
/o

C
)

W
e
ig

h
t 

(%
)

Temperature (
o
C)

 Raw

 

 

 SMC

 

 

 Pectinase

 

 

 Pectinase + Laccase

 

 

 

 

 

 

 

 

 

 



 

76 

indicator of the energy barrier that hinders molecular chain mobility in the fibre. The 

energy barrier helps to restrict thermal degradation. Based on this, the thermal stability 

of the fibres was determined through a kinetic study, using the TGA data as described 

by Broido [157]. The kinetic parameter for thermal decomposition of the fibres was 

calculated using equation 3.2: 

𝑙𝑛 (𝑙𝑛 
1

𝑦
 ) =  − 

𝐸𝑎

𝑅𝑇
+ 𝑙𝑛 (

𝑅𝑍

𝐸𝑎𝛽
𝑇𝑚𝑎𝑥

2 )    3.2 

where, y is the fraction of non-volatilized material as yet undecomposed, Tmax is 

the temperature of the maximum reaction rate, β is the heating rate, Z is the  frequency 

factor, Ea is the activation energy and R is the gas constant (8.314 J mol-1 K-1). The 

values of y is obtainable from the TGA data, and ln(ln(1/y)) can be calculated 

accordingly. A plot of 1/T (in Kelvin) against ln(ln (1/y)) would produce a slope (which 

when multiplied by R) represents the activation energy (Ea) associated with the thermal 

decomposition of the fibres [158].  

As presented in Figure 3.7, the R2 of the 1/T vs ln(ln (1/y)) plots for all the 

fibres were above 0.9 which indicated good linearity, and agreement with the Broido 

equation. The Ea of the fibres included in Table 3.2 confirms the higher thermal 

stability of the enzyme treated fibres, with the combined pectinase and laccase treated 

fibre showing the highest thermal stability, which aligns with the TGA result. This 

confirms that the thermal properties of natural fibres can be improved through 

enzymatic treatment and will undoubtedly improve the thermal stability of their 

reinforced composites. One of the limitations to natural fibre reinforced composites is 

the limited processing temperature due to possible degradation of the fibre during 

processing at temperatures above 200 oC [77, 190]. So, removal of the low-temperature 

degrading components will help to improve the thermal stability of the fibre and its 

reinforced composites [190]. 
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Figure 3.7 Broido curves of (a) unprocessed harakeke fibre (Raw), (b) harakeke 

fibre processed with the super masscolloider (SMC), (c) harakeke fibre treated with 

pectinase enzyme (pectinase), and (d) harakeke fibre treated with combined pectinase 

and laccase enzymes (pectinase + laccase) 

 

3.7 Conclusions 

Fibres were produced from harakeke through combined mechanical processing 

and enzymatic treatment of the fibre. Optical microscopy revealed that mechanical 

processing with the super masscolloider was able to refine the fibre and produce unitary 

fibres from harakeke. The removal of non-cellulosic components was achieved to 

different extents when enzymes were used to modify the mechanically processed fibre. 

In addition, thermal analysis shows that the thermal stability of the combined 

mechanical and enzymatically treated fibres is higher than the mechanically processed 

fibre, with the combined laccase and pectinase enzyme treatment showing the better 

result than the pectinase enzyme alone. The lower thermal stability of the mechanically 



 

78 

processed fibre is attributed to the presence of non-cellulosic components. On the other 

hand, the better properties obtained from the use of combined enzymes is attributed to 

the removal of portions of lignin by the laccase enzyme, compared to the disruption of 

pectin structure, generally achieved when the pectinase enzyme was used alone. 

Generally, it can be inferred based on the results from this study that the combination of 

mechanical processing with enzymatic treatment has great potential for producing large 

scale, environmentally friendly and good quality fibres, suitable for composites. 
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CHAPTER 4 

 

 

EFFECTS OF REACTIVE COMPATIBILIZATION ON THE PROPERTIES OF 

REINFORCED PLA COMPOSITES  

4.1 Chapter introduction 

This chapter contains the third manuscript published from this thesis, titled 

Reactive compatibilization of harakeke fibre-reinforced poly(lactic) acid/polybutylene 

succinate blend [191] and the abstract is presented below: 

Abstract: Different blends of poly(lactic acid) (PLA) and polybutylene 

succinate (PBS), and their harakeke fibre reinforced composites were studied. Scanning 

electron microscopy showed that the PLA and PBS are incompatible and poorly 

miscible. Tensile strength and tensile modulus of the blends was found to reduce as the 

amount of PBS increased. Reinforcement alone was not able to significantly improve 

the mechanical performance of the blend, which is lower than that of neat PLA. 

Therefore, simultaneous reinforcement and reactive compatibilization were performed 

using harakeke fibre, and dicumyl peroxide as reinforcement and compatibilizer, 

respectively. This produced about 201% increase in the crystallinity of PLA. Compared 

to the PLA/PBS blend, the dual effect approach increased the tensile strength and 

tensile modulus by 31% and 148%, respectively. Likewise, dynamic mechanical 

analysis showed that the thermomechanical properties of the composite greatly 

improved.  

Keywords: Reactive compatibilization; reinforcement; mechanical properties; 

poly (lactic acid) blend 
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4.2 Introduction 

The rising environmental concerns associated with petroleum derived materials, 

and the growing awareness of the need to protect the environment have triggered an 

increased interest in environmentally friendly materials. As such, the past few decades 

have been graced with increasing efforts on the development of materials that can help 

to reduce global dependence on petroleum-based products [10, 192, 193]. At the 

forefront of this drive are materials developed from renewable, biobased, or 

biodegradable polymer-based composites [194-196]. This is partly due to the versatility 

of polymers, and their property tunability for desired applications [112]. In the last 

decade, there has been a continuous increase in the production of biopolymers, with a 

forecast estimating the global production of biopolymers to hit 2.43 million tons in 

2024 [194, 197]. 

In particular, the market growth of poly (lactic acid) (PLA) is higher than its 

contemporaries because of its properties, such as high mechanical strength, sufficient 

biodegradability or compostability, excellent biocompatibility, good processability, and 

large-scale availability at a competitive price [198-200]. In addition, the production of 

PLA is reported to consume lesser energy (about 25-55%) and generate lower CO2 

emissions than conventional petroleum-based plastics [15, 201]. Therefore, the use of 

PLA has become increasingly acceptable in different sectors including building and 

construction, biomedicine, food packaging, industrial parts, and in the automobile 

industry [202, 203]. However, to extend the applications of PLA in structural and 

engineering products, there is need to address its inherent brittleness, and small 

elongation at break [192, 194, 204]. 

One effective approach to reduce the brittleness and increase the elongation at 

break of PLA is to blend it with other rubbery elastomers or plastics [205, 206]. Blends 

of PLA with different plastics like polyethylene [207], polycaprolactone [208], poly 

(butylene-adipate-co-terephthalate) (PBAT) [209], and poly (butylene succinate) (PBS) 

[210] have been investigated. Among these, PBS has the lowest environmental impact 

[211], and it also has good processability like PLA. Hence, efforts have been made to 

improve the elongation at break of PLA by adding different composition ratios of PBS 

[212]. However, PLA and PBS are only partially miscible [204], which often results in 

decreased tensile strength and modulus as PBS content increased in PLA/PBS blends 
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[213, 214]. In one study, a blend of PLA and PBS was reported to exhibit an elongation 

at break of 340% when the PBS content is 30 wt%. However, there is an undesirable 

decreases in the tensile strength and modulus of the blend [215]. 

As a result of the decreased tensile strength and modulus of the blend following 

the addition of PBS, reactive processing is seen as an effective method for improving 

the miscibility of PLA and its blends. As such, different coupling agents have been used 

to improve the miscibility of PLA blends. For example, glycidyl methacrylate (GMA) 

was used by Zhang et al. to process PLA/PBAT blends [216]. This helped to improve 

the interfacial adhesion between PLA and PBAT and resulted in increased mechanical 

performance. Likewise, another study reports the reactive processing of PLA, 

polycarbonate (PC), and PBAT ternary blends in the presence of dicumyl peroxide 

(DCP) as processing aid [217]. In the case of PLA/PBS blends, different processing 

aids have been used. Supthanyakul et al. used random poly (butylene succinate-co-

lactic acid) (rPBSL) to facilitate compatibility and clarity in PLA/PBS blends [214], 

while Fortunati et al. prepared PLA/PBS films using Acetyl Tributyl Citrate (ATBC) 

and isosorbide diester (ISE) as processing aids [213]. In addition, other agents such as 

lysine tri-isocyanate [218], twice-functionalized organoclay (TFC) [219], and DCP 

[220] have been explored. Reports showed that the use of processing aids can help to 

improve miscibility and compatibility in the blends, thereby improving the elongation at 

break of PLA. However, there are still concerns about the decrease in strength and 

modulus of PLA as the amount of rubbery component increases. 

Literature has also shown that the use of reinforcing fillers can help to improve 

the mechanical performance of PLA and its blends. In particular, the use of biobased 

fillers is seen as an effective way to improve performance and reduce cost, while 

maintaining the environmental friendliness of the composite. Hence, blends of PLA and 

PBS have been successfully prepared where biobased fillers such as kraft pulp, wood 

flour, bamboo powder, and microfibrillated cellulose (MFC) were used as 

reinforcement [221-223]. However, to the best of the authors’ knowledge, there are no 

reports that combine the reinforcement strategy with reactive compatibilization to 

produce reinforced PLA blends with improved mechanical performance. Therefore, in 

this article, harakeke fibre was used as a reinforcing filler to improve the tensile 

strength and modulus of PLA/PBS blend. The choice of harakeke fibre is based on its 
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confirmed capability to effectively reinforce PLA, as reported in previous studies [108, 

224]. Then, DCP was used as a processing aid to improve the miscibility of PLA and 

PBS. The effect of PBS on the tensile strength and modulus of PLA, the effect of the 

reinforcing filler on reinforced PLA/PBS blends, and the influence of reactive 

compatibilization are discussed. 

4.3 Materials 

Poly (lactic acid) (PLA) was used as the polymer matrix in this study. The PLA 

used is an injection moulding grade PLA biopolymer (Ingeo™ 3052D) from 

NatureWorks and has a specific gravity of 1.24 and melt flow rate (MFR) of 14 g/10 

min (210 °C, 2.16 kg). Poly butylene succinate (Bio-PBS FZ71) with a MFR of 22 g/10 

min (190 oC, 2.16 kg) and a density of 1.26 g/cm3 was supplied by PTT MCC Biochem 

Company Limited. Dicumyl peroxide (DCP) was purchased from Sigma Aldrich and 

used for reactive compatibilization of PLA and PBS. Harakeke (New Zealand flax) 

fibre was used as the reinforcing filler and it was supplied by Templeton Flax Milling 

Heritage Trust, New Zealand. Bulk sodium hydroxide solid pellets were procured from 

Sigma-Aldrich and used to treat the harakeke fibre. 

4.4 Methods 

4.4.1 Fibre preparation and treatment 

The harakeke fibres obtained from the supplier were in bundles of about 1-1.5 m 

long. The fibre was first dried and chopped with a guillotine into pieces of about 2-3 

cm. Weighed amounts of the chopped fibre was put in stainless steel canisters and a 

solution of 5 wt.% NaOH and 2 wt.% Na2SO3 was poured into the canister to obtain a 

fibre to solution ratio of 1:8. Then, fibre digestion was performed in a lab-scale pulp 

digester as described in literature [38]. The treated fibre was washed continuously with 

water until neutral pH was attained. Then, the fibre was dried in an oven at 80 oC for 48 

h and kept in sealed plastic bags until it was used for composite preparation. 

4.4.2 Production of blends and composites 

Blends of PLA and PBS were prepared by varying the PBS content from 5-20 

wt.%. The components were mixed and compounded using a TSE-16-TC twin-screw 
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extruder at a screw speed of 100 rpm using a temperature profile in the range of 165-

185 oC. Composite material was prepared by compounding 30 wt.% harakeke fibre with 

a selected PLA/PBS blend. The wt.% fibre used was based on the preliminary study. In 

addition, a composite material containing PLA, PBS, harakeke fibre, and dicumyl 

peroxide (DCP) was compounded in the extruder at the same conditions used for the 

blends and the composite without DCP. The amount (wt.%) of each component in the 

different category of composites prepared are presented in Table 4.1. Prior to extrusion 

of the fibre containing composites, the treated fibres were processed in a blunt Sunbeam 

Multigrinder to separate the fibres. Then the processed fibres were kept in a 105 ◦C 

conventional oven until it was used. The PLA and PBS granules were dried to moisture 

content < 0.1 % in a vacuum oven set at 60 ◦C for 2 h. The extrudates were granulated 

with a Moretto GR knife mill plastic granulator to obtain < 3 mm pellets. The granules 

were dried to a moisture content < 0.1 % by weight and was used to produce tensile test 

samples in a BOY 35A injection moulding machine. The extrusion and injection 

parameters are summarized in Table 4.2. 

Table 4.1 Sample codes and the amount (wt.%) of individual component in the 

different samples 

Sample code PLA 

(wt.%) 

PBS  

(wt.%) 

Fibre  

(wt.%) 

DCP 

(wt.%) 

PLA 100 - - - 

PBS - 100 - - 

PLA+5% PBS 95 5 - - 

PLA+10% PBS 90 10 - - 

PLA+15% PBS 85 15 - - 

PLA+20% PBS 80 20 - - 

PLA+10% PBS+30% Fibre 60 10 30 - 

PLA+10% PBS+30% Fibre+DCP 59.7 10 30 0.3 
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Table 4.2 Extrusion and injection moulding profiles for the preparation of PLA-PBS, PLA-PBS-fibre, and PLA-PBS-fibre-DCP composites 

Extrusion 

Parameter 

 PLA, blends, and 

composites 

PBS  Injection moulding 

Parameter 

 PLA, blends, and 

composites 

PBS 

  

 Unit Value Value   Unit Value Value 

Feeding zone (◦C) 165 60  Feeding zone (◦C) 150 100 

Zone 1,2 (◦C) 170 160  Compression zone (◦C) 165-185 130 

Zone 3, 4, (◦C) 175 150  Metering zone (◦C) 190 140 

Zone 5,6,7,8 (◦C) 180 150  Nozzle (◦C) 185 150 

Zone 9 (◦C) 180 140  Mould (◦C) 35 25 

Die (◦C) 185 140  Screw speed (ccm/s) 43.1 43.1 

Screw speed (rpm) 100 60  Screw position (mm) 30 30 

     Injection pressure (bar) 550-600 225 

     Holding pressure (bar) 600 600 

     Injection time (s) 0.5 0.72 

     Cooling time (s) 30  
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4.4.3 Scanning electron microscopy (SEM) 

Fractured surfaces of PLA, PBS, PLA/PBS blends and the reinforced 

composites were examined on a Hitachi Regulus SU8230 field emission scanning 

electron microscope. It should be noted that PBS did not fracture during tensile testing. 

So, the SEM image presented for PBS are from cryofracture samples. Double sided 

carbon tape was used to mount the dried samples on aluminium stubs, and the samples 

were then coated with a thin layer (5 nm) of platinum through sputtering in a Quorum 

Q150V sputtering equipment. 

4.4.4 Mechanical testing  

In preparation for testing, injection moulded tensile testing samples which were 

prepared according to EN ISO 527 specifications (span length = 65 mm, width = 10 

mm, and thickness = 4 mm) were first kept in a 23 ◦C climate chamber for 48 h at 50% 

relative humidity. Tensile testing was then performed on a universal testing machine 

(Instron® 5982). The instrument is equipped with a 5 kN load cell and was operated at 

a crosshead speed of 5 mm/min. Tensile strain on the samples during testing, was 

measured with a 25 mm extensometer which was fixed at the middle of the specimen. 

Five specimens were tested per composite category and the average values of the tensile 

strength and tensile modulus were recorded. 

4.4.5 Thermogravimetric and differential scanning calorimetric analysis 

The thermal properties of the materials were performed in a Perkin Elmer STA 

8000 thermal analyzer. About 10-20 mg of the samples were weighed and placed in a 

crucible. This was heated from 30 ◦C to 600 ◦C at a rate of 10 ◦C /min under an argon 

atmosphere, with a gas flow of 40 mL min-1. 

4.4.6 Differential scanning calorimetric analysis 

Differential scanning calorimetry analysis (DSC) of the materials was 

performed in a TA instrument (Netzsch DSC 3500 Sirius). The samples, with weights 

of 10-15 mg were heated at a rate of 10 ◦C/min from 20 to 200 ◦C. Heating was 

performed under nitrogen gas flowing at 60 mL/min. The DSC thermogram obtained 
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was used to determine the glass transition temperature (Tg), crystallization temperature 

(Tc) and melting temperature (Tm) of the samples. Furthermore, the crystallinity of PLA 

in the blend and composites was derived using the following equation: 

%𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 (𝐼𝐷𝑆𝐶) =  
∆𝐻

∆𝐻𝑚𝑊
 𝑥 100%     4.1 

where, ΔH is the enthalpy of fusion of the samples, ΔHm is the enthalpy of 

fusion of a reference PLA with 100 % crystallinity, and W is the mass fraction of the 

matrix. The crystallinity of PLA in the composites was calculated by using 93.6 J/g as 

the enthalpy of fusion (ΔHm) of reference PLA with 100 % crystallinity [144]. 

4.4.7 Dynamic mechanical analysis 

The viscoelastic properties of the materials were assessed through dynamic 

mechanical analysis (DMA) using a Perkin Elmer DMA800 instrument. Samples with 

dimensions 30 mm × 5 mm × 1.5 mm were fitted in a single cantilever configuration 

and heated from 23 ◦C to 140 ◦C at 2 ◦C/min from. The analysis was performed at a 

constant frequency of 1 Hz, while the displacement amplitude was 20 μm. 

4.5 Results and Discussion 

4.5.1 Morphological properties 

The SEM images of of the fractured surface of PLA and PBS are shown in 

Figure 4.1. The image of PLA in Figure 1a reveals a smooth fracture which is typical of 

brittle materials like PLA. In contrast, the image of PBS in Figure 4.1b depicts an 

uneven fractured surface, associated with tough materials which supports that PBS is 

relatively tougher than PLA. 

The SEM images of the fractured surface of PLA/PBS blends with different 

PBS content (5-20 wt.%) are presented in Figure 4.2. As seen in the image, the presence 

of dispersed voids created by the dispersed PBS in the continuous PLA matrix phase 

becomes increasingly noticeable as the PBS content increases.  It is noteworthy that at 

the higher PBS contents, the domains of PBS were more conspicuous in the SEM 

images (as in Figure 4.2d). Similar observation has been reported by other researchers 

[204, 220] including spherical droplets of PBS conspicuously dispersed in the 
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continuous PLA phase after blending. These domains indicate poor compatibility 

between PLA and PBS [204, 225], and can influence the tensile performance of the 

blends as discussed in a subsequent section. 

 

Figure 4.1 SEM images of the fractured surface of (a) PLA after tensile testing, and 

(b) cryofracture surface of PBS 

 

 

Figure 4.2 SEM images of the fractured surface of PLA/PBS blends containing (a) 

5 wt.% (b) 10 wt.% (c) 15 wt.%, and (d) 20 wt.% PBS after tensile testing. The red 

arrows indicate the dispersion of PBS in the PLA matrix. 
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4.5.2 Mechanical properties 

The tensile properties of PLA, PBS, and PLA-PBS blends containing different 

wt.% (5-20 wt.%) PBS are presented in Figure 4.3. It is evident in Figure 4.3 that the 

incorporation of PBS in the PLA matrix resulted in a decrease in the tensile strength 

(TS) and tensile modulus (TM). These decreases became larger as the PBS content 

increased from 5 wt.% to 20 wt.% such that compared to PLA, the largest reductions in 

TS an TM were observed for the PLA-PBS blend with the highest PBS content (20 

wt.%). This is not unexpected, considering the lower TS and TM of PBS as illustrated 

in Figure 4.3. Asides the low mechanical properties of PBS, the SEM images in Figure 

4.2 shows that PBS and PLA are only partially miscible, similar to reports in literature 

[204, 220]. Therefore, the low TS and TM of PBS, and the poor misciblility of PLA and 

PBS are believed to have contributed to the gradual drop in the tensile properties of the 

PLA-PBS blends with increasing PBS content.  

 

Figure 4.3 Tensile strength and tensile modulus of PLA, PBS, and PLA-PBS blends 

containing different wt.% PBS. The error bar represent the standard deviation of the 

values. 
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Based on the tensile properties of the blends and for easy comparison, a fixed 

amount (10 wt.%) of PBS content was selected and used in reinforced PLA/PBS blends. 

Preliminary studies and previous studies have shown that the addition of 20-30 wt./% 

harakeke fibre in PLA produced remarkable improvement in the tensile properties of 

the resulting composite [108, 224]. So, harakeke fibre (30 wt.%) was used as the 

reinforcement in the PLA/PBS blends. In addition, the compatibilization ability of DCP 

in PLA/PBS blends were reported previously [204, 220]. Therefore, DCP was 

incorporated in the reinforced PLA-PBS-fibre system, to facilitate reactive 

compatibilization of the components. 

The tensile properties of PLA, PLA/PBS blend containing 10 wt.% PBS, 

reinforced PLA/PBS composite, and reinforced PLA/PBS composites with DCP are 

illustrated in Figure 4.4, while the values are presented in Table 4.3. As seen in Table 

4.3, incorporation of 30 wt.% harakeke fibre in PLA produced little increase in the TS 

of the blend which is attributed to the reinforcing ability of the harakeke fibre and 

effective stress transfer within the composite. The effect of harakeke fibre inclusion is 

more pronounced in the TM than the TS which is attributed to the high modulus of 

harakeke fibre, as reported in literature [127, 128]. Although the addition of fibre 

helped to increase the TS of the blend, the data in Table 4.3 and Figure 4.4 shows that 

the TS of the PLA-PBS-fibre system (60 MPa) is still lower than the TS of neat PLA 

(63 MPa). This suggests a disruption in the reinforcing ability of harakeke fibre, 

probably due to the presence of PBS, in the PLA-PBS-fibre system.  In addition, it can 

be due to the decrease in the volume of PLA (see Table 4.1) within the system [226], or 

the incompatibility of PLA and PBS. 

Incorporation of dicumyl peroxide helped to improve the TS and TM of the 

PLA-PBS-fibre system. Compared to neat PLA, the TS and TM of the DCP 

compatibilized harakeke reinforced PLA/PBS blend increased by 21% and 107%, 

respectively. Likewise, compared to the PLA/PBS blend, incorporation of DCP 

increased the TS and TM of the composite with DCP by 31% and 148%, respectively. 

This can be attributed to the reactive compatibilization of the components through the 

coupling effects of DCP as described in literature [220]. Therefore, it is believed that 

the presence of DCP might have helped to facilitate good interfacial interactions that 
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resulted in the improved TM and TS as illustrated in Figure 4.4 and presented in Table 

4.3. 

 

Figure 4.4 Tensile strength and tensile modulus of PLA, PLA/PBS blend, harakeke 

fibre reinforced PLA/PBS composite, and harakeke fibre reinforced PLA/PBS 

composite with DCP. The error bar represent the standard deviation of the values. 

To assess the effect of chain lubrication and reactive compatibilization on the 

toughness of the different composite systems, the elongation at break was recorded 

during tensile testing. The elongation at break of PLA, PBS, PLA/PBS blend containing 

10 wt.% PBS, reinforced PLA/PBS composite, and reinforced PLA/PBS composite 

with DCP are included in Table 4.3. As stated in section 4.4.2, the neat PBS did not 

fracture during tensile testing. So, the value of elongation at break recorded for neat 

PBS in Table 4.3 is the maximum value when the extensometer reached its limit. As 

seen in Table 4.3, the elongation at break of PBS would be more than 511% higher than 

PLA. As for the PLA/PBS blend, the elongation at break (3.62%) is about 64% higher 

than neat PLA. This is not unexpected considering the higher elongation at break of 

PBS. However, it is significant that the addition of harakeke fibre resulted in lower 

elongation at break, compared to PLA and the PLA/PBS blend, which is believed to be 

0

10

20

30

40

50

60

70

80

T
e
n

s
il
e
 m

o
d

u
lu

s
 (

M
P

a
)

T
e
n

s
il
e
 s

tr
e
n

g
th

 (
M

P
a
)

Samples

 Tensile strength

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

 

 

         PLA

           +

     10% PBS

           +

30% Fibre+DCP

             PLA

               +

10% PBS+30% Fibre

    PLA

      +

10% PBS

PLA

 Tensile modulus



 

91 

due to the presence of harakeke fibre which might have restricted the effective 

lubrication of the PLA chains by PBS. More surprising is the further reduction in the 

elongation at break of the composite with DCP (1.93%) compared to all the other 

samples. Whereas reactive compatibilization using DCP helped to improve the TS and 

TM of reinforced PLA/PBS blend, its elongation at break and toughness decreased. 

Table 4.3 Mechanical properties of PLA, PBS, PLA/PBS blend, reinforced 

PLA/PBS composite, PLA/PBS composite with DCP 

Sample code Tensile  

strength 

(MPa) 

Tensile 

modulus 

(MPa) 

Elongation 

@ break 

(%) 

Fracture 

toughness 

PLA 63 3721 2.21 144.99 

PBS* 41 896 >13.51* 471.52 

PLA+10% PBS 58 3112 3.62 412.72 

PLA+10% PBS+DCP 59 3550 2.81 423.24 

PLA+10% PBS+30% Fibre 60 6955 2.19 103.65 

PLA+10%PBS+30% Fibre+DCP 76 7707 1.93 95.18 

* Neat PBS did not fracture during tensile bending. The elongation at break value 

recorded is the maximum value when the extensometer has reached its limit. 

 

4.5.3 Thermogravimetric analysis 

The TGA curves of PLA, PBS, PLA/PBS blend containing 10 wt.% PBS, 

reinforced PLA/PBS composite, and reinforced PLA/PBS composite with DCP are 

illustrated in Figure 4.5. The onset temperature for thermal degradation of the materials 

(Tonset), and their thermal degradation temperatures (Td) are summarized in Table 4.4. It 

is evident in Figure 4.5 and Table 4.4 that PBS is more thermally stable than PLA, 

which indicates that it can be processed at higher temperatures compared to PLA. 

Figure 4.5 and Table 4.4 also shows that the thermal stability of PLA is higher than the 

PLA/PBS blend, and the composites. As discussed in section 4.5.1, section 4.5.2, and 

shown in Figure 4.2, PLA and PBS are incompatible and poorly miscible; so the voids 

created by the poor miscibility can serve as heat ingression sites which would permit 

excessive penetration of heat into the samples, thereby lowering its thermal stability. 

This might be responsible for the lower observed thermal stability of the PLA/PBS 

blend, compared to neat PLA. Similarly, it was stated in section 4.5.2 that the lower 
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tensile strength of the reinforced PLA-PBS composites might have resulted from PBS 

molecules which are poorly miscible with PLA, thereby affecting effectivenenss of the 

reinforcing filler. This might have contributed to the reduced thermal stability of the 

reinforced PLA-PBS composite, compared to neat PLA. In addition, the lower thermal 

stability of the reinforced PLA-PBS composite can be attributed to the presence of 

harakeke fibre in the composites, due to the lower thermal stability of the fibre, 

compared to the PLA [108]. 

The incorporation of DCP helped to slightly raise the thermal degradation 

temperature of the PLA-PBS-fibre system. The reactive compatibilization facilitated by 

DCP might have helped to facilitate improved interfacial interactions within the system 

thereby slowing down heat penetration. Generally, there is the possibility for the 

creation of heat ingression sites in composites. Therefore, the high thermal stability of 

PBS, coupled with the improved interfacial adhesion believed to have been facilitated 

by the inclusion of DCP (section 4.5.2), might have helped to improve the thermal 

stability of the composites with DCP (Table 4.4). 

 

Figure 4.5 TGA curves of PLA, PBS, harakeke fibre reinforced PLA/PBS 

composite, and harakeke fibre reinforced PLA/PBS composite with DCP 

 

0 100 200 300 400 500 600

-10

0

10

20

30

40

50

60

70

80

90

100

110

W
e
ig

h
t 

(%
)

Temperature (
o
C)

 PLA+10% PBS

 

 

 PLA+10% PBS+30% Fibre

 

 

 PLA+10% PBS+30% Fibre+DCP

 

 

 PLA

 

 

 PBS

 

 



 

93 

Table 4.4 TGA parameters of PLA, PBS, harakeke fibre reinforced PLA/PBS composite, and harakeke fibre reinforced PLA/PBS 

composite with DCP. Standard deviation values are in parenthesis 

 TGA   DSC    

Samples Tonset  

(◦C) 

Td  

(◦C) 

 Tg  

(◦C) 

Tc  

(◦C) 

Tm  

(◦C) 

CrIDCS (%) 

PLA 345 375  64.58(0.01) 129.52 153.68 11.05 

PBS 369 409  - - 117.23 - 

PLA+10% PBS 338 370  63.62(0.33) 115.68 149.75 29.56 

PLA+10% PBS+30% Fibre 322 361  65.84(0.30) 116.83 151.87 35.02 

PLA+10% PBS+30% Fibre+DCP 319 362  64.93(0.08) 119.17 151.89 33.34 
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4.5.4 Differential scanning calorimetric analysis 

The DSC curves of PLA, PBS, PLA/PBS blend containing 10 wt.% PBS, 

reinforced PLA/PBS composite, and reinforced PLA/PBS composite with DCP are 

illustrated in Figure 4.6, while the DSC data is included in Table 4.4. As seen in Figure 

4.6, the glass transition (Tg) peak is not noticeable in the DSC curve of neat PBS, due to 

the low Tg of PBS (₋ 40 ◦C) which is outside the temperature range used for the 

samples. Likewise, PBS did not show any distinct crystallization (Tc) peak, the only 

noticeable peak being the melting point peak around 117 ◦C. Table 4.4 shows that the 

Tg of the PLA/PBS blend is lower than the Tg of neat PLA, which is attributed to the 

poor miscibility of PLA and PBS as discussed in section 4.5.1 and as stated in section 

4.5.3, which might have disrupted the molecular bonds in PLA chains, thereby allowing 

the chains to move more easily. Generally, the Tg of polymer blends and reinforced 

polymers are influenced by factors such as chain ends, impurities and free volume 

[227]. The increase in these factors would reduce the Tg of the material. So, the poor 

miscibility of PLA and PBS, which creates free volume in the composite might have 

contributed to the lower Tg of the PLA/PBS blend, compared to neat PLA. 

Incorporation of harakeke fibre helped to improve the Tg of PLA, while also shifting the 

Tc to a lower temperature region. This suggests that the fibre helped to restrict the 

mobility of PLA chains, while also acting as nucleating agents for crystal formation and 

crystal growth. This is supported by the higher CrI% of the reinforced composites 

(Table 4.4), and it aligns with what had been previously reported in literature [73]. 

Generally, the inherent bulk crystallinity of semicrystalline materials like PLA 

often helps to enhance their mechanical properties [228]. Therefore, the improved 

crystallization activity of PLA in the reinforced composites are likely to have 

contributed to the increase in TS and TM of the reinforced composites as illustrated in 

Figure 4 and discussed in section 4.5.2. 
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Figure 4.6 DSC curves of PLA, PBS, PLA/PBS blend, harakeke fibre reinforced 

PLA/PBS composite, and harakeke fibre reinforced PLA/PBS composite with DCP 

 

4.5.5 Dynamic mechanical analysis 

The thermomechanical properties of PLA, PLA/PBS blend, reinforced 

PLA/PBS composite, and reinforced PLA/PBS composite with DCP are illustrated 

through the dynamic mechanical analysis presented in Figure 4.7. It should be noted 

that the storage modulus (Eʹ) and tan delta values of neat PBS is not included in the 

figure because of the temperature range selected for this analysis. The variation in 

storage modulus (Eʹ) of the samples with temperature is presented in Figure 4.7a. There 

are no significant changes in the Eʹ of the samples below the glass transition region of 

PLA, but the Eʹ falls sharply around this region. In addition, it is evident from Figure 

4.7a that the Eʹ of the neat PLA is higher than the PLA/PBS blend, but lower than the 

reinforced PLA-PBS system and reinforced PLA-PBS composite with DCP, which 

aligns with the mechanical test results discussed in section 4.5.2. 
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Different factors can contribute to the Eʹ of polymer blends and composites 

including matrix type, filler type, dispersion of filler, and interfacial adhesion [130, 

144]. Therefore, the higher Eʹ of the composites is attributed to the presence of 

harakeke fibre in the composites, which due to its high stiffness, can impose some 

stiffness on PLA, thereby facilitating interfacial stress transfer within the composites. 

The higher Eʹ also supports the good reinforcing ability of harakeke fibre as reported in 

literature [108, 224]. In addition, it is noteworthy that whereas the incorporation of 

harakeke produced remarkable improvement in the Eʹ of the PLA/PBS blend, the 

addition of both harakeke fibre and DCP produced further increase in the Eʹ such that 

the Eʹ of the composite with DCP is higher than that of the composite without DCP. 

The higher Eʹ of the composite with DCP is believed to be due to the reactive 

compatibilization of PLA with PBS as reported in literature [204, 220], and possibly the 

coupling activity of DCP on components of the PLA-PBS-fibre-DCP system thereby 

aligning with the mechanical test result presented in Figure 3 and discussed in section 

4.5.2. Coupling activities at the interface of the components would help to improve 

adhesion and might have enhanced the ability of PLA in the composites to withstand 

larger mechanical constraints through recoverable viscoelastic deformation. 

The interfacial adhesion within the systems was further investigated from the 

loss factor or damping parameter (tan δ) of the samples. The tan δ of composites is 

largely influenced by the concentration of shear stress and viscoelastic energy 

dissipation [229], thereby causing the tan δ to depend largely on the interfacial adhesion 

between the filler and the matrix. Generally, lower tan δ values are obtained when the 

interfacial adhesion is high while a weak adhesion will result in higher tan δ values 

[229]. The tan δ plot of PLA, PLA/PBS blend containing 10 wt.% PBS, harakeke fibre 

reinforced PLA/PBS composite, and harakeke fibre reinforced PLA/PBS composite 

with DCP are illustrated in Figure 4.7b. As seen in Figure 4.7b, the tan δ value of PLA 

is significantly higher than the composites which is an indication of higher load bearing 

capacity of the composites, attributed to the presence of harakeke fibre as discussed in 

previous sections. Compared to the composites, the tan δ peak of the PLA/PBS blend is 

higher which suggests poor adhesion between PLA and PBS and is attributed to the 

poor miscibility of PLA and PBS (Figure 4.2) and as such confirms the incompatibility 

of PLA and PBS as discussed in previous sections. In addition, the improved 

compatibility of PLA and PBS after the addition of DCP is believed to have contributed 
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to the decrease in tan δ of the composite with DCP, compared to the composite without 

DCP. 

 

Figure 4.7 Thermomechanical properties of PLA, PLA/PBS blend, harakeke fibre 

reinforced PLA/PBS composite, and harakeke fibre reinforced PLA/PBS composite 

with DCP 

 

4.6 Conclusions 

Concurrent compatibilization and reinforcement of PLA/PBS blend were 

achieved. Incorporation of varying amounts of PBS in PLA to produce PLA/PBS 

blends resulted in reduced mechanical performance of the resulting blends due to 

incompatibility and poor miscibility of PLA and PBS as seen through scanning electron 

microscopy investigations. Addition of harakeke fibre as reinforcement in the PLA/PBS 

blends was not enough to raise the tensile strength of the resulting PLA-PBS composite 

to values above that of neat PLA. This is attributed to possible reduction in the 

effectiveness of harakeke fibre to reinforce the PLA-PBS blend, due to the poorly 

miscibility of PBS and PLA. Simultaneous reactive compatibilization and 

reinforcement of the PLA/PBS blends produced significant increases in the tensile 

strength, tensile modulus, storage modulus and crystallinity of the resulting composite. 

Regarding the elongation at break, the incorporation of harakeke seemed to have 

restricted the effective lubrication activities of PBS on the PLA chains. Whereas 

reactive compatibilization using DCP helped to improve the TS and TM of reinforced 

PLA/PBS blend, it does not seem to have had any positive impact on the toughness or 

elongation at break of the resulting composite. Overall, the main outcome of this study 
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shows that PLA/PBS can be reactively compatibilized and reinforced at the same time 

thereby leading to the production of composites with significantly higher mechanical, 

thermal, and thermomechanical performance. Nevertheless, further research is 

recommended for exploring other compatibilizers that are more suitable for reinforced 

PLA/PBS blends to produce effectively reinforced, and toughened blends suitable for 

more diverse structural applications. 
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CHAPTER 5 

 

 

PROPERTIES OF PLA COMPOSITES PREPARED WITH HARAKEKE 

FIBRE WITH DIFFERENT TREATMENTS 

5.1 Chapter introduction 

This chapter comprises the properties of PLA composites prepared using 

harakeke fibre with different treatments including chemically, mechanically, and 

enzymatically treated fibre. As discussed in Chapter 2, the chemical treatment of 

harakeke fibre produced significant improvement in the mechanical and thermal 

properties of PLA composites. However, in a bid to reduce the use of toxic chemicals, 

other routes such as mechanical processing, and enzymatic treatment of harakeke fibre 

were explored. Composites were prepared with these treated fibres, and their 

mechanical and thermal properties were evaluated and compared with neat PLA. To 

assess the level of significance in the difference in mechanical properties of PLA 

composites containing the differently treated fibres, the mechanical testing results were 

analyzed in the statistical software Minitab® 18. A one-way analysis of variance 

(ANOVA) test was performed and the significant differences among averages were 

calculated using Tukey’s method with a 95 % of confidence. 

5.2 Effect of chemically treated harakeke fibre on the mechanical properties of 

PLA-harakeke fibre composites 

The mechanical properties of PLA, and PLA-harakeke fibre composites 

containing untreated (Raw), and chemically treated harakeke fibres are presented in 

Figure 5.1. The steps followed to produce the composites is described in Appendix A. 

As can be seen, the tensile strength (TS) and flexural strength (FS) of the composite 

prepared with the untreated fibre decreased compared to neat PLA. This is attributed to 

components such as lignin and hemicellulose in the untreated fibre, which are 
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unfavourable to the mechanical properties of the fibre, and interfacial interactions in its 

reinforced composite [133]. Treatment of the fibre with a mixed solution of NaOH and 

Na2SO3 produced significant increase in the TS and FS of the composite. This can be 

attributed to the reduction of non-cellulosic components and increase in the cellulose 

content of the treated fibre. This helped to improve the mechanical properties of the 

fibre by increasing its cellulose content [133, 230], and to facilitate its processability 

and dispersion in the PLA matrix due to fibre separation into individual fibres, 

increased fibrillation, and improved stiffness. In addition, the removal of non-cellulosic 

components helped to increase the interfacial interactions within the composites due to 

the opening of cellulose hydroxyl groups to bond with the functional group of the 

matrix, thereby enhancing stress transfer within the composite, and improving the 

tensile and flexural strength of the composite [108].  

In contrast to the TS and FS which decreased when the untreated fibre was 

compounded with PLA, the TM and FM of the PLA-harakeke fibre composites both 

increased regardless of whether the fibres were treated or not, which is attributed to the 

higher modulus of harakeke fibre, compared to PLA [224]. It is noteworthy that there is 

not much difference in the TM and FM of the composites regardless of whether the 

fibres were treated or not which suggests that the influence of the fibre on the modulus 

of the composite is more dependent on the modulus of the fibre, rather than fibre 

treatment. 
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Figure 5.1 (a) Tensile, and (b) flexural properties of PLA, and PLA-harakeke fibre 

composites containing untreated and chemically treated harakeke fibres. The error bar 

represent the standard deviation of the values  
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5.3 Effect of mechanically processed harakeke fibre on the mechanical 

properties of PLA-harakeke fibre composites 

The mechanical properties of PLA, and PLA-harakeke fibre composites 

containing untreated (Raw), and mechanically processed harakeke fibre are presented in 

Figure 5.2. The mechanically processed fibres were processed with the super 

masscolloider at different disc distance such as 200 µm, 300 µm, and 400 µm. As can 

be seen, the composite with fibres processed at a disc distance of 200 µm has the 

highest TS and FS as illustrated in Figure 5.2a and Figure 5.2b, respectively. The 

impoved TS and FS is attributed to the better distribution of fibres in the matrix brought 

about by the reduction in the number of fibre bundles [231], which helped to overcome 

agglomeration and stress concentration within the composite, thereby preventing 

premature fracture. This is supported by the optical microscopy images in Figure 3.1 

and the discussion in section 3.6 about the reduction in the number of fibre bundles in 

the SMC processed fibres as the disc distance became smaller. In addition, the higher 

TS and FS of the composite prepared with the 200-µm disc distance fibres can be 

attributed to the fibrillation of the fibres (see Figure 3.2), which would help to improve 

its stiffness [224], and is believed to have supported its reinforcing ability. 

The TM and FM of PLA, and PLA-harakeke fibre composites containing 

untreated (Raw), and mechanically processed harakeke fibre are included in Figure 5.2a 

and Figure 5.2b, respectively. In contrast to the TS and FS, the TM and FM of the 

samples decreased as the disc distance decreased from 400 to 200 µm, which suggests a 

gradual decrease in the modulus of the fibre as the processing cycles increases, and as 

the disc distance decreased. 
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Figure 5.2 (a)Tensile, and (b) flexural properties of PLA and PLA-harakeke fibre 

composites containing untreated and mechanically processed harakeke fibres. The error 

bar represent the standard deviation of the values. 
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5.4 Effect of enzymatically treated harakeke fibre on the mechanical properties 

of PLA-harakeke fibre composites 

The mechanical properties of PLA, and PLA-harakeke fibre composites 

containing untreated (Raw), and enzymatically treated harakeke fibre are presented in 

Figure 5.3. The difference between this enzymatic treatment and the combined 

mechanical and enzymatic treatment described in section 3.4 is that the fibres discussed 

here were not subjected to initial mechanical processing with the super masscolloider. 

In addition, instead of incubation in an incubator shaker, the treatment was performed 

in a controlled temperature environment and only pectinase enzyme was used instead of 

the combined pectinase and laccase enzyme used for the treatment described in section 

3.4. As seen in Figure 5.3a and Figure 5.3b, the TS and FS of the composites increased 

when the enzymatically treated fibres were compounded with PLA. The fibres 

subjected to 2 weeks exposure to the enzymes produced composites with higher TS and 

FS compared to the ones subjected to 1 week exposure.  

Figure 5.4 shows the SEM images of the untreated, 1-week enzymatically 

treated, and 2-weeks enzymatically treated harakeke fibres. As seen in the figure, the 

surface of the untreated fibre (Figure 5.4a) is rough, coarse, and covered with materials 

believed to be pectin and other waxes. In addition, the fibre appears to be in a bundle 

rather than as fibrils. In contrast, the surface of the 1-week treated fibre (Figure 5.4b) is 

smoother, and pores can be seen on the fibre surface, which is believed to be due to the 

degradation of pectin, which binds the fibre cellulose to the other components such as 

lignin and hemicellulose. As a result, the fibrils within the fibre are separated as 

highlighted on the image.  

Compared to the fibre treated for 1 week, the surface of the 2-weeks treated 

fibre (Figure 5.4c) reveals several pores, and more fibrillation, which suggests that the 

pectinase enzymes continued their pectin degradation beyond one week of fibre 

treatment. This is believed to have contributed to the slight increase in TS and FS of the 

composite with 2 weeks treated fibre, compared to the untreated fibre composite and the 

composite with 1 week treated fibre. 
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Figure 5.3 (a) Tensile, and (b) flexural properties of PLA and PLA-harakeke fibre 

composites containing untreated and enzymatically treated (1 week and 2 weeks) 

harakeke fibres. The error bar represent the standard deviation of the values.  
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Figure 5.4 SEM images of (a) untreated harakeke fibre, and harakeke fibre treated 

with pectinase enzymes for (b) 1 week, and (c) 2 weeks 
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The TM and FM of the PLA, and PLA-harakeke fibre composites containing 

untreated (Raw), and enzyme treated harakeke fibre are included in Figure 5.3a, and 

Figure 5.3b, respectively. As seen in the images, the modulus of the composites 

decreased when the 2-weeks treated fibre was compounded with PLA. It is well known 

that excessive enzymatic action can affect the mechanical properties of fibres. 

Therefore, the lower TM And FM of the 2-weeks enzymatically fibre composite, 

compared to the 1-week treated fibre composite is attributed to possible decrease in the 

fibre modulus, perhaps due to the excessive fibrillation and creation of excessive 

number pores on the fibre surface when subjected to 2 weeks of enzymatic treatment. 

Based on the results discussed in section 5.3, and section 5.4, the composite 

with fibres processed at 200 µm disc distance and the composite with fibres treated 

enzymatically for 2 weeks were selected, respectively. These were compared with the 

composite with chemically treated fibres, and their comparative mechanical and thermal 

properties are discussed in the subsequent subsections. 

5.5 Mechanical properties of PLA and PLA composites containing harakeke 

fibre with different treatments 

The mechanical properties of PLA, and PLA-harakeke fibre composites 

containing different treated harakeke fibres are presented in Figure 5.5. As can be seen 

among the composites, the chemically treated fibre composite has the highest TS and 

FS compared while the enzyme treated fibre composite has the highest TM and FM. 

The higher TS and FS of the chemically treated fibre composite is attributed to better 

reinforcing ability, due to the removal of non-cellulosic components from the fibre as 

discussed in section 2.5.1, and section 2.6.1. The removal of non-cellulosic components 

helped to increase the cellulose content of the fibre, improved the fibre strength, 

enhanced the reinforcing ability of the fibre, and improved interfacial adhesion between 

the fibre and PLA. These contributed to the higher TS and FS of the chemically treated 

fibre composite. 

In contrast, the higher TM and FM of the enzymatically treated fibre composite 

is attributed to the higher modulus of the fibre due to the milder condition of the 

enzymatic treatment. The milder condition of the enzymatic treatment is believed to 

have helped to ensure less reduction in the fibre modulus, thereby contributing more to 
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the TM and FM of the PLA composite compared to the chemically and mechanically 

treated fibres. 

 

Figure 5.5 Comparison of the (a) tensile, and (b) flexural properties of PLA and 

PLA-harakeke fibre composites containing untreated and treated (chemical, mechanical 

and enzyme) harakeke fibres. The error bar represent the standard deviation of the 

values. 

 

The boxplot from ANOVA of the tensile strength and flexural strength of PLA 

and PLA-harakeke fibre composites containing untreated and treated (chemical, 
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mechanical and enzyme) harakeke fibres is illustrated in Figure 5.6 while the Tukey 

plot at 95% confidence for the samples is illustrated in Figure 5.7. In addition, the mean 

and mean grouping information using Tukey method and 95% confidence for the tensile 

strength and flexural strength of the samples are summarized in Table 5.1 and Table 

5.2, respectively. Based on the Tukey method, the mean value of the samples are 

significantly different when the mean interval does not contain zero. The mean and 

mean grouping information using Tukey method and 95% confidence for the tensile 

strength and flexural strength of the samples are summarized in Table 5.1 and Table 

5.2, respectively.  

Generally, from the Tukey table, means that do not share a letter are 

significantly different. Therefore, the significance of the mean differences in the 

samples are described by the mean intervals in Figure 5.7 and the different letters in 

Table 5.1 and Table 5.2. Based on the data in Table 5.1, the difference in the tensile 

strength of the PLA composites with differently treated fibre is statistically significant 

which is supported by the Tukey plot in Figure 5.7a. In contrast, the data in Table 5.2 

and Figure 57b indicates that there is no significant statistical difference in the Young’s 

modulus of the composites. 

 



 

110 

 

Figure 5.6 Boxplot of (a) tensile strength, and (b) Young’s modulus of PLA and 

PLA-harakeke fibre composites containing untreated and treated (chemical, mechanical 

and enzyme) harakeke fibres 
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Figure 5.7 Tukey plot with 95% confidence for (a) tensile strength, and (b) Young’s 

modulus of PLA and PLA-harakeke fibre composites containing untreated and treated 

(chemical, mechanical and enzyme) harakeke fibres 

 

Table 5.1 Mean and mean grouping information using Tukey method and 95% 

confidence for the tensile strength PLA and PLA-harakeke fibre composites containing 

untreated and treated (chemical, mechanical and enzyme) harakeke fibres 

Samples N Mean StDev Grouping 95% CI 

PLA 5 62.444 0.595 D (61.640, 63.248) 

Raw 5 58.494 0.1857 E (57.690, 59.298) 

Chemical 5 82.174 0.924 A (81.370, 82.978) 

Mechanical 5 72.224 1.318 B (71.420, 73.028) 

Enzyme 5 69.362 0.855 C (68.558, 70.166) 
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Table 5.2 Mean and mean grouping information using Tukey method and 95% 

confidence for the Young’s modulus of PLA and PLA-harakeke fibre composites 

containing untreated and treated (chemical, mechanical and enzyme) harakeke fibres 

Samples N Mean StDev Grouping 95% CI 

PLA 5 4662 381 B (4357, 4967) 

Raw 5 7152 211 A (6847, 7456) 

Chemical 5 7364 336 A (7059, 7669) 

Mechanical 5 7249 220 A (6941, 7551) 

Enzyme 5 7677 428 A (7372, 7982) 

 

5.6 Thermogravimetry properties of PLA and PLA composites containing 

harakeke fibre with different treatments 

The TGA curves of PLA, and PLA composites containing different treated 

harakeke fibres are illustrated in Figure 5.8. As can be seen the TGA curves follow a 

similar trend. The onset of thermal degradation is above 280 °C and the drop in weight 

continued up to around 390 °C. The onset of thermal degradation (Tonset) and the 

thermal degradation temperature (Td) of the samples are summarized in Table 5.3. In 

addition, the amount of residue remaining at T≥500 °C of the samples are included in 

Table 5.3. As seen in Table 5.3, the Tonset of the composites decreased compared to neat 

PLA which is believed to be due to the intact structure of the PLA molecular chains 

which helped to restrict initial heat penetration. The lower Tonset of the composites is 

attributed to the presence of fibres in the PLA matrix which can distort the homogeneity 

of the PLA chains [122], due to the creation of interfacial regions that can act as heat 

penetration sites  [145]. In addition, the lower Tonset of the composites can be attributed 

to the lower thermal stability of the fibre, compared to neat PLA and reduction in the 

molecular mass of PLA [153]. As can be seen in Figure 5.8 and Table 5.3, the Td of the 

composites with the chemically treated, and mechanically processed fibres increased 

compared to neat PLA. This is attributed to the treatment and processing of the fibre, 

which facilitated fibre distribution and improved interfacial interaction within the 

composite thereby restricting thermal degradation. In contrast to the chemically and 

mechanically treated fibre composites, the Td of the enzymatically treated fibre 

composite decreased. As stated earlier, only pectinase enzyme was used to treat the 
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fibre discussed in this section and pectinase mainly facilitates the removal of pectin, but 

it is non-active towards removal of lignin and hemicellulose. So, the lower Td of the 

composite with enzymatically treated fibre is attributed to the less thermally stable 

components such as lignin and hemicellulose in the fibre, which accelerated thermal 

degradation in the composite. 

 

Figure 5.8 TGA curves of PLA and PLA-harakeke fibre composites with different 

treated harakeke fibres 

 

Table 5.3  TGA paramemters of PLA and PLA-harakeke fibre composites with 

different treated harakeke fibres 

Sample   code Tonset 

(oC) 

Td 

(oC) 

Residue (%) 

at T ≥ 500 oC 

PLA 314.83 350.14 1.58 

Chemical 311.74 355.52 7.23 

Mechanical 301.04 355.23 8.62 

Enzyme 291.02 343.23 9.54 
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5.7 Differential scanning calorimetric properties of PLA and PLA composites 

containing harakeke fibre with different treatments 

The DSC thermograms of PLA and PLA composites containing different treated 

harakeke fibres are shown in Figure 5.9. Three successively distinct transitions can be 

seen in the figure, which represents the glass transition temperature (Tg), crystallization 

temperature (Tc), and melting temperature (Tm). The DSC parameters of the samples 

were obtained from the thermograms, and the parameters are summarized in Table 5. It 

is evident in Figure 5.9 that the Tg of PLA was not significantly influenced by the 

inclusion of harakeke fibre. In contrast, the Tc of PLA in the composites can be seen to 

be notably influenced by the fibre.  

The addition of reinforcing fillers into semi crystalline polymers is known to 

result in an upward or downward shift in the Tc, and the extent of shift often describes 

the ability of fillers to induce heterogeneous nucleation in the matrix [165]. The Tc of 

the samples presented in Figure 5.9 shows a downward shift in Tc of PLA in the 

composite with the chemically treated fibre. This is an indication of faster 

crystallization in the composite [166], due to heterogeneous nucleation on the 

chemically treated harakeke fibre which created more crystallization sites for the PLA 

molecules. As for the other composites, the upward shift in the Tc compared to neat 

PLA is an indication of slower crystallization within the composite possibly due to the 

suppressed occurrence of heterogeneous nucleation emanating from low interfacial 

interactions within these composites. 

The split in the melting peak (Tm) of the samples is attributed to the formation of 

both perfect and imperfect crystals in the samples due to the heterogeneous nucleation 

activities within the samples. The effect of fibre treatment on the crystallization 

behaviour of PLA was further investigated through the calculation of the crystallinity 

index described by Equation 4.1. The crystallinity index (XDSC%) of PLA and the 

composites are included in Table 5.4, which confirms the significant influence of fibre 

inclusion, on the crystallinity index of PLA. Compared to neat PLA, the crystallinity 

index of all the composites increased regardless of the type of fibre treatment which 

indicates that harakeke fibre can act as a nucleating agent to accelerate the 

crystallization of PLA. As seen in Table 5.4, the crystallinity index was higher in the 

chemically treated fibre composite than the other composites. This indicates that the 
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increased interfacial interaction between PLA and treated harakeke fibres could further 

help the fibre surface to act as nucleation sites for PLA crystallization. 

 

Figure 5.9 DSC diffractograms of PLA and PLA-harakeke fibre composites 

containing different treated harakeke fibres 

 

Table 5.4  DSC parameters of PLA and PLA-harakeke composites containing 

different treated harakeke fibres 

Sample   code Tg 

(oC) 

Tc 

(oC) 

Tm 

(oC) 

XDSC   

(%) 

PLA 63.80 113.12 156.65 29.41 

Chemical 64.63 111.14 158.19 35.40 

Mechanical 65.45 117.32 158.97 36.07 

Enzyme 64.32 118.63 158.48 36.26 
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CHAPTER 6 

 

 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Chapter introduction 

This chapter presents the conclusions from the findings in this thesis. 

6.2 Conclusions 

Composites were prepared through extrusion of PLA and harakeke fibre and test 

samples were prepared through injection moulding. To modify the fibre properties and 

to improve the composite properties, three different approaches were used to modify the 

fibre such as chemical, mechanical, and enzymatic treatments. 

Chemical treatment of harakeke fibre was performed through combined 

digestion and bleaching, and these helped to reduce the amount of non-cellulosic 

components such as lignin and hemicellulose in the fibre. Compared to digestion alone, 

combined digestion and bleaching treatment removed larger amount of non-cellulosic 

components from the fibre, and therefore higher cellulose content. The thermal stability 

of the chemically treated fibre was notably increased, as confirmed through thermal 

analysis, and was attributed to the removal of non-cellulosic components which are 

responsible for poor thermal stability of the fibre, as well as increased stability of the 

intermolecular cellulose hydrogen bonding. Chemical treatment of the fibre increased 

the composite’s tensile strength from 62±1.02 MPa to 82±0.98 MPa at 30 wt.% fibre 

content. This was believed to be due to the reduction of non-cellulosic components like 

lignin and hemicellulose which facilitated intermolecular cellulose bonding in the fibre. 

So, cellulose, being the main determinant of the fibre strength helped to improve the 

mechanical properties and reinforcing ability of the fibre. In addition, removal on the 

non-cellulosic components helped to increase interfacial interactions and stress transfer 
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within the composite because the cellulose hydroxy groups became more available to 

bond with the functional groups of the PLA matrix. The tensile and flexural 

performance suggests that harakeke fibre is a promising reinforcement for PLA to 

produce high performance composites suitable for structural applications. 

In addition, mechanical processing of harakeke fibre was performed using a 

super masscolloider with different disc separation distances such as 200 µm, 300 µm, 

and 400 µm. It was found that the super masscolloider was able to refine the fibre and 

produce unitary fibres from harakeke. Composites were prepared by incorporating these 

fibres in PLA and it was found that the composite with fibres processed at a disc 

distance of 200 µm had the highest TS and FS due to the reduction in fibre bundles, and 

fibrillation of the fibres which is believed to have helped to improve its stiffness and 

facilitated its reinforcing ability as a result of the reduced tendency to fracture, and 

reduced agglomeration of fibre. 

Enzymatic treatment of harakeke fibre was also performed, using pectinase for 1 

and 2 weeks. It was found that 2 weeks of enzymatic treatment resulted in fibres that 

produced reinforced PLA composites with higher TS and FS compared to the ones 

treated for 1 week. This is attributed to the degradation of larger amount of pectin 

which opened more pores on the fibre for mechanical interlocking with the PLA matrix 

which was supported by SEM observation. 

Combined mechanical processing using a super masscolloider, followed by 

enzymatic treatment was also explored to extract fibres from harakeke. Optical 

microscopy revealed that mechanical processing with the super masscolloider was able 

to refine the fibre and produce unitary fibres from harakeke. In addition, the removal of 

non-cellulosic components was achieved to different extents when enzymes were used 

to modify the mechanically processed fibre. Thermal analysis showed that the thermal 

stability of the fibres treated with both mechanical and enzymatic treatments is higher 

than the ones that were only mechanically processed which is assumed to be due to 

reduced amount of non-cellulosic components. The pectinase enzyme helped to remove 

pectin from the fibre, thereby facilitating fibre separation from bundles into individual 

fibres. In contrast, combination of laccase and pectinase enzymes removed more non-

cellulosic components from harakeke fibre compared to when the pectinase enzyme 

was used alone. This was attributed to the further removal of lignin by the laccase 
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enzyme, compared to the disruption of pectin structure, which was mainly achieved 

when the pectinase enzyme was used alone. The combination of mechanical processing 

and enzymatic treatment of harakeke fibre demonstrates that large scale 

environmentally friendly and good quality fibres, suitable for composites can be 

produced. Notably, large volume of fibre can be processed using the super 

masscolloider, with the total avoidance of organic chemical since only water is required 

for processing, and the fibre quality can be improved through removal of non-cellulosic 

components by enzymes. 

Generally, it was found that treatment of harakeke fibre helped to improve the 

strength and Young’s modulus of its reinforced PLA composites. In a bid to improve 

the elongation at break of PLA-harakeke fibre composites, polybutylene succinate 

(PBS) was first blended with PLA, and reactive compatibilization of the reinforced of 

PLA/PBS blend was performed using dicumyl peroxide (DCP). Initially, the 

incorporation of up to 10 wt.% PBS in PLA increased the elongation at break but 

decreased the tensile strength and Young’s modulus of the resulting blends. The 

reduction in strength and Young’s modulus of the blends were believed to be due to 

incompatibility and poor miscibility of PLA and PBS as seen through scanning electron 

microscopy investigations. Through reactive compatibilization, TS and TM of the DCP 

compatibilized harakeke reinforced PLA/PBS blend increased by 21% and 107%, 

respectively but did not have positive impacts on the elongation at break of the 

composite. This was attributed to restricted lubrication of PLA molecular chains by 

PBS in the PLA-harakeke fibre composite. Overall, the main results from the study 

showed that PLA/PBS can be reactively compatibilized and reinforced at the same time 

thereby leading to the production of composites with significantly higher mechanical, 

thermal, and thermomechanical performance than composites that were not 

compatibilized. 

Overall, comparing the effects of the different treatments covered, composites 

with chemically treated fibre were found to have the highest tensile and flexural 

strength while the composites with the enzymatically treated fibre had the highest 

tensile and flexural modulus. The higher TS and FS of the chemically treated fibre 

composites was attributed to the better reinforcing ability of the chemically treated 

fibre, due to the removal of non-cellulosic components from the fibre which resulted in 
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improved interfacial interactions within the composite. On the other hand, the higher 

TM and FM of the enzymatically treated fibre composites was attributed to the milder 

condition of the enzymatic treatment which was believed to have helped to ensure less 

reduction in the fibre’s Young’s modulus, thereby contributing more to the TM and FM 

of the PLA composite compared to the chemically and mechanically treated fibres. 

Thermal analysis showed that the less thermally stable components such as lignin and 

hemicellulose in the fibres lowered the degradation temperature of the composites. 

6.3 Recommendations for future studies 

Based on the results presented in this thesis, it is recommended that treatment of 

harakeke fibre using a combination of different enzymes should be further explored for 

the removal of lignin, pectin, and hemicellulose from the fibre. This could help to 

increase the cellulose content of the fibre, improve the fibre distribution in matrices 

through increased compatibility, and enhance the reinforcing ability of the fibre when 

used in composites. To facilitate large scale extraction of fibres from harakeke, a 

combination of mechanical processing and enzymatic treatment should be further 

explored. 

It is also recommended that subsequent studies should focus on increasing the 

fibre content in PLA-harakeke fibre composites and exploring different coupling 

additives to extend the use of harakeke fibre reinforced composites in more diverse 

structural applications. 

In this thesis, the study on reactive compatibilization of reinforced PLA-PBS 

blends showed that composites with significantly improved mechanical, thermal, and 

thermomechanical performance can be developed. However, the use of PBS did not 

improve the elongation at break of reinforced PLA composites. So, further research is 

recommended for exploring other rubbery additives that can help to improve the 

toughness and elongation at break of reinforced PLA without causing significant 

decreases in the tensile strength and Young’s modulus of its composites. In addition, it 

is recommended that DSC analysis of PLA/PBS blends in future studies should extend 

to sub ambient temperature to reach the glass transition temperature of PBS. 

Furthermore, an in-depth study of the Fox equation to better explain the miscibility of 

PLA and PBS and how the Tg of neat PLA was altered by the presence of PBS. 
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APPENDIX B 
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