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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-
1



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
2



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



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 Ty (°C) Young’s Tensile Elongation
temperature modulus strength at break (%)
(°C) (MPa) (MPa)

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

PLA ............ 173178 ......... é 43503500 ....... 4.1.8.-.6.0. ........... <5

PCL ............. 5 86360 .............. S REEELE LR

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].



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 m® [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

5



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 Maori 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 Maoris 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].



In the 18" 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 20" 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.

Lignocellulosic Plant cells Cell wall —
substrates s 777,

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 Cellulose Hemicellulos  Lignin Pectin Moisture Wax
fibre (wt.%) e (wt.%) (wt.%) (wt.%) content (wt.9%0)  (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 Length (mm) Failure Tensile strength  Stiffness/Young’s  Specific tensile Specific Young’s
(g/cmd) strain (%) (MPa) modulus (GPa) strength (MPa/gcm®) modulus (GPa/gcm®)

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
e 1315, LSO 1518 393800 . 1055 e 300610 e 7139 .
Harakeke 1.3 4-5 4.2-5.8 440-990 14-33 338-761 11-25 :
g Grg T e TSI G s s

Alfa 14 350 15-2.4 188-308 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 Pectinase, laccase,  Cleans fibre surface, facilitates Environmentally friendly, non-toxic ~ Prolonged incubation time, [92-96]
treatment cellulase, xylanase, fibre separation from nonfibre  processing conditions, supports high  dimensional instability, low
hemicellulase, etc components, improves fibre- product yields, negligible side hydrolysis rate, limited to pilot
matrix interfacial adhesion reaction, lower energy consumption,  scale
highly selective and specific,
reusable, and recyclable
Chemical Alkaline treatment, Modifies and activates fibre More commonly used, can Involves the use of hazardous [94, 97-
treatment acetylation, structure and composition, implementable at large scales chemicals, requires high cost 99]
peroxide treatment, reduces water absorption, and energy input, leads to
silanization, graft roughens fibre surface, solvent disposal issues
copolymerization,  facilitates interfacial bonding,
benzoylation, etc. improves mechanical strength
Physical Corona treatment, Modifies the property and No alteration to the chemical Costly, lengthy process, high [90, 93,
treatment plasma treatment, structure of fibres, facilitates composition of fibres, can be energy consumption 100-102]
ultraviolet (UV), fibre breakdown from bundles  incorporated into industrial
electron radiation into individual filaments, production line, not limited by
improves mechanical reaction conditions
interfacial properties
Mechanical Facilitates the separation of Produces high yield of short fibres Lower fibre quality and high [103]
processing fibres within a short period cost
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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 Il of the Waitangi and Ngai 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
21



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 Maori 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 H202 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 (Naz2SiOs) 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.%
Na2SOs 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 °C 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 °C,
followed by a second step where the digester is heated to 160 °C. During the third step, the
digester is held at 160 °C for 2 h and this is followed by the fourth step where the digester is
cooled to below 60 °C 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 °C 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 H202 and NazSiOs. 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 °C, and the fibre was introduced under continuous stirring for about 15 min
after which 75 mL of Na2SiOs (2.5% by volume) was added. After 5 min, 150 mL of H202
(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 °C 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 hat 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) = % 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 um 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™ 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—65° at a scanning speed of 1° min? with a scan step of 0.02° using a CuKa
radiation (A=1.54 nm). The cellulose crystallinity index (Crl %) of the fibres was calculated
following the Segal method, using equation 2.2.

Cri% = ""’IJ x 100 2.2

002

where, looz is the maximum intensity of the (002) lattice diffraction peak of cellulose
and lam 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 lam peak from different materials (varying between 16° -
20.7°), while peak deconvolution method predicts that the peak is located around 21.5° which
indicates that the lam 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 I1SO 527, while flexural test specimens were prepared according to EN 1SO 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, and 10 mm min? 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 °C 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* while
being heated at 10 °C/min from 30 °C to 600 °C.

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 °C at 10 °C/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 (Iosc) 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.

AH
AHpW

%crystallinity (Ipsc) = x 100% 2.3

where, AH and 4Hm 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
28



crystallinity of PLA in the composites was calculated by using 93.6 J/g as the heat of fusion
(4Hm) of reference PLA with 100% crystallinity [144].

2.4.9 Dynamic mechanical analysis

The dynamic mechanical analysis (DMA) was performed on a Perkin Elmer DMAS800
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 °C/min from 23 °C to 140 °C.

The displacement amplitude was 20 pum 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.%0)

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 3.13 181 1.79
d(A) 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% Na,SO3

* Bleached fibre refers to the harakeke fibre digested with 5% NaOH and 2% Na,SOs, and then bleached
with 5% H»0, and 2.5% Na,SiO3
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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 26 =~ 22° and 26 = 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 20 positions of
22.24°,22.45°, and 22.66°, respectively.

The shift in the 20 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 pum, 11 pum, and 7 pum, 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™ [145]. The C—H stretching vibration of cellulose and
hemicellulose is evident around 2850-2950 cm™* [153], while the peak at 1737 cm™ represents
the C=0 stretching peak of ester and carboxylic components of hemicellulose and lignin
[145, 153]. The peak at 1647 cm™ represents the =CH vibration of the aromatic skeletal in
lignin [145], while the peak at 1422 cm™ is attributed to the —CH3 asymmetric, and C—H
symmetric deformation. The peak at 1060 cm™ 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=0 stretching peak at 1737 cm™. 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™ in the raw fibre, to 2901 cm™in the digested fibre, and 2898
cmtin 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™. 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™. 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 (Ta) 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 (Tq) 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 Tq 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 (°C) T4 (°C) Residual @ 600 (°C) 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
(Ta), 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:

in(In i) = —faim (% Thax) 2.4
where, y is the fraction of non-volatilized material as yet undecomposed, Tmax iS the
temperature of the maximum reaction rate (°C), S is the heating rate (°C min™?), Z is the
frequency factor, Ea represents the activation energy (J mol™?) and R is the gas constant (8.314
J mol! K1). The values of y can be obtained from the TGA data such that In(In(1/y)) can be
calculated accordingly. By plotting a graph of 1/T (in Kelvin) on the x-axis and In(In (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 In(In (1/y)) for the
38



raw, digested and bleached harakeke fibre is presented in Figure S1 of the supplementary
information section. The R? 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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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 2.5¢ 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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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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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% ClI

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 959% ClI

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 BC (107.30, 111.34)
20% Digested 7 112.99 0.79 AB (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™ 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™
Is attributed to symmetric and asymmetric stretching of C—H from methyl and
methylene groups in cellulose. The peak at 1750 cm™ is assigned to the C=0 stretching
vibration of acetyl and carboxylic acids moieties [145], and the ester components from
PLA. The peak at 1455 cm™is a characteristic ~CH3 bending mode, whereas the peak at
1379 cm 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™.

It can be seen in Figure 2.9 that the —OH stretching vibration around 3200-3650
cm™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=0 of PLA [164]. The
interaction is further confirmed by the peak shift from 1750 cm™ 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™ and
the peak at 1750 cm™ 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 Tg) 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 Ta, 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 Ty 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 2.10Db) 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 (Xpsc%) 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 Xpsc% 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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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 Tonset Ty Residue (%0) Ty T Tm Xpsc
Code (°C) (°C) @T =500 (°C) (°C) (°C) (%)

(°C)

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 15795 4141
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 (E’)
curves of PLA and the composites are illustrated in Figure 2.12a. It can be seen in
Figure 2.12a that the E' 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 E' as seen in Figure 2.12a. It is significant
that at elevated temperatures beyond the Tq of PLA, the E’ 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 E’ 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 E’ of the composites reach a
maximum at 30 wt.% fibre. It is significant that the improvement in E’ 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 E’ of composites,
including matrix type, filler type, filler distribution, and filler-matrix interfacial
adhesion [117, 151, 167]. Therefore, the higher E’ 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 E’ 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 H.02, 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 E' 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 (6)) was analysed.
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The damping factor (tan o) is the ratio of energy dissipated, to the energy stored
when a material is subjected to dynamic constraints. The tan ¢ value is notable for its
ability to accurately give an indication of the Ty of materials [167]. Usually, the Tg is
obtained as the temperature at which the tan ¢ curve is at its maximum. The tan ¢ curves
of PLA and the composites are illustrated in Figure 2.12b. The Tq obtained from the tan
o curves in Figure 2.12b and the maximum tan ¢ peak values are presented in Table 2.6.
The Tg4 values obtained from the tan ¢ 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 ¢ peak of the composites is lower than observed
for neat PLA. It can be seen in Figure 2.12b that the reduction in tan ¢ of the
composites compared to PLA is quite large which indicates that the incorporation of
harakeke fibre was more influential on the tan ¢ peak than on the Tq of PLA. Therefore,
the tan ¢ 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 6 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 ¢ parameter of PLA

and PLA/harakeke composites containing 20 wt.% fibre

Sample code  Effectiveness Max tan o Adhesion factor Ty
coefficient (C) peak value (A) (°C)

PLA 1.000 2.188 0.000 62.677

PLA+20DF 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) = ﬁ % -1 2.5

where, tan Jc and tan Jp are the relative damping factors for the composite and
neat polymer, respectively, whereas Vs 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 ¢ 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 E’ of the composite in the
glassy and rubbery region in relation to the E' 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 E’ 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:

E: /E}. (composite)
Ei /E; (resin)

Effectiveness coef ficient (C) = 2.6

where, E'y and E'r 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

63



[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 Maori culture because of its ancestral link to the Maori
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) wused 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 °C 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 um, 300 um, and 200 pm) 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 °C 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 Diameter Length
distance) (um) (mm)
Unprocessed 600 5

4 times each @ 400 pum and 300 um 23 35

4 times each @ 400 pum and 300 um, and 2 times @ 200 um 13 2.3

4 times each @ 400 pum, 300 um, and 200 pum 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 °C 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 °C. The treated fibres were washed severally under water

flow, sieved, and stored in a 4 °C chiller for further analysis.
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35 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™ 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 °C/min from 30 °C to 600 °C under an argon atmosphere flowing at 40 mL
min.

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) H2SOa4 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) H2SOa4 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) = % 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 um and 300 um 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 pum and
300 pm, and 2 times at 200 um disc distance), and Figure 3.1d (fibre processed 4 times
each at 400 pm, 300 um, and 200 pm 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 um.

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 um 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 um 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 um. 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 pum. 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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200 pm 200 pm

Figure 3.1 Optical microscope images of (a) unprocessed harakeke fibre, (b) fibres
processed 4 times each at 400 um and 300 um disc distance, (c) fibres processed 4
times each at 400 um and 300 pum, followed by 2 times at 200 um disc distance, and (d)
fibres processed 4 times each at 400 pum, 300 pum, and 200 um disc distance



Fibrillation

Fibrillation

Figure 3.2 Optical microscope image showing fibrillated harakeke fibre after
processing 4 times each at 400 um and 300 pum, followed by 2 times at 200 pum 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 pum, 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].

20
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Klason lignin (%)
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Raw SMC Pectinase Pectinase+Laccase
Fibre treatment

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™, the C—H stretching vibrational peaks of cellulose and hemicellulose around
2850-2950 cm™?, and the peak at 1750 cm™ which represents the C=0 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™ represents the

=CH vibration of the aromatic skeletal vibration in lignin, while the peak at 1422 cm™
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is attributed to the —CH3z asymmetric, and C—H symmetric deformational modes in
aromatic rings [188]. Furthermore, the peak at 1060 cm™ 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=0 stretching peak at 1750 cm™. As seen in Figure 3.5, there is no significant
difference in the C=0 stretching peak at 1750 cm™ 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=0 stretching peak at 1750 cm™ 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™ 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.

b4 CHs 0 CHs,

HO ®
O CHa O

/ |

Fibre - OH HO - Fibre

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 Ta 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 Ta. 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.
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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 (°C) Tq (°C) Residue@600°  E, (kJ/mol)
C

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
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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:
In (ln %) = - 2+in (%T,?mx) 3.2

where, y is the fraction of non-volatilized material as yet undecomposed, Tmax IS
the temperature of the maximum reaction rate, £ is the heating rate, Z is the frequency
factor, Ea is the activation energy and R is the gas constant (8.314 J mol* K). The
values of y is obtainable from the TGA data, and In(In(1/y)) can be calculated
accordingly. A plot of 1/T (in Kelvin) against In(In (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 R? of the 1/T vs In(In (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 °C [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
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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 CO:2
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 °C, 2.16 kg) and a density of 1.26 g/cm?® 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.% Na2SOs 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 °C 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 °C. 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 PBS Fibre DCP
(Wt.%) (Wt.%) (Wt.%) (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 PLA, blends, and PBS Injection moulding PLA, blends, and PBS
Parameter composites Parameter composites
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 (ccmls) 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 ElImer 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™.
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 oC/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:

AH
AHpW

%crystallinity (Ipsc) = x100% 4.1

where, AH is the enthalpy of fusion of the samples, AHm 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 (AHm) 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 EImer DMAB800 instrument. Samples with
dimensions 30 mm x 5 mm x 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 um.
4.5 Results and Discussion
45.1 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.

5,0kV 7.9mm x200 LM(UL) 200pm/ | 5.0kV 6.9mm x200 LM(L)

|||||||||||

Figure 4.1 SEM images of the fractured surface of (a) PLA after tensile testing, and
(b) cryofracture surface of PBS

? 4 A&
5.0kV 8.9mm x4.50k SE(U) ” *|

5.0kV 7.7mm x4 .50k SE(U)

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.
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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.
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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
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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 Tensile Elongation Fracture
strength modulus @ break toughness
(MPa) (MPa) (%)
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 (Tq) 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).
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Figure 4.5 TGA curves of PLA, PBS, harakeke fibre reinforced PLA/PBS
composite, and harakeke fibre reinforced PLA/PBS composite with DCP
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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 Tq Ty Te Tm Crlocs (%)
(°C) C) (°C) 0) (C)
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
Ty of the PLA/PBS blend is lower than the Tq 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 Tq 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 Tq of the material. So, the poor
miscibility of PLA and PBS, which creates free volume in the composite might have
contributed to the lower Tyq of the PLA/PBS blend, compared to neat PLA.
Incorporation of harakeke fibre helped to improve the Ty 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 Crl% 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 (E’) 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 (E’) of the samples with temperature is presented in Figure 4.7a. There
are no significant changes in the E’ of the samples below the glass transition region of
PLA, but the E’ falls sharply around this region. In addition, it is evident from Figure
4.7a that the E’ 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 E' of polymer blends and composites
including matrix type, filler type, dispersion of filler, and interfacial adhesion [130,
144]. Therefore, the higher E' 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 E’ 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 E' of the PLA/PBS blend, the
addition of both harakeke fibre and DCP produced further increase in the E’ such that
the E’ of the composite with DCP is higher than that of the composite without DCP.
The higher E’ 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 o) of the samples. The tan 6 of composites is
largely influenced by the concentration of shear stress and viscoelastic energy
dissipation [229], thereby causing the tan & to depend largely on the interfacial adhesion
between the filler and the matrix. Generally, lower tan o values are obtained when the
interfacial adhesion is high while a weak adhesion will result in higher tan & values
[229]. The tan 6 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 6 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 6 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 6 of the composite with DCP, compared to the composite without

DCP.
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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
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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
Na2SO03 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 (@) 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 pum, 300 um, and 400 um. As can
be seen, the composite with fibres processed at a disc distance of 200 um 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-um 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 um, 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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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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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 pum 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.

55 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.
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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.
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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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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% ClI

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)

56  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 Tq 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 Ta 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 Tq 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.
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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 Ty Residue (%0)
(°C) (°C) at T>500 °C

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 Tq 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 (Xpsc%) 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.
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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 Ty T Tm Xbsc
(°C) °C) (°C) (%)
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 pum, 300 pm,
and 400 pm. 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 um 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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In this shedy, New Ze=aland flax (harakeke) fibre was initially modified through digestion in an alkali solution
followed by bleaching with hydrogen peroxide and sodiem silicate with the aim of improving thermal and
mechanical performance of its composites, throwgh incressed interfadal bonding. Xy diffraction analysis
(WRDY), 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, lkely due to heterogeneous nucleation on the treated fibres, which in tum
helped to improve the compasite strength. The highest tensile strength, tensile modhelus and thermal stability
were achieved with the bleached fbre which & believed 1o be due to betier fbre distribution and stronger
interfacial interaction. This was supported by the adbesion factor and effectivensss coefficient caloulated using
the data cbtained from dynamic mechanical analysis,

1. Introduchion

In recent yearz, there have been increazing efforts on developing
environmentally friendly matedials through a synergy becwesn the
principles of green chemistry, sustainability, and eco-sfficiency [1,2].
Thiz iz aimed at reducing the =xcescive dependence on fosail fuel and
petroleum-based products [3,4]. In thic regasd, biodegradable or
renewabls polymer-based compogites are axamples of materials that can
be uaed. Thiz is becavse polymers are very vematile, can be uzed in
different applicationz, and can be modified to mest specific purposes
[5].

Poly (lactic) acid (PLA) iz one polymer that has been widely inves-
tigated az a cubctitate for non-degradable high environmental impact
p-nlym:tz. az detailed in different research and review articles [6-9]. The
stzength and atiffness of PLA io sufficient for different packaging, med-
ical, and other non-stroctural applications where high load bearing iz
not a priority. In addition, the inherent biodegradability and process-
ability of PLA mean that itz properties can be tuned to obtain whatesrer
degired performance that iz fit for purpoze [5,10]. Hence, PLA hac been
combined with natural fibres to produce environmentally benign com-
positez with improved mechanical strength. Thic i pardy associated
with the galient properties of natural fbres such a2z low cost,

* Corresponding authar,
E-mail addresc: blessedboded@ymail.com (1.0, Akindoya).

hetpes://doi.org/ 10,1016/ compos

renewability, biodegradability, recyclability, low dencity, high fexural
.:h'mgd:.. ]ugh moduluz, and non-abrazivensss [11.12]. Stedies have
shown that good interfacial shear strength (IP55) in natral fibre rein-
forced PLA can cignificantly affect the composite sirength. Por example,
the work by Setmwalo et al. on mukwa/PLA compoaites demonsizatad
higher flexural properti=s with improved [PSS, obtained through fibre
treatment [13]. Similarly, Tarres et al demonctrated that a weak
in ze can rerelt in reduced tanzils ru:engrh [14]. In a diffsrenz
atudy, a hybeid natural fbre (coir/pineapple leaf fibrez) oystem was uzed
to reinforce PLA. It was found that the untreated hybrid biscomposite
returned a higher damping factor and lower strength, attributed to weak
in z= [15]. Oenerally, most studies on natural fibre reinforced PLA
compozites are focuased on improving interfacial interaction betwesn
PLA and the fbres through chemical bonding, or interfacial adhesion
[5,7,9,11]. Howeves, too much fhee can lead to insufficient wetting by
the matrix which in tom results in poor intacface betwesn the fibre and
the matrix leading to reduced strength. In relation to that, there have
been ceveral articles on the effect of fibre content on the properties of
PLA. For example, Abdallah et al imvectigated the effect of varying fibre
content (0-40 wil) on the mechanical and ﬁgrmalin.:ulnﬁmpﬂ:uptr—
tiez of date palm fibre reinforced PLA [16], and found that the tensile
strength was remarkably kigh up to 20 wi¥h fbre content. Serizawa atal.
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aloo reported 20 wid az the optimum fibre content in kenaf fibre rein-
forced PLA compozites [17]. Gimilarly, Komal et al. reported 20 widt az
the optimum fibre content after preparing 10-30 wi¥ banana fbre
reinforced PLA compoaites [15].

Generally, the conventional namral fibres ured ac reinforcement in
PLA compositer include oil palm empty fruit bunch, gizal, hemp, flax,
coir, bagasse, banana and jute [10,19,20]. In the past decade, there haz
been increazing interest in the use of fbres extracted from the leaves of
Fhormizm tenax commonly called New Zealand flax (harakeke), 2z
reinforcement in polymer compozites. Harakebe in indigenous to Mew
Zealand and the Nozfolk ldand, and it iz a zignificant resource in Maord
culture for making woven matm and containers. In termz of morphology
and anatomy, harakeke leaves are clumped together in groups and tend
to be folded at their tem. The leaves can grow to 2 length of about 3 m,
and extend to about 50-120 mm in width [21]. The structure of har-
akeke leaf iz one that i typical of monocotyledonz. There ic a mpiral
werlap at the baze of the ﬁb:\e: which lies p:nl]d to bundles of acle-
renchyma fibres. These sclerenchyma fibres are bonded sogether by
lignin and hemicelluloze, but the bonda can be broken by dizsolution in
an alkali solution, or in boiling water [22]. Pibrec obtained from har-
akeke leaves were historically used for producing cloaks, ropes, and for
making bazkets and fishing neta [23]. These uoez suggest that harakeke
leaves could offer good reinforcement properties. Therefore, some
smudies have explored the possibility of combining harakeake fhre with
different polymers [22, 24 25]. However, reports on harakeks fbre a2
reinforcement in injection moulded PLA for producing composites
zuitable for structural applicationz are few in the materials science
literature. It iz well known that the notable determinant of the amit-
ability of compositer for structural applications are the reinforcing
abiliry of the fibre, compoaitional balance, and the axtent of interfacial
adhezion between the fibre and the matrix. Therefore, thege are given
prime conpideration in thiz arricle

Interfacial adhesion in natural fibre composite: iz commonly
improved through chemical modificarion of the fibre, with moat soadiez
focussing on facilitating surface roughness through alkali treatment
[26,27]. Thizs has reportedly produced cignificant improvement in ten-
zile otrength and tenzile modulun due to removal of components that can
lead to weak interface from the fibre. In addition, alkali treatment helps
to expoce the cellulose hydroxyl groups of the fibre for bonding with the
matrix which in tuwmn facilitates mechanical intetlocking between the
fibre and the matrix [25]. The use of coupling agents, or the combination
of other chemical techniques with alkali reatment can also help to
improwve interfacial adhesion in namral fibre reinforced compozites
Peroxide treatment iz one of such chemical treatmentz that can be
combined with alkali weatment to improve the chemical bonding be-
tween natural fibres and polymer matrices [10]. The mechanizm of
peroxide treatment ruggects that it can generate good mechanical and
thermal regilience in natural fibres, 2z well az facilitate srong chemical
bonding and thermal regilisnce in fibre reinforced compoaites by acting
2o a fibre modifier and 2z a coupling agent. Decpite the potential of
peroxide treatment to produce rignificant improvements in compoaite
properties, it iz less commonly reported in the literature and zo, it i
worthy of desper investigation Therefore, the aim of thiz smdy ic o
investigate the affect of combined digestion and peroxide treatmentz on
harakeke fibre, and im reinforcing properties in PLA compoaiten ao it
relates to itz suitability for stroctural applicationz.

2, Materials and methods
2.1. Materials

The harabeke fibre uzed as reinfoccing filler in thiz stmdy was kindly
zupplied by Templeton Flax Milling Heritage Truct, Mew Zealand. The
polymer matrix used iz Ingeo™ Biopolymer 30520 poly (lactic acid)
(PLA) from MatureWorkz. Thiz PLA iz an injection molding grade with a
.:p-:.:i.ﬁ.cgrnvirynfl.i‘.&and melt flow rate (MFR) nfl4g.-"|0m.in{2lﬂ"’C,
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216 kgl Sodivm hydroxide bulk grade zolid pellets, sodium zulfite
powier, and hydrogen peroxide (50 %) were purchaced from Sigma-
Aldrich and uzed without further purification. In addition, exwa pure
zodium gilicate (Na,5i0y) soluticn, and sulfuric acid (96 #) were pro-
cured from Merck Millipore.

22 Methods

221 Preparation and sreamment of harakeke fibre

The harakeke fibre, az received, had a length of about 1-1.5 m. After
drying, the fibre wao cut into 2-3 cm pisces uzing 2 guillotine. Weighed
amountz of the chopped fibre were placed in stainles: steel canizters and
digested uning 2 solution of 5 wed NaOH and 2 wed NagE03 in a lab-
arale pulp digester. The ratio of fibre to solution waz kept at 1:8, and
;pmp‘ﬂmm.cil coniroller was uzed mmthrdiga:mumnﬁhep ryrl:
which included a treatment temperatore get ar 160°C and a holding time
of 2 b. After digestion, the treated fibee was thoroughly wached under a
contimioun water flow until the pH of the wazh water wan measured 2z
neatral at pH 7. The washed and treated fibres were then dried in a
laboratory oven zet at 30 °C for 48 h after which the dried fibres were
stored in a sealed plastic bag untl used for further analysin and for
compoaite fabrication

Bleaching of harakeke waz performed waing a solution of HyOy and
MNaz5ils. For thiz procem, 45 g of digested fibre wan placed in 3 L of
Milli-{y digtilled water. The water was firat heated to 70 °C, and the fhee
wan introduced undear continuous otirring for about 15 min after which
75 ml of Mas5i0s (2.5 % by volume) waz added. After 5 min, 150 mL of
HzO2 {5 % by volume) waz added and the bleaching proces: war allowed
to continue under rigorour stirring for an additional 10 min. After
completion of the bleaching process, the bleached fibre wan wached
under a water flow until the waste wach water showed a neutal pH.
Then the fibre was driad at 50 °C for 48 h and stored in 2 sealed plastic
bag until wed for further analyziz and composite production.

2.2.2 Determination of lignin and carbohydrate content in harakeke fibre

The amount of lignin in the raw, digected, and blaached harakshe
fibre waz determined according to the Round Robin method for deter-
mination of Klazon lignin az detailad in the Technical Association of the
Pulp and Paper Industry (TAPPI T 222 om-02 tect methodz. Briefly,
weighed amounts of the dry fibre were digested in 2 72 % (w/w) Ha504
solution inzide a tect tube, with the mixture being stirred with a glazarod
until dizssolution began. The mixmre containing vest tube was placed ina
water bath for 1 h at 30 °C with oocasional stimring. The mixture was
further diluted to — 3 % (w/'w) Ha50y in a beaker uning diztilled water,
and pla:aelinmnur.n-dn\ne.:etn 1217 C. After 1 b, the bealer was cool=d
to 30 °C and the mixtore war filtered waing a vacuum fileer to separate
the insoluble matter. The acid inscluble recidue (AIR) waz zubn:qumﬂy
allowed to dry overnight ar 105 °C and the dry weight of acid inzoluble
rezidue {viz., !'ﬂam]ig;ni.n] waz calealated using equation |1 i an follows:

Acidinsolibleresidue [AIR) = Ez 100 11

where, m iz the dry weight of residue aftar acid hydrolyziz, in gand M iz
the oven-dry weight of zample (100 % dry matter) before acid hopdro-
lymiz, in g. The filrate from the Klason lignin determination tect wan uzed
to determine the acid soluble lignin, and the carbohydrate content of the
zamples. The carbohydrate (cellulose and hemicellulose) content wasz
determined following 2 method described in literature for wood sugar
analyziz by anion chromatography [25].

2213 Production of PLA/ harakeke compaosites

Compogites were produced from PLA and harakeke fibre wzing
digested and bleached fibres ar different fibre content (0-30 wid). The
compogite components were mived and compounded uzing a twin screw
extruder (Labtech LTE-20—44). Prior to extruzion, the dried treated fi-
brez wers sheared using a Sunbeam Multigrinder with blunt bladea
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Shearing waz performed at a high rotational speed to defibrate the fibre.
After thiz, the fibres were driad ovemight in a conventional oven zet at
105 °C. For the PLA granules, drying to moizture content < 0.1 % wasz
carried out uging a vacwum oven cet ap 60 ° G for 2 h. Then, extruzion was
performed uzing a temperaturs profile in the range of 165175 °C, with
the feeding and die cones kept at 120 °C and 175 °C, recpectively. After
extruzion, the extruded materials were granulated wming 2 Moretto GR
knife mill plastic gramulator with an ingerted zieve to obtain gramules of
about 3 mm in length_ After drying the gramules 10 2 moizture content <
0.1 % by weight, test camples were prepared uning an injection
moulding machine (BOY 354 ). The injection profile wed for test zampls
preparation includes a feeding zone temperature of 150 °C, a compres-
zion zone temperature of 165-185 ° G, 2 metering cone temperature of
190 G, a nozzle temperamre of 185 °C, 2 mould tempearafire of 35 °C,
injection time of 0.5 2 and cooling time of 30 = Por sasy identification,
the differen: compozite bawches produced were given code namen, with
values 10, 20 or 30 indicating the wt.% fibre content while DF or BF
reprezents digested fbre or bleached fibre, recpectively. Por example,
“PLA reprecentm the neat PLA marrix while “PLA + 20 BF” represents the
compogite containing 30 wilt bleached Gbre.

2.24. Fourier transform infrored (FTIR) spectroscopy

The functional groups on the raw harakeke fibre, and changes in the
FTIR cpecira of digested and bleached harakeke fibre were analyzed
with 2 Perkin Elmer® Spectrum 100 FTIR spectrometer. Spectzal anal-
yaiz of the PLA war performed and compared with similar IR analyses of
the PLA /harakehs compozites. The FTIR data were recorded over a
wavelength range of 4000400 cm™! uging the sndard FBr pell=t
technigque.

2.2.5. Franning elecron misroscopy (SEM)

Surfaces of the raw, digested, and bleached harakeke fibre were
obzerved on a Hitachi Regules 5UG230 fald emixion scanning slectron
microacope. Likewine, the frachired murfaces of PLA and PLA harakeke
compaoaites after tencile tegting were examined. Prior to SEM oboerva-
tion, the zamples wers dried and mounted on alumininm stbs weing
double zided carbon wpe. The mounted sample: were mubsequently
putter coated with 2 5 nm layer of platinum n a Quomm 150%
puttering equipment to make them conductive.

2.26. X- roy diffrection analysis

The XRD diffractograma of raw, digected, and bleached harakeks
fibre were obtained uzing an EMPYREAN diffractometer syztem (PAN-
alytical). The fibres were chopped and pressed into a dizk, uzing a cy-
lindrical steel mould. Then, analyniz was performed ower 2 range of 5 —
65 at a scanning opeed of 1° min~! with 2 zcan step of 0.0 using 2
CuKa radiation (. = 1.54 nm) T]:l:odlulmecryzu]].ininyindex {Crf 38) of
the fibres was calculared following the Segal method, noing equation (2.

ﬁ,ﬂm [
Tz

Ci% =
where, e iz the maximom intensicy of the (002) lattice diffraction
peak of celluloge and oy iz the intengity of diffraction of the amorphous
OO pOaLET

2.2.7. Mechanical sesting

The tencile test cpecimens for PLA and the compoziter wers prepared
according to BN 150 527, while flexural test specimensz were prepared
according o BN 150 173, These teor were conducted on an Inctron®
5882 univernal tegting machine squipped with a 5 kN load cell, running
at a croazhead spead Df5mmm.in_l.:ns| 10 mum min~ ! for tenzile and
flaxural testn, respectively. During tencile teating, the strain was
measured uzing 2 25 mm extenzsometer fxed at the middle of the zpec-
imen. Prior to mechanical tecting, the test specimens were precondi-
tioned in a climate chamber at 25 °C and 50 % relative humidity for 45
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h. Pive specimens were tested during tencile and Hexural testz and
average recults were recorded for the tensile strength (T5), tensile
modulu:z (TM], flexural mgﬂ: (P} and Hexoral modulaz (FM.

228 Thermogravimetric and differentiol scamming calorimetric analysis

Thermogravimetric analyziz (T3A) was performed uzing a Perkin
Elmer 5TA 5000 thermal analyzer. The szample, weighing about 10-20
mg waz placed in a crucible and analyziz was performed under argon
ammocphere at 3 gaz Sow rate of 40 mL min~" while being heated a:
10 *C/min from 30 °C to 600 °C.

Differential geanning calorimetry analyiz (DSC) of PLA and the
compoagitez wan performed uzing a TA inctroment (Netzoch DEC 3500
Siriuz). Samples were heated from 20 to 200 °C at 10 ° C/min under a
nitrogen flow uzing a gac flow rate of 60 ml/min From the DSC ther-
mogram, the glass ransition temperanure (Tyl, crystallization tempera-
ture (T:) and melting temperamure (Ty) were determined. In additon,
the orystallinity {Ipec) of PLA in the compoaite waz caloulated from the
heat of fuzion of the testad .:amp].u: anid a reference nmp]e (PLAwith
100 % cryvtallinity, wing squation (3L
d xR 3

L . AF
Secrprtalliniy(l nae) = AW

where, AH and AH, represents the heat of fusion of the .:amplgz. and a
refarance PLA with 100 % cryotallinicy, respectively, while Wis the mazs
fraction of the matrix. The crystallinity of PLA in the compoziten was
calculated by using 93.6 J/g az the heat of fuzion (AH,,) of reference PLA
with 100 % eryetallinisy [30].

229 Dynamic mechanical amalysis

The dynamic mechanical analymiz (DMA) wan performed on a Perkin
Elmer DMABM Dynamic Mechanical Analy=er. A single cantilever mode
wan uped to test the specimens (30 mm « 5 mm x 1.5 mm) by heating
the specimens at a rate of 2 °C/min from 23 °C to 140 °C. The
dizplacement amplitnde waz Z0 pm and the test was performed at a
frequency of 1 Hz

3. Results and diseussion
3.1. Compaosidion and properties of harakeke fibre

5.1.1. Composition of row, digested, and bleached harakeke fibre
The lignin and carbohydrate content of the fibres are pregented in
Table 1. It iz evident from the table that the raw fbre haz higher lignin

Table 1
Chemical composition, and XKD parameters of the crystalline phase of raw,
digested, and bleached harakeke fibre.

Composition (w5}

Filwe type el ca: Femmbend hul vee: Lignin
Runw Ak 500 1E.80 1564
Diigested Fibre T7E0 1330 337
Blieachisd fibee B256 1280 273
XRD Propestics

Taram s Raw flbee Digested Fibre Edeached fhre
Peuik position ) 2224 IZ 45 =t 2]
FAHM a1z 1.E1 173
aik L] 2.55 2.5
COrystallice sise (xea) nn 3730 3EEE
COrystallindny Inde (3] T279 TOTS B1.50

* Raw fibre refers to the as-received hamkeke fbre.

* Digested fibre & the fibre harakeke fibre treated with 5% MaOH and 2%
Nagh(h.

* Beached fibre refers to the harkeke fibre digested with 5% NalOH and 2%
Na 80, and then bleached with 58 HoOy, and 2.5% MNaSi0y.
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and hemicellnlose content than the treared fibrez. In conmase, the cal-
lnloze content iz higher in the meated fibres than in the mw fibre. The
celluloce content in the raw fibre wan 46 % and thiz increased 0 77 % in
the digested, and 53 % for the bleached fibre. The higher calluloce
content in the treated fibres can be attributed to the remowval of non-
cellulocic components from the fibre, which served to increase the
amount of celluloze per unit mazz of the fibre. Remosal of lignin and
other non-cellulozic components from natural fbres can help to improve
the aystalline namre of the fibre. Thiz will in tan improve the fboe
srength, and the srength of itz reinforced compogites due to increazed
reinforcing ability, and effective stress tranafer within the compogite.
Thir i further discumed in subosequent sactiona.

3.1.2. X-ray diffrection (XRD) properties of harokeke fibre

The XRD tracen of raw, digested, and bleached harakeke fibre are
illurtrated in Fig. 1. The two conapicuous peaks in the XRD curves of the
fibres around 268 = 22° and 28 = 16" represent the crystalline and
amorphous components of cellulose, respactively [31]. The crpotallininy
index calculated from these peaks are included in Table 1. The cryotal-
lographic (002) plane of celluloge in the raw, digested, and bleached
fibre appeared at 28 positioms of 2224 3245, and 2066,
recpectively.

The alight chift in the 28 pozition of the fibre after digestion, and
further shift after bleaching suggests 2 decreaze in the interplanar
spacing of the (002) planes in the digested and bleached fbre,
compared to the raw fibre. This iz an indication of clocer packing of
cellulose cryzmls in the digeated and bleachad fibre, die to the remoeral
of lignin hemicellulose, and other non-cellulogic components from the
fibre after treatment [32]. Hance, the lowser FWHM values of the
digested and bleached fibres could be due to formation of hydrogen
bondz between the celluloge chaing freed by the removal of binding
structures like hemicelluloze and lignin, which reculted in rearange-
ment and cloger packing [33]. Thiz iz confirmed by the higher celluloze
aryutal size and crystallinity of the digested and bleached fibrea, which is
believed to be due to higher celluloge content az seen in Table 1. Lower
FWHM values could alzo be due to the trans-crystallinity (eryetal growth
acos or through individual crvetalz) induced in the celluloge structure,
by the digestion and bleaching treatments. The coystallinity index values
in Table 1 chows that the bleached fibre hag a higher cryamallinity index
than the fibre subjected to digection only. This indicates the precence of
higher cryzealline cellulose structure in the bleached fibre, and thiz
alignz with the reqult obtained from the carbohydrate analyiz ( Table 15

Haw fbre

—— Dgested hbre
g ached Tk

Intensity {a.u.]
g

2-theta ()

Fig. 1. XRD traces of raw, digested, and bleached harakeke fibre.
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3.1.3. Momophological properties of row, digesed, and bleeched horokeke
fibre

The SEM images of raw, digected, and bleached haraheke fibre are
zhown in Fig. 2. Surface of the ravw fibre (Fig. 2a) io cmooth, likely due to
the presence of cementing substances which tend to shield the fibre
pores. These cementing substances can range from pectin, zilica bodi=z,
dirt particlez and other soluble substances. In contrast, the surface of the
digested fibre (Fiz. 2b) reweals rougher morphology which may be
antributed to the removal of cementing substances from the fibee surface
during digestion [34]. The allali solution veed for digestion helps to
dizrupt the bonding structure within the fibre, thereby removing the

50K\ B.Grrem x2 0Dk LMILLY

Fig. . SEM images of (a) rmaw, (b) digested, and (<) bleached harakeke fibire.
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binding lignin and hemicelluloze structures. This iz responaible for the
roughness observed on the fibre surface (Fig. 2b) and hag been reported
to facilitate mechanical interlocking between matrices and fillers during
composite production [33,35]. Therefore, this effect of fbre treatment
on the gtrength of the requlting compogite will be discuzsed in a later
sectiom.

The SEM image of the bleached fibre (Fig. Zc) reveals that the fbre iz
shrunken, with 2 rougher murface compared to Fig. Zh. The bleaching
treatment applied to the digested fbre helped to remowve additional
amounts of hinding structure from the fihre, a0 presented in Table 1. This
will invariably increase hydrogen bonding between the cellulose struc-
tures, due to removal Dfpti.maryocractmﬂarycdlw‘aﬂ umnrpholu
components [36,57]. Az the celluloce structure rearranges and packs
more closely, the fibre shrinks, resulting in a reduced diameter, due o
the increased fbrillation [33.36). The average diameters meamured
during SEM obeervation (result not chown) of the raw, digested, and
bleached harakeke fibre were 495 pm, 11 pm, and 7 Um, respectively.
The higher aspect ratio of the bleached fbre can help to facilitate Gbee
digtribution during compogite fabrication, thereby resulting in higher
reinforcing ability and increased composite strength [31,30]. Likewize,
the opening of pores on the fibre surface can help to improwe
fibre-matrix adhesion [3,5%]. These azpects of the modified fibres will
be dizcusoed further under the zection on mechanical properties of
compoaites. The removal of cementing and binding struchires from the
fibre through treatment, and formation of hydrogen bondz were verifiad
through FTIR analyniz which iz discussed in the next section

3.1.4. Pourier transform infrored spectroscapy (FTIR) of horakeke fhre

The FTIR specira of raw, digestad, and bleached harakeke fibres are
illustrated im Fig. 3. The nomble peaks in the opectra of the raw fibre
includes the — OH atretching vibration around 3200-3600 em ™ [31].
The ©—H otretching vibration of celluloze and hemicallulooe iv evident
arcund 2850-2050 cm~ ! [40], while the peak 2t 1737 con™ ! represents
the C— 0 srerching paak of soter and carboxylic components of hami-
celluloge and lignin [31,40]. The peak at 1647 e repregents the = CH
vibration of the aromatic ckeletal in lignin [31], while the peak a8 1422
em™! iz attributed to the —CH: asymmetric, and C—H oymmetric
deformation. The peak at 1060 cm™ represents the in-plane deforma-
tion of the eazily deavable C—0—C linkage in lignin [31].

The —0H atretching wibration of bonded hydroxyl growps in the raw
fibre chifted to a lower wavenumber in the digested and bleached fbre.
Thiz can be attributed to the srrcnaral dungea camned the remowval of
lignin and hemicelluloze through fibre reatment. Thiz iz believed to

| Bleached fisre

:}“ L
18427 .

Transmittance (%)

4000 J500 3000 2500 2000 1500 1000 500
Wavenumber {cm ')

Fig. 3. FTIR spectra af raw, digested, and bleached harakeke filbre.
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have inflvenced the reduced diamester of the reated fibre a0 discuzzed in
zection 3.1.3. It chould be noted that the downward chift iz further in the
bleached fibre, compared to the digested Gbre probably because more
binding structures were removed with bleaching, than was remowed
with digestion alone 2z reported in Table 1.

Another gignificant difference in the spectra of raw harakeke fihee
and the treated fibres iz the total dizappearance of the =0 gtretching
peakar 1737 e~ The absence of thiz peak in the spectra of the treated
fibres confirm the diszalution of hemicellulose, and zignificant removal
an.lgniu from the fibre ﬂuling treatment [33 40]. This e(pla_i.n: the
increased surface roughness of the digested and bleached fibrez az
shown in Fig. 2b and 2c. There iz 2 dowmward zhift in the stretching
vibration of C—H in cellulese and hemicelluloge from 2933 cm ™! in the
raw fibre, to 2001 em™! in the digested fibre, and 2393 cm™! in the
bleached fibre. This iz attributed to the removal of hemicelluloze, and
repacking of the cellulose srructure. Purthermore, removal of binding
structure, mamely lignin from the treated fibrea waz confirmed by the
doverward chift of the vibrational frequency from the = CH groupa in the
aromatic ghkeletal (methyl methylene and methoxy groups) of lignin
around 1647 cm~ . The downward shift of thiz peak is an indication of
structural deformation of lignin [41], which was further confirmed by
the zplit in the aromatic &—H in-plane deformation peak at 1060 cm ™.
Thiz FTIR regqult supportz the SEM observation, and the carbohydrate
analyain.

3.1.5 Thermal properties of harakeke fibre

The TOA curves of raw and treated fibres are llustrated in Fig. 4a. Az
zeen in the figure, there iz 2 general drop in weight of all the fibre types
in the temperature range from room temperature to around 130 °C due
to the release of preaboorbed moisture [39]. Degradation in narmral -
bres generally starts at the amorphous regions, followed by the oy
talline regiona The degradation of lignin starts areund 160 °C,
hemicelluloge degradation starts around 220 °C, while cellulose degra-
dation commences around 315 °C [39]. Although cryotalline celluloge
has higher degradation temperature, it has been revealed by literature
that portiona of the lignin component would normally degrade at higher
temperature, in the rangs, and above the degradation temperature of
crytalline celluloze [7.42], due to the complex structure of lignin
Therefore, the early degradation obeerved in the raw fObre as seen in
Fig. 4a can be artributed to the degradation of amorphows non-cellulogic
componentz quch as lignin and hemicelluloze. Due to the significant
removal of non-celluloze COMparsenia from the treatsd ﬁl:u'en, the ther-
mal degradation in the treated fibres iz mainly dependent on the oy
talline cellulose. This is responzible for the higher thermal stability of
the meated fGbres.

The thermal degradation temperamre (Ty) of the fbres was derived
from the DTG curve in Fig. 4b. The thermal properties of the fbres,
including onoet temperarure of thermal degradation (Tiee), and
maximum thermal decompozition e (T4} are pr I in
Table 2 In addition, the amounm of residue recorded ar 600 °C are
included in Table 2. The amount of regidue recorded for the fibre az seen
in Table 2 can be asoociated with the proportion of non-cellulosic
components in the fibre which would appear in the form of char or
ach regidue [41,43]. The relative lignin content of the fbres az discuzzed
in zection 3.1.1 and presented in Table 1 chows that the amount of lignin
in the fibres iz in the order of raw fibee > digeated fibre = bleached fibre.
Tharafore, thiz iz balisved to have influsnced the recidus from the
zamples ap 600 *C.

Table 2 ghows that the onset of thermal degradation iz faster in the
raw fibre compared to the reated fibre which iz not tnexpected. In the
caze of the treated fbrez, the T, of the bleached fbre iz lower than
that of the digected fhre Az discumed in sections 5.1.2 and 3.1.4,
bleaching of harakeke fbre facilitated increased formation of intermo-
lecular hydrogen bonds between the celluloce moleculas Therefore, the
lowrer Tome of the bleached fibre could be due to the large interface area
created through bond formation. Thin might hawve permirted heas
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Fig. 4. TGA curves of raw, digested, and bleached harakeke Abre.
values for thermal decompozition of the fibres are included in Table 2.
Table: 2 _ i Az seenin Table 2, the E, of the bleached Shre iz higher than thar of the
Thermal properties of raw, digested, and bleached harakeke fibre. sawr and digested Hbres. This confi the higher th | ctability of the
Samples Tomme (%C) T2 (°C)  Residual @ 600 (°C)  Ea dkdvmel) bleached fbre, and thiz aligns with the TOA remle
Ruw Fibie 26379 366094 2014 GEED
Diigested Fibee 20646 667D 143 11867
Eleached Fibee 29129 ET1.50 11.80 12541

penetration at the unstable zites, particularly the amorphous regions of
celluloze. Meverthelean it iz interesting that the Ty of the bleached fibre
iz higher than the digeated fibre {ze= Fig. 4 and Table 2). Thiz indicates
higher owerall thermal stability of the bleached fibre, than the fbre
dligested alone. The reazon for thiz might be due to the higher number of
hydrogen bonds in the bleached fibre which rectricted the continned
ingreas of heat. Thiz will invariably chift the maximum decomposzition
temperature to the higher temperamre range due to higher heat renis-
tance of the more structured copstalline celluloze, 2z confirmed through
XRD analyniz and discuzsed in section 3.1.2.

In addition to itz ability to help in determining the thermal degra-
dation temperature (Tyl, the DTO data can equally acsict in calenlating
the activation ensrgy amociated with thermal degradation of natural
fibrea [33]. The activation energy (Bl iza gml indicator of the energy
barrier that hinders molecular chain mobility in the fibre, which in mm
retrictn thermal degradation. Therefore, the thermal ctability of the fi-
bres wag further investigated through kinetic study, uaing the TOA data
according to the method described by Broido [#4]. The kinetic param-
eter for thermal decompocition of the fibres waz determined weing
equation (4] az fallows:

Iﬂ[l’n:lr:l = —_:r—"H.n[%r;_] 9
where, ¥ iz the fraction of non-volatilized material az yet tndecompoged,
Ty iz the temperamre of the maximum reaction rate (“C), § iz the
keating rate (°C min™'), I iz the frequency factor, By represents the
activation energy (J mol™") and B ic the gaz constant (3.514 J mal™!
K" The values of ¥ can be obtained from the TOA data such that Iniln
{1/%)) can be calculared accordingly. By plomting a graph of 1/T (in
Kelvin) on the x-axiz and In{ln {1/¥1) on the y-axiz, the activation energy
(Es) amociated with thermal decomporition of the fibres can be dater-
mined from the slope of the graph [45]. The plot of 1,/T va In{ln {1/%1)
for the raw, digested and bleached harakeke fibre iz precented in Pig. 51
of the supplementary information section. The B walue of the plotz for
all the fibres are abowve 0.9 which indicates that the linearity of the
graphs are in good agresment with the Broido equation, and the E,

3.2 Propersies of PLA/harakeke composites

3.2.1. Mechanical proportics of PLA ‘harakeke compasites

The mechanical properties of PLA and PLA/harakehe composites
containing diffsrent wt.% (10-30 wt¥] of digested and bleached har-
akeke fibre are ilhstrated in Fig. 5. It can be seen from Fig. Sa that the
tengile strength (T5) of the compogites initially increased following the
addition of fibre up to 20 wil fbre content. After thiz, the TS deceazed
when the fibre content was increased to 30 wils. On the othar hand the
tenzile meduluz TM in Fig. 5b reveal: an increaging wvalue with
increazing fibre content. The initial increase in TS of the composives
above the TS of neat PLA can be amribuied to effective reinforcement
and the transfer of stresa from the PLA matrix to the reinforcing fibre. At
20 wi¥h Obre, the TS iz 73.06 MPa and 74.45 MPa for digested and
bleached fibre compoaites, recpectively compared o 62.835 MPa of neat
PLA. Purther increaze in fibre content from 20 wit to 30 widh resulted in
decline of T5. Thiz obaervation agress with whar war reported in a
gimilar gtudy [16], which iz believed 2o be due to leoz wetting of the fibre
boy the PLA marrix at thin fibre content. Serizawa et al., investigated the
affect of varying amounts of kenaf fibre on the properties of kenaf fibre
reinforced PLA compogite. They reported thar the mavimum Sexural
strength and modulue wan atained ar 20 with fibre content [17]. Like-
wize, Homal et al | reported 20 wi% banana fibre as the optimum fibre
content when they varied the fibre content from 10 to 30 wt% in banana
fibre reinforced PLA compositez [15]. A drop in mechanical pesfor-
mance of composites besrond what iz defined az an optimum fbre con-
tent iz often due to poor wetting of the fibre. Poor wetting will normally
lead to agglomeration of fibre within the compozite due to unfxrourable
diztribution, thereby leading to the creation of large voids within the
compozite. An a rezult of thiz, the tranafer of strewm from the masrix to the
reinforcing fibre will not be effective, which leads to the obzerved
decrease in TS of the compogites at 30 we¥ fibre content.

It iz moteworthy that at the differen: fibre comtents, the T3 of
bleached fbre compogites iz higher than the digested fibre. Literanire
revealed that the mechanical strength of natural fibre reinforced com-
pozites can be zignificantly influenced by the fibre diameter [5]. Spe-
cifically, large diameter fibres can trigger different local deformation
proceszes within the composite including fibre pull-out, debonding of
the fibre from the matrix, or fibre fracture. Az dizcusged in cection 3.1.3,
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vilues of digested and bleached hamkske fibee.

the diamatar of bleached harakeke fbre io omaller than that in digected
fibre. Therefore, the wider diameter of the digested fbre might have
contributed to the lower strength of the digested fibre compogites,
compared to the bleached fibre compozites as ceen in Fig. Sa. In another
vein, treatment of fibre through bleaching with peroxide haz been re-
ported to facilitate interfacial bonding bepwesn the fibre and polymer
matrices, by acting as a coupling agent [10,40]. Thiz iz believed to haee
contributed to the higher strength of the bleachad fibre compogites.
Fibre pull-out, debonding of fibre from matrix, fibre fracnure, and the
extent of interfacial adhesion in the composites waz assessed through
SEM obzervation of the fracrured surfaces of the compoaites which forms
the subject of the next section.

Similar trends can be ceen in the FS in Fig. 5c and the T3 in Fig. 5a
and the reason for this trend iz ag stated in the previous paragraph In
contrast te the trend observed for TS and P, the tensile modulas (TAD
and flexural modulua (FM) of the zamples illustrated in Fig. 5b(TM) and
Fig. 5d (FM) chows an increazing trend as fibre content was increaged.
Thiz can be attributed to the high moduluz of harakeke fibre, and thiz
suggeat that the strength and modulus of PLA/harakeks compocites
depend on different factors. Specifically, the strength iz believed to be
influenced by such factors such a0 wetting of fibre by the matrix, filler
digtribution, fller content, and fibre-matrizx interfacial adhesion. In
contrant, maddnluz of the comporite seems to be more dependent on the
filler content, and modulus of the fibre. Generally, in fibre reinforced

polymer compoaites, there are always reportz on the optimum fibre
content for maximum strength. This in nowally between 20 and 40 wet

fibre content depending on the compoaite preparation method, oype of
filler, and matrix type. Some selected studiez on natural fibre reinforced
PLA compogites are summarized in Table £1 in the supplementary in-
formation section. It iz noteworthy that the TS and PS recorded az 20 wt
% fbre in thiz study iz comparable to most of the previoualy publizhed
reportn on reinforced PLA compoasites, even a: higher fibre content
valuen. Thiz is a testament to the high reinforcing ability of harakehe
fibre

3.2.2. Morphological properties

The 5EM images of the frarmred mrface (after tensile testing) of neas
PLA, and PLA/harakeke composites containing 20 wibh amd 30 wid
fibre are chown in Fig. 6. It can be seen from Fig Ga, that the fracoored
zurface of neat PLA iz smooth, which iz d of brittle m ialz like
PLA. Por the compoaites with 20 wi fibre, it i evident that the length
of pulled out fibre in the digested fibee (DF) reinforced compogite, PLA
+ 20 DF (Fiz- 6b) iz longer than for those observed in compasite rein-
forced with Fhres subjected to bleaching (BF) (PLA + 20 BF) (Fig. 6c).
The chorter pull-out fibres in Fiz. Gc indicates stronger interfacial
adhezion between PLA and the bleached fibre [5,45]. Likewize, strands,
believed to be PLA can be peen on the surface of PLA + 20 BF (Fig. 6cl In
relation to thiz, it waz reported in the literature that treatment of natural
fibre with peroxide imparts emter functionalicy on the fibre surface
[40,47]. Hence, the peroxide bleaching of harakele fibre in the precent
smdy hao likely imparted ester funcrionality on the surface thar will
make the fibre more compatible with PLA. Thersfore, the polymer
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Fig. 6. SEM images of (a) neat PLA, and PLA /harakeke composites containing (b) 20 wt% DF, (c) 20 wt3 BF, (d) 30 wit% DF, and (e) 30 wt% BF,
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The SEM i of the P g 50 wtd fibre reveal a

higher number of pull-out holez on the composite fractured surface. Thiz
suggests a reduced fibre-matrix interaction b PLA and harakel
at 30 w3 fibre content. When there iz 2 higher percentage of fibre in the
composite, thiz can result in poor wetting of the fibre by the matrix and
would be responzible for the drop in mechanical strength of the com-
posite at 30 w36 fibre content, for both DF and BF az seen in Pig. Saand
Sc. Although a drop in mechanical gth waz Jed for both fibre
types at 30 witdh, it iz thy that the alig; and ori ion of
ﬁbrem:hePLA+30DPcompmmu1umdunmduPM+SOBF

This, in addition to poor fibre wetting iz believed to have
mnxbubednodulughudmpmmed\m;lmgd:of:heDFrem-
forced composite at 30 wt3 fibre content, compared to that of the BF
reinforced compogite.

3.2.3. Fouricr sform infrared zp opy of comp
The bonding structures and extent of interfacial mm:mbetween
PLA and the treated harakeke fibres was further inv d through

FTIR analysis. llnl:ouldbenoteddznfotemofcompuuon,onlythe
composites containing 20 wt% fibre iz discussed in thiz section. The FTIR
spectra of PLA, PLA + 20 DF, and PLA + 20 BF are illustrated in Pig. 7.
The band in the FTIR spectra of PLA and the compozites around
SzOO—SBSOun"indnem:beeuexhingvibndnnofrhe—OHmh

Ilul and the inal hyd, g:oup:m?l.n Sld,whxleduband
around 2850-3050 cmn~! io ateributed to ay and
stretching of C—H from methyl and methylene groups in cellul The

peak 2t 1750 cm ™’ iz assigned !o:he@Omhmgvdu’amofuetyl
and carboxylic acids moieties [31], and the ester components from PLA.
The peak at 1455 em™ ' iz a characteristic —CHs bending mode, whereaz
the peak at 1379 em™' iz astributed to C—H def 351l. In
addition, stretching of the C—O group of carboxylic acid and the ester
of PLA iz I by the peak at 1091 :m".

It can be ceen in Fig. 7 that the —OH hi 3 1
S‘WMm"mhmofPMwuwuknedmdmap«waofdu
compogites which suggests an i i ber of
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Fig 7. FTIR spectra of PLA, and PLA /harakeke composites containing different
20 wi%h of digested fibre (DF) and bleached harakeke fibre (BF).

hyidrogen bond dues to increased number of —OH groups awailable for
bond formation in the fibse celluloce, brought about by murface modi-
fication [31] This iz supported by the clight movement of thiz peak to a
lower wavenumber in the spectra of the compozites, which iz atribot=d
to the formation of hydrogen bonds betwesn the —OH of the fibres, and
the terminal hydrosxyl groupe of PLA. In addition, the interaction be
tween PLA and the fibres can be through bond formation betwesn the
celluloce —OH group of the fibres and G—0 of PLA [43]. Thin i
confirmed by the dight peak chift from 1750 cm™ " in the spectra of neat
PLA, to 2 lower wavenumber value in gpectra of the PLA/harakels
compaaites which indicates ssverification reaction between the perminal
—C00H groups of PLA and the —OH groupa of harakeke fibee [43].

It iz noteworthy that the dowmward chift of the band around
3200-3650 cen~ ' and the peak at 1750 cm™! iz more significant than the
zhift obeerved in the cpactra of the bleached fibre compozite (PLA + 20
EF), compared to the digested fibre compoaite (PLA + 20 DF). Thiziz an
indication of 2 |ug.|:|.cr interaction between the bleached fibre and PLA,
and thiz aligna with the SEM observations discusoed earlier. The higher
interaction betwesn PLA and the bleached fibre an confirmed through
thiz PTIR analyziz iz belisved to have contributed to the higher me-
chanical properties of the bleached fibre compogites as discuzzed in

Composies Pae A T64 (2023) 10732
section 3.2.1.

324 Thermal propertier of composites

The TGA curves of PLA and the composites are illugtrated in Fig. Sa
Az geen in the fgure, the TOA curves follow a cimilar trend. The onzet of
thermal degradation iz abowe 300 °C and the drop in weight continued
up to 400 °C. The onzet of thermal degradation (T,,.,) and the thermal
degradation temperature Ty of the scamples are ;summarized in Table 5.
In addition, the amount of residue remaining at T = 500 °C of the
zamples are inchuded in Table 3. The Tow, and Ta, of near PLA o higher
than that of the compozites which iz believed to be due to the ntact
atructure of the PLA chaing in neat PLA. The incorporation of filbres into
PLA would distort the homogensity of the PLA chain structure [16],
which can in turmn reqult in increased heat penetration zitez az reported
for micro coystalline celluloge (MCG) reinforced PLA compogites [31]. It
can alzo be due to the lower thermal stability of the fibee, compared o
neat PLA [40]. From Fig. Ga, and Table 3, it iz evident that the bleached
fibre compoasites are more tharmally ctable compared to the digected
fibre compoaitez, at all fibre contents.

The DSC thermogrameo of PLA and the compozites are chown in
Fig. Ob. Prom thiz figure it ic pomible to diccern three succesgively
diztinct transitions which represent the glam trancition temperature
(Ty), cxyotallization temperature (T.), and melting temperamre (T,,). The
DSC parameters of the samples were obtained from the thermograme,
and the parameters are included in Tabl= 3. It iz evident in Fig. 5b that
the T; of PLA was not significantdy influenced by the indusion of har-
akeke fibre. In contract, the T, of PLA in the compozites can be seen to be
notably influenced by the fibre. The addition of reinforcing fillars into
zemi cryutalline polymers iz known to reqult in an wpward or downwand
zhift in the T, and thiz often describes the ability of fllerz to induce
heterogeneoun nucleation in the mamiv [45]. The T of the samples
prezented in Fig. Gb chows 2 dowmward chift in T of PLA in the com-
pocites. Thin iz an indication of faster crysmllication in the compogites
[50], which confirms the aforementionsd heterogenesous nocleation
activities on the harakels Gbos. When cold cr_!,rnl:]]i:aﬁ.m ooours, it
often reqults in the formation of imperfect cryztals which can be verifiad
through the melting peak of the sample [2].

The gplitin the melting peak (T,,) of the compozites compared to neat
PLA (Fig. 8b) can be attributed to the formation of imperfect cryutala in
the compogite due to the coysallization effecn of the fibre on PLA.
Umzally, the impesfect cryotals would mel: at a lower temperamre than
the perfect coystals themcelves. Hence, the double peaks oboerved
around the T, of PLA in the compogites iz because of perfect and
imperfect cryotals within the compogite, due to the heterogensous

@ (b) ; :
H PLA+30 BF
FLA+30 OF
— § : PLA+2D BF
% : . PLA+20DF
= PLA E : i
-E‘ ——— PLA®1D DF [ : FLA+1D BF
A 4
= PLA+10 BF ] .
— PLA+20DF x| PLA1D DF
PLA+ID BF
PLA+30 OF \ FLA
PLA+30 BF
- : - - - : T T T T T T
100 200 100 a0 500 600 M 40 B0 B0 100 120 M40 60 18D 20D
Temperature ["C) Temperature {'C)

Fig 8. (a) TGA curves, and (b) DSC thermaograms of PLA and PLA ‘harakeks composites containing different wit.% of digested fbre (DF) and bleached fbre (BF).
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Table 3

Thermal propertics of PLA and PLA harakeks composites.
TGA e
Gample tode Tocar Ta Residise (6] Ty Ta T Moo

*ci el atT = 500+C o [y o) (%)

FLA 34535 ITE4E 0.58 &1.90 12100 15400 2653
FLA + 10 DF 33312 36754 218 G208 11570 15670 3237
FLA + 10BF 33960 wole 267 &213 11670 15742 33.93
FLA + 20 DF 337.56 368.79 249 G245 11670 15770 34.52
FLA + 20 BF 33875 ITOET 5.06: G223 11630 15870 36.13
FlLA + 30 DF 313.21 35760 G6.14 G207 11598 15795 41.41
FlLA + 30 BF 331.15 367.25 6.90 G315 11485 15897 41.4%

nucleation effects of the fibre. Az seen in Fig. b and precented in
Table 3, the T of the compocites iz higher than that obeerved for near
PLA, moct likely becauze the Ty of the compoaites was determined by the
fimion of imperfect cryatals formed during cold crystallization, and the
fusion of spherulites formed during the process of recryotallization [2].
The effect of fibre treatment on the cryotallization behaviour of PLA waz
further investigated through the calcwlation of the crpmllinity index,
uzing equation (3). The oystallinity index (Xpe-%6) of PLA and the
compoziten are inchided in Table 5, which confirms the significant in-
fluence of fibre incluzion, on the crywtal].l'nlt'_!,r index of PLA. In addition,
it waz oboerved that at each fibre wt% content the bleached fibre
compoziten exhibit a higher X% than the digested fibre compoites.
Thiz indicates the formation of 2 larger number of coytallites within the
bleached fibre composites and indicates that the blaached fibre did not
only facilitate the formation of new cryotals through heterogensonsz
nucleation but would alzo have led to the growth of existing cphenulites.
In another vein, the higher intarfacial interaction betwesn PLA and the
bleached fibre ar disonzoed in previous sections has favoured higher
trans-crystallinity within the bleached fibre composite. Increased matrix
cryutallinity in known to support mechanical swength improvements in
polymer compoasiten. Therefore, the higher compeallinity of PLA in the
bleached fibre compozites than in the digested fibre compocites has
contributed to the superior mechanical smwength of the bleached fibre
compositen a0 discusoed in caction 321

Literature on thiz subject has revealed that one of the major factorz
influencing the thermal stbility of comporgites, iz the nature and
strength of the Abre—matrix interfacial bonding [33]. Alkaline treatment
of natural fibres increases the qurface roughness of the fbres, thereby
the fibre and matrix. In contrast, the dominant interfacial mechanizm in
peroxide treatad fibres in chemical bonding [40]. The cchematic illus-
tration of the mechanicm of reinforcement in digected and bleached
harakeke fibre iz shown in Fig. 9. Remlts of the FTIR anabyzio and SEM
obzervation discumed in previous sections suggests higher interaction
betwesn PLA and the bleached fibre, compared to the digested fibre.
Thiz can help to facilitate afficient distribution of thermal snergy within
the PLA/bleached fibre compoaite. The higher posaibility for hydrogen
bonding, and the increased distribution of fibre within the bleached

Mechanical
imterlocking

ﬁh:oﬂmpnﬂit:ﬂhm both contributed o the haghﬁ:rllmrmal H‘.abu].ltyof
the bleached fibre compoaitea.

325 Dynamic mechanical properties of PLA /harakeke compozioes

Dymamic mechanical analyziz helps to determine the viscoelastic
characterictics of polymer and polymer compaoaites, and thiz is generally
invectigated through the storage moduluz, loss moduluz and the
damping factor [7,51]. The storage moduluz (E') curves of PLA and the
compaoaites are illstrated in Fig. 102 It can be seen in Fig. 10a that the
E' of PLA and the composites dropped steadily around the glass tranci-
tion region of PLA, which iz armibuted to increased PLA chain mobility.
Increazed chain meobility would recsult in softening and zegmental
movement of PLA moleculez, and thiz would invariably produce 2 ste=p
drop in B a0 geen in Fig. 10a. The figure alzo shows that the B values of
the compoaites are higher than in neat PLA which can be artributed o
the stiffness imposed on PLA matrix by the reinforcing fibre. Increazed
atiffnesn would facilitate interfacial arres: tranafer within the compoaite
[51].Therefore, thiz accoumis for the higher modulus of the compoaites,
compared to neat PLA. It iz clearly geen in Fig. 10a that the increaze in
fibre content produced increazing moduloz values such that the B of the
compaoaites reach 3 maximnmm at 30 wids fbre_ It in cgnificant that the
improvement in E' of the compogites when fibre content was raized from
20 w38 to 30 witd iz not az large 2z the improvement seen when raizing
the fibre content from 10 wil$ to 20 wed. Thin cuggests that the rein-
forcement produced through good fibre distribution, and nterfacial
interaction within the compogite was more effective at 20 wi¥h Gbre
content than at 50 wi¥.

Literature haz revealsd that different factors can influsnce the B of
compogites, including matrix type, fller type, filler dizmibution, and
filler-matrix intarfacial adhezion [10,33,51]. Therefore, the higher B' of
the PLA-harakeke compoasites at 30 wid fibre content iz not unexpected,
conzidering the high moduluz of harakeke fibre_ It ic interesting thar at
20 wibh fibre content, the bleached fibre composit= (PLA + 20 BF) ex-
hibitz a gignificantly higher E' than in the digested fibre compoaite (PLA
+ 20 DF). Thiz can be amociated with stronger interfacial bonding be-
tween PLA and the blaached fibre an discumed in section: 5.2.2 and
3.2.3, in addition to the stiffnes impozed on PLA by the fibre. The
decompogition of organic peroxides leads to the formation of free

Alechamical interlocking

/
Bleached harakeke fibre

Fig. 9. [lustration of the mechanism of PLA reinforcement by (a) digested, and (b) Bleached harakeke Gbre.
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Fig. 10. {a) Storage modulus, and (k) tan & curves of PLA and PLA/harakeke composites containing different wi% of digested and bleached harakeks fibre.

radicala (R which are highly reactive. In the caze of Hy0s, OH radicals
are produced and this highly reactive radical can react with the hydrocyl
groups of the fbre thereby forming strong chemical bonds [40]. Thiz
will reduce the hydrophilic tendency of the fibre, thereby increazing itz
compatibility with PLA which favours fibre distribution in the matriz.
Improved fibre distribution will facilitate affective stress tranafer from
PLA to the bleached fibre, which will in turn enhance the abilizy of PLA
to withstand machanical strain through recoverable viccoelastic distor-
tion. This io believed to be respongible for the higher E' of the bleached
fibre compozites above the digested fibre compogites. To further assess
the strength of the interfare in the compogites, the damping paramester
(tan delta (5)) was analyzed.

The damping factor (tan £) iz the atio of energy dimipated, to the
energy stared when a material iz subjected to dynamic conotrainm. The
tan § value iz notable for itz ability to accurately give an indication of the
Ty of materials [51]. Uzually, the Ty iz cbtained ac the temperature at
which the tan § curve iz at ite maximum. The tan §curves of PLA and the
compoaites are illustrated in Fig. 10b. The T, obtained from the tan §
curves in Fig. 10b and the maximum tan & peak values are precented in
Table 4. The T, values obtained from the tan & curves align with the DSC
rezult which chowed that the incorporation of harakshe only zlightly
affected the DfoDf'PL.‘L The datain Table 4 chow that the marimum tan
4 peak of the compoaites in loweer than oboerved for near PLA. It can be
zeen in Fig. 10b that the reduction in tan § of the compoaiten compared
to PLA iz quite large which indicates that the incorporation of harakeks
fibre war more influential on the tan § peak than on the T, of PLA
Therefore, the tan § peak wan further analysed for the beot mechanical
performance compozite in thiz study (Le. 20 wed fibre content), to
investigate the extant of interfacial adhesion in the compozite. The an &
peak wan uzed to determine the adhesion factor A, and effsctivenss:
coefficient € of PLA + 20 DF and PLA + 20 BF, annmpﬂrhnnwiﬂin::l
PLA.

An reported in literature, the molecular mobility of polymer male-

Table 4
Effsctivensss coefficient, adhesion factor, and tan § parameter of PLA and PLAS
harakeks composites containing 20 wi®s Gbre.

Bample Effectivenes Max tan B b T,

cosde eoetfickent (7] peak valie Hucteer [A) Bo

FlLA 1.000 2.188 L0000 BLETT

FlA + 30 0.071 0.841 1.720 BO.TEZ
DF

FLA + 0.053 0681 1.992 61. 290
EF

cules around reinforcing fllers iz often limited by strong interfacial
adhezion between the matrix and the filler [51]. Hence, 2 strong inter-
facial adhesion would produce a low adhecion factor. The adhesion
factor A of PLA and the composites was calculated wsing equation (5) az
followwe:

1 iané.

Adhesionfocior(A)] = |—_"rm -1 3]
where, tan & and tan & are the relative damping factors for the com-
posite and neat polymer, respectively, whereas V) is the fraction (by
mazz) of the filler. The relative damping of the materialy iz obtained at
the glan tranzition temperatre an indicated by the mavimuom in the tan
& p:ﬂh [41]. The calculated A values are included in Table 4. Itz evident
that the blaached fibre compogite hao the lowest A value which serves az
confirmation of stronger interfacial adhecion betwean the bleached fhre
and PLA. Thiz agrees with the PTIR results discussed in zection 5.2.3 and
thiz iz believed to have significanty contributed o the higher dynamic
mechanical performance of the bleached fibre compogite. The affec-
tivenesz of reinforcement, uzing bleached and digested fibre waz alzo
investigated by calculasing the effsctivensos coefficient. The affactive-
neaz coefficient wae obtained from the relationship batween the ratio of
the storage moduluz E' of the compozite in the glasy and robbery region,
to that of the neat polymer. The effsctivensss coefficient © wasz calcu-
lated uzing equation (6) az follows:

T

E, JE, [ composite)
3 .Ej_[neﬂ'n]

Effect ivenexscoefficiend £ = (8]

where, E, and B’ represents the storage modulus in the glassy region and
rubbery region, respectively. Generally, the reinforcing ability of the
fibre iz invercely proportional to the & value such that high reinforcing
affactivensss will produce low & values. The calenlated & valiue for PLA,
and the compoaites are chown in Table 4 and the values confirms tha:
the bleached fibre offers better reinfoscing effectivensss to PLA than the
digested fibre. This confirms the amumption: made bazed on the SEM
obzervation of compositer fractured murface (ze= Fig. & and section
3.2.2), and it aligno with the regultn discussed in pection 3.2.1.

4. Concluzion

Compoaites were prepared from PLA with different contentzs of
digested and bleached harakeke fibre compounded through extrimion
and injection moulded. Compared to digestion alone, combined diges-
tion and bleaching trearment removed larger amount of non-cellilogic
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components from the fbre, which resulted in higher celluloge content.
Thiz increased the thermal stability of the fibre an confirmed through
thermal analyzia which wag attributed to the increazed intermolecular
poration of the digested and bleached haraheke fibre into PLA produced
higher mechanical and thermomechanical perfformance than the diges-
ted fibre alone. Thiz was attributed to the effsct of combined digestion
PLA and the fibre, supportad by the calculated adhesion factor and
effectiveness coefficient. The machanical sest results chowed that 20 wt
% fibre was the optimum fibre content and the compogites strength
recorded ar this fibre content iz comparable to what have besn previ-
oauly reported for higher fibre contentn in some namral fibre reinforced
compozites. The result from thiz study chows that harakeke fibre iz 2
promizing reinforcement for PLA to produce high performance com-
poaites suitable for comuctural applications. In addition, combination of
digestion and bleaching treatment could present added benefim for
ites, through imcressed fbse dizmibution and stonger nterfacial
bonding. Bazed on thiz study, further research iz recommended for
increaning the filler content by exploring different coupling additives o
extend the wse of harakeke fibre reinforced compozites in more diverse
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Mechanical processing of natural fibres can be used o produce large quantities of dean and refined Ghres.
However, this often results in Gbre damage when used alone, thereby affecting the quality of Gbres produced,
and it generally makes them of inmufficient quality for high-performance composite applications. In contrast, the
use of biological agents such as enzymes have berome 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 synergiving the salient

features of mechanical procesing (using a super masscolloider) and engymatic treatment, on the stnechare and
propertiss of harakeke (indigenous New Zealand flax) fbre. The cellulose fbres produeced are characterized for
their potential use as reinforcement in composites. Kesults show that the combination of mechanical processing
with emzymatic treatment could help to overcome the limitations of bath processes,

1. Introdustion

Polymer matrix based compogite materials uved in high performance
applications are generally developed to combine the zalient properties of
different components into one material Generally, it iz highly degirable
for the dizpersed phase, othersios known az the reinforcing component,
to have good interfacial interaction with the continuous polymer matix
pJuae (Sanjay =t al | 2019 Awaio et al | 2021)% Thiz would hclp o
facilitate effective and =fficient stress trancfer within the oystem. Natural
fibres exhibit certain properties that make them an attractive al Ive

a major incompatibility issue which neceszitates the use of different
approache: to provide good interfacial bonding (Awaiz =t al | 2021
Syduzzaman et al , 2020; Akindoyo et al., 2020).

The conventional strategies for improving the compatibility and
interfacial interaction between natural fibres and polymesic matrices are
broadly grouped into chemical and physical treatment methoda (Sanjay
et al, 201%; Senthamaraikannan and Kathiresan, 20018; Saravamakumar
et al | 2014 .-L‘-.i.ndo_:'o st al , 2015} These methods are :.pp].i.cable mn
industrial production lines. However, environmental concernz have
neceszitated the need for alternative methods. Begides chemical and

o gla.:n fibre, 3z documented in variows reseanch and review articdles. Por
example, they have low density, high specific machanical propertisz,
wide availability az well az being non-abragive, and offering cost off-
ciencies in production (Dixit =t al., 2017; Sypduzzaman et al | 2020; Huda
et al, 2006). In addition, natural fibres are lasz damaging to health, are
renewable and biodegradable, and helps to reduce GOy emimions (D=
Pres et al, 2013). Despite these pogitive aspects, the uoe of natural fibres
in high-performance composites and their industrial implementation iz
often limited by their hydrophilic surface character, in direct contrast to
the innate hydrophobic character of polymeric matrices. This conatitutes

* Carresponding authaor.
E-mail address: blessedbadediymail .com (1.0, Akindoya).

hetps://doi.org/10. 1016/ inderop. 2024, 1 18507

phyzical methods, mechanical extraction procedures can aloo be wed o
process natural fbees intended for e az reinforcement in polymeric
composites (Bourmand et al| 2015). Mechanical extraction generally
involves a series of procedures which help to clean and refines the Gbre.
Howrewer, thiz iz a lengthy process which often leads to production costz
higher, or on a par with synthetic fibrea cuch az glags fibre (e Prec=cal |
2016} In addition, machanical extraction often induces fbre damage,
and when used alone, the guality of fbres produced iz generally not
zufficient for high-performance applications such az the production of
compozites for building applications.
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To overcome the challenges associared with chemical phyzical and
mechanical approaches to namral fibre procesging, the use of biclogical
agentz such az ensymes (De Prez et al, 2013) has become a mpidly
expanding area of recearch. Encymes are agentn produced by biological
organioms including fungi, bacteria protozoans, termites, plantm, and
animals (Summernscales, 2021} Qenerally, ensymatic modification of
natural fibres requires lower water and energy input compared o
chemical and physical methods. Thin o becaumse  they are
reaction-opecific, and they camlyse chemical procesmes or decompaooi-
tion wmder mild conditions even at low concentrations (Summerscales,
2021). In addition, there iz the poczibility for recycling and reuse of
enmymes for subcequent treatment pessions because they are not
conzumed by the reactions they facilitate (Li and Pickering, 2005
Different levels of success have been reported for ensymatically medi-
fied narural fibrea, such a0 increased surface roughness which helped o
.El.«:i]iumemduni:alinurlu-:king with polymﬂ'unin: (Yao =tal  2023L
Likewize, it has been reported that the mechanical properties of ther-
moplastic compogites were improved when enzyme treated hemp fbres
were uzed a0 reinforcement {Salesm =t al | 2005). Other properties that
can be improved through sncymatic treatment of natural fbres are the
cryotallinity and thermal properties. Decpite these intesesting reportz,
and poszibilities with enzymatic rearment of narural fibres, most of the
available studies are limited to pilot scale (Boey et 2l 2022 Sindho
=t al, 2016]. The high scale industrial implementation of ensymatically
modified narral fibres for compogite production in otill limired by the
high cost of enzymes, equipment and wactewater treatment plants
{Summerscalez, 23021).

Based on these, it iz thought that a synergized approach that involwes
the combination of mechanical proceszing with encymatic treatment
could help to overcome the limitations of both procemes. Mechanical
proceming of natural fbres does not require the uwee of hazardous
chemicalz, the main challenge being the lengthy procedure and high coat
involved. In addition, mechanical proceming alone iv often inmuficient
to achisve the suwrface functionalities required for good interfacial
bonding of fibrea with polymer mamices. The uze of enzymes can help mo
reduce the length of time, water and =nergy required for mechanical
proceming of fibre. On the other hand, the mechanical proceming will
help to separate the fibre bundlez, thereby increasing the surface asea for
enzymatic treatment to improve the fibre qualicy through the removal of
non celluloce component. These non celluloze components are mainly
responaible for poor mechanical and thermal performance of natural
fibres in polymesic compogites. Therefore, in thiz study, combined me-
chanical proceszing and enzymatic treatment was used to extract napral
fibre from harakeke Harakeke fibre iz a natural fibre extracted from
harakeke plant (New Zealand flax). The plant itgelf iz an important
resource in the Maori culture because of ity ancestral link to the Maori
heritage In previous times, the plant waz used for applications much 2z
b:nluh: woven matz, and ropes. Rc.:m’tly, there have been =ffortz to
extract celluloge fibre from harabeke by wsing different chemicals.
Howrever, there are no report on environmentally friendly treatments of
harakeke fibre for potential uze in compoziten, szpecially for compozites
intended for wze in building applications. In thiz study, the effect of
mechanical proceming and encymatic treatment on the structure, and
propertiez of harakeke fibre iz discused in ralation to itc potentisl woe 2z
reinforcement in compocites. Compared to conventional proceszes
where ensymes are firgt used to m.od.l.fv fibre surfaces to facilitate me-
chanical proceazing, mechanical procesging was firet wsed to increase the
fibre murface in thin study followed by enzymatic treatment to impart
aurface functionalities. Thiz can help to reduce the energy demandz of
mechanical processing while snmuring the production of large-zcale
fumetionalized fibrea.
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Table 1
Praperties and processing conditions of harakskes fibre processed in the super
massendloider.

Filtwe procesing conditions (mambes of tme and Diiarseres Length

dige distame ) (pm) )

Tnproersed (] 5

4 towes each @ 400 po and 300 pm = 3K

4 tinves each @ £00 pro and 300 pm, and 2 dmes § 12 E:|
200 pm

4 tlowes ench §§ 400 pra, 300 pm, and 200 pm 12 a9

2. Materials and methods
2.1. Materials

The harakeke fibre procesced in this study was kindly supplisd by
Templeton Flax Milling Heritage Trust, New Zealand. Pectinace encymes
from Arpergilluz niger, laccase encyme: from Trametes ¥Vermicolor, and
2, %-Azino-bis 3-ethylbenzothiazoline-f-rulfonic acid) (ABTS) used ana
mediator were purchagsed from Sigma Aldrich. Ethylensdiaminetstra-
acetic acid (EDTA), sodivm acetate trihydrate, sulfuric acid, and glacial
acetic acid were procored from Merck Millipore.

2.2 Fibre processing ond engymatic featment

The harakeke fbre supplied wan chopped uring a guillotine to reduce
the length from about 1-1.5 m to about 5 mm, then the fibre was dried at
50 °C for 458 h and otored for further procesging. Before the fibre was
proceszed in the super masocolloider {EMC), it wan disperced in water at
aratioof 1:530 (w/v) (Bbre: water) for 24 h. The soaked fibre waz fad into
the hopper of the 3MC (Masuko Sangyo Vemion IV wlzafine friction
grinder “muper mamcolloidar™) while the motor waz running at a spead
of 2500 rpm at 15 A current. The SMC iv an ultra-fine friction grinding
machine which iz quitable for refining pulp and grinding samplez into
finer/omaller dimengions. The grinding comparmment of the SMC fea-
tures two nonporous ceramic grinding stonss which are adjustable o
degired clearance betwesn the upper and lower plates. The distance
betvreen the apger and lower plnr.l.\:, and the number of times fibrez are
paseed through the grinder would determine the dimengionz of the
proceszed fibre. In thic study, the fibre was paszed through the SMC at
different number of passes, and at different disc distances (400 pm,
300 pm, and 200 pm) az ;ummarized in Tabls 1. After proceming in the
SMC, the fibre wan subsequently gieved to drain off excess water and
then gtored in a 4 °C chiller until further analyziz.

The SMC procemed fibre waz subjected to encymatic treatment by
dizperning the fibre in 2 50 mM sodivm acetate buffer (2.5% EDTA) aza
ratio of 1:40 (fibre:buffar). Then, the pectinase enzyme (85 U/g of fbre)
waz added. The fibre, dicperzed in the buffer-encyme zolution was
incubated for 20 h at 40°C in a New Brunswick Scientific innova 4300
incubator chaker. After thiz, one half of the pectinance treated fhre was
further treated with laccage encyme at 75 U/g of fibre in the presence of
ABTS mediator (1% with respect to buffer solution). This was further
incubated for 3 h at 60 °C. The weated fbreg were washed severally
under water flow, gieved, and stored in a 4°C chiller for further anabyzia.

2.3, Chorocterizations

The 5MC proceszed fibre was obeerved wring a BX53 Olympus optical
microscope, equipped with polarized light To measure the length and
diameter of the fibres, a little drop of glycerol wan fimt placed on a glass
zlide and 2 emall amount of the fbre was placed on the droplet. Thio was
evenly spread on the glazs dlide, thereby helping to dizperes the fibrez. &
zecond glazm clide was placed on the dispersed fibre before mounting it
on the zampls holder of the microscope. Then, an OLYMPUS STREAM
image analyniz sofoware fitted with the microscope wan used to meazure
the length and diameter of the images obtained. About one hundred
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200 pm |

Fig. 1. Optical microscope images of (a) unprocessed harakeke fibre, (b) fibre processed 4 times each at 400 ym and 300 pm disc distance, (c) fibre processed 4 times
each at 400 pm and 300 um, followed by 2 times at 200 pm disc distance, and (d) fibre processed 4 times each at 400 pm, 300 um, and 200 pm disc distance.

Fibrillation

Fibrillation

Fig. 2. Optical microscope image showing fibrillated harakeke fibre after processing 4 times each at 400 um and 300 pm, followed by 2 times at 200 pm disc distance
in the SMC.
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measurements were taken fm'ud:ﬁlnrtypemdﬂ:: average values was
recorded. Spectroccopic analyniz was performed in a Perkin Elmer®
Spectrum 100 FTIR spectrometer. The FTIR data were recorded owver 2
wavelength range of 4000400 cm™' using the standard ¥Br pellst
technique. Thermogravimetric analyzis (TOA) wan performed uzing 2
Perkin Blmer 5TA S000 thermal analyzer. About 10-20 mg sampls waz
placed in a crucible and heated at 10 *C/min from 30°C to 600 ° C under
an argon atmosphere fowing ar 40 mL min~".

The rezidual lignin in the fibres was determined wring the method
deocribed in the Technical Azsociation of the Pulp and Paper Industry
(TAPPI} T 222 om-02 test methods. The d.r:; bbre was wuglu:d ard
digcau:ﬂ in a 72% (w/w) Ha50y solution inzide a test tube. Thiz 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 dictilled water to — 3% (ww] Ha50y and kept in an awtoclawe o=t
at 121 °C for 1 h. After cooling to about 30 °C, a vacuum filter waz used
to filter the mixture and the acid insoluble residwe (AIR) was dried inan
oven zet at 105°C. After 24 b, rheﬁml:!ﬂam]ipi.n]mdemjncd
uing the following equation:

Acid  insoduble  residue [.{J.R:l—% Eali

where, m iz the dry weight of rezidue after acid hydrolyziz, in g, while M
in the oven-dry weight of fbre (100% doy matter) before acid hydrolyziz,

in g
3. Results and diseusmon

The effect of processing cycles (number of paszes) in the super
mamcolloider (53MC), on the morphology of harakekes fibre wan asgeazed
by viewing the fibre undar an optical microscope. Fiz. 1 ghows the op-
tical microscope images of raw harakeke fibre and the procesed fibreg,
while the average length and diametsr of the fibres are precented in
Table 1. It in genarally evident from Fig. 1 that proceming with the SMC
helped to produce unitary (zingle) fbrea. Fig. 1b (fibre proceszed 4 times
each at 400 pm and 300 pm dizc distance) shows several unitary fibrez,
bt with some fibre bundles which suggesm that additional processing
wan needed. In contrast, there are no obviows fibre bundles in Fig. lc
(fibre processed 4 times each at 400 pm and 300 pm, and 2 times at
200 e dize diztanca), and Pig. 1d (fibre p:\n-nenned 4 timez sach at
400 pm, 300 pm, and 200 pm disc distance). Thiz indicates that har-
akeke fibre bundles can be effectively reduced to conzistent unitary f-
bres in the SMC at a dizc distance of 200 pm_

Purther analyzis of the fibres revealed that the diameter and length of
the fibrez generally decreazed az the number of paser increazed, and 2z
the disc distance became smaller. It iz zignificant, az seen in Table 1, that
an increase in the number of passe: ffom 2 times to 4 timesz (200 pm disc
digramce) did not affect the average fibre diameter. Inotead, the fibre
length was chartened, thereby reducing the fibre aspect ratio from about
170 for the fibres processed pwice at 200 pm dicc distance to 69, for the
fibres processed 4 times at the zame dioc distance. Thiz indicates that
extraction of unitary fbres waz already achieved during the 2 times pazm
through the SMC at a disc distance of 200 pm. In fact, 2z seen in Fig. I,
fibrillation of the fibre kad occurred after 2 times pazs through the 3MC
ar a dizc distance of 200 pm. 5o, further passes (from 2 to 4 times) are
believed to have resulted in fibre breakage instead of additional fibril-
lation. Thiz waz supported by vimal inspection which chowed that the
number of finer produced during procesing in in the order of Pig. 1k <
Fig. le < Fig. 1d. Undoubtedly, the reinforcing properties of the fibre
when ueed in compozites will be influenced by thiz becavse the pregence
of fines iz generally not decirable in fbre reinforced polymer

Preliminary studies on the use of there processed fibres ao rein-
forcement in poly {lactic acid) (PLA) coempoaites (not included in this
article) have indicated that the int:rfa.ci:l‘b-mli.ng betwesn the fbre and
matrix appearz very low. Therefore, since unitary fibres and fibrillation

Inceeserial Crops & Products 274 (20240 118507

5]
|~

o

57,

o

i

=

f

P

[

@

e

"

Klason lignin {%:)
=
TERIITTNE FTTTEANNTTI NN TI POENT ITRNE IATTHANTTITI NUNT]

=]

Haraw SMC Foctnasn

Fibre treatment

Fecinanes Lactass

Fig. 3. Lignin content of wnprocessed (raw), SMC processed (SMC), SMC
processed-pectinase reated (pectinase), and SMC processed-combined pectin
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Fig. 4. FTIR spectra of unprocessed (raw), SMC processed (SMC), SMC
processed-pectinase reated (pectinase), and SMC processsd-combined pectin
and laccass treated (pectinase+ laccase) harakeke fbres,

were achieved from 2 times pass through the SMC at a dioc distance of
200 pm, thiz material wasz subjected to ensymatic treatment with the
intention of modifying the fibre ourface, potendally to facilitate
compatibility with the polymer matrices and thereby improve intarfacial
interactions. Ensymatic treatment wao selected because it in an enwvi-
ronmentally fri=ndly approach to fbre procesing and it helps to mini-
mize fbre ﬂum_igl.- {Dz Prez et al., 2018; Boey et al., 2023).

The lignin content of the fibres iz illugtrated in Fig. 3. Az ceen in the
figure, the unprocesoed fibre (Raw) has higher lignin content than the
procecsed and treated fbrec. Among the procsssed and treated fibrea,
the fibre rubjected to combined pectinaze and laccaze treatment haz the
lowest lignin content Compared to the unproceszed fibre, the combined
pectinaze and laccase reatment reduced the lignin content of the fibre
by about 60%. Thiz iz desirable for composite production because it will
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Fig. 5. TGA and DTG curves of unprocessed harakeke fibre (Raw), harakeke
fibre processed with the super masscolloider (3], harakeke fbre treated with
pectinase enzyme (Pectinase), and harakeke fibre treated with combined pec
tinase and laccase enrymes (Pectinase 4 Laccase).

undoubtedly influence the compatibility of the fibre with polymer
mairices. In addition, it will help to improve intecfacial interactions that
would normally enhance good stress tranofer within the compozite.

The FTIR opectra of unproceosed (raw), SMC processed (SMC) and
SMG procemed encyme treated harakeke fibres are illootrated in Pig. 4.
The important peakz az showmn in the fgure include the —OH otretching
vibrational peaks around 3200-3600 cm ', the G—H stretching vibra-
tional peaks of cellnlose and hemicelluloze around ZES0-2950 em !,
and the paak at 1750 e~ which reprezents the =0 stratching paak of
methyl ester and carboxylic component in pecting, hemicelluloge, and
lignin components in the fibres (Sict =t al |, 2016; Akindoyo et al | 2023L
In addition, the paak at 1647 cm™' represents the —CH vibration of the
aromatic chelstal vibration in lignin, whils the peak at 1422 em™! i
anributed to the —CHy asymmetric, and C—H symmetric deformarional
modes in aromatic rings {Sisti =t al., 201&). Purthermors, the pe:k at
1060 cm™! repracents the in-plane deformational mode of the easily
cleavable C—0—C linkage in pectin, lignin, and hemicelluloge (Sizd
et al, 2018).

Generally, modification of natural fibres intended for uze in polymer
compozites iz often aimed at removing, or at leagt to reduce the hemi-
cellulose and lignin components, thereby making the celluloze hydroxyl
groupe available for bonding with the polymer matrix. Thiz can be
confirmed through FTIR analyniz mainly be obgerving the C—0
stresching peak at 1750 cm™ . Ac seen in Fig. 4, there iz no significant
difference in the G—0 stretching peak ar 1750 cm™" of the raw, SMC
procemed, and SMC procemed-pectinage treaved fibre. Thiz in not our-
prizing for the SMC processed fibre cince SMC mainly helps to refine,
rather than removal of components. And thiz explaing the reason for not
obtaining the desired improvement in the properties of the preliminary
compozites a3 otated sarlier. In the caze of the =nzyme treated fbres, it iz
evident that the use of pectinase and laccace enzymes io more afficient
than pectinage enzyme alone which aligne with the lignin content resuls
presented in Fig. 3. This ic becanse lacrane enzymes help to break dowm
lignin structure in natural fibres while pectinase mainly halpe to facili-
tate fibre separation into fibrils throwgh removal of pectin and other
water-soluble constituents (Ponmusamy =t al  2023). T]:-eufur\e, tha
significant reduction in the C=0 stretching peak at 1750 com™! for the
combined pectinaze and laccace treated fibre indicates the Jizmlution of
hemicelluloze, and removal of large amounts of lignin from the fibr=
which iz highly desirable for enzuring good fibre/matrix interactionz.
Thiz iz further confirmed by the split in the aromatic C—H in-plan=
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Tahble 2
TGA parameters of unprocesssd, SMC processsd, and enzyme treated harakeke
fibre.

Fibwe Type Touae “C) Ta (*C) Risbdoaf o0 “C By (i) fmmcd
Ranw 5075 SET.0E ) | &7 EE
EMC I5ETT BET.58 1.2 T4
Pectinase 25533 369,35 1874 TEA8
Pertinase + Laccae I55.98 37302 1695 2618

deformation peak arcund 1060 e and supported by the Flazon
lignin in the fibrez which iz prezented in Pig. 3. Therefore, it can be
inferred that encymatic treatment of harakeke fibre using combinad
pectinaze and laccaze enzymes can help to remove some of the non
celluloze components from the fibre, thereby improving the reinforcing
ability of the fibee. It iz noteworthy that removal of non celluloze com-
ponentz iz not the only factor recponsible for development of
fibre-matrix interface in compocites. Other factors indude mechamical
interlocking and molecular entanglement among others. Howewer,
removal of non celluloze components will hl:].ptn encure that oompo-
nents such az lignin and hemicelluloge which may be detrimental to the
mechanical and thermal performance of the compogite are removed, or
at least significantly reduced. In addition, removal of these componentz
can help to enhance other mechanioms required for swong interface due
to increased interfacial interactions between the fbre and the matrix.
Thiz iz becauge the celluloce hydroxy] groups of the fbre would become
maore expoged to interact with the functional groupa of the polymers.

The TGA and DTG curves of unprocessed harakeke fibre (Raw), SMC
proceszed fibre (SMC), and SMC procemed sncyme reated fibren are
presented in Fig. 5. Generally, removal of non-callulose component from
natural fibren would lead to an increase in the onsst temperature of
tharmal ﬂegﬂsht.ian [ Tonaa), and the thermal d:gr:darjnn temperature
(Ty). The Tuue, and Ty of the fibres a0 extracted from the DTS curee are
presented in Table 2. Az precented in the table, reatment of harakeke
fibre with pectinaze and laccaze sncymes reculted in an increase in the
thesmal stability of the fibre, confirmed by the higher Ty It iz well
knowen that the thermal .:hl:!ility of natural fibres iz dil\ecrl_v related o
the proportion of cellulose and non-cellulose components in the fbre.
Accordingly, it can be inferred that the higher thermal stability of the
ensyme treated fibres iz due to the removal of some non-celluloge
components from the fibre, which would otherwize have requlted in
lower thermal stability. In addition, it iz significant that the combination
of pactinace and laccane encymen prodwced higher thermal smbilicy than
pectinaze anzyme alone. Thiz suggesm that the amount of non-celluloge
component: removed from the fibre iz higher when combined enzyme
was used and this iz supported by the lignin determination analyziz, and
it aligno with the FTIR analyzia discussed in the previous paragraphs.

The DTG data is useful for determining the activarion ensrgy azso-
ciated with thermal degradation of natural fibres (Eathirpelbvam =t al |
2019}, the activation energy (Eg being a good indicator of the ensrgy
barrier that hinders molecular chain mobility in the fibre. This energy
barrier helps to restrict thermal degradation. Bared on thiz, the thermal
stability of the fibres wan determined through a kinetic smdy, 1ming the
TOA data az describead by Broido (Broido, 1969). The kinetic parameter
for thermal decompogition of the fibres wan calcwlated wzsing the
following equation:

m (m - L
(v 5 )= (@)

where, ¥ io the fraction of non-volatilized material az yet undecompozed,
Ty iz the temperature of the maximum reaction rate, f iz the heating
rate, 2 iz the frequency factor, B, iz the activation energy and R iz the gaz
constant (G.314 J mol™! I{_"). The waluez of ¥ iz obtuinable from the
TG4 dat, and Inflni1/71) can be calculated accordingly. & plot of 1,T
{in Eebein) againat In(ln 150 would pm-sl'lll:l: a nlop: iwhich when
multiplied by B) reprezents the activation energy (By) ascociated with
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Fig. 6. Broido curves of {a) unprocessed harakeke fibre (Raw), (b) harakeke Gbre processed with the super masscollpider (SMC], (c) harakeke fibre treated with
pectinase enzyme (pectinase]), and (d) harakeke Gbee treated with combined pectinase and laccase enzymes (pectinase + laccase).

the thermal decomposition of the fibres (Oza =t al | 20140

Anp\:\:nmtbdin'l’js. 6,1‘]::]12 of the 1, Tvelafla( ] plm:farz]lth:
fibrea were above 0.9 which indicated good linearity, and agreement
with the Broido equation. The B, of the fibres included in Table 2 con-
firmaz the higher thermal atabilioy of the enzyme meated fibres, with the
combined pectinaze and laccage treated fibre chowing the highest
thermal ctability, which aligns with the TOA recult Thiz confirms that
the thermal properties of natuwral fibrec can be improved through
encymatic treatment and thiz will undoubtedly improve the thermal
amability of their reinforced compoaitea.

4, Conelomons

Fibres were produced from harakeks through combined mechanical
proceming and ensymatic treatment of the fibee. Optical microscopy
revealed that mechanical processing with the super mazscolloider was
able to refine the Obre and produce unitary fibres from harakeke. The
removal of non-cellulogic components waz achieved to different extents
when encymes were used to modify the mechanically processed fibre. In
addition, thermal analysis shows that the thermal stability of the
mechanenzymatically treated fibres iz higher than the mechanically
procemed fibre, with the combined laccase and pectinase enzyme
treamment chowing the beatter regule than the pectinaze snzyme alone.
The lower thermal stabilicy of the mechanically procemed fbre iz
anributed to the prezence of non-cellulosic componentz. On the other
hand, the better propacties obtained from the uoe of combined sncymes
in attributed to the removal of portionz of lignin by the laccase ensyme,
compared to the dismuption of pectin structure, generally achieved when

the pectinace enzyme waz used alone. Gensrally, it can be inferred baged
on the results of thiz study that the combination of mechanical pro-

ceszing with ensymatic treatment kag great potential for producing large
srale, environmentally friendly and good quality fbres, mitable for

COmposites.
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